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Digital Computer Laboratory
Massachusetts Institute of Technology
Cambridge, Massachusetts

SUBJECT: DESIGN OF A DIGITAL COMPUTER BY BOOLEAN ALGEBRA

To: N. H. Taylor
From: R. C. Jeffrey, I. S. Reed
Date: May 20, 1952

Abstract: The techniques described in E-458-1 are illustrated in a real-
life situation: the design of a L-order machine employing sn
unusuai 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)

X Xy Xo Xz | l
Interpreted as an o f&_‘gm“3 Lli/
instruction: op (X) “AdlX)

1.2 Memory: 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 applied' to whatever device is actually used.

1.3 Registers

Arithmetic Element

A-Reggster B~Re§§ster
Receives number Accumulator

from storage (A subtracter)
leAl A21A3L\h: Bp B 3B B3 By
e gy et s sim g e e P P 1" .

op”(A) Aa(A) 5¢(B)
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C-Register F-Register

Holds address of next memory Operation counter; central
register to be used. coatrol.,
Nt st
op(r)
Stert Flip-Flop
G
Memory
—> 4
Mo (MMM N "™(C)" denctes the address
l 00 [701]702) "03| "04 in memory correspomdimg to |
v Moo | Monl Meal N the number im the C-register.
Mio | M1 [Myp| My3] My, Thug if the C-register holds

101, M{C) is

1.4 Operetions’ | .

The decisions as to word length, mumber of registers, etec.,
summarized above come under the heading of machine plamning, and were
arrived at by cut-and~-try. The lagt and most delicate part of the plannimg
concerns the operation of cemtral comtrel.

. 7

[ B
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Cede No,  Neme Description |
00xys Halt The machine at&psg ioéog all flip-flops

remain in the states they were in when
the operation was executed, until the
stert button 48 depressed, at which
time progran timing begins.

Olxyz Conditional 11‘ the sign digit of the B-reglster is
Subprogran 1, take next instruction from memory
location Xy2Zo
If the sign of the B-register is @,
’ take mext imgtrustion in sequence.

10xys Subtraet Take mumber from memory location xys
and put it in the A-reglster; subtract
it from the contents of the anragiatar
and leave the result in B,

lxys Shift right Shift the contents of the B-register

right, depositing the originmel @ontents
of B in M(C).

2.0 TIMING DIAGRAM
2;1 otation

The above four operations are to be performed as sequences of
gommands to0 perform the elementary independeant fumctiomns of which the
machine is capeble.  In order to describe these functions we adopt a eom-
pact terminology: k .

M(C): The memory location whoge mumber is m:'ad in C,
X: The X register.
(X)s The comtents of the X register.

(X) $¥: The contents of register X at time & ‘appeer ia register
Y at time ¢ +E&. /

Then it is possible to have "simul‘banicms" interchangess

"(X) Y and (¥) 9 X® means that the contemts of X et & eppear
inY at t +€, and that the contents of Y at ¢ appsar in X at & +€.

This can bs implemented b§ delay elements {which we shall mm-th assume
- %0 be built into the FF*®



Engineering Note E=462 ' | ' Page /

b

DE DE GT GT

O

o :

| G‘T .—L— 6T ' DTE T )

INTERCHANGE
COMMAND PULSE

We now draw a flow diagrem for central control (next page). The
numbers at the tops of the boxes will represent states of the F-counter,

and the notations inside the boxes represent the commands which are performed
by the first time pulse during which the F=counter is inm the indicated state.

For example s in the upper left corner on page 5

010 means that when the F-register is in the configuration

Wc)» a4 Fy =0, F; --19 F3 =O the @ommanda read out of memory
(a(a))pc location IC) dnto the A-reg .~:: and zgt;é.'sl_ls_;gﬂ_ﬁhrg_

are perfomed and the Fscountor changea to the config== ~
110 * uration 110 (i.e., ¥, ig complemented), This change in
(F) 1s strictly speaking a command, but is indicated by
the arrow between the boxss instead of by a third nota-
tion inside the upper box.

For further explanation of the flow diagram, sees page 6.
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2.2 Flow Diagram

(The numbering of the boxes should be thought of as srbitrsry
for the present. See Section 4.0 below.)

-

A_P_uo ' 00

B) » M(c) If B, = 0

Bj) #B34) Gala))a 6
(iﬂﬂ,ooo,3)ﬁ

)9 B,

(aa(a)) # ¢ -

[(c)+r19C

_—
v ItG= 0
Note: If G= 0O, then regardlegs of the state of F, 09 ¢
both the F and C registers are cleareds: O »
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Program timing occurs at 111 and 100, Note that the C-reglater
is used both as a storage selection register and a program counters in
110 and 101 we add 1 40 (C) . Each of the four paths after 100 corresponds
. %0 an operation:

010 begins the operation timing for gubtract (10xyz)
011 begins the operation timing for ghift (llxyz)
001 begins the operation timing for gp (Olxyz)

000 begins the operation timing for halt (OOxyz)

The four way decision is determined by the result of the command (Op(A))? Op(F),
which reads (Ap) into Fo and (A1) into F3. At the beginning of operation

timing for operation number v w the F-register will be in configuration

0 v w, since previously we had (A,) =v and (A7) = w for Op(A). It is also
necsasary to arrange that F; be complemented when the F-counter leaves
eonfiguration 100.

.The reader should now verify that the sequences of commands
gpecified in the flow diagram really do add up to the four operations
listed above., The logical details are discussed in section 3,

Apparently the F-registeér is to be a 3 stage binary counber with
the following cycles

We name the econfigurationsg
of the F-register:

P = F{FSFY - 000
P) = F{PIF, —- 001
P, = F{FF] —- 010
Py = F{FP, = 011
P = TP ] — 100
Py = F)FIF, =~ 101
Pg = FyF ) === 110
Py = B F Fy == 111

The tleck disgram on page 9 shows how voliages corresponding %o the Py are
gensrated. ' " | :
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In the table above, the binary representation of the gubscript of P indicates,
by the distribution of zeros, the location of the primes im the produsch of
the FSSO

- Now the successive states of the counter are determined by infor-
mation exsernal to the counter, as well as from the configuration of the
counter itself, For example, from P3 the counter mugh go to Pg, bub from

Py it may go to Pg or %0 Py, It is necessary to indicade the gis on which
this selection is made; this is done in the cases whers a choice is necessery.

Asgume that the FF's used have ope input, such that if that inmput
is pulsed at time %, the FF is complemented at time ¢t +& ,€ being a delay
less than T, the period of the clock.

! !
A A STATE
? ! OF THE
FF
0 { 0
FF 5
1 , ﬂ "~ CHANGE
a PULSE
TOo FF
o INPUT
TIME TIME TIME
t t+€ t+T

At +7)= 4(%) @als) (Sea E=458-1, p. 13)

Now %0 design the F-counber it iz sufficient to write three
equations, one for each stage, apecifying when the change inputs ars 4o
be pulsed, We shall work through the lattice on page 6 (or page 5) lewsl
by level for each input., The equations we are about %o build up are il-
lugtrated by a block disgram on pags 9.

For the first digit (F1) we see that in going from P, (=100)

on the first level to the second, ¥] is to be complemenbed regardless of
whieh of the four configurations on the second level is selected:

fl =(PA + ooaooo@ooo)E

Here E‘aenotea the glock pﬁlses the changes are to occur at esach cleek pulse,
8o that an operation will require at mogt 4 clock pulses for its completion.
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1

To get the secomd term: 4if Pz (=010) ia 'the second level gon-
figuration selected s the first digit must change again to get the comfig-
uration 1103

tl = (P4 +P, + ceoso)B

Ditto in case Oll was the second level 6onfiguration selected: to get
from 011 to 101, Fl mast be complemented:

= (P "G-P2 '+P:3 + .....)B
Similarly, vhichever value B, may have, the FP-counter will go from the
configuration OOl to a confignratiozn (101 or 111) in which the first
digit is changed:

fl = (P4 'l'Pe -t-P3 -!-Pl + .0...)B
Finally, the counter goes from 000 to 11l ip case G =1. Thus 3‘1 will

change in case POG" ("PO.G" means PQ =1and G=1.)

£l=‘=(P4+P +P3+P “‘POG)E

2 1

Since rl does not change in going from 111 to 100, the above formula
ropresents all the conditions under which l'l must de co.plllﬁflt.da

\
\

Similarly, for rz we have

£, = (AP, + Py + BP) + G, + P, +P,)8

whoro the first term derives from the fact that in the two cases vhere
A, = [So (A)) = 10 and (o (4)) = 11] the second d1g1% of *100° myst be

changed, but in the other two cases (when "100" goes to "001* or to 2000* )
this is not necessary. Finally

13 = (A.lr4 + e?o + Ps + r,,)l

It remains to implement the condition that if G =0, 0=7F.
Note that if a halt is programmed, the F-counter steps from 100 to 000
and in so doing clears G. But as will be seen in Section 3.35 belew,
G can also be cleared by a pushbutton. We wish to provide that if G =0
from any cause, the F-counter will assume the configuration 000 on the
next time pulse.

: This is most easily accomplished by writing three oquatiou for
the clear inputs to the F flip-flops:

ofy = ¢'E 1=1,2,3
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- Now these equations may be realized immediately by a two-level
diode matrix which, although it does not repressmt a minimization of mumber
‘of crystals; still maey be elelctronica.lly desirable.

——*o

Here we have indicated only those 3 outpuis of the dlode matrix w
feed back into the F-reglster. Actually we require other outputads

pulses to the rest of the machine, They will be considered belos in con-
nection with the FF registers which they centrol.
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3.2 Digression om "Levels" -

Page 10'

Note that the three equations for the F»regiator"can be factored, -
resulting in a reduction in the mumber of gates and mixers required for

the realizatiom of central comtrol,

But this pumerical reductiom is at

the expemse of an incresse in the mmber of levels of gatimg and miximg.
We illustrate the meaning of "levels" by examples.

EXAMPLE
No. of Levela Equations Bloak Diagréss Ome Electremie
o , Realizatien (Dieds)
_ X"'%

x+y X —-T-. Xﬁ'% ) . y. |
1

xy

-
{ sb+a)

2,

x+tyz
3 x[:y_ +uv]
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Apparontly in terms of the equations, the nmumber of levels is the
same as the fumctional complexity of the expressiom feor the output. That
is, x+ y amd xy are functions whose arguments are variables; x{(y + z) and
x +(yz) are functioms (the first a product and the second a sum) in which
one of the arguments is itself a function of variables,

one of whose terms is a roduct‘ "nix, ygn(u " in functional notation
where ni(a,b) = ab andeTa,b =g+ b, B efly, e mumber of levels im a
Boolean function is identical with the number of nmestingg of parentheses
within each other.

Finally, x[y + uv] is a product one of whose factors is a gum

In terms of block diagrems, the number of levels in & device is
determined by drawing lines from each input to the output; the largest
mmber of gates and mixers through which such a line passes in the level
of the system. Finally, the reason we are interested in levels is that
if a function of level n is realized with diodes; n is the largest number
of diodes through which=any input current must pasy in order to reach the
output. In a high-level diode network considerable attention must be paid
" to the wvalues of voltage and resistance associated with the diodes. Other
difficulties arise with high-level vacuum tube and transistor networks.

In all cases the difficulties simply require engineering attention: high-
level networks are realizable.

One last comment: inm such expressions as "xyz® end "x + y + z“
the product and sum are regarded as functions of three variables:

na(i,y,z) = xyz and dé(xgy,z) =xtyts

Electronically this corresponds to the use of three-imput diocde devices
for mixing and gatings
+ =

)(%rZ? ><+-%;1-z

X %} Z ' X ﬁ* 4
and therefore three-imput gates and mixers are first level networks.
However, expressions like "x+ (y + z)", which might be written in functional
notation as "62 (xf4y,z)) have as their direct realizations two-level mixera

ot x+(g,+z)

x—ﬂ 16 Y+z
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in which the longest current path passes through two diodes. The two
sorts of mixers are logically equivalent, and the one-level type is used
where pogsible.

To illustrate these polnts, let us factor the equations of the
F-register:

t = P, +P, +P,+P, + PG (Ignore the "E" for the present.)

== 0
!'i!' :l 21‘3 fi]‘ r + FlFéF% + Fi]‘“F“G
F( 1' IF°+!F +F“!‘“G)+l’l‘°l“

2z 2°3 17273
=P Es‘Wa) + Fy(r, «rrm] + I

= ]
FiEs + (B, + “ﬂ + I F3¥2  (by 2 applications of the rule:

x+xly=x+y)
]
=E{(rg +¥,+0) + 1"11’:3"3“

fz AP4+P3+BOP1*GPO*P5fP7

= AP, FAFL + FiF,F, + BT, + GT{ELFy + P TST, + TR, ?
P (ATLTL + TS, + BoF) + B (R, + ’o’%’s arerv)
= T, (A 4P + 7 IS D (R, + B,F3) + Gl‘él‘g

=7 (P, + A1) +F{ E,’(r +B,) + oFyry

£, @11 + A FL) + 7Y Es(’ +3)+Grérg§n

=11P4+(?0+P6'+P7

= LT TEL 4 GHTLRL + RETL + BT,
= T (M T4T5 + BT + T, + GHEIES
=R ATF ) ¢ G’i’%’:"s

, =E’1(r2 AR+ eriryg}
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We have now reduced the total mumber of diodes (assumimg a reali-
zation as a diode net) from 55 in the two-level matrix te 41 [30 for £,
19 fer f,, 12 for f3¢ this cen be determined directly from the equation
by counting n diodes for each p input gate or mixer. E.g.; for £3.c000
ignoring E.o... we have a 2 input mixer (the plus im fromt of "G"? of
which the imputs are & 4 input gmte and a 2 lnput gate of which the inputs
are Fq and a 2_input mixer of which the inputs are Fp and a 2 input gate.

Adding up the mumbers of imputs underlimed above gives the 12 diodes re-
quired for f£3] :

We shall not draw the block diagrams for the factored equations.
It would be very messy, and en engineer who understands the algebraic
notation could design the network from the equations @&s easily as he could
from the block diagrams (the equations have the added advantage of compact-

negss three rows of symbols, instead of a page crammed with boxes, lines
and arrows).

3.3 The Arithmetic Element
3.31 The Subtractor (See diagrsm on p., 26)

The mosgt compliceted single commend the machine must execute is
' gubtract [EB) « (4) 5 B: from the contents of the B-register,; subtract
the contents of the A-register and deposit the result back in B]

o Now representing the binary number stored im the A-register by
JA', and similarly for B, and denoting the nines complement (result of
complementing each digits of A by 'A', we have

0 -1 '

B = BOZ + 312

=2 -3 =4
+ 322 + 332 + 342

ASAOBO ¥ oaenns +A4a"“

E2(1-200+ oo v 1ot

ata=2+ ... +2taz 2t

4

P_a=B+a+2d_ 2

We can now comstruct a table which describes the operation of
the ith stage of our subtractor; it is the ordinary teble for binary addition
where the second term is Al instead of its complememt, Aj. Note that we

require an "instantaneous" carry output, K;
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W B+

By (%) () K, (¢) L

0 0 0 o 0
0 0 1 0 1
0 1 0 0 1
0 1 1 1 0

L1 0 0 0 1
1 0 1 1 0
1 1 0 1 0
: SV RS
all pessible imputs ' B+ A

Ve want in the B-reglater at ts.m t+ T mﬁsq-Ag but rathorB«rA-e-zl’ 25
which we have shown above to be squal to B = A. (of, end-arcund carry)

To get from B+ X to B+ A + 2% = 21 we 2dd the 274 by requlriug
that K,y the carry input to the first stage, be 1.

We subtract the 2 by falling to provide a B.j flip-flep.

Then a realization of the table which bas the two additiomal
preperties just listed will subtract the contents of A from the contents
of B and leave the result im the B-register T seconds af'ter the %%Egj
command pulse, P¢E {note that accordimg to the table en p. 5 the (B
él) 9 B command goes out when the F-counter is im the coafiguratiom 110
| Ps) and a clock pulse (E) egeurs).

!he iaput %o Bi is to be pulsed whenever we wish Bi(% + T) %o be
the complement of Bi{t) and a gubtyegt eommand pulse eccurs. Comparimg the
first and 1ast coluwins of the table weo get

D= (AR + DK * BAL * BAK)Y

If this seems wromg, notice that the teble lists wvalues of A?, not values
of A, and that A} = O meanss A= 1.

| . This expression cem be greatly simplified by factorimg AsK; from
the first and third temms, and Ai!q from the other two:

b= (AK +AIK)PE = (;i@xi)rsx | (1 =0,...,4)

which fact might have been seen directly from the table.
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The carry output from this stage is

IAD ]
‘1-1 = (BiA! K! + 31‘1‘1 + Bil‘{lg + BiA!“I! )PSI

5, =[HE 43,0 @K0)] 2g2

= L{IiPGI + Bib

1=1,2,3,4; X, =1

3.32 Shifting

The B-register is used in shifting as well as subtracting. Then
before we adopt the sbove equation for the input to the B-register we must
add terms which teke account of the additional inputs required for shifting.

Referring to the diagram on p. 5 we see that the function (B) -
(A) =B, which oceurs in configuration 110 of the F-counter, is not the
only one that involves B.

‘ In configuration 011 (P3) of the F-counter two other functions
are performed: (B) 9M[C] and (Bi) 9 B; 1, it being understood that the
nunber which appears in M([C] is (B) before the shift. (See remarks on
"gimultaneous" interchanges between registers in Section 2.1.) In the
shift a zero is introduced in the left-most digit position, Bg.

The transfer to memory, (B) 9 M[C_] s does not concern the iaput
to the B-register: it will be taken account of in the input equations to
memory. Then the input equations for b will be complete wheén we add ex-
pressions to realize (B;)? By4y(i = 0,1,2,3); 0 9 Bg. This is most dasily
done using the clear and get inputs to the B flip-flops, although it might
bave been accomplished with enly the complement input, with suitable gatimg.
Then we consider that we have the WWI type of FF with three inputs, labeled
as shown; the complete equations for the B-register are then :

B’

~ B
b, = (A DK )IPE (1 =0,1,2,5,4) (difference digit)| ,* ‘
K, ; =AKPE+Bb (1=1,2,34) (carry)

K, =1 ("end-around carry") | o ﬁ
b, =B, .P -

LTATE) )2 s) (entth rgnt)

0%t = PFgF

b, =P.B (destructive shift) -

00 3‘» ,‘ oby by ¢
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That is;, wher the F-counter is in configuratiom P3, the clock pulse E acts
as a command for the contents of register mo. i-1 to appear in register
mro., i, and for a szero to appear in register Bp. It is assumed, omce agaim,
that there i1s & delay imherent im the imputs to our FF's such that this
shifting will ecour after the tremsfer to memory has takem place.

3.33 The A-Register (See diagram, p. 25)

To complete the discusaiem of the arithmetic slement we write
the equatioms of the imputs to the A-register. Transfers into A ocour om-
configurations 100, 010, and 111 (P,, P2 and Pq) of the operation counter
(see p. 5). Again it will be simplest to use the get and clear ihputs
rather than the complememt imput:

1% 3E1’4 * Ny (Rt ’73’

1=2,3,4
= ]
. E1’4 Pt Pﬂ'
. h= (c)
a, =M, (P, +P,)E
1=0,1

0% T My (By +P,)E

It is mecessary to treat i = 0,1 separately since there are mo Cgp oz C

flip-flops. Now we must explicitly indicate how h = (C) is te be imple-
mented,

Let us assign nsmes to the configurationms of the C-register ia
analogy to the Pi as names for the configurations of the F-register:

r(; = c&cgcz Kow the C-register will be im ome and
‘ only ons of these configuratiomsz at any
[1 =csosc, time and hence for amy fixed i
B YT R) | 7
l2 3 I"‘
‘ M = *ouo
: P = 650364 E bifh = Mgy r; iy r‘7
. h =0 : - R
g R ‘ S o
[ =eee

= will be O or 1 accordingly as the itb
[; °z°3 4 digit of the word in memory which eor-

- responds to (C) ig O or 1.
PRl
[7 =c.858,

This implements the conditiem h = (C) which we added vexbally %o the equatian
above,
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Then the fimal equationa for the A-register are

'.1'1 [: * (Pt Pv)(z"m P}
t=2,36
oM =joire * (2 *’v)g"m F]l
I . A=0,...,7
iy ’7’§'& fos
1 =0,
| oy =@y vr v’g'i'a [

3.34 The C-Register

The inputs to the C-register are affected in configurations 100,
010, 011, 001 (in case = 0) and 101 of the operation counter, end in
cage G = 0, regardless og the state of F (see p. 5). Only three different
ﬂmuumcm

(J.) (aaa ) =¢ (onP,, Py, Py and rlxb)

(2) o=¢ (ona*)

" (3) (e)+1=C (enPg)

.meﬁnmﬁwﬂmﬂhmencuMmeﬂﬁaaﬂmuymﬂ@ﬂ”
get and glear inputes

1 = 3 4, ¢ PR

o™ '@1’5 M RELREM L B '}
~ The "G'" ¢erm inm the equetion for 0% provides that when the computer ia
™ started up, the firat memory address to be referred to will be 000,

The gdd ope function can be implemented by a simple counter uaing
the gomplement imputs. The oycle for the counter iss

1=233¢

Ca G €

ONMMNESOO S
OHHDONNFOOS
OHONOMOKMO
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Apparently the stages should be complemented as follows:
g = (G340, + C50,0,)PE
=C 0 251
Cqy = 041’51

Cy = Psl

Sp = gty

ca = 04c4

048251

3.35 The Stert Plip:Flop, G

On the halt command, on the time pulse befors the operation (F)
counter reaches configuration 000 the G flip-flop is cleared and therefore
the F=counter sticks om 000 (see p, 5). The machine is to be started
again by use of a switech, 8, which sets G and allows the mext eclock pulse
to step the operation counter into configuretion 111, The machine can
be stopped not only on the hali commend, but at any t:!.ne by setting S
to off,

of = (B AA] + 80)8 s, ¢

. | off I en
18 = SE _

Shown im vest position,
Can be lecked im off.

Contact in on m«u ias
nomentary. N

™

3.36 Ihe Memory
Read-im to the memory 1ls to be accomplished im ome of two ways

(1) m: in the 011 configuration of the operation counter
(8) » xfe].

(2) rill Buttons: the imdividual flip-flops ean be filled by
hand®; this method im used for readimg im progrems.

The *f£ill btuttoma® are nitchea which in their rest puit:l.ou
excite meither OR BOr M.
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A= By ’a r‘ P );‘ w=0,...,7 Fill Button

’ g
e ™ +nﬂ r' P,)E a4 %0,..0,5 R} R

Read in  Read in
0 ' 1

. Shown in rest position.
Contact is momentary
in both pesitions.

. We now have a set of equations which completely deseribe the logie
of our machine. They are summarized om p. 21 and p. 22.

There are three general stages in the development of the logie of
- any particular computing mechine. In order of decreasing generality of the
decisions imvolved, they are:

(1) Plenning. (Given the purpose of the machine, what operationms
shall be included? What word-lemgth? What speed per operation?occ..)

torial Decigiong. (What general arrangement. of devices
will best implement the B;_gs w}mt ahall be the cycle of the operationm
sounter? What order code? What basic functions (commends)?..eo.)

(3) Degign. (What configuration of memory-elements, gates, mixers,
etc. best realizes the regults of the sombimatorial de@iaiom?i I

In the case of the present "sample® somputer thess steps went some-
what as follews:

(1) Plammipmg: The purpese of the machime was to serve as an
example of a method of design. Therefore it should have a small memory, .
short word length and few operatioms; but mome of these should be seo short,
gmall or few as to make the desigm problem trivial., The results of the
planning wers presemted, without discuasiom, omn the first three pages.

(2) QCombd vigl Decisiops: These are summarised by the table
GB Po 5. There the eycle of the operation-counter is ahown and the groups
of bagic commamds imdicated. Simcs the operatioms are few and simple, mo
thought at all was devoted to the coding of them (00 =halt, Ol = gp, Ceta.)

(3) Degigas Throughout the design we referred to the table om
Po 5 which summarized the eombinatorial decisioms. The desigs is almost
mechanical, omee the table has beem drawn.



Engineering Nete E-462 Page 20

The sort of problem imvolved im the combimatorial decisions is
illustrated by the bimary coding of the 8 boxes in the lattice on p. 5.

because we thought that of all the 8! ways of assigning numbers from O
through 7 to the 8 points in the lattice, the ome selected resulted im the
simplest deslgn. Of course we did not draw up all 8! lattices and from them
write 8! sets of equations for the machine, examine them and choose the one
that contgined the fewest components. Such & pregram might be carried cut
by a machine like WWI, but not by lmen beimga. Rather we comsidered e.g.
that it would be desirable to have as little difference as possible between
the mumbers assigned to the points im the second level of the diagram; the
outcomes of the four-way choice after 100, Aeecordingly, im a simple-minded
way, we decided to use the four mumbers beginnimg with ®0" for those pointa.
Similarly im the binary decision after 001 we chose "10l® and 111" as the

" numbers of the mext configuratioms beceuse they differ from each other emly
in a single digit. ' '

To systematize such cembimatorial decisions, three developments
would be helpfuls h ' ' -

(1) A methematical theory of the desirability of such choices
as the two mentioned above {which were made on an intuitive basis).

(2) Assigmment of rumerical values to different compoments and
their configurations (the umit might be dollars, or speed, reliability or
some combimation of those)., Any such assigmment should be in genmeral terms
go that the parameters might be changed as the characteristics eof available
cemponents change.

(3) Programs which would allow a high-speed computer te survey
large rmumbers ef possibilities such as the 8! assignments of mumbers to
the poimts im the lattice above. It is possible to write down a fully
mechanical procedure for simplifyimg equatioms amd evem for goimg from a
diagram like the ome on p. 5 to a set of equatioms, so that this development
is possible - and perhaps practical.
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5.0 SUMMARY
5.1

5.11 Abbreviationg

Py =F1F§F§ where the nbh ®en ig either a prime or a blank,

depending en whether the nth digit in the binary representatiom of i is
a "0" or a "1%, e.g., P5 =Pi101 =11F%F3@

E = C*CxC*., E.g., E = rgof" €165

n
DK =X+ Xy e, X,
i=1

5.12 Notation for Flip-Fleps
DI S

£1=(POG+P]_+P2+P

3 ¢P4)m

£, = (PG + PiBy + Py + P Ay + Py + P,)8
£, = (B3 + PyA + Py +P,)¥

Gf:l =0'8 (i =1,2,3)

5.14 The Ac-cumﬂp,tor (B-Register)
b, = (a} @xi)psn (1 = 0,1,2,3,4)
1% = By Fak
% =B
o% = Ps* o __
K, , =MELPB+Bb (1= 1,2,5,4); K, =1

(1 =1,2,3,4)
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5.15 The A-Register '

? ,
a, =|CP, + (P +P)<é N rﬂl
171 [_1 4 2 7 hi 'h 1 =2,3,4;
> g, [
] 3 )
0% = [cﬂip4+ (P, + P,’)(% M, ﬂn h’ Opocoy?
Same for i = 0,1 except that lst term is missing.

5.16 The Memory-Selection Register (C)
16 = IAE

1=2,3,4
; !
o = (ni + G)E

' 9
wherse X = PlBo + P2 + P

3"'P4o

(4 =2,3)

o6 = (Pyah] + 5102
18 = SE

S is a double-throw switch which can be locked in the off
position, makes momentary contact in the on position, and has a rest
position in which neither contact is energized.

s? ' ]
M
Roff® RFon"

Shown i:va‘ "rest® pesition.

A ¥ = 0ye0ns;
j ¢
oPva = B + 31 [, 28 4 =0,.0.,5.

The R's are double-throw switches (*fill buttons®) which make
momentary contact on either side and have a rest position in which both

sides are open. R 3
(Bead in 0) § (Read in 1)
J 7-'}; % By LUN

142, AR SR D 5D,




Engincerimg Note E~462 ‘ © Page 23

5.2 The Flip-Flops

These are assumed to have an inherent delay between receipt of
én input pulse and the resultimg change im the output. Speeking loosely,
this delay permits readimg new imformation imtc a register "at the same
time" that the old informetion is being read ocut, and permits "simultanecus®
transfers of information between two registers. (See Section 2.1.)

5.3 .Opereting Imstructions

1. Turn on power and allow tubes to warm up, During this time
the machine will be eycling through some meanimgless program if the G flip-
flep happens to start out holding a ®1¥,

2, Lock switch S in the off positiom. This sets G to O, sets
the operatiom coumter to 000, and reads 000 imto C. Resd program amnd data
into memory with "push-tuttoms" (R).

3. Release S (mothing happens while S is im meutral positionm),
yush it to the on position and release. This sets G to 1 and the operation
counter steps into 111, the begimning of program timimg. Simce C holds 000,
the first word to be taken out of memory and transferred ianto the A-register
will come from the first memory register (at locatiom 000). The program
should be stored with this fact im mind,

4o The program ghould end with a halt command, 0Oxyz, where
X y z may be any mumber. This freezes the comtents of all FFis except for
G and the F and C registers, all of which are cleared. A mrew program may
now be read into storage via the R switches and the machime may be re-started
by pushimg the S switch over to om.

5. Read-out is via meom bulbs attached to the memory FFis (mot
showa above)., ‘

Peeple who are unfamilier with the algebreic mstation may fimd it
helpful to trenalate some of the equatioms imto bleck diagrams. A little
bit of this will go & lemg way tewerd promotimg familiarity with the algebzaie
gymbeliesm; with a little practice it will be foumd that as much imfermation
can be read directly from a few limes of equatioms as from a denge page of
bleck diagrams, ‘ o
4

Block diagrams for a few of the reglsters follew,

Note that the equatioms for 2 register show the imputs to that
register. To fimd eutputs of register X, leek through all the equatioms
for occurremces of the letter "X". (In the case of the F and C registers,
%ook gor “p® and W' as well, simce these abbreviate products ef "F* s and

C¥a,
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Memory fﬁ=(%d+%[L%n W=0,.00,7
Fya = Rlg + 3y |, PE d=0,...,5
M’ M

wd wd

M

4
Mwd 1M wd
s GT L GT
i 3 Identical pic;tt;re

for each memory cell.

In case a magnetic core
menory is used with an
I/2 selection aystem, the
" read-in gates are simply
points where pairs of

insulated wires croass
GT GT inside the cores.
[}
By By
O §
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7"% Pj i = 2,3,4;
1 =E§P4 + (Pa + P7)(§a;‘1 r;l]l h = O’o?oav

The A-Register (1ast three digits)

1% E1’4"’ (B, +r

O {
AL
K ]
6T GT
! ]
Cs """"‘GT—"‘ o GT j—C
B !
I
GT GT
I R

8 INPUT MIXER

8 INPUT MIXER

’ cewes '

G;’ T G'T ‘(

Y..-.o'

0

i
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Thia memory system is
not intended as a prae
tical proposal, The

following two modifi-
cations are desirables

(1) In reading out of

memory, clear A on the
preceding clock pulse
and then read into onl
the set sides of the 4
FPig., Thisg elininates
the left hand half of
the memory read-cut
gates and the left han
8 input mixer. (2) Use
magnetic cores as

memory cells, Then th

remaining read-cut
gates are inherent im
the cores, and the &
input mixer is the

gsensing winding.
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The Accumulator (complement inputs)

The get and clear inputs are msed only for shifting. The reader
can complete thig diagram by adding them.

b, = (A{ @xi)rex (1 =0,...,4)

K1 = ME P * B30

0 I
B,
A
GT | _ p
<+ Ki
fo) |
AL

represents a black box which gives a pulse
output whenever one but not both of the
inputs are present. See next pags.
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The black box for partial sum (@) 1s an oversimplifissti-n, Probably
Ahe best way to implement it with euwicmary electrenic cumponents is to
use not only Ay snd Ky but also their complementias

R
: GT b AT GT le—— cLOCK
| |
| ! | .
| B } INV |

TO B@ | ' :

INPUT @4 L GT | : L Ke

eate | | ,
L-----—---l -——-lm-—mﬁ

0 !
A

This requires either providing an inverter to gct K° out of Kﬂ. s or building
up Kj , as an output from stage #1 independent of Kio (A carry gero line

as well as s carry ome line.)

Richu-d C. Jett

&-‘——-M 0 2.

‘¥ Linvill

AFFROVED N. H, Terl
o Mo LEylow

RCJ/I8R/ep W
cct G. R. Briggs R. P. Mayer

D. R, Brom Jo Ao O'Brien

D, A, Buock W. Ogden

H.R.J. Grosch K., H. Olsen

W. A. Hopler W. K. Papian

J. Jacobs ‘
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