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Step 1.
Determine all relevant n-valued functions

Step 2.
Determine all possible input states

Step 3.
Execute the expressions of table 300 in figure 4 for the selected logic
functions for all possible input states for all possible initial conditions for at
least two complete switching cycles.

Step 4.
Select the functions so that:
1. stable outputs exists.

ap, - a,_1=0 and
b,-b,.4=0
2. one or both outputs ‘@’
or ‘b’ generate a signal with
unique relation to the data
signal on the input

Figure 6.
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Step 1.
Determine all possible n-valued functions

Step 2.
Determine the correct switching model
and identify all possible input states of the switching model

Step 3.
Execute the expressions of the appropriate switching model for the
selected logic functions for all possible input states for all possible initial
conditions for a plurality of switching cycles.

Step 4.
Select the functions so that:

1. All outputs generate stable signals.

2. At least n combinations of output signals
are uniquely related to n combinations of
input signals

3. An (n+1)th combination of input signals,
different from any of the n combinations of
step 2, exists so that when the input signals
complying with 1 and 2 of step 4 are changed
to the (n+1)th combination, the output signals
remain unchanged.

Figure 25.
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MULTI-VALUED DIGITAL INFORMATION
RETAINING ELEMENTS AND MEMORY
DEVICES

STATEMENT OF RELATED CASES

This patent application claims the benefit of U.S. Provi-
sional Patent Application No. 60/575,948, filed on Jun. 1,
2004, entitled MULTI-VALUE CODING OF SEQUENCES
AND MULTI-VALUE MEMORY DEVICES and U.S. Pro-
visional Patent Application No. 60/599,781, filed Aug. 7,
2004, entitled MULTI-VALUED DIGITAL INFORMA-
TION RETAINING ELEMENTS AND MEMORY
DEVICES, both of which are incorporated herein fully by
reference.

BACKGROUND OF THE INVENTION

This invention relates to the retention of digital information
in logic devices which can be applied as or in multi-valued
digital memory elements. More specifically it relates to
applying logical functions and their configurations to achieve
digital information retaining effects.

The multi-valued digital memory elements can be applied
in digital circuit applications where the temporary storage of
multi-valued digital information is required.

There are known and different ways to retain binary digital
information. There are known physical effects that put a
material in one of two different physical states. A capacitor
holding an electrical charge may represent a binary 1 state,
while the capacitor without a certain electrical charge may
represent a binary 0. Different magnetic states (such as
applied in magnetic disk drives) are another example.
Another example is the optical reflective state of a material
such as applied in optical disks (such as CD-ROMs).

Other binary devices use logical effects. By applying
binary logical functions in feedback configurations, the
resulting (usually electronic) circuit retains information
about its previous switching state or states. Binary flip-flops
and latches are well known examples. The memory effect
depends mainly on the applied logical functions.

The related art in binary digital electronic circuits com-
prises two classes of logic devices: combinational logic in
which the output state of a logic device does not depend on its
own previous state and sequential logic where the result can
be influenced by its previous switching state. Binary logic
memory devices such as flip-flops are sequential devices.

An n-valued digit (with n an integer greater than 2) has
inherently more information content than a binary digit. Con-
sequently a memory device that can retain an n-valued digit
retains more information than a binary memory device.

Multi-valued sequential digital (memory) devices can also
facilitate the usefulness of other multi-valued logic circuits.

Multi-valued logic based information retaining devices are
not merely an extension of binary devices. There are currently
no known general rules or methods to identify the non-binary
multi-valued logic functions to create multi-valued informa-
tion retaining devices. The switching model according to one
aspect of the present invention will enable identifying the
appropriate n-valued logic functions.

Consequently, new devices and methods to realize multi-
valued information retention are required and new methods to
create or identify the enabling logic functions are required.
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2
SUMMARY OF THE INVENTION

In view of the more limited possibilities of the prior art in
creating non-binary sequential devices, the current invention
offers an improvement of the design and creation of n-valued
devices including n-valued memory and sequential devices.

The general purpose of the present invention, which will be
described subsequently in greater detail, is to provide meth-
ods of designing and testing of ternary, 4-valued and other
multi-valued digital sequential devices as well as the devices
themselves. Before explaining at least one embodiment of the
invention in detail, it is to be understood that the invention is
not limited in its application to the details of construction and
to the arrangements of the components set forth in the fol-
lowing description or illustrated in the drawings. The inven-
tion is capable of other embodiments and of being practiced
and carried out in various ways. The described information
retaining devices are enabled by any switching mechanism
that realizes the truth tables that are part of the invention.
These switching mechanisms can be electronic, optical,
mechanical, quantum-mechanical, molecular or of any other
physical switching nature. Also, it is to be understood that the
phraseology and terminology employed herein are for the
purpose of the description and should not be regarded as
limiting.

Multi-valued and n-valued in the context of this application
mean a number n, with n being an integer greater than two.
N-valued logic functions are assumed to have two input val-
ues and one output value determined by a truth table, usually
presented in a nxn matrix form, with input values shown in an
additional row on top of the matrix and one column to the left
of the matrix.

An object of the present invention is to provide a new
method for creating and testing multi-valued digital sequen-
tial and memory devices that will overcome the shortcomings
of' the prior art technology.

Another object of the present invention is to provide a
method to create and test n-valued sequential devices from
n-valued logic functions that achieve stable output states
reflecting the input state and do not require more than one
independent input.

Another object of the present invention is to provide a
method to create and test n-valued sequential devices that are
comprised of just one n-valued function and achieve stable
output states reflecting the input state and do not require more
than one independent input.

Another object of the present invention is to provide a
method to create and test n-valued sequential devices that are
comprised of just one n-valued function and achieve (n-1)
stable output states reflecting (n-1) possible input states, and
apply a n state to retain information reflecting the previous
state and do not require more than one independent input.

Another object of the present invention is to provide a
method to create and test an n-valued sequential digital
device, comprised of two n-valued functions with feedback,
applying separate Data and Reset signals, that can retain the
original n-valued Data information after the original Data
signal has been removed.

Another object of the present invention is to create signal
delay for an n-valued signal by applying at least two revers-
ible n-valued logic inverters.

Another object of the present invention is to create an
n-valued controlled gating device that passes on a first of two
signals when the control signal is in one of two states and
passes a second of two signals when the control signal is in the
second of two states.
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Another object of the present invention is to create an
n-valued memory device from inverters with feedback and
individually controlled gates.

Another object of the present invention is to create a con-
trolled n-valued memory device that reads an n-valued signal
for one value of a control signal and stores it on a second value
of the control signal.

Another object of the present invention is to create an
n-valued latch which retains the previous input states when a
specific new set of input states is entered.

The single or two n-valued function devices described for
illustrative purposes as part of this invention are in description
and explanation focused on applying identical (in the case of
2 function devices) and commutative n-valued logic func-
tions. The methods that are part of this invention and are
applied for creating and testing the correct and stable n-val-
ued single and two function devices will also enable non-
commutative n-valued functions in those configurations. The
methods can also be applied to design and test two function
devices with different and non-commutative functions.

Inversion of logic states in binary logic is often associated
with the perceived value of a binary symbol. The inventor has
recognized that inversion of logic states (in particular in
n-valued logic with n greater than 2) at the input and/or the
output of a logic function is equivalent with transforming the
functional behavior (or truth table). A method to apply rules
of transformation is part of the invention. Consequently the
application of n-valued logic inverters in combination with a
logic function in effect creates a new equivalent logic func-
tion. This enables the reduction of the number of different
devices in n-valued logic applications. The possibility to
reduce functions that are combined with inverters is recog-
nized. Inverters that are applied in the present invention have
been left in for illustrative purpose. It is recognized that in
certain cases circuits and diagrams may be reduced in com-
ponent count by eliminating the inverters. However, as will be
explained as one aspect of this invention, the use of inverters
may be required to extend the delay time in circuits, rather
than for logic reasons.

This invention addresses the shortcomings and limitations
in present and prior information retaining devices.

BRIEF DESCRIPTION OF THE DRAWINGS

Various other objects, features and attendant advantages of
the present invention will become fully appreciated as the
same becomes better understood when considered in con-
junction with the accompanying drawings, and wherein:

FIG. 1 is a block diagram of an n-valued information
retaining device having a first independent input that provides
an n-valued digital signal and a second input that provides a
signal derived from the first input by way of a reversible
inverter.

FIG. 2 shows a diagram of an n-valued information retain-
ing device with a first independent input and a second derived
input comprising two n-valued logic functions with feedback.

FIG. 3 is a diagram of an n-valued information retaining
device with two independent inputs, comprising two n-valued
logic functions with feedback.

FIG. 4 shows the symbolic expression of the switching
model in a table and the time line of the switching model in a
graph.

FIG. 5 is a diagram of an n-valued information retaining
device with a first independent input and a second and third
derived input comprising three n-valued logic functions with
feedback.
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FIG. 6 is the flow diagram explaining the steps to apply the
switching model of FIG. 4.

FIG. 7a is a diagram of two serial reversible inverters
creating a signal delay.

FIG. 7b is a diagram of three serial reversible inverters
creating a signal delay.

FIG. 7¢ is a diagram of an n-valued memory device real-
ized from n-valued inverters with feedback and individually
controlled gates.

FIG. 8 is another diagram of an n-valued information
retaining device with a first independent input, comprising
two n-valued logic functions with feedback.

FIG. 9 is a diagram of a single n-valued function informa-
tion retaining device with feedback.

FIG. 10 is a realization of a single function information
retaining device with feedback applying individually con-
trolled gates.

FIG. 11 is another realization of a single function informa-
tion retaining device with feedback applying individually
controlled gates.

FIG. 12 is another diagram of a single n-valued function
information retaining device with feedback.

FIG. 13 is a diagram of an n-valued memory device com-
prising a gating device and an n-valued information retaining
device.

FIG. 14 is a more detailed diagram of an n-valued gating
device.

FIG. 15 is another diagram of an n-valued gating device.

FIG. 16 is a diagram of an n-valued memory device com-
prised of a gating device and an n-valued information retain-
ing device with a single independent input.

FIG. 17 is a diagram of an n-valued memory device with an
(n+1)th state to control the device.

FIG. 18 is a diagram of an n-valued memory device with
two independent inputs comprising two n-valued functions
with feedback, of which the first input provides a Data signal
and the second input provides a controlling Reset signal.

FIG. 19 shows a diagram of a 3-function information
retaining device with feedback.

FIG. 20 shows the symbolic expression of the switching
model of the 3 element device of FIG. 19 in a table and the
time line of the switching model in a graph.

FIG. 21 shows a diagram of a 3-valued signal translation
device.

FIG. 22 shows a block diagram of a 3-valued latch.

FIG. 23 shows a diagram of a 4-function information
retaining device with feedback.

FIG. 24 shows a diagram of a 4-valued signal translation
device.

FIG. 25 is a flow diagram of the method to create true
n-valued latches.

DETAILED DESCRIPTION OF THE INVENTION

One aspect of the present invention provides apparatus and
methods for designing and realizing retaining information
devices relating to multi-valued signals by applying multi-
valued logic functions. Such multi-valued signals can assume
one of X states wherein x is greater than or equal to three.

Method for Creating Two Function Stable Sequential Multi-
valued Devices

In accordance with one aspect of the present invention,
there are two n-valued logic function devices with feedback,
such that a single n-valued signal is inputted and the output
signal is directly related to the input in such a way that the
value or state of the input signal can be derived from the
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output signal. Furthermore, the device provides a stable out-
put signal. The stability criterion includes that initially the
device may change states but should settle relatively quickly
and in a limited number of settling cycles after the input signal
was changed.

FIG. 1 shows a block diagram of a sequential device 100 in
accordance with one aspect of the present invention. It has
one input 101. Another input 105 is derived from the first
input by applying a reversible inverter 102. The reversible
inverter 102 converts the input in a manner disclosed in U.S.
Non-Provisional patent application Ser. No. 10/935,960, filed
on Sep. 8, 2004, entitled TERNARY AND MULTI-VALUE
DIGITAL SCRAMBLERS, DESCRAMBLERS AND
SEQUENCE GENERATORS which is hereby incorporated
by reference. For example if 102 is a ternary reversible
inverter, it may invertaOtoal,altoa2anda2to a0. Other
inverters are possible. Thus, the second input 105 to the latch
100 is not independent from the first input 101 to the latch
100.

The device 100 in FIG. 1 functions as an information
retaining device of which the details are shown in FIG. 2. The
performance of the device depends on state feedback and
locks on the input state. The output state of an information
retaining device, after stabilization always represents the
input state. The devices can be expanded in such a way that
they retain their value even in absence of a signal and only
change value at the occurrence of an event such as a clock
pulse. In such case they are called memory devices. However,
at the heart of all these memory circuits is the basic sequential
logic mechanism, created by signal feedback.

FIG. 2 shows a generic configuration, in accordance with
one aspect of the present invention that works as a stable 2
element, single input n-valued device. The device comprises
two n-valued logic devices 207 and 208 that implement n-val-
ued logic functions. These devices 207 and 208 can realize the
device from FIG. 1. The first (or top) function 207 in FIG. 2
has two inputs, 201 and 206, of which 201 provides an exter-
nal signal. The second or bottom function 208 has inputs 202
and 204. Input 202 provides an inverted value of the signal
provided by 201 and inverted by 209. The nature of the
inverter 209 depends on the requirements for stability and
correctness of the overall device. The device 207 has an
output 203. The device 208 has an output 205. The output 203
of'device 207 is directly connected to input 204 of device 208.
Output 205 of device 208 is directly connected with input 206
of device 207.

The configuration of FIG. 2 can be applied to multi-valued
logic applications. The selected and applied logic functions
will determine if the circuit as described in FIG. 2 will work
as an actual information retaining device. Thus, to realize a
multi-valued information retaining device the multi-valued
logic functions represented by device 207 and 208 must be
properly selected.

There are conditions that are essential for information
retaining devices according to the configurations of FIG. 1
and F1G. 2. The first condition is that the signal provided by at
least one of the outputs of the configuration has to be uniquely
related to the input signal. Uniquely related input and output
signal means that one can derive an input signal unambigu-
ously from an output signal. The second condition is that each
function realized in a device has a finite switching time. A
third condition is that the output signal has to be stable after a
finite time. Further more the configurations have to be stable
and correct for all initial condition. It is recognized that not all
initial conditions may occur, and the condition may be too
restrictive. A certain settling time is allowed and will be
expressed in switching cycles. A switching cycle comprises
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6

the time that one function takes to complete an output signal
as the result of a changing input signal.

The notation for the solutions is as follows: the possible
values or states of the signals on inputs and outputs are shown
as vectors between square brackets. Because the initial signal
‘a’ on input 201 of the top device 207 drives all further
activities, it is shown as the basic, ordered input vector withn
different values a=[0 1 2 . .. (n—1)] for an n-valued solution.
This means that the input can have any one of the states 0, 1,
2,...n-2,n-1. All other signals are represented in the same
way. Most likely, the states of the other signals may be in a
different order and look for example like X=[123 ... (n-1)
0]. The relation between the different signals is indicated by
the position of the values in the vectors. As an example the
relation between signals ‘a’ and X is that when ‘a’ has value 0
(the first value in its vector) the value of X is 1 (also the first
value in the vector of X). So all other signals relate to the order
of position of input signal [0 1 23 .. . n-1]. An inverter will
also be indicated as a vector but shown between parentheses.
The ternary identity inverter is then (0 1 2). The position of a
value or state using origin O in the notation of an inverter
provides the generating state. The actual value in that position
shows the result of the inversion. A further example is the
inverter (1 2 0). This inverter notation may be considered
shorthand for (1 2 0)=[0 1 2]—[1 2 0]. For example when the
input signal is the 4-valued signal [0 1 2 3] and signal ‘e’ is
derived from ‘a’ by inverter (2 1 0 3) then ‘e’ is depicted as [2
103].

The Switching Model

The underlying switching model for any n-valued realiza-
tion of the configuration of FIG. 2 is shown in FIG. 4. FIG. 3
is a generic configuration of the circuit of FIG. 2 with two
independent inputs 201 and 202 and uses the same numerals
as in FIG. 2. Its switching behavior is shown symbolically in
table 300 and in timelines in graph 301 of FIG. 4. FIG. 4 is a
description of the switching behavior of the circuit of FIG. 2
and FIG. 3. It is assumed that the circuit is in a stable situation
with signal In_1_old on input 201 and In_ 2_old on 202. A
signal b0 will be generated on output 203 according to b0=
(In__1_old 8a0). And a signal a0 will be generated on output
205 according to a0=(In__2_old 6b0). The symbol 0 indicates
the logic function that is executed. It should be clear that this
model holds for any n-valued logic and does not depend on
the value of n in that context. Also devices 207 and 208 are for
illustrative purposes assumed to execute the same logic func-
tion, which is not essential to the model. Thus, FIG. 4 repre-
sents a switching model that can be implemented on a com-
puter to model the circuit of FIG. 2 and of FIG. 3.

The signal provided by 201 changes to In__1 and the signal
provided by 202 changes to In_ 2. There is a finite time
required for devices 207 and 208 to complete the generation
of'anew output value as the consequence of a new input value.
Consequently, during a finite period, the devices still see the
old initial values a0 and b0 on the inputs 204 and 206. The
devices will first generate a new output as a result of the new
input values and the initial condition, followed by the result of
the new input value and the newly generated output values.
Because the switching is causal (a new result can not be
generated before a new input signal is available) one output
result can not surpass the other one in speed, and after two
switching cycles (also called a complete cycle) a complete
cycle starts again. One may then conclude that when two
consecutive results on an output are identical the device has
achieved stability. So when b3-b2#0 and a3-a2=0 and
b4-b3=0 and a4-a3=0 then the configuration of FIG. 3
achieved stability after the third switching cycle (or 12 com-
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plete cycle). In general the stability condition achieved in
switching cycle (n-1) is in formula: b,=b, _, and a,=a,,_;.

Testing Stability.

The stability and correctness of the multi-valued informa-
tion retaining devices will be achieved when the signal on the
output of the device is directly related to the signal on the
input, either by having the same value or a reversible inverted
value. The device should lock in to the desired value. It is
possible for the device to get into a temporary un-desired
state. However the applied logic function should force the
device out of such undesired state. It should be clear that
achieving stability should be a function of the applied logic,
not of the physical realization of the function.

Stability can be achieved in two ways. The preferred way is
that each specific signal provided by input 201 always creates
the same and uniquely related output signal on output 203. An
undesired form of stability is when two different signals
provided by input 201 create an identical output signal on
203. Instability is when the signal on output 203 will not
arrive at a constant value, but keeps on changing.

Some logic functions, especially in higher value logic, can
create a significant number of intermediate states before the
device stabilizes.

One aspect of the present invention is to test the generated
signals on the outputs of the device against previous values of
the signals by applying the switching model. When the sig-
nals on an output during at least two consecutive switching
cycles are identical then the device is assumed to be stable.
The signal on one output may reach stability one switching
cycle before the signal output achieves stability on the other
output.

One may create latching devices from 3 or more instead of
2 logic functions. This influences the number of cycles it takes
to create a stable latch. Such a 3-element information retain-
ing device is sometimes known as a “flip-flap-flop” and is for
instance described in the article: Brousentsov’s Ternary Prin-
ciple, Bergman’s Number System and Ternary Mirror-sym-
metrical Arithmetic by Alexey Stakhov and published in The
Computer Journal, Vol. 45, No. 2, 2002. A three-element
multi-valued information retaining device with one indepen-
dent input is shown in FIG. 5. This three element device is
different from the cited article.

Principle of Finite Switching Time Applied in a Switching
Model

It should be clear that the circuit of FIG. 2 or FIG. 3 is stable
if the state of an output does not change. In formula: b,=b,,_,
and a,=a,_,. The configuration of FIG. 2 will comply with
these conditions when the appropriate logic functions are
applied and lead to an output signal ‘b’ on 203 that does not
change and stabilizes after going through one or more cycles.
The method can be implemented in a computer program to
generate all different initial starting states. FIG. 6 shows a
flow diagram for a procedure that will determine the enabling
n-valued logic functions for information retaining purposes.

The flow diagram of FIG. 6 has 4 steps: Step 1 comprises
determining all relevant logic functions. This may involve for
instance exclude if one so wishes all non-commutative logic
functions. Step 2 comprises identifying all possible input
conditions. Step 3 comprises the execution of the expressions
of the switching model of FIG. 4 for all possible input con-
ditions and all possible initial conditions for a plurality of
switching cycles. Step 4 comprises the identification of the
logic functions that will create stable output signals that are
uniquely related to the input data signals when executing Step
3. The functions identified in step 4 can thus implement the
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devices 207 and 208 of FIG. 2 and realize stable information
retaining devices according to the diagram of FIG. 2.

Artificial Signal Delays

In real-life physical realizations the switching speed of the
individual devices may vary. One may in actual realization
decrease the switching speed of the devices that implement
the logic functions.

A way to make the time for a signal to travel longer is to
create deliberate delays. Assuming that an n-valued logic
inverter takes a finite time to transform an input signal to an
output, one can use two or more n-valued inverters to delay a
signal. This is shown in a diagram FIG. 7a. A connection from
input 110 to output 112 has two (for illustrative purposes
4-valued) reversible inverters. The presence of the inverters
should not affect the state of a signal provided on the output of
a connection compared to the signal on its input. Conse-
quently this method for delays always has to invert an inverted
signal back to its original state.

In the diagram of FIG. 7a the first inverter 113 is the
4-valued self reversing inverter (2 3 0 1). The second inverter
114 then has to be an inverter identical to 113 to create the
original signal at the output.

One can also take 113 to be (1 2 3 0). The inverter 114 then
hastobe (301 2). The inverter 114 is a shifted version of 113.
These types of inverters have been identified and called “uni-
versal” inverters in U.S. Non-Provisional Patent application
Ser. No. 10/935,960, filed on Sep. 8, 2004, entitled TER-
NARY AND MULTI-VALUE DIGITAL SCRAMBLERS,
DESCRAMBLERS AND SEQUENCE GENERATORS,
which is incorporated herein by reference. They are called
universal because an n-valued universal inverter can trans-
form any n-valued state to any other n-valued state within at
most (n—1) times applying the inverter. Applying an n-valued
universal inverter n times on one of an n-valued logic state
will create this state.

FIG. 7b shows a diagram of a connection with 3 4-valued
reversible inverters 117, 118 and 119. For instance the invert-
ers 117 and 118 can be (1 2 3 0) and inverter 119 (23 0 1) to
make sure that the signal provided by input 115 is identical to
the signal generated on output 116.

An n-valued Memory Device From Inverters and Clocked
Gates

It is another aspect of the present invention to create an
n-valued memory device from n-valued reversible inverters
and individually controlled gates. This aspect of the invention
is shown in FIG. 7¢. The device of FIG. 7¢ has an input 120
which provides an n-valued signal. A signal is generated on
output 121. The circuit contains an n-valued reversible
inverter 123 which provides its result on output 121. The
circuit also has an inverter 124 in a feedback loop. The
inverter functions may be selected depending on the required
output signal, or on the required delay. One may create an
inverter such that it is created as a composite of 2 or more
inverters. For illustrative purposes it is assumed that the com-
bination of inverter 123 and inverter 124 will be identity. In
that case the output 121 will always generate an inverted
version from the signal provided on 120. The circuit also
contains two individually controlled gates 125 and 126. Gate
126 is conducting when the control signal provided on control
input 122 is 1. Gate 126 is non-conducting when the signal
provided on 122 is 1 and conducting when it is NOT 1. The
control signals are selected for illustrative purposes only.
However whatever gates and/or control signals are selected
those skilled in the art will recognize that gates 125 and 126
may not be conducting at the same time. When the gate 126 is
conducting and 125 is non-conducting the signal provided on
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120 will be inverted and be provided on output 121. When
gate 126 is non-conducting and 125 is conducting the signal
on 121 will be fed back through inverter 124 to output 127 of
the gate 125 and will be the signal inputted to inverter 123.
Thus the signal now generated on output 121 will be identical
to the previous value of the signal on 121 no matter what the
signal is on input 120. Consequently the circuit acts as an
n-valued memory device.

Validation of the Switching Model on the Binary Latch

One can apply the method shown in FIG. 4 which is part of
the present invention by applying it to all 16 binary functions
and check which one of the binary functions applied in the
configuration of FIG. 3 will create stable and correct output
results. The truth tables of the 4 (non-trivial) binary functions
that will enable a latch according to the present invention are
shown in the following table.

Function B1 is the NOR function and function B4 is the
NAND function and are of course known in prior art to enable
a binary latch. Binary latches formed by the non-commuta-
tive binary functions B2 and B3 are novel and no prior art has
been found. Thus the elements 207 and 208 of FIG. 3 can be
implemented with the functions B1, or B2, or B3 or B4 of
which B1 (the NOR function) and B4 (the NAND function)
are known to implement the binary latch.

It is known that binary latches created from NOR and
NAND functions have, what is called, illegal or forbidden
input signal combinations. For the NAND latch that is when
both input signals having 0 at the same time; and for the NOR
latch the forbidden situation is when both inputs of the latch
are at the 1 level at the same time.

For illustrative purposes the following table shows the
result of all binary outputs for all binary inputs and all pos-
sible initial conditions for the binary latch according to the
configuration of FIG. 3 for which the binary NAND function,
shown as truth table B4, will be used.

In1 In2 bl b2 b3 b4 al a2 a3 a4 bO a0
0 0 1 1 1 1 1 1 1 1 0 0
0 0 1 1 1 1 1 1 1 1 0 1
0 0 1 1 1 1 1 1 1 1 1 0
0 0 1 1 1 1 1 1 1 1 1 1
0 1 1 1 1 1 1 0 0 0 0 0
0 1 1 1 1 1 1 0 0 0 0 1
0 1 1 1 1 1 0 0 0 0 1 0
0 1 1 1 1 1 0 0 0 0 1 1
1 0 1 0 0 0 1 1 1 1 0 0
1 0 0 0 0 0 1 1 1 1 0 1
1 0 1 0 0 0 1 1 1 1 1 0
1 0 0 0 0 0 1 1 1 1 1 1
1 1 1 0 1 0 1 0 1 0 0 0
1 1 0 0 0 0 1 1 1 1 0 1
1 1 1 1 1 1 0 0 0 0 1 0
1 1 0 1 0 1 0 1 0 1 1 1

The table explains the behavior of a binary latch formed by
NAND gates. The signal ‘In__1’ relates to the signal on input
201 of FIG. 3; signal ‘In_ 2’ relates to input 202; signal ‘bn’
relates to output 203; signal ‘an’ relates to output 205. The
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signal ‘b0’ is the initial condition of output 203 and ‘a0’ is the
initial condition of output 205 at the start of a new cycle after
an input signal was changed.

The table shows that when input signals ‘In_ 1’ and ‘In_ 2°
both are 1 and its initial condition (b0,a0) was (0,1) then its
stable output signal ‘b’ is 0. When input signal ‘In_ 1" and
‘In_ 2’ are 1 and its initial condition (b0,a0) was (1,0) then its
stable output signal ‘b’ is 1. All situations with input signals
‘In_=0’and ‘In_ 2=1", for all initial conditions, will generate
a signal b=1 on output 203 and a=0 on 205. All situations with
input signals ‘In_ 1=1" and ‘In_ 2=0°, for all initial condi-
tions, will generate a signal ‘b=0" on output 203 and a=1 on
205.

The table also shows that output 203 will not be stable for
‘In__1=1"and ‘In_ 2=1" when its initial condition (b0,a0) was
(0,0) and thus is marked an invalid or forbidden condition.
The model and analysis concurs with the performance of the
known NAND latch.

A similar analysis can be applied to the latch based on the
NOR gate. Such application of the switching model and its
analysis will again concur with the performance of the known
NOR latch.

Running the model of FIG. 4 on the configuration of FIG.
3 with the used binary function provided by truth table B2
provides a binary latch that is stable for input signals ‘In__
1=1" and ‘In_ 2=1" when the initial states (b0,a0) were (0,1)
and (1,0). The state (b0,a0)=(0,0) is a forbidden state.

Running the model of FIG. 4 on the configuration of FIG.
3 with the used binary function provided by truth table B3
provides a binary latch that is stable for input signals ‘In_ =0’
and ‘In_ 2=0" when the initial states (b0,a0) are (0,1) and
(1,0). The state (b0,a0)=(1,1) is a forbidden state.

At least one additional binary latch can thus be created and
realized with identified forbidden states, using non-identical
binary functions. In particular a sequential binary circuit
according to the configuration of FIG. 3 with binary functions
B21 and B22 will create a latch. The truth tables of B21 and
B22 are provided in the following table.

B21 0 1 B22 0 1
0 1 1 0 0 1
1 0 1 1 0 0

Thus one can run the switching model of FIG. 4 on a
computer for all possible input conditions, for all possible
(binary) logic functions and for all initial conditions to deter-
mine which logic functions can be implemented in device 207
and 208 of FIG. 3 to achieve a stable latch, which can retain
under certain input conditions, the output states resulting
from a previous input condition. This is true for binary sig-
nals. This is also true for multi-valued signals when applying
the correct switching model.

The Ternary Case

The switching model and method and analysis based onthe
model of FIG. 4 and the configuration of FIG. 2 can be used
to design and realize 2-function ternary logic information
retaining devices.

The following tables illustrate three logic functions (L1, L2
and [.3) that generate the correct output in a stable fashion in
the configuration of FIG. 2.
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L1 0 1 2 2 0 1 2 L3 0 1 2
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The configuration of FIG. 2 with functions 207 and 208
with truth table .3 and inverter 209 (1 0 2) is a stable and
correct information retaining device. .3 is used as an example
of'a commutative function. It achieves stability in one switch-
ing cycle. With the independent input signal [0 1 2] the signal
01207 on output 203 will be [1 0 2] and the signal on output
205 of device 208 will be [0 1 2].

The result of all possible switching cycles of this configu-
ration is shown in the following table:

£
o
=
w
=
o
)
o
)
o
'
o

=
o

[
©

o
®

~

MR N NN = === OO0 00000
MR~ P, R OO, R, OO MNNEFERFR PR, OOO
M= O R, ONFHFONFRFONFRFONFRONNFR O, ONFRO
MR N NN = === OO0 00000
MR N NN = === OO0 00000
MR N NN = === OO0 00000

N OMNNONNONOO OO OO N F RN~ N~
MR OO O OO0 OO O H
MR OO O OO0 OO O H
MR OO O OO0 OO O H
MR O OO, R, R R OOO0O0 0O —

The table shows the independent input signal “in” provided
on input 201 of FIG. 2 in the first column of the above table.
The columns under a0 and b0 show the initial value of the
outputs 205 and 203, when the input on 201 is changed from
a stable situation. The columns under b1, b2, b3 and b4 show
the output signal on 203 in consecutive switching cycles; and
the columns under al, a2, a3 and a4 show the output signal on
205 in consecutive cycles. The output values can be deter-
mined by filling in the correct values of the input signals in the
model provided by the expressions in table 300 of FIG. 4.

One can clearly see that starting with state a2 the following
states a3 and a4 remain the same. The same applies for the
states b3 and b4 after b2. This demonstrates that the configu-
ration is stable and reaches stability quickly. One can also
distinguish that for each value of signal “in” the output is
uniquely related to the input. For instance when in=0 then b=1
and a=0 in the stable situation; when in=0 then a=1 and when
in=2 then a=2. So the input in=[0 1 2] is translated into a=[0
1 2] on an output. Also the output signal a on output 205
becomes stable in just one switching cycle.

The table shows the switching status for all possible initial
conditions. The requirements for stability based on all pos-
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sible (rather than likely) stable conditions have been very
strict. Only the stable situations (b,a) equivalent to (1,0), (0,1)
and (2,2) are supposed to occur. The current solution shown in
the table will drive the configuration also into a stable end
state when the input is switched in the middle of an unstable
state.

This solution is distinctly different from the binary latch,
wherein one specific input combination reflects an earlier
input signal on its output. While the ternary (and as will be
shown the n-valued) functions force the output signal to be
latched to the input signal, the functions in these latching
examples are specifically selected so that the latching effect is
not dependent upon earlier states. A gating device with feed-
back is required to create a memory device.

For illustrative purposes an example of a configuration
with incorrect, as well as unstable states will be provided. The
configuration of FIG. 2 is again used with the inverter 209 (1
2 0) instead of (1 0 2) and with a ternary logic function with
the truth table L3.

The following table shows all states of the configuration
determined by applying the impressed signals on 201 with the
function of the truth table and calculating each individual
state by going through all possible initial states using the
model 300 of FIG. 4.
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The table shows instability for the situation where input
signal in=1 and b0=0 and a0=0. In that case the values of b2,
b3 and b4 keep switching from 0 to 1 and back to 0. Also the
output results when stable are also not consistent or correct.
For instance when in=1, b0=0 and a0=1 the stable output b4
is 0. However in another situation wherein in=1 and b0=1 and
a0=0 then the stable b output b4 is 1.

The table shows two complete cycles for each initial state.
Complete cycle 1 determines b1, b2 and al and a2. Complete
cycle 2 determines b3, b4 and a3 and a4. It turns out that with
inverter 209 (2 1 0) there are no correct configurations of
ternary information retaining devices as provided in FIG. 2
with any ternary logic function having the diagonal [1 02]. By
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changing the inverter 209 to (1 0 2) there are several stable and
correct configurations. One of these was already shown to be
the one with function L3.

There are many functions (commutative and non-commu-
tative) with diagonal [2 0 1] and inverter 209 being (2 0 1) that
will work, of which a significant number are non-commuta-
tive. Non-commutative functions are sometimes unwieldy
because of the need to keep absolute care of the correct order
of inputs. This is, of course, not required with commutative

14

will generate [0 1 2] on both outputs. Stability will be
achieved in one switching cycle.

While it is easiest to have two ternary devices in the con-
figuration that execute the same logic function it is not nec-
essary to be limited to identical functions. For instance it is
possible to create an information retaining device according
to the diagram of FIG. 8 wherein the top device 207 executes
a ternary function [.5a and the bottom device 208 executes a
function L.5b. Using again the model of FIG. 4 one can deter-
mine the truth tables of the functions that will comply with

functions (of which in the ternary case there are 729). 10 . . . .
. . . creating a stable and correct ternary information retaining

FIG. 8 shows a configuration of the ternary information device
;etalllmng devilce O,f FI?' 2 thre(:iutth? 1nvert2e(r)1209 (115 ;(E)zsent. The following tables show the truth tables of commutative
. (Iilt at cla§reht © mﬁna § provi ; oy llrllpgts : 237 4 zagg ternary functions [.5a and L.5b related to the configuration of
identical. The configuration wherein the devices an FIG. 8 that will create a stable and correct ternary information
execute the ternary logic function L4 will act as a stable and 15 L .

. . .. . retaining configuration.
correct ternary information retaining device. The truth table
of function L4 is provided in the following table:
Lsa 0 1 2 L5b 0 1 2
20
L4 0 1 2 0 0 1 2 0 0 0 0
1 1 1 2 1 0 1 1
0 1 1 0 2 2 2 2 2 0 1 2
1 1 2 2
2 0 2 0
25 The 4-valued Case

This configuration with input signal [0 1 2] generates [1 2 A 4'Vah.1€d information retaining device applies the same
0] on both outputs 203 and 205 of FIG. 8. The outputs are configuration as in FIG. 2 or FIG. 8 and the model of FIG. 4
stable after one switching cycle. and the ﬂow.dlagram of FIG. 6. The Q1fference is thé.lt alllogic

. . . . s functions will be 4-valued and the inverter 209 will also be
One consideration for selecting a specific configuration is :
. . 30 4-valued. Because there are more states to go through in
the requirement for the order of the generated output signal. A . o . -
For i . b . hat th ronal 4-valued logic it is possible that switching stability will be
or.ingiance 1t Illllay © a requirement that the ternary signa £ achieved in more than 1 cycle. For that purpose it may be
avatrlable on ,elt er output 203 or 205 as a consequence o necessary to execute the model of FIG. 4 for more than 2
independent input [0 1 2] must also be [0 1 2]. The above complete cycles. The general independent 4-valued signal on
example with ternary logic function T4 generates an output . inpyt 201 is described as [0 1 2 3]. The 4-valued inverter 209
signal [1 2 0]. The signal [12 0] can be transformed to [0 12] is described as for instance (2 3 0 1). This is shorthand for the
by applying ternary inverter (2 0 1). inversion (23 01)=[0123]—=[2301].

Another possibility is to select a configuration that will The next table shows 4 of the truth tables of the 4-valued
generate output signals [0 1 2] as a consequence of input commutative logic functions in the basic configuration of
signal [0 1 2]. The configuration as shown in FIG. 2 with FIG. 2 with inverter 209 is (2 3 0 1) that will create stable and
ternary inverter 209 (2 0 1) and with devices 207 and 208 correct 4-valued latches.

FL. o 1 2 3 F2 0 1 2 3 F3 0 1 2 3 F4 0 1 2 3
0 2 2 0 2 0 2 3 0 1 0 2 3 0 2 0 2 3 3 2
1 2 3 3 2 1 3 3 0 3 1 3 3 3 3 1 3 3 3 3
2 0 3 0 1 2 0 0 0 0 2 0 3 0 0 2 3 3 0 0
3 2 2 1 1 3 1 3 0 1 3 2 3 0 1 3 2 3 0 1
either executing ternary functions I1 or 12 will both generate The configuration of FIG. 2 with devices 207 and 208
the desired result. The truth tables of the logic functions are executing 4-valued logic function F1 and applying 4-valued
provided in the following truth tables: inverter 209 (23 0 1) will create stability within one cycle. As
3 aresult ofinput [0 1 2 3] on 201 it will create a signal [23 0
1] on output 203 and a signal [0 1 2 3] on output 205. The same
applies for functions F2, F3 and F4.
Il 0 1 2 2 0 1 2 .
The complete and exhaustive way to generate all 4-valued
0 2 2 1 0 0 0 2 60 commutative functions that will create 4-valued information
1 2 0 0 1 0 1 1 devices according to the configuration of FIG. 2 is:
2 1 0 1 2 2 1 2

This configuration in FIG. 2 with 207 and 208 executing g5

function 11 will generate [2 0 1] on output 203 and [0 1 2] on
output 205. The configuration of FIG. 2 applying function 12

generate all commutative 4-valued logic functions.

test each individual configuration with the generated 4-val-
ued logic functions applied in a configuration as showed
in FIG. 2 on stability and correctness applying the
method as shown in table 300 of FIG. 4 against all
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possible input signals on input 201 and initial states of
inputs 206 and 204 for each of the 24 reversible 4-valued
inverters at 209.
test on total number of cycles to achieve stability if desired.

The 5-valued Case

The approach as described for the ternary and 4-valued
case, including the model of FIG. 4 and the flow diagram of
FIG. 6, applies also to stable 5-valued commutative functions
for 5-value information retaining configurations. For illustra-
tive purposes the truth tables of at least 3 commutative func-
tions L51, .52 and L53 that will create stable 5-value infor-
mation retaining configurations as described in FIG. 2 are
shown in the following table. The truth tables 1.51 and .52
require the application of 5-value inverter 209 (1 23 4 0). The
configuration with truth table .53 requires inverter 209 (34 0
12).

5
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generate all commutative n-valued logic functions.

test each individual configuration on stability and correct-
ness applying the method as shown in the ternary case
against all possible input signals on input 201 and all
initial states of input 206 and 204 by applying all n!
n-valued inverters 209.

test on total number of cycles to achieve stability if desired.

Single Flement (n-valued) Information Retaining Device

Another aspect of the present invention is to create n-val-
ued, single element devices with feedback that will act as a
ternary or higher value information retaining device. This
means that the output of such a device will assume a state
uniquely related to the state of the input, enforced by feeding
back the output of the device to one of the inputs.

The basic configuration of such a circuit is shown in dia-
gram in FIG. 9.

Is1 0 1 2 3 4 152 0 1 2 3 4 153 0 1 2 3 4
0 2 4 4 2 3 0 4 0 1l 4 4 0 0 1 2 0 0
1 4 3 0 0 3 1 0 0 1 2 0o 1 1 1 2 3 1
2 4 0 4 1 1 2 1 1 1 2 3 2 2 2 2 3 4
3 2 0 1 0 2 3 4 2 2 2 3 3 0 3 3 3 4
4 3 3 1 2 1 4 4 0 3 3 3 4 0 1 4 4 4

The generated signal on output 203 is different in each of
the two applied functions. In the first case with function L5 1,
the top device 207 generates [2 3 4 0 1] on output 203. It
generates a signal [0 1 2 3 4] on the bottom output 205. This
configuration is stable within one complete cycle for all pos-
sible initial states.

In the second case with 152, it generates [4 O 1 2 3].
However it generates also [0 1 2 3 4] on the bottom output
205. The configuration with .52 and inverter 209 (123 4 0)
is stable within 1 complete cycle for all possible initial states.

In the third illustrative example with 1.53, both outputs will
generate [0 123 4]. This third illustrative configuration is also
stable within one complete cycle for all possible initial states.

The complete and exhaustive way to generate all S-value
commutative functions that will create 5-value memory
devices is:

generate all commutative 5-value logic functions.

test each individual configuration according to the method
provided in table 300 of FIG. 4 to the configuration
provided in FIG. 2 on stability and correctness for all
possible input signals to the input 201 and all possible
initial states of inputs 206 and 204 for each of 120
5-value inverters at 209.

test on total number of cycles to achieve stability if desired.

A significant number of stable and correct 5-value configu-
rations can be generated. Though not shown one can also use
the method to create 2 element 5-valued latches by using 2 not
identical 5-valued logic functions. One may also successfully
apply non-commutative 5-valued functions.

The n-Valued Case

The approach as described before using the switching
model of FIG. 4 and the configuration of FIG. 2 or FIG. 8 can
be applied to generate any stable n-valued information retain-
ing configuration as shown in FIG. 2 and FIG. 8. The com-
plete and exhaustive way to generate all n-valued commuta-
tive functions that will create n-valued memory devices is:
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A simple logic way to create a single element feedback
device is by making all columns (or rows) of the truth table
describing the logic function equal to the identity inverter.
The ternary case truth table Id is provided in the following
table.

Id 0 1 2
0 0 0 0
1 1 1 1
2 2 2 2

The advantage of this function Id is that it can be realized
according to the invention related to realization of multi-
valued logic circuitry strictly with gates. The method is
described in U.S. Non-Provisional Patent application Ser. No.
10/935,960, filed on Sep. 8, 2004, entitled TERNARY AND
MULTI-VALUE DIGITAL SCRAMBLERS, DESCRAM-
BLERS AND SEQUENCE GENERATORS and U.S. Non-
Provisional Patent application Ser. No. 11/000,218, filed Nov.
30, 2004, entitled SINGLE AND COMPOSITE BINARY
AND MULTI-VALUED LOGIC FUNCTIONS FROM
GATES AND INVERTERS which are hereby incorporated
by reference in their entirety. A diagram of its realization is
shown in FIG. 10. As explained in the cited patent applica-
tions the realization is based on application of individually
controlled gates and inverters. The individually controlled
gates in FIG. 10 are depicted as a circle with a vertical line on
top, a horizontal line and a number inside the circle. As an
example the gate 1002 in FIG. 10 will be further explained.
Gate 1002 has a signal input 1001 and a signal output 1004.
Gate 1002 also has a control input 1003. The horizontal line
inside the circle combined with the number on top of this
horizontal line, indicates that for the signal (in this case 0)
provided by control input 1003 of the gate 1002 the connec-
tion formed by the gate between input 1001 and output 1004
is conducting. For all other signals provided by control input
1003 the gate is non-conducting. It is assumed in this example
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that the state “absence of signal” is equivalent with the logic
state 0. The solid black circles such as 1005 indicate a hard
conducting connection. All gates in the circuit of FIG. 10 have
the signal on output 1007 as control signal. This represents
the feedback situation. The connections to the control inputs
have been drawn as dotted lines for reason of differentiation
from other connections only.

Because the state O is represented by “absence of signal”
the gate 1002 works also as a “safety valve”. If for some
reason there is “absence of signal” at output 1007 then gate
1002 will always be open and restart the process. It should be
clear that if all states are represented by signals not equal to
“absence of signal”, then “absence of signal” represents no
state and if output 1007 ever gets into such a state then the
circuit is blocked.

To prevent a blocking situation the circuit of FIG. 10 can be
replaced by the circuit described by the diagram of FIG. 11.
Gate 1009 is a gate which will conduct when its control input
1010 provides a signal not equal to 1. The vertical line inside
circle 1009 means that the gate is non-conducting. The num-
ber inside 1009 indicates for which signal the gate is non-
conducting. This gate replaces the two conducting gates
which are conducting for control input signal 0 and 2. Con-
sequently the state “absence of signal” not being equal to state
1, will cause the gate 1009 to be conducting. The other gate
1011 then has to be conducting for the control signal state 1.
Consequently the circuit of FIG. 11 represents the generic
realization for all n-valued (n being an integer of 2 or greater)
functions with identity inverters as columns realizing the
diagram of FIG. 9.

Different Logic Realizations of a Single Element Feedback
Device

The device as shown in FIG. 9 has a single 2 input/single
output n-valued function 400 with inputs 401 and 402 and an
output 403. The output is fed back by 404 into input 402. FIG.
12 shows a variant of this configuration by applying an
inverter 505 in the feedback path 504. This will change the
n-valued logic functions that will enable such a device, but
does not materially change the principle of this method and
the realized apparatus.

Assume the following in a stable situation for device as
shown in FIG. 9. The input signal on input 401 is a0, which
can (as before) be described as a vector of possible states. The
output signal on 403 is b0. The feedback through 404 is also
b0 when the configuration is stable. The device 400 executes
an n-valued two input/single output logic function ‘®’. An
assumption is that a physical device has a finite switching
time which is longer than the transmission time of a signal of
a connection. This assumption can be enforced by artificially
increasing the time it takes for a signal to reach input 401 from
output 402 by including inverters in the path. As explained as
another aspect of the present invention the inverters for delay
purposes can be selected in such a way that their net result is
no change in logic state of the signal. As a consequence any
new state on input 401 will still be executed against the
previous output state through the feedback signal provided on
input 402 in device 400. After a finite time a newly calculated
state is being outputted on 403 and fed back to 402. Once the
output signal does not change anymore (the delayed output is
identical with the feedback signal) the device has achieved
stability. Correctness is achieved when the stable output sig-
nal is uniquely related to the input signal. For proper memory
operations a device should achieve stable and correct states.

This invention relates to identifying the correct n-valued
logic functions that will:
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generate an output that can be uniquely related to a single
value of possible inputs;
achieve stability;
do not depend on the initial states of the device for correct
operations;
achieve stability in a reasonable number of cycles
The majority of n-valued functions do not comply with
those requirements in that they: (1) never achieve stability for
all states, (2) have no unique relationship between inputs and
outputs or, in other words, different inputs may generate the
same output, and (3) their outputs depend on inputs as well as
previous states.
A description of the stabilizing process for the device in
FIG. 9 is shown in the following table as an illustrative
example.

input feedback output stability
a0 b0 b0 stable
al b0 cl=al ®bo unstable
al cl c2=alBc¢l unstable
al c2 c3=al®c2 stable
al c3 c3=al®c3 stable

The process starts out with input signal a0 and stable output
signal b0. The input signal is changed to al. Because of
physical delay the output and feedback signals are still bO.
Consequently the device ‘sees’ inputs al and b0 and will
generate ¢1=al®b0. The cycle will repeat itself until the
feedback signal and the delayed output signal are identical. In
the table of the example this is assumed to happen when c2 is
generated and ¢3 is identical to ¢2. Stability is per definition
achieved 1 cycle before it can be detected. A computer pro-
gram applying all n-valued functions and all possible inputs
combined with all possible initial states and calculating a
reasonable number of cycles (for example, 2) will identify all
possible n-valued functions that will create stable n-valued
single element information retaining devices with feedback.

Ternary Single Element Information Retaining Device
There are several ternary logic functions that will perform
the required functionality to realize the single function infor-
mation retaining device. It is easiest to limit the selection to
commutative functions as this will prevent confusion on
which input to use. However, it should be clearto those skilled
in the art that certain non-commutative functions will work as
well. The method to determine the appropriate commutative
functions is:
a. create all ternary commutative logic functions.
b. determine all possible initial conditions of the device.
c. select those ternary functions that will create stable end-
states with the correct output.
d. if desired, select only those functions that stabilize the
device in a limited number of cycles.
There are two commutative ternary functions that will
enable this type of information retaining device. The two truth
tables are shown in the following table.

Lsl 0 1 2 Ls2 0 1 2
0 1 1 0 0 2 0 2
1 1 2 2 1 0 0 1
2 0 2 0 2 2 1 1
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The output of the single element device as shown in FIG. 9
with function 400 “Ls1” is c=[1 2 0] as result of input [0 1 2].
This output will be achieved after one switching cycle for all
initial conditions. The output for a device with function 400
“Ls2” is [2 0 1]. This output will be achieved within two
switching cycles for all initial conditions. In both cases invert-
ers can be used to recover the original input state.

There are dozens of non-commutative ternary functions
that will create stable ternary information retaining devices.
The non-commutative function “Ls3” with the following
truth table will generate the signal [0 1 2] on output 403.

10

15
Ls3 0 1 2
0 0 1 2
1 2 1 0
2 0 0 2

20

The following non-commutative ternary function [s4
applied in the configuration of FIG. 9 will generate the signal
[01 2] on output 403 as a result of signal [0 1 2] on input 401.

L4s3 0 1 2 3
0 0 0 0 0
1 1 1 0 0
2 2 2 2 0
3 3 3 3 3

The 5-value Single Flement Information Retaining Device

The same reasoning applies to a 5-value single element
information retaining device comprising one function with
feedback. There are at least 120 different stable single ele-
ment configurations with commutative 5-value functions.

The truth table of L5s1, a commutative 5-value logic func-
tion that will create a stable and correct configuration as in
FIG. 9 is shown in the following table.

Lssl 0 1 2 3 4
0 4 0 4 2 4
1 0 0 1 0 3
2 4 1 1 2 1
3 2 0 2 2 3
4 4 3 1 3 3

The configuration is stable for all initial conditions after two 25
switching cycles.
Ls4 0 1 2 30
0 0 0 0
1 1 1 0
2 2 2 2
35
The 4-valued Single Element Information Retaining Device
The same reasoning as for the ternary case applies to a
4-valued single element information retaining device com-
prising one function with feedback as shown in FIG. 9 and 0

FIG. 12. There are dozens of different stable single element
configurations with commutative 4-valued functions.

The truth tables of two of these functions (I.4s1 and [.4s2)
are shown in the following table. They apply to a configura-

tion according to FIG. 9. Both configurations will be stable 45
for all input conditions within 2 complete switching cycles.
The configuration with [.4s1 will generate output signal [1 2
3 0] and the configuration with [.4s2 will generate output
signal [301 2].
50
I4sl 0 1 2 3 142 0 1 2 3
0 1 1 3 0 0 3 0 1 3
1 1 2 2 2 1 0 0 1 o 3
2 3 2 3 3 2 1 1 1 2
3 0 2 3 0 3 3 0 2 2

In these cases, the device also works as an inverting ele-
ment. The correct input signal can be recovered from the
output by applying a 4-valued inverter.

Non-commutative 4-valued functions can also be used.
The 4-valued logic function [.4s3 applied in the configuration
of FIG. 9 will generate an output signal [0 1 2 3]. The con- ¢s
figuration is stable for all initial conditions after 1 switching
cycle. The following table provides the truth table of 1.4s3.

In this case the device also works as an inverting element.
It generates the output signal [4 O 1 2 3]. The correct input
signal can be recovered from the output by applying a 5-value
inverter. This particular configuration stabilizes in 1 switch-
ing cycle.

There are also many stable and correct non-commutative
configurations. The function [.5s2 will create a configuration
according to FIG. 9 which is stable after one cycle and gen-
erates the output signal [0 1 2 3 4]. The truth table of .5s2 is
provided in the following table.

L5s2 0 1 2 3 4
0 0 0 0 0 0
1 1 1 0 0 0
2 2 2 2 0 0
3 3 3 3 3 0
4 4 4 4 4 4

The n-valued Single Element Information Retaining Device

It should be clear that the above method allows for the
creation and design of any n-valued single element informa-
tion retaining comprising one n-valued logic function with
feedback. The results suggest ways to limit the total amount
of calculations. For instance only use n-valued commutative
functions which have as diagonal: [(n-1) 012 ... (n-3)

0 (n-2)] and as directly neighboring diagonals above and

under: [0 1 2 ... (n-2)]. It is also clear that certain non-
commutative n-logic functions applied in the configuration of
FIG. 9 will generate output signal [01 2. .. (n-1)] and will be
stable after 1 switching cycle. The generic truth table for this
non-commutative n-valued function is provided in the follow-
ing table.
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Ln 0 1 2 0 n-1
0 0 0 0 0 0
1 1 0 0 0 0
2 2 2 0 0 0
3 3 3 3 0 0
n-2 n-2 n-2 n-2 0
n-1 n-1 n-1 n-1 n-1

The n-valued Digital Memory Device With External Control

A sequential information retaining device does not have to
be a memory device. A memory device is in general con-
trolled by an external signal, or by a signal state or combina-
tion of states not signifying a data state. A memory device has
to be able to provide a previously present Data signal, after
that signal is not longer present. A way to use a control signal
is to have a current data signal inputted to a memory device
when the control signal (or a signal with a control state) is
absent. That data input signal may also be provided on the
output of the memory device. When the control signal (or a
control state) is present, no input signal is accepted by the
memory device. The output signal then provided by the
memory device represents the data signal which was present
when the control signal was absent. One can of course reverse
the states of the control signal or control state of a signal for
control purposes: in other words Read when present, Store
when absent.

The required (old) data signal for memory purposes can be
provided by combining a feedback and gating mechanism.

The two function n-valued devices and the single function
or element n-valued information retaining devices according
to different aspects of the invention can be used as a part in
externally controlled n-valued digital memory devices.

The output of an n-valued two function device can be fed
back into an n-valued device that has as its inputs external
data as well as a controlling signal such as a clock signal. The
overall block diagram of such externally controlled n-valued
memory is shown in FIG. 13. It comprises an input 601 which
will provide the to be retained data signal, a gating device 607
that will pass on the input signal provided by 601 to output
602 when it is activated by a signal on input 606, which can be
a clock signal. When the clock signal is absent the gating
device 607 will pass the signal on 605 to 602, which is the
signal on output 604 of information retaining device 608. The
signal on 602 will be inputted to information retaining device
608. The output of the memory device is 603; and output 603
and 604 may provide the same signal, which is the case when
the signal provided on 603 is identical to the signal provided
by 601. If that is not the case then the signal on 604 needs to
be an inverted version of the signal on 603.

When for instance the clock-signal on 606 is active the
gating device lets the external data pass and blocks the feed-
back signal from the n-valued information retaining device.
As aconsequence the state of the n-valued information retain-
ing device will adopt the value related to the new data. When
the clock signal is not active the gating device will pass the
feedback signal into the information retaining device, thus
keeping the state of this device unchanged. A block diagram
of'such a clock-controlled n-valued gating device is shown in
FIG. 14. The gating device has the same inputs and indicating
numerals as the device FIG. 13: 601 provides the data input,
606 provides the controlling clock signal and 605 provides
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the feedback from the information retaining device 608. The
output of the gating device 602 in FIG. 14 is the same as the
output 602 in FIG. 13.

Device 700 has a logic function that will let the data on 601
pass to 703 when the clock signal 606 is activated. For illus-
trative purposes it is assumed that the function of 700 gener-
ates a 0 when the clock signal is inactive. The function of
device 701 generates a 0 when the clock is active and passes
the signal on 605 on to 704 when the clock in inactive. The
device 702 has 703 and 704 as inputs. When both inputs 703
and 704 provide a signal 0 the output 602 will be 0. For all
other cases it will pass on the highest value of the two signals
on the inputs 703 and 704. For illustrative purposes it is
assumed that the device applies ternary logic. Assume that
clock active means 606 has state 1 and clock inactive means
606 has state 0. The ternary function d1 for 700, ternary
function d2 for 701 and ternary logic function d3 for 702 will
enable the gating device. The truth tables of' d1, d2 and d3 are
shown in the next table.

d1 0 1 2 d2 0 1 2 d3 0 1 2

It should be clear that in function d1 only the first two
columns are important. The third column is selected to make
the function commutative. In the non-commutative function
d2 only the first two columns are of importance (as the clock
will never be 2). In the truth table of d3 only the first column
and the first row are of significance as either 703 or 704 will
always provide a 0.

Different ways to create a gating device or a gating function
are possible. An additional example is provided in FIG. 15,
wherein an inverter 705 is included, which inverts O to 1 and
1 to 0. Consequently devices 700 and 701 in FIG. 15 execute
the same ternary logic function d1 of which the truth table was
shown in the previous table.

The information retaining device 608 in FIG. 13 can be
replaced by a single element information retaining device
808. Because the output signal of such a device is usually an
inverted version of its input signal, an inverter can be inserted
to make the device of FIG. 13 an operable memory device.
This is shown in FIG. 16, wherein an inverter 809 is inserted
in the output 803. Such an inverter is required when single
element device 808 with feedback executes ternary logic
functions Ls1 or Ls2. Ternary logic function Ls3 does not
create an inverted output signal and thus does not require an
inverter 809.

Another way to achieve the inversion back to [0 1 2] is by
adapting the gating device to the output signal on 803. When
device 808 executes ternary logic functions Ls1 with feed-
back, the resulting output signal is [1 2 0] when its input is [0
1 2]. This can for instance be corrected in the gating device
807. Or in more detail this can be corrected in device 701 of
FIG. 15. When the clock signal provided by input 606 is 1, it
is made 0 by the inverter 705 and the device 701 should
generate all O on its output 704, no matter what the signal is
provided by 605. When the clock signal provided by 606 is
low or 0, it is made 1 by inverter 705. The signal [1 2 0]
provided by 605 should be transformed into [0 1 2] on output
704 by device 701. Consequently a truth table of the ternary
logic function of device 701 that performs this aspect of the
invention can have the following truth table:
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0 1 2
0 0 2 0
1 0 0 1
2 0 1 0

The column for the signal provided by 606 (clock signal) is
2 will not occur and is a ‘don’t care column’.

The method applied for the illustrative ternary case can
also be applied for creating any n-valued externally con-
trolled memory device.

Further more the information retaining device 608 in FIG.
13 can be replaced by an n-valued delay device comprised of
inverters as shown in FIGS. 7a and 7b.

An n-valued Logic Based (n-1) State Digital Memory Device
Applying an nth State to Control Such a Device
Another aspect of the present invention is a single n-valued
digital element with feedback that will show the following
properties:
the element performs an n value digital logic function.
it reaches stable, information retaining states, depending
strictly on the current input for (n-1) states.
it has one input state, not being one of the (n-1) stable
information retaining states, which if applied will create
the output as being the value of the preceding state. As
such the device retains information about the previous
input. Such a device has the same configuration as
shown in FIG. 9.

A Ternary Logic Based Binary Digital Memory Device
Applying a 3rd State to Control Such a Device

The following table shows the truth tables of three ternary
logic functions that can be used to realize a binary digital
memory device with a third value to control the device.

L1 0o 1 2 L2 0 1 2 L3 0 1 2

—_
Ko
—_
—_
—_
Ko
—_
—_
—_
Ko
—_
—_

The three ternary functions .1, L2 and .3 all will act as a
binary information retaining device. When either one of ter-
nary functions .1, .2 or L3 is applied in a device as shown in
FIG. 9 and the signal provided by input 401 is 0, or 1 it will
generate as a signal on output 403 a0 or a 1. If the input signal
is changed to 2 the signal on output 403 will remain ‘0’ or ‘1’
as the preceding state was. This is demonstrated in the fol-
lowing table by applying function L1 in the configuration of
FIG. 9 and going through 3 cycles for each initial state and
input state.

initial state/
input feedback output stability cycle
0 0 0 cycle 1
0 0 0 cycle 2
0 0 0 stable cycle 3
0 1 2 cycle 1
0 2 0 cycle 2
0 0 0 stable cycle 3
0 2 0 cycle 1
0 0 0 cycle 2
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-continued

initial state/

input feedback output stability cycle

stable cycle 3
cycle 1
cycle 2
stable cycle 3
cycle 1
cycle 2
stable cycle 3
cycle 1
cycle 2
stable cycle 3
cycle 1
cycle 2
stable cycle 3
cycle 1

cycle 2

LT N T N T N N N S e S S S
e B = T =T S SO\ S S S R =]
o JY o SN o NN S S U S S

stable cycle 3

The first column of the table represents the value of the
signal provided by input 401 in FIG. 9. The second column
represents the initial state of the signal provided by 402 which
will be replaced in the consecutive cycles by the value of the
signal provided by 404 as result of new outputs. The third
column represents the signal on output 403 of FIG. 9. For
completeness the initial state 2 has also been included, though
this output state should not occur. It is shown that the output
state 2 is unstable and will always be changed to 0 or 1 with
the functions [.1, L2 or L3. The last two input states in the
table are those wherein the input is 2. It is shown that the
signal on 403 will not change and retain its last state. The
circuit achieves stability in one complete switching cycle.

FIG. 17 shows a possible application of the method in a
binary memory device. It applies a gating device 903 with
ternary logic function S1. When the control signal on 901 is
equal to 2 the gating device 903 will pass the value of the data
signal on 902 to output 904. When the signal on 901 is not 2
the output of the gating device 904 is 2. When the input 904 to
device 900 is 2 it retains on its output 905 its previous output
as its current output. The following table shows the truth table
of the ternary function S1 of the gating device 903.

S1 0 1 2
0 2 2 0
1 2 2 1
2 0 1 2

It should be clear that S1 can be modified to retain or pass
information on other conditions.

A 4-valued Logic Based Ternary Digital Memory Device
Applying a 4th State to Control Such a Device

The method also applies to single 4-valued logic functions,
creating 3-value memory device with a fourth value for con-
trol. The truth tables of four commutative 4-valued functions
that work this way are shown in the following table.
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QU 0 1 2 3 Q 0 1 2 3 Q 0 1 2 3 Q 0 1 2 3
00 2 3 0 0 0 3 1 0 0 0 3 3 0 0 0 3 3 0
1 2 1 3 1 1 3 1 3 1 1 3 1 0 1 1 3 1 3 1
2 3 3 2 2 2 1 3 2 2 2 3 0 2 2 2 3 3 2 2
30 1 2 3 3 0 1 2 3 3 0 1 2 3 3 0 1 2 3

10

These configurations generate the output signal [0 1 2] and
retain their previous value when the input signal is 3. The
configuration with Q4 achieves stability in one switching
cycle. The configurations with Q1, Q2 and Q3 achieve stabil-
ity in 2 switching cycles.

There are also non-commutative functions that would
work.

A 5-valued Logic Based 4-valued Digital Memory Device
Applying a 5th State to Control Such a Device

The method also applies to single S-value logic functions,
creating 4-valued memory device with a fifth value for con-
trol. Two of the commutative 5-value functions that work this
way are shown in the following table.

FI 0 1 2 3 4 F2 0 1 2 3 4
0 0 2 3 4 0 0 0 4 4 4 0
1 2 1 4 4 1 1 4 1 4 4 1
2 3 4 2 1 2 2 4 4 2 4 2
3 4 4 1 3 3 3 4 4 4 3 3
4 0 1 2 3 4 4 0 1 2 3 4

The configuration with truth table F2 only requires 1
switching cycle to stabilize. The configuration with F1
requires 3 complete switching cycles to stabilize.

An n-Valued Logic Based (n-1)-value Digital Memory
Device Applying an nth State to Control Such a Device

The previous reasoning and method can be applied to cre-
ate single function n-valued memory latches retaining (n-1)
value digits and controlled by an nth value. There is a generic
truth table for the n-valued logic function that creates a stable
device in one switching cycle and provides the output signal
[012...(n-1)]. The generic truth table is provided in the
following table.

SWgen
0 0 n-1 n-1 n-1 0
1 n-1 1 n-1 n-1 1
2 n-1 n-1 2 n-1 2
. . . . n-1 .
n-2 n-1 n-1 n-1 n-2 n-2
n-1 0 1 2 n-2 n-1

Method for Creating n-valued Digital Memory Devices Com-
prising Two n-valued Logic Functions and With Two Inputs:
a Data Input and a Control or Reset input

Another aspect of the present invention is the creation of a
controlled n-valued memory device as shown in FIG. 18 with
two n-valued functions 1907 and 1908 with feedback. The
device has two inputs: 1901 with signal Data and 1902 with
signal Reset. For the purpose of simplicity in use the here
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presented solutions will apply identical commutative func-
tions. It should be clear that non-commutative as well as
non-identical functions may also be applied. Also the order of
the Data and Reset inputs may be changed in order without
affecting the essence of the invention.

The signal Data on 1901 contains the information that
needs to be retained in the device. The signal Data is an
n-valued digital signal with n different states, its states will be
represented as: 0, 1, 2, ... (n-1).

The control signal Reset is also an n-valued digital signal.
Just two of the n available values of Reset will be used.

The objective of the device is the following: When the
signal Reset has a value Up (which is one of the following
states: 0, 1, 2, . .. (n-1) ) at least one of the Outputs 1903 or
1905 will assume a stable value that is either the same or
uniquely (through an n-valued reversible inversion) related to
the input value of Data. When the value of the signal Reset
changes to Down, (which is one 0of0, 1,2, ... or (n-1) butnot
identical to the previous value Up) at least one of the outputs
1903 or 1905 will retain its value. When following this change
ofReset the value of Data is changed, for instance to O then the
value of the last output will still be retained.

It should be clear that the switching model in the configu-
ration of FIG. 18 is the same as that in the configuration of
FIG. 3 and applies the switching methods of table 300 in FIG.
4. The configuration FIG. 18 has two independent inputs of
which one will be used as a data input and the other as a
control input.

The Ternary Case

The following steps are applied to find the functions that
will create the correct and stable configuration: (1) generate
all ternary commutative logic functions, and (2) determine
the functions which will generate output that is stable, con-
sistent and uniquely contributable to a single value of Data
(that is : each different value of Data generates a consistent
value of Output__1 on 1903 or Output_ 2 on 1905) at a single
value or state of Reset (in the example Reset=2), (3) change
the value of Reset (in the example to Reset=0), (4) identify
from the functions from step 2 those that will generate unique
outputs depending on the outputs of step 2 related to the value
of Data, (5) change the value of Data to 0 (absence of Data),
(6) find from the functions of step 4 those functions where the
outputs remain unchanged compared to (4).

The consecutive steps of the controlling process are shown
in the following table.

Data signal Reset Output__1 Output_ 2
Step 1901 1902 1903 1905
1 In 2 bl al
2 In 0 b2 a2
3 0 0 b3 a3
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In the first step in the table Input 1901 of FIG. 18 has a
signal In, while signal Reset at 1902 is 2. When the configu-
ration of FIG. 18 is stabilized output 1903 has signal b1 and
output 1905 has signal al. Atleast one of the signals al and b1
must have a unique relationship with the value of In. In the
next step the signal Reset is changed to 0 while signal In
remains on input 901. The output signals may retain the same
bl and al. They may also change to b2 and a2. However a
unique relationship between one of a2 and b2 and In will
exist. In the next step signal Data is changed to 0. The outputs
retain the same signals b2 and a2 or change to b3 and a3 such
that still one of the two signals has a unique relation to the
original Data signal.

The result of executing the steps in the described method
generates one ternary function Fn that will enable the con-
figuration of FIG. 18. The truth table of that function is shown
in the following table:

Fn 0 1 2
0 2 1 0
1 1 1 0
2 0 0 0

The stable states of this memory device are shown in the
following table.
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The first column shows the value of Data and the second
column shows the value of Reset. The column cl means: the
output signal on 1905 in FIG. 18 after 1 cycle. The table
shows all elements in a row under ¢2, ¢3 and c4 to be identical.
The same applies for the elements in a row under d2, d3 and
d4. This means that at the second cycle the configuration of
FIG. 18 with ternary function Fn has stabilized. The columns
under c0 and dO provide the initial conditions.
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With Data=[0 1 2] and Reset=[2 2 2] the output signal on
1903 is [2 1 0] and the signal on 1905 is [0 0 0].

Inthe next phase the signal Data remains [0 1 2]. The signal
Reset is changed to [0 0 0]. The stable output signals on 1903
and 1905 are the initial conditions for the next phase. This
phase is shown in the following table.

Data Reset cl c2

The table shows that the configuration stabilizes immedi-
ately. The output signal on 1903 remains the same [2 1 0].
However the output ‘dn’ on 1905 in FIG. 18 changes from [0
0 0] to [0 1 2] and reflects directly the Data signal on 1901.

The final step is to change the Data signal on input 1901 to
[0 0 0]. The resulting output signals are provided in the

following table.
Data Reset cl c2 c3 c4 dl d2 d3 d4 c0 do
0 0 2 2 2 2 0 0 0 0 2 0
0 0 1 1 1 1 11 1 1 1 1
0 0 0 0 0 0 2 2 2 2 0 2
There is no change in the signals on outputs 1903 and 1905
of FIG. 18. The output 1903 provides [2 1 0] which is an

inverted version of the original Data signal. Output 1905
provides signal [0 1 2] which is identical to the original Data
signal. Consequently the configuration of FIG. 18 with ter-
nary logic function Fn acts as a stable memory device which
retains the original input signal when the Reset signal is
changed from 2 to 0 and the Data signal is made O.

The device with ternary function according to the configu-
ration of FIG. 18 with function Fn appears to be a simpler
realization of the Three State Latch described in U.S. Pat. No.
3,909,634 entitled: TERNARY STATE LATCH; by Maley et
al. and granted Sep. 30, 1975. However the inventors of that
device require 4 functions which are different from the ones
used here to achieve the same performance.

Another ternary device with the same structure but a dif-
ferent ternary function may be applied by starting with
Reset=1 (as opposed to Reset=2) and changing it to Reset=0.

The truth table of the ternary function Fn2 that will enable
that configuration of FIG. 18 is provided in the following truth
table:

Fn2 0 1 2
0 1 0 2
1 0 0 0
2 2 0 2
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Output 1903 in the configuration of FIG. 18 with ternary
logic function Fn2 provides signal [1 0 2] when Reset=[0 0 0]
and Data=[0 0 0] which is an inverted version of the original
Data signal [0 1 2]. Output 1905 in the configuration of FIG.
18 with ternary logic function Fn2 provides signal [0 1 2]
when Reset=[0 0 0] and Data=[0 0 0] which is identical to the
original Data signal. Consequently the configuration of FIG.
18 with ternary logic function Fn2 acts as a stable memory
device which retains the original input signal when the Reset
signal is changed from 2 to 0 and the Data signal is made 0.

The 4-valued Case
According to another aspect of the invention the method

here developed can be applied to the configuration of FIG. 18

having a 4-valued commutative logic function and the signals

having 4 possible states. The following steps are applied to
find the 4-valued commutative functions that will create the
correct and stable configuration:

1. generate all 4-valued commutative logic functions.

2. determine the functions which will generate output that is
stable, consistent and uniquely contributable to a single
value of Data (that is, each different value of Data generates
aunique value of Output__ 1 or Output_ 2) at a single value
or state of Reset.

. change the value of Reset (for example from Rest=3 to
Reset=0).

. identify from the functions from step 2 those that will
generate signals on one of the ouputs 1903 and 1905 that
are uniquely related to the value of Data.

. change the value of Data to 0 (absence of Data).

20

[

5

-continued

0 1 2 3
2 c c

3 d d

with a, b, ¢ and d either 0, 1, 2 or 3.

A generic commutative form is then:

0 1 2 3
0 a b c d
1 b b e f
2 c e c g
3 d £ g d

with e, fand g also O, 1, 2 or 3.

This will generate 16,384 commutative 4-valued functions,
compliant with the structure of the sample truth table. The
examples will build off of this group of functions, though it
should be clear that other functions that fill the requirements
may exist.

4-valued Memory Device With Changing Reset=3 to Reset=0
Applying the described method to the set of commutative
4-valued functions, starting with Reset=3 and changing to
Reset=0 and then changing Data to O generates a number of
4-valued functions that will act as a memory device.
The truth tables of some of the 4-valued logic functions that
enable this configuration are shown in the following tables.

QU 0 1 2 3 Q 0 1 2 3 Q@ 0 1 2 3 Q4 0 1 2 3
0 3 1 2 0 0 3 1 2 0 0 3 1 2 0 0 3 1 2 0
1 11 0 0 1 1 1 1 o0 1 1 1 1 2 1 1 1 2 0
2 2 0 2 0 2 2 1 2 0 2 2 1 2 0 2 2 2 2 0
3 0 0 0 0 3 0 0 0 0 3 0 2 0 0 3 0 0 0 0

Q 0 1 2 3 Q 0 1 2 3 Q7 0 1 2 3 Q 0 1 2 3
0 3 1 2 0 0 3 1 2 0 0 3 2 1 0 0 3 2 1 0
1 1 1 2 0 1 1 1 3 0 1 2 2 0 0 1 2 2 1 0
2 2 2 2 1 2 2 3 2 0 2 1 0 1 0 2 1 1 1 0
3 0 0 1 0 3 0 0 0 0 3 0 0 0 0 3 0 0 0 0

Fd 0 1 2 3 Q 0 1 2 3
0 3 2 1 0 0 3 2 1 0
1 2 2 2 0 1 2 2 3 0
2 1 2 1 0 2 1 3 1 0
30 0 0 0 3 0 0 0 0

6. find from the functions of step 4 those functions where the

outputs remain unchanged compared to 4 or retain a unique s

relation to the original input signal Data.

There are 4'°(4 to the power 10) commutative 4-valued
functions. A relevant form of working functions can have the
following structure:

6
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The device with the configuration of FIG. 18 applying
4-valued function identified as Fn4 achieves stability in one

5> switching cycle. With original input signal Data=[0 1 2 3] and

Reset=[3 3 3 3], changing first the Reset signal on input 1902
to Reset=[0 00 0] and then changing the input signal on 1901
to [0 0 0 0] will retain a signal [3 2 1 0] on output 1903 and a
signal [0 1 2 3] on output 1905. Consequently the function
Fn4 enables a 4-valued memory device.

4-valued Memory Device Changing Reset=2 to Reset=0
The next series of functions can be generated by the
described method on the 16,384 4-valued commutative func-
tions by first applying Reset=2, then changing this to Reset=0
followed by Data=0. Functions that will enable the 4-valued
memory device according to the configuration of FIG. 18 are:
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Fn41 o 1 2 3 o 1 2 3 o 1 2 3 o 1 2 3
0 21 60 3 0 2 1 0 3 0 2 1 0 3 0 2 1 0 3
1 $1 10 0 1 1 1 o0 1 1 1 1 0 2 1 1 1 0 3
2 o o0 o0 o0 2 o0 0O O o0 2 0 O O 0 2 0 0 0 O
3 3 60 0 3 3 3 1 0 3 3 3 2 0 3 3 3 3 0 3

o 1 2 3 o 1 2 3 o 1 2 3 o 1 2 3
0 21 60 3 0 2 1 0 3 0 2 3 0 1 0 2 3 0 1
1 1t 1 0 3 1 1 1 3 1 1 3 3 0 O 1 3 3 0 1
2 o o0 o0 1 2 o0 3 0O 0O 2 0 O O 0O 2 0 0 0 O
3 33 1 3 3 3 1 0 3 3 1 o0 o0 1 3 1 1 0 1
o 1 2 3 o 1 2 3
0 2 3 0 1 0 2 3 0 1
1 33 0 2 1 3 3 0 3
2 o 0 o0 0 2 0 0 0 O
3 12 o0 1 3 1 3 0 1

Applying the described method to these functions to the
configuration of FIG. 18, starting with Reset=2 and changing
to Reset=0 and then changing Data to 0 generates a number of
functions, of which Fnl is one, that will act as a memory
device.

The device applying 4-valued function identified as Fn41
in the above table will generate [2 1 03] on output 1903 and [0
123]on1905in FIG. 18. The configuration achieves stability
within 1 switching cycle after a change.

4-valued Reset=1 to Reset=0

A series of functions can be generated by the described
method on the 16,384 4-valued commutative functions by
first applying Reset=1, then changing this to Reset=0 fol-
lowed by Data=0. The functions that will enable the FIG. 18
configuration are:

25

30

Reset=[111 1]. A signal [0 1 2 3] will be provided on output
1905 when Data=[0 0 0 0] and Rest=[0 0 0 0].

Applying change of Reset and Data at the same time may
create instability or inconsistent results. The method
described here should allow enough time between changes in
states until stability is achieved before consecutive changes
are initiated.

The n-valued Case:

The enablement for 3 and 4-valued memory devices
described here are merely illustrative examples of this
method. The method applies to any n-valued logic memory
device, using this configuration.

As many apparently different embodiments of this inven-
tion may be made without departing from the spirit and scope

Fn42 o 1 2 3 o0 1 2 3 0 1 2 3 0 1 2 3
0 1 0 2 3 1 0 2 3 1 0 2 3 1 0 2 3
1 o o0 o0 o0 o0 o o o o O O o0 O 0 O 0
2 2 0 2 0 2 0 2 1 2 0 2 2 2 0 2 3
3 3 0 0 3 3 o0 1 3 3 0 2 3 3 0 3 3

o 1 2 3 o0 1 2 3 0 1 2 3 0 1 2 3
0 1 60 2 3 1 0 2 3 1 0 3 2 1 0 3 2
1 o o0 o0 o0 o0 o0 o0 2 0 O O 0 0 0 O 0
2 2 0 2 3 2 0 2 3 3 0 3 0 3 0 3 1
3 30 3 3 3 2 3 3 2 0 0 2 2 0 1 2
o 1 2 3 0 1 2 3
0 1 0 3 2 1 0 3 2
1 o 0 0 0 0 0 0 0
2 30 3 2 3 0 3 3
3 2 0 2 2 2 0 3 2

These functions applied to the configuration of FIG. 18,
starting with Reset=1 and changing to Reset=0 and then
changing Data to 0 will create stable memory devices.

The device with the configuration of FIG. 18 applying
4-valued function identified as Fn42 in the above table will
generate a signal [1 0 2 3] on output 1903 when Data=[0 0 0
0] and Reset=[0 0 0 0] and starting with Data=[0 1 2 3] and

thereof, it is to be understood that the invention is not limited

60 1o the specific embodiments thereof.
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One part of the embodiment of the inventions explained in
this application is the actual realization of the ternary, 4-val-
ued and any other n-valued logic function.

One embodiment ofthe execution of the multi-valued logic
functions is by way of gates and inverters. This method is
demonstrated in FIG. 10 and FIG. 11 for the ternary case. An
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extensive description of the realization of n-valued logic
functions can be found in: U.S. Non-Provisional Patent
Application No. 10/935,960, filed on Sep. 8, 2004, entitled
TERNARY AND MULTI-VALUE DIGITALL SCRAM-
BLERS, DESCRAMBLERS AND SEQUENCE GENERA-
TORS and U.S. Non-Provisional Patent Application No.
11/000,218, filed Nov. 30, 2004, entitled SINGLE AND
COMPOSITE BINARY AND MULTI-VALUED LOGIC
FUNCTIONS FROM GATES AND INVERTERS which are
hereby incorporated by reference in their entirety.

The True n-valued Latch

According to another aspect of the present invention it is
possible to design and realize ternary, 4-valued and n-valued
latches. These latches have multiple inputs and multiple out-
puts. Certain combinations of input signals will create con-
sistent and stable and directly related output signals, no mat-
ter what the initial conditions are. The stable output signals
are the initial conditions for a changing input signal. One
combination of input signals will retain the information of the
previous inputs signals. Such a device that retains informa-
tion despite changing input signals is called an n-valued latch,
when the input signals can assume 1 of n-states.

The Ternary Case

According to one aspect of the present invention it is pos-
sible to design and realize a ternary or 3-valued logic memory
element or latch.

In order to design 3-valued latching devices the switching
model of FIG. 4 will be extended to describe three logic
devices with feedback as shown in FIG. 19. An additional
switching device has been added to the configuration com-
pared to the configuration of FIG. 3. The configuration as
shown in FIG. 19 now comprises three ternary switching
devices of which each executes a ternary logic function. It is
assumed that each function completes a switch in a different
time, though this is for illustrative purposes only. It does not
matter if each switches in a same time.

The algorithmic model for the device of FIG. 19 is:

stable situation:
b0=In_1_old 61 a0
a0=In_ 2 0ld 62 ¢c0
c0=In_3 o0ld 63 b0
first cycle
bl=In_1061a0
al=In 2062c0
cl=In_3 03 b0
c2=In_303 bl
b2=In_101al
a2=In_202cl
c3=In_3 03 b2
a3=In 202c2
b3=In_101 a2

In the expressions 01 indicates the ternary logic function of
device 1408 of FIG. 19; 62 indicates the ternary logic func-
tion executed by device 1409 and 03 is the ternary logic
function of device 1410.

Table 1400 of FIG. 20 shows also the expressions and
graph 1401 shows the timelines. It is clear that completion of
a complete cycle requires 3 times 3 individual switching
events. While the model requires more expressions to be
executed than the binary case, the conditions for determining
stability are the same. Consecutive signals on an output
should be identical for the circuit to be stable.

Another requirement is that the relevant output signals
should be uniquely related to the input signals.
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There are 3x3x3 or 27 different combinations possible for
initial conditions (b0, a0, c0). There are also 3x3x3 or 27
different combinations of the input signals (In_1, In_2,
In_ 3) possible.

The ternary latch as shown in FIG. 19 is a device with three
inputs and three outputs. In order to find the ternary logic
functions that will create a latch the following conditions will
be applied:

1. at least 3 different combinations of input signals In_ 1,
In_2andIn_3toinputs 1401, 1402 and 1403 of the circuit
of FIG. 19 will generate stable output signals on outputs
1404, 1405 and 1406.

2. each stable combination of output signals will be uniquely
related to a combination of input signals;

3. each stable and uniquely related combination of output
signals will be independent of the initial conditions of the
circuit;

4. at least one combination of input signals exist, wherein at
least 3 different combinations of stable outputs signals are
generated, wherein each stable combination of output sig-
nals depends on a unique initial condition of the circuit of
FIG.19;

The configuration of FIG. 19 that fulfills the above condi-
tions wherein the output conditions 2 and 3 are the same as the
initial conditions of 4 then realizes a ternary latch.

The configuration of FIG. 19 with devices 1408, 1409 and
1410 all executing the ternary logic function Latch31 will
realize a true ternary latch. The following table provides the
truth table for Latch31.

Latch31 0 1 2
0 1 1 1
1 1 1 2
2 1 2 0

The following table shows the switching table for the con-
figuration of FIG. 19 with ternary logic function Latch32.

In_1 In_2 In_3 bn an cn b0 a0 c0
0 2 2 1 0 2 any any  any
2 0 2 2 1 0 any any  any
2 2 0 0 2 1 any any  any
2 2 2 0 2 1 0 2 1
2 2 2 1 0 2 1 0 2
2 2 2 2 1 0 2 1 0

The switching table shows the execution of the switching
model of table 1400 of FIG. 20. It also shows what a latch
actually does: it “remembers” how inputs are different from
each other. Each of the stable input combinations (0,2,2),
(2,0,2) and (2,2,0) generates a unique output combination
which will be generated for any initial condition. A stable
output situation is the initial condition for the next input
combination.

The situation wherein just one of the inputs changes in
value is advantageous compared to changing two input val-
ues. While measures can be taken to make sure that two or
three input signals change at the same time, any time differ-
ence between input signal change may upset the initial con-
ditions, thus destroying the proper latching performance of
the circuit.
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Input signal combinations different from the ones provided
in the switching table may be considered “forbidden” states
for this configuration.

For the configuration to work as a single digit memory
element a “translation” circuit is needed that will generate for
instance (0,2,2) for memory state 0, (2,0,2) for memory state
1 and (2,2,0) for memory state 2.

With those input signals the output signal an on output
1405 will directly generate the stored digit when the input
signal combination is (2,2,2).

Like in the binary case where the NAND and NOR enable
the binary latch there are different ternary functions exist that
will enable a ternary latching device and have different
memory and forbidden states. One other enabling ternary
function is Latch32 for which the truth table is provided in the
following table.

Latch32 0 1 2

0 2 0 1
1 0 1 1
2 1 1 1

The switching table according to the switching model of
FIG. 20 is provided in the following table.

In_1 In_2 In_3 bn an cn b0 a0 c0
2 0 0 1 2 0 any any  any
0 2 0 0 1 2 any any  any
0 0 2 2 0 1 any any  any
0 0 0 1 2 0 1 2 0
0 0 0 0 1 2 0 1 2
0 0 0 2 0 1 2 0 1

To create a memory device from a latch according to the
configuration of FIG. 19 with ternary function Latch32 a 0
can be translated into (0,2,0) a 1 into (2,0,0) and a 2 into
(0,0,2). The reason for this translation or coding is shown in
the following table.

In In 1 In_2 In_3 bn an ecn b0 a0 c0 Out = bn
0 0 2 0 0 1 2 any any any 0
1 2 0 0 1 2 0 any any any 1
2 0 0 2 2 0 1 any any any 2

— 0 0 0 o 1 2 0 1 2 0

— 0 0 0 1 2 0 1 2 0 1

— 0 0 0 2 0 1 2 0 1 2

By using this translation it is not needed to translate or
combine the output signals as the output 1404 (with signal bn)
will provide the correct signal corresponding with the origi-
nal input signal In.

One possible way to realize an input signal translation
circuit is shown in FIG. 21. The circuit comprises ternary
individually controlled gates such as 1504 in FIG. 21.

The second component is the ternary inverter, drawn as a
circle with a number inside. Drawn inverters in FIG. 21 are
1508 and 1509. Inverter 1508 is inverter i2=(1 2 0) which can
also be described as (1 2 0)=[0 1 2]—[1 2 0].

Inverter 12 (1509 in FIG. 21) is (2 0 1).

The connections between the control inputs of individually
controlled gates 1502, 1503 and 1504 are drawn as dotted
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lines for illustrative purposes to distinguish them from other
connections. Dots 1510 signify hard connections.

Consequently, (assuming that 0 is represented by “absence
of signal”) when the signal In provided by input 1501 is a O
then gate 1503 is conducting and gates 1502 and 1504 are
non-conducting and will generate a 0 on ouputs 1512 and
1514. Inverter 1509 (i1) will change the signal from 0 to 2 and
will output a 2 on 1513. Consequently when In=0 the com-
bination (In__1, In_ 2, In_ 3) will be (0,2,0).

When In is 1, then output 1513 and 1514 will generate a 0
while 1512 will generate a 2; (In_1, In_2, In_ 3) will be
(2,0,0); when In=2 then outputs 1512 and 1513 will generate
a0 while 1514 will generatea2 and (In_ 1,In_ 2, In_3) will
be (0,0,2).

To make sure that in the “store” mode all input signals are
0 one can apply a circuit as shown in FIG. 22. In the diagram
of FIG. 22 1600 represents the ternary latch according to the
configuration of FIG. 19 with ternary function Latch 32. The
input signals In;, In_ 2 and In_ 3 are provided by the circuit
of FIG. 21. The circuit of FIG. 22 has in each of its three inputs
an individually controlled gate which is conducting for con-
trol signal is 1. The control signals are provided by a clock
signal “Clk” that can be 1 or not 1 (for instance 0). So when
the signal “Clk” is 1, the value of the input signals depends on
the signals provided by the translation circuit of FIG. 21 and
ultimately on the “to be stored” data signal In. The value of
signal In is also generated on output 1602 (or signal bn) of the
circuit of FIG. 19.

When the value of the signal “Clk” is changed to NOT 1
(for instance 0) then all input signals to the circuit of FIG. 22
change to 0 and the signal generated on 1602 will reflect the
last data input In.

The 4-value Case.

According to another aspect of the present invention the
method using the switching model and conditions regarding
stability correctness and initial settings also applies to the
4-valued case. It requires the change of the basic configura-
tion to the circuit of FIG. 23 comprised of 4 4-valued func-
tions with feedback. It also requires inclusion of an additional
switching step in the switching model for the 4-valued case.
The algorithmic model for the 4-valued latch as shown in
FIG. 23 is:

stable situation:
b0=In__1_o0ld 61 dO
dO=In_2_old 62 a0
a0=In_3 o0ld 63 c0
c0=In_ 4 old 64 b0
first complete cycle
bl=In_1061d0
d1=In_2 62 a0
al=In_363c0
cl=In_4 064 b0
b2=In_161d1
d2=In_2 62 al
a2=In_3063cl
c2=In_4 64 bl
b3=In_101d2
d3=In_2 62 a2
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a3=In_303c2
c3=In_4 04 b2
b4=In_1061d3
d4=In_2 02 a3
a4=In_303c3
c4=In_4 0413

The device 1708 in FIG. 22 executes 4-valued logic func-
tion 01; device 1709 executes 02; device 1710 executes 63
and 1711 executes 4-valued logic function 64.

It is clear that completion of a cycle requires 4 times 4
individual switching events. While the 4-valued model
requires more expressions to be executed than the ternary, the
conditions for determining stability are the same. That is
consecutive signals on an output should be identical for the 15
circuit to be stable.

Another requirement is that the relevant output signals
should be uniquely related to the input signals.
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A device with a diagram as shown in FIG. 23 with the
individual devices executing a 4-valued logic function Latch
41 will realize a 4-valued latch. The truth table of Latch41 is
shown in the following table.

Latch41 0 1 2 3
0 1 1 1 1
1 1 1 1 2
2 1 1 2 3
3 1 2 3 0

The following 4-valued switching table shows the output
signals as a result of specific input signals and input condi-
tions.

In In 1 In 2 In 3 In 4 bn dn an cn b0 do a0 c0 Out = dn
0 0 3 3 3 1 0 3 2 any any any any 0
1 3 0 3 3 2 1 0 3 any any any any 1
2 3 3 0 3 3 2 1 0 any any any any 2
3 3 3 3 0 0 3 2 1 any any any any 3
— 3 3 3 31 0 3 2 1 0 3 2 0
— 3 3 3 3 2 1 0 3 2 1 0 3 1
— 3 3 3 33 2 1 0 3 2 1 0 2
3 3 3 30 3 2 1 0 3 2 1 3
There are 4x4x4x4 or 256 different combinations possible This configuration is advantageous because only one input
for initial conditions (b0, 0, a0, c0). There are also 4x4x4x4 signal has to change to represent a data input signal. In this
or 256 different combinations for (In_1,In_2,In_3,In_4). 35 configuration the output 1716 of FIG. 23 can serve as the
The 4-valued latch is shown in diagram in FIG. 23. The fieV1ce output as signal dn represents directly the related data
4-valued latch is a device with four inputs and four outputs. In input 51gnal.. :
va . pu outputs. The workings of this latch should be clear: (In_1, In_ 2,
order to find thf: 4-Valu§q logic .functlons .that will create a In_3.In_4)=(0,3,3,3)represents In=0; (In_1,In_2,In_3,
latch the following conditions will be applied: 20 In_4)=(3,0,3,3) represents In=1; (In_2, In_3,Tn_4)=(3,3,
1. at least 4 different combinations of input signals In_ 1, 0,3) represents In=2and (In__1,In_2,In_3,In_ 4)=(3,3, 3,
In_2,In 3andIn 4toinputs1701,1702,1703 and 1704  0) represents In=3. When input combination (In_1, In_2,
of the circuit of FIG. 23 will generate stable output signals m—?{ In?4)(;s S‘(;VltChed Iod@, 3, i’ 33 1t171i6value of the last
tputs 1715. 1716. 1717 and 1718. input is stored and presented on outpu .
on oultputs T an . . . 45  Other 4-valued functions can also enable a 4-valued latch.
2. each stable combl.natl.on of gutput §1gnals will be uniquely An illustrative example of another 4-valued logic function
related to a combination of input signals; enabling a 4-valued latch is the function Latch42 of which the
3. each stable and uniquely related combination of output truth table is provided in the following table.
signals will be independent of the initial conditions of the
circuit; 50
4. at least one combination of input signals exist, wherein at Latcha1 0 1 2 3
least 4 different combinations of stable outputs signals are
generated, wherein each stable combination of output sig- ? 3 ? i ;
nals depends on a unique initial condition of the circuit of 5 1 5 5 5
FIG. 23; 55 3 2 2 2 2

The configuration of FIG. 23 that fulfills the above condi-
tions wherein the output conditions 2 and 3 are the same as the
initial conditions of 4 then realizes a 4-valued latch.

The switching table of the 4-valued latch enabled by
Latch4?2 is provided in the following table.

In In 1 In 2 In 3 In 4 bn dn an cn b0 do a0 c0 QOut = bn
0 0 0 3 0 0 1 2 3 any any any any 0

1 0 3 0 0 1 2 3 0 any any any any 1

2 3 0 0 0 2 3 0 1 any any any any 2
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-continued
In In.1 In_2 In3 In4 bn dn an cn b0 do a0 c0 Out = bn
3 0 0 0 3 3 0 1 2 any any any any 3
— 0 0 0 o 0 1 2 3 0 1 2 3 0
— 0 0 0 o 1 2 3 0o 1 2 3 0 1
— 0 0 0 0 2 3 0 1 2 3 0 1 2
0 0 0 o 3 0 1 2 3 0 1 2 3
The circuit of FIG. 24 can be used to generate the appro- generated, wherein each stable combination of output sig-
priate input signal combinations from an input signal In. The nals depends on a unique initial condition of the latching
circuit is comprised of individually controlled 4-valued gates circuit;
(2402, 2403, 2404 and 2405) and 4-valued inverters ql ;5  The configuration of the n-valued device that fulfills the

(2410), 92 (2409) and q3 (2408). The signal “In” (which can
be 0, 1, 2 or 3) is provided on input 2401 and is the to be
processed signal that will be provided on the outputs 2412,
2413, 2414 and 2415 and also serves as the control signals for
the gates. When In=0, according to the switching table, only
output 2114 should provide a 3. The other outputs should
provide a 0. When In=0 only gate 2404 is conducting. The
inverter q2 has to change input signal In=0 into a 3. Conse-
quently inverter q1 can be (3 0 1 2). When In=1, according to
the switching table, only output 2413 should provide a 3 and
all other outputs should provide a 0. Inverter 2409 (q2) should
change a l intoa3 andcanbe (23 0 1). When In=2, according
to the switching table, only output 2412 should provide a 3
and all other outputs should provide a 0. Inverter 2408 (q3)
should change a 2 into a 3 and can be (1 2 3 0). When In=3
only output 2415 will generate a 3, all other outputs will
generate a 0. The example assumes that state 0 is represented
by “absence of signal”.

Applying the translation circuit of FIG. 24 then assures that
the value of In is directly reflected (without need for transla-
tion) on output 1715 of FIG. 23 providing bn.

The n-valued Latch
According to another aspect of the present invention it is

possible to create a general n-valued latch configuration com-

prising n n-valued logic functions with feedback.

Based on the general n-valued latch a general n-valued
latch algorithmic switching model can be created, comprising
n cycles of n individual switching expressions, each expres-
sion determining the result of a single switching event for
each individual switching device.

The n-valued latch should comply with the following con-
ditions: Completion of a complete cycle requires n times n
individual switching events. Consecutive signals on an output
should be identical for the circuit to be stable. The relevant
output signals should be uniquely related to the input signals.

There are n” different combinations possible for initial
conditions. There are also n” different combinations for input
signals.

The n-valued latch is a device with n inputs and n outputs.
In order to find the n-valued logic functions that will create a
latch the following conditions will be applied:

1. at least n different combinations of input signals will gen-
erate stable output signals on the outputs.

2. each stable combination of output signals will be uniquely
related to a combination of input signals;

3. each stable and uniquely related combination of output
signals will be independent of the initial conditions of the
circuit;

4. at least one combination of input signals exist, wherein at
least n different combinations of stable outputs signals are
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above conditions wherein the output conditions 2 and 3 are
the same as the initial conditions of 4 then realizes an n-val-
ued latch.

One ofthe generic n-valued logic functions that will enable
ann-valued latch is Latchn1 of which the truth table is shown
in the following table.

Latchnl 0 1 2 3 n-2 n-1
0 1 1 1 1 1 1
1 1 1 1 1 2
2 1 1 2 3
3 1 3 4
. . 4
. . 3 . . . n-2

n-2 1 1 2 3 4 . n-2 n-1

n-1 1 2 3 4 n-2 n-1 0

The method to design and create true n-valued latches is
shown in the flow diagram of FIG. 25 and involves 4 major
steps:

Step 1 of the method comprises the generation of all rel-
evant logic functions. It may include or exclude for instance
the non-commutative logic functions.

Step 2 of the method comprises determining the correct
switching model. As was shown an n-valued true latch will
have nlogic elements with feedback and a complete cycle will
involve nxn switching expressions and n initial condition
expressions.

Step 3 of the method comprises the execution of the n-val-
ued switching model for an n-valued true latch, for all pos-
sible input conditions and initial conditions for selected func-
tions.

Step 4 of the method includes the identification of the
presence of n stable combinations of input signals of which
each combination will generate a unique combination of out-
put signals for any initial condition. Step 4 also includes
identifying a (n+1)th combination of input signals that, when
its previous combination was one of the n input signal com-
binations, its resulting output signals will remain unchanged.
The logic functions realizing the above steps can be imple-
mented in the individual devices of the latch to realize a true
n-valued latch.

In view of the above description of the present invention, it
will be appreciated by those skilled in the art that many
variations, modifications and changes can be made to the
present invention without departing from the spirit or scope of
the present invention as defined by the claims appended
hereto. All such variations, modifications or changes are fully
contemplated by the present invention. While the invention
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has been described with reference to an illustrative embodi-
ment, this description is not intended to be construed in a
limiting sense.

It is also understood that the application of the present
invention is focused on creating stable output signals as a
result of applied logic functions. It should be clear to those
skilled in the art that the conditions and requirements can be
changed in such a way that the circuits of the present inven-
tion will never become stable and may therefore have a useful
application as a multi-valued signal generator or multi-vibra-
tor.

The following patent applications, including the specifica-
tions, claims and drawings, are hereby incorporated by refer-
ence herein, as if they were fully set forth herein: (1) U.S.
Provisional Patent Application No. 60/575,948, filed on Jun.
1, 2004, entitted MULTI-VALUE CODING OF
SEQUENCES AND  MULTI-VALUE = MEMORY
DEVICES; (2) U.S. Provisional Patent Application No.
60/599,781, filed Aug. 7, 2004, entitled MULTI-VALUED
DIGITAL INFORMATION RETAINING ELEMENTS
AND MEMORY DEVICES, (3) U.S. Non-Provisional Patent
Application No. 10/935,960, filed on Sep. 8, 2004, entitled
TERNARY AND MULTI-VALUE DIGITAL SCRAM-
BLERS, DESCRAMBLERS AND SEQUENCE GENERA-
TORS; (4) U.S. Non-Provisional Patent Application No.
11/000,218, filed Nov. 30, 2004, entitled SINGLE AND
COMPOSITE BINARY AND MULTI-VALUED LOGIC
FUNCTIONS FROM GATES AND INVERTERS; (5) U.S.
Provisional Patent Application No. 60/646,700 filed Jan. 25,
2005, entitled MULTI-VALUED LOGIC FUNCTIONS IN
LOOK-UP TABLE AND MEMORY CONFIGURATIONS.

The invention claimed is:
1. An n-valued apparatus for retaining information, com-
prising:
an implementation of a logical structure, the logical struc-
ture being completely determined by at least a first n-val-
ued logic function, but by not more than 2 n-valued logic
functions with feedback with n>3 in compliance with a
causal switching model for producing an output signal
that is stable, the first n-valued logic function including:
a first and a second input, the first input enabled to
receive a first signal being in one of n states, and the
second input enabled to receive a second signal being
in one of p states, with p=n-1;
an output enabled to provide an output signal, the output
signal being in one of p states, each state being
uniquely and reversibly related to one of p states of the
first signal provided on the first input; and
the second signal being dependent from the output signal.
2. The n-valued apparatus as claimed in claim 1, wherein
p=n and the logical structure further comprising:
asecond n-valued logic function, the second n-valued logic
function having a first input, a second input and an
output; wherein
the output of the first n-valued logic function is con-
nected to the second input of the second n-valued
logic function, and
the output of the second n-valued logic function is con-
nected to the second input of the first n-valued logic
function;
the first input of the first n-valued logic function being a
first input of the n-valued apparatus;
the first input of the second n-valued logic function being a
second input of the n-valued apparatus; and
the output of the first n-valued logic function being an
output of the n-valued apparatus.
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3. The n-valued apparatus as claimed in claim 2, wherein:

the second input of the n-valued apparatus is capable to
receive a second n-valued signal, the second n-valued
signal having a first state; and

the output of the n-valued apparatus continuing to provide
the n-valued output signal that is uniquely and reversibly
related to the signal on the first input of the first device
when the second n-valued signal is changed from the
first state to a second state.

4. The n-valued apparatus as claimed in claim 3, wherein:

the second n-valued signal is in the second state;

the first n-valued signal is put in a third of n states; and

the output of the n-valued apparatus continues to provide
the n-valued output signal of claim 3 when the second
n-valued signal was in the first state.

5. The n-valued apparatus as claimed in claim 4, wherein
the first n-valued logic function and the second n-valued logic
function are identical n-valued logic functions.

6. The n-valued apparatus as claimed in claim 1, wherein

p=n-1; and

the output of the first n-valued logic function is connected
to the second input of the first n-valued logic function.

7. The n-valued apparatus as claimed in claim 6, wherein
the output signal does not change in state when the signal on
the first input is changed from one in (n-1) states to an n”
state.

8. The n-valued device as claimed in claim 7, further com-
prising a gating device including:

a first input enabled to receive a signal being in one of (n-1)
states, a control input enabled to receive a signal having
one of at least two states, and an output enabled to
provide an output signal being in one of n states, the
output of the gating device being connected to the first
input of the first device and wherein:
the output of the gating device provides the signal

received on the first input of the gating device when
the control input receives a signal in a first state and
the output of the gating device provides a signal in an
nth state when the control input receives a signal not
in a first state.

9. The n-valued apparatus as claimed in claim 2, wherein
the first input of the second n-valued logic function is con-
nected to the first input of the first n-valued logic function, and
further comprising:

a gating device having:

a first and a second input, each capable to receive an
n-valued signal;

a control input, capable to receive a signal having at least
a first and a second state;

an output, enabled to provide an n-valued signal; and
wherein

the output of the n-valued apparatus is connected to the
second input of the gating device;

the output of the gating device is connected to the first input
of the n-valued apparatus;

the first input of the gating device is conducting to the
output of the gating device when the control input
receives a signal in a first state; and

the second input of the gating device is conducting to the
output of the gating device when the control input
receives a signal not in a first state.

10. The n-valued apparatus as claimed in claim 2, wherein:

the first input of the second n-valued function is connected
to the first input of the first n-valued function.



US 7,397,690 B2

43

11. The n-valued apparatus as claimed in claim 10, wherein
the first input of the second n-valued function is connected to
the first input of the first n-valued function through a revers-
ible n-valued inverter.

12. The n-valued apparatus as claimed in claim 1, wherein
the output of the

first n-valued logic function is connected with the second

input of the first n-valued logic function and p=n.

13. The n-valued apparatus as claimed in claim 12, wherein
the output of the first n-valued logic function is connected to
the second input through a reversible n-valued inverter.

14. The n-valued device as claimed in claim 12, further
comprising a gating device including:

a first input enabled to receive a signal being in one of n

states, a second input being connected to the output of
the first device, a control input, and an output enabled to
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provide an output signal being in one of n states, the

output being connected to the first input of the first

device, and wherein:

the output of the gating device provides the signal
received on the first input of the gating device when
the control input receives a signal in a first state and
the output of the gating device provides the signal
provided on the second input of the gating device
when the control input receives a signal in a second
state.

15. The n-valued device as claimed in claim 1, wherein a
state of a truth table that determines the n-valued logic func-
tion is represented by an electrical signal.

16. The n-valued device as claimed in claim 1, wherein a
state of a truth table that determines the n-valued logic func-
tion is represented by an optical signal.
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