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Abstract The Geometric Pattern Transformation (GPT) has several advantages of use concerning contemporary algorithms
that have been duly studied in previous research. With regard to some of its properties, four different but complementary
aspects of the GPT are presented in this work. After a brief review of the GPT concept, how tied data are manifested in
data sets is shown, to obtain a symmetric representation of the GPT, a linear transformation is performed that regularizes
the geometric representation of the GPT and the theoretical relationship between the GPT and the phase-state representation
of 1D signals is analyzed and formalized; then the study of the forbidden pattern is easily revealed, obtaining a strong
relationship with the stable and unstable fixed points of the logistic equation. Finally, the characterization of colored noise
and the application in real-world signals taken through experimental procedures are analyzed. With these results, in this work
an advance in the potential applications of the GPT is proposed in an integral way in the processing and analysis of data
series.
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1. Introduction

To extend the field of applications and spread the use of the GPT [1]], it is essential to establish properties that
are of interest for application in the signal and data analysis community. In the present work some properties are
developed that are related to repeated (tied) data, phase space, useful in the study of system dynamics, forbidden
patterns [2, 3] and characterization of noise in acquired signals [4].

The detection and management of repeated values in data series is a topic of ongoing interest that can be treated
in different ways. Employing the GPT in the present work, a new alternative is presented so that once detected,
which is a fact that the GPT does in a very efficient way, they can be processed for its later application.
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There is no need to go into detail regarding the usefulness of the analysis and study of the phase space that is
reconstructed from a 1D signal [S]]. Consequently, in the present work, the GPT and the phase space are found
equivalents with a series of linear transformations developed to regularize and normalize the hexagon containing
the GPT. With this consequent normalization, the GPT is independent of the signal amplitude, thus allowing one to
compare signals that may have similar characteristics but different scales. Furthermore, transformations that bring
the GPT into phase space were developed. The main advantage of linking the GPT with the phase space is that no
parameter estimation or setting must be performed to obtain the phase space of a 1D signal, as is required by most
algorithms developed in the existing literature [6].

For the case of forbidden patterns, an example in chaotic models with the logistics equation is shown not
only numerically in the GPT but also analyzed analytically to explain the non-appearance of a given sequence
of patterns in the previously indicated chaotic map. Although the phenomenon of forbidden patterns in chaotic
discrete dynamical systems is a known fact, it has been shown that the GPT is a versatile graphical tool for their
detection.

Closing the set of applications of the GPT, the characterization of colored and Gaussian noises is presented. Three
examples are included to show the use in real world signals. In such a way is the case of the characterization of
noise in ECG signal. In this particular case, Physionet signals corresponding to normal sinus rhythm [[7] recording
with low noise levels, a case of internal partial discharge in oil-impregnated presspan [8]], and finally a white noise
generated in a sound laboratory recorded using electronic devices. It should be pointed out that all the signals of the
last section have been taken to characterize their respective noises without resorting to Fourier frequency analysis
or any type of filter.

This work ends with the appropriate conclusions where, in addition to analyzing the results presented, a brief
review of the limitations of GPT is included and its use in the framework of the signal processing workflow is
succinctly presented.

2. Geometric pattern transformation

The GPT is a valid and recent alternative to traditional signal analysis methodologies based on ordinal patterns.
Its advantages include the fact that it does not require the adjustment of any parameters, it can be used on
signals whose length prevents other methodologies from being applied, the algorithm requires that the sampling
frequency theorem must be accomplished, and it is computationally efficient. The motivation for its development
was fundamentally related to the need to differentiate signals whose similarity made it impossible to distinguish
them using other analytical methodologies [[1].

Formally, the GPT is defined in terms of mathematical language, as a linear transformation G : R® — IR? given
by

G(z,y,2) = (22 —y —x,2 — ). (D
Given a times series {y1, y2, - . -, Y~ }, the function G can be applied to the elements formed by three consecutive
observations in the series. In other words, for each i = 1,2,..., N — 2 there exists a point G(y;, Yi+1, Yi+2). It was

established in this proposal the existence of three lines that geometrically separate the cloud of these points in the
six regions corresponding to the ordinal patterns described in Figure E] and labeled as 123, 213, 312, 321, 231, and
132 (see []] for details). Hereafter y; for i = 1,..., N is reserved for the values of the signal to be considered,
while the letter y without the corresponding sub-index refers to the variable of the vertical axis of the Cartesian
plane IR?, while  and z are reserved to their usual assignation.

From the expression [I] the first component represents the moment variation (AM) and the second component
represents the state variation (AS). Thus, the image of G can be viewed in a plane named AM x AS.

The application of the GPT does not require to fulfill any additional requirements as in the case of other
algorithms used in signal processing methodologies. With the application of the GPT is not necessary to analyze
the periodic or non-periodic characteristic of the signal as in the case of the Fourier analysis [9]. In the case of
other transforms, for example wavelet transform, is necessary to select the basis of functions to be used and scales
range or maximum level of decomposition selected [[10].
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Figure 1. Ordinal patterns of three successive points.

For the case of signal analysis techniques in time domain, like as the correlation analysis or any of the usually
statistical methods, the length of the data series imposes a significant limitation [10] which is absent with the use
of the GPT.

Comparatively the GPT could be associated with signal processing techniques which apply diversity of
permutation ordinal patterns methodologies, as well as the case of the permutation entropy [[L1] and its many
variants [12]. To apply any methodology of the permutation patterns, it demands the selection of almost two
parameters which requires a deep analyses of the particular application, usually known as the time delay embedding
and the embedding dimension, see for details for example [13]] and [14]. To apply the GPT is not necessary this
selection.

In some way the GPT will be incorporated in the set of signal processing tools of symbolic dynamics (for more
information can be consulted [15] and [16]), because it analyzes the sequence of the appearance of points in the
signal, and locate these points in the above mentioned plane given by Eq.(T).

With respect to the use of informational tools like entropies, for example the Tsalis [[17] or Renyi entropy [18]
or many of the mostly applied complexities, the use of them requires the selection of parameters which have
implications in the results, in such a way there are examples in [[19] and [20], which is another advantage proper of
the GPT algorithm that not is necessary to set up any additional parameter.

In other order, the application of the GPT do not demand any assumption about the nature of the signal, which
is called agnostic to signal origin. Conceptual clarity, computational efficiency, easy of implementation and less
limitations in computation with other signal analysis tools provide to the GPT algorithm a profile can be interesting
to be explored in detail.

3. GPT and tied data

In this section, the projection of the tied data onto the GPT plane is analyzed. The tied data are defined as a
pair of numbers with equally value in a given embedding vector (y;, y;+1, yi+2)- In signal processing, this can be
found when a signal has two consecutive successive samples, or in a short period of time, with the same value.
In the Figure [2| are defined regions where L; : AS = AM, Ly : AS = AM/2 and r : AS = 0. It is necessary to
introduce the following notation: L;H and L§-7) that indicates the portion of the line L;, for j = 1,2, in the first
and third quadrants respectively. Meanwhile, (*) and »(~) denote the positive and negative horizontal semiaxes,
respectively.
Going in detail about the concept of this separation, as a first step it is necessary to express AS as a function of
A M using the following relation:
AS =AM — yir2 + Yit1- ()

Let’s see the separation between the patterns:
132 ¢— yit1 > Yiv2 > i and 123 «— yit2 > Yiv1 > yi-

It is clear that the condition ;12 > y;, or equivalently AS > 0, is fulfilled by both patterns and that the passage
from one pattern to the other one occurs when the relationship y;y2 > y;+1 is inverted, which means that the
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Figure 2. Ordinal pattern regions occupied by the GPT points.

condition of the change holds when y; 2 = ;1. Replacing in Eq. (2), AS = AM which is precisely the half-line

L§+) dividing the regions between patterns 123 and 132.
Analogously, it can be formulated for the following patterns:

123 «— Yit2 > Yit1 > Y and 213 «— Yivo > Yi > Yiy1-

The only reversed relationship occurs between y;.; and y;. Replacing in the expression by the equality
Yi+1 = Yi, it can be seen that AS = AM/2. Thus, the transition between patterns 123 and 213 is described by
the half-line L;Jr) since in this case AS < 0 is also satisfied.

To analyze the transition between the patterns:

213 +— yir2 > Yi > Vit and 312 <— y; > yiy2 > Yit1,

it is noticed that the reversed relationship appears between ;2 and y;. The equality y;2 = y; implies that AS = 0.
Since AM > 0 for points that correspond to pattern 213, the transition between patterns 213 and 312 is represented
by the half-line ().

The limits between the transitions of the other three pairs of adjacent patterns can be observed similarly. Table
summarizes the limits that define the possible pattern transitions in the presence of tied data, where the 3-tuple
(Yi, Yi+1, Yi+2) in the first column represents three consecutive values in the signal. To the simplify notation, we
identify each type of tied data with a label as shown in the second column of this table, where the upper case letter
indicates the maximum value in the 3-tuple.

Table 1. Delimiters of pattern transition regions for tied data.

Tied data type Identification Pattern transition Delimiter

(b,a,a) witha > b bAA 123 «— 132 A
(a,a,b) witha < b aaB 123 +— 213 IS
(a,b,a) witha > b AbA 213 +— 312 r(+)
(b,a,a) witha < b Baa 312 «— 321 A
(a,a,b) witha > b AAb 231 +— 321 L)
(a,b,a) witha < b aBa 132 < 213 r(=)
(a,a,a) aaa undefined 0
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In this way the GPT plane has the ability to project the tie data of the signal in these semi-straight lines. This
means that a high density of point near these semi-straights lines indicates similar values between a pair of samples
in the embedding vector.

4. Regularization of GPT and phase space

This Section is devoted to the description and deduction of the linear transformations which are going to be used
to prove that the phase space is represented in terms of the GPT.

The wide range of studies that have capitalized on the usefulness of the phase space representation is very huge.
In fact, the number of works on the subject is hard to enumerate. The areas in which the concept of phase space
was applied have continuously grown since the last quarter of the XX century.

The works that use phase space cover a wide range of disciplines ranging from classical physics to quantum
physics, and many other disciplines (see just for a minimum example [21} 22} 23] 24}, 25]]). On the other side, it is
frequent to find a great diversity of experimental and theoretical studies, developed both in the time and frequency
domains and both simultaneously as in the case of wavelets concerning the concept of phase space.

Let a 1D signal that accomplishes the Nyquist frequency criteria, in the sense that the sampling frequency is
adequate, from the 2D constituted by AM x AS is possible to obtain the corresponding representation of the
above-mentioned signal in the corresponding phase space.

Hexagon regularization. When the GPT is applied to a uniform random signal with values in the interval [0, b],
with b > 0, the resulting points are located within the hexagon shown in Figure [3] (left) (see for details).
The vertices are V3 = (2b,b), Vo = (b,b), V3 = (=b,0), V4 = (—2b,-b), V5 = (=b, —b), and Vs = (b,0). The
interest is focused on transforming this hexagon into a regular one inscribed in the unitary circumference as
shown in Figure |3| (right). For that reason, were defined the points W = (1/2,+/3/2) and W5 = (—1/2,1/3/2)
to find that transformation called R. Since B = {V;,V,} is a basis of R?, the Fundamental Theorem of Linear
Transformations can be applied to obtain the expression of the linear function R : R? — R? such that R(V;) = W,
and R(Va) = Wh.

Figure 3. Original (left) and regularized (right) hexagons defined by the GPT applied to a uniform random signal in [0, b].
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First, the coordinates in the basis B of a generic point (z,y) € R? are found; i.e. [(z,y)]5 = («, 3), where
(x,y) = a(2b,b) + B(b,b). A simple computation proves that « = (z — y)/band 8 = (2y — z)/b.
Hence,

R(z,y) = Rla(26,5) + B(b,b)] = aR(2b,b) + BR(b,b) = aR(Vi) + BR(V2) = alVi + A1V
_r—y 1 V3 2y —x 1 V3 (1 3 V3 3
=73 <272>+ b <_2’2>_<bx_2by’2by>' @

In other words, if R(x,y) = (z/,y’), then

= 1x— 3y
b 267’
4)
, V3
y = ?by

Applying the expressions (4) to the rest of the vertices, the following results can be verified:

R(V3) = R(-b,0) = (=1,0) = W3,

R(Vi) = R(—2b,—b) = (—1/2,-V3/2) = Wy,
R(V5) = R(=b, =b) = (1/2,—V/3/2) = W,
R(Vg) = R(b,0) = (1,0) = W.

It means that R transforms the hexagon given by the GPT to a regular hexagon inscribed in the unitary
circumference.

In [1]], it was determined that the vertices of the hexagon were defined by the signal values. Now, this result can
be used to normalize any signal within the GPT. For example, for a random signal of 10,000 samples to holds all
types of patterns and its variants, the irregular hexagon is filled, and the same happens with the normalized hexagon
(see Figure[§](c)).

Phase space. Given a twice differentiable function w = f(¢) with support IR, the phase space is defined by
the terns (w, w’,w”) € R3. The phase space are obtained by the orthogonal projections (w,w’, 0), (w, 0,w") and
(0, w’,w"). In the following lines, the focus point is on the last projection.

Let {w; = f(t;):i=1,2,...,N}. Then, for h > 0, the derivatives can be approximated by the following
expressions:

Wi41 — Wi—1

f'(t) = wf = RS 5)
it1 — 2w; i
7(t) = wf & PR R T U (©6)
Thus, two linear transformations Py,, P; : RR? — R? can be defined as:
z—r z—2y+z
Ph(x7yﬂz) = < 2h ) h2 > ) (7)
N Zz—2y+zr z2—x
Ph(x7yaz) = < h2 ) 2h ) (8)

If 7:R? — R? is the linear transformation defined by 7 (x,y) = (y, ), then it is clear that P, = T o P;. In
addition, P, (w;—1, w;, w;+1) coincides with the pair whose components are those of expressions (3) and (6)). Hence,
the phase space (0,w’,w") is isomorphic to Im(7},), which is also isomorphic to Im(7P;), where Im denotes the
image of a function.
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Table 2. Matrices associated with linear transformations.

Transformation Matrix
g wo = (5 )
Py M(Ph)—<_(§]f%_l - (2:_);1>
e ey )
r ()
8 M<S>=<2ob 3(1)7\/3)
s; M(Sh):(h02 h91)

Scalar transformation. Two scale transformations are necessary to relate the GPT with the phase space, another
corresponding to the hexagon regularization and one considering the increment £ in the numeric derivatives. Let
S, Sy, : R?2 — R? be two functions defined by:

(o) = (22,252 ©)
Si@y) = (75:7) - (10)

The matrix notation in the canonical basis of R? and IR? of the previous transformations are shown in Table
A direct computation proves that

M(Pr)=M(T) -M(Sh) - M(S) - M(R)-M(G), (11)

and, hence,
Pn=To0S,0S0Rog. (12)

Thus, it has been proved that the phase space is the GPT composed by a rotation, a scaling, and a permutation of
coordinates.

In the case of a discrete signal which is a data series consisting of a sequence of quantities disregarding the
specific value of the time between data points, the value of the parameter & can be assumed as one.

5. GPT and forbidden patterns

For the case of deterministic chaotic 1D maps not all the possible ordinal patterns can be effectively materialized
into orbits as was presented in [2, 26} 27} 28]. These patterns can be interpreted as forbidden. In such a way the
existence of these forbidden ordinal patterns becomes a persistent property that can be understood as an emerging
dynamic characteristic of some systems. The concept of a forbidden pattern has a different meaning than the
concept of the missing pattern since the last one is reserved for the case in which the absence could be done
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by the signal length. In this context, for a fixed embedding dimension, the number of unobserved or forbidden
patterns of a time series is independent of its length [29]. In the case of stochastic time series could also appear
forbidden patterns [30]], but in other many classes of noises, it can be numerically verified that no forbidden patterns
emerge [29]]. A detailed analysis of the forbidden patterns paradigm and its study with informational measures can
be found in [3]].

Forbidden patterns can be clearly and quickly identified using the GPT. For example, Figure [f|shows the absence
of pattern 321 when the GPT is applied to a signal generated by the logistic equation given by

Yir1 = ryi(1 = vi), (13)

foralli € Z*, y; € (0,1) and with parameter r € R ranging from 2 to 4. The reason for this property can be proved
easily as follows. Let y1,y2,...,yn be a signal generated by the recursive equation (I3)). Suppose that, without
ties, the pattern 321 appears in the signal, then there exists j € Z™ such that y; > y,41 > y;+2. In particular,

0<yj—yjr1 =y —ry;(1 —y;) = y;(1 =7 +ry;). (14)

Since y; > 0, it holds that y; > (r — 1)/r = 1 — 1/r. Thus, there exists ¢ € R+ such that

1
yj:1*;+€. (15)

On the other hand, replacing (I3)) in (T3), then

yj+1:r(1—i+g) [1—(1—7{—&—5)] :1—%—1—5(2—7“—7“5). (16)

Analogously, it can be deduced that y;4; > 1 — 1/r. Hence, by @ and since € >0,0<2—r—re<2—r,
which implies that r < 2 contradicting the exposed context.

This result is in agreement with the numerical simulation exhibited in Figure 4| where no points are projected
onto the 321 region. Although in the algebraic demonstration, the absence of the pattern 321 in the signal defined by
the logistic map is due to the type of function that generates it, the use of the GPT quickly revealed the forbidden
for 2 < r < 4. Another additional important result, concerning the condition given by y; = 1 — 1/r should be
highlighted. This case constitutes a stable fixed point for 2 < r < 3, and an unstable point for 3 < r < 4. Despite
the existence of the unstable fixed point already known in [31], this close connection with the absence of a pattern
is a new result. It is possible to speculate that the forbidden patterns may be due to obvious characteristics of the
signal or, as in this case, to the existence of an associated instability.

Several works have analyzed the absence of patterns as was presented above in this section. In the case of the
logistic map, there is another interesting forbidden pattern under certain conditions. The absence of pattern 123
when the GPT is applied to the signal generated by the logistic equation is strongly linked with the existence of
the fixed point.

Starting from the expression (I3), with the parameter r ranging from 2 to 4 is to possible study analytically the
absence of the pattern 123. Analogous to (I3)), mutatis mutandi in this case:

1
yjzl—;—5,5>0, 17

yj+1:r<1—1—5> [1—(1—1—6>] :1—1—1—5(7"—7“5—2). (18)
r T r

The presence of the pattern 123 implies the following condition:

and then

2

r<
1—¢’

19)
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1 . . :
r=3.4
0.8r r=35|
r=3.6
061 r=371
132 r=38
04 B r= 3.9 T
r=4.0
02t .
Z]’ 0
02t = _
0.4 F 312 ]
231
06 .
0.8 [ 321 l
_l 1 1 1
-1 -0.5 0 0.5 1
AM'

Figure 4. Patterns for signal from the logistic equation after the transient phase for different r parameter values. Pattern 321
is forbidden.

where € < 1. This result implies that the pattern exists for any value of r, taking ¢ appropriately. In reality, it can
be verified that the appearance occurs in the first iterations of the transitory phase. However, for » < 3.67857, the
pattern appears beyond the transient phase. This is shown in Figure [ for a range of the parameter  from 3.4 to 4.
At r = 3.4 (dark blue curve) only 2 points are mapped onto GPT, as the logistic signal is varying only between 2
values (logistics is in 2-periods oscillation). For » = 3.5 (light red) the signal takes 4 values (logistics is on 4-period
oscillation) and 4 symbols are allowed to express; each of them with the same coordinate. In the case of r = 3.6
(ocher curve) the logistics has reached a chaotic regime, thus allowing the presence of the same symbols with a
wider range of possible values. Nevertheless, in any of the last cases analyzed, the 123 patterns is presented. Only
with » > 3.67857 (i.e r = 3.7, violet curve) the 123 pattern is presented beyond the transient phase. At this value of
r, the two chaotic branches meet and the area covered by chaos allows the condition (T9) to be satisfied beyond the
transient phase. Having clarified the condition for which pattern 123 is observed, we can find a general condition
for y;. Setting the condition (20) for e > 1 — 2/r. Substituting in (I8)), the condition is still satisfied for r > 2:

1 2
R R R (20)

which implies that y; < 1/r. In other words, the condition for the appearance of pattern 123 corresponds to the
iteration of values lower than a hyperbola starting at 0.50 and ending at 0.25 for » = 4. Finally, it is possible to
combine the condition for the presence of pattern 321 and the condition for the presence of pattern 123. For pattern
123 y; <1—1/r ory; > 1/r, and for pattern 321 y; > 1 — 1/r or y; < 1/r, values of the fixed point (y; =1 — 1
ory; = %) are outside this conditions in such a way that both conditions converge to the same fixed point.
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6. GPT and Analysis of Signal Noise

6.1. Characterization of colored and Gaussian noises

The characterization and treatment of noise has had an enormous importance in signal processing since the origin
of telegraph communications. Nowadays, it can be said that communications [32], biomedical applications [33]]
and [34], and various uses in all types of industrial devices are demanding tools that contribute to the management
of the different types of noise in the respective signals [35]]. Therefore, characterizing different types of noise is of
continuing interest in the signal and time series processing community since they can be used to predict events as
in the case of geophysical analysis (see for example [35] and [36] and interior references).

This subsection is dedicated to show how the GPT applied to colored noises can discriminate them in a single
and direct way processing the data series only in the time domain, without applying traditional signal processing
techniques like filtering, filter banks, any kind of transform, or the well known and precise Fourier analysis.

A set of different colored noises signals of 10,000 points was generated following the work of Zhivomirov [37].
The signals vs. samples are showed in Figures |§| (a) to @ (a), meanwhile from Figures |§] (b) to@l (b) are presented
their perspectives absolutes values of the Fast Fourier Transforms (FFTs), and from Figures |5| (c) to |E| (c) are
exhibited the corresponding results after applied the GPT.

@ (b) (©)

1 600 1

o
o
o

0.5

o

wl
N
o
o

Red Noise
o
T
=
Abs FFT Red Noise
s
o
AS'
o

200
05 0.5
100
- 0 _
2500 5000 7500 10000 1000 3000 5000 -1 -0.5 0 0.5
Samples Frequency in Hz AM'

Figure 5. Red Noise: (a) signal vs. samples, (b) absolute value of the FFT of signal in (a), c) GPT of the signal showed in (a).

It is remarkable that the distribution of points provided by the GPT changes as the structure of the noise changes,
showing different distributions in occupancy of the corresponding regions in the hexagon. That is, in the case of
red noise (Figure[5](c)) it results in an elliptical distribution elongated in the vertical direction, whose eccentricity
begins to decrease in the case of pink noise (Figure |§| (c)). In the case of Gaussian noise as can see in Figure |Z| (c)
the cloud of points loss its eccentricity at all and concentrates more on the origin and for the case of white noise
(Figure 8] (c)) becomes very uniform occupying all the regions of the hexagon. Blue noise begins to manifest an
ellipse-shaped cloud points elongated in the horizontal direction see (Figure ] (c)) that ends up being even more
accentuated in the case of violet noise (Figure@ (©)

To quantify the results described in the previous paragraph, some values were computed from the GPT plane and
are shown in the table EL where the first column corresponds to the noise denomination; the second contains the
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@ (b) (c)
1 600 1
o 500
0.5 2
[5) Z 400
@2 x
[} c S
Z 0 @ 300 b
x —
o
a m
2 200
05 2 0.
100
) o hm T " 4
2500 5000 7500 10000 1000 3000 5000 -1 05 0 05 1
Samples Frequency in Hz AM’

Figure 6. Pink Noise: (a) signal vs. samples, (b) absolute value of the FFT of signal in (a), (c) GPT of the signal showed in
().

(@) (b) (c)
1 80 1
Q
2
® 05| 360
R c
() <
z % R
8 0 2 40 4
@ (U]
2 —
T o
© o5/ ' 20
Q
<
- 0 1
2500 5000 7500 10000 1000 3000 5000 -1 -0.5 0 0.5 1
Samples Frequency in Hz AM'

Figure 7. Gaussian Noise: (a) signal vs. samples, (b) absolute value of the FFT of signal in (a), (c) GPT of the signal showed
in (a).

values of the eccentricity parameter e computed applying expression (Z1)) on each cloud of points resulting from the
application of the GPT. Columns three through eight contain the normalized percentage of points resulting from
the GPT that are counted in each sector of the GPT, which are labeled according Figure|[T]
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in (a).
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The eccentricity € is proposed to describe the distribution of the GPT points from the noise signal. It measures
the elongation of the ellipse that concentrate distribution of the points in the vertical or horizontal axis and is based
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Figure 10. Violet Noise: (a) signal vs. samples, (b) absolute value of the FFT of signal in (a), (c) GPT of the signal showed
in (a).

in the eccentricity of an ellipse, but in this case, the horizontal or vertical elongations are taken in consideration. It
can be obtained with the expression (21,

From Table [3] there is another important result about the amount of information provided by the proposed
methodology. The degree of uncertainty of a signal or time series can be estimated by the calculation of its entropy,
in the case of the present work was selected the Shannon normalized entropy (5) given by:

S0 pi-log(p)
log(6) ’

where the index ¢ runs form 1 to 6 which is the number of sectors of the hexagon of the GPT, and p; is the
probability estimated by the normalized percentage of occupancy of the cloud points in each sector of the hexagon.

The values of the column two shown in table [3] brings the possibility to characterize different noises under
analysis, while columns three to eight provide information about the distribution of points in the different
groupings resulting from the GPT calculation in the different types of noises, contributing to a complementary
characterization. Not only the GPT shows the structure of the noise, but also the occupancy of sectors in the
hexagon shows the contribution of each pattern.

Concluding the preliminary analysis of the results of table[3] it should be noted that with the chosen ordering for
the colored noises the variation of the occupancy of each region in the hexagon varies in a monotonic way from the
red to violet noise. Meanwhile the e starts with a positive value for the red noise to finishing with a negative one
for the violet noise. For the other noises the variation of ¢ is in descending order following the deformation of the
point cloud from a ellipse with major axis in the vertical, with positive values of ¢ including the Gaussian, to the
major axis parallel to the horizontal axis, with negative values of this parameter.

For a better analysis of the results obtained with the expressions (1)) and (22) the results are represented in Figure
[IT] In the graphical inspection of the Figure [I1] (a) can be observed the monotonic behaviour of the eccentricity
of the cloud points obtained for the colored and Gaussian noises. In Figure [TT] (b) is exhibited the variation of
the normalized Shannon entropy for the different noises analyzed. The maximum values correspond to the white
and Gaussian noise as is spectated. The rate of the occupancy of each region in the regions constructed from
the GPT can be see in the Figure [T1] (c) which contributes to understand how the proposed methodology gives a
complementary characterization for every studied noise.

§=_ (22)
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Noise € 123 132 231 321 312 213
Red +0.8682 | 0.2724 | 0.1109 | 0.1158 | 0.2743 | 0.1139 | 0.1127
Pink +0.6469 | 0.1988 | 0.1492 | 0.1462 | 0.2105 | 0.1388 | 0.1565
Gaussian | +0.1787 | 0.1691 | 0.1618 | 0.1701 | 0.1672 | 0.1654 | 0.1664
White -0.1497 | 0.1668 | 0.1647 | 0.1716 | 0.1604 | 0.1697 | 0.1668
Blue -0.6148 | 0.1381 | 0.1823 | 0.1817 | 0.1339 | 0.1846 | 0.1794
Violet -0.7306 | 0.1205 | 0.1862 | 0.1925 | 0.1221 | 0.1892 | 0.1895

Table 3. The values in the six columns on the right correspond to the fraction of GPTs computations that occupied in each
pattern by color noise, they are normalized in each row. The eccentricity € is computed according the expression |Z1'|
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Figure 11. Graphical results of the GPT for the noises analysed: (a) Eccentricity for every noise, (b) Entropy of the different
noises computed from[22] (c) Normalized percentage of occupancy of each sector of the regions of the GPT for the different
noises corresponding to every pattern.

6.2. Examples of noise analysis in real world signals

This subsection is devoted to show real life applications of noise signal characterization applying the GPT.

6.2.1. Normal Sinus Rhythm Electrocardiogram The following case study is an electrocardiogram (ECG) of a
subject with a normal recording taken from the Physionet database (normal sinus database [38])), see Figure [12]

(left), analyzed using wavelet transform [39]]. The main advantage of using wavelets is to localize the features of
the signal at different scales, preserving important signal features while removing noise. In this way, the wavelet
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transform concentrates signal features in a few large-magnitude wavelet coefficients. The wavelet coefficients
that have small values can be associated with noise and can be discarded, in such a way that disregarding those
coefficients does not affect the main signal shape [40]]. Finally, after selecting the threshold coefficients to be
retained, the signal can be reconstructed through the inverse wavelet transform in a well-known way.
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Figure 12. (a) ECG signal, (b) GPT of ECG.

The denoising made by wavelet Daubechies base of order 10, at level 5, and soft threshold [39] is presented in
detail in Figure [T4] (left), where the original and denoised signals are compared. The total residue or noise found
by this method is plotted in Figure [[3] (left).
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Figure 13. (a) ECG noise, (b) GPT of the ECG noise.

Figure [I2] (right) shows the distribution of points of the application of GPT to the ECG normal sinus record
being processed. The shape described in the plane AM’ x AS’ suggests that the signal under analysis has a strong
periodic behavior, with an increase in the density of points corresponding to ascending 123 and descending 321
pattern sequences.

The presence of noise in the measured signals is observed in the area near the origin of the plane AM’ x AS’,
for the signal under analysis. The amplitude of the cloud points at the origin is in direct relation to the amount
of noise contained in the signal. Both, the horizontal and vertical amplitude of the cloud points characterizing the
noise reflects the intensity of the noise in the signal. The use of the normalized GPT contributes to analyzing the
effect of the noise and permits comparison with other signals independently of the amplitude of each one.
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Figure 14. (a) Original and denoised ECG signal, (b) GPT of the denoised ECG.

After a light analysis of Figures [3 (c) to[I0] (c) for the different type of colored noise and comparing with the
GPT of the noise founded in the ECG signal (see Figure [T3](right), the characteristic distribution of points given
by the GPT can be associated with an noise of pink type, where the points are concentrated around the origin of
the plane AM’ x AS" with a light elongation in the vertical direction. These observations can be sustained by the
numerical results founded in table [3] for the colored noise and in table 4! for the real noise cases studied in this
subsection.

The absolute value of the frequency spectrum of the noise found in the ECG signal is plotted in Figure T3] The
presence of a tone in 60Hz and its harmonics of 120Hz and sub-harmonic in 30Hz is due to noise injected by the
power line. This produces a increase in 123 and 321 pattern that elongates the cloud of point in the vertical axis.
In addition, the distribution of the spectrum shifted to low frequency corresponds to noise of red to pink type. A
superposition of the original ECG signal and the denoised version of it can be see in Figure[T4] (a). Finishing the
ECG example, the GPT of the denoised signal is presented in Figure[T4](b), where a remarkable reduction of points
near the origin is observable indicating the reduction of the presence noise.
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Figure 15. Module of FFT spectrum of noise of ECG signal.

6.2.2. Partial Discharge A partial discharge (PD) is a dielectric breakdown phenomenon that occurs within a
insulating material due to the loss of symmetry in the distribution of electric field lines [41]. In the presence of the
gas inclusions and/or impurities inside the material, the electric field converges and it intensifies locally in these

Stat., Optim. Inf. Comput. Vol. 12, November 2024



2016  ON THE GEOMETRIC PATTERN TRANSFORMATION (GPT) PROPERTIES OF UNIDIMENSIONAL SIGNALS

areas, causing the phenomenon in the form of small electric arcs which deteriorate the insulating medium. In this
example, the noise presented in an internal PD pulse in oil-impregnated paper was characterized. The PD pulse
was obtained in the laboratory under controlled conditions [8]], [42].
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Figure 16. (a) Partial Discharge pulse, (b) GPT of the Partial Discharge pulse.

In Figures [16] (a) and (b), a raw DP pulse and its corresponding projection in the GPT transformed plane are
presented. From the GPT plane, a main cloud with vertical orientation (positive eccentricity) can be distinguished;
this us due to the high noise level contaminating the signal, an undesirable characteristic inherent to signal
acquisition processes. The noise was separated from the signal using Wavelets, specifically a Daubechies of order
10, and a decomposition of level 2 was made. The detail levels d1 and d2 were separated to subsequently reconstruct
the signal and calculate its GPT. The noise signal can be seen in Figure [I7] (a), while its GPT transformation is
shown in Figure [17](b). In the latter, it can be observed that the distribution of points in the transformed plane and
its eccentricity of 0.9090, calculated with expression (Z1), correspond to the characteristics of red noise, typical of
the measurement process. See Table [3|and Figure[5](c).
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Figure 17. (a) Partial Discharge noise, (b) GPT of the Partial Discharge noise.

The absolute value of the frequency spectrum is presented en Figure [I8] where two main components are
presented in the range of 100MHz, which it is due to the test configuration.
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Figure 18. Module of FFT spectrum of noise of PD signal.

Finally, in Figure[I9](a) and (b), the filtered PD pulse and its corresponding GPT transformation are presented.
It can be seen that given the structural characteristics of the signal without noise, where patterns 123 and 321
predominate, they form such a singular point distribution in the transformed plane.
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Figure 19. (a) Denoised Partial Discharge pulse, (b) GPT of the Denoised Partial Discharge pulse.

6.2.3. Audible white noise In this last example, a white noise from a acoustic sound recorded by an electronic
device was processed. The White noise was downloaded from [43]], it was recorded in a study at a sampling rate of
48kHz. The processed signal was chopped at length of 10,000 samples. The time domain signal is plotted in Figure
[20] (left) for a zoomed range of samples and its corresponding GPT transformation on the right of the same figure.
The eccentricity € and the normalized number of point per pattern is presented in table [d For this case, a mix of
white and pink noise is characterized, by comparing these values with the ones founded in table 3]

The spectrum of its frequency domain presented in Figure 21| shows a monotony spectrum density with a light
attenuation at the highest frequencies. This fact can be associated with the pseudo-pink characteristic of this noise
revealed by its eccentricity. Further studies should by develop in this case.

With these last three examples in can be shown the potential of GPT to characterize the type of noise that might
be present in a given 1D record. Although it is not a rigorous demonstration, it is sufficiently explicit to provide the
reader with a tool whose potential application can be very useful. By last, the eccentricity and normalized number
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Figure 20. (a) Audible white noise, (b) GPT of the Audible white noise.
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Figure 21. Module of FFT spectrum of audible white noise signal.

of points in each pattern for the three studied cases are presented in table 4l A new column was added to indicate
the type of noise assigned base on the calculated eccentricity.

Noise € 123 132 231 321 312 213 noise type
ECG +0.7795 | 0.2376 | 0.1337 | 0.1278 | 0.2396 | 0.1345 | 0.1267 | pink - red
PD +0.9090 | 0.3066 | 0.1002 | 0.0972 | 0.2996 | 0.1012 | 0.0952 red
Audible WN | +0.5439 | 0.2020 | 0.1445 | 0.1598 | 0.1892 | 0.1556 | 0.1487 | white - pink

Table 4. The values in the six columns on the right correspond to the fraction of GPTs computations that occupied in each
pattern by color noise, they are normalized in each row. The eccentricity e is computed according the expression.

7. Final Summary and Conclusions

In the present work, four properties of the GPT have been presented, shown it as a versatile tool for the study and
analysis of 1D data series. On the one hand, it can access the representation of the phase space of a dynamic system
from a 1D signal without the need to estimate any parameter required by the corresponding algorithms. On the way
to reaching the representation in the phase space, the necessary transformations have been obtained to regularize
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and normalize the hexagon that contains the GPT image, being an additional result that contributes to analyzing
signals independent of their measurement scale or amplitude.

The ability of the GPT to detect the presence of tied data in data series was exposed in this work. The relevance
of managing the tied data is of interest but demands a prior efficient algorithm to detect them. In this way, the
application of the GPT brings the capability to detect repeated data as well as to analyze signals for other purposes.

The study of the forbidden patterns in chaotic systems has generated different paradigms to interpret it and to
model it for later management. The GPT application has been shown in this research to be an overwhelming tool to
detect some forbidden pattern. For the particular case exhibited in the section[5] the analytic formulation constitutes
a solid confirmation of the absence of the patterns, beyond the numerical results provided by the application of the
GPT. Adding to the computational performance of the GPT the possibility of detecting forbidden patterns and its
link with chaotic behavior has its intrinsic value.

For the characterization of noise contained in a signal, it is usually analyzed in the Fourier frequency domain or
through other transforms such as wavelets. Additionally, a diversity of filters with different technologies are also
usually used for this purpose. The use of the GPT in the study of the colored noises of a signal could be not limited
to its characterization but also allows comparison of its intensity concerning that of the signal itself. It is also
possible to group it within the typologies of known noises to identify the possible source of it. The introduction
of the extended concept of eccentricity to a cloud of points in the regions defined by the GPT has shown the
applicability of the methodology and contribute to quantify the analysis. The counting of the occupancy of every
region of the GPT gives a characteristic of the geometric shape of the signal. Through the examples presented in
this work, the ability to characterize the kind of noise in ECG, partial discharge and white sound signals in a clear
way without resorting to any of the traditional methodologies has been shown. The computation of the Fourier
Transforms was used for a mere confirmation of the results.

It is worth to mention and discuss some limitations of the GPT transform and the scope of the present work.
In first place, the symbols generated from an embedding vector of size 3 (y;, yi+1, ¥i+2) has been studied, which
corresponds with 6 different ordinals patterns perfectly defined in the AM and AS plane. Further studies are
needed to evaluate the mapping obtained from a higher embedding dimension vector, to determinate the new
generated symbols and analyze how the AM and AS plane maps these new patterns. Another aspect that needs to
be considered and analyzed is how the sampling frequency modifies the GPT mapping. From a theoretical point
of view, given a signal sampled at a sampling rate many times higher than its Nyquist frequency it is expected to
have many 123 and 321 patters in the GPT plane since there will to be many samples ascending to a maximum or
descending to a minimum. On the other hand, a signal sampled strictly at a sampling rate just above its Nyquist
frequency it will be mapped with very few 123 and 321 patterns, since the signal it will be jumping from maxima
to minima all the time. Thus, a proper balance it should be found so as the GPT could map relevant features
from the signal under analysis. It should also be noted from the expressions presented in the section [2] that it
is easy to understand that an on-line implementation requires only two samples behind (f — 1 and ¢ — 2) from a
certain time (¢) to obtain the GPT coordinate, and there is no need of high computer capacity, since the operations
to be performed are quite simple. But if the normalization of the GPT is mandatory, no on-line implementation
is possible since all samples are needed in order to normalize. In that case, a sliding window with some memory
buffer or a batch-processing workflow might be a possible solution, demanding higher processing and data handling
requirements.

From a holistic point of view within the flowchart of signal analysis, GPT can contribute in the exploratory
analysis of data. On the one hand, it can be used as a study tool to analyze the possible chaotic behavior of a signal
of a system by finding in a simple and direct way the characteristic of a forbidden pattern. On the other hand, it
allows to reconstruct the phase space in a very simple way and practically without any assumption of the nature of
the system that generates the signal, in addition it does not require the determination of any parameter. Furthermore,
dealing with repeated data in a clear and unambiguous way can help to analyze the prevalence of states of a system
or help to detect the necessity to change the sampling frequency if it is known the presence of tied data is an artifact.
After all the studies and examples presented in Section 6, it was shown that the GPT provides a reasonable tool to
characterize the signal colored noise, once its presence can be detected by other methodology.
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