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The limiting numbe ! of switching elements to which any given switching
element may �upply �Ign�S has been tenned the "fan-out" of the element.
Whenever logical design IS undertaken, such fan-out restrictions must be ob
.
served by the desIgne �, and the conditions imposed by these restrictions are
.
usually consIdered qUIte se parately from the logical conditions of the design.
However, the spe �ds of 10gIC � ele�ents in a switching system have long been
.
known to bear an Inverse reiattonship to theIr fan-out. This inverse relationship
results from the fact that both speed and fan-out place conflicting requirements
upon the power amplification of the element. In parallel computers, for ex
ample, one of the gr�atest limitations in speed occurs when signals from the
control must be amplified and sent to all the gates in a register. This amplifica
tion is perfonned whenever a word is transferred from one register to another,
and, in particular, it limits the speed of such operations as shifting and multi
plication, which involve a large number of such transfers.
Circuit designers have recognized the fact that computation speed is often
limited by the time required to amplify control signals and transmit them to the
registers, and so have tended to concentrate upon the design of fast cable drivers
and gate drivers rather than upon the design of flip-flops and other logical
elements whose individual speeds have relatively little influence upon the speed
of computation. On the other hand, logical designers and system designers
have not usually been influenced by such considerations of the effect of fan-out
upon speed, or at least not to the same extent, and the methods used for carrying
out calculations and for performing arithmetic have remained unaffected.
In the present discussion a method of logical design will be proposed that is
based upon the notion that fan-out is always limited and that calculation time
depends upon the amount of amplification that .must be performed. AI!hough

the method will be described from the standpomt of asynchronous lOgICS, the
basic problem is common to both asynchronous and synchronous systems,
and a variation of the method may be derived that applies to synchronous
systems. However, when the procedure is used for the design of an a�ynchronous

system the methods used automatically ensure that the result WIll be speed
independent. Hence no special precautions need b� taken during design to
make certain that the course followed by the calculatIOn does not depend upon
the speeds of the logical switching elements.
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Rather rigid rules will·be set down for conn �cting logical blo�ks to form a
larger circuit. This set of rules has been chosen m a somewhat arbItrary fashio
but with the idea that it should be as simple as possible. It must, howeve
fulfill the dual purpose of ensuring both that the res�ltinp circuit s hall
speed-independent and that the fan-out shall be mamtamed below some
specified value. Also, by careful choic� of. t e set of in.terconnection rules
one may reduce the design effort by simplifymg the deSIgn procedure . Al
though the resulting circuit is of a rather special type, it fulfills the behavior
specifications.
.
Each type of block in the set of standard block types IS completely specified

;

b�

�

by

(1) listing and describing the logical decision elements (such as AND-, ORo,

and NOT-elements) that make up the block, and listing the interconnections
of these elements within the block; and
(2) designating a set of links by which the block may be connected to another
block, and specifying the lines which comprise each such link.

A link, formed from a set of lines, makes possible the connection of the given
block to another block. Each link of a block may contain several lines but will
always contain at least one input line and at least one output line. An output
line is taken as a line that is connected to the output of some element in the
block; an input line is one that is not. Both input and output lines may be
connected to the inputs of one or more elements in the block, although such
connections do not always exist in output lines.
Whenever two blocks are connected together by means of some link, it is
necessary for all input lines of the link of one block to be connected to output
lines of the link of the other block and vice versa. Thus, if two blocks are to be

connected together by a pair of links, the number of output lines of one link
must equal the number of input lines of the other link. When such a connecti on
is made the two links must be regarded as no longer available to other blocks
for making other connections. Instead, any further connections to these blo cks

must be made through other links that are as yet unused.
The internal design of each block and the set of states through whi ch it may
pass are restricted in such a way that the signal changes (changes from 0 to I

or from I to 0) that occur on the lines of anyon
e link must occur in a well
e ned sequence and must occur alterna
tely upon input and output lines. Thus
It. IS ne�er possible for wo chang
es to occur concurrently upon the lines of
.
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the same block. Thus dIgItS carrYI�g mformation will pass through the circuit
in somewhat the same way as particles through a fluid, interfering only when
they meet.
.
.
The rate at WhlC� mformatI?n l?ass�s through a circuit of this type does not
depend upon the SIze of the CIrCUIt, smce all interactions are local. Thus one
may increase the size of the circuit without sacrificing speed in digital operations.
However, for . the same reason it is not possible to use a conventional design
with a centrahzed control of the usual type. Instead one must expect to deter
mine the course of a calculation by directing the digits of the numbers involved
to an appropriate portion of the machine. Compared to the conventional type
of computer, a machine of this sort would tend to contain a greater number of
specialized units for performing the various operations and would not contain
the general-purpose devices (such as the adder-accumulator) that are common
in machines today. Also, methods of performing arithmetic and other operations
must be altered so that only a few digits interact at a time during the course
of the operation.
As approached from this point of view, new meanings will be attached to
the concepts of economy in time and equipment, since elementary logical
operations can only be regarded as taking place between a few digits at a time,
and executing large-scale parallel transfers of information under the continuous
supervision of a centralized control becomes entirely pointless. However,
parallel operations may be made to occur, but in a more spontaneous way
after some initial direction from control signalS. In a computer constructed
in this fashion, one may expect to find logical operations occurring at the
natural speeds of the logical elements rather than at the speeds of the drivers,
which are fed by long lines from the control. Although a design of this type
may realize an improvement in speed of as much as a factor of ten, the amount
of equipment required is likely also to be much greater in terms of numbers
of elementary decision elements.
Feasibility of systems of the type to be described here will be enhanced by
the developm ent, in the future, of more economical yet fast logic elements. Such
elements, however, need not be connected to large numbers of control lines
and therefore could be conveniently adapted to printed techniques. One
difficulty would result from the use of conventional parallel high-speed memo
ries with asynchronous block logic. In such memories, word transfers take
place as a result of signals originating in the control, and hence these memories
are poorly matched to the logic system to be discussed presently. A more
natural way to handle the memory problem would be to construct the memory
from logical blocks similar to those used in the other sections of the computer.
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from. However, the number of block types reqUIred IS greater than the number
of decision element types, and the functi�ns of the block types a�e more numer_
ous. Furthermore it is probably not deSIrable froI? the standpoInt .of econo my
to use a minimum number of block types. Just as In the case of logIcal decisio n
elements an increase in the number of types above the minimum often all ows
.
one to d,nstruct simpler and more economica� circuits .
Several types of logical decision elements wIll be used In the constructio n of
blocks. Besides using AND- and OR-elements, we shall also make use of
AND-NOT- and OR-NOT-elements, w�ch are the same as the preceding
elements but with inverted output. In addItlon to these we shall use C-elements
or memory devices that have two inputs and one output. The C-element
retains its previous state as long as its two inputs do not agree with each other,
but tends toward the state of the inputs whenever they both contain identical
signals. We shall also imagine the availability of C-elements that have more
than two inputs and are brought to the state of the inputs only when all tines
agree.
The invention of a new type of decision element, the C-element, is not a
necessity for the construction of the blocks. Although it is not possible to
simply replace the C-element by its Boolean equivalent in terms of AND- and
OR-elements and retain the same dynamic properties of speed independence
for the resulting circuit, it is possible to dispense with the C-element. This is
done by using more conventional flip-flops, constructed from the usual decision
elements in circuits similar to, but slightly more complicated than, the one s
described here.
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indicated In the abbreviated symbolism by numbers written next to the
If the link has two lines passing in the same direction, then the numbers ~
the C-elements connected to the top line are written above the numbers of t ~
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To carry out the design of a us:ful circuit consisting of these blocks it is
.
how they function as conveyors and processors 0 f In
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Only one digit may be present in any one block at a time and, in view of the
fact that pairs of digits must always be separated by spacers, we see that no
more than about half the blocks may hold distinct digits at one time. Even
fewer digits than this are actually present because if the digits are to move
through the circuit we must provide blocks for duplication of digits and spacers
during transition. In fact, if one assumes that all blocks undergo changes in
s
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One stage of a multiplication circuit.

Figure 5 is a sketch of a multiplier unit composed of blocks that carry digits.
.
It is impossible to assign a completely definite order to the processmg of the
digits of the numbers being handled. Yet such order does exist with respect
to the events that occur at any one position in the circuit .
The multiplier and the multiplicand pass through
the two chains of delay
and bifurcating blocks at the bottom of the figure
. The multiplicand passes to
the right as the multiplier passes to the left.
Since it is impractical in the pr�sent
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in sig�ificance of any pair of combining digits is the same at any instant,
assummg all blocks have about equal speed. After both mul tiplier and mUltipli
cand have passed from their respective chains the completed product will have
been formed.
It is interesting to note that the delay blocks placed between stages at the
bottom of the multiplication circuit are necessary for the correct operation of
the circuit. Without these delay blocks the circuit would fail completely to
operate, and "traffic jam" conditions would exist among the di�ts, causi�g
the digits to stop flowing, except in a slow, serial fashion. Clea!ly, .. f s�ste�atIc
algebraic (or other) rules are forf!1ulated for designing such Circuits, It wIll be
necessary to take such problems mto ac count.

