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The invitation to contribute to this anthology of articles on the fractional calculus
(FC) encouraged submissions in which the authors look behind the mathematics and
examine what must be true about the phenomenon to justify the replacement of an integer-
order derivative with a non-integer-order (fractional) derivative (FD) before discussing
ways to solve the new equations. The desired articles are intended to provide the reader
with a window into the future of specific science disciplines by peering through the lens
of the fractional calculus (FC) and suggesting how what is seen entails a difference in
thinking about that area of science. Thus, a perfect submission would be more about the
implications and utility of the FC than about its formal structure in chemistry, epidemiology,
sociology, psychology, physics, or any of the other scientific disciplines. Imaginative articles
that implement FC in new and interesting ways that reveal its transformational nature,
including, but not limited to, such things as: how a fractional derivative in time incorporates
memory into the solution of the dynamic description of an earthquake, a brain quake, or
a crash in the stock market; how the fractional derivative in space incorporates spatial
non-locality into the solution of the complex dynamical descriptions of a riot, the collective
intelligence of social groups, or the neuronal activity of the brain. Finally, we are interested
in how the combined fractional derivatives in time and space of functional measures of
uncertainty incorporate both memory and nonlocality into the phase space solution to
capture the limited uncertainty of an ensemble of fractal trajectories, or the scaling behavior
of complex dynamical networks.

As West points out [1], Sir Isaac Newton transformed Natural Philosophy into today’s
Science by focusing on the fundamental nature of motion, and he did so by using geometry
in a way that resonated with the scientific community of his day. What Newton accom-
plished was to reveal what was entailed by fluxions (the differential calculus) without
explicitly referencing them and in so doing he convinced generations of scientists of the
value of their analyzing how physical phenomena change in space and over time. Whether
by conscious plan or by serendipity, Newton cleared a path for less talented investigators
to follow and contribute to the nascent discipline of mechanics and thereby determined the
direction of quantitative reasoning in physics for the next three centuries.

This was the starting point for a discussion of how science, through its intermittent
turning of its investigative tools on itself, has reached another epoch of transition. However,
unlike the paradigm shifts within a scientific discipline introduced by Thomas Kuhn in
1962 the present shift addresses the whole of science. West argues that the dominance of
Newton’s world view is drawing to a close and he weaves the threads of chaos theory,
fractals, non-ergodic behavior of dynamic systems and fractional kinetic theory into a
fractal tapestry of the physical, social, and life sciences. It is the complexity of this tapestry
that is shown to be fundamentally incompatible with Newton’s notions of space and time.

Angstmann and Henry (AH) [2] address the discipline of chemistry, specifically the
equations governing the time evolution of population densities of chemical species taking
into account the spatial movement and their interactions using reaction-diffusion equations.
They discuss the failure of classical techniques to properly describe diffusion and review
fractional subdiffusion resulting from particles being trapped for arbitrarily long times,
which are modeled using the continuous time random walk (CTRW) model. This fractional
subdiffusion is characterized by the mean square displacement of a chemical population
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spreading as a sublinear power law in time and is described using a Caputo fractional
derivative in time in a reactive—subdiffusion equation.

AH emphasize that the main lessons learned from their analysis: (i) The governing
equations are different depending on whether newborn particles inherit the waiting times
of their parents. (ii) Birth and death terms must be treated differently. (iii) In the case
where particles are removed, but not instantaneously at the start of the waiting times
between jumps, the reaction and subdiffusive terms are not additive. They go on to explore
the analytic solution to several exemplars, including a mass-conserving tempered time
fractional diffusion equation that is subdiffusive for short times but manifests standard
diffusion at long times.

Machado [3] chose to explore the fractal nature of financial time series using the Dow
Jones industrial average (DJIA) but avoided using standard time series analysis. Instead,
he uses multidimensional scaling (MDS) together with the concepts of distance, entropy,
fractal dimension, and the FC. Introducing ten distinct definitions of distance, most of
which I had not previously encountered, he was able to generalize MDS as an extension
of the traditional metric formulation to construct a smooth non-Euclidean space. In this
space, the fractal dimension and entropy measures for analyzing the three-dimensional
portraits produced by the generalized MDS are interpreted.

Several known relations between the fractal dimension, using the box counting defini-
tion, and the idea that a random variable’s entropy is its average level of “information” of
the corresponding PDF, are used to define the information as an entropy of non-integer
order . This parameter o gives an extra degree of freedom to adapt the sensitivity of
the entropy calculation to each specific dataset. Machado points out that time is viewed
as a continuous and linear flow so that any perturbation is automatically assigned to the
variable under analysis. Stated differently, since people are entities immersed in the time
flow, apparently, we are incapable of distinguishing between perturbations in the time or
the measured variable. Machado’s analysis explores an alternative strategy to that of time
series analysis for reading the relationship between the variables.

In the reaction—diffusion equation discussed by AH the chemical reaction term was
modeled using the Verhulst equation for population growth. In 1798, Malthus argued
that the integer-order rate equation produced an exponential population growth and
40 years later Verhulst replaced the constant growth rate of Malthus with one which
decreased linearly with the growing population to mitigate the dire predictions of Malthus.
The Verhulst (logistic) equation has the advantage of being one of the few nonlinear
equations that has an analytic solution depicting a sigmoidal growth to a finite maximum
population. Izadi and Srivastava (IS) [4] recount this bit of history and note that the
integer-order derivative has been replaced by a fractional derivative in applications in
numerous disciplines of science and engineering. They go on to point out that for most
fractional differential equations (FDEs) there is to date no possibility of finding an exact
analytic solution.

IS provide a brief review of the analytic and numerical methods that have been
developed and applied for the FDEs which are based upon various loosely related models
of real-world problems. Given the popularity of the fractional logistic equation (FLE) in the
modeling of such phenomena as the growth of tumors in medicine, IS use it as a prototype
on which to utilize the local discontinuous Galerkin (LDG) discretization approach for
numerically solving the FLE. Given that the FLE has a second-order non-linearity IS rewrite
it as two linear first order FDEs to apply the LDG scheme. Consequently, LDG is employed
to discretize the resulting system, as well as the fractional operator. The mathematical
details of the technique are presented along with comparison with alternative numerical
and approximation approaches.

The transport of particles through continuous media is described by transport equa-
tions often based on general principles, such as conservation of energy and momentum.
As pointed out by Masoliver [5], in general these transport equations are unsolvable non-
linear integrodifferential equations. He elected to discuss transport processes using the
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telegrapher’s equation (TE) and its generalization to the fractional case, emphasizing that
random walk (RW) models are fundamental in describing TEs because they try to repro-
duce the microscopic mechanisms of transport. In this way he accounts for “diffusion with
finite velocity”.

The integer-order TE (IOTE) at early times behaves like a wave front and at late times
like ordinary diffusion, it is generalized to a fractional-order TE (FOTE) in transport through
highly disordered media, for instance, random media or fractal structures. Masoliver
shows how this is done using fractional RWs resulting in a three-dimensional FOTE that
is fractional is both space and time. The two different dynamics governing transport are
fractional wave behavior at early times and fractional diffusion behavior as late times.
Masoliver also shows analytic solutions for various combinations of IO-time, FO-space,
FO-time and IO-space derivatives in one, two and three dimensions.

There are some investigators whose papers I always anticipate reading because I know
that in addition to my gaining technical knowledge the author will put their work into a
context that I would have missed left to my own resources. Professor Mainardi [6] falls
into that category and his review paper falls into another category as well, that being:
“Everything you wanted to know about _?_ but were afraid to ask.”, here the blank is filled
in with the Mittag-Leffler function (MLF). Just as the exponential function is the workhorse
of linear IO differential equations, the MLF is the workhorse of linear FO differential
equations, and the latter reduces to the former when the FO index goes to unity. His paper
is written with the skill and insight that only one who has worked with the leaders in the
field and has himself made lasting contributions to our understanding could manage.

His survey interleaves and draws connections among stochastic processes, such as the
fractional Poisson process, the thinning of renewal processes, using the MLE. The CTRW is
used to generalize the classical Kolmogorov-Feller equation (KFE) to the fractional KFE
(FKFE) where the MLF is the waiting-time PDF. The fractional diffusion-wave equation
has solutions to boundary value problems in terms of Wright functions that are inverse
Laplace transforms of two parameter MLFs and are Greens functions in the solutions to
specific boundary value problems.

Big Data (BD) and Machine Learning (ML) are two of the more visible areas of research
in which investigators are working to span the gap separating the understanding based
on modeling in social and life sciences from the more quantitative models of physics
and engineering. Niu et al. (NCW) [7] maintain that the future success of these research
activities is tied to the successful application of the FC and fractional order thinking (FOT)
to the understanding of complex systems, to improving the processing and control of those
systems and even to extending the enabling of creativity itself. The heart of the matter
is that BD and ML seek to characterize complexity and of the ten characteristics used to
describe BD wvariability is selected by NCW as the most important.

The complexity observed in most BD is almost invariably manifest through inverse
power law (IPL) resulting from the processed data. The heavy-tailed nature of multiple
PDFs is discussed along with its connection to the FC through fractional diffusion equations
that are fractional in space, in time, or both. A variety of fractional discrete data processing
techniques are sketched out to model the variability of BD along with a discussion of the
CTRW. The key for the learning process is the optimization method and NCW inquire into
how to use the FC to improve on existing methods of optimization in ML.

A Skellam distribution is generated by taking the difference between two independent
Poisson random variables, which results in an integer valued Lévy process. Gupta et al.
(GKL) [8] discuss a time fractional Skellam process that describes the inter-arrival times
between positive and negative jumps as a MLF distribution rather than an exponential
distribution and this formulation has been applied to financial and competitive games
datasets. GKL show how the formalism is extended to a Skellam process of order k. A
Skellam process is used to model the difference between the number of goals between two
teams in a soccer match. Similarly, a Skellam process of order k can be used to model the
difference in the number of points scored by two competing teams in a basketball match
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where k = 3, meaning there are three distinct ways to score points. Elsewhere, the authors
show that a fractional Skellam process is better at modeling a tick-by-tick financial dataset
than the Skellam process, or equivalently that the MLF is superior to the exponential in
describing the inter-arrival times between successive ticks.

The FC has the potential to improve the performance of control systems as demon-
strated by Zheng et al. (ZLCW) [9]. They argue that the improvement is due to the
greater flexibility in modeling of systems and in the controller design methodology using
fractional-order proportional-integral-derivative (FOPID) which is a generalization of the
classical PID controller. ZLCW point out that although the FOPID controller provides better
performance it is also more difficult to implement. Consequently, rather than presenting a
general theory they present a case study to demonstrate the advantages of the proposed
method. The classical frequency-domain method is the analytic design method for the
FOPID controller used in the case study.

Digital watermarking is a form of embedding a signal (a watermark) within another
signal known as the cover, which might be a digital media, such as an image, audio, video,
or other digital media, and has become popular as a copyright enforcement tool in the
last few decades. Gonzalez-Lee et al. (GVMNPL) [10] explore the advantages of a FC
watermarking system for detecting Gaussian watermarks. They briefly critique multiple
FC strategies that have been adopted to replace the linear additive rule more commonly
used to watermark a signal. Watermarking includes using fractional derivatives, since
there is a relationship between the order of the derivative and the resulting function;
fractional Fourier transforms (random, continuous, and discrete), since there is a strong
dependency between the orders and the resulting coefficient set; as well as, fractional
Wavelet transforms.

CVMNPL emphasize that all the techniques discussed that use the FC have the
same starting point and the overall difference among them is the use of some transform
coefficients set for watermarking. In a previous work, the authors investigated the case of
Gaussian watermarks and their results suggested that the FC reduces the false positives
percentages (FPP). In that earlier work, however, they had limited testing and a deeper
study of the fractional scheme for detecting Gaussian watermarks was called for. The
present work accomplishes this task and confirms that the fractional scheme is reliable for
the unambiguous (error-free) detection of Gaussian watermarks.

Song and Karniadakis (SK) [11] open their contribution to the anthology with the
assertion that the modeling of wall-bounded turbulent flows is presently an unsolved
problem in classical physics. They propose a fundamentally new approach for modeling
the entire average velocity profile from the wall to the centerline of the pipe based on the
FC. They were surprised to find that representing the Reynolds stresses with a non-local
variable-order fractional derivative that decays with distance from the wall results in a
universal form for all Reynolds numbers for channel flow, pipe flow, and Couette flow.

A remarkable feature of this paper is the exhaustive numerical testing of the new
theoretical results against existing datasets from direct numerical simulation of the equa-
tions, as well as from experimental measurements. Taken together these results support
the hypothesis that the rate of turbulent diffusion changes continuously with distance from
the wall and the strong non-locality of turbulent interactions intensify away from the wall.

The final paper in this anthology presents an overview of the rapidly expanding
area of Distributed-Order Fractional Calculus (DOFC) by Ding et al. (DPSS) [12]. DOFC
generalizes the intrinsic multiscale nature of constant-order and variable-order fractional
operators, which provides new ways to think about and model systems whose behavior
emerges from the complex interplay and superposition of non-local and memory effects
across a multitude of scales. They discuss the various ways the fractional order in space
and/or time can be distributed and review the multiple ways these equations can be
numerically integrated. The areas of application on which they focus are engineering and
the physical sciences, with applications to viscoelasticity, transport processes and control
theory taking center stage.
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Mechanisms, such as multiple relaxation time in viscoelasticity, multiple temporal
and spatial effects in transport processes, and mixtures of time delays in control theory,
have all illustrated the significance of DOFC over more traditional integer-order methods.
This review provides a glimpse into the various ways the DOFC has established its utility
in the modeling of previously unsolved or partially solved complex problems. Hopefully,
the attentive reader will see a way in which the DOFC may provide insight into a problem
they have put on the backburner because they could not see a way forward.

Conflicts of Interest: The author declare no conflict of interest.
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Abstract: The theme of this essay is that the time of dominance of Newton’s world view in science is
drawing to a close. The harbinger of its demise was the work of Poincaré on the three-body problem
and its culmination into what is now called chaos theory. The signature of chaos is the sensitive
dependence on initial conditions resulting in the unpredictability of single particle trajectories.
Classical determinism has become increasingly rare with the advent of chaos, being replaced by erratic
stochastic processes. However, even the probability calculus could not withstand the non-Newtonian
assault from the social and life sciences. The ordinary partial differential equations that traditionally
determined the evolution of probability density functions (PDFs) in phase space are replaced with
their fractional counterparts. Allometry relation is proven to result from a system’s complexity using
exact solutions for the PDF of the Fractional Kinetic Theory (FKT). Complexity theory is shown to be
incompatible with Newton’s unquestioning reliance on an absolute space and time upon which he
built his discrete calculus.

Keywords: complexity; chaos; fractional calculus; subordination

1. Introduction

Three centuries ago, Newton transformed Natural Philosophy into today’s Science by focusing
on change and mathematical quantification and he did so in a way that resonated with the scientific
community of his day. His arguments appeared to be geometric in character, and nowhere in the
Principia do you find explicit reference to fluxions, or to differentials. What Newton did was reveal the
entailments of the calculus and convince generations of scientists of the value of their focusing on how
physical objects change their location in time. Some contemporary mathematicians of his generation
recognized what he had done, but their number can be counted on one hand, and their comments are
primarily of historical interest.

Fast forward to today, where modern science, from Anatomy to Zoology, is seen to have absorbed
the transformational effect of Newton’s contribution to how we quantitatively and qualitatively
understand the world, the fundamental importance of motion. However, it has occurred to a number
of the more philosophically attuned contemporary scientists that we are now at another point of
transition, where the implications of complexity, memory, and uncertainty have revealed themselves
to be barriers to our future understanding of our technological society. The fractional calculus (FC) has
emerged from the shadows as a way of taming these three disrupters with a methodology capable of
analytically smoothing their singular natures.

If Sir Isaac Newton were reincarnated into the modern world would he again achieve scientific
greatness using his prodigious intellect? Of course we cannot know the answer to this counterfactual,
but what we can determine is whether his fundamental assumptions upon which the physical laws
of analytic mechanics are based remain valid in the today’s world of complexity science. Whether or
not Newton would remain a stranger in this strange land of today’s science is the question we seek
to answer in this essay. Not literally, of course, but more to the point whether the fundamental
assumptions on which his mechanics is based can be sufficiently modified to be compatible with the
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mathematics found necessary to describe today’s complex phenomena, without being distorted to the
point of being abandoned. Can Newton’s view of the world be made compatible with the FC?

The FC moldered in the mathematical backwaters for over 300 years. Since the time of Newton
it was mostly ignored by the social, physical, and life scientists, intermittently emerging from the
shadows of formalism with an application. Historically, the community of international physical
scientists saw no need for a new calculus, or if occasionally seeing the need thought it not worthy
of acknowledgment. The community agreed that the ordinary differential calculus of Newton and
Leibniz, along with the analytic functions entailed by solving the equations resulting from Newton’s
force law, are all that is required to provide a scientific description of the macroscopic physical world.

In his Mathematical Principles of Natural Philosophy [1], Newton introduced mathematics into the
study of Natural Philosophy. He argued the need for quantification of scientific knowledge through
the introduction of mathematics in the form of fluxions and thereby changed the historical goal of
natural philosophy from that of wisdom to that of knowledge. This new term fluxion does not appear
anywhere in the Principles, but scholars have found numerous geometric arguments, which, in fact,
were in all probability based on limits in which Newton, no doubt, had differentials in the back of his
mind. The Marquis de I'Hopital commented that Newton’s magnum opus was “a book dense with the
theory and application of the infinitesimal calculus”; an observation also made in modern times by
Whiteside [2].

Along with mathematics, Newton also introduced a number of definitions that determined how
scientists were to understand his vision of the physical world for the next few hundred years. We do
not quote his definitions of such well-known things as inertia and force here, but instead we record
the notions of space and time that he believed were the accepted understanding of their meanings as
explained in his first scholium (A scholium is a marginal note or explanatory comment made by a
scholar), which are [1] as follows.

I  Absolute, time, and mathematical time, of itself, and from its own nature, flows equably without
relation to anything external, and by another name is called duration: relative, apparent,
and common time, is some sensible and external (whether accurate or unequable) measure
of duration by the means of motion, which is commonly used instead of true time; such as an
hour, a day, a month, a year.

II  Absolute space, in its own nature, without relation to anything external, remains always similar
and immovable. Relative space is some movable dimension or measure of the absolute space;
which our senses determine by its position to bodies; and which is commonly taken for immovable
space; such is the dimension of subterraneous, an aerial, or celestial space, determined by its
position in respect of the earth. Absolute and relative space are the same in figure and magnitude;
but they do not remain always numerically the same. For if the earth, for instance, moves, a space
of our air, which relatively and in respect of the earth remains always the same, will at one time
be one part of the absolute space into which the air passes; at another time it will be another part
of the same, and so, absolutely understood, it will be continually changed.

Newton’s understanding of these two notions of the absolute are what enabled him to invent
fluxions and introduce motion as the basis for his new physics. Of course, the mathematically awkward
discrete notation of fluxions was subsequently elbowed out of history by the user-friendly notation of
Leibniz, which became known as the differential calculus. The differential calculus enabled subsequent
generations of scientists to describe the motion of particles in terms of continuous single particle
trajectories in space and time. The differential calculus fills literally thousands of mathematics/physics
text books; all assuming that I and II codify the real world and are taught to eager students and
novitiate scientists throughout the world. Herein, we argue for a mathematics that provides a logical
framework for understanding the more complex world of the Information Age, in which I and II must
be applied with extreme caution, if at all.
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The increase in sensitivity of diagnostic tools, advances in data processing techniques,
and expanding computational capabilities have all contributed to the broadening of science in ways
that have brought many phenomena from borderline interest to center stage. These curious complex
processes are now cataloged under the heading of non-integer scaling phenomena. An understanding
of the fundamental dynamics underlying such scaling requires a new mathematical perspective,
such as that obtained using the dynamics described by non-integer (fractional) operators and such
descriptions ushered in the sunset for much of what remains of Newton’s world view.

Much of what is written in this Introduction will be familiar to those with a background in
physics, even if the organization of the material is not. However the reasons why classical physics fails
to explain a given complex phenomena remains a mystery to those without such a background as well
as to many who do. Therefore, we express the purpose of this paper in the form of a hypothesis and
present arguments in support of the Complexity Hypothesis (CH):

Complex phenomena entailing description by chaos theory, fractional Kinetic Theory, or the
fractional calculus in general, are incompatible with the ordinary calculus and consequently
are incompatible with Newtonian Physics.

1.1. The Demise of Newton's World View?

The evidence is all around us that the domain of application of Newton’s view of the physical
world is contracting dramatically. His view was reluctantly contracted with the introduction of
quantum mechanics along with relativity over a century ago. However, physicists took consolation in
the fact that the dynamic predictions of the very fast, the very large, and the very small, all reduce to
those of Newton in the appropriate limits. For special relativity, the dramatic changes in time occur
as the speed of light is approached [3]; for general relativity, space curves in the neighborhood of a
large mass [4]; and for quantum phenomena, the correspondence principle associated with the size of
Planck’s constant insures the quantized nature of energy is lost at large quantum numbers and energy
is continuous on the scale we live our lives [5]. However, the more recent constrictions produced by
chaotic dynamics is different; so much so that once made, there is no limit in which the view of Newton
can reemerge. This requires more explanation, as the inappropriate application of the differential
calculus to describe the dynamics of strongly nonlinear phenomena often yields misleading results.
In the author’s view, one such misinterpretation arose in support of the political interpretation of
climate change.

It should be evident that the rubric climate change provides an example of such a misapplication
of the nonlinear hydrodynamic partial differential equations that purport to describe the internal
motion of the earth’s atmosphere involving the multiple interactions with the earth’s temperature field,
solar radiation, cloud cover, and all the rest. Climate change is not just a problem in Newtonian physics,
because if it were we would have the answer to the problem in hand, which some few scientists believe
we do. I say this with full appreciation for the criticism such a statement will draw, from both the
believers in climate change and the sceptics who do not. Let me be absolutely clear in stating that
I believe in climate change, but belief is the wrong word. Climate change is a scientific fact not a
matter of faith or belief. What I am skeptical about concerns the quasi-scientific arguments used in the
political arena that assign causality of that change to human activity followed by the assertion that
climate change can be significantly influenced by political action.

I came to this conclusion, not through a “eureka” moment, or flash of insight, but more through
the weight of evidence drawn from my own scientific research. I even coauthored a book about it [6]
with a colleague who was then a post-doctoral researcher of mine. Our book addressed climate change
as a problem in physics and was greeted with a yawn from the scientific community. It was the last
scientific contribution I made to that debate and the science has not moved significantly since its
publication. My epiphany was that those who successfully communicate technically difficult ideas
tell a story. Thus, I have decided to populate this essay with a sequence of technically-based stories.
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Each one lending additional support to the CH. The first story concerns chaos theory and some of
what that entails.

1.2. Chaos Theory

The chaos story begins in the middle nineteenth century with Oscar II, the King of Sweden and
Norway, and his concern over how long the Earth will survive. More pointedly, he wondered whether
the solar system was stable. Could one expect the moon to spiral out of its orbit and crash into the
Earth? Would the Earth break from its timeless trajectory and collide with the Sun? Let me stop here
and say this is the beginning of the somewhat romanticized historical account of how chaos came
into being that I learned when I was first introduced to the “three-body problem” as a freshly mined
minted physics PhD in 1970. The actual historical account is a bit more banal, but not much.

Oscar II had done well in mathematics while a university student and had grown into an active
patron of the subject [7], so his sponsorship of a prize in mathematics, unrelated to any particular
institution was not surprising. Mittag-Leffler, who was then the editor of the Swedish journal Acta,
made the original announcement of the King’s mathematics competition, in the science magazine
Nature. In that announcement Mittag-Leffler listed four categories to which international scientists
could submit contributions. The category concerning the stability of the solar system was written in
the following arcane way [7].

(1) A system being given of a number whatever of particles attracting one another mutually
according to Newton'’s law, it is proposed, on the assumption that there never takes place
an impact of two particles to expand the coordinates of each particle in a series proceeding
according to some known functions of time and converging uniformly for any space of time.

The committee that evaluated the submissions to the competition consisted of, along with
Mittag-Leffler, two other giants of nineteenth century mathematics, Hermite and Weierstrass. To avoid
any possibility of bias the entrants and their submissions remained anonymous until the winner
was selected, at which time the name was to be published in Acta. Out of a field of 12 entrants,
the committee selected Henri Poincaré, who had responded to question (1). He extended the analysis
of the solvable two-body problem to the addition of one additional body, which was much less massive
than the other two. Poincaré proved that the solution to Newton’s dynamic equations for his restricted
three-body problem could not have a simple analytic form. His published proof entailed the invention
of new mathematics, the implications of which have kept the best mathematician in the world actively
engaged for over a century.

In reviewing the prize-winning memoire for publication in Acta, a referee pointed out an error in
the manuscript. Part of the drama associated with publishing the final version of the paper concerned
the secrecy surrounding that error. Correcting this error entailed a major rewrite, which took Poincaré
nearly a year to complete. In composing the revision, he conceived of and implemented in the
manuscript the idea of a homoclinic point [7], which is the basis of our understanding of what today
goes by the popular name of chaos theory. In short, he introduced the Three-Body Problem to the
scientific community as being of fundamental importance and proved that the elliptic orbits of the
two-body problem were replaced by orbits in the restricted three-body problem that resembled nothing
so much as a plate of spaghetti. A single strand of entangled spaghetti was the convoluted trajectory
of the third body and the asymptotic position of the body along that trajectory at any time was
unpredictable. Today we call such trajectories fractals [8].

Sir James Lighthill, on the three-hundred-year anniversary of the communication of Newton’s
Principia to the Royal Society, and while he was president of the International Union of Theoretical
and Applied Mechanics, published the paper The recently recognized failure of predictability in Newtonian
dynamics [9]. In this paper, Lighthill traces the history of mechanics from Tycho Brahe collecting
astronomical data as a court astronomer, through Poincaré’s proof of the limited predictability horizon

10



Entropy 2020, 22, 1204

of Newton’s law of the dynamics of mechanical systems. To put this in a proper perspective let us use
Lighthill’s words:

We are all deeply conscious today that the enthusiasm of our forebears for the marvelous
achievements of Newtonian mechanics led them to make generalizations in this area of
predictability which, indeed, we may have generally tended to believe before 1960, but which
we now recognize were false. We collectively wish to apologize for having misled the general
educated public by spreading ideas about determinism of systems satisfying Newton’s laws
of motion that, after 1960, were to be proved incorrect. ..

This reluctant indictment of the Newtonian system of nonlinear partial differential equations
that describe how the radiation from the sun is absorbed by the earth’s atmosphere and redistributed
around the globe has to the best of my knowledge never been explicitly refuted. This is not unexpected
as Sir James was the scientific leader in the area of applied mathematics involving those same equations
for over thirty years. If the unpredictability of coupled systems of nonlinear differential equation
were expressed as a theorem, then one can draw a corollary regarding the nature of the computer
simulations based on those same equations. The reader is free to infer from these remarks if Newton’s
view is truly dead or whether it is just confined to an ever decreasing domain of analytic application.

What we can conclude with certainty is that Newton’s force law typically breaks down when
the system being analyzed is not linear and the equations of motion are nonlinear. Such equations
typically do not have analytic solutions, their solutions are generically chaotic [10,11]. As scientists,
this loss of predictability, which is the foundation of the physical sciences, ought to be our greatest
concern, or at least the mathematical foundation of all our physical models, the differential calculus,
ought to be the focus of our concern.

It is worth mentioning that in his philosophical writings Poincaré recognized that his mathematical
analysis entailed the loss of predictability and the existence of a new kind of chance [12]:

A very slight cause, which escapes us, determines a considerable effect which we can not
help seeing, and then we say this effect is due to chance. If we could know exactly the
laws of nature and the situation of the universe at the initial instant, we should be able to
predict exactly the situation of this same universe at a subsequent instant. But even when
the natural laws should have no further secret for us, we could know the initial situation
only approximately. If that permits us to foresee the subsequent situation with the same degree
of approximation, this is all we require, we say the phenomenon has been predicted, that it is
ruled by laws. But this is not always the case: it may happen that slight differences in the
initial conditions produce very great differences in the final phenomena: a slight error in the
former would make an enormous error in the latter. Predication become impossible and we
have the fortuitous phenomenon.

For over a century, some of the world’s leading mathematicians have been working on what might
be a proper replacement for, or extension of, Newton’s physics. They typically begin with the notion
that a conservative nonlinear dynamical system with three or more degrees-of-freedom is chaotic [13],
which means that its dependence on initial conditions is so sensitive that an infinitesimal change in the
initial state will produce a trajectory that exponentially diverges from the trajectory predicted by the
original state. Such an exponential separation of trajectories means that the perturbed state is unstable
in the sense that its asymptotic location cannot be predicted from the initial state.

The work that Lighthill was alluding to in his remarks quoted earlier were those of the
meteorologist Ed Lorenz, whose ground breaking paper opened the world of fluid dynamics to
the importance of chaos [14], and ended dreams of long-term weather forecasting. Those that have
considered chaos as a possible obstacle to climate forecasting as well, treat it in much the same way
that the nineteen century physicists Maxwell and Boltzmann treated many-body effects to produce
Kinetic Theory. Only now the modern climate physicist examines large-scale computer simulations of
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the earth’s atmosphere as having random fluctuations around the average dynamical behavior of the
atmosphere’s velocity field and temperature. The established procedure is to carry out a large number
of computer simulations, all starting from the “same state”, and from them construct an ensemble of
atmospheres with which to calculate the average dynamics of the interesting physical quantities.

The general impression in the meteorology community is that such ensemble averages ought to be
sufficient to smooth out the influence of chaotic trajectories and thereby provide the appropriate phase
space probability density function in the kinetic theory sense. The problem with the approach is when
one actually attempts to average over an ensemble of chaotic trajectories the integer moments diverge
leaving the coefficients ill-defined in the kinetic theory of Maxwell and Boltzmann. Here again we
find a need for a new kind of mathematics and the fractional calculus comes to the rescue, providing a
fractional Kinetic Theory (FKT).

In Section 2, we generalize the traditional phase space partial differential equations for the
probability density function (PDF) to the fractional calculus. This is done by averaging over an
ensemble of chaotic trajectories, and following the mathematical arguments of Zaslavsky [15] create a
FKT. The solution to a simple fractional diffusion equation is shown to have a generic analytic form.

1.3. Allometry Relations

Scientists believed that phenomena whose dynamic description is the result of using non-integer
operators, such as fractional derivatives, were interesting curiosities, but lay outside the mainstream
of science. Even such empirical laws as allometry relations (ARs), in which the functionality of a
system is related to a non-integer power of the system’s size, were thought to have causal relations,
with traditional differential dynamic descriptions [16-18]. Perhaps the most famous allometry relation
is that between the average metabolic rates of mammals and their average total body masses (TBMs)
as depicted by the “mouse-to-elephant” curve in Figure 1. In this figure, the solid curve is a fit to data
by a power-law relation of the form

() =a(x)", )

which is a straight line on log-log graph paper with slope b :
log (Y) = loga + blog (X) . ()

The functionality of the system Y, here the average metabolic rate is denoted by (Y) and the size of the
system X, here the average TBM is denoted by (X). Note that the brackets here denote the empirical
averaging process.

Historically such ARs were explained using biophysical arguments, for example, Sarrus and
Rameaux [17,18] used simple geometrical arguments for heat transfer. They assumed the heat
generated by a body is proportional to its volume and the heat is lost at the body’s surface and
is proportional to surface area. The balance between the two suggested that the allometry parameter
is given by the ratio of dimensions to be 2/3, which does not fit the data very well. The empirical
value of the allometry parameter is b ~ 0.74, which was subsequently accounted for by using fractal
scaling arguments [19]. A statistical technique based on the fractional calculus was developed in [20]
to explain the averaging brackets in Equation (1), which in due course we use herein as an exemplar of
complexity in the fractal statistics of physiological phenomena.

In Section 3, selected applications of the FC are presented with the intent of persuading
the reader that as systems become more complex the value of the ordinary differential calculus
to describe their behavior increasingly diminishes, until it is eventually nearly lost altogether.
The analytic PDF that solves the simple FKT problem is shown to explain the empirical AR using a
complexity-based arguments.

12



Entropy 2020, 22, 1204

10,000 4
Elephant e
1,000 4
E
g 1004
= Chimpanzee,
© Dog
o i
§ Wild glrdeoosg Cassowary
5 104 s Condor
2 Cat™Macaque
'\Rabbit
‘Giant rat “Marmot
14
Pigeon and dove
0.1 T T T T T 1
0.01 0.1 1 10 100 1000 10000

Body mass (kg)

Figure 1. The mouse-to-elephant curve. The average metabolic rates of mammals and birds are plotted
versus the average body weight (TBM) on log-log graph paper covering five orders of magnitude
in size. The solid line segment is the best linear regression to the data from Schmidt-Neilson [18]
with permission.

1.4. Another Time

The willingness of his contemporaries to accept Newton’s view of time flowing as an
uninterrupted featureless stream is understandable. However, the reluctance of physicists to directly
challenge Newton’s view of time outside extreme conditions in the physical sciences is unclear.
This reluctance is not evident in psychology where everything we see, smell, taste and otherwise
experience is in a continuous state of change. Consequently, the changes in the physical world are not
experienced uniformly, which is another way of saying that there is an objective time associated with
the physical and a subjective time associated with the psychological world. The physical scientists
dismissed subjective time out of hand, prior to Einstein, but even after relatively the experiential time
they accepted was considered to be a local physical time.

Here, we follow the discussion of Turalska and West [21]. The idea of different clocks telling
different times arises naturally in physics; the linear transformation of Lorentz in relativistic physics
being a familiar example. However, we are interested in the notion of multiple clocks in the biological
and social sciences wherein they have begun distinguishing between cell-specific and organ-specific
clocks in biology and person-specific and group-specific clocks in sociology [22]. Of course, the distinction
between subjective and objective time dates back to the empirical Weber-Fechner Law [23] in the latter
half of the nineteenth century.

While the global behavior of an organ, say the heart, might be characterized by apparently periodic
cycles, the activity of single neurons demonstrate burstiness and noise. In a similar way people in a
social group operate according to their individual schedules, not always performing particular actions
in the same global time frame. Consequently, because of the stochastic behavior of one or both clocks,
a probabilistic transformation between times is often necessary. An example of such a transformation
is given by the subordination procedure.

Insight into the subordination procedure is provided if we begin by defining two clocks that
operationalize time in two distinct ways. The ticking of the first clock records a subjective or operational
discrete time 1, which measures an individual’s time T(n). The ticking of the second clock records
the objective or chronological time ¢, which measures the social time T(t) upon which a society of
individuals agree. If each tick of the discrete clock # is considered to be an event, the relation between
operational and chronological time is given by the waiting time PDF of those events in chronological
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time 1(t). Assuming a renewal property for events, as given by a chain condition (convolution) from
renewal theory in Section 2.1, one can relate operational to chronological time [21]:

o |

(T(t)) = Z/‘I’ (t—t) g (') T(n)dt’ 3)

n=0 0

Every tick of the operational clock is an event, which in the chronological time occurs at time intervals
drawn from the renewal waiting-time PDF. This randomness entails the sum over all events and the
result is an average over many realizations of the transformation. The last of the n events occurs at
time #' and the survival probability ¥ (t — ') insures that no further event occurs before the time .

For example, consider the behavior of a two-state operational clock, whose evolution is depicted
in Figure 2, where the clock switches back and forth (tick tock) between its two states at equal time
intervals. However, in chronological time this regular behavior is significantly distorted as seen in the
figure. The time transformation was taken to be an inverse power law (IPL) waiting time PDF 1 (t).
Thus, a single time step in the operational time corresponds to a random time interval being drawn
from (t) in chronological time. The tail of the IPL PDF leads to especially strong distortions of the
operational time trajectory, as there exist a non-zero probability of drawing very large time intervals
between events. However, as the transformation between the operational and chronological time scales
involves a random process, one needs to consider infinitely many trajectories in the chronological time,
which leads to the average behavior of the clock in the chronological time denoted in Equation (3)
by brackets.

Clock state, T(n)
s

s 10 ‘ 15
s 1 Operational time, n,’

Clock state, T(t)
g

Chronological time, t

Figure 2. The upper curve is the regular transition between the two states of the individual in
operational time. The lower curve is the subordination of the transition times to an IPL PDF to obtain
chronological time.

Newton’s view of homogeneous isotropic time is shown to be incompatible with multiple
phenomena in the social and life sciences in Section 3.2 using subordination theory. In that section
the disciplines of biophysics, psychophysics, and sociophysics, to the degree they have adopted the
Newtonian viewpoint, are shown to be misleading. The complexity of these disciplines require a new
calculus to describe their dynamics.

In Section 3.2, we establish a direct link between subordination theory and the FC. This has been
done in the literature in a number of different ways. In Section 2, we show how the probability calculus
can be generalized to the FC in order to include temporal memory and spatial heterogeneity with
probability theory.

What is entailed by the results presented herein is discussed in Section 5 and some conclusions
are drawn.
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2. Fractional Kinetic Theory

Zaslavsky [24] considered chaotic dynamics, as a physical phenomenon, to be a bridge spanning
the gap between deterministic and stochastic dynamic systems. The dynamic states in the first case
are described by regular functions and in the second by kinetic or other probabilistic equations.
He developed the mathematics for the fractional kinetics corresponding to chaotic dynamics that is
intermediate between completely regular (integrable) and completely random cases. The kinetics
become “strange” because some moments of the PDF are infinite and the Onsager Principle is violated
in that it takes infinitely long for fluctuations to relax back to the equilibrium state. An alternative to
the derivation of the fractional kinetic equation (FKE) given by Zaslavsky [24] is presented by West
and Grigolini [25]. In this section we present the overlapping highlights of these two derivations in
schematic form, emphasizing the physical interpretation.

2.1. Generalizing Kinetic Theory

We sketch Zaslavsky’s arguments leading to the FKT resulting from the underlying dynamics
being chaotic and consequently the dynamic trajectories being fractal. We begin with the chain
condition of Bachelier, Smoluchowsky, Chapman, and Kolmogorov (BSCK) [26]:

P(x,t|xp,tp) = YP(x', |0, to )dy, 4)

where P(x,t|x’,t") is the probability density of having a particle at position x at time ¢ if at time ¢’ < ¢
the particle was at the point x’. We make the assumption that the PDF is stationary such that

P(x,t|xg,ty) = P(x, x0;t — to), (5)

corresponding to the regular scheme for the kinetic derivation [26] and with At = t — ty we have for
the initial condition
lim P(x, xo; At) = 6 (x — xp) . (6)
At—0

The first generalization of the historical kinetic theory argument is made by taking into account
the fractal nature of the set generated by the ensemble of chaotic trajectories initiated by an underlying
non-integrable Hamiltonian. Inserting the time limit for a fractional time differential into the BSCK
chain condition enables us to write

9 [P(x,)] = Jim /dy[P X,y A8 — 6 (x — )P (;1). @

This expression can be simplified using a second generalization, that being introducing the generalized
Taylor expansion
P(x,y; A1) = 6 (x = y) + A1 (3; 808P (x = y) + Ag(y; A)5PHD (x ), (®)

for a set characterized by the fractal dimension 0 < g < 1. Inserting this expansion into Equation (7)
simplifies the generalized BSCK chain condition by introducing the quantities

_ e AuxAY P

Al = A0 A At~>0,/dy At® Pl y; a8), ©)
g A2 A / =yt

B = S50 = pm, [agE i) @0

Zaslavsky [15] explained that the limit in these two expressions are the result of the fractal
dimensionality of the space-time set along which the state of the system is meandering in the
At — 0 limit.
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We do not reproduce the mathematical details from the open literature and instead jump to
the result for the one-dimensional Fractional Kinetic equation (FKE) [15,25] and write the fractional
Fokker-Planck equation (FFPE):

3 [P(x,1)] = 3y [AR)P(x, 1)) + 3 [B(x)P(x, )] (11)

|x]

The FFPE has fractional indices in the domain 0 < &, 8 < 1, the fractional time derivative is of the
Caputo form, and the fractional spatial derivative is of the symmetric Reisz—Feller form.

So how different are the solutions to the above FFPE from those of the ordinary FPE even when
B=1?

2.2. Solution to a Simple FKE

One of the simplest dynamical processes described by the FFPE having far-reaching implications
has a constant fractional diffusion coefficient and a vanishing fractional velocity:

A(x) = 0and B(x) = Kj, (12)
thereby reducing Equation (11) to

i [P(x, 1)) = Kgal ! [P(x, 1)]. (13)

|x]

This is one of the simplest form of anomalous diffusion, first discussed in terms of the continuous time
random walk (CTRW) by Montroll and Scher [27].

The solution to this fractional diffusion equation is readily obtained by taking its combined
Fourier-Laplace transform and introducing the notation

FLL 1k} =~ kP fk), (14)

where f (k) is the Fourier transform of f(x) and correspondingly
L0} [g(D);u} = u"g (u) —u*~'g(0) (15)

where g (u) is the Laplace transform of g(t). Note that in Equation (14) we used the Fourier transform
of the Reisz—Feller derivative in space and in Equation (15) we used the Laplace transform of the
Caputo derivative in time. Consequently we obtain from the Fourier-Laplace transform of the FFPE:

u*P* (k,u) — u*"'P(k, t = 0) = —Kg [k|F! P* (k,u), (16)

where the asterisk denotes the double transform of the PDF and the indices lie in the interval 0 <
«, B < 1. This equation is simplified for the initial value problem:

P(x,t=0)=0(x) = P(kt=0)=1, (17)
to the form
uocfl (18)
P*ku) = ——M———.
(k) u® + Kg [P+

The inverse Fourier-Laplace transform of this expression yields the solution to the initial value problem
for the PDE.

Metzler and Klafter [28] derived the FFPE using the CTRW formalism of Montroll and Weiss [29]
and reviewed the potential functions for various combinations of indices. It has also been derived
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using subordination theory by West [30]. The inverse Laplace transform of P*(k,u) yields the
characteristic function
B(k,t) = E, (71<ﬁ s t“) (19)

expressed in terms of the Mittag—Leffler function (MLF):

00 ne
z

Eq (z) = ’E)m‘ (20)

The inverse Fourier transform of the characteristic function yields the PDF solution
P(x,t) = F7 [Ea (—Kg P11 2] @1)

The simple substitution k' = kt into Equation (21), with § = ﬁ, after some algebra reduces the
formal solution to

Plxt) = t%}'*l (B (ks K1) 5] 22)

or in a more familiar scaling form:
P(x,t) = t%F (%) , (23)

where the new function is defined:
(3= (3)

The function F(-) is analytic in the scaled variable x/#’, is properly normalized and can therefore
be treated as a PDF. For a standard diffusion process, « = 1, in which case the MLF becomes an
exponential so that for f = 1 the Fourier transform can be carried out and this function becomes a
Gaussian with 6 = 1/2. When & = 1 # B the result is a stable Lévy process [26,31] with the Lévy index
given by 0 < 1/5 < 2. However, for general chaotic systems there is a broad class of distributions for
which the functional form is neither Gaussian nor Lévy.

Mainardi et al. [32] obtained a variety of other solutions to the FKE in terms of the properties of the
MLEF for 0 < a < 1. The inverse Fourier transform of the scaled PDF solution for 8 = 1 asymptotically
relaxes as the IPL ¢ ~%/2,

2.3. Self-Similar Random Walks

Zaslavsky et al. [33] worked to visualize the underlying landscape produced by averaging over
chaotic trajectories and to describe the formal structure uncovered by extensive numerical calculations.
They discuss the notion of a “stochastic web” to characterize the chaotic dynamics generated by
Hamiltionian systems in which “weak” chaotic orbits are concentrated on small measure domains of
phase space thereby constituting a “web”. They note that transport through stochastic webs could
produce non-Gaussian, i.e., intrinsically anomalous, diffusion.

The nexus points of the web constitute traps were homoclinic points have dissolved into a spray
of local points that locally entrap trajectories for IPL lengths of time. Exiting a trap the orbit undergoes
a long-range flight having self-similar properties. The process can be realized as passing through
the turnstiles of “cantori” [34]. This argument is realized by replacing the complete simulation of
the Hamiltonian dynamics with a random walk (RW) containing the appropriate qualitative features.
They do this by way of example whereby they construct a RW determined by a Weierstrass (W)
function [35]. Consider the discrete probability described by the stepping PDF for the Weierstrass
random walk (WRW) on a one-dimensional lattice with sites indexed by x [35]:

a—1

po)="22y -

7 (O pn + 0y, —pn], (25)

agki

n=0
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where a and b are dimensionless constants greater than one. and 4;; is the Kronecker delta function:
0ijj = 1fori = jand ¢;; = 0 for i # j. We follow the analysis of this discrete process given by West and
Grigolini [6]. The first notable property of the PDF generated by the WRW is that the second moment
of this RW process diverges:
00 n
o\ _a—1 g
<x > T )» < a)’ 26)

n=0

for b? > a as the series is infinite. The discrete Fourier transform of the PDF given by Equation (25)
yields the discrete characteristic function

a1 ) ai” cos [b"k] . (27)
n=0

p (k) =

a

This series was introduced by Weierstrass in 1872 in response to Cantor, a former student and
subsequent colleague, who challenged him to construct an analytic function that is continuous
everywhere but is nowhere differentiable. Thanks to Mandelbrot [8] we now know that this was the
first consciously constructed fractal function and the divergence of the second moment is a consequence
of its non-analytic properties.

As the WRW process unfolds the set of sites visited mimics the influence of localized chaotic
islands, interspersed by gaps, nested within clusters of clumps over ever-larger spatial scales. The WRW
generates a hierarchy of traps that are statistically self-similar, as suggested by Figure 3. The parameter
a determines the number of subclusters within a cluster and the parameter b determines the scale size
between clusters.

Position

0 50 100 150 200 250 300 350 400 450
Position

Figure 3. The landing sites for the WRW are depicted and the islands of clusters discussed in the text

are readily seen.

The Weierstrass form of the characteristic function allows for a renormalization group (RG)
solution [36] from which we can determine the scaling properties of the WRW. Scaling the argument of
the characteristic function by b and reordering terms in the series allows us to write [33,36]

7 (bk) = ap (k) — 2= cosk. (28)

The RG solution to Equation (28) can be separated into a homogeneous part and a singular part:

p (k) = ps (k) + p (k) (29)
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where py, (k) is analytic in the neighborhood k = 0 and ps (k) is singular in this neighborhood.
The singular part p; (k) is obtained by solving the scaling equation:

ps (bk) = aps (k), (30)
where we assume the formal solution:

ps (k) = A(k)K. (31)

Inserting this form of the singular solution into Equation (30) yields

A(bK)B°K® = aA(K)K, (32)

providing the distinct equalities
¥ o= q (33)
A(bk) = A(k). (34)

The first equality yields for the power index in terms of the series parameters 6 = Ina/ Inb. The second
equality implies that A(k) is periodic in the logarithm of k with period Inb. Consequently, the singular
part of the RG solution is written

175 (k) = Z A |k‘Hn ’ (35)
n=—oo
with the complex power-law index:
.2 Ina . 27m
ants-i‘li’llnibflnib"rlnm. (36)

The analytic forms of the Fourier coefficients in Equation (35) are given in [35].

Hughes et al. [35] prove that the dominant behavior of the WRW is determined by the lowest-order
term in the singular part of the solution for the discrete characteristic function, but we do not show
that here. Instead we assume that the dominant behavior is given by the 7 = 0 term in the series:

ps (k) = Ag |K|°, 37)
whose inverse Fourier transform is determined by a Tauberian theorem to be the IPL:

po) = <L, )
x|
and K(9) is a known function of é. Thus, the singular part of the WRW has an IPL stepping PDF and
this dominant behavior intuitively justifies ignoring all the other terms in the series.
We now write for the asymptotic time-dependent form of the discrete PDF resulting from
the WRW:

P(x,n+1) = Y p(x—x)P(x',n)

K(s )
= ;#P(x 1), (39)

where we assume that each step n in WRW process occurs at equal time intervals. Equation (39)
was analyzed in 1970 by Gillis and Weiss [37], who determined that its solution is a Lévy PDEF,
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thereby connecting the RG solution of the WRW to our discussion of the fractional diffusion equation
given earlier.

Stable Lévy processes can therefore arise from the “weak” chaotic nature of the phase space
trajectories. This is, in part, a consequence of the asymptotic behavior k — 0 corresponding to the
asymptotic x — co , which is of significance in determining the transport behavior of the anomalous
diffusion process.

3. Patterns and Complexity

In the Introduction we identified one of those patterns that is not restricted to a particular
discipline, but pops up in every discipline from anatomy to zoology, and that pattern is an allometry
relation (AR). However, what distinguishes such patterns from, for example, simple periodic
motion? Of course, the existence of such regularity, the pattern of reproducibility in space and
time, is what motivated the first investigators to seek common causes to associate with those patterns.
Periodic motions, such as vibrations, motivated Hook to introduce his law using Newton’s mechanical
force for its explanation. The amazing success of such laws reinforced the idea that other phenomena
including the beating of the heart, walking, and the propagation of light could all be described by
adopting a similar modeling strategy. However, the luminiferous aether is now a quaint historical myth
concerning the assumed need for a medium with remarkable properties to support the propagation of
electromagnetic waves. In addition, the normal sinus rhythm of the heart is a medical myth as heartbeats
are not sinusoidal. The more complex the phenomenon being considered the less well the patterns are
reproduced using Newton’s view of science.

Much of the present discussion stems from the need to replace Newton’s atavistic characterization
of space and time, because they fail to capture the rich structure of the complexity of the modern
world. The failure to systematically reexamine these fundamental assumptions have restricted the
utility of the modeling techniques of modern physics in the study of the psychology, sociology and
the life sciences. The experience of space and time differs between those of the claustrophobic or
agoraphobic, from the performer on the stage or the surgeon operating on the brain, from the warrior
on the battlefield to the physician on the critical care ward. We require a mathematics that can capture
all of this and so much more. The conclusions drawn herein were anticipated a couple of years ago [38]:

What is becoming increasingly clear ... is that the technical intensity of the world has become
so dense that the mathematical language initiated by Newton is no longer adequate for
its understanding. In fact we now find that we have been looking at the world through a
lens that often suppresses the most important aspects of phenomena, most of which are
not “simple”. These are characteristics of the phenomena that cannot be described using
differential equations and we refer to them as complex.

3.1. Allometry through Complexity

We have argued elsewhere [20,39] that the empirical AR given by Equation (1) is a consequence
of the imbalance between the complexity associated with the system functionality and the complexity
associated with the system size, both being measured by Shannon information. We refer to this as the
allometry /information hypothesis (A /I-H) [40] and postulate that in a complex network, composed of
two or more interacting subnetworks, the flow of information is driven by the complexity gradient
between the subnetworks, transported from that with the greater to that with the lesser complexity.

Implicit in the A/I-H is the assumed existence of dependencies of both system size and system
functionality on complexity. Such dependencies have been observed in the positive feedback between
social complexity and the size of human social groups [41,42], as well as in ant colony size [43], and the
increase in biological complexity with ecosystem size [44]. Other relations have been observed in
multiple disciplines, including the increase of prey refuge from predators with habitat complexity [45],
computational complexity increasing with program size [46], and gene functionality depending on
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system complexity [47]. We abstract from these observations that the complexity of a phenomenon
increases with system size and that the system functionality increases with system complexity.

The argument presented in this section follows that given recently by West et al. [48] in their
discussion of the evolution of military technology over the past millennium. It is intuitively understood,
but not often explicitly stated, that size and complexity grow together and are inextricably intertwined
through criticality. Moreover, although tied together, their changes are not in direct proportion
to one another. A similar connection exists between complexity and system functionality [38].
These interconnections are represented through homogeneous scaling relations, as shown below.
West argued that as a system increases in size it provides increasing opportunity for variability,
which is necessary in order to maintain stability. Scaling provides a measure of complexity in dynamic
systems, indicating that the system’s observables can simultaneously fluctuate over many time and/or
space scales. An observable Z(t) scales if for a constant A it satisfies the homogeneous relation

Z(At) = AF=Z(t) (40)

with the scaling index given by y. Note that if we consider the AR given by Equation (1), but without
the averaging brackets, the size and functionality depend on a parameter f, and scale in the manner
indicated by Equation (40), each with a distinct power law index, then b = py /ux in order for the AR
to be satisfied.

The hallmarks of fractal statistics are spatial (z) inhomogeneity and temporal () intermittency
and the phase space trajectory (z; t) replaces the dynamic variable Z(t). In phase space, the scaling of
the dynamic variable is replaced by a scaling of the PDF P(z; t):

P(z;t) = ﬁ%Fz (tf—l) (41)

as given by Equation (23) for general complex phenomena. There is a broad class of PDFs for which
the functional form of F; (-) is left unspecified.
It is straightforward to calculate the average value of Z(t) using the PDF given by Equation (41):

(Z(t) = / 2P(z,t)dz = G, (42)

and the overall constant is determined by the scaling variable g = z/t"= averaged over the PDF F(q):

7.= [ aF () dg. )

Interpreting Z(t) as the system’s TBM X (t) Equation (42) describes the growth in the overall average
size of a complex system with the time f, due to the intrinsic dynamics generating increasing complexity.
A similar observation can be made interpreting the dynamic variable with a functionality of the system
Y (t). Consequently, the same functional form results for both Y(¢) and X(t), each with its own index.
This is not entirely unexpected since both the functionality and size of the system grow with complexity,
but at different rates.
Notice that using the scaling PDF that the average of the dynamic variable now has the
scaling property:
(Z(AD) = A= (Z(1)). (44)

If both the size and functionality of the system can be characterized in terms of the system’s complexity
by the same form of scaling PDF we obtain two equations in t for the averages. Setting the scaling
parameter to A = 1/t, after some algebra we obtain the equalities

- (K™ = (6™ @
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which can rewritten in the form of the empirical AR given by Equation (1):

(Y)=a(x)", (46)
with the allometry parameters:
a= <Y(1)>b = ﬁ—by and b= 1Y (47)
(x)”  ax Hx

Here, we have used Equation (42) to obtain the second equality for the allometry coefficient. Thus,
demonstrating that the empirical AR is the result of the self-similar behavior of the PDF.

Note that the allometry index b is expressed as the ratio of b = a/ (B+1) for the system
functionality to that for the system size. In general, this ratio is less than one for both the system size
and functionality. It is also the case that for physiological systems b < 1. The more the index for the
fractional time derivative deviates downward from one, the greater influence the complexity history
has on the present behavior of the independent variable, whether functionality or size. The more the
index of the fractional variate derivative deviates downward from two, the greater is the nonlocal
coupling of the independent variables (functionality or size) across scales. However, these two
mechanisms do not independently determine the scaled PDE. It is their ratio that determines the
balancing of effects in the functionality and size separately, and then through their ratio to obtain b.

It is this coupling across scales in size as well as in physiologic time that entails the temporal AR
with b < 1, as well as, the positive growth of entropy in approaching the steady state asymptotically.
The results of these brief arguments are encapsulated in the Principle of Complexity Management
(PCM), which establishes that in the interaction between two complex networks, information flows
from the more complex to the less complex network. Information transfer is maximally efficient when
the complexities of the two networks are matched [38]. In the time-size application of this section,
the PCM takes the form The origin of natural patterns manifest by temporal ARs is the imbalance between the
complexity associated with a system’s measure of time and the complexity associated with a system’s size. In
both networks the complexity is measured by the Wiener/Shannon entropy.

3.2. Its about Time

The fundamental question addressed in this section is whether time outside the physical sciences,
say the time for a scurrying mouse at the lower left of Figure 1 is the same as that of the lumbering
elephant at the upper right of the metabolic AR curve. Newton would assert that they are identical
and we would agree that the time shared by the two animals is the same when referenced to an
external mechanical clock. However, are the two times the same when referenced to their individual
physiological clocks? This question arises because the lifespans of the two creatures are essentially
the same when their lifetimes are measured using the product of the number of heartbeats times the
average time interval between beats. This is very different from the comparison of their separate
lifespans when referenced to an external clock in which case the two differ by years. This change
of reference of time measures, from the ticking of a clock to the beating of a heart, suggests that
physiological time may be a monotonically decreasing function of physical time [49].

This difference in the meaning of time has lead to such concepts as biological time [50],
physiologic time [51], and metabolic time [52], all in an effort to highlight the distinction between time
in living and in inanimate systems. The intrinsic time in a living process was first called biological time
by Hill [53], who reasoned that since so many properties of an organism change with size that time
itself ought to scale with TBM. Natural scientists have subsequently hypothesized that physiologic
time differs from the time measured by the ticking of a mechanical clock, or Newtonian time, in that
the former changes with the size of the animal [17,18], whereas the latter does not [54].
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Lindstedt and Calder [55] developed the concept of biological time further and determined
experimentally that biological time, such as species longevity, satisfies a temporal AR with the
functionality of the system being the physiologic time Y = 7 and X the TBM M [56]:

(t) =a (M)’ (48)

which describes the average duration of biological events. In Figure 4, we record the average heart
rate R = 1/ (1) for sixteen animals [57] covering six orders of magnitude in average TBM. The solid
line segment is the fit to the data with empirical values to the allometry parameters given by a = 205
and b = 0.248, with a quality of fit measured by r> = 0.96. Other, more exhaustive, fits to larger data
sets, made by other investigators, support the notion that physiologic time is extensive and may be
found in many other places [17,18], but the results are equivalent.
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Figure 4. The average heart rate in beats per minute for 16 animals from the fastest, hamsters, to the
slowest, large whales, with humans being in the middle of a fitting curve. The data were obtained
from [57] and the solid line segment is fitted to the temporal AR. From the work in [49] with permission.

In an allometry context, one version of the FKE, would be given by Equation (13) where the phase
space variables (z,t) are here given by (m, T) [30] and P(m, T)dm is the probability that the dynamic
mass variable M(7) lies in the interval (m, m + dm) at time T. M(7) represents the TBM of a mature
individual species member, within an ensemble of realizations, at the physiological time 7. The exact
solution to the FKE has been obtained as the inverse Fourier transform of the characteristic function,
expressed in terms of the Mittag—Leffler function given by Equation (21) with the variables properly
defined. The allometry coefficient in this temporal AR has a theoretical value expressed in terms of the
average of the scaled variable g = m/1°. Consequently, the complexity of the underlying physiology
of an animal entails the physiologic time through the scaling statistics.

The dependence of the empirical AR on the overall state of the system is captured by the entropy.
The Wiener/Shannon information entropy associated with the system manifesting temporal allometry
has the value

S(t)=— / P(m,t)log, P(m,T)dm (49)

which when the scaled PDF given by Equation (41) is inserted into the integral yields
S(1) =So+dlog, T (50)

where Sy is the entropy referenced to the PDF F(-).
Consequently, as we mentioned earlier, given a monotonic function relating physical and
physiologic time t = g(7), such that
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dg(t) _ .
= >
i =820 1)
we have for the physical time derivative of the entropy Equation (50):
B 21 62
dt Tg

Consequently, the entropy generation in physical time for the physiologic process entailing the
temporal AR is positive semidefinite. Thus, the rate of entropy generation in Newtonian time is
consistent with the dynamics of living systems having their own physiological time.

It is worth pointing out that empirical ARs are not necessarily restricted to living systems, but also
arise in social systems as well. This is not entirely unexpected, as the average mass in an empirical AR
is actually a surrogate for the living system’s complexity. Proceeding by analogy, one might anticipate
that such an AR should appear in a social context, where the average TBM is replaced with the average
population or population density. This does, in fact, occur in the form of ARs where the functionality is
expressed in terms of the rate at which an event occurs. An exemplar is Farr’s Law, which dates back to
the nineteenth century, and quantifies the “evil effects of crowding”, relating a population’s mortality
rate to an institution’s patient population density in the form of a rate AR [38,58]. Other examples
of social ARs include an increasing urban crime rates, the more rapid spread of infectious diseases,
and a speedup in pedestrian walking, all with increasing city size, as quantitatively confirmed by
Bettencourt et al. [59]. Unlike the biological case, in the social rate ARs the allometry index has a value
greater than one, b > 1, confirming that cities have, at all times and in all places, throughout history,
entailed increased rates in human activity, for good or ill.

4. Subordination

The Montroll-Weiss (MW) perspective of CTRW [29] has been used to support the assumption
that there are at least two distinct, but related, interpretations of time associated with a system’s
dynamics. As noted in the Introduction, the first is the external time associated with an objective
observer who records the behavior of the system. This is Newton’s assumption of what constitutes
time: it is experimental or clock time. The second kind of time is the local time associated with the
internal dynamics of the system, called subjective or operational time. In a psychological experiment
the latter time is what is experienced by the participant. The experimental observation, carried out
in the clock time t, is subordinated to a process occurring in the operational time n. For simplicity,
we assume the operational time 7 to be an integer number so large as to become indistinguishable
from a continuous variable. In the operational time 7 the evolution of the PDF describing the process
is described by the ordinary diffusion equation

oP(x,n) DBZP(x,n)

= LP(x,n), (53)

on ox?2

where £ = D% is the diffusion operator.

The dynamics generating the diffusion process is the simple Langevin equation

dX(n)
dn

=1 (n), (54)

where X (n) is the space coordinate at time 1 and 7 (1) is the fluctuating velocity. If the velocity is
a stochastic process with delta correlated fluctuations, this equation yields a diffusion process with
scaling index § = 1/2.If 6 # 1/2 the diffusion is anomalous and is the result of memory influencing
the fluctuations. In the present representation #(n) of Equation (54) is totally random, i.e., it has no
memory. However, in the clock time, the event (1) occurs at time #(1) and the independent event
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7(n+ 1) at time t(n + 1) with the time distance 7(n) = t(n+ 1) — t(n) derived from a waiting time
PDF ¢(7). We are interested in the case where the waiting time PDF has the hyperbolic form:

-1

T)=p—-1)—3 55
L (55)
We use this hyperbolic form to define the concept of crucial event.

Crucial events are defined by the time interval separating the occurrence of consecutive events.
The time intervals between crucial events are determined by a waiting time PDF given by Equation (55),

with the condition 1 < p < 3. In clock time we use the theoretical MW prescription [29] to obtain
(o] t .
Pix,t) =Y /dt’lp,, () ¥ (t—t) e"“P(x,0). (56)
n=0 0

Note that ,, (#) is the PDF that n events have occurred and that the last event took place at time ¢'.

For the formula given by Equation (56) to hold with #n going to co, we must assume that for the
random walker to travel the distance x in a time ¢ a virtual infinitely large number of events may occur,
thereby implying the diffusion coefficient D is extremely small. In the case y < 2, the mean waiting
time () diverges, thereby providing an additional reason for the experimental observation time ¢ to
be large.

It is possible to prove, using the arguments developed by Allegrini et al. [60] with a minor
notational change, that Equation (56) is equivalent to the integro-differential phase space equation:

t

oP(x,t) _ / / '

S = [are (- 1) r(xp), (57)
0

where ®(t) is the MW memory kernel related to the waiting—time PDF and (t) = 9,1 (t). In the

Laplace transform representation where f(u) denotes the Laplace transform of f(t), this latter

relation is

&)= P (58)
1= (u)
In the case where the index for the hyperbolic PDF, which asymptotically is the IPL index, is in the
interval 1 < p < 2, using Equation (58) it is shown [61] that asymptotically u — 0:

D (u) ~ ul =, (59)

Inserting this asymptotic expression into the Laplace transform of Equation (57) and taking the inverse
Laplace transform yields the fractional diffusion equation (FDE):

0"P(x,t)

o = LR ) (60)

Here, the fractional time derivative is of the Caputo form with « = 1 — 1 < 1. We note here that the
analytic solution to Equation (60) is given by the scaling PDF Equation (23) when f = 1and 6 = «/2.

Culbreth et al. [62] stress certain subtleties of these formal results to provide a context with
which to appreciate their contribution to the field of cognition and to the fractional calculus. First,
they notice that we can use psychological arguments to interpret the connection between operational
time and clock time, as done in [63]. The operational time is subjective in this psychological context
with a logarithmic connection with the clock time ¢, which changes an exponential waiting time
PDF into the hyperbolic structure of Equation (55). This property provides the rationale for why
they [62] consider the CTRW formalism to be closely connected to the issue of cognition. As they point
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out, earlier work [60] analyzed a series of events using the hyperbolic waiting time PDF using the
Kolmogorov-Sinai definition of complexity and determined that the signal becomes computationally
compressible for 2 < u < 3. This is equivalent to assessing that the time series hosts messages that can
be decoded.

On the other hand, the Kolmogorov-Sinai entropy vanishes for < 2 and has been recently
generalized to take into account the rare crucial events [64] of this region. These crucial events are
conjectured to be the signal of swarm intelligence [65], while the observation of the dynamics of the
brain leads to the conclusion that y = 2 is a proper signature of the brain of an awake subject [66].
In summary, the events characterized by the inter-event or hyperbolic waiting time PDF are considered
to be a signature of cognition and are known to be responsible for the transport of information from one
intelligent system to another [67,68]. The term crucial events is a proper nomenclature to acknowledge
the importance of these rare events.

5. Discussion and Conclusions

We began this essay with the stated intent of supporting the Complexity Hypothesis by
demonstrating to the reader why Newton’s dynamic view of physical objects is not just inappropriate
for living and social systems but its domain of application within the physical sciences is shrinking
dramatically as well. The unexamined assumptions regarding the nature of space and time, with which
Newton opened his Principles, make his force law invalid for the study of complex phenomena. Yet,
these are the phenomena of interest to scientists in the 21st century, whether such phenomena reside in
the physical, social, or life sciences.

As mentioned, Newton’s equations have been shown to require changes when particles are
moving very fast (approaching the speed of light), when the spatial scales are very large (cosmological)
and when they are very small (quantum mechanical). In each of these domains the dynamic laws
follow a correspondence principle in that they converge on Newton’s laws by changing a parameter
value to replicate the world of our five senses. Herein we have shown that in this world of experience
we continually encounter deviations from Newton’s laws at normal speeds and spatial scales, due to
chaos. Chaotic dynamics led to replacement of the probability calculus of Kinetic Theory with that
of FKT, as well as to operational time. One way to measure the degree of complexity generated by
chaotic attractors is by using the entropy of the behavior.

Crutchfield et al. [69] interpreted the entropy of a dynamic process as the average rate of
information generation by a chaotic process in that the more precisely an initial state of a system
is specified, the more information one has available. The amount of information contained in
the initial state is inversely proportional to the state space volume V; localized by measurement.
Trajectories initiated in a local volume of a regular attractor remain close to one another as the system
evolves, and therefore no new information is generated, while the initial information is preserved in
time. Consequently, the initial information can be used to predict the system’s final state.

On the other hand, on a chaotic attractor the initial volume gets smeared out, consequently, as the
system evolves the initial information is destroyed and replaced by newly created information. Thus,
the volume in the specification of the initial system is eventually spread over the entire attractor and all
predictive power is lost since the probability of being anywhere on the attractor is the same. All causal
connection between the present state of the system and its future or final state is lost. This is referred
to as the sensitive dependence on initial conditions.

Let us denote the final region of phase space the system occupies by Vy so that the change in the
observable information Al is determined by the volume change from the initial to final state [70,71]:

vy
Al = log, <7> . (61)
1
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The time rate of information change (creation or dissipation) is therefore

I 1dv

a-var ©2
where the time-dependent volume V over which the initial conditions are spread determines the
ultimate fate of the initial information. In regular, which is to say non-chaotic, systems the sensitivity of
the flow in the initial conditions grows with time no more rapidly than a polynomial. Let Q)(t) be the
number of states at time ¢ that can be distinguished such that if the greatest polynomial index is 1 such
that Q) (t) « ". The ratio of the final to initial volume in such a system is equal to the relative number

% Q
of states independently of the time Vf = ﬁ’f, so that for the rate at which information changes [71]:
1 1

dl. n
P (63)
Thus, the rate of generation of new information decreases with time and converges to zero as t — .
As in Poincaré’s quote in the Introduction, the final state is approximately predictable from the
approximate initial information.

On the other hand, in chaotic systems two trajectories separate exponentially and therefore the
number of distinguishable states grows exponentially with time Q (t) « exp (At), where A is the
Liapunov coefficient. In this case, the rate at which information is generated is constant:

dl

A (64)

In this latter system, information is continuously generated by the attractor independently of the
initial state. Nicolis and Tsuda [70] used this property of chaotic dynamic systems in the early
modeling of cognitive systems using nonlinear dynamics and subsequently for information processing
in neurophysiology, cognitive psychology, and perception [72].

Thus, Newton's statements about the absolute nature of space is contradicted by the chaotic
trajectories entailed by his own force law when applied to complex systems. Subsequently, even Kinetic
Theory and the introduction of stochastic differential equations, which were early attempts to make
the differential calculus and complex phenomena compatible, could only be salvaged by means of the
FC. In a similar way, Newton'’s statements regarding the absolute nature of time have been shown to
have little place, if any, outside restricted domains of the physical sciences.
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Abstract: A standard reaction—diffusion equation consists of two additive terms, a diffusion term
and a reaction rate term. The latter term is obtained directly from a reaction rate equation which
is itself derived from known reaction kinetics, together with modelling assumptions such as the
law of mass action for well-mixed systems. In formulating a reaction-subdiffusion equation, it is
not sufficient to know the reaction rate equation. It is also necessary to know details of the
reaction kinetics, even in well-mixed systems where reactions are not diffusion limited. This is
because, at a fundamental level, birth and death processes need to be dealt with differently in
subdiffusive environments. While there has been some discussion of this in the published literature,
few examples have been provided, and there are still very many papers being published with
Caputo fractional time derivatives simply replacing first order time derivatives in reaction—diffusion
equations. In this paper, we formulate clear examples of reaction-subdiffusion systems, based on;
equal birth and death rate dynamics, Fisher-Kolmogorov, Petrovsky and Piskunov (Fisher—KPP)
equation dynamics, and Fitzhugh-Nagumo equation dynamics. These examples illustrate how to
incorporate considerations of reaction kinetics into fractional reaction—diffusion equations. We also
show how the dynamics of a system with birth rates and death rates cancelling, in an otherwise
subdiffusive environment, are governed by a mass-conserving tempered time fractional diffusion
equation that is subdiffusive for short times but standard diffusion for long times.

Keywords: fractional diffusion; continuous time random walks; reaction—diffusion equations;
reaction kinetics

1. Introduction

Reaction—diffusion partial differential equations are among the most widely used equations
in applied mathematics modelling. These equations govern the time evolution of concentrations,
or population densities, of species, at different spatial locations, that are diffusing and reacting.
Applications include the spatio-temporal spread of epidemics, the spatial spread of invasive species and
the development of animal coat patterns [1-3]. In these modelling equations, diffusion is represented
by a spatial Laplacian operating on the population densities, and reactions are included as additive
terms representing changes per unit time in population densities through reaction rates. In well-mixed
systems the reaction rate equations can often be derived from the law of mass-action [4]. A famous
example of a reaction—diffusion equation is the Fisher-KPP equation named after Fisher [5] and
Kolmogorov, Petrovsky and Piskunov [6]. The standard reaction—diffusion representation of this
equation is

ou(x, t) Dazu(x,t)
ot 0x2

+ru(x, t)(1 —u(x,t)), D>0,r>0. 1)
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2
Here, u(x, t) represents the population density of a species, D% represents the diffusion of

the species and ru(x, t)(1 — u(x, t)) represents the reactions of the species. In the absence of diffusion,
the time rate of change in the population density is the same at all points in space and is given by

ou(x, t)
ot

=ru(x,t)(1—u(x,1)). )

In this example and in the following, for simplicity, we have considered systems in one spatial
dimension. Extensions to higher spatial dimensions are possible.

Over the past two decades, there has been a growing awareness of fractional diffusion,
where diffusion cannot be modelled using a standard Laplacian and the mean square displacement of
diffusing species does not grow linearly in time, as anticipated by Einstein’s famous modelling
of Brownian motion [7]. In particular, following widespread observations in biological systems,
there has been a great deal of attention focussed on fractional subdiffusion, characterized by the
mean square displacement of a population spreading as a sublinear power law in time. It is now
generally accepted that if subdiffusion arises from particles being trapped for arbitrarily long periods
of time, the appropriate equation to model subdiffusion is the time fractional diffusion equation [8]

ou(x,t)
ot

1_ E)Zu(x,t)
= ODt 7?,

0<y<1, 3)

which can be derived [9,10] from a continuous time random walk (CTRW) [11] with a power law
waiting time density. In this equation,

1y 1 9 /t yx )
D )= ——= | ———=——dt 4
oD y(x,t) T(yotto (t— )7 (4)
is the Riemann-Liouville fractional derivative of order 1 — v, see, for example, reference [12]. It might
be anticipated that the appropriate evolution equation to model subdiffusion, with reactions governed

by the reaction rate equation,
du(x,t
0D putx, ), ®

would be
oJu(x,t)

ot
Indeed, such an equation had been derived from an underyling CTRW model, under certain
assumptions, [13], however it is not valid in general. For example, the simple model equation

2
= oDl U | fug ). ©

ou(x,t)  _1-,0%u(x,t)
=D T —u(x,t), @)

can have unphysical negative solutions [14].
The time fractional subdiffusion equation is also often written as [15]

oTu(x,t)  9%u(x,t)
oty ox2

0<vy<1, ®)

where 5
a7 1 it Gy (x,
Sy t) = | e
o Ti-h (-t
denotes a Caputo fractional derivative, see, for example, reference [12]. There has been quite a bit
written in the published literature on the greater physical practicality of the Caputo derivative over
the Riemann-Liouville derivative, but this is largely unfounded [12]. Note, however, that if one takes

dar’ C)]
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Equation (8) as the starting evolution equation for subdiffusion then this is suggestive of the following
reaction-subdiffusion equation,

Tu(x,t)  %u(x,t)
oty ox?

+ fu(x,t)). (10)

Equations along the lines of Equation (10) are particularly widespread in the literature with the
motivation that fractional derivatives incorporate a history dependence, and solutions of Equation (10)
remain positive. Equation (10) can be derived from a CTRW where particles are being removed or
added instantaneously at the start of the waiting times between jumps, but only under the contrived

W represents the cumulative total of additions and removals to the arrival
density of particles at position x and time ¢ [14].

The derivation of reaction-subdiffusion equations from physically consistent CTRWs has been
carried out in a series of papers [14,16-26]. The main lessons from this body of work are: (i) The
governing equations are different depending on whether or not new born particles inherit the waiting
times of their parents. (ii) Birth terms and death terms must be treated differently. (iii) In the case
where particles are removed, but not instantaneously at the start of the waiting time between jumps,
the reaction and subdiffusion terms are not additive. The following equation [21,24],

constraint that

du(x, t) e Jra(uxt) ) dt Sl=r [, fEa(u(xt) ) dt
o = Digaled oD (eh u(x,0)|
+e(u(x, t),x,t) —a(u(x,t),x, t)u(x, t), (11)

which was derived from a continuous time random walk model, provides the evolution equation for
particles undergoing subdiffusion with particles annihilated at a per capita rate, a(u(x,t), x,t) and
created at a rate c(u(x, t), x, t). In the derivation of this equation it was assumed that newborn particles
do not inherit the waiting times of their parents.

In the remainder of this paper we explore examples related to Equation (11). These examples
have been selected to emphasize the importance of considering the details of the reaction kinetics
when dealing with reaction—subdiffusion problems. Whilst there have been many papers published
on various methods of solution for variants of Equation (10) (see, for example, [27-31]), there have
been very few papers published considering algebraic or numerical solution methods for variants of
Equation (11). We hope that the examples below will stimulate further activity in this area, where the
physical motivation for the modelling equation is stronger.

2. Examples

2.1. Birth and Death Balance

As a first example, we consider a population density of u(x, t) particles per unit volume that are
diffusing with a per capita death rate « and a birth rate au(x, t). The reaction rate equation reflecting
this balance between births and deaths, in a well-mixed population, at a location x is

ou(x,t)

g =0 12)

and thus the standard reaction-diffusion equation describing this system is

ou(x,t)  9%u(x,t)
i P (13)

The simple generalization of this equation for subdiffusive transport is

1y azu(x, t)

ulxl) _ Dy oDy ox2

dt
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R
Dy [oD) Tu(x 1) (14)

Indeed, if there were no births or deaths then the reaction rate equation would still be given by
Equation (12); and Equation (14) is the appropriate equation to describe subdiffusion without births or
deaths. However, the reaction-subdiffusion equation, following Equation (11), and using the reaction
rate kinetics a(u(x,t),x,t) = « and c(u(x, t),x,t) = au(x,t), which are also consistent with the rate
equation, Equation (12), is remarkably different;

ou(x,t)

2
S = DV;—X2 70D} 7 (u(x )], a>0. (15)

The fundamental difference between Equations (14) and (15) is that in the former equation
the Laplacian operates on a time fractional derivative and in the latter the Laplacian operates on a
tempered time fractional derivative [32,33]. In the more general time fractional reaction—diffusion
equation, Equation (11), the term in brackets following the Laplacian defines a generalized tempered
time fractional derivative. The physical interpretation of the tempering is that if particles are being
annihilated at a given rate while they wait then they cannot wait an arbitrarily long time at a given
location. Note that both Equations (14) and (15) are mass conserving and thus Equation (15) then
defines a mass conserving, tempered, time fractional diffusion equation.

The mean square displacement of the diffusing particles, (x2(t)), provides a clear measurable
difference between particles following Equation (14) or Equation (15). In the former case, identified as
(x3(t)), we have [8],

2D,

(xF (1)) = mn, (16)

and in the latter case, identified as (x%(t)), we have (Appendix A)

(x3()) = 2Dy FVE() (at), 17)
where L
Wy 4y 2
b =7 ,§O T(y +k) (18)

is the derivative of a generalized Mittag—Leffler function [34]. Note that at short times,

G0 ~

T’y)t,}l, (19)

but at large times, using the asymptotic expansion of the generalized Mittag-Leffler function
(Equation (6) in [35]),
(x3,(t)) ~ 2Dl 7. (20)

Thus, mass conserving tempered time fractional diffusion is not anomalous at long times.

We can also write down explicit expressions for solutions to Equations (14) and (15), labelled as
uy(x,t) and ujr(x,t), respectively. For simplicity we consider the infinite domain Greens function
solutions with initial condition u(x,0) = 6(x).

The Greens function solution of the fractional diffusion equation Equation (14) can be written
as [8]

1 20| X7 (1-%7)
up(x,t) = ’ 2 , 21
1xt) JArD,Pr 12 4D, 17 | (0,1) (1) @)

where H denotes a Fox H-function [36], see Equation (A11).
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To find the Greens function solution uj;(x, t) we first note that Equation (15) can be re-written as

ov(x, t) 02 1—
i~ =Di3z oD; To(x, t) + av(x, t), (22)

where
v(x, t) = eMup(x,t). (23)

The Greens function solution of Equation (22) can be obtained as a special case of the more general
results in Appendix B of [14], yielding

. 2 [ (1=F+j)
t 2y , 24
vl t) = ,/4an E 4D,t7 | (0,1) (3+j1) @4)
and then using Equation (23) we have
(at)/ x? 1-%+i7)
Lt 2 . . 25
ull(x ) /747TD71W Z 4D £ (0’1) (%Jr],l) ( )

In Appendix B, we show that the Fox functions in Equations (21) and (25) can be simplified for

= % in terms of Miejer G-Functions [37], see Equation (A12), which have the advantage that they
can readily be evaluated using computer algebra packages such as MATHEMATICA and MAPLE.
Using the result of Equation (A19) from the Appendix B, we can write (see also [8] in the case of u(x, t))

1 x2 2 -
up(x, t) = - Gg/g < 1> 011 } , (26)
\/ 873Dt 16Dt2 142
and 5
_ 1 . (2ut) x2 34
i (x ) = e y & < 1) Sl]lJri 34 @7)
\/smp =0 I 16D¢t2 i E T I T ]

Note that the expression for uyj(x, t) simplifies to the expression for u;(x,t) if & = 0. If |x| > 4V Dtz
then we can use asymptotic expansions for Gg’g (z) and Gf’g(z) with z > 1 (see Appendix B) to write

1 2 2 2 My
up(x,t) ~ —————exp(—3( 7)3)( ) (28)
\/ 873Dtz 16Dt2" 16Dtz (16’; ;" )5 -1
and
urp(x,t) ~ Me™uy(x,t), (29)

where My and M are constant terms. The solutions u;(t), Equation (26), and u;(t), Equation (27) are
plotted in Figure 1, with« = 1and D =1, at times f = 0.1, = 1.0 and ¢ = 10.0. The solutions are very
similar at early times but the corner at the origin, which is characteristic of subdiffusion, is less sharp
at longer times in the solution of Equation (27).
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Figure 1. Plots of Equation (26), the algebraic solution to Equation (14), (left), and Equation (27),
the algebraic solution to Equation (15), (right), at times t = 0.1 (solid line), t = 1.0 (dashed line) and
t = 10.0 (bold solid line). The reaction parameter a = 1, and the fractional order derivative is taken to
be v = 0.5 in each of these plots.

The lesson from this simple example is that reaction dynamics equations do not contain sufficient
information on their own to provide model equations for reaction—subdiffusion systems even in
well-mixed systems. In the case of standard diffusion, the evolution of the population density is only
affected by the overall reaction rates, in a well-mixed system, but not the details of the reaction kinetics.
In a standard reaction—diffusion system, the dynamics with no births and no deaths is the same as if
there were births and deaths but the rates cancelled out. The reaction-diffusion equation with these
reaction kinetics has no memory of the birth and death processes. This is very different in the case of
subdiffusion where the details of the reaction kinetics are important to the overall dynamics of the
system. The subdiffusive system retains a memory that there were particles that were created and
annihilated. Moreover, the particle deaths temper the fractional diffusion. The example in the next
section further highlights the significance of the reaction kinetics in reaction-subdiffusion systems.

2.2. Fractional Fisher—KPP Equation

The reaction rate equation for the Fisher-KPP Equation (1) is given in Equation (2). There are many
different reaction kinetics that could be considered that are consistent with Equation (2). For example,
the term (1 — u(x, t)) in its entirety could represent a per capita birth rate if is is strictly positive, or a
per capita death rate if it is strictly negative. This term could also be regarded as being composed of
two terms, a constant per capita birth term and a linear per capita death term. These three possibilities
are highlighted for illustrative purposes below to show how different subdiffusion-reaction equations
apply depending on the reaction kinetics.

(i) Constant per capita birth rate, c(u(x,t),x,t) = ru(x,t), linear per capita death rate,
a(u(x, t),x,t) = ru(x,t),

ou(x,t) _ >’ — [Sru(xtydt =y ([ ru(x ) di
o = Digaleh G u(x )]
+ru(x, t)(1—u(x,t)), u(x,t)>0 (30)
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(ii) No births, c(u(x, t), x,t) = 0, linear per capita death rate, a(u(x,t),x,t) = r(1 — u(x,t)),

ou(x,t) P [ ruet)dt = (Aot d!
S = Digaleh G u(x1))]
+r(1—u(x, t)u(x,t), u(xt)>1 (31)

(iii) Linear per capita birth rate, c(u(x, t),x,t) = ru(x, t)(1 — u(x,t)), no deaths, a(u(x,t),x,t) =0,

ou(x,t) 9
a ~ Piag

[OD}*Vu(x,t)} Fru(x,t)(1—u(x,t), 0<u(x,t) << 1. (32)

Note that none of the factional Fisher-KPP reaction-diffusion equations can be expressed in the form

oTu(x,t) Pu(x,t)
oty 7T ax2

+ru(x, £)(1—u(x,t)), (33)

which results from simply replacing the integer order time derivative with a fractional order Caputo
derivative. As noted above, an equation of this form could only be obtained from a CTRW if
of particles at the start of the waiting time between particle jumps at position x and time ¢ [14].

The Greens function solutions for the nonlinear fractional reaction—diffusion equations,
Equations (30)—(32), cannot be obtained simply using Fourier-Laplace transform methods. However,
it is possible to find numerical solutions using the discrete time random walk methods described
in [38].

The Fisher-KPP reaction rate equation, Equation (2) can be motivated by different chemical
reactions consistent with the law of mass action [4]. One possibility is that of a single species A which
undergoes coalescence reactions A + A <+ A, and degradation reactions A — A + A; also referrred
to as reversible coagulation dynamics [39]. In this scenario the creation term, ru(x, t), arises from
degradation and the annihilation term, —r(u?(x, t)), arises from coalescence. Another possibility is
a branching-coalescence scheme [17], B 4+ X = X + X, with the concentration of B maintained at a
constant level. Equation (30) is a fractional Fisher-KPP reaction—-diffusion equation consistent with
each of the reaction schemes described here and it was obtained earlier for the branching—coalescence
reaction scheme in [17].

(ru(x,t)(1 —u(x,t)) is contrived as the cumulative instantaneous creation and annihilation

2.3. Fractional Fitzhugh—-Nagumo Equation

A widely studied reaction—diffusion system used to model wave propagation and pattern
formation in excitable media is the Fitzhugh-Nagumo system of equations [40,41]

2

w = Dv% +o(x,t)(v(x,t) —a)(1 —o(x,t)) —w(x,t), Dy >0,a>0 (34)
2

awg H Dw% +e(o(x,t) —bw(xt)) Dy >0,e>0b>0, (35)

named after Fizthugh [42] and Nagumo [43]. In recent years, the single component fractional equation

o"u(x, t)
ot

u(x, t)
ox?

= Dy +u(x, £)(u(x, t) —a)(1 —u(x,t)) (36)

has been studied as a test equation for various methods of solution of time fractional reaction-diffusion
equations (see, for example, [27,30] and references there-in).
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A time fractional Fitzhugh—-Nagumo system of equations consistent with Equation (11), derived
from a CTRW formalism, can be obtained by identifying per capita annihilation rates, a, and ay,
and creation rates, ¢, and ¢y, as follows:

ay(v(x,t),w(x,t) = a+0*(xt)+ Z:)J((;C,':)) , (37)
co(v(x,t),w(x, ) = (14a)0?(x,t), (38)
ayp(v(x,t),w(x,t)) = eb, (39)
cw(v(x, t),w(x,t)) = ev(x,t). (40)

The corresponding time fractional Fitzhugh-Nagumo system is given by

2 X .
av(ajif t) _ Dv,'y% {6_ j()'(vz(x,t’)+u+w(x,t’))dt’ 0D377 (ej(;(vz(x,t’)+u+w(x,t’))dt’v(x,t))]
+o(x, t)(v(x,t) —a)(1 —ov(x, t) —w(x,t), (41)
ow(x,t) P [ et oyl (bt
o = quﬁ [e oD, (e w(x,t))] +ev(x,t) — ebw(x, t). (42)

If w(x, t) = 0 this identifies a single component time fractional equation

ou(x,t) 02 — JtaR ) raydt 1=y (L [HR(x)+a) dE'
A )
+u(x, t)(u(x, t) —a)(1—u(x,t), (43)

which could be called a time fractional Fitzhugh-Nagumo equation, although the nomenclature could
be misleading because a single component equation, without external sources or sinks, could not
display Fitzhugh—-Nagumo dynamics. Equation (43) is, however, well posed as a nonlinear time
fractional reaction—diffusion equation that can be derived from a physically consistent CTRW, and thus
it should be preferred for testing numerical methods of solution over the single component model
equation, Equation (36), obtained by replacing an integer order time derivative with a Caputo fractional
order derivative.

3. Discussion

Over the past two decades there have been large numbers of papers published on numerical
methods for nonlinear fractional reaction-diffusion equations. The original motivation for including
time fractional derivatives in reaction-diffusion equations was based on a CTRW description of
diffusion with traps and reactions [13]. This description was refined and improved in a series of
papers [14,16-24], leading to the formulation of time fractional reaction—diffusion equations along the
lines of Equation (11). However, many investigations of time fractional reaction—-diffusion equations
have been carried out on systems obtained by simply replacing integer order time derivatives with
Caputo fractional order derivatives. These studies may be interesting from a mathematical analysis
point of view but they may not be directly relevant to mathematical modelling applications.

In this paper we have illustrated, through examples, how different time fractional reaction—diffusion
equations can be formulated, consistent with an underlying CTRW formalism, taking into account the
reaction kinetics. There are three points worth noting in this context: (i) The fractional reaction—-diffusion
systems considered in this approach are relevant to well-mixed reactions that are not diffusion
limited. The reaction dynamics can often be formulated using the law of mass action in these systems.
(ii) Different time fractional reaction—diffusion systems can be formulated that are consistent with
the same equation for the reaction dynamics. It is important to know the reaction kinetics. (iii)
Reaction—subdiffusion equations typically involve a spatial Laplacian operating on a generalized
tempered time fractional derivative. The solution of these types of equations would typically require
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very different numerical approaches than those proposed for reaction-diffusion systems with a
fractional order Caputo time derivative replacing the integer order time derivative.

It is hoped that the physically motivated time fractional reaction—diffusion equations, such as
Equations (30) and (43), will become more widely used, replacing the simpler ad-hoc equations,
such as Equations (33) and (36), as a test for different methods of solution of nonlinear fractional
reaction—diffusion systems. Beyond this, there is a real need for physical experiments to be devised
and carried out to validate and calibrate time fractional reaction-diffusion models.
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Appendix A. Mean Square Displacements

The mean square displacement of particles evolving according to the fractional diffusion equation

ou(x,t)

2
o = DW% [e*“tODL‘l_W (e"‘tu(x,t))} , a>0. (A1)

can simply be obtained from the infinite domain Greens function solution G(x, t) with initial condition
G(x,0) = d(x), via

2
(2 (1) = lim —15G(0.1) (A2)

where G(g,t) denotes the Fourier transform w.r.t. x. We begin by taking the Fourier transform of
Equation (A2) and re-arranging terms to write

2 (¢6(a,1) = D, 0D} (G(g, 1) + e Clg. 1) (A3)

We now introduce
F(g,t) =e"G(q,1), (A4)

noting that F(g,0) = G(g,0) = 1, and then

) az
2 b 4
(1) = e lim — ) (45)
Starting with the differential equation for P (g,1),
0 A A R
5; (F(a.1) = =°DyoD; " (F(g,1)) +aF(q,0), (46)

we take the Laplace transform w.r.t. time and rearrange terms to write

A 1
E e A7
(q,5) (S+D7q251—7_lx) (A7)
From this we have
A 2D,
%%_Wp(q's) T T2 —257a 4 57+
ap, 5 A8
- T (s — )2 (A8)
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We now take the inverse Laplace transform using Equation (2.3.26) of [34] to write

tim — B 1) = 20, 7EW A9
P (9,1) = 2Dy t7E;  (at), (A9)

and then
(22(t)) = 2D, H7EL) (at). (A10)

Appendix B. Fox H-Function and Meijer G-Function Solutions

The Fox H-function and the Meijer G-function are defined as path integrals [36]

(a1, Ar)(az, Az) ... (ap, Ap)

B T T(bj+Bjs) [Ty T(1—a;— Ajs
(b1, B1) (b2, Ba) ... (bg, By) ;

1 ) -8
. ds, All
7 L T B A o (ATD

mn
Hpi {z

and

z

Gy ds, (A12)

ay,az,...ap ] :L/ }n:]r(hj—s) ]}‘1:11"(1—11/‘—&-5) 5
bl, by, ... bq 2mi JL H?:erl F(l — b] + S) H7:n+1 F(uj — S)

respectively, where 0 <n < p,1 <m < g, {aj, bj} e C, {Dé]‘, /8]} € RT, and L is a suitably chosen
contour. With a simple change of variables it follows thatif A; = C,j = 1.pand B; = C,j = 1..4 then

,C)(ay,C)...(ap,C) 1 1| ay,ag,...a
o (‘11 14 _ —cmn 14 Al
P {Z (b1, C) (b3, C)... (b, C) | ~ TP |Z | by, .1, (AL3)
The Legendre duplication formula
22z-1 1
r(2z) = 7r(z)r(z +5) (A14)

is useful for reducing Fox H-functions to Meijer G-functions in the expressions below.
The Fox-H function

C(s)T(L+j
= L [ IO HIES) (A15)
2 JLT(1 =5 4]+ 7s)

1=%+j7)
20 ( 2T
12 H 01)(%+j+1)

appears in the solutions, Equations (21) and (25). Here we show how;, in the case v = %, this can be
1

represented as a Meijer G-function leading to the solutions in Equations (26) and (27). Withy = 7 in
Equation (A15) we have
3471
H2Y H (3+72) 27 ds. (A16)

1 [ T()T(3+j+s)
O1)(z+j+1) /L Bl

S TG Hj+3)

We now use the duplication formula, Equation (A14), to replace

271 s s 1
I(s) = ﬁr(i)r(i +3) (A17)
and .
1. 20l 1 s 3 s
r(ﬁ +jts) = TF(Z §+§)r(1+§+§), (A18)
so that
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wo | G+ich _ L/2%*”2*‘*2r(%)r(%+%>r<%+%+%>r<%+%+;>z,sd5
12 (0,1)(%+j+1) 27i JL T r(%+j+%) ’
_ 22524 z| (3+73)
HlaohE DG+ DG LD
2 40l,z0 %+]
_ o | (2 . _ A19
\/571’ 14 (4) 0/%/%+é,%+% ( )
Note that if j = 0 this simplifies further to
L ai|ée = a8 |Cr|, (a20)
Vo A4 0,541 Vom0 4| 0,5,

The Meijer G-functions above are of the general form GZj 2 (z) where asymptotic expansions are
known for z > 1 [37]. In particular, using Equation (22) in [37], we have
j
Gy {Z 11,73
’ viteith

O W
+

(A21)

~ exp(73z%)z*11’2 Z
k=0

forall j € Nand z > 1, where the M (j) are functions of the parameters, including j, but not the
variable z. If we let M denote the largest M (j) then we can evaluate the sum as a geometric series
to write

it

1 1
exp(—3z3)z%
11 j 3 ] T
O21taita

; (A22)
z3 —1

4,0
61,4 z ~M

and similarly for Gg/’g.
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Abstract: Financial time series have a fractal nature that poses challenges for their dynamical
characterization. The Dow Jones Industrial Average (DJIA) is one of the most influential financial
indices, and due to its importance, it is adopted as a test bed for this study. The paper explores an
alternative strategy to the standard time analysis, by joining the multidimensional scaling (MDS)
computational tool and the concepts of distance, entropy, fractal dimension, and fractional calculus.
First, several distances are considered to measure the similarities between objects under study and to
yield proper input information to the MDS. Then, the MDS constructs a representation based on the
similarity of the objects, where time can be viewed as a parametric variable. The resulting plots show
a complex structure that is further analyzed with the Shannon entropy and fractal dimension. In a
final step, a deeper and more detailed assessment is achieved by associating the concepts of fractional
calculus and entropy. Indeed, the fractional-order entropy highlights the results obtained by the other
tools, namely that the DJIA fractal nature is visible at different time scales with a fractional order
memory that permeates the time series.

Keywords: multidimensional scaling; fractals; fractional calculus; financial indices; entropy;
Dow Jones; complex systems

1. Introduction

The Dow Jones Industrial Average (DJIA), or Dow Jones, is a stock market index that reflects
the stock performance of 30 relevant companies included in the U.S. stock exchanges. The DJIA
is the second-oldest among the U.S. market indices and started on 26 May 1896. The DJIA is the
best-known index in finance and is considered a key benchmark for assessing the global business trend
in the world.

The financial time series reflect intricate effects between a variety of agents coming from economic
and social processes, geophysical phenomena, health crisis, and political strategies [1-4]. At present,
we find all sorts of financial indices for capturing the dynamics of markets and stock exchange
institutions. In general, all have a fractal nature with variations that are difficult to predict [5-13].
A number of techniques have been proposed to investigate the financial indices and to unravel the
embedded complex dynamics [14-18]. Such studies adopt the underlying concept of linear time flow
and consider that the fractal nature of the index is intrinsic to its own artificial nature.

This paper studies the interplay between the DJIA values and the time flow. The present day
standard assumption is that time is a continuous linear succession of events often called the “arrow of
time”. We must clarify that (i) the nature of the time variable, either continuous or discrete, either with
a constant rhythm of variation or not, is simply under the light of the financial index, so that we are
independent of the classical laws of physics, (ii) merely the DJIA is adopted since other financial indices
reveal the same type of behavior, but are limited to much shorter time series, and (iii) no financial
foreseeing is intended. Therefore, the Gedankenexperiment in the follow-up addresses the controversy
about the texture of time [19-22], but just in the limited scope of financial indices.

Entropy 2020, 22, 1138; doi:10.3390/e22101138 45 www.mdpi.com/journal/entropy
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For this purpose, the concepts of multidimensional scaling (MDS), fractional dimension, entropy,
and fractional calculus are brought up as useful tools to tackle complex systems. MDS is a
computational tool for visualizing the level of similarity between items of a dataset. The MDS translates
information regarding the pairwise distances among a set of items into a configuration of representative
points of an abstract Cartesian space [23-29]. Mandelbrot coined the word “fractal” [30,31] for complex
objects that are self-similar across different scales. Fractals can be characterized by the so-called
fractal dimension, which may be seen as quantifying complexity [32-34]. Information theory was
introduced by Claude Shannon [35] and has as the primary concept the information content of a given
event, which is a decreasing function of its probability [36-39]. The entropy of a random variable is
the average value of information and has been proven to be a valuable tool for assessing complex
phenomena [40-42]. Fractional calculus (FC) is the branch of mathematical analysis that generalizes
differentiation and integration to real or complex orders [43-48]. The topic was raised by Gottfried
Leibniz in 1695 and remained an exotic field until the Twentieth Century. In the last few decades,
FC became a popular tool for analyzing phenomena with long-range memory and non-locality [49-57].

The association of these mathematical and computational tools yields relevant viewpoints when
analyzing financial indices [7-9,11,58-61].

Bearing these ideas in mind, this paper is organized as follows. Section 2 introduces the dataset
and methods and develops some initial experiments using MDS. Section 3 explores the use of fractal
and entropy analysis of the MDS loci. Finally, Section 4 draws the main conclusions.

2. Dataset and Methods

2.1. The DJIA Dataset

The dataset consists of the daily close values of the DJIA from 28 December 1959, up to
1 September 2020, corresponding to a time series of T = 15,832 days, covering approximately half a
century. Each week consists of 5 working days, and some missing data due to special events were
estimated by means of linear interpolation between adjacent values.

We assess the dynamics of the DJIA by comparing its values x(t) for a given time window of t;
days. Therefore, the ith vector of DJIA values consists of §; = [x(1),...,x (tv)], where days “1” and
“ty” denote the start and end time instants in the time window. Hereafter, for simplicity, we consider
consecutive disjoint time windows, and a number of experiments with t;, having values multiples of

w

the floor function, which gives as the output the greatest integer less than or equal to the input value.
The evolution of the DJIA in time reveals a fractal nature as represented in Figure 1. If we

calculate the histogram of the logarithm of the returns, thatis of Ir = In (x(xt(t)l) ), we verify a sustained

5 days. Therefore, the total number of time windows (and vectors) is Ny, = LLJ , where |- | denotes

noisy behavior and fat tails in the statistical distribution as depicted in Figure 2 for time windows of
ty = 60 days.
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Figure 1. Daily close values of the DJIA from 28 December 1959, up to 1 September 2020.
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Figure 2. Histogram of the logarithm of the returns of the DJIA from 28 December 1959, up to
1 September 2020, for time windows of t;, = 60 days.

2.2. Distances

The DJIA dynamics is studied indirectly through the MDS by comparing the vectors
(&),...,¢ (tw)),i=1,...,Ny, t =1,...,ty, and analyzing the properties of the resulting plot in the
perspective of entropy and fractal dimension. This approach requires the definition of an appropriate
distance [62]. A functiond : A x A — R on a set A is a “distance” when, for the items ¢;, j, {x € A,
it satisfies the conditions (i) d(¢;, ¢;) > 0 (non-negativity), (ii) d(¢;, ;) = 0 (identity of indiscernibles)
if and only if &; = ¢j, (iii) d(&;, &) = d(&;, &) (symmetry), and (iv) d(&;, &) < d(&;,&;) + d(&j, &)
(triangle inequality). If the three conditions are followed, then the function is a “metric” and together
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with A yields a “metric space”. Obviously, these conditions still allow a considerable freedom, and we
find in the literature a plethora of possible metrics each with its own pros and cons. In practice,
users adopt one or more distances if they capture adequately the characteristics of the items under
assessment. Therefore, we start by considering a test bench of 10 distinct indices, namely the Manhattan,
Euclidean, Tchebychev, Lorentzian, Serensen, Canberra, Clark, divergence, angular, and Jaccard
distances (denoted as {Ma, Eu, Tc, Lo, So, Ca, Cl, Dv, Ac, Ja}), given by [63]:

dM“ = Z |&i(t) — (1a)
di = fxéa)—@wn? (1b)
dij = max (&i(t) — g(t)), (1o)
dL = télog (1+]& 1) — & (), (1d)

tw

Y18 () =¢8]
a9 = = , (1e)

ty

Z (16 (O1+g; (1))

t=

|§1 - ()} 1f
Z|c,|+\c]|’ 9

a_ |y (lE®-g®]
%J§<a|+mao te
oot (@60 -50)?

=) e, (1h)
T (@ + g
tw
Y Gi(h)Ei(t)
di‘f = arccos (rij) , i = :w:l—, (1i)
Yoy s
t=
tu
Y (@ -g1)’
d{‘]‘ =+ =1 = - , 1)
Z% &)+ 21 HOR Zi Gi(Hg;(t)
= t= t=

where ¢; and ¢ i, j=1,..., Ny, are the ith and jth vectors of the DJIA time series, each of dimension .
The Manhattan, Euclidean, and Tchebychev distances are particular cases of the Minkowski distance

1
d%[ = ( yihe 1lgi) )|q) ?, namely for g = 1,4 = 2 and g — oo, respectively. The Lorentzian
distance apphes the natural logarithm to the absolute difference with 1 added to guarantee the
non-negativity property and to eschew the log of zero. We find in the literature several distinct
versions of the Serensen distance, eventually with other names, and representing a statistic used
for comparing the similarity between two samples. The Canberra and Clark distances are weighted
versions of the Manhattan and Euclidean distances. These expressions replace |¢;(t) — &;(t)| by
[e=¢;(v)|/ (I&(t)1+]¢;(1)|) and are sensitive to small changes near zero. The angular cosine distance
follows the cosine similarity r;; that comes from the inner product of two vectors, §; - §;. The angular
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cosine distance d:¥¢ gives the angle between the vectors ¢; and ¢ j- The Jaccard distance is the ratio of
the size of the symmetric difference to the union of two sets.

2.3. The MDS Loci

Once having defined the metric for comparing the vectors, the MDS requires the construction
of a matrix D = [d;;] of item-to-item distances. In our case, “item” corresponds to a t;-dim
vectors. Therefore, the square matrix D is symmetric, with the main diagonal of zeros and dimension
Ny X Ny equal to the number of items. The MDS computational algorithm tries to plot the items in
a low-dimensional space so that users can easily analyze possible relationships that are difficult to
unravel in a high number of dimensions. In other words, the MDS performs a dimension reduction
and plots items in a p < N, dimensional space, by estimating a matrix D = [dAi,j] , corresponding to

the p-dim items £;, so that the distances, 4 ijr mimic the original ones, d,-,/-.

The classical MDS can perform the optimization procedure based on a variety of loss functions,
often called “strain”, that are a form of minimizing the residual sum of squares. The metric MDS
generalizes the optimization procedure called “stress”, Sp, such as:

1
. 2|*?
Sp (E1,-,8) = {Z (i) —diy) ] : @
L]
or: ;
A 272
5o gy = | 2L~ ®
D IVERRY Ell]diz/] ’

where di,]' = |C, - C/ ’ i,j = 1,. . .,Nw.

The generalized MDS is an extension of metric formulation, so that the target space is an arbitrary
smooth non-Euclidean space.

Once having obtained the MDS estimate coordinates of the objects £;, the user can decide the
dimension p for visualization. Usually, the values p = 2 and p = 3 are selected since they allow a
direct representation. Moreover, the quality of the MDS approximation can be assessed by means
of the Sheppard and stress charts. The Sheppard diagram plots dAi,]' vs. d;;. If the points follow
a straight/curved line, this means a linear/non-linear relationship, but in both cases, the smaller
the scatter, the better the approximation is. A second assessment tool consists of the plot of Sp
vs. p. Usually, the curve is monotonic decreasing with a large diminishing at first and a slow
variation afterwards.

Since the MDS locus results from relative information (i.e., the distances), the coordinates usually
do not have some physical meaning, and the user can rotate, shift, or magnify the representation
to have a better view. Moreover, distinct distances lead to different plots that are correct from the
mathematical and computational viewpoints, but that reflect distinct characteristics of the dataset.
Therefore, it is up to the user to choose one or more distances that better highlight the aspects of the
dataset under study.

Often, it is recommended to pre-process the data before calculating the distances in order to reduce
the sensitivity to some details such as different units or a high variation of numerical values. In the case
of the DJIA, two data pre-processing schemes (also called normalizing, or data transformation), P; and
P, are considered: (i) subtracting the arithmetic average and dividing by the standard variation, that is
by calculating {Pl D x(t) X(tz%”}, where y = YT | x(t) and o = \/ﬁ Y1 (x(t) — p)%, and (ii)
by applying a logarithm so that {P, : x(t) < Ig (x (t))}. The linear transformation P is often adopted
in statistics and signal processing [64-68], while the non-linear transformation P, can be adopted with
signals revealing an exponential-like evolution [69-73]. Of course, other data transformations could be
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envisaged, but these two are commonly adopted. Therefore, the main question concerning this issue is
to understand to what extend the pre-processing influences the final results.

2.3.1. Data Pre-Processing Using P;

Figure 3 shows the MDS locus for p = 3 and f, = 60 days, with pre-processing P; and using
the Lorentzian and Canberra distances, dlLf and dfj” . The larger circle represents the first vector,
and the lines connect two consecutive dots (representing the vectors from two consecutive time
windows). The lines are included simply for auxiliary purposes and for highlighting the discontinuities.
The MATLAB nonclassical multidimensional scaling algorithm mdscale and the Sammon’s nonlinear
mapping criterion sammon were used. Figure 4 illustrates the corresponding Sheppard and stress
diagrams for the Canberra distance (1f). For the sake of parsimony, the other charts are not represented.
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Figure 3. The multidimensional scaling (MDS) locus, %;, of the DJIA dataset for p = 3 and t;, = 60
days (Ny = 263), with pre-processing P; and using the Lorentzian (1d) and Canberra (1f) distances.
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Figure 4. The Sheppard diagram, d}, i vs. djj, for p = 3, and stress plot, Sp vs. p, of the DJIA dataset
with ty = 60 days, with pre-processing P; and using the Canberra distance (1f).

We verify that the MDS loci exhibit segments where we have an almost continuous evolution
and others with strong discontinuities. The first segments portray relatively smooth dynamics,
while the second ones represent dramatic variations, in the perspective of the adopted distance
and visualization technique. These dynamical effects are not read in the same way as with the standard
time representations. Moreover, their visualization varies according to the type of distance adopted to
construct the matrix D. This should be expected, since it is well known that each distance highlights
a specific set of properties embedded in the original time series and that the selection of one of
more distances has to be performed on a case-by-case basis, before deciding those more adapted to
the dataset.

Another relevant topic is the effect of the time window t;, on the results. In other words, we can
ask how the dimension of the vector ¢;,i =1, ..., Ny, capturing the DJIA time dynamics, influences the
MDS representation. For example, Figure 5 shows the MDS locus for p = 3, t;, = 10 days (N, = 1583),
and the Canberra distance (le).

MDS dimension 3

2
:l\os e

Figure 5. The MDS locus, #;, of the DJIA dataset for p = 3 and t, = 10 days (N, = 1583),
with pre-processing P; and using the Canberra distance (le).
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2.3.2. Data Pre-Processing Using P,
Figure 6 shows the MDS locus for p = 3 and t, = 60 days, with pre-processing P, and using the
Lorentzian and Canberra distances, 4~ and diCl]f’. Figure 7 depicts the Sheppard and stress diagrams

L]
for the Canberra distance (1f).
We can also check the effect of the time window t,,. Figure 8 shows the MDS locus for p = 3,

ty = 10 days (N, = 1583), and the Canberra distance (1e) revealing, again, a slight diminishing of the
volatility.

30

MDS dimension 3
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Figure 6. The MDS locus, %;, of the DJIA dataset for p = 3 and t;, = 60 days (Ny = 263),
with pre-processing 7, and using the Lorentzian (1d) and Canberra (1f) distances.
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Figure 7. The Sheppard diagram, rfi,j vs. d; i, for p = 3, and the stress plot, Sp vs. p, of the DJIA dataset
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with t;, = 60 days, with pre-processing P, and using the Canberra distance (1f).
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Figure 8. The MDS locus, ¥;, of the DJIA dataset for p = 3 and t;, = 10 days (N, = 1583),
with pre-processing P, and using the Canberra distance (1e).
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As in the previous sub-section, we observe that the MDS plots reveal some segments almost with a
continuous evolution and some with discontinuities. Furthermore, as before, increasing f,, reduces the
volatility in the MDS representations. These results, with regions of smooth variation, interspersed with
abrupt changes, were already noticed since they reflect relativistic time effects [74,75]. Such dynamics
was interpreted as a portrait of the fundamental non-smooth nature of the flow of the time variable
underlying the DJIA evolution. Nonetheless, we are still far from a comprehensive understanding of
the MDS loci, and we need to design additional tools to extract additional conclusions.

3. Fractal, Entropy, and Fractional Analysis

We consider the fractal dimension and entropy measures for analyzing the 3-dim portraits
produced by the MDS.

The fractal dimension, f;, characterizes the fractal pattern of a given object by quantifying the
ratio of the change in detail to the change in scale. Several types of fractal dimension can be found in
the literature. In our case, f; is calculated by means of the box counting method as the exponent of
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apower law N (e) = ae~f4, where a is a parameter that depends on the shape and size of the object,
and N and e stand for the number of boxes required to capture the object and the size (or scale) of the
box, respectively. Therefore, f; can be estimated as:

)

The entropy of a random variable is the average level of “information” of the corresponding
probability distribution. The key cornerstone of the Shannon theory consists of the information content,
which for an event having probability of occurrence p;, is given by:

I(pi)) = —Inp;. (5)

For a 3-dim random variable (X, Y, Z) with probability distribution pxy, the Shannon entropy,
Hyxyz, is given by:

Hxyz ==Y Y)Y pxyzIn(pxvz), (6)

XY z

where —In (pxyz) is the information for the event with probability pxyz.

The concept of entropy can be generalized in the scope of fractional calculus [76-86].
This approach gives more freedom to adapt the entropy measure to the phenomenon under study by
adjusting the fractional order. The information and entropy of order a € R are given by [77,87]:

—

I () = DL (pr) = ~ gy Bmpic 9 (1) =4 (1 0] @)
Hiy Z{—F(Z";l)unpiwm—w(l—an}pi ®

where T () and ¢ (+) represent the gamma and digamma functions.

The parameter a gives an extra degree of freedom to adapt the sensitivity of the entropy calculation
of each specific data series.

In an algorithmic perspective, these measures require the adoption of some grid (or box) for
capturing and counting the objects, the main difference being that the fractal dimension just considers
a Boolean perspective of “1” and “0”, that is the box is either full or empty, while the entropy considers
the number of counts in each box.

In the follow-up, a 3-dim grid defined between the minimum and maximum values obtained for
each axis of the MDS locus is considered. For the fractal dimension, we obtain f; by the slope of N (¢)
versus € for 10 decreasing values of the box sizes. In the case of the entropy, we calculate Hxyz when
adopting 20 bins for each MDS axis. The auxiliary lines connecting the object (i.e., the points) are not
considered for the calculations.

Figures 9 and 10 show the variation of f; and Hxyz with ty, with pre-processing P; and P,
respectively, when using the distances (1a)-(1j). For t,, € {5,...,240}, we have correspondingly MDS
with Ny, (t, € {3166, ...,65}) points.
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Figure 9. Plot of fractal dimension, f;, and Shannon entropy, Hxyz, versus Ny, (ty € {5,...,240}),
with pre-processing P; and using the distances (1a)—(1j).
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Figure 10. Plot of fractal dimension, f;, and Shannon entropy, Hxy, versus Ny, (ty € {5,...,240}),
with pre-processing P, and using the distances (1a)—(1j). The Manhattan, Euclidean, Tchebychev,
Lorentzian, Serensen, Canberra, Clark, divergence, angular, and Jaccard distances (denoted as {Ma, Eu,
Tc, Lo, So, Ca, Cl, Dv, Ac, Ja}).

We note some “noise”, but that should be expected due to the numerical nature of the experiments.
In general, the two indices decrease with t;, revealing, again, the “low pass filtering” effect of the
dimension of the time window. We note a considerable difference of the values of f; and Hyy for
small values of ¢, but a stabilization and some convergence to closer values when t;, increases.

In the case of the fractional entropy, Hyy,, we can tune the value of a to achieve a maximum
sensitivity. In other words, we can select the value a4z to obtain max (H%y)- Figures 11 and 12
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depict max (Hgy ) V8. tyqy () With £ € {5,10,...,240}, with pre-processing P; and P, respectively,
and using the distances (1a)—(1j).

10’ 102
max (H%y z)
Figure 11. Plot of &,,q,(p) Versus max (H%yy), with to € {5,10,...,240}, with pre-processing P; and
using the distances (1a)—(1j).
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Figure 12. Plot of a,,,, () versus max (H%yy), with t, € {5,10,...,240}, with pre-processing P, and
using the distances (1a)—(1j).
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We verify a strong correlation between the entropy and the value of the fractional order.
Furthermore, we note that 0.55 < ;g (z1) < 0.75and 0.57 < w7y < 0.77 for Py and P, respectively,
far from integer values and clearly representative of fractional dynamics. For small time windows,
each distance has a distinct behavior, but when the time window increases, all distances converge to
almost similar points of &, (fr), both for Py and P,. Obviously, with larger time windows, we have a
smaller number of points in the MDS locus, and that influences the result. The convergence towards
a common behavior for all distances is observed after the first values of t,,. This means that we are
unraveling the fractional dynamics, that is a characteristic of long-range memory effects embedded in
the time series.

For the pre-processing P, the divergence distance produces a slightly separated plot to the left,
while for P,, we see that position is occupied the divergence and Jaccard distances, but with a fuzzier
behavior. As before, we note that the type of pre-processing does not yield any significant modification
of the global conclusions.

4. Conclusions

Commonly, time is viewed as a continuous and linear flow so that any perturbation, such as noise
and volatility, is automatically assigned to the variable under analysis. In other words, since we
are entities immersed in the time flow, apparently, we are incapable of distinguishing between
perturbations in the time and the measured variable. This paper explored an alternative strategy
of reading the relationship between the variables. For that purpose, the DJIA, from 28 December
1959, up to 1 September 2020, was adopted as the vehicle for the numerical experiments. This dataset
corresponds to a human-made phenomenon, and therefore, any conjecture about the nature of time
is independent of the presently accepted conceptions about its flux. In the proposed approach,
the time series was organized into vectors corresponding to specified time windows. Those vectors
were then compared by means of a panoply of distances and the resulting information plotted in
a three-dimensional space by means of MDS. Indeed, the MDS representation corresponds to a
“customized projection” of high-dimensional data into a low-dimensional space. Loosely speaking,
we can say “customized projection” since we do not pose any a priori requirements, the algorithm
merely being based on the idea of minimizing the difference between the original measurements and
the replicated (approximated) value. Therefore, the MDS does not automatically guarantee the success
of such a “projection”, but the quality results were assessed by the stress and Shepard diagrams. In the
case of the DJIA and the adopted distances, the good quality of the MDS technique was confirmed.

The MDS loci have distinct shapes, according to the type of distance adopted to compare vectors.
Therefore, additional tools were necessary to highlight the main characteristics of these representations
where time is no longer the explicit variable. For that purpose, several mathematical tools were
considered, namely the Shannon entropy and fractal dimension. In all cases, we observed some
variability with the time window, which occurs naturally due to the numerical treatment of this type
of data. The Shannon entropy and fractal dimension exhibited the same type of behavior, with a
progressive variation with the time window and a stabilization toward a common value for large t;,.
While these results can be read merely as the effect of a low pass filtering provided by the large time
window, we can also foresee that another property inherent to the DJIA is their origin.

The fractional entropy was brought up to further analyze the MDS locus. This tool allows a better
sensitivity to the dataset than the Shannon entropy, since users can tune the calculations by means
of the fractional order. In the case of the DJIA, the tuning of « for achieving the maximum entropy
revealed not only that such values are independent of the distance, but also that we clearly have orders
far from integer values, characteristic of fractional dynamics with non-local effects.

Some concepts are debatable and do not follow the standard orthodoxy, but the set of experiments
with an artificial time series allows thinking outside the box and provides a strategy for exploring the
texture of time in the perspective of entropy and fractional calculus.
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Abstract: The present study aimed to develop and investigate the local discontinuous Galerkin
method for the numerical solution of the fractional logistic differential equation, occurring in many
biological and social science phenomena. The fractional derivative is described in the sense of
Liouville-Caputo. Using the upwind numerical fluxes, the numerical stability of the method is
proved in the Lo, norm. With the aid of the shifted Legendre polynomials, the weak form is reduced
into a system of the algebraic equations to be solved in each subinterval. Furthermore, to handle
the nonlinear term, the technique of product approximation is utilized. The utility of the present
discretization technique and some well-known standard schemes is checked through numerical
calculations on a range of linear and nonlinear problems with analytical solutions.

Keywords: logistic differential equation; liouville-caputo fractional derivative; local discontinuous
Galerkin methods; stability estimate

1. Introduction

In studies of elementary population dynamics the simplest model for the growth of a population
is known as rate equation and structured by Malthus in (1798) [1]

AM(t)

dt
M(0) = My,

M

where M(t) denotes the population at time t, the non-zero parameter r equals to ¥ = p — &, where
and « are the per capita birth and death rates respectively. Here, M) is the population at time ¢ = 0.
The exact analytical solution of Malthus population model (1) is explained the constant population
growth rate M(t) = Mpe'. The Maithusian grow model is unrealistic over long times due to the fact
that the solution of the rate equation is not included two main factors such as spread of diseases and
the limitation on food supply. To model the effects of these factors in a population model, the logistic
equation was considered by P. R. Verhulst in 1838 [2]

AN(t) N(t)
—ar ~N® (1*T>'
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where the variable N(t) = M(t)/Muy is the whole population and normalized to its maximum
attainable value M4y,  denotes the intrinsic growth rate while the constant K > 0 known as the
carrying capacity of the environment. By defining X(t) := N(t)/K and ¢ := rK, the standard logistic
equation can be rewritten as

% — o X(t) (1 - X(t)), t>0, o
X(0) =X

where Xy = M(0)/Mux. The exact solution of this equation can be easily obtained as

Xo

X0 = % - Xy

In the last decades, many efforts have been devoted to extend the integer-order models to the
corresponding fractional-order models, which are more descriptive and can provide a powerful and
valuable instrument for the explanation of hereditary and memory properties of several materials
and process [3,4]. Replacing the classical derivative operator in (2) by a fractional one, the fractional
logistic equation will be obtained. This model of population growth has been found applications in
numerous disciplines of science and engineering. For instance, the growth of tumors in medicine [5]
can be modelled as the fractional logistic equation (FLE). In addition, the milstone of various important
mathematical models is based on the fractional logistic equation such as two models in Radar signals [6]
and electroanalytical chemistry [7]. Several variations of the population growth model have been
studied in the literature [8]. In the present study, we are going to investigate the following logistic
population model of fractional order in the form

LCDYX(t) = o X(t) (1 - X(t)) — o X(H)g(X(t), t>0,

®)
X(0) = Xo,

where the symbol YCDY denotes the fractional derivative operator of Liouville-Caputo type and

v € (0,1]. It should be emphasized that in (3) we have used the function g(s) = 1 —s, which

corresponds to the nonlinear logistic equation. However, to address the linear counterpart of this

equation we also consider g(s) = 1. The issue of existence and the uniqueness of the solution of (3) is

discussed in detail in Reference [9].

It is known that for most fractional differential equations there is no possibility to find the exact
solutions analytically. Consequently, exploring an approximate or numerical technique is of primary
interest for such fractional equations. Many efforts have been made toward the exact analytical
solution of the problem (3). The first one is proposed by West [10], which is based on the Carleman
embedding technique. Later, it is shown that in Reference [11] the this analytical function is only
very close to the numerical solutions of the FLE. The other analytical methods for the FLE include the
fractional Taylor expansion method [12], a method based on Euler’s numbers [13], and the varational
iterative method [14]. Besides the analytical investigations, numerous computational approaches
have been proposed for the nonlinear FLE. Let us mention the predictor-corrector approaches [9,15],
the finite difference schemes [14,16], the spectral methods [17,18], the Bessel collocation method [19],
the Chebyshev wavelet method [20], the Laguerre collocation method [21], and the fractional spline
collocation method [22].

Many other numerical and approximation methods as well as computational approaches have
been developed and applied for the FDEs which are based upon various closely-related models of
real-world problems. For example, Baleanu et al. [23] made use of a Chebyshev spectral method based
on operational matrices, a remarkable survey of numerical methods can be found in [24], a study of
the fractional-order Bessel, Chelyshkov, and Legendre collocation schemes for the fractional Riccati
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equation was presented in [25], an operational matrix of fractional-order derivatives of Fibonacci
polynomials was developed in [26], an introductory overview and recent developments involving
FDEs was presented in [27], efficiency of the spectral collocation method in the dynamic simulation
of the fractional-order epidemiological model of the Ebola virus was investigated in [28], the Jacobi
collocation method and a spectral tau method based on shifted second-kind Chebyshev polynomilas
for the approximate solution of some families of the fractional-order Riccati differential equations
were discussed in [29,30], computational approaches to FDEs for the biological population model were
discussed in [31], the generalized Chebyshev and Bessel colllocation approaches for fractional BVPs
and multi-order FDEs were considered in [32,33], and a general wavelet quasi-linearization method
for solving fractional-order population growth model was developed and applied in [34].

In this work, we take a further step towards proposing a numerical method for solving the
FLE. We utilize a discontinuous finite element approach, i.e, the local discontinuous Galerkin (LDG)
discretization approach for the FLE (3). To apply the LDG scheme, we must rewrite a given FDEs
as a system of first-order ordinary differential equations (ODEs) with together a fractional integral.
Hence, the discontinuous Galerkin (DG) method is employed to discretize the resulting system as
well as the fractional integral. The first DG method was introduced by Reed and Hill [35] in 1973
for numerically solving neutron transport, that is, a time-independent linear hyperbolic equation.
Since then the DG schemes have been well implemented for the classical ODEs was started by the
work [36]. DG schemes as a subclass of finite element methods (FEMs) allow us to exploit discontinuous
discrete basis functions. These local basis functions are usually selected as piecewise polynomials.
Exploiting completely discontinuous basis functions offers great opportunities compared to traditional
FEMs when used to discretize differential equations. In summary, the main gains of the DG methods
are in terms of flexibility, accuracy as well as parallelizability, see cf. Reference [37].

To the best of our knowledge, the LDG approaches for the ODEs of fractional-order including
one-term and multi-terms were first discussed in Reference [38] and then have been applied to many
model problems [39-41]. It is worth mentioning that the success of LDG methods is based on the
designing of appropriate numerical fluxes at the interface elements. In this work, we utilize the upwind
numerical flux as natural choice for the FLE. By choosing the upwind fluxes we are able to prove the
numerical stability of the LDG scheme.

The rest of this paper is organized as follows. In the next Section, we review some fractional
calculus preliminaries and state some of their properties that will be used later on. The formulation of
the LDG scheme for the logistic equation is established in Section 3. Hence, the algebraic form of the
LDG scheme is obtained with the aid of shifted Legendre basis functions. The technique of product
approximation is also applied to deal with the nonlinear term in the weak formulation. In Section 4
we establish the numerical stability of the scheme in the linear case and a discussion about the error
estimation is made. In Section 5, the applicability and utility of the present numerical schemes are
verified by performing several simulations on two linear and nonlinear population growth and logistic
model problems. Finally, a conclusion is drawn in Section 6.

2. Fractional Calculus

Now, we present some fundamental and mathematical preliminaries of the fractional calculus
theory to be utilized in our subsequent sections, see References [3,4,27].

Definition 1. Let v > 0 is given. The (left) Riemann-Liouville fractional integral operator of order v is given by

t
%f fp)(E—p)ldp, v=0,t>0,
f(), v=0.

TVf(t) = Z{ f(1) =

The integral operator ZV has many properties. Among others, we make use of the following
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(1) ZVIPf(t) = T"HPA(1),
@) Z"(cf(t) +c2g(t)) = 12V (1) + 2278(E), c1,2€ R,

G) It = %HH y>-1.

The corresponding definition of the right Riemann-Liouville fractional integral on the interval
[t, b] instead of [a, t] is given by

Ly (1) ff (p—t¥"tdp, v>0,t>0.

Definition 2. The fractional derivative DV of f(t) in the Liouville-Caputo’s sense is defined as

dp, m—1l<v<m, t>0,

1 f £ (p)
DVf(t) = LCDLf( t)={ T(m—v) ), (t—pyr—m+l
f(”')(t), v=m, meN.

We make use of the following [4]:

DY(C) =0 (Cisa constant), 4)

IF(y+1-v) (5)

v gy Mt”"/, for y e Ngand v > [v], or y ¢ Ny and y > |v|,
0, for v € Ny and v < [v].

Here, we have used the ceiling and floor functions [v], |v| respectively. It should be noted that,
two operators ZV and D" are related through the following expression
d

D'f(t) = T"'D"f(t), D= . ©)

3. Discretized LDG Formulation

In order to formulate the LDG method for the logistic equation in (3), some basic notations will
first be introduced.
Let us consider (3) on L = (0, T) for some given T > 0. To rewrite (3) as a first-order system,

we introduce two new variables zy(t) = X(t) and z;(f) = dX(f) and use the relation (6) to get
dzo(t) _
z1(t) — TR
oZ ) mi(t) — o zo(t) (1-20(1)) = 0, @
z0(0) = Xo =0,

withv € (0,1] and t € L. By A we denote a partitioning of the interval L into ] subintervals L; = (;_1, ;)
forl =1,...,]. The grid points of A will be denoted as

O=fp<th <...<tj1<tj:=T.

By h; we mean the length of each L;, thatis, iy = t; —t;_1 for] = 1,2,...,N. The maximum length
of these element is taken as 1 := max,/ _1 l1- We associate the mesh A with the broken Sobolev spaces

Hy ={w:L—>R|w|, eH(L), 1=12,...,]h
and

SA = {ZU:L%R‘W‘LI ELz(LZ), 121,2,...,]},
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By using these function spaces, let assume that the solutions of system (7) belong to
corresponding spaces

zo(t),z1(t) ) € Hi X SA-
( )

It should be noted that the elements of space H} may be discontinuous in t at discrete time level
t1. In this respect, at the mesh grid points, defining the left-sided as well as the right-sided limits of a
function w is necessary, where w : L — R is a piecewise continuous function. By w; and w;, we let
the left- and right-sided limits of w at t;

w =wh(t) = w(t) = 52%1 w(ty +5), w; =w () =w(t;]):= flir(?— w(ty +5).

For any positive integer number r, we denote by P,(L;) the space of polynomials of degree less
or equal than r on the element L; € A. We then let the approximate solutions zy(f), z1(f) belong to a
subspace V(") c H}, which is a finite dimensional space. This subspace is defined as the space of
discontinuous and piecewise polynomial functions

VO —{w:L >R |wly, eP(Ly), [=12,...,]}

We further define Z((t) and Z1(t) as the DG approximations to the exact solutions zo(t) and z1 (t)
of the system (7) respectively on the element L;. Below, we make use of the following notations

t
w, v); = wodt, {(w,v :=J wodt, |w|,:= w, Ww.
(w o) = | | @, o= |, oy = 5/, w,

For obtaining the weak DG formulation, we first multiply the first equation in (7) by a test function
wo € V1) and integrate over L;. By applying the integrating by parts we get

(2100, w) + (200, ") — (e ywnter) + 2ot wolti ) =0. ®

Hence, the second integral equation in (7) is multiplied by a test function w; € V(") and integrate
over L;. To advance the solution in time, we replace Zo(tltl) by the upwind flux Zy(t,_,) in (8).

Thus, the discrete formulation for finding 2y, Z; € V() takes the following form for all wy, w; € y),
and! =1,2,...,]

(216), wott)), + (Z0(8), wi(®)), = Zo(t7) wolt; ) + Zo(ti—y) wolty) = 0,
(21, 1), — o (Z0t), @), + o (23(1), wi(1), =0, ©
Z[)(ta =0)—Xo=0.

It should be noted that, to start computations on the first element L1 = (o, t1) we use the given
initial condition Zy(t, ) = Xo. Hence, by utilizing the upwind flux as the natural choice, we are able
to solve the resultant equations element by element on each subinterval L; for/ = 1,2,...,]. In each
element, we just need to invert a local matrix of size (r + 1) x (r + 1) in place of a global matrix of size
J(r+1) x J(r+1).

Algebraic Formulation

Since the functions in V(") may be discontinuous across interfaces of the element, various local
bases can be selected for finite element approximation in (9). Let us choose a basis in the space P,(L;)
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formed by functions (pg), P, ¢! Thus the numerical approximations Zg of zp and Z; of z; in every
element L; can be expressed as

q q
Zo(t) = D odpl(t), Z1(t) = Y Blgi(t), tely. (10)
i=0

i=0

Here, the coefficients cxﬁ, [55,1‘ = 0,...,r denote the degrees of freedom to be sought in each L;,/ =
1,...,]. To proceed, we take the test functions in each element L, in the form wj = 47} (t)forj=0,1,...,r
and I = 0,1,...,]. Now, by specifying the basis functions as we done below, the discrete LDG
formulation (9) is reduced to a algebraic system of equations.

For practical implementation of the LDG scheme (9) for the FLE (3), we use the set of orthogonal
Legendre polynomials for the space V(7). Let us recall that, the i’th degree Legendre polynomials P;(s)
can be generated by the well-known Rodriguez formula

1 d

Pi(s) = ZT,'E(SZ -1

The Legendre polynomials satisfy the following relations [17]

1 26; : .

LP,-(s) B(s)ds = 5=, B() =1, B(s) = (<1)'P(=s), i,j>0, (11a)
. dp; P,

(2i +1)Py(s) = 7;;(5) - 7{151(3), (11b)

where J;; denotes the Kronecker delta. The first property shows that these set of orthogonal polynomials
are orthogonal with respect to weighting function w(t) = 1 on (—1,1). The Legendre polynomial P;(s)
of degree i can be explicitly expressed as follows

; - 1 i\ [2i —2k
P = Yaws ¥, = 04 () (7).
k=0 !

where M; = i/2 or (i —1)/2, whichever is an integer. Due to the fact that these polynomials are
orthogonal on [—1, 1], we map them onto the element L; by using the following change of variable

2t —t 1 —t
S = * , te Ll'
Let the resultant shifted Legendre polynomials denoted by IL;(f). Thus, the explicit form of L;(t)

of degree i takes the form
M;

2 — ty_q — ty\i—2k
Lit) = 3, e (—52=1)
k=0
By means of the binomial formula, one can further simplify the last expression as follows
M; i—2k
Li(t) = >, D) Citm ", (12)
k=0m=0

where the coefficients Cj,, are defined as

Co i (=1)itktm (27 — 2k)! !<tl+t,,1>i*2k< 2 )m

2i (sz)'k'l'(lekfm) t17t1,1 t[th],l

68



Entropy 2020, 22, 1328

Now, we choose cpll. (t) = Li(t)in(10) forI = 1,2,..., ], where L; is the shifted Legendre polynomial
of degree i in t defined in (12). With this transformation, the unknown values ocf, Bg in (10) can be
interpreted as the Legendre coefficients of the expansion of Z), Z;. Hence, by the virtue of the Legendre
properties (11) and inserting (10) into the discrete formulation (9) we have for/ =1,...,] as

iﬁ§<Li(f), Lj(f))ﬁzr]“ﬁ(h(t ) Zoc +Zcx 1) =0,
i i=0
i}ﬁf(o =91, (1) ,Lj(t))[—aé)cxf(h(t), L/(t))]+a([§)o¢fLi(t)]2, Li(h), =0,

forj = 0,...,r. To proceed, we need to deal with two main difficulties involving the integral and
nonlinear terms that appear in (13). To tackle the integral term, the properties (1)-(3) of fractional
integration in Section 2 is used to obtain

(13)

M; i—2k M; i—2k

(1-v) (1-v) o 41— . F(m+1)
o0 = 3, 30 CamoTy 8" = 3, B o™ Clo = o 7y

Next, the explicit form (12) is utilized for L;(t) and then oIt(lfv)]L,'(t) will be inserted into the
inner product. Now, by integration over L; we obtain

M; i—2k Mj j—2K

diji= (LA, L), = 33 2 30 D Chagow (57727 =27, 1)
k=0m=0k'=0m’'=0

with the coefficients
Cl{;(mjk’m’ = Cz{km C]-k/m//(m + m’ +2— 1/).

The nonlinear term in (13) can be computed using the Legendre polynomials. For instance, if r = 1
we may write it as a product of two vectors

T

nPC i (2500, 1y(1), = [ (b 20ded [odP] - | [1300) La(La(t, L30)] Lo,
1

for j = 0,1. Therefore, it is not a difficult task to calculate n]-D C by direct computation (D.C.) using the

shifted Legendre polynomials on each L; for different j. Of course one may exploit the symbolic toolbox

in Matlab to facilitate the process of integration of these polynomials. Alternatively, to handle the

nonlinear term in (13), the product approximation (P.A.) technique [42] is used in the following manner

Wi (2300, L), = DUl (L), o). (15

! i=0

Now, it suffices to calculate the two first terms in (13). To this end, we compute the elements of the
mass matrix as

e i=,
mij = (L), L), = L Li(t)L;()dt = { FR (16)
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Finally, the entries of the stiffness matrix

1

sij = (L), Lj(0), = | Lo,

need to be calculated. In the new coordinate, we recursively employ the Legendre property (11b)
to derive

h ) ; .

SLia () = @i+ DLi() + 2 = 1)+ DLiza(t) + 20— 4) + DLiza(B) +-+-
By applying the orthogonality relation (11a) to the preceding equation and then simplifying the
involved integral in s; j, we finally get

17)

S 2, ifi>jand (i +j)is even,
"1 0, otherwise.

Using (14)—(17), one may write (13) in the matrix-vector multiplication form for I = 1,..., ] as follows

I vl
{MB +(S—E)a =1, )

DB! — oM(! — x?!) = 0,

where the unknown vectors o, B!, and a?! are defined

o = (odyoyod), B = (B ) o = ([ ()

Note in (18) that the components of matrix E are ¢;; := 1 while that of M,S,N and D are
M j,Sij, Mijs and d,-,]- respectively fori,j = 0,...,r as defined above. Moreover, the components of the
known vector b’ are
b= (=)™ Zo(t_ ), i=0,1,...,r.

Clearly, the value of Zy(t,_,) is already known from the preceding time interval L;_;. Obviously
this value at the first time interval is computed as Xy, the initial condition. Also, the obtained
system (18) is a nonlinear algebraic system of equations have to be solved ineach L; for/ =1,...,].
This system can be solved for example, via Newton type schemes. It is known that this method
converges quadratically whenever the approximation is close to the actual solution of the given
nonlinear system. Using the D.C. approach, we also arrive at a nonlinear system of equation in the
general form F(o, B!) = 0 to be solved in each interval L;. As we show in the numerical experiments,
this approach is more accurate than the corresponding P.A. approach.

4. Numerical Stability and Error Estimates

Now, we are going to establish the stability of proposed LDG scheme when applied to the logistic
equation in the linear case by considering g(¢) = 1in (3). In this case we have

{ LCDVX (1) = o X(t), ve (0,1). 19)

X(0) = Xo.

Without loss of generality, let us assume that ¢ < 0. The numerical scheme of (19) is to find
Zy, 21 € V) such that
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Zo(t) wolty) = Zolti_y) woltfy) = (Z1(0), wo(t)), = (Z0(t), wh(1)), =0,
(0Z' 210, W), = o (2000, (1)), (20)
Zo(tg) — X0 =0,

for all wg, wy € V<'), and/ =1,2,...,]. Let us state the next lemma, which based on the semigroup
properties of fractional integral operators and will be used below, a proof of which can be found
in Reference [38].

Lemma 1. Suppose that v € (0,1), then we have

<OI}_V”’ u>1 - <°Itl U, fI > - COS( o )” HHT([(”])

Let us assume that 2y, Z; € V() be the approximate solutions of Zy, Z; respectively. Now,
the numerical errors are defined as Ex, := 2?,4 — Z; fori = 0,1. It can be seen that ZNO and Z~1 both
satisfy (20). If we subtract Equation (20) from the same equations with ZNO and 21, the following error
equations will be obtained

Ex, (1) wo(t; ) = Exy (b wolt) = (Ex, (1), wo(®)), = (Exy(8), wh(t)), = 0,

1
2 (T B (0, w(0), =~ (Exy(t), (1),

1)

which holds for all wy, wy € Y, Taking wg = Ex, and w; = Ex, in (21) followed by collecting these
two equations, we conclude that

B () — Exy(171) Ex () — (Exp (1), By (), — 5 (o2 Ex, (6, Ex, (), = 0.

!

To deal with the third term, we utilize the identity <u th) = (WB(t7) —12(t] ) /2 with u = Ex,.

Hence, we multiply the preceding equation by two. Adding and subtracting Eg(o (t,_,) to the modified
equation and rearranging the terms to obtain

(Exo (670 - lsxo(t,il))2 + (B, () — B, (7)) - ; (oZ!' VEx (1), Ex () =0.

1

By summing over elements for/ = 1,..., ], we get

D=

B (1)~ By 1)+ 35 (Exa(t) ~ Exa(t0)) = 2 (o2 By (0, Ex, (), =0,

1

1

By using Lemma 1, we have established the following stability of the LDG in the L, norm for (20)
(see also References [38,40]:

Lemma 2. We have the following L, stability of the LDG scheme (20) and for the numerical errors hold

Y 2 2 1—-v)r
E@O(,— E%, (g Z(EXO ) EXD(t,il)) +;c05(%)“5x1”;¥<[0”]) (22)

We close this section by pointing out some facts about the order of convergence of the proposed

LDG scheme. In Reference [38] it is shown that the solution can be calculated with optimal order
of convergence (r + 1) in the L, norm. In this work the mechanism of superconvergence is also
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discussed. The authors observed the superconvergence of order (r + 1) + min{r, v} at downwind point
of each element.

5. Numerical Results and Discussions

In this section, we present some results of computations using the proposed LDG scheme
described in the preceding sections to test their accuracy and efficiency when applied to the logistic
equation. To assess the accuracy of the present numerical algorithms, we calculate the difference
between the true exact and numerical solutions whenever the exact solution is available. For this
purpose, we also consider a linear fractional population model and then we solve the fractional logistic
equation numerically.

In order to asses the numerical scheme more qualitatively, by EOC we denote the estimated order
of convergence calculated through defining

EOC := log, (Ef?i(zl;;))'

where E,(h) is the absolute error corresponding to the step-size 1. Moreover, to test the validity
and accuracy of proposed LDG method and to make a comparison between our numerical model
results with the results of other existing methods, we employ the predictor-corrector PECE method of
Adams-Bashforth-Moulton type considered in Reference [43] as well as the implicit product integration
of trapezoidal type described in Reference [24]. All experimental computations have been done by
using MATLAB R2017a.

5.1. Linear Model

In this section, we consider a linear test problem to show the effectiveness of the proposed LDG
approach. For this purpose, we consider the fractional population growth
LCDYX(t) = oV X(t), t>0, 23)
X(0) = Xo,

where 0 < v < 1and ¢ > 0. This model problem is previously studied in Reference [22] and can be
considered as a generalization of the Malthusian model (1) to the fractional-order derivative. By the
aid of the Laplace transform, the exact analytical solution of the initial-value problem can be obtained
in terms of well-known Mittag-Leffler function [10]

2k

X(h) = XoEv(e"t), Ev(2) = 2, 70,7y

8

k=

o

Note that by taking v = 1 the exact solution becomes X(t) = Xpe".
To start computation, we take ¢ = 1 for simplicity and set Xy = 3/4. By considering v = 1 and
] = 1, the approximate solutions for r = 3, 6, and r = 9 on the interval 0 < t < 2 are obtained as follows

Zo3(t) = 0.4233870968 1> — 0.1814516129 12 + 1.0887096774 t + 0.7016129032,

Zo6(t) = 0.003185535427 % — 0.00147024712 £ + 0.04410741361 £ + 0.1140555342 1> + 0.3795910747 >
+0.7492022902 £ + 0.7500339451,

Zo9(t) = 0.00000608710804 t° — 0.00000288336716 3 + 0.0002076022472 t” + 0.0009466489455 t°
+0.006344760802 t> + 0.0311919123 * + 0.1250209298 > + 0.3749959904 £> + 0.7500003306 ¢
+0.7499999933.
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These approximations together with the corresponding absolute errors are depicted in Figure 1.
Clearly, as r increased, more accurate results will be obtained. Note, in all cases, the step size is taken
as h = 2. Moreover, we emphasize that numerical solutions for this model problem based on the
fractional spline collocation scheme have been proposed in Reference [22] with achieved absolute
errors larger than 1 x 10™*, see Figure 2 in this paper. The parameters used in this approach related
tov = 1 were My = 20,27,28 Ny = 37,69,133, which obviously are much more greater than our
used parameters.

0
— Exact 4 10
5l r=3 i )
—=7r=0 107?
4fl=r=9 18
— ¢ 107
) | g 1070
<
1 i 10—12
O 0.5 1 15 p 1077 05 1 15 2
t-axis t-axis

Figure 1. The approximated LDG with exact solutions (left) and the corresponding absolute errors
(right) for ] =1,v=1,0 =1, Xo = 0.75, and different r = 3,6,9.

Additionally, to justify our numerical model results, a comparison in Table 1 has been performed
between the previous work on PECE [15,43] in terms of the number of (sub)intervals ] is used in the
computation. In this comparison, we compute the numerical solutions corresponding to X(2) as well as
absolute errors |X(2) — Zy(2)| in these methods via different values of | = 2/ fori = 0,1,...7. For our
LDG method we take r = 2 and v = 1. The last column in each method reports the corresponding
EOC. The exact value of X(2) up to 30 digits is

X(2) = 5.54179207419798736111715697916.

Table 1. Comparison of absolute errors in LDG with » = 2 and PECE for different number of interval |
and v = 1. Numbers in bold show that the correct digits are obtained by the LDG.

LDG PECE

] Zy(2) |X(2) — 2p(2)] EOC Numerical Error EOC

1 5.625000000000 8.3208_, - 3.750000000000  1.7918.¢ -

2 5.543701171875 1.9091_3 5.45 4.687500000000 0.8543 ¢ 1.07

4 5.541845071676 5.2998_5 517 5.229675292969 0.3121 49 1.45

8 5.541793647744 1.5735_¢ 5.07 5.446685392454  9.5107_, 1.71
16 5.541792122228 4.8030_g 5.03 5.515562177333 2.6230_» 1.86
32 5.541792075682 1.4842_9 502  5.534910274764  6.8817_3 1.93
64 5.541792074244 4.6126_11 5.01 5.540030137766 1.7619_3 1.97
128 5.541792074199 1.4380_12 5.00 5.541346351966  4.4572_4 1.98

The observed EOC seen for PECE in Table 1 is approximately 2 as was proved in Reference [43].
However, the superconvergence EOC about 5 (2r + 1) is clearly achieved for our results.
This comparison indicates the thoroughness of the proposed method.
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The numerical solutions for various values of v = 0.65,0.75, 0.85,0.95 using r = 5and | = 1 are
depicted in Figure 2, left plot. In all plots, the exact solutions are indicated by a solid line while the
numerical counterpart are visualized by (coloured) dotted, dashed, and dash-dotted curves. Note that
the computational domain is [0, 1], which implies that the time step is # = 1. It can be seen from
Figure 2 that the numerical solution obtained by the present LDG scheme has a good accuracy even
using a relatively large time step and a low degree of the approximating polynomials. Furthermore,
an appropriate choice of these computational parameters can improve the approximation accuracy.

3 1072
— Exact b,
--=-y =0.65 10—3 l[
25 ey =075 !
=
_ || 5
3 2 s
= ERUN
s 15 2 i
< 2 10-6 L
= 10
1 1077}
0.75 i
[ 1 1 L 1 -8 T 1 1 |
O'JO 0.2 0.4 0.6 0.8 1 10 0 0.2 0.4 0.6 0.8 1
t-axis t-axis

Figure 2. The approximated LDG with exact solutions (left) and the corresponding absolute errors
(right) for ] = 1,r = 5,0 =1, Xy = 0.75, and various values of v = 0.65,0.75,0.85, 0.95.

Finally, for the linear model problem (23), we investigate the standard L1 approximation
method [44] and its variant known as the fast L1 method [45]. To implement these approaches,
we use a uniform mesh with the step size 1 = 1/1000 on the interval [0, 1]. In the LDG scheme, we
utilize ] = 1 or h = 1 and r = 5 as the results shown in Figure 2. The numerical model results are
presented in Table 2 for v = 0.75 and v = 0.5. For each v, the corresponding exact solutions are also
reported in the last column.

Table 2. Comparison of numerical solutions in LDG with 7 = 5, 1 = 1 and L1/fast L1 schemes with
h =103 for some t € [0,1] and v = 0.75,0.5.

v =0.75 v =05

t LDG L1 Fast L1 Exact LDG L1 Fast L1 Exact

02 1.0536  1.0524 1.0524 1.053507  1.3420  1.3459 1.3345 1.349263
04 13512  1.3486 1.3486 1.350342  1.8370  1.8176 1.8176 1.822532
0.6  1.6963  1.6945 1.6945 1.697186  2.3489  2.3525 2.3525 2.359660
0.8 21128 21087 2.1087 2112499 29957  2.9845 2.9845 2.994627
1.0 26134 26091 2.6091 2.614400  3.7385  3.7427 3.7427 3.756735

5.2. Nonlinear Model

We now consider the FLE (3) on [0, 1] with the initial condition given by Xy = 1/2 and the
parameter o = 1/2. Using v = 1, the analytical exact solution of the logistic equation is given by

1

X = 14e /2

The simulation results for this example can be found in Figures 3 and 4 for the number of elements
equals to | = 5 and the polynomial degree r = 2. In Figure 3, we take v = 1 to compare the numerical
results to the exact solution. Furthermore, we also use different approaches to treat the nonlinear term
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in the weak formulation, that is, the D.C. and P.A., which are utilized to compute nPC and nf’ f in (15).
As one can see that from Figure 3 that a slightly more accurate result is obtained by means of direct
computation rather than product approximation, however, as mentioned it is more time-consuming.
In order to observe the behaviour of numerical solutions more closely, a magnification of these solutions
att = 0.4 is done in Figure 3. The exact solution is depicted by a solid line.

0.64

0.62 |-

0.6 |-

0.58 |-

X(t)

— Exact
—— P.A
—4— D.C.

0.1 0.2 0.3 0.4

0.5

t-axis

0.6

0.7

0.8

0.9 1

Figure 3. Numerical solutions of LDG scheme using P.A. and D.C. approaches with & = 0.2, 0 = 0.5,
Xp = 0.5, and v = 1.0. The magnification of solutions at time t = 0.4 is plotted in the box. The exact

solution is displayed by a solid line.

In the next experiment, we plot the absolute errors when utilizing two approaches D.C. and PA,,
as one observes in Figure 4. The computational parameters are the same as those applied for Figure 3.
In Figure 4, the left plot corresponds to the D.C. and the right plot is when we use P.A. technique.
Note that in all plots we have divided further each interval L; into ten subinterval uniformly to see the
behaviour of the corresponding curves more precisely.

x107°

Absolute-error

Absolute-error

x107*

0 0.2 0.

4 0.6 0.8 1

t-axis

0.2

0.4

0.6 0.8 1

t-axis

Figure 4. Absolute errors of LDG versus time using D.C. (left) and P.A. (right) approaches with 1 = 0.2,
0 =0.5,Xp=05v=10,and r = 2. In the left and right plots, the upwind and downwind points are

highlighted by black pentagon.
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Let us interpret the numerical errors depicted in Figure 4. On the left picture in which the P.A.
technique is used, the smallest errors are obtained at upwind points. Almost the same magnitude
of errors is achieved at downwind points. On the contrary, on the right picture without using the
P.A. this process is reversed. This implies that the minimum values of absolute errors are achieved at
downwind points and there exist considerable difference between them and the errors obtained at
upwind points in each L;. In the next experiments, we compare the numerical errors achieved at the
final point T = 1.0, which is clearly a downwind point in the first approach.

In Tables 3 and 4, we summarize the numerical results related to X(1) and its numerical
approximation Z(1) are obtained by the LDG procedure (9). Here, we use r = 1,2 and a different
choice of the number of grid points | = 1,2, 4, 8 and 16 are utilized. In these tables, we further compare
the performance of two different D.C. and P.A. approaches. All calculations are shown with 10 decimal
places of accuracy. In the last column of each table, the estimated order of convergence (EOC) is given.
The exact value is X (1) = 0.622459331201855.

Table 3. Comparison of absolute errors in LDG with # = 1 using P.A. and D.C. for different number of
interval ] and v = 1. Numbers in bold show that the correct digits are obtained by the LDG.

PA. D.C.
Z0(1) IX(1) - Zo(1)]  EOC Zo(1) |X(1) - Z0(1)]  EOC
0.6234038976  0.9445664060_3 ~ —  0.6224742460  0.1491482269 4 -

0.6226973939  0.2380627190_3 1.99 0.6224610781  0.1746857403_5 3.09
0.6225290166  0.6968541429 _4 1.77 0.6224595421  0.2108842001_¢ 3.05

=N -~

Table 4. Comparison of absolute errors in LDG with r = 2 using P.A. and D.C. for different number of
interval | and v = 1. Numbers in bold show that the correct digits are obtained by the LDG.

PA. D.C.
Zo(1) |X(1) — Zo(1)]  EOC Zo(1) [X(1) - Zo(1)]  EOC
0.6233820141  0.9226828763_3 —  0.6224593588  0.2759267670_7 -

0.6226943815  0.2350503824_3 1.97 0.6224593321 0.9149985214 _¢ 491
0.6225286311  0.6929984936_4 1.76 0.6224593312  (.2863453918_19 5.00

=N =~

It can be seen from Tables 3 and 4 that using » = 1 and 7 = 2 in the D.C. approach, the results are
accurate respectively to 6 and 10 decimal places for only | = 4 intervals. In other words, achieving
an order of accuracy equal to 3 and 5 is possible if one uses the LDG scheme with » = 1,2 degree of
polynomials and for a small number of elements. These EOC are also confirmed the superconvergence
order at downwind points previously reported in Reference [38]. Note that by utilizing the P.A.
technique, the obtained EOC is equal to 2. We emphasize also that using the scheme PECE for the
nonlinear logistic equation the EOC at most 2 will be achieved and of course a larger number of
intervals | is required. In the next plot, we examine the behaviour of the absolute errors in the log scale
for various polynomial degrees as well as with respect to the number of elements |, see Figure 5.
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Figure 5. Absolute-errors versus polynomial degrees r for | = 1,2,4 (left) and against the number of
elements | for r = 0,1,2,3 (right) evaluated at T = 1.0 and for v = 1.

In the next experiment we show the impact of the fractional derivative on the approximated
obtained solutions. In Figure 6 we present the approximated solutions at | = 4, r = 3 with different
values of the fractional derivatives v = 0.65,0.75,0.85,0.95 as well as v = 1.0. In these plots, we also
compare the performance of two P.A. and D.C. approaches for these values of v. In each case,
for v = 1.0 the exact solution is also shown by a solid line. To justify our computed results, the implicit
product-integration of trapezoidal (IPIT) rule with the step size 1 = 1/256 is used [24].

From both depictions in Figure 6, one can observe that the numerical solutions for v € (0,1) are
approaching to the solutions correspond to v = 1 for which the exact solution is known. Of course,
more reliable results is obtained through the D.C. as previously tested for v = 1 in Tables 3 and 4.

0.64

0.7 — Exact(v = 1.0)
— Exact(v = 1.0) —— v =065
0.68 | == v = 0.65 o6z ——v =075
——v=0.75

i —— v =085
0.66 || —— v = 0.85 —— v =0.95
—— v =095 (| :

v =10

Zo(t)

0.54 -

L L L L L L 05 L L L I L I I I I
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Figure 6. The approximated LDG solutions versus time using P.A. (left) and D.C. (right) approaches
with | =4, r = 3,0, Xy = 0.5, and various values of v = 0.65,0.75,0.85,0.95, 1.0.

6. Conclusions

In this work, an approximation algorithm based on the LDG scheme is developed for the
fractional-order logistic equation occurring in many biological and chemical phenomena. To be more
precise, our numerical scheme based on discontinuous Galerkin finite element concept with Legendre
basis functions yields to a set of nonlinear equations to be solved in each subinterval. The numerical
stability in the linear case is proved and the order of convergence is also discussed. Beside the direct
computation of the nonlinear term, the technique of product approximation is also utilized and then
their performance are compared for various J, » and v. We have tested the performance of the LDG
scheme on the linear as well as nonlinear growth and logistic differential equations of fractional order.
Comparing our numerical results with the PECE indicates that the present approaches produce an
accurate approximation for the underlying model problems.
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Abstract: We address the problem of telegraphic transport in several dimensions. We review the deriva-
tion of two and three dimensional telegrapher’s equations—as well as their fractional generalizations—
from microscopic random walk models for transport (normal and anomalous). We also present new
results on solutions of the higher dimensional fractional equations.
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1. Introduction

In many physical situations particle transport through continuous media is described
by transport equations which are typically derived from general physical principles as, for
instance, the conservation of energy and momentum [1]. Classical cases are provided by the
transport of neutron in a reactor or the photon transport in a highly scattering medium [2].
In their most general form transport equations (one of the first and most paradigmatic
example is the Boltzmann equation) are nonlinear integro-differential equations often
with an incompletely known scattering kernel [1,2]. It is therefore very difficult, not to say
impossible, to attain exact analytical solutions of the problem and even obtaining numerical
solutions is not an easy task. Moreover, numerical solutions might not reproduce, or even
detect, important qualitative characteristics of the transport process [2].

These difficulties have traditionally lead to the search of simpler and easier way to
handle approximations. One of the most universal approximation is modeling the transport
process by diffusion processes. Such approximation greatly simplifies the description of the
transport process because in the absence of any field driving the particle and the usually
complicated transport equation is reduced to the much simpler diffusion equation:

¥~ pvr, M
here p(r, t) is the probability density function (PDF) of the diffusing particle to be at r at
time t and D is the diffusion coefficient.
Diffusion processes have two major characteristics: (i) the mean square deviation
grows linearly with time,
(lar(h[?) = Dt, @

where Ar(t) = r(t) — (r(t)); (ii) the PDF is Gaussian. Indeed, the solution to Equation (1)
assuming the particle is initially at the origin, p(r,0) = d(r), is

1 2
t) = —r /4Df_ 3
D) = gt ®
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Despite its simplicity and the wide range of applications in countless areas of physical
sciences, the diffusion approximation has, however, several limitations. We will here point
out two of them. First, diffusion processes present an infinite velocity of propagation.
This can be easily seen from Equation (3) where it is shown that the solution p(r,t) > 0
never vanishes for any finite time and distances = |r|. There is, nonetheless, a nonzero
probability (albeit small) of finding the diffusive particle, at any instant of time, arbitrarily
far away from the initial position. In consequence diffusion models allow for arbitrary
velocities, even larger than the speed of light in vacuum. This is contrary to the principles
of relativity and certainly unsatisfactory from a conceptual point of view [3].

On the other hand, diffusion processes are also unable to account for ballistic motion
and are rather useless in describing of early-time effects when ballistic motion may be
important as well as near interfaces and in thin samples. This is certainly the case when
modeling transport phenomena for which thermalization due to random collisions takes
a finite time and the flux of ballistic particles might not be negligible, all of it resulting in
anisotropic scattering along the forward direction. A particular but significant case is that
of the photon migration through turbid media in which diffusion models are unable to
account for ballistic photons and are inaccurate near boundaries [2,4-6]. A similar situation
may arise in transport across membranes [7].

Telegraphic processes are a generalized form of diffusion processes in these two
aspects. Thus (i) they allow for a finite velocity of propagation and (ii) they are nearly
deterministic (i.e., ballistic) at short times while they are diffusive at long times when
random collisions have been able to thermalize the motion. As a first approximation, the
transport equation for telegraphic processes is the telegrapher’s equation (TE):

Pp 19 acp
=5 + == =0v"Vp, 4
o Tt P @
where T > 0 is a characteristic time, and v > 0 is a characteristic speed. From a mathemati-
cal point of view, this is a hyperbolic equation which, as T — oo with v fixed, becomes the
wave equation,
Pp 2v72
— =0v°Vp, 5
while as T — 0and v — oo such that v — D is finite it reduces to the diffusion Equation (1).
The telegrapher’s equation thus possesses wave and diffusion features describing “diffusion
with finite propagation velocity” but also “wave motion with damping” [8]. Moreover, the
limits to diffusion and wave equations are also achieved as time progresses. We can thus
easily see by scaling time with 7 that initially as t — 0 (i.e., t < 7), TE approaches to the
wave equation while asymptotically as t — oo (t >> 7) moves toward the diffusion equation.
As a consequence [2,8]

(|Ar(H)[?) ~ £, (t—0) and (|Ae(H)[2) ~t, (= o0),

which heightens the duality of the TE and shows the transition from ballistic motion to
diffusive motion as time progresses.

The TE appeared in the nineteenth century in the works of Kelvin and Heaviside related
to the analysis of transmission of electromagnetic waves in telegraphic wires. In this con-
text, the three dimensional telegrapher’s equation can be derived by combining Maxwell’s
equations for homogeneous media [2,8]. TE can also be phenomenologically derived from
thermodynamics by using Cattaneo’s equation, a nonlocal generalization of Fick’s law ac-
counting for non instantaneous diffusions [9-11], and also from random walk theory where
the one-dimensional TE is the master equation of the persistent random walk [12-15].

From a mesoscopic point of view (somewhere between the microscopic view of ran-
dom walk models and the macroscopic approach of thermodynamics) telegraphic processes
are closely related to Brownian motion. As was studied some years ago in Ref. [16], the
telegrapher’s equation, like the diffusion equation, can also be derived from the Chapman-
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Kolmogorov equation, which is the master equation for Markovian processes [17]. It is
worth noticing that such a derivation is obtained by retaining quadratic terms in the time
expansion of the Chapman-Kolmogorov equation which sets a characteristic time scale
and a characteristic velocity. The Markovian character of the process is assured for times
greater than the characteristic time while a possible non-Markovian character for smaller
times is still an unsettled question [16].

In the context of transport theory, the three-dimensional TE is the so-called Py approx-
imation to the full transport equation for which the basic assumption is that the change
in the direction of motion due to a single scattering event is small [1,2,18,19]. In a more
recent approach [20] a three-dimensional TE model is obtained by a modification of the
continuity equation for the probability current. The model is, however, limited to a discrete
number of transport directions, which restricts possible applications. Other approaches
suppose phenomenological generalizations, where a three dimensional TE is postulated
for uniform isotropic media by assuming the same form as the one-dimensional TE, but
with numerical corrections in the coefficients which guarantee correct ballistic (f — 0) and
diffusive (t — o0) behaviors in three dimensions [4-6]. The more fundamental and less
phenomenological way of describing telegraphic processes is, however, based on random
walk models since they try to reproduce the microscopic mechanism of transport.

Random walk models for describing telegraphic processes are modifications of the
ordinary random walk because the latter, for long times and large distances (i.e., the
so-called “fluid limit” [21]) leads to the diffusion equation but not to the telegrapher’s
equation [2,8,22]. However, and contrary to one dimension where the TE is readily obtained
from the persistent random walk on the line [2,12,14], in higher dimensions obtaining the
TE from microscopic models encounters serious difficulties. The main reason lies in the
difficulty of generalizing persistence in dimensions greater than one [23-29].

We have recently solved this problem by obtaining the three-dimensional TE [30] and
the two-dimensional TE [31] from random walk models (as we had done previously for
the one dimensional case [32]). These models consist of a continuous version of two and
three dimensional random walks with a continuum of states [33]. I will here review and
enlarge these works.

For more than two decades, the so-called “anomalous transport” and “anomalous
diffusion” have been the object of intense research with countless applications in many
areas of physics, chemistry and natural and socio-economic sciences. There is an immense
literature on the subject with many complete reports. As a necessarily short sample we
may cite from early reviews in [34-39] to more recent reports [40-42] among many others.
It is also worthwhile mentioning a less technical but excellent introduction in [43]. The
concept first appeared from the theory of random processes, specifically within continuous
time random walks, a powerful technique developed by Montroll and Weiss more than
50 years ago [22,44,45] (see a recent and updated review in Ref. [46]) and it was first applied
to diffusion of charge carriers in organic semiconductors by Scher and Montroll in the
1970's [47,48].

Anomalous transport arises in motion through extremely disordered systems such as
random media and fractal structures [49] and its most distinctive characteristic is that the
mean square deviation follows the asymptotic law [35,36,50]

(lar(8)]?) ~ t, (6)

(t — c0), where & > 0 is any positive real number. When 0 < a < 1 the transport regime is
subdiffusive, & = 1 corresponds to diffusive transport while & > 1 describes superdiffusion.
Within the diffusive approximation and in the force-free case, the anomalous transport
process is described by a fractional diffusion equation,

aal — 2y
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(0<a<1,0<y<1), 0% 0t" is the fractional Caputo derivative and V27 is the Riesz—
Feller fractional Laplacian (see Section 5.2 for a definition of these operators). In the case of
particles diffusing under the influence of an external field of force, Equation (7) is replaced
by a fractional Fokker-Plank equation [36,38].

The mathematical properties of the solutions to the fractional diffusion Equation (7)
have been thoroughly studied and very clearly exposed by Mainardi, Gorenflo and collab-
orators [51-53]. One of these properties is the scaling relation [21,35,53]

a r
prt) =t a/zvf(tum), ®)

resulting in the mean square displacement [21]:
(7)) = M/, ©)

When 7 = 1 but « is not an integer we have the ‘time-fractional diffusion”; the case
0 < & < 1 corresponding to subdiffusion while & > 1 to superdiffusion. When a« = 1 but
7 is not integer, the fractional diffusion Equation (7) describes a Levy process, this case is
always associated with superdiffusion and it is termed “space-fractional diffusion” [21,38].

As mentioned above, the original motivation for the fractional transport was devised
from the continuous time random walk formalism [47,48]. As a result, the derivations of
the fractional diffusion equation are mostly based on this formalism, although alterna-
tive approaches exist based on master equations or (fractional) Chapman-Kolmogorov
expansions [36].

The fractional Equation (7) ignores changes in the dynamics of the diffusing particle
as time increases. These changes account for ballistic motion and anisotropic scattering
(among others) that are relevant in a number of experimental settings [54]. The TE explains
some of these characteristics of transport which imply the transition form ballistic to
diffusive motion asymptotically in time.

In a recent work [32] we have presented a derivation of the fractional telegrapher’s
equation (FTE) in one dimension based on a fractional generalization of the persistent random
walk on the line. The continuous multistate model mentioned above allows for a fractional
treatment which finally leads to fractional TEs in higher dimensions [30,31].

In this paper we review all these questions and present some new results. The paper
is organized as follows. In Section 2 we present the continuous multistate random walk
in three dimensions, which in homogeneous and isotropic cases, allows us to derive the
three-dimensional telegrapher’s equation (Section 3). In Section 4 we adapt the model
to two dimensions and derive the corresponding telegrapher’s equation. The rest of the
paper is devoted to the fractional generalization of these matters. In Section 5 we set the
general model for fractional telegraphic transport and obtain the space-time fractional
telegrapher’s equation in two and three dimensions along with the exact expression for
the characteristic function. In Section 6 we study in detail the time-fractional telegrapher’s
equation, analyze its solution for any dimensionality, and obtain asymptotic results for the
probability distribution and the moments of the distance travelled. Concluding remarks
are presented in Section 7.

2. Continuous Multistate Random Walk in Three Dimensions

We review the microscopic model introduced in Ref. [30] for the transport of particles
in continuous media. The model is based on a generalization of multistate random walks
and assumes a continuum in the number of states [33]. In the traditional formulation of
multistate random walks (see [15] for a recent review on multistate walks on the line)
the walker can be in a discrete (but not necessarily finite) number of internal states. The
transition between states is determined by a transition matrix with random Markovian
elements. In order to model particle transport we will generalize the multistate random
walk in two key features: (i) we assume that the walker (i.e., the particle) moves in three
dimensions, and (ii) the model has internal states defined on a continuous set of values.
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2.1. General Setting

Suppose a particle moving in the three dimensional space along a straight line deter-
mined by the bidimensional quantity Q) = (6, ¢), where € is the polar angle and ¢ is the
azimuthal angle. The particular direction along which the particle is moving constitutes
the “internal state” and since all possible direction form a continuous and denumerable set,
the motion of the particle is thus described by a continuous multistate random walk.

At random instants of time the particle shifts direction and, hence, the duration of
the motion along a given direction () (which is called a sojourn) is a random variable
determined by a PDF denoted by (¢|Q2). The cumulative distribution

(o) = [Ty, (10)

gives the probability that the duration of a given sojourn is greater than .

Let us denote by h(r, t|Q) the joint PDF for the displacement in a single sojourn along
direction Q to be equal to r and the sojourn duration to equal ¢. Let us also define H(r, t|})
as the probability density for the displacement to be r when the duration is greater than .
Note that the duration PDF (¢|Q) is the time marginal density of h(r, |(}),

/3 h(r, Q) dr = (1), (11)
R
while ¥ (¢|Q) is the marginal probability arising from H(r, t|(}),
/% H(r, t|Q)dr = ¥(¢|Q0). (12)
Jr3

At the end of a given sojourn, the particle moving along direction )’ switches to
direction Q). We denote by B(Q|Q)’) the PDF of this transition Q' — Q (note that f(Q|QY)
is the “scattering kernel” of the transport problem). In other words, the probability that
a single scattering changes the direction of the particle from )’ to a direction falling
somewhere inside the angular region (Q, Q2 + dQ) is given by

Prob{Q — (Q,Q+dQ)} = B(Q|Q)d*Q, (13)

where dQ = (d6,d¢) and
d>Q = sin 6d6d ¢ (14)

is the surface element on the sphere of unit radius.

Note that in this model there is a nonvanishing probability of traveling along the same
direction and in those cases where this probability is greater than 1/2 the particle tends to
persist in moving along the same direction. In this way the model can be seen as a higher
dimensional generalization of the persistent random walk on the line [22].

Let us denote by p(r, ), t) the joint PDF for the walker to be at r at time t while moving
in direction Q). Our final objective is, however, to know the density p(r, t) for the random
walker to be at r at time f regardless the direction. The latter is the marginal density of
the former,

p(r,t) = /p(r, Q,Hd2Q. (15)
In order to evaluate p(r, Q, t) we define the auxiliary density p(r, Q, f) as

p(r,Q, H)drdt = Prob{a sojourn in direction Q ends
in the region (r,r +dr) at (¢, t +dt)}.
This joint density describes the state of the process at the scattering points where the

direction of the particle changes. Thus, if a scattering event happens at time t, it must either
be the first one (assuming the initial one occurred at ¢ = 0) or else an earlier change of
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direction Q' — Q [governed by B(Q|Q)] happened at any earlier time #' < t with the
random walker at some position r'. It is not difficult to convince oneself that this renewal
argument leads to the following integral equation for the auxiliary density:

p(r, Q, t) - ‘B(Q)h(l‘,t|0)
+//3(Q|Ql)d Q, /’rdf/ / h(I —l/ t—f/|0)p(1, Q, tl)d l/ ( ())
3 ’ ’ ’ ’

where B(Q) is the probability that the process starts moving in direction Q.
In terms of the auxiliary density p(r, Q, t), the PDF p(r, O, t) for the walker to be at r
at time t while moving in direction €} is

p(r,Q,t) = B(Q)H(r,Q,t)

t
+//3(Q|Q’)d20’/ dr /R3 H(r—r,t—|Q)p(, 0, t)d. (17)
0

The reasoning behind this equation is similar to the one given for obtaining Equation (16).
Indeed, the displacement of the walker is either within the first sojourn, this given by H, or
else an earlier change of direction occurred at time t' < t while the walker was at position r’
and the time interval to the next scattering exceeded t — t'.

We thus see that in the most general case the solution to the problem, that is to
say, obtaining the PDF p(r,t) (cf. Equation (15)) is given by first solving the integral
Equation (16) for the auxiliary function p and afterwards substituting this solution into
Equation (17) and the result into Equation (15). In the most general case, for arbitrary forms
of B(Q|QY), h(x, t,|Q) and H(r, t|Q), obtaining analytical expressions is out of reach, and
one has to resort to numerical work.

2.2. Independent Scattering

In order to proceed further we assume that after each scattering the direction is
randomized independently of the previous direction of the particle leading to the scatter-
ing kernel:

B(QIQ") = B(Q). (18)

The scattering process is thus an independent random process in the change of direction. In
the context of fluctuations in laser fields this model corresponds to the so-called Burshtein
model [55,56].

When the scattering kernel has the form given by Equation (18), Equations (16) and (17)
reduce to

p(r, ), t) = B(Q) {h(r,t\ﬂ) + /Otdt/ /]R3 hix—r1,t - |Q)dr /p(l", t/‘ﬂ’)dzﬂ/}, (19)
and
p(r, Q1) :,B(Q){H(r,t\ﬂ)—i-/otdt’ /}RaH(r—r’,t—t’|0)d3r’/p(r’,t’\ﬂ’)dzﬂ/}. 20)

Integrating Equations (19) and (20) with respect to all possible directions €, defining
the direction-free densities (cf. Equation (15))

p(r,t) = /p(r, O, 1)d*0Q, o(r,t) = /p(r,(),t)dzﬂ, (21)
and the averages

h(x,t) = /ﬁ(ﬂ)h(r, Q,Hd2Q, H(r t) = /ﬁ(Q)H(r, 02, (22
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we get a simpler integral equation for p(r, t):

t
p(r,t) = h(r,t) +/ ar /R3 h(r—r,t—t)o(r,t)d*r, (23)
0

and the PDF p(r, t) will be given by

t
p(r,t) = H(r,t) + /0 ar /R* H(r—1,t — (', t)d*. (24)

The problem can now be solved in Fourier-Laplace space. Thus, defining the joint
Fourier and Laplace transform,

2 o R " iwr 3
o(w,s) 7/0 e dt/Rse o(r, t)d’r,

the integral Equation (23) turns into a simple algebraic equation for § whose solution can
be readily obtained and reads

5w s) — h(w,s)
plere) 17?[((4],5)‘ @)

On the other hand, by transforming Equation (24) we get
p(w,s) = H(w,s) {1 -‘rﬁ(w,s)},

which after substituting for (25) yields

, (26)

=0

1—h(w,s)

The form of Equation (26) can be considered a generalization of the Montroll-Weiss equa-
tion [44,45] for higher dimensional continuous time random walks with independent
directions.

2.3. The Isotropic and Uniform Random Walk

Equation (26) furnishes the formal solution to the transport problem for independent
scattering in Fourier—Laplace space and it is valid for any form of the conditional densities
h(r, t|Q) and H(r, t|Q) which describe the displacement inside a given sojourn in direction
Q. In other words, Equation (26) applies to any kind of motion inside a given sojourn and
to any distribution of sojourn times. In order to proceed further and solve the problem in a
specific way by obtaining the explicit expression for p(r, t) in real time and space, we first
assume that the particle moves in an isotropic medium so that the pausing time density
and its cumulative probability are independent of the direction,

P(HQ) = y(t),  Y(HQ) =¥(H).

We next assume that inside any sojourn the motion is uniform with a constant speed ¢
so that after each sojourn the velocity of the particle takes a different direction but with
the same modulus and, hence, the kinetic energy is conserved. Despite its simplicity, the
model describes the motion of non-interacting particles—such as, for instance, photons—
undergoing elastic dispersion with fixed centers randomly distributed. The assumption
of uniform motion leads to conclude that the conditional densities for the displacement
inside a given sojourn have the form

h(r, tQ) = §(xr — ctu)y(t), H(r, t|Q) = 5(r — ctu)¥(¢), 27)
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where u is the unit vector pointing in direction Q = (6, ¢), that is
u = (sinf cos ¢, sinf sin ¢, cos 0). (28)
The Fourier transforms of these densities read
B(w, t|Q) = p(t)ellwwe, H(w, t|Q) = ¥ (#)ell@we, (29)

In addition to the assumption that after each collision the new direction of the particle
is randomized independently of the previous direction (cf. Equation (18)), we also suppose
complete isotropy in the sense that all outgoing directions are equally likely. For the three
dimensional motion this implies

BQIQ) = p(Q) = $~ (30)

The characteristic function of the displacement inside any sojourn independent of the
direction is given by the average

Ti(w,t) = /fz(w,tm)ﬁ(n)dzﬂ.

In the isotropic case and for uniform motion (cf. Equations (14), (29) and (30)) we have

iw, t) = -

L ' i(w-u)ct 32
=) / etz

That is,

T,
h(w, t) = %w(t)/ eflwleteos? gin g,
0

which after integrating yields

- sin |w|ct

itwo,t) = pin TS &y
Analogously

- sin |w|ct

H(w,t) =¥Y(t) (32)

|w|ct

In order to obtain the Fourier-Laplace transform of the PDF of the particle to be at
position r at time f by means of Equation (26), we have to specify the form of the pausing
time density 1(¢). One of the most natural and universal assumptions consists in taking the
random instants of time at which the scattering process occurs to be a Poissonian set of events
which implies that time intervals inside any sojourn are exponentially distributed [57]. Thus

Py =re ™M = Y(E)=eHM,

where A1 is the average time interval between two consecutive scattering events (i.e., the
mean sojourn duration). We have

(sin |w|ct

7 PR
h(w, t) = Ae wlct

, A(w,t) = “h(w,t).

1
A

We next take the Laplace transform of these expressions. Recalling that [58]

i t
ZZ{M} = arctan(@),
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and the property L{e M f(t)} = f(A +5), we get

5 A |wl|e
h(w,s) = Twle arctan(/\ i s) (33)
and
Ifl(w s) = Larctan |wle (34)
! |wle A+s)’

Substituting Equations (33) and (34) into Equation (26) we finally get

5 _ arctan[|w|c/ (A +s)]
plw,s) = |w|c — Aarctan||w|c/ (A + )] 5

which constitutes the exact solution of the homogeneous and isotropic model and the
starting point for deriving the three dimensional telegrapher’s equation as we will see next.
It is worth mentioning that a similar expression was obtained some years ago by Claes and
Van den Broeck [59] in the context of modeling the end-to-end distance of polymer chains,
although they used a different approach.

3. Telegrapher’s Equation

The homogeneous and isotropic random walk reviewed is a microscopic model of
particle transport. We can construct the TE from this model by coarse graining the dynamics
to the fluid limit approximation.

3.1. Fluid Limit Approximation

The fluid limit approximation consists in rewriting the model for large times and
distances [21,51]. Because of Tauberian theorems [60,61], large times and distances, t — oo
and |r| — oo, correspond to small Laplace and Fourier variables, s — 0 and |w| — 0. Note
that to achieve such a limit, i.e., to get an approximate expression for the transformed PDF
p(w, s) for small values of s and |w|, we have two different and equivalent ways of proceeding.
We can thus proceed either through the direct expansion of § given by Equation (35) or else
through the expansions of jrand B (cf. Equations (33) and (34)) as s — 0 and |w| — 0 and
their subsequent substitution in Equation (26). Obviously both procedures yield the same
result but, albeit longer, we follow the second approach since it turns to be instrumental for
the fractional generalization of the random walk.

We thus start off with Equation (33) and first perform the long-distance limit (jw| —
0) and postpone for a moment the long-time limit (s — 0). As |w| — 0 we have the
following expansion

3
arctan< |w|c) = lwle _ %( |w\c> +0(|wl)

A+s A+s A+s

From Equations (33), (34) and (36) we write

fz(w,s) = ﬁ{(/\—&-s)z—%|w|2c2+0(\w|4)}, 37)
and
F(w,s) = — {(A +5)2— L + o<|w|4)]. 39)
’ (A +5s)3 3
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Hence
2 A l
1-h(w,s) = 17m{()x+s)27g\w|zcz+0(|w\4)}
- 1 3_ 2, A 20 4
= aep {(AJrs) AA+5s) +3\w\ c“ 4+ O(|lwl|*)
_ 1 2 Ao 4
= Grep {s()\—i-s) + 3|w\ 4+ O(|lw|*) |,
and as s — 0, we may write
» 1 2 Ao 3,4
1-h(w,s) = ESE s(A +2/\s)+§|w| e+ 0(s°, |lw[*)]. (39)

Substituting Equations (38) and (39) into Equation (26) yields

(A +5)* = (c|w])*/3 + O(|lw]*)
A2 4 228) + Aclw])2/3 + O(s3, [w]h)

p(w,s) = 40
plw.s) = o (40)

In order to ensure the stability of Equation (40) under Fourier-Laplace inversion [and,
hence, for the existence of a valid approximation for p(r, t)], it is necessary that the powers
of s and |w| which appear in the numerator of Equation (40) be less than the corresponding
powers of the denominator [60]. We, therefore, write

5(w,5) = A2+ 215+ O(s%, |w|?)
PRos) = S2 5 20s) + A(clw])2/3 + O(3, )’

that is,
N A/2+5+0(s?, |w|?)
plw,s) = 212 ERPAK
s(A/2+3s) + 2|w|2/6+ O(s3, |w|*)

and take as a fluid limit approximation of the PDF the expression

s+A/2
s+A/2)+2lwl?/6

p(w,s) = 41
plw,s) i (41)
3.2. The Three-Dimensional Telegrapher’s Equation

Equation (41) is the starting point for deriving the two-dimensional TE. We next obtain
the associated partial differential equation for p(r, t) whose solution, in Fourier-Laplace
space and with appropriate initial conditions, is precisely given by Equation (41). To this
end we multiply both sides of Equation (41) by the denominator and rewrite the result as
A
2

22 - 2 - _ 75 22
sP(w,s) —s+ = [splw,s) —1] = e lw|*p(w,s).

We now proceed to Fourier inversion. Taking into account
F Hlwlp(w,s)} = =V?p(x,s), FH1} =6(),
the Fourier inversion yields
s2p(r,s) — so(r) + % [sp(r,s) —6(r)] = %VQﬁ(r,s).

Let us next address Laplace inversion. With the standard initial conditions [62]

p(r,0) = d(x), 3 =0, (42)
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and the Laplace inversion formulas [58]

2 iy
L—l{SZfJ(r,S) fsd(r)} _ %,

z:—l{sﬁ(r,s) —5(r)} _ %,

we find that p(r, t) satisfies the three-dimensional TE

Pp 10p_ o0
b ;E—ZJVP, (43)
with
T=1/(2\) and ©v=c/V6, (44)

as characteristic time and velocity respectively.

TE (43) enjoys both wave and diffusion characteristics. This duality becomes even
more apparent as time progresses. Thus, as t — 0 Equation (43) reduces to the wave
equation while as f — co it goes to the diffusion equation. Indeed, scaling time with T one
can easily see that [15,30]

L ~?V?%p (t—0), g—f ~DV?p (t— )

(D = v7) which leads to
(x®P) ~ £ (t=0),  (KBOP) ~t (t— o),
showing the transition from ballistic motion to diffusive motion as time increases.

4. The Two Dimensional Case

Up to this point we have developed the telegraphic approximation to transport in three
dimensions. We will now briefly report on how to treat the problem in lower dimensions.
In one dimension the standard derivation of the TE is based on the persistent random
walk on the line [14]. In this model there is only one possible direction and the walker has
two possible states since it can move either to the left or to the right with equal probability
which is the isotropic case for the one dimensional motion. We do not present the details
for the one-dimensional case here, but instead refer the interested reader to Ref. [15] for a
recent and rather complete report. Note that the TE obtained is
2
al 16717 — UZazl, (45)
o2 T ot ox?
where in this case v = ¢ coincides with the velocity of the moving particle and, as in three
dimensions, T = (2A)~! (recall that A~ is the mean sojourn time when switching times
are Poissonian).

4.1. General Model

The two-dimensional case has been recently developed in Ref. [31]. This microscopic
model for transport in planar media has many similarities (but some particular differences)
with the three dimensional model presented above. Let us note that now the direction of
the particle is not given by the solid angle QO = (6, ¢) but by the planar angle ¢. Therefore,
the equations for the continuous multistate random walk in two dimensions will be the
same as those in three dimensions (cf. Section 2) with the replacements

27
Q— o, /dZQ — / do, ./]R3 Pr— ./]RZ d*r. (46)
0
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Thus, in the most general case the bidimensional model will be described by Equations (16)
and (17) with these replacements in which the change of direction is governed by the
transition density

B(¢l¢")dp = Prob{¢’ — ¢ +dg},

with similar definitions as those of the three dimensional walk for the densities (t|¢),
Y (t|g), h(r, t|g) and H(r, t|¢) (cf. Section 2.1).
For the case of independent scattering (Section 2.2)

Blole") = (o).

As in three dimensions, we can now also define direction-free densities by means of
Equations (21) and (22) through replacements (46). Finally, the Fourier-Laplace transform
of the PDF,

pw,s) :-/0 e~Stdt /RZ e tp(r, t)d%r,

is explicitly given by the generalization of Montroll-Weiss Equation (26),

.o Hw,s) -
plaw,s) T (47)

where fz(w, s) is given by the average over all possible directions ¢ (cf. Equation (22))

2 27 2
iw,9) = [ Bloh(a,slp)dp,

and a similar expression for H(w, s).

4.2. The Isotropic and Uniform Case

In an isotropic medium (cf. Section 2.3) the pausing time densities are independent
of the direction taken by the particle, (t|¢) = ¥(t) and ¥(t|¢) = ¥(t), and for uniform
motion we have [cf. Equations (27)—(29)]

h(x, tlp) = 6(r — ctu)y(t), H(r, t|g) = 6(r — ctu)¥(t), (48)
and the Fourier transforms are
h(w,tlg) = p(t)e ), A(w, t|g) = ¥(t)e! @), (49)
where u is the unit vector pointing in direction ¢,
u = (cos ¢, sin ).

Assuming that all directions are equally likely (i.e., complete isotropy), we have

and

27T 5 27T .
iw) = [ bl fgnp =40 [T ol

_ M/Zn ict|w| cos ¢ 7&/”
= S0 ¢ do = < o cos(ct|w| cos ¢)de.
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From the integral representation of the Bessel function Jy(z) [63],

T

Jolctw]) = % /0 cos(ct|w]| cos @)dg, (50)

we get -
h(w,£) = p(6)Jo(ct|w]), (1)

and analogously 3
h(w, t) =¥(t)]o(ctlw]). (52)
For exponentially distributed sojourn intervals §(t) = Ae~ and ¥ (t) = e~ M, we write

w t) = Ae Mo(ctlw]),  Hlw,t) = %ﬁ(w,t).

Using the Laplace transformation formula [58]

1

ﬁ{]o(ct|w\)} = \/W,

and the standard property .
L{eMf(D} = f(A+s),

we get
A

TR I S
(w,s) (A +35)2+ 2|wl]?

and ft(w,s) = ft(w, s)/A. Finally, from the Montroll-Weiss Equation (47) we obtain the
exact solution to the homogeneous and isotropic random walk on the plane,

(53)

p(w,s) = :
pLes VA+s)2+ 2w -2

Notice the completely different form for the exact PDF of the planar model compared to
that of the three dimensional case given by Equation (35).

4.3. Fluid Limit Approximation and Telegrapher’s Equation

As we have done in the three dimensional transport, in order to get the two-dimensional
equation we first make the fluid limit approximation of the planar model, that is, the long-
distance and long-time limits of the exact PDF (53). By mimicking the steps done in
Section 3.1 to obtain the fluid limit approximation in the three dimensional case, we can
easily see that in two dimensions we obtain the same result but with the replacement

/6 — /4. (54)
Thus, the approximation for the PDF reads (cf. Equation (41))

s+A/2

plw,s) = s(s+A/2) +c?|w|2/4’ (%5)

and similar expressions for the quantities 7 and . Assuming the initial conditions given
in Equation (42), inverting Equation (55) and following the same procedure as in the three
dimensional case we finally obtain the two-dimensional TE,

2
TP 1P _ oy, (56)

o2 Tot
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where as in three dimensions T = (2A) ! but now
v=c/2.

Before proceeding further and explaining the fractional generalizations of telegraphic
transport, let us point the significant issue of boundary conditions which are instrumental in
first-passage, escape and survival problems. The question is far from being simple specially
for telegraphic processes and in one and higher dimensions it has, to my knowledge, not
being settled yet. In the transport of particles the problem of survival is closely related to
the question of when the particle is absorbed (and, hence, disappears) if it reaches a certain
critical region of boundary S.. For diffusion processes, absorption at S. corresponds to
p(r, tlrg) = Owhenr € S; (or p(r, t|ry) = 0 when rg € S¢). That is, if the particle reaches
S¢ (or starts at S;) disappears. For telegraphic processes (and in the context of particle
transport, at least for one-dimensional processes) the situation is more complex because
of the property of persistence inherent in the telegrapher’s equation [14]. In this context
persistence, which is analogous to the physical property of momentum, makes necessary,
in deriving boundary conditions for absorption, to take into account the direction in which
the particle is traveling. For if the particle starts at S, or at time f reaches S, will disappear
(that is, it will be absorbed) only if the direction of the velocity is the appropriate one,
otherwise the particle will escape.

For one dimensional processes we studied this situation some years ago [64,65] and
refer the interested reader to these works for more information. In higher dimensions
the situation may be even more involved. There are, however, problems which are not
related to the escape out of some region (which implies absorption at the boundary of the
region) but only on the first arrival to some region S.. It can be shown that in these cases
the boundary condition is p(r, t|rg) = 0 (if r € Sc or ry € S;), regardless the direction of the
velocity at this particular location (see [66] for a problem of this sort in one dimension).

5. Fractional Transport

Likewise the one dimensional case, the two and three dimensional telegraphic trans-
port processes described above are ordinary (i.e., non-fractional) processes in the sense that
for small time (t < 7) they behave like an ordinary wave front while for long times (t > 1)
they act like an ordinary diffusion processes,

(x@®)F) ~ 2 (t=0), (x®)F) ~t (¢ o).

However, in transport through highly disordered systems as, for instance, random
media or fractal structures, ordinary diffusion becomes anomalous, that is

(I(B)7) ~ 1%,

where « is any positive real number. Two questions arise: (i) How does this circumstance
affect telegraphic transport? and (ii) what is the fractional TE ruling such kind of processes?
In one dimension we addressed these questions by setting a fractional version of the
persistent random walk on the line [32]. In higher dimensions we followed this path and
generalized the continuous and isotropic walks described in previous sections [30,31]. Let
us review these findings.

5.1. The Fractional Isotropic Walk

We will first work on the three dimensional case and obtain a fractional version of the
homogenous and isotropic random walk in the fluid limit approximation. To this end we

generalize the expressions of fl(w, s) and jai (w, s)—given in Section 3.1 in the fluid limit
approximation—to include fractional behavior.
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Let us start with Equation (39) which when s — 0 yields

2 1 )\.
1-h(w,s) = [(ESE {/\25 +2As + g\w\zcz +0(s%, |w|h) |,

we further approximate the denominator by (A +5)3 = A% + O(s), so that

. 2
1—h(w,s) ~ % +2<%> + ;ﬁ|w\2c2~--

We thus take as a fluid limit approximation for the sojourn density i the expression

s s s$\2 1 20
h(w,s)_l—X—2<X> - solwfi 7)

We next obtain an appropriate fluid limit approximation for the sojourn probability H.
Thus starting from Equation (34) and following the same approximation scheme we get

filw,s) = ﬁ{(ﬂs)t %\w|2c2+0(\w\4)]
- (/\_il_is)S{/\quZ)\sf%\w|262+0(52,|w|4)}.
o~ %(A2+2/\s) ey
That is,
fi(w,s) = %(1—1— %) (58)

Let us incidentally note that substituting Equations (57) and (58) into Montroll-Weiss
Equation (26) yields the fluid limit solution (41) for the PDF #(w, s) which has been the
starting point of the derivation of the TE.

We are now ready to construct a fractional generalization of the three-dimensional
isotropic random walk. Thus, and looking at Equation (57), we propose the following
expansion for the sojourn density in the fluid limit:

I(w,s) =1— (Ts)* — 2(Ts)% — %(L\w|)27 . (59)

(s, |w| — 0), where0 <« <1,0< 9y <land T > 0and L > 0 are arbitrary parameters, T
defines a characteristic time and L a characteristic length.

In addition to the fractional approximation for Z(w, s) we also assume a fractional

expansion for the function H (w, s) consistent with Equation (59). To this end, we return
to Section 2 and average Equations (11) and (12) over all directions ), with the result (in
Laplace space)

/ hi(x,8)dPr = §(s), /RS A(r,s)d = ¥(s), (60)

R3

where the sojourn PDF’s independent of direction are
fi(x,s) = /ﬁ(r,sm)/z(n)dzn, and  §(s) = /q}(sm)ﬁ(n)dzn,

and similar expressions for H(r,s) and ¥ (s). Note that in terms of the Fourier transform
we may write

v

(w=0,5) =¢(s), and ﬁ(w =0,s) = ¥(s).
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However, Laplace transforming Equation (10) we see that ‘i’(s) =[1- l,l?(s)] /s, conse-
quently,

F(w =0,5) = %[1 @ =0,9)].
Inserting Equation (59) into this expression yields
H(w =0,s) = T 1 4272271
which leads us to conjecture the following fluid limit approximation:
H(w,s) ~ T%% 1 427206201 (61)

(s = 0, |w| — 0). Let us stress that this is simply a conjecture because the approximation
given by Equation (61) might have depended on |w| as well [32].

Substituting Equations (59) and (61) into Montroll-Weiss Equation (26) and reorganiz-
ing terms yields

(,s) = 2T2% 1 [s% 4-1/2T%]
PR S) = T2 52 1 5w /2T + w2 (L27/6T2)]’

that is,
5 st (s* +1/7)
2 _ >
plers) §20 + 5% /T + 02 |w|?7’ 62)
where 1
T =2T%, v=—(L"/T"), 63
\/6( ) (63)

(0 <& <1,0 <9 <1). The parameters T and v can be considered as a fractional time and
a fractional characteristic velocity, respectively.

5.2. Fractional Telegrapher’s Equation in Three Dimensions

To derive the fractional telegrapher’s equation (FTE) in three dimensions for the frac-
tional isotropic model we first need to introduce some mathematical formalism concerning
fractional derivatives.

The Caputo fractional derivative of order f > 0 of a function ¢(t) is defined by the
functional [21,52,53,67,68]

n—1<pB<n,

1 /t ot (t)at’
—B) Jo (t—t")HP
ol (1), p=mn,

(n=1,2,3,...). Using this definition we can readily obtain the Laplace transform of the
Caputo derivative. Indeed, Laplace transforming Equation (64) and using the convolution

theorem we obtain
aﬂ'(P(t) _ 1 (n n—p—
c{ o }_F(nfﬂ)c{q’ (el

where £{-} stands for the Laplace transform. With the explicit forms [58]

?Po(t) _
F

—
—~

(64)

n—1
£{on} =596 - L o00),

and

L‘{t”’ﬁ’l} =T(n—p)sb",
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the Laplace transform of the Caputo derivative is found to be

P\ s _ o
E{ P }—s%(s)—sﬁ '9(0) = L sF 90 (0). (65)

The second kind of fractional operator we need is the Riesz-Feller fractional Laplacian
of order (0 < B < 2) of a function g(x) vanishing at x — +oco. There are several equivalent

ways to define it [68], although one of the simplest and most operative definitions is
obtained using Fourier analysis. We thus define [21]:

Vhg(r) = FH{~lwlfg(w) }, (66)
(0 < B < 2), where F~1{.} stands for the inverse Fourier transform, and
~ _ iw-r 3
gw) = [ g,
is the direct transform.

We are now ready to derive the three-dimensional FTE. We begin with Equation (62)
which we rewrite as

1 1,
<52a+rs +02|w‘27> (w S)—SZ'X 1+T5a—1.

Taking into account the definition of the Riesz-Feller Laplacian, Equation (66), and recalling
that F~1{1} = d(r), the Fourier inversion yields

<52a " %Sa _ 02V27> p(r,s) = (szlxﬂ i %Saq)é(r)/
and, after reorganizing terms, we have
s2%p(r,s) — 2 1o(r) + % [s"‘ﬁ(r,s) - s""lé(r)] = 0’V27p. (67)
In order to Laplace invert this equation, and thus obtaining an equation for p(r, t), we
first evaluate the Laplace transforms of the fractional derivatives 9*p/d*t and 3**p /3%t

using Equation (65). We must distinguish the cases f = « and = 2a.
(i) Set B = a in Equation (65). Since 0 < « < 1, we see that n = 1. Hence

a“P(fff) oo o1
E{ ot =s"p(r,s) —s* ' p(r,0).
However, p(r,0) = (r) (cf. Equation (42)). Therefore
aﬁ(
at"‘

(ii) When B = 20 (0 < & < 1) we need to distinguish the cases (a) 0 < « < 1/2 and (b)
1/2 < a < 1. For case (a) we have 0 < 2a < 1, which reproduces the conditions leading to
Equation (68), That is,

=L {s p(r,s fs“’lé(r)}. (68)

204 (¢
5{78 a’iga't)} = 2 p(r,s) — 2 15(r).

In case (b) we have 1 < 2a < 2 and from Equation (65) with n = 2 we write

P*p(e, )\ ous 201 2(a—1) 9p(x, 1)
{W} =s5"p(r,s) — s O(r) —s |y
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Since dp/dt|;—9 = 0 (cf. Equation (42)) we see that this case coincides with case (a) above.
Therefore,

aZa B R N
ﬁf =C 1{52”‘p(r,s) - 1(5(r)}, (69)

(0 < & < 1). Returning to Equation (67) and taking the inverse transform we find
L1 {sz“ﬁ(r,s) - sza*lé(r)} + ZAC’l{s“ﬁ(r,s) - s“’lé(r)} = *V2p.
Using Equations (68) and (69), we readily obtain

aszp laap
ot T o

=*V?7p, (70)

which is the fractional telegrapher’s equation in three dimensions where 7 is the fractional
time and v the fractional velocity (cf. Equation (63)).

As is well known, and as we have remarked in previous sections, the ordinary TE
enjoys both wave and diffusion characteristics. We now extend this duality to the fractional
TE. To this end we take the limit T — 0 in Equation (70) and also letting v — oo such that
70> — D finite. This results in the fractional diffusion equation (cf. Equation (7))

o?p 2

—— =DV7p. 71

S0 p 1)
Let us see that for any values of T and v the fractional diffusion equation is also the

asymptotic (in time) limit of the fractional TE (recall that a similar situation occurs with the

ordinary TE). Indeed, by passing to the limit s — 0 in the fluid-limit expression of the PDF

(cf. Equation (62)) the small s approximation for f(w, s) is readily found to be

. sv1
plws) ~ oy T
which after Fourier-Laplace inversion yields Equation (71) with D = tv?. Therefore, by virtue
of Tauberian theorems the fractional diffusion Equation (71) is the long-time approximation
of the fractional TE.

The fractional TE also contains the fractional wave equation as a special case. Thus
letting T — co with v finite in Equation (70) we get

aZoc

8th = 2Vp. @2)

Note that when &« = 1/2 and y = 1 this equation reduces to the ordinary diffusion equation.
In this regard Mainardi’s terminology “fractional diffusion-wave equation” [52] is more
precise than “fractional wave equation”. Let us finally observe that the fractional diffusion-
wave equation is the small-time limit of the fractional TE. Indeed, the limit s — oo in
Equation (62) yields

g20—1

Plws) = gy I

and the Fourier-Laplace inversion results in Equation (72). Again, due to Tauberian theorems
we see that the fractional diffusion-wave equation is the short-time limit of the fractional TE.

We thus see from the preceding discussion that the fractional TE embraces two dif-
ferent dynamics. one of them, at small times, representing fractional wavelike behavior,
and another one which at long times enhances fractional diffusion-like behavior. This
constitutes the fractional generalization of the dual character between waves and diffusions
showed by the ordinary TE.

98



Entropy 2021, 23, 364

5.3. Lower Dimensional Cases

We next address lower dimensional problems and will see that in one and two dimen-
sions the fractional TE has formally the same form than in three dimensions.

5.3.1. One Dimension

As we know the one-dimensional fractional case is based the fractional generalization
of the continuous-time persistent random walk on the line which is a discrete two-state
model and whose derivation from the continuous multistate model described above,
although similar in many aspects, it is not straightforward. We will here state just the main
result and refer the interested reader to [32] or the review [15] for details. Thus, the one-
dimensional fractional TE has formally the same appearance that the three-dimensional
Equation (70)

Pp 1% ,0%p

T T r
where the Caputo derivatives with respect to time are equal to those of the three dimen-
sional Equation (70) and

(73)

aZ’yp _ —1 27 =
s = F P},

is the Riesz—Feller fractional derivative (cf. Equation (66)), where
plw, t) = / e p(x, t)dx,

is the Fourier transform of the one-dimensional PDF p(x,t) and F~1{-} is the inverse
transform.
As the reader can easily check, the solution of Equation (73) with the standard initial
conditions:
ap(x,t)

p0) = o, P

-0,

in Fourier-Laplace space reads

s (sv+1/7)
T s st /T 4 2 w27

plw,s) (74)

which is the one-dimensional version of Equation (62).

5.3.2. Two Dimensions

As we have discussed in Section 4.3 most expressions of the two-dimensional case are
the same than in three dimensions after the replacement 2/6 — /4 (cf. Equation (54)).
Thus, for instance, the sojourn densities h and H—which in three dimensions and in the
fluid limit approximations are given by Equations (57) and (58)—now read

2 s 5\2 1 20 A 1 2s
hw,s) = 1- 2(X) Salwlie-, H(w,s)—X<1+x) (75)
(s = 0,|w| — 0) which mimicking the discussion of Section 5.1 leads to the following
fractional generalization of these functions [see Equations (59) and (61)]

IZ(w,s) =1— (Ts)* —2(Ts)%* — %(L|w|)27 s, ﬁ(w,s) ~ T p2ag2a—l
(76)
Substituting Equation (76) into Montroll-Weiss Equation (26) and reorganizing terms
yields
s+ 1/7)
s st/ T+ 02w 2V

plw,s) (77)



Entropy 2021, 23, 364

where 1
T=2T" v=—(L"/T"). 78
ST 79)
Equation (77) gives the transformed PDF of the fractional two-dimensional isotropic
random walk in the fluid limit approximation. Let us note that this expression has the same
form as that of the three-dimensional case (cf. Equation (62)) with the same time parameter
T but a different velocity parameter v (cf. Equation (63)). Therefore, following exactly the
same procedure detailed in the previous section we find the two-dimensional TE

aZap laap
ot T g

=02V, (79)

which has the same form as the fractional TE (70) of the three dimensional case and with
the same limiting behavior regarding fractional diffusion and wave-like performances.

5.4. Characteristic Function

Solving the fractional telegrapher’s equation and thus obtaining the exact analytical
form of the PDF p(r, t) seems to be out of reach for any dimension. It is, however, possible
to obtain regardless dimensionality, a close and exact expression of the characteristic
function p(w, t) (i.e., the Fourier transform of the PDF p(r, t)) of the space-time fractional
telegrapher’s Equation (70). To this end we will perform the Laplace inversion of the joint
Fourier-Laplace f(w, s). Since this function has formally the same form in one, two and
tree dimensions (cf. Equations (74), (77) and (62) respectively) the differences between
them only arise when Fourier inverting and the characteristic function will be formally the
same in all cases. This similarity also shows that the time structure of any average will be
the same regardless the number of spatial dimension (we will see this fact explicitly in our
discussion on the moments of time-fractional processes to be discussed in the next section).

We start off with Equation (77). Let us first note that taking into account the factorization

st/ Rl = |4 o )] [+ o )]

7(w) =4/1/472 — 02 |w|?Y, (80)

Equation (77) can be written as

where

5 [ 1/21 4 (w) 1/27 — 5(w)

p(w 5) 211( )|:5'X+1/2T_17((U)_S“+1/2T+;7(w):|. (81)
Further manipulations yield

s s 3 n.—1—nw
s +1/2t£n(w) 1+ [1/2t+n(w) ; "[1/27 % p(w)] s
We next proceed to Laplace inversion. Since [58]
£ {s }71”(1—5—7104)'
we have

o1 0 n

i G S — 2T (@) g a
£ {S“+1/2T:|:77 } n;) I(1+ na) = Eu(—[1/21 £ (w)]t"),
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where E, (-) is the Mittag-Leffler function [69]

Zn

Eu(z) = n;) T ) (82)

For & not an integer, the Mittag—Leffler function E,(z) can be regarded as a kind
of “fractional generalization” of the exponential function. Indeed when & = 1 and since
I'(1+ n) = n! we immediately see from Equation (82) that E; (z) = ¢*.

Taking the inverse Laplace transform of Equation (81) and using the above intermediate
results we finally obtain the characteristic function of the space-time fractional transport
process

Sl ) = — /20— x
plwt) = 5 {1720+ n@)]Ea(=[1/20 = p(@)lt)

— (V2T —p(@)]Ea(-[/2T + (@)}, (83)
which we recall is valid for any dimension of the underlying space.

In the wave-like limit when v is finite but T — oo the fractional TE (70) reduces to the
fractional wave-diffusion Equation (72). In this case (cf. Equation (80))

1(w) = ivlw|?,
and the characteristic function reads
1 . .
plw, t) = 5 [Ea (—iv]w|7t*) 4 Eq (iv|w|t4)], (84)

a solution already obtained by Mainardi for the wave-diffusion equation [52].
In the diffusion-like limit T — 0 and v — oo such that 210> = D (finite) and from

Equation (80) we see that
21y (w) = /1 —4720?|w|>r — 1,

and

1 1 D|w|* )
—Fr(w)=-—(1 l—2TDw2“Y>:——>Dw 8
e F1w) = 5o (17 1 - 20Dl ) = e som Dl

From Equation (83) we get
p(w,t) = Ex(—Dt*|w[*7), (85)

a well known result which corresponds to a Levy density with fractional time [36,38].
When a = 1 this result reduces to the ordinary Levy distribution with zero mean,

plw,t) = e PP, (86)

6. Time-Fractional Telegraphic Transport

In the last section we have developed the fractional telegraphic transport in its most
general form assuming that both time and space are fractional. This leads, as the master
equation of the process, to the space-time fractional telegrapher’s equation which is for-
mally the same in one, two and three dimensions. We have also seen that in both cases
the general space-time fractional TE reduces to the space-time fractional wave equation
at short times and to the space-time fractional diffusion equation at long times. This dual
character is even more manifest for the time-fractional equation when the spatial exponent
¥ = 1 and only time is fractional. For fractional diffusion this particular case has been
extensively studied in the literature and has many applications [35-37,39,41-43].
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In any dimension the time-fractional TE is

P 19
otz T ot

=0*V?p (87)

(0 < a < 1), where V? is either the two or the three dimensional Laplacian and in one
dimension is the second spacial derivative.

For the time-fractional TE we can obtain more analytical results than for the space-time
TE. Results that turn out to be very useful because they clearly mark the similarities and
dissimilarities between telegraphic transport processes in different dimensions. For one
dimension we had already obtained in [32] some of the results presented here but not in
higher dimensions. We now fill this gap in which the analogies and differences among
different dimensions are clearly manifested.

Our starting point is again the Fourier-Laplace solution of the fractional TE (cf.
Equations (62), (74) or (77) with v = 1)

R s H(s* +1/71)

plwrs) = s20 4 5% /T + 02| w 2 ®8)
The basic idea is the following: since time is now the only fractional variable but not
space, it is possible to Fourier invert f(w,s) and obtain a closed expression for the Laplace
transform p(r, s) which compels us to treat different dimensions separately. Once we get
the expression for p(r,s), the use of Tauberian theorems will allow us to obtain asymptotic
expressions of the PDF p(r, t) at long and short times. Even though the one dimensional
problem was fully addressed in [32], we present here all three dimensions and compare
each result.

6.1. Laplace Transform of the PDF

Let us proceed to Fourier invert the expression (88) for f(w,s). To this end we need to
treat each dimension separately.

6.1.1. One Dimension

Recall that in one dimension the expression (88) of the transformed density /i remains
valid although in this case |w| is not the modulus of a vector but the absolute value of a
single variable. By virtue of the symmetry of § with respect to w, the Fourier inversion will
be given by

~ _ i o0 —iwx 2 _ l /oo 2
plx,s) = = /7006 plw,s)dw = <)o plw,s) cos wxdw.
Substituting for Equation (88) yields
R R I T /'°° COs wx
plx,s) = s (s* +5°/7) ) sz"<+s“/-r+v2w2dw'

and recalling the integral [70]

w=—

/°° COs wx _ 1 alx| /b
0 a%+b2w? 2ab !

we get
1
ﬁ(x,s):%\/sz”‘+s"‘/Texp{—%\/sz”‘+s"‘/T}. (89)
For & = 1 the fractional TE (87) reduces to the the ordinary TE and in this one-
dimensional case the Laplace transform (89) can be inverted yielding the exact PDF p(x, t)
in terms of modified Bessel functions. We refer the interested reader to [32] for more details.
For the fractional case when « # 1, the exact analytical inversion of Equation (89) seems to
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be out of reach. However, as we will see below, we can obtain approximate solutions for
large values of time.

6.1.2. Two Dimensions

In this case the Fourier inversion formula yields for the PDF in two dimensions

! v i 1 © 27 i .
p(r,s) = W/]Rz Cflw‘rﬁ(w,S)dZw = W/O /O eSO 5 s\ wdwd
© 27T X
= ﬁ/o wﬁ(éd,s)dw/o emiwrcosg gy

where w = |w| and we have taken into account that f(w, s) depends only on the modulus
|w| = w [see Equation (88)].
From the integral representation of the Bessel function of zero order [63],

]0((4}1’) _ i /ZNC—iwrcosq)dq)
27 Jo !

we write 1 -
p(r,s) = E./o wlo(wr)p(w,s)dw.

Substituting for (88) we have

Py _ 1 20 o /oo w]o(wr)
plx,s) = s (s +5%/7) o S st/ 4 ok
and taking into account the integral [70]

® wlp(aw)

by Rrw? dw = Ko(ab),

(a > 0,Re b > 0), where Ky(+) is a modified Bessel function, we finally obtain

(52”‘ + 54 /T) Ko ( \/ s20 4 gt /T) . (90)

r
%

plrs) = 271025

6.1.3. Three Dimensions

Bearing in mind that $(w, s) depends only on the modulus |w| = w (cf. Equation (88)),
the Fourier inversion of f is

~ 1 s
p(r,s) = I ‘/Rge iw rp(w,s)d3w
1 o pmT 27, oa
- (27r)3/0 /0 /0 e e, s)w? sin fdwdfdp

—~

1 o .
- (n)2 /0 w?p(w,s)dw /0 piwrcost i g0
Since
/ C*lwrcos9 sin0d0 = — sinwr,
Jo 5
we have

A R S
p(r,s) = 27(21’/0 wsinwrp(w,s)dw.

Substituting for Equation (88) yields

o .
w w sinwr

5 s/t - —dw,

(s +s%/ )/o s20 gt /T 4 p2w?

plx,s) = 272rs
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and taking into account the integral [70]

® wsinaw T _ap
==
0o b2+ w? 2

(a > 0,Reb > 0), we obtain

(sz‘“rs“/r) exp{fg\/m}r o1

which is the exact PDF in three dimensions. Notice the different form taken by p(r,s) in
one, two and three dimensions (cf. Equations (89)—(91), respectively).

Let us also observe that, like in the general space-time fractional cases, for the time-
fractional case (¢ # 1, v = 1) the expressions for p given by Equations (89)-(91) are very
difficult, not to say impossible, to invert analytically. Thus, obtaining the exact analytical
form of the PDF p(r, t) in real time seems to be beyond reach. We can, however, obtain
approximate solutions, valid for large values of time, using Tauberian theorems which
relate the small s behavior of p(r,s) with the large ¢ behavior of p(r,t) [61,71].

prs) = 47rvs

6.2. Long-Time Asymptotic Expressions

For the asymptotic analysis we rely on Tauberian theorems which allow us to infer
the behavior of p(r,t) for long times out of the expression for p(r,s) for small values of the
Laplace variable s [61,71]. We work again each dimension separately.

6.2.1. One Dimension

We briefly summarize only the main results in one dimension and refer the reader
to [32] for details. For long times such that ¢ > 71/% we have shown that [32]

a/2 —u/2
p(x,t) t= <Xt )/ (t>>_r1/a’), (92)

20 f 20\/T

where M, 5 (+) is the Mainardi function defined by the power series [52,72]

_ o0 )nzn
#3) = Lur ﬁn+1*ﬁ) ©3)

The function Mg(z) is an entire function for 0 < B < 1 [52] being a special case of
the Wright function [69,72] (see below) which is, in turn, closely related to Fox function
frequently used in the anomalous diffusion literature [36]. We incidentally note that after
the replacement v\/T — D, the asymptotic expression (92) becomes the exact solution to
the time fractional diffusion equation (cf. Equation (71) with 7 = 1), solution obtained by
Mainardi some years ago [52].

From Equation (93) we see that M, /»(z) — 1/T(1 — «/2) as z — 0 and Equation (92)
yields the asymptotic power law

plx, ) ~ 792, (t = o). (94)

6.2.2. Two Dimensions
Noticing that as s — 0 (specifically, if s < T71/%)

s 4% /T = (s%/T)(Ts* + 1) ~ s/, (95)

we write for the two dimensional density (90)

SIX*] rsa/z /a
p(r,s) = o2 Ko oz ) (s<t /%), (96)
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On the other hand [63]
> 1
Ko(z) = — [y +In(z/2)]Io(z) +2 ) EIZH(Z)
n=1

(y =0.5772- - - is the Euler constant and I, (z) are modified Bessel functions), but [63]

o 2/2)v+2n _ B
';)Fv+n+l) o(z") (z—=0),
thus
Ko(z) = = [7 +In(z/2)] +0(2%Inz). 97)
Hence

1) (:fﬁ) {’y+ <va>} 7%lns+O(s”‘1ns),

which substituting into Equation (96) yields the approximate expressions valid for small
values of s (i.e.,, when s < 7-1/%)

1 1 2
fz(r,s)gﬁ{['y-i-ln(zvf)]sl—_a—i-%lns}. (98)

We next proceed to Laplace inverting this small s expression for fj(r, s) which by virtue
of Tauberian theorems will provide an approximate expression of p(r, t) suitable for long
times. Taking into account the Laplace inversion formulae [32,58]

L:{slﬁ} = % and z:{h;—;} = %[l[](ﬁ) —Int]
[ > 0and y(z) = T'(2)/T(2)] we have
%H”““Qviﬁ)}r(i@ +%r(i0‘) [lP(lftX)flnt]}
- ﬁ%{glnt—ln<20i/¥> —'y—l,b(l—fx)}
e )

and neglecting constant terms we finally get

p(rt) = R (zw/z\/?)’ (99)

1

p(r,t)

27'(021' I(1—a) r

(t > 7'/%). Therefore, in two dimensions the PDF of the time fractional TE obeys the
asymptotic logarithmic power law

p(x, t) ~t *Int (t — o0). (100)

6.2.3. Three Dimensions
In three dimensions the starting point of our asymptotic analysis is Equation (91)
which using the small s approximation given in Equation (95) yields

Szx—l

e—rst/z}ﬁ (S < T—l/a), (101)

plrs) = 4mrolT
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and expanding the exponential we write

s X1 =\ b2 1/
p(r,s) ~ —— ——= s~ nre) s T ).
plrs) 47‘[7‘2)2‘['”;()?1! <vﬁ> ( )

Recall again that because of Tauberian theorems the inversion of this expression for
p(r,s), valid for small values of s, will provide an asymptotic expression for p(r, t) suitable
for large values of t. Thus, taking into account the Laplace inversion formula [32,52]

L’l{s‘s} =13 (102)

(where & # 0 and not a positive integer) we obtain for > t!/¢

1 x© 1 —r\" —(1+n/2)a
plrt) = 4mvzrzﬁ<vﬁ> T (1+n/2)a)’

that is

e~ ooy L - S R
PUE = oot Sn! T - (1+n/2)a]\ oyT ’ ’

This asymptotic expression for p(r, t) can be written in a more compact form by using
the Wright function defined by [69,72]

71

Wi (z ; PN (104)

(A > —1 and p and z arbitrary complex numbers). It is an entire function originally
proposed by Wright in the 1930’s for the asymptotic theory of partitions [69]. When A =1
the Wright function can be written in terms of the Bessel function of order p — 1 [69,72].
Moreover, Mainardi function Mg(z) defined in Equation (93) is a particular case of the
Wright function. Indeed,

Mﬁ(Z) = W,ﬁll,ﬁ(—z).

From Equations (103) and (104) we see that the asymptotic PDF for the three dimen-
sional case can be written as

£ —rt=%/2 1a
p(r,t) =~ mwzx/z,l—a o )’ (t> /%), (105)

Finally, from Equation (104) we see that W), ,(z) — 1/T'(u) as z — 0 and Equation (105)
yields the asymptotic power law

p(rt) ~t7%, (t — o0). (106)

6.3. Moments of the Effective Distance Travelled

One of the magnitudes of greatest interest in transport problems is the distance
covered by the particle from the starting point. The evaluation of the actual distance is very
involved due to the random turnarounds of the trajectory. We will take as an estimate of
it the effective distance travelled (taking into account that the transport processes starts
at the origin of the coordinate system) which is the quantity |x(¢)| in one dimension, and
[r(t)| = r(t) in two and three dimensions. We will thus work each dimension separately,
although, as stated in Section 5.4, moments are essentially the same for each dimension.

Let us note that for space-time fractional processes, the moments of the distance
travelled may be infinite (as in the case of the Levy processes). However, for time-fractional
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processes these moments are finite and we can get analytical expressions for them using
the forms of the PDF obtained above. Moments also make explicit the dual character of the
fractional telegraphic transport between fractional wave transport and fractional diffusion
transport which generalizes the same duality presented by the ordinary TE.
6.3.1. One Dimension

Moments are defined by

(O = [ s, (=12,

and recalling that p(x, t) is an even function of x, the Laplace transform can be written as

L{{|x(H]"} =2 /0 " 5 (x,)dx.

Substituting for Equation (89) yields

n !

L{{|x(®)]")} = 755@) /:0 we VBE /oy = s[/S(zs))]”/Z /O°° ez = 5[[;25)}}1/2'

where B(s) = s?* 4 s%/7. Hence

i

LU} = - (1=12...). 107)

(520( + stx/T)n/Z’
Recall that when T — co we recover the fractional wave equation. In this case from
Equation (107) we have the “wave limit”

nlo" nlo"

LIOM = = (KON =g

no
T (108)

On the other hand when T — 0 but v — co such that vt = D (finite) we recover the
fractional diffusion equation and have the “diffusion limit”

niD"/2 ntp"/2

IO = ez = OP = gy (109)

Let us also recall that the wave limit is the one we recover from TE as t — 0, whereas
the diffusion limit corresponds to the long time limit. Indeed, taking into account that

(s +%/T)"? ~ " (5 = 00) and (s% 4 s*/T)"2 ~ (s*/T)" (s — 0)
and bearing in mind Tauberian theorems, we see from Equation (107)

LU0} = fi (=) = (O = ™ (6 =0), 10

and

£L M) = T (55 0) = (x(O)]) = [h LD (¢ ). (1)

6.3.2. Two Dimensions

We now have

£{<\l‘(t)|">}:/}RZ|r\"ﬁ(r,s)d2r:/Ooo/(lzn|r\”ﬁ(r,s)rdrd¢,
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that is,
LI ()} =27 / "5 (r, 5)dr.
0
Substituting for Equation (90) and a simple change of variables yields

U”

LUP O = e [, 2 Koz,

T os(s2x 450 /T)/2

but [70]
/O 2Ky(2)dz = 2'T2(1 + 1/2),

so that 2 )
" 2"T*(1+n/2)0"
L (1)} = (2 st )

Observe that this two-dimensional expression is equal to the one-dimensional mo-
ment (107) except for a mere numerical factor and, therefore, all two-dimensional ex-
pressions can be recovered from the one dimensional ones under the replacement n! —
2”F2(1 +n/2). Thus, in particular, we see from Equations (110) and (111) that

(n=1,2,...). (112)

(1)) ~ " (£ 0) and (1)) ~ /2 (= oo). (113)

6.3.3. Three Dimensions

In the three dimensional case we have

L{(x(t)")} :/}RB|r\"ﬁ(r,s)d3r:/Ooo/on/ozn|r\"ﬁ(r,s)r2sm9drd9d(p,

that is, -
LI (1)) :471/0 " 25(r, 5)dr.

Substituting for Equation (91) and elementary integration yields

c{e)y = D

T S s/ (n=12,..), (114)

which has the same structure as the one and two dimensional cases (cf. Equations (107)
and (112)) and, as a consequence, the asymptotic expressions for moments will also be
given by Equation (113).

7. Concluding Remarks

We have reviewed the main aspects of telegraphic transport processes which account
for “diffusion with finite velocity” [8] and whose master equation is the telegrapher’s
equation instead of the diffusion equation. The main part of this report is a comprehensive
account of our previous works [30-32], on the derivation, out of random walks models, of
the telegrapher’s equation (ordinary as well as fractional) in one, two and three dimensions.

We have mostly focussed on two and three dimensions because, for one hand, early
attempts to derive higher dimensional TE’s from random walk models had been fruitless
and, on the other hand, higher dimensional models are usually more relevant for transport
problems than any one-dimensional model. We thus present models that are two and
three dimensional generalizations of the persistent random walk on the line. The models
are based on multistate random walks with a continuous number of states representing
the different directions the particle can take. We set the general integral equations for
the probability density function of the particle evolution on the plane or in the space.
When at every point all possible directions are independent and do not depend on the
orientation and position (isotropy and homogeneity), the general equations can be exactly
solved in Fourier-Laplace space. The isotropic and homogeneous models are suitable
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for addressing the transport of particles experiencing elastic collisions with fixed centers
randomly distributed such as photons moving in turbid media [2].

These continuous models constitute a microscopic description for transport in which
we statistically count the (elastic) collisions of the particles. If we zoom out this micro-
scopic description by implementing the fluid-limit approximation of large times and
distances—and, thus, going to a mesoscopic description of the process—we end up with
the telegrapher’s equation as the master equation of the transport processes.

We have also generalized the telegrapher’s equation to account for anomalous trans-
port in several dimensions. To this end the isotropic and homogeneous random walk has
been extended to allow for fractional behavior both in time and space variables. The dual
character of the ordinary TE between wave and diffusion behaviors is also manifest in
the space-time fractional TE where at small times this equation reduces to the fractional
diffusion-wave equation while at long times it does to the anomalous diffusion equation.

The two different dynamics governing the fractional transport—one of them, ruling
transport at small times, is given by fractional wave behavior, while at large time the
dynamics is dictated by fractional diffusion behavior—are even more apparent for the
time-fractional transport when only the time variable is fractional. In this case all moments
of the distance to the initial position (the effective distance travelled by the particle) exist
and have an analytical expression in terms of their Laplace transforms. For small and large
times these moments are approximated by

(") ~ " (t=0), (r"(8)) ~ "2 (t — o),

(n=1,2,...). When 0 < a < 1/2 there is a transition from two different subdiffusive
regimes, while if 1/2 < a < 1 the transition is from superdiffusion at small times to
subdiffusion at large times. This fact generalizes the passage from ballistic motion to
normal diffusion shown by the ordinary telegrapher’s equation.

The exact solution for the characteristic function p(w, t) of the fractional transport has
also been obtained regardless the dimensionality of the process, and approximate expressions
for wave and diffusion regimes are attained as well. These variety of expressions have been
explored by Mainardi and collaborators [52,53,67,72] on solutions for fractional diffusion and
fractional wave-diffusion equations (see also Mainardi’s recent and useful survey appeared
in this special issue [73]). Additionally, Orsingher and collaborators [74-78] have proposed
several kinds of solutions to the fractional TE and explored their properties.

For the time-fractional transport we have been able to go one step further and obtain the
exact form of the Laplace transform p(r, s) in one, two and three dimensions. From these ex-
pressions it is possible to get analytical forms of the PDF p(r, t) valid for sufficiently long times
which, in one and three dimensions are written in terms of Wright functions (cf. Equations (92)
and (103)), while in two dimensions by a logarithmic function (cf. Equation (99)). From these
expressions we have obtained, as t — co, the asymptotic power laws

p(x,t) ~ /2 (one dimension); plx,t) ~ 7%, (three dimensions);
and the logarithmic power law
p(x,t) ~t *Int, (two dimensions).

Let us finish by recalling that a substantial part of this paper is a review of previous works
but a significant part is, to my knowledge, new. This is the case of the higher dimensional
extension of the characteristic function for the space-time fractional TE (cf. Section 5.4), as
well as the whole Section 6 on higher dimensional time-fractional telegraphic processes.
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Abstract: In this survey we stress the importance of the higher transcendental Mittag-Leffler function
in the framework of the Fractional Calculus. We first start with the analytical properties of the classical
Mittag-Leffler function as derived from being the solution of the simplest fractional differential
equation governing relaxation processes. Through the sections of the text we plan to address the
reader in this pathway towards the main applications of the Mittag-Leffler function that has induced
us in the past to define it as the Queen Function of the Fractional Calculus. These applications concern
some noteworthy stochastic processes and the time fractional diffusion-wave equation We expect
that in the future this function will gain more credit in the science of complex systems. Finally, in an
appendix we sketch some historical aspects related to the author’s acquaintance with this function.

Keywords: fractional calculus; Mittag-Leffler functions; Wright functions; fractional relaxation;
diffusion-wave equation; Laplace and Fourier transform; fractional Poisson process complex systems

1. Introduction

For few decades, the special transcendental function known as the Mittag-Leffler function has
attracted increasing attention of researchers because of its key role in treating problems related to
integral and differential equations of fractional order.

His function was introduced in 1903-1905 by the Swedish mathematician Mittag-Leffler and at the
beginning of the last century up to the 1990s, this function was seldom considered by mathematicians
and applied scientists.

Before the 1990s, from a mathematical point of view, we recall the 1930 paper by Hille and
Tamarkin [1] on the solutions of the Abel integral equation of the second kind, and the books
by Davis [2], Sansone & Gerretsen [3], Dzherbashyan [4] (unfortunately in Russian), and finally
Sambko et al. [5]. Particular mention would be for the 1955 Handbook of High Transcendental Functions
of the Bateman project [6], where this function was treated in Volume 3, in the chapter devoted to
miscellaneous functions. For former applications we recall an interesting note by Davis [2] reporting
previous research by Dr. Kenneth S. Cole in connection with nerve conduction, and the papers by Cole
& Cole [7], Gross [8] and Caputo & Mainardi [9,10], where the Mittag-Leffler function was adopted
to represent the responses in dielectric and viscoelastic media. More information are found in the
Appendix of this survey.

In the 1960’s the Mittag-Leffler function started to emerge from the realm of miscellaneous
functions because it was considered as a special case of the general class of Fox H functions, that can
exhibit an arbitrary number of parameters in their integral Mellin-Barnes representation. However, in
our opinion, this classification in a too general framework has, to some extent, obscured the relevance
and the applicability of this function in applied sciences. In fact, most mathematical models are based
on a small number of parameters, say 1 or 2 or 3, so that a general theory may be confusing whereas
the adoption of a generalized Mittag-Leffler function with 2 or 3 indices may be sufficient.
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Nowadays it is well recognized that the Mittag-Leffler function plays a fundamental role in
Fractional Calculus even if with a single parameter (as originally introduced by Mittag-Leffler) just to
be worthy of being referred to as the Queen Function of Fractional Calculus, see Mainardi & Gorenflo [11].
We find some information on the Mittag-Leffler functions in any treatise on Fractional Calculus but
for more details we refer the reader to the surveys of Haubold, Mathai and Saxena [12] and by Van
Mieghem [13] and to the treatise by Gorenflo et al. [14], devoted just to Mittag-Leffler functions, related
topics and applications.

The plan of this survey is the following. We start to give in Section 2 the main definitions and
properties of the Mittag-Leffler function in one parameter with related Laplace transforms. Then in
Section 3 we describe its use in the simplest fractional relaxation equation pointing out its compete
monotonicity. The asymptotic properties are briefly discussed in Section 4. In Section 5 we briefly
discuss the so called generalized Mittag-Leffler function, that is the 2-parameter Mittag-Leffler function.
Of course further generalization to 3 and more parameter will be referred to specialized papers and
books. Then in the following sections we discuss the application of the Mittag-Leffler function in some
noteworthy stochastic processes. We start in Section 6 with the fractional Poisson process, and then in
Section 7 with its application of the thinning of renewal processes. The main application are dealt in
Section 8 where we discuss the continuous time random walks (CTRW) and then in Section 9 we point
out the asymptotic universality. In Section 10 we discuss the time fractional diffusion-wave processes
pointing out the role of the Mittag-Leffler functions in two parameters and their connection with the
basic Wright functions. In Appendix A we find it worthwhile to report the acquaintance of the author
with the Mittag-Leffler functions started in the late 1960s and continued up to nowadays.

We recall that Sections 3-10 are taken from several papers by the author, published alone and
with colleagues and former students. Furthermore we have not considered other applications of the
Mittag-Leffler functions including, for example, anomalous diffusion theory in terms of fractional
and generalized Langevin equations. On this respect we refer the readers to the articles of the
author, see References [15,16], and to the recent book by Sandev and Tomovski [17] and references
therein. For many items related to the Mittag-Leffler functions we refer again to the treatise by
Gorenflo et al. [14].

2. The Mittag-Leffler Functions: Definitions and Laplace Transforms

The Mittag-Leffler function is defined by the following power series, convergent in the whole
complex plane,

00 n

z
Ea(z).:rgm, a>0, z€C. (1)

We recognize that it is an entire function of order 1/« providing a simple generalization of
the exponential function exp(z) to which it reduces for « = 1. For detailed information on the
Mittag-Leffler-type functions and their Laplace transforms the reader may consult e.g., [6,18,19] and
the recent treatise by Gorenflo et al. [14].

We also note that for the convergence of the power series in (1) the parameter « may be complex
provided that («) > 0. The most interesting properties of the Mittag-Leffler function are associated
with its asymptotic expansions as z — oo in various sectors of the complex plane.

In this paper we mainly consider the Mittag-Leffler function of order a € (0,1) on the negative real
semi-axis where is known to be completely monotone (CM) due a classical result by Pollard [20],
see also Feller [21].

Let us recall that a function ¢(¢) with t € R™ is called a completely monotone (CM) function if it
is non-negative, of class C*, and (—1)"¢(")(t) > 0 for all n € N. Then a function i (t) with t € R* is
called a Bernstein function if it is non-negative, of class C*°, with a CM first derivative. These functions
play fundamental roles in linear hereditary mechanics to represent relaxation and creep processes, see,
for example, Mainardi [22]. For mathematical details we refer the interested reader to the survey paper
by Miller and Samko [23] and to the treatise by Schilling et al. [24].
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In particular we are interested in the function

0 ttxn
= —*) = e <
eq(t) := En(—t") ”;)( 1) Fans1)’ t>0, 0<a<l, )]
whose Laplace transform pair reads
o1
ea(t)fsa+1, a>0. (3)

Here we have used the notation = to denote the juxtaposition of a function of time f(¢) with its Laplace
transform

Fo) = [Te ey n.

The pair (3) can be proved by transforming term by term the power series representation of e, (t)
in the R.H.S of (2). Similarly we can prove the following Laplace transform pair for its time derivative

, d 1

e, (t) = EEu(—t"‘) = a1 >0. 4)

For this Laplace transform pair we can simply apply the usual rule for the Laplace transform for the
first derivative of a function, that reads

d Lz
SF) s fls) = F(0%).

3. The Mittag-Leffler Function in Fractional Relaxation Processes

For readers’ convenience let us briefly outline the topic concerning the generalization via fractional
calculus of the first-order differential equation governing the phenomenon of (exponential) relaxation.
Recalling (in non-dimensional units) the initial value problem

‘% — —u(t), t>0, with u(0*)=1 5)

whose solution is
u(t) =exp(—t), (6)

the following two alternatives with a € (0,1) are offered in the literature:

(a) %{:fD}*“u(t), t>0, with u(0")=1, @)
(b) «Dfu(t)=—u(t), t>0, with u(0")=1, 8)

where Dfl_”< and .Dj denote the fractional derivative of order 1 — « in the Riemann-Liouville sense
and the fractional derivative of order a in the Caputo sense, respectively.

For a generic order y € (0,1) and for a sufficiently well-behaved function f(t) with t € R the
above derivatives are defined as follows, see for example, Gorenflo and Mainardi [18], Podlubny [19],

e L ATt f(r)
(a) D} f(f)fr(l_y)a{/o (t_f)m}/ ©)
(b) *D;‘f(t):r(llfy) ./ot({/f(?)" ir. (10)

115



Entropy 2020, 22, 1359

Between the two derivatives we have the relationship

P

<D} f(t) =D f(t) = f(07) = D [f(t) = f(09)] . (11)

Both derivatives in the limit # — 1~ reduce to the standard first derivative but for 4 — 0" we have

Df(t) = f(t), «DJf(t)=f(t)—f(0"), p—0". (12)

In analogy to the standard problem (5), we solve the problems (7) and (8) with the Laplace
transform technique, using the rules pertinent to the corresponding fractional derivatives, that we
recall hereafter for a generic order y € (0,1),

(a) D} f(t) +s"f(s) (0", g<o+>=ﬁtg;g’(tfr)*ﬂf(r)dr. (13)
(b) DI F() +s"F(s) - F(0*). (14)

We note that it is generally more cumbersome to use the Laplace transform pair for the Riemann
Liouville derivative (13) than for the Capute derivative (14). Indeed the rule (13) requires the initial
value of the fractional integral of f(t) whereas the rule (14) simply requires the initial value of f(t).
For this property the Caputo derivative is mostly used in physical problems where finite initial values
are given.

Then we recognize that the problems (a) and (b) are equivalent since the Laplace transform of the
solution in both cases comes out as

. st
0s) = a0 1 (15)
that yields, in virtue of the Laplace transform pair (3)
u(t) = eq(t) := Eq(—t"). (16)

We thus recognize that the Mittag-Leffler function provides the solution to the fractional relaxation
equation, as outlined, for example, by Gorenflo and Mainardi [18], Mainardi and Gorenflo [11], and
Mainardi [22].

Furthermore, by anti-transforming the R.H.S of (3) by using the complex Bromwich formula, and
taking into account for 0 < a < 1 the contribution from branch cut on the negative real semi-axis
(the denominator s* + 1 does not vanish in the cut plane —7 < args < ), we get, see the survey by
Gorenflo and Mainardi [18],

ex(t) = [ e Ka(r) dr, (17)
0
where L )
1 s 1 r*=1 sin (am)
K =F—1I =— >0. 18
«(r) :an{s“—&—lszreiin} T2 4 2¢% cos (art) +1 (18)

We note that this formula was obtained as a simple exercise of complex analysis without being
aware of the Titchmarsh formula for inversion of Laplace transforms [25], revised by Gross and
Levi [26] and by Gross [27]. This formula is rarely outlined in books on Laplace transforms so we
refer the reader for example to Apelblat’s book [28] for its presence. Since K, () is non-negative for
all 7 in the integral, the above formula proves that e, (t) is a CM function in view of the Bernstein
theorem. This theorem provides a necessary and sufficient condition for a CM function as a real
Laplace transform of non-negative measure.

However, the CM property of e, (t) can also be seen as a consequence of the result by Pollard [20]
because the transformation x = t* is a Bernstein function for « € (0,1). In fact it is known that a
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CM function can be obtained by composing a CM with a Bernstein function based on the following
theorem: Let ¢(t) be a CM function and let 1 (t) be a Bernstein function, then ¢[ip(t)] is a CM function.

As a matter of fact, K, () provides an interesting spectral representation of e, (t) in frequencies.
With the change of variable T = 1/r we get the corresponding spectral representation in relaxation
times, namely

ealt) = [T (T, H(®) = T (1), 19)

that can be interpreted as a continuous distributions of elementary (i.e., exponential) relaxation
processes. As a consequence we get the identity between the two spectral distributions, that is

1 1 sin (arr)
7T T2 4+ 27% cos (arr) +17

Ky(r) = Ha(T) = (20)
a surprising fact pointed out in Linear Viscoelasticity by the author in his book [22]. This kind of
universal/scaling property seems a peculiar one for our Mittag-Leffler function e, (t).

In Figure 1, we show K,(r) for some values of the parameter a. Of course for a = 1 the
Mittag-Leffler function reduces to the exponential function exp(—t) and the corresponding spectral
distribution is the Dirac delta generalized function centred at r = 1, namely 6(r — 1).

0 05 1 1.5 2y
Figure 1. The spectral function K, (r) for & = 0.25,0.50,0.75,0.90 in the frequency range 0 < r < 2.
In Figure 2, we show some plots of e, (t) for some values of the parameter a. It is worthwhile

to note the different rates of decay of e, (t) for small and large times. In fact the decay is very fast as
t — 0" and very slow as t — +oo.

CU 5 10 15

Figure 2. The Mittag-Leffler function e, (t) for a« = 0.25,0.50,0.75,0.90, 1. in the time range 0 < t < 15.

The Mittag-Leffler function turns out the basic function in relaxation processes of physical interest
occurring in viscoelastic and dielectric materials. We refer the readers for viscoelasticity, that is, to
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the contribution of the author including References [22,29,30] whereas for dielectric materials to the
survey by Garrappa et al. [31]. For the pioneers who have pointed out the role of the Mittagf-Leffler
function in mechanical and dielectric relaxation processes we refer to the recent survey by Mainardi
and Consiglio [32].

4. Asymptotic Approximations to the Mittag-Lefler Function

We now report the two common asymptotic approximations of our Mittag-Leffler function.
Indeed, it is common to point out that the function e,(t) matches for t — 0" with a stretched
exponential with an infinite negative derivative, whereas as t — oo with a negative power law. The
short time approximation is derived from the convergent power series representation (2). In fact,
th

+Nexp|:—m:|, t—0. (21)

tﬂ(

ea(t):l—m

The long time approximation is derived from the asymptotic power series representation of e, ()
that turns out to be, see [6]

[e9] t*ﬂﬂl
— n71 -
ealt) ~ L gy (22)
n=1
so that, at the first order,
t*ﬂ'
ea(t)wm, t— oo, (23)

As a consequence the function e, (t) interpolates for intermediate time ¢ between the stretched
exponential and the negative power law. The stretched exponential models the very fast decay for
small time ¢, whereas the asymptotic power law is due to the very slow decay for large time ¢. In fact,
we have the two commonly stated asymptotic representations:

A(t) = exp{fﬁ} , t—0;

ex(t) ~ (24)
o (f) =% sin(am) T(a) ;
F0 = g = e ) e,

The stretched exponential replaces the rapidly decreasing expression 1 — * /T (1 + «) from (21). Of
course, for sufficiently small and for sufficiently large values of t we have the inequality

A <et), 0<a<l. (25)

In Figures 3 and 4, we compare for « = 0.25,0.5,0.75,0.90 in logarithmic scales the function e, ()
(continuous line) and its asymptotic representations, the stretched exponential eJ(t) valid for t — 0
(dashed line) and the power law ¢5° () valid for t — co (dotted line). We have chosen the time range
1075 <+ <1075

We note from Figures 3 and 4 that, whereas the plots of ¢)(t) remain always under the
corresponding ones of e, (t), the plots of e°(t) start above those of e,(t) but, at a certain point, an
intersection may occur so changing the sign of the relative errors. The interested reader may consul the
plots of the relative errors in the 2014 paper by the author [33] from which, in particular, Figures 1-4
have been extracted.
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Figure 3. Approximations ¢} (t) (dashed line) and e$(t) (dotted line) to e, (t) in 107> < t < 10*5 for
« = 0.25 (LEFT) and for « = 0/50 (RIGHT).

=075 a=0.90

10°

Figure 4. Approximations e)(t) (dashed line) and ¢ (t) (dotted line) to ey(t) (LEFT) and the

corresponding relative errors (RIGHT) in 107> < t < 107> for « = 0/75 (LEFT) and for & = 0.90
(RIGHT).

5. The Generalized Mittag-Leffler Function

In this survey we will devote our attention mainly to the classical Mittag-Leffler function in one
parameter « as introduced by Mittag-Leffler in 1903 and defined by the power series in (1). We have
just learned from the instructive E-print by Van Mieghem [13] that the series (1) was discussed by
Hadamard in 1893, that is 10 years earlier than Mittag-Leffler himself.

As a matter of fact a straightforward generalization of the classical Mittag-Leffler function is
obtained by replacing the additive constant 1 in the argument of the Gamma function in (1) by
an arbitrary complex parameter . It was formerly considered in 1905 by Reference [34] and soon
later by Mittag-leffler himself, almost incidentally in one of his notes. Later, in the 1950’s, such
generalization was investigated by Humbert and Agarwal, with respect to the Laplace transformation,
see References [35-37]. Usually, when dealing with Laplace transform pairs, the parameter j is
required to be real and positive like a.

For this function we agree to use the notation

ol n
Eup(2) ::ngom, R(x) >0, peC, zeC. (26)
Of course E, 1(z) = Eq(z). The series is still convergent for all the complex plane C so the function (26)
is still entire for (a) > 0 for any p € C with order 1/R(«) so the additional parameter play any role
on this respect. However the Laplace transform pairs concerning the Mittag-Leffler function (26) and
its derivative are known to be with a, > 0 and R(s) > |A|1"‘, see, for example, Refs. [14,19,22],

st—P sh o7
sC 4+ A 14+ Asa” 27)

P E g (—A 1Y) +
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and s
k+B-1 p(k) . kst _
PR (M) + o k=0,12,.... (28)
We also note the following relation concerning the first derivative of the classical Mittag-Leffler
function with the two-parameter Mittag-Leffler function usually overlooked by several authors but

easily proved:

Pu(t) =079 Ea,,x(—t”‘):—%Ea(—t”‘), £>0, 0<a<l. (29)

We report the plot of the function ¢, (¢) herewith in Figure 5.

Figure 5. Plots of ¢, (t) witha = 1/4,1/2,3/4,1 versus t; for 0 < t <5.

We note that Mittag-Leffler functions with more than two parameters were also dealt with by
several authors as pointed out in [14]. In particular, for the 3-parameter Mittag-Leffler function (known
as Prabhakar function) and related operators we refer the reader to the recent survey by Giusti et al. [38]
and references therein. Kiryakova has dealt in a number of papers the multi-index Mittag-Leffler
functions, see for example [39].

6. The Fractional Poisson Process and the Mittag-Leffler Function

Hereafter we describe how the Mittag-Leffler function enters into the so-called fractional Poisson
process. We are following the original approach by Mainardi et al. in [40] where the fractional Poisson
process is referred to as the renewal process of the Mittag-Leffler type. However, an independent
approach to the fractional Poisson process was given for example, by Laskin in [41].

6.1. Essentials of Renewal Theory

The concept of renewal process has been developed as a stochastic model for describing the class
of counting processes for which the times between successive events are independent identically
distributed (iid) non-negative random variables, obeying a given probability law. These times are
referred to as waiting times or inter-arrival times. For more details see, for example, the classical
treatises by Cox [42], Feller [21].
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For a renewal process having waiting times T7, Ty, .. ., let
k
to=0, t=Y T, k>1. (30)
=1

That is t; = Tj is the time of the first renewal, t, = T} + T5 is the time of the second renewal and so on.
In general t; denotes the kth renewal.

The process is specified if we know the probability law for the waiting times. In this respect we
introduce the probability density function (pdf) ¢(t) and the (cumulative) distribution function ®(t) so

defined: p ;
p(t) i= 201, @) =P(T<1) :/O o(t) dt’. (31)

When the non-negative random variable represents the lifetime of technical systems, it is common
to refer to ®(t) as to the failure probability and to

Y(t):=P(T>t)= /twcp(t’) ' =1-a(t), (32)

as to the survival probability, because ®(t) and ¥ (¢) are the respective probabilities that the system does
or does not fail in (0, T]. A relevant quantity is the counting function N(t) defined as

N(t) := max {k|ty <t, k=0,1,2,...}, (33)
that represents the effective number of events before or at instant ¢. In particular we have ¥(t) =
P (N(t) = 0) . Continuing in the general theory we set F; () = ®(t), f1(t) = ¢(t), and in general

F@)=Pt=T1+--+T<t), fi(t) = %Fk(t), k>1, (34)

thus Fi(t) represents the probability that the sum of the first k waiting times is less or equal t and fi(t)
its density. Then, for any fixed k > 1 the normalization condition for Fi(t) is fulfilled because
tlika(t):P(tk:T1+"‘+Tk<OO):1. (35)
—00
In fact, the sum of k random variables each of which is finite with probability 1 is finite with

probability 1 itself. By setting for consistency Fy(t) = 1 and fy(t) = d(t), where for the Dirac delta
generalized function in R* we assume the formal representation

1
= — >
we also note that for k > 0 we have
t
P(N() = k) := P(ty < t, by > 1) :/ FoE)¥(E— 1)t (36)
0

We now find it convenient to introduce the simplified * notation for the Laplace convolution
between two causal well-behaved (generalized) functions f(t) and g(t)

[ gt —yar = (75 ) (0= g+ N0 = [ = #)g)ar.
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Being fi(t) the pdf of the sum of the k iid random variables Ty, ..., Ty with pdf ¢(t), we easily
recognize that fi(t) turns out to be the k-fold convolution of ¢(t) with itself,

filhy = (%) 0, 37
so Equation (36) simply reads:
PN(H) = k) = (¢« ¥) (1), (39)

Because of the presence of Laplace convolutions a renewal process is suited for the Laplace

transform method. Throughout this paper we will denote by f (s) the Laplace transform of a sufficiently
well-behaved (generalized) function f(t) according to

Hﬂmﬂ:ﬂﬂzémeﬂﬁmm,s>w

and for 6(t) consistently we will have §(s) = 1. Note that for our purposes we agree to take s real. We
recognize that (38) reads in the Laplace domain

L{P(N(t) =k);s} = [p(s)]" ¥(s), (39)
where, using (32),

F(s) = L290) (40)

6.2. The Classical Poisson Process as a Renewal Process

The most celebrated renewal process is the Poisson process characterized by a waiting time pd f
of exponential type,
Py =re™™M, A>0, t>0. (41)

The process has no memory. Its moments turn out to be

— 1 2\ _ 1 ny _ 1
(M=~ (Th=5z, o (M=, -, (42)
and the survival probability is
Y(t):=P(T>t)=e™M, t>0. (43)

We know that the probability that k events occur in the interval of length ¢ is

k
P(N(t)=k) = (A1) e™, t>0, k=0,1,2,.... (44)

The probability distribution related to the sum of k iid exponential random variables is known to be
the so-called Erlang distribution (of order k). The corresponding density (the Erlang pdf) is thus

fk(t):/\(kil)!e , >0, k=1,2,..., (45)

. k—1 n 0 n
F(t) = /Otfk(t’)dt’ =1-) ();t') eM=Y" (}:') e M, t>0. (46)
n=0 : n=k :

In the limiting case k = 0 we recover fo(t) = 46(t), Fp(t) =1, t > 0.
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The results (44)—(46) can easily obtained by using the technique of the Laplace transform sketched
in the previous section noting that for the Poisson process we have:

~ A - 1
P(6) =35 YO =55 (47)
and for the Erlang distribution:
- _ )\k _ Y s k )\k
foo) =B = e Ao = PO A )

We also recall that the survival probability for the Poisson renewal process obeys the ordinary
differential equation (of relaxation type)
d

Y =-A¥(), t20; ¥(OH)=1. (49)

6.3. The Renewal Process of Mittag-Leffler Type

A “fractional” generalization of the Poisson renewal process is simply obtained by generalizing
the differential Equation (49) replacing there the first derivative with the integro-differential operator
*Df that is interpreted as the fractional derivative of order f in Caputo’s sense, see Section 2. We write,
taking for simplicity A =1,

DP¥() = —¥(t), t>0, 0<B<1; ¥(O0")=1. (50)

We also allow the limiting case f = 1 where all the results of the previous section (with A = 1) are
expected to be recovered.

For our purpose we need to recall the Mittag-Leffler function as the natural “fractional”
generalization of the exponential function, that characterizes the Poisson process. We again recall that
the Mittag-Leffler function of parameter f is defined in the complex plane by the power series

Eﬁ(z);zgm, B>0, zeC, (51)

as stated in Section 2 where the parameter was denoted by «.
The solution of Equation (50) is known to be, see Section 3

¥(t) = Eg(—tF), t>0, 0<p<1, (52)
% d d
qb(t)::fE‘F(t):faEﬁ(ft/g), t>0, 0<pB<1. (53)

Then, the corresponding Laplace transforms read

~ 5.871 - 1
Y(s)=——=, s)=—, 0<pB<1. 54
6) =g $6) =175, 0<P< )
Hereafter, we find it convenient to summarize the most relevant features of the functions ¥ (#)
and ¢(t) when 0 < B < 1. We begin to quote their series expansions convergent in all of R suitable for
t — 0" and their asymptotic representations for ¢ — oo,

R sin (B7) T'(B)
“’(”—ng(*” Tgn+tl) ' (5)
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nd i p (b7) T(B+1)
& P sin (B +
M= L g T

(56)

In contrast to the Poissonian case B = 1, in the case 0 < B < 1 for large ¢ the functions ¥ (¢) and ¢(t)
no longer decay exponentially but algebraically. As a consequence of the power-law asymptotics the
process turns out to be no longer Markovian but of long-memory type. However, we recognize that
for 0 < B < 1both functions ¥ (), ¢(t) keep the “completely monotonic” character of the Poissonian
case. as can be simply derived from Section 2. We recall that complete monotonicity of our functions
¥ (t) and ¢(t) means

n n
(71)”%\?0)20, (71)";?4;0)20, n=012,..., t>0, 57)

or equivalently, their representability as real Laplace transforms of non-negative generalized functions
(or measures).

For the generalizations of Equations (44)-(46), characteristic of the Poisson and Erlang
distributions respectively, we must point out the Laplace transform pair

k1Pl

W; ,B>0, k=0,1,2,..., (58)

#REY (—1) +

k
with Eék) (z):= ;—ZkEﬁ(z) , that can be deduced from the book by Podlubny, see Equation (1.80) in

Reference [19]. Then, by using the Laplace transform pairs (25) and Equations (52), (53), (58) in
Equations (37) and (38), we have the generalized Poisson distribution,

kp
P(N(t) =k) = tk—!E(ﬁk)(—tﬁ), k=0,1,2,... (59)

and the generalized Erlang pdf’s (of order k > 1),

(kp—1

k
flt) = ﬁm E;(; (). (60)
The generalized Erlang distribution functions turn out to be
t k—1 tnﬁ ) tnﬁ
= Na =1— % S EM 4By = ¥ L g0 (b
Rl = [ =1 ¥ Sr B () = Y B (). G

7. The Gnedenko-Kovalenko Theory of Thinning and the Mittag-Leffler Function

The thinning theory for a renewal process has been considered in detail by Gnedenko and
Kovalenko [43] in the first edition of their book on Queue theory of 1968. However, the connection with
the Laplace transform of the Mittag-Leffler function outlined at the end of this section in Equations (71)
and (72), see also [44] and [45], is surprisingly not present in the second edition of the book by
Gnedenko & Kovalenko in 1989.

We must note that other authors, like Széntai [46,47] speak of rarefaction in place of thinning.

Let us sketch here the essentials of this theory: in the interest of transparency and readability we
avoid the possible decoration of the relevant power law by multiplying it with a slowly varying function.

Denoting by t;,, n = 1,2,3,... the time instants of events of a renewal process, assuming
0=ty <t <t <tz <.., withiid. waitingtimes T = t;, Ty = t; — f;_q for k > 2, (generically
denoted by T), thinning (or rarefaction) means that for each positive index k a decision is made: the
event happening in the instant t; is deleted with probability p or it is maintained with probability
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q=1—p,0 < g < 1. This procedure produces a thinned or rarefied renewal process with fewer events
(very few events if g is near zero, the case of particular interest) in a moderate span of time.

To compensate for this loss we change the unit of time so that we still have not very few but
still a moderate number of events in a moderate span of time. Such change of the unit of time is
equivalent to rescaling the waiting time, multiplying it with a positive factor T so that we have waiting
times t1y,TT, 713, ..., and instants Tt, Ty, Tt3, . .., in the rescaled process. Our intention is, vaguely
speaking, to dispose on 7 in relation to the rarefaction parameter g in such a way that for g near zero in
some sense the “average” number of events per unit of time remains unchanged. In an asymptotic
sense we will make these considerations precise.

Denoting by F(t) = P(T < t) the probability distribution function of the (original) waiting
time T, by f(t) its density (f(t) is a generalized function generating a probability measure) so that
F(t) = fo“ f(#')dt', and analogously by Fi(t) and fi(t) the distribution and density, respectively, of the
sum of k waiting times, we have recursively

Flt) = ./Otfk,l(t — ) dF(t'), fork > 2. 62)

Observing that after a maintained event the next one of the original process is kept with probability
q but dropped in favour of the second-next with probability p g and, generally, n — 1 events are dropped
in favour of the n-th-next with probability p"~! g, we get for the waiting time density of the thinned
process the formula

qp" L falt). (63)

gk

8q(t) =

n=1

With the modified waiting time T T we have
P(tT <t)=P(T <t/t)=F(t/7),

hence the density f(t/7)/t, and analogously for the density of the sum of n waiting times f,(t/7) /7.
The density of the waiting time of the rescaled (and thinned) process now turns out as

8q,1(t) = Z qpnilfn(t/T)/T- (64)
n=1

In the Laplace domain we have f,(s) = ( f (s)) ! , hence (using p =1 —¢)

Ns:oo n—1 ~S ": qf(s)
&) = Lar ™ (7)) a7 (65)

from which by Laplace inversion we can, in principle, construct the waiting time density of the thinned
process. By rescaling we get

5 _ - n—1 "_ l]f(TS)
gq,r(S)—n;qP (F(xe)) -0 fm) (66)

Being interested in stronger and stronger thinning (infinite thinning) let us now consider a scale of
processes with the parameters T (of rescaling) and g (of thinning), with q tending to zero under a scaling
relation q = q(T) yet to be specified.

We have essentially two cases for the waiting time distribution: its expectation value is finite or
infinite. In the first case we put

A :/O ¢ F(H) dt < co. 67)
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In the second case we assume a queue of power law type (dispensing with a possible decoration by a
function slowly varying at infinity)

Tuy:%wﬂﬁdﬂwéfﬁtam if 0<p<1. 68)

Then, by the Karamata theory (see References [21,48]) the above conditions mean in the Laplace
domain
f(s):l—/\s/j—&-o(sﬁ), for s — 0", (69)

with a positive coefficient A and 0 < B < 1. The case B = 1 obviously corresponds to the situation
with finite first moment (2.6a), whereas the case 0 < B < 1 is related to a power law queue with
c=AT(B+1) sin(fm)/m.

Now, passing to the limit of 4 — 0 of infinite thinning under the scaling relation

g=Atf, 0<p<1, (70)

between the positive parameters g and 7, the Laplace transform of the rescaled density g, z(s) in (66)
of the thinned process tends for fixed s to

- 1
=, 71
86) =15 (71)
which corresponds to the Mittag-Leffler density
d B ML
§() = — L Ep(—) = gML(0). 72)

Let us remark that Gnedenko and Kovalenko obtained (71) as the Laplace transform of the limiting
density but did not identify it as the Laplace transform of a Mittag-Leffler type function. Observe that
in the special case A < co we have = 1, hence as the limiting process the Poisson process, as formerly
shown in 1956 by Rényi [49].

8. The Continuous Time Random Walk (CTRW) and the Mittag-Leffler Function

The name continuous time random walk (CTRW) became popular in physics after Montroll and
Weiss (just to cite the pioneers) published a celebrated series of papers on random walks for modelling
diffusion processes on lattices, see, for example, Reference [50], and the book by Weiss [51] with
references therein. CTRWs are rather good and general phenomenological models for diffusion,
including processes of anomalous transport, that can be understood in the framework of the classical
renewal theory. In fact a CTRW can be considered as a compound renewal process (a simple renewal
process with reward) or a random walk subordinated to a simple renewal process. Hereafter we will
mainly follow the approach by Gorenflo & Mainardi, see, for example, Reference [52].

A spatially one-dimensional CTRW is generated by a sequence of independent identically
distributed (iid) positive random waiting times T7, T, T3, . . ., each having the same probability density
function ¢(t), t > 0, and a sequence of iid random jumps X1, Xp, X3,...,in R, each having the same
probability density w(x), x € R.

Let us remark that, for ease of language, we use the word density also for generalized functions
in the sense of Gel’fand & Shilov [53], that can be interpreted as probability measures. Usually the
probability density functions are abbreviated by pdf. We recall that ¢(t) > 0 with [;°¢(t)dt = 1and
w(x) > 0with [7% w(x)dx = 1.

Setting tg =0, t, = Ty + Tp + ... T, for n € IN, the wandering particle makes a jump of length
X, in instant t,, so that its positionis xo = 0for0 <t < T} = t;,and x;, = X3 + Xp + ... X,;, for
ty <t < t,q1.Werequire the distribution of the waiting times and that of the jumps to be independent
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of each other. So, we have a compound renewal process (a renewal process with reward), compare
Reference [42].

By natural probabilistic arguments we arrive at the integral equation for the probability density
p(x, t) (a density with respect to the variable x) of the particle being in point x at instant ¢,

o5}

t +
pxt) = 5(x)¥(1) + [ gt~ 1) {/ wix—x) p(x, ¢y x| dt, 73)
Jo J—oo
in which é(x) denotes the Dirac generalized function, and the survival function

() = [ o) ar )

denotes the probability that at instant ¢ the particle is still sitting in its starting position x = 0. Clearly,
Equation (73) satisfies the initial condition p(x,0") = §(x).
Note that the special choice
w(x) =6(x—1) (75)

gives the pure renewal process, with position x(t) = N(t), denoting the counting function, and with
jumps all of length 1 in positive direction happening at the renewal instants.

For many purposes the integral Equation (73) of CTRW can be easily treated by using the Laplace
and Fourier transforms. Writing these as

L{fpsh = Fo) = [Te o fnar, Figiny = §) = [ et () dx,

then in the Laplace-Fourier domain Equation (73) reads

Plrs) = L2

+¢(s) D (x) P(x, 5) . (76)
Introducing formally in the Laplace domain the auxiliary function

Fioy - L= 00) _ ¥(s) B — L
H(s) = = , hence ¢(s) = 11 sH(s) (77)

and assuming that its Laplace inverse H(t) exists, we get, following Mainardi et al. [54], in the
Laplace-Fourier domain the equation

Hs) [splrs) = 1] = [@(x) = 1] P(x,5), 78)
and in the space-time domain the generalized Kolmogorov-Feller equation
ot 0 +o0
/ H(t—t) gp(x, tydt' = —p(x,t) +/ w(x —x") p(x/,t) dx/, (79)
0 —o0
with p(x,0) = §(x), where H(t) acts as a memory function.
If the Laplace inverse H(t) of the formally introduced function H(s) does not exist, we can

formally set K(s) = 1/H(s) and multiply (78) with K(s). Then, if K(t) exists, we get in place of (79)
the alternative form of the generalized Kolmogorov-Feller equation

0 t +o0
gp(x,t) :/0 K(t—t") {—p(x,ﬂ)—&-/ﬁw w(x—x")p(x,t)dx'| dt’, (80)

with p(x,0) = 6(x) and K(t) acts as a memory function
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Special choices of the memory function H(t) are (i) and (ii), see Equations (81) and (85):
(i) H(t) =06(t) correspondingto H(s) =1, (81)
giving the exponential waiting time with

_ 1
T 1+’

$(s) p()=¥(t)=e . (82)

In this case we obtain in the Fourier-Laplace domain
sp(,s) = 1= [@(x) — 1] p(x,s), (83)

and in the space-time domain the classical Kolmogorov-Feller equation

] Foo

at]g(x,if) =—p(x,t)+ /700 w(x—x")p(x,t)dx', p(x,0)=5(x). (84)

(ii) H(t) = I’(lt;fﬁ) ,0< B <1, corresponding to H(s) = sP71, (85)
giving the Mittag-Leffler waiting time with

~ 1 d

96s) = 755 9O = —gEs(—t)) = @MH(t), ¥ (1) = Eg(—F). (86)

In this case we obtain in the Fourier-Laplace domain

1 [shls) 1] = [@(0) — 1] p(x,s), (87)

and in the space-time domain the time fractional Kolmogorov-Feller equation
oo
D plnt) = —plrt)+ [ wlx—x)pl,dx, plx0%) = o(x), (58)

where *Dtﬂ denotes the fractional derivative of of order § in the Caputo sense, see Section 3.
The time fractional Kolmogorov-Feller equation can be also expressed via the Riemann-Liouville
fractional derivative Dt1 - , see again Section 3, that is

%p(x,t) = D}fl3 {fp(x,t) + /jww(x —x)p(x, t)dx'|, (89)

with p(x,07) = 6(x). The equivalence of the two forms (88) and (89) is easily proved in the
Fourier-Laplace domain by multiplying both sides of Equation (87) with the factor s .

We note that the choice (i) may be considered as a limit of the choice (ii) as § = 1. In fact, in this
limit we find H(s) = 1so H(t) = t~1/T(0) = &(t) so that Equations (78)—(79) reduce to Equations
(83)—(84), respectively. In this case the order of the Caputo derivative reduces to 1 and that of the R-L
derivative to 0, whereas the Mittag-Leffler waiting time law reduces to the exponential.

In the sequel we will formally unite the choices (i) and (ii) by defining what we call the
Mittag-Leffler memory function

t— .
HML(t)—{ ra-p t 0Pl (90)
51, if p=1,
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whose Laplace transform is
AME(s) =sP71, 0<p <. 91)

Thus we will consider the whole range 0 < < 1 by extending the Mittag-Leffler waiting time
law in (86) to include the exponential law (82).

Remark 1. Equation (79) clearly may be supplemented by an arbitrary initial probability density p(x,0) =
f(x). The corresponding replacement of 5(x) by f(x) in (73) then requires in (76) multiplication of the term
(1 —¢(s))/s by f(x) and in (78) replacement of the LHS by H(s) [S?(K,S) - j?(x)] With p(x,0) = §(x)
we obtain p(x,t) the fundamental solution of Equation (79).

Note: The probability density function for the waiting time distribution in terms of the Mittag-Leffler
function was formerly given since 1995 by Hilfer [55-57]. In these papers the waiting time density
was given with the Mittag-Leffler function in two parameters without noting the relation with the
first derivative of the classical Mittag-Leffler function as stated in Equation (29). We also note that 10
years earlier Balakrishnan [58] had derived a similar expression without recognizing the Mittag-Leffler
function. Like in the case of the thinning process dealt by Gnedenko-Kowalenko (see Section 7) once
again the Mitag-Leffler function was unknown to the authors.

Manipulations: Rescaling and Respeeding

We now consider two types of manipulations on the CTRW by acting on its governing
Equation (79) in its Laplace-Fourier representation (78).
(A): rescaling the waiting time, hence the whole time axis;
(B): respeeding the process.
(A) means change of the unit of time (measurement). We replace the random waiting time T by a
waiting time 7T, with the positive rescaling factor T. Our idea is to take 0 < T < 1in order to bring into
near sight the distant future so that in a moderate span of time we will have a large number of jump
events. For T > 0 we get the rescaled waiting time density

¢c(s) = P(ts). (92)

By decorating also the density p with an index T we obtain the rescaled integral equation of the CTRW
in the Laplace-Fourier domain as

He(s) [sﬁf(x,s) - 1] = [@(x) — 1] ﬁT(K,S) , (93)
where, in analogy to (77),
. (s) = L9
H:(s) = Sh(rs) (94)

d )
(B) means multiplying the quantity representing 5 p(x, t) by a factor 1/a, where a > 0 is the respeeding
factor: a > 1 means acceleration, 0 < a < 1 means deceleration. In the Laplace-Fourier representation

this means multiplying the RHS of Equation (78) by the factor a since the expression [s?(x, s) — 1]

corresponds to %p(x, t).

We now chose to consider the procedures of rescaling and respeeding in their combination so that
the equation in the transformed domain of the rescaled and respeeded process has the form

He(s) [sﬁm(x,s) - 1] =a [w(k) —1] ﬁm(;{,s) , (95)
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Clearly, the two manipulations can be discussed separately: the choice {T > 0, 2 = 1} means pure
rescaling, the choice {T =1, a > 0} means pure respeeding of the original process. In the special case
T = 1 we only respeed the original system; if 0 < T < 1 we can counteract the compression effected
by rescaling to again obtain a moderate number of events in a moderate span of time by respeeding
(decelerating) with 0 < a < 1. These vague notions will become clear as soon as we consider power
law waiting times.

Defining

¥ _ He(s) _ 1—¢(ts)
Hra(s) = = et (96)

we finally get, in analogy to (78), the equation

Hoa(s) [shr(06,8) =1] = [@() = 1] P y(xs). ©7)

What is the combined effect of rescaling and respeeding on the waiting time density?
In analogy to (77) and taking account of (96) we find

~ 1 1
o= — — 98)
Pralc) Lt sHeals) 1 9(15)
as p(ts)
and so, for the deformation of the waiting time density, the essential formula
a¢(ts) 99)

1—(1—a)p(ts)’

Remark 2. The formula (99) has the same structure as the thinning formula (66) in Section 5 (just devoted to
the thinning theory) by identification of a with q. In both problems we have a rescaled process defined by a time
scale T, and we send the relevant factors T, a and q to zero under a proper relationship. However in the thinning
theory the relevant independent parameter going to 0 is that of thinning (actually respeeding) whereas in the
present problem it is the rescaling parameter T.

9. Power Laws and Asymptotic Universality of the Mittag-Leffler Waiting Time Density

We have essentially two different situations for the waiting time distribution according to its first
moment (the expectation value) being finite or infinite. In other words we assume for the waiting time

pdf ¢(t) either

pi= / Fp(t)dt' <o, labelledas =1, (100)
0
or c
¢(t) ~ct= P for t — co hence ¥(t) ~ B P, 0<B<1,c>0. (101)

For convenience we have dispensed in (101) with decorating by a slowly varying function at
infinity with an asymptotic power law. Then, by the standard Tauberian theory (see References [21,48])
the above conditions (100)-(101) mean in the Laplace domain the (comprehensive) asymptotic form

Pp(s) =1—-AsP+o(sP) for s »0", 0<p<1, (102)
where we have
c T

A=p, i p=1A=T(p) =tz gy smpm  FO<A<1- (103)
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Then, fixing s as required by the continuity theorem of probability theory for Laplace transforms, taking
a=AtP, (104)

and sending T to zero, we obtain in the limit the Mittag-Leffler waiting time law. In fact, Equations (99)
and (102) imply as T — O with0 < B <1,

AP [1— AtPsP + o(TPsP)] L1
1— (1= ATh) [1— AtPsP + o(TPsP)] 1+sP’

Pores(s) = (105)

the Laplace transform of ¢ME(t). This formula expresses the asymptotic universality of the
Mittag-Leffler waiting time law that includes the exponential law for § = 1. It can easily be
generalized to the case of power laws decorated with slowly varying functions, thereby using the
Tauberian theory by Karamata (see again References [21,48]).

Comment: The formula (105) says that our general power law waiting time density is gradually
deformed into the Mittag-Leffler waiting time density as T tends to zero.

Remark 3. Let us stress here the distinguished character of the Mittag-Leffler waiting time density
d o
PML(t) = f—Eﬁ(ftﬁ). Considering its Laplace transform

dt
U = s M) = — S E(—), 0< <1 (106)
1+’ dt P ' =
we can easily prove the identity
PML(s) = oME(ts/a'Py forall T>0, a>0. (107)

Note that Equation (107) states the self-similarity of the combined operation rescaling-respeeding for
the Mittag-Leffler waiting time density. In fact, (107) implies ¢ML (+) = pML(t/c)/c withc = T/a'/F,
which means replacing the random waiting time TME by ¢ TME. As a consequences, choosing a = tf
we have

Pl (s) = pMH(s) forall T>0. (108)

Hence the Mittag-Leffler waiting time density is invariant against combined rescaling with T and respeeding
with a = 7P

Observing (105) we can say that pML(#) is a T — 0 attractor for any power law waiting time (101)
under simultaneous rescaling with T and respeeding with a = Atf. In other words, this attraction
property of the Mittag-Leffler probability distribution with respect to power law waiting times (with
0 < B < 1)is a kind of analogy to the attraction of sums of power law jump distributions by
stable distributions.

10. The Mittag-Leffler Functions W.R.T the Time Fractional Diffusion-Wave Equations and the
Wright Functions

In this section we show the relations of the Mittag-Leffler function with the Wright function via
Laplace and Fourier transformations, in order to provide other arguments to outline the role of the
Mittag-Leffler in the Fractional Calculus. For this purpose, because of the necessity to work with two
independent parameters we first recall the proper definitions of the Mittag-Leffler and the Wright
function. Then we will consider the time fractional diffusion-wave equation with its fundamental
solutions to the basic boundary value problem that turn out to be expressed in terms of special cases of
the Wright functions, the so called F and M functions. Finally we pay attention to some noteworthy
formulas for the M-Wright function, including its connections with the Mittag-Leffler function.
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10.1. Definitions and Main Properties of the Wright Functions

The classical Wright function, that we denote by W, ,(z), is defined by the series representation
convergent in the whole complex plane,

W) (z) 2 )m Py pTEnY A>—1, uegcC, (109)

As a consequence W), ,,(z) is an entire function for all A € (—1, +00). Originally Wright assumed A > 0
in connection with his investigations on the asymptotic theory of partition [59,60] and only in 1940 he
considered —1 < A < 0, [61]. We note that in the Vol 3, Chapter 18 of the handbook of the Bateman
Project [6], presumably for a misprint, the parameter A is restricted to be non-negative, whereas the
Wright functions remained practically ignored in other handbooks. In 1993 the present author, being
aware only of the Bateman handbook, proved that the Wright function is entire also for =1 < A < 0in
his approaches to the time fractional diffusion equation, as outlined in his papers published from 1994
to 1997, [62-66]. For other earlier treatments of this function we refer to the 1999 paper by Gorenflo,
Luchko and Mainardi [67]).

In view of the asymptotic representation in the complex domain and of the Laplace transform the
Wright functions were distinguished by the author in first kind (A > 0) and second kind (—1 < A < 0) as
outlined e.g., in the Appendix F of his book [22].

We note that the Wright functions are entire of order 1/(1 4 A) hence only the first kind functions
(A > 0) are of exponential order whereas the second kind functions (—1 < A < 0) are not of exponential
order. The case A = 0 is trivial since Wy, (z) = e*/T (p).

Following the proofs in Appendix F in Reference [22] we get the following Laplace transform
pairs of the Wright functions in terms of the Mittag-Leffler functions in two parameters, where r can
be the time variable t > 0 or the space variable x > 0)
for the first kind (A > 0)

Wi, (%) + %EW <i%> ., A>0, (110)

for the second kind (A = —v, 0 < v < 1)
W_yu(=r) + Eypsv(—s), 0<v<1. (111)

The Wright functions of the first kind are useful to find the solutions of some (linear and non-linear)
differential equations of fractional order as recently shown by Garra and Mainardi, [68].

Since the pioneering works in 1990’s by the author, noteworthy cases of Wright functions of the
second kind, known as auxiliary functions F and M play fundamental roles in solving the Signalling
problem and the Cauchy value problem, respectively for the time fractional diffusion-wave equation.

We first recall hereafter these auxiliary functions in terms of the Wright functions of the second
kind, following their power series representations. They read

F(z):=W_,0(—2), 0<v<1, (112)
and
M,(z) =W_,1y(—2), 0<v<l1, (113)
interrelated through
F(z) =vzM,(z). (114)
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The series representations of our auxiliary functions are derived from those of W, ,(z) in (109).
We have:

o _A\n 1 X _A\n )
_ ngl”'(iz—)”) -1 n;( HZ!) T(vn + 1) sin(mvn), (115)
and
i —)n 1 i " 1 vn) sin(7tvn) (116)
! T[—vn+ (1 —v)] 77‘[;1: n—l !

where we have used the well-known reflection formula for the Gamma function,

I'()T(1—-¢)=mn/sin .
10.2. The Time-Fractional Diffusion-Wave Equation and the Related Green Functions

For the reader’s convenience let us recall the main formulas for the time fractional diffusion
equations and their fundamental solutions (also referred to as the Green functions) for the Cauchy and
Signalling problems. For more details we refer to References [69,70].

Denoting as usual x, t the space and time variables, and r = r(x, t) the response variable, the
family of these evolution equations reads

oPr 9%r

—=a-—-, 0 <2 117

E a5, 0<B<2, (117)
where the time derivative of order B is intended in the Caputo sense, namely is the operator *Df , introduced
in Section 3, but for order less than 1, see Equation (10), and a is a positive constant of dimension
L? T~P. Thus we must distinguish the cases 0 < § < 1and 1 < < 2. We have

1 tf 9 dr
v | Tem kL] i o<
5= (118)
or
a’ p=1
1 tr 92 d
28 e {P’(“)}( pr 1<B<2
5= (119)
92%r f2
a2’ ’

It should be noted that in both cases 0 < f < 1, 1 < < 2, the time fractional derivative in the
L.H.S. of Equation (117) can be removed by a suitable fractional integration, leading to alternative
forms where the necessary initial conditions at t = 0" explicitly appear.

For this purpose we apply to Equation (117) the fractional integral operator of order 8, namely

ey - [N pyp
0= gy [ - 0P (e
For B € (0,1] we have:

]tﬁ o *Df r(x,t) = ]ﬁ o ]375 D} r(x,t) = J} D} r(x, t) = r(x,t) — r(x,07).
For B € (1,2] we have:

]f o *Dfr(x,t): ]t/S S Itzfﬁ D?r(x,t)= J?D?r(x,t)=r(x,t) — r(x,0%) — tre(x,07).
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Then, as a matter fact, we get the integro-differential equations:

if0<p<1:
2
r(x,t) =r(x,07) + 1"(’1[3) /(:(%) (t—1)f1dr; (120)
if1<p<2:
P t/ 32
r(x,07) + £ 5 r(x, D)o + %{3)/0 (TXD (t—7)Fldr. (121)

Denoting by f(x), x € R and h(t),t € R sufficiently well-behaved functions, the basic
boundary-value problems are thus formulated as following, assuming 0 < 8 < 1,
(a) Cauchy problem
r(x,07) = f(x), —0 < x < 400; r(Foo,t) =0, +t>0; (122)

(b) Signalling problem
r(x,07) =0, x> 0; r(0F,t) = h(t), r(+oo,t) =0, t > 0. (123)

If1 < B < 2, we must add into (122) and (123) the initial values of the first time derivative of the
field variable, r(x,0"), since in this case the corresponding fractional derivative is expressed in terms
of the second order time derivative. To ensure the continuous dependence of our solution with respect
to the parameter f also in the transition from f =1~ to f = 17, we agree to assume

% (%, 8)|,_gr =0, for1 < <2, (124)

as it turns out from the integral forms (120)—(121).

In view of our subsequent analysis we find it convenient to set

0<v<1/2, <= 0<B<1,

(125)
1/2<v<1, <= 1<p<L2,

v:=p4/2, so {

and from now on to add the parameter v to the independent space-time variables x, t in the solutions,
writing r = r(x, t;v).

For the Cauchy and Signalling problems we introduce the so-called Green functions G.(x,t;v) and
Gs(x, t;v), which represent the respective fundamental solutions, obtained when f(x) = é(x) and
h(t) = é(t). As a consequence, the solutions of the two basic problems are obtained by a space or time
convolution according to

00
r(x, ) :/m Ge(x — & t;v) f(8) de, (126)

r(x, bv) = /Oi Gs(x,t —T;v)h(T)dT. (127)

It should be noted that in (126) G¢(x, t;v) = Gc(|x|, t;v) because the Green function of the Cauchy
problem turns out to be an even function of x. According to a usual convention, in (127) the limits
of integration are extended to take into account the possibility of impulse functions centred at
the extremes.

Now we recall the results obtained in 1990’s by the author that allow us to express the two Green
functions in terms of the auxiliary functions F,({) and M, ({) where, for x > 0, > 0

E=x/(Vat') >0 (128)
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acts as similarity variable. Then we obtain the Green functions in the space-time domain in the form

1 1
Ge(x,t;v) = 5= Fu(8) = WMV(C)/ (129)
1 vXx
Gs(x, t;v) :?Fv(ﬁ): WMV(C)- (130)
We also recognize the following reciprocity relation for the original Green functions,
2vxGe(x, ;v) = tGs(x, t;v) = F(§) = v My(§) - (131)

Now F, (&), My(&) are the auxiliary functions for the general case 0 < v < 1, which generalize
those well known for the standard (Fourier) diffusion equation and for the standard (D’alembert) wave
equation derived for v = 1/2 and for v = 1, respectively.

10.3. Some Noteworthy Results for the M, Wright Function

In this survey we find worthwhile to concentrate our attention on a single auxiliary function,
the M-Wright function, sometimes referred to as the Mainardi function. Indeed this function is indeed
referred with this name in the 1999 book by Podlubny [19], that is one of the most cited treatises on
fractional calculus. Then this name is found in several successive papers and books related to fractional
diffusion and wave processes, see for example, the relevant 2015 paper by Sandev et al. [71].

Let us now recall some interesting analytic results related to the so-called Mainardi function. One
reason for the major attention is due to its straightforward generalization of the Gaussian probability
density obtained for v = 1/2, that is the fundamental solution of the Cauchy problem for the standard
diffusion equation. Furthermore it allows an impressive visualization of the evolution with the order
v € (0,1) of the Green function of the Cauchy problem of the fractional diffusion wave Equation (129)
as shown in the next figures with 2 = 1 and taking t = 1.

The readers are invited to look at the YouTube video by my former student Armando Consiglio
whose title is “Simulation of the M—Wright function”, in which the author has shown the evolution
of this function as the parameter v changes between 0 and 0.85 in the interval (=5 < x < +5) of R
centered in x = 0 represented herewith in Figures 6 and 7 at fixed time t = 1.

1

0.9

Figure 6. Plot of the symmetric M—Wright function M, (|x|) for 0 < v < 1/2. Note that the M-Wright
function becomes a Gaussian density for v = 1/2.
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Figure 7. Plot of the symmetric M—Wright type function M, (|x|) for 1/2 < v < 1. Note that the
MWright function becomes a a sum of two delta functions centered in x = &1 forv = 1.

The readers interested to have more details on the classical Wright functions should consult the
recent survey by Luchko [72] and references therein.

In view of time-fractional diffusion processes related to time-fractional diffusion equations it is
worthwhile to introduce the function in two variables

M,y (x,t) ==t My(xt™"), 0<v<1l, xteRT, (132)

which defines a spatial probability density in x evolving in time t with self-similarity exponent H = v.
Of course for x € R we have to consider the symmetric version of the M-Wright function. obtained
from (132) multiplying by 1/2 and replacing x by |x|.

Hereafter we provide a list of the main properties of this function, which can be derived from the
Laplace and Fourier transforms for the corresponding Wright M-function in one variable presented in
papers by Mainardi and recalled in the Appendix F of Reference [22].

For the Laplace transform of M, (x, t) with respect to t > 0 and x > 0 we get respectively:

LM,y (x,1);t — s} == /0 eV My (xt V) dt = s e X" (133)
LM, (x,t);x — s} := /0 e TV My(xt V) dx =E, 1 (—st¥) . (134)

For the Fourier transforms with respect to the spatial variable x we have for M, (x, t) with x € R,

FeAMy(x,t);x — x} = [ cos(kx) 7V My (xt7V) dx = Ep 1 (—x2*2),

(135)
Fs {My(x,t);x =k} := fow sin(xx) t7Y My (x t7V) dx = &V Epy 11 (—122Y),
so that for the symmetric function M, (|x|, t) we get
FA{M,(|x|,t);x = x} = 2/ cos(rx)t™ " My(xt V) dx = 2Ep, (ﬂcztz‘/) . (136)
0

Restricting our attention at the known analytic expressions of the M, functions versus x at fixed
time t = 1 we recall the following results for some special rational values of the parameter v:
v = 1/3 (see Reference [22])
My /5(x) = 3%3Ai(x/3'3), (137)
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v = 1/2 (see Reference [22])

Mo (x) = %e*xz“, (138)
v = 2/3 (see Reference [73])
My 3(x) = 372/3 [31/3 X Ai <x2/34/3) VNG (x2/34/3)] e 2/ (139)

In the above equations Ai and Ai’ denote the Airy function and its first derivative.
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Appendix A. My Acquaintance with the Mittag-Leffler Function Since the Late 1960’s

I was formerly acquainted with the Mittag-Leffler function from the pioneering 1947 paper by
Gross on creep and relaxation in linear viscoelasticity. It was during my PhD studies at the University
of Bologna under the supervision of Prof Caputo in the year 1969. Indeed I was asked to apply in
the framework of anelastic materials the derivative of non-integer order introduced by Prof Caputo
in [74,75]. More recently this fractional derivative was named after him thanks the suggestions of
Gotrenflo and Mainardi [18] and Podlubny [19]. I understood that the Mittag-Leffler function proposed
by Gross both in creep and relaxation processes could be used in the corresponding processes in the
fractional Zener model. Because Gross had computed and plotted only the spectra, see Figure 1 in
this article, I was interested to plot the Mittag-Leffler function on which I was addressed in the Third
volume of the Handbook of the Bateman Project published in 1955 [6]. Carrying out the plot of the
Mittag-Leffler function E,(—t") using a Fortran program was not easy for me using its power series
representation, so I limited the time interval to [0.5] with ordinate in logarithmic scale. As far as I know
this was the former plot of this function, see References [9,10] where the results of my PhD thesis were
published in 1971 jointly with my supervisor. Later I was acquainted with the viscoelastic model by
Rabotnov in 1948 [76] and with the Russian school of Meskov and Rossikhin who used the so-called
Rabotnov function, indeed related to the Mittag-Leffler function, and consequently with results similar
to some extent to those in References [9,10]. However, our work was totally independent from the
Russian school (incidentally published in Russian), as outlined in the Notes to the chapter 3 of my 2010
book, see pp. 74-76 in [22]. More later, in the 1980 I was acquainted with the results by Bagley-Torvik
and by Koeller that confirmed the relevant role of the Mittag-Leffler functions in linear viscoelastic
models governed by constitutive laws of fractional order. Once again their results crossed with those
in References [9,10]. However, I have to confess that, when in conferences of those years I dealt with
fractional derivatives in rheology, the audience remained indifferent if not hostile and laughable so
I left this topic preferring to transfer my research interests to wave phenomena, in particular on the
effects of dissipation on linear dispersive waves.

Incidentally, in 1980’s, I was also aware of the nice treatise by Harold T. Davis on the Theory of
Linear operators published in 1936 [2], where the author gave information about the fractional calculus
and the Mittag-Leffler function. It was my honor to publish a recent survey on the contributions
by Davis and Gross (already recalled in Introduction), whom I consider the pioneers of fractional
relaxation processes in viscoelastic and dielectric materials [32]. In the firsts years of 1990s under the
push of fractals, the relevance of fractional derivatives (used not always in a correct way) was outlined
in several papers. For this I was induced to come back to fractional calculus. It was just this occasion
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for me to devote my research interests to the application of fractional calculus in relaxation, oscillation
phenomena governed by fractional ODEs and diffusion, wave phenomena governed by fractional
PDEs. Once again I understood the relevance of the Mittag-Leffler functions but also that of the Wright
functions, both of them classified as miscellaneous functions in the handbook of Bateman project. I
must note that, as far as I known, the Bateman handbook was the only one published in English to
deal with these special function, and therefore accessible to me.

The year 1994 was the golden year for me as far as my acquaintance with fractional calculus
and related special functions is concerned. Indeed I took profit by the acquaintance in three different
conferences with the late Prof Gorenflo and Prof. Nigmatullin (in Bordeaux, France), with Prof.
Podlubny and Prof. Caputo (in Atlanta, USA), and with Prof Virginia Kiryakova and the late Prof.
Stankovic (in Sofia, Bulgaria), among other authorities of the fractional calculus. But it was with Prof
Gorenflo that I started a collaboration for more than 20 years (1995-2015) motivated by our common
interest towards the potential of the Mittag-Leffler functions in the applications of the fractional
calculus.

Then, since 1997, I was interested in the emerging science of Econophysics thanks mainly to my
younger colleague Enrico Scalas. With Gorenflo, Scalas and his student Raberto we published some
papers on the advent of fractional Calculus in Econophysics, see e.g., [54] and my historical survey
in Mathematics [77]. In 2007, on the occasion of the 80-birthday of Prof. Caputo, I published with
Gorenflo a survey in Fractional Calculus and Applied Analysis [11] where I took the liberty to propose
for the Mittag-Leffler function the (successful) title of the Queen Function of the Fractional Calculus. Some
years earlier, Gorenflo had contacted the American Mathematical Society to give a specific number to
the Mittag-Leffler function, that is 33E12, in the MSC classification.

Gorenflo and I promoted the Mittag-Lffler functions in several Conferences and Workshops in all
the world. In particular, I would like to recall my lectures in India (under invitation of Prof Mathai,
director of the Center of Mathematical Sciences, in Brazil (under invitation of Prof Edmundo Capelas
de Oliveira, Campinas University) and in US (under invitation of Prof. Karniadakis, Brown University,
see Reference [78]).

I like to outline my gratitude to Professor Michele Caputo (1927) and Rudolf Gorenflo (1930-2017)
for having provided me with useful advice in earlier and later times, respectively. It is my pleasure to
enclose a photo showing the author between them, taken in Bologna, April 2002.

Figure Al. E. Mainardi between R. Gorenflo (left) and M. Caputo (right).

Unfortunately, I lost Gorenflo’s guidance and collaboration in 2015 when he suffered strong
health troubles that led him to his death on 20 October 2017 at 87 years. He was Emeritus Professor of
Mathematics at the Free University of Berlin since his retirement in 1998.
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Nowadays I am quite interested to promote the special functions of the Mittag-Leffler and Wright

type with the second edition of the treatise by Gorenflo et al. [14] and my surveys [79,80], including
the present review.
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Abstract: Fractional-order calculus is about the differentiation and integration of non-integer orders.
Fractional calculus (FC) is based on fractional-order thinking (FOT) and has been shown to help us to
understand complex systems better, improve the processing of complex signals, enhance the control
of complex systems, increase the performance of optimization, and even extend the enabling of the
potential for creativity. In this article, the authors discuss the fractional dynamics, FOT and rich
fractional stochastic models. First, the use of fractional dynamics in big data analytics for quantifying
big data variability stemming from the generation of complex systems is justified. Second, we show
why fractional dynamics is needed in machine learning and optimal randomness when asking: “is
there a more optimal way to optimize?”. Third, an optimal randomness case study for a stochastic
configuration network (SCN) machine-learning method with heavy-tailed distributions is discussed.
Finally, views on big data and (physics-informed) machine learning with fractional dynamics for
future research are presented with concluding remarks.

Keywords: fractional calculus; fractional dynamics; fractional-order thinking; heavytailedness; big
data; machine learning; variability; diversity

1. Fractional Calculus (FC) and Fractional-Order Thinking (FOT)

Fractional calculus (FC) is the quantitative analysis of functions using non-integer-
order integration and differentiation, where the order can be a real number, a complex
number or even the function of a variable. The first recorded query regarding the meaning
of a non-integer order differentiation appeared in a letter written in 1695 by Guillaume de
I"'Hopital to Gottfried Wilhelm Leibniz, who at the same time as Isaac Newton, but inde-
pendently of him, co-invented the infinitesimal calculus [1]. Numerous contributors have
provided definitions for fractional derivatives and integrals [2] since then, and the theory
along with the applications of FC have been expanded greatly over the centuries [3-5].
In more recent decades, the concept of fractional dynamics has merged and gained follow-
ers in the statistical and chemical physics communities [6-8]. For example, optimal image
processing has improved through the use of fractional-order differentiation and fractional-
order partial differential equations as summarized in Chen et al. [9-11]. Anomalous
diffusion was described using fractional-diffusion equations in [12,13], and Metzler et al.
used fractional Langevin equations to model viscoelastic materials [14].

Today, big data and machine learning (ML) are two of the hottest topics of applied
scientific research, and they are closely related to one another. To better understand them,
we also need fractional dynamics, as well as fractional-order thinking (FOT). Section 2 is
devoted to the discussion of the relationships between big data, variability, and fractional
dynamics, as well as to fractional-order data analytics (FODA) [15]. The topics touched
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on in this section include the Hurst parameter [16,17], fractional Gaussian noise (fGn),
fractional Brownian motion (fBm), the fractional autoregressive integrated moving average
(FARIMA) [18], the formalism of continuous time random walk (CTRW) [19], unmanned
aerial vehicles (UAVs) and precision agriculture (PA) [20]. In Section 3, how to learn
efficiently (optimally) for ML algorithms is investigated. The key to developing an efficient
learning process is the method of optimization. Thus, it is important to design an efficient
or perhaps optimal optimization method. The derivative-free methods, and the gradient-
based methods, such as the Nesterov accelerated gradient descent (NAGD) [21], are both
discussed. Furthermore, the authors propose designing and analyzing the ML algorithms
in an S or Z transform domain in Section 3.3. FC is used in optimal randomness in the
methods of stochastic gradient descent (SGD) [22] and random search, and in implementing
the internal model principle (IMP) [23].

FOT is a way of thinking using FC. For example, there are non-integers between
the integers; between logic 0 and logic 1, there is the fuzzy logic [24]; compared with
integer-order splines, there are fractional-order splines [25]; between the high-order integer
moments, there are non-integer-order moments, etc. FOT has been entailed by many
research areas, for example, self-similar [26,27], scale-free or scale-invariant, power-law,
long-range-dependence (LRD) [28,29], and 1/ f* noise [30,31]. The terms porous media,
particulate, granular, lossy, anomaly, disorder, soil, tissue, electrodes, biology [32], nano,
network, transport, diffusion, and soft matters are also intimately related to FOT. However,
in the present section, we mainly discuss complexity and inverse power laws (IPL).

1.1. Complexity and Inverse Power Laws

When studying complexity, it is fair to ask, what does it mean to be complex? When
do investigators begin identifying a system, network or phenomenon as complex [33,34]?
There is an agreement among a significant fraction of the scientific community that when
the distribution of the data associated with the process of interest obeys an IPL, the phe-
nomenon is complex; see Figure 1. On the left side of the figure, the complexity “bow
tie” [35-38] is the phenomenon of interest, thought to be a complex system. On the right
side of the figure is the spectrum of system properties associated with IPL probability
density functions (PDFs): the system has one or more of the properties of being scale-free,
having a heavy tail, having a long-range dependence, and/or having a long memory [39,40].
In the book by West and Grigolini [41], there is a table listing a sample of the empirical
power laws and IPLs uncovered in the past two centuries. For example, in scale-free net-
works, the degree distributions follow an IPL in connectivity [42,43]; in the processing of
signals containing pink noise, the power spectrum follows an IPL [29]. For other examples,
such as the probability density function (PDF), the autocorrelation function (ACF) [44],
allometry (Y = aX?) [45], anomalous relaxation (evolving over time) [46], anomalous diffu-
sion (mean squared dissipation versus time) [13], and self-similarity can all be described
by the IPL “bow tie” depicted in Figure 1.

The power law is usually described as:

f(x) = ax, o)

when k is negative, f(x) is an IPL. One important characteristic of this power law is scale
invariance [47] determined by:

flex) = a(ex)t = Ff(x) o (). @
Note that when x is the time, the scaling depicts a property of the system dynamics.

However, when the system is stochastic, the scaling is a property of the PDF (or correlation
structure) and is a constraint on the collective properties of the system.
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Complex systems, ScaleFree,
Phenomena, Heavy-ailedness,
I I Mittag-_effler Law
Fractional dynamic Fractional calculus

based models

Figure 1. Inverse power law (complexity “bow tie”): On the left are the systems of interest that are
thought to be complex. In the center panel, an aspect of the empirical data is characterized by an
inverse power law (IPL). The right panel lists the potential properties associated with systems with
data that have been processed and yield an IPL property. See text for more details.

FC is entailed by complexity, since an observable phenomenon represented by a fractal
function has integer-order derivatives that diverge. Consequently, for the complexity
characterization and regulation, we ought to use the fractional dynamics point of view
because the fractional derivative of a fractal function is finite. Thus, complex phenomena,
no matter whether they are natural or carefully engineered, ought to be described by
fractional dynamics. Phenomena in complex systems in many cases should be analyzed
using FC-based models, where mathematically, the IPL is actually the “Mittag-Leffler law”
(MLL), which asymptotically becomes an IPL (Figure 2), known to have heavy-tail behavior.

Long-range
dependence

Hurst

Self-similar parameter

ARFIMA
a-stable
distributions

omplex
signals

Network Traffic, Smart Grids,
HRV, Outliers in time series,
biox signals ...

Fractional Gaussian
noise (FGn)
“Spikiness”

intermittence “Heavy tails”

Fractional Brownian motion (FBm)

Figure 2. Complex signals (IPL): Here, the signal generated by a complex system is depicted. Exem-
plars of the systems are given as are the potential properties arising from the systems’ complexity.

When an IPL results from processing data, one should think about how the phenomena
can be connected to the FC. In [48], Gorenflo et al. explained the role of the FC in generating
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stable PDFs by generalizing the diffusion equation to one of fractional order. For the
Cauchy problem, they considered the space-fractional diffusion equation:

Jou “u

Fn (a) W/ (3
where —co < x < o0, t > 0 with u(x,0) = (x), 0 < a« < 2, and D(a) is a suitable diffusion
coefficient. The fractional derivative in the diffusion variable is of the Riesz—Feller form,
defined by its Fourier transform to be |k|?. For the signalling problem, they considered the
so-called time-fractional diffusion equation [49]:

%Py %u

30F ( )@, 4

where x > 0, t > 0 with u(0,t) = §(t), 0 < B < 1, and D(p) is a suitable diffusion
coefficient. Equation (4) has also been investigated in [50-52]. Here, the Caputo fractional
derivative in time is used.

There are rich forms in stochasticity [22], for example, heavytailedness, which corre-
sponds to fractional-order master equations [53]. In Section 1.2, heavy-tailed distributions
are discussed.

1.2. Heavy-Tailed Distributions

In probability theory, heavy-tailed distributions are PDFs whose tails do not decay
exponentially [54]. Consequently, they have more weight in their tails than does an
exponential distribution. In many applications, it is the right tail of the distribution that
is of interest, but a distribution may have a heavy left tail, or both tails may be heavy.
Heavy-tailed distributions are widely used for modeling in different disciplines, such as
finance [55], insurance [56], and medicine [57]. The distribution of a real-valued random
variable X is said to have a heavy right tail if the tail probabilities P(X > x) decay more
slowly than those of any exponential distribution:

lim (P(X > x)

xS0 e AX

) = 0o, (5)

for every A > 0 [58]. For the heavy left tail, an analogous definition can be constructed [59].
Typically, there are three important subclasses of heavy-tailed distributions: fat-tailed,
long-tailed and subexponential distributions.

1.2.1. Lévy Distribution

A Lévy distribution, named after the French mathematician Paul Lévy, can be gener-
ated by a random walk whose steps have a probability of having a length determined by a
heavy-tailed distribution [60]. As a fractional-order stochastic process with heavy-tailed
distributions, a Lévy distribution has better computational characteristics [61]. A Lévy
distribution is stable and has a PDF that can be expressed analytically, although not always
in closed form. The PDF of Lévy flight [62] is:

T
B, x>y,
plxmy) = q 2w (©6)
0, 2y 1
where 1 is the location parameter and vy is the scale parameter. In practice, the Lévy
distribution is updated by

Léoy(B) = 117 @)

where 1 and v are random numbers generated from a normal distribution with a mean of 0
and standard deviation of 1 [63]. The stability index  ranges from 0 to 2. Moreover, it is
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interesting to point out that the well-known Gaussian and Cauchy distributions are special
cases of the Lévy PDF when the stability index is set to 2 and 1, respectively.

1.2.2. Mittag-Leffler PDF

The Mittag-Leffler PDF [64] for the time interval between events can be written as a
mixture of exponentials with a known PDF for the exponential rates:

Eg(—t%) = /Ooo exp(—pt)g(p)du, ®)

with a weight for the rates given by:

1 sin(07)
== . 9
8(m) 7T pl*t0 4+ 2 cos(Om)p + pl—? ©)
The most convenient expression for the random time interval was proposed by [65]:
sin(07r) 1/6
= —y(lnu—>— — 1
T 7t (In utan(@nv) cos(07)) "7, (10)

where u, v € (0,1) are independent uniform random numbers, v; is the scale parameter, and 1y
is the Mittag-Leffler random number. In [66], Wei et al. used the Mittag—Leffer distribution
for improving the Cuckoo Search algorithm, which did show an improved performance.
1.2.3. Weibull Distribution

A random variable is described by a Weibull distribution function F:

Aw
’

F(x) = e (¥/0) (11)

where k > 0 is the scale parameter, and Ay > 0 is the shape parameter [67]. If the shape
parameter is A, < 1, the Weibull distribution is determined to be heavy tailed.
1.2.4. Cauchy Distribution

A random variable is described by a Cauchy PDF if its cumulative distribution is [68,69]:

F(x) = %arctan(@) Jr1 (12)

where i, is the location parameter and ¢ is the scale parameter. Cauchy distributions are
examples of fat-tailed distributions, which have been empirically encountered in a variety
of areas including physics, earth sciences, economics and political science [70]. Fat-tailed
distributions include those whose tails decay like an IPL, which is a common point of
reference in their use in the scientific literature [71].

1.2.5. Pareto Distribution

A random variable is said to be described by a Pareto PDF if its cumulative distribution
function is
1— ()2, x>0,
F(x) = x - 13
(x) {M o (13)

where b > 0 is the scale parameter and a > 0 is the shape parameter (Pareto’s index of
inequality) [72] (Figure 3).
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Figure 3. Cauchy distributions are examples of fat-tailed distributions. The parameter a is the
location parameter; the parameter b is the scale parameter.

1.2.6. The a-Stable Distribution

A PDF is said to be stable if a linear combination of two independent random variables,
each with the same distribution, has the same distribution for the conjoined variable. This
PDF is also called the Lévy a-stable distribution [73,74]. Since the normal distribution,
Cauchy distribution and Lévy distribution all have the above property, one can consider
them to be special cases of stable distributions. Stable distributions have 0 < & < 2,
with the upper bound corresponding to the normal distribution, and « = 1, to the Cauchy
distribution (Figure 4). The PDFs have undefined variances for « < 2, and undefined means
for « < 1. Although their PDFs do not admit a closed-form formula in general, except in
special cases, they decay with an IPL tail and the IPL index determines the behavior of the
PDF. As the IPL index gets smaller, the PDF acquires a heavier tail. An example of an IPL
index analysis is given in Section 1.4.

. Symmetric a-stable densities, 5= 0,v=1,5= 0
T T T T T T T

Figure 4. Symmetric a-stable distributions with unit scale factor. The most narrow PDF shown has
the smallest IPL index and, consequently, the most weight in the tail regions.

1.3. Mixture Distributions

A mixture distribution is derived from a collection of other random variables. First,
a random variable is selected by chance from the collection according to given probabilities
of selection. Then, the value of the selected random variable is realized. The mixture PDFs
are complicated in terms of simpler PDFs, which provide a good model for certain datasets.
The different subsets of the data can exhibit different characteristics. Therefore, the mixed
PDFs can effectively characterize the complex PDFs of certain real-world datasets. In [75],
a robust stochastic configuration network (SCN) based on a mixture of Gaussian and
Laplace PDFs was proposed. Thus, Gaussian and Laplace distributions are mentioned in
this section for comparison purposes.
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1.3.1. Gaussian Distribution

A random variable X has a Gaussian distribution with the mean y and variance
O'é (=00 < jig < o0 and o > 0) if X has a continuous distribution for which the PDF is as
follows [76]:

_ 1 358
—(2m)Y /206

f(xlnc,08)

,for —oo < x < oo, (14)

1.3.2. Laplace Distribution
The PDF of the Laplace distribution can be written as follows [75]:

1 (- fz\xfm\)
F(x|p,m) = We T, (15)

where y; and 7 represent the location and scale parameters, respectively.

1.4. IPL Tail-Index Analysis

There are two approaches to the problem of the IPL tail-index estimation: the para-
metric [77] and the nonparametric [78]. To estimate the tail index using the parametric
approach, some researchers employ a generalized extreme value (GEV) distribution [79] or
Pareto distribution, and they may apply the maximum-likelihood estimator (MLE).

The stochastic gradient descent (SGD) has been widely used in deep learning with
great success because of the computational efficiency [80,81]. The gradient noise (GN) in
the SGD algorithm is often considered to be Gaussian in the large data regime by assuming
that the classical central limit theorem (CLT) kicks in. The machine-learning tasks are
usually considered as solving the following optimization problem:

n

w* = argmin{f(w) £ % Zf(i)(w)}, (16)

i=1

where w denotes the weights of the neural network, f denotes the loss function, and n
denotes the total number of instances. Then, the SGD is calculated based on the following
iterative scheme:

W1 = wg — 7V fr(wg), (17)

where k means the iteration number, and V f(wy) denotes the stochastic gradient at
iteration k.

Since the gradient noise might not be Gaussian, the use of Brownian motion would
not be appropriate to represent its behavior. Therefore, Simsekli et al. replaced the gradient
noise with the a-stable Lévy motion [82], whose increments have an a-stable distribu-
tion [83]. Because of the heavy-tailed nature of the a-stable distribution, the Lévy motion
might incur large, discontinuous jumps [84], and therefore, it would exhibit a fundamen-
tally different behavior than would Brownian motion (Figure 5):

Figure 6 shows that there are two distinct phases of SGD (in this configuration,
before and after iteration 1000). At first, the loss decreases very slowly, the accuracy slightly
increases, and more interestingly,  rapidly decreases. When a reaches its lowest level,
which means a longer tail distribution, there is a significant jump, which causes a sudden
decrease in accuracy. Beyond this point, the process recovers again, and we see stationary
behavior in @ and an increasing behavior in the accuracy.
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16

(@) (b)

Figure 5. (a) Brownian motion; (b) Lévy motion. Note that both figures are at the same size scale.
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Figure 6. (a) The behavior of tail-index a during the iterations; (b) The training and testing accuracy. At first, the a decreases
very slowly; when « reaches its lowest level, which means longer tail distribution, there is a significant jump, which causes
a sudden decrease in accuracy. Beyond this point, the process recovers again, and we see stationary behavior in « and an

increasing behavior in the accuracy.

2. Big Data, Variability and FC

The term “big data” started showing up in the early 1990s. The world’s technological
per capita capacity to store information has roughly doubled every 40 months since the
1980s [85]. Since 2012, there have been 2.5 exabytes (2.5 x 2% bytes) of data generated
every day [86]. According to data report predictions, there will be 163 zettabytes of
data by 2025 [87]. Firican proposed, in [88], ten characteristics (properties) of big data to
prepare for both the challenges and advantages of big data initiatives (Table 1). In this
article, variability is the most important characteristic being discussed. Variability refers
to several properties of big data. First, it refers to the number of inconsistencies in the data,
which need to be understood by using anomaly- and outlier-detection methods for any
meaningful analytics to be performed. Second, variability can also refer to diversity [89,90],
resulting from disparate data types and sources, for example, healthy or unhealthy [91,92].
Finally, variability can refer to multiple research topics (Table 2).

Considering variability, Xunzi (312 BC-230 BC), who was a Confucian philosopher,
made a useful observation: “Throughout a thousand acts and ten thousand changes, his
way remains one and the same” [93]. Therefore, we ask: what is the “one and the same”
for big data? This is the variability, which refers to the behavior of the dynamic system.
The ancient Greek philosopher Heraclitus (535 BC—475 BC) also realized the importance

’
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of variability, prompting him to say: “The only thing that is constant is change”; “It is in
changing that we find purpose”; “Nothing endures but change”; “No man ever steps in
the same river twice, for it is not the same river and he is not the same man”.

Heraclitus actually recognized the (fractional-order) dynamics of the river without
modern scientific knowledge (in nature). After two thousand years, the integer-order
calculus was invented by Sir Issac Newton and Gottfried Wilhelm Leibniz, whose main
purpose was to quantify that change [94,95]. From then, scientists started using integer-
order calculus to depict dynamic systems, differential equations, modelling, etc. In the
1950s, Scott Blair, who first introduced the FC into rheology, pointed out that the integer-
order dynamic view of change is only for our own “convenience” (a little bit selfish).
In other words, denying fractional calculus is equivalent to denying the existence of non-
integers between the integers!

Table 1. The 10 Vs of big data.

Characteristics Description
Best known characteristic of big data; more than 90 percent of the whole
1. Volume .
data were created in the past couple of years.
2. Velocity The speed at which data are being generated.
3. Variety Processing structured, unstructured and semistructured data.

Inconsistent speed of data loading, multitude of data dimensions,

4. Variabili . . .
ty and number of inconsistencies.

5. Veracity Confidence or trust in the data.

6. Validity Refers to how accurate and correct the data are.

7. Vulnerability Security concerns, data breaches.

8. Volatility Design policy for data currency, availability, and rapid retrieval of

information when required.

Develop new tools considering the complex relationships between the

9. Visualization .
above properties.

10. Value The most important of the 10 Vs; substantial value must be found.

Table 2. Variability in multiple research topics.

Topics Description

Changes in the components of the climate system and

1. Climate variability their interactions.

Measurements of the tendencies of individual genotypes

2. Genetic variability between regions

Physiological phenomenon where the time interval between heart

3. Heart rate variability beats varies

Measurements of the characteristics, physical or mental,

4. Human variability of human beings

5. Spatial variability Measurements at different spatial points exhibit different values.

6. Statistical variability A measure of dispersion in statistics.

Blair said [96]: “We may express our concepts in Newtonian terms if we find this
convenient but, if we do so, we must realize that we have made a translation into a language
which is foreign to the system which we are studying (1950)”.

Therefore, variability exists in big data. However, how do we realize the modeling,
analysis and design (MAD) for the variability in big data within complex systems? We
need fractional calculus! In other words, big data are at the nexus of complexity and FC.
Thus, we first proposed fractional-order data analytics (FODA) in 2015. Metrics based on
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using the fractional-order signal processing techniques should be used for quantifying the
generating dynamics of observed or perceived variability [15].

2.1. Hurst Parameter, fGn, and fBm

The Hurst parameter or Hurst exponent (H) was proposed for the analysis of the
long-term memory of time series. It was originally developed to quantify the long-term
storage capacity of reservoirs for the Nile river’s volatile rain and drought conditions
more than a half century ago [16,17]. To date, the Hurst parameter has also been used to
measure the intensity of long range dependence (LRD) in time series [97], which requires
accurate modeling and forecasting. The self-similarity and the estimation of the statistical
parameters of LRD have commonly been investigated recently [98]. The Hurst parameter
has also been used for characterizing the LRD process [97,99]. A LRD time series is defined
as a stationary process that has long-range correlations if its covariance function C(n)

decays slowly as:

im S0 _ 18)

n—oo p—%

where 0 < a < 1, which relates to the Hurst parameter according to « = 2 —2H [100,101].
The parameter ¢ is a finite, positive constant. When the value of n is large, C(n) behaves
as the IPL ¢/n* [102]. Another definition for an LRD process is that the weakly stationary
time-series X(f) is said to be LRD if its power spectral density (PSD) follows:

f(A) ~ ClA[ P, (19)

as A — 0, for a given Cy > 0 and a given real parameter € (0,1), which corresponds to
H = (1+ B)/2[103]. When 0 < H < 0.5, it indicates that the time intervals constitute a
negatively correlated process. When 0.5 < H < 1, it indicates that time intervals constitute a
positively correlated process. When H = 0.5, it indicates that the process is uncorrelated.

Two of the most common LRD processes are fBm [104] and fGn [105]. The fBm process
with H(0 < H < 1) is defined as:

0 t
Bi(t) = w7y U= 92 = (VW) + [ 9" 2w (s)),
(20)
where W denotes a Wiener process defined on (—oo,00) [106]. The fGn process is the
increment sequences of the fBm process, defined as:

X = Y(k+1) = Y(k), @1)
where Y (k) is a fBm process [107].

2.2. Fractional Lower-Order Moments (FLOM:s)

The FLOM is based on a-stable PDFs. The PDFs of an a-stable distribution decay in
the tails more slowly than a Gaussian PDF does. Therefore, for sharp spikes or occasional
bursts in signals, an a-stable PDF can be used for characterizing signals more frequently
than Gauss-distributed signals [108]. Thus, the FLOM plays an important role in impulsive
processes [109], equivalent to the role played by the mean and variance in a Gaussian
processes. When 0 < a < 1, the a-stable processes have no finite first- or higher-order
moments; when 1 < a < 2, the a-stable processes have a finite first-order moment and all the
FLOMs with moments of fractional order that is less than 1. The correlation between the
FC and FLOM was investigated in [110,111]. For the Fourier-transform pair p(x) and ¢ (),
the latter is the characteristic function and is the Fourier transform of the PDF; a complex
FLOM can have complex fractional lower orders [110,111]. A FLOM-based fractional
power spectrum includes a covariation spectrum and a fractional low-order covariance
spectrum [112]. FLOM-based fractional power spectrum techniques have been successfully
used in time-delay estimation [112].
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2.3. Fractional Autoregressive Integrated Moving Average (FARIMA) and Gegenbauer
Autoregressive Moving Average (GARMA)

A continuous-time linear time-invariant (LTI) system can be characterized using a
linear difference equation, which is known as an autoregression and moving average
(ARMA) model [113,114]. The process X; of ARMA(p, g) is defined as:

®(B)X¢ = ©(B)et, (22)

where €; is white Gaussian noise (wGn), and B is the backshift operator. However,
the ARMA model can only describe a short-range dependence (SRD) property. Therefore,
based on the Hurst parameter analysis, more suitable models, such as FARIMA [115,116]
and fractional integral generalized autoregressive conditional heteroscedasticity
(FIGARCH) [117], were designed to more accurately analyze the LRD processes. The most
important feature of these models is the long memory characteristic. The FARIMA and
FIGARCH can capture both the short- and the long-memory nature of time series. For ex-
ample, the FARIMA process X; is usually defined as [118]:

®(B)(1 - B)*X; = @(B)ey, (23)

where d € (—0.5,0.5), and (1 — B)? is a fractional-order difference operator. The locally
stationary long-memory FARIMA model has the same equation as that of Equation (23),
except that d becomes d, which is a time-varying parameter [119]. The locally stationary
long-memory FARIMA model captures the local self-similarity of the system.

The generalized locally stationary long-memory process FARIMA model was investi-
gated in [119]. For example, a generalized FARIMA model, which is called the Gegenbauer
autoregressive moving average (GARMA), was introduced in [120]. The GARMA model is
defined as:

®(B)(1 —2uB + B*)*X; = ©(B)ey, (24)

where u € [—1,1], which is a parameter that can control the frequency at which the long
memory occurs. The parameter d controls the rate of decay of the autocovariance function.
The GARMA model can also be extended to the so-called “k-factor GARMA model”, which
allows for long-memory behaviors to be associated with each of k frequencies (Gegenbauer
frequencies) in the interval [0, 0.5] [121].

2.4. Continuous Time Random Walk (CTRW)

The CTRW model was proposed by Montroll and Weiss as a generalization of diffusion
processes to describe the phenomenon of anomalous diffusion [19]. The basic idea is to
calculate the PDF for the diffusion process by replacing the discrete steps with continuous
time, along with a PDF for step lengths and a waiting-time PDF for the time intervals
between steps. Montroll and Weiss applied random intervals between the successive
steps in the walking process to account for local structure in the environment, such as
traps [122]. The CTRW has been used for modeling multiple complex phenomena, such as
chaotic dynamic networks [123]. The correlation between CTRW and diffusion equations
with fractional time derivatives has also been established [124]. Meanwhile, time-space
fractional diffusion equations can be treated as CTRWs with continuously distributed
jumps or continuum approximations of CTRWs on lattices [125].

2.5. Unmanned Aerial Vehicles (UAVs) and Precision Agriculture

As a new remote-sensing platform, researchers are more and more interested in the
potential of small UAVs for precision agriculture [126-136], especially for heterogeneous
crops, such as vineyards and orchards [137,138]. Mounted on UAVs, lightweight sensors,
such as RGB cameras, multispectral cameras and thermal infrared cameras, can be used
to collect high-resolution images. The higher temporal and spatial resolutions of the
images, relatively low operational costs, and nearly real-time image acquisition make
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the UAVs an ideal platform for mapping and monitoring the variability of crops and
trees. UAVs can create big data and demand the FODA due to the “complexity” and,
thus, variability inherent in the life process. For example, Figure 7 shows the normalized
difference vegetation index (NDVI) mapping of a pomegranate orchard at a USDA ARS
experimental field. Under different irrigation levels, the individual trees can show strong
variability during the analysis of water stress. Life is complex! Thus, it entails variability,
which as discussed above, in turn, entails fractional calculus. UAVs can then become
“Tractor 2.0” for farmers in precision agriculture.
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Figure 7. Normalized difference vegetation index (NDVI) mapping of pomegranate trees.

3. Optimal Machine Learning and Optimal Randomness

Machine learning (ML) is the science (and art) of programming computers so they
can learn from data [139]. A more engineering-oriented definition was given by Tom
Mitchell in 1997 [140], “A computer program is said to learn from experience E with respect
to some task T and some performance measure P, if its performance on T, as measured by P,
improves with experience E”.

Most ML algorithms perform training by solving optimization problems that rely on
first-order derivatives (Jacobians), which decide whether to increase or decrease weights.
For huge speed boosts, faster optimizers are being used instead of the regular gradient de-
scent optimizer. For example, the most popular boosters are momentum optimization [141],
Nesterov acelerated gradient [21], AdaGrad [142], RMSProp [143] and Adam optimiza-
tion [144]. The second-order (Hessian) optimization methods usually find the solutions
with faster rates of convergence but with higher computational costs. Therefore, the answer
to the following question is important: what is a more optimal ML algorithm? What if
the derivative is fractional order instead of integer order? In this section, we discuss some
applications of fractional-order gradients to optimization methods in machine-learning
algorithms and investigate the accuracy and convergence rates.

As mentioned in the big data section, there is a huge amount of data in human society
and nature. During the learning process of ML, we care not only about the speed, but also
the accuracy of the data the machine is learning (Figure 8). The learning algorithm is
important; otherwise, the data labeling and other labor costs will exhaust people beyond
their abilities. When applying the accoladed artificial intelligence (Al) to an algorithm,
a strong emphasis is on artificial, only followed weakly by intelligence. Therefore, the key
to ML is what optimization methods are being applied. The convergence rate and global
searching are two important parts of the optimization method.
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Figure 8. Data analysis in nature.

Reflection: ML is, today, a hot research topic and will probably remain so into the near
future. How a machine can learn efficiently (optimally) is always important. The key for the
learning process is the optimization method. Thus, in designing an efficient optimization
method, it is necessary to answer the following three questions:

e What is the optimal way to optimize?

e What is the more optimal way to optimize?

e Can we demand “more optimal machine learning”, for example, deep learning with
the minimum /smallest labeled data)?

Optimal randomness: In the section on the Lévy PDF, the Lévy flight is the search
strategy for food the albatross has developed over millions of years of evolution. Admit-
tedly, this is a slow optimization procedure [84]. From this perspective, we should call
“Lévy distribution” an optimized or learned randomness used by albatrosses for searching
for food. Therefore, we pose the question: “can the search strategy be more optimal than
Lévy flight?” The answer is yes if one adopts the FC [145]! Optimization is a very com-
plex area of study. However, a few studies have investigated using FC to obtain a better
optimization strategy.

Theoretically, there are two broad optimization categories; these are derivative-free
and gradient-based. For the derivative-free methods, there are the direct-search methods,
consisting of particle swarm optimization (PSO) [146,147], etc. For the gradient-based
methods, there are gradient descent and its variants. Both of the two categories have
shown better performance when using the FC as demonstrated below.

3.1. Derivative-Free Methods

For derivative-free methods, there are single agent search and swarm-based search
methods (Figure 9). Exploration is often achieved by randomness or random numbers
in terms of some predefined PDFs. Exploitation uses local information such as gradients
to search local regions more intensively, and such intensification can enhance the rate of
convergence. Thus, a question was posed: what is the optimal randomness? Wei et al. [148]
investigated the optimal randomness in a swarm-based search. Four heavy-tailed PDFs
have been used for sample path analysis (Figure 10). Based on the experimental results,
the randomness-enhanced cuckoo search (CS) algorithms [66,149,150] can identify the
unknown specific parameters of a fractional-order system with better effectiveness and
robustness. The randomness-enhanced CS algorithms can be considered as a promising
tool for solving real-world complex optimization problems. The reason is that optimal
randomness is applied with fractional-order noise during the exploration, which is more
optimal than the “optimized PSO”, CS. The fractional-order noise refers to the stable
PDFs [48]. In other words, when we are discussing optimal randomness, we are discussing
fractional calculus!
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Figure 9. The 2-D Alpine function for derivative-free methods; there are (a) single agent search and (b) swarm-based
search methods.
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Figure 10. Sample paths. Wei et al. [148] investigated the optimal randomness in a swarm-based search. Four heavy-tailed
PDFs were used for sample path analysis; there are (a) Mittag-Leffler distribution, (b) Weibull distribution, (c) Pareto
distribution, and (d) Cauchy distribution. The Long steps, referring to the jump length, frequently happened for all
distributions, which showed strong heavy-tailed performance. For more details, please refer to [148].
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3.2. The Gradient-Based Methods

The gradient descent (GD) is a very common optimization algorithm, which can find
the optimal solutions by iteratively tweaking parameters to minimize the cost function.
The stochastic gradient descent (SGD) randomly selects times during the training process.
Therefore, the cost function bounces up and down, decreasing on average, which is good
for escape from local optima. Sometimes, noise is added into the GD method, and usually,
such noise follows a Gaussian PDF in the literature. We ask, “why not heavy-tailed PDFs"?
The answer to this question could lead to interesting future research.

Nesterov Accelerated Gradient Descent (NAGD)

There are many variants of GD analysis as suggested in Figure 11. One of the most
popular methods is the NAGD [21]:

Yer1 = ayx — BV f(xp), 25)
Xkr1 = X+ Yka1 + Dyx,

where by setting b = —a /(1 + a), one can derive the NAGD. When b = 0, one can derive
the momentum GD. The NAGD can also be formulated as:

Xk = Ye1 — KV f(Yr1),
ke (26)
Yk = X+ 1 (0 — X-1)-

Set t = k\f , and one can, in the continuous limit, derive the corresponding differen-
tial equation:

X+§X+Vf(X) =0. (27)
The main idea of Jordan’s work [151] is to analyze the iteration algorithm in the continuous-
time domain. For differential equations, one can use the Laypunov or variational method
to analyze the properties; for example, the convergence rate is O(t%) One can also use
the variational method to derive the master differential equation for an optimization
method, such as the least action principle [152], Hamilton’s variational principle [153]
and the quantum-mechanical path integral approach [154]. Wilson et al. [151] built a
Euler-Lagrange function to derive the following equation:

2

which is in the same form as the master differential equation of NAGD.
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Figure 11. Gradient descent and its variants.
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Jordan’s work revealed that one can transform an iterative (optimization) algorithm
to its continuous-time limit case, which can simplify the analysis (Laypunov methods).
One can directly design a differential equation of motion (EOM) and then discretize it to
derive an iterative algorithm (variational method). The key is to find a suitable Laypunov
functional to analyze the stability and convergent rate. The new exciting fact established by
Jordan is that optimization algorithms can be systematically synthesized using Lagrangian
mechanics (Euler-Lagrange) through EOMs.

Thus, is there an optimal way to optimize using optimization algorithms stemming
from Equation (28)? Obviously, why not an equation such as Equation (28) of fractional
order? Considering the X; as Xt(a), it will provide us with more research possibilities, such
as the fractional-order calculus of variation (FOCV) and fractional-order Euler-Lagrange
(FOEL) equation. For the SGD, optimal randomness using the fractional-order noises can
also offer better than the best performance, similarly shown by Wei et al. [148].

3.3. What Can the Control Community Offer to ML?

In the IFAC 2020 World Congress Pre-conference Workshop, Eric Kerrigan proposed
“The Three Musketeers” that the control community can contribute to ML [155]. These
three are the IMP [23], the Nu-Gap metric [156] and model discrimination [157]. Herein, we
focused on the IMP. Kashima et al. [158] transferred the convergence problem of numerical
algorithms into a stability problem of a discrete-time system. An et al. [159] explained that
the commonly used SGD-momentum algorithm in ML is a PI controller and designed a
PID algorithm. Motivated by [159] but differently from M. Jordan’s work, we proposed
designing and analyzing the algorithms in the S or Z domain. Remember that GD is a
first-order algorithm:

Y1 = X — WV f (%), (29)
where y > 0 is the step size (or learning rate). Using the Z transform, one can achieve:
X(z) = 5=V () (30)

Approximate the gradient around the extreme point x*, and one can obtain:

Vi(xp) = Axg — x*), with A = V> f(x*). (31)

v
e
-

-
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Figure 12. The integrator model (embedded in G(z)). The integrator in the forward loop eliminates
the tracking steady-state error for a constant reference signal (internal model principle (IMP)).

For the plain GD in Figure 12, we have G(z) = 1/(z — 1), which is an integrator.
For fractional-order GD (FOGD), the updating term of x; in Equation (29) can be treated as
a filtered gradient signal. In [160], Fan et al. shared similar thoughts: “Accelerating the con-
vergence of the moment method for the Boltzmann equation using filters”. The integrator
in the forward loop eliminates the tracking error for a constant reference signal according
to the internal model principle (IMP). Similarly, the GD momentum (GDM) designed to
accelerate the conventional GD, which is popularly used in ML, can be analyzed using
Figure 12 by:

Yiy1 = ayp — uVf(x), 32)
Xkt1 = Xkt Y1,

158



Entropy 2021, 23,297

where yj is the accumulation of the history gradient and « € (0,1) is the rate of the moving
average decay. Using the Z transform for the update rule, one can derive:

{zY(Z) = aY(2) — pVf ()], 33)
zX(z) = X(z) +zY(2).

Then, after some algebra, one obtains the following equation:

= 71/12 - X .
X(Z) - (Z — 1)(2 — Dé) [ V.f( k)]Z (34)

For the GD momentum, we have G(z) = m in Figure 12, with an integrator in the
forward loop. The GD momentum is a second-order (G(z)) algorithm with an additional
pole at z = a and one zero at z = 0. The “second-order” refers to the order of G(z), which
makes it different from the algorithm using the Hessian matrix information. Moreover,
NAGD can be simplified as:
{yk+l = x — uVf(x), (35)
X1 = (1= A1 + Ak

where y is the step size and A is a weighting coefficient. Using the Z transform for the
update rule, one can derive:

{zY(z) = X(2) = p[V ()2, )
zX(z) = (1 —A)zY(z) + AY(z2).

Different from the GD momentum, and after some algebra, one obtains:

A
x@) = T E RV Al = o - NVl 67)

=t 1

For NAGD, we have G(z) = m,
(Figure 12). NAGD is a second-order algorithm with an additional pole atz = —A and a
zeroatz = 4.

“Can G(z) be of higher order or fractional order”? Of course it can! As shown in
Figure 12, a necessary condition for the stability of an algorithm is that all the poles of the
closed-loop system are within the unit disc. If the Lipschitz continuous gradient constant L
is given, one can replace A with L, and then, the condition is sufficient. For each G(z), there
is a corresponding iterative optimization algorithm. G(z) can be a third- or higher-order
system. Apparently, G(z) can also be a fractional-order system. Considering a general
second-order discrete system:

again, with an integrator in the forward loop

z+b
G(z) = ——F7—— 8
@)= e De—a ©8)
the corresponding iterative algorithm is Equation (25). As mentioned earlier, when setting
b= —a/(1+ a), one can derive the NAGD. When b = 0, one can derive the momentum

GD. The iterative algorithm can be viewed as a state-space realization of the corresponding
system. Thus, it may have many different realizations (all are equivalent). Since two
parameters a and b are introduced for a general second-order algorithm design, we used
the integral squared error (ISE) as the criterion to optimize the parameters. This is because
for different target functions f(x), the Lipschitz continuous gradient constant is different.
Thus, the loop forward gain is defined as p := pA.
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Table 3. General second-order algorithm design. The parameter p is the loop forward gain; see text
for more details.

p 0.4 0.8 1.2 1.6 2.0 24
—0.6 -0.2 0.2 0.6 1 1.4
b 1.5 0.25 —0.1667 —0.3750 -0.5 —0.5833

According to the experimental results (Table 3), interestingly, it is found that the
optimal a and b satisfy b = —a/(1 + a), which is the same design as NAGD. Other criteria
such as the IAE and ITAE were used to find other optimal parameters, but the results are
the same as for the ISE. Differently from for NAGD, the parameters were determined by
search optimization rather than by mathematical design, which can be extended to more
general cases. The algorithms were then tested using the MNIST dataset (Figure 13). It is
obvious that for different zeros and poles, the performance of the algorithms is different.
One finds that both the b = —0.25 and b = —0.5 cases perform better than does the SGD
momentum. Additionally, both b = 0.25 and b = 0.5 perform worse. It is also shown that
an additional zero can improve the performance, if adjusted properly. It is interesting to
observe that both the method and the Nesterov method give an optimal choice of the zero,
which is closely related to the pole (b = —a/(1+ a)).

Training loss Test accuracy
0.9 — 99.0
— FOAGD 2nd w/ y_k, b=-0.25(train_loss)
— FOAGD 2nd w/ y_k, b=-0.5(train_loss)
— FOAGD 2nd w/ y_k, b=0.25(train_loss) 98 5 L
0.8} FOAGD 2nd w/ y_k, b=0(train_loss) !
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nd w/ y_k, b=-0.25(val_accl)
— FOAGD 2nd w/ y_k, -0.5(val_accl)
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Figure 13. Training loss (left); test accuracy (right). It is obvious that for different zeros and poles,
the performance of the algorithms is different. One finds that both the b = —0.25and b = —0.5
cases perform better than does the stochastic gradient descent (SGD) momentum. Additionally,
both b = 0.25 and b = 0.5 perform worse. It is also shown that an additional zero can improve the
performance, if adjusted carefully.

Now, let us consider a general third-order discrete system:

224+ cz+d

G(z) = (z—=1)(z24az+b)

(39)
Set b = d = 0; it will reduce to the second-order algorithm discussed above. Compared
with the second-order case, the poles can now be complex numbers. More generally,
a higher-order system can contain more internal models. If all the poles are real, then:

C@) = G eza) ob) (40)
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whose corresponding iterative optimization algorithm is
Yrr1 = Yk — HV f(xk),

Zep1 = azg + Yrr1 — Yo (41)
Xg1 = bxg +zp 1 — dzy.

Table 4. General third-order algorithm design, with parameters defined by Equation (41).

p 0.4 0.8 1.2 1.6 2.0 2.4

a 0.6439 0.5247 —0.4097 —0.5955 —1.0364 —1.4629
b 0.0263 0.0649 0.0419 —0.0398 0.0364 0.0880
c 1.5439 0.5747 —0.3763 —0.3705 —0.5364 —0.6462
d 0.0658 0.0812 0.0350 —0.0408 0.0182 0.0367

After some experiments (Table 4), it was found that since the ISE was used for tracking
a step signal (it is quite simple), the optimal poles and zeros are the same as for the
second-order case with a pole-zero cancellation. This is an interesting discovery. In this
optimization result, all the poles and zeros are real, and the resulting performance is not
very good, as expected. Compare this with the second-order case; the only difference is
that in the latter, complex poles can possibly appear. Thus, the question arises: “how do
complex poles play a role in the design?” The answer is obvious: by fractional calculus!

Inspired by M. Jordan’s idea in the frequency domain, a continuous time fractional-

order system was designed:

G(s) = 75(#1/3), (42)

where a € (0,2), B € (0,20] at first. It was then found that the optimal parameters were
obtained by searching using the ISE criterion (Table 5).

Table 5. The continuous time fractional-order system.

0.3 0.5 0.7 0.9
1.8494 1.6899 1.5319 1.2284
B 20 20 20 20

Equation (42) encapsulates the continuous-time design, and one can use the numerical
inverse Laplace transform (NILP) [161] and Matlab command stmcb() [162] to derive its
discrete form. After the complex poles are included, one can have:

(z+¢) 1 1
(z—l)(z—a+jb+z—a—jb

whose corresponding iterative algorithm is:

Glz) = ) (43)

Yir1 = ayx — bz — uV £ (xx),
Zjy1 = Az + by, (44)
X1 = Xk + Yk+1 T CYk-

Then, the algorithms were tested again using the MNIST dataset, and the results were
compared with the SGD's. For the fractional order, p = 0.9 was used, a = 0.6786, b = 0.1354,
and different values for zero ¢ were used. When ¢ = 0, the result was similar to that for
the second-order SGD. When ¢ was not equal to 0, the result was similar to that for the
second-order NAGD. For the SGD, a was set to be 0.9, and the learning rate was 0.1
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(Figure 14). Both ¢ = 0 and ¢ = 0.283 perform better than the SGD momentum; generally,
with appropriate values of ¢, better performance can be achieved than in the second-order
cases. The simulation results demonstrate that fractional calculus (complex poles) can
potentially improve the performance, which is closely related to the learning rate.

0.8, T T : 99.5 T T
—— SGD{train_loss) . :
— FOAGD 3rd,5=0.679 b=0.135, c=0.283(train_loss}
0.7 1 1 99.0L...-.. [
0.6 8
98.5
05| R
98.0
0.4} 1
97.5
03t 8
97.0H 8
0.2 8
a1l (7o | L RSOSSN ST Sovpne. e
f— SGD(vaI_ac.c:L]
— FOAGD 3rd,a=0.679 b=0.135, c=0283(val_accl)
0.0 L L L L 9p.UT I I I I
0 10 20 30 40 50 0 10 20 30 40 50

Figure 14. Training loss (left); test accuracy (right).

In general, M. Jordan asked the question: “is there an optimal way to optimize?”. Our
answer is a resounding yes, by limiting dynamics analysis and discretization and SGD with
other randomness, such as Langevin motion. Herein, the question posed was: “is there a
more optimal way to optimize?”. Again, the answer is yes, but it requires the fractional
calculus to be used to optimize the randomness in SGD, random search and the IMP. There
is more potential for further investigations along this line of ideas.

4. A Case Study of Machine Learning with Fractional Calculus: A Stochastic
Configuration Network with Heavytailedness

4.1. Stochastic Configuration Network (SCN)

The SCN model is generated incrementally by using stochastic configuration (SC)
algorithms [163]. Compared with the existing randomized learning algorithms for single-
layer feed-forward neural networks (SLFNNSs) [164], the SCN can randomly assign the
input weights (w) and biases (b) of the hidden nodes in a supervisory mechanism, which
is selecting random parameters with an inequality constraint and assigning the scope
of the random parameters adaptively. It can ensure that the built randomized learner
models have a universal approximation property. Then, the output weights are analytically
evaluated in either a constructive or selective manner [163]. In contrast with the known
randomized learning algorithms, such as the randomized radial basis function (RRBF)
networks [165] and the random vector functional link (RVFL) [166], the SCN can provide
good generalization performance at a faster speed. Concretely, there are three types of SCN
algorithms, which are labeled for convenience as SC-I, SC-II and SC-III.

The SC-I algorithm uses a constructive scheme to evaluate the output weights only for
the newly added hidden node [167]. All of the previously obtained output weights are kept
the same. The SC-II algorithm recalculates part of the current output weights by analyzing a
local-least-squares problem with a user-defined shifting window size. The SC-III algorithm
finds all the output weights together by solving a global-least-squares problem. The SCN
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has better performance than other randomized neural networks in terms of fast learning,
the scope of the random parameters, and the required human intervention. Therefore, it
has already been used in many data-processing projects, such as [134,168,169].

4.2. SCN with Heavy-Tailed PDFs

For the original SCN algorithms, weights and biases are randomly generated using a
uniform PDFE. Randomness plays a significant role in both exploration and exploitation.
A good neural network architecture with randomly assigned weights can easily outperform
a more deficient architecture with finely tuned weights [170]. Therefore, it is critical to
discuss the optimal randomness for the weights and biases in SCN algorithms. Heavy-
tailed PDFs have shown optimal randomness for finding targets [171,172], which plays a
significant role in exploration and exploitation [148]. Therefore, herein, heavy-tailed PDFs
were used to randomly update the weights and biases in the hidden layers to determine if
the SCN models display improved performance. Some of the key parameters of the SCN
models are listed in Table 6. For example, the maximum times of random configuration
Tuax are set as 200. The scale factor lambda in the activation function, which directly
determines the range for the random parameters, was examined by using different settings
(0.5-200). The tolerance was set as 0.05. Most of the parameters for the SCN with heavy-
tailed PDFs were kept the same with the original SCN algorithms for comparison purposes.
For more details, please refer to [163] and Appendix A.

Table 6. Stochastic configuration networks (SCNs) with key parameters.

Properties Values

Name: “Stochastic Configuration Networks”
Version: “1.0 beta”

L: hidden node number

W: input weight matrix

b: hidden layer bias vector

Beta: output weight vector

r: regularization parameter

tol: tolerance

Lambda: random weight range

Linax: maximum number of hidden neurons
Thax: maximum times of random configurations
nB: number of node being added in one loop

4.3. A Regression Model and Parameter Tuning
The dataset of the regression model was generated by a real-valued function [173]:

fx) = 0.0~ (1054 | () 5, (80x—40)* | 0‘387(80x720)2, (45)
where x € [0, 1]. There were 1000 points randomly generated from the uniform distribution
on the unit interval [0, 1] in the training dataset. The test set had 300 points generated from
a regularly spaced grid on [0, 1]. The input and output attributes were normalized into
[0, 1], and all the results reported in this research represent averages over 1000 independent
trials. The settings of the parameters were similar to for the SCN in [163].

Heavy-tailed PDF algorithms have user-defined parameters, for example, the power-
law index for SCN-Lévy, and location and scale parameters for SCN-Cauchy and SCN-
Weibull, respectively. Thus, to illustrate the effect of parameters on the optimization results
and to offer reference values for the proposed SCN algorithms, parameter analysis was
conducted, and corresponding experiments were performed. Based on the experimental
results, for the SCN-Lévy algorithm, the most optimal power-law index is 1.1 for achieving
the minimum number of hidden nodes. For the SCN-Weibull algorithm, the optimal loca-
tion parameter « and scale parameter § for the minimum number of hidden nodes are 1.9
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and 0.2, respectively. For the SCN-Cauchy algorithm, the optimal location parameter « and
scale parameter 8 for the minimum number of hidden nodes are 0.9 and 0.1, respectively.

Performance Comparison among SCNs with Heavy-Tailed PDFs

In Table 7, the performance of SCN, SCN-Lévy, SCN-Cauchy, SCN-Weibull and SCN-
Mixture are shown, in which mean values are reported based on 1000 independent trials.
Wang et al. [163] used time cost to evaluate the SCN algorithms’ performance. In the present
study, the authors used the mean hidden node numbers to evaluate the performance.
The number of hidden nodes is associated with modeling accuracy. Therefore, herein,
the analysis determined if an SCN with heavy-tailed PDFs used fewer hidden nodes to
generate high performance, which would make the NNs less complex. According to the
numerical results, the SCN-Cauchy used the lowest number of mean hidden nodes, 59,
with an root mean squared error (RMSE) of 0.0057. The SCN-Weibull had a mean number
of 63 hidden nodes, with an RMSE of 0.0037. The SCN-Mixture had a mean number of
70 hidden nodes, with an RMSE of 0.0020. The mean number of hidden nodes for SCN-
Lévy was also 70. The original SCN model had a mean number of 75 hidden nodes. A more
detailed training process is shown in Figure 15. With fewer hidden node numbers, the SCN
models with heavy-tailed PDFs can be faster than the original SCN model. The neural
network structure is also less complicated than the SCN. Our numerical results for the
regression task demonstrate remarkable improvements in modeling performance compared
with the current SCN model results.

Table 7. Performance comparison of SCN models for regression problem.

Models Mean Hidden Node Number RMSE
SCN 75+5 0.0025
SCN-Lévy 70+ 6 0.0010
SCN-Cauchy 59+3 0.0057
SCN-Weibull 63 +4 0.0037
SCN-Mixture 70 £5 0.0020

4.4. MNIST Handwritten Digit Classification

The handwritten digit dataset contains 4000 training examples and 1000 testing ex-
amples, a subset of the MNIST handwritten digit dataset. Each image is a 20-by-20-pixel
grayscale image of the digit (Figure 16). Each pixel is represented by a number indicating
the grayscale intensity at that location. The 20-by-20 grid of pixels is “unrolled” into a
400-dimensional vector.

-1 T T
——SCN Training RMSE
——SCN Cauchy Training RMSE

SCN Lévy Training RMSE
—SCN Mixture Training RMSE
—— SCN Weibull Training RMSE

L

Figure 15. Performance of SCN, SCN-Lévy, SCN-Weibull, SCN-Cauchy and SCN-Mixture. The pa-
rameter L is the hidden node number.
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Figure 16. The handwritten digit dataset example.

Similar to the parameter tuning for the regression model, parameter analysis was
conducted to illustrate the impact of parameters on the optimization results and to offer
reference values for the MNIST handwritten digit classification SCN algorithms. Corre-
sponding experiments were performed. According to the experimental results, for the
SCN-Lévy algorithm, the most optimal power law index is 1.6 for achieving the best RMSE
performance. For the SCN-Cauchy algorithm, the optimal location parameter « and scale
parameter f for the lowest RMSE are 0.2 and 0.3, respectively.

Performance Comparison among SCNs on MNIST

The performance of the SCN, SCN-Lévy, SCN-Cauchy and SCN-Mixture are shown in
Table 8. Based on the experimental results, the SCN-Cauchy, SCN-Lévy and SCN-Mixture
have better performance in training and test accuracy, compared with the original SCN
model. A detailed training process is shown in Figure 17. Within around 100 hidden
nodes, the SCN models with heavy-tailed PDFs perform similarly to the original SCN
model. When the number of the hidden nodes is greater than 100, the SCN models with
heavy-tailed PDFs have lower RMSEs. Since more parameters for weights and biases
are initialized in heavy-tailed PDFs, this may cause an SCN with heavy-tailed PDFs to
converge to the optimal values at a faster speed. The experimental results for the MNIST
handwritten classification problem demonstrate improvements in modeling performance.
They also show that SCN models with heavy-tailed PDFs have a better search ability for
achieving lower RMSEs.

Table 8. Performance comparison of SCNs.

Models Training Accuracy Test Accuracy
SCN 94.0 +1.9% 912 +6.2%
SCN-Lévy 94.9 + 0.8% 91.7 £4.5%
SCN-Cauchy 95.4 +1.3% 924 +£5.5%
SCN-Mixture 947 £ 1.1% 91.5 £5.3%
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Figure 17. Classification performance of SCNs.

5. Take-Home Messages and Looking into the Future: Fractional Calculus Is
Physics Informed

Big data and machine learning (ML) are two of the hottest topics of applied scientific
research, and they are closely related to one another. To better understand them, in this
article, we advocate fractional calculus (FC), as well as fractional-order thinking (FOT),
for big data and ML analysis and applications. In Section 2, we discussed the relationships
between big data, variability and FC, as well as why fractional-order data analytics (FODA)
should be used and what it is. The topics included the Hurst parameter, fractional Gaussian
noise (fGn), fractional Brownian motion (fBm), the fractional autoregressive integrated
moving average (FARIMA), the formalism of continuous time random walk (CTRW),
unmanned aerial vehicles (UAVs) and precision agriculture (PA).

In Section 3, how to learn efficiently (optimally) for ML algorithms is discussed.
The key to developing an efficient learning process is the method of optimization. Thus,
it is important to design an efficient optimization method. The derivative-free methods,
as well as the gradient-based methods, such as the Nesterov accelerated gradient descent
(NAGD), are discussed. Furthermore, it is shown to be possible, following the internal
model principle (IMP), to design and analyze the ML algorithms in the S or Z transform
domain in Section 3.3. FC is used in optimal randomness in the methods of stochastic
gradient descent (SGD) and random search. Nonlocal models have commonly been used
to describe physical systems and/or processes that cannot be accurately described by
classical approaches [174]. For example, fractional nonlocal Maxwell’s equations and
the corresponding fractional wave equations were applied in [175] for fractional vector
calculus [176]. The nonlocal differential operators [177], including nonlocal analogs of
the gradient/Hessian, are the key of these nonlocal models, which could lead to very
interesting research with FC in the near future.

Fractional dynamics is a response to the need for a more advanced characterization
of our complex world to capture structure at very small or very large scales that had
previously been smoothed over. If one wishes to obtain results that are better than the
best possible using integer-order calculus-based methods, or are “more optimal”, we
advocate applying FOT and going fractional! In this era of big data, decision and control
need FC, such as fractional-order signals, systems and controls. The future of ML should
be physics-informed, scientific (cause—effect embedded or cause-effect discovery) and
involving the use of FC, where the modeling is closer to nature. Laozi (unknown, around
the 6th century to 4th century BC), the ancient Chinese philosopher, is said to have written
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a short book Dao De Jing(Tao Te Ching), in which he observed: “The Tao that can be
told is not the eternal Tao” [178]. People over thousands of years have shared different
understandings of the meaning of the Tao. Our best understanding of the Tao is nature,
whose rules of complexity can be explained in a non-normal way. Fractional dynamics,
FC and heavytailedness may well be that non-normal way (Figure 18), at least for the
not-too-distant future.

1695 1960s INCErGReeN
| —&

static models | dynamical models | fractional order

modeling
geometry, differential fractional calculus
algebra and integral
calculus

Figure 18. Timeline of FC (courtesy of Professor Igor Podlubny).
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Abbreviations

The following abbreviations are used in this manuscript:

ACF Auto-Correlation Function

Al Artificial Intelligence

ARMA  Autoregression and Moving Average
CLT Classical Central Limit Theorem

CSs Cuckoo Search

CTRW  Continuous Time Random Work
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EOM Equation of Motion

fBm Fractional Brownian Motion

fGn Fractional Gaussian Noise

FARIMA Fractional Autoregressive Integrated Moving Average
FC Fractional Calculus

FIGARCH  Fractional Integral Generalized Autoregressive Conditional Heteroscedasticity
FLOM Fractional Lower-Order Moments

FOCV Fractional-Order Calculus of Variation

FODA Fractional-Order Data Analytics

FOEL Fractional-Order Euler-Lagrange

FOT Fractional-Order Thinking

GARMA Gegenbauer Autoregressive Moving Average
GD Gradient Descent

GDM Gradient Descent Momentum

GEV Generalized Extreme Value

IMP Internal Model Principle

IPL Inverse Power Law

ISE Integral Squared Error

LGD Long Range Dependence

LTI Linear Time Invariant

MAD Modeling, Analysis and Design

ML Machine Learning

MLL Mittag—Leffler Law

MNIST Modified National Institute of Standards and Technology Database
NAGD Nesterov Accelerated Gradient Descent

NDVI Normalized Difference Vegetation Index

NILT Numerical Inverse Laplace Transform

NN Neural Networks

PA Precision Agriculture

PDF Probability Density Function

PID Proportional, Integral, Derivative

PSO Particle Swarm Optimization

RBF Randomized Radial Basis Function (RBF) Networks
RGB Red, Green, Blue

RMSE Root Mean Squared Error

RVFL Random Vector Functional Link

RW-FNN Feed-Forward Networks with Random Weights
SCN Stochastic Configuration Network

SGD Stochastic Gradient Descent

SLFNNs Single-Layer Feed-Forward Neural Networks
UAVs Unmanned Aerial Vehicles

USDA United States Department of Agriculture

wGn White Gaussian Noise

Appendix A. SCN Codes

The Matlab and Python codes can be found at https://github.com/niuhaoyul6/
StochasticConfigurationNetwork (accessed on 2 February 2021).
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Abstract: In this article, we introduce the Skellam process of order k and its running average. We also
discuss the time-changed Skellam process of order k. In particular, we discuss the space-fractional
Skellam process and tempered space-fractional Skellam process via time changes in Skellam process
by independent stable subordinator and tempered stable subordinator, respectively. We derive the
marginal probabilities, Lévy measures, governing difference-differential equations of the introduced
processes. Our results generalize the Skellam process and running average of Poisson process in
several directions.

Keywords: Skellam process; subordination; Lévy measure; Poisson process of order k; running average

1. Introduction

The Skellam distribution is obtained by taking the difference between two independent Poisson
distributed random variables, which was introduced for the case of different intensities A;, A by
(see [1]) and for equal means in [2]. For large values of A1 4 A5, the distribution can be approximated
by the normal distribution and if A, is very close to 0, then the distribution tends to a Poisson
distribution with intensity A;. Similarly, if A; tends to 0, the distribution tends to a Poisson distribution
with non-positive integer values. The Skellam random variable is infinitely divisible, since it is the
difference of two infinitely divisible random variables (see Proposition 2.1 in [3]). Therefore, one can
define a continuous time Lévy process for Skellam distribution, which is called Skellam process.

The Skellam process is an integer valued Lévy process and it can also be obtained by taking
the difference of two independent Poisson processes. Its marginal probability mass function (pmf)
involves the modified Bessel function of the first kind. The Skellam process has various applications in
different areas, such as to model the intensity difference of pixels in cameras (see [4]) and for modeling
the difference of the number of goals of two competing teams in a football game [5]. The model based
on the difference of two point processes is proposed in (see [6-9]).

Recently, the time-fractional Skellam process has been studied in [10], which is obtained by
time-changing the Skellam process with an inverse stable subordinator. Further, they provided the
application of time-fractional Skellam process in modeling of arrivals of jumps in high frequency
trading data. It is shown that the inter-arrival times between the positive and negative jumps follow a
Mittag-Leffler distribution rather then the exponential distribution. Similar observations are observed
in the case of Danish fire insurance data (see [11]). Buchak and Sakhno, in [12], have also proposed the
governing equations for time-fractional Skellam processes. Recently, [13] introduced time-changed
Poisson process of order k, which is obtained by time changing the Poisson process of order k (see [14])
by general subordinators.

In this paper, we introduce Skellam process of order k and its running average. We also discuss
the time-changed Skellam process of order k. In particular, we discuss space-fractional Skellam process
and tempered space-fractional Skellam process via time changes in Skellam process by independent
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stable subordinator and tempered stable subordinator, respectively. We obtain closed form expressions
for the marginal distributions of the considered processes and other important properties. Skellam
process is used to model the difference between the number of goals between two teams in a football
match. At the beginning, both teams have scores 0 each and at time ¢ the team 1 score is Ny (t),
which is the cumulative sum of arrivals (goals) of size 1 until time ¢ with exponential inter-arrival
times. Similarly for team 2, the score is N (t) at time t. The difference between the number of goals
can be modeled using Nj () — Ny (#) at time ¢. Similarly, the Skellam process of order k can be used to
model the difference between the number of points scored by two competing teams in a basketball
match where k = 3. Note that, in a basketball game, a free throw is count as one point, any basket
from a shot taken from inside the three-point line counts for two points and any basket from a shot
taken from outside the three-point line is considered as three points. Thus, a jump in the score of any
team may be of size one, two, or three. Hence, a Skellam process of order 3 can be used to model the
difference between the points scored.

In [10], it is shown that the fractional Skellam process is a better model then the Skellam process
for modeling the arrivals of the up and down jumps for the tick-by-tick financial data. Equivalently,
it is shown that the Mittag-Leffler distribution is a better model than the exponential distribution for
the inter-arrival times between the up and down jumps. However, it is evident from Figure 3 of [10]
that the fractional Skellam process is also not perfectly fitting the arrivals of positive and negative
jumps. We hope that a more flexible class of processes like time-changed Skellam process of order k
(see Section 6) and the introduced tempered space-fractional Skellam process (see Section 7) would
be better model for arrivals of jumps. Additionally, see [8] for applications of integer-valued Lévy
processes in financial econometrics. Moreover, distributions of order k are interesting for reliability
theory [15]. The Fisher dispersion index is a widely used measure for quantifying the departure of
any univariate count distribution from the equi-dispersed Poisson model [16-18]. The introduced
processes in this article can be useful in modeling of over-dispersed and under-dispersed data. Further,
in (49), we present probabilistic solutions of some fractional equations.

The remainder of this paper proceeds, as follows: in Section 2, we introduce all the relevant
definitions and results. We also derive the Lévy density for space- and tempered space-fractional
Poisson processes. In Section 3, we introduce and study running average of Poisson process of order k.
Section 4 is dedicated to Skellam process of order k. Section 5 deals with running average of Skellam
process of order k. In Section 6, we discuss the time-changed Skellam process of order k. In Section 7,
we determine the marginal pmf, governing equations for marginal pmf, Lévy densities, and moment
generating functions for space-fractional Skellam process and tempered space-fractional Skellam
process.

2. Preliminaries

In this section, we collect relevant definitions and some results on Skellam process, subordinators,
space-fractional Poisson process, and tempered space-fractional Poisson process. These results will be
used to define the space-fractional Skellam processes and tempered space-fractional Skellam processes.

2.1. Skellam Process

In this section, we revisit the Skellam process and also provide a characterization of it. Let S(¢) be
a Skellam process, such that
S(t) = Ni(t) = Na(t), £ =0,

where Nj (t) and Nj(t) are two independent homogeneous Poisson processes with intensity A1 > 0 and
Ay > 0, respectively. The Skellam process is defined in [8] and the distribution has been introduced and
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studied in [1], see also [2]. This process is only symmetric when Ay = A,. The pmf sy (t) = P(S(t) = k)
of 5(t) is given by (see e.g., [1,10])

k/2
Se(t) = e~ ) (%) I 2t/ Ak, k€2, (1)
2
where I; is modified Bessel function of first kind (see [19], p. 375),
i 2/2)2n+k (2)
(n+k)!

The pmf si(t) satisfies the following differential difference equation (see [10])

d

gp5k(8) = A (s (8) = si(8)) = Aa(si () = s (1)), Kk € Z, ®)
with initial conditions sp(0) = 1 and s¢(0) = 0, k # 0. For a real-valued Lévy process Z(t) the
characteristic function admits the form

E(eiuZ(t)) _ e“/’z(”), @

where the function ¢z is called characteristic exponent and it admits the following Lévy-Khintchine
representation (see [20])

= iau — bu® Y1 — juxl 7z (dx). 5
Yz (u) = iau — bu” + R\{o}(e iuxlyy<1y)mz(dx) (5)
Here, a € R,b > 0 and 717 is a Lévy measure. If 717 (dx) = vz(x)dx for some function vz, then vy is
called the Lévy density of the process Z. The Skellam process is a Lévy process, its Lévy density vs is a
linear combination of two Dirac delta functions, vs(y) = A161(y) + A28_1(y) and the corresponding
characteristic exponent is given by
psy () = [ (1= e )us(y)dy.

—00

The moment generating function (mgf) of Skellam process is
E[eas(t)} _ e—t(A1+A2—A163—/\2e’9), 8 cR. 6)

With the help of mgf, one can easily find the moments of Skellam process. In the next result, we give a
characterization of Skellam process, which is not available in literature as per our knowledge. For a
function h, we write h(6) = 0() if lims_,o h(5)/5 = 0.

Theorem 1. Suppose that an arrival process has the independent and stationary increments and it also satisfies
the following incremental condition, then the process is Skellam.

A1 +0(9), m>n, m=n+1;

A2d +0(5), <nm=n-1
B(S(t + ) = m|S(t) = n) = 4 120 T s m=n

1—-M6—Ab+0(8), m=mn;

o(9) otherwise.
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Proof. Consider the interval [0,t], which is discretized with n sub-intervals of size ¢ each, such that
né = t. For k > 0, we have

N‘T
L

P =0 = L S +k)!(nri oy M) (A20)" (1= M8 = 226)" 2 4 0(6)

| m+k m n—2m—k
n Mt Aot 1Mt At +0(5)
m!(m+k)!(n —2m — k)! n n n

= 3
1

I
gl

m=0
(2] m+k | n—2m—k
'y (A f)+E Ay )™ n! Mt Aot rold)
= oml(m k) (n = 2m — k)n2mtk n n
= () 3 (M) (A1)
= o ml(m k)

by taking n — co. The result follows now by using the definition of modified Bessel function of first
kind I. Similarly, it can be proved for k < 0. O

2.2. Poisson Process of Order k
In this section, we recall the definition and some important properties of Poisson process of order

k (PPoK). Kostadinova and Minkova (see [14]) introduced and studied the PPoK. Let x1,xp, - - - , X be
non-negative integers and j = x1 +xp + - - - + xg, IIx! = xq!x0! ... x! and

Qk,n) ={X = (xq, x2, .., xp)|x1 +2x2 + - - + kxp = n}. (7)

Additionally, let { N k(t) }i>0, represent the PPoK with rate parameter At, then probability mass function
(pmf) is given by
i _ AF) %k
pN () =P(N‘()=n)= Y e K (AD)E ©

X=Q(kn) IT!

The pmf of N¥(t) satisfies the following differential-difference equations (see [14])

N NF Ak
dtpn ( ) _kApn (t)+)\2pn—j(t)/ n=12...
j=1

d k
a0 = —kapd (o), ©)

with initial condition p* (0) = 1 and p}*(0) = 0 and 7 A k = min{k, n}. The characteristic function of
PPoK N¥(t)
. k k iuj
Pk (1) = E[eN' (] = ¢ ML ™)) (10)
where i = /—1. The process PPoK is Lévy, so it is infinite divisible i.e. Pyi (1) = (ngk(l)(u))t.
The Lévy density for PPoK is easy to derive and it is given by

k

vgr(x) = A Z di(x),

j=1
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where §; is the Dirac delta function concentrated at j. The transition probability of the PPoK {NK(£)}+>0
is also given by Kostadinova and Minkova [14],

1—kA6, m=mn;
P(NF(t+68) = m|NF(t) = n) = { Ao m=n+ii=12...k (11)

0 otherwise.
The probability generating function (pgf) GN ‘ (s, t) is given by (see [14])
GN(s,t) = ¢ MI-TL s (12)

The mean, variance and covariance function of the PPoK are given by

E[NK(1)] = k(k;”m;
Var[NK(£)] = WM
Cov[NK (), N5 (s)] = W/\(t/\s) (13)

2.3. Subordinators

Let Df(t) be a real valued Lévy process with non-decreasing sample paths and its Laplace
transform has the form
E[E—SDf(f)] = if),

where -
f(s) = bs+/0 (1—e*)m(dx), s>0,b>0,

is the integral representation of Bernstein functions (see [21]). The Bernstein functions are C®,

non-negative and such that (—1)" dd;; f(x) < 0form > 1][21]. Here, 7 denote the non-negative

Lévy measure on the positive half line, such that

/0°°(x A1) 7t(dx) < oo, 72([0,00)) = oo,

and b is the drift coefficient. The right continuous inverse E¢(t) = inf{u > 0 : D¢(u) > t} is the
inverse and first exist time of Df(¢), which is non-Markovian with non-stationary and non-independent
increments. Next, we analyze some special cases of Lévy subordinators with drift coefficient b = 0,

plog(1+3), p>0,a >0, (gamma subordinator);

f(s) = (s+m)*—p" np>0,0<a<1, (tempereda-stablesubordinator); (14)
5(v/25+92—9), v>0,0>0, (inverseGaussian subordinator);
s, 0<a<, (a-stable subordinator).

It is worth noting that, among the subordinators given in (14), all of the integer order moments of
a-stable subordinators are infinite and others subordinators have all finite moments.
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2.4. The Space-Fractional Poisson Process

In this section, we discuss the main properties of a space-fractional Poisson process (SFPP). We
also provide the Lévy density for SFPP, which is not discussed in the literature. The SEPP N, (t) was
introduced by (see [22]), as follows

N(Dgu(t)), t>0, 0<a<1,
(Du() 120 0<e -

Nalt) = {N(t) >0, a=1,

where D,(t) is an a-stable subordinator, which is independent of the homogeneous Poisson process
N(t).
The probability generating function (pgf) of this process is

GNe(s, t) = E[sM (D] = =M (1=9)" 15| <1, a € (0,1). (16)
The pmf of SFPP is

P (k1) = P{Na (t) = k} = (1) & (=A%)t T(ra+1)

ki = ot T(ra—k+1)
_ (71)]( (1,0{); ®
= Tllpl |:(1 . k,ﬂ();(_/\ t) ’ (17)

where ;1;(z) is the Fox Wright function (see formula (1.11.14) in [23]). It was shown in [22] that the
pmf of the SFPP satisfies the following fractional differential-difference equations

d

Pt = =A"(1 = B)*P*(kt), a € (0,1], k=1,2,... (18)
%P"‘(O,t) = —AYP*(0,1), (19)

with initial conditions
P%(k,0) = bk, (20)

where J;  is the Kronecker delta function, given by

bo= 1% K= (21)
70, k=0
The fractional difference operator
a-pr =% (%) vie @2)
j=0

is defined in [24], where B is the backward shift operator. The characteristic function of SFPP is
]E[eillNzx(f)] _ e—)ﬂ"(l—eiu);xr. 23)

Proposition 1. The Lévy density vy, (x) of SEPP is given by

e

v, (1) = A%

(1) <z> B (20). (24)

Il
_

n
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Proof. We use Lévy-Khintchine formula (see [20]),

/R\{w @ = Ty <Z> G (x)ddx

n=1

—e [ B (e B ()

i n+1< > mn — _/\a(l _ Eiu)a

—

which is the characteristic exponent of SFPP from Equation (23). O

2.5. Tempered Space-Fractional Poisson Process

The tempered space-fractional Poisson process (TSFPP) can be obtained by subordinating the
homogeneous Poisson process N(t) with the independent tempered stable subordinator D (t)
(see [25])

Ny (t) = N(Dgpu(t)), a € (0,1), u> 0. (25)

This process has finite integer order moments due to the tempered a-stable subordinator. The pmf of
TSFPP is given by (see [25])

o, 1 kty - o wr—m [ &F ar —m
= L LSRG

k oo my—m
_ tut (_l) M A (1/“); Y _
e Il mZ::O o 11!71 (17’{7"1,0{),'( A t) , k 0,1,.... (26)
The governing difference-differential equation is given by
TP 1) = (0 + A1~ B)) — p)PH (1), k>0, @)

The characteristic function of TSFPP,

E[eftNer (D] = e~ (A=) =) (28)
While using a standard conditioning argument, the mean and variance of TSFPP are given by
E[Nau(t)] = Aap® 1, Var[Nyu(t))] = Aap® 1+ A% (1 — a)u® 2t (29)

Proposition 2. The Lévy density vy, (x) of TSFPP is

VN (% )= Y () Z() 116 (x), u > 0. (30)

n=1 1=1
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Proof. Using (28), the characteristic exponent of TSFPP is given by ¢, , (4) = —((p + A(1 — ety —
u*). We find the Lévy density with the help of Lévy-Khintchine formula (see [20]),

/ﬂ%\{o}(eiux —1) i e (Z) AN i (7) (—1)1*15,(x)dx

=1

3
Il
—

Il Il
e i1
~= =

= =

\ 4

/TN N
= R

L3
= <
=
+
=
=~
[
|
NN
—
=
ES
=
E
—
N

hence proved. [

Definition 1. A stochastic process X (t) is over-dispersed, equi-dispersed or under-dispersed [18], if the Fisher
index of dispersion, given by (see e.g., [17])

X ()] = i)

is more than 1, equal to 1, or smaller than 1, respectively, for all t > 0.

Remark 1. Using (29), we have FI[N,,(t)] =1+ @ > 1,i.e. TSFPP Ny (t) is over-dispersed.

3. Running Average of PPoK

In this section, we first introduced the running average of PPoK and their main properties.
These results will be used further to discuss the running average of SPoK.

Definition 2 (Running average of PPoK). We define the running average process N% (t), t > 0 by taking
time-scaled integral of the path of the PPoK (see [26]),

N (1) = %/Ot NK(s)ds. (31)

We can write the differential equation with initial condition N’ 1’5‘ (0) =0,

d 1

SONE®) = INKD — 5 [ N,

Which shows that it has continuous sample paths of bounded total variation. We explored
the compound Poisson representation and distribution properties of running average of PPoK.
The characteristic of fo‘(t) is obtained using the Lemma 1 of [26]. We recall Lemma 1 from [26]
for ease of reference.

Lemma 1. If X; is a Lévy process and Y} its Riemann integral is defined by

t
Y/ = / XSdS,
J0

then the characteristic functions of Y satisfies

Py (p) (1) = E[eiuﬂt)} — Ef(lb] 10g¢x<1)(fu2>dz), UER. (32)
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Proposition 3. The characteristic function of N/’fl(t) is given by

—tA(k=xk_ L’if’,l)
Pnk (1) =€ < o ) (33)

Proof. Using the Equation (10), we have

s

1 (eituzj _ 1)
/O log fs(y) (uz)dz = —A (k 1 Ztu}) .

]

Using (32) and (31), we have

X ("i-1)
(PNk(t)(u) _ et(jO] logq;Nkm(uz)dz) _ e*f/\ (’“Z}‘:l if >
A

|

Proposition 4. The running average process has a compound Poisson representation, such that

N(t)
Xi, (34
i—1

where X; = 1,2, ... are independent, identically distributed (iid) copies of X random variables, independent of
N(t) and N(t) is a Poisson process with intensity kA. Subsequently,

Y(1) ' N ().

Further, the random variable X has the following pdf

k k
= ;Pw(x)fu,(x T qu (x), (35)

where V; follows discrete uniform distribution over (0, k) and U; follows continuous uniform distribution over
0,1),i=1,2,...,k

Proof. The pdf of U; is fij,(x) = %, 0 < x <i. Using (45), the characteristic function of X is given by

zu] _ ])

1k
:E;

For fixed t, the characteristic function of Y (t) is

_ vk gi"/—l)
) = st _ (B ), 6)

which is equal to the characteristic function of PPoK that is given in (33). Hence, by the uniqueness of
characteristic function, the result follows. [

Using the definition

my = B[X7] = (—i)rex() 37)
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the first two moments for random variable X given in Proposition (4) are m; = (kH) and m, =

1%3 [(k+1)(2k + 1)]. Further, using the mean, variance, and covariance of compound P01sson process,
we have

(k+1)

E[Nj (1] = E[N(H)E[X] = == AL,

Var|NK ()] = E[N(1)|E[X?] = E[k(k+ 1)(2k +1)]At;
Cov[NJ (1), Njy(s)] = E[N (£), N (s)] — E[NS (D]E[N (5)]
= B[N} (s)]E[N) (t — 5)] — B[N (s)%] — E[N} ()]E[N) (s)]

K2 (k +1)?

S N2%2 s <t
16 5, 8<

= E[k(k+ 1)(2k +1)]As —

Corollary 1. Putting k =1, the running average of PPoK N fg (t) reduces to the running average of standard
Poisson process N4 (t) (see Appendix in [26]).

Corollary 2. The mean and Uuritmce of PPoK and running average of PPoK satisfy, E[Nﬁ (H]/E[N*(t)] = %
and Var[Nk( )]/Var[Nk( )] = §

Remark 2. The Fisher index of dispersion for running average of PPoK NX (t) is given by FI[Nk (t)] =
%(Zk +1). If k = 1 the process is under-dispersed and for k > 1 it is over-dispersed.

Next we discuss the long-range dependence (LRD) property of running average of PPoK. We
recall the definition of LRD for a non-stationary process.

Definition 3 (Long range dependence (LRD)). Let X(t) be a stochastic process that has a correlation function
for s > t for fixed s, that satisfies,

c1(s)t~4 < Cor(X(t), X(s)) < ca(s)t4,

forlarge t, d > 0, c1(s) > 0and ca(s) > 0. For the particular case when c1(s) = ca(s) = c(s), the above
equation reduced to

lim Cor(X(t), X(s)) _ c(s).
t—o0 t— d
We say that, if d € (0,1), then X(t) has the LRD property and if d € (1,2) it has short-range dependence
(SRD) property [27].
Proposition 5. The running average of PPoK has LRD property.

Proof. Let 0 < s < t < oo, then the correlation function for running average of PPoK Nﬁ(t) is

(8(2k +1) — 9(k + 1)kAs) s'/2471/2

Cor[NK (1), Nk (s)] = 8(2k+1)

Subsequently, for d = 1/2, it follows

lim

t—c0 - C(S).

Cor[Nk (£),N&(s)]  (8(2k +1) — 9(k + 1)kAs)s'/2
t=d B 8(2k +1)
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4. Skellam Process of Order k (SPoK)
In this section, we introduce and study the Skellam process of order k (SPoK).
Definition 4 (SPoK). Let N¥(t) and Nk(t) be two independent PPoK with intensities Ay > 0 and A > 0.

The stochastic process
SK(t) = Ni(t) — N3 (1)

is called a Skellam process of order k (SPoK).
Proposition 6. The marginal distribution Ry, (t) = P(S¥(t) = m) of SPoK Sk(t) is given by
/\1 m/2
Rm(t) = e*kt(/\1+7\2) (/\72) I|m‘(2tk\/ /\1)\2), m € Z. (38)

Proof. For m > 0, using the pmf of PPoK that is given in (8), it follows

Ru(t) = Y2 PONE(E) = 1+ m)P(NE(E) = 1)Lso

= gt (A1) gt (Aat)%
= Z Z ekt 2 ekt X220 )
n=0 \ X=Q(kn+m) It X=Q(k,n) Tt

Setting x; = njand n = x + Zle(i —1)n;, we have

(A2h)* (M) £ () S ()
xb (m+ )0\ e Ty mm N2l ! iy b=\ 2L

(/\Zt)x ()\lt)ner
x! (m+x)!

[agkd

Ry (t) _ e*kt(/\ﬁr/\z)

=
Il
o

— pkt(A+A2)

M+X X
S o

agkd

I
o

X

using the multinomial theorem and modified Bessel function given in (2). Similarly, it follows for
m<0. O

Proposition 7. The Lévy density for SPoK is
k k
vgr(x) = Aq Zéj(x) + Ay Zé_j(x)‘
j=1 j=1

Proof. The proof follows by using the independence of two PPoK used in the definition of SPoK. [

Remark 3. Using (12), the pgf of SPoK is given by

GSk(S’ £ = Z S"Ry(t) = C—t(k(/\1+/\z)*/\1 ):;(:] Sy 2;6:1 s*/)‘ (39)

m=—oo

Further, the characteristic function of SPoK is given by
ki K iju
Por(py (u) = R R (40)

SPoK as a Pure Birth and Death Process

In this section, we provide the transition probabilities of SPoK at time t + J, given that we started
at time f. Over such a short interval of length § — 0, it is nearly impossible to observe more than k
event; in fact, the probability to see more than k event is 0(J).
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Proposition 8. The transition probabilities of SPoK are given by

A6 +0(6), m>nm=n+1ii=1,2,...,k

A2d ), ,m=n—ii=12,...,k
P(Sk(t +6) = m|S(t) = n) = { 2 +o0(9) m<n,m=n-—ili (1)

1—kAS — kAo +0(6), m=mn;

0(6) otherwise.

Basically, at most k events can occur in a very small interval of time 6. Additionally, even though the probability
for more than k event is non-zero, it is negligible.

Proof. Note that S¥(t) = N¥(t) — NX(t). We call Nf(t) as the first process and NX(t) as the second
process. Fori =1,2,--- ,k, we have

k=i
P(S5(t +8) = n + ] Sk(t) Z P(the first process has i+j arrivals and the second process has j arrivals)

+ P(the first process has i arrivals and the second process has 0 arrivals) +o(s)
k—i
=Y (M8+0(6)) x (A28 +0(8)) + (A1 +0(6)) x (1 —kAz8+0(5)) +0(5)
j=0

= Md+0(d).

Similarly, fori = 1,2, - - ,k, we have

k—i
P(SK(t+06) = n —i|SK(t) =Y p(the first process has j arrivals and the second process has i+j arrivals)
j=1

+ P(the first process has 0 arrivals and the second process has i arrivals) +o(s)
k—i
=Y "(AM10+0(0)) x (A28 +0(8)) + (1 = kA18 + 0(8)) x (A28 +0(8)) + 0(5)
j=0

= A28 +0(d).

Further,

P(SK(t+ 6) = n|SK(t) = n) =

M»

P(the first process has j arrivals and the second process has j arrivals)

Il
—-

+ P(the first process has 0 arrivals and the second process has 0 arrivals) +o(s)

~

= Y (M3 +0(8)) X (Asd +0(8)) + (1= kA1d +0(8)) X (1 — kA2d +0(8)) +0(6)
j=0
=1—kA10 — kAzd +0(5).

O

Remark 4. The pmf R,,(t) of SPoK satisfies the following difference differential equation

d k k
ERm(t) = —k(A + A)Rm(t) + A1 Y Ry () + A2 Y Ry ()
j=1 j=1
k . k .
=AY (1-B)Ru—A2 Y (1 - F)Ru(t), meZ,
j=1 j=1

with initial condition Ry(0) = 1 and R, (0) = 0 for m # 0. Let B be the backward shift operator defined
in (22) and F be the forward shift operator defined by FIX(t) = X(t + j), such that (1 — F)* = 2o (’;)Ff
Multiplying by s™ and summing for all m in (42), we obtain the following differential equation for the pgf
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i g ko N g
EG (S,f)=<k()\1+/\2)+/\1j2151+/\2];sj G (S,t).

The mean, variance and covariance of SPoK can be easily calculated by using the pgf,

Bt = EX o, oy
Var[$(1)] = ¢ [K(k+1) (2K -+ 1)] (41 + 425
Cov[Sk(#), Sk(s)] = % (k+1)(2k +1)] (A1 + A)s, s < £.

Remark 5. For the SPoK, when Ay > Ay, Var[SK(t)] — B[S (£)] = XU [(k — 1) Ay + (k+2)A, > 0, which
implies that FI[SK(t)] > 1 and hence S¥(t) exhibits over-dispersion. For Ay < A, the process is under-dispersed.

Next, we show the LRD property for SPoK.
Proposition 9. The SPoK has LRD property defined in Definition 3.

Proof. The correlation function of SPoK satisfies

Cor(Sk(t), Sk(s))  s'/2471/2
d = e =c(s).

lim
t—0c0 t—

Hence, SPoK exhibits the LRD property. [

5. Running Average of SPoK

In this section, we introduce and study the new stochastic Lévy process, which is the running
average of SPoK.

Definition 5. The following stochastic process defined by taking the time-scaled integral of the path of the SPoK,

t

sk (1) = %/ Sk (s)ds, (42)
0

is called the running average of SPoK.

Next, we provide the compound Poisson representation of running average of SPoK.

Proposition 10. The characteristic function Pt (1) (u) = E[ei’*si(’)] of Sk (t) is given by

,kf{A (1712L (ci1:£71)>+/\2<1flzk: (1,2[5511,-))}
Pty (1) =€ B kY= ,ueR. (43)
A

Proof. By using the Lemma 3.1 to Equation (40) after scaling by 1/¢. O

Remark 6. It is easily observable that Equation (43) has removable singularity at u = 0. To remove that
singularity, we can define 4)5;2(') (0)=1.
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Proposition 11. Let Y(t) be a compound Poisson process

Yt) =Y Jn (44)

where N(t) is a Poisson process with rate parameter k(A + Ap) > 0 and { ], },>1 are iid random variables
with mixed double uniform distribution function p;, which are independent of N(t). Subsequently,

Y(£) "2 Sk (b).

Proof. Rearranging the Pt (1) (u),

M _1yk E@W-1) Ay 1k (-t
(A1+A2)kt( e SN ey e S eSS DY Ry

¢S’A(t) (u) =e

The random variable J; being a mixed double uniformly distributed has density

k
pi(x Z Prfu() = | 1o fu () 5)

where V; follows discrete uniform distribution over (0, k) with pmf pvj(x) =PV, =x) = %, j=
1,2,...k, and U; be doubly uniform distributed random variables with density

fu(x) = (1 =w)1_ g (x) + Wl (x), —i <x<i.

Further, 0 < w < 1 is a weight parameter and 1(-) is the indicator function. Here, we obtained
the characteristic of J; using the Fourier transform of (45),

1k m] _ 1) 1k 1 _ 67”‘])
M A
on() = 354 k; MP VY kz
The characteristic function of Y(t) is
Py (1) = e MatA2)t (=g () (46)

putting the characteristic function ¢, (#) in the above expression yields the characteristic function of
Sk (t), which completes the proof. [

Remark 7. The g-th order moments of |1 can be calculated using (37) and also using Taylor series expansion of
the characteristic ¢y, (), around 0, such that

(em] _ 1)
iuj

2 (iuf)” (1—e”“1 &2 (—iuj)”
=1
+Z (r+1)! iuj Zl r+1)!

T
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We have m; = 7("1'(12511;2’)‘2)

of running average of SPoK are

and my = % ((k+1)(2k +1)]. Further, the mean, variance, and covariance

k(k+1)

E[s%(t)] = E[N(t)]E[}1] = (A —Ag)t

Var[$§(1)] = BIN(JEDR] = gglk(k+1) (2K +1)] (A + Aa)t

K2(k +1)2

Tk D@+ 1)](3 — Ag)s —

Cov[Sh (1), Sa()) = 15

(A1 — Ap)%s2.

Corollary 3. For Ay = 0 the running average of SPoK is same as the running average of PPoK, i.e.,
‘Ps’;\(t)(u) = ‘PNﬁ(t)(“)‘

Corollary 4. For k = 1 this process behave like the running average of Skellam process.

Corollary 5. The ratio of mean and variance of SPoK and running average of SPoK are 1/2 and 1/3,
respectively.

Remark 8. For running average of SPoK, when Ay > A, and k > 1, the process is over-dispersed. Otherwise,
it exhibits under-dispersion.

6. Time-Changed Skellam Process of Order k

We consider time-changed SPoK, which can be obtained by subordinating SPoK Sk (t) with the
independent Lévy subordinator D (t) satisfying E[D(t)]° < oo for all ¢ > 0. The time-changed SPoK
is defined by

Zs(t) = SK(Dy(1), t>0.

Note that the stable subordinator does not satisfy the condition E[D(t)]° < co. The mgf of
time-changed SPoK Z(t) is given by

E[EGZf(t)] — o k(M+A2) = T -y, e ¥y

Theorem 2. The pmf Hy(t) = P(Zs(t) = m) of time-changed SPoK is given by

(k/\])erx(k/\z)x
(m + x)!x!

H(- Y

x=max(0,—m)

E[efk()u#»)lz)Df(”DJ%"H’x(t)], m e Z. (47)

Proof. Let/if(x,t) be the probability density function of Lévy subordinator. Using conditional argument
Hi(t) = [ Ry (v, Dy
:/0 e~ ky(M+A) ( ) L 25k /A1 A2)If (y, £)dy

m+
(k/\l) ]:x ) /O k()»1+)»2)yy2m+th(y,t)dy

[
ngk

x=max(0,—m) (

*(
+x)
_ i (k/\(lrzﬂ:;()]:;\f) E[Eik (A1+A2)Dg(t )D;erX(t)}
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The mean and covariance of time changed SPoK are given by,

Bz () = S0 () - p)EID ()

K2(k +1)?

1 (A — /\2)2Var[Df(s)].

Cov[Zs(t), Zs(s)] = %[k(k +1)(2k +1)] (M + A2))E[Dy(s)] +

7. Space Fractional Skellam Process and Tempered Space Fractional Skellam Process

In this section, we introduce time-changed Skellam processes where time-change are stable
subordinator and tempered stable subordinator. These processes give the space-fractional version of
the Skellam process similar to the time-fractional version of the Skellam process introduced in [10].

7.1. The Space-Fractional Skellam Process

In this section, we introduce space-fractional Skellam processes (SFSP). Further, for introduced
processes, we study main results, such as state probabilities and governing difference-differential
equations of marginal pmf.

Definition 6 (SFSP). Let Ny (t) and Ny (t) be two independent homogeneous Poison processes with intensities
A1 > 0and Ay > 0, respectively. Let Dy, (t) and Dy, (t) be two independent stable subordinators with indices
ay € (0,1) and ay € (0,1), respectively. These subordinators are independent of the Poisson processes Ny (t)
and Ny (t). The subordinated stochastic process

St’tlrﬂz(t) = Nl(DM(t)) - NZ(Dﬂz(t))
is called a SFSP.

Next, we derive the mgf of SFSP. We use the expression for marginal (pmf) of SFPP that is given
in (17) to obtain the marginal pmf of SFSP.

My(t) = E[Eesal,az(t)] _ E[EG(Nl(D%(t))—Nz(D,xz(t)))] — ot =) +A;2(1—e*9)“2], 0 cR.
In the next result, we obtain the state probabilities of the SFSP.

Theorem 3. The pmf Hy(t) = P(Sa, a, (t) = k) of SESP is given by

& (-F La); o (La); 4
Hk(t)inzz‘bn!(n-&-k)! (1% {(1—71—1(,061);( M t)}> (1% [(1—11,062)}( r t)}>ﬂk20

(71)|k\ (1,a1); oy (1, a2); i w
+n§)"!(n+|k‘)! (1% {(1711,“1);( M t)}) (1% {(17117 |k\,zx2);( Ao t)}) Tico (48)

fork € Z.

Proof. Note that Nj(Dy, (t)) and Na(Dg, (t)) are independent, hence

gk

P(Suy 0 (8) = k) = ), P(N1(Duy (£)) = 1+ k)P(N2 (D, (£)) = 1)Ik=0

0

3
Il

+

e

P(N1(Da, (t)) = n)P(N2(Day (t)) = 1 + [k])Ix<o-

n

Il
o

Using (17), the result follows. [
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In the next theorem, we discuss the governing differential-difference equation of the marginal
pmf of SFSP.

Theorem 4. The marginal distribution Hy(t) = P(Sa,,a, (t) = k) of SESP satisfies the following differential
difference equations

d

EHk(t) = —A1"(1 = B)" Hi(t) — A2(1 = F)*2H(t), ke Z (49)
%Ho(t) = —A1"Ho(t) — A2H (t), (50)

with initial conditions Hy(0) = 1 and H(0) = 0 for k # 0.
Proof. The proof follows by using pgf. [

Remark 9. The mgf of the SFSP solves the differential equation

dMy(t)
ar

~Mp(D(AT (1 —¢")" + 232 (1 — %)) (51)

Proposition 12. The Lévy density vs, ,, (x) of SFSP is given by

ad o > ay
VSu, 0 (x) =M™ nzl(_1)n1+1 (n1>5,,1 (x) +A5? nzl(_l)nZH <n2> Sy (x).
1= 2=

Proof. Substituting the Lévy density vy, (x) and UN,, (x) of Ni(Dg, (t)) and Ny(Dg, (t)), respectively,
from the Equation (24), we obtain

VSuyay () = VN, (X) + VN, (%),
which gives the desired result. [

7.2. Tempered Space-Fractional Skellam Process (TSFSP)

In this section, we present the tempered space-fractional Skellam process (TSFSP). We discuss the
corresponding fractional difference-differential equations, marginal pmfs, and moments of this process.

Definition 7 (TSFSP). The TSFSP is obtained by taking the difference of two independent tempered space
fractional Poisson processes. Let Dy, y; (t), Dy, (£) be two independent TSS (see [28]) and Ny (t), Ny (t) be
two independent Poisson processes that are independent of TSS. Subsequently, the stochastic process

1,12
Sz};’],lilz (t) = Nl(Dﬂtl,m(t) - NZ(Dth,Mz(t))
is called the TSFSP.

Theorem 5. The PMF H,’:l'”z( t) = (S,f:ll ,ﬁfzz( t) = k) is given by

00 k m m
;41,;12 1) 1%1) H )‘ (1/ D‘l);
H; =) o n+k) Hy p <Z (17n7k7m,a1);(_/\1mt) X

n=0

oo 7!
(Z b {(1 _(} fzk) w); (—AZ“Zf)D (52)

=

o
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when k > 0 and similarly for k < 0,

;41,142 ad “1+;¢]"‘1 #m/\ " (1/ "‘1)} oy a
Hi Zn' n+\k| i <Z (l—n—m,txl);( M| | X

0

oo: 71
(12 & [(1 —1 Elnlxi)lk\ ®2); = AZMt)}) . &3

0

Proof. Because Ni(Dq, y, (t)) and No(Dy, y, (t)) are independent,

P (Shids (1) = k) = L P(N1(Daya (1)) = 1+ K)P(N2(Day () = m)lio

Z (N1(Dag gy (£)) = 1)P(Na(Diay i (1)) = 1+ [k|) <o,
which gives the marginal pmf of TSFPP using (26). [

Remark 10. We use this expression to calculate the marginal distribution of TSFSP. The mgf is obtained using
the conditioning argument. Let fy ,(x, t) be the density function of Dy, (t). Subsequently,

B[N (Den(t)] — /0 ¥ B[N Fup(t, ) = &A= 40", (54)
Using (54), the mgf of TSFSP is
E[#Ma 0] — | [eeM(Dw(t))] E [e—em(mmu»} — ot (=)t )1 = HH{ (A (1= 0) i) 2~}

Remark 11. We have E[sgf;ﬁf (1)) = t(Meay y‘lt — Agpp?” 1) Further, the covariance of TSFSP can be
obtained by using (29) and

Cov [SL2(8), SL142(5)] = COVINI (Day iy (1), Nt (Dag g (5))] + CovINa (D (1)), Nal(Dig s ()]
= Var(Ny (D, ji; (min(t,s))) 4 Var(Na (D, u, (min(t,s))).

Proposition 13. The Lévy density vgu n (x) of TSFSP is given by
s

) B a ny .
() = 35 (M) 1 (31 -0,

ny=1
o ny
f2=r aZ)/\ 2 <n2> _1)htls >0
+HZZ::1 H <1’12 2 lzzz:l 12 ( ) lz(x)l ]41/ H2 .

Proof. By adding Lévy density YNy iy (x) and VN 1y (x) of Ni(Daypu,(t)) and Na(Dayu,(t)),
respectively, from Equation (30), which leads to

Vg () = VN gy (¥) + Vg, (5)-

O

7.3. Simulation of SFSP and TSFSP

We present the algorithm to simulate the sample trajectories for SEFSP and TSFSP. We use Python 3.7
and its libraries Numpy and Matplotlib for the simulation purpose. It is worth mentioning that Python
is an open source and freely available software.
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Simulation of SFSP: fix the values of the parameters a1, a2, A1 and A;

Step-1: generate independent and uniformly distributed random vectors U, V of size 1000 each
in the interval [0, 1];
Step-2: generate the increments of the aq-stable subordinator Dy, (t) (see [29]) with pdf f,, (x,t),

1
while using the relationship Dy, (£ + dt) — Dy, () 4 Dy, (dt) 4 (dt)*1 Dy, (1), where

D, (1) sin(ay 7eU)[sin((1 — ag) wU)]/ -1
s [sin(7tU)]}/ 41| log V|1/ a1 -1

7

Step-3: generate the increments of Poisson distributed rvs Nj(Dy, (dt)) with parameter
A (dt)V D, (1);

Step-4: cumulative sum of increments gives the space fractional Poisson process Ny (Dy, (t))
sample trajectories; and,

Step-5: similarly generate N (D,, (t)) and subtract these to obtain the SFSP Sy 4, (t).

We next present the algorithm for generating the sample trajectories of TSFSP.
Simulation of TSFSP: fix the values of the parameters ay, ap, Ay, Ay, p1 and po.

Use the first two steps of previous algorithm for generating the increments of a-stable subordinator
Dy, (t).

Step-3: for generating the increments of TSS Dy, , (t) with pdf fy, 4, (x,t), we use the following
steps, called “acceptance-rejection method”;

(a) generate the stable random variable Dy, (dt);
(b) generate uniform (0,1) rv W (independent from Dy, );
(©) W < e #Puld) then Du, iy (dt) = Dy, (dt) (“accept"); otherwise, go back to (a) (“reject”).

@ L . wy () (3,
Note that, here we used that fy, 4, (x,t) = rz”“"ﬂ‘]ltﬁ,61 (x,t), which implies %
w1t

e MY for c = e and the ratio is bounded between 0 and 1;

Step-4: generate Poisson distributed rv N(Dy, 4, (dt)) with parameter Ay Dy, ;, (dt)

Step-5: cumulative sum of increments gives the tempered space fractional Poisson process

N1 (Day i, (t)) sample trajectories; and,

Step-6: similarly generate Ny (Dy, i, (t)), then take difference of these to get the sample paths of

the TSFSPS}!42(1).

The tail probability of a-stable subordinator behaves asymptotically as (see e.g., [30])

t
P(Dgy(t) > x) ~ mx“", as x — oco.

For a; = 0.6 and ay = 0.9 and fixed ¢, it is more probable that the value of the rv Dy, (t) is higher
than the rv Dy, (t). Thus, for same intensity parameter A for Poisson process the process N(Dy, (t))
will have generally more arrivals than the process N (D, (t)) until time ¢. This is evident from the
trajectories of the SFSP in Figure 1, because the trajectories are biased towards positive side. The TSFPP
is a finite mean process, however SFPP is an infinite mean process and hence SFSP paths are expected
to have large jumps, since there could be a large number of arrivals in any interval.
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Figure 1. The left hand figure shows the sample trajectories of SFSP with parameters ay = 0.6, ay = 0.9,
A = 6 and Ay = 10. The sample trajectories of TSFSP are shown in the right figure with parameters
a1 =0.6,0p =09, =6,Ay =10, u = 02 and i, = 0.5.

Author Contributions: Conceptualization, N.G., A K. and N.L.; Methodology, A.K. and N.L.; Simulation, N.G.;
Writing-Original Draft Preparation, N.G., A.K. and N.L.; Writing-Review & Editing, N.G., AK. and N.L. All
authors have read and agreed to the published version of the manuscript.

Funding: N.G. would like to thank Council of Scientific and Industrial Research (CSIR), India for supporting her
research under the fellowship award number 09/1005(0021)2018-EMR-I. Further, A.K. would like to express his
gratitude to Science and Engineering Research Board (SERB), India for the financial support under the MATRICS
research grant MTR/2019/000286.

Acknowledgments: N.G. would like to thank Council of Scientific and Industrial Research(CSIR), India, for the
award of a research fellowship.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Skellam, J.G. The frequency distribution of the difference between two Poisson variables belonging to
different populations. J. Roy. Statist. Soc. Ser. A 1946, 109, 296. [CrossRef]

2. Irwin, J.O. The frequency distribution of the difference between two independent variates following the
same Poisson distribution. J. Roy. Statist. Soc. Ser. A 1937, 100, 415-416. [CrossRef]

3. Steutel, EW.; Van Harn, K. Infinite Divisibility of Probability Distributions on the Real Line; Marcel Dekker:
New York, NY, USA, 2004.

4. Hwang, Y,; Kim, J.; Kweon, L. Sensor noise modeling using the Skellam distribution: Application to the color
edge detection. In Proceedings of the 2007 IEEE Conference on Computer Vision and Pattern Recognition,
Minneapolis, MN, USA, 17-22 June 2007; pp. 1-8.

5. Karlis, D.; Ntzoufras, I. Bayesian modeling of football outcomes: Using the Skellam'’s distribution for the
goal difference. IMA |. Manag. Math. 2008, 20, 133-145. [CrossRef]

6.  Bacry, E.; Delattre, M.; Hoffman, M.; Muzy, J. Modeling microstructure noise with mutually exciting point
processes. Quant. Finance 2013, 13, 65-77. [CrossRef]

7. Bacry, E.; Delattre, M.; Hoffman, M.; Muzy, ]. Some limit theorems for Hawkes processes and applications to
financial statistics. Stoch. Proc. Appl. 2013, 123, 2475-2499. [CrossRef]

8.  Barndorff-Nielsen, O.E.; Pollard, D.; Shephard, N. Integer-valued Lévy processes and low latency financial
econometrics. Quant. Financ. 2011, 12, 587-605. [CrossRef]

9.  Carr, P. Semi-static hedging of barrier options under Poisson jumps. Int. . Theor. Appl. Financ. 2011, 14,
1091-1111. [CrossRef]

10. Kerss, A.; Leonenko, N.N; Sikorskii, A. Fractional Skellam processes with applications to finance. Fract. Calc.

Appl. Anal. 2014, 17, 532-551. [CrossRef]

194



Entropy 2020, 22,1193

11.

12.

13.

14.

15.

16.

17.
18.

19.
20.

21.

22.
23.

24.
25.

26.
27.

28.
29.

30.

Kumar, A., Leonenko, N.N.; Pichler, A. Fractional risk process in insurance. Math. Financ. Econ. 2019, 529,
121-539.

Buchak, K.V,; Sakhno, L.M. On the governing equations for Poisson and Skellam processes time-changed by
inverse subordinators. Theory Probab. Math. Statist. 2018, 98, 87-99. [CrossRef]

Sengar, A.S.; Maheshwari, A.; Upadhye, N.S. Time-changed Poisson processes of order k. Stoch. Anal. Appl.
2020, 38, 124-148. [CrossRef]

Kostadinova, K.Y.; Minkova, L.D. On the Poisson —process of order k. Pliska Stud. Math. Bulgar. 2012, 22,
117-128.

Philippou, A.N. Distributions and Fibonacci polynomials of order k, longest runs, and reliability of
consecutive k-out-of-n:F systems. In Fibonacci Numbers and Their Applications; Philippou, AN., Ed.; D. Reidel:
Dordrecht, The Netherlands, 1986; pp. 203-227.

Fisher, R.A. The effects of methods of ascertainment upon the estimation of frequencies. Ann. Eugen. 1934, 6,
13-15. [CrossRef]

Cox, D.R; Lewis, P.A.W. The Statistical Analysis of Series of Events; Wiley: New York, NY, USA, 1966.
Beghin, L.; Macci, C. Fractional discrete processes: Compound and mixed Poisson representations.
J. Appl. Probab. 2014, 51, 9-36. [CrossRef]

Abramowitz, M.; Stegun, L A. Handbook of Mathematical Functions; Dover: New York, NY, USA, 1974.

Sato, K-I. Lévy Processes and Infinitely Divisible Distributions; Cambridge University Press: Cambridge,
UK, 1999.

Schilling, R.L.; Song, R.; Vondracek, Z. Bernstein Functions: Theory and Applications; De Gruyter: Berlin,
Germany, 2012.

Orsingher, E.; Polito, E. The space-fractional Poisson process. Statist. Probab. Lett. 2012, 82, 852-858. [CrossRef]
Kilbas; A.; Srivastava, H.; Trujillo, J. Theory and Applications of Fractional Differential Equations; Elsevier:
Amsterdam, The Netherlands, 2006.

Beran, J. Statistics for Long-Memory Processes; Chapman & Hall: New York, NY, USA, 1994.

Gupta, N.; Kumar, A.; Leonenko, N. Tempered Fractional Poisson Processes and Fractional Equations with
Z-Transform. Stoch. Anal. Appl. 2020, 38, 939-957. [CrossRef]

Xia, W. On the distribution of running average of Skellam process. Int. ]. Pure Appl. Math. 2018, 119, 461-473.
Maheshwari, A.; Vellaisamy, P. On the long-range dependence of fractional Poisson and negative binomial
processes. J. Appl. Probab. 2016, 53, 989-1000. [CrossRef]

Rosinski, ]. Tempering stable processes. Stochastic. Process. Appl. 2007, 117, 677-707. [CrossRef]

Cahoy, D.; Uchaikin, V.; Woyczynski, A. Parameter estimation from fractional Poisson process. J. Statist.
Plann. Inference 2013, 140, 3106-3120. [CrossRef]

Samorodnitsky, G.; Taqqu, M.S. Stable Non-Gaussian Random Processes; Chapman and Hall: Boca Raton,
FL, USA, 1994.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).

195






ﬂ entropy

Article

A Simplified Fractional Order PID Controller’s Optimal Tuning:
A Case Study on a PMSM Speed Servo

Weijia Zheng !, Ying Luo >*, YangQuan Chen 3 and Xiaohong Wang *

Citation: Zheng, W.; Luo, Y.; Chen, Y.;

Wang, X. A Simplified Fractional
Order PID Controller’sOptimal
Tuning: A Case Study on a PMSM
Speed Servo. Entropy 2021, 23, 130.
https://doi.org/10.3390/€23020130

Received: 27 November 2020
Accepted: 14 January 2021
Published: 20 January 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional clai-
ms in published maps and institutio-

nal affiliations.

Copyright: ©2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Mechatronic Engineering and Automation, Foshan University, 33 Guangyun Road,

Foshan 528225, China; z.wj08@mail.scut.edu.cn

Department of Mechanical Science and Engineering, Huazhong University of Science and Technology,
1037 Luoyu Road, Wuhan 430074, China

3 School of Engineering, University of California, Merced, 5200 North Lake Road, Merced, CA 95340, USA;
ychen53@ucmerced.edu

School of Automation Science and Engineering, South China University of Technology, 381 Wushan Road,
Guangzhou 510641, China; xhwang@scut.edu.cn

*  Correspondence: ying.luo@hust.edu.cn

Abstract: A simplified fractional order PID (FOPID) controller is proposed by the suitable definition
of the parameter relation with the optimized changeable coefficient. The number of the pending
controller parameters is reduced, but all the proportional, integral, and derivative components are
kept. The estimation model of the optimal relation coefficient between the controller parameters is es-
tablished, according to which the optimal FOPID controller parameters can be calculated analytically.
A case study is provided, focusing on the practical application of the simplified FOPID controller
to a permanent magnet synchronous motor (PMSM) speed servo. The dynamic performance of
the simplified FOPID control system is tested by motor speed control simulation and experiments.
Comparisons are performed between the control systems using the proposed method and those using
some other existing methods. According to the simulation and experimental results, the simplified
FOPID control system achieves the optimal dynamic performance. Therefore, the validity of the
proposed controller structure and tuning method is demonstrated.

Keywords: fractional order PID control; PMSM; frequency-domain control design; optimal tuning

1. Introduction

Recently, fractional calculus has attracted increasing interest in various fields of science
and engineering [1-4]. Fractional calculus is a generalization of the traditional integral and
differential operators from integer order to real number order [5-8]. Thus, it has a larger
feasible scope and greater flexibility in the system modeling and controller design methodology
than the classical integer order one [9-11]. Fractional control has aroused theoretical and
practical interest in the control community. Different kinds of fractional order controllers and
tuning methods have been introduced and studied [12-14].

The fractional order proportional-integral-derivative (FOPID) controller has the tunable
integral and differential orders, creating the possibility to provide better control perfor-
mance [15]. However, the design of the FOPID controller is also more difficult. Generally,
the tuning methods of the FOPID controller can mainly be divided into the analytic design
methods and the optimization methods. The classic frequency-domain method is a typical
analytic design method for the FOPI/D controller. Applying this method, three equations can
be derived from three frequency-domain specifications [16], according to which the controller
parameters can be calculated. However, with only three specifications, this method may
not be directly used to design the FOPID controller with five degrees of freedom. On the
other hand, the optimization design methods are based on iterative optimization [17,18].
Applying the optimization methods, the FOPID controller parameters are obtained by opti-
mizing an objective function characterizing the performance of the control system, under the
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constraints corresponding to specific design requirements, such as the system stability and
sensitivity [19]. Thus, an optimal FOPID controller can be obtained using the optimization
method, but the optimization process requires sufficient time and computing capability.

In our previous work, an analytic design method was proposed for the FOPID controller,
according to the linear relation between the controller parameters [20]. On this basis, an im-
proved FOPID controller is proposed in this paper, building the nonlinear relation between
the integral gain K; and derivative gain K;, with a changeable coefficient. The optimal
coefficient is modeled using the numerical fitting method, based on its optimal distribution
with regard to the plant model characteristics and design specifications. With the estimated
model, the parameters of the optimal FOPID controller can be calculated analytically ac-
cording to the design specifications. Compared with our previous work, the improved
FOPID controller proposed in this paper can be applied to a larger scope of plant models
and design specifications because a more sophisticated relation between the controller
parameters is adopted.

A case study of the proposed controller on the PMSM speed control is provided.
The robustness to the gain variations, step response performance, and anti-load disturbance
performance of the FOPID control system are tested by simulations and experiments.
Comparisons are performed between the control systems using the proposed controller
and those using some existing FOPID controllers. The advantages of the proposed method
are demonstrated by simulation and experimental results.

The contributions of this paper mainly include: (1) The relations among the FOPID
controller parameters being reasonably defined with a changeable coefficient, obtaining a
simplified FOPID controller structure, but a complete P&I&D tunability. (2) The estimation
model of the optimal relation coefficient between the controller parameters is built, realizing
the optimal estimation of the fractional orders and the subsequent analytical calculation of
the remaining parameters of the controller.

The paper is organized as follows: The simplified FOPID controller and the corre-
sponding tuning method are proposed in Section 2. The estimation model of the optimal
relation coefficient is discussed and established in Section 3. In Sections 4 and 5, the appli-
cation of the improved FOPID controller to the PMSM speed control is studied. The robust-
ness and dynamic performance of the control system using the simplified FOPID controller
are verified by simulations and experiments. The conclusion is presented in Section 6.

2. Simplified FOPID Controller
The FOPID controller can be represented as (1),

C(s) =K, (1+§+de“>, e

where K, K;, and K represent the gains of the proportional, integral, and derivative compo-
nents, respectively; A and y are the real number orders with0 < A <2and 0 < p < 2.

The typical unit negative feedback control system can be represented as Figure 1,
where G(s) and C(s) are the plant and controller, respectively, and 7, and n are the reference
and output signals, respectively. The classic frequency-domain method depends on three
specifications, i.e., the gain crossover frequency w, the phase margin ¢,;, and the slope of
the phase at w, [21], yielding,

IC(jwe)G(jwe)| =1, )

Arg[C(jwe)] + Arg[G(jwe)] = =7 + @, ®3)
d[Arg|C(jw)G(jw)]] _

dw e, =0 )

Therefore, the parameters of the FOPI or FOPD controllers can be calculated according to
these specifications. However, five pending parameters of the FOPID controller cannot be
solved according to only three equations.
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To solve this problem, a relation between K; and K; is proposed as (5),

1
Kij=——
4= K (%)

where a is a changeable coefficient. The dynamic characteristics of the FOPID controller,
e.g., the overshoot and oscillation of the step response, are affected by the fractional orders
A and p. Taking advantage of a simple assumption [22], a relation between A and  is
proposed as (6),

A= 6)

Thus, the FOPID controller is converted into a simplified form,
K; 1
C(s) =Ky (14 =L+ —5 7
(s) p < +3+ aK; s ) (7)

The amplitude and phase of the simplified FOPID controller can be obtained,

|C(jw)| = Kp\/ P(w)? + Q(w)?, ®)
Arg[C(jw)] = arctan<§((z)) ) , )
where: .
Plw) =1+ Kiw*’\cos(g)x) + Rw%os(%)\), (10)
Qw) = a%wsin(;)\) - Kiw_/\sin<§)\>. a1
n, + n

C(s) —> G(s) >

Figure 1. The closed-loop control system.
If w, and ¢, are given as the design specifications, substituting (9) into (3) yields,

arctan(g((;”z)) ) + Arg[G(jwe)] = — 7+ g (12)

Assuming that the coefficient 2 has been determined, denoting T as tan(—7 + ¢, —
Arg|G(jw.)]), an equation relating K; and A can be obtained,

1
51K% +50K; — — =0, (13)
where:
Twe"cos(ZA) + w A
= Tocteos(3) - dan(5)) "
’sm( /\) Tw?cos (72\)
T
= . 15
%0 wAsin(FA) — TwAcos(FA) (15
Substituting (9) into (4), another equation about K; and A is obtained,
A“;f,flsin(ﬂ)\) + Z-sin(An) + ZAK + M‘”L + 2Mceos(Am)
+21\fl‘<"f cos(ZA) + AwAKsin(FA) + 2M \cos( A)+M=0. (16)
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where:
_ d[arg[G(jw)]]

M dw

(17)

wW=we
The integral gain K; and order A can be calculated by solving (13) and (16), and then,
the proportional gain K, can also be calculated by solving (2). Thus, if 4 is determined,
all the parameters of the simplified FOPID controller can be calculated according to the

design specifications.

3. Estimation Model Establishment

According to the proposed tuning method, the coefficient 2 should be determined
before the calculation of the FOPID controller parameters. Thus, in order to improve the
control performance, the distribution of the optimal a should be studied. In this paper, we
concentrate on the third-order plant model described by (18),

K
Gls) = s3 + 1152 + s’ 18
where K, 11, and 1, are the parameters of the plant. The estimation model of a is established
in the hyperspace defined by the ranges of the plant model parameters (71, 72) and the
design specifications (wc, ¢;). The ranges of 71 and 1, are determined according to the
parameters of the plant models in actual applications, while those of w, and ¢, are
determined according to the design requirements. In this paper, the range of 71 is set from
90 to 180 and that of 1, is set from 6000 to 11,000. The range of the gain crossover frequency
we is set from 35 rad/s to 70 rad /s, and that of the phase margin ¢,, is set from 30° to 60°,

covering the design requirements of a class of motion control systems [23].

3.1. Optimal Samples” Collection

Several values of 71 and T, are uniformly selected from their ranges, respectively,
obtaining (11,1, 71,2, ..., Ti,m) and (12,1, T2, --., To,n). Since the plant model gain K has no
influence on the estimation of 4, it is given a fixed value. Thus, several test models can be
established by combining the values of 7; and 1,

K

Gii(s) = 57— ———
i4(%) 3+ 1,152 + 1o s

(19)
wherei =1,2,..,m,j =1,2,...,n. Similarly, several values of w¢ (we,1,w¢2, ..., wc,p) and @y
(@m,1, P2, s Pm,q) are selected from their ranges to be the given design specifications.

The integral of time and absolute error (ITAE) is adopted as the loss function to
evaluate the dynamic performance of the control system,

J= [ tetat (20)

where e(t) represents the error between the reference and output signals.

The optimal sample of a for each test model (71, 72) and design index (w,, @) is collected
following the steps shown in Figure 2. An accuracy threshold ¢ is set for the search of the
optimal a. If the value resolution of the obtained a is smaller than ¢, this value is considered
to be the optimum; otherwise, another loop of search needs to be performed in a smaller
range of a. For example, as shown in Figure 3, if the kth value of a, ay, is the current optimal
value, but its resolution is larger than o, namely a;,1 — a5 > 0, then a new range of a will be
created as (a_1, Ax+1), in which a new optimum will be obtained.
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Select the values of ¢ uniformly from its
range, obtaining ay, a,, ***, ay.

:

Calculate the FOPID controller parameters
according to all the selected values of a.

'

Perform the step response simulations
and calculate the loss functions (ITAE)
of all the control systems.

Build the new value
range of @ around the
current optimal value.

!

Select the value of @ corresponding to the
control system with the smallest loss
function to be the optimal value.

- T
T R No
" Isthe accuracy of @ meets .
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Figure 2. The determining process of the optimal a.
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° t P>

Y L
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Figure 3. The construction of the new range of a.

According to the model parameter ranges, several values of 71: 90, 100, ..., 180,
and 1: 6000, 6200, ..., 11,000, are selected to generate the test models. Similarly, several
values of w,: 34 rad/s, 36 rad/s, ..., 70 rad/s and ¢,,,: 30°, 32°, ..., 60° are selected to be the
design specifications. The initial range of a is from 0.001 to 500. The accuracy threshold ¢ is
0.001. Thus, following the steps shown in Figure 2, the optimal values of a corresponding
to all the test models and design specifications are collected.
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3.2. Estimation Model Establishment

Given the design specifications (we, ¢;,;), an optimal FOPID controller can be designed
for a plant model G(s), according to an optimal value of a, which depends on the plant
model characteristics (73, T») and design specifications (w¢, ¢). The estimation model is
established to approximate the distribution law of the optimal a.

Firstly, the distribution of the optimal a for a single plant model with regard to w,
and ¢y, is studied. Taking the test model Gp5(s) (11 = 100, T, = 6800) as an example,
the optimal values of a corresponding to different given crossover frequencies w, and a
fixed phase margin ¢, (¢, = 30°) are selected and plotted as the w.—a relation curve in
Figure 4. According to Figure 4, the distribution of the optimal a can be approximated as
acurve.

o

101 1

35 40 45 50 55 60 65 70
o, (rad/s)

Figure 4. The w—a relation curve with ¢, fixed to be 30°.

The w.—a relation curves of different ¢, for test model G, 5(s) are plotted in Figure 5.
It can be seen that the w.—a relation curves corresponding to different ¢,, are close to each
other. Thus, an assumption is adopted to simplify the analysis, i.e., the difference between
the w—a relation curves corresponding to different ¢,, can be ignored. Therefore, for the
same plant model, the optimal value of a is assumed to be only determined by w..

Adopting the simplifying assumption, an estimation model needs to be built for the
mean values of the optimal a. The w.—mean a relation corresponding to Gy 5(s) is plotted
as data spots in Figure 6.

It can be seen that the mean a values with regard to w, obey an obvious distribution
law, which can be described by an exponential function,

a=A(n, )P (21)

where A and B are the coefficients determined by the model parameters 7; and 7. The val-
ues of A and B can be obtained using the numerical fitting methods. The fitting function is
plotted as the red curve in Figure 6. Fitting the w,—mean a relations of all the plant models,
the values of A and B corresponding to different plant models: A; j and B; ;, are obtained,
where the subscript i corresponds to that of 73 ; and the subscript j corresponds to that of
T, i=12,..,mj=12.,n
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Figure 5. The w.—a relation curves correspond to different ¢;.

10 T

O sampled spots
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Figure 6. The w,—mean a relation and fitting curve of the test model Gy5(s).

Secondly, the relation between the coefficient A and the model parameters (7;, 1)
is studied. Taking 72/ 1; as the abscissa and the corresponding coefficient A as the ordi-
nate, the distribution of A with regard to 172/ is plotted in Figure 7. As can be seen,
the distribution of A with regard to 7, /71 can be approximated as a curve.
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Figure 7. The distribution of A with regard to 7o/ 71.

The 1,/ 71—A relation is plotted again in Figure 8, without distinguishing the data
spots corresponding to different plant models. According to the distribution of the data
spots, the 7o/ 71—A relation can be fitted by a model with two exponential functions,

p2 o2
AT, 2) =Me ™ + Ne~1, (22)
where M, N, P, and Q are the model coefficients, which can be obtained using numerical
fitting methods. The fitting function is plotted as the red curve in Figure 8.

4500 T T
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fitting curve
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Figure 8. The 7/ 71— A relation and the fitting curve.

204



Entropy 2021, 23, 130

Thirdly, the three-dimensional distribution of coefficient B with regard to 7; and 1, is
plotted in Figure 9.

100
5, 6000 T,

Figure 9. The distribution of B with regard to 7; and 1,.

Taking 71 and 1, as the independent variables, the (71, 72)-B relation can be fitted by a
cubic polynomial function,

B(T1,T2) = poo+P10T2+ o1 T + P20 T + pri Tt +poaTi >+ pao 2+ pa1 22T+ pre i, (23)

where poo, P10, Po1, P20, P11, P02, P30, P21, and pip are the model coefficients, which can
be obtained using the numerical fitting methods. Therefore, all the coefficients of the
estimation model are obtained.

4. Simulation Study
4.1. Feasible Region Study

The design flexibility of the proposed FOPID controller can be verified by studying the
feasible regions of the design specifications. The feasible region of the design specifications
includes the (w¢, ¢;;) combinations, according to which the reasonable FOPID controller
can be obtained by solving (2)-(4). To demonstrate the advantage of the proposed method,
the feasible region of the simplified FOPID controller is compared with those of the FOPI
and IOPID controllers.

Taking the test model G 24(s) (71 = 90, T2 = 11,000) as an example, the feasible regions
of the FOPI, IOPID, and FOPID controllers are plotted in Figures 10-12, respectively, where
the feasible design specifications are marked in blue. According to Figure 10, if the design
specifications are in the region where both w, and ¢,; are large, we are unable to design an
FOPI controller to satisfy (2)—(4) simultaneously. Similarly, according to Figure 11, we are
unable to design an IOPID controller if both w, and ¢;; are small. In contrast, according to
Figure 12, the feasible region of the FOPID controller covers the entire region of the design
specifications. Therefore, the proposed FOPID controller achieves more design options and
flexibility than the FOPI and IOPID controllers.
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Figure 10. The feasible region of the FOPI controller.

o (deg)

50 55
o, (rad/s)

Figure 11. The feasible region of the IOPID controller.
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Figure 12. The feasible region of the FOPID controller.

4.2. PMSM Speed Servo Plant

The proposed estimation model and tuning method are applied to design the FOPID
controllers for a class of PMSM speed servo systems. Applying the d — q coordinates and
the field-oriented control scheme, the dynamic characteristics of a PMSM can be described
by the following equations,

. dig
ug = Rig + LWE + Cen, (24)
GD?%dn .
375 ar - e T @)

where 14 and i, are the g-axis voltage and current, respectively, R is the stator resistance, L,
is the g-axis stator inductance, C, is the induced voltage constant, 7 is the motor speed in
revolutions per minute (RPM), C,;, is the torque constant, T} is the load disturbance torque,
and GD? is the flywheel inertia.

In the PMSM servo system, the g-axis voltage is often supplied by the pulse-width
modulation (PWM) inverter, whose dynamic characteristics can be approximated by a
first-order filter with time constant T;. Adopting a PI controller as the feedback controller
of the g-axis current,

Cils) = K1+ ), 26)

the g-axis voltage can be obtained as:

g (s) = %(z’qr(s) —in(s), @7)

where iy, is the g-axis reference current. Thus, according to (24), (25), and (27), the transfer
function of the PMSM speed servo plant (from iy, to 1) can be represented as:

Ks
G(S) _ CeTstTl

KKq

==, KKk (28)
1
$*+ 157 + it
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where T is the electromagnetic time constant, T; = L/R, and T}, is the electromechanical
time constant, T, = GD?R/ (375C.Cy;). The transfer function of the PMSM speed servo
plant model used in this paper is described as:

47,979.257

- , 2
G8) = 331273852 + 99956785 29)

4.3. Gain Robustness Study

Taking the PMSM speed servo as the plant model, setting the design specifications
as we = 40 rad/s and ¢, = 55°, the optimal coefficient a is estimated as 9.968. Thus,
the FOPID controller is obtained,

Cy(s) = 8.032 (1 + 13.207 + 0.0076s0-983). (30)

50983
The open-loop Bode diagram of the PMSM servo system using the FOPID controller
is shown in Figure 13. It can be seen that the magnitude and phase characteristics of the
control system satisfy the design specifications. The phase characteristic has zero slope
at wc. Thus, the systems with gain variations will have similar phase margins as the
nominal system.

Bode Diagram

Magnitude (dB)

System: H1
60 i Frequency (rad/sec): 40
n Phase (deg): -125
-120 T
| |

S -150 ]
[
k=2
[0
[Z]
©
<
o -180| i

-210 i i J

10° 10’ 10° 10°

Frequency (rad/sec)

Figure 13. The open-loop Bode diagram of the control system.

The step response is performed to test the overshoots of the control systems with gain
variations. The nominal gain of the plant is multiplied by 120% and 80% to simulate the
gain variations. The step responses of the nominal system and those with gain variations

are shown in Figure 14.
It can be seen that the responses of the control systems with gain variations have similar

overshoots, satisfying the robustness requirement.
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Figure 14. The step responses of the simplified FOPID control systems with different loop-gains (simulation).

4.4. Comparisons with Some Existing Methods

An optimization-based tuning method was proposed in [24], with the sensitivity and
complementary sensitivity functions introduced as the constraints. Applying this method,
an optimal FOPID controller is designed for the PMSM speed control system,

C3(s) = 8.896 (1 + 23% + 0.068550‘403>. (31)

The gain crossover frequency of the obtained control system is w. = 51.6 rad /s, and the
phase margin is ¢,; = 50°. According to these design specifications, the optimal coefficient
a is estimated as 5.047, and the FOPID controller is obtained,

Ca(s) = 10.451 (1 + 2sl()j8317 + 0.009450-991>. (32)

The step response simulation is performed, using the optimal FOPID controller Cs(s)
(denoted as opt-FOPID) and the proposed FOPID controller C4(s) (denoted as a-FOPID) as
the speed controllers, respectively. To guarantee a fair comparison, the two systems are
made to have similar rising times. The response curves and the performance indexes are

shown in Figure 15 and Table 1, respectively.
The load disturbance response simulation is also performed to test the anti-load distur-

bance performance of the control systems. The response curves and performance indexes are
shown in Figure 16 and Table 2, respectively.

Table 1. The step response performance indexes of the control systems using the optimal (opt)-FOPID

and a-FOPID (simulation).

Control System Settling Time (s) Overshoot (%)
opt-FOPID 0.313 19.49
a-FOPID 0.255 21.46
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Figure 15. The step responses of the control systems using the opt-FOPID and a-FOPID (simulation).
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Figure 16. The load disturbance responses of the control systems using the opt-FOPID and a-FOPID (simulation).

Table 2. The anti-load disturbance performance indexes of the control systems using the opt-FOPID
and a-FOPID (simulation).

Control System Recovery Time (s) Dynamic Speed Drop (%)
opt-FOPID 0.080 2.19
a-FOPID 0.055 1.83

According to Figure 15 and Table 1, the responses of two systems have similar over-
shoots, but the system using the a-FOPID has a shorter settling time. Therefore, the system
using the a-FOPID achieves better step response performance. According to Figure 16 and
Table 2, the response of the system using the a-FOPID has a smaller speed drop and a
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shorter recovery time. Therefore, the system using the a-FOPID achieves better anti-load
disturbance performance.

A Bode shaping-based tuning method for the FOPID controller is proposed in [25].
Applying this method, a FOPID controller is designed for the PMSM control system,

49.843
§127

Cs(s) = 7.532 (1 + + 0.060450‘556> . (33)

The gain crossover frequency of the obtained control system is w. = 41.5 rad/s,
and the phase margin is ¢, = 55.7°. According to these design specifications, the optimal
coefficient a is estimated as 9.128, and the FOPID controller is obtained,

13.628
50986

Cs(s) = 8.362 <1 + + 0.00850'986> . (34)

Step response simulation is performed, using the Bode shaping-based FOPID con-
troller Cs(s) (denoted as BS-FOPID) and the proposed FOPID controller Cg(s) (denoted as
a-FOPID) as the speed controllers, respectively. The response curves and the performance
indexes are shown in Figure 17 and Table 3, respectively. The load disturbance response
simulation is also performed. The response curves and performance indexes are shown in
Figure 18 and Table 4, respectively.

1400 T
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- - - a-FOPID

1200 N 1

1000 ~ = D™ — =
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600 : : v 8

400 8

0 i i i i i i i
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

time (s)

Figure 17. The step responses of the control systems using the Bode shaping-based (BS)-FOPID and
a-FOPID (simulation).

Table 3. The step response performance indexes of the control systems using the BS-FOPID and
a-FOPID (simulation).

Control System Settling Time (s) Overshoot (%)
BS-FOPID 0.408 24.24
a-FOPID 0.292 22.44

According to Figure 17 and Table 3, the response of the system using the a-FOPID has
a smaller oscillation and a shorter settling time. Therefore, the system using the a-FOPID
achieves better step response performance. According to Figure 18 and Table 4, the two
responses have a similar speed drop and recovery time, but the response of the system
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using the a-FOPID has a smaller oscillation. Therefore, the system using the a-FOPID
achieves better anti-load disturbance performance.
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Figure 18. The load disturbance responses of the control systems using the BS-FOPID and a-FOPID (simulation).

Table 4. The anti-load disturbance performance indexes of the control systems using the BS-FOPID
and a-FOPID (simulation).

Control System Recovery Time (s) Dynamic Speed Drop (%)
BS-FOPID 0.075 2.30
a-FOPID 0.082 222

5. Experimental Study

Figure 19 shows the PMSM speed control platform used in this paper. The PMSM is
the model Sanyo-P10B18200BXS PMSM. In the experiments, the fractional order operator
s" is realized by applying the impulse invariant discretization method [26].

itch  servo drive [® Monitoring
software

resistance box

bt

Figure 19. The PMSM speed control platform.
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5.1. Gain Robustness Study

Step response experiments are performed to test the gain robustness of the control
system using the proposed FOPID controller. The proportional gain of the FOPID controller
is multiplied by 120% and 80% to simulate the gain variations. The step responses of the
nominal system and those with gain variations are shown in Figure 20.
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Figure 20. The step responses of the simplified FOPID control systems with different loop-gains (experiment).

According to Figure 20, similar to the simulation result, the responses of the control
systems with gain variations have similar overshoots, satisfying the robustness requirement.

5.2. Comparisons with Some Existing Methods

Step response experiments are performed, using the optimal FOPID controller Cs(s)
(opt-FOPID) and the proposed FOPID controller Cy4(s) (a-FOPID) as the speed controllers,
respectively. The response curves and the performance indexes are shown in Figure 21 and
Table 5, respectively. The load disturbance response simulation is also performed to test
the anti-load disturbance performance of the control systems. The response curves and
performance indexes are shown in Figure 22 and Table 6, respectively.

According to Figure 21 and Table 5, similar to the simulation result, the responses
of the two systems have similar overshoots, but the response of the system using the
a-FOPID has a shorter settling time. Therefore, the system using the a-FOPID achieves
better step response performance. According to Figure 22 and Table 6, the responses of two
systems have similar speed drops, but the response of the system using the a-FOPID has a
shorter recovery time. Therefore, the system using the a-FOPID achieves better anti-load
disturbance performance.

Table 5. The step response performance indexes of the control systems using the opt-FOPID and
a-FOPID (experiment).

Control System Settling Time (s) Overshoot (%)
opt-FOPID 0.325 23.61
a-FOPID 0.273 21.91
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Figure 21. The step responses of the control systems using the opt-FOPID and a-FOPID (experiment).
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Figure 22. The load disturbance responses of the control systems using the opt-FOPID and a-FOPID

(experiment).

Table 6. The anti-load disturbance performance indexes of the control systems using the opt-FOPID
and a-FOPID (experiment).

Control System Recovery Time (s) Dynamic Speed Drop (%)
opt-FOPID 0.255 2.55
a-FOPID 0.195 2.30

Step response experiments are performed, using the Bode shaping-based FOPID con-
troller Cs(s) (BS-FOPID) and the simplified FOPID controller Cg(s) (a-FOPID) as the speed
controllers, respectively. The response curves and the performance indexes are shown in
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Figure 23 and Table 7, respectively. The load disturbance response simulation is also per-
formed to test the anti-load disturbance performance of the control systems. The response
curves and performance indexes are shown in Figure 24 and Table 8, respectively.
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Figure 23. The step responses of the control systems using the BS-FOPID and a-FOPID (experiment).

Table 7. The step response performance indexes of the control systems using the BS-FOPID and
a-FOPID (experiment).

Control System Settling Time (s) Overshoot (%)
BS-FOPID 0.452 18.45
a-FOPID 0.324 15.89
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Figure 24. The load disturbance responses of the control systems using the BS-FOPID and a-FOPID (experiment).
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Table 8. The anti-load disturbance performance indexes of the control systems using the BS-FOPID
and a-FOPID (experiment).

Control System Recovery Time (s) Dynamic Speed Drop (%)
BS-FOPID 0.265 2.52
a-FOPID 0.236 2.83

According to Figure 23 and Table 7, the response of the system using the a-FOPID has
a smaller overshoot and a shorter settling time. Therefore, the system using the a-FOPID
achieves better step response performance. According to Figure 24 and Table 8, the speed
drops and recovery time of two responses are close to each other, but the response of
the system using the a-FOPID has smaller oscillation. Therefore, the system using the
a-FOPID achieves better anti-load disturbance performance. From the simulation and
experimental results, the simplified FOPID controller achieves flexible tuning capability,
sufficient robustness to gain variations, and the optimal step response performance.

6. Conclusions

A simplified FOPID controller is proposed by building the relations between the
controller parameters. An estimation model for the optimal relation coefficient a is built for
a class of third-order models, according to which the optimal FOPID controller controllers
can be obtained analytically. An actual application of the proposed controller and tuning
method on the PMSM speed servo is studied by simulation and experiments, verifying
the robustness and dynamic performance of the simplified FOPID control system. The ad-
vantages of the proposed method are demonstrated by the comparisons with some other
existing methods. Some issues may be studied in the future works, such as improving
the relation between the fractional orders and applying the simplified FOPID controller to
other classes of plants.
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Abstract: In this paper, we explore the advantages of a fractional calculus based watermarking
system for detecting Gaussian watermarks. To reach this goal, we selected a typical watermarking
scheme and replaced the detection equation set by another set of equations derived from fractional
calculus principles; then, we carried out a statistical assessment of the performance of both schemes
by analyzing the Receiver Operating Characteristic (ROC) curve and the False Positive Percentage
(FPP) when they are used to detect Gaussian watermarks. The results show that the ROC of a
fractional equation based scheme has 48.3% more Area Under the Curve (AUC) and a False Positives
Percentage median of 0.2% whilst the selected typical watermarking scheme has 3%. In addition, the
experimental results suggest that the target applications of fractional schemes for detecting Gaussian
watermarks are as a semi-fragile image watermarking systems robust to Gaussian noise.

Keywords: fractional calculus; Gaussian watermarks; statistical assessment; false positive rate;
semi-fragile watermarking system

1. Introduction

Digital watermarking has gained popularity in the past few decades as a copyright
enforcement tool. It is an active research field that includes applications such as data
authentication and data indexing among other practical applications [1-3]. The scenario of
copyright enforcement is as follows: the copyright holder wants to exploit some digital
media, so he embeds a watermark under the premise that, in case of an unauthorized
person exploiting the media, the copyright holder would be able to demonstrate in court
that his watermark was embedded in the media and hence he owns all rights to the media.

A watermarking system embeds a signal, called the watermark, into another signal
known as the cover; a cover might be digital media such as an image, audio, video, or other
digital media. Most of the proposed watermarking systems generate a pseudo-random
signal (the watermark) using a user’s key and then embeds this watermark into the cover;
conversely, the watermarking system is able to detect the watermark or even retrieve it from
the watermarked cover. If watermark samples are in the set {—1,1}, then the watermark is
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called binary; sometimes, designers let the watermark be a pseudo-random sequence with
Gaussian distribution, this kind or watermark is called a Gaussian Watermark.

A watermarking system can have two types of errors during its attempt to detect a
watermark:

Error type I:  The system failed to find a watermark; this is called a False Negative (FN).
Error type II: The system found a given watermark even when either no watermark or
another watermark was embedded; this is called False Positive (FP).

A FP is considered flawed that must be avoided because this might lead to a legal
dispute on the copyrights of the digital media. For this reason, systems that exhibit a high
FPP are impractical and thus excluded from literature. Usually, a watermarking system has
a negligible FPP for detecting binary watermarks; conversely, some systems might have a
high FPP when detecting Gaussian watermarks.

To clarify this issue, consider the following example: Figure 1 (left) shows an image wa-
termarked with a Gaussian watermark. Only one watermark was embedded; however, the
system detects several watermarks as if they were actually embedded as shown in Figure 1
(right). Assuming that a court acknowledges as the copyright owner any individual who
claims the rights to some digital media granted, he can prove that the watermarking system
detects his watermark within the media. Under these conditions, an attacker would have to
search for a watermark that produces a positive detection and could then claim ownership
of the media, causing a legal dispute.

System Response
to Embedded

5h / Watermark

False
Positives
20 Threshold —4

0 200 400 600 800 1000
k (Watermark Index)

Figure 1. Faulty detection of a Gaussian watermark due to False Positives. (left) Watermarked image.
¢ =5, PSNR = 34.14 dB. (right) The systems verify the presence of several watermarks; the cases
that fall in the red zone are False Positives.

To help to mitigate this issue, we proposed in a previous paper to replace the detection
equations of watermarking systems to reduce the FPP. Although results were interesting
and seem promising, our tests were not conclusive due to the low number of images in the
database used in the experiments; thus, the purpose of this paper is to fill the remaining
gaps in our previous proposal by analyzing the cases we left unexplored using a bigger
image database. In this paper, we put our early proposal on a firmer basis, we:

®  Assessed statistically meaningful results by extending the data set up to 10,000 images.

¢ Carried out a statistical analysis to compare the FPP of the original watermarking
scheme versus the corresponding version with detection equations derived from
fractional calculus.

e Evaluated the quality of both schemes as a watermark detector by comparing their
ROC curves.
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e Examined the successful detection rate after performing a number of signal process-
ing operations on the watermarked images to define robustness of the system and
recommend target applications of fractional detector equations.

e  Complemented our previous study about binary watermarks with this study about
Gaussian watermarks.

With these results as a basis, we expect designers of watermarking systems to take
advantage of Gaussian watermarks when appropriate to meet their design goals. At the
moment, it is difficult to detect watermarks using simple equations, so we look forward to
providing an alternative to reuse previously proposed schemes by using fractional calculus
based equations.

The usage scenarios for such schemes include:

e The system designer wants to enhance the discriminative power of a system already
proposed.

e The watermark is some information that closely holds the Gaussian distribution.

¢ The complexity of the watermarking system has to be low.

Another scenario will be discussed later.

The rest of the paper is organized as follows: in Section 2, we review the background
of the analyzed watermarking scheme. A discussion about related works is presented in
Section 3. Section 4 presents a Fractional Scheme for watermarking. In Section 5, we discuss
the materials and methods of analysis used to carry out the experiments; next, in Section 6,
we present the experimental results; then, in Section 7, we discuss the experimental results
and present the conclusions, and finally the references are in the last section.

2. The Watermarking Model

Before continuing with the background fundamentals, let us define the terminology
used in the remainder of this paper. One often refers to different watermarks, so we will
call the set of different watermarks W; wy, is the k-th watermark of the set W and wy[i]
denotes the i-th sample of the k-th watermark. The set of images that serve as covers is X;
similarly, x; denotes the k-th image and x;[i] is the i-th sample of the k-th. y,[i] is the i-th
sample of the k-th watermarked image. Note that, although we are focusing on images,
we will use one index for the sake of simplicity, so consider i = (r,c) a coordinate pair of
the image.

A simple model approach to watermarking is to make analogies to the field of the
theory of communications. In this context, we assume that the watermark is transmitted
through a communications channel as pictured in Figure 2. The model has the following
variables: the cover which is a signal used as host for the watermark; a user’s key as
input for a pseudo-random number generator, and the embedding gain which is related
to the watermark’s energy. In an ideal scenario, the cover does not distort the watermark;
however, in practice, this can not be achieved, so the effects of the cover on a watermark are
modeled as the distortion caused by the channel. Attacks to the watermark are modeled as
noise. An attack is a signal processing operation performed on the watermarked with the
goal of making the watermark undetectable by the watermarking system.

User’s Key [ Cover ] [ Noise ]

1 X

Watermark w Watermark v Channel yr Watermark
Generator Embedding anne Assesment

Figure 2. General model of watermarking as a communication process.
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2.1. Watermark Embedding

There are two basic rules for embedding watermarks: the additive rule and the
multiplicative rule. We will focus on the additive embedding rule since it is widely used in
most related works.

The watermarking system embeds the watermark w; into the cover x; producing the
watermarked signal y; as shown in Figure 3. This scheme uses the additive rule defined as:

Y =x;+ 8wy, 1)

where y; is the watermarked signal and g is the embedding gain.

[U Key] [Embeddmg I?{g

Gt Cover Image
1 8
‘Watermark wi] r_‘_\
Generator U/

Watermarked
Image

Figure 3. Watermark embedding scheme.

2.2. Watermark Detection

A typical watermark system assesses the presence of the watermark by computing
two statistics: a decision variable which is a measurement of the presence of the watermark
within the watermarked image, and a threshold that helps to decide if the watermark is
present or absent. If the decision variable is greater than or equal to the threshold, then the
watermark was detected; otherwise, the watermark is absent as shown in Figure 4.

No Wa-
User’s Key termark
Present

i No
Compute
w,
Watermark ! Detection d 4> Th Yes Watermark
Generator Variable (d) Present

Th

v

Compute
WatIell;‘marked Thresh-
age old (Th)

Figure 4. Block diagram of the watermark detection process.

Most watermarking systems have detected watermarks using the cross-correlation
formula since the early works on watermarking; an example is the highly influential
paper by Cox et al. [3]. The watermarking system uses the received and possible noisy
watermarked media (y) for detecting the watermark; first, it computes a decision variable
di(wy) as follows:

1 N
di(w) = 3 ;wl [y [i; )

Next, the system compares d;(w;) to a threshold (Th(w)) and, if d;(w;) > Thi(w;), then
the detection is positive; the threshold is computed using the following equation [4]:
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o2
Thl(w/) =33 Zﬁ (3)
where ¢ is the variance of y}.

Many state-of-the-art algorithms use (1)-(3) for inserting and detecting the watermark
as discussed later in this paper. We will call (2) and (3), the integer equation set—hence, the
subscript I of the detection variable set. A watermarking scheme based on Equations (1)—(3)
is shown in Figure 5.

The decision of the system for the integer equation set is computed as:

- 1 d,(wl) > Thl(wl)
Di(w) = {0 Otherwise ’ @

No Wa-
User’s Key termark
Present

. No
Watermark |_@! o " d Yes | Watermark
Generator N kgwl [kl K] Present
i Th

Figure 5. Integer watermark detecting scheme.

Many works use (1) and (2) to embed and detect watermarks respectively as discussed
in next section.

3. Works Related to Watermarking Based on Fractional Calculus

On the other hand, Fractional Calculus (FC) has gained attention in recent years;
for example, Refs. [5-8] are good references that cover the basics on FC ranging from
introductory to advanced FC theory. Many scientists used it for modeling several physical
phenomena with applications to engineering; for example, in [9-11], the authors present
applications of FC to the analysis of control systems. In [12-14], the authors present
applications to Digital Filters design. In [15,16], the authors discuss an approach to linear
systems analysis for both continuous and discrete cases. Researchers already started to
develop FC applications to watermarking; related works exhibit a tendency to adapt (1)
and (2) for working with fractional calculus based approaches.

Some authors use a fractional derivative for watermarking since there is a relationship
between the order of the derivative and the resulting function; this relationship is difficult to
establish. For example, the authors of [17] use the Griinwald-Letnikov fractional operator
for computing a pseudo-random sine function, allowing two fractional orders « and f to
act as keys. The authors claim that this scheme is robust toward occlusion attack; however,
this is the only test they reported. The work [18] is similar to [17]. The main difference
between those works is that authors of [18] use the fractional Cauchy formula for the sine
function. Authors report that the system is robust; nevertheless, their results are supported
by the test in just one image lacking evidence for confirming the system’s reliability.

Other authors use the Fractional Fourier Transform (FrFT) for watermarking since
there is a strong dependency between the orders and the resulting coefficient set of the FrFT,
a dependency that seems random. The algorithm proposed in [19] uses the FrFT coefficients
as the embedding domain. The authors report good results; however, they present just a
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case of study. A similar approach is presented in [20]. This approach also uses the fractional
orders as the secret keys. The watermark is detected using standard cross-correlation.
The authors claim that the system is robust toward JPEG compression, noise addition,
and image manipulation operations such as median filtering, Gaussian smoothing, and
sharpening filtering. Another work that uses the FrFT is [21]; its authors affirm that their
proposal is robust to geometrical transform, filtering, and histogram stretching; however,
they carried out too few experiments. In [22], the authors present an approach based on
the FrFT with a random modification to the phase. The resulting system is more similar
to a digital signature based system than to a typical watermarking system. This system is
robust against cropping, salt and pepper noise addition, uniform noise addition, Gaussian
noise addition, noise addition in both the amplitude and the phase, JPEG compression,
and histogram equalization operations. Another idea presented in [23] is to generate a
watermark in the FrFT domain and embed it into an image also in the FrFT domain using
the additive rule. The authors used the cross-correlation for detecting the watermark. This
scheme is robust toward occlusion attack, which is the only attack reported by the authors.

The Random Fractional Fourier Transform (RFrFT) is a variation of the FrFT; it has the
same properties of FrFT but has the advantage that the spectrum is random and exhibits a
high embedding capacity and robustness for watermarking applications. An RFrFT applica-
tion to watermarking is presented in [24]. This system computes the RErFT with a given
random phase; then, it divides the transformed image into blocks and computes their fractal
dimension; next, it selects a set of those blocks and uses the highest amplitude in each block
for watermark embedding using Amplitude Shift Keying (ASK). The watermark extraction
is accomplished by reversing previous steps. The system computes the Mean Square Error
to measure the robustness using both the extracted and the real watermark. They tested
their system by performing three attacks: noise addition, cropping, and JPEG compression.

Another fractional calculus based transform, the Discrete Fractional Random Trans-
form (DFRNT), was used in [25]. This work is similar to [24]; first, the system computes the
DFRNT; then, it divides the signal into blocks and selects a set of blocks randomly; next, it
selects the highest amplitudes for watermark embedding using Phase Shift Keying (PSK).
The authors report that their proposal is robust against Gaussian noise addition, cropping,
and low pass filtering; however, they present too few tests.

One more fractional based transform is the Fractional Dual-Tree Complex Wavelet
Transform (FrDT-WT); the FrDT-WT is used to find the wavelet transform in the Fourier
domain resulting in a mathematical description of the multiresolution properties. The work
presented in [26] and exploits that the randomness of the FrDT-WT coefficients depends
on the fractional order, also using a biometric pattern to further enhance the security. The
main idea is to build two biometric images; then, use the SURF algorithm to compute the
robust matching point vectors; next, use these vectors to compute the keys for building
a chaotic map. The watermark extraction uses both the original and the watermarked
images. The authors report that their system is robust. The attacks covered in the test
include average filtering, median filtering, Gaussian noise addition, salt and pepper noise
addition, JPEG compression, SPIHT compression, row-column deletion, resizing, cropping,
rotation, histogram equalization, contrast adjustment, and sharpen attacks; however, there
were only six images used for the test; furthermore, the reported results correspond to their
best case.

Another work is [27] that is almost the same as the system presented in [26]. The main
difference between these works is that Ref. [27] uses the Redundant Fractional Wavelet
Transform (RFrWT) due to a problem with the discrete FrDT-WT related to the use of
decimators.

The authors of [28] present an interesting idea; unlike most watermarking schemes,
their system does not embed a watermark into a host image, but they use Visual Cryptog-
raphy (VC) and a Visual Secret Sharing Scheme. The system constructs two shares that
convey a secret message in the following way: the encoder divides the host image into
blocks; then, it selects a set of blocks and computes the FrFT using orders a and f3; next, it
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computes the Singular Value Decomposition (SVD) of the transformed blocks and uses the
first value of the resulting SVD for computing the master share according to the standard
rules of secret sharing schemes. The authors report that their scheme resists various signal
processing operations such as JPEG compression, average filtering, median filtering, blur-
ring filtering, sharpening filtering, Gaussian noise addition, contrast adjustment, gamma
correction, histogram equalization, resizing, rotation, and geometrical distortion.

All of these works have in common the use of (1) and (2) to embed and detect water-
marks; from this perspective, we can say that the overall difference among them is the use
of some transform coefficient set for watermarking. In other words, they use already pro-
posed equations, and the novelty of these works rely on the use of a different embedding
domain. This leads to incrementing the complexity of the watermarking system and other
problems related to the multiple definitions of fractional operators proposed until now.

On the other hand, the authors of [29] analyzed the watermarking systems proposed
in [17] through [28] and observed that they use (1) and (2), so they proposed a new
improved equation set to substitute (2) and (3). They showed that this modification
increases the system’s robustness, so the watermarking system designer might prefer to
use fractional equations as a reliable solution for copyright enforcement; however, they
limited their study to the case where the watermark is binary, and they added that they
would skip the case of Gaussian watermarks since the system based on (2) and (3) was not
reliable in this case, so a fair comparison to their proposed equation set was not possible in
the context of the experiments carried out to test their proposed scheme.

The authors of [30] explored the case of Gaussian watermarks, and their results suggest
that the scheme proposed in [29] reduces the False Positive Percentage; however, they
limited the benchmark corpus to 20 images from the standard image set.

The case of the fractional scheme proposed in [30] for the Gaussian watermarks case
needs a deeper study; for this reason, we accomplished this study where we explore
the behavior of the fractional scheme for detecting Gaussian watermarks; we looked for
confirming that the fractional scheme proposed in [29] reduces the false positive percentage
of the detector when Gaussian watermarks were embedded, and, by reaching this goal,
we confirmed that the fractional scheme is reliable for watermarking applications when
Gaussian watermarks are used; thus, the novelty of this paper is to generalize the results
presented in [29,30]. The main advantage of the proposed scheme is that it avoids the
problems related to the use of fractional transforms found in previous works, keeping the
complexity almost the same, however, for detecting Gaussian watermarks.

4. Fractional Calculus Approach to Watermark Detection
The detection variable derived from FC principles proposed in [29] is:

d =—1 31 N*‘ '222N2NH1 5
F(wl)—*mzﬁ i;y;[l]wl[l] *3‘7 [ —1]—e€, ©®)

where Im|[-] is the imaginary part operator, and the threshold is:

The (wy) = kpo? \E ©)
€= Z%, / %aZN[zNH -1], 7)

with H = In(v27t02e); 0 is the variance of ;- We call (5) and (6) the Fractional equation
set. A fractional scheme based on (5) and (6) is shown in Figure 6.
The decision of the system for the fractional equation set is:

where:
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Figure 6. Fractional watermark detecting scheme.

If we use (5) and (6) for detecting Gaussian watermarks, we get the result shown in
Figure 7, which clearly has improved detection characteristics since it has no false positives.
We are looking for confirming that the scheme in Figure 6 is more reliable than the scheme
in Figure 5. This follows the strategy stated early in this paper about reusing the algorithm
in Figure 5 by replacing detection equations with fractional calculus based equations
resulting in a possibly improved algorithm and then verifying the effectiveness of this
strategy. For this reason, there is a lack of comparison to related works as a means of control
to the experiments. In other words, a fair experiment in the purpose’s context of this paper
is to compare the original algorithm versus the same algorithm with fractional equations
and assess its improvement. Thus, the only control needed is the original algorithm and, as
a result, the outcomes of the experiments are reliable.
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Figure 7. Detection of the watermark. (left) using (2) and (3); (right) using (5) and (6), and note the
lack of False Positives. The cases that fall in the red zone are False Positives.

5. Materials and Methods

To carry out experiments, we used 10,000 images of the BOWS database as the set X;
each image of this set is grayscale with size 512 x 512 pixels and their luminance values
are in the range [0, 255].

We used the embedding scheme shown in Figure 3 for watermarking each image
in the set X. In addition, the embedding gain was fixed for all cases to the value g = 5;
this setting leads to a Peak Signal-to-Noise Ratio (PSNR) mean of 34.21 dB for the entire
set giving a fair balance between robustness and imperceptibility of the watermark. The
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embedded watermark w; was selected at random from the watermark set W for each image;
each watermark in the set was equally probable.

The goal of the tests was to assess the capacity of watermarking schemes shown in
Figures 5 and 6 to reduce the false positives by computing the FPP and the ROC curve.

For the first test, we computed the FP of each image. To achieve this, each image in
the set X was watermarked; then, the system tried to detect all watermarks in W within a
single image; next, all FP were identified and counted using (4) and (8). The false positives
computing process is summarized in Procedure 1, and it is described in Figure 8 (left). False
positives gave us an insight about the reliability of both the integer and the fractional schemes.

For the sake of simplicity, and without loss of generality, we indicated D(w;) instead
of D (w;) or Dp(w) in all procedures since the same steps were followed for both schemes.

We selected the Receiver Operating Characteristic (ROC) since it is regarded as an
objective measure to evaluate performance of a decision technique. Thus, as a second
test, we computed the ROC as follows: each image in the set X was watermarked using
watermark wy; then, we computed d;(w;), dg(w;), Di(w;), Dp(w;). Those values and the
corresponding ground truth values of Dj(w;), Dp(w;) were recorded. The data were used
to derive a Generalized Lineal Model for estimating the ROC for both the integer and the
fractional schemes. Data collecting steps were summarized in Procedure 2 and further
explained in Figure 8 (right). The ROC curves were used to evaluate the integer and the
fractional to clarify which of them is more reliable.

With a last test, we examined the robustness of the fractional scheme. To achieve
this goal, each image in the set X was watermarked to get the set of watermarked images
Y, and then an attack was carried out on the watermarked images; next, we added up
the cases where the embedded watermark was detected to compute the percentage of
detected watermark cases. The process of computing the detection rate is summarized in
Procedure 3. The percentage of detected watermarks after the watermarked image was
attacked suggested the target applications of the fractional scheme based on its robustness.

Procedure 1 Procedure to record measures for False positives.

Require: Image set X, Watermark set W.
1: Open log file for writing.
2: for Each image x; € X do
3. Select randomly a watermark w; from the watermark set W.
4:  Partition set W into two subsets W, and W,, that hold W, "W, = @ and W, UW,, =
W, W, = {w;}.
5:  Embed the watermark w; into Image x

6:  for Each watermark w;, in W, do

7: for Each watermarking scheme do
8: Compute R(wy,)
9: if R(wy,)==1 then

10: FP=FP+1

11: end if

12 end for

13:  end for
14:  Record FP a of a current image in log file.
15: end for

16: return Log file.
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Procedure 2 Procedure to record measures for getting the ROC curve.

Require: Image set X, Watermark set W.

1: Open log file for writing.

2: for Each image x; € X do

3:  Select a random watermark w; from the watermark set W.
4:  Embed the watermark w; into Image x;.
5. Compute d(w;) and D(wy).
6:  Record d(wy), D(w;), and ground truth values in log file.
7. Get the set of indexes of true negatives, these indexes form a set T.
8:  Draw at random an index m from set T.
9:  Record d(wy,), R(wy,), and ground truth values.
10:  Get the set of indexes false positives, these indexes form a set .
11:  for Each index k in P do
12 Record the values of d(w, ), R(wy, ), and ground truth values in log file (Record all
the False Positives).
13:  end for
14: end for

15: Close log file.

16: return Log file.

Procedure 3 Procedure to record Detection Rate.

Require: Image set X, Watermark set W.

1: Open log file for writing.

2: for Each image x; € X do

3:  Select randomly a watermark w; from the watermark set W.
4:  Embed the watermark w; into Image x;

5:  Perform an attack on the watermarked image.

6:  Compute D(w;) using the attacked image.

7. if D(w;)==1 then

8: D=D+1

9:  endif
10: end for

11: Compute detection rate (D, = ﬁ)

12: Record D, in log file.

13: return Log file.

228



Entropy 2021, 23, 255

B 1] 2] E[ o0 N] [Sample 1[Sample 2[Sample 3| ... [Sample N]
€l | collect and record H A
5 5F A Collect and
all False Positives record all
™ False Positives
a a} Collect and record
the True Positive
,S: 3 =3
3
= Threshold — = Collect and
= 2 = 2t record a true
— Threshold Negative

1 1

0 Wmmmml WMWW 0

i 1

1000 1000
Kk (Watermark Index) k (Watermark Index)

Figure 8. Collecting data. (left), all the system’s responses that cross the threshold when no water-
mark was embedded are collected since these are False Positives. These data fall in the red zone.
(right) We collected the true positive (data in the green zone), a single true negative (data in the blue
zone), and all false positives for each image in the set Y (data in the red zone).

6. Experimental Results

As a first test, we computed the false positive percentages for both the integer and the
fractional schemes and build a boxplot. Figure 9 (left) shows that the false positives for the
integer scheme span from 0.1% to 16.15%; in contrast, the fractional scheme has very low
percentages of false positives and the range of values concentrates around 0.2%.
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Figure 9. Statistical assessment of discrimination characteristics. (left) value ranges of false positives
for both the Integer and Fractional watermarking schemes. No outliers are drawn for the sake of
clearness; (right) comparison of the ROC curves of the integer and fractional schemes.

In our second test, we evaluated the quality of both schemes; we used the data we
collected to draw the ROC curve shown in Figure 9 (right). As a result of this test, we
found that the ROC of the integer scheme has an Area Under the Curve (AUC) of 50.9%,
whereas the fractional scheme obtained an AUC of 99.2% for the same test.

The last test consisted of examining the successful detection rate after attacks; this was
accomplished by attacking each watermarked image in the set Y. The attacks performed
were: average filtering, median filtering, Gaussian noise addition, speckle noise addition,
salt and pepper noise addition, JPEG compression, cropping, removing random rows and
columns, substituting random rows and columns, and scaling. The corresponding figures
are in Appendix A for the sake of readability of this section.
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A bar plot of the percentage of detected watermarks after the image set Y filtered
using an average filter is shown in Figure A1l. The attack was repeated for window sizes
of 3 x 3,5 x 5,and 7 x 7. The resulting bar plot shows that the percentage of successful
watermark detection after the attack is about 6% and became lower as the window size
increases.

We performed a similar attack; this time, a median filter was used to filter the set
Y. Results shown in Figure A2 reveal a similarity to the results reached for the average
filtering attack; this time, detection percentages are lower than 10%.

The next test is comprised of adding Gaussian noise to each watermarked image in
the set Y and then we tried to detect the watermark. We constructed a bar plot showing
the percentages of detected watermark for various noise variances. Figure A3 shows that
the scheme is robust to Gaussian noise. This figure might look suspicious because it looks
atypical; thus, to discard that the Gaussian noise triggers false positives and this causes a
high detection rate, we inspected some cases and present an example in Figure 10.

0.05 Detected
«~— Watermark

0.04|
< 0.03
=

0.02

Threshold
0.01
° L "
0 200 400 600 800 1000

k (Watermark Index)

Figure 10. Detection of the watermark. (left) noisy watermarked imaged; noise variance was 0.05.
(right) the corresponding evaluation of (5).

The following test consists of adding salt and pepper noise and then detecting the
watermark. Results depicted in Figure A4 show that the fractional scheme is robust up to
noise densities of 20%, the detection rate drops for noise densities higher than 20%.

We carried out the next test by adding speckle noise before trying to detect the
watermark. Results in Figure A5 show that the fractional scheme is robust up to noise
variances of 0.2. After this limit, the detection rate drops.

A very common scenario is to compress images using the JPEG standard, so the
next test comprised watermarking the image and compressing the image with the JPEG
standard, and then detecting the watermark. Figure A6 shows that the fractional scheme is
robust to JPEG compression up to a quality factor of 90% and then the detection percentage
starts to decline.

Another common signal processing operation is the cropping attack. Figure A7 shows
results when the watermarked image is cropped. This figure shows that the fractional
scheme is robust up to 20% of cropped pixels.

The next test selects t rows and t columns at random, and then removes these rows
and columns from the watermarked image; the resulting image is smaller than the original
watermarked image, so the image is then scaled to match the size of the original water-
marked image. The watermark was then detected, and the results are shown in Figure A8.
Results show that the fractional scheme is not robust since it exhibits a detection rate
around 8% for removing 10 rows and columns.
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Another test, similar to the previous one, selects t rows and t columns at random, and
then substitutes the selected rows and columns with the adjacent row or column of the
same image. The watermark was detected, and results are shown in Figure A9. Results
show that the fractional scheme is robust up to substituting 100 rows and columns.

Finally, we carried out a scaling attack; the watermarked image was scaled to make it
smaller and then the image was restored back to its original size. The results are shown
in Figure A10; this figure shows that the fractional scheme is robust up to 90%. In other
words, we shrank the image to 90% of its original size and then restored to the original size
before we tried to detect the watermark.

7. Conclusions

In this study, we compared the FPP of the original watermarking scheme versus the
corresponding version with detection equations derived from fractional calculus; evaluated
the quality of both schemes as a watermark detector by comparing their ROC curves, and
examined the successful detection rate after attacking the watermarked images to define
robustness of the system. We performed several tests that allowed us to conclude the
following facts:

The False Positives percentage is much lower for the fractional scheme than the
corresponding percentages of the integer scheme. According to Figure 9 (left), the FPP
spans from 0.2% to 16.2% for the integer scheme whilst the FPP concentrates around 0.2%
for the fractional scheme. This means it is more likely to get a 0.2% FPP when using a
fractional scheme and also the FP rate will be lower for this fractional scheme than the
corresponding results for an integer scheme.

Results show that the fractional scheme is a reliable method for detecting Gaus-
sian watermarks according to Figure 9 (right); the fractional scheme has a significant
advantage compared to the integer scheme since the AUC is higher for the fractional case
(AUC = 99.20% versus AUC = 50.90%); this means that the fractional scheme has higher
discriminative power compared to the integer scheme.

In addition, the experimental results in Figures A1-A10 show that this system is fragile
to all attacks presented in Section 6, except for the case of the Gaussian noise addition
attack, this is because the noise is added in the same manner as the watermarks are; thus,
the systems treats Gaussian noise as a watermark. The target applications of such a scheme
include cases where the watermarks should not survive attacks; an example of practical
application of a fractional scheme is for authenticating information.

Since the target application might be authenticating information, it will be convenient
to propose another value of k; this value should be higher than that used in this study
since this will help to reduce the detection rate after attacks. Additional usage scenarios
include: The system designer wants to enhance the discriminative power of a system
already proposed, the watermark is some information that closely holds the Gaussian
distribution, and the complexity of the watermarking system has to be low.

The results provide designers of watermarking systems with an alternative to take
advantage of Gaussian watermarks when appropriate to meet their design goals. Thus,
the proposed strategy is an alternative to reuse previously proposed schemes by using
fractional calculus based equations.

The results obtained in this study complement the study in [29] since the case of Gaus-
sian watermarks was left unexplored, so this paper provides the designer of watermark
systems with a more logical insight of the potential and practical applications of a fractional
watermark detector.

The characteristics to discriminate between patterns with Gaussian statistical distribu-
tion suggest that the fractional equations might be used in pattern recognition applications
where samples have a Gaussian distribution.
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Appendix A
This appendix has complementary experimental data that the reader might need to
check out closer.
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Figure A3. Percentage of successful watermark detection when Gaussian noise is added to the
watermarked image. The mean of the noise was zero and the horizontal axis corresponds to the
variance of the noise.
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Figure A4. Percentage of successful watermark detection when salt and pepper noise is added to the
watermarked image. Horizontal axis show the noise density.
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marked image. Horizontal axis show the noise variance.
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Figure A6. Percentage of successful watermark detection after the watermarked image was com-
pressed using the JPEG standard. The horizontal axis corresponds to the JPEG compression qual-
ity factor.
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Figure A8. Percentage of successful watermark detection after a number of rows and columns were
removed from the watermarked image. The horizontal axis shows the number of rows and columns
removed.
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Figure A9. Percentage of successful watermark detection after a number of rows and columns of the
watermarked image were substituted with another row or column.The horizontal axis shows the
number of rows and columns replaced.
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Abstract: Modeling of wall-bounded turbulent flows is still an open problem in classical physics,
with relatively slow progress in the last few decades beyond the log law, which only describes the
intermediate region in wall-bounded turbulence, i.e., 30-50 y+ to 0.1-0.2 R+ in a pipe of radius
R. Here, we propose a fundamentally new approach based on fractional calculus to model the
entire mean velocity profile from the wall to the centerline of the pipe. Specifically, we represent
the Reynolds stresses with a non-local fractional derivative of variable-order that decays with the
distance from the wall. Surprisingly, we find that this variable fractional order has a universal form
for all Reynolds numbers and for three different flow types, i.e., channel flow, Couette flow, and pipe
flow. We first use existing databases from direct numerical simulations (DNSs) to lean the variable-
order function and subsequently we test it against other DNS data and experimental measurements,
including the Princeton superpipe experiments. Taken together, our findings reveal the continuous
change in rate of turbulent diffusion from the wall as well as the strong nonlocality of turbulent
interactions that intensify away from the wall. Moreover, we propose alternative formulations,
including a divergence variable fractional (two-sided) model for turbulent flows. The total shear
stress is represented by a two-sided symmetric variable fractional derivative. The numerical results
show that this formulation can lead to smooth fractional-order profiles in the whole domain. This
new model improves the one-sided model, which is considered in the half domain (wall to centerline)
only. We use a finite difference method for solving the inverse problem, but we also introduce the
fractional physics-informed neural network (fPINN) for solving the inverse and forward problems
much more efficiently. In addition to the aforementioned fully-developed flows, we model turbulent
boundary layers and discuss how the streamwise variation affects the universal curve.

Keywords: fractional conservations laws; variable fractional model; turbulent flows; fractional PINN;
physics-informed learning

1. Introduction

Reynolds [1] was the first to statistically describe turbulence by decomposing the in-
stantaneous velocity vector into an average field and its fluctuation. Upon substitution into
the Navier—Stokes equations and averaging, assuming quasi-stationarity, a new modified
equation emerged for the average velocity that includes an additional term, namely, the
averaged dissipation tensor leading to the turbulence-closure problem [2]. Addressing
the closure complexity has been a century-long pursuit, starting with the seminal work
of Prandtl [3], who proposed a simplified mixing length model analogous with Fick’s law
of local diffusion. Interestingly, at about the same time, Richardson [4], in an attempt to
unify turbulent diffusion with molecular diffusion, combined geophysical measurements
with Brownian motion to produce the famous scaling law on turbulent pair diffusivity.
While ingenious, both approaches assume implicitly locality in turbulent interactions,
which limits the universality of the derived correlations—an open standing question for
over a century. As stated by Kraichnan [5], Prandtl’s approach is valid only when the
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spatial scale of inhomogeneity of the mean field is large compared to the mixing length.
This assumption is clearly violated in most turbulent flows, e.g., in Reynolds’ pipe flow,
where the turbulent eddies are of the size of the pipe radius. This has motivated research
in nonlocal constitutive equations of turbulence, and Prandltl, in subsequent work [6],
developed a turbulent shear-layer model in an attempt to introduce non-locality in his
approach. Kraichnan [5] pioneered such non-local approximations and, based on his work,
more recently generalized versions of the second Prandtl non-local model were proposed
in the literature [7].

Fractional calculus is an effective tool to solve complex problems with nonlocality
and scale-free self-similar processes as well as non-Gaussian statistics. Lévy statistics lead
to anomalous diffusion [8] and can effectively model turbulent intermittency [9]. Hence,
it is possible that turbulent eddy diffusion could be accurately modeled by fractional
Reynolds stresses [10]. Based on physical arguments, in order to represent nonlocality and
intermittency, Chen [11] proposed a fractional Laplacian as a model for representing the
Reynolds stress with a fixed fractional exponent & = 2/3. More recently, starting with
the Boltzmann equation, Epps et al. [12] rigorously derived the fractional Navier—Stokes
equations by replacing the Maxwell-Boltzmann distribution with the more general Levy a-
stable distribution; see a recent extension of this work in [13]. For &« = 2, the new equations
revert to the standard Navier-Stokes equations, while for # = 1, we obtain the logarithmic
velocity profile known as the law of the wall [14]. The work of Epps et al. [12] laid a new
framework for turbulence modeling that may lead to new fundamental understanding of
turbulence, but it is only valid in an open domain and thus ignores the important issue of
nonlocal boundary conditions encountered in defining fractional Laplacians in bounded
domains [15].

The work we include here incorporates our first paper [16] published in the archives,
and is a significant extension. We also refer to the work of [17], who modeled the total
shear stress directly in wall units by formulating a one-sided variable-order model using
the Caputo fractional derivative for Couette flow [17] and in ongoing work on transitional
and turbulent boundary layers. For the case of Couette flow, universality was found. We
note that directly formulating the problem in wall units does not require modeling of any
additional coefficients, unlike the formulation in the present study.

The remainder of this paper is organized as follows: Since the small-scale components
can be described as an anomalous diffusion [11], we introduce the variable-order fractional
calculus in the next section. Then, we formulate the inverse optimization problem corre-
sponding to the governing equations. We present the fractional differential equations to
model different turbulent flows (e.g., channel flow, Couette flow, and pipe flow) in Section
2. The inverse problem is solved by a finite difference (FD) method to obtain the fractional
order. Moreover, we introduce the fractional physics-informed neural network for solving
the inverse problem to find the variable-orders. In Section 3, we present the numerical
results that show that the universal fractional-order profiles of the channel and pipe flow as
a function of the distance from the wall, a unique capability enabled by fractional calculus.
In particular, we discovered that this fractional-order function is universal for all Reynolds
numbers and for different geometries. Finally, we provide a short summary in Section 4.

2. Variable-Order Fractional Models for Turbulent Flows

The first fractional model for the Reynolds averaged Navier-Stokes equations was
developed by Chen [11], who proposed a fractional Laplacian to model the Reynolds
stresses and to account for intermittency [18,19] as follows:

ou 1

o TuU-vu= 7EVP+VOAU77(7A)1/3U, 1)
where U is the average velocity and 7 is the turbulent diffusion coefficient. Hence, the ef-
fective fractional order in this model is fixed at & = 2/3. This value is consistent with the
Richardson superdiffusion scaling for homogeneous turbulence that leads to a I scaling
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for the mean square displacement, but it is not valid for wall-bounded turbulence where
anisotropy and the distance from the wall determine the effective rate of turbulent diffusion.
Defining a fractional Laplacian in multiple dimensions and in bounded domains is still
an open issue in fractional calculus and extending it to variable orders is challenging [15].
However, other somewhat equivalent definitions based on tempered fractional calculus [20]
may lead to satisfactory nonlocal representations as well; specifically, in a Boltzmannian
framework, Samiee et al. [13] developed a tempered fractional subgrid-scale model to cap-
ture high-order structures at the inertial and dissipative ranges. As Richardson first noted,
the velocity field in the atmosphere shares a number of properties with the Weierstrass
function, i.e., it appears to be continuous but non-differentiable, and this provides a strong
case for fractional modeling of turbulence in the atmosphere but also in wall-bounded
flows in engineering applications.

In this section, we present a variable-order fractional model for turbulent flows. We
firstly consider a one-sided model for channel and pipe flows. Furthermore, we formulate
an inverse problem for the fractional order «(y). We present a finite difference method and
design a physics-informed neural network (PINN) to obtain the fractional order. Finally,
we propose a divergence variable fractional (two-sided) model for turbulent flows.

2.1. Turbulent Channel Flow and Pipe Flow
2.1.1. One-Sided Fractional Derivative Modeling

For wall-bounded turbulence, the effective rate of diffusion varies with distance from
the wall. Hence, we exploit the power of fractional calculus that allows variable fractional
order, and we propose a variable-order fractional differential equation for modeling the
Reynolds stresses, i.e., a(y), where y is the distance from the wall. In particular, we consider
fully developed turbulent flows with one-dimensional (dimensionless) averaged velocity
U(y) = u/V (where V is the characteristic velocity), including channel flows and pipe
flows for which we apply a unified fractional modeling approach. Specifically, assuming
that the flow direction is along x and y is the wall-normal direction (distance from the wall),
we consider the variable fractional model (VFM-I) in the normalized interval [0, 1]:

9, U —— a(y)yr _ _
(VEMAD) 5 (w5, = wo) = v(y)Df U = £, Yy € A= (0,1, )
witha(0) = 1,0 < a(y) <1, D; is the (Caputo) fractional derivative, f = —%BP/ax is
a constant pressure gradient, U(y) is the mean velocity we want to model, and vy is the
kinematic viscosity. The Caputo derivative is defined as:

DSUW) = ryy =7 U (e,

and it is identical to the Riemann-Liouville left-sided derivative because U (0) = 0. Inter-
estingly, we can obtain the scalar coefficient v(y) (we refer to it as turbulent diffusivity,
although it does not have the correct units) explicitly in terms of the fractional order
a(y) from:

v(y) = T2 - a(y))Re: "Y'V /ur, ®)

where Re; = 1R /vy is the friction Reynolds number, R is the radius of the pipe (or the half
channel width), and 1 is the wall friction velocity 1 = /7w /p, where T, = uol/dy| y=0
is the wall shear stress with y being the dynamic viscosity.

We discuss an alternative model, where the variable fractional order a(y) is between
one and two instead of the VFM-I we presented, where 0 < a(y) < 1; this model is
analogous to VFEM-I and is defined by:

(VEM-II) %(w%—lj — o) =v(y)DyU = f, vy € A = (0,1], @
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with «(0) = 2, and the variable-order 1 < a(y) < 2 is an unknown function to be
determined by the data. The scalar coefficient v(y) can also be computed from a similar
formula as before, i.e.,
v(y) = hrn 7f ©®)
vt DLW (Uly,)

2.1.2. Numerical Method

We assume that we know the mean velocity U(y) (also U™ (y ")) from the DNS data
or experimental results. The VEM-I can be written in the form:

v(y)DyYU = f, ©)

where f = 7%611 /9x. Since the fractional order a(y) is unknown in Equation (6), we

need to solve a nonlinear problem to obtain «(y). Alternatively, we consider the following
optimization problem: given U and f, find the a(y) that satisfies

Ja(y)) = inf [lv(y)Dy*ufIP, )
a(y)es
where, S(A) :=
obtain J(a*(y))
Next, we present a numerical method for solving the optimization problem (7).
The fractional derivative is discretized with the finite difference method. Then, the frac-
tional order a(y) can be solved point-by-point; for each point y, = nAy,Ay = 1/N,n =
1,2, -+, N, we calculate the fractional derivative D;<y ”)U” with the DNS data using the
finite difference method [21]

{ <a(y) < 1,a(y) € CO(A)}. If a*(y) satisfies Equation (6), then we

/X(]/n) . n n+1/ unfj
R ) Z T ®)

where bl := (j + 1)) — ) and U™ = U(y,). The discrete optimization problem can
now be written as

N

In(a(y)) = ,x(iyl}gsn; v (y) DL U — () PAy. )

Finally, we formulate the fractional physics-informed neural network (fPINN) for the
inverse problems of the proposed turbulence model; see Figure 1.

The aim of the inverse problem is to estimate the fractional order a(y) given the
mean velocity profile U in the DNS data. We approximate the variable fractional order
«(y) by a multi-layer feedforward neural network ayn (y; 0 = {W;, b;} ;’:l ), where 0 are a
collection of parameters of the NN. The locations y are the input of the NN, and the output
U is computed by a recursive formula Y/ = U'(I/Vij 14 b;) with the initial value Y0 =y.
The weight matrix between the (j — 1)th and jth layers has the dimension W; € R"/*"i-1,
and the bias vector b; in the jth layer. The column vectors Y/~ € R"-*! and Y/ € R"*!
denote the input and output of the jth layer, respectively. The input vector Y/~1 is first
subject to a linear transformation and then an element-wise nonlinear function o (-), which
is called the activation function. The NN consists of one input layer (j = 0), I — 1 hidden
layers (j=1,2,---,1 — 1), and one output layer (j = I). The depth of the NN is /, and the
width of the jth layer is 1. To determine the parameters 6, we minimize the following loss
function with respect to 6

.- ann (i) 2 2
£6) = 5 L (D0 u(y) 1)+ (ann(:0) <173 € 01 (10)
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The first term on the right-hand side is the equation residual, and the second term is the
constraint on the fractional order at the wall, i.e., #(0) = 1. We select N; training points,
{yi}f\i 1, to enforce the equation residual on them to be zero. The fractional derivative is
evaluated using the finite difference method (8). We optimize the loss function with respect
to 6, employing a stochastic gradient descent, Adam, written in TensorFlow. Finally, we
estimate the variable fractional order using any(y; 0).

Figure 1. Basic structure of fPINN in 1D for the inverse fractional-order problem. The left uninformed
DNN processes data to predict the fractional order, which also has to satisfy the correct physics of
turbulence for the channel fully developed flow, represented by the right informed DNN induced by
the fractional governing equation.

2.2. Two-Sided Turbulent Channel Flow
2.2.1. Fractional Modeling in Divergence Form

We consider the Reynolds averaged momentum equation for incompressible fully
developed channel flow; the governing equation is as follows

9, ou ——  10P

— (vyp— — -— =0 0,2 11
where p is the density; and P and U are the mean pressure and velocity, respectively.
The process of Reynolds averaging introduces the unclosed Reynolds stress, 7;; = —pu/0’.
The total shear stress on the wall is 7,,. Integrating the above equation from wall to an
arbitrary position in wall-wise i, we obtain a new formula as follows

ou — 10P
VOE—u/v’:Tw/p—Egy. (12)
We assume the dimensionless wall shear 7, and pressure gradient ‘3—1; = C are con-
stants. Additionally, we introduce a symmetric divergence variable fractional model for

approximating the total shear stress,

(DVEM) 1/0% LU = v(y)Dixy(‘y)U =1-y, a3)

with the boundary conditions «(0) = a(2) = 1, where the fractional derivative is defined

as follows 1
DU = 2 (D) u+,0*"u), (14)
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and D;(y ) and yD”‘(V U are left and right Caputo derivatives, respectively. The definitions
are given as follows

1

Y
Left Caputo derivative: DyU(y) = o) /0 (y —7)~*U' (1)d,

and
2

Right Caputo derivative: ,D*U(y) = — (t—y) “U'(7)dx,

1
I(1—w) /y
and it is identical to the Riemann-Liouville derivatives because U(0) = 0 and U(2) = 0.
We also propose the eddy viscosity in the fractional momentum equation, and the explicit
formula is as follows

v(y) = T2~ a(y)Rec"?, (1)

where Re; = 1R/ vy is the friction Reynolds number, R is the radius of the pipe (or the half
channel width), and u+ is the wall friction velocity, ur = \/Tw/p, where T, = poll/dy| y=0
is the wall shear stress with y being the dynamic viscosity.

2.2.2. Numerical Method

We assume that we know the mean velocity U(y) (also U™ (y ")) from the DNS data
or experimental results. Since the fractional order a(y) is unknown in Equation (13), we
need to solve a nonlinear problem to obtain a(y). Alternatively, we consider the following
optimization problem: given U and f, find a(y) that satisfies

J(@(y)) = inf _[v(y)D)P U fI2, (16)
a(y)es 4
where f = 1 —yand S(A) := {0 < a(y) < 1,a(y) € CO(A)}. If a*(y) satisfies Equa-
tion (13), then we obtain J(a*(y)) = 0.

Next, we present a numerical method for solving the optimization problem (16).
The fractional derivative is discretized with the finite difference (FD) method. Then,
the fractional order «(y) can be solved point-by-point; for each point y, = nAy, Ay = 1/N,
n=1,2,---,N, we calculate the fractional derivatives Da(y ”)LI" with the DNS data using

1
the finite difference method [21]
1 N e
Left: Dy U = 7 , 17)
v F(2 — K(y,z)) =0 1 Ay“(%x)
and N
1 —n+ uN—j_uN—j—l
Right: , D"V " = — B VTR (18)
gy T2-alyn) = 7 Ay
where b7 := (j +1)*¥") — jen), ¢ = b and U" = U(yn).
The discretized optimization problem can be now written as
u a(yn) 2
In(a(y) = inf Y [v(y.) D}, " U" = f(yn)|"Ay. 19
(WGS n=1 y

Here, we use N ~ Re- points to solve the above optimization for the channel flow at a
given Reynolds number Re-.

Alternatively, we propose the fractional fPINN for solving the inverse DVFM with the
loss function

N ) )
£(0) = Y [vly) DN — £y [P+ L (0:0) = 12 + Jann (2:0) = 1. (20)
n=1
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2.3. Turbulent Boundary Layer and Couette Flow

For a boundary layer and Couette flow with zero pressure gradient, the mean two-
dimensional continuity and stream-wise momentum reduce to

ouu ovu _ 9, U  —
gy oy ay(vo 3y u'v'). (21)

If we assume that the convective effects are small near the wall for the boundary layer
problem, then the above equation reduces to
o, 0
@(Voa*lyl ) = 0. 22)
Here, U is viewed as a function of y due to %—l;l = 0. Since the two plates are infinitely
long for the Couette flow, the flow properties cannot change with x and all partial deriva-
tives with respect to x vanish. Flow motion only occurs in the x direction, and thus,
V = 0. After simplifying the RANS equations, the turbulent Couette flow is governed by
Equation (22) too.
Further integrating the above equation provides

vo%l _ww =, 23)

where C is a constant and o = 0 at the wall, while vaa—lj is simply the wall shear stress
Tw/p. Then, we have the following equation

(TCM) v(y)D; U = %
with a(0) = 1,0 < « < 1, Dy is the (Caputo) fractional derivative, and v(y) is the eddy
viscosity defined as

v(y) = T(2 — a(y))Rez Y.

Numerical Method

We solve the fractional order a(y) for the turbulent boundary layer problem and
Couette flow using fPINN (Figure 1) with the loss function

N ; Tw
£0) = L 0D S (ann (050) 1)
k=0
o (NN (Vk:6) d h;’{ k+1—j k—jy _ Twy2 2
= — NNk _J - _ykiy - @ .0) —
k:1(ReT Jg Ay”‘NN(yk;e) (u u ) 0 ) + (‘XNN(Or 9) 1) 7

where U is the DNS data. It changes with Rey for the boundary layer problem, so there is
(implicit) x dependence as well.

3. Numerical Results

In this section, we present the results for the turbulent channel, pipe, Couette, and
boundary layer flows.

3.1. Channel Flow
3.1.1. Numerical Results of the One-Sided Models

We first consider turbulent channel flow for which DNS data are available up to
Rer = 5200 [22]. Here, we use the FD scheme with N ~ Re- points to solve the aforemen-
tioned inverse problem for the channel flow at a given Reynolds number Re;. Solving for
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a(y), which uniquely determines the Reynolds stresses, Figure 2a depicts the profiles of
the fractional order a(y) for different Re; as a function of the non-dimensional distance
from the wall y € [0, 1]. We see a strong dependence of a(y) on Re;; however, if we re-plot
all data in terms of the viscous wall units, i.e., y+ = yu /vy we see a collapse of all results
into a single universal curve, as shown in Figure 2b. Moreover, we employ the empirical
Spalding formula [23] for Ut = u/u+ in order to extend the results up to high Re; = 10°,
and again we obtain a similar universal scaling with the exception of low Re; for which the
Spalding formula is known to be somewhat inaccurate. We fit the fractional order using
these numerical results to obtain the fractional order a(y ") in wall units as follows

o (yt) = 1-¢(y") i Py*) + 1a(y+), (24)
2 2

where ¢(y*) = tanh(In(y™ /9.5)/1.049) and a(y+) = 1/ (b + x| In(y™*)|*?) with b = 0.855, x = 0.301
are constants. This is a remarkable result as it goes beyond the logarithmic profile and
seamlessly connects the viscous sublayer with the buffer zone, the logarithmic profile,
and the wake region. Although at first it appears to be a perfect fitting exercise, it has
important consequences due to the nonlocal interpretation of the fractional derivative
involved, i.e., it shows that nonlocality is stronger away from the wall and at high Reynolds
numbers. Using the same data for U(y), we show that the alternative model VEM-II with
1 < a(y) < 2 also leads to the same type of universality (Figure 3). However, unlike the
aforementioned VFM-I, we are unable to obtain an explicit formula for v(y), relating it to
the Reynolds number as in the first model (i.e., a(y) € (0,1]); instead, we can compute
it numerically from the DNS data of turbulent channel flow. As shown in Section 3, this
alternative fractional model also exhibits a universal scaling if plotted in terms of wall
units, with the lowest value of a(10°+) a 1.3.

1 T 1 - T T
! —180 — 180
0.9 n - -39 |+ 0.9r - - 395 1
1 590 ) 590
08 1 =-=-950 | | 0.8+ R\ —-=-950 1
E “ ——2000 R\ 2000
iy 4200 0.7t \.\ 4200 i
W\ 5200
L ¥ —a*(y"), Re, =100 | |
—-—-Spalding, Re, = 10°

03 : : : : : :
0 0.2 0.4 0.6 0.8 1 10° 102 104 108

y N
(a) (b)

Figure 2. Channel flow modeled with VFM-I: Learning the fractional variable order a(y) using DNS databases at Re; =
180 to 5200: (a) profiles of the fractional order a(y); (b) rescaled fractional order a(y™) in viscous units.
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19} | ]
18} |
17 12
3 < Re, = 950
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16| [—Re, =107, Spalding 4 107 F | = = Re, = 4200 ]
- Re, =950 == Rer = 5200
........ Re, = 2000
150 |2 2 Re. = 4200 | -10
—==Re, = 5200 10 ]
141 ]
10 10° 10° 10°
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Figure 3. Alternative fractional modeled with VEM-II with 1 < a(y) < 2. The numerical fractional orders are computed
based on DNS data for turbulent channel flow at Re; = 950, 2000, 4200, 5200: (a) plots of the fractional orders oc(y‘*’) in wall
units; (b) corresponding eddy viscosity coefficients.

To evaluate the predictability of the universal scaling, we now solve the forward
Equation (2) to obtain U(y) at Rer = [4200,6000,8600], which are cases not used in the
training of the model for a(y"). The results presented in Figures 4 and 5 are in good
agreement with DNS and experimental data. We also include the turbulent channel flow
results obtained by nested LES [24]. Figures 4 and 5 show that the mean velocity profiles
predicted by VFM-I exhibit the correct behavior throughout the channel for Reynolds
numbers up to Rer = 8600, including the correct slope in the logarithmic layer, and agree
with DNS and experimental data in the wake region for all Re; = (4200, 6000, 8600].

1 ‘ ‘ ‘ ‘ : ‘
A 0 05 25+
0.9 2
1004 0l
0.8
10.03 15+
=07 —— Re, = 4200 =t
= & Predictions, o*(y") X S
0.6 10.02 10+ R
. A DNS
. lo. 5l —VEM-La*(y*)|
0.01 —--Spalding
0.4 . olos)
0 02 04 06 08 1 10° 10°
Yy v
@ (b)

Figure 4. VEM-I: Model predictions for the turbulent channel flow at Re; = 4200: (a) the solid line (—) represents the
numerical solution of the optimization problem and the triangle symbols (A) represent Equation (24). The blue line
represents the fractional order a(y) and the red line is the eddy viscosity coefficient. This Reynolds number Re; = 4200 is
not included in the training of the model; (b) mean velocity obtained by VFM-I corresponding to the fractional order a* (™)
from the left plot.
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20f 1

A Experiment, Re, = 6000
O Experiment, Re, = 8600
— — Nested-LES, Re, = 8600| -
——VEM-La*(y%)
—-—- Spalding

Figure 5. VFM-I: Profiles of the mean velocity for turbulent channel flow at Re; = 6000, 8600:
the triangle symbol (A) represents experimental data from [25], the circle symbol (o) represents
experimental data from [26], the solid line (—) represents the VEM-I profile, and the dashed line (——)
represents the LES results [24].

We used fPINN to investigate the turbulent channel flows. We used different training
points for investigating the convergence using DNS data at Re; = 2000. Figure 6 shows
the training results with uniform training points in the interval for N; = 500, 1000, 2000.
Figure 7 shows the training results with log-uniform training points in wall units scaling for
N; = 10,20, 40, 80. The corresponding loss histories are listed in Table 1. Figure 7 presents
the comparison profiles between the training sets. We can observe that the results trained
by the log-uniform are smoother than the uniform training points near the wall.

Table 1. VEM-I: The history of the loss function with different training data sets for Re; = 2000. Log represents the
log-uniform training points set.

Itr N; = 500 N; = 1000 Ny =2000 Log, Ny =10 N =20 N =40 Ny =80
0 6.08x1071  470x10°! 657 x 107! 6.92 x 1071 701 x1071  674x107" 690 x 107!
5000 1.04 x107%  811x10™° 9.12x107° 472 x 1071 594x107° 508x107° 4.61x107°
10,000 1.79x1075 132x1075 121x107° 8.27 x 10~° 893x107° 1.08x107° 951 x10°°
20,000 334x107° 1.75x107° 1.40x10°° 9.26 x 1077 468 %1077 284x107¢ 277x10°°
30,000 241x107¢ 731x1077 7.12x1077 441 %1077 205x1077  1.55x 107 208 x10°°
1 1 1
09 0.9 0.9
307 507 507
0.5 0.5 0.5
04 0.4 0.4
10° 10’ 102 10° 10° 10’ 102 10° 10° 10’ 10? 10°
v y* v
(a) a(y) for Ny = 500. (b) a(y) for Ny = 1000. (0) a(y) for Ny = 2000.

Figure 6. VEM-I: The fractional order obtained from fPINN and from the universal formula derived using point-by-point

minimization (“Predict”, Equation (24) ). The training results for the uniform training sets at iteration steps Itr = 10,000,
20,000, 30,000: (a) for Ny = 500; (b) for Ny = 1000; (c) for N; = 2000.
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Figure 7. VFM-I: Fractional order for uniform training sets at iteration steps Itr = 10,000, 20,000, 30,000 for different
N; = 10,20,30,40. “Predict” presents the profiles from Equation (1). The friction Reynolds number Re; = 2000. TP, the
distribution of the log-uniform training points.

Next, we test the accuracy of the forward problem and the loss function error with the
training fractional order predicted by log-uniform training points N; = 20. We solve the
fractional equation as follows:

v(y)DSYU = f, Wy € (0,1], (25)

with U(0) = 0, and the fractional order is obtained by training fPINN with N; = 20 and
Equation (24). The corresponding loss functional error is defined as follows

N . bk , ) 2
£(6) = o (Rec ™™ 1 22 (WHHI(0) ~ UFT(6) = )+ (U(0:0))%
=1 j=

Figure 8 plots the pointwise error of the mean velocity and the loss function for
Rer = 4000 and 5000.
Finally, we use the simplified one-dimensional equation

0 JaP
@(Tuv - Ruz;) = V(]/)D;(y)u = Fr AS (0/ 1)r (26)
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where the R;;, denotes the Reynolds stress R, = u'v’, T;» denotes the viscous shear stress
Tuw = V90U /9y, and U is the mean velocity, which is the solution to the above fractional
Equation (26). Then, we obtain the Reynolds stresses by integration,

We can compare the predicted Reynolds stresses to their counterparts, Rp from DNS
data for turbulent channel flow, and using the corresponding viscous shear stress de-
noted by tp = udllp/9dy, where Up denotes the mean velocity from the DNS database.
In Figure 9, we plot the predicted and DNS profiles for Reynolds numbers Re; = 4000, 5200
and the corresponding pointwise error. We can observe that they are all in very good agree-
ment. The numerical results of the mean velocities and shear stresses for all Reynolds
number Re; match very well with the DNS data; here, we only show the high Reynolds

1
“Rup = / v(s)DX Uds — 70
Yy

number cases due to space limitations.

10
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Figure 8. VEM-I: The mean velocity (left) for different Reynolds numbers, the pointwise errors of the mean velocity between
predictor and DNS data (middle), and the loss function (right). FD, the fractional order solved by the finite difference

(b) Rer = 5200.

method; NN, the results from the neural network.
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Figure 9. VFM-I: Accurate prediction of the shear stress at (a,b) Re; = 4000, 5200 in outer units and wall units: (left) outer
scaling; (middle) wall units scaling; (right) pointwise error of the wall shear stress. Here, 7, denotes the wall shear stress
for the fractional order predicted by the finite difference (FD) method, TN denotes the wall shear stress predicted by the
NN, and 7p is the corresponding profile from DNS data. —R;» denotes the Reynolds shear stress predicted by Equation (24),
—Ryp denotes the wall shear stress predicted by the NN, and —Rp is the corresponding profile from DNS data.

3.1.2. Numerical Results of the Two-Sided Models

In this subsection, we focus on the two-sided models. Solving for a(y), which uniquely
determines the total shear stresses, Figure 10 plots the profiles of the fractional order «(y)
for different Re; as a function of the non-dimensional distance between the two walls
y € [0,2]. We see a strong dependence of a(y) of Rer, which is the same conclusion as for
the previous variable fractional model. Furthermore, we re-plot all data in terms of the
viscous wall units, i.e., y* = yRer, and we see an approximate collapse of all results into a
single universal curve in the half-plane excluding the wake region (i.e., near the centerline),
as shown in Figure 10.
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Figure 10. Learning the fractional variable-order a(y) using DNS data bases at Rer = 180 to 5200:
(a) profiles of the fractional order a(y); (b) rescaled fractional order a(y™) in viscous wall units.
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Re, =4000

Next, we test the accuracy of the forward problem with the fractional order provided
by the inverse optimization problem (19). We solve the divergence variable fractional
equation as follows

~D(v(y)D}y"U) =1,y € (0,2), (28)

with U(0) = U(2) = 0. Figure 11 plots the solutions (left) of the above equation and the
pointwise error (right) of the mean velocity in each subfigure for several Re;. We can
observe that this model predicts the mean velocity well. Moreover, it can obtain a smooth
mean velocity profile in the whole domain along the wall-wise direction.

We also use fPINN (20) to solve the inverse problem to obtain the variable order a(y).
The two results from the two different methods (i.e., FD and fPINN) agree well for all
Reynolds numbers.

Re, =4000 Re, =5200 Re, =5200

—oDNs
© DVFM|

error

05 1

0 05 1 15 2

(a) Rey = 4000. (b) Rex = 5200.

Figure 11. The mean velocity (left) and the pointwise difference between the numerical solution and the DNS data (right)

in each sub-figure.

3.2. Turbulent Pipe Flow

In this subsection, we consider turbulent pipe flow and again test the universal
variable fraction order a(y") against DNS and experimental data. First, we examine the
highest Reynolds number available from the superpipe experiment [27,28] at Re; = 5 x 10°,
estimated at Reg = 3.525 x 107 based on the pipe radius R. As the experimental data
were only available for y* > 10,000, we synthesized an entire profile from the pipe wall
to centerline using multifidelity Gaussian process regression (M-GPR) [29] as follows: we
considered as high fidelity data the superpipe data in the outer region together with the
highest DNS data for channel flow at Re; = 5200. We then employed the Spalding curve to
provide the low-fidelity data and, using M-GPR, we constructed the final profile as shown
in Figure 12a. Having this profile and the VEM-I model transformed in polar coordinates,
we can then solve the inverse problem and obtain a new variable fractional order a(y™).
Figure 13a shows that the variable fractional order we obtain for this problem is identical
to the function defined by Equation (24). This finding further confirms the universality
of the variable fractional order even at very high Reynolds numbers. Having validated
the accuracy of the variable fractional order, we can now solve the forward fractional
differential problem to obtain predictions of the entire velocity profiles from Re; = 10°
to Rer = 5 x 10°. Figure 12b plots the results, showing that there is excellent agreement
with all available data from the superpipe experiment. Figure 13b plots the mean velocity
profiles from the DNS data base [30] at low Reynolds numbers, the corresponding VFM
predictions, and the Spalding profile. The universal defect law for pipe flows is not valid
for the low Reynolds number range, and this is also in agreement with [27], who argued
that the lowest Re: for universality is approximately 5000.
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Figure 12. Predictions of the mean velocity profile for the superpipe flow from Re; = 1 x 10° to 5 x 10%: (a) velocity
profile reconstructed from the experimental data (A, [28]), DNS data at Rer = 5200 ({J, [22]), and the Spalding profile (blue
line [23]) using multifidelity Gaussian process regression (M-GPR); (b) “- -”, fractional order with the M-GPR profile at

Rer =5 x 10%; “-”, the profile of Equation (24); and ‘-, the corresponding Spalding profile; (c) velocity profiles solving the
forward fractional model and the Spalding curve against the experimental data.
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Figure 13. VEM-I for turbulent pipe flow: (a) “--”, VFM-I model with the channel flow DNS data at
Rer = 5200; “- -”, VEM-I model with the M-GPR profile at Re; = 5 x 10%; “-”, the profile of Equa-
tion (24); and ‘-, the corresponding Spalding profile; (b) ’--" and ‘--" plot the DNS data at Re; = 180
and Rer = 1140; *~’ the VFM-I model at Re; = 2000 and the corresponding Spalding profile.

3.3. Turbulent Couette Flow
In reference [12], the authors proposed the double-log profile to predict the mean
velocity for the Couette flow as follows

1 1In(([d+y)/(d+1-y))

U =33 m@ary) @

where d is a small number (d < 1) that represents a viscous sublayer or roughness height.
The non-dimensional boundary conditions are U(0) = 0 and U(1) = 1.

Here, we consider the predictions from the universal scaling fractional order a*(y™),
and we also compare it against the double-log profile. The variable fractional order a*(y ")
is between zero and one in our turbulence model. So, we work in the half-plane y € [0,0.5]
(see the dashed square in Figure 14a). We then obtain the results in the other half of the
domain with U(y) =1— U(1 —y),y € (0.5,1]. Figure 14 shows the mean velocity profiles
predicted using (29) and the mean velocity, which is predicted by the variable fractional
order a*(y*). We can observe that the variable fractional model is in agreement with
the experiment data as well as the double-log profile. However, the double-log profile is
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unable to capture the correct mean velocity near the wall. We also tested the profiles for low
Reynolds number Re; = 52, where the numerical data were obtained from reference [31].
For the double-log profile, we could not find a suitable parameter d to obtain a good fit for
the low Re; = 52. Finally, we show the comparisons between the TCM predicted mean
velocities and DNS data at Re; = 250 obtained from reference [32]. Figure 15 shows that
the fractional predictions are correct almost everywhere, especially near the wall regions
for high Reynolds numbers.

1

— TCM
- - double-log
0.8+ O experiment data
06
S ,,,,,,,,,,,,,
=~
D041
0.2y
0 . . .
0 0.2 0.4 0.6 0.8 1

y
Figure 14. Turbulent Couette flow—numerical results for Re = 16,500: “-”, TCM predictions at
Rer = 1650; “- -”, best fit of the double-log profile in Equation (29) with d = 1.06 x 10-5; “O0”,
experimental data from [33].

0 0.2 0.4 0.6 0.8 1 107 10° 10° 102
U/Upax y*

(@) (b)

Figure 15. Turbulent Couette flow at Re; = 250: (a) “-”, TCM predictions; “- -”, best fit of the
double-log profile in Equation (29) with d = 1.06 x 10-5; “[0”, DNS data from [32]; (b) wall units
scaling for the mean velocity profiles.

3.4. Turbulent Boundary Layer Flow

In this subsection. we focus on the boundary layer problem. We use data available
from the KTH turbulence group from the turbulent boundary layer DNS [34,35]. We first
investigate the correlations between Rey (x-variable) and Re; (y-variable); Figure 16 shows
the downstream variations in the friction Reynolds number Re;, and unlike the channel
flow, here, Re; is a function of the streamwise distance x.

Then, we test if the mean velocity of the boundary layer problem exhibits any uni-
versality as the channel and pipe flow. We solve the forward boundary layer problem
with the fractional order predicted by Equation (24) (i.e., the formula is the same as the
channel flow case) including the wake region. Figure 17 presents the mean velocity profiles
from the DNS [34] and fractional modeling near the wall for several Rey from 670 to 4060,
with the corresponding Rer varying from 252 to 1200. We observe that the mean velocities
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are different in the wake region for different Re. Figure 18 plots the wake region, which
is between (5;'9 and the error E = 1%. We define this error as the difference in the mean
velocity between the DNS data and the fractional model as follows:

_u-u
-

E (30)

where U is the DNS data and Uy presents the numerical results from the fractional model.

6000

5000 -

4000 -

3000 -

2000 -

1000 [

0 . . . . . . .
500 1000 1500 2000 2500 3000 3500 4000 4500
Rey

Figure 16. The relation between the friction Reynolds number Re; and Reg.
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Figure 17. TCM: Boundary layer mean velocity profiles from the DNS and fractional modeling near
the wall and in the wake region for several Rey from 670 to 4060.

Since the mean velocity does not exhibit universality in the wake region, we solve the
fPINNS to investigate the variations in the fractional order in the wake region. In Figure 19,
we plot the fractional order inferred by fPINN based on the DNS data for Rey = 670 to
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4060. We can observe that the fractional order varies for different Reg in the wake region.
Then, we train the fractional order in the wake region selecting the data set Rey = 670 to
4060 but excluding Reg = 2000. In Figure 20, we present the factional order in the 2D plane
for the x-axis and y "-axis. Finally, we solve the fractional turbulent boundary layer model
with the fractional orders presented in Figure 20. The comparison between the numerical
results and the DNS data set is presented in Figure 21.
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Figure 18. Downstream variations in (5;9, and the error E = 2% and E = 1%. The lower bounds of
the wake region are denoted by the blue curve with E = 1% and the red curve with E = 2% (see
Equation (30)).
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Figure 19. TCM: The fractional order «(y) learning from a neural network (NN) near the wall and in
the wake region for several Rey from 670 to 4060, and the corresponding Re; from 252 to 1200. We
can observe that the fractional order is different for different Rey in the wake region. The black line
represents the reference fractional order predicted by channel flows; the red curve represents the NN
results for different Regy.
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Figure 20. We train the fractional order in the wake region and near the wall selecting the data set
Rey = 670 to 4060, excluding Rey = 2000; the training region is (Rep, y)€ [670,4060] x [0,1200].
The training data set is represented as black dots: (a) we use spline interpolation (IP) in 2D; (b) the
fractional order is trained by a neural network with 2 hidden layers and 20 neurons in each hidden
layer. (c) The black line represents the reference fractional order predicted by channel flows; the red
curve represents the fPINN results at Rey = 2000; the green line plots the interpolation results IP2D
along the green line in (a); the blue curve presents the NN along the blue line in (b).
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Figure 21. We solve the fractional turbulent boundary layer model with the fractional orders rep-
resented in Figure 20c at Rey = 2000. (a) The mean velocity; (b) the viscous shear stress. The black
line represents the reference fractional order predicted by channel flows; the red curve represents
the NN1D results at Reg = 2000; the green line plots the interpolation results IP2D for Rey; the blue
curve represents the NN for Rey = 2000.
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4. Summary

We proposed multiple fractional models for wall-bounded turbulent flows in bench-
mark cases where the mean flow is either one-dimensional (channel, pipe, and Couette
flows) or two-dimensional (boundary layer). The main idea is to employ a variable-order
fractional gradient that depends on the distance from the wall, starting with an integer or-
der at the wall. The computational problem we addressed is the discovery of the fractional
variable-order profile given DNS or experimental data for the mean velocity profile. To this
end, we formulated an inverse problem for the fractional order as a function of the distance
from the wall, and we solved it using a finite difference method point-by-point and through
a new fractional physics-informed neural network (fPINN) that encodes the physics of
turbulence expressed via the fractional derivative of variable order. The fractional order is
a function of the distance from the wall, a unique capability enabled by fractional calculus.
We discovered that this fractional order function is universal for all Reynolds numbers and
for different geometries.

The main contributions of this work are: (1) new fractional turbulent models with
variable order are presented to model the total shear stress of RANS; (2) two solution
methods for the non-trivial inverse problem, a FD method, and a fPINN for obtaining the
fractional order function; (3) a universal fractional order profile was discovered for the
channel and pipe flows that allowed us to accurately predict the fractional order for the
boundary layer flows.
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Abstract: Distributed-order fractional calculus (DOFC) is a rapidly emerging branch of the broader
area of fractional calculus that has important and far-reaching applications for the modeling of
complex systems. DOFC generalizes the intrinsic multiscale nature of constant and variable-order
fractional operators opening significant opportunities to model systems whose behavior stems from
the complex interplay and superposition of nonlocal and memory effects occurring over a multitude
of scales. In recent years, a significant amount of studies focusing on mathematical aspects and
real-world applications of DOFC have been produced. However, a systematic review of the available
literature and of the state-of-the-art of DOFC as it pertains, specifically, to real-world applications is
still lacking. This review article is intended to provide the reader a road map to understand the early
development of DOFC and the progressive evolution and application to the modeling of complex
real-world problems. The review starts by offering a brief introduction to the mathematics of DOFC,
including analytical and numerical methods, and it continues providing an extensive overview of
the applications of DOFC to fields like viscoelasticity, transport processes, and control theory that
have seen most of the research activity to date.
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1. Introduction

Fractional calculus (FC) was first introduced as a mathematical generalization of
integer-order integration and differentiation. Started in 1695 from a discussion between
Leibniz and de L'Hopital about the possible interpretation of the operator d” /dx" when
n = 1/2[1], FC has been the object of studies for more than 300 years. In the early years,
research mostly focused on mathematical aspects of the fractional-order operators; their
physical interpretations and potential applications followed much later. Likely, the first
application of FC can be traced back to Abel in 1826. Abel [2] applied FC to formulate an
integral equation describing a tautochrone problem. Following Abel’s study, the integral
representation of FC started gaining increasing attention in the mathematics community.
Early works mostly focused on the development of analytical formulations to solve se-
lected mathematical problems. The most immediate result of this rapidly growing interest
in FC was the expansion of the possible definitions of a fractional operator including,
but not limited to, the integral representation (Liouville, Riemann, and Hadamard) and
the convergent series representation (Griinwald and Letnikov). While these early studies
had pointed out the intriguing role that FC can play when modeling complex processes in
physical systems, the bulk of the early research kept focusing on the development of the
mathematical framework [3] and on the integration of these operators into ordinary and
partial differential equations [4]. It was only in the second half of the twentieth century
that the concept of FC started percolating to fields other than mathematics. An area of
application that has seen a remarkably rapid growth is that involving the modeling of com-
plex physical phenomena. Unlike integer-order operators, the intrinsic multiscale nature of
fractional operators enabled a very unique and effective approach to model historically
challenging physical processes involving, as an example, nonlocality or memory effects.
Indeed, many of the early applications of FC to physical modeling included viscoelastic
effects [5-12], nonlocal behavior [8,12-24], anomalous and hybrid transport [9-11,24-30],
fractal media [12,31-35], and even control theory [36-39]. The interested reader is referred
to the work in [40] for a detailed account of the birth and evolution of fractional calculus.

For more than a century, the study of fractional calculus focused on operators accepting
a constant and single-valued order; we will refer to these operators as constant-order
operators in order to differentiate them from the distributed (but constant) order operators
that will be introduced below. Despite constant-order operators being considerably more
general than their integer-order counterpart, the constant and single-valued nature of
the order still limits its ability to accurately capture certain complex phenomena whose
underlying physics could either evolve in time or emerge as the result of the interplay
of multiple orders. In relatively recent years, this observation led to the formulation of
two remarkable and unique forms of FC operators, namely, the distributed-order and the
variable-order operators. The latter definition accounts for operators whose order can be a
function of either dependent (e.g., state variables of the system) or independent (e.g., space
or time) variables and can change value following the evolution of the system. While this
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review does not focus on this class of operators, the interested reader is referred to the
works in [41,42] for a detailed overview of the mathematical aspects and applications of
variable-order operators.

Before proceeding further, we clarify the different acronyms that will be used in this
review in order to refer to the different types of fractional-order operators. The single
constant-order operators are denoted as “CO” operators, the distributed-order operators
(with constant order distribution) are denoted as “DO” operators, and the variable-order
operators are denoted as “VO” operators. While VO operators can certainly be single or
distributed in nature, with the acronym “VO” we specifically refer to single variable-order
operators. Distributed-variable-order operators, which will be introduced later, are denoted
as “DVO” operators.

The distributed-order definition of the operator allows considering a superposition of
orders and accounting for, as an example, physical phenomena such as memory effects in
composite materials [43] or multi-scale effects [44]. A typical example that illustrates the
capabilities of this class of operators is the mechanical behavior of viscoelastic materials
having spatially varying properties [45]. Distributed-order fractional calculus presents
a natural generalization of constant-order fractional calculus (COFC) by integrating the
fractional kernel of CO operators over an extended range of orders. Given that the funda-
mental kernel of a CO operator is retained in the DO operator, DO operators inherit the
fundamental properties of COFC, such as the ability to model nonlocality and memory
effects, and further extend them to multiple coexisting orders. This latter argument can be
interpreted as a superposition of the behavior captured by individual CO operators using
different orders within a given range.

The original concept of distributed-order fractional calculus (DOFC) can be traced
back to the seminal studies by Caputo on dissipative elastodynamics [46—48]. In these
studies, a generalization of the viscoelastic stress—strain constitutive laws, by employing
a parallel sequence of fractional-order derivatives, was undertaken. Initially, the author
dubbed this operator as the “mean fractional-order derivative”. A couple of decades later,
Caputo [49] formalized the original proposition into the concept of DO derivative and
also explored possible solutions to differential equations employing DO derivatives. Later,
detailed investigations on the properties of DO operators, and on the properties and
solution techniques of DO differential equations (DODE) were conducted in [45,50,51].
Following these pioneering studies on the mathematics of DO operators, in the 1990s and
early 2000s, the interest in this topic went beyond the mathematical community and started
percolating into several branches of engineering and physics. To date, we estimate that
a total of approximately 300 papers have been published in the general area of DOFC.
This estimate includes both journal and conference publications spanning a variety of
fields including, but not limited to, theoretical and applied mathematics, analytical and
numerical methods, viscoelasticity, transport processes, and control theory. A detailed time
history and a quantitative assessment of the scientific studies produced in the general area
of DOFC are provided in Figure 1.

Given the substantial critical mass reached by this field to date, and in view of the
drastic acceleration of the research on DOFC observed in recent years, the time is ripe to
assess the state of the field not only in terms of the mathematical formulation, but from
the perspective of practical applications. In this review, we will provide a comprehensive
discussion of the different fields of application and possible opportunities offered by DOFC
to model complex physical problems. We expect that this review would serve as a starting
point for the reader interested in approaching this fascinating field. Engineering, physics,
chemistry, biology, and finance are only some of the communities that should find several
points of interest and material for further consideration in this work.
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Figure 1. (a) Histogram chart showing the historical evolution of scientific publications per year
starting from 1995. Note that the first study on distributed-order fractional calculus (DOFC) was
published in 1966 by Caputo [46]. Approximately five studies were produced until 1995, which was
taken as the starting year for the histogram. (b) Pie chart showing the distribution of publications
per field. The data used in this figure were collected from Google Scholar.

The remainder of this paper is organized as follows. Section 2 focuses on providing
an overview of the main mathematical concepts including basic definitions and properties
of DOFC. The section also covers analytical and numerical methods for the calculation of
DO operators and for the solution of DODEs. Section 3 briefly discusses the relevance of
DO operators with respect to the modeling of complex physical processes. The remaining
sections provide a review of the applications of DOFC to real-world problems including
viscoelastic systems, transport processes, and control theory.

2. Mathematical Background

We begin this review by providing a brief summary of the basic definitions and
properties of DO operators. Further, we will discuss the properties of differential equations
with DO operators, and provide a brief overview of the corresponding analytical and
numerical simulation techniques. We highlight here that, unless otherwise mentioned,
the DO operator is defined on the basis of a general fractional-order derivative denoted
by I'D¥, evaluated with respect to a generalized independent variable t. We emphasize
that the notation ¢ used in this section must not be interpreted necessarily as time. Note
that c denotes the lower terminal of the fractional derivative. The fractional derivative Y D§
can accept different definitions, although the most common for DO operators are those
provided by Riemann-Liouville RED# and by Caputo ¢ D¥ [45]. Finally, also for the sake of
brevity, we shall provide only the definitions corresponding to the left-handed fractional
derivatives (the right-handed DO derivatives being an immediate extension).

2.1. Definitions and Properties

From a mathematical perspective, DO derivatives are defined as an integration of
either the constant-order or the variable-order fractional derivatives with respect to the non-
integer order of differentiation [48-51]. Two approaches to the definition of DO derivatives
have been explored [45]. First, the so-called direct approach treats the order as a variable so
that the DO derivative is defined as [45,49]

a;

s D (1), (), ) = [ (@)ZDEF(1) da 0

1

where the integrand «(a)Y’D{ () undergoes integration with respect to the independent
variable g, that is, the fractional order within the interval a € [a1, a3]. x(«) is denominated
as the order-weighting/strength function, or simply the strength function. The second
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approach, referred to as the indirect approach, treats the order as a function of a different
independent variable x leading to the following definition [45],

"X

Dy (F(8), x(w),x) = [

A1

“k(0)PDE £(t) dx @

where x € [xq,xp] is the interval of integration. Similar to x(x), x(x) is also an order
strength distribution [45]. The strength function («(«) or x(x)) determines the contribution
of each individual CO derivative to the overall DO derivative. As an example, a constant
value of the strength function «(x) = Ko would mean the all the CO derivatives contribute
equally to the final DO derivative [49]. The specific choice of this strength function depends
on the underlying physics of the problem to be modeled and could be defined as either
a continuous or a discrete function of the order « (direct approach) or the independent
variable x (indirect approach). This latter comment is further clarified in the following
section by using practical examples.

To better illustrate the above concepts, we present a numerical demonstration of the
DO derivatives evaluated for two representative functions of the variable f: (1) a sinusoidal
function f(t) = sin 7tt in Figure 2 and (2) a step function f(t) = #H(t — 1) in Figure 3, where
‘H is the Heaviside function. In Figures 2a and 3a, the strength function is chosen to be
#(a) = 1, such that it is constant and continuous. In the Figures 2b and 3b, a discontinuous
strength function x(x) = Z%E {0507,09) " d(a — aj), where T is a positive constant.
In generating the above results, we employed the Caputo definition of the fractional
derivatives with terminals (—oo, ¢]. The CO Caputo fractional derivative of the two different
functions to an order a € (0,1) is [52]:

_SD¥(sin7tt) = 7 sin(@) (3a)
“Sorue - 1) =i - )| @)

The above CO derivatives are also provided in the Figures 2 and 3 to facilitate comparison
with the DO derivatives. Note that above expressions for the different CO derivatives
identically reduce to their respective first-order (integer) derivatives for the choice of & = 1.

As evident from the Figures 2 and 3, the DO derivatives can be perceived as the
weighted sum of individual CO derivatives over the specified range of fractional-order «.
Particularly for x(«) = 1, as evident from Figures 2a and 3a, the DO derivative is the linear
sum of the CO derivatives with fractional-order « spanning the range [«7, ap]. This concept
is further illustrated by the examples in Figures 2b and 3b. In these figures, the DO
derivatives evaluated for 1y = 1 are the sum of the individual CO derivatives. In contrast,
for 1) = 2 wherein the strength function is also a function of the order a, we observe a
weighted contribution of the different CO derivatives to the DO derivative. The above
discussion also explains the shift in the phase of the harmonic function in Figure 2a.
More specifically, the phase shift in the DO derivative with respect to the original signal is
caused due to the contribution of a phase difference of 77 /2 (see Equation (3a)) by each
CO derivative. The effect of the strength function on the amplitude, without changes in
the phase, is illustrated in Figure 2b. Similarly, for the case of the Heaviside step function
in Figure 3, different decaying characteristics can be obtained by varying the definitions of
the strength function « () and its support a1, ap]. Interesting applications to viscoelasticity
based on this observation will be discussed in Section 4.
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Figure 2. DO derivative of a harmonic function f(t) = sin 7t derived following the definitions given
in Equation (1). The plot shows the behavior of the derivative for (a) continuous and (b) discrete
strength functions.
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Figure 3. DO derivative of the Heaviside function f(t) = H(t — 1) derived following the definitions
given in Equation (1). The plot shows the behavior of the derivative for (a) continuous and (b) discrete
strength functions.

Lorenzo and Hartley [45] also extended the definitions of DO derivatives by allowing
for the order distribution to be a function of different variables (such as, for example, space,
time, or external loads). This extension introduced the concept of distributed-variable-
order (DVO) operator. Following this extension, the direct and indirect approaches to the
definition of DO operators can be reformulated as

2

D (£, x(@),0) = [ x(@PDIf(1) da (4a)

1

xl,xzDggx'” (f(),x(a),x) = /:2 K(x)CDD;"(”)f(t) dx (4b)

1
Although providing a very general form of the operator that can capture both multifractal
(DO) and evolutionary (VO) behavior, the application of these operators has been rather
limited. To date, most applications of DVO operators have been in the area of complex
viscoelastic materials (see Section 4.3).
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2.2. Distributed-Order Differential Equations

The present section is intended to briefly introduce the concept of differential equations
based on DO operators. Clearly, the concept of DODEs is fairly extensive in itself and the
reader is referred to the works in [53,54] for a detailed discussion on the different forms of
DODEs and the corresponding solution techniques. Here, we simply introduce the general
concept of DODE in order to facilitate the understanding of the discussion on applications
presented in the remainder of the paper. Consider the following DODE [49],

0m Do (e (), u(k), &) = f(t) ®)

for m € N. Note that a discrete distribution function x(«a) = }7:1 bjé(a — a;j) reduces the
above equation to following multi-term fractional-order differential equation,

i b; 5Dy u(t) = f(t) ©)
j=1

At the same time, a continuous distribution x(«) = C[0, m] can be perceived as a limiting
case of the multi-term definition provided above when n — oo [49]. While Equation (5) is
an example of linear DODE, a nonlinear DODE can be given as [55]

/mz K(@)F(PDfu(t)) da = f(t,u(t)) %)

where F (ED?u(t)) is a nonlinear function in the primary variable u(t) including its frac-
tional derivatives.

For the linear DODE in Equation (5), some common assumptions are employed
to ensure that the problem is well-posed, that is, the solution is both bounded and
convergent [55,56]:

Hypothesis 1. « is absolutely integrable on the interval (a1, ap) and satisfies the following inequality,
"X

/ ’ x(a)s*da # 0, for Re(s) >0 8)
aq

Hypothesis 2. f € IL1[0, ), where I is the Lebesgue space.

Hypothesis 3. The function u(t) is such that YDfu(t) < M Vt € [0,00) NVa € [ay, 2],
where M is a constant. In other terms the fractional-order derivative is always bounded. For the
limiting case where either of the order bounds tends to infinity (i.e., a1 or ay — ©0), the boundedness
of the DO derivative requires the strength function x(a) to be non-zero only over a finite range, that
is, k() must have a finite support [45].

Pskhu [57,58] conducted early studies on the solvability of ordinary DODEs. Umarov
and Gorenflo [59] extended these studies to analyze the solvability of multipoint problems.
Diethelm and Ford [60,61] analyzed the existence and the uniqueness of solutions for
linear DODEs, specifically for the case where Caputo-type initial conditions are available.
Later, this proof was extended to the case where initial conditions are unknown [55]. It is
noteworthy that these studies prove the existence and uniqueness for the fractional order
« < 1, while for « > 1 the existence and uniqueness are still a conjecture. A similar
exercise was performed on nonlinear DODEs with specific application to viscoelastic
systems [62] and wave propagation [63]. The existence of solutions to hybrid DODEs was
analyzed in [64], where the hybrid differential equations are quadratic perturbations to
nonlinear DODEs [65,66]. Atanackovi¢ et al. also conducted similar studies on selected
forms of DODEs encountered in the study of viscoelastic solids [67,68]. Note that all the
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aforementioned studies adopt the assumptions Hypothesis 1-3. Very recently, Fedorov
studied linear DODE:s that violate Hypothesis 2 resulting in an unbounded operator [69].
This study expanded the application of DODEs to initial and boundary value problems of
ultra-slow diffusion.

2.3. Solution of DODEs: Analytical Methods

Concerning the analytical methods for the solution of DODEs, Caputo first proposed
the use of Laplace transform to derive solutions [49]. Later, Bagley and Torvik [50,51]
analyzed this approach in a systematic manner. The results obtained by the application of
Laplace transform to DO derivatives are subject to minor modifications depending on the
strength function and its support. Caputo derived the Laplace transform of DO derivatives
with the order-distribution being an arbitrary interval [a, b]. Bagley and Torvik specialized
this result for a restricted interval: « € [0,1], given the numerous practical examples
encompassed by this choice. Diethelm and Ford extended the domain to [0, m], m € N[60].
The Laplace transform of a DO derivative with order distributed in [0, m], based on the
Caputo definition, is given as [56]

c[/o'"x(a)gmu(t)da = J k() (*Llu)(s) — u(0)s* 1) da

o DB (1)

)
- ):;”;11 jm x(a)ul)(0)s* 1" 1da

The Laplace transform of the DO derivative for other possible cases such as & € [0, 0] and
a € [m —1,m] can be found in [45,70], respectively.

Using the Laplace transform of the DO derivative in Equation (9), Diethelm and Ford
derived the analytical solution for the linear DODE: O/%Dg/tu(t) = f(t) as [60]

Jo x(B)sP~*1dp
+ 2 Tl { 0 (5 ﬁdﬁ} (10)

1

u(t) = u(0) + £ L sﬁdﬁ

where £~ is the inverse Laplace transform. Note that the inverse Laplace transform in the
above solution can be applied iff the assumptions Hypothesis 1-3, that ensure a bounded
solution, are satisfied [60]. Lorenzo and Hartley derived analytical solutions for DODEs
employing DO derivatives specifically for an order distributed over Rt [45]. Other common
approaches to derive solutions of DODEs include the Fourier method [71-73], the use of
Mittag-Leffler functions [74-76], the spectral representation of the fractional operator [77],
and series expansion methods [78,79]. The method of Laplace transforms combined with
series approximations using Laguerre polynomials was also used to solve linear and
nonlinear DODE:s [80]. While the work in [80] focuses on obtaining the solution for one-
and two-term fractional-order relaxation equations, the method developed in [80] is highly
general and may be extended to DODEs with general strength functions.

Although, in the above discussion we have primarily considered DO derivatives
based on the Caputo definition, the Laplace transform of DO derivatives based on the
Riemann-Liouville definition can also be derived analogously [60]. In fact, as shown in [60],
the only difference appears in the terms consisting the initial conditions, similar to the
CO case [4]. This difference in behavior was also highlighted by Mainardi et al. [81],
who employed Laplace transforms to compare the asymptotic behaviors of fundamental
solutions to time-fractional DO diffusion equations. Interestingly, different asymptotic
behaviors are observed for DO derivatives based on the Riemann-Liouville and Caputo
definitions. The difference in the asymptotic behaviors is primarily due to the difference in
the way the initial conditions appear in the Laplace transform of the CO Riemann-Liouville
and Caputo derivatives [4,82].
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2.4. Solution of DODEs: Numerical Methods

Although analytical solutions are possible for special types of DODEs [45,60], the
rapidly growing application of DOFC to model complex physical systems often requires the
use of numerical methods. Starting from basic observations, Diethelm [83] first proposed
an approximate numerical method for the solution of multi-term DODEs. Following this
initial study, several other numerical methods have been developed. Note that DODE:s (see,
for example, Equation (5)) can be either ordinary differential equations (ODE) or partial
differential equations (PDE), depending on the specific application. The numerical simula-
tion of either a distributed-order ODE or PDE requires the numerical approximation of the
DO derivative. Once the approximation of the DO derivative is obtained, the procedure
to numerically simulate the DODE follows exactly from classical procedures developed
for integer-order equations. In other terms, the main difference between the evaluation of
classical integer-order differential equations and DODE:s lies in the numerical approxima-
tion of the DO derivative. In the interest of brevity, we focus this section only on this latter
aspect. In general, the procedure to numerically approximate DO derivatives can be seen
as a two-step process:

1. Step 1: Numerical integration of the integral operator. The DO derivative consists of a
continuous distribution of the fractional order «. In Step 1, a numerical integration is
used to discretize the DO derivative into a multi-term CO fractional derivative.

2. Step 2: Approximate solution of the multi-term fractional derivative. Following the
conversion of the DO derivative into a multi-term fractional derivative at step 1,
different numerical methods are used to evaluate each CO fractional derivative within
the multi-term derivative.

The above two steps can be more practically visualized by considering the following
example of DO derivative,

Step 1 Step 2

b k
| o@D (e 2 L Wip(w)Dult) 2 ZW¢ Flat) (1)

Approximation of the integral Incorporate approximation of D% u(t)

where W; is the weight obtained from numerical integration and ¥ («;, t) is the numerical
approximation of the CO derivative D%u(t). In summary, at step 1, an approximation of
the order integral is computed (often by quadrature rules), and at step 2, the remaining
CO derivatives are approximated by employing different types of numerical methods for
CO fractional derivatives. Based on this two-step approximation strategy, this section
is divided into three parts: (1) a discussion of the most popular quadrature rules for
the implementation of step 1, (2) a discussion of the various numerical methods for the
implementation of step 2, and (3) a brief discussion on their computational aspects.

2.4.1. Numerical Integration of the Integral Operator (Step 1)

As highlighted in the previous sections, a key difference between DO derivatives and
CO derivatives is the existence of an additional integration over the order. To transform
the integral form into the multi-term form (first of the two-step process), two common
quadrature rules are often used by researchers: (1) Gauss-Legendre quadrature rule and (2)
Newton—Cotes quadrature rule. Based on the Gauss-Legendre quadrature rules [84-107],
the DO derivative can be approximated using the following multi-term form,

/bcp(oc)D“u(t)duc = /b g(a, t)da = Z WEGC(al, 1) + RC (12)

i=0
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where Wl.G are the weights at the Gauss points alG chosen for this integration over the DO.
Although the Gauss—Legendre quadrature schemes are known to achieve highly accurate
results (particularly when dealing with integrands of specific type such as, for example,
polynomials), an analysis of the numerical convergence and of the truncation error (includ-
ing steps 1 and 2) becomes difficult when the integrand consists of fractional derivatives
(like D*u(t), as shown in Equation (11)). To overcome these drawbacks of the Gauss—
Legendre quadrature, the Newton—Cotes scheme was considered. The Newton-Cotes
quadrature scheme can be divided into closed and open approaches, depending on whether
the function values at the end points are included. Following the closed approach, different
quadrature rules used for DO derivatives include the trapezoid rule [56,87,106,108-117],
the Simpson’s rule [87,106,111,112,116-121], and the Boole’s rule [122]. All these schemes
are also associated with different orders of convergence. Following the open Newton-Cotes
approach, the mid-point rule is widely used [107,123-143]. The truncation error at the
end of step 1, when employing the Newton—Cotes approach, simply follows the classical
results. More specifically, the truncation errors are O(h?) for trapezoid rule and mid-point
rule, O(h*) for Simpson’s rule, and O(h®) for Boole’s rule. Given the flexibility in choosing
different approximations and the ease of error analysis, Newton—Cotes method is typically
preferred over Gauss—Quadrature approach in step 1 approximation.

2.4.2. Approximation of the Multi-term Fractional Derivatives (Step 2)

As described in Equation (11), the second step involves the numerical approximation
of the CO fractional derivatives within the multi-term fractional derivative. Strictly speak-
ing, this approximation directly follows the techniques available for CO derivatives. The lit-
erature on numerical methods for the approximation of CO derivatives is extensive and
has been the object of books [144] and papers [145-147]. Therefore, for the sake of brevity,
we do not review again these methodologies.

The more interesting and challenging aspect, in the context of the DO formulation,
is the combination of the step 2 approximation with the spatial and/or temporal dis-
cretization of the domain in order to develop computational models for space- and/or
time-fractional DODEs. The different discretization techniques can be generally divided
into (1) mesh-free approaches and (2) mesh-based approaches. The majority of mesh-free
approaches are based on the spectral method, which uses basis functions to approximate
the multi-term DO expression obtained in the first step. On the other hand, the mesh-based
approaches involve most of the classical methods for differential equations including the
finite difference method (FDM) and the finite element method (FEM). Depending on the
specific implementation, that is, on the numerical technique adopted to approximate the
CO fractional derivative in step 2 and the spatial and/or temporal discretization of the
domain, the computational approaches differ in their accuracy and computational cost.
This review focuses on this latter aspect. In this regard, we report here the accuracy of each
method, wherever available. In order to unify the expressions for convergence analysis of
different methods, we will use 7, h, and ¢ to represent the step-sizes in time, space, and
order, respectively.

Mesh-Free Approaches

In this section, we briefly describe the different mesh-free approaches available in
the literature to numerically simulate DODEs. The majority of these techniques adopt the
common strategy of converting the DODE into a system of algebraic equations using or-
thogonal basis functions. This allows formulating operational matrices which approximate
the CO derivatives within the step 2 approximation. Depending on the strategy adopted to
develop these matrices (or, equivalently, these algebraic equations) the different mesh-free
approaches can be broadly categorized as Galerkin methods, collocation methods, and tau
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methods. A brief discussion on these methods and some other miscellaneous techniques is
provided in the following.

1.

Galerkin spectral methods can be divided broadly into two categories depending on
the specific nature of the basis functions: (1) Galerkin spectral methods based on
Legendre polynomials (GLSM) and (2) Galerkin spectral methods based on Jacobi
polynomials (GJSM). GLSMs were proposed very recently in [92,118,125,143,148] to
solve time-fractional DODEs. These were accurate to O(t>~F) (where, g € (0,1)).
A few researchers combined the GLSM scheme with an alternating direction implicit
(ADI) scheme to improve the accuracy to O(12 + 0?) [98,139]. Numerical studies
based on the GJSM approach can be found in [85,91,149]. Some interesting conclusions
were presented in [150], which combined a s-stage implicit Runge-Kutta method in
time and the GJSM/GLSM in space to solve time-space-fractional DODEs. They estab-
lished that a convergence of O(s + 1) in time could be obtained when employing an
algebraically stable Runge-Kutta method with order p (p < s +1). A few researchers
have compared the performance of the GLSM and GJSM techniques in [90,150,151].
The results of these studies indicate that the specific basis functions do not drastically
alter the computational performance.

Collocation methods require that the approximate solution satisfies the DODE at specific
locations known as the collocation points. Similar to the Galerkin spectral method,
various collocation methods have been developed starting from (1) Legendre basis
(LCM) [100,134] and (2) Jacobi basis (JCM) [105,152]. Zaky constructed a LCM to
solve both linear and nonlinear boundary value problems [100], and later extended
this method to simulate initial value DODEs [99,153]. Results indicated that the con-
vergence error decays exponentially with an increasing number of Gauss-Legendre
points. Very recently, the LCM was extended by Xu [96] to develop a higher-order
Legendre-Gauss collocation method for nonlinear DODEs. JCMs were developed
in [101,102,152] to solve DODEs concerning different physical applications (such
as, for example, transport processes and control). A majority of the above studies
achieved either first or second-order accuracy. Recently, Abdelkawy [105] proposed a
fourth-order accurate scheme for time-fractional DODEs (admitting only smooth solu-
tions) while also achieving an exponential convergence rate. Besides the popular LCM
and JCM, collocation methods based on other basis functions including, for example,
the Chebyshev polynomials [129,154], fractional Lagrange polynomials [92], and the
wavelet method [119], were also developed. Some interesting numerical techniques
were developed by combining selected aspects of the different basis functions such as,
for example, the fractional-order Chelyshkov wavelets [104]. Similar to the Galerkin
spectral methods, it appears that the different basis polynomials in the collocation
methods, do not drastically alter computational accuracy.

Tau methods also employ different basis functions similar to the Galerkin spectral
method and collocation method. Tau methods for DODEs were first developed
in [155,156] using shifted Chebyshev polynomials. Building on these studies, shifted
Jacobi polynomials were adopted as basis functions in [157], and shifted Legendre
polynomials were adopted in [103,158]. A detailed analysis of the results from these
studies suggests that the accuracy and computational cost of simulating a given DODE
using the tau methods are similar to the collocation and Galerkin spectral methods.
Other mesh-free methods based on the formulation of fractional-order operational ma-
trices have also been explored to solve DODEs. The operational matrix is based on
different functions such as the block-pulse function (BPF) [89], Chebyshev polynomi-
als [159,160], and shifted Legendre polynomials [154]. Following the same strategy,
hybrid approximation methods based on the combination of different basis functions
have also been developed. The specific combinations that have been explored in
literature are BPFs and Bernoulli polynomials [95], BPFs and Taylor polynomials [93],
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and BPFs and shifted Legendre polynomials [161]. For completeness, we mention that
other numerical methods including the Laguerre spectral method [108], Legendre
wavelets method [84], fractional pseudo-spectral method [162], reproducing kernel
method [163], radial basis function based mesh-free methods [86,114], and element-
free Galerkin method [106] have also been proposed. Further, several semi-analytical
approaches including the Homotopy perturbation method [164-167], harmonic ap-
proximations [168], and the Adomian decomposition method [169-171] have also
been proposed and applied to derive the solution of DODEs and multi-term fractional
differential equations (FDE).

Mesh-Based Approaches

Although many mesh-free approaches can be implemented relatively easily for DO
problems involving simple geometries and boundary conditions, algorithms for numer-
ical computations on complex domains (e.g., involving irregular geometry and high-
dimensional systems) still present several complexities. This also reflects from the fact
that many 2D and 3D problems have been solved using mesh-based approaches, while a
majority of mesh-free approaches focus primarily on 1D problems. FEM is particularly
useful in exploring numerical solutions over irregular domains. Among the mesh-based
approaches for DODEs, two methods have generated the most interest: finite difference
methods (FDM) and finite element methods (FEM). Before proceeding to review these
mesh-based approaches, it is important to note a specific challenge faced by this class
of methods. More specifically, due to weak singularity of the integral kernel within the
fractional derivative, numerical solutions for initial boundary-value FDEs normally have
non-smooth sharp approximations near the boundary [172-174]. As the DO derivative is
approximated via a weighted sum of CO derivatives (see Equation (11)), this phenomenon
also occurs when solving initial boundary-value DODEs [143]. To tackle this weak singular-
ity, the commonly used mesh-based methods need to be improved. One possible approach,
commonly adopted in literature, consists in the use of a graded mesh [87,143]. Remarkably,
the use of the graded mesh also helps achieving a high-order convergence [87,143].

1. Finite difference methods are one of the most widely used mesh-based approaches
for the solution of DODEs because they allow easy formulation and implementation.
Compared with other approaches, the convergence and accuracy of FDM are easier
to analyze [175-177]. A majority of the advanced FDMs are based on the Griinwald—
Letnikov method (GLM) [122,142]. Recall that GLM uses a finite number of terms
from a convergent series to approximate the fractional derivative and is a widely
used approach [4]. Hu [126] used a shifted GLM to simulate a time-fractional DODE
with accuracy up to O(t'+9/2 4+ 1 + ¢2). Second-order accurate schemes for space-
fractional DODEs were developed in [136] by using a Crank-Nicolson scheme in
time and a shifted GLM. Similar second-order accurate algorithms can also be found
in [133,178]. The second-order accurate backward difference formula, first proposed
by Diethelm [145], also appears to be popular among several researchers [124,129,138].
To further improve the numerical accuracy, more elaborate methods were developed
using the weighted and shifted GLM (WSGLM). Li [179] developed a numerical
scheme with high spatial accuracy (O(t? + h*3 + ¢2)) by combining WSGLM and the
parametric quintic spline method. Another scheme capable of delivering high spatial
accuracy (O(2 + h* + ¢*)) was proposed by using the WSGLM for temporal approx-
imation and high-order compact difference scheme for spatial approximation [117].
Yang [180] also proposed a similar composite method based on WSGLM in time
and orthogonal spline collocation method in space. This scheme was shown to be
unconditionally stable and accurate up to O(t% + h' 1 + ¢2) (here r is the polynomial
degree used in the spatial domain).
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FDM schemes have also been developed for high-dimensional problems, with par-
ticular attention being given to accuracy and convergence performance [141,181].
For applications requiring high accuracy, two techniques are often used: (1) compact
FDM (CFDM) and (2) extrapolation method. Based on a fully discrete difference
scheme [182], Ye [132] proposed a CFDM and demonstrated its convergence to be
O(t*9/2 4 j* 4+ ¢2). Pimenov [121] constructed a linearized difference scheme for
nonlinear time delay DODE. Several researchers [110,120,183] also obtained a CFDM
with order O (72 + h* + ¢*) based on higher order temporal approximation techniques.
Gao [111,116] applied two extrapolation methods in time to achieve high temporal
convergence: O(7?) and O(7?|Int|?). For high-dimensional problems, ADI schemes
become highly popular and help achieve highly accurate (second-order in time and
fourth-order in space) numerical schemes [107,184].

2. Finite element methods: Starting from the study of multi-term FDEs, Jin [185] de-
veloped a Galerkin approach, Bu [186] used a multi-grid FEM, and Zhao [187] used
a spatially nonconforming FEM to solve time fractional diffusion equations. Simi-
larly, several researchers first developed FEMs to solve multi-term FDEs and later
extended them to solve DODEs [87,123,188]. Few researchers [112,189] developed the
H'-Galerkin FEM for DO sub-diffusion equations which allowed the estimation of the
diffusive field variable as well as its spatial derivative. By using locally discontinuous
Galerkin FEM, Aboelenen [137] and Wei [190] developed highly accurate numerical
schemes with spatial convergence O(hF1) (k is the degree of basis polynomials).
Given the FEM’s unique ability of handling complex geometry, several recent studies
have focused on its application to irregular domains. Examples include the develop-
ment of FEMs, based on unstructured meshes, to solve DO equations corresponding
to different physical applications [109,191-193].

3.  Other mesh-based methods: In addition to FEM and FDM, a few other mesh-based
methods were also explored. Examples include the combined B-spline interpolation
and the Du Fort-Frankel method [130] for time-fractional DODEs. Heris [135] and
Javidi [136] introduced a fractional backward differential formulas for space DODEs
and obtained a second-order accurate numerical scheme. Diethelm et al. [60,188,194]
introduced a convolution quadrature method for the numerical approximation of DO
operators. Based on a backward difference formula, Podlubny [195,196] proposed a
matrix form to represent discrete analogs of fractional operations and extended this
method to the solution of DODEs [197]. Other mesh-based techniques developed
in literature to solve DODEs and multi-terms FDEs include the predictor-corrector
method [56,198-201] and the finite volume method [127,128,202].

Computational Aspects of DODEs

The previously discussed numerical schemes for the approximation of fractional
derivatives typically generate dense matrices; a clear consequence of the intrinsic nonlocal
character of the operator. For discretizations with N number of elements (temporal or
spatial), these dense matrices generally require O(N?) floating point operations and O (N?)
memory, for each iteration. In order to reduce this high computational cost, several alternate
approaches were considered. Based on the idea of relabeling employed in ADI methods,
Jia [203] developed a fast FDM which stores a coefficient matrix in O(N) memory and
performs matrix-vector multiplication in O(NlogN) computations. Two numerical algo-
rithms offering comparable time and space complexity were developed by Jian [142] and
Zheng [202]. By expressing the matrix of coefficients as a sum of special diagonal-Toeplitz
matrices, Jian derived a fast solution technique based on the preconditioned Krylov sub-
space method. Zheng proposed an efficient biconjugate gradient stabilized method to solve
system of equations with a Toeplitz structured coefficient matrix. More recently, a reduced-
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order ADI method [184] was developed to reduce the computational cost involved in the
numerical solution of DODEs.

Before proceeding further, it is worth noting that the computational time for the
numerical simulation of DODEs can also be reduced via parallel computation and pre-
conditioning of the operational matrices used to approximate the fractional derivatives.
While parallel computation has not been directly applied to DODEs, parallel solvers have
been developed for CO FDEs [204-206]. Besides the parallel algorithm itself, the effect of
different hardware platforms (GPU v/s CPU) [207] and different memory architectures
(shared memory v/s distributed memory) [206] on the computational times for simula-
tion of CO FDEs, have also been studied. Further, preconditioners are often designed to
accelerate matrix computations in nonlinear CO FDEs involving iterative problem solv-
ing procedures. Many studies have proposed different types of preconditioners such as,
for example, preconditioned biconjugate gradient method [208] and generalized minimal
residual method [209], for solving nonlinear CO FDEs. Both the above described tech-
niques, that are parallel computing and preconditioning, present possible opportunities
to reduce the computational time for solving DODEs and are hence worthy of detailed
investigation in the future.

3. Relevance of Distributed-Order Operators

As evident from the definitions presented in Section 2, DO operators can be interpreted
as a parallel distribution of derivatives of either integer or fractional orders. It follows that
one of the most immediate application of these operators is to model physical systems
whose response is characterized by a superposition of different processes operating in
parallel and individually described by either fractional- or integer-order operators. As an
example, consider electro-rheological fluids that can change their properties following
the application of an electric field. This means that, in these media, the order of a small
fluid element is dependent on the local field strength. Therefore, if the applied electric
field is nonuniform, a corresponding order distribution will exist throughout the mate-
rial [45]. A similar example consists of modeling the response of an electrical circuit with
a distributed network of capacitors exhibiting the well-known fractional-order Curie’s
law. According to this law, current through a capacitor varies with time t as i(t) = V,/Ct*,
where Vj is a constant voltage and « € (0,1) [210]. These simple examples suggest that
there exists a class of physical problems that can be better described by DO operators.

Broadly speaking, the above-described class of physical problems is characterized by
the presence of multifractal or equivalently multifractional systems [211]. The response of
such systems is marked by the presence of multiple temporal and spatial scales, which can
be accurately captured via time-fractional and space-fractional DO operators, respectively.
The advantage of the DO operator in capturing the hierarchy of scales as well as anomalous
scaling effects has been analyzed in detail in [44]. The occurrence of this hierarchy of
scales could be better visualized by considering, for example, the modeling of turbulence
via the Lévy walk approach. This approach associates a time scale with jump distances,
and the multiplicity of scales is explicitly taken into account via an integral equation
which contains a coupled memory kernel similar to the DO operator [212]. Other examples
of such multifractional processes include the analysis of structures with simultaneous
nonlocal and strain-gradient (multiscale) effects [213], diffusion of particles in microporous
materials [214], analysis of financial markets where distributions of financial data usually
possess fast falling power-law tails [215], and even state functions of complex quantum-
mechanical systems [216,217].

From a different perspective, DO operators can also be used to retrofit models to
experimental data derived from systems with an unknown fractional behavior. The frac-
tionalization of differential equations commonly used in mathematical physics leads to the
analysis of the order-parameter, say «, to be determined via experimental results. As experi-
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ments can lead to several values of the fractional order, as a result of different experimental
conditions, it is convenient to introduce a DO fractional derivative. This is equivalent to
integrating the product of a fractional derivative (Df(+)) of the primary response variable
(say u) and a weight function (or distribution) with respect to the order of the derivative,
that is, to evaluate ‘/'supp ¢ ¢(a)DYuda. In this way, one may use several experimental
results and determine a continuous function ¢ rather than focusing on a single variable
that is the fractional-order a. This can be interpreted as a homogenization of the different
possible fractional processes and the resulting epistemic uncertainties. In other terms, such
an approach would enable a valid and accurate analysis of experimental data and allow the
development of fractional-order models, without having to identify the specific underlying
fractional behavior.

The above remarkable properties of DO operators have led to the development of
fractional models capable of describing numerous complex physical processes. Most of the
work to date has concentrated on the general areas of viscoelasticity, transport processes,
and control theory. We make a few concluding remarks, before proceeding to review the
most significant applications of DOFC reported to date in the different areas. Note that the
application of DOFC to viscoelasticity and control theory primarily involves the use of time-
fractional DO derivatives, while the application to transport processes involve both space-
and time-fractional DO derivatives. This separation follows from the underlying physics
being captured. In this regard, recall that, while time-fractional DO derivatives are typically
used to account for memory effects and dissipation across multiple temporal scales, space-
fractional derivatives are used to model nonlocal effects and spatial heterogeneity over
multiple spatial scales. In the applications presented below, we do not specify if the
DO model is based on a Riemann-Liouville or Caputo (or any other) definition, as it
only marginally affects the overall discussion. Finally, we use the following notation
in all the subsequent sections: t and x refer to the independent variables in time and
space, respectively.

4. Applications to Viscoelasticity

Fractional-order derivatives are well suited to capture the dissipation in viscoelas-
tic solids. The differ-integral definition of the fractional derivatives allows the effects of
deformation history to be realized within the stress—strain constitutive models, thus com-
bining the elastic response across different time scales. In this regard, Gemant [218,219],
Caputo [46], Bagley and Torvik [5,6], and Chatterjee [7] provided seminal contributions
towards the use of fractional-order models to simulate the effect of dissipation in viscoelas-
tic solids. While an approach based on CO time-fractional derivatives is intuitive and has
drawn much interest, it is not well suited for applications involving materials character-
ized by multiple relaxation times. In order to address this gap in modeling viscoelastic
systems via the CO derivatives, DO models were proposed [48,49,220]. As mentioned in
Section 3, the DO operators allow the multiple relaxation scales to be visualized as separate
viscoelastic connections operating simultaneously. Thus, a superposition of multiple CO
derivatives (or equivalently, multiple relaxation scales) is achieved via the definition of the
DO derivative for viscoelastic solids.

4.1. Constitutive Models

As mentioned in Section 2.1, the DO derivatives were originally conceptualized
to model the dissipative elastic response with several temporal relaxation scales [48].
Following this seminal work, several other models of viscoelasticity either based on DO
derivatives now exist in literature. These models can be viewed as simplified versions
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of the following generalized DO stress—strain constitutive law, proposed by Atanackovi¢,
for viscoelastic solids [221,222]:

1 1
/O ¢ (7)oD] o (t)dy = E/O ¢e(7)oD e(t)dy (13)

where ¢, and ¢, represent the strength functions corresponding to stress and strain (these
are constitutive functions that characterize the viscoelastic response), E is the Young’s mod-
ulus, and ¢Dj (+) is the CO time-fractional derivative. The formulation in Equation (13) is
referred to as the most general model because all other models, already existing in literature,
can be derived from this model via suitable assumptions on the additional (fractional-
order) constitutive parameters. For instance, the choice ¢ = 6(7) and ¢g = 6(y — 1) for
the for strength functions results in the standard dashpot. Additional abstractions of the
DO constitutive model in Equation (13), describing different viscoelastic elements, are
illustrated in the Figure 4. Further, as discussed in Equation (6), a discrete choice for the
order-distribution weights in Equation (13) would result in a multi-term fractional-order
expression for the DO definition given above. Employing discrete strength functions in the
above equation, the stress and its temporal derivatives (of real order, not necessarily integer)
can be recast in terms of strain and its (real-order) temporal derivatives as follows [223],

™=

N
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where the fractional-orders are assumed to satisfy: 0 < ap < a7... < ay < 1,0 < By <
Bi1... < Bm < 1. The constants a and b can be interpreted to be relaxation times for
the viscoelastic solid. As demonstrated in [223], the above-presented multi-term model is
effective in modeling both stress relaxation and creep response in viscoelastic structures.
The integral constitutive relation given in Equation (13) can be interpreted as the continuum
limit of the discrete multi-term constitutive relation given in Equation (14). This is also
illustrated in Figure 4b, which depicts the DO integral model as the continuum limit of the
discrete model in Figure 4a.
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Figure 4. Examples illustrating the different DO models of viscoelasticity along with their respective
constitutive relations. It appears that DO operators can model multiple viscoelastic elements within
the same general formulation. Dashpots characterized by material constants # and order « indicate

the individual viscoelastic elements. Schematic illustration of (a) the multi-term DO viscoelastic
model, (b) the generalized DO model depicted as an infinite ensemble of elements with «; € (0,1]
such that Span {«;} is (0,1], and (c) the generalized temperature field-dependent VO definition for
the DO viscoelastic model.
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4.1.1. DO Integral Models

All existing models catering to different lossy materials can be recast into the DO
form in Equation (13) (or equivalently, Equation (14)) by considering different choices for
order-distribution functions. In other words, each of the several distinct classifications
of the viscoelastic solids proposed by Caputo and Mainardi [224] based on the creep and
relaxation moduli relations, can be described by the single DO constitutive law via suitable
choices of the fractional-order constitutive parameters. This highlights the relevance of DO
operators and their scope in modeling viscoelastic constitutive relations when compared
with other more classical integer—and fractional—(CO or VO) models available in the
literature. To better illustrate this, consider the following two cases: case I: ¢, = 6(7y),
¢e = 15, and case I: ¢ = 77, P = ¢, Tr < Te, Tq being a material constant. These two
choices for the integral forms of the DO constitutive relation are commonly used in mod-
eling viscoelastic solids [43,225-227]. Depending on the choice of the strength functions,
Equation (13) can successfully characterize both fluid-like and solid-like viscoelastic materi-
als. Remarkably, salient mechanical characteristics of the viscoelastic materials modeled by
these choices, such as the creep and stress relaxation functions, exhibit the experimentally
observed power-law attenuation [228].

4.1.2. Multi-Term Fractional Models

Compared to integral models, the discrete multi-term approach has been more widely
used for the modeling of viscoelastic constitutive relations. This is a direct consequence of
the simplicity with which discrete models could be modified in order to account for different
lossy behaviors observed in real materials. The discrete form also facilitates a direct
comparison between the viscoelastic behavior captured by DO models with respect to the
more traditional and established integer-order models. This enables a better understanding
of the physical relevance of DO models and it also allows a more natural approach to
material characterization. The following instances of the different viscoelastic models that
can be recovered from the multi-term DO law in Equation (14) further illustrate the strength
of the DO approach:

1. Kelvin-Voigt models: The DO analogue of the Kelvin—Voigt model is obtained for the
choice of ¢y = 6(1y), and ¢pe = T [229].

2. Maxwell models: The fractional-order Maxwell model of viscoelasticity can be obtained
for ¢y = 6(7) + 16(y — &) and e = Eeo1Pd(y — B) in Equation (13) [230]. Note that,
assuming & = B in the fractional Maxwell model, allows recovering the fractional
Zener model [231].

3. Zener models: If the material constants in Equation (14) are chosen as ap = by =1,
a1 =a, by = b, and orders 0y = By = 0, a1 = B1 = 1 the classical Zener model
is obtained. Similarly, &; = B; = a gives the generalized Zener model [232].
Wave propagation in fractional Zener-type viscoelastic media, obtained by choosing
¢ = ¢pe = 6(7) + (7 — &) in Equation (13), was studied in [233,234]. Similarly,
the choice of ¢ = 5(7y) + (a/b)é(y — (a« — B)) and ¢pe = ad(y —a) + cé(y — 1) +
(ac/b)6(y — « — 17 + B) in Equation (13), also results in a fractional version of the
classical Zener model with springs and dashpots [223].

4. Other models: Viscoelastic models described for the strength functions ¢, = 5(7y) +
(v — &) and e = Eg((y) + T%6(7y — &) + P5(7y — B)) in Equation (13), were ana-
lyzed in [235]. Variations of this latter model (also referred to as the four-parameter
model [236]) including the use of five-parameters [237] were studied to simulate
selected types of lossy behavior in real materials. Further extensions that explored
the use of additional terms were also presented [79].

In the above discussion, {a, b, c} denote different material constants corresponding to
different relaxation times and {«, 3,7} are the fractional-orders associated with different
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lossy behaviors of the DO model (see Equation (14)). In conclusion, we note that the multi-
term fractional model is highly general and offers much flexibility in modeling different
types of lossy behavior in viscoelastic solids. This is unlike CO or VO approaches that
require separate models to capture these different behaviors.

4.2. Material Characterization: Methods and Experiments

It is clear from the discussion in Section 4.1 that several possibilities for the viscoelas-
tic constitutive theories exist, considering suitable choices for the DO model parameters.
Before proceeding to review the application of these DO theories to the characterization of
viscoelastic materials, we make an important remark. Note that the application of these
DO theories to real-world viscoelastic problems requires that these models are physically
as well as mathematically consistent. To ensure consistency of the DO viscoelastic theories,
there exist restrictions on the choice of the fractional model parameters which are derived in
accordance with the principles of (1) time invariance, (2) causality, and (3) thermodynamics
(dissipation inequality given by the Clausius—-Duhem inequality) [49]. The conditions over
the strength distribution functions ¢, and ¢e, corresponding to the integral definition of the
DO law given in Equation (13), are available in [222]. For instance, the thermodynamic law
restricts the choice of DO constitutive parameters for the fluid-like viscoelastic materials,
discussed in Section 4.1.1, as follows, Tp > 0. An analogous study conducted on the discrete
form of the DO constitutive law (see Equation (14)) identified the restrictions on relevant
constitutive parameters [223]. The investigations conducted in the aforementioned studies
were further extended in [53] which analyzed the physical as well as mathematical consis-
tency of the generalized DO model of viscoelasticity. In this regard, note that mathematical
consistency ensures the existence and uniqueness of a linear viscoelastic response corre-
sponding to the generalized DO formulation. The framework developed in [53] provides
the foundation for a rigorous and consistent application of DOFC to modeling the response
of viscoelastic solids.

The discussion in Section 4.1 highlighted the ability of DO operators to capture
multiple scales of relaxation time and thereby different lossy behaviors observed in real
materials [220]. For this purpose, the constitutive parameters of the DO constitutive model
in Equation (13) that require to be identified are the fractional-order parameters and
their numerical range. Initial investigations [82,220] laid a theoretical foundation for this
fractional-order system identification problem. Further experiments on the characteri-
zation of viscoelastic properties corresponding to the different class of DO models for
commercial polymers are reported in [238]. Such studies were carried out by matching the
experimental profiles of the loss and storage moduli for viscoelastic materials [53]. Recall
from Section 4.1.2 the relevance of DO operators in modeling multiple forms of viscoelastic
behavior. This feature of the DO constitutive models for viscoelastic elements presents an
interesting opportunity. To better illustrate this aspect, consider the multi-term DO models
depicted in Figure 4a as the sum of several independent viscoelastic connectors with their
associated relaxation timescales. This type of arrangement allows incorporating multiple
timescales within a single DO model in order to design an optimized fractional damper.
The incorporation of multiple timescales (using the DO derivative) can also be visualized
from the DO derivative of the Heaviside step function in Figure 3. The relaxation time
of the viscoelastic damper can be tuned by an appropriate choice of the constituent CO
derivatives and their associated weights within the definition of DO derivative. This ap-
proach presents an opportunity to identify the damper that can deliver a desired behavior
in terms of overshoot, peak time, and integrated tracking error [239]. This feature is unlike
the classical integer-order or CO constitutive theories that allow only a single type of lossy
behavior to be captured with a given model.
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4.3. Distributed-Variable-Order Models

The above discussion presented an overview of the applications that DO models,
based on CO derivatives, enable in the general area of viscoelastic solids. A few studies
have also explored the extension of these models to employ DO operators based on
VO derivatives; here below referred to as distributed-variable-order (DVO) operators.
Lorenzo and Hartley presented one of the first works exploring the combination of both
VO and DO operators to the formulation of the stress—strain constitutive law of viscoelastic
solids [45]. They discussed how a DVO operator defined using a spatially-dependent
VO law could be used to model the response of a thermorheologically complex material
subject to a spatially and temporally varying temperature field. By choosing a spatially-
dependent VO law, the resulting DVO model is capable of describing the spatial variation
of the viscoelastic properties. The spatial variation of viscoelastic properties can be the
result of a combination of internal as well as external conditions such as, for example,
varying microstructure, presence of thermal loads, and a distribution of thermal gradients.
We merely note that, very recently, this concept of defining a spatially-dependent VO
law was used to model nonlocal solids with spatially varying microstructure in [240].
Further, an example of the temperature-dependent DVO viscoelastic model is illustrated
in Figure 4c. In this case, the DVO model is required to introduce the effect of a spatially
varying temperature field T(x, t) on the multiple timescales present within the DO model
for viscoelasticity. This allows an accurate representation of the transient viscoelastic
response [220]. It is important to mention that, unlike the DO models employing CO
derivatives, the thermodynamic basis for the DVO models still remains to be ascertained.

4.4. Some Practical Applications

The DO constitutive models have been successfully applied in the analysis of viscoelas-
tic solids. Recall that the different DO constitutive models can be classified primarily into
two classes: (1) integral-models and (2) multi-term models, corresponding to the choice of
DO derivative. Further, within each of these classes, further subdivisions exist depending
on the specific functions chosen for (a) weights of the order-distribution functions and (b)
bounds of the fractional-order a. Here, we shall present some prominent examples studied
in literature that cater to a specific class of viscoelastic solids. These studies include finite
solids with appropriate boundary conditions, and also the infinite solids.

Some examples of the constitutive parameters within DO integral models in
Equation (13) were discussed previously in Section 4.1.1. Employing specific choices
of the constitutive parameters, successful modeling of the creep response [225] and stress-
relaxation [226] in finite solids is possible. Further, these integral models find relevance in
modeling the vibration of fractional DO oscillators [227]. Patnaik and Semperlotti [168]
demonstrated a successful application of DO viscoelastic models in the analysis of non-
linear oscillators with distributed nonlinear properties. In this study, the effect of the
order-distribution on the phase and frequency response was captured analytically using
asymptotic techniques and some important characteristics, such as simultaneous phase and
amplitude modulation (that is not seen in integer-order models) were presented. Recently,
the scope of DO constitutive models is also being explored to describe viscoelasticity within
complex materials like composites [43].

These studies can also be extended to modeling and analyzing the damping of the
structural response. DO models can be utilized to derive moment—curvature relations
of viscoelastic rods [241-243]. The DO constitutive relation between moment (M) and
curvature (k) for the viscoelastic rod is given by

1 o 1
|| #m(noDi My = [ gc(x)oD]rdy (15)
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In this equation, the choice of ¢5; = () and ¢z = EI5(7) (EI is the bending modulus)
reduces the above expression to the classical Euler-Bernoulli beam theory. The solution
to the above DODE would reflect the influence of viscoelastic damping over the bending
response of beams. Similar exercises can be conducted over more complex shapes with the
help of advanced numerical techniques discussed in Section 2.4.

Employing the multi-term definition of the DO constitutive relations, the DO moment—
curvature relations can be revisited for different classes of viscoelastic solids. For instance,
DO bending relations analogous to the generalized Zener model were derived to study the
dynamics of a viscoelastic rod in [243,244]. Similarly, the lateral vibration of a viscoelastic
rod modeled according to the generalized Kelvin-Voigt behavior was studied in [229].
The choice of ¢p; = 6(y) +ad(y — a) and ¢ = EI(6(7y) + bd(y — ) + ¢6(y — B)), which
is a generalization of the standard Zener model, was proposed in [235] and used in [245] to
study the lateral vibrations of viscoelastic rod. DO models were also used to analyze the in-
fluence of viscoelastic foundations on the dynamic stability of local and nonlocal rods [246].
Similarly, Varghaei et al. [247] investigated the nonlinear vibration of viscoelastic beams
using a generalized Kelvin—Voigt model implemented via DO derivatives. Finally, Duan
and Chen [248] investigated oscillatory shear flow between two parallel plates using DO
form of the constitutive law for for viscoelastic fluids. Different effects of viscoelasticity
over the structural response can be realized thanks to the generality of the DO models of
viscoelasticity by employing specified choices for constitutive parameters. For instance,
different viscoelastic constitutive models were employed in a study over the damping
influence on the propagation of an initial Dirac delta disturbance through an infinite media.
This provides the necessary foundation for designing an optimized damper as in [239].

5. Applications to Transport Processes

Several experimental investigations have shown that transport processes in many
classes of materials are often characterized by anomalous mechanisms exhibiting either
memory effects over various temporal scales or nonlocal effects over several spatial
scales [249-251]. A direct consequence of this, as an instance, is a loss of the scaling
invariance (CO or VO) noted in classical transport processes. Consequently, such processes
cannot be modeled by using CO (integer or fractional) or even VO differential equations,
as CO and VO diffusion equations lead to self-similar probability densities with a charac-
teristic displacement exhibiting spatio-temporal scaling. The loss of the spatio-temporal
scaling is a direct result of the presence of a spectrum of temporal or spatial scales in the
transport process. The presence of several temporal scales, as an example, can be the result
of the presence of a mixture of delay sources of variable strength [252] while the presence of
distributed spatial scales can occur in transport through multifractal materials [211,215,253]
(see Figure 5). Real-world examples of such complex transport processes include appli-
cations in geophysical and atmospheric phenomena [254-257], financial markets [258],
turbulence [259], and even biology and medicine [211]. As discussed in Section 3, DODEs
are very well suited to model such non-scaling anomalous transport processes exhibiting
effects over multiple temporal and/or spatial scales.
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Figure 5. (a) Underground aquifers contain heterogenous layers of soils where each layer is charac-
terized by a different level of porosity. The diffusion of groundwater through this multifractal media
can be better described by DO operators, by replicating (mathematically) the parallel action of the
different porous media in the order-distribution (see Section 5.3). Additional examples of multifractal
systems where transport processes are better described via DO operators: (b) the diffusion of ions in
neuronal dendrites [211], (c) the diffusion of pigments to form patterns in animals (see Section 5.2),
and (d) turbulent flows. The subfigures (a—d) are taken from Wikipedia.

From a thorough review of the literature it appears that anomalous diffusion, among
other types of anomalous transport processes, has seen the maximum applications of
DOEFC. Therefore, we start by reviewing the application of DO models to complex diffusive
transport processes, and then move on to other processes including reaction-diffusion,
advection—diffusion, and hybrid propagation. In an effort to keep this review contained and
focused on the main applications of DOFC to physical modeling, we present the key aspects
and mathematical characteristics of the use of DODE in the modeling of transport processes.
The interested reader can find extensive mathematical details on the implementation of
DO transport models in [54].

5.1. Anomalous Diffusion Processes

As highlighted previously, diffusion processes in several classes of media exhibit
strong anomalies wherein the mean square displacement (MSD) is not characterized by a
definite (or unique) scaling exponent, [260-263]. As an example, the MSD in several systems
grows as a power of the logarithm of time (strong anomaly) and shares the interesting
property that the probability distribution of the particle’s position at long times is a double-
sided exponential [261-264]. More specifically, the MSD varies as

(x%(t)) o< log" t (16)

where v is a positive constant. These diffusion processes are indicated as ultraslow diffu-
sion (or, sometimes, superslow diffusion) processes and they do not conform to self-affine
random processes. The most commonly referred example of such a strong anomalous
diffusion process is the Sinai diffusion (v = 4) in which the particle moves in a quenched
random force field [265]. Additional examples of such ultraslow diffusion behavior in-
clude polymer physics [266], numerical experiments on an area-preserving parabolic map
on a cylinder [267], motion in aperiodic environments [268], and in a family of iterated
maps [269]. We highlight that, apart from ultraslow diffusion, there exist other strong
anomalies including retarding subdiffusion and accelerating subdiffusion, as well as retard-
ing superdiffusion and accelerating superdiffusion. The specific form of the DO governing
equation suitable to model either phenomena depends entirely on two factors: (1) the use
of time and/or space-fractional DO derivatives, and (2) support of the strength function
corresponding to the time- and/or space-fractional DO derivative. In the following, we
will review the different modeling possibilities arising from combinations of the aforemen-
tioned factors.
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In a series of seminal studies, Chechkin et al. [261,270,271] developed a DO framework
for strongly anomalous diffusion mechanisms. They considered the time-fractional DO
diffusion equation:

/O'] -19(B)DPc(t, x) dp = DD2e(t, x) 17)

where c(t, x) denotes the particle concentration, and D denotes the diffusion coefficient.
T is a positive constant representing a characteristic time of the problem, and the strength
function was chosen as ¢(8) = vB'~!. The normalization condition for ¢() on [0,1],
ie., fol ¢(B)dp = 1 assumes v > 0. As established in [261], this choice of ¢(pB) leads
to ultraslow kinetics. More specifically, for the above mathematical setup, the MSD is
obtained as -

(2(1) { %Dtlog(r/t) t/t<1 (18)

%ﬂogv (t/7) t/t>1

As evident, strong diffusion anomalies are described within the above DO diffusion formal-
ism. In fact, it appears that the DODE in Equation (17) describes a subdiffusion random
process which is subordinate to the Wiener process with a diffusion exponent decreasing in
time (retarding subdiffusion). The same behavior was further highlighted by demonstrating
that the modes of the solution, obtained via separation of variables, show an ultraslow, log-
arithmic, decay pattern. The waiting times (i(t)) of the diffusing particles corresponding
to this setup are [271]

1
YO Hogte/m o

and they do not have finite moments. Clearly, the DO diffusion equation can be interpreted
as a limit of the continuous time random walk (CTRW) model with an extremely broad
waiting-time probability density function (PDF), so that there are no finite moments [271].
We highlight that several authors have also analyzed the diffusion characteristics
obtained via discrete order distributions [272-274] as well as a uniform strength distribu-
tion [261,272-274]. For the discrete time-fractional DO with ¢(B) = ¢16(B — B1) + ¢26(B —
B2) (0 < B1 < B2 <1,¢1>0,¢ >0, and ¢; + ¢ = 1), the characteristic displacement
grows initially as t%2, whereas at large times it grows as f1 indicating slow yet power-law
growing diffusion. For the uniform strength function, thatis ¢() = 1, the MSD is given as
2 2Dtlog(t/t) t/T<<1

() = {2ﬁrlog(t/r) t/t>>1 @0

It appears that the DODE with the uniform strength function leads to slightly anomalous
superdiffusion at small times, and to ultraslow diffusion at large times.

Another example of strongly anomalous diffusion processes corresponds to acceler-
ating superdiffusion wherein the MSD, similar to ultraslow diffusion, does not exhibit a
unique spatio-temporal scaling. In this class of diffusion processes, the diffusion exponent
increases with time. Such processes are characterized using the following space-fractional
diffusion equation [261],

) o
Dlc(x,t) = /0+ 1°72D () D%c(x, t) da (21)

where [ is dimensional positive constant. In [261], the authors obtained the MSD behav-
ior by considering a two-term space-fractional diffusion equation, that is by choosing
the strength function to be ®(a) = P16(a — aq) + Ppd(a —ap) with 0 < a3 < ap < 2.
For this DO diffusion equation, it was shown that at small times the characteristic dis-
placement grows as t!/%2, whereas at large times it grows as t'/%1; clearly exhibiting
superdiffusion with acceleration. The fundamental solutions for this discrete order distri-
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bution can be found in [275]. Exact solutions for a triple-order discrete distribution can be
found in [276]. Random walk models corresponding to the space-fractional DO diffusion
equation are presented in [275,277].

Notably, independently of the specific nature of the DODE (space-fractional or time-
fractional) as well as of the strength function, the DO diffusion model no longer exhibits
self-similarity or scale invariance. This is a direct result of the fact that the DO derivative
modifies the constant- or even variable-order formulation, by integrating all possible orders
over a certain range. The resulting solutions exhibit memory and/or nonlocal effects over
several temporal and/or spatial scales leading to strong anomalities.

Building upon the time- and space-fractional DO diffusion models presented in
Equations (17) and (21), several authors [278-280] developed DO diffusion models that
lead to accelerating subdiffusion and retarding superdiffusion contrary to retarding subdif-
fusion and accelerating superdiffusion obtained via Equations (17) and (21), respectively.
These DO diffusion models are given as [278-280]

Dle(x,1) = [ ¢(8)DD} P [De(x, )] ap (222)

/02 ¢(a)P~*D27* {D}c(x, t)} da = DD2¢(x, ) (22b)

[x]

A direct comparison of the above equations with Equations (17) and (21) indicates an
exchange in the presence of the time- and space-fractional DO derivatives, resulting in a
class of mixed spatio-temporal DO derivatives. The detailed expressions of the MSD of the
particles described via the above equations can be found in [278-280]. The MSD obtained
via these formulations indicates that the anomalous diffusion phenomena described via
Equation (22a) and Equation (22b) exhibit accelerating subdiffusion and retarding superdif-
fusion, respectively; that is, they become less anomalous in the course of time. Additional
details on these anomalous behaviors are provided in the following. The DO time-fractional
diffusion equation (Equation (22a)) describes a subdiffusion process which becomes less
subdiffusive or, in other words, more classical in the course of time. The MSD demonstrates
the occurrence of a transition from a growth characterized by a smaller exponent to a
growth with a larger exponent. Equivalently, the probability density for a particle to remain
around the origin exhibits a transition from slow to a faster decay. We highlight here that
the fundamental solution for a discrete form of the Equation (22a), considering an infinite
domain, can be found in [281]. The DO space fractional diffusion equation (Equation (22b))
describes power-law truncated Lévy flights, that is, a random process showing a slow
convergence to a Gaussian, but exhibiting Lévy-like behavior at short times. This behavior
manifests itself in the non-Gaussian Lévy scaling of the probability density to stay at the
origin and in superdiffusive behavior. At short times, the central part of the PDF has a
Lévy-stable shape, whereas the asymptotics decay with the power-law, faster than the
decay of the Lévy-stable law. At long times, the central part of the PDF approaches the
classical Gaussian shape, however, the asymptotics decay with the same power-law.

In addition to the above studies, several researchers have demonstrated the suitability
of DOFC for modeling strongly anomalous diffusion behavior, particularly ultraslow
diffusion, via stochastic descriptions [215,282-287]. Meerschaert et al. [282,288] developed
a stochastic model based on random walks with a random waiting time between jumps.
Scaling limits of these random walks are subordinated random processes whose density
functions solve the DO ultraslow diffusion equation. Ultraslow diffusion has also been
modeled using Langevin stochastic representations in [217,253,284,289]. As shown in [284],
the solutions of DO Langevin equations have MSDs which describe retarding subdiffusion
and ultraslow diffusion with logarithmic growth. Ultraslow diffusion is also obtained via
the wait-first and jump-first Lévy walk models, which underlie the fractional dynamics
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involving DO material derivatives [289]. The approach in [289] is based on a strongly
coupled CTRW, with the distribution of waiting times displaying ultraslow (logarithmic)
decay of the tails. Similarly, the authors of [283,285] obtained the space-fractional DO
diffusion formulation as the continuum limit of a random process which is characterized by
the presence of a distribution of spatially-dependent jumping rate and the Lévy distributed
jumping size. As described in [283,285], such a system is well suited to describe diffusion
in multifractal systems which do not possess a unique Hurst exponent and, consequently,
exhibit a lack of scaling. The lack of scaling in multifractals requires a generalization of
stochastic Lévy equation by admitting a spectrum of the Lévy index. The continuum limit
of this stochastic equation is the DO diffusion equation. A detailed mathematical analysis of
the Lévy models is presented in [286] and a Lévy mixing based probabilistic interpretation
of the DO diffusion model is presented. The characteristics of the model are exemplified by
a direct application to slow diffusion, particularly the delayed Brownian motion. A similar
stochastic representation, given in the form of the Brownian motion subordinated by a Lévy
process was to model accelerating subdiffusion in [290]. Additionally, the authors of [290]
also constructed an algorithm for computer simulations of accelerating subdiffusion paths
via Monte Carlo methods.

Before proceeding further, we briefly review the contributions that several researchers
made to the different mathematical aspects of the DO diffusion equations. Exact solutions
corresponding to Dirichlet, Neumann, and Cauchy boundary conditions for the time-
fractional DO diffusion Equation (17) can be found in [291]. The fundamental solution
of the DODE corresponding to a uniform strength distribution can be found in [272-274].
Mainardi et al. [292] obtained the fundamental solution of the time-fractional DO diffusion
equation based on its Mellin-Barnes integral representation. They also presented a series
expansion of the fundamental solution that clearly highlights, within the solution, the pres-
ence of several time-scales related to the distribution of the fractional-orders in the DO
diffusion equation. Asymptotic solutions to initial and boundary value problems based
on the DO time-fractional diffusion equations can be found in [293,294]. Some additional
and important mathematical aspects, such as the existence of the solution to different
types of DO diffusion equations, the solvability of DO diffusion equations, subordination
properties, and positivity of the solution were addressed in [59,63,263,287,295-300]. In a
series of papers [71,72,301], Luchko analyzed the well-posedness of the DO formulation via
maximal principles, and obtained a priori norm estimates for solutions to both linear and
nonlinear DO diffusion equations. Luchko has also provided a survey of these maximal
principles in [302]. Further, the well-posedness of the inverse problem, that is the determi-
nation of the strength distribution of the DO and its support, has been analyzed in detail
in [303-307]. The analysis of the well-posedness of the inverse problem is highly essential
to promote applications of DOFC since it determines whether the DO framework is suited
to model a given real-world application. In other terms, given a set of experimental or
real-world data, the analysis of the inverse problem determines whether DOFC is well
suited to model the dataset and hence, it also indicates if the corresponding system exhibits
multiscale (temporal and/or spatial) characteristics.

The remarkable properties of the DO diffusion formalism provided a strong founda-
tion for the development of other DO transport formulations: DO reaction—-diffusion, DO
advection—diffusion, and DO wave propagation. Before reviewing these other applica-
tions, we briefly overview some recent, yet remarkable, real-world applications of the DO
diffusion formulation (see Figure 5). Grain boundary diffusion in engineering materials
at elevated temperatures, that often determines the evolution of microstructure, phase
transformations, and certain regimes of plastic deformation and fracture, was modeled via
a DO diffusion framework in [308]. DO diffusion equations have also been used to model
the diffusion of mobile ions in different electrolytic cells [309-311]. The predictions of the
DO model closely matched experimental data which indicated the presence of different
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diffusive regimes. A similar application was presented in [312], where DO operators were
introduced into the Letokhov model of photon diffusion to model non-resonant random
lasers. Very recently, the effect of disordering of nanotubes within an electrode, on the
impedance of a supercapacitor, was modeled using the DO subdiffusion model in [313].
All these applications highlighted the ability of the DO diffusion formulation to accu-
rately capture highly anomalous diffusion behavior arising out of the presence of multiple
temporal and/or spatial scales.

5.2. Reaction—Diffusion Processes

An interesting application of DOFC involves the modeling of reaction—diffusion sys-
tems. Reaction—diffusion processes describe changes in the concentration of interacting
chemical substances both in space and time. Reaction—diffusion processes have been linked
to the formation of spots and patterns in different animals and birds [314,315], among many
other real-world applications [125,316] (see Figure 5c). Distributed-order derivatives help
to account for the heterogeneity and multifractal nature of the diffusing medium, typical
of these applications. More importantly, the DO derivatives also account for the multi-
ple sources of the reacting chemicals within the heterogeneous system. This allows for
compact yet more comprehensive theoretical formulations of the reaction-diffusion mecha-
nisms when compared to classical integer-order based approaches. Several authors have
analyzed complex reaction—diffusion systems using DO derivatives [102,129,149,316,317].
Detailed mathematical formulations along with closed form solutions for DO reaction—
diffusion equations can be found in [316,318]. The effect of different strength functions
as well as the specific nature of the DO reaction—diffusion equation was analyzed nu-
merically in [102,129,149]. Very recently, Guo et al. [148] analyzed a 3D Gordon-type
reaction—diffusion model of colliding and diffusing Gordon-type solitons. The numerical
results provided a deeper understanding of the complicated nonlinear behavior of the
3D Gordon-type solitons system while highlighting the remarkable capabilities of the DO
derivatives in capturing the collision and diffusion of the solitons.

5.3. Advection-Diffusion Processes

The VO diffusion equation formed the basis of several interesting investigations in-
volving strongly anomalous advection-diffusion processes in complex systems, particularly
those related to hydrology such as, for example, geomigration [319], transport of solutes
in heterogeneous media [257,320], the spread of contaminants in groundwater [321], as
well as groundwater flow [322]. Indeed, several theoretical and experimental studies have
shown that the transport of fluids and pollutants through geological aquifers exhibits
the presence of multiple spatio-temporal scales arising from the multifractal nature of
the aquifers. The multifractality is a direct consequence of the porous, fractured, layered,
and heterogeneous nature of the aquifers (see Figure 5a). The underlying distinctive char-
acteristics of DOFC make it a very well suited modeling approach for the aforementioned
anomalous transport phenomena experienced in hydrology.

The detailed mathematical analysis of a DO advection-diffusion equation with a
discrete distribution of orders was presented in [77]. Analytical solutions were obtained
in [77] for a time- and space-fractional formulation and some interesting derivations
including the spectral representation of the fractional Laplacian operator were presented.
Later, several researchers used DOFC to model advection—diffusion in complex problems,
particularly those related to hydrology. A DO advection—-diffusion model was proposed
in [256] to model infiltration, absorption, and water exchange in mobile and immobile
zones of swelling soils. A similar formulation was adopted in [319] to model a geomigration
process in a geoporous medium saturated with a salt solution that exhibits subdiffusive
characteristics. Several researchers also used DOFC to model subdiffusive characteristics
observed in the transportation of solutes in heterogeneous porous media [257,320,323].
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Very recently, an interesting application of DOFC was proposed to simulate superdiffusion
of dissolved phase contaminants in groundwater [321]. In this study, several insights
including the specific impact of different geometric properties of the contaminants on their
spatial distribution pattern, were derived using the DO advection-diffusion model.

5.4. Wave Propagation

Several authors investigated DO models for wave propagation by directly extending
the DO diffusion approaches reviewed in Section 5.1. More specifically, this process in-
volved altering the support of the strength function corresponding to the DO time-fractional
derivative from [0, 1] to an interval within [1,2]. The most generalized versions of the one-
dimensional DO wave equation can be obtained by modifying Equations (17) and (21) as

/12 Tﬁ’ltp(ﬁ)Dfu(t,x) dp = EgD2u(t, x) (23a)

2
D?u(x,t) = _/+ 1""2Eo® () D2u(x, t) da (23b)
0

where u(x, t) denotes the particle displacement and Ej denotes a material constant. A differ-
ent set of DO wave equations can be obtained by modifying the support of the strength func-
tion and using mixed spatio-temporal DO derivatives, similar to Equations (22a) and (22b).
The qualitative discussions on the application of DO models for multifractal systems, pre-
sented for other types of transport processes reviewed in this Section 5, also holds for DO
wave propagation. As an example, the propagation of elastic waves through dissipative
media exhibiting multifractal viscoelastic behavior (see Section 4) is described via time-
fractional DO models [221,324]. Similarly, elastic wave propagation via attenuating media
characterized by simultaneous microstructural and nonlocal (hence, multiscale) effects can
be described via space-fractional DO models [213]. Important mathematical aspects such
as the existence and uniqueness of the solution to the DO time-fractional wave equation
have been outlined in detail in [63,325-327]. Additionally, the fundamental solutions of
the DO wave equation have been derived in [298,325,327,328] using the technique of the
Fourier and Laplace transforms. Numerical experiments highlighting the specific effects of
the DO model parameters have been used to derive interesting insights into the DO wave
equation in [298,325,328].

Another possible route to develop the DO wave propagation formulation consists
in formulating DO stress—strain constitutive relations within the classical elastodynamic
problem as proposed in [324,329]:

1
o= E | ¢(p)Dfedp 4

This approach resembles the formulation of DO viscoelastic models (see Section 4) and
indeed leads to a hybrid propagation model that also captures dissipation. The DO wave
propagation model was then used to simulate the interaction of compressional waves
with an interface separating two dissimilar media. Further, the impact of the support and
definition of the strength function were analyzed on the wave scattering at the interface.

6. Applications to Control Theory

In this section, we analyze the applications of DOFC to control theory. The founda-
tion as well as motivation for the application of DOFC to control theory follows from a
successful application of COFC to model complex control phenomena. The use of CO
fractional controllers has enabled robust control and helped achieving highly desirable
dynamic control characteristics. A detailed review of theory and applications of COFC
in control theory can be found in [36]. In this regard, recall that a fractional derivative
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implicitly embeds within itself time-delays, or in other terms, it accounts for the memory
of past events. Consequently, the presence of a distribution of fractional-order derivatives
translates, physically, to the presence of a mixture of delay sources (similar to what is
discussed in Section 5). These DO characteristics have helped achieve high performance
controllers with several applications ranging from secure messaging [330], to control of
motors [331,332] as well accurate frameworks to model robust stability of gene regula-
tory networks [332]. Broadly speaking, the applications of DOFC to control theory can
be divided into two categories: (1) the development of DO controllers and (2) study of
the stability and control of DO systems; the majority of the studies being focused on the
latter category. In the following, we first review the DO controllers and their applications,
before considering their stability. A few other studies have numerically analyzed various
DO system identification techniques [220,333] and DO optimal control problems [100,334].
However, the basic DO control theory employed in the latter studies are derived from the
two broad categories mentioned above.

6.1. DO Controllers and Filters

Several theoretical and experimental studies have shown that fractional-order designs
can enhance both the flexibility and robustness of the controllers as a result of the additional
parameters represented by the fractional-orders themselves. Tuning of the fractional-orders
allows for superior control characteristics. As an example, consider the CO PID controller
PI'D¥. The value of the order A in PI*"D¥ control affects the slope of the low frequency
range of the system as well as the peak value of the system. On the other hand, the value of
the order y affects the accuracy of the dynamic closed-loop response, the system overshoot,
and the stability. For a more detailed discussion of the roles of A and y, the interested reader
is referred to the work in [36]. It is immediate that a distribution of several CO controllers
can lead to highly accurate and robust control. In fact, DOFC allows the development of a
highly generalized controller from which all other types of controllers (such as, for example,
the classical integrator and differentiator, the classical PID, and the fractional PI"DH) can
be recovered.

In the most general form, the transfer function of a DO controller can be expressed
as [36]

B2
G) = [ o(p) 5P 25)

where s is a complex variable. The interval [1, B>] dictates the specific nature of the con-
troller. Note that a DO low-pass filter can be obtained from the DO controller via the trans-
formation s — T(B)s + 1 [335]. The above formulation is highly general in the sense that
all the classical, CO, and DO controllers can be recovered from the same by an appropriate
choice of the strength function. As an example, the classical integrator can be obtained by
choosing ¢(B) = 6(B — 1), the classical differentiator can be obtained from ¢(B) = 6(f+1),
the classical PID from ¢(B) = kpd(B) +ki6(B—1) +kpd(B+1) (kp, k; and kp are constants
to be tuned), the fractional PID from ¢(B) = kpd(B) + k;6(p — A) +kpd(B + i), and so on.
It is immediate to see that a DO PID controller can be also obtained directly from the
controller in Equation (25), by insisting that the support of the weight function lies within
the interval [—1,1]. DO PID controllers have been studied in detail in a series of papers by
Jakovljevi¢ et al. [336-338]. Note that in the case of a DO controller, the strength function
in Equation (25) can have infinite support. In fact, as established in [339], any DO controller
can be developed by appropriate composition of the DO integrator (0 < p1 < f2 < 1),
the classical integrator (1/s) and the classical differentiator (s). The different DO controllers
have been schematically illustrated in Figure 6.

The impulse response and asymptotic behavior of the DO controllers have been
derived in [335,340]. Additionally, a physical realization of the DO integrator using a series
of capacitors has been developed in [210,340]. The DO controllers have been applied to
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control motors [338] and robots [331] among many other applications [36]. As observed
in these studies, the DO controllers reduce the maximum overshoot while guaranteeing a
fast dynamic response and a zero steady-state error [36,336-338]. Furthermore, the phase
curves of DO PID controllers are non-constant and much wider than the corresponding
CO controllers making them more robust to system uncertainties [331]. Therefore, the DO
controllers exhibit unique frequency response characteristics, and provide highly robust
and accurate control.

r(t) /= e(t u(t t
()<+>() ()y()
DO Integrator DO Differentiator

K- 1le(0) K- DMe(t)
il Sl e

K" - Ie(®) K™ Dime(r)

Figure 6. Block diagram illustrating the feedback DO controller based on Equation (25). The fractional-
orders i, Ay € (0,1]. This is a highly general controller from which all classical, CO, and DO

controllers, as well as the DO PID controller can be recovered by an appropriate choice of the
controller constants. As an example, the DO differentiator can be obtained by setting K?k =0,
Kp =0, and K%k # 0. As evident, the DO differentiator consists of a network of CO differentiators.
Similarly, the DO PID controller would require that Kp # 0, K’E,k # 0and K/[\" # 0.

6.2. Stability and Control of DO Systems

The development of robust and accurate DO controllers prompted several researchers
to analyze the stability of both linear and nonlinear DO dynamical systems. Most of the
studies conducted on linear systems correspond to the bounded-input bounded-output
(BIBO) stability analysis of DO linear time-invariant (LTI) systems. On the other hand,
the nonlinear studies have focused primarily on the Lyapunov stability of the equilibrium
points of the DO system. First, we briefly review the key highlights of the DO LTI systems
and their applications. Consider a DO system described via the following LTI DODE and
algebraic output equation,

Jy 9(B)Dx(1)dp = Ax(t) + Bu(t) 26)
y(t) = Cx(t) + Du(t)

where x(t) is the state vector, u(t) indicates the input, and y(t) indicates the output
of the system. A, B, C, and D are matrices of appropriate dimensions. Note that the
interval of the DO derivative in the above single-input single-output (SISO) system can be
converted to a more general interval [81, B2] € [0,1]. Applying a set of Laplace and inverse
Laplace transform to the above DODE with the assumption that x(0) = 0 and u(t) = (),
the following expression can be obtained,

x(h) =Lt { [(/01 4’(/3)5‘5d/3> - A]

G(s)

-1

B} (t) 27)

where I denotes the identity matrix. As established in [341-343], the DO LTI system in
Equation (26) with the transfer function H(s) = CG(s)B + D is BIBO stable iff all the
roots of the secular equation corresponding to |G(s)I — A| = 0 have negative real parts.
The contours of this stability region have been derived based on the latter principle for
different definitions of the strength function in [342,344]. The stability contours are often

286



Entropy 2021, 23,110

impossible to express via elementary functions, which makes the stability tests of DO
systems more complicated than their constant- and integer-order counterparts. In this
regard, the Lagrange inversion theorem was utilized in [345] to obtain explicit expressions
for the stability contours. Several interesting properties of these stability curves such as the
slope of the tangent at very high and very low frequencies, convexity, inability to cut itself,
location in the first and fourth quadrants, and shifting and enhancement of the area of
the stability via multiplication of suitable functions to the strength distribution, have been
presented in [346-348].The above mentioned properties of the stability boundaries were
used in [347] to present a remarkable framework for the robust stability analysis of DO
LTI systems with uncertain strength distributions and dynamic matrices. More specifically,
these properties were used to show that the stability boundary of DO LTI systems can be
accurately located in a certain region on the complex plane defined by the upper and lower
bounds of the strength distribution. These results are sufficient to ensure robust stability
in DO LTI systems with uncertain strength functions and uncertain dynamic matrices.
The above framework presented in [347] is highly relevant for real-world applications that
are commonly accompanied by uncertainties. Additional discussions on the stabilization,
controllability, and passification of DO LTI systems can be found in [349-352].

The DO LTI framework discussed above has been used to analyze different systems:
the solar wind-driven magnetosphere ionosphere system (a complex driven-damped
dynamical system which exhibits a variety of dynamical states) [341,348], a DO Lotka—
Volterra predator—prey system (a system with multiple time-delays) [353], the DO Chen
system [354], and gene regulatory systems [332]. All the aforementioned applications differ
primarily in the choice of the strength function which directly affects the stability and
control of the system.

In nonlinear systems, researchers have focused mainly on analyzing the Lyapunov
stability of systems, as also mentioned previously. The Lyapunov direct method, used
for analysis of stability, was first generalized for nonlinear time-varying DO systems
in [355-357] and was used to determine the stability or asymptotic stability of certain
nonlinear systems including a DO analog of the Lorenz system. The theoretical framework
proposed in the studies [355,356] was then used to analyze different nonlinear time-varying
DO systems including a DO consensus model [358], the DO Lorenz system [359], and the
DO Van der Pol oscillator [330,360]. The consensus of multi-agent systems with fixed
directed graphs and described by DODE, was analyzed in [358] and sufficient condi-
tions were obtained for robust consensus in the presence and absence of external distur-
bances. Recently, the stability and control of a DO Van der Pol were analyzed in [330],
wherein the intervals of the different model parameters at which this oscillator exhibits
periodic, chaotic, and hyperchaotic behaviors, were calculated using Lyapunov exponents.
Further, a robust scheme was presented in [330] to achieve complete synchronization
between two DO hyperchaotic unforced Van der Pol oscillators. This synchronization
allowed the development of a secure messaging system for a text which contains alphabets,
numbers, and symbols.

7. Conclusions

This paper presented an overview of the general area of Distributed-Order Fractional
Calculus (DOFC) with particular focus on its applications to scientific modeling of complex
systems. A branch of the broader field of fractional calculus, DOFC has rapidly emerged
and captured the attention of many researchers in science and engineering. This rapid
growth was mostly due to its remarkable ability to capture complex multiscale processes.
Phenomena like multiple relaxation times in viscoelasticity, multiple temporal and spatial
scale effects in transport processes, and mixture of time delays in control theory, just to
name a few, have all illustrated the significant performance of DOFC over more traditional
integer-order techniques. The main goal of this review was to provide a snapshot in time of
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the field of DOFC and to guide the interested reader into an introductory journey through
this fascinating topic. In this regard, we highlight that the content of technical papers was
only briefly addressed in order to favor a more general discussion of the evolution of the
field in its different areas of application.

Despite the recent substantial growth in DOFC research, there are still many areas
holding significant opportunities for further development. While some preliminary work
is available on distributed-variable models, a comprehensive framework for distributed-
variable-order fractional calculus (DVOEFC) is still lacking. A key factor that adds to the
complexity of formulating DVOFC is the existence of different definitions for VO operators
that exhibit different memory characteristics. Thus, a unified definition of the different
variable- and distributed-order operators and an analysis of their mathematical properties
would certainly be beneficial. In these operators, the order-variation can be a function
of different dependent or independent physical variables (such as, for example, temper-
ature, space, time, and energy). The combination of the DO and VO formalisms should
allow the simulation of highly complex physical systems which are both evolutionary
(therefore, requiring VO operators) and multifractal (requiring DO operators) in nature.
Another possible extension of currently available DO operators follows from the use of
normalized self-similar strength functions within the definition of DO operators, which
can be considered analogous to random-order operators. Particularly lacking is a rigorous
mathematical analysis of the properties of such operators. Despite the above challenges,
the extension of DOFC to these areas can have important applications in modeling random
and chaotic dynamics observed, as an example, in turbulent dynamics, noise and vibration
control, or even in financial systems. These models could even form the basis for the
development of highly accurate risk analysis and control models.

It should be pointed out that, despite the rapidly growing number of related studies,
there are still several open questions that need to be addressed before DOFC could become
a mainstream modeling approach for common real-world applications. A critical step
to promote the broader use of DOFC models is to establish the connection between the
mathematical properties of DO operators (i.e., the strength function and its support) and
the physical properties and parameters of the system to be modeled. In other terms,
the identification of closed form relations linking the mathematical parameters of the DO
operators to the physical parameters of the system at hand are of paramount importance to
foster the use of DOFC tools in scientific modeling.
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