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Figure hb. Rear View of the Logic Cabinet the Cable-Like 
Wire Formation. 

Figure 5. The Drum and Associated Plug-In Boards Located in the 
Memory Cabinet. 
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The D.C. gates are constructed from the diodes on the 

diode plug-in boards. The gates resistors and inter-diode 

wiring are placed on the rear of the plug-in rack. The 

result is a maze of wires in cable-like formations. This 

is seen in i•'ir;ure 4. Individual wires approach lengths up 

to eight feet because the gates input sources, diodes, and 

output leads may be spread throughout the rack. This type 

of construction is feasible because of the relatively low 

frequency of the clock. 

There are about 275 tubes (mostly dual triodes) and 

5400 diodes in the machine. These are the principle ele­

ments used in the construction of 134 flip flops, approxi­

mately 85 amplifiers, 8 one shots, 794 input circuits, and 

numerous gates. The distribution of the major circuits 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

pacitances cause slow switching times which may approach 

the clock pulse period. However, the required flip flop 

trigger pulses are supplied by the fast fall of the clock, 

and reliable operation is attained. Care was not taken to 

use a minimal total wire lensth in gate construction and 

excess wire length is a normal, rather than an exceptional 

occurrence. The clock line distribution system and the 



TABL~~ v. crr:r:UIT AND TUBE DIS'11RIDUTIGn 
THROUGHOUT THJ<~ MACHINE 1 S SYSTEMS 

F.F. Dr. Amp. 
(Flip flop, Driver, 

r:;amorz One Shot, Blocking 

\'lorking StoraDe Recirculation 32 16 
Remote Memory • • • • • • • • 2 2 
Buff er (ner;ister and w.s.). . l 2 

Arithmetic 

Register. Recirculs. t ion • . • 14 3 6 
Operation • • . • • • • . • • 8 

Input-Output 

Buff er • • . . • . . • • • • 6 
Operation t) 

• • . . • . . • • • ·~ 

Control 

~1~aster Stat ion . • • . . . . 24 
Synchronous Timing • . • • • 12 3 
i'r'ord Locs.tion . . . • . 8 
Sequence Control . . . . . • 8 2 
Operations Control {Special). 13 6 75 
Indexing • . . . • • • . . . 5 l 
Alarm . • . . • . • . . . . . 3 1 

Total circuits 132 14 102 
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o.s. B.O. 
Amplifier, 
Oscillatcr) 

? 

1 2 

8 2 

Tube Types F.F. lJr. Amp. o.s. B.O. 

5687 132 16 59 8 2 = 217 
5963 8 6 = 14 

12AT7 34 = 34 
12AY7 2 = 2 

6AH6 2 = 2 
2);1 7 ·- 7 

Total 275 

Note: Seven circuits are placed in two categories. 
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flip flop trigger pulses taken from input circuits use 

wirin6 that protrudes away from the main rack in order to 

reduce stray capacitance. Printed circuits which are 

placed on both sides of the flip flop and driver pluf;-in 

circuit boards, are not soder dipped and frequently have 

an open-circuited condition caused by radically changing 

temperatures, general usage, and age. With the exception 

of the printed circuits, the construction of this machine 

has proven to be suitable for reliable operation, and is 

extremely flexible in regards to additions and deletions 

made to the machine's systems. 

Basic Block Diagram 

The basic block diagram with information flow between 

the machine's systems is shown in Figure 6. Standard ma­

chine operation will be described using this diagram as a 

basis. 

Consider the machine in an idle state. It is acti­

vated in order to place information into the memory, or to 

execute a program that is already stored in the memory. 

1·1.oth of these operations are performed by a pror;ram called 

the start routine. This routine is always kept in a spe­

cific location in the memory and is called upon by pressing 

the clear switch which is located at the operator's stat1a1. 

This action automatically places the first instruction of 

the start routine into the control unit. Upon the 
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Figure 6. Basic Block Diagram of the III-E 

~ 

Memory Control 

I- - - - - - - -

j I' 
/ I 

/ I . 
/ 

/ I 
/ I / 

I I 
7 I 

I 
I I 

/ I 
/ I 

/ 
I 

/ 
iv 

_,,,,, ...... t- - - - --

' - A Register I 
____ _J 

Input-output Arithmetic 



44 

execution of this command, a statement consisting of four 

hexadecimal digits must be placed into the machine through 

the use of the input-output system. The statement is de­

coded and performed by the subsequent instructions of the 

start routine. A set of information items consisting of 

inst~~ctions, data, or both, is placed into the memory 

under the direction of the start routine, or the first 

instruction of a program that is already in the memory is 

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 initial 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 minimum required for 

activating the machine. The machine is considered under 

executive control when the start routine is being used 

because this routine interprets a simple statement and 

performs it through the use of many direct machine 

instructions. 

The operation of the machine follows a constant pat­

tern. A preselected instruction determined by the normal 

sequence or a change of control command, is loaded into 
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the control unit. The instruction is then performed by the 

control system utilizinc one or more of the other systems. 

The execution of the instructio~ involves information 

trt1.nsfer between systems or within an individual system, 

or information ncdificatlon by the arithmetic system, or 

both. While an instruction is being executed, the physi­

cal memor-:r location of the next instruction is sought. t,t 

the termination of thr.:· present instruction, the ne :t in­

struction is immediately loaded, if its location has been 

completed. 

'I'he loading and exec"J.tion of an instruction is a se­

rial systemB operation. A limited concurrent systems op­

eration is octained durlni·~ the execution of an output 

command. The input-output system may send a che.racter of 

information out of the machine while other instructions 

a.re being ec:e cut ed. If more than one character is in­

volved in the output command, the machine will not proceed 

on to the ne'ct instruction until all hut the last charac­

ter has been taken out. Thus, the concurrent mode is only 

obtained during the output of the last character. Even 

though this example appears trivial, it is used to qnvan­

ta~e in the binary to docirnal conversion of output data. 

In this process, one digit of the deci~al number is ob­

tained for each step. \~bile the ditjit is bolnri; taken out 

of the machine, the next dlbit is generated. Thus, the 

conversion does not require extra time. This example 
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illustrates the tremendous advantage of concurrent opera­

tion. The concurrent mode of systems operation is rarely 

used in this machine; hence, it will not be considered 

beyond this section. Concurrent operation may be achieved 

internally in a single system as in 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 is serial. The machine 

is then serial in all systems operation and basically 

serial with slic.ht concurrent operation considering an 

individual system. 

Memory System 

The memory is divided 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 exists for communication 

with the quick access working storage. An exception is 

channel 00, where individual words may be transferred into 

the arithmetic unit by a special order. The workine storBf,e 

is the active unit in the memory system. It contains four 

channels of 32 words each that are directly addressable. 

'l'he entire rnaln is on the drum, while portions of each 

working storage are in flip flops. A vrnrking storage is 
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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 4i bits and 2i bits respectively (3, p. 

73-78). Since there are two breaking points in each work­

ing storage, the maximum waitinh period for a specific 

word is ta drum revolution (8t millisecon~s); and the 

average is i drum revolution (4t milliseconds). The main 

is a non-volatile storage, while the working storage is a 

volatile type since it 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 is 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. 

Considerinc the average machine application, the main 

contains the program and data which usually occupy many 

channels. The program and data are used in 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 information are constantly being 

transferred in both directions between the main and working 

storage during the execution of a program. In some in­

stances the initial data is 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 block diagram of the memory is shmm in Figu1'e 

7, with a listing of its specific circuits and their indi­

vidual identification symbols. 

Complication in proGramming 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 is only one path existing 

between memory and working storage. A selection network 

that contains 65 multi-contact relays and 73 driving ampli­

fiers, is used to connect the desired channel oi' the 256 

available 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 check is necessary, for errors result when 

many channel transfers are made in a short period of time. 
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Figure 7. Memory System Block Diagram 

Main Memory 
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FAch (8192 
Words on Drum) 
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.L_ ...... "' .,,. 

Memory Read 
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Main Memory 
Channel Selection 
Relay Tree (65 

Relays) 

Memory Write 
Amplifier 

Working Storag~ 
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lation Lines 
of 32 Words 
Each (128 
Words on Drum) 

List of Circuit Elements ~' 
To Other 
Systems 1. Flip Flops (35) 

a. Working Storage Recirculation (32) 
w.s. I Hb,He,Hl,H2,H3 Ib,I2,I3 
w.s. II Jb,Je,Jl,J2,J3 Kb,K2,K3 
w.s. III Lb,Le,U,12,13 Mb,M2,MJ 
w.s. IV 1fu,Ne,Nl,N2,N3 Ob,02 1 03 

b. Buffer into Main Memory - Mo and Mp 
c. Buff er froM Registers to workine Storage - QB 

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

Hr,Hw,Ir,Iw,Jr,Jw,Kr,Kw,Lr,Lw,Mr,Mw,Nr,Nw,or,Ow 
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 in 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 system would be vastly improved. The quick access 

lines of the workini::; stora6e 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 

addressability of the words in this channel would make the 

main memory words directly addressable in banks of 32. 

The preselect would have to use electronic switching in 

order to be efficient. Any main channel could then be 

selected, and quickly connected to the path between the 

main and working storage. The words in this channel 

would be addressable. Since the size of the main memory 

is adequate (8192 words), with the improvements stated, 

the memory system could be breatly improved without re­

designing the basic structure of the machine. 
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Arithmetic System 

The major items of this system are the A, B, and D 

registers. Rach is 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. Eiv-,ht more flip flops are used for 

arithmetic operation elements, utilized for duties as carry, 

borrow, 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 diagram with a listing 

of the elements used is shown in Figure B. 

A few of the flip flops are time shared with the con­

trol system. They are classified as multi-function elements 

since they nerform more than one task. Elements 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 is applied, and when an 



Figure 8. Arithmetic System Block Diagram 
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input is received, the driver immediately changes to a one-

state for the duration of the input slo.;ne.l. Since the 

drivers are collection points for the bulky logic circuitry 

of the arithmetic system, the total number of "and-or" t;ates 

used is reduced by a factor of two considerlnt', normal flip 

flop circuit construction without drivers. This reduction 

is possible because only the one state input losic is nee-

essary for a driver, while the flip flop demands input 

logic for both the one and zero states. The non-storage 

feature of the driver is also valuable for sw1tchinb during 

a clock pulse period. The major application of this char­

acteristic is in the region of control. 

C:onsiderinr; fixed point arithmetic, the A register is 

the prime accumulator, the P. register contains the multipli-

can and dividend, and the D rerister the multiplier and 

divisor. The product is placed in the double len~;th AE 

register which is the A and B register combined into a 65 

bit register~ and the P register contains the_ quotient and 

the A register the remainder, if the scaling of the dividend 

and divisor is identical. Addition and subtraction may 

also be performed with the AB register and a single infor­

mation word. The dividend may occupy the AE ret~ister if 

the absolute value of the A portion is less than the abso-

lute value of D, cons 1derlng their· sce.lintj equal. 'l'he 

arithmetic operations that use the registers directly are 

basically single precision and fixed point. Since the 
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ALV'AC is a single address machine, the standard procedure 

of arithmetic operation is: load a re~ister from working 

storage, optional shift for scaling, perform the operation 

using a second word from workint:; storage, an optional shift 

to obtain desired scaling of the result, and transfer of 

tha result from e reF~lster into working storage. Since 

there are numerous exceptions to this procedure, many 

types of orders are available besides those defined for 

typical operation. Pifty orders deal directly with the 

arithmetic system. Those orders may be grouped as follows: 

14 arithmetic, n special A and E register, 7 shift and 

lobical, 11 information transfer between registers and 

working storage, 4 inter-re~ister transfer~, 3 transfers 

between rer~ister, control and main memory, and 3 condi­

tional transfers of control. This lar~e and versatile 

group of orders reduces the labor 1n programming and 

decreases the progrHm operation time. 

The ALWAC is convenlant for work using single rreci­

sion fixed point arithmetic. Since the information word 

length is only 33 bits, the range of magnitude and preci­

sion of approximately 9 decimal digits, is not adequate for 

many applications. Double precision eliminates some of 

these deficiencios, but double len~.:;th arithmetic is not 

directly available, therefore it is very d1f ficult to 

proi,;ram and is slow .in execution. If sinGle precision is 

sufficient, but a large variation in number magnitude is 
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desired, floating point arithmetic is satisfactory. The 

floating point arithmetic operations are performed by a 

subroutine, thus, they are slow in execution and cumber­

some to use. The pattern of operation is 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 register, 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 is 

inserted in a register and the control is returned to the 

main prof;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 

rane~e of magnitude available makes it the prime arithmetic 

mode used for scientific computations. Transcendental 

functions are evaluated by subroutines for both the fixed 

point and floating point arithmetic modes; therefore, the 

operation of each is similar. The floating point type per­

forms the arithmetic required internally; the floating 

point arithmetic subroutine is not involved. Operational 

times of uoth arithmetic modes will be discussed in the 

latter portion of this paper. 

The ALWAC arithmetic system is versatile for single 

precision fixed point computations, but applications are 

limited. The floating point mode is used for most work, 
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but its operation is slow and pro~';ra.Il1..rr..inf; is awkward. 

Louble precision is performed through intricate prof~ram.minp; 

and is very time consuoin~~ in execution; therefore, it has 

not proven to ce practical. The desired arithmetic system 

should be trivial to prot,r&m anJ. quick in operation for 

fixed point, floatinG point, and multi-precision arithm0t1.c. 

Input-Output 

'l'his system is composed of the peripheral input-output 

equipment and a six bit static buffer. Tho buffer consists 

of six flip flops in order to accom.rnodate 4 bit numeric sn.d 

6 bit alphabetic or flex control cha.raeters. '!'he general 

block diagram of the system with a listini:, of elem•mts is 

shown in Fit:;uro G. 

Typical operation for the input situation is as 

follovrn: 

1. Upon the e:rncution of the input instruction, a 

character is placed into the r•uffer from the 

peripheral equipment. 

2. The buffer (4 or 6 bits) is then inserted into 

the A register recirculation line, and the char­

acter enters the front of the register causing 

the contents ol the reeister to be shifted one 

character len.r_,th. 

This process is continued in a circular pattern until the 

number of characters, as indicated by the address portion 



Figure 9. Input-Output System Block Diagram 
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of the input instruction, are placed into the A register. 

The limit is 8 hexadecimal or 6 alphabetic characters 

because the A register is one word in length. The output 

operation ls 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 alpha-numeric property and limited automatic 

decimal-binary conversion are two convenient character­

istics of' the input-output system. Decimal integer to 

binary integer conversion (input), and binary fraction 

to decimal fraction conversion (output), are advantageous 

for many applications. This specific pattern is a result 

of the conversion requirements, where both involve a multi­

plication by ten; therefore, use the same 101.?;ic. There are 

ten input-output orders which make this system flexible 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. A 

slight concurrent mode of systems operation may be achieved 

as previously discussed. 'rhe input-output operations are 

considered serial because the control unit and A register 

are directly concerned. Since the peripheral equipment is 

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 if a large quantity of 

information is processea, because the machine must wait in 

an idle state while the peripheral equipment performs its 

functions. Considering the III-r.:, the ma,1or 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 inpil.t-output 

system is activatea, eliminating the wasted idle periods. 

r,'or efficiency, a buffer that he.s the minimum lenri;th of 

one v~rd would be required. The only other additions are 

in the region of control, and they would not be too com-

1::le ,, in nature. ~=ance the III-r.: does not have the concur­

rent mode in req;ards to input-output, it is input-output 

burdened, causing its efficiency and capabilities to be 

greatly reduce". 

Control System 

The control system is the most diversified of the 

machine's four systems. It consists of the control unit, 

a one-word recirculating register, reference timing, period 

sequencing, and indivldual instruction execution control. 

The block diagram of the system and a listing of its prin­

ciple elements are shown in Figure 10. 
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Figure 10. Control System Block Diagram 
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Figure 10 - Continued 

List of rircuit Elements 

1. Flip Flops (70) 
e.. Synchronous and Reference TiminL (12) 

Fb, F, Fl, F2, F3, F4, F5, Po, Pl, P32, P33, Vo 
b. Word Location (6) 

Qr, Qs, Va, Vw, Vr, Vs 
c. Period Inc1icatior1 (r) 

<jo • • • <j7 
d. Operation C~ontrol (Timing and Alarms) (15) 

Uc*, Ue, Uk, Um, Ut·:i-, Cr, Fr', Fw', Lrg, Md, B4, 
r5, A2, ~·:l, 7 

e. "B Box" and Temporary Right Instruction Storage 
( 5) 
Eb, Ee, En, Er, Ue* 

f. ~aster Control Unit (24) 
Sl ••• 88, Rl ••• R8, Tl •••TU 

2. Amplifiers (4} 
a. "D I:o.x" and Instruct ion Temporary f"torage - Er 

and Ew 
b. Synchronott::\ Timing (clock) power amplifier and 

Reference Timing - Cd and Fr 

3. Drivers (9) 
a. Period Sequencins - ~3 and Q4 
b. Operation Control ( 1.rirninf; and Alarms) 

Q.1, t~2, Q6, Q7, A4 
c. Control Buffer - Fr' and Pw' 

4. Relay Amplifiers and "Blocking Oscillator and Cathode 
F'o llower" ( 2) 

Synchronous Timing and Main Memory Write Timing -
CA#l and CAl/2, Selection Relay Tree Amplifiers -

-(10 preamplifiers and 67 relay drivers) 

5. Blocking Oscillator (l} 
r.1a.in Memory :"irite Timin1; - ;,r.os 

*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 :t'lops. S contains the working storage address of t!E 

next instruction to be executed; R and •r 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 is 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 predominant appli­

cation of R is for working storage address identification 

of the information used in the execution of the order that 

exists in T. 

An important function of the control system is the 

location of words in working storage lines as indicated by 

the F and S registers. Each has a separate system for this 

purpose, which are identical in structure. The register 

configuration is compared directly with the F line tags 

(from drum) and when they are matched, the next word ia 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 is continuous, a concurrent mode is attained. 'l1his 

operation has proven to be the most difficult in the ma­

chine for comprehension because two different types of 



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 circuitry required for 

the order execution. This T confiburation is the prime 

factor of control, while the !i and S configurations have 

specific minor activities. The various T configurations 

that are present in the machine structure account for a 

large bulk of its logic, for the majority of the equations 

which describe the systems structure, contain T terms. 

'11hese control T terms are usually satisfied by a group of 

complete 'I' register configurations leading to multi-in­

struction usage o.f' many major logical gates. Since the 

outputs of the T flip flops are applied to numerous gates, 

they tend to be over-loaded. This situation has been 

remedied by placing two tubes in parallel in some of the 

T flip flops. The R address information may also be used 

for order control; however, this is not the normal situa­

tion. Thus, the T register, which contains the order 

configuration, extends into every portion of each system 

and directly guides the computer'·s operation. 

The S register is counted to indicate a left half 

word, then the right half of the same word, and then the 

left half of a word which is 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 p11rpose ls fulfilled; 

however, the odd counting sequence results occasionally in 

an undesired distribution of data in a working storage 

which contains a mixture of data and instructions. The 

disadvantage o:. referring to every fourth word could be 

eliminated if S counted by l instead of 4, and also by 

rearranging the working storage word identification in the 

F line, which is recorded on the drum. In the F line, 

consecutive address tags would be placed in every fourth 

word location, causing consecutively addressed working 

stora~e words to be physically located in every four~h 

word position on the drum. With this structure, instruc­

tions aro positioned in consecutive working storage words 

and the advantage of automatic reduction of look-up time 

still retained. However, a programming guide 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 arranr-;ement, working 

storage word locations that are optimum, or have no look­

up time, are easily !'ound by the progranuner. This modifi­

cation would then involve the recording of a new i? line 

track on the drum, and the changing of the S counting 

lo;r,ic. Instruction words would follow consecutively 

instead of jumping to every fourth word, but a hand gu:tde 

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 

by s, is located and loaded into R and T from working stor­

age, or from the right half of the B resister. When a left 

half word instruction is taken from working storage, the 

next instruction which is normally located in the ri,r:::ht 

portion of' the same word, is placed into the right half 

of E. S is counted at the termination. of the look-up and 

load phase. The order in T is executed using the refer­

ence information in R. While this is taking place, the 

next instruction as indicated by s, is beinr, located in 

working storabe. It may already exist in E, however the 

working storage location is still performed although it is 

meaningless and does not have to be completed. 

The III-E is designed to automatically operate at 

maximum efficiency with instructions that taka one-word­

time or a multiple 01' 16 word-times for execution. Since 

many instructions do not directly fit into this category 

or the working storage information word that is required 

may not be immediately available, extending execution 

time, the machine can not perform at full efficiency. 

However, the normal sequence pattern does help to increase 

efficiency independent of the type of instruction being 

performed. This is possible because two instructions are 

taken from workins storage as a result of the location of 

a left half-word instruction. The left instruction is 
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placed into the control unit, and the right instruction is 

stored in the rit~ht half of the "F register. The right 

instruction is im11ed1ately available for loading into R 

and T after the left instruction has been ex~cuted. Effec­

tively, every other instruction is taken from E with no 

location delay involved. The loading and execution of the 

"two instruction word", which contains instructions that 

are each executed in one-word-time, takes a total of four­

word-t ime s • Hence,. conse cut 1 ve H two instruct ion words 1' are 

placed in every fourth word in working storage to eliminate 

instruction location time. As stated previously 1 this 

"fourth word" structure is not effective in rnany instances. 

Provisions that have been provided for reducing the 

location time for instructions are: 

1. ?orming a working storage line into two 16-word 

portions. 

2. ficking up tv10 instructions from working storage 

in a single "look-up" operation. 

3. Having every other instruction immediately avail­

a.ble in the 'R ref:ister. 

4. Adoptin~; a sequence involvinp.; every fourth word 

in working storare to take advantage of instruc­

tions that are completed in one-word-time or a 

rmltiple of 16-word-times. 

··.!her an instruction requires the use of a working storage 

word, there are 1:3 of the 128 words that are immediately 
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available during the word time following the loading proc­

ess or are optin::wn. It ia difficult and usually impracti­

cal to utilize them. Therefore, many instructions that may 

be performed in one-word-time have their e:i~ecution time 

extended because of the use of non-optimum addresses. The 

location time of the ne.xt working storage instruction is 

also increased. Since the working storage has a split 

construction, average delay 1n word location is eight­

word-times. It is impossible to take complete advantage 

of the normal sequence pattern; however, for efficiency, 

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 oonstnnt use, 

where one may be performed thousands of times in the 

execution of a single program. 

The right half of' the E register is used for instruc­

tion storage and the left half is 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" is subtracted from the address portion of the 

instruction, thus, the address is modified. The modified 

and unm.odif 1ed 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, is held and the other is destroyed. The 

III-E was one of the first commercial machines to 
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incorporate a "B Eox" as a pa.i't of its basic control sys-

. tem. It was a.:aea to the machine when it advanced from 

the III to the III-:. Excellent work was performed in 

this tasi~, tor tho "B BoY.: 11 WR.s effectively fitted into 

the oxist int'.; structure. The utilization of the re ma inini; 

portion of the T~ register as a temporary storabe for rit;ht­

half word instructions was also an outstandinc achievement, 

and took place in this same transition period. 

The basic timing is derived from the clock line which 

is permanently recorded on the drum. It is frequency di­

vided to form five other ti~ing pulse lines, which with the 

clock, mar1.c a word, half-word, quarter-word, two-bit pe­

riod, and 9. sinp,;le bit. Pour special timing lines that are 

derived from the six lines described above and the F line 

ic.Jentify the lst, 2nd, 33rd 1 and 34th bit of each word. 

The F line cont a ins a t i:rring pulse for every eighth bit of 

a word and also address identif !cation confh~uratlons for 

the 32 words in a cbannel. 'I'be clock line, r line, and the 

subsequent ~ulse lines are used for synchronous timing in 

regards to a slnf,lG reference. 1rhe I' line provides this 

reference with its individual word address identification 

tags. The basic timing oi' the machine is dependent upon 

the mechanical drum because the electronic circuit opera­

tion is a slaw-1 of the clock and P line. T't:us, the drum 

and the electronic portions of the machine are tightly 

locked togethor to form an effActive, single unit. 
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Machine operation is 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 machlne 

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 advantageous, for in design various ac­

tivities are easier to isolate for control and elements can 

be time shared more readily since their separate fWlctions 

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 groups of peri­

ods is reduced. Also, with eight elements, the machine 

structure is simplified since one element is used for a 

single period indication. 

Instruction execution control concerns various timing 

functions needed in the operation of particular instruction~. 

Instruction inte~nal control is considered a portion of the 
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system in which the activity takes place. It is 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 their functions are restricted to one or more 

groups of similar instructions. 

The control system is serial in systems operation, for 

only one instruction may be executed in a single cycle of 

machine operation. In order to enter the concurrent mode, 

each system must be provided with a separate control unit. 

To achieve this type of structure, many system position 

indicators are necessary in order that the major control 

unit can effectively direct all activity. This advanced 

type of operation could be approached in many sections of 

the present structure. Independent input-output has been 

considered. Concurrent preselect of a main 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 moro time in the instruction execution 

periods, are also possible. The continuous process of 

working 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 de~ree of 

achievement in digital computer desit;n. 

There are 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 is generated 

internally or by fixed information that has been preset, 

such as a nurne1·ic constant or a control panel switch 

position. The valuable "E Box" order is in this group 

and is effective 1n automatically determining a desired 

sequence of addresses, and for program looping. As in all 

of the systems of the III-E, the large group of orders prc­

vided, aids the programmer to be efficient in regards to 

program formation and operation. 

MODIFICATIO~ 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 is located within the Department 

of Mathematics is centered around the ALWAC III-E 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 contact with the machine under the ~uidance of 
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an instructor. Approximately five to ten graduate mathe­

matics students and other personnel from the 11,1athematics 

Department use the computer in va.rions phases of their 

work. Many individuals from other departments on campus, 

as Chemical Engineering and Soils, process data, develop 

programs, and use program systems that are available in 

the program library. An algebraic compiler which was com­

pleted recently (~ay 1959), is very popular because of its 

simplicity in programming, but its utilization is restricted 

to the region of recurring formula evaluation. Since its 

installation in March of 1957, the machine has averaged 

over 12 hours daily running time. 

In general, a multitude of programs of various len?;ths 

are constantly bein~; written, but only a few have been em­

ployed on a production operation basis. These exceptions 

are practical subroutines and major program systems as 

Statistical Correlation, Linear Programming, Business 

Games, etc. t•'.ost programs use floe.ting point arithmetic 

with its many subroutines. Since these subroutines have 

frequent application, optimum pro~ramming techniques are 

employed in their construction to increase operation speed. 

Thus, besides the coding laboratory periods, the machine 

is normally occupied by the time consuming and difficult 

task of ·pro{:-;ram development with limited production opera­

tion of the programs already in existence. It should be 

noted that problems exist in various departments on the 



Oregon State College campus which are not practical for 

application of the III-E because of its relatively slow 

speed. 

Purpose of Work Performed 
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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. Know how to program at the minimum level required 

for the particular task. 

3. Derive a complete detailed flow diav,ram 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. Tie 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 give the programmer more 

useful tools, reducing the time and labor in progrannning. 
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Item 5 concerns "debup.;>;inh", which is performed to some 

extent on the machine. "Debug,~ing aids" in the form of 

mer,ual "break points" provide the programmer with a larger 

degree of direct machine control, eliminating many awkward 

procedures. Program efficiency is increased by adding 

orders that perform functions which previously would take 

~roups of orders, and also by improving the performance of 

existing operations. 

The specific goals of this analysis are: 

1. Heduction of labor and time of programming by 

placing new, useful orders into the machine's 

structure. 

2. Provide "debuf,ging aids" which reduce the ma­

chine time needed for this purpose. 

3. Improve the efficiency of program operation, 

especially subroutines, through the addition of 

orders that perform the present duties of groups 

of orders, and by improving the performance of 

ev.isting functions. 

It is seen that most new orders will fulfill thA objec­

tives of items 1 and 3. 

General Procedure 

The mechanics of the work outlined involved the fol­

lowinG: a detaile~ analysis of all phases of the present 

physical structure, the reviewing of the existing ordAr 
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code, the forming of new orders and other items that are 

useful for the programmer and are ef i'icient in ret 1;ards to 

machine operation, anc the placing of tho modifications 

developed into the machine's structure. This project was 

terminated when the idle elements available within the 

logic cabinet were completely utilized in the construction 

of the modifications. 

In order to prepare for the final stages of this work, 

a thorough detailed study was conducted in re~ards to the 

machine's applications, order code, systems structure, and 

circuitry. Other computers, as the Electrodata Datatron 

205, and l;endix 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 items were formulated 

and placed into the machine. They wero tested for useful­

ness and electronic reliability during an evaluation peri­

od, and from the information 1;athered adjustments were 

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 

detailed knowledge of the machine and practical programming 

experience were the major assets used in 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 tho particular items were secondary, for 

the knowledge required res·111teu from the physical systems 

analysis performed. 

Each modification of the order code had to take form 

as an addition, rather· than a change. If this rule was not 

maintained, existinb pro€<,rams would not be able to be per­

formed. Confusion always resulted when new orders were 

used before the acceptance procedure was completed, for 

some items were changed or ellmlnated in the evaluation 

period. Thus, the programs that contained them would not 

operate properly. 

Logic Structure of Modifications 

The lo~;ic equation is the notation used in the descrlp­

tion of the machine; hence it was the principal method 

employed to express the detailed form of the various modi­

fications. rrhe equations derived for each item~!- indicates 

the quantity and type of elements needed and the labor 

involved in its construction. Aa previously stated, the 

number of elements required and the ease of installation 

were important factors in determining which items of the 

group considered were finally selected. Therefore, each 

was investigated thoroughly in these respects. 

Before a specific item was chosen, its general logic 

formation was closely reviewed. After an acceptance, the 

*An Item is a modification from the v,roup developed. 
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detailed equations were developed. ''..'he steps involved in 

this tasl{ are the same for· most types of items. ln 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 instances, the lobic 

structure and item functions were altered from the most 

desired form to take advantage of the machine's present 

lobic. Bound electronic construction also dictated a 

structure which would cause deviations from the initial 

logic formation. The physical placement of the lobic cir­

cuits in the computer was arranged to use a minimum wire 

length to keep stray capacitance small in value. The 

optimum distribution of elements and of wire length was 

difficult to achieve, because the entire group of modi­

fications 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 slibht waste. 

There waa no specific investigation for redundant 

logic because the time which would be required did not 

justify the end results; but small groups of redundant 

logic were located in connection with other work. The 
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removal of this lo~1c provided more eleme~ts for the modi­

f tcations. The functions of t1:0 flip flops were i!lcorpo­

rated with those of a third flip flop, releasing them for 

other purposes. This "tin;e sharing" change was performed 

because two flip flop elements were needed for a modif ica­

t ion and none wer'~ available. Table VI shows a tabulation 

of the elements involved in the total ~roup of modifica­

tions. It should be stressed that efficient 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 hand. However, with careful plannin'~ and 

the redundant lo61C found, the situation was relieved. 

The code for a new order was chosen from the idle group 

of order codes which are shown in Table VII. The function 

of the prospective order, its similarity with an existing 

group, and the present operation of the suitable open codes 

were the major factors which determined the final selec­

tion. From the description of the present operation of a 

code, the extent of the logic required to bring it to the 

a~sired "no operation" state is easily determined. Thus, 

available "no operation" codes or ones with trivial func­

tions are more convenient because no or minor lobic is 

needed to eliminate the existing erratic operation. By 

careful selection the new orders were placed in similar 

groups, and the lo,,;1c required was as minimal in form as 

feasible. 



TABLE VI. LIST OF ELEM~"'NTS USED 
IN CON .TIJNCTION rHITH THF. MODIFICATIONS 

Diodes available in main rack (prior to 
October 1958) .••••••• . . . . . 95 

Diodes releaseu . . . . . . . . . . . . . . 24 

Diodes used in main rack • • . . . . . ••••• 119 

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

Flip Flop circuits used 

. . . . . . . . 
. . . . . . . . . . 

16 

1 

27 

2 

2 

Note: ~11 elements concerned were located in the logic 
cabinet. 
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Order 

00 • • • • • 
06 . . . . . 
08 . . . . . 
OA . . . . . 
2A . . . . . 
3C . . . . . 
47 • • • • • 
43 . . . . . 
5D ..... 
51'1 ..... 
6B . . . . . 
73 . . . . . 
77 ••••• 
7B . . . . . 
7D . . . . . 
7F . . . . . 
A9 ••••• 

AD . . . . . 
AF . . . . . 
Bl . . . . . 
B3 . . . . . 
F!l . . . . . 
B9 . . . . . 
C9 . . . . . 
CB . . . . . 
CD • • • • • 
CF ••••• 
Dl . . . . . 
D3 ..... 
D9 ..... 
DB . . . . . 
FB . . . . . 
FD . . . . . 
FF . . . . . 

TABLE VII. IDLE ORDER CODES THAT EXISTED 
BEFORI:!: THE MODIFICATIONS WERE DEVELOPED 

Functions 

No operation. 
No operation. 
E into Band bite 0 to 16 are made zeros (B). 
E into D and bits Oto 16 are made zeroes (D), 
and -zero into B. 
-zero into A and D. 
Complement A. 
B U W into B. 
A into W and -zero into D. 
D U W into D. 
Same as 5D. 
A into w, W into A, and -zero into D. 
Same as 71*. 
Same as 75·:!- except -zero or all ones into E. 
W into A and -zero into D. 
Same as 6D·:f.. 
Same as 6F-)~ • 
~;top, +zero into A, -zero into B, and all ones 
into D. 
Same as BD·:i- except H will count down. 
Same as BF* except R will count down. 
Same as B5-i~ except -zero into B. 
Stop, -zero into A, zero into B. 
~·,top and -zero into A. 
Stop, ~ero into A, Zero into B. 
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Z on if absolute value of A is equal or greater 
than the absolute value of D. 
Same as C9. 
Same as C9. 
Same as C9. 
Stop • 
Stop. 
Stop. 
Stop. 
Same as F'9-lf-. 
Same as DD* except the first four bits of A are 
made zero (sign of A is not changed). 
Same as DF* except the first four bits of A are 
made zero ( sir;n of A is not changed) • 

*These orders are normal types and are listed in Table IV. 
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The logic for a modification generally consisted of 

the principle operation and control sequenc1.ng equations. 

The principle equations contain the T order configuration, 

the order execution period or periods indication, the opena.­

tion mechanics terms, and if necessary, word portion or 

other timing. The sequence equations are composed of the 

T configuration, order execution period, and work timing. 

Occasionally 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 consisted of new 

equations and changes in one or more of the machine'• 

existing equations. 

Two important considerations in many modifications 

are: register recirculation for the T order configura­

tion, and the n1ook-up" of the next instruction. When a 

new code is used the recirculation of the four registers 

must be checked. If it is not normal in one or more reg­

isters, logic 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 register for a code is seen, and if required, logic 

can easily be formed to cause recirculation, or deleted to 

stop it. The register charts which held true at the start 

of this project are shown in the appendix. 



If a c·Jmmand is terminated during a word ; eriod, other 

than the 1st, 33rd, or 34th bit, the next instruction loca-

tion process which is in an active state, must be halted. 

In this situation it is possible that the loading of an 

instruction would start immediately, resulting in erroneous 

information transfer because the timing is 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-r~ 

standard structure to use the minimum number of elements 

and wire length, the modification was installed. Installa-

tion time is dependent upon the number of connections to be 

made, where each takes from 10 to 15 minutes to complete. 

Reliability was evaluated by checking the installed items 

under marginal conditions. The machine's D.C. voltages 

were varied within the accepted limits (3, p. 167-171) and 

its operation observed. If it was not satisfactory, errors 

were 1-<,enerally caused by large time constants which would 

not allow circuits to charge sufficiently in the time al­

lotted. This situation is located by viewing the active 

pulses with an oscilloscope. Resistors are then placed in 

the gating circuits to decrease the time constants. In 

most instances the operation of an item was satisfactory 

with normal circuit 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 College. 

The items discussed have been completed by October 1, 1959. 

Five categories are outlined. They contain 25 items com­

posed of 12 new orders, 5 improvements of existing opera­

tions, 3 manual machine control aids, and 5 items concerning 

"time sharing" of flip flop functions and redundant logic. 

Each is described; the logic and number of elements in­

volved are presented. 

I. IMPROVEM'-'NT 01'' EXISTING OPERATIONS 

A. Codn Delete 

A code delete 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. This malfunction was caused by an error 1n 

the code delete logic. Vo was taken out of the following 

term, which resulted in proper operation of the code delete 

function. Vo is a control timing term and has no connec­

tion with the code delete operation, hence it should not 

have been placed in the logic shown. 

Logic 

Q3 = {T8T7Tt3T5T3 1 )¢7YlY2Y3 1Y4Y5 1Y6Vo 



84 

Elements - Release l diode 

B. Fast Char~nel 'fransfer (Memory to Working Storage) 

One drum revolution was eliminated from all chan­

nel transfers that copy from memory to working storage. 

Previously during this 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 it 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 is time consuming considering other opera­

tions, the increased efficiency 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 being 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 tirne had negligible effect on the existing chattering 

configurations. Since no new configurations were produced 

by reducing the tinie allowed for relay relaxation, the 

over-all reliability of the channel transfer was not af­

fected. Also, by tuning the "memory read rr system, the 

norm&.l chattering configurations can be eliminated, thus 

relaxation time is not the only factor involved. 

Logic 

1. Change Q7 = Q.2T4 ' ( ~5+¢6) 

to Q7 = Q2¢5T4' 

2. Change Q3 = (A2'UtQ2F5F2 1 Fl)~6T4' 

to Q3 = Q.2¢6T4 1 

Elements - Release l 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 between 

these instructions to permit the flexowriter to assume the 

required relaxed position. This problem was usually taken 

care of by programming a delay before the input instructicn. 

Since this is an undesirable feature, the following logic 

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" to the left digit of the address 

of any output instruction. The form adopted for the 



recognition of this delay was dictated by the existing 

input conunand structures. 

Example: F502 - 2 hex characters out - No delay 
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F522 - 2 hex characters out with 150 milli­

second delay 

Logic 

Add - Go= (T8T7T5T3)(Q4C)¢7R6 

Elements - 4 diodes 

D. Stop Switch With An Optional "Jump" (lBW) 

The normal-start switch which controls the lbW 

instruction (stop or change control) was changed to a three 

positional switch. The third position gives the lbW a "no 

operation" function. The switch's function ls now equiva­

lent to a "jump switch" with an optional stop. A third 

ttjump switch" (2 already exis~) ls desired; however, the 

optional stop makes it more valuable because of the added 

ease of external program control. 

Lo~1c 

Ns is the third position of the Normal-Stop Switch 

(+15 volts) 

Add - Q3 = (T8 1T7 1T6 1T5)(T4T3')(¢2P33)Ns 

Elements - 4 diodes and l Federal type switch 
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II. "TIME ~;HARING" OF FLIP F'LO.P FUNCTIONS AND REDUNDANT 
LOGIC 

A. Combine Gg Function Into Xl Flip Flop 

The "one step" logic for Gg was incorporated intD 
.. 

the 10i~1c of the Xl flip flop. Hence, Xl is used for error 

detection in channel transfers, its previous function, and 

also to perform the "one step" operation. The Gg f'lip flop 

is now available for new duties. 

Logic 

1. Disconnect Gg logic 

2. Change Xl = P33C 

to Xl = {16(Q3C)+Pgg 

3. Add ¢7 to all terms in Xl' logic 

4. Add :Xl' = Q4C 

Elements - Release 2 d 10des,, 1 input circu1 t and 1 flip fi op 

B. Elimination of YP Flip Flop 

The functions of the Yp flip flop were combined 

with those of Yt, thus Yp was made available for other ac­

tivities. The following changes occurred in the machine's 

command structure as a result of this modification. 

99 - Punch 

9b - Type 

9U - No operation 

9F - No operation 

The loss of the former operations of the 99 and 9F commands 

are not considered important since they can be duplicated 

by adjusting the switches on the flexowriter. 
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1. Replace Yp' output line by Yt output 

2. Disconnect Yp and YP' lor;ic 

3. Connect T3' to the terms in Yt and Yt' that con­

tain a T configuration 

Elements - Release 2 diodes and l flip flop 

c. Redundant Logic 

The following is a list of logic that was found to 

be unnecessary. Since no specific investigation was per-

formed in this area, the logic shown below was located in 

connection with other work. The elem~nts r~leased were 

used in the construction of modifications. 

1. Ad = (T8T7T5¢6POAn)T6 1 

'I'his term is eliminated cy T6 'An. Also, the tim-

ing of the above term is in error, makin;; it unnecessary. 

~laments - Beleaae 3 diodes 

2. :&i = ('118 'T7 )'i'5Bn 

(T3 1 T7T6)Bn and (T8'T6'T5)Bn cause the above 

term to be rf;dundant. 

Elements - Release 5 diodes 

3. Dd = (T8T7T5 1 )(¢2Vw)T2'Dn 

1'2 1:i)n¢o' eliminates the need for the Dd term 

shown. 

Slements - Release 5 diodes 
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III. MANUAL MACHINE OPERATION AIDS 

~he machine is stopped in the inspection period 

before executing a channel transfer (8X} order if the 8X 

switch, which is located on the breakpoint box (Fi~. lb) is 

placed to the 11 on" posltion. This item has proven valuable 

for program debugging, maintenance, and general manual ma­

chine control. 

A similar item was installed for change of control or 

jump orders (lX). It was made obsolete by the address 

breakpoint modification which is described below, thus it 

was removed. 

Logic 

oX indicates the breaknoint switch position (+15 

volts) 

Add A4 = (TdT7 1 T6')T5 1 ¢18X 

~laments - 5 diodAs 

B. Address Breakpoint 

The ~achine may be stopped before executing the 

instruction located in the workinc stora~e word address 

(r11:;ht or left) that has been placed :l.nto the breakpoint 

box (Fit;. lb). The box, which is placed near the control 

panel, contains eight switches used for the desired address, 

and a ninth switch that controls the execution of the 
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breakpoint operation. 'fhese switches are read in the same 

pattern as the rebister position lights located on the con­

trol punal. Thia manual method of breakpoint has proven to 

be versatile and useful in manual machine control, espe­

cially in program debugr,;;ing. The address breakpoint is 

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 is 

increased to 19, and they must be placed at the "logic cab­

inet" end of the cable. The large reverse resistance of 

the diodes effectively increases the cable's time constant, 

preventing noise formation. 

Logic 

~i - True position of an address switch 

Ei' - False position of an address switch 

BP - Breakpoint operational switch (+15 Volts) 

Add A4 ~ (SlEl + Sl'El 1 )(S2E2 + ~2'E2') 

•... (S8E8 + S8 1 E8 1 )~1BP 

Elements - 17 diodes (16 not in logic rack) 

c. Subroutine Protection 

Sixty-three main memory channels (01 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 11 restore" position. Since this switch is 

normally in another position, subroutines will not acci­

dentally be destroyed. The input equipment is slow in op­

eration, therefore the replacing of subroutines in memory 

is time consuning and 'bothersome. This protection has 

pi•oven to be nearly 100 percent effective, and is extremely 

''aluable because a large number of inexperienced people use 

the machine. 

Logi.£ 

Change A2 = (T8T7'T6'T5)T4(R8'R7'R6'F5'R4 1R3 1R2 1Rl) 

( fto ' C ) 0'1 ' 

to A2 = (1'8T7 1T6'T5)T4(RB 1R7')(R6+R5+R4+R:3+R2+Rl) 

{ ¢' o ' r ) J11 ' 
~laments - Release 2 diodes 

IV. ORDERS WITH NE\V CONCEPrs 

The following b·:roup of orders are considered a valua­

ble adnition because they are extremely useful and their 

concepts are new to the machine's order structure. 

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

If Z is "on", th~ 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=O) 

2. Count~.~ up by 1 (IEl+l) 
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3. There is no "jump" with this order as with the 

others in the lX group. 

This instruction has been well received because of its 

counting ability. Previously, E could only count in a 

negative direction, thus the "B Box" is more versatile 

with this added function. The comparison of the magnitude 

of N and E gives this order more depth and has proven use­

ful. The loss of the modified 17W order has not been no­

ticed. Since it concerned a rrdouble" address modification 

process, it was never used. 

Logic 

1. Stop if Z is on 

Add - A4 = (T8'T7 1T6 1 T5T4 1T3T2)Tl'(¢1Z) 

2. Z on if N - F; = 0 

Add - Z = (T8 1T7 1T6 1T5T4'T3T2)Tl 1 (Rl 1R2 1R3 1R4 1R5 1 

R6 • ) ( R7 •Ra • ) ( ¢2c} 

3. l\)o jump with 16N 

Add Tl to the following terms 

Uk= (T8 1 T7 1T6 1T5T4 1T3T2)En'¢2Uc C + (T8 1 T7 1T6 1 

T5T4 1 T3T2);~n (F4P33') C¢2C)Uc' 

4. IF.. I + l 

a. Add Tl to the following term 

Ua 1 = (T8 1 'P7 1T6'T5T4'T3T2){12(EnC) 

b. Add - Ua' = (T8'T7 1T6 1T5T4'T3T2)¢2(En 1 C)Tl 1 

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

Cme character as determined by the address portion 

of this instruction will be typed or punched. Numeric, 

alphabetic, flex control characters, etc., may be used. 

'Phe programmer is provided with a convenient instruction 

to employ in format control. No extr~ storage is needed 

for the character used as with the standard output instruc­

t ions, and the A register is not involved. The 150 milli­

second "programmed delay" associated with output instruc­

tions may be used. The six bit character configuration is 

identical to the existing codes, except the sixth bit is 

placed into the seventh bit position since the sixth bit 

is used to indicate the output delay. This order reduces 

the complexity of alpha output, therefore it is very useful 

in the coding course taught because the novice student may 

attain format control witl:out having to be introduced to 

the awkward alpha output order. 

Logic 

i = 1,2, ••• ,5 

1. Add - Yi = (TbT7T5)(T4T2)(Q3C~6)R1 
2. Add Yo= (T8T?T5)(T4T2)(Q3C~6)R7 

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

logic as shown: 

Change (T2 1 +T2Pl') 

to ('1'2'+T4 1 Pl') 
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Elements - 15 diodes and 6 input circuits 

• C. "Flag" Operations (D9XY, DlW, D3W, DBW) 

The two flip flops that were formally Gg and Yp 

are used as "Flags", and a two bit counter. The flag con­

cept is similar to the operations concerning the Z flip 

flop excluding the "arithmetic" and "comparison" depend­

ency. The two flags are available at all times, and may be 

used to isolate various levels in programming by actin~ as 

change of control indicators. This function is performed 

by setting a flag to the "on" state (D9XY) and then 

changing control (jumping) 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. 

Initially, 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 formed. By incorporating the reverse flags feature and 

specific position selection into this order, the need of 

the 06 and 07 orders was eliminated and they were discard~. 
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As stated previously, the flags may be used as a 

counter. The operation is patterned after the index reg­

ister counting instruction {17W). A configuration is 

placed into the counter (D9XY). Upon execution of the 

counting instruction (D~N} one is subtracted and a jump 

to ~v takes place except when the result of the counting is 

?:ero. A maximum count of fo'Ui1' is obtainable,, which may be 

conveniently used for program loop control, format control, 

etc. Since the flag and counting operations utilize the 

same flip flop units, they must be used independently of 

one another. In order to program both operations effec­

tively, 'flag configurations may have to be "~tored 11 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. Utilization 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 ~opular and has been placed into the 

"Start Routine" as a format control for input-output of 

information. Another distinct feature of this group is 

the sharing of the functions of the set flag order (D9XY), 

by the counting order (DBW) and "jumping by the flag" 

orders (DlW, D3W). 
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The orders involved in the flag and counting opera­

tions are reviewed below. 

1. D9XY - Set F'lags to desired State. 

XY in the address portion of this instruction 

controls the states of the flags as follows: 

y is l - Flag #1 is set to the on state. 

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

y is 2 - Flag #1 is set to the off state. 

x is 2 - Flag #2 is set to the off state. 

y is 3 - Flag #1 reverses state. 

x is 3 - Flag #2 reverses state. 

y is 0 - Flat; ttl is not affected. 

x is 0 - Plae #2 is not affected. 

Thus, the programmer may easily set the flags to a 

desired position within his program. It should be noted 

that the address or R configuration is used for order con-

trol, 

LOfilC 

which is unusual, but convenient in this situation. 

a. Add F'gl = ( T8T?T5)( T6 'T3' )T4T2' ( ¢2c )Rl 

b. Add - Fgl' = ( TBT'7T5) (T6 frr3 t )T4T2' ( ¢2C )R2 + SC 

c. Add - Fg2 = (TdT7T5)(T6'~3 1 )T4T2'{¢2c)R5 

d. Add - Fg2 1 = (T8T7T5)(T6'T3 1 )T4T2'(¢2C)R6 + SC 

Note: The Q4 logic addition shown for the Dl and D3 

instructions satisfy the need of the D9. The 

clear switch sets both flags to "off". 
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Elements - 12 diodes and 4 input circuits 

Logic 

2. DlW - jump to W if flag #1 is on. 

D3W - jump to W if flag #2 is on. 

These instructions are controlled "jumps". The 

state of the flags are not affected. 

a. Add Q.4 = {T8T7T5) ( T6 'T3' )¢3 

b. Add (Dl) - Uk= (T8T7T5)T6 1T4'T3 1T2 1 (¢2C)Fgl 

c. Add (D3) - Uk = (T8T7T5)T6 1T4 1T3 1T2{¢2C)Fg2 

Elements - 16 diodes and 2 input circuits 

Logic 

3. DBW - Count F'lags by -1 and jump to W except when 

the result of the count ls zero. 

a. Add Fgl = (T8T7T6 1T5T3 1 )(T4T2 1 )(¢2C)Fgl' 

b. Add - Fgl 1 = (T8T7T6 1T5T3 1 )(T4T2 1 )(¢2C)Fgl 

c. Add Fg2 = (T8T7T6 1 T5T3 1 )(T4T2 1 )(¢2C)Fgl 1Fg2 1 

d. Add Fg2 1 = (T8T7T6 1T5T3 1 )(T4T2 1 )(¢2C)Fg1Fg2 1 

e. Add - Uk = (T8T7T6 1T5T3')(T4T2 1 )(¢2C)(Fgl'+Fg2) 

Elements - 17 diones and 5 input circuits 

Total number of elements used for counting and flag opera­

tions - 45 diodes, ll input o1rcu1ts 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 ( IAI + l) and 24 ( IAI - 1) order& 

Since these orders may be doubled, their usefulness ls 
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increased. The machine now has a 32 bit 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 Pox" (E reg­

ister), and it only counted in the negative direction. The 

machine is now more flexible and efficient with three sep­

arate counters. 

Lo sic 

1. Add T2 to the following term 

Ua' = (T8'T7'T6T5'T4')(¢2}An'C 

2. Add Ua = (Tb 'T7 1T6T5 'T4 I }¢2( POC)T3 

3. Add - Ua' = ('r8 1T7''l16T5''I'4'¢2)AnCT2' 

Elements - 7 diodes and 2 input circuits 

V. CON VEN !ENT 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 their construc­

tion. 

A. Exchange B and W (45W) 

The addition of this order completes the B reg­

ister sequence of orders concerning the working storage 

(41-45-C5). The B register is 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" subroutines. 

Logic 

1. Add - Bd = (T8'T7)(¢2Vw')Bn 

2. Take T8 out of the following terms: 

(,,\8 = (T8T7TG 'T5 'T4 )T3T2' Bee 

Q.8 I = ( 1l18T7T6 ''P5 'T4 I )T3T2 'Be' c 

(~17 :: (T8T7T6 1T5 1T4' )T3(¢2Vw) 

3. Add T4' to the following terms: 

QB = (T8 1T7T5')AeC 

QB' = (TB'T7T5')Ae 1 C 

Elements - 9 diodes 

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

The 73W instruction will perform an abaolute addi­

tion between the A register and w. The sign of A is un­

changed. This instruction uses the present logic of the 

11 63W" for the addition involved. It does this by changing 

the 73 configuration to a 63 after the sign of A has been 

preserved. This is an unique method of obtaining a new 

instruction with a minimum of components, and was possible 

because the 73 order code was previously not used. 

Logic 

1. Add T2' to the following term: 

Ad = (T8 1T7T6T5T4'¢2Vw)T3'WnDnP33' 

2. Add - Ad= (TB 1 T7T6T5T4'¢2Vw)(AnPo)T2 



3. Add - T5' = ( 'l'u 'T'71'6'1'5T4 '¢2Vw) (PO c) T2 

Elements - 8 diodes and 1 input circuit 

C. ';ompare Absolute Values of A and \'>./ ( 53W) 
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Z will be turned on if the absolute value of A is 

not equal to the absolute value of w. This order com-

plates the sequence for comparing the absolute values of 

A and w as shown below. 

Logic 

l on if !Al ~ IVv I -51W 

z on if IAI > IWI -51W 0200 (2 instructions) 

z on if IAI y4 IWI -53W 

1. Remove T2' from the following term: 

z = (T8 1T7T6 'T5T4 1'.r2 1 ¢2Vw) (Po' P33 1 ) (An' c )WnT3' 

2. Add - z = (T8'T7T6 1 'r5T4')¢2Vw)(PO'P33 1 )(AnC) 

Vm 1T3 1 T2 

Elements - 3 diodes and 1 input circuit 

D. Band D Registers (08, OA) 

The 08 order copies D into B and the OA exchanges 

D and B. These orders give the programmer a direct means 

of using the B and D re01sters together. This action has 

helped to increase the speed of "packed" subroutines, nota­

ble, "Floating Point Arithmetic", where 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 ~ register were not used often, therefore their loss is 

of no consequence. 

Logic 

1. Change Bd = ( '1'8 'T7' ) ( T6' T5 'T4) ( T3 'T2) ¢2EnF4 

to Ed = (TfJ'T7 1 ) (T6'T5'T4)T3'¢2Dn 

2. Change Dd = (118'T?') (T6'T5'} (T4'r3' }T2¢2EnF'4 

to LJd = ('118 1 1'7 1 ) (T6 1 T5') ('l14T3 1 ) 1r2¢2Bn 

Elements - Release 2 diodes 

Flags 1Jsed 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 giving 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 purpose~. This 

feature gives the flags a third option in operation. 

Elements - 4 input circuits 

C01'TCL'JSIONS 

The following is a list of conclusions that resulted 

from the work performed. 

1. Digital computers may be classified into four cate-

gories: the business machine or data processor, 
• 

the university type for scientific computations, 



the process control !Tiachine, and the general 

purpose cc.mputer. 

2. The gener::il purpose machine may be subdivided 

into the large and medium types. 
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3. The operation of a machine is primarily serial or 

concurrent (parallel). or a combination of both. 

4. F'loating point arithmetic is usually used for 

scientific computations. 

5. The ALWAC III-E is composed of four systems: 

memory, input-output, arithmetic, and control. 

6. 'fhe basic theme of design of the III-'S :ts simplic­

ity and economy. 

7. ~:ince the input-output system is serial in nature, 

it is very inefficient. 

8. The memory system is cumbersomA to use and is slow 

in operation because the main section of 8192 

words is not directly addressable, and a relay 

sel~ction networx is used in the block transfer 

operation. 

9. The "B Pox", continuous location of the words ln 

workinG storage, and the temporary stora'.?,e of 

every other instruction in a ~1lck access registe~ 

are the outstanding features of the control system. 

10. The large and versatile ~roup of orders that com­

pose the order code help to reduce the labor of 
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programming, and tend to make machine operation 

more efficient. 

11. 'rhe logic equation notation used to describe the 

III-E structure is very effective. 

12. The principle application of the III-~ at the 

Oregon State Digital Computer Laboratory is for 

education, and program development. 

13. Programming labor was reduced by developing a 

group of new convenient orders. 

14. "Debugging" time on the machine was decreased by 

the installation of manual "break point" opera­

tions. 

15. N'achine op~rs.tior;. efficiency was increased by 

adding new functions and improving existing ones. 

16. The time involved in an installation 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 training aid at the o.s.c. laboratory and 

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

and 'Europe. 

The investigation of the III-E and the modifications 

developed, as described in this thesis, were performed 

from October 1958 to October 1959. The bllk of the work 

was achieved after June 1959. A National Science Founda-

tion Grant for research in digital computer systems was 

received in July 1959, thus a portion of the work was 

supported by this grant. 

Starting in August 1959, and extending to June 1960, 

a new project was undertaken. It is primarily concerned 

with increasing the efficiency of floe.ting point arithme­

tic operation. Automatic operation of the arithmetic 

functions was found to be too expensive at this time, 

* The author was a Senior in the School of Electrical 
Engineering at this time. 
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therefore another approach was taken. ~Jpecial modifica­

tions (five items) were desisned to increase the speed of 

the floating point arithmetic operations as performed by 

a au brout ine; and the pro 1 ~ra rnming labor in vo 1 ved when 

using floating point arithmetic was to be reduced. 

Through the five items formulated the operation time of 

all floating point aritbJnetic functions will be decreased 

approximately by a factor of 3.5. Their speeds will then 

be comparable to those of fixed point arithmetic opera­

tions (shifting for scaling is included in fixed point 

time). Programming with floating point arithmetic will 

be simpler than that of the fixed point type because 

scaling is 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 in more efficient 

and convenient operation because the use of the 

working storage is decreased. 
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~~. F'loatint; Point Compa1•ison 01' the Magnitudes of A 

and 'i~ {7BW)- Z is turned on if I.Al < IWI with a 

float int~ point word construction as follows: 

Eits l to 3 {characteristic}, bits 9 to 32 

(fraction) • 

3. Unpack and Repack F'loating Point Numbers (7D & 

7F)- The fraction and characteristic of a float­

in8 point number constructed as shown in item two, 

are separated or combined in one word time. 

4. Jl.1ark Place and Return to the Marked Place ( 9~W{ & 

9F)- The 9DW instruction stores the address of 

the next instruction in normal sequence and 

!'jumps" tow. Upon the exec-;_ition of the 9F or•der, 

the next instruction is 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. c Register - b. new one word register 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 is addressable. 

The activities of the immediate 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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meMor7 preselect syste;r, wbich wouliJ mak13 the main me"rory 

directly addressable in banks of 32 is contemplated. 
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TABLE VIII. B REGISTER R.ECIR.CULATION CHAltT 

0 l 2 3 4 5 6 7 8 9 A B c D E F 
0 8 8 78 78 8 8 78 78 0 

1 5 5 57 57 5 5 57 57 5 5 5 5 5 5 5 5 1 

2 8 8 78 78 28 28 278 278 6 6 6 6 6 6 6 6 2 

3 7 7 2 2 27 27 6 6 6 6 6 6 6 6 3 

4 7 7 7 7 3 3 3 3 3 3 3 3 4 

5 5 5 57 57 5 5 57 57 35 35 35 35 35 35 35 35 5 

6 4 4 47 47 4 4 47 47 346 346 346 346 346 346 346 346 6 

7 4 4 47 47 4 4 47 47 346 346 346 346 346 346 346 346 7 

8 l 1 1 l 1 1 1 l l l 1 l 1 1 1 l 8 

9 1 l l 1 l l 1 l l 1 1 l l l l l 9 

A 2 2 2 2 A 

B 2 2 2 2 B 

c 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 c 
D 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 D 

E E 

F 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 F 

0 l 2 3 4 5 6 7 8 9 A B c D E F 

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

Recirculation ~ Terms Note: The recirculation chart 

1. T8T7'T6' for the A register is not 

2. T7'T6T4'T3 presented because only one 

J. T8'T7T4 term CT6 1 ) is involved, 

4. T8 1T7T6 making it trivial. 

5. T8'T6'T5 
6. T8'T6T4 
1. T8 1T4'T2 
8. T8 1T7'TS'T4' 
9. T8T7T5 

10. T8T7T6'T5 1 
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TABLE IX. D REGISTER. R.EClllCULATlON CHART 

0 1 2 3 4 5 6 7 8 9 A B c D E F 
0 237 237 23 23 123 123 123 123 7 7 157 157 15 15 0 

57 57 5 5 
l 237 237 23 23 123 123 123 123 7 7 8 8 157 157 15 15 l 

57 57 5 5 
2 237 237 23 23 123 123 123 123 7 7 157 157 15 15 2 

57 57 5 5 
3 237 237 23 23 123 123 123 123 7 7 157 157 15 15 3 

57 57 5 5 
4 37 37 3 3 137 137 13 13 7 7 17 17 l l 4 

5 37 37 3 3 137 137 13 13 7 7 17 17 l l 5 

6 37 37 3 3 137 137 13 13 7 7 17 17 l l 6 

7 37 37 3 3 137 137 13 13 7 7 17 17 l 1 7 

8 267 267 26 26 256 256 256 256 67 67 6 6 567 567 56 56 8 
7 7 

9 267 267 26 26 256 256 256 256 67 67 6 6 567 567 56 56 9 
7 7 

A 27 27 2 2 257 257 25 25 7 7 57 57 5 5 A 

B 27 27 2 2 257 257 25 25 7 7 57 57 5 5 B 

c 79 79 9 9 79 79 9 9 79 79 9 9 79 79 9 9 c 

D 47 47 4 4 47 47 4 4 47 47 4 4 47 47 4 4D 

E 7 7 7 7 7 7 7 7 E 

F 7 7 7 7 7 7 7 7 F 

0 l 2 3 4 5 6 7 8 9 A B c D E F 

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

lecirculation Logic Terms 

l. T8'T3 
2. T7'T4' 
3. T8 1T4' 
4. T8T7T5 
5. T7'T3 
6. T8T7'T6' 
1. T2 1 

8. T8 1T7'T6'T5T4T3 1T2 
9. T8Tn'6'T5' 
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TABLE X. E llEGISTEll RECIRCULATION CHAllT 

0 l 2 3 4 5 6 7 8 9 A B c D E F 
0 245 245 24 24 25 25 2 2 234 234 234 234 235 235 23 23 0 

5 5 
1 45 45 4 4 5 5 345 345 34 34 35 35 3 3 l 

2 246 246 24 24 26 26 2 2 234 234 234 234 23 23 23 23 2 
6 6 6 6 

3 456 456 4 4 56 56 345 345 34 34 35 35 3 3 3 
6 6 6 6 

4 24 24 24 24 2 2 2 2 234 234 234 234 23 23 23 23 4 

5 4 4 4 4 34 34 34 34 3 3 3 3 5 

6 246 246 24 24 26 26 2 2 234 234 234 234 236 236 23 23 6 
6 6 

7 46 46 4 4 6 6 346 346 34 34 36 36 3 3 7 

8 124 124 124 124 125 125 12 12 123 123 123 123 123 123 123 123 8 
5 5 45 45 4 4 5 5 

9 145 145 14 ·14 15 15 l l 134 134 134 134 135 135 13 13 9 
5 5 

A 124 124 124 124 125 125 12 12 123 123 123 123 123 123 123 123 A 
56 56 6 6 456 456 4 4 56 56 

B 145 145 14 14 156 156 l l 134 134 134 134 135 135 13 13 B 
6 6 56 56 6 6 

c 124 124 124 124 12 12 12 12 123 123 123 123 123 123 123 123 c 
4 4 4 4 

D 14 14 14 14 l l l l 134 134 134 134 13 13 13 13 D 

E 124 124 124 124 126 126 12 12 123 123 123 123 123 123 123 123 E 
6 6 46 46 4 4 6 6 

F 146 146 14 14 16 16 l l 134 134 134 134 136 136 13 13 F 
6 6 

0 1 2 3 4 5 6 7 8 9 A B c D E F 

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

Recirculation Loaic Terme 

l. TS 
2. TS' 
3. T4 
4. T3' 
5. T7 1T2 1 

6. T6T2' 
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