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1
LOGICAL FUNCTION GENERATOR

ORIGIN OF THE INVENTION

The invention described herein was made by an em-
ployee of the United States Government and may be
manufactured and used by or for the Government for
governmental purposes without the payment of any
royalties thereon or therefor.

BACKGROUND OF THE INVENTION

The invention relates generally to logical circuitry
and more specifically concerns an aid in designing and
constructing hardware to generate logical circuits.

Previous methods for designing logical circuits have
relied on the mathematics of set theory and Boolean al-
gebra; requiring the manipulation of equations until
desired results are obtained. This is a time-consuming
operation and . incases where the simplest form is
desired there is no known mathematical method for
directly arriving at it. It is a trial and error process and
relies on the skill of the individual and a knowledge of
what will be accepted as simplest form. Defining what
will be accepted as simplest form depends on many fac-
tors. The type of gate to be used as well as fan in, fan
out, etc., must be considered in arriving at a reasonable
definition of simplest form. In most cases experience
and intuition provide the best approach to generating
this simplification definition and in sonie cases a well

defined one cannot be found. Simplification techniques.

have been developed and are used. These include the
Quine, Harvard, and Nelson methods as well as a
number of mapping techniques. These provide
methods for special simplifications, but they are not
schemes for arriving at the simplest form for all cases.
One such case is the case for circuits employing the *-
NAND” and “NOR” logical connective. In these cases
simplification procedures arrive at a form of simplfica-
tion in terms of “AND” and “OR” and involves con-
siderable manipulation if all functions of i variables and
K connective elements are involved. This solution must
then be converted to “NAND” or “NOR” form
without regard to any alterations to simplest form that
may result from this transformation. In a case where
K=7 and =3 (considering only combinational circuits)
there exist approximately 4 X 10 circuit arrange-
ments. Anyone can be simplest form. To determine the
correct circuit a method must be used that exhausts
or/in some way accounts all 4 X 10'2 circuits that are
possible and isolates the one (or ones) appropriate. In
the case of “NAND"” — “NOR” implementation there
exists no known mathematical technique for arriving at
simplest form. This forces one to solve for all 4 X 1012
circuits in order to search for a simplest form. This
places the problem beyond the time scale of any in-
dividual using manual techniques, and present day
computers (after extensive programing) cannot pro-
vide a practical means for solution. It is therefore the
primary purpose of this invention to provide practical
means for generating logical functions and circuits.

SUMMARY OF THE INVENTION

This invention embodies the use of standard logical
elements in the construction of a special purpose com-
puter for use in automatically designing logic circuits.
The Sheffer-stroke primitive and its dual the Pierce are
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2

widely used as fundamental logical elements, For this
reason the “NAND” logical element will be used to il-
lustrate the technique with this invention. The use of “-
NAND” elements is not restrictive and it should be
noted that any primitive can be used for constructing
automatic logical function and circuit generating
machines. ,

The basic scheme provides for switching to permute
a number of input literals and recursive inputs into a
number of logical connective elements. The outputs
from these connective elements provide the set of all
functions possible from these connective elements and
input literals. In addition, monitoring the switching
states provides the set of all logical circuit connections
associated with the set of all generated functions with a
one-to-many mapping exxsnng between functions and
circuits.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of this invention;

FIG. 2 is a schematic diagram of circuitry utilized in
the circuit generator of this invention;

FIG. 3 is a block diagram showing how the circuitry
in FIG. 2 is used to form the circuit generator;

FIG. 4 is a schematic drawing of a simple embodi-
ment of this invention;

FIG. § is a schematic drawmg showmg how con-
straints are put on the switching generator in FIG. 4;
FIG. 6 is a block diagram and schematic drawing of
an input generator having three outputs and a switching
generator having 45 constrained outputs;

FIG. 7 is a schematic drawing showing how a circuit
generator can be built to handle all of the outputs from
input and sw1tchmg generators in FIG. 6; and

FIG. 8 is a block diagram showing one way in which
this invention can be used.

DETAILED DESCRIPTION OF THE INVENTION

Turning now to the embodiments of the invention
selected for illustration in the drawings the number 11
designates a circuit generator. An input generator 12
generates all possible input combinations of the literals
a, — a; which are applied to circuit generator 11 on (i +
1) lines. A switching generator 13 generates steering
signals x, — x; on (j+ 1) lines as inputs to circuit genera-
tor 11: These steering signals gate the input literals (a,
- a;)along with some connective element outputs into
(k + 1) logical connective elements (C;) having out-
puts f, — fi. One set of steering signals is generated for
each input cycle. This provides for the generation of a
different circuit for each input cycle; this process of
steering continues until all circuits have been
produced. '

The circuit generator 11 supplies the logic required
to generate different circuit connections as a function
of the x, - x; switching signals. Control 14 provides tim-
ing and logical control for the system as required. The
input generator 12 must produce and continue to
regenerate input cycles. One cycle can be shown as an
input matrix as follows:

a, 0101 . .. 0101
a; 0011 . .. 0011
.a,‘ (2! zeros) iz' ones)
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where: rows represent desxgnatxon numbers a.nd
columns represent minterms.

If-designation numbers are visualized as representmg
literals and minterms as functions 'of position or time
then the input matrix can be visualized as the output
from'a generator generating ‘all minterms of (i + 1)
literals as a function of time. Thus a one cycle output. of
the input generator.is a time sequence of 2¢ * ¥ ) min-
terms. This can be mechanized in many ways. One sim-
ple method would use (i + 1) bistable elements e, — €
(such as flip flops) connected as a binary counter and
driven from a clock. The outputs would be a,; a,; ... a;
from one side of each element (¢; ) respectively, and
logncal complements. could be provided from -the
remaining sides.

The circuit generator must provide a means for con-
necting (i + 1) input lines to (X + 1) logical connective
elements for handling combinational circuits, and for
handling recursive circuits must -also allow outputs
from each connective element to feed back as inputs to
any others. Thus if there are (k + 1) logical connective
elements (such.as “NAND” gates) and (i +1) input
literals  there exist 2° possible circuits that can be
generated.

Where: b=Pk+ 1)+ U+ 1)+kBi+2)+2i+1

(Equation'A)

lt should be noted that all of the possible circuits in-
dicated in Equation A are not desired. This will be
covered later under a discussion of constraints.

The circuit generator (without considering con-
straints) must be capable of generating these circuits by
an orderly switching of the output lines (x, - x;) from
the switching generator. This can be accomplished by
generating an x; switching matrix similar to the ¢; input
matrix. From this concept it follows that a counting re-
gister (driven at 2= ¢ * Ytimes the a; matrix rate) of (j+
1) bistable elements can be used where:

j = #(k+ 1)+ (i+1)+k(3i+2) +2i (Equation B)

This will provide a switching generator output as a
time sequence of 2Y * Pminterms. One minterm for
each 2! * ¥ input generator drive pulses. Each x; matrix
minterm represents a particular logical circuit connec-
tion producing outputs f, - fi as functions of (i + 1) log-
ical-input literals. Thus each output (f;, f, ..., fi) isa
time sequence of ones and zeros representing the
presence or absence of the input matrix minterms ac-
cording to the particular x; switching matrix state exist-
ing for any given input cycle. From this it follows that
the .output lines f,, f;, . . . , fi contain.(as a time
sequence) information defining designation numbers of
Joo frs o - ., frinterms of a,; ay, . . . , @. These outputs
define the logical functions as designation numbers,
while the state of the switching matrix defines the logi-
cal - circuit producing those - functions.
designation number the function can be immediately
written in logical form as a function of input literal, and
from the switching matrix states the logic circuit can be
immediately drawn and constructed. This readout can
be manually obtained or obtained by various automatic
means including automatic circuit drawing, wire table
printout, and construction.

The circuit generator logic must provide a means for
steering (i + 1) inputs to the (k 4+ 1) logical connective

elements under control of the x; matrix. This requires
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that each literal and a connective output be gated with
an .x; output and that they be capable of being. con-
nected to all connective element input lines. Where the
logical sum of product equation form holds there will
be (i+ 1) “OR” gates required for each logical element
and #+ i (k+2) + (k+ 1) “AND” gates required for
each element. If “NAND" gates are used to construct
this gating each logical connective element will require
a circuit as shown in FIG. 2.

InFIG. 2 there is one ¢, NAND gate 21 which has the
outputs from (i + 1) NAND gates 22 applied to it. Each
NAND gate 22 has the outputs from# + 1 (k+2)+ (k
+ 1) NAND gates 23 applied to it. A switching signal x,,
is applied to an input of each of the NAND gates 23
where p successively increases by one from m through
n starting at the top and where

m=k2(i+1)+k(i+1)>and
n==k+1D)+EE+1)+2k+i)+3ik

The signals a,, ay, . . . @i, fo, fis - + - fr1 are applied to the
other inputs of each group of NAND gates 23 that have
their outputs applied to one of the NAND gates 22.

A circuit generator 11 contains (k + 1) circuits
identical structurally to the one shown in FIG. 2. The
only difference is the inputs applied to the NAND gates
23. For the circuit that produced fi., the subscript p of
the switching signals x, start at 2 m — n — 1 and goes
through m — 1 and for the circuit that produces f,, p
starts at ¢ and goes through m — n. The functions ap-
plied to the NAND gates 23 are f,, f;, . . . , fi. with the
one output function being produced by NAND gate 21
omitted. FIG. 3 shows a circuit generator 11 in block
diagram form where each of the blocks contains cir-
cuitry identical to that disclosed in FIG. 2. The blocks
By, Bry, - - ., B, produce the functions fx, fiy, - - - » for
respectively, and have the inputs shown applied to the
different blocks.

To illustrate the operational use of a machine of this
type consider the following elementary example. Let i
=1 and k = 0. Then following the procedure that has
been discussed the system of FIG. 4 is obtained. The
input generator 12 consists of flip-flops 25 and 26. A
clock 27 produces pulses -which are applied to the
trigger of flip-flop 25. Hence an input cycle generated
by input generator 12 is:

a,0101

a, 0011

- The switching generator 13 consists of four flip-flops

55

60

65

28-31 connected as shown. The switching generator
produces switching signals xo, x1, x2 and x3. The circuit
generator 11 consists of four NAND gates 23, two
NAND gates 22 and one NAND gate 21 with the ao,
ai, Xo, X1, X2, X3 signals applied to gates 23 as shown.
The output from the switching generator 13 is the
minterm_sequence shown in the following Table I,
one minterm for each input cycle with one designation
number for f, for each input cycle ‘Table I also indi-
cates the logical functions in terms of the mput
literals. . -

TABLEI
Input Switching Designation No.
Cycle * Minterm Forf, Jfo(ao, ay)
1. M, 1111 1
2 M, 1111 1
3 My 1111 1
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4 M, 1111 1

5 M, 1111 1

6 M, 1010 a,

7 M, 1110 a,+a,

8 M, 1010 .4,

9 M, 1111 -
10 M, 1110 a,+a,
11 Mg 1110 a,
12 M, 1100 a,
13 M,; 111 1
14 My io10 a,
15 M,, 1100 a
16 My, 1000 a, a,

Inspection of Table I will show an Jo (aq, ay) that would
not be obtained in the physical case using a single “-
NAND” gate 21. This is the function generated from
M;; . This function is generated by the x; matrix as a
result of not having provided constraints in designing
the switching matrix. The x; matrix has not been con-
strained to restrict switching only to states generating
physically realizable wire connections for the particular
logical connective element being used. In the case cited
the x; matrix has simulated the connection of q, and a,
to a single input line of NAND gate 21 effectively
creating a hard wire logical “OR” connection. In prac-
tice this is not allowed. Also, f, (aq, a;) resulting from
M,, M;, M, M;, M, Mg and M,;, are not useful circuits
since they simulate a no-input condition for gate 21. To
correct for these undesired circuit and function genera-
tions, constraints can be placed on the X; matrix. In the
cases shown if x, is forced to be the logical complement
of x, and if x, is forced to be the logical complement of
X3 & proper constraint is obtained, and the results are
shown in the following Table II,

TABLEII
Input Switching Designation No.
Cycle Minterm for f, o (o, ay)
1 M, 1010 a,
2 M, 1110 a,+a,
3 M, 1110 a, +a,
4 M, 1100 a,

The switching generator for generating the functions
in Table II is shown in FIG. 5.

The idea of placing constraints on x; provides a
means for eliminating unnecessary circuit setups mak-
ing useful function-circuit generation faster and more
direct. Defining the nature of the constraint becomes a
difficult task, and as i and k take on larger values the
difficulty increases.

There should be a number of methods for obtaining
useful constraints. One simple solution fori=1, k=0
has been shown where complement x; terms were used.
A solution, useful for any i and & value, can be found by
using a combination shift and count register for the
generation of the x; matrix. FIG. 6 indicates one
method for mechanizing this for a system with /=2 and
k= 2. This technique is not restricted by the magnitude
of i/ and k but can be extended to include any combina-
tion of values.

As can be seen from Equation B, for i=2 and k=2, j
=44. Hence, the switching generator must generate 45
terms. This is accomplished in FIG. 6 by using fifteen
separate circuits 35 connected in tandem as shown.
Each circuit 35 consists of flip-flops 36, 37 and 38. a, is
connected to the trigger of each of these flip-flops in
the first 35 circuit. An initial condition for the flip-flops
in each 35 circuit (shift register) is selected such that it
forces flip-flop 36 to a “‘logical one” initial state and all
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6

other flip-flops (37, 38) are set initially to the “logical
zero™ state. The switching signals x,, x4 and Xq44 are
taken at the “1” output of the flip-flops. Each of these
flip flops is the type that when triggered its ‘1° output
follows the logic applied to its ‘0’ input. The input
generator in FIG. 6 is the circuit consisting of flip-flops
39, 30 and 41. The B, suitable for use with the input
and function generators in FIG. 6 is shown in FIG. 7.
The B, and B; required for use with FIG. 6 are identical
to the circuitry in FIG. 7 except that different inputs
are applied to the NAND gates 23.

It can be shown that constraints should exist such
that the limits for j are as shown in Equation C.

(2 (6+1) +52 (i+1) +5 (364+2) +20] 2 5> [k (6-+2) 4]
(Equation C)

The idea of constraints on the x; matrix has not been
exhausted but briefly discussed to illustrate the nature
of the technique. By using any of many known logical
elements and the method discussed it has been shown
that this invention provides a technique for automati-
cally generating logical functions and their circuits.
One manner in which this invention is used can be
understood by referring to FIG. 8. Suppose one wants
to design a circuit that generates the function g with the

least amount of hardware. Then he sets the values g in

an input function register 45 and inputs this function to
a comparator 46. He then starts the logic function cir-
cuit generator (11, 12, and 13). When one output func-
tion f is generated such that f, or f, or . . . fi, = g, com-
parator 46 generates a stop order that will stop further
circuit generation. This can be done by having the stop
order stop the clock. The output from the switching
generator has structured and defines the connections
necessary to design a circuit for generating g.

This procedure is repeated until the output of
switching generator 13 generates all possible combina-
tions of the switching signals for which circuit genera-
tor 11 generates an f that is equal to g. The designer can
then select the circuit that requires the least hardware.

Another way in which this invention can be used is as
a remote control device such as a control device on a
spacecraft. Suppose that circuit generator 11 is on a
spacecraft and suppose that it is desired that the
generator produce g for controlling some function on
the spacecraft. Then g is transmitted to the input re-
gister 45 on board the spacecraft. The logic function
circuit generator is then started and as soon as f, or f; or
. . . =g comparator 46 produces a stop function g and
will continue to do so until it gets further orders.

This invention has several advantages over the prior
art. It provides a means for quickly and automatically
designing logic and eliminates involved and time-con-
suming mathematical manipulations. It eliminates the
need for the use of expensive and large general purpose
computing facilities for logic design. It eliminates
lengthy, expensive, and difficult computer programing,
It provides a method for directly finding minimal cir-
cuits for “NAND” — “NOR” logic although no known
direct mathematical method exists. And it provides a
means for quickly mapping functions to circuits and
provides a tool for use in conducting research on
minimal ‘“NAND” —“NOR” form.
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Even though only “NAND” elements have been dis-
closed. it should be understood that other logical ele-
ments such as “AND,” “OR” and “NOR” elements
could be.used without departing from the spirit and
scope -of this invention as defined in the following
claims. ‘ '

What is claimed-as new and desired to be secured by
Letters Patent of the United States is:

1. A logical function generator for sequentially
generating binary signals in parallel representing the
designation numbers for the functions f,, f;, . . . , fi
comprising:

a continuously recycling input generator means for

generating binary signals in parallel representing
all of the values of the binary number g, q, . . . a;
during each cycle; :
switching generator means under the control of said
input generating means for generating binary
signals-in parallel representing all of the values of
the binary number x,x, . . . x; with the value of x, x,

... x;changing only at the end of each cycle of said .

input generator means; and

circuit generator  means Treceiving the signals
representing the values of a,, a;, xo, Xy, . . . x; for
producing k+1 sequences of binary- signals. in
parallel with each sequence for each cycle of said
input’ generator means representing the designa-
tion number of one of the functions f,, fi, . . - f
whereby the values x,, xy, . . . x; define connections
for designing logical circuits for generating the log-
ical functions f,,, fi, - . . fis

said circuit generating means includes k+1 function
generating circuit means with each circuit means
receiving the signals representing the values of a,,
Ay - v - iy Joo 1y -« - Jors Jot1s - - - £ and selected
ones of the values of x,, x, . . . , x; for generating
the function f, where (p=0, 1, ... k).

2. A'logical function generator according to claim 1

8

wherein ‘said switching generator means includes
means for constraining the switching generator means
such that values of the number x,, x; . . . X;that do not
define useful connections are not generated.

3. A logical function generator according to.claim 1
wherein said input and switching generators each in-.
cludes a series of flip-flops with the least significant
flip-flop of the input generator being driven by a source
of clock pulses and with the switching generator driven
by the most significant flip-flop of the input generator.

4. A logical function generator according to claim 1

" wherein each of said k+1 function generating circuit
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means includes three subgroups of logical circuit ele-
ments: with the first of said subgroups consisting of a
single element for producing f,,, with the second of said
subgroups of logical sircuit elements having their out-
puts connected to the inputs of said single element,
with the third of said subgroups of logical circuit ele-
ments having their outputs connected to the inputs of
said second subgroups of logical circuit elements and
withthe o, ay . . - @1, Xos X1 - -« Xps Jou f1s -+ - fots for1 - -
Ji values connected to the inputs of said third sub-
groups of logical circuit elements. ’

5. A logical function generator according to claim 4
wherein said third subgroup of logical circuit elements
is divided into sub-subgroups with the outputs of each

sub-subgroup applied to the inputs of one of the ele-
ments tl)ngrsalilg se%%nd subgroup gnd with the values, a,,

ay ... Q@ Jorfis« o« Spuis Jot1s - - - T @and selected ones of
the values of x,, x;, . . . x; applied to the inputs of the
elements in each of said sub-subgroups.

6. A logical function generator according to claim 1
including means for storing a binary function g in paral-
lel form and comparing means for comparing the bi-
nary function f, generated by said circuit generator
means with g and for producing signal that stops said
input and switching generators when any f, =g.

* ok ok k. k



