US 20140163702A1

a9 United States

a2y Patent Application Publication (o) Pub. No.: US 2014/0163702 Al

Ludwig 43) Pub. Date: Jun. 12, 2014
(54) CROSS-FEEDBACK-CONTROLLED (52) US.CL
HYSTERON SYNTHESIZED HYSTERESIS CPC oo GO5B 15/02 (2013.01)
NETWORKS FOR SIGNAL PROCESSING, USPC 700/67
CONTROLLERS, MUSIC, AND COMPUTER  USPC s
SIMULATIONS IN PHYSICS, ENGINEERING,
AND ECONOMICS (7 ABSTRACT

(71)

(72)

@
(22)

(63)

(60)

(1)

Applicant: Lester F. Ludwig, San Antonio, TX
(US)

Inventor: Lester K. Ludwig, San Antonio, TX

(Us)
Appl. No.: 14/180,579

Filed: Feb. 14, 2014

Related U.S. Application Data

Continuation of application No. 13/186,459, filed on
Jul. 19, 2011, now Pat. No. 8,706,449.

Provisional application No. 61/365,785, filed on Jul.
20, 2010.

Publication Classification

Int. Cl1.

GO5B 15/02 (2006.01)

A method for synthesis of an advanced hysteresis function of
aplurality of inputs providing cross-feedback-controlled hys-
teron synthesized hysteresis networks for signal processing,
controllers, music, and computer simulations in physics,
engineering, and economics is described. The method
includes receiving and processing of a plurality of input sig-
nals with at least two parameterized multivariable nonlineari-
ties, each parameterized multivariable nonlinearity serving as
a parameterized hysteron, to produce at least one associated
output signal. The output signals are processed by controller
functions, each controller function comprising memory and
producing at least one control signal responsive to at least one
of'the output signals and for controlling an associated param-
eterized hysteron. The resulting system provides a hysteretic
response to at least one of the plurality of input signals, and
can be used in the modeling and nonlinear control of systems
involving networks of gears, electrical transformers, eco-
nomic processes, or other networked hysteretic elements.
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CROSS-FEEDBACK-CONTROLLED
HYSTERON SYNTHESIZED HYSTERESIS
NETWORKS FOR SIGNAL PROCESSING,

CONTROLLERS, MUSIC, AND COMPUTER
SIMULATIONS IN PHYSICS, ENGINEERING,
AND ECONOMICS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 13/186,459, filed Jul. 19, 2011, which claims
benefit of priority from Provisional U.S. Patent application
Ser. No. 61/365,785, filed Jul. 20, 2010, the contents of which
are incorporated by reference.

COPYRIGHT & TRADEMARK NOTICES

[0002] A portion of the disclosure of this patent document
may contain material, which is subject to copyright protec-
tion. Certain marks referenced herein may be common law or
registered trademarks of the applicant, the assignee or third
parties affiliated or unaffiliated with the applicant or the
assignee. Use of these marks is for providing an enabling
disclosure by way of example and shall not be construed to
exclusively limit the scope of the disclosed subject matter to
material associated with such marks.

BACKGROUND OF THE INVENTION

[0003] The invention pertains to the synthesis of various
types of hysteresis, and in particular the synthesis of hyster-
esis operations for use in controllers, the synthesis of
advanced form of hysteresis, and the advanced synthesized
hysteresis for various applications such as signal processing,
controllers, music, and computer simulations as may be used
in physics, engineering, economics, as well as other areas.
[0004] Hysteresis occurs in many aspects and types of
physical processes [ A]. In mechanical engineering hysteresis
occurs in gears and other mechanical structures. Many types
of familiar [B] and newly emergent [C] magnetic materials
and devices exhibit various forms of magnetization hyster-
esis.

[0005] Hysteresis also occurs in other types of physical
processes, particularly phase transition processes [D] (in-
cluding self-organizing criticality) as is well known but also
notably in optical processes [E, F], some of which exhibit
unusually shaped hysteresis curves [G], as well as friction,
fluidics, hydrology, bilogy, and superconditivity.

[0006] Hysteresis also occurs in financial and economic
systems (for example, often occurring in modeling the effects
of unemployment in an economy) [H,I,J,K]. In the inventor’s
own work, hysteresis can occur in economic systems (as well
as the abstractions of transaction costs as applied to commu-
nications, computers, and manufacturing systems) in
responses to or control of transaction costs.

[0007] Many systems and applications include electronic
or computer control systems that operate on hysteretic sub-
systems or processes, and the hysteretic behavior complicates
the design and operations of those control systems [L,M].
Many forms of sophisticated optimal control extend into con-
trol arrangements that involve hysteresis, as do simple house-
hold thermostats. Hysteresis processes also arise in game
theory.

[0008] Inelectronics, hysteresis processes have historically
been utilized in, noise-rejection circuits (Schmitt triggers)
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and non-linear oscillators. Electronic transformers and induc-
tors inherently exhibit electrical hysteresis effects due to the
natural hysteretic properties of the materials used to make the
transformer core. More profoundly, the theoretically pre-
dicted (Leon Chua) and recently perfect (Stanley Williams
and team) memistor, the “fourth” passive circuit element [N],
exhibits hysteresis processes (including the noteworthy
“pinched” form of hysteresis curve) [O,P]. Hysteresis pro-
cesses are also employed in the design and operation of cer-
tain types of electrical AC-powered synchronous motors used
to render stable exact speeds.

[0009] Inelectronic vacuum-tube electric guitar amplifiers,
hysteresis occurs in overdriven vacuum-tube amplifier output
transformers due to the natural hysteretic properties of the
materials used to make the transformer core and is a compo-
nent (among many) of overdriven electric guitar vacuum-tube
amplifier distortion that has become an essential aspect of
contemporary popular music worldwide for many decades.
[0010] Mathematically, hysteresis effects are effectively a
type of bifurcation and are closely related to subjects such as
catastrophe theory [Q]. Even simple hysteresis models can
comprise tremendously extensive and intriguing families of
behaviors. The modeling, study, and generalizations of hys-
teresis phenomena and nonlinear differential equations that
possess them has been and remains a deep and interesting area
of study, involving sophisticated mathematical techniques,
tools, elements, and structures including differential inclu-
sions, linear and nonlinear operator theory, singular pertur-
bations, differential representations, linear and nonlinear
spectral theory, topological degree, Poincare maps, cellular
and differential automata, nural network representations,
fractional calculus and fractional-order integral/differential
equations (in modeling, a source of hysteresis, and as a supe-
rior type of control system compensator for systems with
input hysteresis), and fractal analysis [A,R,S,T,U,V,W.X].
[0011] Set against this background, the present invention
provides a number of innovative steps of commercial value to
real-time systems, control systems, numerical simulations of
system, signal processing, music audio, and other applica-
tions.

[0012] Inpartial relation to the present invention, the inven-
tor has found that more generally hysteresis effects in wave-
form distortion and waveform shaping processes can create
valuable amplitude-varying spectral effects of particular
interest in musical sound synthesis and musical signal pro-
cessing. Further in partial relation to the present invention, the
inventor has found that time-variation or modulation of
parameters controlling parameterized synthesized hysteresis
also create valuable spectral effects.

[0013] Additionally, such parameterized synthesized hys-
teresis as developed for the above and other applications
appear to be valuable as control systems elements and as
“metamodeling” elements within numerical system simula-
tions.

[0014] Further, in that natural hysteresis effects in practice
exhibit inherent multiple-input aspects, and often multiple-
output aspects, it is useful to further extend the synthesis of
hysteresis to encompass the synthesis of vector hysteresis
processes.

SUMMARY OF THE INVENTION

[0015] For purposes of summarizing, certain aspects,
advantages, and novel features are described herein. Not all
such advantages may be achieved in accordance with any one
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particular embodiment. Thus, the disclosed subject matter
may be embodied or carried out in a manner that achieves or
optimizes one advantage or group of advantages without
achieving all advantages as may be taught or suggested
herein.

[0016] Features and advantages of the invention will be set
forth in the description which follows, and in part will be
apparent from the description, or may be learned by practice
of the invention. The objectives and other advantages of the
invention will be realized and attained by the structure par-
ticularly pointed out in the written description and claims
hereof as well as the appended drawings.

[0017] Inone aspect of the invention provides a method for
synthesis of a hysteresis function of a plurality of inputs, the
method comprising:

[0018] Receiving a plurality of input signals;

[0019] Processing the plurality of input signals with at
least a parameterized multivariable nonlinearity, the
parameterized multivariable nonlinearity serving as a
parameterized hysteron, to produce at least one output
signal; and

[0020] Processing the plurality of input signals with at
least a controller function, the controller function com-
prising memory and producing at least one control sig-
nal responsive to at least one of the plurality of input
signals, the at least once control signal for controlling
the parameterized hysteron,

[0021] wherein the at least one control signal is used to
control the parameterized hysteron so as to create a
hysteretic response to at least one of the plurality of input
signals.

[0022] For multi-variable (vector) hysteresis synthesis, the
control signals produced by a controller function can accord-
ingly be hysteretic ally responsive to at least one of a plurality
of input signals.

[0023] Another aspect invention also provides for a variety
of scalar hysteresis synthesis systems and methods, for
example employing the further aspects of the invention pro-
vided below (as well as elsewhere in the specification). For
scalar, the control signals produced by a controller function
can accordingly be hysteretically responsive to the input sig-
nal.

[0024] In another aspect of the invention the controller
function is responsive to at least one extremal value of the
amplitude of at least one of the plurality of input signals. In
another aspect of the invention the controller function is
responsive to at least an integration of the amplitude of at least
one of the plurality of input signals. In another aspect of the
invention the controller function is responsive to at least one
time-derivative of the amplitude of at least one of the plurality
of input signals.

[0025] In another aspect of the invention the controller
function is responsive to at least one extremal value of the
phase of at least one of the plurality of input signals. In
another aspect of the invention the controller function is
responsive to at least an integration of the phase of at least one
of the plurality of input signals. In another aspect of the
invention the controller function is responsive to at least one
time-derivative of the phase of at least one of the plurality of
input signals.

[0026] In another aspect of the invention the controller
function is responsive to at least one extremal value of a
quantity responsive to the signal spectrum of at least one of
the plurality of input signals. In another aspect of the inven-
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tion the controller function is responsive to at least an inte-
gration of a quantity responsive to the signal spectrum of at
least one of the plurality of input signals. In another aspect of
the invention the controller function is responsive to at least
one time-derivative of a quantity responsive to the signal
spectrum of at least one of the plurality of input signals.
[0027] Inanother aspect of the invention the control signal
comprises a single control signal.

[0028] In another aspect of the invention the control signal
comprises a plurality of control signals.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] The above and other aspects, features and advan-
tages of the present invention will become more apparent
upon consideration of the following description of preferred
embodiments taken in conjunction with the accompanying
drawing and figures.

[0030] FIG. 1A depicts a representation of an example hys-
teresis trajectory “loop” representing phenomenon present,
for example, in magnetic systems subjected to a periodic
input.

[0031] FIG. 1B depicts a representation of a more general
example of a hysteresis trajectory curve for a hysteretic sys-
tem, such as that producing the hysteresis trajectory curve
depicted in FIG. 1A, resulting from an input that repeatedly
reverses direction over an interval of time with monotonically
increasing peak-to-peak amplitude.

[0032] FIG. 1C depicts a representation of a more general
example of a hysteresis trajectory curve for a hysteretic sys-
tem, such as that producing the hysteresis trajectory curve
depicted in FIG. 1A, resulting from an input that repeatedly
reverses direction over an interval of time with monotonically
decreasing peak-to-peak amplitude.

[0033] FIG. 1D depicts a representation of an example hys-
teresis trajectory resulting from an input that repeatedly
reverses direction over an interval of time but with irregu-
larly-varying peak-to-peak amplitude.

[0034] FIG. 1E depicts how the hysteresis process such as
that associated with FIG. D transforms the input signal into an
output signal.

[0035] FIG. 1F and FIG. 1G, reproduced from [E], depict
representations of an example “butterfly-shaped™ hysteresis
loops that occur in quantum-level optical mixing phenon-
mena.

[0036] FIG. 1H depicts a representation of an example
“pinched” hysteresis loop that occur in memristor implemen-
tations [P].

[0037] FIGS. 11, 1], and 1K, reproduced from FIG. 61 of
the inventor’s U.S. Pat. No. 7,309,828, depicts aspects of
hysteresis synthesis taught therein.

[0038] FIG. 2 depicts an input-output representation that is
applicableto the arrangement of FIG. 15 as well as other types
of hysteresis discussed herein and elsewhere.

[0039] FIG. 3 depicts a multi-variable hysteresis synthesis
arrangement wherein the hysteresis is variable-separable.
[0040] FIG. 4 depicts a multi-variable hysteresis synthesis
arrangement wherein the hysteresis is hierarchical in the vari-
ables.

[0041] FIG. 5 depicts a multi-variable hysteresis synthesis
arrangement wherein the hysteresis is cross-coupled in the
variables.

[0042] FIGS. 6A and 6B depict two viewpoints of an exem-
plary two-input one-output multi-variable hollow-volume
hysteresis surface comprised of joined but distinct hysteron
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surfaces each comprising covariant nonlinearity and inducing
covariant hysteretic effects for each of the two input variables.
[0043] FIG. 7 depicts a multi-variable hysteresis synthesis
arrangement wherein the hysteresis comprises a covariant
nonlinearity.

[0044] FIG. 8A depicts an arrangement for phase hysteresis
synthesis.
[0045] FIG. 8B depicts an arrangement for combined

amplitude and phase hysteresis synthesis.

[0046] FIG. 8C depicts an arrangement for hysteresis syn-
thesis that is frequency dependent.

[0047] FIG.9 depicts an arrangement for hysteresis synthe-
sis that varies according to dynamics as defined by a dynami-
cal system.

[0048] FIG. 10A depicts an example arrangement wherein
a hysteresis synthesis element is used to create a compensated
input signal to apply to a hysteretic system or process.
[0049] FIG. 10B depicts an example arrangement wherein
a hysteresis synthesis element is used to create a compensated
output signal from the output of a hysteretic system or pro-
cess.

[0050] FIG. 11A through FIG. 11D depict various topo-
logical arrangements employing hysteresis synthesis in feed-
back control systems.

[0051] FIGS. 12A through 12E depict arrangements
employing hysteresis synthesis in both pre-emphasis/post-
deemphasis and feed-back control systems.

[0052] FIG. 13 depicts arrangements employing hysteresis
synthesis in a computer simulation.

[0053] FIG. 14 depicts arrangements employing hysteresis
synthesis in a computer model.

DETAILED DESCRIPTION

[0054] In the following, numerous specific details are set
forth to provide a thorough description of various embodi-
ments. Certain embodiments may be practiced without these
specific details or with some variations in detail. In some
instances, certain features are described in less detail so as not
to obscure other aspects. The level of detail associated with
each of the elements or features should not be construed to
qualify the novelty or importance of one feature over the
others.

[0055] In the following description, reference is made to
the accompanying drawing figures which form a part hereof,
and which show by way of illustration specific embodiments
of the invention. It is to be understood by those of ordinary
skill in this technological field that other embodiments may
be utilized, and structural, electrical, as well as procedural
changes may be made without departing from the scope of the
present invention.

[0056] Those of ordinary skill in this technological field
will understand that other embodiments may be utilized, and
structural, electrical, as well as procedural changes may be
made without departing from the scope of the present inven-
tion. Wherever possible, the same reference numbers will be
used throughout the drawings to refer to the same or similar
parts.

Example Scalar Hysteresis Curves

[0057] Traditional hysteresis curves for transformers,
gears, pseudo-elastic deformation, etc. are well known (see
for example [R]). Most such hysteresis curves are at least
piecewise continuous although they typically have disconti-
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nuities in at least the first derivative. Many such hysteresis
curves do not include “dead-zones,” but notable exceptions to
this are mechanical toothed-gear hysteresis under rotational
direction reversal and “Schmitt trigger” electrical circuits.
[0058] Although there are many types and variations of
hysteresis curves, FIG. 1a depicts a commonly rendered rep-
resentation of a closed hysteresis curve (“loop”). More spe-
cifically, FIG. 1A depicts a representation of an example
typical hysteresis trajectory curve “loop” representing phe-
nomenon present, for example, in magnetic systems sub-
jected to a periodic input. These types of curves are some-
times referred to as a “limiting loop™ or related terminology.
[0059] FIG. 1B depicts a representation of a more general
example of a hysteresis trajectory curve for a hysteretic sys-
tem, such as that producing the hysteresis trajectory curve
depicted in FIG. 1A, resulting from an input that repeatedly
reverses direction over an interval of time with monotonically
increasing peak-to-peak amplitude. These types of open
(nonclosed or “non-loop”) curves, regardless of direction of
travel over time, are sometimes referred to as a “reversal
curve” or related terminology.

[0060] FIG. 1C depicts an analogous “reversal curve” rep-
resentation of a more general example of a hysteresis trajec-
tory curve for a hysteretic system, such as that producing the
hysteresis trajectory curve depicted in FIG. 1A, resulting
from an input that repeatedly reverses direction over an inter-
val of time with monotonically decreasing peak-to-peak
amplitude.

[0061] FIG. 1D depicts a representation of an example hys-
teresis trajectory resulting from an input that repeatedly
reverses direction over an interval of time but with irregu-
larly-varying peak-to-peak amplitude. FIG. 1E depicts how
the hysteresis process such as that associated with FIG. 1D
transforms the input signal into an output signal.

[0062] FIG. 1F and FIG. 1G, reproduced from [E], depict
representations of an example “butterfly-shaped™ hysteresis
loops that occur in quantum-level optical mixing phenomena.
[0063] FIG. 1H depicts a representation of an example
“pinched” hysteresis loop that occur in memristor implemen-
tations [P].

Relevant Example Hysteresis Modeling and Analysis

[0064] The hysteresis modeling literature is immense
[A-X] and continuing to expand. Much of this has to with
analysis efforts, the modeling of properties of materials, sys-
tems, and processes, and to some extent the design of control
systems. The mathematics is rich, inviting, and as deep and
intricate as a thinking mathematician or physicist would hap-
pily and stridently seck.

[0065] The present invention is directed in part to the syn-
thesis of hysteresis processes and their use in real-time sys-
tems, control systems, numerical simulations of system, sig-
nal processing, music audio, and other applications. Although
all of the mathematical machinery and empirical observation
behind it are extensively informative to the background of the
invention, only a few selected aspects of this extensive math-
ematics are leveraged in the present invention. Some of the
scalar hysteresis modeling concepts useful to the present
invention include but are not limited to:

[0066] Informal interpretations of scalar hysteresis as
nonlinearities with memory attributes that invoke
branching [S];

[0067] Hysterons which are the individual branches
(typically nonlinear, but for the purposes of the present
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invention will include linear and piecewise-linear) of a
hysteresis curve or trajectory

[0068] Rate-independent aspects of a hysteresis process;
[0069] Rate-dependent aspects of a hysteresis process;
[0070] “Selector” and “almost selector’” aspects adapted

from representations of multi-valued functions [L]—
other names and variations of these exist, for example
“switch function,” “switching-function,” and in some
terminologies “branch condition,” “branching condi-
tion,” etc.;

[0071] Local memory aspects wherein future-time val-
ues of such aspects a hysteresis process output are
uniquely determined by the present-time value of that
output and future-time behavior of the input. In some-
what deeper mathematical formulations, local memory
aspects of a hysteresis process are “Play” and “Stop”
operators [L]. In a differential model, each point in the
input-output graph of a local-memory aspect of a hys-
teresis process can only lead to only two possible future
paths. A Schmitt trigger electrical circuit is an example
of'a local memory aspect of a hysteresis process;

[0072] Non-local memory aspects wherein future-time
values and future-time paths of such aspects a hysteresis
process output depend on more than the current output
value. Two important examples are:

[0073] Values of the most recent input extrema,
[0074] Values of the two most recent input extrema,
[0075] Values of “all” (perhaps asymptotically sup-

pressed) input extrema,

[0076] The entire history of input values overtime,
[0077] Rate-of-change over time of the input.
[0078] In a differential model, each point in the input-

output graph of a local-memory aspect of a hysteresis
process can only lead to many (or an infinite number)
of possible future paths. An electrical transformer is
an example of a non-local memory aspect of a hyster-
esis process.
It is with regards to non-local memory aspects a hysteresis
process that additional mathematical hysteresis models (such
as Prieisach, Stoner-Wohlfarth [S], differential [U], and
automata [R]) and aspects of multi-valued functions [L] can
be further employed in the implementation of hysteresis syn-
thesis as provided for by the present invention.
Example Scalar Hysteresis Synthesis Such as that Taught in
U.S. Pat. No. 7,309,828
[0079] Scalar hysteresis is the form of hysteresis wherein
there is a single input variable and a single output variable.
Scalar hysteresis is the form of hysteresis that is most dis-
cussed, taught, and studied.
[0080] FIGS. 11, 1], and 1K, reproduced from FIG. 61 of
the inventor’s previous U.S. Pat. No. 7,309,828 relating to
hysteresis synthesis, shows aspects of hysteresis synthesis as
provided for by that patented invention. These aspects of
hysteresis synthesis pertain to at least scalar A brief review is
provided here:

[0081] The input/output graph depicted in FIG. 11 shows
example symmetric curves that are linear 102, superlin-
ear 103, and sub-linear 104 along with the time/ampli-
tude oscillograph of an example applied waveform 110
depicted in FIG. 1]J. Other types of symmetric or non-
symmetric nonlinearities can also be used.

[0082] A time-derivative operation on the applied signal
waveform 110 followed by sign detection reveals
whether the applied signal waveform is at any instant
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increasing or decreasing. As an example, the applied
signal waveform 110 would be applied to one nonlinear
warping function such as 103, 104 when increasing and
the other when decreasing, resulting in the waveform
depicted in FIG. 1K comprised of solid-line curve seg-
ments 113 (thin-line) and 114 (bold-line) rather than the
dashed-line waveform 112 that would have been created
by the linear curve 102. The nonlinear branch segments
113, 114 serve here as hysterons.

[0083] Inorderto allow the applied input signal to vary in
amplitude and still maintain piecewise-continuity of'the
waveform, the invention of U.S. Pat. No. 7,309,828 pro-
vides for the warping nonlinearities to be themselves
adaptively scaled or otherwise altered based on ampli-
tude information from the current and previous direction
reversals, moving average of waveform area or wave-
form power, etc. These aspects address at least local
memory, non-local memory, selector, and rate-indepen-
dent aspects of various types of hysteresis processes.

[0084] The invention of U.S. Pat. No. 7,309,828 also
provides for aspects of the hysteresis synthesis process,
such as curve shapes and degrees of dependency on
waveform history, to be varied in real-time by control
parameters. The invention of U.S. Pat. No. 7,309,828
allows for such control parameters to be used for the
modulation of synthesized hysteresis processes, for
example in the production of electronic music signal
processing and electric guitar distortion. The invention
of U.S. Pat. No. 7,309,828 also allows for such control
parameters to be used for the adjustment of synthesized
hysteresis processes, for example under control param-
eter recall in the context of stored program control.

More Advanced Hysteresis Synthesis

[0085] The present invention provides for such control
parameters to be used for the tuning, adaptation, etc. of syn-
thesized hysteresis processes. The present invention further
provides for such control parameters to be used as an element
and/or method in the synthesis of more complex synthesized
hysteresis processes. For example, synthesized hysterons can
be parameterized in this fashion and control signals can be
used to adjust synthesized hysteron parameters. The control
signals can, for example, be produced by a controller function
according to the outputs of selectors, signal time-derivative
sign detectors, integrators, fractional dynamical processors,
control systems, system measurement sensors, etc.

[0086] FIG. 2 depicts an input-output representation that is
applicable to the hysteresis synthesis arrangements of FIGS.
11 through 1K as well as other types of hysteresis discussed
herein and elsewhere. Here the input signal g(x) is operated
on by the Hysteretic Synthesis element to create an output
signal h(x). In an embodiment of the invention, the charac-
teristics of the type and character of the hysteresis operation
invoked by the Hysteretic Synthesis element can be param-
eterized, i.e., determined by the value of one or more param-
eter(s). In an embodiment of the invention, the value of one or
more of these parameter(s) can be used as a control input, here
designated as the quantity c. If there are a plurality of such
parameters structured as a control input, ¢ is a vector. If there
is only a single such parameter structured as a control input,
c is a scalar.

[0087] The present invention provides additional and more
advanced types of synthesized hysteresis for use in applica-
tions including signal processing, controllers, music, and
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computer simulations in physics, engineering, and econom-
ics. In particular, the present invention provides for, among
other things, the following types of advanced hysteresis
which can be used individually or in combination:

[0088] Multi-variable hysteresis synthesis;

[0089] Phase hysteresis synthesis;

[0090] Frequency-dependent hysteresis synthesis;
[0091] Dynamical variation of hysteresis parameters for

hysteresis synthesis.
[0092] Each of these is considered in more detail in the
sections to follow.
[0093] Additionally, the present invention provides for the
use of synthesized hysteresis of the types described in U.S.
Pat. No. 7,309,828, and/or the types of advanced hysteresis
listed above, in control systems, computer simulation, and as
a component in the advanced hysteresis synthesis systems
and methods to be presented.
[0094] For scalar hysteresis synthesis, the control signals
produced by a controller function can accordingly be hyster-
etic ally responsive to the input signal. For multi-variable
(vector) hysteresis synthesis, the control signals produced by
a controller function can accordingly be hysteretic ally
responsive to at least one of a plurality of input signals.
[0095] In an example implementation the controller func-
tionis responsive to at least one extremal value of the phase of
at least one of the plurality of input signals. In another imple-
mentation the controller function is responsive to at least an
integration of the phase of at least one of the plurality of input
signals. In another implementation the controller function is
responsive to at least one time-derivative of the phase of at
least one of the plurality of input signals.
[0096] In an example implementation the controller func-
tion is responsive to at least one extremal value of the ampli-
tude of at least one of the plurality of input signals. In another
implementation the controller function is responsive to at
least an integration of the amplitude of at least one of the
plurality of input signals. In another implementation the con-
troller function is responsive to at least one time-derivative of
the amplitude of at least one of the plurality of input signals.
[0097] In an example implementation the controller func-
tion is responsive to at least one extremal value of a quantity
responsive to the signal spectrum of at least one of the plu-
rality of input signals. In another implementation the control-
ler function is responsive to at least an integration of a quan-
tity responsive to the signal spectrum of at least one of the
plurality of input signals. In another implementation the con-
troller function is responsive to at least one time-derivative of
a quantity responsive to the signal spectrum of at least one of
the plurality of input signals.
[0098] In an example implementation the controller func-
tion comprises fractional-order dynamics.
[0099] A wide range of possibilities are possible for imple-
mentations and embodiments of the controller function as
testified by the discussion made thus far, and the examples
provided above are in no way limiting.

Multi-Variable Hysteresis Synthesis

[0100] An argument can be made that hysteretic properties
of' materials depends on so many factors that any representa-
tion of hysteresis processes should be provided in terms of
vector quantities (|B], p. 11). There are also spatial aspects of
materials, mechanical systems, chemical systems, electrical
systems, etc. that can merit consideration of additional input
variables and/or additional output variables. The broader
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environment of other types of hysteretic processes (for
example those occurring in financial and economic models,
chemical systems, biological systems, optical systems, etc.)
also can merit consideration of additional input variables
and/or additional output variables. Multiple-input and/or
multiple-output hysteresis processes can also be of value in
new types of electronic music sound synthesis and electric
guitar signal processing.

[0101] There are a number of ways in which hysteresis can
be imposed on multiple input variables or vector-valued
quantities. These include but are not limited to:

[0102] Arrangements wherein the hysteresis is variable-
separable;
[0103] Arrangements wherein the hysteresis is hierar-

chical in the variables;
[0104] Arrangements wherein the hysteresis is cross-
coupled in the variables;
[0105] Arrangements wherein the hysteresis comprises

covariant nonlinearity.
[0106] FIG. 3 depicts a multi-variable hysteresis synthesis
arrangement wherein the hysteresis is variable-separable.
Here a separate hysteresis synthesis element, such as the one
depicted in FIG. 2, can be used for each of the input variables.
In some situations and applications, the resulting output
quantities can be further combined in some manner, for
example subjected to a linear transformation, a non-linear
vector-domain function, vector input dynamical system, etc.
[0107] There are many possible ways to obtain multi-vari-
able hysteresis synthesis arrangements wherein the hysteresis
is hierarchical in some fashion. FIG. 4 depicts a multi-vari-
able hysteresis synthesis arrangement wherein the hysteresis
is hierarchical in the variables. In this particular example, the
output of the Hysteresis Synthesis 1 element is used to con-
trol, entirely or in part, the hysteresis control parameter(s) c,
of Hysteresis Synthesis 2 element via the function f(*). In
some embodiments, the function f(*) can be provided with
additional external control parameter(s) d. If there are a plu-
rality of such parameters structured as an external control
input, d is a vector. If there is only a single such parameter
structured as an external control input, d is a scalar. Many
other hysteresis synthesis arrangements wherein the hyster-
esis is hierarchical are possible and are provided for by the
invention.
[0108] There are many possible ways to obtain multi-vari-
able hysteresis synthesis arrangements wherein the hysteresis
is cross-coupled in some fashion. To begin it is noted that the
scalar or vector parameter input ¢ in the parameterized hys-
teresis synthesis arrangement depicted in FIG. 2 can serve as
one or more additional input variables. Depending on what
the scalar or vector parameter input ¢ affects in the param-
eterized hysteresis synthesis, it could itself experience hys-
teretic effects and/or vary the hysteretic effects responsive to
the input signal g(x). FIG. 5 depicts another example multi-
variable hysteresis synthesis arrangement wherein the hyster-
esis is cross-coupled in the variables. In this particular
example, the output of the Hysteresis Synthesis 1 element is
used to control, entirely or in part, the hysteresis control
parameter(s) c, of Hysteresis Synthesis 2 element via the
function f,(*). Additionally, the output of the Hysteresis Syn-
thesis 2 element is used to control, entirely or in part, the
hysteresis control parameter(s) ¢, of Hysteresis Synthesis 1
element via the function f;(*). In some embodiments the
function f, (*) can be provided with additional external con-
trol parameter(s) d, . If there is a plurality of such parameters
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structured as an external control input, d, is a vector. If there
is only a single such parameter structured as an external
control input, d is a scalar.

[0109] In some embodiments, the function f,(*) can be
provided with additional external control parameter(s) d,. If
there is a plurality of such parameters structured as an exter-
nal control input, d, is a vector. If there is only a single such
parameter structured as an external control input, d, is a
scalar. Similarly, in some embodiments the function f,(*) can
be provided with additional external control parameter(s) d,.
If there is a plurality of such parameters structured as an
external control input, d, is a vector. If there is only a single
such parameter structured as an external control input, d is a
scalar. In some embodiments, the function f,(*) can be pro-
vided with additional external control parameter(s) d,. If
there is a plurality of such parameters structured as an exter-
nal control input, d, is a vector. If there is only a single such
parameter structured as an external control input, d, is a
scalar. Many other hysteresis synthesis arrangements
wherein the hysteresis is hierarchical are possible and are
provided for by the invention.

[0110] More generally, multiple-input hysteresis processes
comprises a multi-variable covariant nonlinearity. FIGS. 6A
and 6B depict two viewpoints of an exemplary two-input
one-output multi-variable hollow-volume hysteresis surface
comprised of joined but distinct hysteron surfaces each com-
prising covariant nonlinearity and inducing covariant hyster-
etic effects for each of the two input variables. Here the
single-variable traditional hysteresis curve (such as that of
FIG. 1aq) is replaced with a multiple-variable hysteresis sur-
face. Many other multi-variable covariant hysteron surfaces,
volumes, and hysteresis synthesis arrangements are possible
and are provided for by the invention.

[0111] FIG.7 depicts a multiple-input multiple-output hys-
teresis synthesis arrangement wherein the hysteresis com-
prises multi-variable covariant nonlinearity. Here there can be
n-input variables and m-output variables. In some embodi-
ments m=n, while in other embodiments m and n differ.

Signal-Phase Hysteresis Synthesis

[0112] Traditionally hysteresis is an operation made on the
amplitude history of an input signal. The invention provides
for the synthesis of a hysteresis operation made on the phase
history of an input signal. FIG. 8A depicts an example
arrangement for phase hysteresis synthesis. In an example
implementation, signal phase is modulated by a selectable
all-pass filter.

[0113] Inanother example implementation, signal phase is
modulated by a parameterized all-pass filter responsive to at
least one parameter value, and the selection or parameter
value is in turn controlled by a controller function responsive
to the outputs of selectors, signal time-derivative sign detec-
tors, integrators, fractional dynamical processors, control
systems, system measurement sensors, etc.

[0114] In an example implementation the parameterized
filter serves as a parameterized hysteron. In an example
implementation the phase modulation if further responsive to
spectral content of the at least one input signal.

[0115] The phenomenon driving the phase hysteresis can
include input signal phase, but also or alternatively can
include input signal amplitude, input signal spectrum, etc.
[0116] In an example implementation the controller func-
tionis responsive to at least one extremal value of the phase of
at least one of the plurality of input signals. In another imple-
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mentation the controller function is responsive to at least an
integration of the phase of at least one of the plurality of input
signals. In another implementation the controller function is
responsive to at least one time-derivative of the phase of at
least one of the plurality of input signals.

[0117] In an example implementation the controller func-
tion is responsive to at least one extremal value of the ampli-
tude of at least one of the plurality of input signals. In another
implementation the controller function is responsive to at
least an integration of the amplitude of at least one of the
plurality of input signals. In another implementation the con-
troller function is responsive to at least one time-derivative of
the amplitude of at least one of the plurality of input signals.
[0118] In an example implementation the controller func-
tion is responsive to at least one extremal value of a quantity
responsive to the signal spectrum of at least one of the plu-
rality of input signals. In another implementation the control-
ler function is responsive to at least an integration of a quan-
tity responsive to the signal spectrum of at least one of the
plurality of input signals. In another implementation the con-
troller function is responsive to at least one time-derivative of
a quantity responsive to the signal spectrum of at least one of
the plurality of input signals.

[0119] Many other hysteresis synthesis arrangements for
phase hysteresis synthesis are possible and are provided for
by the invention.

Combine Signal-Phase and Signal-Amplitude Hysteresis
Synthesis (Hysteretic Filter, Hysteretic PID Controller)

[0120] FIG. 8B depicts an example arrangement for com-
bined amplitude and phase hysteresis synthesis. In an
example implementation, both signal phase and signal ampli-
tude are modulated by a selectable or parameterized filter
affecting both signal amplitude and phase, and the selection
or parameter value is in turn controlled by a controller func-
tion responsive to the outputs of selectors, signal time-deriva-
tive sign detectors, integrators, fractional dynamical proces-
sors, control systems, system measurement sensors, etc. The
result can be used as a hysteretic filter, hysteretic P1.D (Pro-
portional, time-Integral, time-Derivative) controllers, higher
order controllers, etc.

[0121] In an example implementation the parameterized
filter serves as a parameterized hysteron. In an example
implementation the comprises a parameterized filter impos-
ing at least amplitude modulation on at least one input signal,
the amplitude modulation if further responsive to spectral
content of the at least one input signal. In an example imple-
mentation the phase modulation if further responsive to spec-
tral content of the at least one input signal.

[0122] The phenomenon driving the amplitude and phase
hysteresis can include input signal phase, but also or alterna-
tively can include input signal amplitude, input signal spec-
trum, etc.

[0123] In an example implementation the controller func-
tion is responsive to at least one extremal value of the ampli-
tude of at least one of the plurality of input signals. In another
implementation the controller function is responsive to at
least an integration of the amplitude of at least one of the
plurality of input signals. In another implementation the con-
troller function is responsive to at least one time-derivative of
the amplitude of at least one of the plurality of input signals.
[0124] In an example implementation the controller func-
tion is responsive to at least one extremal value of the phase of
at least one of the plurality of input signals. In another imple-
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mentation the controller function is responsive to at least an
integration of the phase of at least one of the plurality of input
signals. In another implementation the controller function is
responsive to at least one time-derivative of the phase of at
least one of the plurality of input signals.

[0125] In an example implementation the controller func-
tion is responsive to at least one extremal value of a quantity
responsive to the signal spectrum of at least one of the plu-
rality of input signals. In another implementation the control-
ler function is responsive to at least an integration of a quan-
tity responsive to the signal spectrum of at least one of the
plurality of input signals. In another implementation the con-
troller function is responsive to at least one time-derivative of
a quantity responsive to the signal spectrum of at least one of
the plurality of input signals.

[0126] Many other hysteresis synthesis arrangements com-
prising combined amplitude and phase hysteresis synthesis
are possible and are provided for by the invention.

More General Rate-Dependent and Frequency-Dependent
Hysteresis Synthesis

[0127] The invention provides for the synthesis of a hyster-
esis operation that is frequency dependent. FIG. 8C depicts an
arrangement for hysteresis synthesis that is frequency depen-
dent. In another implementation, a hysteresis synthesis ele-
ment can internally comprise rate-dependent and/or fre-
quency dependent elements or attributes which in turn invoke
rate-dependent and/or frequency dependent hysteresis pro-
cesses. Many other rate-dependent and frequency-dependent
hysteresis synthesis arrangements wherein the hysteresis is
hierarchical are possible and are provided for by the inven-
tion.

More General Hysteresis Synthesis Comprising Dynamics

[0128] The invention provides for the synthesis of a hyster-
esis operation that comprises dynamics. FIG. 9 depicts an
arrangement for hysteresis synthesis that varies according to
dynamics as defined by a dynamical system. Many other
hysteresis synthesis arrangements wherein the hysteresis is
hierarchical are possible and are provided for by the inven-
tion.

[0129] Inone embodiment, the control inputd is a function
of, or in other ways responsive to, the input signal g(t). Many
other hysteresis synthesis arrangements wherein the hyster-
esis is hierarchical are possible and are provided for by the
invention.

Use of Synthesized Hysteresis as a Linearizing Pre-Emphasis
Element

[0130] The invention provides for the use of synthesized
hysteresis as a linearizing pre-emphasis element in conjunc-
tion with a natural hysteretic element or process. FIG. 10a
depicts an example arrangement wherein a hysteresis synthe-
sis element is used to create a compensated input signal to
apply to a hysteretic system or process. In an embodiment, the
hysteresis synthesis element is designed so as to approxi-
mately compensate for the hysteresis effects of the hysteretic
system or process so that the output response is adequately
approximate to a linear function of the input.
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Use of Synthesized Hysteresis as a Linearizing

Post-Deemphasis Element

[0131] The invention provides for the use of synthesized
hysteresis as a linearizing post-deemphasis element in con-
junction with a natural hysteretic element or process. FIG.
105 depicts an example arrangement wherein a hysteresis
synthesis element is used to create a compensated output
signal from the output of a hysteretic system or process. In an
embodiment, the hysteresis synthesis element is designed so
as to approximately compensate for the hysteresis effects of
the hysteretic system or process so that the output response is
adequately approximate to a linear function of the input.

Use Synthesized Hysteresis in Feedback Control Systems

[0132] The invention provides for the use of synthesized
hysteresis in conjunction with or as an element within a
control system.

[0133] FIGS. 11A through 11D depict various topological
arrangements employing hysteresis synthesis in feedback
control systems.

[0134] FIGS. 12A through 12E depict arrangements
employing hysteresis synthesis in both pre-emphasis/post-
deemphasis and feed-back control systems.

Use in Computer Simulation or Computer Model

[0135] The invention provides for hysteresis synthesis in a
computer simulation or computer model. Such a computer
simulation or computer model can be used in physics, engi-
neering, economics, etc.

[0136] FIG. 13 depicts arrangements employing hysteresis
synthesis in a computer simulation.

[0137] FIG. 14 depicts arrangements employing hysteresis
synthesis in a computer model.

[0138] The aforementioned, as well as other variations, can
be implemented as an algorithm on a digital computer,
embedded processor, signal processor, or combination of two
or more of these.

[0139] The terms “certain embodiments”, “an embodi-
ment”, “embodiment”, “embodiments”, “the embodiment”,
“the embodiments”, “one or more embodiments”, “some
embodiments”, and “one embodiment” mean one or more
(but not all) embodiments unless expressly specified other-
wise. The terms “including”, “comprising”, “having” and
variations thereof mean “including but not limited to”, unless
expressly specified otherwise. The enumerated listing of
items does not imply that any or all of the items are mutually
exclusive, unless expressly specified otherwise. The terms
“a”, “an” and “the” mean “one or more”, unless expressly
specified otherwise.

[0140] While the invention has been described in detail
with reference to disclosed embodiments, various modifica-
tions within the scope of the invention will be apparent to
those of ordinary skill in this technological field. It is to be
appreciated that features described with respect to one
embodiment typically can be applied to other embodiments.
[0141] The invention can be embodied in other specific
forms without departing from the spirit or essential charac-
teristics thereof. The present embodiments are therefore to be
considered in all respects as illustrative and not restrictive, the
scope ofthe invention being indicated by the appended claims
rather than by the foregoing description, and all changes
which come within the meaning and range of equivalency of
the claims are therefore intended to be embraced therein.
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[0142] Although exemplary embodiments have been pro-
vided in detail, various changes, substitutions and alterna-
tions could be made thereto without departing from spirit and
scope of the disclosed subject matter as defined by the
appended claims. Variations described for the embodiments
may be realized in any combination desirable for each par-
ticular application. Thus particular limitations and embodi-
ment enhancements described herein, which may have par-
ticular advantages to a particular application, need not be
used for all applications. Also, not all limitations need be
implemented in methods, systems, and apparatuses including
one or more concepts described with relation to the provided
embodiments. Therefore, the invention properly is to be con-
strued with reference to the claims.
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I claim:
1. A computer-implemented method for synthesis of a hys-
teresis function of a plurality of inputs, the method compris-
ing:
receiving a plurality of input signals;
processing selected input signals from the plurality of input
signals with at least two parameterized multivariable
nonlinearities, each parameterized multivariable nonlin-
earity serving as a parameterized hysteron and config-
ured to produce at least one associated output signal; and

processing the plurality of input signals with at least one
computing device, the at least one computing device
comprising a numerical processor, the numerical pro-
cessor for computing at least two controller functions
comprising a memory function; and
configuring the first controller function to produce at least
one first control signal responsive to at least one of the
output signals from a first of the parameterized multi-
variable nonlinearities, the at least one first control sig-
nal for controlling the parameterized hysteron of a first
other of the parameterized multivariable nonlinearities,

configuring the second controller function to produce at
least one second control signal responsive to at least one
of the output signals from a second of the parameterized
multivariable nonlinearities, the at least one first control
signal for controlling the parameterized hysteron of a
second other of the parameterized multivariable nonlin-
earities,

wherein the at least one first control signal is used to control

the parameterized hysteron of the first other of the
parameterized multivariable nonlinearities so as to cre-
ate a an associated output signal comprising a hysteretic
response to at least one of the plurality of input signals,
and

wherein the at least one second control signal is used to

control the parameterized hysteron of the second other
of the parameterized multivariable nonlinearities so as to
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create an associated output signal comprising a hyster-
etic response to at least one of the plurality of input
signals.

2. The method of claim 1 wherein the first control signal
comprises a single control signal.

3. The method of claim 1 wherein the first control signal
comprises a plurality of control signals.

4. The method of claim 1 wherein the controller function is
responsive to at least one extremal value of the amplitude of
at least one of the plurality of input signals.

5. The method of claim 1 wherein the controller function is
responsive to at least an integration of the amplitude of at least
one of the plurality of input signals.

6. The method of claim 1 wherein the controller function is
responsive to at least one time-derivative of the amplitude of
at least one of the plurality of input signals.

7. The method of claim 1 wherein the controller function is
responsive to the sign of the time derivative of at least one of
the plurality of input signals but independent of the rate of
change of at least one of the plurality of input signals.

8. The method of claim 1 wherein the controller function is
responsive to the sign of the time derivative of at least one of
the plurality of input signals and responsive to the rate of
change of at least one of the plurality of input signals.

9. The method of claim 1 wherein the controller function is
responsive to at least one extremal value of the phase of at
least one of the plurality of input signals.

10. The method of claim 1 wherein the controller function
is responsive to at least an integration of the phase of at least
one of the plurality of input signals.

11. The method of claim 1 wherein the controller function
is responsive to at least one time-derivative of the phase of at
least one of the plurality of input signals.
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12. The method of claim 1 wherein the controller function
is responsive to at least one extremal value of a quantity
responsive to the signal spectrum of at least one of the plu-
rality of input signals.

13. The method of claim 1 wherein the controller function
is responsive to at least an integration of a quantity responsive
to the signal spectrum of at least one of the plurality of input
signals.

14. The method of claim 1 wherein the controller function
comprises fractional-order dynamics.

15. The method of claim 1 wherein the controller function
is responsive to at least one time-derivative of a quantity
responsive to the signal spectrum of at least one of the plu-
rality of input signals.

16. The method of claim 1 wherein the parameterized
hysteron comprises a parameterized all-pass filter imposing
phase modulation on at least one input signal, the phase
modulation responsive to the at least one control signal.

17. The method of claim 1 wherein the parameterized
hysteron comprises a parameterized filter imposing at least
amplitude modulation on at least one input signal, the ampli-
tude modulation if further responsive to spectral content of
the at least one input signal.

18. The method of claim 16 wherein the phase modulation
if further responsive to spectral content of the at least one
input signal.

19. The method of claim 1 wherein the first other of the
parameterized multivariable nonlinearities is the second of
the parameterized multivariable nonlinearities.

20. The method of claim 1 wherein the second other of the
parameterized multivariable nonlinearities is the first of the
parameterized multivariable nonlinearities.
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