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INTRODUCTION 

Introductory material on d ig i ta l coirputers hae been 

collected into this volume. Reports 3-115 and H-116 are papers 

given before winter meetings of the American Institute of 31ectrlcal 

Engineers and the Institute of Radio Engineers. The next five 

memorandums contain the text and i l lus trat ions of lectures given 

for the staff of the Slectrioal Engineering Department nt M. I . To 

The l a s t report, H-90, discusEes characteristics of tho binary 

systems of numbers. 

In considering the lecture ser ies material, tho reader 

i s also referred to volumes 1 and 2 discussing the Whirlwind program, 

volumes 5, 6, and 7 on computer block diagrams end volume 8 on 

mathematics. 
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i-age 1 of 9 

I l lus trat ions : 
A 3 0 3 3 7 

A-30338 
A-30353 
A-30340 
A-30341 
A-30342 
A-30343 
A. 30344 
A-30346 
A-3034? 
A-3034 8 
A-30349 

A-30350 
A-30361 
.4 -30345 
* -30352 
A. 30339 
A-.30354 
A-30355 
A.. 30356 
A-3035? 
A-3035d 
• :i0359 

This f i r s t dlscuaoior. Is to Introduce the nature of electronic 
dig i ta l confutation and to eatabllah the vooaoular; and basic coacspts 
necessary for the following series of lectures 

In the last saveral e lectr ica l engineering seminars, we hnvo 
heard discussions of the differential tiat.lyznr and analog computers i'irst 
ther., l e t us distinguish clearly between analog anC digital, typs computing 
equipment The analog computer represents numerical values by the magni
tude of a phjrslcal measurement, as for example thl v d t a g e In an A~C 
network analyzer or the magnitude of a shaft rotation In the differential 
analyzer A digi tal cottputer, on the other hr.nd, usee discrete numerical 
values and arithmetic type calculations. In I l lustration A-3033? we see 
• col lect ion of analog type computing element* A separate c ircui t com
ponent i s used for each computing operation, nnd we note in the i l l u s 
tration available equipment lor .he processes of addition, amplification, 
integration, Introduction of tl-.» dslr.y rnd inversion of sifintil In 
i l lus trat ion A-30338 la a typical hookup of such computing elements for 
the solution of a problem In ordinary different li.l equations, The 
nature of the problem Is described by the physical c ircu i t connections 
of the system, i s herein i l lustrated numerical values are represented by 
voltages on the interconnecting '.lnes The solution of a dif ferential 
equation by this method Is theoretically exact because the ^network Is an 
exact and continuous representation of the problem to be solved However, 
praotioal and physical l imitations are Introduced by e l e c t r i c a l noise 
leve l , meclianlcal baoklash, clrsuit non- l inear i t i e s , etc As a result, 
precision of one part In or\e thousand Is good for analog equipment and 
one part In ten thousand Is perhaps the nest obtainable, 

MiiMORAtJDUM HO, M-6tV-l 

WHITl'taJ MY; j a y M„ F o r r e s t e r 

NVKOS: The P r o j e c t Whirlwind Program o:i 
E l e c t r o n i c d i g i t a l Computation 

DASSi March 1 2 , 1947 
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Medorenduai Mo. M-62 

Heferrlng now to I l l u s t r a t i o n A-30.563, we ;»ee the block 
diagram of a d i g i t a l computer l'he physical conneotioni of suci: a 
systeu are permanent and not s l t e r ed for the problem to b-a solv^ 6 
Quanti t ies a re handled in the somputer a s nuuerlcal values and can be 
car r ied to any requi red numbei of d«nlr«l placos- A d i g i t a l coapxiter 
requires the f iva p r i n c i p a l fi act ions I l l u s t r a t e d , l'he jomputor eulvee 
mathematical, sc ien t i f i c . , and t agl nee r ing problems by carrying c. 
s e r i e s of a r i thmet ic s teps , or 3 a t a t ime, 'A he ar i thmet ic element <jan 
carry out the baaio op-irationr of a r i thmet ic and other esnent ial fi^icticr.u 
to be described l a t e r - Storaf J provides tht required "ma.wry" l o r i-o-
ta lnlog the program which cont ro ls the eerier) of numerical ntape to be 
executed and l ikewise providet a intfins for s tor ing p a r t i a l numerical 
r e s u l t s during the proceos of i computation 

IVe cont ro l O.enent irovides the tlm.ng nlgnal a lor the 
remainder of the computer Ir. operat ion I t e x t r a c t s a control order from 
storage and in response to the coded information therein rcoompllshes the 
next required numerical s tep l i the coc-putatioii 

The lnp\-.t me':)ir.nlsm ;rovldeo a comBiunlcat.'.en means between the 
nuaaa operator and the compute-. Problem* in the lo rn of i n i t i a l da ta and 
cont ro l l ing program wi l l be pr>parefl In coded lo rn oxternal to the com
pute:- en photographic f l l a o-r / i re tape and read iiif.c the storage element 
of the computer by the Input n jchanlum 

The output i: cm the :omputer may be in several forms' typewri t ten 
for Isolated r e s u l t s , graphical for engineering data lending I t s e l f to t h i s 
method, and d i g i t a l or numeric \1 a s coded inlcrmatiOE on photographic 
f i lm. 1'hls numerical '.nformat .on on f i lm can l a t e r be used by the 
computer i t s e l f through the in ut device or c.-.n be leccd«d and typed by a 
t ranscr ib ing unit 

I t i s r ead i ly recogn.zett from the preceding discussion tha t a 
d i g i t a l computer I s able to do only computing o jora t ions that are 
possible for a human operator r.d dei.k. ca lcu la t ing machine* In 
I l l u s t r a t i o n A-30340 in shown le correspondence between the automatic 
d i g i t a l computer and e numen c.irputer- 'l'he ixipul p res ides or ig ina l dr. 
acd Ins t ruc t ions for the probl m to be solved Tbia Information la 
stored in a noteoook currespon .ing to the computing r.:-.ci Ine E . j r i g e . and 
in the notebook are l ikewise e ta red pr . - t ia l numerical resul t ' ; a r i s i n g 
during the opera t ion , l'he com ut lug mac ine correspoeds to the a r i thmet ic 
element carrying out acViitiDne a u l t l p l l c a t l m a , d iv i s ions and other basic 
processes, l'he operator a c t s s the con t ro l l ing element to rend In
s t ruc t ions from the notebook s ora^o and to enrry out the t ransfer of 
numerical values between etorn « and the a r i thmet ic element Del ivery 
of f ina l r e s i l t a corre i ondt t ;h» marline output . 
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One of the o ident fo .-mo of d l g l t e l computing equlpmen 
I l l u s t r a t e d in A-30341 In 16 '3 the B r i t i s h Government f i r s t f inanced 
the c o n s t r u c t i o n of a large nc J e a u t o t n t l c d i g i t a l computing machine 
baeed on mechanical operat ion , This machine wa3 never completed 
beoause of inadequate machine .OOIB and product ion ' a b i l i t i e s at that 
t ime- D i g i t a l commuting equipment progresBtu through the adding 
machine, var ious forms of desk c a l c u l a t o r s , i no. punched card bus iness 
machines to the Harvard Autona. lo Sequence Control C a l c u l a t o r . 
Mechanical < qulpwent 1B inhere »tly slew and d i g i t a l computing equipment 
lias been b u i l t u-ilng r o l a y s , a id s t i l l f a s t e r and c.u: a f l e x i b l e equip
ment i s being des igned with o l i c tron ic c i r c u i t s . 

Returning now to f u r . h e r com^ariscne between analog and d i g i t a l 
equipment, we note in A-30342 .he usual d i f f e r e n t i a l ana lyser ncreiuntio 
for s o l u t i o n of a necond order l i n e a r d i f f e r e n t i a l e q u a t i o n . An 
e l e c t r i c a l s imulator c i r c u i t f i r the same problem i s I l l u s t r a t e d In 
A-303-.3- Theso ana log methods cf s o l u t i o n empluy i luous l l o v of 
data und cont inuous charge of l i r i&blee . 

In A-30344 art shown the s t e p s of a nwnerlc.il s o l u t i o n for the 
second order d i f f e r e n t i a l equa ion with zero 'iamplr:,;. I t I s nsnumed that 
a l l v a r i a b l e s are known at t l m ' , t and the prev ious t i n e I n t e r v a l s 

t , . t „, e t c A curve for r I s f i r s t e x t r a p o l a t e d to i.ime X , u s i n g 
n-1 n-2 n»l 

the f i r s t formula. 1'hls i s th • formula for eeoond order e x t r a p o l a t i o n 
u s i n g the value of y at t and t . and the v.-,lu9 of y a t timn I , The 

n n—l n 
second formula In then used to obta in the upper shaded area g i v i n g ho 
Increment in the curve j A second numerical i n t e g r a t i o n for the 
lov.-er shaded area g i v e ' the- increment i n curve y . The negat ive of t h i s 
l a s t point I s used a s r correc ion for the o r i g i n a l ext A value 
of y_... Dr. Loud, in h i s l eo ture of t h i s ser ies , , w i l l d i s c u s s numerical 

n+i 
i n t e g r a t i o n and I t s convergenc• connldarnt ione in r a l l . Depending 
on tlxe nature of the problem, t e r a t i v e procedures of I n t e g r a t i o n and 
more e l egant e x t r a p o l a t i o n and i n t e g r a t i o n formula' ned 

As an l l l U B t j ,tvlcn o d i g i t a l computing anohlni opt 
l e t us cons ider the no lut lon o. the enoond order determinant In A-30346 
Before s e a t i n g up the • o l u t l o n of t h i s probltm, r e f e r to A-3034? for 
greater d e t n l l In the c l g i t a l '.omjuting mac).lie block diagram. Here 
we I l l u s t r a t e the ar i thmet i c e ement a<? set i•.,, for B U l t l p l l c a t i o n tiding 
the A r e g i s t e r , AR, for the m u l t i p l i c a n d , the B r e g i s t e r , UH for the 
m u l t i p l i e r and the accumulator r e g i s t e r , AC l o r the product :;; orage 
1B l i k e w i s e shown d i v i c e d in to ^ary separata r e g i s t e r s numbered for 
I d e n t i f i c a t i o n purposes in numerical order . 
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In A-30348 lp shown too required program for solving 
secom1. order determinant prob em. Thy Information appearing In storage 
r eg i s t e r s SI through Ell I s e t up aho^d of time on i 11m and read by 
the Input mechanism of the am., hlne Lntj the corresponding storage 
loca t ions . In the storage re l a t e r s 31 througn 84, nre lo<-
numerical values of a . b , c , . nd d representing the . ot 
the prjolem Storage rsgluta s 86 thrmgh SIX are ured 3 a.- the required 
control o rders . I t should bo borne In alnd that the lr.it r i a 
storage r e g i s t e r may, dependl ,* on how I t Is used, rep' \lier a 
numerical value or a control rder cod'Jd In iromori-- he atepe 
In the control prograrc nre I t a i red below and are carried out In the ( 
In which they ap; ear In stora. ,e 

86< t r ans fe r conte.-ts of r eg i s t e r 32 to mul t ip l i e r rog l s t e r 
Bit, This means that the valu (b ) , stored la S"3, i s t ransferred to 
the mul t ip l ier r e g i s t e r of th> ar i thmetic el.ncaut. 

S6c t r a n s f e r conte Xa of S3 to the r eg i s t e r *8 and multiply 
This oe.ins tha t the numerical value (o) Is t ransferred to the mul t i 
plicand rogJs'-er of the a r l t h e t l c element and Is mult ipl ied by the 
number j ravlously t ransferred to the mul t ip l ier At the end of t h i s 
operation, the product reside In the ac3umuj.a? •>:• r eg i s t e r 

37, Transfer numbe In accmula tor to storage S12 'i'hls 
means that the product (be) w .ioh was In the accujf.•" • r n 
to an eJipty storage r e g i s t e r >1:3 We oust next form the product (ad) . 

88. Transfer oonte. tg Of 3] to B 
means that the numerical valu of ' a ) la moved from storage lo-.atJon 
SI to the mul t ip l i e r r eg i s t e r of the ar i thmetic element 

Sb i raasfor conte ,ta of S4 to reg is te r AI- ana multLply 
t h i s means that the numerical value (d ' I s t amferred to the mul t i 
plicand r e g i s t e r of the a r l t h letic element er.d JtultlJ:l , ich 
has been l e f t in the mul t lp l l r r e g l s l •-. •< Ol t.il ) • >eratlon 
the produot !ad) i s I s the ac umln to r r eg i s t e r AC 

The next operation /111 be trie lndlo^ted subtraot loa of 
(ad-bcV The product ;ad) I s l a the accumulator r e g i s t e r AC 'ad) can 
remain In the accumulator reg .eter and the next oper i t lon vi'i.i oove 
the previously formed j.roriuct 'bo^ fr^m I t s loc.-itlon'l I f.he 
r eg i s t e r A3. 

S10 t r ans fe r cent ntn of 312 to the r eg l f t e r Ai< 
subtract at the end of t h i s operation the difference (ad-bo) La l a 
the accumulator r e g i s t e r . 
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811 Transfer •.•'• 
This ra-ans that the f i n a l res ' i t of t\ 
the mrxhlne output -

I t w i l l be observed hut the I H oi . for 
the p a r t i a l r e s u l t ,1c1* wan no necsa . 
(b) Jr. rttoragfc r e g i s t e r S3 iiac a lread ' 
product might have been etored In H2-

Sucl. a i-rotlem a s t; 
s imple to j u s t i f y ase of a la i . 
problems of s c l e n t I f l a .and en,- . ions 
so e x t e n s i v e that the J's.cl l lt l< s oi' l l l u s t r a t i o i ^ooae 
lnadacuate , t e c expans ive , too > a ? t l y , : 
the r e s u l t 8 when a v a i l a b l e • 

P r o t l e n e too extens l* a f o r aa :• i l u t l o 
are reprnsent tc by »,:•; rrdin^ 
se .-vomechanisfta find automatlo < 0: 
.-••- a c t e r l s i l c s of c i r c u i t alei 
the p e r t l a l d i f f e r e n t i a l squat > .: of t f l a i l s had herit 
t r a n s i e r ; by the a l g e b r a i c equ< t l o n s l e n t • 

.1 g a l t e r n a t i n g current nt;'«<or- . Ion p r o b l e m ; 
Mil by the ran. Loo a s e r i e s lnvoj red 
In o t h e r problems-

The b a s i c o p e r a t i o n s l<. be . computer 
are t a b u l a t e d l a * The soaputer w i v e s probleaa J:> r.n E : 
b a s l s us ing the p r o c e e o r o o*" a< ( l l o a t l o n , 
d l / i s l o - ' Otter oj s r a t l o n s sue a i n tnt i t Ion of roote 
ce i be p&rforaed bv s e r i e s fud l t e r a t l . 
In the next l e c t u r e by M .' .wcet io 
o p e r a t i o n s two o ther f u n c t i o n s , compare 
era e s s e n t i a l to lr.* a f i l u l e n t v d f l e x ' b l e uae oi t. d i g l : 

toaparlaon ordt: a-w: • _ . termite 
conputi.-u; sequences depending c i tha oUtoOSW U i s u i t s 
at th>: computation I t s e l f Tl 
I n s e r t i o n of coaputcd reiru.lte 

1111 i o u r the ooBpar: 
in the handling of Ooaloab f r l c Ai ; e eu l ty 

1 Tie I l l u s t r a t e d :,a the j . • 

Consider f i r s t . t a d in 
vhore the f r l o t l o n fore » I s e 

maxtmjTi f o r c e . A c c e l e r a t i o n cl the an.ap r e s u l t s tfroa the : of 
Oouloab r.r.d e x t e r n a l l y s u p . l i e c i o r c e s - Step.' i ' l l s 
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nyxx 
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I >al to if - and tbo Co 

s q u a l l + ' '-'he . . • ' 
I. V 
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r the t h i r c 1 n 

>r tUp.n i 

I s pi 
..ho f o r c e 

• i' A f i n a l 
f o r c e 1' 1 B *ero or ni 'he eoStuUtlDjj 

.ho eequfnce of ope: 
r. snccs . fs i 'u l HUE; «d 

'He I n t e r p o l a t i o n t 7 ,mple the 
The n u n e r l c n l valvu 

p o i n t s s l o t " . the 
n v a i l n b l o s e r i e s 
. 1 •' 1 • 

• 

- In B v s l u i 
Ltut ion e rde xtra<:i 

x-r •• j This i n 
• •. • sltjr 

L a n t l f l o a t l o n 
to N : I n 
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Memorandum No. K 

t ine ins tan t over sap-
p a r a l l e l d i g i t trttE amission systeu will 
pu te ra because of the reduction In :•-.: 

I l l u s t r a t i o n A-3036? ah;» 
used as a gate c i r c u i t or 
m u l t i p l i c a t i o n taula 1; 
in same d e t a i l in h i s l ec tu re 

Storage of con t ro l l ing »rderf nnd 
course, one of the Jioat inportp.nt 
Storage for the Whirlwind 1 and Wh 
in the form of e lec . ros t f r, lc etoraj l 
la shown in A-30366 by proper a . 
cur ren t , i t i s possible to s tore . . 
surface and to latt:.~ read the polw i i 
c i r cu i t . . Storage for sa t i s fac tory 
and good output algual l eve l hi Many research 
p r i n c i p a l l y noscciat,ed with the oontr 
t r l b v t l o n e t l l l reKil:i tc be soli; 

i"he size or r a t i n g of a 
described by two qu .mt l t l es •• the I 
capac i ty . 1'he computi-^ speed wi ' 
p a r t i c u l a r problem wil l r equ i re , ui A:, 
the magnitude of problem which oa 
storage capacity wi l l be ixiei in nost •:>&.! 
high-speed atorage . i l l provide h-.; 
numerical quan t i t i e s required for luu ; 
ex te rna l storage in the form of p\aich -
fi lm, or phosphor file1 wi l l be uaid 
r e l a t i v e l y longer tx ea Ulus t r r . t ion the 
more important compcixisona between e : t a l 
computing machinea i'he f i r s t three machlni 
ope n u Ion i'he fourth in in the 
f i r e are being planned at thu 
capaci ty of In te rna l storage la given 
Information Some of the ay stoma i r i ca l 
no ta t ion , others n . ' loa t lng declc -m, 
o t h e r s the binary a? well ns otho I 
of number ftorage systems Jiave been 
for comparative purpoaea Mu.Vtip'' . I s are c. ised 
on the l a t e a t avai lable J.nformntl 
of the Whirlwind I computer wi r a t e as 
planned for the Whlrlwinr II . iwlnd I craiualer 
wi l l uee a number length of olxte 
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most mathematical work, double length multiplication la the form (a+b)(c+d) 
will DO required and four multiplications must be performed. This com
pound multiplication will be carried out wit.i no more program orders 
tuan required in the Whirlwind II computer, "out mo-e time will be 
required for the execution of a complete multiplication. 

The Whirlwind I computer is being designed for study and 
demonstration of computing circuits and trouble shooting methods, and the 
computer will be used for mathematical, research and study of engineering 
problems. Design of the Whirlwind I computer is now in progress and con
struction will begin this year. Laboratory testing Is expected to continue 
through 1948, and the equipment should be ready for mathematical researoh work 
In 1949. Design of Whirlwind II which is the final large scale objective 
of this project will start as soon as possible, probably in 1948 and will . 
require relatively longer to construct and test thai will the Whirlwind I. 

Much mathematical research must be completed before a suitable 
background of Information Is available to make proper use of a computer 
with the Whirlwind II capacity. It is hoped that ".he foundation for this 
research can be laid Immediately and that Whirlwind I con make valuable 
contribution to the knowledge of high-speed numerical analysis and digital 
computation. 

Jay W. Forre 

jvysvh 
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DIFFERENTIAL ANALYZER SCHEMATIC 

- A 
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+ B 4r + CX = 0 dt* dt 
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RATIO 

- B 
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C 
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- X - § X 
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SIMULATOR SOLUTION OF QUADRATIC 

d*: 
dt* + B dt + GX « 0 
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KNOWN = y»y,y, at tn and t n - i 

y n + 1 = y n - , + 2 h y n 

A y = s h 

5y n + l H-8 yn — y n - i 
A y = -

yn+i= — yn+i 

'# 
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BASIC COMPUTER OPERATIONS 

1. ADD 

2. SUBTRACT 

3. MULTIPLY 

4. DIVIDE 

5 COMPARE-CHOICE i 

6. SUBSTITUTION ORDER 

% 
A 30350 
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COULOMB FRICTION 

COULOMB FRICTION 

F max 

M dx* 
dt* P(t) + F ( t ) = f (t) 
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BINARY NOTATION 

DECIMAL BINARY 
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BINARY NOTATION 

REPRESENTS POWERS OF 2 

MULTIPLICATION TABLE" 

1 X 1 = 1 

1 X 0 = 0 

0 X 0 = 0 

ADDITION-
I + I =10 

1 + 0 = 1 

0 + 0 = 0 

BINARY COLUMNS^ 3 ^ X DECIMAL COLUMNS 

ONLY DIGITS I AND 0 REQUIRED IN EQUIPMENT 
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MEMOHAITOIII TO, H-6j 

Written by Robert R. Svorett 63^5 

Subject: Dlgl ;e& Computing Machine Logic 

Da'-.ei March 19, 19U7 

Fige 1 of 17 "?a£OB 

111 iiatrati one 1 
^20339 X-3W03 
A-3035O A-30355 

Thle seminar wi l l ba ooncernad with the A-20391* A.-30h0S 
parallel d ig i t transnisslon type ^f electronic con.puter A-J0H08 X-'jCMo^ 
dejoribed by Mr. Forrester In lae ; week'* seminar r A-";0395 A-30U05 
I l lus trat ion A-30339 ehowe a Bimpilfl*d bloc* dla*;ram for A-?039o A-30»to6 
such a oo-sputer. The f ive elements are the input, output, &-'OJ$l A-30322 
etor&gs, control, anil arlthmotlo ilomsnt. The input Is A-J0397 A-30393 
needed to tranofor br>tfc. numbers aid orders to the computer A-20398 A-30391 
while the output i s need for extracting renults . All the A-J0399 A-3CW15 
nunbers, In i t i a l oonlit lons, partial results and crders A-30U0O A-30^19 
ari stored In the storage element. Bo dis t inct ion i s made A-20Hoi A-3C4l^ 
between orders and runters. A single arlthmotlo oloment It A-JCU02 i-3Cih\% 
provided, "̂ ihe ab i l i t i e s 'b f wnlch ( i l l "Be'deacribecTliater. ii-ZV*?i.( A-J0501-

The control directs ths extraction of orders from the A-jOUlO A-3O500 
storage and eetg up th.? proper switching to carry out A»305G2 
those orders. 

A l i l t of basic osrmter operations 1B 
given In A- 30350. Tie j.rlthmotic element w i l l be able to 
carry out the basic -mirations of addition, subtraction, 
multiplication and div is ion. As r i l l bs Bhovn la -er , i t i s 
not necseesary to actually build la the division process 
Bine* divis ion can bs performed b;r using the other besie 
orders. 

In addition to tbses basic arithmetic operations ?ire the 
Important control oper'/.ions of eib-programming, comparison, and rtubstitufc.on. 
normally, the control fc:tract? orlere in sequence from storage. ;*he sub
program order allows ohrxging this sequence. 3y reane of thin Otim the con
trol may be instructed lo take as the next crdor rny order ntored In any 
regis ter . The comparison order 1) similar to auVprograijiirf; sxoirpt the 
decision as to whether or not to change the progrrn lo ma.lo C.epenc.'jnt upon thn 
si 31 of the nuraber In the arithmetic eletiont. If this aoabor i s uogative, tho 
control wi l l ignore the comparison order and proceed In tiie previous sequence. 
If the number in the arithmetic element i s posit ive or r:3i-o, the control will 
bs shifted to a new xniit lon. Ths substitution o:rder nllavti nodii'ying ordure 
previously in storage by substituting into then results which havo been 
calculated. 

I l lus trat ion A-3039I i l l u s t r a t e s a basic order. J'he ordoro 
are placed in storage In binary o d e form. Tho order consists of two part?: 
ax operation section which decides the operation to be carried out and a 
storage register number which chooses that piece of Information in the oto: 
ti vt i s to be transferred. 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



r-> . 

• 

srdar; ihat la, the l o f . 
• 

V poiiolble crda • 't
is only ono of acny poaai - ions ru:: ah 
lnp-.t and o .tro'is oj 
•111 in but: . . >h - .tar. 

• ' . • - . 

and \ 
r c g ! i"." " " • . ! • " ""**" ""*• 

-
• aapoadlng t̂ i l t a 

to </h»'; jrttr 

of the no rami int.' the a-- I 

'• 

Wua m oorrasp' 
:onten;n of the arlthaertio *l*.ae . 

-

The fl'ilft 1'-
ton^B vi t!v» acovntL.ator 
seea b \ efl . 1 tad I 

! i 

th i s b;»t:l 
e t a t 

i 

• 

»la-i- ya bus t 
orlof l f the !)£>»•» *j> jtan of cat 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



6 54C 
M jaoraiiwra Ha, IS~63 

biae opywaro the earns oe a auaber written in eiiy othe) 
iategeru needed Poecible numbern extend. In either d 
power of the base, On the scale eiiovc, an 
w i l l require d ib i t s which are far to tho right, uallo anal 
exceedingly large wil l require digi te vhloh ore far to the Msaaea 
nimbfcre can extend indef ini te ly in either direction, SI . - n o n oa». 
to cel led a nunber spectrum* Any rationa". number say bj vr-.tten 1 
eyaten, Illuat-'atlon A-303£s5 ohowa OC.VAL Lumbers written l a Beyeral bjl 
Tae haao 37 hae aotually boon propoaod fo-- curtain ;ov 
large baae i3 nseded, becaueo the 36 l e t t e r * of th(> til;I '• familiar b< 
e/erjonoo The -27th digi t la simply a blaiii 
wjuld rt*quire r.rjca leas apace than 1* cur v.aual declma1 n '•.* r. f 
tae "ingltah language oan be conoldared a* nuaberij written '. i the 1 \ii> 37 ':'.). 
Eigl leh .'.anguaga uaea the nunbor of p o e e l b l l l t l e i very Lently. 
aoprcxinately half Bi l l ion exlntlng 2nf,li ih uorde could all be reprsaenter. I 
four- lot ter worda* Bade Eugllah which only hea 650 word* ;ould t» ent lroly 
represented by simply twe-lpttor wordb. :Iowever, sou* of l i e s * wt.-d» wou.' . 
Tsry d i f f i cu l t to pronounoeo 

I l iuatrat lon A-30354 ahowa the re'dtlon between blrary and 
dsclmal notat ion 

ia stated above, a number rpeotruti extends •. -ideflnl te iy ll 
direction* ao Vaat li" any desired number La to. be ropre ien'. *d, an in f in i te 
a g i s t o r capao-*ty i t needed Since only a f i n i t e register Length la ayal. 
ca any phyalcai mact.ine, thp problem of juat which dlgioa > se lect i s of 
great Importance* I l luetrat ion A-*30397 l l lue trates aereral ponalbl l l t lae 
The computer caa consider, for instance, "nly rumbera which are ccaelderably 
larger than ono, rery near 1 or much l e s t thar. 1 Dlffa ' lama aria* 
l a theee different cases- In I l lus trat ion k. X.5'..6 the eff&nt of a smltl-
p l i ca t ion la sJ.Jwn. L numbor consider:-.bl ' la;, ine, when squared or 
multiplied by i miabor of afOal aacnl SuAo becomes uuoh l a f only i 
f i n i t e regiate-- length ia available, the poaltlon of tho ref late* oa the 
number spectrum must be shifted to the l e f t , "tor r nenber rxoih If ua than 1 
a equiiring proncee a result whioh renv iru nrwisfarrlu,; ; i rl;,*ar poa • 
t s the right . <fhere the number la very mar 1, the aquaria; process doe* act 
appreciably mo-e uhe regl»ter on tho opeo ;rum fci tb on 1 1« con-
Tenleat to con*ld*r the nnmbari used by t \o cociputer as b»5 â r verj near 1 
TOT WimiLWIND -omputers the decimal point la t< t« oonaidered at i.he l e f t -
hand end of aha register,, 

Since naturally we must ID the) COVJIO of geiieral otmputatlon* 
conaider numbe~ a which may Tary over a re ••/ wido renge we aust atsoolate 
a aoale factor *lth each number • The net u>d or hurdling loale factors la 
determined by whether we are ualng a i'ixe I or f loating point syatr.n in the 
machine, In I l luetrat lon Ar-30399 connide* a wusbar whuh for con'-enlenae wo 
w i l l assume la larger than 1 assume n m vihiii tta pcln. l e f t 
end of ih* rag'star Aaaoolated with thl« nunt. nr mat ae a fccale distance 
between the mar-hiae point anf. ';he true po ' I t, i f lpon fnTthri- cr 
putatlon this laat l ty beoomee much anrAl):- '.«• t^e arailiiMs twi 
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Masio :•:'..'.• a So 

i t a U aetratlon fc-303B6 the bin 
tc ' l i Since to 

ary e ig l t ere khera o n 'hu no rry 
p &r t' t>1 p ro due t •-

i l luatra i i sn .>-;j04O9 show* (t bin;.. 
It 1.; OncrlBd. oat In ••hr. »tuv> fashion *e he i. • 
casead except taet e>ccfr aim-. Is no* alvply n oholoe as 
aid. 'u ti-e nil &« Tina oho lea 13 gorera tha 
multiplier d ig i t i s a or.*, 

•jdificetlo-i 0 
atlc oC404- Thia ucd- !l felon 

of the process The cultIpl lontion beglm ss before with of 
tbe 'aiU'lplloand depmdlnj on the rlghtao .' ulgit of tl „ SOT* 
bswever, oonaldar shli ' t ia; both the arultii l l e r and che > • ' : i 
rlghv one dlgtv The seoond st*p of the aul t lp l loat lo i .re th* 
rigii^iaojt digi t 0* t' Lng port of • ha sraltl] I 
being added in direct ly , ^t la cot naces ary to shift i jani since 

\r;ial product has al.re'sdy been shlf'od. Shi a pre ;ing 
multiplier and partial product io the right rja& than addlu * . 
pllc-ind i f the rlghtaoal li 
entire •n l t lp l l ir haa bees used 

i l l u s t r n t i j n A-;$O406 shows sohem 
usln» tiiJ o proonsa. The tolt lplleaad i s f.ored in ragl ; 

pi lar lii register BH. Thi partial produo i s ba i l t up 
A ses of t;nte tubas it. v.sid 'letwesn AH am. AC t 
If the rightmost l i g i* In BR la t one. tin •ultlplloand 
I t la a sero, tne noltlplloo.nl i t not addi <:. in... 1o. l t l o a the 
osntents of AC and BR axe both ahiftad to <h« right a p'.ajas 
taa daaired digi t of the aalsipllar at the right t c . Idas the 
propnr rCiignaaa^ af the part ial proftaot. ;inco ' n shi: 
I t s le+%wit digit becomes vaoant,, the rlghtawat digi t 1 <ould 
othervlaf ba shifted off t i a l e a n e r and lo s t ot.n laataa 
Woen thi nult ip l loat lon proceed i s coaplavnd ' 
disappeared anr1 the antlr* djuble-loagth 

t the iroduct cf twj a d ig i t noabars 1 La a 
Zn-iifl'. protect, some method nu»t be pro- ldad for ian« . ctra 
dlgl'::). la gsr.or'il, they are i.ar. . i s 
prcoa.if inquires she prcpsr roundi'v. off • ' tf •. a 
d i g i t s ariJ moroly thrown sway, ihe raau 1 I 
oomplotc nuabai In the sourso of r. prob < n vc rg« nnn> 
at l l t ipl ic i t ionn. .he bias duo 
daalrabli to Inurnase by >ne the rlrhtno* d ig i t 0! -Oai-
waloh in Uept If T»ha BOBtb-u -ivoun ^w«y I fraatar thai 
way af acaono>ll*hing this In the* declnal .-'stir 
dlgl . to *>e thrown avay. If this d ig i t I • 5 or (?ra ba oarrlt>' 
to the "ightisost d ig i t of th> nared numbs, -while, If tl 1? l ess 
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flT«, bhi right-! S« will elnply b 
••i la IlluEtr- n .aarj 

ilailaT" j t'oocsB oan be uted In whlon i> on. 1B ad ko bo 
Jitca-"ls>- resulting In B sarry 11' ta le &lglt 1* . '.ne and 10 curry If '.'. LB 
i«ro. fc prorlt loa in lotdo for properly caring :'oi the aailgnoui} oa«* 
uhlofc tiu dlecarded pari, of th> nu»ber te *x«ctl, en* 1 In 
•50-dlgit tn l t ip l loat ion 40 dl.j lts wil l b; throw. .• »a; of 
this 4 0 < i g l t acjnbe;r being ewvJtly on* ha.f i s YtTj ss ;o 
thle procoBB i» elao rary Bmnl.L and c** la most • a « e c 

Tha ni»e of the aTanbare vh:oh oan t< hassle 1 by the oowjutlag 
(rastlae û not limited 1>y tho ;oncfcir.e reg. iter 1"C tij . : in xjarible to 
O H ana"ocr» which a-.-e any naiJ.tipJc of t c l i ragle ei leiigti :*-rn<lon 
a>30383 .iiowg this irccetB for double-langth mm re.t, '.hat 1B fox nuarir* 
thoce. ler.gth io t v l i e the noisbsr rogl i ter length or tha aaoMris tha 
rosters rro itored in two ha.'T»« in tvo t .oarate r<>glo<ier« Addition r«<-
cuirei* 5i.« eeparate cunning of tho correr: jading bnlres. .'he our. of th« 
two amtuJnr aootlona Bay be fjreater t!,an • la r e c et er orgna-'lty If so. 
the OTorflOU repreennti t. carr* to the ri :;.atiro at d;git of ;he sum ct the 
two larger HSOtloas It 1* nejeseary to .roride f i r hruidl.ng thll otorj 
e f f i c i ent ly . 

3or mtltij i lcatlo.^ the pre Scot oai >e formed by obtaining 
v.he four partial pr-jdtctii rt.sulVi.ug fron snl t lp ly lng thai double- a-'-tlon 
i.unVorc ' ogatbai- section by section. Two peoull u-.ti<?s s^aln or'.y\„ 3?lrsi, 
Ihe prodvot cf the two ttiall sections theieelve* la c tin] 
vould or iaar l ly Ve icet In the j.-oundlnt .roness . Thi . re-
j'orii tie a l t ted % Snoondly. the *;wo larger sects. >i beer* v't . 
then an -.esociatad .-egisler fu l l of iterot, Thuo ;hei: pt;duci 

ii oubl< length t.s unusJ i t patutC-ly entirely a.gulfleant • i h n i 
Jius* be I ip* , -he section wnlsh i s usually roun tai. must t* added \o tl«> 
imallar »ot;lon of i;he re su l t . I t la ones again r.icessnry to ta!c» care of 
joe*J^ilr» Tarrlee OBtwooa BBcti: 

The abi l i ty to Handle double-leug ;h nuiaoort Mill be lmpci'tan; 
lor WHK.vriHI I, Tho » u t e s a - i l g l t oepaoity aov p.-opojed la ^iqul-:U.en-
loee th»u f i r e declaal d ig i t* yhloh la in idequat > for noet OOJBpntlaf 
probleae By aslcg loa»)a~l T.jtlx iiasbare ccicpu ;ti ionj OBI b« cot 
ce irg tei declaal plaoea, tbu» greatly l m r e a s i n ; he scop) of th<* aaohlne^ 
HMFXWIiC II will a-Lco be BJULa to ftnndle louble- ei gth r.uo;ern for aae in 
tho re prrbleaiB reqalrlag mora thnn twelTB deoion. : igi 

Equivalent ne-.hjda nay be iopllod f< r OOBpotlfl g tr ip le 
length rubers I l u e t r e t i o n A,.;5p393 i l lustrate ' . ! cw B tr ple-len^rth 
nuaber ?u>iuot may "?e 3btainod, The nnmb»r of o:-d.rii joXTm " oospi.tLn{; 
using m>il t i p l e - l e n g h auaberi seooues quit* larger Su'> pr >gr.'» J« una be urei 
howp^er 

It wive aoctlouod oar'.ler that i t e not cevis i i l l d 
dirielo.'i into the m/jfltuae elncn i t could >a bu' «i 
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arlthj iperatlona. fhia ooianfti« It Lao tr 
general method, for obtal ilaff reciprocate and POI «• i s to .*» tui 1 oratlvu 
: re •set tirs baaad on the solution of an algabralo n by Hawto; a ^tiicf. 

I l lustrat ion A-3039) eho*i. Hewton • • 
lataretois tho axla a'O ainia point It i o deelriid to find thin point 1)}" a 
pi'coeaa :>f suooesalTe oporoxiiiatlane beginning v i ta w w i rlgl.naL (jueaa.o 
Jth-jr Methods ara f.vallablo out Havrton4* 'iae thu advantage of olit- l l c i t y and 
spa id. 

I l lus trat ion A-3041fr shove ths a^pllcut .on of Newton's method 
:arfo:-mlag the operation oi' dlTlalon v.siag only add: tit a and trJUlplicatloric 

Che aquation f (x) » » - 1- has a root at- x » '•., App:.y;.i.g lovtoi a neihoc 
X n 

an iquation x. ., • X_(2 - a l 1 la :btain<'. whlol: * t l l aonYOTM to x •< * • 
i i ' l n n n a 

This equation requires o:ily ac.dltic.nn an., n u i t l p l l s a t l >nr. and r o t d t a la the 
reciprocal. I t oor.verge* rosy rapidly v eaoh tap f the :'lrr guess la 
(;ood to 10^, ';hraa Iterations wi l l glra <; raaul-. *ood so cigfcli dei. ?.nal 
plaoaa. 

I l lustrat ion A-30419 shovt. the amplication of Hewton*a -nathod 
so obtaining uquare root*. I:' the equaticn ohocan la :.*'x) = jr" - a, tin 

» l l i converge to ths fH • "hla prooee>; requires dlv.alc ;i *ui£ i . aati*-
faoiorj' for a machine bble to diylde hut r i l l bo quite lorgthj foT a Kf."-iae 
;hat obtains civleion by Iteration, 

I f the equation f(x) =• a • -̂ _ >a ased t).«n :c ci avergse to 

1 In a prccee* requiring iddltl>- and uolt lpl .cation only. It la 

julta easy to (jet the / \ :roa l ta reciprocal by alaply rautlp: ylng by i 
Ltaolfc 

I l l c s t r a t .on A- 30414 gl»e < formulas by inalogoua IT. thods J'or 
obtaining tho p*" root y a r » y la any Integer.. 

I t vas ma.itioaiid earlier hot th«» naohlne Jtsel.f *'11 pari.'oxn 
i l l the neoeanary conroralona for Ceolaal to binary no ;a';! one and binary U 
daclaaJ notatlona I l lu i t ra t lou A-30418 nhowa frwr MOthodi for co: Yer^log 
fron decimal to binary notations, Zqulmlant mitiisdn. axlat for o nTartlng 
fron binary to doclnal n<itatlonas 

The f lrat nethed osnalata if ualng the binary oqul alent for 
;ha ten dedaal lntegera- Th< lofts»«t i . lgit of the d»s!.r„»l numbr l a 
converted to binary end then Multiplied 'in a binary rau wtijller by the binary 
iq-juvalent of ten To t i l s rt.ault la adi ad the binary eqidva.'.ent of tht 
second decimal d ig i t . T i l e ^rooaia la r"7>eatod untlJ .ho *nt:ir* ..oirbor ha» 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

http://ac.dltic.nn


) 

3ee:i oo&Tertad, fh» -••ecind ic;»tkoi ueer 
Binary oooputar and cons i s t i of eucooaaivily ; - ir by 
two tin", noti.'v; the rouai x6.ec * of ttoh at 

Tha powei and f l e x i b i l i t y of dig i^oe 
J ,• ,. je .o?.t apparartt i t thcae ! uatescac where thi computer oarrlaa th* 
bwdan or" generating i t t ova aoutrolling orogra-u It Is often on jtorajjy 
for thi uathewatisiaa tc indisawo in contact ey l . - l i c for a tha an war to 
a numerical process Ira detaroluant an! matri : t i of 
thlf compact nomenclature, 

A tjenerelixed program aufflolMal : or •n l t ip l l sa t lon of any 
two natr'.oee *111 nov. be dieooaeod. In thlf generalised )ro,;rait: 47 ciderrj 
arr uUillclont to control any matrix s n l t l p l l The prograa can ta 
kept in a library for use aa requiredo 

An au axcnple of prograsar;. v; nothofij ex »f tha r." '-eral 
pov«r of a computing machine jf thie typt, a generalised >rograti Tor metri:: 
multiplication wi l l he discussed. This :-ogr«n wi l l proy.de for ,he 
rirJAiplioatlon of -nj' tvc matrices, not .'vaoesaarlly equari, whloh aan te 
multiplied within the capacity of Ihe mp.ohine. Oi.ce v.jlt.en anil 'nit on a 
tiupe the program wi l l he Utah La aa often ae dea^.rtd- It f i l l only he 
neooaeary to Ineert the elemaita of tha natrlMs, oortaln lnforaatloa t.s to 
tJieir ilraenalone ar.d location In storage and atart the mohiie The 
program can also he used aa par'; of a l c :,jer pr.gvam of w.iioh matrix 
'.t.Itlplluatlon la one ci the ieuirod ope.vitlona 

There 13 nothing •.•jiuaual v>out th i s prograu or the aethode 
usfd, A program of th i j type can he vr l : ;ec fo: n raat a.imbor of 
arithmetical procaaaea lnoluding inrertl :<; a matrix. of 
alnx.lt anoouo l inear algebraic equatlona, \ eet of alrarlt a ieou? linear 
differential ocuationa. algehralo *quat1 >.ie of r.irk orJor ato. , -,aoe tha 
method of solution h&e taan dit- rained, 

A matrix la a re<:tn-igular array :f element i which ^beys 
certain rulea fox molt lp l iont Ion and edd.tlon. A typical natri:: i 

•u *i» "in 

•ai "as 's» 
1 

« 

V Vi " V 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

http://x6.ec
http://proy.de
http://alnx.lt


'.DC 

m 

• 

m at 
• ' • •• ' i 

; eleraent; . • •. . 

"U 

:th 

i. 

V * *rt 

- Jtfc JolUTO— 

. 

Hhere lament* o( 
natrl • 

0 
i . i . , 

• too t 

J 

•/he -: i oc oZ tvo,..-x2 Mbtricei 

"12 

"32 ' 

Before two *e.trlce» coa 'Je su'..ti; they nu 
That is, the nwnoor of column* 1: flr« 

punts'-/ of rcv« It the MOC 

the f.->(iowin£« 
•ner&l precox. become* than, 

i I •. 

row of A by the fl i 

a) Multiply the flr«t elewe' 
elen.oat of B, 

b) Multiply th' ileman': of t'. Uret fov c. 

Add the two p 

d) Continue unt.. the a . iw o ' 
! IB 1 

f i r s t colunu I.nv« booii 
•urn tr. the I • i-t a 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



9 . 

•i sosplete the 
the f l r e t roi 

ant «tep 1, a'jor 
In but 

' 

b) Continue 
,-13 coluuae - a • 

• b a n vri5.1 be the f i r L 0 . 

To complete the • 
V,BO 

too \ t ta the 
the revs I ..aed. 

tba . love disounBloii vs can pro 
-oquirod to pu* rooedture on t 
thovr. i.:, i.\*£T*xiMa fa l lue t -lion 
crdeii thl computer need a tc deter . a row. 

Lot* ; roduot. 

• - ib.8 gsna r j l -pr; . 
and • IM I chance* ~ - ' t o 
the Buooeeilng ale-Een.t, rov», ;nui i tual 
orders Late th« axltJa i n-u iron; 
The e r i e r a »re res tored lr. t h e i r Modified condition nc . 
that purfora^J » 1 a r e used OT&r and orar ngeln 

T̂ <* b ' a ,««del for tan n O t l p l l u 

I 
BC0M 

tha na.trt.oe i 
com • o l lov tn i -uqueuoa by 
rows "' eaec- • of any rov ,-ire atored in eequenoe 
groupo of .'Ueaent g VQ tha re >a top to 

• . - : • atored it . ancujinue by OolUN l 
padvance from top be g up 

the Loluanu b ired l a sequai' I Tsaraly 
convonient and no< nocesnnry,. '.'he 
v.»ed for dlffei • I t la Dot ie.: . I 'iijfwent 

:.t« be In a* .plater* The ouiy reqoll 
orderly and known the 

Slovakia of *.b* 
by rovi a» Matri i the sieme-iiu < i l l be 
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I l lustrat ion i-30X10 
for c-«tallod order* and Xllustru. i 

i e • 

L—Stflrt,7,Qr,afXlL. 

the flrut step i s to insert the ln l t la i ^osit^one at 
the eleiseni-a to bo irnltlpiiod, Tiv ion riqTu OM 
.'or ewn of the iratrlos* concerned, or a tota l o.f ulj 

I I , a • b ~ Ordera £7 ryid SP 

Xhs multiplication of the two elementt requires oa 
sin:e ;ie j rodnct la l e f t In the a3cv.uuj.G.tor<, 

llt.%> a o - Ordarg_S9 and S10 

The part ia l ana la brought into t.y.e arlt laet! 
idded to the new oroduot. The result la stored La u allotted 

JJ2 Increace 3(a) >/ 1 - Ordort. 

The next atep It to increase the repir 
1 which wKJl pick the next element Li the -̂ow la Hatl 
la R*d<> at thla tine boo aviso It ef fect* & snail -avis : i l ntanbev of 
ordort and tota l anno or cf operations. Three orde foi i b i s 
aodlflc-at 

V__ f -tfi £li,;iipi;1 C 

An element of the product wi l l be oossoiols when e l l the e l 
of a row of the f i r s t matrix here been uaed la a SUB., 

. I . of a row oan be obtained by conpaxing i , la 
Order ibe register posit ion holding the iant ll sen In 
:our. • I -i\ br i.«le by nubtrav.' , ) from 87. S" en 

nod-.- X7 to bo one nore than the las t regi;t I If 
37 i s "̂-ea the row haa not bean corpletcn •:, ha* 

t-t en r e t i r e e only tito orders, a mb1 i 
I teel 

H • Incrcaan^3(b"l 

If the element Is not complete t t (ln>. 
order, itan xt i t r.eoeseary to s»d 
cha two art riots, return to II , end continue t l ; 7 haa alrr 
<nodlfi»l Jn IT, Poar or&irw are r; 

C X . 
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t ] a . I 

the (or&era S20-331). 

Host, I t 'a n«c»»cfi;.v to clear tha 
that 1 wil l be uvallab^fc for the aaxt etagn of o - id in t< 
Bttbtri\»t £̂' a b Into tl:j BOcn»nlf.to.- whloh alreadj hold 
aaro «. j itored la *-..he £ ' a b register ef fect ive ly c3 taring Itl 

Hex), MM order S21 jontainlng the ragia >f* the 
eleneat C haa fire's been stored la modified M J nox: e 

I HI ':• utored in an ariji -

VII i •. Jl on Completian ox' a Bow . I 

A rov In tho produc'. wil l be couple' . 
Matrix 3 have bocn ueed 'i'hereforo compare S8 whic i 
of the lent oletifat of Matrix But 

»hs l a s t aleneaf; In Matrix B* Thl.-, oonparlaon l e 
traction *nd a conditional •ub-progra» order. , >>t 
elriieuii nasd *113 be at »ho bottom of aocio co: t other than f , ) 

•mat be 1 ieae than tho register nimber* of the lag? 
the eq.'al ceae la 1-Jir.p*c. with Uie negative nuabera ir. tie oondltlonal ml 
progr-»- o rdMFi 

i:.r Retvjn tc clterl; uf Hoi' in Mtrtri j 

Change to jjext Column In 

11 a row of thf> la uot 
the mi',* row of !• atrix A over agaii-. Irdaar 87 l a i 
nur'isr of -iloment a in a row from Lta register 

In ts the cox'. 
•inply taXing tht next t>3 ement lr. 

I 

The control la then returned to t.tw , the 
procea'i rope at ed, 

-'heu>: on Couple 'ion il" P; 3 

• prouwt wil l be tioBulote i f x A 
hav« be*A ueed The ohaclc CM> be. <yA* if ooapa 
S7 vith tha remitter poviltioc 
la not nesaeuary tu emVract 1 I -.1.13:1 
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order aa 1 

'haiwn tff Hflil 

l(aj.) 

Hotv;:-.i 'io g i n n i n g ?f Ha.tr' r 

I. the prodttot I s not soKplnte, th< 
need 5o modification i nre aecetaarjr eiaoe t 

LI t .ho f i r a t elenant of the next me 

la fcalag inc.' <• 

J . » « I t ic the r eg l e t e r jiunhsr holiliiifi tha l a t l • lev row» 
.'-.la Bciiifioatloii l a aoooapllahad by dare. 

S40 -

ROVA i t he bo j -

1 kl •- - enaats Ln t 
poal t lon s(n) in Or 

kro la tiien returned to 57 ai t 

i 

I 

§ 
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)n: 

IV 

n 

» 

32 

• 

39 

td 

01 

td 

Id 

on 

Ml 

t l 

oa 

ad. 

t l 

3u 

T? 

oa 

•a 
i i 

»p 

se 
S£7 

321 

3(a) 

3(D) 

S48 

S7 

S49 

SCO 

S20 

38 

S49 

dr 

S7 

*> 

•: 

• 

ln\ 
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. 

In* 

£ 
i J a l 

• 

• 
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I 

XII 
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539 

1>40 

342 

J4i 

an 

36C 

' V 
oa B7 

in ;>63 

- 847 

i \ ) 

180 

Ul o!X 

>50 

01 :2 
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• 

a t 

V'' 
A> 
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V 

1 

-
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4 - - a o ^ v -\ 

ARITHMETIC 
ELEMENT 

i 

CONTROL 

11 

STORAGE 

n DIGIT TRANSFER BUS 

INPUT 

H 

OUTPUT 

' * 
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v> 
BASIC COMPUTER OPERATIONS 

1. ADD 

2. SUBTRACT 

3. MULTIPLY 

4. DIVIDE 

5. COMPARE-CHOICE 

6. SUBSTITUTION ORDER 

A 30350 

S3A5 A-30350 
i 
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A-3039^ 

OPERATION STORAGE REGISTER N U M B E R 

OPERAT\ON 
C, D\G\TS 

n n n [ "i n 

STORAGE REG\STER NUMBER 
14 D\G>\TS 

-4 

npn n n a n n n n n n n n 
20 D\GVTS - ^ 

G 4 POSS\BLE OPERAT\ONS 

IG, 3<34 POSS\B>l-E RE6VSTERS 

l , 0 4 e , 5 7 G POSS\E»UE ORDERS 

A - 5 0 5 ^ 4 
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£ £ CS 

mr 
t * 

iv 
si 
sr 
sp 

td 

ORDER CODE 

M I N I N G 
CLEA>R ACCUMULATOR M O AOO 

ADD INTO ACCUMULATOR WYTUOUT 

CLEMttNG 

CLE.AR AC A N D SUBTRACT 

SUBTRACT INTO AC VSJXTUOUT 
CLEARING 

MULT\PLY BY CONTENTS OP AC 
TRANSFER C O N T E N T S OP AC TO 

STORAGE 

DW\DE BY CONTENTS OF AC 

SUVPT LEPT 

SVAVPT RVGUT 

SUBPROGRAM 
CONDITIONAL SUBPROGRAM 
(.COMPAR\SON) 
SUBSTITUTION ORDER 
INPUT ANO OUTPUT ORDERS 

A - 5 0 4 0 6 - I 
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NUMBER SPECTRUM 

&&SE \o . . . . az*\Qz+ c^x \o* + a0* \o° * aM* \o'\ . . . . 

BASE \2 . . . . a 2 x \Z2 + Q l x \ 2 1 + o 0 x \ l ° + a . 1 ) ' a ' 1 ^ . . . 

B A S E Z . . . . aa> t E + o (x ^ + a0x i°+a_jx ar**— 

BASE n . . . . a 2 * r\z + av * n* * a 0 * n0+a_^xn-*+.... 
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VS£0£~1 S*£9 

BINARY NOTATION 

DECIMAL BINARY 

0 0 

I I 

2 IO 

3 II 

4 IOO 

8 IOOO 
9 IOOI 

845 = I I 0 I 0 0 I I 0 I 

A-30354-

— 4 
— 8 
— 64 
256 
5I2 
845 
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J / W 4 9 A-3o3e>7 REGISTER LENGTH 

N DIGIT REGISTER 
r 

INCREASING 
Co POINT DECREASING ~ •— 

N DIGIT REGISTER 

POINT 

N DIGIT REGISTER 

(POINT 

A-^>Oit>7 
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RUB, 
3/W-4-7 

A-3^3S>fi 
REGISTER POSITION 

C2i POINT 

2L 

2 L 

c POINT 

• 

POINT 
A-^oi^e) 

. 
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6-JA5 
J / W A - ? A - 3 o 3 ^ 5 

FIXED AND FLOATING POINTS 

SCALE FACTOR 

C MACHINE POINT 
f TRUE POINT 

£ 

SCALE FACTOR 

MACHINE POINT 

FLOATING 
SCALE FACTOR 

r i n n ,--, 
i i i i i i < < <XLQ 

MACHINE POINT 

-TRUE POINT 

^TRUE POINT 

FIXED 
SCALE FACTOR 

c 
cun nn nnn 

MACHINE POINT 
^TRUE POINT 

A - i O ^ S ^ 
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<sj*s D E C I M A L A D D I T I O N 
flftw A-304OO 

354-6 
1 37 1 

48 17 
+ 1 
4917 

/V - 5 0 4 0 0 

• 
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B I N A R Y A D D I T I O N 

I IOMOIO 
10110110 

A A A 
' 0 I I 0 I I O O 
I I 1 

101001000 
I 1 

1 0 0 0 0 0 0 0 0 

1 I 
1100 10000 

A - 5 0 A 0 \ 

•* 
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J/ W*r? A-3o^oa 
A BINARY ADDER 

r 

1f 

GT - « — | FF 

i i 

FF 

j 

GT 
i i 

1 f 

GT «fl • FF 

i i 

FF 

i i 

GT 
t 

CARRY 

• 

A-^0402 
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5 

^ - o 
^ o ° 

2.-00 
m " - o o 
—_o_o_ 

0 

UJ 
(0 
5 o 
7. 

J 
4 rt rt K v J 

5 M W K h 
U 

ui 
> 

s 
UJ 

2 

a 

0 

UJ 
> 

P 
</) 

o 
a 

uJ 

5 
UJ 

r 
Z 
ui 

2 
uJ 
-J 

5 
o 

«o 
o <n 
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S U B T R A C T I O N U S I N G 9 ' s COMPLEM NTS 
0 
i 
St 
i 

<r 

A 

B I N A R Y 
+ 0 1 0 1 1 0 ! 1 0 

- 0 1 1 0 1 0 0 1 0 

0 1 0 1 1 0 1 1 0 
100101101 

- N, 

— Mi 

- N, 
- 2"- N2-l 

D E C I M A L 
= 182 

= - 2 1 0 
- 2 8 

vS<* M M 0001 I = 2 M N 2 - N ) - I 

- O O O O I I I O O = N , - N 2 = - 2 8 

0101 101 10 - M, 182 
- 0 1 0 0 1 0 0 1 0 - N 2 = - 1 4 6 

010 1 10 MO = N 
101101 101 - 2T , -N 2 - | 

36 

»T7 
1000 1000 1 1 - ^ = N, -N 2 +2- l 

END GROUND CARRYX 

+ 1 
O 0 O I 0 0 I 0 0 = N , - N 2 = + 3 6 

. 

A 504X0-1 
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*S$£ A-3o4o3-i DECIMAL MULTIPLICATION 

35 6 MULTIPLICAND 
62 7 MULTIPLIER 

42 

3 5 

2 I 
2 4 9 2 PARTIAL PRODUCT 

I 2 
I 0 
6 
96 12 PARTIAL PRODUCT 
36 

3 0 
I 6 

2 2 32 12 PRODUCT 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



BINARY NOTATION 

REPRESENTS POWERS OF 2 

MULTIPLICATION TABLE' 

1 X 1 = 1 

1 X 0 = 0 

0 X 0 = 0 

ADDITION: 
I + I » I0 

1 4 - 0 = 1 

0 + 0 = 0 

BINARY COLUMNS^ 3 ^ X DECIMAL COLUMNS 

ONLY DIGITS I AND 0 REQUIRED IN EQUIPMENT 

5245 A 30355 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



ff> 

B I N A R Y M U L T I P L I C A T I O N £ D E C I . EQ.UIV. 

101 10 M U L T I P L I C A N D 2 2 
I Q O I I M U L T I P L I E R I 9 

vr § 101 10 198 
jSB 101 10 22 

I 0000 10 P A R T I A L PRODUCT 4 1 8 
0 0 0 0 0 
I 0 000 10 P A R T I A L PRODUCT 

0 0 0 0 0 

01 0 0 0 0 10 P A R T I A L P R O D U C T 
101 10 
I I 0 1000 10 = 4 1 6 P R O D U C T 

A- 3 0 4 C 9 - ! 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



M O D I F I E D B I N A R Y M U L T I P L I C A T I O N 
1 0 1 1 0 M U L T I P L I C A N D •# 

5 T E P I I 0 0 I I M U L T I P L I E R 

I 0 I I 0 P A R T I A L P R O D U C T 

S T E P 2 

I 0 I I 0 M U L T I P L I C A N D 
I 0 0 I S H I F T E D M U L T I P L I E R 

I 0 I I 0 S H I F T E D P A R T I A L P R O D U C T 
I 0 I I 0 

I 0 0 0 0 I 0 P A R T I A L P R O D U C T 

I 0 I I 0 M U L T I P L I C A N D 

1 0 0 S H I F T E D M U L T I P L I E R 

S T E P 3 | 0 0 0 0 I 0 S H I F T E D P A R T I A L P R O D U C T 

0 0 0 0 0 

I 0 0 0 0 1 0 P A R T I A L P R O D U C T 

I 0 I I 0 M U L T I P L I C A N D 

I 0 S H I F T E D M U L T I P L I E R 

S T E P 4 I 0 0 0 0 10 S H I F T E D P A R T I A L PRODUCT 

0 0 0 0 0 

0 1 0 0 0 0 10 P A R T I A L P R O D U C T , 
I 0 I I 0 M U L T I P L I C A N D 

I S H I F T E D M U L T I P L I E R 

S T E P 5 O I O C O O I O S H I F T E D PARTIAL 
| 0 I I 0 P R O D U C T 

£ 3 4 5 d/27/47 
I I 0 1 0 0 0 10 P R O D U C T " ^ A 3 0 4 0 ^ 2 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



A-3o4o^ '*> 

BINARY MVJLT\PL\ER 

AR MULTIPLICAND 
I 

GT 
1 

AC ADDER 

SU\FT 

G BR MULTIPLIER 

A - ?>OAOS 
. 

; 
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RR£y Pr3O«06 
' * 

ROUNDING OFF 

DECIMAL 17 34 

1735 

6148 
5 

I 

7 3 

73 

4 6 1 4 8 
5 

BINARY I 10 I 0 

I I 0 I I 

101 0 
I 

I 101 

I 10 I 

-. -

0 1010 

J 
I 

A ^O\O0> 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



J/UP?*"? A-3o>5»2-

DOUBLE LENGTH NUMBERS 

A 

+ C 
l^c) 

+ 

+ 
+ 

B x 2 ~n 

0 x 2 " n 

t & + o ) x z n 

POSSIBLE CfcRRY 

v 

A + B x 2 ~n 

C » P * Z~n 

AC + ( A O * BC}x 2 n+BDx 2 2 n 

POSSIBLE CARRV 

DOUBLE LEY4GTU PRODUCT 

i 
\~ *>053Z 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



J/WA1 A-30393 
' * 

TRIPLE LEV4GTU NUMBERS 

h + B x 2 " n + C x 2 _ 2 n 

0 + Ex Z~n + F x i - zn 

AD + t e » 0 + > E ) x Z n + ICO + + A F ) 2 Z % . . . 

POSS\BLE CARR\ES 

OU&LE LENGTV4 NUM&ERS 

A - ^ 0 5^5 

I 

/ 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



A-30391 NEWTOM'S M E T U O O v 

Y=*<X} 

X 0=OA 
1an 6 - *' 

TANGENTS 

R U S T GUESS 

( X o ) 

e. A 
BETTER. GUESSES 

AD 

. x _ * C X 0 ) 
X 0 - Sr ( X 0 > COt G 

n + \ Xn -
5r'CXn) A - 5 0 5 ^ 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



* 

f l 
1 

o 
(0 

7 
O 

s 
ttJ 
I -

10 

2 
o 

> 

2 

x X - X 

I CNJ 

- I * - I * 
I 

Csl 

C 
X 

i 

c 
X 

X 

X 

or* 

l l l 
J 

X 

i 
c 

X 

c 
X 

X c 
• x 

CM </ 

c 
X i 

c c 
x x 

^io] 

<s> 
• -

-
1 I 

I 
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S Q U A R E R O O T BY I T E R A T I O N 

/(Xn) 
' * 

I " A X T , ) 
LET/(X) = X"-CL /(X) - a -

/ ,(X) = 2 X x* c Art - ^ 
X 2 

a 
2X 

^ * W • Q ^ 

_XT, _ a _ _ x 2 
TO 

Tl 

i / a \ TT3 - - ( X + — 1 Xn 
2 ^ " x j ax; ax^ X 

x„ - — " + -

•f(3-ax;) 

X 
I 

- C -77 V^: • 
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FORMOLAS FOR THE p t h ROOT 

RECIPROCAL P+n ROOT X„ + , = ^ |"(P+l)-aX^J 
P u 

r > + h o ^ ^ ^ - V V P Q > + * T ? 
P ROOT X f l+i = Xr,————p 

T1 

X_-* a* 
'T> A - 5 0 4 V 4 . 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



« DECIMAL TO BINARY CONVERSION 

| DECIMAL NUMBER 235 

<C BINARY EQUIVALENT OF 

DECIMAL NUMBER 235 

235-^ 
IJ7 + 
58 * 
29 + 
14 + 
7 -r 
3 + 
1 + 

• 2 

2 
2 
2 
2 
2 
2 
2 

• 

= 

s 

3 

= 

3 

S 

S 

117 + 1 
5 8 + 1 
29 + 0 
1 4 + 1 
7 + 0 
3 + 1 
1 + 1 
0 + 1 

2 • 
10 = 
20 • 
3 = 
23 • 
10 = 
230= I 
5 

1 0 
X 1 0 1 0 
10 1 0 0 
+ 1 1 
1 0 1 1 1 
X 1 0 1 0 

1 100 1 10 
+ 10 1 

235 = 1 1 1 0 10 1 I 

RESULT = I I I 0 10 11 A-^o'Ub 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.
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o -z 
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l ^ H 
*- ' iL •* 

X UI 
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a. 
X 

z«: 
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2 
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t 
Co 
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ELEMENT STOF Ft 

s 

' " 
---»— 

R 
»* 

y 

X 

T T T 

, f |]P~-

B 

L >T ELEMEN1 '-' r " • . -TOTI ' • : ELi 
rftiRTPcl7 LEMSTH 

• ROW L H 

IN P. 

3TO R EI 

1 

V> 

<_ 

c 

r ELElf lEN • - IN 

• 

V A i U C H U S i n i INSTITUI* 
OF TECHNOLOGY 

0« K. 
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M-63 
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I 

: \ l a d I being t pi 
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-

• 
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I 
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Mwto.fcur. Apr 

»re i 
Bter.se provides s tor the prograi lnpxi 
The 
as d otj I iic coat ro l She I 

Thn pevte of tfcs a ; i t t a e t l o element vhlcl n, 
with tht ::.'.on8 fror.'. the 001 I -e *b.ovii In Illusjl 
Two og l s t e r s are uae l itar A 
hsB a JJ,?it storage eU."*! : b oolann and * a 
r e g i - t e r which can add two blnar; • the A r e g l a t t j u>ml&1 
wil l te diE3i3B6d in aero d u i a l l li 

lder the ro neoeseary to execute .. 
of t « starter* with storage of the SUK.. I n i t i a l l y , both the A r»^,\ 
the aoonaolator are c lear iho nt^snd wi l l *• (he 
buc it g.jkj ;movn t lnu The • < t the autfejvl wilt 
ahor' voltage pr i se a anc". fl] 
the r ) being one bun cable Tor each d lp i t collier Tho ce of a pulee 
wil l t o ono iud tan al a lee w i l l repi At 

r rect .liae, by aeat..- . -otlon labels 
3tftit:-jl wil l open the gate and le t tho r.ugenci gs fror the boa to tS 
r eg i s t e r H-axt the gate between the 1. re<j 
jpenod by means of tho o( >or-
mlt t lng the number to go to the aconmlator stor *i olei 
by B;f\tiB of the connection 1 
the f i r s t gate ' s opened I the addend A* remittee1 , to go f r r a the 
bus • the A r e g i s t e r "hen the t r . t e between the ;; r eg i sU 
eoauanlator ''-J cpenod and tho addend goes to .;alator vdiora ' t I s 
addo'i to the augend. To oojsplete ',he addV ' the 
cont-ol labeled oarry 1* nued C!te oarry w i l l be described la t ' i r By 
aaens of tho jo tnect ion label* ,/ bo \ an ' 
the d ig i t - t r ans f e r buii 

functions noooor: irfown tho addi t ion ary 
uiuiit he functions neoei the cccvjualatcr- 8o that *hi ao 
functions icay be c l ea r ly ry nddttI 
The four possible casos of adii» d i g i t s w e o: 

0 
+0 

J 

*0 ^-- part,:' .. 
. 

*~ eon 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.
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. 1 

Hem. 66 

fht • • • - • f or liiarjr a d d i t i o n rtth on o aa 
>ws A<!d **>• two cumbers end o b t e i a a p a r t i a l sua sini car.viun Shli' 

the oarrlea cue ooluma t ; the l e f t and add '.o the per pj 11145 
a pr.rtlal sum and carries Shift the carries ag ate u t i i 
no carries remain When dealing #lth 1 fa a carry ney 
to be shifted Si vlaas An eaanpls oi thla la shewn 

• s4 
•A) end 

tarry 
1 

2nd oarry 
'.nl ann 

2rd oarry 
partial .luti 

4tfc oarry 
partial sun 

• 

Thit la the equivalent of aidiiij; -ae to 9,999 .n the decimal eyeten After 
some praotloe, oan learns to write the final cue. l a cne step la 
aa lc the example The aoouanlator op.n fce oonstrucl »ra . id 
In two steps lnetead ot ]»t-l steps The two steps a) . obtain part'.r.l 
sua and curries', two. propogate curries to the l e f t and add A t ip ,ry 
addition la shovn in I l l u s t r a f . 1 i% tha1 a c u r y oanno propc-
gato to the l e f t past a zero In the partial a-. 

It used as the stor.'ifio olea*ut la the regl itera Is 
a f l ip- f lop (reolatanoe -joupleo. uvltlvllimtor i>: Be 1 : ;er 
circuit) A c ircui t dlegrar ct a f l ip - f lop la ohovn in Illfl 3042J. 
Tha f l ip-f lop hno two stable states one, V, uenduct ing and V„ cut ff, 

two, '•! oil.' ff and V_ oonduotlng Kegatlv* uulsas an. set. reset, 
or trigger kM f l ip - f lop When roaet by means of a ne| -.he 
reBet terrain.il ths digtv stored *.n a xarc and the plate of f. Is . a low 
potential She fact thdt V. le oiiadec. Indicates that i. 1s normal / son-
ducting or conducting whan reset When set by means of a negative ; ulse a* 
the ;jet terminal, the dl^lt stored i s «t one at'i the plate of V. i s , t a hlgl 
potential The dig i t o-areit mty lis determined by sorting the volte, ;e at th* 
plate of V, When triggered ;. of a negative raise at the tr g 
terminal, the f l ip - f lop will transfer t:i th£. cjipoalt* stato regardl" es of 
i t s state whon triggered, "he aytibol for a f l ip - f lop l c also shown in the 
I l lustrat ion 

0001 — 
1111 * -

fX — 
1110 •*— 
...1., 

1100 < — 

* -
1000*--
1 
1 

/oooo < — 
1 _ 

0 *-
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t 
i . e . , j;..«ie 
3oMi • i ;-. Lot • utof f SI 

lee i s ob ;i iuod Th« 
• 

. . does not layer t 

• .Cac t re leforaei 
rw>ne syMfcol I s aaed lor t h i s gst<: 

i i j t e i :.'re< 
' o l rou l t Two d i g i t . 

.1 the gaouad "he A >i. . i:a 
I j - i t i s :. : i • . . • • ' - : " . . 

. j . l e t e the ouaber on \h» bue oftblet 
through the ';ho f l l p - f l i o nuibc? 
t r t r e f e r r e d fr»« she br.n to the ' reg is te r •m the control o.i 
the connection iR^ele ' 
rear to the . 

•oi. t i e oontrol OL the connect'on 1« j c l e i c lear will c l e a r ;he 
,ag a l l the f l lp - f lope beer, eat. 

• -

ahov tiioru 
o n re used l a each coluan 

1
 kp- i'lopn i t .0 i tore t t » 

u n l a t o r 
tEt" ^ it »!i-e ••.''. 
She I ; )•» J Tom 

. 
d i g i t i to: nr t la l -J , -

' . 
p a r t i 
»o t.-- tie part. ' . ; •• ax 
the • In «• . u r e * pos: bi 

I 

one 
i 

. a one 

fttapc of 
.- t inea a t w 

I 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.



— * • — 

Mamorfandua K-56 

go through He Jarry gate tubal held oj jr. by till Jiirry l'llp-flopo vl: le t 
'o one* Tf a carry l'Hp-flop storoi n ora. the pulci wi l l pal l Shrou^i 

aa open carry gate tube and trigger the partial-sum f l ip - f lop in tha aert 
colusia. The carry f l ip - f l op in reset by the carry puloa a abort t, i 
l a t er The delay oleaeatg used ere slarply short pleoos of cable banag a 
re la t ive ly lew veloolty of prcpogaS1.cn. '•£ tht> par »lav-sua f l lp- f l o I ' 
tho second ooluon already hat a one In i t , a ;a.rry d ig i t ztoroc in 
carry fl lp-fl . ip of that column must result la thlu iveat the oarry 
f l i p flop should not be eet until after the delayed carry pulse froa tho 
coatrol tas reset the carry flip-JlopB-

The carry d i g i t s Bay havs to be transferred and addod I 
This Deaiio the control Ray hive to send oarry pulses If tlaa 

Aa aoouBttlatoi- for hi^fc-npeed adt'.ltio.i l i shown in tllustrntlon 
i-304^2 Only two d ig i t columns ars shown Agaia euppene tho auger 
already la the accuaulaf, 3r end tbo addend i s about to bo addod to It If 
the partlal-sua f l ip - f l op In a given column alroady ha« a one stcrec. in i t , 
a d ig i t poJ.ee froa the A register wi l l i;o tbro-^gh the storo--o.irry g&'c tube 
held open by Cie part ia l sun f l ip- f lop r.ai c«". tea carry f l ip - f lop , he 
partial-s i f . f l ip- f lop Oslng triggered baas: to sero a short time thereafter 
Jf the partial- auw f l i p - f l o p had stored a aero and a ore was addsd. '-ho 
carry f l ip- f lop would not have bee:. 

This accumulator u»eu high-epeod oarry A single pulse tv >• tho 
control on the carry oonnaction wil l completely clear the oarry f l i p flops 
sad wi l l cause the SUB to appe&r in the partial-sua f l i p f lops. However, 
a carry digit may atllX have to bo propegated the length of the racists 
In tho hl.jb-epsed carry,, on* oarry d ig i t ; , -1 the length o:* tho 
r e g i s t e r . 

The hijii- speed o.irry c ircui t operates as follows a pulse froa 
tho coutrol 0,1 the carry ooansotloa f inds, say. the carry j t t o t'jbc of tho 
f i r s t dlg'.t ccluBc, open i s a carry d ig i t tttorod la the f i r i t d lg ' t 
oulusn r.'te pulse, new repro sent leg tho carry digit , goes to the 
high-speed-carry fate tube controlled by. the partial- sua f l i p - f l o p n tho 
saooad dlglt coluaa If that fllp-flnp. stores s one. too carry digi t 
w i l l go or. to the next ooluon, - is It goes It 1* delayed at each 
coluaa and used to trigger tho partial sum f l ip-f lop "ho oarry f l l j -flop 
Is aloo reset by tht delayed oarry pulso A se». of road out gate tubes 
i s ooatrollsd by the partial- sua f l i p - f l o p s for sending tar sua to the 
bus The control con transmit (he sua to the bus by aeans of tho 
accumulator t<. DU» c-onr.'ectlon The ooai.roi cin clear t ial -su» 
fl ip-flopt, 07 means of too clear connection. The oarry f l ip - f lops ars 
auti'BBtiot-l1..; clearsd during fhe carry 

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.
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Principle • of Glr.ri.1; Benign 

The tens.-.-:. prl ioiplog c t de ilgn aey :<e ausmarlfcad •-» one 
parage foh. 

The proileij Bast lie solved la UOBO given real t lae .1 proL;'aa of 
the solution of the pioblea wi l l eh"w the number of operation*, l a transfer*3 

Rdd^t'^.ia. au l t lp l loa t ions , eto- to te perforaed l a tl/> eolation of -be 
problea. ILe nua^ur • i In Is nqulraA for 1 rati< 1 1 .!'. tl 
deternl/10 the pulso repet i t ion frenmncy When iho pulM repet i t ion rnqi;. 1 
1 • knc\'_\. the ordor of Magnitude of the | U.M I 30 tlae bud f a l l t i» - la 
known low v»cuun tubes vhloh are available LB fail : (joantit os 
and ni 0 30 oharaotarlstlea ( aspeoipi^y r e l i a b i l i t y j are v e i l .j stabile.; A, 
ahoulc be u.'pd If poii'ilbls. Conve it ioaal type?, of tube a nhould be uo'id. 
Xhen, cuceti.la^ la ta.i/'.Ti of the physical s i te olroulte and the apprt 
sa te '-liua of the llp.i'.t ca?ac'».turc •'.t̂ i oan be estimated 
Snovlcg the lequired r i se tins and f a l l t i*e and the .stint uapuoltaaoi af 
the load ra«Antor» aire determined- yhei a tube type la oelooted, the 
appreviaata puleo fjrplltude roq.ulr~iT. la dateralaed by the tranofer ch . 
t c r l a t l " of the type releoted. l'ba probloa in to pick t tube that wi: 1 pro
vide i>. ourrent (ox juffiolent to jroduoe the required 
pulse ^nplltudti • rurtherioor. . •.:• thd beat gate tubr at the prosoi t tlae 
1B tfc* bAS6. B u pulr>e amplitude c tl Whirlwind I ooaputer has boi a 
seleetaA on the t»,air, of tho trai ; lc of the 6AS6. 

t i l the computer olroulte can b* con-trueted with f lJp-f lo / 1 , 
gate tabeo crystal r e c t i f i e r >:!&;/ liner, aa the building bloc 
Alao. suffer, QT power, aapllf lera Inrerters, ar„d pultr retihapers wil l be 
neoe aeiry 

3 e l l a b l l i t y la of utaost, ./ill 
lead to a aeantugleat result Oont;. orient a of b with 
conservative ratings, lieonuao larte numbera of vaeuua taber w i l l be . 
approximately three thousand for whirlwind I, vacuus:-;, la particularly 
laport.. -uhe~llfe problea A* a eorloun oaf . In An e f f o r t . t o jrcloue 
tubs l i f e , ftanufRoturers' ratings of elei;t,rod> 3 ho rec 
by a f 1 WO. 

was stated previously, the '.dsa amplitude w i l l be ieter-
ained iy the transfer ohar«^ott>rlat:u of the tube* used. A typical t r« isf er 
oharac^crlJt.Lo In shown . 
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Jf ;.: 
,d ollpp) i] ii t . i; . or the top of tho 

M M the s ta tp por t ion of tho v-atufer oharaoterla 

La driven poai t ive and i. ol I j»ed 
the : 1 sa .• r.d £aU times tatrodou >, 1.5 ba onaldar 
get ' • . l ua t r a t Ion A-3043? Eha ^ fe r chsu 
1» • down Mate ) volta •»« grid to +2 a t 

at 0 4 a. ;t f] ovf naJ the gv-ld liae • 
r ea lu t inso o- f ive thonn/ la .i Lwenty-th/juonna-ohm I 
re&: I u i d c iri.ina be driven to 

. u . . . , . . - ' . gi t b? a i low aa 

.la If i LorOMOond pul«ie )fiv*..n£ ve 
r t r • - Vipit tei-ai.us] > Q \xcnl t , the r e wi l t ing 

• 

., .- H ' a grid region .a 
Lengthitning :-.••. oduoed. 

1 • •• saj' be d:i"ou poal t lve .. 
gr id I r > a l i t o r I D'< v l l l then ba en the a,t 

• o iuano ta i l j 1c I'afe fix1 .hod 
• <B witi.i. tba oi i ftiai pate and the 

tfc» I d.ra *n J'r la . 

i i f.wo >i0.ae ra] re qua 
be ooel OB ie j c i r f r cpa t l t used for eYor/ 

' :hi n : 'Hht«t lo t i e . «:it and a f>uj'-«e{jacvoiu p-JLai l epe t l " . 
• . -.i n t ; o l t i In pu 

. of 'jn> »:.croa«c J . . CB ptj.ee length MOB'; 
ooBpar (d polae will be lengthei 

anrt - I pO'aer M «tc K p-il»e 
. r tnt > ii clue In te rva l D«ior. 

acta . . • a nonaeq.uame, the fi-'i.l t ine 1 a aa 
Ke2tn.njoJ.a.T 0 -Isje ire preferred boceuea a 

'. n ,ho*B ext f inely aor.-H.near gM • 
and ( 

• bn r e a l ! •*' 
reoti vhan oeceaaaiy 

• 
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In oi'dt.* c<ra short r lat ud f a l l tlmoij, the load .rjr Inters 
rast fc-. Jcspt snai l . Shunt capacitates l i encountered a/jrywhere. Oor eldar 
the pints load of a gata oirouit using s. 1 000- aha plat* load rati 
olroul', <UGgra» Is afcawn* *J EL 

-f: 

S i ooo n. 

r 
— I — ^ 

j= U2jJM$-

yfce pL.'̂ e to ground capacitance wil l DO «.t leatt 30 micDKicrof arads The 
f a l l o." thu output pulse wi l l have a tine oonst&nt of 0 32 aloroaooonts; the 
rlee f e e wi l l t e ahoctur than the f a l l tine because tho load reelstox lp 
efieotlvely parallels 1 oy the plate resistance of the tuae during the rlne. 
The waveform at the plate wi l l be e la l lar to the » » i o : . i shown 

/ 

A email induatmce In series with the plate load res i s tor wi l l laprcvt the 
r ise a&c. fa l 

Some s^orshoat wilt ot introduced as shows. 

The d i f f i cu l ty in ooupllng Is thai -:rval Delwaei puis 
l§ ofu.n variable T:ia ittteroil Bay vx-.ry between 0.26 talorosecond and ttm 
Blnuv,n<i A typical oijuallng oirouit i s :iowc 

,Efcb 

J_ 
\v. •£. 
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btat HI be developed If tbe grid of v„ 1c drl 2he 
must b* Dado short ao that C oaa dlaoha win 

o 
t li constant, C 2 , 

puli: • iec" dm las pulse e> 

on uead> She pulse 
as r. jlon 1 
0O3t thing t l to te 

: ly oviixial c 
low chnre.eterletlo 
Ion t.r a vacant: ttt 
required voltage 
fornor to that a ra< 
oablu I'hr ciroalt 

BOO frost oaa ohaaala to a: 
Interval If co short that tfeu . 

ine., Unlaao the oeble l a very I 
ralnate the onble In l ta oharaol 
iblec having a fcl^h veloolt.y of 
impedance le»a thai. 100 ohaa 

d; too a-aoh current 1s nt • 
UOOd AT 

raus tube of ro,?.son»ble ai?e can ho u 
dlagraa for driving a 93~ohn ei 

COOJMOX CoJsLe 

Boaxl 
ao ut be oor.;l.dored 
aajr - ••*« the 

l c t l Unfor-
-^tlon 4.1 ao ba 
reeietevnoa t j too 

•".op the 
. 

aed to drlvo the 

• 

r 
.BJ.yerloental ^f£^ 

In this sootlou, toao of ihe experiaeatal work l a progrei 
laboratory will be discussed fhoto&T'-pha of wavef 111 be prestntod 
where passible. The few examples of t i e espe.: Vnent;-). 0 >roed 
were oiaosas froo o lroults which have boon dlscuaesd In t ne section o : tha 
arl thsnt lo element 

SOB* 0 ?.£> -.AcroEeoond puiaoa at a oue-Bogftcj-ol' onlae r.-epJlitlon 
t'requenoy ore ehown In I l lut trat j io8. She pulees are 18 ralti in 
aopll trade and have a r i s e time and a f a l l >. Bloroaeoi 

Phe pulse traneforaers nentioned previous •• lBlnato.-* 
hype-Ell. oorot. A transferal, t io 1* w i l d aa 

Primary <S« ondary 
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I 

' 

Hot a that. tVi primary and stcondr>rj' have the a&ino • 
Tho -.rauef orwur *a>- be represented ae icllowa 

npgrt 

A fl-i lto length cf tlaw wil l to required for the la , M to travsl tho 
lengiii of 6h<. crantforner winding and develop a v< I 
for«c;r acts l'Jte a transmission l ine 01 oharaoterlstlo Impede:' 
in a resistance 8 squal to & . In adtUtlon *he trai 
Injmt pa? M Ifiput and output v»vaf ort-.j of e typ Loai 
trail iforner w e shown In I l lustrat ion ;. 30469 A tag' 
shown having an amplitude of 60 vol ts , a length of 
time and a f a l l .Ian of 0 015 aicroseoond. The output pulse Is por 
Is delayed 0 01C alorueeuund vl;fc reapeot to the input pulse "ho tran 
former ased ran a aiaracterl ltlo impedance of 1.100 ohao and wa 
by a l.OOC-ohn rse^stor 

2h* scirunaletor shovn In I l lustrat ion .'. 30432 employs a l 
gets) tubes In tM high-speed carry c i r c u i t Sloon tho Input pulse I 
c ironlt nust be positive, etush gats c i rcu i t srast put- out positive pi 
Gate clroui.tr. with inverter traafcforaere in the pla.e load can he ut*d 
th is The hjgh-jpeid oarry oircolt i s shown la Illv.st-ett.loa • tow 
aoauiailator works a i 3 puloe repetit ion freq'i.- t 
oircult shown we tested vitVO 1 -.on<3 pulsoi hiving an an$>.* 
20 Y-Zie ulvalsnt load reslatanoe for the S 
lOOC-obn roaietcr ajross the prlssary of the inverts IT Is to da«v 

oat lc the .plate circuit -lie to l<aeJt?̂ t- inducts ice and 
oapa.'ltanoe Kis load on the saoondary of the ". »r It r. 
1,000-oha •-, ; ii terminatod in l tt er ls t lo ll • '. » n 
the cable l o 0 £5 alsroaeoon.v nrorted ptilnr 
seoo^idary 1» u*ed t > drive the next g&to tuts r!o 
She delayed pu.se 1s used to reset the carry t-ii to trigger the 
part-el-ira^ f l ip- f lop :0uri>ig tho test the gates wwre h>ild open by * 
+10 volt s ip; Td Mas for the oontrul grid was -6 v . ory 
s t a l l bias for the 0AS6 She delay per gal* tut>» l ! a/prexiaatoly C 02 
srtor-iseocnii v'svaforas nr« si > I l lustration Wev«-forir A l o 
the input iuli Mavofora £ i s the pulsa at tha gr lu./efcra 0 
Is tiie pulse at the grid of the vavefora of the dolayft'. pulio 
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HtAMDUM H 

I mi p.niB Lab rat 
M a s s a c h u s e t t s I n s t i t u t e sf Techno] 

i'>-idge„ M a s s a c h u s e t t s 

W r U t a n by . 

Sub jeo t i 

D a t e , 

Rober t R E v e r e t t 

D i g i t a l Coioputer Block Diagrams 

L e c t u r e g iven f o r t h e K . I . T . E l e c t r i c a l 
E n g i n e e r i n g S t a f f Seminar 

A p r i l 9 . 194" 

6345 
Page 1 of 

/ • 2C339 
A-3C44C 

441 
A- 3C4's2 

443 
444 
446 

t - 2-0446 

3 pages 
A 30454 
/..- 30452 
A-30404 
A- 3044 f 
A- 30448 
A- 30449 
A-30450 
A-30451 

We shal l begin -itth the standard computer block ais.gram, I l l u s t r a t i o 
A-30339, used la several- of '.he previous seminar? This diiagriim B'IOWS the 
basic components of the computer These components have tee.n discussed 
b r i e f ly before but. more from the point of view at *hat they i«:i m ra tue i 
than hov the;' c.v i t . Mention has baen made gf some of the axl thnet la .-lement 
d e t a i l s A de ta i l ed discussion of the storage w i l l have to wait u n t i l l&t-<r 
sominarr D-Bcusslon of the input and output w i l l a lso be : e f n ••'<.. In 
pa r t i cu l a r , l i t t l e has be«n Bald regarding the cont ro l Is tbio 3 .nir. 
ehs l l er.doavor to discuss tbv cent ra] and t j show something of how the 
puter wi l l work 

J'irBt let as approach the problem of detarni .od elements 
by building up a system piece bj i>lece , 'r.g each ne> t l i r t i s 
added 

Consider I l l u s t r a t i o n A-30440 1 /ery operation . >rdered 
Wo need, therefore , H supply of orders within the Sachlne These o r d t m can 
b^ kept in the element Barked Storage Suppose thac „hlB Storage i s arranged 
as a number of storage places which we cal l r e g i s t e r s In f a c i l i t a t e 
obtainti.g tho contents 9f these r e g i s t e r s l e t then be numbered consecutively 
from one up to th? limit • ,e capacity Tims, -each order wl LI be put 
in some numbered regis ter and oaa be obtained by having t l , 
the contents of the regis ter having th i s number-

We also need so.ae noa'-B of remembering tb^so ortiorn, thai i s . we 
must know what order tn perforn next There are several I •.•iilable 

,S to have each order i iT oi .ration as ti where La storage 
the next order i s to be fount! Thle method haa c e r t a i n advantage! but le 
wasteful of • >-at;" spaea ..intead, oonsider i^o fact thr.t, o i i e - ? are 
usually uned Ln a def ini te sequence. Thl i la to- nLways I 
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COS*T0l S w i t c h • 
cont/ th lea -ed i per i t ion. The 
par t i cu la r r e g i s t e r to tl; i 

a r a t l o i i I ' hree 
added t s t i c 

element, ajid one '.o st i Ser 
if a roijult i s to be used Immediately ' urid 
then ration Is 
general siie £irs<. o r i e r *i. tra iam. t t tho 
ari thmetic e l . I l lu it r a t A-
ptorage gate tub« number re I 'ito the '••-

number to £0 into the ar ' -iltiona3 uc> 
aa c l ewing maj be needed « ..ant 

ao nece ia 

T h a I ) • 
element and o r d e r the o p e r a t i o n t< [ueooa ao f a r 
d e s c r i b e d must be gone th-cu/ ,h l o r o a c i c o u n t e r 
The coun te r c o n s e n t s a r e v i a the 
o r d e r ir, r e a i Lat is s t o r age and 
o p e r a t i o n c o n t r o l s w i t c h e j Qu the 
a r i t h m e t i c e lnmen. where .he d e e l n i La c a r r i ..de:' t h e 
c o n t r o l of t he op 

L u a t r lo i s u l t 
The output gat '} tub*a at • }« ai • l i t t r a n s 
m i t t e d to tho bus 

A l l the o r d e r s . • •xcept ioni , 
a r e d e s c r i b e d ^rngf 
o rde i except t h a t onl • i t s in t,* a r e 
t r a n s f e r r e d t c s:. 

Tho f o u r excep ' he 
. ngrrJ) am, id not 

r o q u i r e t i • he 
an i l tdd a l r e . v 1« 
fo l lowed, 

The uub program i 46 The 
orde r baa been e x t r a c t e d ' r c r i • o r d e r 
has teen t r a n s f e r r e d to i ; t and o j ' 
t h e s h i f t 
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o '. s taken will he the on 
designated b;r t-u-

IThe conditional euh :dor Ls shown in tl a t ion , 
The op3rntiori control »en< b a pulse t i the > l»<-' sign of 
tee nujnoer In the accunul; tor 1B I riceci }j ,431 
digit,, (ooe the previous lenunar on lo^-c for a d iscus el n o • / . ire number 
represen ta t ion) , the pulse i s stopped and n :- . . ?he ncx': 
order In sequence as giver; by t.hn couir.er tri l l he tplien and conputation 
proceeds. If the number in t t Lator ia pos i t i ve the pi I :- be 
returned to the operation control svitc> • . i t ch 
set t ing froii ooi Li nal Btth-progr* 01 i t ion 
section of the rd r in PR w i l l he transfer ed to the th the 
sul-pr,-.; •-;. ord< I wquence will t 

3o f a r tod • . c'r. the con
t ro l ordnrs tho opening &ni 
information in 'he afxi in<' 'h is ord pj 

i to the equipment 1 
,;ulsea to be supplied for get t ing I 
if the operat ion to b^ ca r r i ed ou1 • la ing 
the actunl op-. 
We neec. therefore a supply of pulses • : Ifferei 
different ape." .^; '.ho couri - sese 
l ines can then bo those p a r t i tl 
reosive p u l s e s r,t the cor ag t in t to 
change these conne ; • . g to the • 

The basic device needed for J< ronlc 
switch Such a switch i s • . I luetr ; ••vlt :h. vhlch 
i t a siopj If led /ers ioa of th? types uhi'^h • In 
j)Ut*r= c t n s - o t s of a numbe.- o f f l l p - f lo 
connected to . ;. ough ., Tie aw)*. -1 ihown c two 
f l ip f lo j 1 1 
has four pose 
be obtained l'he number . 1 number -f '] lope. 

The switch op 
which only th w i l l 1 
drawing plr.te current while ' be 
cut ( tubes dl nrough 
the diodes from B- r i a J • r e s i s to r s a t the le t t -hani dia
gram lixajulnat'. on of th« diagram wil l show that ilt te ourr 
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' 
in connected only to Ho cur'-an' i s 
drawn thrc'i£ ; ain 
at B+ The lower he 
Irop The upp • . 
p o t e n t i a l with .-u :: . the lower olr^c and 
& gate tube Suppose m change tl I I >ps. 
say the l e f t one so that the left-ham 
draws current vhir.e tb band tuba 01 tha .eft- hand fl ioen 
not Pla te current wil l ' e Cr<> • 

. md tul t lot 
however, tha', the thl la not connected to an; i tube* Ko 
current wi l l be d.'awn thrcu^i the oorresponding r e s i s t o r nr.•'• l ine three 
will be a t frt- K*;-h ...ops 
r e s u l t s in a differen output I oe tM • i , 'iodet \X . lent 
vl t . age feeding back to thi i the 
same po ten t i a l 

*-! . a t l I4E2 shows how .i sw1 I • an be used 
to mate t» t ine pulse . it Lbutoj -. -oduce tine l i f ferent 
1 inee l'l i s uuch a s 
has Just beer <>te 
tubes while t] In • 
counter c i r c u i t Suppose I 
condit ion and 
uppermost ^at o tube be on J « ; down 
through the oonnei tubes If 
the upper gate - a pulse 
transformer coupling and • •*. t as a 1 • it l ine 
IX a l l the other gate > 
seven l i n e s Aft I pi lee has cor-.- i l l 
f in i sh i t s t ravel through the del go in 
and change the condition of the f i r s t ip This '.ho 
switch pos i t ion so th. gats 
tube wil l go on "the appearrncs of WJ.11 
r e s u l t in a j.1"! . m The 
second pulse wi l l chan » the ; 'low 
from thi 6 fl | h gate 
tube in turn l i o; that th.» 
In cone*'< 
l ine After next 
pulse will appe< 
s t r i ng of cl • t lve 
order on thei'E i i: 'e. red 
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time >, • 
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• 

t. 8 
i • 

c'-oai tint', idd -1 - 4< I . Uie ;t ,h< • • .. n l y 
on 

and the No I 
l i n e to w • . 
t . 'ue w i l l .io i 
t u b e s have t _ ri 

:;e« 
acoor . ibo 
l a ci . t e i 

. 
t ime paj.se w i l l appe ! on 
l a be : 

: • • : . : Che 

Whem • 
appea r a t tin:. 

BO p u l a e a t 
c o n n e c t e d to t h e jtd, a c h i n s 
t h e r e wiI3. bo 113n 
o a t r J ' . o i ; 1 r t -

!Uicl a 3&-pOi • fcrol 

I would no* nS 
ou t a b i n a r y an i l 
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operation! Is ;.o Jell.wo 
Add in the mul'iplictu.d If S« R one 

i. mul.iplier and partial product to t> 
examine the new right It of the Multiplier and a til li the multipli
cand fcv the shifted -jarttal product if thia digit 1 s .- H :-^io 
p."o<.:ese shifting mult -. 
d git li the multiplier h;ia beei 

- inl.H for 
itretlon A-3044V. The multipl . ' • tore ter, the 

A-rogit)t<'j wh'le the sml >.ho 
B regie* or ict la built i 
01 i.Z Bate ti be i BJ - od for editng the content 
Into the nucunvlator 

(Hurtration A-3C . . . . . , , , 
examining the iighr.aoet dlgH of a multiplier t gate U.be Le ;oru acted 
tc the rig.'itaoit oig.i*. flip ilop of the such 'iat 
thia gate aoe la on -. digit of the righ i of the 3-register 
in a one- A pvlae ie nov . .• • multiplier 
digit la a one, the gate tube between mod 
contents of AK will be added to AC 

Illustration A-3044S shown th - • the 
multiplier and partial pre duct ay i \ &•) i 
vjdtd which is also connect 
"1-8 gate tube 1a a m tnat it • a 
zero When K J.JJ.PC le supplied '•• . . . it 
accumulator and B-reglatei are ^otl eh fted - oe i'ne 
fliglt which would ordinarily be shifted the 
now empty space In thr lett-hani ei iter 

Llui ratio) A-30450 shot i out the 
successive additions of a Bolt Erpplled at 
the bottom line If the .1, htn ist • gate 
tube No 2 will be on and gate . 1 :k pulss v l l l 
pass through ga-e tub< 
multiplier In BR to be thlfted to th Her 
digit will ae put In ttw tensing posit 

the r lghtmo 
No - 1 will be on and gate tube N 8t wilt 
pass through gate tube So 1 and add t- • .is 
pulse after pansln,* gate tuba No 1 wl3 
righ trios i digit of i i 
to conu along WJ.11 
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V S O K ^ 2 
MODIFIED B I N A R Y MULTIPLICATION 

STEP 1 

STEP 2 

STEP 3 

STEP 4 

STEP 5 

1 0 1 1 0 
l 0 0 I I 

1 0 I I 0 

10 1 1 0 
1 0 0 1 

1 0 1 10 
1 0 1 1 0 

1 0 0 0 0 1 0 

1 0 1 1 0 
1 0 0 

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

1 0 0 0 0 1 0 

1 0 1 10 

10 

M U L T I P L I C A N D 
M U L T I P L I E R 

P A R T I A L PRODUCT 

M U L T I P L I C A N D 
S H I F T E D M U L T I P L I E R 
S H I F T E D PARTIAL PRODUCT 

PART IAL PRODUCT 

MULT l P L I C A N D 
S H I F T E D M U L T I P L I E R 
S H I F T E D P A R T I A L P R O D U C T 

PARTIAL PRODUCT 

M U L T I P L I C A N D 

S H I F T E D M U L T I P L I E R 
1 0 0 0 0 10 S H I F T E D P A R T I A L PRODUCT 

0 0 0 0 0 
0 1 0 0 0 0 10 PART IAL PRODUCT 

1 01 1 0 
1 

M U L T I P L I C A N D 
SHIFTED MULTIPLIER 

O I O C O O I O S H I F T E D PARTIAL 
101 10 PRODUCT 

1 101 OOO 10 P R O D U C T G 3 ^ A T W O ^ - 2 

v> 
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I 

Miss/^ IB • a ' •-
' not i r ld ;n . V -

:• a r r e s t e r I 1 

Subjec t Dlgi I t e r i In x ence 

E s f e r e n r e : "Mac'1 • ratatIon of Power Network I • mce" 
by I iBtnr... A 
December i )4S 

Cute Apj H 9, L9V 

the p reced ing s e d n a r d'. BO I l ' 
uf e l e c ' r o n i c d l / • . put T R and Hnvo ?',udlpd at • 'ee 
f o r a r l ' . h m « t l c a l co.trputat ion Blot \Be of P. compute^ 
o u t l i n e d ard t he n a t u r e of Bona JW*. he Bat l e a l p rob lems whloh wi l l b 

t e red in mimer toa l a n a l y s i s have bei . 

. s i z e cer" i -
computers which hnvu a .-an touched upon B l a o t r o n l somj 
type d i s c u s s e d w i l l be p r a c t i c a l on ly when a ted in e':ch a i .'as 
amounts of computa t .o r . j . n be aaconipMohasl in p rope r t lor: • the amount of 
Eannal le tup and pr • i ca 
t e aooo ip l 1 shed was c u t l t i e d r-y Mr 'J 1 s dle<' 
t a t r l x a n l t l p l i o a t l o n C\o gene ra ) ir.ed program l o r m a t r i x J I I I 
involve 3 on ly fo r ty - seve :^ cor.t 
t n g e t h e : any two m a t r i c e s of s i ze 
f o r t y e"»en o r d e r s a r e a 
hundreds of t housands of >peratLor Pru 
example of use of the ma; l i n e fo r 
gram .'he o u t l i n e of tho problen. <ea givon " > tb 
computer, but d e t a i l s i a «he c a r i j ". s t e p s e n :oa 
p u t e d by the machine f,n l i c a r r l e w requ i red 

. ' . ng lnee r lng has now r e a c h e d a " 
a a t l c i a i l a I n d i c a t i n g t •• • . ' tl 
c o n s i d e r s h i s problem . .- ie s o l u t i o n 1B lea 
I t caa ae w r l t l e r d->-« I a lOBJM us 
one e x a i p l e of t h i s aymb ) I in r> | 
of ae r l .9 «i:r! In many ! j . -ns >1 Batheavtl Leal ahorthr. 
l a t l c a l shor thand no t a t l o a o o n t a l n i ". Lt ?ar 
f o r the s o l u t i o n f .he 

• 
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•uort. . QO a t lon ra ther thitn the indi steps ol 
'flie P . ; : puter I s , Hereford, able to ca r ry 
'.lie plai for whio : hi . b< u .,.ndlcatsd only In out l ine or eymbcDlc :' r i 
Generalized programs of t ie nane type I l l u s t r a t e d for ma r1 
cm] a equally well be arranged i o the so Lou 
different ia l equations 01 the evaluat ion of deterini'ianta and foi 
evaluatIon and surjiiattor cf oejieB operations.. 

in the f i e l d of engineer infi we cr.r. a l t " expect tha t iim'li-r 
shorthand methods of net t ing up p] l ms will coac in to use "alee 
trample, the solution of r l t e r n a t i n g our rent network problems 
Mr t £ itungtan of Tae lederal Power Comrclssion gave a paper at iho 
1«.at American I n s t i t u t e oi K lec t r l ca l Bngineers" Convention tn New " • 
C" ty describing the inannei i'- which ha h;.c used punched card ca lcula t ing 

. ior the solution of a l t e r n a t i n g current power systems Hr Dun 
Elated toat even hed card equipment and th« re l&t l /o ly la:-£9 a 
ci manual operation lnvol\.od, i t was i t l l l oossiu'.e to solve a 
eiatecs r̂ approximately the same amount of t ine required on tn« network 
priilyzsr He aif.u Bta-ed that approximately one i-alf of tho t o t a l time 
Vf 8 recti red in the planning of the problem and In the sale itl of the 
c i r cu i t 'oops whlcl wore 'o be solved Jt can be r e a d l i j i t iagi 'er J k 
ever, that with f suff ic ient ly powerful and f lexible digit- , 
machine • general ised program could be entabl iahod for the solution of 
the £••: letwork problem Such a solut ion night be set nodal basis 
£fter suff icient infornat an was provided through the -chani sot, 
completely describe "he p o * r system., i t a.ioulr be unnecessary or 
operator to describe ".he enact nathod ii: w; rh the so lu t ion wil l be 
a:3onpIl ;hed-

A general ised prjgram for solut ion of the • syi i 
involves mathematical operation in complex quan t i t i e s and 1 equally vei l 
suited l •omputations in -he f i e l d s cf vibrat ion and s t rea analysis . 

i>ary advantage possible Jiupt \>n taken of the l a r , « scale l l g i t a 
pOJBjiutlng "nachlne 7t i s 'iot suff ic ient that »ni as ••sly ise It to replace 
the humai' operato- :1 a dt }k. type ca lcu la t v? Since the e't 'Ctron 
d . / i 'n ' . ooeputer oan follow almost any operation r>t' control or computation 
which oan be d e s c . la osaen' . lal that one use the compute I Insofar i ij 
possible for the preparat ion of criminal dn:« e.ni tor the c o r n ind 
In terpre ta t ion of r e s u l t s of . or. As an exsnple ccpfllder the 
solution of ordinary d i f f e r e n t i a l equations with tlrao as r h" Independent 
variable Whore the e^lut:on ol • . n pander.t q u a n t i t i e s 'ed 
an a function of - ne, I t a often dee l rab le that those quan t i t i e s ua 
p lo t t ed against one anothsi ra ther i-iu-in s a . m e t the Independent variable 
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l a BI i p u t e r should . 
i n t e j ^ i lg -Jf -be r e s u l t In t he e; l r c 
f i n a l a r e 

Many r e s e a r c h ^ r o g r a n a lr, p h y t i c * and mat hem;' 
by tha KxoesBive numer i ca l comput ing n e c e s s a r y to t h e next s t e p of pa ogre -a 
J o r r e i a . i o n s t u d i e s in eoonomlas , mediclna.. ar.d t he sc list 
nave the ao lu t . • . ne tu rmlnan t 3 w.i.ch on ly high sp< • l a •' 
a b e t t e . - u n d e r s t a n d i n g of t he "aider l i * mat t e a can p ovide 

A f t e r a Large s c a l e oomputei h a s been In u s e J 
l l b r e r ' . i 'B ^f c o n t r o l urograms w i l l ce b u i l t up and Dec. 
an f u t u r e work i r o g r a n s f o r .ha s o l u t l o ;' many c l a s s o s oS p rob lems c a 
be p r e p a r e d and o t h u r p rog rams f o r o}.*clal p rob lems can of en M bu 
ae conp .8 i . t e g r o u p i n g s of s e c t oni f ron programs on f i l e 

A l a r g e s c a l e u lec t ron i . . - d i g i t a l computer w i l l n.. iin exj. ' i 
p l eca of squipmer.'.. and l.n o r i - • I t ahovld be ca 
m e t of t h e t ime .!pur Lhormore cont l r .ucua spe r r sUon of such /. computer w 11 
bs hlgh ' .y d e s i r a b l e fc r t h e r e d u c t i o n of vacuum tube 1'e.lln -he 
r e s u l t i n g I n c r e a s e d r e l l a b l l l t i f ron tp r a t i n g t r o u b l e To 
p rov ide s u f f i c i e n t comput ing l o a d . I t may oo new ae .• I xtond tha gphe > 
if u s e f u l n e s s of '.ho l a ^ e sca. . r machine ty l o n g d i s t a n c u '.n..eiyji coniM 
Methods a r e now be ing c o n s i d e r : ^ for t e l e t y p e t r a n s c r i b i n g equipment l'o 
remote " r a n s m i s s l o n of p rob lem i t : laxgf BcaJU • uipraent Plan arw 
Daing f o r m u l a t e d for ma h e n a t l c a l . « ; . t e : s m several , s e c t i o n s of t h e Unit 1 
S t a t e s where i«.XTs- ; ca id e l e c t r o n i c cemputere can be l o c a t e d Ts t h e s e w 

; I B from o r g a n i z a t i o n s wl th i n s u f f i c i e n t comput ing l o a ' r u t 
l i r g e s c a l e machines and o p e r a t i n g s t a f f of t h e i r own 

Jay rf i ' o r r e a t e ! 

I rfK vh 

I 
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I Lewi 

Mathematical Problr.as 
l t&l Oonputatlon 

March 2b 131" .see 
1362 
•444 
1366 

I 
• IES 

I i . t ro ivot lon 

ci'.osloc i» concp.'ned *ith ;: • 
problemo oinnected with the use •. 
co)a}A . . . . . : se-

dlacuaaion ou the talfca given in the pi 
by Mi • H 
par t lcul i will be no blni 
M coE}I ci.ted prot;.rnn> ord: fuMd 
l a a mnohii.e which MB d( 
r£ a r l t hae t lo soqputatioi . • of a 

• i t e r which i. Jesk 
ca lcu la to r are thoaa at epeed low 
c program ? ut. • i 7t may i • < to 
etx.dy prob. 1*^ of u-is of a caohliie v)iei 
18 not yet in oileio.ice 

t o r e mathecatlos thwi we new knov 
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• : >m No. M -

.lie disci aslos o ' t 
, ... ;• 8) I '. Ion i s known There 

i.re nunher of ronaoi a i : :tl&i 
of aJ.li the t runoat loi e r ror can ue analysed expllc ' . M 11 
vo I. ow the true aolutlon *e cannot ajprr.lao ;lu erroi ttX'. thet y 
o; i f e r en t i a l equations > theoreng whlota w? M t:ivc an 
of t . erici- li verj general a -.i ver for a spo. 
j r o i IT. the « theores are BUG boo crude S t i l l i 
f l n l .; ourselves to piobleas 
temr ./ ;tion to at 
la t ••, only Bolu'-io.n \& t 
cany . L 

. In erro 1 ehal It ilwaye tl 
that the ntunerical n i en .c the 
beca • i-.e '.'. .. n the Dupt -..-e ht,v A M • • 
look ret . ' -st as Inn, • 
as a correct 

• efore th i s afternoon we o'.'iaK so] ve . e r en t t a l 
eo.ua 

c 3 i~ • )' a •id ;r^: -} These urn aquation* .'c -
solu ton l a known i r e aolutlon of t: I value of y 

1B y • y_e ; ti s aolutlon of the second, t i ind ~ • 1 f< 

La jr • din t Let aa oonalder I 
The itepi a r t l l l u s t r e t e d in I l l u s t r a t i o n 
mate values of y for t • : . h. 3h 3h, 

ai<e. tep to the 01 • > • val 
ot 

1 the valut ntlaJ 
tegir.r.lng of • h, we 

dy s t a r , with y. at t - J .>r u ^ 
een 0 w.d h Order value cf 

• 
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I 
•< ndum .c y-iA A 

v l l l I e yQ + yQi- or y0( l+h) i 1a • t for t • 

»«8i- ' that -'• v • the go lata ralue y, fop betvetin • and 2 
a t j. ,, 

the ralue y- a t t • 31 will bo y. •»• hjr. " y . ( l • h) • yQ( l • h) ; 

Cont nuing In th i s proaeaa i t la seen I * ha J I • nh, 

,/_'1 * h) By use of ti l ls formula w* can see where the appro*' a 

polu.lon l e r f t e r any number of Gtepe ie"; uu introduce the var iable t 

by v l t l n g n ^ r . Using th i s vm find tbat y ( t ) • yQ 1 ( 1 + h )h j 

cc.n see from th i s how the approximate nolutlon t r i e s to ba y.e , We should 
Tl reme her from elementary calculus that the expression (1 * h)h approc 

e as a l im i t aa b approaches 0 Thus f« our ti pa r« taken shorter a 
ghor-er the approvilmats solut ion becoceB mora and «.:ie Ilka tho t rue 
solution* An Important faot to notice about '.hi B • . I oi l a 
that the r a t i o of the approximate solution to tho true soluble. • 1 

Mhlch i '• an exponential function ol tils';, This v l l l be to , 
l. e 

true i t tu rns out. for any numerical solution of t h i s type of 
d l f f : r en t i f i l equation with oonstant coeffic 

ih t process jus t described iti very cn.de I t oan be tapr - '( 
scan; extent by e labora t ly - too rocesa J'o." example Instead of makJ g a 

dv 
etr.a . t h t l ine extrapolat ion oi' the solution as i s dor.e by assumin,fj • > 

be constant , we l ight aaJce a parat >llc jxtens? or of the solution by pa 
p. pa>.bola through the l a s t "two c< xputed poin ts of t i e Mlutlon with t a 
proper slope at the l a s t computed joint We silf.ht a lso Improve the ne 
by a numerical in tegrat ion of the extrauola';ec solution If the dlffe 

D 1)1. 

er.tl il eciuatltt. Is wri t ten in. tl : fortt y , • y i y vhere th 
n • 1 "a* 

y nh 
s t r a .gjnt Una or parabolic extrapolat ion of y la used 
the Tslue of y . obtained 1 i an improved approximation An ex-0 w n 

I reasoi for using such e simple process night he In ordej t 
true tha t morr compli • i'•* ' BUI -.'.cal prooenao:i wi l l j;lv) acre acevrate 
appr ixlmatlor.f However the philosophy adopt to for numerical s o l u t l o i a 
has .ieen that the machine 13 jes t suited to simple yiocesses repeated 
rapl ily many tlmas r a t i e r then complicated prcoesseu repeated n l e s s e r 
numb-I of times* Mils u t l l l : es the extremely high speed of the mac 
to beat advantage 

> 
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Let !• now consider the toure • " t y < 

vhlcl the true uclutlo^. 1B y • sin t . ' n ore-
solu< on of t h i s equat on, I t la neceaunry to U.icua .11 01 Hat ; 
and 1 Introduce the cencept of a damping rat i rc i r.:ion 
la the noiution of p. d i f f e ren t i a l equation of 

+ "C dt ^ y ° 
dt 

C i a called tins camplni. r a t i o . \t C la zero, thd solutlor. i s u:*da 
If { ia between j e r o aj d 1, the 30lutlon la ur.lerdaEpud. 11 (; 
to 1. the ao>. i r l t l c a l l y dampeu and 1 ' (, in grea ter th 
goXa*.'.oa 1B ovordaajied AXto If t l e negat ive, lie solut ion 1B ne 

• damped, wi leh d a n r the amplitude increase a with timi I ;; lo 
betvt- a zero and - 1 , t) a solution I s an o s c i l l a t i o n \ . t'r .; xponer.tlnlly 
increasing anpl i tude For those of yov who am nore f an l l l ex w' th tlnii 
constants than with draping r a t io s the damping rr.lio :.s :cucl to the 
reciprocal ol -r.t r.im6 constant in t h l : cane, where the andean; n 
frequency 1B tmity- Ik te that for r.egr t i ve damping the time constant i ; 
the tine for the amplitude to (;row to e tlnwe itr. or ig inal value 

d 2 y To naive the aquation •--£ * j - 0 we form tvo r r i s 
dt 

f i r s t crutir d i f f e r e n t i a l equations; -j^- = v and -•;• = ->• The p 

methco used in s c l v i i ^ these equations hay ueei. that i f l inear ex t ra 
pola t ion and In tegra t ion . The r e s u l t s of t h i s prose «f- w i l l be shown Ji 
some of the following ' l lue t ra ' . ioun- The methna if jr. I s or iet ' l ; 
the following Ke wjrlte the two equatlouu in '.he forti 

' ( n 1 l^h 

Thua to extend y the e: trapolatior. of \ i s Integrated 0 y, whl] 
to ex'ond v the ex t rapo la t ion of ;/ i s J-.Uogratod inner l o e l l j The ret 
of Lh-c procenn for values of h .iqual to i / 8 and l / \0 of the perloi 
the undamped v ibra t ion axe shown in the f i r s t i l l u s r a t i in, l-;SHl?l~0, 
Notice that the approximate solutions exh ib i t a ne,- I ,.-nc 
tn i ' l e ' 1c lhe solutlor. having ten p o i n t s per period 
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tvo .- f I t 3 Biio.-oer step 
as are i ? sec 

and 33 Boconds for the Mlutloa havl tg 10 p< 
rang* of graph srowri ie atout 32 -i be soon how thes 

time 'ona tants ac suall} are exhibi ted. In I l l u s t r a t i o n &-30366 
nuxaiV.cftl so lu t ions are shown for some ouher step length* Hot 
for the l inea r extrapo ..111 .mi. In tegra t ion the apparent daqpiu-, ra t io 
are a l l negat ive . The aethc i always br ings an expo. < oi.ng 
trunc.-.tlcn error We night remark on the worst case, that o:" 2 o ln t i 
per period, which shows a damping r a t i o of tlms 
c o n s t a t perla."j Ln the f i r s t 5 per iods of the true ooiu . Tb.ni the 
ampH fcudc Increases to 3*6 t ines i t s proper value ln Is a}& 
i s approxiaately sen BiLllon, so i t can be seen, jus 
e r ro r can becD; 

l'.ice to consider next p&rnboil - a: 
in tegra t ion using 2 pot i t s and 3 slope. Of a l l t .<. I i.hods considered 
t l i i s save by f<ir ,iie 3e it r e su l t e . I l l u s t r a t i o n A-30362 shows a para 
bo l io extrapcla- lon Lllustratlon . shows the ap] 1 il 
parab l i e extrapolat ion and Ln ^n to the solution of our dii'feren i a l 
equation fhe ih ided area In 1 -r> ropresentn the increments of y 
and v I l l u s t r a t i o n A 50:566 shows the r e s u l t s of : sing more complicate 

d 2 y numerical Methods co v> ve the aquation --~ + ,v • .V Pha f i r s t la vhert the* 
, . t " 

ll.noa.' extrapo! •.'" on vn' dfitarinlr.ed by r.he two vr-^vioue po - tbi 
eolat ion ra ther t lolnt and t.ie pr tucr loa! alope T. ; I i s 
the re s'ii t 0 f 0 • ' : 1 
The th i rd i s the j e s t r i s u l t obtained using parabolic ix rapola t lon and 
in t eg ra t ion , [n "ach -e were twenty step? : 
Notice that the \>:-incij>il term of the a 
case- The second term .s always rapidly damped out. Tn eaoh ease 
f i r s t t^rn I t o jVn t, the frei -sUv. approximately 1 
the ooefflolent ln the exponent being r e r j 

He aliio n t t en i tod the mnaerleal solut ion i.l ".hi eace 0 
equation with T j.osl? '.ng r a t i o ID the uadniji>»£ caea we found 
t ha t '.f the nuatie.- of p lu t e per period was 2 01 I .ue r ica i t 
alvayr- exhibited a neg>: ive dtimpJnf, oha rao te r l s t lo I DI 
even though the oquatio 1 had a pos i t ive damping; chara^tei lut *c 
nuaerloal solut ions alw iys exhibited a icgatlvo dumping ohuraot e r i s t i c 
the number of ate; ; loss than it l l shown 1 
I l l u s t r a t i o n A-30;;64 w). eh ahowt aP] lai 
po in t s per period for tttrloua pa r i t i v . 1 . In t lo equation 
solved No t i c s that . r e s do 
approximate the i r prop*' • valueB quite 0 I a 
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Ma-no r-andum : c 

• per j e r i }1 the cur vol jcoome negative showing 
negative damp* ng, oharaoter 1s t lc w i l l i . Phis I 
has leen drawi lor the oa* >i l inea r I I integr* 
However the f.nuia character la tic wi l l I i t with o 
extrapolat ion and lntegi lg those which have besn dsec-lbrd 

Another Idee which was t r ied vaa the numerical solut v. 
an equation which had twj natural f r» ' one 1( t*ae» the ot] 
A step length was chossn equal to 1/20 of the longer per iod and equal -2 
1/2 of the shorter period Then tho numerical Esthoc was t r i e d . I n i t i a l 
condit ions were chose? so that the high frequency t e i a would bo OOB 
p l e t o l y suppressed in an exact so lu t ion . Unfortunately the no] 
solut ion did i.ot suj.prjbs the high frequency term tinC 1!; appeared with 
a l l l t o wild d ivers ions in the nuiaerlcpl solution.. ob l i t e r a t e l i l o i 
frequency term quite ;onple ts ly 

In conclusion, I snould lllce to mnk.,' r fov renar io about, the 
other two eouiceB of s r rc r f i r s t , consider roundlng-off srrc:1 

Hcunding-off e r ro r i s of importance with hl<»h «p?ed ca lcu la t ing archie 
In a normal ccmputa t i . i tht lumber of roundlng-offB i s amall, but in a 
numerical solution using a high- opeed machine there vll?.. be many thottt '.ads 
of rounding-of f B whici will Introduce considerable rsunding-off error 
I rof iBsor Fadsaiacher of the University of rani.s}lv&>il<i has studied 
roundlng-off e r ro r . "Hs ree-ilt la that r< • Increase I 1 ke 

as 1- ?rows small 

VIth regard to errorB due to improper formulation, we sto 
necessi ty lor exis tence proofr The fact thai a phyt ionl problem ha 
solut ion does not Ju s t i f y the conclusion that the idea l ized problem he 
solut ion A d i f f e r e n t i a l equation may not represent the true physical 
p ic tu re a l l the time-, for exanplo. suppose la form . la t in? a problem .e 

dy ? 
wrote the d i f f e r e n t i a l ecuetlen ~ = 1 + y aid ve de t i red the 

Av 
of t h i s equation from t = 0 to t • 5 Ve would fine1 tb.it the at 
method of rolut lon wo-ild diverge Kxperlenoe with l i nea r equations wo xld 
suggest that the stop length of the process should be shortenr >.• ,'er 
with th i s equation no "natter how auch tne B.ev lengt l I s shortened th 
divergence wil l p e r s i s t The roason fox t in llvergenoe i s n c i 
numerical metiod The reason l i e s in the d i f f e ren t i a ! equation i t jelf 
The solution of thin {i " tan t, and t h i s lo'.utlon le *>ound to 
become Inf in i te ot le.'ist one) b. tween 7.erc. 

Wa,V J2/TL 5 

WSL; vh 
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~ » N T E R P O L A T \ 6 N M E T H O D USED: 
EXTRAPOIATION: LINEAR, USING I POINT A N D I SLOPE 

- JNTEGP.ATION »• V.+NEAR , USING I POINT A N O \ SLOPE 
INITIAL COND\TIOIH*: - ^ " O , x ^ i 

_ . 
_ — . . • • — 

m — 
_;.._, . ^ 

--- - -

• 

— 

1 

& POINTS 
PER PERIOD. 

-4 

NUMERICAL SOLUTION OP D IFFERENTIAL EQUATIOf 

EQUATION TO- S6 SOLV/EDt " J * * * * 

DATA PROM 8 W 5 U I - W 

- 5 USED IN 6 3 4 * REPORT R - U 4 -
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4 ^ - + 4 - 0 ; TRUE SOLUTION: ^ » SIN t ^ 

NUMERICAL SOLUTION 

LINEAR ONE-POINT ONE-SLOPE EXTRAPOLATION AND INTEGRATION 

NO.OF POINTS NUMERICAL SOLUTION APPARENT DAMPING 
PER PERIOD RATIO 
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NUMERICAL SOLUTION 

i f — y 

KNOWN = y,y,y, at tn and tn_, 

y n + l = y n _ , + 2 h y n 

'*> 

* 
fn-i 

'n 

[ \\yn+i 

i ^ 
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a 2 4 
. t l - h 4 = 0 TRUE SOLUTION L| = SIN t 

NUMERICAL SOLUTION FOR TWENTY POINTS PER PERIOD 

WITH APPARENT DAMPING RATIO 

(I) LINEAR TWO-POINT EXTRAPOLATION AND INTEGRATION 

q = e
+ - 0 0 9 5 t [ 0 | 2 | C0S( l .04 t ) + 1.0459 S IN( l .04 t ) ] £ = - .00913 

+ e ~ 5 ' 9 t [-.0121 COS ( 3 . 9 5 6 t ) - . 0 4 5 9 SIN(3 .956t j ] 

PARABOLIC TWO-POINT ONE-SLOPE EXTRAPOLATION-. LINEAR ONE-POINT 
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15 

VARIATION OF APPARENT DAMPING RATIO 
WITH NUMBER OF POINTS PER PERIOD, 
DRAWN FOR SEVERAL VALUES OF 
TRUE DAMPING RATIO. 

'# 

. 

A 303<o4-

62.4-5 A 305<b4 
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• V J o W f 

NUMERICAL SOLUTION OF 11 
dT ** 

SLOPE=y 

SLOPE=lj, 

S L O P E - y 2 

2h 

dt 

v,=yn
( ,+h ) 

n y n
= l J o ^ + h)o 

3h 
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r* . 

i 

i t * * 

De.t<; • vRP'. :.S46 

The Blaj • of I -bert. 

I'JetU : i .p.: l o o Tha rapra8e.itti.tloa of declafcl t « i ' w ; i I i '.ii'-a b 
. i • process* c .' t ,. • ; i lue t i c w • 

Oiaoussl >u 

a e a t a t l o u c f iiumba;."* l'ho d tola .. 
t i t I s baaed on tea 9.) and '. u sxa cc 

of thsee 10 d ig i t i Che tln&ry a; >uslj 
faot f.iet I t i s t*«ec oa Z d ig i t a, 
are Bnde up of thoca 2 d ig i t I • ( Miss* 

"ui\» a baae of 3 

iakce .' ".i name t 
sod al l nunbcra In tha binary 
ayiitea ha a a baae of 10 tha b 

1 
a 
3 
4 
b 
6 
7 
8 
9 
10 
11 
12 

14 
I t 
16 
IV 
30 

_Fa3ttJ»lfl-as« 

1x10, 
lx io: 
IxXOC 
lxio; 
lxioj 
ix i« 
IxlC* 
ladOj 

1x10° 
2x10° 
3x10° 
4x10° 
5x10° 
6x10* 
VxlO' 
6x10° 
M 

* 0x10 
+ 1x10° 
• 2x10° 
• 3x10° 
• 4X1 
+ 6x10° 

* VxlO0 

•• 0x10° 

J l 

1 
10 
11 

100 
101 
110 

1000 
1001 
1010 
1011 
1100 
1101 
1110 
1111 

10000 
10001 
10: 

T .x24 -
l x 8 7 i 
lx£ 4 + 

1*3? 
1x3, 
1x8, 
1x3* 

1x3, 

0*8, 

- • 

•' 

• 
•> 

1x2s • 
1x3' + 
1 

Ox*i* + 
Ix3» + 

' 
. 

1 

1x2:' 
1x3:-
oxa: 

lxa:-

1*2: 
0x3: 
0x2:' 
1x2 
ixa 
0x2: 
0x2:' 
1x2: 
1x3" 
0x2." 
0x2V 
0x2' 

+ 0x3° 
+ 1x2° 
i 0x8* 
* 1x3° 
+ 0x3" 
v l x 3 ° 
•:• ( X 3 ° 

• 1x3° 
+ 0x3° 
+ 1x3" 
+ 0x3" 
i 1x8° 
• 0x8° 

• 1x3" 
+ 0x8° 
+ 1x3° 
+ 0x3" 

Deolae l auaoeru »inc<> .say b*re a ba 

-

.v/e a baae o f 
l a t e powers 

• «• x«" t Ox; 
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Method Sa 
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• • : • . • . . " 

Method- The hlgheet power • 

eu - as 
the high-set power ot : k 318 l e 2 - ' 
!18 - Ut< -

90 - 6-1 • 
• 

The highest pow< 
16 •« JO 

. it pc>.or oi 
3 

The highest pev 

So other powers of 2 appi- ' * i r oooffiolonte uue': be 

SUBHi *- I 

Oi»en» 

To Hnd ll ralect 

Methods ;. pcwer of £ .a H 
as 

l'he Kigh«3t power t i 
. 

;iieet power of id a 
S2B > '•• 

The hljheet power of 2 a 136 I t 
12b L)8 « 0. 

vhlcn iU'iicntee ooopletlos of COHTOIP'. 
i' coeff ic ients are ser 
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Lj tge ln l Plant Ko 

LO 6:35 

-XP._i._fi._2 i 
. l C 1 ) 0 0 C 

1 0 1 X O 1 1 O X 0 

0 0 0 0 0 0 0 1 0 1 0 

0 0 

0 

0 0 

91 rtn 147 

To tX Blnar/ Ecjul Talent; 

Method fo l i c« t . „ tabl* glvan jelow 

'?h« highest power o:' 2 \u ,143 in 2 

.4'.' - rae. - o 
• 

Tbm nort pover ol' 2 in order, la 3 * lie power 
i a aot ocnt»lu-id In 022 i . ' t •. . ; t cf the ( 4) piece - 0 

! 5 ^ 03X2 i. uot ID 0 i2 . M 0 ID. MO ( 

3 - 0X5636; l a i n u<2, M 1 In Ho- ( 
0 13 013626 • ,00erj75) 

3 
7 

0076135; not lr, 006',i7:5 to U t a to ( 7 ) 

2 8 « 0( .' I n 006376 i ) I l a Ho ( 8 
( 006375 .00390625 * 0 

. y •• K i a 0C346fcr.E to i la Po 
''•00346875 • 00195 2L3 5 « 

2 1 0 » 0 « ' uot in 000516636 so 0 l i Bo ' 10). 

i •• X ' 1B28135 l r 005XK !5 cs 1 l a ft ( 
- 000518636 - O00460'i8125 •» O00: 

^ ' ^ .000844140880; not in 00002K to. (-X3) 

0 -1 .. 4 J v ! io i i 

0 0 1 0 1 0 1 1 1 
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eat 
08) 1 C32 ... 

S3) * 

m tat 

.-* 1 I t ' ] 

I f r, decimd . its l t e o l f in 
the Dinar) 

•Jjpyuraj-or. of Binary Nuyihera to ^he Ego. 
the ii'iury »y: . ." . t » simple catter 
yjtea The ccr.v rt iu c l i p l / the atw o »e 

jrreBtaoe In the g".ven nu»i>er 5; indicated • lwy 
*; lace a. 

Bini. 

1 0 1 1 0 1 0 1 0 3 • :; 

. 

Tho i onfflcienta of the other powara r>* ;! arc o t i e y 4c 
tricate so thi eonvavted laWtar 

-Mdii.'on Slnoa 1 la the lurget-
that nny »ioi icorgt<r -.luin 1 jmst b* ••apres' >-re 
Therefore, no »att ar how many 1' a ars sdde roll 
that .oIurE must fca a 0 or a ij the reet of the ami In I t s '•. 
notetion and set up at the hnad of the adjacent o 
flgnrsa., Thuo, If a eun of 3'» la « colvnea &.dda UJI to I , 
•binary notation) «i 0 1» pit at tbi Qottoa I the oa oi l"a'ara 
at the tooad o* v&^HCir.'. 1 l e f t &a 3arryoTei tu* e&oe a 
addlr -it ' Ln i .-jry faehloa at ea/jh Rtsp o.' tli 

(I - . • 10. 11 + l . i 
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It ahoulc. ba notad that In ordor to get tha c sc i .n l a juiv.'O.an.t of th« 
blnavy qt\otlai»» -o aq/Jial t:ie (.ticlmol ctuotloct to 6 d.>cii»cJ plaoaa -ha binary 
dirl:iio;i had to ba carrlad to 16 'binary pi 

Bfli I LlMR&fl h» or*" :>i ; tor.-p*.: •. isjvt ••• ' • umbar l i th :t •;..,- ... ayatea li 
obtalna*". by tubtraetl:ag thw nvjitor froo tha next hi (bar pc LO e g 
Conrpj assnt 18 « 100 - 18 • 03- Tha ordinary ooirplsin-jnt ci • muabar vnthe binary 
ayetna i t o b t i d c d by aubtracting tb» onabaj ?T0 > tha next big! er of 3 
a g Oonpleaont ox" B * !iZ 6 * 8 -• 6 •« 3 It oan ha iihc 19 ordinary 
comp)a*ier,t of a power of ? la that power ojt 3 i t s e l f Se« S.-ample 

Aaother Kind of ccmj lamert of a uiubeT <•« obtaloed by sub racting tbo 
ntutber from aiJT hltfhar powr ci' if Hot Ice i t e uaad under *; op" aaa ite" 
(A §aMsA6ii£ii) 
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Method Intorcnaage 0 c and ':. • a and add 1 
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Thaae retulta ct-nok with thiae ubove 

••a) Subtraction 

Inateexi ex" auttractlat: one n a b i r from enotho.: It 1B jaaeible to 
ta.ia a coaplenen^ of the a-> Jt ?ar.end and ftld, that complex int to the minuend 
pravl.dad the powor of 2 which ws.a added to ths evbtratu I In <>•. <- get 
a .loirploaant la subtracted from the naevv Practica-V, jaVtrartiflg 01 
addud jovar of i' rator.a drop.ilmg the 1 In ;ha laat binary place 0> thf ie :~t 
i f i;he power of 3 v.»*4 In gett ing tho co npleawit it gi run tnat oont 
In uit.ner number ff not, thin tho power of 3 mv.tt b< l 
uaual subtraction Mthod 
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root i 

I ft 

iViO'j '. • '.ciCi, wit ,! p l a o « 4 
under the right 3 f i r s t ran zero 

(3r, 1) la subtracted frcn 
the f i r s t pair a >here both d ig i t s £ 0 

3) If the r<»tialnaer 1» SJJ.O, a 1 Is placer. In tbe rjctt 
place above the pair If the remainder It 0, a 
0 la placet! in the root the previous l',i - l a 
removed, said the next pair of d ig i t s in thought low 
from the radlc«nd As Ijffore twice that -•. tal root 
with a 1 In the lnnt place on the right (3r, l ) l e 
subtracted rroB the previous remainder with i l g l t a 
brought down In other vords. 2r 1 in subtracted 
at each step in this rooting proseas vhtio r i s the 
U ', al r io t 'jo far found 

U VJT > 1 1 0 0 1 

To i"tnd Tho square root by the eeconi nethod 

Method (1) v f if 01 (1) The digit • In the radio jnd are 
narked >ff In pair* to :h» 
and rlgat of the binary pa 

I 

(3) 

v 11001 

0 

1. 
1—.. 
010 

nuiimoi 

(2) (3r . l ) Is subtracted from the 
f i r s t pair of (r-iu-»ero) d ig i t* 
(2r, l ) •= 0. 1 (The root so far 
la n o .ocauic no root haw bocn 
found as ft'. 

(3) The rem.nder ia aero, so e 1 
goes in "he correspond! lg root 
place BOOT* tte f ir*' 1 
The Btjrt 2 d l f l t r are b-ought 
down 3r, l i t rvb-.rao'.nd fro* 
tbe 
down 

l 
Th l M I a ,.i :;.-
cherefo :•. a the 
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SfcRVOHfc CRAM SMS JU.M 
Mas ;nchviget'.8 I n s t i t u t e oi 

Cambridge, Maseaohuaet ts 

if Be io : t fol . -uary 17 , 1S47 pagss 

• :t iileotronlo tJi<;ital Somputor Develops in'; a 

r.ex'orence • The following text was preaanled an a confarenco 
pap<ir boforfi the Araericat j.natitut-5 oi i i leotr l 
Kng:.nenra a t the i r Winter Meeting, Thursday, 
January 30, 19 ' ' v Yor* Cit; 

Vri t i ' - . Jay W. For re s t e r 

Sinoo the time thai 'Jr. V- :;jned the 
. d l f fc r sn t in l f i lyter fit the Massachusetts In s t i t u t e of Techno! 

research there has buen ac t ive on computing uiAs to the enjlnoer 
ltilat The prewmt development of a high-speed e lec t ron ic d i g i t a l 

computer r e s u l t s natural ly from the pre-war research of the 
Lneerlng -<'epart;ne..t and from the wartime da ata at t) • 

Sorvomechs.il-n,* and itadlatlon labora tor ies The program a t the 
tjervomechanieniB Laboratory to develop a high-speed e lec t ron ic dlgi ;-

putar in sponsored by the Special- '©vices Division of t i e Office of 
il rte search 

The f ie lds of pure and applied science and sngli:. 
today face icany Problems, the solution of which vMl be pract i ; . 

vhon new and tremendously more powerful automatic computing mac] 
are ava i lab le . Several d i g i t " ! computers have s 'ison b u i l t at 

oua labora tor ies in the United States . ^'hsse are already itnovc cr 
arc dlecuosed in oth; r papern at t h i s convention Kacl s t ing techniques 

..e extended toward h igh t r computing spesd? and greater Internal 
storage capacity to lolvs prrblems of a/er inc • rgoncy Amongst 
tta* ie problems are ev.baonic wid supersonic airflow Ighspeed 
a i r c r a f t ; oa lcula t ic ,3 of s t i a s s inrl v ibra t ional character 1 a t l o s of 
s t ruc tu res , and tolui ion of e l e c t r i c c i r cu i t s , - hanisms and auto-

jont ro l systems Outaldo of er.-;laeerlng are Important appl lca-
t ions to s t a t i s t i c all us sno< in t e n l^partment oi" A;, 
cu l tu re , Public Heal'-1, ard the Iiurena of the 

App iciitlon of fileut-onlc d ig i t a l computers wil l Ln 
time be made to control of cherclril plant processes and to what i s often 
cal led the "automatic fac to r ; " 

Before d i s e a s i n g technical h 
a t U.1.1*4, l e t un threw Inport int c h a r a c t e r i s t i c s of n C 
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of the type being considered 

1 i ' i r a t , tho net-up of a rieu problem I s accon.pl 
without phys ica l chaise to the computer That i s , 
mochanlcal s e t t i n g s or switches are ,iot ueeo 
describe the problem and control the so lu t ion 
control program for a new problem i s suppl ied as 
data on magnetic tape or photographic f i l m . I h l l 
film la then read Into the Internal memory of -the 
computer where any order con be obtal aed within 
a nat ter of micro second e under automatic con 
of the computer i t s e l f 

2. Second, tho computer carr ies oat a a<>rles ol exit 
ne t lca l c^ore t lons one at a time 1~. i s thorofors 
equivalent, except in speed to a human operator 
who does one opera t ion at r. tl-io while vrl.V.rfi tiach 
p a r t i a l r e s u l t in a notebook 

J- 1'hird, such a computer, besides tho b a a l c a.r'thrae-
•leal operation* of addition t ip l loet l , 
villi be qble to aaice choices The element of 
a l te rnate choice i3 a i s n r l / l a d i s p e n a l t l e fentoj 
'fhie choice pe rmi t s the oonptttar, a s o f t en t<t, 
aenlred, to s e l e c t ens of tvo a l t e r n a t e computing 
sequences depending on the outcone of the computed 
resul ta in the problem i tself A companion feature 
to making r . l t e rna t e choree i s the a b i l i t y tc 
ser t computed r e s u l t s Lata the c o n t r o l l i n g pro-

.e, ohcloa of n l t e m » . t r com, utlng 
programs u*"leee in commutation involv ing termina
t ion of aa I t e r a t i v e pj j^odure a f t e r the roqi. 
convergence of the Burner lool r e s u l t s hae been 
ecMe/ert A simpler an.l uore obviou-. app l ica t ion 
p r i ses in engineeri i ig priiblems Involv ing thf dl.n-
coi i t lnui t ies ol baok latti nnd . ouiomb or s t a t i c 
f r io t ior 

i-xsertlon of compute: r e su l t s In to the control 
urogram of <ht ooaputatlvn i s i ieeesearj ' for 9X,->. 
in l n t e r p i l a t l c n i'ho Interpolat ion pro^eer re
quires urn of •: . .~ol COdl 
.' ocate Associated 'aluea of an a r b i t r a r y futci .on 

ilected /a luee of t: jr. are then i n r e r t e l 
l i ' o the des i r ed Interpolation formu-1 

V'le * t}'ne fea ture a » « a 
i'i ex i s t l ! \ j computer 
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r t Ho '•'.-

• •: turn 
Lpnwiit program at H 1 .0 

Kor proper perspect •; i t sboul 
i ron ic computer [onnr.nl. v/hich 1> dieaoi ibcd i • • iar.e 

s tages ano. that u oompleted system d<i-t; aut yet e j i a t Is faot ths ml 
i of electronic : l g l t a ) . computers l.as urly been opened In a prac. '• -

way and »•- veral yean w i l l be requlr ". to u>plor« many »f the engine jr lng 
a p p l i c a t i o n s tc whlo) 1 w i l l re.f er . 'tie s i se or l if a d i g i t a l 

; u t e r can be giver, by t„'0 value n the ir.tarnal nnmb age cajneity, 
the computing 3p£ed . Storage oapaolty I s a measure of the coiipu;ei i 

a b i l i t y tc re ta in co ' . t r c l program an' p a r t i t . i numerical r e s u l t ! for ''••' 
• t corresponds to the notebook -(.cord kept ly the hun^ui oper 

of a desk calculator The automatic i;omj,utfr p r l r t * »ut f :n-.l reu. 
onto paper or film and d i sca rds part a l r e i u l t s nc longer i e< ried Stoi 
oust hold only the data a c tua l l y reqt-.red fcr future toaputat los 

The a '.mp-iter being ( isignet! =t H 1.1 In expected t . 
a s torage capacity of 16 I jers >i 40 binary d ig i t s sai 
responds to 16,000 -umbers of 12 dec! M l plt.cas esch. 

•Jertaln objective;! of the vork. will require co-gpu 
9i>eedB which are higi eve a fc r e lect ronic c caputs r a , M u l t l p l l o a t l 
tve numbers of 12 d«»:imal places eac! shoulr require leas than bO mi :ro-
occondn l'hls moans that on the average nome 20,(CO io 40,000 a r v 
opera t ions can be peil'ormsd per seco-

I t I.a obviou? that \ich computing spsedr r.re eesent .al 
only where a long s e r e n e * of compnti . ions Eiuet be repeated tens cr iun-
dreds of thousands of t imes- Situnt T.H of t h i s .-:lnd ar lee in the s>l> i 
of pa r t i a . . d i f fe ren t ia l equat ions anr c e r t a i n engii 3?.-ln<' appl ica t ions 
where the computer wl 11 cont ro l mechuiical or s l e c t r l a a l dev .ces operai 
In r e a l t ne. 

The a r i t hme t i c GIAD* i t of ' e oomputer w i l l carry o ;t the 
bas ic operations of ' .ddit.ion and raul'lplic t Ion ard pi-oBably RIBO divla 
i t w i l l make choices >f program and t :compl1 BI. s'-it t orders a 
ready described, i l l o t h s r operttloi i auch as inw 1 . d i f fe rent i i 
t ' .on, and taking roots of numbers can be readi ly aco ipl ah) ' by Its 
or s e r i e s procedures us ing these bus;.: a r l t l m e t l c operations 

In t .eslgnlng a oonputer a vide oleics In block dlag". 
i* ava i l ab le , The jt.ssjiuter herein disoutaed will • se th<: binary syi 
of nuiroera bated on powers of 2 rather than power: of 10 Since oil 
d i g i t s 0 and 1 appear, the binary sy iSem lendn i t r r l f well to e l e c ' i I 

l l t a Lnvolvlng t r i g g e r and gate tubes, Usefub.ess of the base . 
be appreciated by r e c a l l i n g that the a a l t l p l l c a t l ( I s reducr. 

-,!a 1 equals 1 and a l l other pre o t s I oajpi * 
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r, of a number w 11 be transmitted s imult . iaaoui ly over p 
KM-JB froit one p a r ' of ths computer t( anothar, 

i' Ln.- L des ign of an e l e c t r o n i c computer for tho chz-.r-
a c t i j r l a t l c a raentlo ie w i l l be p o s e i b l ? only a f t e r the p e r f e c t i o n of 
u>any new technique's la video c l r c u i t o and data etc~age d e v l c e o i t e 
a n t i c i p a t e d that gome three years s t i l l w i l l be required for the r e -
eea *ch, desi . jn, and i i n s t r u c t i o n of t i s dev lce t 

{••at: ids are being t e e t s d for g e n e r a t i o n , c o n t r o l , and 
g a t i n g of video puim 3 of 0 . 1 nucroseoond durat ion at a 5 i iagacycle re
p e t i t i o n rata Impr:/etient s must be m i e ln pu l se transformers , awl<"ci. 
ing and ar i thmet i ca l c i r c u i t s l'o pannit a tcp-by- s tep manual c o n t r o l 
c f -he computer for t i lnterar.ee purposes mos; c l r c u i t a must have d-o 
coupl ings At the aaii t time the c i r c u i t s aius. ^OBSDSS a band width tmlt 
ablo for 0 1 microsecond video p u l s e s 1"U1B<!B appear i n n o a c y c l l c mtinr.er 
and most c l r c u i t a r.u ; be Independent of r e p e t i t i o n rate 

A s u i t a b l e number storage n/rtem .a being developed 
It. la obvious t h a t - a irnge of 500. OCX' binary d i g i t 1 i e not >ract icn l wl t l 
i n d i v i d u a l vacuum tut >a A built s torage method i a required The dl{:it 
s torage method for tl > M I T compute • w i l l be ln e l e c t r o s t a t i c form. 
The d l g l t e 0 or 1 wll I be stored aa p o s i t i v e and negat ive p o i n t s of 
charge on a d l e l e c t r l : I n s u l a t i n g pi? •* These charges ca;i be placed 
on a d i e l e c t r i c surfp;« with a cathorin ray bean, -it a l a t e r t ime, t r s 
bean can return to t ln same l o c a t i o n 'or s e l e c t i n g and reading the stored 
a lgnnl Into an e x t r r n i l c i r c u i t One can expect to s tare charge* epjrox-
lmate ly 1/8 Inch ap«r: on p d l e l e o t r i ' : surface with a s u i t a b l e tube 
Storage of s i g n a l s f( • s u f f i c i e n t per :.-ds of t i n e lias a lready been demon
s t r a t e d and c l e a r out >ut • i g o a l s can ba o b t a . n e d . Charge la removed froa 
the d i e l e c t r i c by sec indary eir '.»' ned yes terday zi.-'ning in 
the paper Dy Dr Du i: - idge. As y e t , s ' i / era l problens ln the c o l l e c t i o n 
and contro l of these iecond<\ry e l e c t r o n s have not been so lved 

Re l ' i b l l l t y I s a mat .sr of iwjor concern In computer 
research In many e l e c t r o n i c and comuinicnt'.on problems, s t a t i ; , n o i s e , 
or e ther momentary di iturbances can b t o l e r a t e d . Here, however, we 
f i n d that the moment?- -y appenre.nce of in extraneous s i gna l nay a l t e r the 
order of magnitude of a numerical val"3 Wlc.e to l erance r a t i o s must be 
provided between aigr.'.l and noise l e v e l and between t ransmi t t er and r e 
c e i v e r s igna l s p e c i f i c a t i o n s QbftOklng c i r c u i t s must oe b u ' l t i n t o the 
equipment wherever po i s l b l e to de tec t ind inc. it a t e imp oper o p e r a t i o n 
In pplte of the s e v e r - video brind vld 1 requirements , vacuum tubes mast, 
wherever poer.lble . b-. operated at l e t nan r a t i n g 

Let is now turn our a t t e n t i o n to a p p l i c a t i o n s of the 
nig) speed e l e c t r o n i c i l g l t i l compute i'hoi.e can be d i v i d e d broadly 
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brttween mathematical and control computation.- By mathematical oomputa-
v Ion i s meant the solution of lr.dlvidual problems per ta ining to ths 
J ' i r lds of mathematics physics, and engineering and ie the appl ica t ion 
.->rdinarily v i sua l i sed . 

Control computation can DC the repeated solution 
the name problMi for d l rec t l ag the operation of a physical i 
for example the cont ro l ci a chemical process 

In pure mat).cn.itics high-spaed computers wi l l pe. 
exploratory so lu t ions , on a KUJterloal bauie of non-linear and par 
d i f f e r e n t i a l equations The HO specif ic r e s u l t s uay then lsnd to a 
8 ' i f / lclent underatanding of ihe o r ig ina l equations t« permit fo. 
of exp l i c i t mathematical solut ions as has 2 ong ago been dtne for 
olnpler l i nea r aquations-

In engineering problems tho d i g i t a l compv\ter whio;. ia 
easy to set up and has high computing speeds I s well adapted to solu
t ion of non- l inear and dlscoi tinuoun systems 

Mr. I>unstan in h i s paper on "Machine Computation 
i*ower network Performance" hi i led nurse r l c a l solution of a 
caver syater.' 

Hr. Dungtan >d that problem p i i 
required a large percentage cf thn to ta l t ins consumed 

With the r.tn s leotronla somputers, we can an t lo lp 
the reduction of letup time through the use of generalised problem 
grans each ol which \ ou .̂d f i t a lar.je c lass of engineering s i t ua t i o 
Such generalized programs to b-i '.apt in a l ibrary f i l e might '••* lnt 
f l o i e n t fron tlie viewpoint ol a specif ic problem However, tiio high
speed computer g r ea t ly reduces the eraphasla on computing efficiency 
ond shif ts the enphari3 to eaee of le .tip K ipeTlflr.- examples onr 
could have ava i lab le programs for the solution of an nth order ayttOB 
of algebraic oquatlono with r ea l or complex coeff ic ients Solution of 
«uch a system of equations weald require only ontry of the coef f ic ien ts 
and the nurcerical va~.ua of a l ikewise- .H.e multlpLlc.ition oi ma-.-' 
cculd he HO programmed that c i l y th'j ontry of numerical values and tho 
dtmanslons oi' the ma'rlce9 wo xld b» rnqul 

Af t«.r digi t / L.ci en demonstrated i'1 

f i e l d of mathematics." computation will oome their \ • n to en
gineering 00) t r o l t 'ollovinj tl •) dev l he large and rai. 
complex un i t s whloh we have discussed, there . i 'Je forseen a ;>er1D.-
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s t t u t * . i logy 
-.isnchuse ot * 

Datu of Hepor;. March 3, 194 Pi gs ;e» 

S u b j e c t ; e l e c t r o n i c l > l g x t i l -loaputer? Drawln, 337 
. ;33a 

Kef ere nee I ihe f o l l o w i n g tex t Mas prepared for A-30339 
the I n s t i t u t e of Had:o r inginsers a' 
t h e i r Winter Jleetln^, Tuesday, Kara •'. , 
1947 in New fork 011 

Wri t ten 9y Jay V / o i r e s t o r 

'•Chie papei l a to be i,n in t r o i u c t l o n for t o d a y ' s nesa. in 
l a c t r o n l c i i g i t a l computers rather than n d i scuss ion of ihe h igh

speed ooBjjutei raaaaxcti jregram nt I 

Uefoie emtar cling on • r.e s u b j e c t of d i g i t a l computers, 
we should f i r s t c l e a r l y Mparate the two broad c l a s s e s of computers — 
the d i g i t a l ru ch ines r s o l e t l n g u l s h e d from analog machines Analog 
com.uter s measure phyplcii l q u a n t i t i e s such aa meciianicai Motions or a] me
t r i c a l v o l t a g e s to represent numcrlc.il v>,luen of t..e c c u p u l a t i o i . . Kx: 
p l e 9 are to b< r.cted in the mechanical or e l e c t r i c a l f i r e c o n t r c l com
p u t e r s , the d i f f e r e n t i a l r.-i) the e l e c t r i c a l f> -z netvi . 
In the ana l cg machine a cor;u . 1 .ng element suoh a s au ad ier or ar. iutaj 
i s r equ ired f o r each t a t l e i / o t oal ) p a r a t l o n In '.he problem so!, 
a c o l l e c t i o n ol cor,, utlru; e lements i s lndlcf t tod In drawing A 
the ana log cor^.uter, the p i o b . . aolYec loed by tre 
OOnneotloo .:' he e leB«ntn 

A netwoilc of co - - - .rMcular pro 
i s shown in l ' luvlng * 3v. n ana log computer when se t up for an i 
otnary d i f f e r e n t i a l aqua - "*s t h e o r e t i c a l l y a correct s o l u t i o n 
p r a c t i c e , how •• i s o l u t i o n i s U n i t e d In accuracy 3) the physical 
t o l e r a n c e s of the comtontn' • e o h a n i u u f>nd t y s^ray s i g n a l a, ro 
back l a s h , und no-ise V r e c l e l o n , a r t in one Lhoitand i s good i 
perhaps one part In t fn thousand i s t i e maximum obtainable 

On tre o t r e r hand A c l g i t a l computer usee numhern on 
numerical or e r l t h m e t ' c n l b a s i s "'luraerlcal . i lues are r.f.ndled r s d i g i t s 
rather than p i / M e a l 'eat-urem-nts nni , an In .he desk, c u l c v l a t i r ^ raac; 
one can p r o / ' .e :'or as nany decimal p l a c e s s s doslred The s o l u t i o n t ' 
an ordinary d i f f e r e n t i a l equat ion ~>y riumerlca. raetlious ir t h e o r e t i c a l . 
i n e x a c t bacame a BOntlauoua _ r o j a s s Inn been replaced * i th a ptep-by 
procesn i a a r l e a l s o l u t i o n , l o v f v r r , can be Made a r b i t r a r i l y as 
good a s des l r i d ty s e l e c t H n •: ,'.:>~e c <rimal p l a c e s -n tre o a l c u l a t l o r s 
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. 3horter in te r en 1 be twee i so lu t i ons . 

In Drawing A ;<03;J9 la the o] 
com; i ter of the type beir;: de :r ibed at the convent y Phyn i 
Interconnection of the comjut-T- i s flr.^d and Independent problem 
being solve*?. tech elemrnt can t r a n s c i t 01 r^cilve numbers on a cei., 
bug lyeten Ope ra t ion Is mat'.orcatically ident ica l to a human cperatoi 
with a desk cr.'i.culatlng nachlie and notebook 

The plan or sequence of ca lcula t ion !B known £ 3 the 
co&t 'ol program and la stored an a s e r i e s of coded fli^nals to ]•:• 
orde 'a for ar i thmet ica l operations- 'i'he .on t ro l elnricnt receives fi-oi 
pto>- ige thin cuced lnfornatlon descr ib ing the ser ies of numerical ope- . 
t l on i to be performed- 'n r e f o r m s to these 3i,»naln . the control t ra i 
i 'ers nunbare in d i g i t a l lorm between the remaining elements of the cot 
pute-

'i'he ari thmetic eleme'ii of th i computer i s l imited to I 
few Jasic 1'ujictions, nucl as add i t i on , subtract ion, a u l t i p l l c a t i o n , aid 
c i . i u i o n All other operations as for example in tegra t ion anc. ex t rac t ion 
of roo ts , are accomplished by s e r i e s or i t e r a t i o n meU.oiR I'he a r l th r 
element performs a single operation it a time receiving Input* from 
Btora^ and seHdl:i(; resu l t s to storage 

-'wo other Mar ly lndiopenslble operations are perfort ed 
ty the ar i thmetic elenent One i s the exercise of choice for the sell 
t lon of a l t e rna te conputinf, eminences depend in g on numerical r e su l t -
the coEn/utatloiw The other e s s e n t i a l operation i s the subs t i tu t ion o; 
permitt ing the Inser t ion of a co:ip' ted r e su l t into the con t ro l l ing pr<. 
for >-,.-ample, choice of a l t e rna te computing programs a l l i e s in computation 
involving termination of an I t e r a t i v e procedure af ter t i e required coi i 
gence of the numerical r e su l t s has been achieved. A ei-ipler and more 
vloua appllcc t lon nr iees In eii(;'.neerlr.<; problems involving the dlscont 
u i t i e e oi back lash and Couloab r s t a t i c f r i c t i o n 11M subs t i t u t i on >rder 
can be i l lue t r i i t ed in the process of in te rpola t ion A v,urerlcs.l value of 
the rgument, for example x, a r i s e s from th« comput- >oe-f.a 
value of x na.et be used in the cont ro l progran to locptu the nearest \ ilue 
of H function of Z, r —i 

f (x ), f x ) t (x 

located in storage ihe se lec 'ed values of f (x_) a re ln»ert»d Into in/ 

desired in te rpola t ion formula for ca l cu l a t i on of f 

Storage, which In e l e c t r o lie computers wil l probably :e 
of the e l e c t r o s t a t i c form, 1B perhaps the most important pert . ' t.-: e 
puter In storage i s retained the con t ro l code for the computation ai 
well as partin." r e s u l t s I t corresponds to the notebook kept by the r man 
"•-uputer UM form of e l e c t r o s t a t i c atorag" wi l l be described in the >aper 
ty Ur Kajc.inan. 
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The Input raechanisu provide* communioatlon between t i e 
operator and thu computing machine It irny o» 

n e t l c tape, punched tape, or photographic l i t i'he contro l code and 
I n i t i a l data of '-he problem prepared by ftu operntor are t r a n s f e r r e d t. 
storage from the Input reading meclmnlsn. Mr. Alexander w i l l d t s c u i e In
put afechanlsEB In more d e t a l ] 

Output irom tho computer can be In uoveral forma. i< r 
hun-n use the output can bo presented i ;raphtcal ly I , r j lo raaars 
or In the l o r n of pr inted numbers. >'or future use by the computer I t ' e l l ' , 
the output cao be In coded numerical form on magnetic tape or photogr.' phlc 
f i l m . 

Numbers are transmitted an video p u l s e s coded in groups. 
<n 9'.rae computer eys tens , d i g i t s are transmitted In s e r i a l f a s h i o n fo 
In^ one ancther on the nime s i g n a l l i n s In other systems digit , B In a l l 
i:oluaae are transmit ted s imultaneously over p a r a l l e l conductors . 

Kost re jearch groups l/.vo.v the binary system of aumb» r 
n o t a t i o n lri vv.ich only the d i g i t s zer > or one aro ueaci In tha b lnar; s y s -
tem the tv . d i g i t s can bo represented bjr e i t h e r the pretence or Ahsonca 
of a video p u l s e a t the proper Instant i f time Vaouun tube c i r c u i t s 
need a x i s ' in only two s t a g e s and the .eedom from graduated s i g n a l s ( r e a t . 
l y enhancJ! r e l i a b i l i t y 

H i s t o r i c a l l y the i ' lrs l attempt to Guild a d i g i t a l compu
t e r was f inanced by the J r ' t l s h gov6r;iiaunt in aDout 1836 The c o n s t r v c t i o n 
of a mechanical computer c o n t r o l l e d JJ a sequence of punched cards* fi l i e d 
at that t i n e oecause of Inadequate machine t o o l s and product ion method n, 
The mechanical computer progressed ovi:i the l a s t hundred years from t i e 
adding macMno, through -he desk ca l cu la tor and the punched card bugl i -rs i 
macule/., to the Auton.it.ic -Sequence Controlled Calculator at vU>-vard Driver 
a l t y . 

The mechanloal oaTculat ir i s nowever nuch too s low in 
oper : t lon and l lmltpc. 'n c a p a c i t y for nu.iy of the problems which toda: face 
sc ir ice and e:i{;tneer*ng Aa engineer lim a c t i v i t i e s Secone more compli [ 
and »3 s c i e n t i f i c anc ck t h e n a t l c a l etttdJea. become more dar ing , we enct I 
nee i for grontor nnd greater compute.- ipeed, c a p a c i t y , and f l e x l b l l l t j 
«r. Crawford w i l l d i s c u s s for you t y j ( a l a p p l i c a t i o n s of d i g i t a l comjuters 
r.i'iulrlng h igh computing: sp«'ed and str.'age c a p a c i t y 

The f i r s t departure 'rom tha m-ichanical computer i s j o r -
hapd found In the Hell Tolophone l « b o i t o r l e s rulay computers which a i a taps 
c o n t r o l l e d and the Univers i ty of I'ennr.ylvan'a fculsc villoh i s e l e c t r o n i c but 
i s however, s e t UP for a new problem l.j manual nwitoh and plugboard 
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i'ro.n the wartime developments In electronic * have cose 
Circuit elements and techniques to permit oxterslon of conipi in ;e 
over those now exist ing by several ordsre of mpgnitude 

The size or rating of n d i g i t r l computer can be des
cribed by two quantities the Internal storf.gt capacity, ana the com 
jmting speed Storage capacity mensuren the ccmputer'g ab i l i ty to retain 
controlling prolan, Information and partial numerical results.. CoupuMng 
spc?d measures the pract icabi l i ty of unr.ertaklr.g solutions requiring 
rill'ions of arithmetical operations 'While exist ing computers have a-i 
internal storage United to a low thousand d i g i t s , electronic developments 
wil l permit storage of hundreds of thousands of d ig i t s Knere commuting 
(speeds were i i - i i ted in mechai.lcal nnd relay computers to a few arithm>» 
t l ca l atepi per second, electronic video c i rcu i t s wil l push the limit to 
pome 30,000 arithmetical operations per senoi.e; 

' It i s npjarer.t that computing speeds of mary thousani* 
of operations per second nre essential to the colutlon of problems re -
quiring hundreds of thousands or millions of operation* Situations if 
this kind arise In partial differential equations describing the flow of 
f luids and hoat and the study of electrom,\gnet1o radiation Lengthy 
series of calculations fire likewise enccunterod In etrsss and def lect i jn 
etudles cf structures and in the behavior an* rtabi l i ty of complex au -
matte control systems. 

Realization of computing speeds of thousands of opera
t ion! per second wi l l be aocomplished through controlled video pulses of 
one to sevurai megacycles repetit ion rate- Computer research i s dire :tect 
t : rd Improvements In digit storage asothods, pulse transformers, switch
ing and arltluaetlcai c ircu i t s In some c ircui t* pulses of 0 .1 nloro 
Becond duration at a b megacycle repetit ion rate wil l be required. To 
permit step-by-step manual control of a computer for maintenance purposes 
rcany of ti.iee c ircu i t s must be 0,-0 coupled and yet b<\'ir a band width to 
pass 0,1 microsecond pulses, Hilees in most c ircui t s normally appear In 
iioncyclic manner so that operation must be independent of repet i t ion rat* 

Hndnr and te levis ion research of the lost few years las 
established the foundation for such systems --xtennlv^ uee v;111 be aid* 
of pulaa transformer!], crystal diode rec t i f i er? , and e l ec t r i ca l delay 
l ines 

Development* In vacuum tubes lenve much to be desire 
re l iab i l i ty and especial ly ir. the knowledge cf tho so factors that In
fluence and predict ';ube l i f e In thf high speed electronic computer 
there wil l be two to ten thousand vacuum tubes, the fai lure of any on' 
being sufficient to stop the conputrr 

Rel iabi l i ty Is a matter of major concern in computer 
search, In nany eleotrc ii'j end cjmnanlcatloc problems, st t i c , noise c. 
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other momon'.ury disturbances can bo tolerated. Hern, however VB find 
that the mo.^actery nptaarance of aa axtraneouu ilgnrJ may iJ tor the or 
of aagnltudo of a numerical value. Vide toloi'at.ce r,-.tlos must be 
provided between aignil aad noise level und bouveen transmitter and 
receiver sl^nel specif ications. Check!ug c i r c u i t s mc.st be built Into the 
equipment w.'ierevor possible to detect tnd Indicate mproper operation,, 
It. spite of video band width requirement a of 10 to X megacycles, vacuum 
;u.oer> must, wherever passible, be opere.ted at l e s s than rating. 

The f l e x i b i l i t y of a computer, auoh as herein discussed 
distinguishes It fror. previously avallcble equipment The machine i s con 
trc'.led by data available to It from tcpe or film and physical errangement 
of the computer Is not altered when a new problem arises. Problems cai 
be setup in rapid succession and the operator otn return to any previous 
problem In a matter of secoids: A library of control films can be nccumu-
l.-.ted and eoleoted to f i t new problems. 

With the new electronic computers, we can .'ntlclpnte the 
•eduction o-* setup tine through the use of generalized problem programs 
sach of which would f i t a large class of engineering situations Suoh 
generalized programs to be kept In a library f i l e might be Inefficient 
from the vlowpolnt of a specif ic problem, Tlowover, the hlgr-speed com
puter greatly reduce* the emphasis on computing efficiency sad sh i f t s the 
emphasis to ease of setup. Ar, specific exanpler one could have available 
programs for the solution of a nth order system of algebraic equations 
with real or complex coef f ic ients . Solution of such a system of equat ors 
would require only entry of the coeff ic ients and the numerical value of 
n. Likewise, the multipllc itlon of natricee could be no progranmed t h , ; 
only the entry of numerical values and the dimensions of the matrices 
would be rerrilred 
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