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The D.C. gates are constructed from the dlodes on the
diode plugz=~in boards. The gates resistors and inter-diode
wiring are placed on the rear of the plug-in rack. The
result 1s a maze of wires iIn cable-like formations. This
1s seen in i'i;ure 4. Individual wires approach lengths up
to elght feet because the gates input sources, diodes, and
output leads may be spread throughout the rack. This type
of construction 1s feasible because of the relatively low
frequency of the clock.

There are about 275 tubes (mostly dual triodes) and
5400 dlodes in the machine. These are the principle ele-
ments used in the construction of 134 flip flops, approxi-
mately &5 amplifiers, 8 one shots, 794 input circuits, and
numerous gates. The distribution of the ma jjor clrcuits in
regards to sub-divisions of the four machine systems are
shown in Table V. Quantities of tube types are also listed.

The construction used in the III-E, is economical and
electronically satisfactory for the type of circuitry and
operational speeds employed. The stray wire and load ca-
pacltances cause slow switching times which may approach
the clock pulse period. Uowsver, the required flip flop
trigrzer pulses are supplied by the fast fall of the clock,
and rellable operation 1s attained. Care was not taken to
use a minimal total wire length in gate construction and
excess wire length 1s a normal, rather than an exceptional

occurrence. The clock line distribution system and the



TABL!: V. CIRCUIT AEKD TUBE DISTRIDBUTICH
THROUGHOUT THI MACHINE'S SYSTEMS
F'F. Dr. Amp. O.S. B.O.

(Flip flop, Driver, Amplifier,

lemory One Shot, Blocking Oscillator)
Working Storage Feclrculation 32 16
Remote Memory . . . . o o 2 2
Puffer (Regilster and V S.). . 1 2
Arithmetic
Reglster Reclrculation . . . 14 3 6
Operation « . . « ¢ « ¢ ¢ o @ 8
Input-Output
Buffer . « . « ¢« + o o o o & 6
Operation « « v ¢ « & ¢ ¢ o & 2 7
Control
Yaster Station . . . . . . . .24
Synchronous Timing . « « « &« 12 3 1 2
word Location . . . . . . . . 8
Sequence Control . 8 2
Operations Control (Special) 13 6 75
Indexing . . « « ¢ o o « « & 5 1
AlBYTM ¢ ¢ ¢ ¢ ¢ 4 e e e e e . 3 1
Total circults 132 14 102 2
Tube Types F.,F. ULr. Amp. 0.5. B.0O.
5687 132 16 59 8 2 = 217
5963 8 6 = 14
12AT7 34 = 34
12AY7 2 = 2
6AH6 2 = 2
2rl 7 2 7
Total 275

Note:

Seven circuits are placecd 1In two categories.
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flip flop trigger pulses taken from input circults use
wiring that protrudes away from the main rack in order to
reduce stray capacitance. Printed circults which are
placed on both sides of the flip flop and driver plug-in
circult boards, are not soder dipped and frequently have
arn opén-circuited condition caused by radically changing
temperatures, general usage, and age. With the exception
of the printed circults, the construction of this machine
has proven to he sultable for reliable opefation, and is
extremely flexible 1n regards to additions and deletions

made to the machine's systems.

Basic Block Dliagram

The basic block dlagram with Information flow between
the machine's systems 1s shown in Figure 6. Standard ma-
chine opersation will be described using this dlagram as a
basis.

Consider the machine in an idle state. It 1s acti-
vated in order to place information into the memory, or to
execute a program that 1s already stored in the memory.
"oth of these operations are performed by a pro;ram called
the start routine. Thils routine 1s always kept in a spe-
cific locatlon In the memory and 1s called upon by pressing
the clear swltch which 1s located at the operator's statim.
This action automaticeally places the first instruction of

the start routine into the control unit. Upon the



Figure 6, Basic Block Diagram of the III-E
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execution of this command, a statement consisting of four
hexadecimael dizits must be placed into the machine through
the use of the input-output system, The statement 1s de -
coded and performed by the subsequent instructions of ths
start routine. A set of information items consisting of
Instructions, data, or both, is placed into the memory
under the direction of the start routine, or the first
instruction of a program that 1is already in the memory 1s
loaded into the control unit. The latter initiates the
operation of this program. Its instructions are then
loaded from the memory into the control system and exe-
cuted in a standard preset sequence. This sequence may be
interrupted by a change of control or Jump command; how-
ever, its pattern is continued, only the initlal starting
point has been changed.

Since the start routine is a program, many other
operations may be performed by it other than the two men-
tioned; however, these two are the minirum required for
activating the machine. The machine 1s considered under
executive control when the start routine 1s being used
because this routine interprets a simple statement and
performs 1t through the use of many direct machine
Instructions.

The operatlon of the machine follows a constant pat-
tern. A preselected instruction determined by the normal

sequence or a change of control command, 1s loaded into
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the control unit. he instruction 1s then performed by the
control system utilizing one or more of the other systems.
The execution of the instructlor involves information
transfer between systems or within an individual system,
or informatlon rcdiflcatlon by the arithmetic system, or
both, While an instructlion 1s belng executed, the physi-
cal memory location of the next instruction 1s sought, it
thie termination of the present instruction, the ne:t in-
struction 1s immediately loaded, if 1tes location has been -
completed.

The loading and execution of an instruction is a se-
rial systems operation. A limited concurrent syvstems op-
eration 1s ottalned during the executlon of an output
cormand. The Input-output system may send a character of
information out of the machine while other instructions
are belng executed., If more than one character 1s in-
volved in the output command, the machine wlll not proceed
on to the next instruction untll all hut the last charac-
ter has been taken.out. Thus, the concurrent mode is only
obtained during the output of the last character. ILven
though this example appears trivial, it 1s used to advan-
ta;ze in the binary to decimal conversion of output data.
In this process, one diglt of the decimal number 1is ob-
tained for each step. V¥While the digit is being taken out
of the machine, the next di;,it 1s generated. Thus, the

conversion does not require extra time. Thls example
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illustrates the tremendous advantage of concurrent opera-
tion. The concurrent mode of systems operatlion 1s rarely
used in this machine; hence, it will not be considered
bevond this section. Concurrent operstlon may be achieved
internally in a single system as iIn the control unit where
execution of an instruction and the location of the next
instruction are performed simultaneously; however, the
general mode of system operation 1s serial. The machine
is then serial in all systems operation and basically
serial with sli/ht concurrent operation cbnsidering an

individual system.

Memory System

The memory 1s dlvided into two portions, the main and
the working storage. The main consists of 256 blocks or
channels, where each channel contains 32 words. The
channels are addressable and are identified by the hexa-
decimal digits 00 through FF., The main is used for remote
storage and a channel transfer exlats for communication
with the quick access working storage. An exception 1is
channel 00, where individual words may be transferred into
the arithmetic unit by a special order. The worklng storase
is the active unit in the memory system. It contains four
channels of 32 words each that are dlrectly addressable,
The entire maln 1s on the drum, while portions of each

working storage are in flip flops., A working storage 1s
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divided into two lines, the long and the short. The infor-
mation recirculates from a line on the drum, to flip flops,
and back to the other line in a continuous circular pat-
tern. The two electronic portions of a working storage
channel contain 4% bits and 23 bits respectively (3, p.
73-78). Since there are two breaking points in each work-
Ing storage, the maximum waiting period for a specific
word 1s 3 a drum revolution (8% milliseconds); and the
average 1s 4 drum revclution (4% milliseconds). The main
1s a non~volatile storage, while the workin,; storage 1s a
volatile type since 1t recirculates. A return to zero
phase type of recording is used in the main with the same
head involved in both the reading and writing process.
Working storage uses a non-return to zero method of re-
cording with two read and two write heads because of its
recirculating characteristic. The 34th bit of each word
in the memory 1s permanently in the zero state in order to
distinguish between a word that contains an all-one or an
all-zero configuration, considering the working storage
non-return to zero method of recording. Thus, the 34th'bit
of the words in memory are not accessable to the programmer.

Considerins the average machine application, the main
contains the program and data which usually occupy many
channels. The program and data are used 1n blocks of 32
words, for both must be transferred into working storage

in order to be available for usage by the machine's other
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systems. Thus, blocks of Informatlion are constantly belng
transferred in both directions between the main and working
storage during the execution of a program. In some in-
stances the inltlial data 1s not stored in the main, but is
taken when needed, directly into the arithmetic unit by
the input-output system; however, the program is in the
main and many block transfers are still required. The
simplified tlock diagram of the memory is shown in Figure
7, with a listing of 1its specific circults and their indl-
vidual identification symbols.

Complication in prosramming and slow operation are
results of this memory structure. A programmer must be
very careful that the numerous block transfers are placed
correctly in his program. The transfer takes about 0.1
second to perform, thus, it is time consuming in compari-
son to other operations. There 1s only one path existing
between memory and working storage. A selection network
that contains 65 multi-contact relays and 73 driving ampli-
flers, 1s used to connect the desired channel of the 256
avallable to the working storage. The information trans-
ferred is checked bit by bit for errors after the transfer
is completed. If an error occurs, the operation is re-
peated if a switch has been placed in the required posi-
tion. This checl: is necessary, for errors result when

many channel transfers are made in a short period of time.



Figure 7. Memory System Block Diagram
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Amplifier

Main Memory 256 Main Memory

256 Channels |Lines | Channel Selection
of 32 Words |&—| Relay Tree (65
Each (8192 Relays)

Words on Drum)

Memory Write

'

Working Storage
Four Recircu-
lation Lines
of 32 Words
Bach (128
Words on Drum)

Amplifier

List g£ Circuit Elements

1, Flip Flops (3%)
a, Working Storage Recirculation (32)
W.S. T  Hb,He,H1,H?,H3 Ib,I2,I3
W.S, II Jb,Je,d1,J2,J3 Kb,K2,K3
W.S. III ILb,Le,11,12,L3 Mb,M2,M3
Ww.S. IV ub,Ne,N1,N2,N3 0b,02,03
b, Buffer into Main Memory - Mo and Mp

To Other
Systems

¢, Buffer from Registers to Working Storage - Q8

2. Amplifiers (18)
a, Working Storage Recirculation Lines (16)

Hr,Hw,Ir,Iw,Jr,Jw,Kr,Kw, Lr,Lw,Mr ,Mw,Nr,Nw,Or,0w
b, Main Memory Read and Write Amplifiers - MR and MW

3. Drivers (2)

a, Buffer from Working Storage to Control Unit - Ws
b. Buffer from Working Storage to Registers = Wn

Note: Selection relay amplifiers arc considered a part

of the control system.
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In this situation, the contacts of the switching relays
may not have relaxed properly 1ln the time alloted for
reliable operation.

The remote main and slow block transfer makes this
memory system undesirable. If each word in the main were
directly addressable and the block transfer was fast, the
memory 8ystem would be vastly improved. The qulick sccess
lines of the working stora;e are useful and would not be
obsolete with a directly addressable memory. In fact, a
few four word recirculation lines could be added and used
to advantage. The command word structure does not allow
enough bits for all the words in the main to be address-
able; however, a preselect main channel command and the
addressabillity of the words in this channel would make ths
main memory words directly addressable in banks of 32.
The preselect would have to use electronic switching in
order to be efficient. Any maln channel could then be
selected, and quickly connected to the path between the
main and working stofage. The words in this channel
would be addressable. Since the size of the main memory
1s adequate (8192 words), with the improvements stated,
the memory system could be greatly improved without re-

designing the btasic structure of the machine.
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Arithmetlc System

The major items of this system are the A, B, and D
registers. Fach 1s a one-word recirculating line with a
3l bit electronic portion (3, p. 66-73). Fourteen flip
flops, 6 amplifiers, 3 drivers, and the drum are involved
in their construction. Eisht more flip flops are used for
arithmetic operation elements, utilized for duties as carry,
torrow, and inter-operation control. The latter applies to
items as addition In multiplication and subtraction in di-
vision. The recirculation lines and operation elements are
tied together with numerous "and-or" gates to form the
arithmetic system. The basic block dlagram with a listing
of the elements used 1s shown in Figure 8.

A few of the flip flops are time shared with the con-
trol system. They are classified as multi-function elements
since they verform more than one task. Klements of this
type do not necessarily leave the area of a single system.
Since these non-related functions take place at different
time periods, many of the machine's elements are used in
this manner. This multi-function arrangement reduces the
total number of elements required, resulting in lower cost
and greater‘reliability. Another outstanding feature of
the arithmetic system structure is the application of the
driver elements. The characteristics of the driver are:

a zero state exists when no input 1s applied, and when an



Figure 8, Arithmetic System Block Diagram
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Operation Inter- ontro
nal Control < System
(Non=-Timing)

List 2£ Circuit Elements

1, Flip Flops (22)
a, Register Recirculation (12)
Ab,Ae,An,Ar ,Bb, Be,Bn, Br, Db, De, Dn,Dr
b, Arithmetic and other Operations Control (10)
Ua, Ub, Uc, Ud, Ur, Us,, Ut , Uv, A1, B1

2. Amplifiers (6)
Register Recirculation - Ar,Aw,Br,Bw,Dr,Dw

3. Drivers (3)
Arithmetic and other Operation - Ad,Bd,Dd
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input 1s'received, the driver immediately changes to a one-
state for the duratlion of the input sisnal. <Since the
drivers are collection'points for the bdulky loglc clrcultry
of the arithmetic system, ths total number of "and-or" gates
used 1s reduced by a factor of two considerin, normel flip
flop circult constructicn without drivers. This reduction
is posslible because only the one state Input lcglc 1s nec-
essary for a driver, while the flip flop demends input
loglc for both the one an¢ zerc states. The non-storage
feature of the driver is salso valuable for swltching durilng
e clock pulse perlod. The major application of this char-
acterlistic is in thse regicn of control.

Considering filxed point arithmetic, the A register 1is
tre prime accumulator, the F register contasins the multipli-
can and dividend, and the I re:ister the multiplier and
divisor. The product 1s placed In the double lenyth AR
regiéter which 1s the A and B register combined into a 65
bit register, and the E reglster contains the quotient and
the A reglster the remainder, if the scaling of the dividend
and divisor 1s identical. Addition and subtraction may
elso be performed with the AP reglster and a single infor-
mation word., The dividend may occupy the AR re,lster if
the absolute value of the A portlon is less than the abso-
lute value of D, considerin,; their scaling equal. The
arithmetic operations that use the registers directly are

basically sinzle precision and fixed point. Since the
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ATWAC 1s a single address machine, the standard procedure
of arithmetic operation 1s: 1load a register from working
storage, optional shift for scaling, perform the operation
using a second word from working storase, an ootional shift
to obtain desired scaling of the result, and transfer of
the result from g register into working storage. Since
there are numercus exceptions to this procedure, many
tvpes of orders are available besides those defined for
typlcal operation. Tifty orders deal directly with the
arithmetic system. These orders may be grouped as follows:
14 arlthmetlc, & speclal A and R register, 7 shift and
logical, 11 Information transfer bhetween registers and
working storage, 4 inter-rerister transfers, 3 transfers
between resister, control and main memory, end 3 condl-
tional transfers of control. This largce and versatile
group of orders reduces the labor in programming and
decreases the prosram operation time.

The ALWAC 18 convenient for work using single rreci-
sion fixed point erithmetlic. Since the information word
length 1s only 33 bits, the range of magnitude and preci-
slon of approximately 9 decimal digits, is not adequate for
many applications. Double precision eliminates some of
these defilclencies, but double len;;th arithmetic is not
directly available, therefore it 1s very difficult to
program and 1s slow in execution. If single precision 1s

sufficlent, but a large variation in number magnitude 1is
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desired, floating point arithmetic is satlsfactory. The
floating point arithmetic operations are performed by a
subroutline, thus, they are slow in execution and cumber-
some to use, The pattern of operation 1s as follows:
place the subroutine into working storage IV, load the
two numbers involved from working storage into the regis-
ters, place an Information word called the key word into
a reglster, and then transfer control to the subroutine
in order to perform the specific operation that is indi-
cated by the key word. The result of the operation 1s
inserted in a reglster and the control 1s returned to the
main pro¢ram at the position determined by the key word
information. Although floating point arithmetic is incon-
venient and inefficient, the advantage of having a large
rani;e of magnitude avallable makes 1t the prime arithmetic
mode used for sclentific computations. Transcendental
functions are evaluated by subroutines for both the fixed
point and floating point arithmetlic modes; therefore, the
operation of each 1is similar. The floating point type per-
forms the arithmetic required internally; the floating
point arithmetic subroutine is not involved. Operational
tines of both arithmetic modes will be discussed in the
latter portion of this paper.

The ALWAC arithmetic system 1s versatile for single
precision fixed point computations, but applications are

limited. The floatlng point mode 1is used for most work,



but 1ts operatlon is slow and progremming 1s awkward.
ouble precision is performed through intrlcate programming
and is very time consuning in execution; therefore, it.has
not proven to te practlical. The deslred arithmetlic system
should be trivisl to program and quick in operation for

fixed point, floating point, and multi-precision arithmetic.

Input-OQutput

This system is composed of the peripheral input-output
equipment and a six bit static buffer. The buffer consists
of six flip flops in order to accommodate 4 bit numeric and
6 blt alphabetic or flex control characters. The peneral
block dlagram of the system with a listin;; of elemsnts 1s
shown in Iizure <.

Typlcal operation for the input situation 1s as
follows:

1. Upon the esacution of the input instruction, a
chiaracter 1is placed intc¢ the tuffer from the
peripheral equipment.

2. The buffer (4 or 6 bits) is then inserted into
the A register recirculétion line, and the char-
acter enters the front of thé register causing
the contents o the register to be shifted one
character length.

This process is continued in a circular pattern until the

number of characters, as indicated by the address portion
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Figure 9, Input=-Output System Block Diagram

A Register
To Other | (34 Bit Recircu-
Systens lation Line)
y ,
Peripheral
Input Output Equipment
Flexowriter
Y Bu.f:.(‘er < Input (Typewriter
(6 Bit) and Paper
Tape Reader
From Yp - Yt and Punch)
Control —> Type or >
Punch
G Buffer _
(6 Bit) Output

List g£ Circuit Elements

1. Flip Flops (8)
a. Input-Output Y Buffer =Yl «.. Y6
b. Peripheral Ecuipment Position Control -Yp and Yt

2. One Shots (7)
Output G Buffer - Go ¢«« Gb
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of the input instruction, are placed into the A register.
The limit 1s 8 hexadeclimal or 6 alphabetic characters
because the A reglster is one word in length. The output
operation is the dual of the input process described, with
the addition of a second buffer consisting of seven one-
shot circuits. This buffer supplies the required signals
to the peripheral equipment.

The alphea-numeric property and limited automatic
decimal-binary conversion are two convenient character-
istics of the input-output system. Decimal integer to
binary integer converslion (input), and binary fraction
to decimal fraction conversion (output), are advantageous
for many applications. This specific pattern 1is a result
of the conversion requirements, where both involve a multi-
plication by ten; therefore, use the same lozic. There are
ten input-output orders which make this system f'lexible and
comparatively easy to use except for the alpha or flex con-
trol input-output, which is cumbersome in character code
identification.

The input-output system is serial in system operation,
with the exception of parallel transfer into buffers. 4
slight concurrent mode of systems operatlion may be achieved
as previously discussed. The input-output operations are
considered serial because the control.unit and A register
are directly concerned. Since the peripheral equipment 1is

basically mechanical, its speed is slow compared to the
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electronic portions of the machine. This equipment drasti-
cally limits computer operation i1f a large quantity of
information 1s processed, hecause the machine must wait in
an 1dle state whlle the peripheral eculpment performs its
functions. Considering the III-%, the major methods that
could be employed to eliminate this condition are: the
use of fast operating peripheral equipment, and the adop-~-
tion of the concurrent mode of systems operation. With
concurrent operation, the computer could then simultane-
ously utilize the other systems while the input-output
system is activated, eliminating the wasted 1dle perilods.
Wor efficiency, a btuffer that has the minimum len~th of
one word would be required. The only other additions are
in the region of control, and they would not be too com-
wle~ in nature, Since the IIT-T does not have the concur-
rent mode in regards to Input-output, it 1is input-output
turdened, causing its efficlency and capabilities to be

creatly reducer.

Control System

The control system 1s the most diversified of the
machine's four systems. It consists of the control unit,
a one-word recirculating register, reference timlng, period
sequencing, and Individual iInstruction execution control.
The block dilagram of the system and a listing of its prin-

ciple elements are shown in Figure 10.



Figure 10, Control System Block Diagram
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Figure 10 - Continued

List of Circult Flements

1. Flip Flops (70)
a. Synchronous and Reference Timing (12)
¥b, ¥, Fl, F2, F3, F4, Fb, Po, Pl, P32, P33, Vo
b. Viord Location (6)
er, 98, Va, Vw, Vr, Vs
¢. Period Indication ()
go ...
d. Operstion Control (Timing and Alarms) (15)
Uc+#, Ue, Uk, Um, Uts*, Cr, Fr', ¥w', ug, Md, B4,
v5, A2, Y1, 7
e. "B Box" and Temporary Right Instruction Storage
(5)
Eb, Ee, En, Er, Uest
f. Yaster Control Unit (24)
Sl e o ¢ SB’ Rl e 00 R8’ Tl * o 0 T8

2. Amplifiers (4)
a. "B Dox" and Instructlon Temporary “torage - Fr
and Ew
t. Synchronous Timing (clock) power amplifiler and
Reference Timing - Cd and Fr

3. Drivers (9)
a. Period Sequencing - 3 and Q4
b. Operation Control (Timin;; and Alarms)
Ql, Q2, Q6, Q7, A4
c. Control Buffer - Fr' and Fw!'

4. Relay Amplifiers and "Blocking Oscillator and Cathode
Follower" (2)
Synchronous Timing and Main Memory %Write Timing -
CA#1 and CA#2, Selection Relay Tree Ampliflars -
‘(10 preamplifiers and 67 relay drivers)

5. Rlocking Oscillator (1)
, Main HMemory ‘rite Timin; - tos

# These elements are time shared between systems.
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The control unit is composed of the S, R, and T regis-
ters which are eight bits in length and are constructed of
flip flops. S contains the working storage address of the
next instruction to be executed; R and T hold the address
and the order portion of the instruction that is currently
being executed. S is automatically counted in a preset
sequence before the execution of an instruction. With a
change of control command, the address In R 1s transferred
in parallel into S, and the S sequence pattern is continued
from this new position. The type of address information in
R has previously been reviewed, but the predominent appli-
cation of Kk is for working storage address identification
of the information used in the execution of the order that
exists in T.

An Iimportant functlon of the control system is the
location of words in working storage lines as indicated by
the K and S registers. Fach has a separate system for this
purpose, which are identical in structure. The register
configuration is compared directly with the I line tags
(from drum) and when they are matched, the next word 1s the
one sought, thus a physical word location on the drum sur-
face is found (3, p. 55-60, p. 92-99). Since this inspec-
tion 1s continuous, a concurrent mode is attained. This
operation has proven to be the most difficult in the ma-

chine for comprehension because two different types of
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sources are used in the comparison, a line from the drum
and a flip flop register.

The T register configuration is sent throughout the
machine to aid in activating the circultry required for
the order execution. Thils T configuration 1s the prime
factor of control, while the % and S configurations have
speciflc minor activities. The various 7 configurations
that are present in the machine structure account for a
large bulk of its loglc, for the majority of the equations
which describe the systems structure, contain T terms.
These control T terms are usually satisfied by a ;roup of
complete T register conflgurations leadinyg to multi-in-
struction usage of many major loglcal gates. Since the
outputs of the T flip flops are applied to numerous gates,
they tend to be over-loaded. This situation has been
remedlied by placing two tubes in parallel in some of the
T flip flops. The R address information may also be used
for order control; howsver, this 1is not the normal situa-
tion. Thus, the T register, which contains the order
configuration, extends into every portion of each system
and directly guildes the computer's operation.

The S register 1s counted to indicate a left half
word, then the right half of the same word, and then the
left half of a word which 1s located four words later, etc.
This pattern was adopted in order to automatically reduce

the time involved in locating instructions that are to be
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placed into the control unit. Its purpose 1s fulfllled;
however, the odd counting sequence results occasionally in
an undesired distribution of data in a working storagze
which contains a mixture of data and instructions. The
disadvantage o referring to every fourth word could bs
eliminated if S counted by 1 instead of 4, and also by
rearranging the working storage word identification in the
¥ line, which is recorded on the drum. In the F line,
congecutive address tags would be placed in every fourth
word locatilon, causing consscutively addressed working
storaye words to be physically located In every fourth
word position on the drum, With thls structure, instruc-
tions are nositioned in consecutive workilng storage words
and the advantage of automatlc reduction of look-up time
still retained. However, a programming  ;;uide rule would
be necessary to determine which working storage words,
that are to be used in instructior execution, have mini-
mum access time, With the present arrangement, working
storage word locations that are optimum, or have no look-
up time, are easlly found by the programmer. This modifi-
cation would then Involve the recording of a new : line
track on the drum, and the changing of the S counting
loizic. Instruction words would follow consecutively
Instead of jumping to every fourth word, but a hand guide
has to be provided for the programmer in order to deter-

mine optimum working storage addresses.
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A machine cycle consists of a look-up-load and execu-
tion phase. The instruction to be performed, as indicated
ty S, 1s located and loaded into R and T from working stor-
age, or from the right half of the ¥ recister. When a left
half word instruction 1s taken from working storage, the
next instruction which is normally located in the right
portion of the same word, 1s placed into the right half
of E. S 1s counted at the termination of the look-up and
load phase. The order in T is executed using the refer-
ence Information in K. Whille this 1s taking place, the
next instruction as indicated by S, is being located 1in
working storage. It may already exist in F, however the
working storage location 1s still performed although 1t 1is
meaningless and does not have to be completed.

The III-E 1s designed to automatically operate at
maximum efficiency with instructions that take ons-word-
time or a multiple of 16 word-times for execution. Since
many instructions do not directly flt into this category
or the working storage information word that 1s rsquired
may not be immediately avallable, extending execution
time, the machine can not perform at full efficlency.
However, the normal sequence pattern does help to increase
afficlency Independent of the typs of instruction being
performed., This 1s possible because two instructions are
taken from working storage as a result of the location of

a left half-word instruction. The left instruction 1is
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rlaced intc the control unit, and the right Instruction 1is
stored in the right half of the F register. The right
instruction is Immediately available for loading into R
and T after the left instruction has been exscuted. ILffec-
tively, every other Instruction is taken from E with no
location delay involved. The loading and execution of the
"twe instruction word", which contains instructions that
are each executed in one-word-time, takes a total of four-
word-times. Hence, conssecutive "two instruction words" are
placed in every fourth word Iin working storage to eliminate
Instruction location time. As stated previously, this
"fourth word" structure 1s not effective in many instances.
Provisions that have been provided for reducing the
leccation time for instructions are:
1. Torming a working storage line into two 1l6-word
portions.
2. Ficking up two instructions from working storage
in a sinzle "look-up" operation.
5. Having every other instruction immedlately availl-
able in the ™ register.
4. Adopting a sequence Involving every fourth word
in working storage to take advantage of instruc-
tions that are completed.in one-word-time or a
raltiple of 1l6-word-times.
“‘her an instruction requires the use of a working storage

word, there are 8 of the 128 words that are immediately
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available during the word time following the loading proc-
ess or are optlmum. It is difficult and usually impracti-
cal to utilize them. Therefore, many instructions that may
be performeé¢ in one-word-tlme have thelr executlion time
extended because of the use of non-optirmum addresses. The
location time of the next working storage instruction 1is
also increased. Since the working storage has a split
construction, average delay In word location 1s eight-
word~-times. It 1s impossible to take complete advantage
of the normal sequence pattern; however, for efficlency,
important subroutines are constructed to apply optimum
words when feasible, It has been found that these sub-
routines are a great asset because of their constant use,
where one may be performed thousands of times iIn the
execution of a single program,

The rlght half of the £ reglster is used for instruc-
tion storage and the left half 1s principally involved in
address modification or is a "B Box". While each instruc-
tion is loaded into the control unit, the contents of the
"B Box" 1s subtracted from the address portion of the
instruction, thus, the address 1s modified. The modified
and unmodified addresses are placed into the control unit
during each loading process. The desired address, as deter-
mined by the odd or even state of the order portion of the
Instruction, 1is held and the other 1s destroyed. The

ITT-% was one of the first commercial machines to
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incorporate a "B Fox" as a pairt of its basic control sys-
tem, Tt was added to the machine whern it advanced from
the III to the III-Z. Excellent work was performed in
this task, for the "B Box" was effectively fitted into
the existing structure. The utilization or the remaining
vortion of the T register as a temporary storage for right-
half word instructlions was also an outstanding achlevement,
and took place in this same transition period.

The basic timing 1s derived from the clock line which
i1s permanently recorded on the drum. It is frequency di-
vided to form five other timing pulse lines, which with the
clock, marx a word, half-word, quarter-word, two-bit pe-
riod, and a single bit. Four spscial timing lines that are
derived from the six lines described ahove and the * line
identify the 1lst, Znd, 33rd, and 34th bit of each word.,
The ¥ llne contains s tiring pulse for evervy elghth bilt of
a word and slso address 1dentification confilyurations for
the 32 words in a channel, The clock line, I' 1ine, and the
subsequent pulse lines are used for synchronocus timing in
regards to a sin;le reference. The @' line provides this
reference with 1ts Individual word address identification
tags. The basic timing oi' the machine 1is dependent upon
the mechanical drum because the electronic circuit opera-
tion is a slave of the clock and F line, Trus, the drum
and the electronic portions of the machine are tightly

locked together to form an effective, single unit.
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Machine operation 1s divided into eight possible pe-
riods. The first is for instruction look-up and loading;
the second for an inspection period used to halt the machine
if an alarm or operator's stop condition exists, and the
last six are involved in instruction execution. The ma-
chine sequences consecutively through the periods. The
length of time required and complexity of an instruction
will determine its specific termination period. This multi-
step operation is advantagecus, for in design various ac-
tivities are easier to 1solate for control and elements can
be time shared more readily since thelr separate functions
may be restricted to specific control periods. Also, the
causes of machine breakdown can be located with less effort
by noting the period in which the machine may have stalled.
Most machines employ a three-period structure, but multi-
phase operation has proven worthwhile for the III-E. Three
flip flops can indicate eight periods; however, eight indi-
vidual units are used. This construction prevents over-
loading of the flip flops concerned because the quantity of
logic needed to specify a single period or ;roups of peri-
ods 1s reduced. Also, with eight elements, the machine
structure 1s simpliflied since one element is used for a
single period indication.

Instruction executlon control concerns various timing
functions needed in the operation of particular instruction:.

Instruction internal control is considered a portion of the
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system in which the activity takes place. It 1is difficult
to separate these two groups; however, when general timing
is involved, the control system has charge. The elements
in this group are usually fitted into the "time shared"
class, for thelir functions are restricted to one or more
groups of similar instructions.

The control system 1s serial in systems operation, for
only one instruction may be exscuted in a single cycls of
machine operation. In order to enter the concurrent mode,
each system must be provided with a sevarate control unit.
To achleve this type of structure, many system position
indicators are necessary in order that the major control
unit can effectively direct all activity. This advanéed
type of operation could be approached in many sections of
the present structure. Independent input-output has been
considered. Concurrent preselect of a maln memory channel
and concurrent transfer of a block of information between
memory and working storage are practical considerations.
Minor improvements, as complimenting the result of sub-
traction during the instruction "look-up and loading phase"
instead of using morc time in the instruction execution
periods, are also possible. The continuous process of
woerking storage word location and address modification
while loading an instruction into the control unit are two
examples of concurrent operation that presently exist in

the control system. It is seen that parallel structure,
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when economically feasible, leads to a higher degree of
achievement in digital computer desi:n.

There arc ten orders that deal directly with this
system and are in the area of change in control. These
orders are used to make decisions within the program,
dependent upon variable information that 1s generated
internally or by fixed information that has been preset,
such as a numeric constant or a control panel switch
position, The valuable "B Box" order is in this group
and 1s effective in automatically determining a desired
sequence of addresses, and for program looping. As in all
cf the systems of the III-E, the large group of orders mrc-
vided, alds the programmer to be efficlient in regards to
program formation and operation.

MODIFICATION OF THE *LWAC III-E DIGITAL
COMPUTER AT OREGON STATE COLLEGE

Application of the ALWAC III-E

The activities of the Oregon State College Digital
Computer Laboratory, which 1s located within the Department
of Mathematics is centered around the ALWAC III-F serial
number 20. Principle applications are in the area of edu-
cation and scientific computation. An undergraduate course
in computer coding uses the computer for approximately 20
hours a week for laboratory periods, where the students

have direct ccntact with the machine under the jpsuidance of
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an instructor. Approximately five to ten graduate mathe-
matlics students and other personnel from the Mathematles
Department use the comruter in various phases of their
work. Many individuals from other departments on campus,
as Chemical Engineering and Soils, process data, develop
programs, and use program systems thaet are avallable in
the program librery. An algebraic compiler which was com-
pleted recently (May 1959), 18 very popular because of its
simplicity in programming, but its utilizetion is restricted
to the region of recurring formula evaluation. Since 1its
installation in March of 1957, the machine has averaged
over 12 hours deily running time.

In general, a multitude of progyrams of various lengths
are constantly being written, but only a few have besn em-
ployed on a production operatiop basis. These exceptions
are practical subroutines and major program systems as
Statistical Correlation, Linear Programming, Rusiness
Games, etc. MNMost programs use floating point arithmetic
with its many subroutines. Since these subroutines have
frequent application, optimum programming techniques are
employed in their construction to increase operation speed.
Thus, besides the coding laboratory periods, the machine
1s normally occupied by the time consuming and difficult
task of brogram development with limited procuction opera-
tion of the progrems already in existence. It should be

noted that problams exist in various departments on the
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Oregzon State College campus which are not practical for
application of the III-E because of its relatively slow

speed.

Purpose of Work Performed

The development of a program involves the following

steps:

1. Determine the exact procedure to be used in ob-
taining the desired solution of the problem to
be programmed.

2. Xnow how to program at the minimum level required
for the particular task.

3. Derive a complete detalled flow diagram in block
form of the entire project.

4. Code the program loosely in block form directly
from the flow chart.

5. Check each block singularly for proper operation
on the machine (debugging).

6. T1le the blocks together to form the complete
program, test its performance, and then proceed
(as time allows) to tighten the structure for
efficient operation.

Items 4, 5, and 6, deal directly with the machine and are
the major points considered in this work. Convenient
orders added to the order code glve the programmer more

useful tools, reducing the time and labvor 1n programming.
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Item 5 concerns "debug:ing", which is performed to aome
extent on the machine. "Debug:ing alda" in the form of
marual "break points" provide the programmer with a larger
degree of direct machine control, eliminating many awkward
procedures. Program efflciency i1s increased by adding
orders that perform functions which previously would take
groups of orders, and also by Improving the performance of
exlsting operations.

The specific goals of this analysis are:

1. HKeduectlon of labor and time of programming by
placing new, useful orders into the machine's
structure.

2. Provide "debuguing aids" which reduce the ma-
chine time needed for this purpose.

3. Improve the efficiency of program operation,
especlially subroutines, through the addition of
orders that perform the present duties of groups
of orders, and by improving the performance of
evisting functions,

It 1s seen that most new orders will fulfill the objec-

tives of 1tems 1 and 3.

General Procedure

The mechanics of the work outlined involved the fol-
lowinf: a detalled analysis of all phases of the pressent

physlcal structure, the reviewing of the existing order
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code, the forming of new orders and other items that are
useful for the programmcr anu are efficient in re;ards to
machine operation, anc the placing of the modifications
developed into the machine's structure. This project was
terminated when the 1idle elements avallable within the
logyic cabinet were completely utilized in the construction
of the modifications.

In order to prepare for the final stages of thls work,
a thorough detailed study was conducted in regards to the
machine's applications, order code, systems structure, and
circultry. Other computers, as the Llectrodata Datatron
205, and Bendix G-15, were also investigated in many of
these aspects. Through this knowledge and the information
obtained from consultation with the advanced programmers of
the computing laboratory, specific 1ltems were formulated
and placed into the machine. They were tested for useful-
ness and electronic reliability during an evaluation peri-
od, and from the information gathered ad justments werse
made when necessary. The difficult phase of this work con-
cerned the selection of the specific modifications that
were most beneficial from the large number considered. A
detalled knowledge of the machine and practical programming
experience were the major assets used 1n making the deci-
sions. The final group was chosen for their usefulness and

ease of construction. The logic representation and the
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installation of the particular items were secondary, for
the knowledge required resulted from the physical systems
analysis performed.,

Kach modification of the order code had to take form
as an addition, rather than a change. If thils rule was not
maintained, existin,, programs would not be able to be per-
formec. Confusion always resulted when new orders were
used before the acceptance procedure was completed, for
some 1ltems wers changed or elimlinated in the evaluation
period. Thus, the programs that contained them would not

operate properly.

Logic Structure of Modificatlions

The loglc equation 1s the notation used in the descrip-
tion of the machine; hence 1t was the principal method
employed to express the detalled form of the various modi-
fications. The equations derived for each item* indicates
the quantity and type of elements needed and the labor
involved 1In its construction. As previously stated, the
number of elements requlred and the ease of installation
were Iimportant factors in determining which items of the
group considered were finally selected. Therefore, each
was Investigated thoroughly in these respects.

Before a speciflc l1tem was chosen, its general logic

formation was closely reviewed. After an acceptance, the

¥ An Item is a modificetion from the group developed.
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detailed ecuations wsre developed. The steps involved in
this task are the same for most types of items. In forming
the equations, logic blocks already existing in the machine
were employed when possible in order to reduce the number
of new elements required. In many linstances, the logic
structure and item functions were altered from the most
desired form toc take advantage of the machine's present
logic. Sound electronie construction also dictated a
structure which would cause deviations from the initial
loglc formation. The physlcal placement of the logic cir-
cuits in the computer was arranged to use a minimum wire
length to keep stray capacitance small in value. The
optimum distributlion of elements and of wire length was
difficult to achleve, because the entire group of modi-
flcations were developed over a four-month period, and the
installation was carried on continuously. At all times the
general pattern of the modifications was known; however,
changes which would cause revisions of the overall plan
would occur as the work progressed. It was impractical to
keep revising installed modifications; therefore, an ideal
utilization of elements and wire distribution was not
attained, but there was slight waste.

There was no specific investigation for redundant
loglc because the time which would be required did not
justify the end results; but small groups of redundant

loglic were located in connection with other work. The
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removal of this leoi:ic provided mors elemsnts for ths modi-
fications. The functlons of two flip flops werse incorvo-
rated with trhose of 2 third flip flop, releasing them for
other purposes. This "tine sharing" change was performed
tecause two flip flop elements wers needed for a modifica-
tion and none wers available. Table VI shows a tabulation
of the elements ilnvolved in the total groupr of modifica-
tions. It should be stressed that efficlent use of these
elements was a prime consideration because there were more
items to be installed than were possible with the number
of elements on hancd. However, with careful planning and
the redundant logic found, the situation wes relieved.

The code for a new ordser was chosen from the idle group
of order codes which are shown in Table VII. The function
of the prospective orcer, 1ts similarity with an exlsting
group, and the present operation of the suitable open codes
were the major factors which determined the final selsc-
tion. Prom the description of the present operation of a
code, the extent of the logic reguired to bring it to the
desired "mo operation" state 1s easlly determined. Thus,
available "no operation" codes or ones with trivial func-
tlons are more convenient because no or minor logic 1is
needed to elliminate the exlsting erratic operation. By
careful selection the new orders werse placed in similar
groups, and the lo;lc required was as minimnal in form as

feasible,



TABLE VI. LIST OF ELEMENTS USED
IN CONJUNCTION WITH THE MODIFICATIONS

Diodes avallable in main rack (prior
OCtObOI‘ 1958) L] . . . . . L] . . . .

Diodes released . . . . . . . . . .
Diodes used in main rack . . . . . .
Diodes used outside of the main rack
Input circuits released . . . . . .
Input circults used . . . . . . . .
Flip Flop circults released . . . .

Flip Flop circuits used . . . . . .

Note: &#l1ll elements concerned were located

cabinet.

« o o 95
« + o« 24
e « o 119
e+ o 16
o o 1
e o o 27
o« o 2
.« o . 2

in the logic

79
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TARLE VII. 1IDLE ORDER CODES THAT EXISTEDR
BEFORE THZ MODIFICATIONS WERE DEVELOPED

Order Functlions

00 eve.. No operation.

06 ..... No operation.

08 ..... K Into B and bits O to 16 are made zeros (B).

OA ..... E into D and bits O to 16 are made zeroes (D),
and -zero into B.

2A ..... ~zero into A and D.

3 ..... Complement A.

47 ..... B U W into B.

4% ,.... A into W and -zero into D.

6D «.e.e D U W into D.

5F +..... Same as 5D,

6R ¢eeee A Into W, W iInto A, and -zero into D.

73 eesees Same as 713,

77 oeeeoe Same 88 75% except =-zero or all ones into L.

7B eee.. W into A and -zero into D.

7D eees. Same as8 6D,

TF e.ees Same a8 6F3,

A9 ..... Stop, +zero Into A, -zero into B, and all ones
into D.

AD ..... Same as BD: except R willl count down.

AF ..... Same as BFi# except R will count down.

Bl ..... Same as B5i except -zero into R,

B3 ..... Stop, =-zero into A, zero into B.

B7 ..... {'top and =-zero into A.

B ..... Stop, €ero into A, Zero into B.

C9 ..... 2 on if absolute value of A is equal or greater
than the absolute value of D.

CB ve... Same as C9,

CD e¢... Same as CQ.

CF ee... Same as C9.

D1 ..... Stop.

D3 ..... Stop.

D9 ..... Stop.

DB ..... StOpo

FB ..... Same as Fg,

FD ¢.... Same as DD#* except the first four bits of A are
made zero (sign of A 1is not changed).

FF seees Same as DFit except the first four blts of A are
made zero (si;n of A 1s not changed).

# These orders are normal types and are listed in Table 1V,
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The logic for a modification generally consisted of
the principle operation and control sequencing equations.
The principle equations contaln the T order configuration,
the order executlion perlod or perilods indication, the cpera-
tion mechanics terms, and 1f necessary, word portion or
other timing. The sequence equations are composed of the
T cornfiguration, order execution period, and work timing.
Occaslionally more timing terms or equations were necessary,
but usually the timing provided by the execution period
specified and the sequencing equations were sufficient.
For most items, the total logic formed conslsted of new
equations and changes in one or more of the machine's
existing equations.

Two important considerations In many modifications
are: reglster recirculation for the T order corfigura-
tion, and the "look-up" of the next instruction. VWhen a
new code 1s used the recirculation of the four registers
must be checked. If it is not normal in one or more re;;-
i1sters, loglc must be added to correct the situations,
unless the non-recirculation is of no consequence. By
referring to a register recirculation chart, the status
of the reglster for a code is seen, and 1if required, logic
can easlly be formed to cause recirculation, or deleted to
stop 1t. The register charts which held true at the start

of this project are shown in the apprendix.
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If a command is terminated during a word ;erlod, other
than the 1lst, 33rd, or J4th bit, the next instruction loca-
tion process which is in an active state, must be halted.
In this situation it 1s possible that the loading of an
instruction would start immediately, resulting in erroneous
information transfer because the timing 1s not correct.
Thus, the "look-up" process must be reset if an order is
terminated within a word time.

After the logic equations were formed In the III-%
standard structure to use the minirum number of elements
and wire length, the modificaticn was installed. Installa-
tion time 18 dependent upon the number of connections to be
made, where each takes from 10 to 15 minutes toc complste.
Reliabllity was evaluated vy checking the installed items
under marginal conditions. The machine's D.C. voltages
were varled within the accepted limits (3, p. 167-171) and
its operation observed. If 1t was not satisfactory, errors
were ;ienerally caused by large time constants which would
not allow circuits to charge sufficlently in the time al-
lotted. This slituatlon is located bty viewing the active
pulses with an oscilloscope. Keslistors are then placed in
the gating circuits to decrease the time constants. In
most instances the operation of an ltem was satisfactory
with normal circult construction and adjustments were not

needed.



Modifications Performed

This section contains information concerning the group
of modifications that have been performed on the ALWAC
III-% digital computer located at Oregon State Collegs.

The items dlscussed have been completed by October 1, 1959.
Five categories are outlined. They contaln 25 items com-
posed of 12 new orders, 5 improvements of existing opera-
tions, 3 manual machine control alds, and 5 items concerning
"time sharing" of flip flop functions and redundant logic.
Fach 18 described; the loglc and number of elements in-

volved are presented.
I. IMPROVEM-NT OF EXISTING OPERATIONS

A. Code Delete

A code deletse configuration would occasionally be
read by the tape reader if the address portion of the input
instruction contained a zero or an "8" in the least signif-
icant position. Thils malfunction was caused by an error in
the code delete logic. Vo was taken out of the following
term, which resulted in proper operation of the code delete
function, Vo 1s a control timing term and has no connec-
tion wlth the code delete operation, hence it should not
have been placed in the logic shown.

Logic
Q3 = (T8T7TSTS5T3! )FTT1Y2Y3'Y4Y5'Y6Vo
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Elements - Release 1 diode

B. Fast Charnel Transfer (Memory to Viorking Storage)

One drum revolution was eliminated from all chan-
nel transfers that copy from memory to working storage.
Previously during thils operation the information from mem-
ory would be written into a working storage for two con-
secutive drum revolutions. The second revolution was elim-
inated because 1t served no known purpose; however, by this
action the time given for the memory selection relays to
set was shortened. This modification reduced the total
execution time from an average of 96 milliseconds to 78
milliseconds, a decrease of about 19 percent. Since the
channel transfer 1s time consuming considering other opera-
tions, the increased efficlency obtained could have a no-
ticeable effect on total program speed.

The amount of error detection in channel transfers as
indicated by alarm no. 1 was unchanged. It was determined
that many errors are caused by the selection relays not
relaxing in the time allotted after belng set to a config-
uration. This erratic operation was pronounced in only a
few of the 256 memory configurations. From the testing
patterns used, where the time given for relaxation was
varied by 35 milliseconds (2 drum revolutions), it was
found that the contact chatter needed more time to be sub-

dued than originally was provided; therefore, the reduction
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of time had negligible effect on the existing chattering
conflgurations. Since no new confligurations were rroduced
by reducing the time allowed for relay relaxation, the
over-all reliability of the channel transfer was not af-
fected. Also, by tuning the "memory read" system, the
normal chattering configurations can be eliminated, thus
relaxation time is not the only factor involved.

Logic
1. Change Q7

i

Q2T4 ' (¢#5+@6)
Q2¢5T4 !
(A2'ULGR2FS5F2'F1)@6T4 !

to Q7

i

2. Change Q3
to Q3 = Q2¢g6T4!

Elements - Release 1 diode

C. Input Following Output

If an input instruction was placed directly after
an output instruction, the last output would be taken as
the first input. There was not enough time allowed tetween
these instructions to permit the flexowrlter to assume the
required relaxed position. This problem was usually taken
care of by programming a delay before the input instructiom.
Since this 1s an undesirable feature, the following logilc
has been added to create a 150 millisecond delay when de-
sired, through the use of a "one shot" circuit. The delay
is obtained by adding "2" tc the left digit of the address

of any output instruction. The form adopted for the
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recognition of this delay was dictated by the existing
input command structures.

Example: F502 - 2 hex characters out - No delay
F622 - 2 hex characters out with 150 milli-
second delay
Loglc
Add - Go = (T&T7T5T3) (Q4C)@7R6

Flements - 4 dlodes

D. Stop Switch With An Optional "Jump" (1BW)

The normal-start switch which controls the 1bwW
instruction (stop or change control) was changed to a three
positional switch. The third position gives the 1bW a "no
operation" function. The switch's function i1s now equiva-
lent to a "jump switch" with an optional stop. A third
"jump switch" (2 already exis:) is desired; however, the
optional stop makes 1t more valuable because of the asdded
ease of external program control.

Logle
¥s is the third position of the Normal-Stop Switch
(+15 volts)
Add - Q3 = (T8'T7'T6'T5)(T4T31)(F2P33)Ns

Elements - 4 diodes and 1 Federal type switch
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II. "TIME SHARING" OF FLIP FLOF FUNCTIONS AND REDUNDANT
LOGIC

A. Combine Gg Function Into X1 Flip Flop

The "one step" logic for Gg was incorporated into
the losic of the X1 flip fiop. Hence, X1 1is used for error
detection in channel transfers, its previous function, and
also to perform the "one step" operation. The Gg flip flop

is now avallable for new duties,

Logle
1. Disconnect Gg logic
2. Change X1 = P33C
to X1 = @#6(Q3C)+Pgg

3. Add @7 to all terms in X1' loglc
4, Add Y1' = Q4C
Tlements - Release 2 diodes, 1 input circult and 1 flip flop

B. Elimination of Y _  Flip Flop

The functions of the Yp flip flop were combined
wlth those of Yt, thus Y, was made avallable for other ac-
tivities. The following changes occurred in the machine's
command structure as a result of this modification.

99 - Punch 9+ = No operation
9b - Type 9F - No operation

The loss of the former operatlions of the 99 and 9 commands
are not considered important since threy can be duplicated

by ad justing the switches on the flexowriter.
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1. Replace Yp' outnut line by Y+ output

2. MDisconnect Yp anii YD'

loric
3. Connect T3' to the terms in Y, and Yt' that con-
tain a T configuration

Elements - Relsase 2 diodes and 1 flip flop

C. Redundant Logic

The following 1s a list of logic that was found to
te unnecessary. Since no specific investigation was rper-
formed iIn this area, the logic shown below was lccated in
connection with other work. The elements released were
used in the construction of modificatlions.

1. Ad = (TT7T5@6P0AR)T6!

This term is eliminated ty T6'An. Also, the tim-
ing of the above term is in error, making 1t unnecessary.
r“lements - nelease & diodes

2. Bd = (T8'T7)7T5mn
(TS'T7T8)Bn end (T8'T6'T5)Bn cause the above
term to be redundant.
Illements - Kelease 5 diodes
3. DA = (TST7T5')(@2Vw)T2'ln

T2'n@o' eliminates the need for the Dd term

shown.

Klements - Relsesase 5 dlodes
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III. MANUAL MACEINE OPERATION AIDS

£ Comand Dreakpoint

The machine 1is stopped in the inspection period
tefore executing a channel transfer (8X) order if the 8X
switch, which is located on the breakpoint box (Fig. 1lb) is

" position. This item has proven valuable

placed to the "on
for program debugging, maintenance, and general manual ma-
chine control.

A simllar ltem was installed for change of control or
jump orders (1X). It was made obsolete by the address
breakpoint modification which is described below, thus it
was removed,

38X indicates the breakpoint switch position (+15

volts)

Add - A4 = (TaT7'76')T5'F18%

“lements - & diodes

B. Address PRreakpoint

The machine may be stopred before executing the
instructlon loceted in the workin;, storare word address
(rizht or left) that has bsen nrlaced into the breakpoint
box (Fiig. 1b). The box, which is placed near the control
ranel, contains eight switches used for the desired address,

and a ninth swltch that controls the executlion of the
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breakpoint operation. These switches are read in the same
pattern as the register position lights located on the con-
trol panal, This manual method or breakpoint has proven to
e versatile and useful in manual machine control, espe-
cially in program debugzing. The address breakpoint 1is
undoubtedly the most popular modification of the group
developed.

Logically only 11 diodes are necessary for this item.
However, noise was developed in the cable used to "remote"
this operation, therefore the number of diodes required 1is
increased to 19, and they must be placed at the "1ogic caeb-
inet" end of the cable. The large reverse resilstance of
the dlodes effectively Iincreases the cable!'s time constant,
preventing noise formation.

Logic

¥l <~ True position of an address switch

Ei' - False position of an address switch

BP - Breakpoint operational switch (+15 Volts)

Add A4 = (S1E1 + S1'El')(S2E2 + b52'82')

ee.. (SBEB + S8'LE')P1BP

Elements - 17 diodes (16 not in logic rack)

C. Subroutine Protectilon

Sixty-three main memory channels (Ol through 3F)
are used to store subroutines. In order to record informa-

tion in any of these channels, alarm switch #1 must be
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placed in the "restore" position. Since this switch is
normally in another position, subroutines will not acci-
dentally be destroyed. The input equipment 1is slow in op-
eration, therefore the replacing of subroutines in memory
is time consuning and tothersome. This protection has
proven to be nearly 100 percent effective, and is extremely
valuable because a large number of inexperienced people use

the machilne,

Logic
Change A2 = (T8T7'T6G'T5)T4(RE'R7'R6'F5'R4'R3'R2R1)
(gorc)g?
to A2 = (TQT7'T6'T5)T4(RE'R7?) (R6+K5+R4+R3+R2+R1)
(Foro)g

wlements - Release 2 diodes
IV. ORDTZRS WITH NEW CONCEFPIS

The following uzroup of orders are considered a valua-
ble addition because they are extremely useful and their

concepts are new to the machine's order structure.

A. Count E Up and Compare Magnitude (16K)

If Z 1s "on", the machine will stop. If Z is
"off", the instruction will be performed as shown:
1. Turn 7 on when the address portion (N) is equal to
the address portion of D (Z on if E-N=0)
2. Count % up by 1 (I1E]I+]1)
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3. There 1s no "jump" with this order as with the
others 1in the 1X group.
This instruction has been well received because of 1its
counting ability. Previously, E could only count in a
negative direction, thus the "B Box" 1s more versatile
with this added function. The comparison of the magnitude
of N and I gives thls order :ore depth and has proven use-
ful. The loss of the modified 17%W order has not been no-
ticed. Since it concerned a ‘double” address modification
process, it was never used.
Loglc
1. Stop if 7 18 on
Add - A4 = (T8'T7'T6'T5T4'T3T2)T1'(F12)
2, Zon if N - E =0
Add -~ Z = (TB'T7'T6'T5T4'T3T2)T1!'(R1'R2'R3'R4'R5!
R6')(R7'R8')(g2C)
3. No jump with 16N
Add T1 to the following terms
Uk = (T8'T7'T6'T5T4'T3T2)En'¢2Uc ¢ + (T8'T7'Té6!
TST4'T3T2)“n (F4P33')(@2C)Uc
4. IEI + 1
a. Add Tl to the following term
Ua' = (T8'I7'T6'TS5T4'T3T2)@2(EnC)
b. Add - Ua' = (T8'T7'TP6'T5T4'T3T2)@F2(En'C)T1!

Elements - 18 diodes and 2 input circuits
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B. One Character Output (DFXX)

(ne character as determined by the address portion
of this instruction will be typed or punched. Numeric,
alphabetic, flex contrcl cheracters, etc., may be used.

The programmer is provided with & convenient instruction
to employ in format control. No extra storage is needed
for the character used as with the standard output instruc-
tions, and the A register is not invelved. The 150 mllli-
second "programmed delay" asscciated with output instruc-
tions may be used. The six bit character configuration 1is
1dentical to the exlsting codes, except the sixth bit is
placed into the seventh bilt position since the sixth bit
is used to indicate the cutput delay. This order reduces
the complexity of alpha output, therefore it is very useful
in the coding course taught becausse the novice student may
" attain format control without having to be introduced to
the awkward alpha output order.
Logic

1 =1,2,...,5

1. Add - Yi = (TeT775)(T4T2)(Q3C@6)R1

2. Add - Y6 = (T8T7T5)(T4T2) (Q3CP6)RT

3. Change the D.C. "or" gate in the Y flip flop

logic as shown:
Change (T2'+T2P1'}
to (T2'+T4'F1')
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Tlements - 15 dlodes and 6 input circuilts

C. "Flag" Operations (D9XY, D1w, D3W, DEW)

The two flip flops that were formally Gg and Yp
are used as "Flags", and a two bit counter. The flag con-
cept 1s similar to the operations concerning the Z flip
flop excluding the "arithmetic" and "comparison" depend-
ency. The two flags are avallable at all times, and may be
used to isolate various levels in programming by acting as
change of control indicators. This function is performed
by setting a flag to the "on" state (D9XY) and then
changing control (Jjumping) to a new position in the program
(D1w, D3W), as determined by the flags position without
affecting the state of the flag involved. These are two
individual operations, thus in a program, the jump may
occur at any point desired.

Initlially, the 06 and 07 orders were installed to set
the flags, where 06 and 07 would reverse the states of
flags #1 and #2, respectively. It was found through pro-
gramming tests conducted during the evaluation period, that
the reverse function of the orders were not sufficient for
setting a flag to a desired state, therefore the D9XY order
was fdrmed. By incorporating the reverse flags feature and
specific posltion selection into thls order, the need of

the 06 and 07 orders was eliminated and they were dlscarded.
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As stated previously, the fla;s may be used as a
counter. The operatlon is patterned after the lndex reg-
ister counting instruction {(17%). A configuration is
placed into the counter (D9XY). Upon execution of the
counting instruction (DBYW) one 1s subtracted and a jump
to v takes place except when the result of the counting 1is
zero. A maximum count of four 1is obtalnable, which may be
conveniently used for program loop control, format control,
etc. Since the flag and counting operatlions utilize the
same flip flop units, they must be used independently of
one another. In order to program both operations effec-
tively, Tlag configurations may have to be "stored" and
"restored". These functions are performed by a group of
instructions.

The flag and counting operations have been widely
accepted and have proven to be one of the most valuable
groups of orders developed. Utllization of the same ele-
ments for two different functions, through "time sharing",
increases the efficiency of the elements used. The count-
ing order is very popular and has been placed into the
"Start Routine" as a format control for input-output of
information., Another distinct feature of this group 1is
the sharing of the functions of the set flag order (D9XY),
by the counting order (DBW) and "jumping by the flag"

orders (D1W, D3W¥).
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The orders involved in the flag and counting opoera-
tions are reviewed below.
1. DO9XY -~ Set Flags to desired State.
XY in the address portion of this instruction
controls the states of the flags as follows:

Y is 1

Flag #1 is set to the on state.
X 1s 1 - Flag #2 is set to the on state.

Y 1s 2 - Flag #1 is set to the off state.
X 4s 2 - Flag #2 1s set to the off state.
Y is 3 -~ Flag #1 reversss state;

X 1s 3 - Flag #2 reverses state.

Y 1s O - Fla;; #1 1s not affected.

X 18 0 - Flag #2 1s not affected.

Thus, the programmer may easily set the flags to a
desired position within hls program. It should be noted
that the address or R configuration is used for order con-
trol, which 1s unusﬁal, but convenient in this situation.

Logic

a. Add - Fgl (T8T7T5)(T6'TE! )T4AT21 (F20 )R]

H

1

b. Add - Fgl' = (T8T7T5)(T6'"3')T4T2' (F20)R2 + SC

]

c. Add - Fg2 (TS07T5) (T6'T3)T4T2! (F2C )RS

]

d. Add - Fg2! (T8T7T5) (T6' T3 )T4T2' (P2C)R6 + SC
Note: The Q4 logle addition shown for the D1 and D3
Instructions satisfy the need of the D9. The

clear switch sets both flags to "off",
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klements - 12 dlodes and 4 input circuilts
2. D1W - jump to W if flag #1 1s on.
D3W - jump to W if flag #2 1s on.

These instructions are controlled "jumps". The

state of the flags are not affected.

]

a. Add - Q4 = (T8T7T5)(T6'T3')¢3

(TBT7T5)T6'T4'T3' T2 (F2C ) Fgl

[}

b. Add (D1l) - Uk

c. Add (D3) - Uk = (T8T7T5)T6'T4'T3'T2(@2C)Fg2
Tlements -~ 16 diodes and 2 input circuits

3. DBW - Count Flags by -1 and jump to W except when

the result of the count 1is zero.

a. Add - Fgl (T8T7T6'T5T3' ) (T4T2' ) (F2C)Fgl!

]
i}

b. 4dd - Fgl' = (T8T7T6'TST3')(T4T2')(@g2C)Fgl

(T8T7T6'T5T3' ) (T4T2" ) (F2C)Fgl'Fg!

c. Add - Fg2

i

d. Add

Fg2' = (T8T7T6'T5T3') (T4T2') (F2C)FglFg2!

I

e. Add - Uk (T8T7T6'TST3!) (T4T2') (F2C) (Fgl ' +Fg2)
Elements - 17 diodes and 5 input circuits
Total number of elements used for counting and flag opera-

tions - 45 diodes, 11 input circuits and 2 flip flops

D. Count A by 1 (24, 26)

The A register is made into a convenient counter
by the addition of the 26 ( IAl + 1) and 24 (IAl - 1) orders,

Since thess orders may be doubled, their usefulness is
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increased. The machine now has a 32 hit counter (A reg-
ister), a 16 bit counter (E register), and a 2 bit counter
(Flags). A change of control exists directly or indirectly
with each counter increasing their usefulness. Previously,
the only counter available was the 16 bit "B Box" (E reg-
ister), and 1t only counted in the negative direction. The
machine 1s now more flexible and efficient with thres sep-
arate counters.

Logle
1. Add T2 to the following term

i

Ua!' (T8'T7'TET5'T4" ) (g2)An!'C

]

2. Add - Ua = (T&'T7'T6T5'T4')@2(POC)T3
3. Add - Ua' = (T8'T7'T6T5'74'¢2)AnCT2!

Elements - 7 diodes and 2 input circuits

V. CONVENIENT ORDERS

The following is a group of new orders that have been
added to the machine's structure because they are useful
and relatively few elements were needed for theilr construc-

tion.

A. Exchange B and W (45W)

The addition of this order completes the B reg-
ister segquence of orders concerning the working storage
(41-45-C5). The B reglster 1s now us convenient to use in

this respect as the A register with its sequence of
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(49~69-79) orders. The 45W has proven to be valuable in
increasing the speed of "packed" subrcutines.
Loglc
1., Add - Bd = (T8'T7)(Z2vw')Bn

2. Take T8 out of the following terms:

w8 = (T8T7TG'T5'T4)T3T2'BeC
@8t = (I8T7T6'T5'T4')T3T2'Be!C
“W7 = (T8TTT6'T5'T4')T3(g2Vw)

3. Add T4' to the following terms:

@8 (T8'T7T5')AeC

«8!

It}

(T8'T7T5' )Ae'C

Blements - 9 diodes

B. Absolute Addition between A and W (73W)

The 73W instruction will perform an absolute addl-
tion between the A register and W. The sign of A is un-
changed. Thils instruction uses the present logic of the
"63W" for the addition involved. It does this by changing
the 73 conflilguration to a 63 after the sign of A has been
preserved. This 1s an unique method of obtaining a new
instruction with a minimum of components, and was posslible
because the 73 order code was previously not used.

Logic
1. Add T2' to the followling term:
Ad = (T8'T7T6TS5T4'P2Vw)T3'WnlnP33!

2. Add - Ad = (T8'T7T6T5T4'@2Vw) (AnPo)T2
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3. Add - TH5' = (Tu'T7T6TH5T4'@2Vw) (POC)T2

Elements - 8 dilodes and 1 input circuit

C. “ompare Ahsolute Values of A and W (53W)

Z will be turned on 1if the absolute value of A 1s
not equal to the absolute value of W. This order com-
pletes the sequence for comparing the absolute values of
A and W as shown below.

Z on if Al < Iwl -51w
Zz on i1f JAl > |w| -51W 0200 (2 instructions)
Z on if |al # Iw| -53W
1. ERemove T2' from the following term:
Z = (?8'T7T6'T5T4'T2'¢2Vw)(Po'PSS')(An'C)WnTS'
2. A4dd - Z = (T8'T7T6'I5T4" )@#2Vw) (PO'P33!) (AnC)
Wn'T3'T2

Elements - 3 diodes and 1 input circuit

D. B and D Registers (08, OA)

The 08 order copies D into B and the 0A exchanges
D and B. These orders give the programmer a direct means
of using the B and D re;isters together. This action has
helped to increase the speed of "packed" subroutines, nota-
ble, "Floating Point Arithmetic", whers a reduction of
approximately 60 milliseconds (33 percent) was attained.

The previous 08 and OA commands that were concerned with
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the E register were not used often, therefore their loss is
of no conssquence.

Logic

1. Change Bd = (18'T7')(T6'T5'T74)(T3'T2)@2kn14

to BA = (T8'T7')(T6'T5'74)T3'@20n
2. Change Dd = (T8'T7')(T6'T5') (T4T3")T2¢2ENF4

(T8'1I71)(T6'T51) (T4T3! )T2¢@28n

i

to bd

Elements - Relesase 2 diodes

T, FPFlags Used as Optional Jump Switches

Two switches were installed near the control panel
which permit the operator to manually control the states of
the flags. Thus, the flags may be used as optional jump
switches glving a total of five. Two neon indicators are
also present to Indicate the position of the flags to aid
in machine control for debugging and other purposes. This
feature gives the flags a third option in operation.

Elements - 4 input circults
COYCLIJSIONS

The following is a 1list of conclusions that resulted
from the work performed.
1. Digital computers may be classified into four cate-
gqries: the business machine or data processor,

the university type for sclentific computations,
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the process control machine, and the general
rurpose computer,

The general purpcse machine may be subdivided

into the lar:e and medium types.

The operation of a machine is primarily serial or
concurrent (parallel), or a combination of both.
¥Floating point erithmetic is usually used for
sclentific computations.

The ALWAC III-E is composed of four systems:
memory, input-output, arithmetic, and control.

The basic theme of deslgn of the III-T is simplic-
ity and economy.

Since the input-ocutput system 1s serial in nature,
it is very inefficient.

The memory system is cumbersome to use and 1s slow
in opseration because the main section of 8192
words is not dirsectly addressable, and a relay
selection network is used in the block transfer
operatlion.

The "B Rox", continuous location of the words in
workin;; storage, and the temporary storase of
svery other instruction in a qulick access registen,
ars the outstanding features of the control svstem.
The large and versatile i;roup of orders that com-

pose the order code help to reduce the labor of
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12,

13.

14.

15,

16.
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programming, and tend to make machine operation
more efficient.

The logic equation notation used to describe the
III-E structurs 1s verv effective,

The principle application of the III-¥ at the
Oregon State Digital Computer Laboratory is for
education, and program development.

Programming labor was reduced by developing a
group of new convenient orders.

"Debugging" time on the machine was decreased by
the installation of manual "break point" opera-
tions.

¥achine opération efficlency was increased by
adding new functions and improving existing ones.
The time involved in an Iinstallation of a modifi-
cation can be approximated by the number of con-
nections to be made, where each takes from 10 to

15 minutes to complete.
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Additional Activities

The author's association with the III-E may be divided

into three phases. From March 1957 to October 1958, main-

tenance of the machine was the prime objective. To perform

this function satisfactory with student labor®, preventa-

tive and active maintenance procedures were developed.

Since no technical manual concerning the machine was avail-

able, one was written by the author, and it has been used

successfully as a tralning aid at the 0.5.C. laboratory and

other III-E installations throughout the U.S.A., Canada,
and Eurbpe.

The investigation of the III-E and the modifications
developed, as described in this thesis, were performed
from October 1968 to October 1959. The bulk of the work
was achleved after June 1959. A National Science Founda-
tion Grant for research in digital computer systems was
recelved in July 1959, thus a portion of the work was
supported by this grant.

Starting in August 1958, and extending to June 1960,
a new project was undertaken. It 1s primarily concerned
with increasing the efficiency of floating point arithme-
tic operation. Automatic operation of the arithmetic
functions was found to be too expensive at thils time,

¥ The author was a Senior in the School of Electrical
Fngineering at this time.
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therefore another approach was taken. Special modifica-
tions (five items) were desizned to increase the speed of
the floating point arithmetic operations as performed by
a subroutine; and the pro;;ramming labor involved when
using floating point arithmetlc was to be reduced.
Through the flve items formulated the operatlon time of
all floating point arithmetlc functions will be decreased
approximately by a factor of 3.5. Thelr speeds will then
be comparable to those of fixed point arithmetic opera-
tions (shifting for scaling 1s included in fixed point
tire). Programming with floating point arithmetic will
be simpler than that of the fixed point type becasuse
scaling 1is not required and the need of the "key word",
which supplies control information for the subroutine, has
been eliminated. Three of the five items are also ex-
tremely useful in all phases of programming. An extension
of the rack in the logic cabinet was constructed and con-
tains the 21 plug-in boards that are needed for the modi-
fications. The group formed is shown below. The first
four have been successfully installed by January 1960.

1. Addressable Registers -~ All one word registers
are made addressable, resulting 1in more efficient
and convenient operation because the use of the

working storage 1s decreased.
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A

. Floating Polnt Comparison of the MHagnitudes of A
and W (78W)- 7 1s turned on if (Al <€ |W| with a
floating point word construction as follows:

Pits 1 to 8 (characteristic), bits 2 to 32

(fraction).

3. Unpack and Kepack Floating Point Numbers (70 &
7F)- The fraction and characteristic of a float-
ing point number constructed as shown in item two,
are separated or combined in one word time.

4, Mark Place and Return to the Marked Place (9DW &
OF)- The 9DW iInstruction stores the address of
the next insﬁruction in normal sequence and
"Jumps" to %W. Upon the execution of the 9F order,
the next instruction 1s taken from the "Mark
Place" address that has previously been stored.
These two orders have eliminated the need for
"key words" in the operation of most subroutines.

5. ( Rejister - A new one word reglster will be
employed for quick access storage. Thus, four
one word registers will be available and may be
used together effectively without referring to
working storage because each 1s addressable.

The activities of the 1mmediate future include the

completion of the fifth item listed, and the testing and

evaluation of the entire group. Also, the design of a
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memory presclzct s8yster which would make the main memrory

directly addressable in bhanks of 32 1s contemplated.
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TABLE VIII.
o 1 2 3
8 8 78 78
5 5 57 57
8 8 78 78
7
7
5 5 57 57
4 4 47 47
4 4 47 47
1 1 1 1
1 1 1 1
10 10 10 10
S 9 9 9
9 9
0 2
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B REGISTER RECIRCULATION CHART

v &

28

N

NN = = D> W

10

5
8

5

6
78

57

28 278

N N = = >

10

27

57

47
47

10

7 8 9 A B C€C D E F
78 0
57 5 5 5 5 5 5 5 51

278 6 6 6 6 6 6 6 62
27 6 6 6 6 6 6 6 63

7 3 3 3 3 3 3 3 34
57 35 35 35 35 35 35 35 355
47 346 346 346 346 346 346 346 346 6
47 346 346 346 346 346 346 346 346 7

1 1 1 1 1 1 1 1 18

1 1 1 1 1 1 1 1 19

A
B
10 10 10 10 10 10 10 10 110C
9 9 9 9 9 9 9 9 9D
E
9 9 9 9 9 9 F

7 8 B E F

Vertical column indicates the orders least significant digit.
Horizontal column indicates the orders most significant digit.

Recirculation Logic Terms

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

T8T7'To6’
T7'T6T4'T3
T8'T7T4
T8'T7T6
T8'T6'TS
T8'T6T4
T8'T4'T2

T8'T7'T5'T4'

T8T7TS5
T8T7T6'TS’

Note: The recirculation chart
for the A register is not
presented because only one
term (T6') is involved,
making it trivial.



TABLE IX.
0 1 2 3 4 5

0 237 237 23 23 123 123
57 57

1 237 237 23 23 123 123
57 57

2 237 237 23 23 123 123
57 57

3 237 237 23 23 123 123
57 57

4 37 37 3 3137 137
5 37 37 3 3137 137
6 37 37 3 3137 137
7 37 37 3 3137 137
8 267 267 26 26 256 256
7 7

9 267 267 26 26 256 256
7 7

A 27 27 2 2257 257
B 27 27 2 2 257 257
C 79 79 9 9 79 79
D 47 47 4 & 47 47
E 7 7 7 7
F 7 7 7 7
o 1 2 3 4 5

6
123
5
123
5
123
5
123
5
13

13
13
13
256
256
25

25

6

7
123
5
123
5
123
S
123
5
13

13
13
13
256
256
25

25

7

67

67

79
47
7
7

8

~ 0

67

67

79
47
7
7

9

D REGISTER RECIRCULATION CHART

157
8 8157
157
157
17
17
17
17
6 6 567

6 6 567

7

A B C

D
157

157
157
157
17
17
17
17
567
567
57
57
79
47
7

7
D

15
15

15

56

56

E

Vertical column indicates the orders least significant digit.

Horizontal columm indicates the orders most significant digit.

Recirculation Logic Terms

VWOONOOUVMPWN M

T8'T3
T7'T4!
T8'T4!
T8T7T5
T7'T3
T8T7'T6'
T2'

T8'T7'T6'T5T4T3'T2

T8TTT6'TS'

110

151
15 2

15

56 8

56 9



TABLE X. E REGISTER RECIRCULATION CHART

o 1 2 3 4 5 6 7 8 9 A B C D E
0 245 245 24 24 25 25 2 2 234 234 234 234 235 235 23
5 5
1 45 45 4 4 5 5 345 345 34 34 35 35 3
2 246 246 24 24 26 26 2 2 234 234 234 234 23 23 23
6 6 6 6
3456 456 4 4 56 56 345 345 34 34 35 35 3
6 6 6 6
4 24 24 24 24 2 2 2 2234 234 234 234 23 23 23
5 4 4 4 4 34 34 34 3% 3 3 3
6 246 246 24 24 26 26 2 2 234 234 234 234 236 236 23
6 6
7 46 46 4 4 6 6 346 346 34 34 36 36 3
8 124 124 124 124 125 125 12 12 123 123 123 123 123 123 123
5 5 45 45 4 4 5 5
9 145 145 14 14 15 15 1 1 134 134 134 134 135 135 13
5 5
A 124 124 124 124 125 125 12 12 123 123 123 123 123 123 123
56 56 6 6 456 456 4 4 56 56
B 145 145 14 14 156 156 1 1 134 134 134 134 135 135 13
6 6 56 56 6 6
C 124 124 124 124 12 12 12 12 123 123 123 123 123 123 123
4 4 4 4

D 14 14 14 14 1 1 1 1134134134134 13 13 13

E 124 124 124 124 126 126 12 12 123 123 123 123 123 123 123
6 6 46 46 4 4 6 6
F 146 146 14 14 16 16 1 1 134 134 134 134 136 136 13
6 6

o 1 2 3 4 5 6 7 8 9 A B C€C D E

Vertical column indicates the orders least significant digit.

Horizontal column indicates the orders most significant digit.

Recirculation Logic Terms

1. T8
2. 715!
3. T4
4. T3'
5. T7'T2!
6. T6T2'

111

23

23

23

123
13
123
13
123
13
123
13
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