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(7) ABSTRACT

The invention discloses models and methods to create stable
binary and non-binary sequential devices comprised of one
or more logic functions of which an output signal is uniquely
related to an input signal. Methods and apparatus for non-
binary single independent input information retaining
devices from two logic functions are disclosed. Memory
elements using the information retaining devices and meth-
ods are also disclosed. Methods and apparatus for n-valued
memory devices including n-valued inverters with feedback
are disclosed. Binary and non-binary information retaining
elements with two logic functions and two independent
inputs are disclosed. Also disclosed are n-valued gating
devices that can be combined with n-valued information
retaining devices to form n-valued memory devices. Meth-
ods and apparatus for single non-binary n-valued logic
function latches are disclosed. Single non-binary n-valued
function methods realizing (n-1)-valued latching methods
controlled by an nth state are also disclosed. Two non-binary
n-valued logic functions based memory devices retaining the
value of a first input and controlled by a second input are
disclosed. Ternary, 4-valued and n-valued true latches are
disclosed.
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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
by —b,4=0
2. one or both outputs ‘a’
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.

I

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

STATEMENT OF RELATED CASES

[0001] This patent application claims the benefit of U.S.
Provisional 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. Provisional Patent Application No. 60/599,781,
filed Aug. 7, 2004, entitled MULTI-VALUED DIGITAL
INFORMATION  RETAINING ELEMENTS AND
MEMORY DEVICES, both of which are incorporated
herein fully by reference.

BACKGROUND OF THE INVENTION

[0002] 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.

[0003] The multi-valued digital memory elements can be
applied in digital circuit applications where the temporary
storage of multi-valued digital information is required.

[0004] 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).

[0005] Other binary devices use logical effects. By apply-
ing 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.

[0006] The related art in binary digital electronic circuits
comprises 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 sequen-
tial devices.

[0007] An n-valued digit (with n an integer greater than 2)
has inherently more information content than a binary digit.
Consequently a memory device that can retain an n-valued
digit retains more information than a binary memory device.

[0008] Multi-valued sequential digital (memory) devices
can also facilitate the usefulness of other multi-valued logic
circuits.

[0009] 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 information retaining devices. The switching model
according to one aspect of the present invention will enable
identifying the appropriate n-valued logic functions.
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[0010] 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.

SUMMARY OF THE INVENTION

[0011] Inview 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 sequen-
tial devices.

[0012] The general purpose of the present invention,
which will be described subsequently in greater detail, is to
provide methods of designing and testing of ternary, 4-val-
ued 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 following description or illus-
trated in the drawings. The invention 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, quan-
tum-mechanical, molecular or of any other physical switch-
ing 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.

[0013] 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 values 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.

[0014] An object of the present invention is to provide a
new method for creating and testing multi-valued digital
sequential and memory devices that will overcome the
shortcomings of the prior art technology.

[0015] Another object of the present invention is to pro-
vide 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.

[0016] Another object of the present invention is to pro-
vide 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.

[0017] Another object of the present invention is to pro-
vide 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 nth state to retain information reflecting
the previous state and do not require more than one inde-
pendent input.

[0018] Another object of the present invention is to pro-
vide a method to create and test an n-valued sequential
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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 origi-
nal Data signal has been removed.

[0019] Another object of the present invention is to create
signal delay for an n-valued signal by applying at least two
reversible n-valued logic inverters.

[0020] 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.

[0021] Another object of the present invention is to create
an n-valued memory device from inverters with feedback
and individually controlled gates.

[0022] Another object of the present invention is to create
a controlled 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.

[0023] 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.

[0024] 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 functions. The methods that are part of this
invention and are applied for creating and testing the correct
and stable n-valued single and two function devices will also
enable non-commutative n-valued functions in those con-
figurations. The methods can also be applied to design and
test two function devices with different and non-commuta-
tive functions.

[0025] 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 function. 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 recognized. 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 component 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.

[0026] This invention addresses the shortcomings and
limitations in present and prior information retaining
devices.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] Various other objects, features and attendant
advantages of the present invention will become fully appre-
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ciated as the same becomes better understood when consid-
ered in conjunction with the accompanying drawings, and
wherein:

[0028] FIG. 1 is a block diagram of an n-valued informa-
tion 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.

[0029] FIG. 2 shows a diagram of an n-valued informa-
tion retaining device with a first independent input and a
second derived input comprising two n-valued logic func-
tions with feedback.

[0030] FIG. 3 is a diagram of an n-valued information
retaining device with two independent inputs, comprising
two n-valued logic functions with feedback.

[0031] FIG. 4 shows the symbolic expression of the
switching model in a table and the time line of the switching
model in a graph.

[0032] 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.

[0033] FIG. 6 is the flow diagram explaining the steps to
apply the switching model of FIG. 4.

[0034] FIG. 7a is a diagram of two serial reversible
inverters creating a signal delay.

[0035] FIG. 7b is a diagram of three serial reversible
inverters creating a signal delay.

[0036] FIG. 7c is a diagram of an n-valued memory
device realized from n-valued inverters with feedback and
individually controlled gates.

[0037] FIG. 8 is another diagram of an n-valued informa-
tion retaining device with a first independent input, com-
prising two n-valued logic functions with feedback.

[0038] FIG. 9 is a diagram of a single n-valued function
information retaining device with feedback.

[0039] FIG. 10 is a realization of a single function infor-
mation retaining device with feedback applying individually
controlled gates.

[0040] FIG. 11 is another realization of a single function
information retaining device with feedback applying indi-
vidually controlled gates.

[0041] FIG. 12 is another diagram of a single n-valued
function information retaining device with feedback.

[0042] FIG. 13 is a diagram of an n-valued memory
device comprising a gating device and an n-valued infor-
mation retaining device.

[0043] FIG. 14 is a more detailed diagram of an n-valued
gating device.

[0044] FIG. 15 is another diagram of an n-valued gating
device.

[0045] FIG. 16 is a diagram of an n-valued memory
device comprised of a gating device and an n-valued infor-
mation retaining device with a single independent input.
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[0046] FIG. 17 is a diagram of an n-valued memory
device with an (n+1)th state to control the device.

[0047] FIG. 18 is a diagram of an n-valued memory
device with two independent inputs comprising two n-val-
ued functions with feedback, of which the first input pro-
vides a Data signal and the second input provides a con-
trolling Reset signal.

[0048] FIG. 19 shows a diagram of a 3-function informa-
tion retaining device with feedback.

[0049] 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.

[0050] FIG. 21 shows a diagram of a 3-valued signal
translation device.

[0051] FIG. 22 shows a block diagram of a 3-valued latch.

[0052] FIG. 23 shows a diagram of a 4-function informa-
tion retaining device with feedback.

[0053] FIG. 24 shows a diagram of a 4-valued signal
translation device.

[0054] FIG. 25 is a flow diagram of the method to create
true n-valued latches.

DETAILED DESCRIPTION OF THE
INVENTION

[0055] One aspect of the present invention provides appa-
ratus 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.

[0056] Method for Creating Two Function Stable Sequen-
tial Multi-Valued Devices

[0057] In accordance with one aspect of the present inven-
tion, 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 output signal. Furthermore, the device provides a stable
output 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.

[0058] 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 No.
10/935,960, filed on Sep. 8, 2004, entitled TERNARY AND
MULTI-VALUE DIGITAL SCRAMBLERS, DESCRAM-
BLERS AND SEQUENCE GENERATORS which is hereby
incorporated by reference. For example if 102 is a ternary
reversible inverter, it may invertaOtoa 1l,altoa?2 and a
2 to a 0. 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.

[0059] The device 100 in FIG. 1 functions as an infor-
mation retaining device of which the details are shown in
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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 rep-
resents 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 feed-
back.

[0060] FIG. 2 shows a generic configuration, in accor-
dance 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-valued 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 external 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 require-
ments 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.

[0061] 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.

[0062] There are conditions that are essential for informa-
tion retaining devices according to the configurations of
FIG. 1 and FIG. 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 unambiguously 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 the time that one
function takes to complete an output signal as the result of
a changing input signal.

[0063] 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 with n 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





































































