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Abstract: The techniques described in E ... 458-1 are illustrated in. a real
life 8i tuation~ the design of a 4-order machine employing an 
unusual method of central control. For definiteness the memory 
size is taken to be 8 words, but no logical complexity is added 
when this is increased to a realistic figure. 

1.0 SPECIFICATIONS FOR THE MACHINE: NOMENCLATURE 

1,,1 Words: 5 bits, interpreted as in WWI, with negative numbers 
represented in nine complement form. 

Interpreted as a number: Sg{X) 
...-~ 

Interpreted as an 
instruction: 

Xo Xl ~ X3 IX 41 
-·oprX)~-Ad"rx) - .... 

192 Memoq: 8 words, stored in flip-flops.. An actual memory would 
use some other device, such as iron cores; but the analysis for the flip
flop case can easily be applied1to whatever device is actually used. 

Arithmetic Element 

A-Register 

Receives number 
from storage 

B-Register 

Accumulator 
(A subtracter) 

BO B 1 B2 . B 3 B 4 
1Sg(B) 
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C ... Regiater 

Bolda address of next memory 
register to be usedo 

.. 

~ 
wol-~~t 

IlUllber DUJIlber 

\ c2\ c,l C4 I 

_.oa 
·00 1101 ·02 

-10 JIll 1112 

·20 1121 122 

·30 1131 1132 

1140 "41 1142 

·So liS]. 11'2 

~O 161. 162 

~ -'11 1172 

·0.3 

113 

M23 

·33 

-43 

IIS3 

163 

-'3 

·04 

114 

1124 

·34 

1144 

·'4 
1164 

-'4 
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:r -Register 

Operation counter; central· 
coatrolo 

I'll '21',1 
,~ 

OpCr) 

start lllpooFlop 

~ 

~(c)ft denotes the addrasa 
in 11._017 correapoJMi1as to ~ 
the DUmber ia the C-resistero 
Thus it the C8 register holds 
101, 1(0) 1. 

The decisions a s to word lellgth~ mmber of registers, etco-, 
8UIIIIlsr1zed above come UIlder the headiag .t Dchi •• plaJlDiag, ad were _ 
arrived at h1 eut-and-try& The last and 80St delicate part of the plenn1wg 
conoeras the operation of c •• tral cODtrolo 
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C!9! 1211 !!!!! De,criptioa 

flClQ'z Relt 
'. I,' 

The mach1D8 stops, 1043 0 ~ all flip=tlops 
rema1a in the states they were ill when 
the operatioD was exeauted, until the . ltert 'button 18 depressed, at which 
time progr811 t1aiJag begins 0 

Ob;yz ConditioDal If the 11ga digit of the B=register 1s 
Subprogram 1" take Dext instruction from. 118110ry' 

location XYZo 
It the sign of the B-reg1ster 11 G, 
take ·aut 1as1i.1'uc'tioD 1a aequeace () 

lOx;yB Subtract Take munber trom memo~ locatio. :x;yz 
and put it in the A""registeX'J euhtraet 
it from the conteDts ot the B-=ftg1ster 
aDd leave the resal t in Bo 

l.lx;r- Shift risht Shift 'tJ18 ·co.tents ot the B~818ter 
right, defol! ting the origi_l coateDts 
of B ill Me) e '. . 

201 NotatioD 

The above tour operations are to be pertormed 88 eequeD@ea of 
Q9III!!pd. to perform the elementart :1ndependeat tuactioB8 of which the 
machiRe is capablso 'lIn order to describe the .. fw1ctiona we adoptacCIIlq> 
pact terminology: " 

I(e). The memo17 locatio. whose .. bel" 18 Jk>Nd 1D Co 

II !he X repster .. 

(x) g !he coaten". ot the Z "sliter 0 

<X) + 13 The conteDt. of ng1ner I at t1ae " ~ppe8:r 1a :register 
YatUmet+Eo (' 

!he. 1 t is possible to haft "siaml taa.ous" 1aterdlaq •• s 

tt(x) • Y aAd (y) + X. III88U thn the coated. 'ot I .'\ " appea:r 
i. y at " + E 1J ad the" 1ibe eoat.ena of la' t appear 1a I at t+ E.o 
fbi" 08D be 1apl.ea\ed bf del.ayel_entB (which _shall heace~~ a .... 
to be ball t i:ra.to the r.r II .) t . 
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o 

o 

I NTERC HANGE 
COMMAND PULSE 
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We now draw a flow diagram for central control (next page). ~he 
numbers at the tops of the boxes will represent sutes ot the F=counter~ 
and the notations inside ,the boxes represent the commands which are pertomed 
by the first time pulse during which the F-counter is i:o the indicated sta'te" 

For example, in the upper lett corner on page 5 

For further explanation of the flow diagram, see page 60 
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2e2 Flow Diagram 

(The DUIIlberiJag of the bdxea shwld be thoa.ght of .a arb1trar.r, 
for the presento See Section 40 0 below.) . 

Rote I It G· 0, then r •• ard1.,. of the .tate of r, 
both the" aDd C register. are cleand. 
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Program timing oceura at 111 aDd 1000 lete tha" tbe'C-regiater 
1 •••• d both 8S 8 storage selection. regil'\er aDd 8 program counters in 
llO and 101 we add 1 to (0) '0 Each of the four paths after 100 corre~nd. 
't.o an operation: 

010 begins the operation timing for subtract (lOxyz) 
Qll begins the operation timing for uhift (llzyz) 
001 begins the operation t1aing tor!m. O~z) 
000 begins the operation timing for ~ (OQx;yz) 

The tour ny de~ision is determined by the result of the command (Op(A») ~ Op(r) ~ 
which reads (A@) into '2 and (.11) into F)o At the beginning of operation 
timing tor operation number v w the F~reg1ster will be in configuration 
o 'Y w~ since prenouslYll'e had (Ao) ='9' and Ul) = 11' tor Op(A) 0 It is also 
__ leary to arrange that F1 be complemented when the F=~ounter leaves 
CDDt1guration 1000 

.The reader should now Ter1fy that the sequences of commands 
specified in the flow diagram really do add up to the four operations 
l1et_d above o The logical details are discu88ed in se~tion 30 

3&0 JlrC)IGN or THE IfACHIfl3 INPUT EQUATIONS 

:3 01 DeRm ot the F=Regi,tet 

ApperenU,. the r aoreglster 11 to be ~ .3 IJtage biDf117 ~oun"er nth 
\he following C'1'cleg 

.. name the @OnfiguratioDS 
of the F=ngiater8 

Po :18 rtrP3 ~= 000 

P 1 lIB 'i'" 3 CDo>(2) 001 

'2 - :rir~3 ="" 010 

" 38 rir~3 Co>~ Oll 

'4 - "1"; -...- 100 
." :g 'i'¥3 ~ 101 

p, = r 1F ~3 C»CmQO no 

'1 = rJ!~3 ~ III 

. fbe ~ tiapu 011 pep ·9 uon ~ ftlu ... ~.~ to ~ P:t ~ 
pMn'M<ao· . 
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Ia the table above, the b1na:ry representatioD of the wbampt ot P 1ad1ela.l,9 
by the distribution. or zeros~ the location of the pr:ble81 1D the produC'\ of 
'\he 1'8 So 

Bow the aueoesliTe .tates ot the coun~.r are de~eraiDed b,J infor= 
aetion enernal to the counter,9 a~ 1t'tell al :from the ©on:figurat1orA ot th~ 
counter i'\selfo For exa.ple» from P3 the ©ounter JIltu.t 10 to P5~ but frtea 
Pl it may go to Ps or to P70 It is ne~alsll%7 to im1~a_ the basis on which 
th1~ selec,1oD is made; this 18 done in the cases where a ~oice 16 n.©ea~~o 

.illl'Ullle that the F'F U s used ha"f. .211! input ~ su©h the" if' that inpu~ 
11 pUled at Uae til the J'1 11 complemented at tille 1; +E ~e being a del.a:r 
leSI\b.an T ~ the perl.od or the cl.oclto 

o t o 
FF 

a. 

o j l 

TIME 
t 

TIME 
t+E. 

TIME 
t+T 

STATE 
OF THE 

FF 

~HANGe 
PUL..Se' 
TO F=F 
INPUT' 

I" .. d •• ign the F-counter ;1" 11 I'Utti,cien'\ 1to 1fri te thn. 
equatioDflg OM tor -.©h eJ'Ule~ "pe~B when \be ©haDge iDpu\s are ~ 
be pul •• do W. Uall work 1mrwgh \be latU©e on p,_ 6 (or ~ge 5) left1 
bt left1 tor •• @h inpu'\o The equations we are abou'\ to build up are 11= 
1uatrated br a blos d~.gru on page 9G 

'lor the first digit (Fl) _ see that iD going trom '4 (~lOO>, 
OD the first 18"'81 ",0 the 8econd~ P1 1. to be complemenHd regardle •• of 
which ot the tour conf1gura~1oDa on the second le~e1 18 sele~tedg 

tl = (P.4 + 0 0 < .. 0 0 GOO" )1 

Here E deno._ tile aleck pulses the changea are to occur .t ea©h ©lo©k pulse 9 

80 'that an operation will requiH ." most 4 «u©«]k pulses tor its @OIIpletiOJlo 
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To get the aecoad term: it'2 (=010) 1. the second level con= 
t1guratioa selected, the first digit must chaRge agaia to get the coatig
urat10Ja 1101 

Ditto in caa. 011 val 'he aecond level configuration lel.cte4~ '0 I.' 

trom 011 to 101, Fl muet be compl •• ented& 

f 1 = {P 4 + p 2 + P 3 + 0 0 " 0 0 )1 

Similarly, whichever value B may haTe, the ~-counter will 10 from tbe 
configuration 001· to a confi~ratlon (101 or 111) in which 'he firat 
digit 1s changedg 

i1 = (P 4 + Pa + P 3 + Pl + 000" 0)11 

ftnall;y, the counter go.a from 000 to 111 in 00.'0 G = 10 !'hul '1 will 
chaDge in cale P OG 0 (np 0;" .. eanl Po = 1 and G = 10) 

I f 1 = (P", + P a + P 3 + P 1 + Po G):I I 
Since '1 do •• Dot change' in goine trom 111 to 100, the aboy. tor.ula . 
r(lpr.,ent. all the condi tiona under which '1 lla.lt b. OOlrpl."~'"o 

Sla1lar17, for '2 v. hay. 

I fa .. (Y. + P3 + !rJl + GPo + P6 + P.,)J 

war. tu f1r.t tera dari y •• froa tbe tact 'Mt 1IL t_ two 0 •••• _.r. 
"'0 .. 1 170 (A.») • 10 and (0 (A») - in the •• coael dieS.' ot 1100' ..... ' 

~p p::J. 
chug.d, _, 1. the other two cal •• (vun 1100' 10" '0 '001' 01' '0 '00(1) 
thi. 1. _, .ac •• I.f!7o JiD&lly 

I t 3 - (~P4 + GPo +Ps +P7)1] 

It remains to implement tho condition that it G ::I 0, 0 = Jo 
1Iot. that it a halt 1. programmed, the F=counter .tOPI fro. 100 to 000 
and in 10 doing clear. Go But a. will be •• en in Section 3035 'below, 
G can &laO be cloared by a pUlhbuttono Wo wiah to prorlde that it G ::I 0 
fro. IA% canae, the l=counter will aasume the configuration 000 on ,be 
next time pulseo 

!hi. il moat e&sily accompli.hed by vritl_ three eqaatlou for 
the cltar inputs to the F f11p-f1opsg . 

i = 1,2,3 



B+ 

r-'VV' 
~~ 

.~ 

4~. 

~y~ 
~ ~A 
~ ~' 4 

4~ 

4~' 

4~A, 

4~ 

~ 
I 

E --

1".4 
\;:: 
,/.: 

2 
~ 
,I:: 
'-"= 

/.;; 
~ 
~ 

'=' 
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Now these equations mar be realized immediately b,y a ~wo-leTel 
tI10de matrix which, although it does not repres •• t a miDimizatioD of .miller 
'et Cr.Y'$l •• ', .till may be electronica1l1 desirable (I 
~ t:;; t\ 1".4 t\ 

~ ~ ~ 
~ ~ 

~ ~ 
I":. ~ 

~ 
,\,! ~ 

;::; ~ /. ~ 
\:! ~ 

~, \! :/" \': ';I 
t-.: t:; :'\ t'\ 

:;I 
/. t\ ,/:i ~. 

\.': ";.J 
t: ~ 

\:: ~ 

\:;: 
~ ~ ~ ' ,:.. ~ 

\::: :; 

\:: :J ~ ~ 
/. ~ 

, ~ ~. 
.\: :.t 

:\ /:. ~ 
7 /' \~ 

~ ~ t: 
r./ \! ~ r:: ~. .r. 

X': ~ ~ ~ t:: ~' ~ 
~ ~ \.;: ~ 

it- ! 
~, 

"~ ~ h 

1° F, ' 1 0 
I I ,Fa 

.. ". - • oF e. - / 

~ GoT ~GT 

-+ =r-~I ~t 

I 

~ < ... ~ 

~~~ .... 
Here we have indicated oBlr those 3 outputs ot the diode matrix ~"~ 
teed back into the F-registero Actually we require other ou1iputf" eOJDJDaDd 
pulses to the rest of the aachi.e 0 They will be considered balo I,' in con
Jlect10a with the n registers which thel cG.trolo 
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302 Dima,i., 01 "Levela· 

Bota that th, three equatiou tor tile r-rep.tar "CaD be tac1;ored, 
reaul'thg in a reductio. 1. the JlWlber ot pte •• *1 II1xer. required tor 
the reallsa"1oa of cea"ral coatrolo But W, DUJlerical :reduCtio. 1. at ' 
the expe •••• r •• here ••• 1, the .. ber ot ~neli et gaUl' u.d a1x1ago 
We 111u~":ra_ ... aaatag of -le",81.- br aaapleso 

RIPPY 

01. ll.cVeno "11_,".. (Diede) 

1 

z<,. + z) 

2 
-' 

2: +1-

.':".:.-.":-::--."7" 

XTX+'t 

't 

x~x~ 
:I-

lCyX(~+l) 
t & ' 

~+fZ 
(iT z, 

x+t 

)( 

)( 

'x 

'x 
, xC,+4&.V) . 

-('1 •• Y) , x .......... ~ 

,. 

'. 
, 

z.-
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Appare.'tl:r 1. t.nas of the .qu8tioJl.~ the D.UDlber or le'Yels 1. the 
SaBe as the tgact1o!!1 co.plexitI of the expreasio. fer the outputo That 
i8~ :x + '1 _ .. XI' are tullctio •• whose arpeDt. are variables; x{y + z) and 
x + (yz) are tunctioa. {the first a product and the .econd a sum) in which 
0 .. ot ~ arcuaents is itself a function of variables~ 

'illll11,.. xl! + u!} is a ,duCj ODe of whose factors is a .s. 
one or _oae tems is -8. product: "n x~(j" 7~11(u~Tl~r n in functional notation 
where n(a,b)= ab and tr(a,b) :a a + bo B e£ly, '%:t.e number of levels in. a 
Boolean function is identical with the number of Reatings of parentheses 
withi. each othero 

In terms of block diagrams, the number of levels in a device is 
determi:rled by drawing lines froll each input to the output; the largest 
number of gates and mixers through which such a line passes in the level 
or the -.ysteme Finally, the reaSOD we are interested in levels is that 
it a function of level a is realized with diodea~ n is the largest number 
of diodes through which-any input current must paSS in order to reach the 
cm.tputq In 8 high-level diode network considerable attention must be paid 
to the values of voltage and resistance associated with the diodeso Other 
d1ft1aultie. arise with bigh=level V8C\IUDl tube and transistor networks o 

I. 811 cases the difficulties simply require engineering attention: bigh= 
level networks are realizableQ 

ODe last comment8 im suCh expressions as nXJz~ and .x + ,. + zn a 
the product end sum are regarded 8S functioDS of three variables: 

n3(x'7~Z) = %11 and d3(X~7pl) = Z + J + Z 

Electroa1cally this correapoDds to the use of three=~put diQde devices 
tor mix1ag end gatiDg3 

+ 

aDd therefore three-iaput gates aDd mixers are first 1e'9'8.1 Jletworkso 
However, expressiou like ax + (1 + z)·, which might be writteD. ill ftmctio:cal 
llGt.tioD as ttcS2 (~~'Y' z» heft _,their direct realizat1~as two-leftl mixers -
llke: X + ( 't .... Z) - -

I x-..... - ..... __ -.. 
y+Z 

z 
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ia which the 'longest current path passel through two diodeso The two 
aorta of mixers ere logically equivalent, and the one-level type is used 
where pOlisibleo 

To illustrate these points, let us fector the equations of the 
l-regiater: 

= J'r'2J' 3 + 5,Ja1'a + ~J2' 3 + FiFaF3 + Frr2F3G 

:: Fl(F2~ + '2'3 + 1'21'3 + '2:raG) + '1'21'3 

:: 'l~3(~2) + Ja(Ja + J'2G~ + ]'1'2'3 

(by 2 applications of the ruleg 
x .... ;:a:8y == X + 7) 

= Ao'lFkFa + ' 1' 2'3 + Bo'
i'a'3 + G1iFa1a + ~J2'3 + '1'21'3 

== '1 (Ao'aJ'3 .... JQ + '2~) .... 1'1 (F2'3 + 10'2:'3 + G:r2J~) 

= '1 (AoI 2F3 + F3) + '1 ~3(12 + 1012) + Glp':rI] 

=: 1'1 (Ia + -'or~) + 'i ~3(12 + :Bo > + GJa'hl 

fa == "tP4 + ·0 +'6 + P,., . 

== -'l~J2J~ + (}lira'l! + ~Ji'3 + ~z'3 

= '1 (-'1,)12'3 + ]'aJa + '2'3) + IJ!'a'! 

= 'I (~J'3 .... !e.) + G'lJ'a'3 
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We baTe now reduced the total anmbor of diode. (aasuaiac • r •• l1~ 
.tion 8S a diode net) from 55 in the two-1eye1 matrix to 41. (10 tor fl' 
19 rer f2' 12 for f)* this cell be d.tera1ned direcU:r from the equaUoD 
b,y couBtiag B diode. for each a input ,ate or 81x.ro Eol09 tor 1300000 
iglloriag E()(u <) <) we have a 2 iapu.t "pr (the plus ia fro.t ot "Ga) of 
which the i.putl are 6\ '* input pte and a 2 input gete ot which the inputs 
are Fl SDd a 2 input IIi Dr ot which the input. are '2 and 8 6. ililmt g!!e 0 

Adding up the numbers or illputl uader11:aed above gives the 12 diodes re"'" 
quired for f3] 

We shall not draw the block diagrams for the factored equstionso 
It would be very messys and an engineer whQ under.tends the algebraic 
notation could design the network from the equations as easily as he could 
trom the block diagrams (the equationl hey. the added advantage or compact= 
neSS8 three rows of qmbo18g instead of • page crammed with box.lS~ 11nea 
aDd arrows)" 

303 The Arithmetic Element 

3031 The Subtractor (See diagram on po 26) 

The most complicated single command the machine must execute is 
. wbtract lIB) .,.. (A) + B8 from the content§ of the B""'regieJter~ subtract 
the contents of the A=register and deposit the result baCk in B:l 

. Now representing the binary number stored 1. the A~regilter b.1 
IUA ~ ~ a.lad similarly roo r Bl end dellot!ng the nine. cOJiplemelllt (reru t ot 
compleJleatil'lg each digit) ot A b7 W AU, we have ' 

B := B 20 + :B 2=1 + I 2-2 + 15_2-3 + ! 2 .... 4: o 1 a 3~ , 4 

o -4 
A :: Aa2 + 0 0 0 0 0 + A42 

- 0 ~ .l a (1 - An)2 • 0 0 4 0 0 .. (1 - .1..)2 

- .. 0 =4: .... , 
A .. A- 2 + 0 0 4) 0" + 2 • 2 "'" 2 

~, . .,. .... 4 
.. A • .&. i' a : ..... .,...2 '.'" ., .. ,'~ . 

IJ-A:B+A+2-4- 2 1 

We can now COAstruct a table which describes the operation-ot 
theith stage of our subtractor; it is the ordinary table for binary addition 
where the second term is Ai il1stead of its compleme:at" AiD Note that we 
reqnire an "iDstantaneous" carry output, Ki=l .. 



Bt(\) 'i (it) 1
1
(t) 

0 0 0 
0 0 1 
0 1 0 
0 ,1 1 
1 0 0 
1 0 1 
1 1 0 
1 1 1 
'- ~../ 
all po.sible iaput. 
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1:1-1 (\) B;1(1e + T) 

0 0 
0 1 
0 1 
1 0 
0 1 
1 0 
1 0 
1 1-

w. w.at ia the B=regi.'ter .'\ tiu t + T _" J + i~wt rather B + i+ .2,=4= 29 
whicb we haft Ihon aboy. to be equal 'to I ~.10 (~ro .rdc4row¥l ~) 

, ,.. get fl'. B ,+ r \0 B + i + 2co>4 .:> 2, _ add ~he 2""4 07 requirilll 
u.\ 'I.' the OIlny iapu:t w the tir.t auge, be 10 ' , , 

We aubtract the 2 b.1 r.1l1ag to pro~d. a B~l tlip=tl.po 

The. a reallll\1oll of the table which hal the two .dditio_l 
properliel ju.t li.ted 'rill w.btrac'ttbe co.teat. ot A troll the coat •• t. 
ot B a~ le8"'. the relUl t ia ,the B'="regiater t .eeoada after, the '{ttnot 
commali.d pUs., P6E (note that accordiag 'to ~ table OR po ; the B)-
(A' + B o_lI:ad pel outwheD the llfboouater 18 ia \he cGafipraUoa 110 

, (P6) iii • ol.ock pUR (I) OOCNH) 0 

, " < ", "ft. l~" ",. B1 1, .. .. pl_. .ta.WI" .e 'w1ah B1 (" + 1') M be 
'\he ,_pl ••• ' of Bi(it) e.a -pili ..... pul. ... ~.~ Qonlpariag the 
tir.'ddll., OOl.U1I_ or 'tile '\I .. we pi 

b .(lt~Ei ... BlAl'! + liAs.'t. + 11'1.'1)'61 

It this seems 1t'l'Ollg, notice that the table 11eu 'glue. or .A 9, Dot "eluea 
ef A, aDd that Al = 0 aeaua .Ai ;8 10 

Th1. expression call be l&-e8"11 simp;Ut1ed by tactonDg Ai~ trOll 
the fire' •• d third teNS 9 end Alit! from the other two: 

I 11 • <"t't, + ,,{Xl)P ~ .. {AI G> 1:1 )P sII l (1'" 0 •••• ,4) 

which tact might bavebeen seeD directly tram the tableo 
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The carry output f'rom this stale ia 

:3 0)2 Shirtigg 

The B=register is used in shifting as well as subtractingG Then 
before we adopt the above equation for the input to the B=register we must 
add term. which take account of the additional inputs required for sbiftingo 

Referri.ng to the diagram on po 5 we see that the function (B) "" 
(A) ~B" which occurs in configuration 110 of the F-counter, is not the 
onl7 one that involves Bo 

In configuration 011 (P3) of the F-counter two other functions 
are performed: (B) ~M [e] and (Bi) ~ Bi l' it being understood that the 
number which appears in M [C] is (B) before the shifto (See remarks on 
·simultaneous" interchanges between registers in Section 201.) In the 
shift 8 zero is introduced in the left .... most digit position, BOo 

The transfer to memory" (B) =+ M (el, does not concern the iawt 
to the B-register: it will be taken account of in the input equations to 
memory 0 Then the input equations for b .U1 be complete \vhE1n we add e~ .... 
pression" to realize (Bi ):9 Bi +1 (i =- 0,1,2,3); 0 ~ BOo This is most las111 
done using the clear and set inputs to the B flip-flops, 81 though 1 t might 
haTe been accomplished with oDly the complement input" with sui table gat1_Co 
Then we cOJl8ider that we have the 11111 t,-pe of' rr with three inputs, label.a 
as shown; the complete equations for the B-regilter are the. 

x, = 1 (aend~around C8r.r.y") 

1 b1 -_- :B1,_lP I'~ (1 = 1,2,3,4) 

Obi - 31_1' l' 

(difference digit) 

(shirt right) 

a'· A. 

n 

o 

ObO =P31 (destructive ahitt) 
'--_--_____ ~_----------------' 01>;. b.L Q t 
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That i'~ .he. the F-coumter is i. configuratioB P39 the clock pulse E acts 
.a 8 comma.a for the co.tents of regi,ter no~ 1-1 to appear in register 
BOo i, aDd tor a zero to app.ar 1. regllt.r BOo It is •• suaeds o.oe agai.~ 
that there i8 e deley 1B.rent i. '\he i.puts to our Fl9. such that this 
ah1tti. will occur atter the tn.ater to aemory ha s take. place co 

3033 The .1~ReCi''tG (S •• diagram, po 2') 

To complete the discus.i •• of the arithmetic element we write 
the equatio.s or the iaput' to the A=registero Traasf'el·s into .l occur oa· 
coRiiguretio •• 100, 010, aDd III (p 4» P2 .ad P7) of the operation ccnmter 
(see p.o 5). 's.in it will be siJIplest to use the .IIi u.d ~ iaput, 
rather thaD the cOilpleeat i.put: . 

1~ "E1p
" + ~ (pa + pal 

0"1 =Ei'. + 11k (Pa + P7I11 

1&1 : ~i(pa +P7)1,{ 

0&1 - ~(Pa + P7)1) 1 =: 0,1 

h :=III .(0) 

It is aecesssry to treat i ~ 0,1 separately siBce there are _0 Co or 01 
flip~rlop80 Now we must explicitly indicate how h ;:;; (0) is t. be iaple-
me:ated o ,. 

Let us assign Dames to the coDfignratioDS or the C=register 18 
analogy to the Pi as names ro~ the configurations of the r=register: 

10 - C2P)Cl 

fi • °20}04 

.r~ =- C2C)C}. 

G -C2C,C4 
r4 .. C2C3Cl 
r, ;: C20)0, 

f6 - C2C,Cl 
r; =- C2C,C4 

1ft '\he C<="egi.'ter will b. laoM alld 
oDl7 ... • t ~ •• coatigurat10.' .t~ 
till. ..d uac. tor ,., twd 1 

i 14hi ~ - .01 r: + • •• +1I.n, r, 
h ~O 

will be 0 or 1 8 ccordingly 6 a the i th 
digit of the word in memor,y which cor~ 
rS.8ponds to (C) is 0 or 1 9 , . '. 

This implellentsthe COM! tic. h ::: (C) which we added verball7'. the equaU •• 
above 0 . 

'>' 
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Thea the n.al equatio" tor .. A-re ... are 

.. ~.' 

t. - O~l 

!he iuputa to the C=register are affected in coDtiguratioDS lOO~ 
010, Oll" om. (iD case BO == 0) aDU 101 ot the operation cOWlter, and in 
calla G • 0, Nga:rdle8. of the atate of.F (8ee po S) Q Only three different 
thing. 10 0111 

(1) (AdA) - ,C (on' 4' '2' '3 aDd P1Bb) 

(2) 0 - C (OD G9) 

(3) (C) + 1 == c (OIl p,) 

~ The -08 II ...,:ra 1. the equation tor OOi p:ro11de. that wheD the computer 1 • 
.. • taned uPe tile first memo%7 adare •• to be referred to wUl be 000 0 

The .add opatuDCt10D OlD be impleaeated br • .1apl. counter uaias 
thIJ ccanlc-.B~ brput80 The qcl. tor the couter 1aa 

°2 C, 'I. 

0 0 0 
0 0 1 
0 1 0 
0 1 l' 
1 0 0 
1 0 1 
1 1 0 
1 1 1 
0 0 0 
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.lpparentl1 the .tagee should be complemented a8 toUnes 

°2 • (C2C3C' + °20304)P51 

'$" the stIlt '11;:110;. G 

OIl the I.lIli comm •• d, oa the t1m. pul.. betore. the operation (r) 
coaater reaChes configuration 000 the G tl1~tlop is cleared and theretore 
the l-counter .ticks oa 000 (lee po 5) 0 The machine 1s to be started 
again by use of II mtoh, S, which sets G aDd aUows the .ext clock pulse 
to step the operation couater iato coDfiguratioD lllo The machine caD 
be stopped Dot only OD the JiIli COIIIIIl8Dd, but at aDt tille by aettiJag S 
to otto .f 

·3036 the lemo17 

sn o 
ott 

Shown 1. re.t po.lt1oDo 
ea. be lecked i:a s.U,o 
C ••• ct :1. !I .ta .... i. 
momelltfi17· . " ,.., 

Be.d~1, to the •• orr 1. to 'be acc_pll.hed ia .1I. or two .,-, 

(1) \'reSDDU 1. tM au ooaftcuatioa of the opeNt1oll cO'U.teJ" 
(I) • -19]. . 

(2) rill BMw". the 1lad1vidul tl.ip-tlop •• _ ~ t111.t ". 
bam ll , thi ••• thed 1. uaed tor readiag ia preSNall» . 

the -till wttoa,· aN n1tohe. whi_ ia their red pJe1U ... 
ao11ie .. 1ther cJA "I' lao . . 
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Fill Button 

Read in 
1 

Shown in rest positioDo 
contact 18 momentary 
iB both poSitiOBSo 

We now have a eet or equations which completel,. describe the l@gi@ 
of our Jl8chine o They are fIUJDIJ1Ilnzed on po 21 and po 220 

40 0 GENERAL REMARKS 

There are three general atege~ in the dsnlopnent or the logic ot 
8111 particular computi:cg ma@hinso In order of de@res8ing generality ot the 
decidoDs 111vo1 "fed l) they are 8 

(l) P;L@nn;ingo (Given the purpose of the machine!, what operatioDs 
Mall be i.u@luded? W'hat word'"'"le:agth? What speed per operation? 00000 ) 

(2) Comb1AAtorial DecisioB8 o (What general anangemeAt. ot devices 
will beat implement the ~$ what shall be the ~cle of the operatioJl " 
oOURter' 1bat order ©~de? What basic funotions (commands)'OGOoo) 

(.;) Des1gno (Whet @ontiguration ot memorr=elementsl gate8~ mixers9 
et~& best ":realizes the resul'if; of the @OlIIbi.torlal dedaioll.') 

In the case of the prellent ••• pl,oo@_puter \be ••• tep. we.' _= 
what as fo11"IU 

(1) Pla!"'M~ The purpt •• or the .. chiae as to S8n8 sa all 
eDDlple of • lI(tlthod of deaigJlo ftlerdore 1 t should ha"t'e 8 sull -.0%7!J 
&hort word length ad in opeNt1oU3 _" au. ot tJlaeae .hould b. ..' mort9 
small or tew a. to aab the dodp p.robl_ 'tr1:riuo The Nrut. of the 
plaDning wen p: •• e.ted~ without d1.@U..rd_o.~ 08 the t1r.t three pI,-'o 

(2) awN-tariM D!ci.iou& !heae aN 8'WIIJUlriud bt the table 
oa po So fhere the qcle of the op8ratioa-cewrter 18 ahoe aad the P'OUPa 
of bade ~ • .,. imicatedo Saoe the optratiou are fn lIad a1ap1As &9 
thought at all ._ dnoted to the <COdiDg ot the. (00 ;;:balt~ 01- .m21 .teo) 

(.'3) Dedps Throughout the de.1p •• r.t.1":Nd to the table o. 
po 5 which mmurized the COIlbiutorial decia1 ... o 1'he dadp 1. ala.at 
ucb.ui@al, 0_. the table ha. M •• drawno 
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The sort of problem involved ia the combinatorial declsioas is 
1l.lu.treted b7 the biJIBry codin~ of the a boxes in the lattice on po 50 
w. ahol 

~oo 

KJ~ , 

l ~(/. 007)\ rather 
e~o 101 ~ than 

~/ 
HI 

000. 

~ 
l ~/1 iI~ 
O~//' 

au 

because we thought that of all the St ways of 8f5signing numbers from 0 
through 7 to the 8 points in the lettiCEJ9 the one selected re.sulted iD. the 
simplest designs Of course we did not draw up all 8~ lattices 8Dd tram them 
write St sets of equations for the ma~hiDes examine them and ©hoose the one 
that con\pined the rewest compcnentso SuCh 8 program misht be carried out 
by a mschiae like WWl, but Dot by human beiAgso Rather we ccftaicleMC1 .010 
that it would be desirable to have as little differen~e as possible between 
the DUmbers assigned to the point a im the second level of the diegrem~ the 
.outcomes of the f'our=wy choice after 1000 AccordinglyS' in a simple-minded 
wa1~ we decided to use the tour numbers beginn1ag with ·on tor those poi.tlo 
Similarl,. 1. the biury decision after 001 we chose &8101" and -111" 8S the 
uumbers of the .ext comf1guratioBs because they differ from each other oalf 
1. 8 siagle dig1t~ 

To systematize such combimatorial decisions, three developments 
would be helpful: 

(1) A mathemat1©al theory or the desirability of such choices 
88 that.o mentioned above (which were made Oll aD intuitive bas1s)o 

(2) Aisigament of aumerical' values to different compo.ants and 
their coaflguratio1l8 (the uai t might be dollars ~ Qr speed ~ rella bili ty or 
aome combiaatioa of those) 0 Any such essig_eat &hotlld be 1. geaeral tel'mfJ 
so that the parameters might be changed as the characteristics of a~11able 
©ompo1!lents cbaage 0 

(3) Programs; which would allow 8 highoospeed computer to survey 
large JlWADera "r pG8sib111 tie. such aa the at 8ssi~eD.ts of numbers to 
the polats 1. the lattice aboveG It is possible to write don Ii fully 
mechaaical pro~edu:re for s1mplltyillg equatiou ud eve. tor go1.g tran 8 

diagram like the oae OD pe S to a set of equatio.a, 80 that this developmeat 
is possible <=> SJld perhaps practicalo 
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SoO SlMMARX 

Sol Complete §et ot Eqqatiol, for the Mach1ae 

5011 Abbreviations 

Page. 21 

· 1 i = F1F¥~ where the Il th " .. " is either 8 prime or e b18Dk~ 
dependiBg o~ whether the nth digit in the binary representat10a ot i is 
8 "0" or 8 "1· 0 eol o ~ p 5 = P10l = llF2F.3 <J 

~ = C*C*C* (9 EQgo ~ ~ = 1001 = <:102C3 

D 

L~ = Xl + 12 +00 @ + 1:1.1 
1=1 

5012 Notatio.,¥l t!l_"}!kF;l8p, 
x' X 

o r.JIJ ~ • '" 

'o~3 The Operat~.o .• QouJater (F-Register) 

tl = (POG+'l +'2 +'3+ P4)1 

fa = (PoG + Pl 130 + P3 + p 4"'0 + P5 + '1»)1 

f3 a (POG + P4A:t + P6 + '7)1 

Ofl - G~:I (1 = 1,l2f}3) 

is 014 the Accumula.tor ( .. :a.gi,ter} 

b1 = (A1 (£)11)PS:i (1 == 0 91,2,31)") 

1 b1 =. :81=1:' ~~ 
(1 := 1,2i)3,ft) 

QDt - ~l~lJt~ 

Q~Q =- p~ 

1:1_1 = A{~P~ + :J1D (1:: If)2~$~"); :l .. " 1. 
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1-1 ... ~l4 + (P2 + P7)~ Mbi r:3 1 

0-1 = ~lP4 + (P2 + P7)(t Min rJI 
Saae for 1. = O~l except that lat ter.m i. mi.Bingo 

5016 fbi Memory-Selection ~'1.t.r (e) 

lei =lAil ~ 
i = 2,3~oi 

, C = (XliO + GO)! o 1. 

5017 The Start=Stop J11p=Jlop (G) 

0' = (P 4AQ"l + 8 8 )1 

g = SE 
1 
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S is a double=throw awi toh which can be locked in the 2l.! 
position, make. momentary contact in the 2A poeition, and haa a reat 
poa1tion in which neither contact i. energil.do 

s 

.otf~ J • on" 

Show.n 1. Ir •• '- polit1ono 

5018 !At 'emorY''1l ''.,a (N) 

. °1.mV4 =. (Bvd + :ad r.."P3>. J w :II 09 0oo i'; 

0·w4 == (:I~cl .... 11 r" '3)1 .. = 0» 00 0 ~5. 
the 1°8 are double=throw .,,1tche. (Itill ."oul ) which llake 

momentar,r contact on either sld. aDd have a r •• t poaitio. 1. wDich bota 
I1d •• are open. an 0 t .1. 

(!lead. 1n 0) ? (lead 1D. 1) 
14gB ,. rIa' 19',510n 
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502 The Flip-Flops 

These are assuaed to have en iaherent delay between receipt of 
an iaput pulse ana the resultiag change i. the outputo SpealdJilg loosely, 
this delay permits readiag aelf l.tormatioa i.to • register "at the same 
timen t~t the old information is bei:ag read OUt9 and permits "simultaneous" 
traDsfers of iBtormation betw •• D two registerso (Se. SeetloD. 2010) 

S03 .OperetiDg ID8tructi91' 

10 Turn Oll power and alln tubes to warm upo Duri:ag this time 
the machias will be cycli_g through same meaniagless program if the G tlip= 
flop happeBs to start out ho1diag • "1"0 

20 Lock switch S ill the 9ti polit1oBo Thi. lets G to O~ .ete 
the operat1oB couater to OOO{# and read. 000 i_to Co Reed program •• dOats 
i.to memory with "push .... butto.s .. (R)o 

30 Release S <mothiDg happeas while 5 11 1. neutral position)s 
push it ~o the 2! positioD and releaseo Tbi, leta G to 1 and the operation 
counter steps into lll~ the begianiag or progra. tiaiago SiBee C holds 000, 
the first word to be taken out Gf memor.y BDd traaaterred iato the A=register 
will come from the first memory register {at locatio. 000)0 The program 
should be stored with th1. tact 1. n.co 

40 The program should eJld with. halt command, O~z 3 where 
x y Z .81 be 8~ .amberG This freezes the co.tents or ell FlUs except tor 
G end the Fend C registers, all or which are cleeredo A.ew program may 
now be read into storage via the R switches •• d the aachiae may be re~started 
b7 pushiag the S awi tch over to So 

50 Read=out is ria •• Oll bulb. attaahsd to the memory FlU 2!J (Jlot 
shon above)o 

504 Pl-ck Diagrams 

Peeple who ere unfamiliar with the algebraic .. tati •••• 1 fiad it 
helpful to traJlalate some of the equat1 •• s iato bl.ck tli.gruB 0 A 11 tU. 
b! t of this will go a loag -1 tnerd premotiag familian t1 with the flll_bnai. 
QUlbolism; with a little practice it will be fouad thilt .S JlUeh i:lfo:rutioa 
ca. be read d1rec'Ur trail. a tew 11Ma of equat10as 8a from (I de •• a page of 
block diagrams 0 

Block diagrams tor II few of the registers followo 

R.te that the equat10as tor .regilter show the 1lpgt. to that 
rep ster 0 To tim output. of register Ig l •• k thrwgb all the aquatio,. 
tor occurreacea of the letter nxng (In the ca •• of the P and C registers, 
look tor IIpw aad 'fa as nll, a1.c8 the" abbNdat., product •• f .,. • aDd 
·C-80) 
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,,= O,ooo~'1 

d = 0, 0 0 .,5 

Identical p1c~re 

for 88 cll memol'7 cell 0 

In case a magnetic core 
_.ory 18 used with an 
I/2 selectioD .,.teJa, the 

. :readc=>1n .&'es are siapl,. 
point. where pairas ot 
insulated wires cross 
inside the coreso 
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E 

%11' A-bpfter (last three digita) 

1&1 fiP, + (P2 +P7)(~'Kh1 r:)1 
0·1 "'~P, + (P2 + P7)(i, Kk rh1. 

o 

C~-· ..... 
.. 

i :. 2,3,4; 

.... ..... -c.., , 

----------~----~----~---------.,-. P, 

8 INPUT MIXER 

o 

r., 

'" 
" • 
-II 

e INPUT MUCEIt 

'tb1 •••• orr II1stem 1" 
not in1;ended as 8 pae 
tical proposalo !he 
follOwing two lIo41f1~ 
cation. are denra'b1.& 

. (1) In reading out of 
memory, clear A on the 
preceding cloCk palee 
and then read into onl 
the •• " aidea o~ \.be .l 
rru8!Q . This eJ~lId_'M8 
the lett hand halt of 
the ••• 017 rudc::tl\'lQ" 
18tes and the let" hara 
8 input II1Dr 0 (2) Use 
egne1i1@ CONa •• 
memo17 cellso t'hea th 
:re •• 1niDg :re"~ 
latea aN iDheNntt h 
the core_, aDd t.1:Mt • 
inpu'ti II1Dr 1&1 the 
aenu.1.D.g ldadiaco 
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The AcCUJlUlator (coapleaent inputs) 

'the set and clear inpate .re Jlsed only tar ah1tt1Dg. fhe reader 
can coaplete thi. diagr_ by addiq themo 

b1 = (.11 $(1 )P6:1 (1 = 0,000,4) 

1(. , 
..(,- ---

, , 
I 

e 

0 I 
8· ..c, 

U 
~ I 

GT -- . I ~ 

- -- -GT -. -- -
• t -- GT ~ -- ----

H 

+ .. -- -
tt 

it 

0 t 
A· ~ 

,repre.,enta a black box which ,1ft. a pulae 
output wbene~r ODe but not both of the 
inputs are presento See next pap 0 

E 

P€. 
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the 'black box tor partial, IUJIl (CT» 1. In G".T'11lt'Plit1~t.~ .. "r.i),(J P:r.obdll;r 
~ belt ft'1 to iapl.ent :1twith ~'''':r;y IlrHJ't;~~~e'n11~ rJl'UlllpO;netitl :il ,to 
\lIe not onl.f 1.1, and Ii but aleo the1,r aample.enta" 

TO BJ. 

;-----'----1 K~ 

I ' 
I 
I 
I 
I 

INPUT ................. ---t---t 

GATE I 
I 

'-----
A.p 

A.. 

CLOCK 

fhi. require. either pro1id1DI" an in".i-ter to ~.t K~, out ot Xi' or bu11dina 

up 1':1-1 88 an output troll Ita.1 ;;1 independent of lti (\I (.A carry .I.f..m 'lino 
I .... 11 II "'01"7 9.I!.,l:1nl.) 

RCJ/IsR/op 

'cOt G.L!ria1 
D. B. Brcnm 
Do .A. Buok 
H.,R.J. Oro •• 
I • .A. BoUer 
J. Jacbb. 

" ,. Lilft'ill 

B. 'I. "7e:r 
J. A. O'Brien 
I. O",el1 
I. I. OlieD 
w. I. '~pi.ll 
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