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IRE TRANSACTIONS  fVELECTRONIG: COMPOTERS

The Logic of Bidireetional® Biriaryl Gounters+

MARGEL #-E. GOLAY#}

Summary~-The counters without short-time internal memory,
conceived by Bigelow, disclosed by Ware, and extended by Brown,
are discussed from the standpoint of their respective logic. It is shown
that the (self-instructed) bidirectional’ counter of Brown has a more
rigorous logic than the unidirectional counter of Ware; the operation
of Brown’s bidirectional counter being subjected to the only restric-
tion that its speed be compatible with the operating speed of its
individual toggles, whereas the operation of Ware’s counter is pred-
icated upon the existence of unspecified buffering states in the input
of each stage, to prevent run-away conditions. These buffering states,
which occur naturally in Brown's bidirectional counter, can be pro-
vided explicitly in unidirectional counters by replacing the two
transfer circuits of Ware’s counter stage, which are controlled only
by one toggle of the preceding stage, by two of the four transfer cir-
cuits of Brown’s bidirectional counter stage, all four of which are
controlled by both toggles of the preceding stage.

This paper introduces the viewpoint that a bidirectional counter of
Brown’s type is a counter in which the state of one toggle of each
stage determines which toggle of the next stage is master, while the
state of the other toggle of each stage determines whether the slave
of the next stage shall be like or unlike the master, This viewpoint
permits a succinct discussion of the several possible interstage con-
nections, and of the several counting codes obtained for each connec-
tion. In particular, it can be shown with.a minimum of steps that the
code exhibited by the “‘true” toggle is always binary, or a simple
modification thereof, while the code shown by the ‘‘falge” toggle is
always the Gray code, or a simple modification thereof.

INTRODUCTION

N A FIRST ARTICLE,? Ware discussed the con-
I[ cept, based on a principle originally suggested by

J. H. Bigelow, of unidirectional counters without
short-time internal memory. This new type of counter
employs a pair of toggles in each stage and transfer
circuits, which alternately cause toggle F: to be like tog-
gle T, and toggle T to be unlike toggle F;. This arrange-
ment differs basically from the usual type of Eccles-
Jordan bistable toggle stage, for the latter obeys the
single command: “Change,” which, if analyzed in
terms of the operations required, means, “Remember
for a short time what you are now, and become dif-
ferent from that.” The requirement of a short-time
memory in the single toggle counter stage derives
from the first half of the order written above, whereas
in Ware's counter stage the previous state of the
toggle which has just changed is stored in the other
toggle until the next command. Ware noted that
two additional transfer circuits with separate in-
structions could permit a counter to operate bidirec-

* Manuscript received by the PGEC, May 25, 1956; revised
manuscript received October 10, 1956.

t Consultant to the Philco Corporation, Philadelphia, Pa.

! In this discussion, the expression “bidirectionaf counters” will
refer exclusively to selfingtructed bidirectional counters, the expres-
sion “reversible counters” being reserved for counters requiring
separate instructions for a reversal of the direction of counting.

*W. H. Ware, “The logical principle of a new kind of inary
counter,” Proc. IRE, vol. 41, pp. 1429-1437; October, 1953.

tionally. But in a subsequent article,® Brown noted that

four internally instructed transfer circuits would per- .
mit a counter to reverse its counting direction, without -

separate instructions.

The purpose of this discussion is to examine the basic
difference between the logic of Ware's unidirectional
and Brown’s bidirectional counters, and to introduce a
point of view which permits a succinct representation
and classification and a direct examination of the several
types of internal logic which are possible with these bi-
directional counters.

DiscussIioN

The counter stage of Ware, which consists of two
toggles and two causal connections (gates, transfer cir-
cuits) between these, is characterized by a curious dif-
ference between its input and its output. Its input is
essentially ternary, for it may be either a “1” from the
preceding T, toggle, which commands toggle F; to be
like toggle T';, or a “0” from the T',_; toggle, which com-
mands toggle T'; to be unlike F;, or a “neither,” which
implies that “0” and “1” must not coexist during
changes.* This third buffering condition, not explicitly
provided in Ware’s counter stages, is required to pre-
vent the first two conditions from overlapping, for such
an overlap would cause a “runaway” condition. Con-
versely, the stage output is double binary, for it con-
sists of the two states of each toggle. Only half of this
output, .., the state of the T toggle, is utilized as input
to the following stage, without explicit provision for the
third buffering state, the “neither” condition mentioned.

In contrast, Brown’s bidirectional counter stage is
characterized by an input and an output which are
both double binary; this provides automatically the
buffering transition states just mentioned, as seen below.

Fig. 1 illustrates one of several possible cause and

effect connections between an (4 —1)st and an ith stage’

in a bidirectional counter of the type described by
Brown. These connections are represented by four com-
partments in a plane, whose coordinates are the voltages
in the X, and ¥, .togeles, which are conveniently
represented hsmimh xidodizmbols.$

*R. M. Hrow#, “Some nofl& on3logical binary counters,” IRE
TrANS., vol. EC-4, pp. 67-6Q; Tune. 1955.

¢ The pnymca: quecprevation of Wl requirement, in the case of an
electronic counter,* s that fhe twa ca@nductors carrying the voltages
of the two plates untne ¢ a1 togzieaMould never both carry, during a
change of the 1 y3pgpld, azepitage high enough to operate simul-
taneously the two mespecavelmmnster circuits they control.

*The X and Y symbols are used in preference to Ware's and
Brown's T and Fin order to maintain symmetry in the presentation;
and to avoid a premature conclusion as to the respective toggle func-
tions. These symbols are variously used to designate a toggle, or the
quantized, “0” or “1,” state of a toggle, or again some “analog”
ﬁ:'ameter of a toggle such as voltage. tmplicity without ambiguity

resulted from this multiple use of the same symbeols.
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The four compartments shown in Fig. 1 are nearly
quadrant shaped, as “and” gates* would make them, and
within each, one of the following four conditions exists:
if X;.,=1and Y,,=1, then Y;—X; (X, is made like
Y"); if X.'._l =0 and Y.'_l = 1, then 7."“‘)X¢' (X( iS made
unlike V), etc. Instead of inactive buffer zones, an
overlap of active zones has been illustrated, in order to
emphasize the immunity of this system to zone overlap
as long as the state of the input is represented by a
point which travels from quadrant to adjacent quadrant
by crossing two lines only in the X;.,¥;, plane. For
instance, the overlap of the Y,—X; and ¥;—X; zones
means that during a transition, the slave X; toggle is
temporarily subjected to conflicting requirements, but,
since the master Y, toggle remains unaffected, the situ-
ation is resolved unambiguously at the end of the transi-
tion. Likewise, the overlap of the X;—¥; and Y,—X;
zones means that during a transition, both toggles are
master and slave simultaneously, but to the same end,
namely likeness of their states, so that no action can
take place during this transition.

T Yja) (Voltage)
Yi—>X; Yi =X
) " ‘m wm m —_—

Xi=t (Voltage)

\"?i —Y

Fig. 1—Cause and effect from (1 —1)st to ¢th stage by
means of “and” gates.

The immunity of the system to zone overlap permits
replacing the “and” gates by simple gates, each con-
trolled by the addition of two voltages. For instance,
the “and” gates which perform the logical function.

when X;‘_l =1 and Y.‘._l =1
then ¥;— X;

can be replaced by a simple gate which performs the
logical functions

when X.'..l + Ya_] >4
then V,— X,

¢ The pair of gates required for a single transfer circuit between
two toggles will be referred to simply as a gate.
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where X._; and Y, in the inequality, designa‘e the
voltages of the (i —1)st stage toggles, and where 4 is so
chosen that the gate is opened when these voltages are
both high, and only then.

The straight line X;_;+ ¥:.1=A determines the half
plane to the right of and above it, in which the transfer
Y,—X; is activated, and has been illustrated in Fig. 2,
together with the other three lines along which the
three voltages Xy~ Y., —~Xa—=Y, and —X;,
4+ ¥:_, determine similar boundary conditions for the
respective operation of the other three gates: ¥,—X;,
X, -Y; and X;—Y,.

When Figs. 1 and 2 are compared, it is noted that the
nearly quadrant-shaped zones of Fig. 1 are replaced by
haff-planes in Fig. 2, in which there are now four quad-
rant zones of double causation, four strip zones of single
causation, and an internal rectangular zone of no causa-
tion. Clockwise or counter-clockwise input changes can
take place along the dotted rectangle shown, which
may either cross or not cross the quadrants.”

Fig. 2—Cause and effect from (1 —1)st to ith stage by
means of simple gates,

It follows from the foregoing that a unidirectional
unambiguous counter can be realized by providing only
the two gates corresponding to opposite strips, which
are required for a given direction of rotation of the
XYy point {e.g., the X;—¥; and Y;— X, gates in
the case of a cleckwise rotation of the X;,¥;_: point),
but that the full unambiguity ef such a counter is pred-
icated upon each operating gate being controlled by
both toggles of the preceding stage, either on an “and,”
or on a voltage addition basis.

It can be concluded from the above discussion of the
counter logic illustrated by both Figs. 1 and 2 that the
causality between the (i —1)st and ¢th stages is exactly
as if the Y;; state determined whether X; or V; is

. T If the XY point travels clockwise starting at the lower
right-hand corner of the rectangular path illustrated, where X;_; =1,
Yi_1=0, and if X; = Y;=0 at the start, the X, Y; points resulting from
two complete travels of X;,Y;_, on its rectangular path will be:
00, 01, Ot, 11, 11, 10, 10, 00, 00,
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master, while the X, state determines whether the
slave shall be like or unlike the master in the ith stage.
Thus, the cause and effect relationship between one
stage and the next described by Figs. 1 and 2 may be
illustrated succinctly by Fig. 3, which shows which
toggle of any stage is master, depending upon the state
of the preceding Y toggle, and whether the slave shall
be like (“0”) or unlike (“1”) the master, depending on
the state of the preceding X toggle.® It is immediately
apparent that there are eight ways of establishing the
stage-to-stage causality. The next phase of this discus-
sion will determine the various counting codes repre-
sented by the sequence of X and Y states during each
of the eight possible counting operations.

Y of Precedmg Sfoge
T ("0" down, “1" up)

Y

| o —»
X of Ptoceding.
X ("0" left

Fig. 3—Simple diagram of cause and effect between stages.

I” right)

Inspection of Fig. 3 indicates that a counterclock-
wise succession of states in the X;_,Y,_; plane is char-
acterized by a % cycle lead?® of the X, toggle with re-
spect to the Y, toggle, and that the leading toggle in
the sth stage will be the one which demands likeness
when it is master; ¢.e., the one followed by a zero, when
Fig. 3 is traversed counterclockwise. It follows that the
cyclical order of the states will be the same in successive
stages when the order X-0-Y-1 is counterclockwise,
whereas they will alternate when the order X-0-Y-1
is clockwise.

It will be noted that one of the toggles will change
whenever there is a change in a toggle of the preceding
stage which causes a 0-1 or a 1-0 transition in Fig. 3
(the X toggle for the case shown). This is a property of
the binary code, and the code exhibited by the 0-1 axis
toggles will be a binary code, whenever it-is the same
toggle transition in any one stage which causes the

8 For instance, when Y;_; =1, ¥;is master, regardless of the value
of Xi.1; and, when X;_; =9, the slave of the sth stage is unlike the
master, regardlesa of the value of Yia.

* In the successive states:

X=0110
Y=0 0 11
will be said to lead.

01
0 0...x
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homologous toggle in the next stage to change; i.e.
whenever the transitions, which cause transitions in the
homologous toggle in the next stage, have like directions
in all stages, corresponding, as was seen above, to a
cqunterclockwise X-0- Y-1 order. Otherwise, the
code formed will be the binary code in which the alter-
nate binary digits are added 1 (mod. 2), and will be
termed “altered binary.” The binary code will read up
for clockwise state transitions whenever it is the 1-0
transition which causes the next 0-1 axis toggle to
change, and will be reversed and read down otherwise.

Following Ware's nomenclature, and designating by
T (for true) the toggles in the 0-1 axis and by F (for
false) the others, the state of the toggles in the (i —1)st
and the ith stage are bound by the condition

Fi+ Ti+4 Ti, =C (mod. 2) ¢))

where C designates which of 0 or 1 is at the T;,=0
coordinate. (In Fig. 3 T=X, F=Y, C=1.)

Relation (1) indicates that, when C=0, and when T
forms the binary code, the Ty, F., Fe, * * -, F; ensem-
ble forms an n+1 digit Gray code, when there are n
stages (F, is not determined by the nonexistent T, but,
together with 7, determines what Ty would have been
had there been a preceding Oth stage). When C=1,
and when T forms the binary code, the code obtained
for F will be the Gray code, to all binary digits of which
1 has been added (mod. 2) and will be termed the re-
entered Gray code.

Likewise, when C =0, and when T forms the altered
binary code, the reentered Gray code will also be ob-
tained for F, whereas the Gray code is obtained for
F from the altered binary code of 7" when C=1.

Except for the inclusion of T,, the Gray and re-
entered Gray codes thus obtained correspond to the
False Rank numbers of Brown, which, in turn, corre-
spond to those of Ware, with the further exception of the
binary digit of lowest rank, because Ware does not
tabulate what Brown terms % counts.

The several codes which can be obtained with the
eight possible state-to-state connections can be deduced

from the preceding discussion and have been tabulated -

in Table I. As an example, consider the fifth counter
connection:

0
X ¥,
1

the detailed causal connections of which are: if X;; =0
and Y;;=0, then X;—Y;;if X,_y=1and Yy, =0, then
?.'—*X.'; if Xia1=1and Yia= 1, then Y."'*’Xc; if X;a=0
and ¥Y;,=1, then X;—Y: The clockwise X0¥1 order
indicates that the X'¥ point rotation will alternate from
stage to stage, and that, together with the circumstance
that the 01 axis is the Y axis, determines that the code
formed by the Y axis will be the altered binary code.
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TABLE 1
SyNopsis oF BIDIRECTIONAL COUNTER CONNECTIONS
AxD CopEs
. Alternating
Causality X code Y code Rotations
b 4 Reentered: No
10 Binary Gray
X
X Altered
1 yO Binary Gray Yes
Y Reversed Reentered
01 Altered Gray Yes
X Binary
X Reversed
0 1 Binary Gray No
Y
0 Reversed
X Y Gray Altered Yes
1 Binary
1 Reversed
X 0 Y Gray Binary No
0 Reentered
Y ) X Gray Binary No
1 Reentered Altered
Yy X Gray Binary Yes

Furthermore, we have C=1, because there is a 1 at the
Y =T =0 coordinate, and, since the ¥ code is reversed
binary, the X code will be the Gray code.

If the counter has four stages, their successive states
will be as follows for an assumed input, which causes a
counterclockwise rotation of the first stage, and for the
initial conditions: X;=Y;=X3=X;=X,=0.

X, =Ff 0 11 0011 00110011001
V=T 0 0 11 00 1100110601100
Xe=F, 0 01 1 11 000O0111100UO0TO0
h=7 1t 1 11 000 0111 100UO0TCT11
X3=F, 0 0 0 01 11 111110000O0TO0TCO0
V=73 0 0 0 0 0 0001111111100
X¢=F, 0 0000000111111 1111
V=7, 1 111t 111 11111111100

Or, with separate grouping of the altered binary and
Gray code digits:

Altered Binary Code Gray Code

Y. Y, Y» Y Yo Xi Xio X2 X

1 0 1 0 1 0 0 0 0

1 0 1 0 1 (1] 0 0 1

1 0 1 1 1 0 0 1 1

1 0 1 1 1 0 0 1 0

1 0 0 [1] 1 0 1 1 0

1 0 0 0 1 0 1 1 1 etc
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CONCLUSION

Brown has noted that a bidirectional counter of the
type discussed here may be used to determine unambigu-
ously!? the position of a shaft. The logic of this counter
justifies the view that true electrical gearing is realized
with it and is analogous to the mechanical gearing of
a binary counter with Geneva gears. Its operating
speed is limited by the properties of the toggles, just as
the speed of the mechanical counter is limited by the
mechanical properties of its parts. The essential differ-
ence is that a mechanical counter has the memory of a
miscount in the form of a broken gear. The absence of
a similar memory in the electrical counter, for which an
interruption of power spells the same disaster as a
broken gear in a mechanical counter, is the basis for
the engineer’s distrust of electrical gearing in opera-
tional equipment of a highly responsible character such
as, for example, a gun director. On the other hand, the
enormous savings which could be effected by electrical
gearing should make it attractive in a host of applica-
tions. Thus, simulating equipment for storing opera-
tional problems, in which several shaft positions are
recorded with a full binary number, could be consider-
ably reduced in bulk, if only the changes were noted, in
the form of the X:Y; input of a reversible counter.

Other applications suggest themselves, such as the
reckoning of the traversing motion of a machine tool,
the count of the positive or negative frequency differ-
ence of two oscillators, one of which may be slaved to
the other much more gently than if capture had to occur
within a quarter cycle, the tracking of Doppler counts to
measure displacements or distances, etc.

The more complete logic of the bidirectional counter
leads one to speculate as to any basic difference be-
tween the kind of problems for which unidirectional or
separately instructed reversible counting only is re-

11001100110 0«
1100110011001 T10e«
1111000071 11100 0«
1100001111000 0 1cl—| Gray
—|— Code
0011 11111100 0 0 0« |oAltered
Binary
0000001111 11110ec Code
1111110000000 0 0«
0000O0OOOOUO0O0O0O0O0 1c

quired, and those for which bidirectional counting ful-
fills better the needs of the situation. A rough rational-
ization may lead to the view that the first are mathe-
matical problems, and the second are physical ones.
.. Unlike separately instructed reversible counters, selfinstructed
bidirectional counters do not require that the “ripple” of a count
in any one direction have terminated, before the counter may be in-

structed to count in the opposite direction, after which the counting
operation in that new direction may proceed.
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The Logical Design of a Simple General

Purpose Computer+
STANLEY P. FRANKEL#}

Summary—The logical design described here is used in MINAC,
partially constructed at the California Institute of Technology, and
LGP-30, manufactured by Librascope Inc. These serial binary digital
computers make use of magnetic drum bulk storage and use three
circulating registers and fifteen flip-flops. The procedures used in
performing the sixteen elementary operations are described. These
descriptions indicate the circumstances in which each flip-flop or
circulating register input is activated. The Boolean algebraic equa-
tions summarizing these circumstances constitute the logical design.

INTRODUCTION

HE LOGICAL design described here was largely

]l composed in the course of work of the Digital
Computing Group of the California Institute of
Technology. A breadboard model of a computer based on
this logical design, called MINAC, was completed at
C.I.T. in 1954 and served to check much of the design.
A production version of this machine, called the LGP-30,
has been completed by Librascope Inc. of Glendale,
Calif. Although MINAC and LGP-30 differ in a few

details of logical design the present description is sub-’

stantially correct for either.

The LGP-30 has been discussed in two previous
publications. One! describes its elementary operations
and the ways in which these are used to perform com-
plex calculations. The other? discussed the useful range
of applications of magnetic drum computers in general,
with particular reference to LGP-30. It is the purpose
of the present paper to present in almost complete de-
tail the logical design structure held in common by
MINAC and LGP-30. Their constructional techniques
and methods of arithmetic manipulation are described
only to the extent necessary to this purpose.

CONSTRUCTIONAL TECHNIQUES

The primary memory device of MINAC is a magnetic
drum. Information is held on the drum in three forms.
The bulk memory is held in 64 tracks, each served by
one “head” which records data in it and can subsequent-
ly read the recorded data. The information recorded
in each track consists of 64 words, each of 32 bits (binary
digits). A second type of memory of shorter access time
is provided by three circulating registers, each consisting

. * Manuscript received by the PGEC, June 1, 1956; revised manu-
script received October 16, 1956,
* } 1764 Redondo Ave., Lor}‘g Beach, Calif.
1S, Frankel and J. Cass, “The Librascope general purpose com-
uter, LGP-30,” Instruments and Automation, vol. 29, pp. 264-270;
February, 1956.
1 S, Frankel, “Useful applications of a magnetic drum computer,”
Elec, Eng., vol. 75, pp. 634-639; July, 1956.

of a recording head and one or more reading heads
following it (in the sense of drum rotation) in the same
track. The time during which the 32 bits of a-word are
presented by a head of the bulk memory is called a
word period. The time elapsing between the recording
of a digit in a circulating register and its presentation by
a reading head is about 32 digit periods so as to permit
recirculation of information in one word period. The
third form of information storage on the drum is repre-
sented by the timing tracks. Each of these is served by
a single reading head which reads permanently recorded
information determined only by the angular position of
the drum. The digits presented by three timing tracks
are combined to form various timing signals, denoted
t, u, v, x, ¥, 2. These are shown in Fig. 1.

%* 1| WORD PERIO! e
1 T 1 T 1 1 A 1 L oo
. M (SIGN DIGIT
bw t POSITION} .
[, (sECTOR NO
. L « POSITION]
ITrm IrTm g
v GENERAL)Y
___I_LI_L_J_L rLJ_l_rL______L (AN EXAMPLE)
{IRACK NO.
_—__—.____] L 1 POSITION)
i — o P
. 1 (ORDER
T POSITION)
(SECOND SECTOR
{ 1 Ly NO POSIION}

Fig. 1—Signals derived from the timing tracks.

Information which must be presented continuously
over many digit periodsis held in toggles (flip-flop cir-
cuits). Each of these can be set to one or the other of
two stable states, designated 1 and 0, at the end of each
digit period. The logical design consists primarily of the
specification of the circumstances under which each
toggle is set to 1 or to 0. If neither input is activated the
toggle retains its prior setting during the next digit
period. The logical design also specifies the digit re-
corded in each circulating register in each digit period
and whether adigit is to be recorded in the bulk memory
and, if so, what digit and in which track.

The input and output of data are mediated by a
Flexowriter, a punched paper tape controlled type-
writer. In the input process each character read from
the tape sets some of the MINAC toggles. In output the
state of the toggles controls the firing of a set of thyra-
trons which effect the closure of the relays by which the
Flexowriter is operated. »



The logical design is realized by a logical network,
composed primarily of resistors and crystal diodes. Its
inputs are the settings of the toggles expressing the
present internal state of the computer proper (as dis-
tinct from the memory held on the drum) as well as
the digits being presented by the timing tracks, circulat-
ing registers, and bulk memory of the drum. Its outputs
go to the recording heads of the circulating registers, to
the selected head of the bulk memory (if a recording
operation is in progress), to the inputs which set the
toggles for the next digit period, and to the Flexowriter
thyratrons. Each input or output is, for each digit peri-
od, a binary (Boolean) variable. Each input variable
is presented in duplicate, e.g., by wires from the two
sides of the toggle. This facilitates the expression of the
logical design primarily by the monotonic Boolean
functions And and (nonexclusive) Or that are easily
realized by diode networks.

FuncTioNAL DESIGN

The action of MINAC consists of a series of elemen-
tary operations, each performed upon one word of its
memory and determined by one instruction word. An
instruction word holds an order indicating the operation
to be performed and one address identifying the word
of the memory involved in the operation. Instructions
held in successively numbered memory locations are
nogmally obeyed in succession. Exceptions to this rule
oékur for “control transfer” instructions which specify
the address at which the next instruction is to be sought.
One circulating register, the counter, primarily recircu-
lates the address in which the next instruction is to be
found. As an instruction is read from the memory it is
recorded in the instruction register where it is retained to
direct the execution of that instruction.

The third circulating register, the accumulator, holds
a number—usually the result of the last arithmetic
operation. In an arithmetic operation the number held
in the accumulator is combined with a number drawn
from the bulk memory and the result retained in the
accumulator. The accumulator normally recirculates
with a period of one word period, like the counter and
instruction register. During the performance of a multi-
plication or division the capacity of the accumulator is
increased to two word periods by the use of a second
reading head.

Sixteen elementary operations are provided, as shown
in Table I. The arithmetic operations act upon signed
(algebraic) numbers, represented in binary expansion
as described below.

REQUIREMENTS FOR CONTINUOUS MEMORY

Several phases of the operation of the computer, each
terminated at the end of a word period, are to be dis-
tinguished: in phase 1 (abbreviated ¢1) the instruction
next to be obeyed is sought. This requires selecting the
appropriate track and waiting for the desired word in
that track to appear. In ¢2 which occupies just one

IRE TRANSACTIONS ON ELECTRONIC COMPUTERS
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TABLE 1

INsTRUCTION ORDER LisT SHOWING CODE FOR
EAcH INsTRUCTION

Instruc-
tion

B m*

Am

Code Effect

0001
1110

Bring. Clear the accumulator, and add the
contents of location m to it.

Add contents of m to the contents of the ac-
cumulator, and retain the result in the
accumulateor.

Subtract the contents of m from the con-
tents of the accumulator, and retain the
result in the accumulator.

Multiply the number in the accumulator by
the number in memory tocation m, termi-
nating the result at 30 binary places.

Multiply the number in the accumulator by
the number in m, retaining the least signifi-
cant half of the product.

Divide the number in the accumulator by
the number in memory location m, retain-
Eg the rounded quotient in the accumu-

tor.

Extract, or logical product order, i.e., clear
the contents of the accumulator to zero in

L those bit positions occupied by zeros in m,

1010 Um
1011 Tm

1111 Sm

0111 Mm

0110 Nm

Arithmetic

0101

1001

Transfer control to m unconditionally, i.e.,
get the next instruction from m.

Test, or conditional transfer. Transfer control
to m only if the number in the accumulator
1s negative.

Transfer
Control

(1100 Hold. Store contents of the accumulator in

m, retaining the number in the accumula-
tor.

Clear. Store contents of the accumulator in
m and clear the accumulator.

Store only the address part of the word in
the accumulator in memory location m,
leaving the rest of the word undisturbed
in memory.

Return address. Add “one” to the address
held in the counter register (C) and record
in the address portion of the instruction in
memory location m. The counter register
normally holds the address of the next
instruction to be executed.

1101
0010

Cm
Y m

Record

0011 Rm

0100 I
1000 P

Input. Fill the accumulator from the Flexo-
writer.

Print a Flexowriter symbol. The symbol is
denoted by the track number part of the
address (x).

Stop. Contingent on five switch (T« - - Ty)
settings on the control panel.

Misc.

0000 Z ¢

* The address part of the instruction is denoted by m when it
refers to a memory location, by { when only the track number is
sign{{ﬁc:;nt. For example, m might be 4732, mearing Sector 32 of
track 47.

word period the instruction word is set into the in-
struction register. In ¢3 the ¢operand word (i.e., the word
in the bulk memory designated by the address then
held in the instruction register) is sought by a process
similar to that of ¢1. In ¢4, which lasts for one word
period, the operation is executed, except for the pro-
longed operations, multiplication and division. For
these the execution extends into phases 5, 6, 7, and 8.
These extend the time for execution somewhat beyond
the time for one drum revolution. _ .

Except in pralonged operations the phases are dis-
tinguished by two toggles, named F and G. Phases 5 to
8 are distinguished from phases 1 to 4 by the use of a
third toggle, H.



1957

While an instruction or an operand word is being
read (or written) the appropriate track of the bulk
memory must be selected. Six toggles, named P,
Py, -+ ., Py, perform this selection. They are set serially
during phases 1 and 3, then remain unchanged during
the word period in which the track selection must be
exercised.

In a similar fashion, the order must be continuously
in evidence during phases 4 to 8. Since 16 =24 orders are
to be distinguished, four toggles suffice to mark them.
They are denoted @i, Qs, Qs, Q4.

Two more toggles are used, K and L. The primary
duty of L is to hold carry digits in addition and sub-
traction processes. (Since these operations are performed
serially, only one carry bit need be “remembered” in
each digit period.) The search operations of phases 1
and 3 are performed with the help of toggle K, as de-
scribed below.

During the execution of a multiplication or division
(after ¢4 in which the multiplicand or divisor is read
into the instruction register) there are additional re-
quirements for continuous memory. These requirements
are met by the P toggles, which after ¢4 are not needed
in their track selecting capacity. The functions of the
toggles are summarized in Table II.

TABLE 1I
ToGGLE FUNCTIONS
Name Primary Function Other Functions
F
G Phase discrimination
H
K Sector search K (lilsed for augmenting control ad-
ress
L Carry digit
) )
Hold order Q:=1in ¢1 for blocked state
X (Cf. Table I)
A
Py P, marks odd word in periods ¢S
to ¢8
Py Track selection P; to P, hold character in input
3
4
Py Py holds sign of multiplier or di-
visor
Pq P4 holds digit of multiplier or sign
of remainder

THE DEVELOPMENT OF THE LoGICAL DESIGN

Except for the occurrence of prolonged operations,
H stays in its O state, as indicated by the symbol H.
The first four phases are distinguished by the four states
of F and G, as follows:

Phase F State G State Symbol Duration
(word periods)
&1 0 0 FGH 1 or more
$2 (4] 1 FGH 1
¢3 1 0 FGH 1 or more
ey 1 1 FGH 1
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The “product” of two or more symbols indicates the
simultaneous occurrence of the indicated settings. Thus
the symbol for ¢2, FGH, has the value 1 only if F=0
(hence F=1) and G=1 and H=0.

The last digit period of a word period is marked by a
signal denoted by 2, derived from the timing tracks.
Since each phase change occurs at the end of a word
period, the symbol ¢ is included as a factor in each of the
F and G setting equations. The phases 1 to 4 occur
cyclically in the order listed. Toggle F has the state 0
during phases 1 and 2. It is set to the 1 state at the
end of ¢2. It holds the state 1 during ¢3 and ¢4, then is
set to 0 as ¢1 is again entered. Since ¢2 and ¢4 consist
of only one word period each the settings of F are easily
described. F is set to 1 at time £ of any ¢2 period, to 0
at £ of a ¢4 word period. The circumstances calling for
setting it to 1 are denoted F’, those calling for setting it
to 0 are denoted F’. (The prime here indicates the new
condition of the toggle. It should not be mistaken for
negation, which is here indicated by boldface.) Thus we
have the two following partial equations (the + follow-
ing an expression indicates that other equations show
contributions to that input):

F’' = FGH! +,
F' = FGHi +.

(1)
2

G is set to 0 on either of these two occasions on which
F is changed. This may be written as

G’ = FGHt + FGH! +.

The symbol + may be read as or. If either or both
terms joined by + have the value 1 so also does the
sum. By an elementary operation of logical algebra
this G’ expression may be reduced to

G’ = GH!: +. (3)

(In the following no explanation of algebraic manipu-
lations will be given.)

G is set to 1 at the ends of phases 1 and 3. The system
provided for determining the durations of these phases is
described below. It makes use of toggle K which will be
found in the state 1 at the time £ only for the last word
period of either of these phases. The end of a phase 1
or 3 may thus be recognized by the occurrence of GHK:.
Accordingly,

G’ = GHK1 +. (4.1)

(The presence of a decimal fraction in the expression

number indicates that a revision of this term is intro-
duced below.)

The Imstruction Search

In ¢1 a search is conducted for the instruction whose
address is being recirculated in the counter. The digits
presented by the counter are denoted C. The part of
the address (six bits) which determines the track selec-
tion is set up on the P toggles by a process described
below. The remaining six bits of the address determine
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which word of the selected track is wanted, hence the
time at which ¢1 should end. The six digit periods in
which this sector number is presented by C are marked
by a signal % derived from the timing tracks (cf. Fig.
1). Another timing track sighal v presents.a particular
sequence of six digits for each of the 64 word periods of
a drum revolution. In each word period it “announces”
the sector number of the word period following im-
mediately thereafter. To determine whether a word
period of ¢1 is to be the last word period of that phase
the digits announced by v are compared with the digits
‘presented by C during the six digit periods marked u.
Agreement in all six digits calls for termination of ¢1

at the end of that word period. To detect this agreement -

toggle K is set to 1 at the end of each word period;
K' =1 (s)

ther\eafter disagreement sets it back to 0.
K' = FGHu(vC + 1C) +. 6.1)

Thus finding K in the state 1 at time ¢ indicates that
agreement has been found, as was assumed in the dis-
cussion leading to (4.1). [It is to be noted that the in-
put described by (5) brings K to the 1 state only after
the digit period in which it is examined in (4.1).]

The Operand Search

In ¢3 a similar process is carried out, differing only in
that the address of the word sought is carried in the
instruction register, which presents the digits R, rather
than in the counter. The two search processes are thus
described by (5) and (6.2).

K' = GHu(vr + or) +, (6.2)
where 7 is C during ¢1 and R in ¢3.
r = FC -+ FR. (1.1)

Track Selection

Like the time of entry to phases 2 and 4, the track
to be selected is indicated by the address circulating
in C during ¢1, or R during ¢4. In either case it is indi-
cated by the digits r defined above. The six digit periods
of each word period during which the track number part
of an address is presented by C or R are marked by the
signal 2. During 2 in phases 1 and 3 the track number r
is set into the toggles Py, P,, - - -, Pq. For this purpose
these six toggles are connected as a shifting register; the
digits r are inserted into P; and passed down the chain
to P,, etc. The digit periods in which this setting takes
place are denoted p; .

» = GHz +. 8.1)

During this time P, is set to the digit r,
P/ = pr +; P/ = pr+, 9.1)
P, is set to the digit Py, etc.
Py = pP; +; P, = pPy +, etc. (10)
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At the end of 2, P, holds the first (least significant) digit
of the track number, Ps the second, etc. These settings
are retained for the remainder of that word period and,
if that word period terminates phase 1 or 3, into the
succeeding phase 2 or 4.

Order Setting

In ¢2 the instruction is read from the main memory.
The digits presented by the main memory are denoted
V. The instruction is set into the register R during ¢2
and recirculated there during the subsequent ¢3. This
is represented by the equation,

R" = FGHV + FGHR +. (11.1)

Here R’’ denotes a digit being recorded in the instruc-
tion register. Similarly digits set into the accumulator
and counter are denoted A’’ and C’’. (They are not
toggle inputs like the singly primed symbols.) The in-
struction also includes a four digit order which is set
into the Q toggles in ¢3 in the same way as the track
number is set into the P toggles. The four digit periods
in which the order appears are marked by the signal x.
Then

O = FGH=xR; @/ = FGHxR; (12)
Qz' = FGHle +; Qz' = FGHx@ + ; etc. (13)

With a few exceptions, described below, these settings
of the Q toggles are held without change until the next
occurrence of a ¢3.

Accumulator Input

The execution of orders in ¢4 is chiefly concerned with
the behavior of the accumulator. It recirculates its con-
tent without change in the first three phases; and also
ingd onorders U, T, H, ¥, R, P, and Z. As may be
verified by use of Table I, these orders are collectively
described by:

0:10:0: + Q:(@s + @4) occurs for U, T, H, Y, R, P, Z.
Thus the normal recirculation of 4 is described by,

A" = AH[F 4+ G + 01@:Q« + @:(Qs + Q0] +. (19

For the remaining orders the input to 4 in ¢4 is as
follows: on order B, 4 is set to V; on order E to the
product AV. Together these may be -described as
@:0:0./(@:1+A4)V. On orders A and S, described by
010:Qs, the output of the add-subtract mechanism, here
abbreviated b, is set into the accumulator. On orders
M, N, and D the accumulator content is recirculated
unchanged in ¢4 except, for reasons described below,
for the omission of the sign digit (at time ¢). This input .
to the accumulator is described by @,0:(Qs+Q)A¢.
In the Input process four digits have (prior to ¢4) been
read from the Flexowriter tape and set into the toggles,
Py, Py, Ps, Py In ¢4 the accumulator content is recircu-
lated through these four toggles; P, following 4, P,
following P, efc., and A’ following P,. This contributes
a term Qh@:@:Q:P; to A’’. To induce the motion of
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digits down the chain of P toggles, expression (8.1) is
replaced by

+ FGH@:Q:0:Q:. ®

For order I the last term in p produces the transfer of
digits in ¢4, while the parenthetical factor in the second
term suppresses the usual transfer in ¢3. Eq. (9.1) ex-
pressing the setting of P, must also be modified as

Pl =pGr+ pGA+; P/ = pGr+ pGA+. (9)

Altogether the inputs to 4 in phases 1 to 4 are described
by (14) and by

A" = AHQQ:(Qs + Qu)t + FGH[G19:Q4(01 + A)V
+ 0:0:0sh + @i0:0:@P] + . (15)

Instruction Register Input

After ¢3 it is no longer necessary for the instruction
register to retain the instruction. For the prolonged
orders it is used to store the multiplicand or divisor
(read from the bulk memory in ¢4). Thus we change the
R'’ equation as follows:

R” = FGHV + FGHV + (G + H)R

= GHV + (G + H)R. (11)

“Counter I nput

In the part of each word period marked w=u-z
the counter holds the address of the instruction next
to be obeyed. This information is read, and acted upon,
in ¢1. To prepare for the next use of this control address
it is augmented by unity in ¢2. This operation is per-
formed with the help of toggle K, which, as described
above, is set to 1 at the end of each word period. In
¢2, K is set to zero whenever the digit 0 occurs in the
control address: that is, on the occurrence of wC,

K’ = FGHwC + , (16.1)

while the counter content is complemented whenever
K=1,

C" = FGHw(KC + KC) + . an

The change in control address produced by the U
order is effected by transferring the content of the in-
struction register to the control register in ¢4 on this
order.

C"=FGHQ:@:0:@Q.R+FGH(@:+ 02+ @5+ Q)C+.

Test Execution

(18)

The order T is to have the same effect as U provided

the sign (¢) digit position of the accumulator is occupied

by a 1 or if the corresponding digit of the instruction is
a 1 and the external transfer switch, 2, is closed. These
two circumstances are expressed by ((4+Rsz). To
effect the transfer the @' equation is given the term

Q' = i@:x(4 + Rso)t +, (19)
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which transforms a T into a U-erder in ¢3. (These two
orders are distinguished only by the setting of the Q,
toggle.)

The Blocked State

To provide a way of stopping a computation a
“blocked state” is introduced. This is dene by making
the advance from ¢1 to ¢2 contingent on the occurrence
of Q;=1. Then (4.1) is replaced by,

G = GHK!{(F + Qi) +. 4)

In any situation not requiring blockage Q; is set to 1
(or allowed to remain at 1) on entering ¢1. When block-
age is required Qs is set to 0, then ¢1 lasts indefinitely.
The start button effects a release from blockage by setting
Qs to 1. A variety of circumstances produce blockage:
the stop order, Z, induces blockage contingent on the
settings of external switches and of the P toggles as
set by the address accompanying the Z order. A one-
operation switch causes blockage after each operation.
An overflow in an addition or subtraction or an im-
proper division causes blockage, so as to show that the
correct result cannot be represented in the usual way.
Provision is made to produce a blocked state on first
turning on the computer, and as an aid in timing the
Input process. All of these effects are peripheral to the
operation of the computer and will not be further de-
scribed here. ‘

Addition and Subtraction

On orders A and S a sum or difference is set into the
accumulator in ¢4. The digits of the sum or difference
will be denoted b. The Add-Subtract mechanism makes
use of toggle L to hold carry digits. It has been set to 0
prior to its use in addition or subtraction. The two in-
puts are denoted ¢ and j. [In subtraction the number
(7), 1.e., the number formed by the digits 7, is subtracted
from (7).] In addition the carry digit, L, is set to one
following the simultaneous occurrence of 1-digits in the
two inputs. It is set to 0 if 7 and j are 0. If 7 and j differ
the setting of L is left unchanged. Thus a carry is initi-
ated by j, is terminated by 77, and is propagated by ij or
1j. However, L is always set to 0 at the end of the opera-

tion, after the ¢ digit period. Thus the carry in addition
is described by

L' = ijt,
L' = ij+1t

(20.1)
(21.1)

A digit of the sum, b, is the sum modulo 2 of the digits
1, j, and L. Thus
b = Lij + Lij + Lij + Lij. (22)

In the execution of orders 4 and S, occurring in ¢4, the
two inputs are 4 and V respectively. Thus

i=AH +,
j=VH.

(23)
(24)
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These equations, together with (15), describe the per-
formance of an addition. This process of addition is
most easily understood if each number is regarded as
expressed in a simple binary expansion with the least
significant digit appearing first and the most significant
digit appearing at time ¢. For example the digit at time
¢t might be assigned the value unity, the preceding digit
the value 3, the one before that the value i, etc. Actual-
ly, a different system for the interpretation of numbers is
normally used in this computer. It differs from this
only in that the digit at time ¢ is assigned the value —1,
which permits representing signed (algebraic) numbers
in the range —1 to (but not including) +1. Either
interpretation is consistent with the above description
of addition or with the process of subtraction described
below. However the system for introducing blockage
on an improper addition or subtraction (i.e., one which
produces a result beyond the capacity of the representa-
tion) is made to conform to the signed number interpre-
tation. So also are the processes of multiplication and
division.

With this signed number interpretation a number, say
{x), formed of digits x is approximately the negative of
the number formed from the complementary digits,
x, (where x=1-x). More precisely, (x) lacks one unit
in its least significant digit to be — (x). Thus if () were
added to (7) the result would be nearly the difference,
() — (j). By complementing ¢ rather than j, a similarly
deficient difference, (j)—(s), is obtained. The correct
desired difference, (i) —(j), can now be obtained by
complementing that sum. Accordingly the rule for sub-
traction is obtained from the equations above by replac-
ing 7 by 1, and then complementing (22) for the sum
digit. These two changes, however, bring (22) back to its
original form. Thus (22) describes the result of subtrac-
tion as well as of addition, while the carry equations
are replaced by

L' = (is + is)j¢, (20.2)
L' = (is + is)j + ¢ (21.2)

Here s indicates situations in which a subtraction is per-
formed, s an addition. The codes for Add and Subtract
differ only in the setting of toggle Q4 hence

s=HQ.+ . (25)
(In phases 5 to 8 other conditions determine s as well as
7 and j.)
Multiplication and Division

At the end of ¢4, F and G are set to 0 as described
above [(2) and (3)]. This usually initiates a ¢1. How-
ever, on orders M, N, and D toggle H is set to 1 at the
same time, thus producing a ¢5. This is described by

H' = FGH!@:0:(Qs + Qu). (20)

In phases 5 to 8 a succession of arithmetic processes
is carried out during successive intervals of time each

IRE TRANSACTIONS ON ELECTRONIC COMPUTERS
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extending over two word periods. Toggle P is used to
mark off these pairs of word periods. It is set to 0 at the
end of ¢4, thereafter to 1 and 0 alternately. This alterna-
tion is expressed by the terms,

P1'=HP11+; P1,=GP11+HP11+.
Phase Changes for Multiplication and Division

The marking and durations of phases S to 8 are as
follows: ‘

(27)

Phase Marked Duration
'S FGH 2 word periods
6 FGH 61 word periods
7 FGH 2 word periods (for M and D only)
8 FGH 1 word period (for D only)

The return to ¢1 occurs after ¢6 on order N, after ¢7 on
order M, and after ¢8 for D.

The beginning of ¢6 occurs after the second word peri-
od of ¢5, in which Py=1. It is indicated by the term

F' = FGHP{¢ + . (28)

To mark the end of ¢6, use is made of a part of the
content of the counter, marked by the timing signal v,
which is not used by the control address. In each word
period the timing signal v announces a sector number
during the digit periods y as well as during %, as shown
in Fig. 1. This second sector number announcement is
copied into the counter during each word period (hence,
in particular, the last) of ¢3 and held there during the
subsequent phases 4, 5, and 6. This is represented by

C'" = GHvy + (G + H)yC + . (29).

During ¢6 toggle K is used to seek agreement between
vand C just asitisin¢l, except that agreement is sought
during time y rather than during «. For this purpose
(6.2) is replaced by

K' = (GHu + Hy)(vr + vr) + , (6)
and r must now be redefined as
r = FHR + (F + H)C. (7)

Phases 4, 5, and 6 together occupy one full drum revolu-
tion. Thus the end of 6 is marked by Kt which indicates
that the sector number recorded in C during v of the
last word period of ¢3 has been recognized. If the order
is M or D, which are distinguished from N by the pres-
ence of Qy, ¢7 is to be entered. Thus

G = GHKQd + . (30)

On order N the end of ¢6 calls for return to ¢1, pro-
duced by the terms

F' = FHKQ{ + ,
H = FHKQ{ + .

(31)
(32)
Phase 7 lasts for two word periods. Its end is recog-

nized by the appearance of FGHP,¢, which is used to set
toggle F to 0.

F' = FGHP¢ + . (33)
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If the order is D this setting produces ¢8. On order M,
which is distinguished from D by the presence of (s,
it is ¢1 which is to be entered, hence toggles G and H
must also be set to 0. Thus

G' = FGHP,(Qst + , (34)
H' = FGHP\Qit + . (35)
After one word period ¢8 ends and ¢1 is begun, thus
G’ = FGHt + , (36)
H' = FGH! + . 37)

Multiplication Procedure

In ¢4 the operand number is picked up in the in-
struction register and is held there in the later phases.
This number serves as the multiplicand. The previous
accumulator content is kept recirculating in the accumu-
lator and functions as the multiplier. In order to provide
storage capacity for the successive partial products the
‘accumulator is extended to slightly over twice its normal
length by the use of a second reading head. The digits
presented by this second head are denoted by A*. A
digit, A’, recorded in the accumulator is presented by
A* in the 65th following digit period, that is after a
delay of one digit period more than two word periods.
Thus information rerecorded from A* appears every
other word period but precessing by a one digit period
delay per circulation. The enlarged storage capacity
of the accumulator is shared by the multiplier and the
growing partial product. The partial product is initially
of one word length and progressively grows to about two
word length. As each digit of the multiplier is used it is
dropped from recirculation, hence the storage require-
ment of the multiplier concurrently drops from one
word length to zero.

In each pair of word periods of ¢6 the multiplicand,
recirculating in the instruction register, is or is not added
to the partial product held in the accumulator as a
corresponding digit of the multiplier is 1 or 0. Most of
the digits of the partial product are presented by A*
during the “odd” word periods, marked by P, some
however have precessed into the succeeding “even” word
period. For this reason the addition process is extended
to two word periods. A precaution, described below,
is taken to prevent falsification of the circulating digits
of the multiplier. The multiplicand is presented by R
only to one word period length. It is extended to two
word period length by repetition of its sign (f) digit in
all digit periods of the second (even) word period.

In the process of addition or subtraction in ¢4 as
described above an exception to the normal behavior of
toggle L is made for the ¢ digit period. In phases 5 to 8 for
multiplication (distinguished from division by Q) that
exception is restricted to the even word periods, thus
extending the process to two word periods. Eqs. (20.2)
and (21.2) are now replaced by the following:

L = (is + is)j(t + HQ:Py), (20)

Frankel: The Logical Design of a Simple General Purpose Computer
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L' = (is +is)j + «(H + Qs + Py). (21)

The addition of the (extended) multiplicand in each
step of the multiplication during ¢6 is controlled by a
digit of the multiplier held in toggle Ps during that pair
of word periods. This digit was set into Ps in the ¢ digit
period preceding these word periods, as described by

Py = HPUA*Qs +; P¢ = HPyA*Qs +. (38)

Similarly Ps picks up the sign digit of the multiplier
at the end of ¢4 and holds it during ¢35, as described by

Py = FGHiA +; Ps = FGHIA + . (39)

Since the action in ¢35 is controlled by the sign digit of
the multiplier the multiplicand is (or is not) subtracted
rather than added as in ¢6. Since, moreover, this is the
first step of the multiplication there is no previous par-
tial product.

The mutltiplicand sign is needed throughout the even
word periods. It is therefore picked up by toggle P; at
the end of ¢4 and held through phases 5 to 7.

Py = FGHtV +; Py = FGHIV + . (40)

In phases § to 7 the accumulator records the sum (or
difference), b, except for the digits appearing at time ¢
of even word periods. These are suppressed to prevent
their precessing into the odd word periods. Thus

A" = Hb(t + P1) + . (41.1)

The inputs to the add-subtract unit are as follows:
in ¢5 a subtraction is performed, thereafter additions.

s=F on HQ;.

In the routine part of the multiplication, performed
in ¢6, the inputs to the adder are 4* and R extended
by repetition of its sign digit, Ps, during the even word
period and contingent on the presence of a 1 as multi-
plier digit, Ps. This is expressed by,

1= A%; = (P\R 4 P\P;)Ps  on FGHOQs.

In ¢5, in which a subtraction is done, these inputs are
slightly modified. The factor, P, in the second term of
J is omitted. This has the effect of subtracting the re-
peated digit, P, in the even word period even if the
multiplier is positive. That is equivalent to depositing
the digit Ps in the small gap separating the growing par-
tial product from the multiplier digits. If the multi-
plicand is negative, Ps=1, the 1-digit so deposited serves
to guard the multiplier digits from erosion in the later
additive steps and does no harm to the growing product.
Thus for ¢5 the inputs are,

1 = A*Pl; j = P\RP; + P1P5 on FGHQa.

On order N the completed less significant part of the
product is recorded in the accumulator in the last word
period of ¢6, and the execution of the operation is then
terminated. On order M a completed more significant
half is recorded in the first (odd) word period of ¢7.
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However, to present this result in the normal form it
~ must be delayed by one digit period. This is accom-

plished by adding 4 to itself in the even word period of ’

¢7, after which the operation is terminated. The odd
word period of ¢7 is like those of ¢6. Thus ¢7 for multi-
plication is described by

1= A*;

i=A;

j=P5Pe
j=4

on FGHP1Q3,
on FGHP:Q;.

This description of the multiplication process may now
be summarized as follows:

s = FHQ3 + » (42)
i = HQ:[A*(FG + P\) + AGP ] +, (43)
j = HQy[RP.P\G + PiPy(Ps + F) + AGP:] +. (44)

Division Procedure

_ The procedure for division is similar to one which has
been described by Burks, Goldstine, and von Neumann.?
It is a nonrestoring system, in which each step brings
the remainder toward zero by subtracting or adding the
divisor as its sign agrees or disagrees with that of the
remainder. It makes use of the expanded accumulator,
like multiplication, to provide space for the storage of
the growing set of quotient digits and to provide, by its
precession, for the doubling of the previous remainder
at each step. As in multiplication each step requires two
word periods.

The divisor is picked up in ¢4 and held thereafter in
the instruction register, as described above. Its sign is
held by Ps as described by (40). The sign of the dividend
is held through ¢5 by P as described by (39). Subse-
quently the sign of each remainder is set into Ps and
held for two word periods. A new remainder is formed
and recorded in each odd word period. It is, however,
convenient to pick up its sign in Py at the end of each
even word period, at which time it is presented by 4.
Thus,

Py = HPiA@s+; Po = HPtAQ: + . (45)

In each odd word period of phases 5 to 7 (¢8 has only
an even word period) the doubled prior remainder (or
for ¢5 the dividend) is corrected by the subtraction or
addition of the divisor (R), as the two signs held in
Py and P; are alike or differ.

In ¢5 the first input, %, is to be the dividend which is
presented by A except for its sign digit. The sign digit is
held in P, hence the dividend can be reconstituted as
A+ Pgt. Thus,

1= A4 + Pai; j = R, § = PsPe + PgPs on HFPlos.

In the odd word periods of phases 6 and 7 the doubled
remainder is presented by 4%,

3 A. Burks, H. Goldstine, and J. von Neumann, “Preliminary
Discussion of the Logical Design of an Electronic Computing Instru-
ment,” Institute for Advanced Study, Princeton, pt. 1, 2nd ed. vol. 1,
Pp- 23-29; September 2, 1947,
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1 -_—"A*; j = R; § = PsP@ + PaPe on HFP1Q3.

In even word periods of phases 5, 6, and 7 the extended
accumulator recirculates without change.

1= A*; =0 on H(F + G)P:@s.

The even word period part of A* is gradually filled
by the sign digits of the remainders recorded in the
odd word period. In the even {and only) word period of
¢8 the digits presented by A* consists entirely of these
remajnder sign digits, each of which, together with Pj,
determined the direction of one of the corrections used
in the progressive reduction of the remainder. The first
correction was determined by the sign of the dividend,
which by ¢8 has precessed out of the accumulator. How-
ever, in a “proper” division the magnitude of the divisor
exceeds that of the dividend, hence the sign of the first
remainder must be opposite to that of the dividend.
These two signs were used at an earlier stage to induce
blockage on improper division by a process mentioned
above (but not described in detail).

Each digit presented by 4* in ¢8 is combined with Py
to form a digit, ¢,, defined by

gp = A*P; + A*P;

where ¢s corresponds to A* in the first digit period,
gso in the second, etc. to go corresponding to 4* in the
¢ digit period. Each ¢, =1 indicates a subtraction of the
divisor, each ¢, =0 indicates an addition of the divisor
in the progressive reduction of remainders, except that
go corresponds to two successive opposite corrections
applied to the dividend and first remainder which,
since ¢8 has been reached without interrupting blockage,
may be presumed to have been of opposite sign. Taking
account of the doubling of the remainder at each step
it can be seen that the dividend has been brought ap-
proximately to zero by the subtraction of the divisor
multiplied by the following number:

g=—(2¢—-1)+320-D+12ua -1+ .-
+ 27%(2¢n - 1)
=—q+ia+ig+ -4 2% — 27

Thus go, g1, etc. are the sign digit and progressively less
significant digits of an indefinitely continued true quo-
tient in accordance with the system of number represen-
tation described above. To produce a rounded quotient
of sign and 30 significant digits, the digit, gu, is added
to the least significant position of the number (g,) in
¢8. This digit is available in the form

g = PyPy + PsPs

during ¢8. Its addition to the least significant digit posi-
tion is more conveniently accomplished by subtracting

it from all digit positions. Thus the action in ¢8 is
represented by

i = A*Py+ A*Ps; j = PyPs+ PP;; s =1 on FGH.
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The description of division may now be summarized
as follows:

s = HQ@y(PsPs + PsPy + FG) + , (46)
i = H@s|A*(F + GP, + GP;s) + A*P,FG

+ FPy(A + Po)] +, (47)
J = H@3;RP, + FGH(PsPs + PsPs) + . (48)

The recording of a sign digit must not be suppressed
in ¢8, hence (52) is replaced by

A” = Hb(t + P, + FG). (41)

Record Orders

Information is recorded in the main memory during
¢4 on the orders H, C, ¥, and R. (Cf. Table 1.) The
time during which recording is performed is denoted f.
On orders H and C it is all of ¢4.

= FGO:10:Qs + .

On orders Y and R recording is done only during the
part of a word period, s, occupied by the address of an
instruction. Thus

(49)

f = FG@:@:0s + . (50)

The digits to be recorded will be denoted V’’. On orders
H, C, and Y they are the digits presented by the ac-
cumulator,

=01+ Q4 + . (51)

On the order Return the address to be recorded is the
second address following that of the memory location
in which the R instruction was found. (The memory
location immediately after that holding the R order is
needed for a U order which takes control to the “sub-
routine” from which it is later returned as a result of
the R order.) Since the counter content has already
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(in ¢2) been advanced by one since finding the R in-
struction it must again be augmented by one to provide
the digits V”. For this purpose toggle K is used in ¢4
in the same way as in ¢2. This is accomplished by
omitting the factor F from (16.1),

K' = GHwC + . (16)

The digits to be recorded on order R are then
(KC+KC),

"= QO(KC + KC) + . (52)

Print Order

The execution of the Print instruction, marked by
the signal e, occurs in ¢4.

e = FGQ:19:0:Q:. (53)

What key of the Flexowriter is struck is determined by
the state of the P toggles.

Input

The Input process takes place for. the most part with
the computer in its blocked state. The action of the
Flexowriter on reading a tape symbol sets the Input
code in the Q toggles and the digits to be inserted in the
P toggles. The computer is then set into ¢3, from which
it proceeds to the execution of the Input “order” and
then enters a blocked ¢1 to await another tape symbol.
A special tape symbol releases the computer from the
blocked state to permit it to digest and dispose of the
digits set into the accumulator under the control of an
input routine.

The Complete Logical Equations

To complete the description of the logical design
there remains only the assembly of the partial equations
given above. The assembled equations are shown in
Table III. Each equation is followed by a list of the

TABLE I1I

SuMMARY OF LoGicAL EQuaTioNs
=FGHt+FGHPt 1,28 F'=FGHt+FHK Q¢+ FGHPt 2,31,33
G' GHEKH(F+Q:)+ GHEKQst 4,30 G’ =GH!+ FGHP,(Oyt -+ FGH1 - 3,34, 36
H '= FGHIQ,Q;(Q.—,+Q.) 26 H” = FHK Q¢+ FGHP,Qy+FGH: 32,35,37
5 éGHu +Hy) (vr+vr)+GHwC 6, 16
=(xs+xs }g(t+HQaPl) fg 0 lS+tS)]+t(H+Q:+P1) 21
! ) = F 12
8 —-FGng 13 Q' FGHxQ; 13
Q; = FGHx 13 @' = FGHxQ: 13
= FGHxQ, 13 Q' = FGHx0s +010:0:(4 + Rso) 13,19
Py =pGr+pGA +HPy 9,27 P’ =pGr+pGA+GPi+HPyt 9,27
Pg =PP1 10 Pz =PP1 10
Py =pP, 10 Py =pPy 10
P"=PP3 10 P| =PP 10
P. =pP,+FGH:V 10, 40 Py’ = pP+ FGHIV 10, 40
=pPs+HPtA*Q;+ FGHIA +HPtAQ: 10, 38, 39,45
f‘ e ofgitgf%‘tff“ Q0001+ FOHIQ@OM@ A )+ 0,00 + DORQPI+HBt LR -FE) O 1039 55
= i A 3+ Q4) + Q10:(0: 4+ Q1) ¢]1 4+ FGHIQ:Q:0: +1Q:0:0+ ©:0:0:Q.P]+ t+Pi+ 115.41
C''=FGHw(KC+KC)+FG 1020:04R+FGH(01+02+Q:+Q4)C+GHvy+(G ?2 17,18, 29
V”==(Qn+04)A +QuKC+KC) 51, =GHV+(G+H)R 11
b-— g Lij+Lij+Lij 22 r=FHR+(F+H)C 7
FGO10:@s+FGO, 9, 50 e=GFOi1Q:01 0 53
1=AH+H IA"(FG 1) +AGP.]+HOJA‘(F+GP|+GP.) +A*PFG+FPi(A+ Pyt)] 23,43,47
j=VHA-HQ}HIRPP\G AP Py(Py+F) +AGP1]+HQ;RP1+FGH(P.P,+P;P.) 24,44,48

s=HQ-+FHQy+HQ:(PiPy+PyPy+FG
p=FGHz+FGHz(0:+ @+ Q-+ Q) +- FGHQIQ?QBOI

25, 42, 46
8
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partial equations drawn from the text above which com-
pose it. A few equations have been simplified by ele-
mentary algebraic manipulation, but no attempt has
been made to reduce the equations to a most compact
form or to indicate the many constructional simplifica-
tions which can be found by algebraic manipulation of
this description of the logical design.

The set of logical equations shown in Table III
omits a number of features of the LGP-30 structure
which can conveniently be described separately: the
entire system for the induction of and relase from the
blocked state has been omitted. So also has the setting
of the'P and Q toggles in the Input process. Various de-
vices, not described here, permit the operator to check
on the functioning of the computer or to control its
action without reliance on instructions already stored
in the memory. These devices are necessary, although
auxiliary, since the above description provides no way
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of inserting the input routine into the memory. The
formation of ¢, %, v, x, y, and 2 from the three timing
tracks is not shown. On orders U and T, which make no
use of an operand word, ¢3 is limited to one word period
by a means not shown. The recording of a 0 in the
spacer bit is ensured in a way not shown,
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A Transistor-Driven Magnetic-Core Memory*
E. LEROY YOUNKER{}

Summary—A transistor-driven magnetic-core memory which has

a capacity of 1024 18-bit words has been built and is being studied.
Both the read and write operations employ the coincident-current

_ technique. The memory-drive currents are developed by transistors
and the desired memory location is selected by magnetic-core selec-
tion switches. Eighteen thousand, four hundred and thirty-two
memory cores are used in the storage array, 48 switching cores are
used in the selection switches, and 160 trangistors are used in core-
driving circuits and read-out amplifiers. A typical memory cycle,
reading followed immediately by writing, requires 20 microseconds.

INTRODUCTION

N THE FEW vyears since the use of square-
][ hysteresis-loop magnetic cores in memory devices

was proposed! the magnetic-core memory has
established itself as a very attractive memory device for
digital computers. Among its virtues are excellent reli-
ability, capability of high-speed operation, and possi-
bility of large storage capacity in compact size. The
circuits associated with most present-day core memories
use vacuum tubes, which add substantially to the size
and power consumption of the over-all memory system.
The use of transistors with a magnetic-core memory
makes possible the realization of an all-solid-state

* Manuscript received by the PGEC, October 3, 1956,

t Bell Telephone Labs. Inc., Whippany, N. J

' J. W. Forrester, “Digital information storage in three dimensions
usisng magnetic cores,” J. Appl. Phys., vol. 22, pp. 44-48; January,
1951.
J. A. Rajchman, “Static magnetic matrix memory and switching
circuits,” RCA Rev,, vol. 8, pp. 183-201; June, 1952.

memory system in which the associated circuits are
compatible with the core storage array in reliability,
speed, compactness, and power consumption. This
paper describes an 18,000-bit coincident-current mag-
netic core memory which is operated entirely by
transistors. This memory has been built as part of a
feasibility study of transistorized magnetic-core memo-
ries by the TRADIC? (Transistor Airborne Digital
Computer) group at Bell Telephone Laboratories. The
memory is described in enough detail to show where
transistors are used and what requirements are imposed
on them. Detailed transistor circuits are shown and
experimental results are discussed.

DESCRIPTION OF MEMORY
Description of Digit Planes

In the construction of magnetic-core storage arrays,
the individual cores are commonly mounted in square
or rectangular mechanical assemblies. Since each core in
such an assembly usually stores one binary digit of a
number, the assembly is called a digit plane. The
TRADIC memory is designed to store 18-bit numbers,
so 18 digit planes are required. The memory can store

1024 numbers; consequently, each digit plane contains
1024 cores.

2 Work supported by Contract AF33(600)-21536, U. S. Air F.
Air Materiel Command. (600) ir Force,
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A digit plane of the TRADIC memory is shown in
Fig. 1. The 1074 cores, each 0.080 inch OD, 0.050 inch
ID, and 0.025 inch thick, are arranged in a rectangular
pattern, 64 inches long by 16 inches wide. The photo-
graph shows only one-half of the cores, because the
assemblage of cores is folded over a center supporting
plate. Notice the enlarged portion of the array which
has been inserted into the upper part of Fig. 1.

Close examination would show that 6 wires pass
through each core—2 of them run along a row and 4 run
along a column. One pair of wires (one in a row and one
in a column) is used to select a core in reading. A second
pair (also one row and one column) is used to select the
core in writing. One of the remaining wires in the column
is the output winding and the other is the digit-inhibit
winding. The purpose of the digit-inhibit winding is to
control the binary value of the digit inserted into the
plane during the writing operation.

The digit planes were built to Bell Laboratories
specifications by the International Telemeter Corpora-
tion of Los Angeles. The eighteen digit planes were
assembled at Bell Laboratories to form the three-
dimensional storage array shown in Fig. 2. Strapping
between digit planes connects together corresponding
wires in adjacent planes that are used for selecting the
desired memory location. For example, for selecting the
proper column in reading, there are 16 wires which start
at one end of the memory, pass through all 18 digit
planes, and terminate at the other end of the memory.
The output and digit-inhibit wires are individual to each
digit plane—their terminations are indicated in the
photograph.

Reading and Writing

Now let us consider the operations of reading and
writing. To read a number from the memory, a current
whose amplitude is one half the nominal switching cur-
rent is applied to the proper row and a similar current
is applied to the proper column. The polarity of the read
currents is such that in each digit plane where the
selected core is storing a binary ONE the core will
switch and produce a voltage in the output winding. In
the digit planes where the selected core is storing a
ZERO, the core will not switch and essentially no
voltage will appear in the output winding. Thus, the
stored number appears in parallel form on the output
windings of 18 digit planes.

To write a number into the memory, the desired loca-
tion is selected by a coincidence of half currents on the
proper row and column, as in reading. The polarity of
the write currents is such that the selected core would
be switched to the state of magnetization which repre-
sents a ONE.

Whether or not the core actually is switched is de-
termined individually for each digit plane by the current
in the digit-inhibit winding. The digit-inhibit winding
is individual to a digit plane and passes through every
core in that plane. In each digit plane where a ONE is
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Fig. 2—Storage array for TRADIC memory.

to be written, no current flows in the digit-inhibit
winding and the selected core is switched. In each plane
where a ZERO is to be written, a half current whose
polarity is opposite that of the write current flows in
the digit-inhibit winding. One of the write currents is
cancelied; the selected core does not get enough drive
to switch and so stays in the state of magnetization
which represents ZERO.

Selection of Memory Location

.Memory locations can be selected in any order.
During each read and write operation, the desired row
and column in the storage array are selected by mag-
netic-core selection switches.? These switches operate in
a two-phase manner. First, a switch is set to the desired
position as determined by the number in the address
register.

Second, the read (or write) current pulse is applied
to the switch. This current flows through the switch
into the selected row or column and at the same time
resets the switch to a reference position. Separate
switches are used to select the row and column in the
reading and writing operations.

3 M. Karnaugh, “Pulse-switching circuits using netic cores,”
Proc. IRE, vol. 43, pp. 570-584; May, 1955, o
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Timing in the Memory

The switching time of the magnetic cores in the
storage array, which is about 4 microseconds, deter-
mines to a large extent the length of memory timing
signals and the duration of the reading and writing
operations. )

The memory timing for one read-write cycle is shown
in Fig. 3. Four general types of timing signals are used:
read or write, digit-inhibit, strobe, and set-selection-
switch. The read current applied to a column (long
dimension of a digit plane) precedes the read current
applied to a row by 2 microseconds. This is done to allow
time for the disturbance caused by the column read
current to die out before the row read current is applied.*
The output of the memory is strobed by a 2-microsecond
signal 2 microseconds after the coincidence of the read
currents. It will be observed that the write selection
switches are set during reading, and that the read
selection switches are set during writing. One complete
read-write cycle requires twenty microseconds.

SIGNAL TIME-USEC
0 2 4 6 8 1F 12 14 16 18 20
EAL WRITE
N
COLUMN -READ — ™
N
ROW-READ N
/
STROBE \
COLUMN ANO .
ROW WRITE
DIGIT INHIBIT N
N
set write —/| N
N
SET READ L

Fig. 3—~Memory timing cycle.

Block Diagram of Memory

Fig. 4 shows a block diagram of the TRADIC
memory. The storage array receives inputs from the
selection switches and the digit-inhibit drive amplifiers,
and supplies outputs to the read amplifiers. The inhibit
drive and read amplifiers are provided on a per-plane
basis. Only one each of the selection switches—column-
read, column-write, row-read, and row-write—are pro-
vided for the entire storage array. Also only one tran-
sistor amplifier each is used to furnish the column-read
current, the column-write current, the row-read current,
and the row-write current for the entire array.

*R. Stewart-Williams, M. Rosenberg, and M. A. Alexander,
“Recent advances in coincident current magnetic memory tech-
nique,” unpublished paper presented at meeting of the Assaciation
for Computing Machinery at Ann Arbor, Mich.; June, 1954,
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Fig. 4—Block diagram of memory.

The numbers on the lines which connect the storage
array block and the adjacent blocks indicate the number
of leads between units. The number inside a block in-
dicates the required number of that unit. For example,
8 set-selection-switch amplifiers are required to set the
column-write selection switch.

DETAILED TRANSISTOR CIRCUITS

In the magnetic-core memory, transistors are used to
develop read and write currents, digit-inhibit currents,
currents to set the magnetic-core selection switches, and
to amplify the output of the digit planes. It is seen that
the circuits most closely associated with a magnetic-core
memory are of two types—first, circuits to provide the
currents which switch magnetic cores, and, second,
circuits to amplify the signal obtained from a switched
memory core to a level which can drive circuits asso-
ciated with the memory.

Drive Amplifiers

Amplifiers that supply current pulses to magnetic-
core circuits in the selection switches or in the storage
array are referred to as drive-current amplifiers. The
drive amplifiers receive properly timed inputs of four
milliamperes from the memory control circuits and are
required to develop current pulses ranging from 70 to
200 milliamperes.

The digit-inhibit driver must supply a current pulse
of about 160 milliamperes into the inhibit winding of a
digit plane. The inhibit winding threads 1024 memory
cores. While the inhibit-current is applied, no memory
core switches, so except for small flux changes due to
the nonsquareness of the memory-core hysteresis loop,
the impedance of the winding is its dc resistance.

Fig. 5 shows the schematic of the digit-inhibit drive
amplifier. The output transistor, Q;, of the amplifier is
essentially a switch. Normally, there is a high impedance
from collector to ground and no current flows from the
battery. When @; is made to conduct, the collector
voltage goes nearly to ground, and current flows
through the digit-inhibit winding.

Now let us consider the amplifier in more detail. It
uses two germanium-alloy transistors. Neormally the



