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Abstract: Fractal algorithms for signal analysis are developed from geometric fractals and can be
used to describe various complex signals in nature. A roughness scaling extraction algorithm with
first-order flattening (RSE-f1) was shown in our previous studies to have a high accuracy, strong
noise resistance, and a unique capacity to recognize the complexity of non-fractals that are common
in signals. In this study, its disadvantage of a long calculation duration was addressed by using a
dichotomy-binary strategy. The accelerated RSE-f1 algorithm (A-RSE-f1) retains the three above-
mentioned advantages of the original algorithm according to theoretical analysis and artificial signal
testing, while its calculation speed is significantly accelerated by 13 fold, which also makes it faster
than the typical Higuchi algorithm. Afterwards, the vibration signals of the milling process are
analyzed using the A-RSE-f1 algorithm, demonstrating the ability to distinguish different machining
statuses (idle, stable, and chatter) effectively. The results of this study demonstrate that the RSE
algorithm has been improved to meet the requirements of practical engineering with both a fast speed
and a high performance.

Keywords: roughness scaling extraction; fractal dimension; accelerated algorithm; Weierstrass—
Mandelbrot function; milling vibration signal

MSC: 37M10

1. Introduction

Pioneered by the mathematician Mandelbrot [1,2], fractal geometry was established
to investigate the morphological characteristics of filling space in the form of non-integer
dimensions. Early studies have revealed that many features in nature have fractal charac-
teristics, so fractal geometry is widely applied to a large variety of research areas, such as
the influence of the fractal features of transects across vegetation on the arthropods living
on its surface [3], the relationship between biological size and physiological function [4],
and observations of the large-scale structure of the universe [5]. Follow-up studies found
that fractals not only existed in features of nature, but also in various signals such as
physiological electrical signals [6].

Fractal dimension (FD) is often used to measure the degree of geometric irregular-
ity. Generally, the higher the complexity of the signal, the larger the corresponding FD
value [7]. Therefore, many scholars have introduced FD into the research of signal process-
ing in the medical field, such as electroencephalograms (EEG) [8] and electrocardiograms
(ECG) [9-12], and have made remarkable achievements.

In recent years, signal fractals have been extended to the field of mechanical processing,
such as the fractal characteristics of ultrasonic echoes and their application to nondestructive
testing [13], the multifractal characteristics of ball mill dynamics [14], and the application
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of vibration signal multifractals in fault diagnosis [15]. As a typical nonlinear signal,
mechanical vibration has obvious fractal characteristics, and the complexity of the signal is
closely related to the vibration state of the machine tool. Therefore, the fractal analysis of
signals is also used to judge the machining status of machine tools. Ji et al. [16,17] proposed
a multi-indicator chatter prediction method combining FD, power spectral entropy, and
standard deviation. Zhuo et al. [18] identified chatter by calculating the FD of acceleration
signals in thin-wall blade side milling. Chen et al. [19] proposed a multifractal method for
chatter detection in milling processes. It can be seen that the application of FD in the field
of manufacturing has been recognized.

There are various algorithms for calculating FD, including the box-counting (BC)
algorithm [20], the Katz algorithm [21], and the Higuchi algorithm [22]. The Higuchi and
box-counting algorithms have been widely used due to their practical applicabilities and
fast speed [23-26]. In our previous study, a roughness scaling extraction (RSE) algorithm
was proposed [27,28], and it has a higher accuracy and anti-noise performance compared
with other traditional algorithms. The RSE algorithm can identify non-fractal features
in signals [29], which is an ability that traditional fractal algorithms do not have. The
RSE algorithm is based on the exponential relationship between scale (L) and root-mean-
squared roughness (R;), as shown in Equation (1). Firstly, Equation (2) is used to calculate
the roughness values at each scale (L;, qu), where i = 1,2,...,n represents the serial

number of the data point, and ¥ represents the average of y;, ¥ = #, and then to
obtain the dimension value D through Equation (3). L = [Ly, Ly,..., Lp] represents the
signal length at different scales, as well as the number of signal points (L; = [L;_1 X J], &

represents the scaling ratio).
R, = AL*P (1)
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The key procedure of the RSE algorithm is the flattening modification of sub-sequences
that are segmented out of the concerned signal. The RSE algorithm with first-order flatten-
ing (RSE-f1) is the most accurate for fractal signals. First-order flattening refers to first-order
polynomial fitting of the sub-sequences, as shown in Equation (4), where the expressions of
a, b, and x; are shown in Equation (5). The sequence of the RSE-f1 algorithm consists of the
elements m; calculated by Equation (6).

Y =b+ax; 4)

Y1 XiYi —nxy - -
a » xlz — y—axs; x; =1 5)
mi =Yi = Yi (6)

However, the disadvantage of the RSE algorithm is that calculations are time-intensive,
which limits its application in practical engineering. Considering that the on-line recog-
nition of the machining status of machine tools requires a fast response speed, the RSE
algorithm needs to be accelerated to reflect the signal characteristics in a short delay of
calculation. Therefore, an accelerated RSE-f1 (A-RSE-f1) algorithm based on a dichotomy
and binary strategy is proposed in this paper. Based on theoretical analysis and artificial
fractal signal testing, the A-RSE-f1 algorithm is much faster than the original RSE-f1 and
the Higuchi algorithm, and it retains the high anti-noise performance of the RSE-f1 algo-
rithm. Experimental results demonstrated that the A-RSE-f1 algorithm could distinguish
the different machining statuses effectively of machining tools. In addition, the relationship
between roughness and scale of the A-RSE-f1 algorithm is equivalent to that of the RSE-f1.
Thus, the improvement does not change the fractal calculation principle of the algorithm.
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2. Methods and Samples
2.1. Improvement of the RSE Algorithm

Specifically, the large scale sequence is divided into two small scale sequences, and
the small scale sequence is divided successively until each subsequence contains only
one element. In this way, it is guaranteed that sub-sequences at different scales do not
overlap with each other and that the set of sub-sequences only covers the signal sequence,
thus ensuring the calculation accuracy. It also adaptively changes the summation times
of subsequence roughness according to the scale, which greatly improves the operation
speed of the algorithm. As the formula and code of RSE-f0 are relatively simple, it is
possible to find the core reason why the RSE algorithm requires a long time, so a dichotomy
strategy was first used to preliminarily improve RSE-f0. In order to improve the accuracy
of A-RSE-0, it needs to carry out first-order flattening and realize random ¢ through a
binary strategy, so as to obtain A-RSE-f1.

2.1.1. Accelerated RSE-f0 Algorithm

In order to accelerate the RSE algorithm, it must be clear what is taking the longest
time in the program. Therefore, the pseudocode of the RSE algorithm without flattening
(RSE-{0) can be written based on the above equations, as shown in Algorithm 1, where
stepN represents the number of subsequences of different lengths, and subdata;, Ry(m);
represent the subsequence and roughness extracted for the i-th time at a certain scale,
respectively. As the roughness of the small scale subsequence varies greatly in different
positions of the signal sequence, it needs to be solved many times and then averaged, as
shown in Lines 4 to 6 of the pseudocode. In order to ensure sufficient representativeness of
the calculated roughness and a certain computational efficiency of the RSE-f0 algorithm,
the roughness values of the 50 randomly selected sub-sequences are averaged as the final
roughness value corresponding to the scale. However, it is this part of the operation that
still greatly increases the time cost of the RSE-f0 algorithm. According to statistics, the
4~6 lines of the pseudocode account for 99% of the calculation duration of the algorithm. It
is understood that, when the sub-sequence scale is large, many of the 50 randomly selected
sub-sequences can overlap, and when the sub-sequence scale is small, it is difficult to
completely cover the signal by randomly selecting positions. Therefore, to accelerate the
RSE-{0 algorithm, calculating the roughness adaptively while covering the entire signal
is key.

Algorithm 1 RSE-f0 algorithm

Input: data: signal data; J: scaling ratio; minpixle: the number of elements of the; smallest
scale; repeaty;,: the calculating times of the roughness of the same scale
Output: D: the dimension value of the signal
minpixle

1: stepN < [710g(l%T)

. L+ N x (5[0 to stepN—1 do], Rq(l)
: foreach m € |2, stepN] do
foreachi € [1, repeatyym| do
subdata;, Ry(m);
end for
R;(m) < mean(Ry(m);)
end for
D+ 2—

R AN L

log R,
log L

Aiming at this improvement, a preliminary accelerated algorithm based on RSE-f0
is proposed with a scaling ratio of 0.5. First, the dichotomy method is employed, thus
the calculation flow is reversed, i.e., the roughness values are obtained from large sub-
sequences to small ones in the original RSE-f0O, while those in the A-RSE-f0 are from small
sub-sequences to large ones. As sketched in Figure 1, each element in the sequence can be
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regarded as a cell, and the combination of adjacent elements yields the next cell, which
had twice the element number of the previous one. By analogy, the set of sub-sequences
at various scales can be obtained, and the sub-sequences have no overlaps, which also
ensures the full coverage of the signal. Obviously, based on the dichotomy method, the
calculation times of the large-scale subsequence are shorter, while the calculation times of
the small-scale subsequence are longer. For example, there are two sub-sequences after one
scaling (L; = 0.5 x L), while there are ﬁ sub-sequences of the n-th scaling (L, = 0.5" x L),
which conforms to the previous goal of adaptively extracting the number of sub-sequences.

[ I
[

?
E

I
!

Figure 1. The schematic diagram of improving flow of A-RSE-f0 based on dichotomy method.

Further, the expression of the A-RSE-f0 algorithm is transformed, as shown in Equa-
tions (7) and (8). Equation (7) can be derived from Equation (1), where A = }I' , y?
and B = }!' ; y;, thus obtaining Equation (8). The problem is then transformed into the
construction of A and B matrices containing all scales by using the above dichotomy flow.

n 2 n
2 XimYi LiciViv
Ry=—, ( P ) @)

2Oy ®

2 _
R; =

2.1.2. The Accelerated RSE-f1 Algorithm

The next aim of this study is to improve the RSE algorithm with first-order flattening
(RSE-f1), whose accuracy is the highest [27]. The improved method based on the dichotomy
idea can be extended to RSE-f1 as follows. Similar to that of A-RSE-f0, the expression
of the A-RSE-f1 algorithm is also transformed. Equation (9) can be derived based on
Equations (1) and (6). In Equation (9), A = Y/ ; y%, C=Y!',xy;and B =Y}, y; are
set to obtain Equation (10). In this way, the problem is transformed into the construction
of A, B, and C matrices containing various scales, and the solution of the intermediate
parameters a and b. Thus, an A-RSE-f1 algorithm with § = 0.5 is obtained.

i1 %2 —ay XY — by yi

2 _
R; = . )
A—aC—bB
2 _
R; = -, (10)

However, in order to extend the scaling ratio of A-RSE-f1 to any value of J to enhance
its applicability, a binary strategy needs to be introduced. Specifically, extending to any
¢ is equivalent to the problem of extracting the subsequence between any two points in
the signal sequence. Combined with Equations (9) and (10), the equivalent issue is how to
quickly obtain the sum of the corresponding elements of the subsequence at any position.

For example, in order to obtain the sum from the first point to the Ps4¢-th point in
a sequence, the following operations can be conducted. Firstly, P is converted into
binary numbers in the matrix constructed when § = 0.5 is used based on dichotomy. The
ipin-th bit in binary then corresponds to the #;,-th row (a subsequence of length 2ibin=T)
and the (Pstart >> (ipi, — 1)) column element of the matrix, where >> represents the
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right-shift operation in binary. The sum of all elements of the matrix corresponding to 1 in
the binary number is the sum of the target sequence. As shown in Figure 2, if Psprt = 7,
it can be written as 111 after it is converted to binary. Its first digit (from right to left) is
1, corresponding to the first row and seventh column of the matrix. The second digit is
also 1, corresponding to the second row and third column of the matrix. The third digit is
also 1, corresponding to the third row and the first column of the matrix. The above three
elements in the matrix are then summed, as shown in Equation (11). The problem is then
transformed from a sum of seven elements to a sum of three elements, effectively reducing
the time of summation and thus reducing the calculation duration. If the sum of elements
between any two points is required, the sum from the first point to the Ps¢-th point
SUMp,,,,, and the sum from the first point to the P,,4-th point SUMp, , can be obtained by
the above algorithm, respectively, and the sum from the Ps;4¢-th point to the P, 4-th point
can then be obtained by SUMp, , — SUMp,,,,,, as shown in Equation (12). Understandably,
the overlapping elements cancel each other out while they are subtracted, resulting in a
sum of the target elements, as shown in Figure 3.

Pstart = 11 1in binary

Figure 2. A diagram of the sum from the first point to the Ps;r¢-th (=7) point of the sequence in binary,
which is employed for A-RSE-f1.

1 Pstart

P end

o

! !

Overlap part Target sum part

Figure 3. Diagram of summation of subsequence from Pyt to P,y .

To summarize the above methods in a mathematical language, auxiliary matrices A, B,
and C are denoted as TEMP, as shown in Equation (11), where TEMP (iy;,,, P >> (ip;, — 1))
represents the element of the (P >> (i;, — 1)) column of the iy;,, row of the auxiliary
matrix. In Equation (13), {(i) represents a two-valued function that returns 1 when the i,
bit of the binary number is 1, and 0 when the 7y, bit is 0. After converting Pst,+ into binary
(Ppin), traverse all the elements in the auxiliary matrix corresponding to 1 contained in Py;,,,
and these values are then summed. Therefore, the number of summations in Equation (11)
depends on the number of 1 s contained in the Py;,.

SUMpy,, = Y, TEMP(ipin, Pstart >> (i — 1)) (i) (11)
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SUM = SUMp, , — SUMp,,, (12)
. 0 if the i-th bit of P in binary is 0
Qi) =q, o (13)
1 if the i-th bit of P in binary is 1

In such a manner, the A-RSE-f1 algorithm achieved the aim of being adaptive and
providing full coverage in the sub-sequence extraction based on the idea of a dichotomy
so as to avoid repeated calculations caused by random selections with fixed times. The
binary strategy was then used to reduce the summation times, thus further accelerating
the summation process of corresponding elements. Compared with the RSE-f1 algorithm,
the improvements of the A-RSE-f1 algorithm are based on equivalent operations via the
dichotomy-binary strategy and thus do not change its principle, maintaining the accuracy
of calculation.

2.2. Samples
2.2.1. Artificial Fractal and Non-Fractal Signals

As the true value of D cannot be obtained in prior for the actual fractal features, it
is difficult to evaluate the advantages and disadvantages of different fractal algorithms
by using signals from nature. Therefore, using a fractal function to generate ideal fractal
signals or surfaces is an important approach to evaluate the performance of different fractal
algorithms. The fractal function has the property of being continuous everywhere, but not
differentiable [29]. The functions commonly used for generating fractal signals include the
Weierstrass-Mandelbrot (W-M) function [30,31], the Monte Carlo function [32], the Takagi
function [33], and the Brownian motion function [34]. Among them, the W-M function is
widely used in the field of fractal analysis [35-39]. Moreover, the abnormal implementation
of the W-M function enables it to generate non-fractal profiles or surfaces [29]. According
to our previous research, actual signals or surfaces in nature also have non-fractal features,
while traditional fractal algorithms (including Higuchi and box-counting) cannot recognize
the complexity of non-fractal characteristics. Therefore, in this study, the W-M function is
used to generate both fractal and non-fractal signals, so as to evaluate the performances of
different algorithms.

The mathematical expression of the W-M function is shown in Equation (14), where
D is the ideal Dimension value of the generated signals; -y is the density of frequencies in
the signal; M is the number of superposed ridges; ¢, is a random phase shift; and » is a
frequency index. Fifty groups of fractal signals for each D, ranging from 0.1 to 2 with an
interval of 0.1, were generated by the W-M function. Relevant pictures can be seen in the
previous research [27]. It can be seen that, with the increase in the D value, the complexity
of the curve is higher and the fluctuation of it is more severe.

W(x) = % W(D*Z)”[cosq)n —cos(Y"x + ¢n)] (14)
n=0

2.2.2. Milling Vibration Signals

In order to apply the A-RSE-f1 algorithm in practical engineering, it is not sufficient to
test its performance only with the generated ideal fractal signals. It also needs to use real
machining signals for verification purposes. Milling is one of the most important machin-
ing technologies in the field of manufacturing. However, the severe vibration of machine
tools usually leads to the deterioration of workpiece surface quality, thus reducing work
efficiency. Therefore, many methods to predict and suppress chatter have been proposed,
including the establishment of a stability lobe diagram (SLD) [40], a cutting dynamics
model [41], and online monitoring [42,43]. Recognizing the signal characteristics of ma-
chine tools is an important on-line monitoring method for preventing chatter [44-48]. For
industries, an acceleration signal is generally recommended [49]. Therefore, the application
effect of the A-RSE-f1 algorithm in practical engineering was verified by milling acceler-
ation signals. The experimental equipment and data analysis are illustrated in Figure 4.
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The machining signals used in this study were the acceleration signals of the machine tool
spindle collected by the experimental equipment. The data acquisition process was carried
out using an accelerometer fixed on the spindle of the machine tool. The data of the sensor
were collected using the Simens LMS TestLab 17 software and finally transmitted to the
computer. The vertical machining center was the EUMA DUB810, and the accelerometer
used was a PCB piezoelectric triaxial vibration sensor. The partial enlargement of the
workbench and the workpiece surface obtained by two machining statuses (stable and
chatter) are shown in Figure 4b. The data acquisition equipment was an LMSSCADASIII
multi-channel data acquisition front end, as shown in Figure 4c.

(a) The milling equipment (c) LMS signal analyzer

Figure 4. The final assembly of: (a) the milling equipment, (b) workbench and workpiece surfaces,
and (c) LMS signal analyzer.

3. Results and Discussion
3.1. Ideal Fractal Signals Testing

In order to test the improvement effect of this study, the original RSE-f1, A-RSE-f1,
Higuchi, and BC algorithms were used to calculate 20 x 50 artificial signals generated by
the above W-M function. In this study, é of the A-RSE-f1 has been extended to any value.
Therefore, in order to evaluate the improved algorithm comparatively, the § values of both
A-RSE-f1 and RSE-f1 were set as § = 0.85.

Firstly, the calculated dimension (D,) values by RSE-f1, A-RSE-f1, Higuchi, and BC
algorithms were compared with the ideal dimension (D;) values, as plotted in Figure 5.
Obviously, when D value is less than 1, the calculation results of the Higuchi and BC
algorithms are close to 1, while both the RSE-f1 and A-RSE-f1 algorithms could effectively
approximate the D; value. When the D value is above 1, the curves of RSE-f1, A-RSE-f1,
and Higuchi are very close to D;, but there is significant deviation in the BC curve.

To quantify the deviation of the above four algorithms, the logarithmic coordinate
plot of the mean relative error (MRE) under different D; were summarized, as shown in
Figure 6. It can be seen that, when D; is less than 1, the MRE values of RSE-f1 and A-RSE-f1
are much smaller than those of the Higuchi and BC algorithms, consistent with the results
in Figure 5. These two traditional algorithms are completely invalid in the non-fractal
region. When D; is greater than 1, the MRE values of BC are generally greater than those of
RSE-f1 and A-RSE-f1, while the Higuchi algorithm has a high accuracy when D; is close to
2. It can also be observed in Figure 5 that the D, values of the Higuchi algorithm are all
larger than D;, which is consistent with what is shown in Figure 6. By contrast, RSE-f1 and
A-RSE-f1 both have high computational accuracy even in the non-fractal region, and their
MREs are below 2% in the fractal region. Therefore, RSE-f1 and A-RSE-f1 are applicable to
a wider range than are the other algorithms in terms of analyzing the signals of fractal and
non-fractal regions.
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Figure 5. Comparision of the ideal dimension (D;) and the calculated dimension (D.) by RSE-f1,
A-RSE-f1 Higuchi, and BC algorithms.
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Figure 6. The logarithmic coordinate plot of the mean relative error (MRE) of RSE-f1, A-RSE-f1,
Higuchi, and BC algorithms under different D; values.

A major advantage of A-RSE-fl compared with RSE-f1 is that its calculation speed
is greatly accelerated. Figure 7 shows the single running duration (SRD) and standard
deviation (STD) of the RSE-f1, A-RSE-f1, Higuchi, and BC algorithms. The calculation
speed of A-RSE-f1 is significantly higher than that of the RSE-f1 algorithm by about 13 folds,
and is also faster than that of the Higuchi algorithm, indicating that A-RSE-f1 based on
a dichotomy and binary strategy has an advantage in terms of calculation speed. The
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A-RSE-f1 algorithm only needs 7.8 x 1072 s for a single running, which meets the practical
engineering requirements. However, the RSE algorithm has the disadvantage of a large
fluctuation in the results. As shown in Figure 7, the STD values of both RSE algorithms are
higher than those of the Higuchi and BC algorithms, so multiple measurements are needed
to eliminate such fluctuation.

T T T T
0129 1450 - SRD 7]
' st

0.10 ~ -

o

o

(o]
1

1

0.0596 00573 |

Amplitude (a.u.)
3
1

©

o

e
]

]

0.0261
0.0216

0.02 + -

0.0113
0.0078

0.0033

RSE-f1 A-RSE-f1 Higuchi BC
Algorithm

Figure 7. The single running Duration (SRD) and standard deviation (STD) of the RSE-f1, A-RSE-f1,
Higuchi, and BC algorithms.

In essence, the collected signals in reality are always mixed with noise, which will
reduce the efficiency of the calculations [50], so the algorithm must have an ability to resist
noise. Therefore, the anti-noise performance of the RSE-f1, A-RSE-f1, Higuchi, and BC
algorithms were also compared. The signal-noise ratios (SNRs) used in this study were
0,5,...,50 dB. As shown in Figure 8, the MRE values of the artificial signals after adding
noise were calculated by the four algorithms. It can be seen that, when the D; and SNR are
both small, the anti-noise performance of all algorithms is low, because noise dominates the
characteristics of the signals, and the D, values are all close to 2, leading to large calculation
errors. With the increase in SNR, the MRE values of all algorithms except BC gradually
decrease, because the proportion of noise decreases. The BC algorithm shows an opposite
trend in many cases. As indicated in Figure 5, the D, values of the BC algorithm are low,
and the deviation becomes larger with the increase in D;. When D; is large, noise plays a
role in compensation, making BC more accurate, which is an interesting result. Globally,
the MREs of the RSE-f1 and A-RSE-f1 algorithms are lower than those of the Higuchi and
BC algorithms, demonstrating that the RSE-f1 algorithm has a strong anti-noise property,
and its accelerated version, A-RSE-f1, retains this property.
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Figure 8. The comparision of anti-noise performances of RSE-f1, A-RSE-f1 Higuchi, and BC algo-
rithms under different D; and signal-noise-ratio (SNR) values.

3.2. Chatter Recognition in Milling

As shown in Figures 9 and 10, the typical acceleration signals of stable and chatter
statuses are significantly different. The above signals were denoised by a five-order wavelet
method, and the two sets of signals were calculated by the RSE-f1, A-RSE-f1, Higuchi, and
BC algorithms. The length of the stable signal in Figure 9 is 30 s, of which 5-25 s is under a
stable status of machining. The length of the chatter signal in Figure 10 is 13.5 s, of which
3.5-12 s is under a chatter status of machining. It can be seen that the calculation results of
the RSE-f1, A-RSE-f1, and Higuchi algorithms vary accordingly, along with the operations
and statuses of the milling process. The D values of stable milling are less than 1.4, and
those of chatter milling are greater than 1.9. However, the D values calculated by the BC
algorithm are about 1.5 in the stable milling and 1.7 in the chatter milling. The BC algorithm
might not distinguish the acceleration signals of stable and chatter milling effectively and
may not be suitable for the chatter recognition of acceleration signals. In addition, the D
values of the idling status calculated by RSE-f1 and A-RSE-f1 are generally less than 1,
indicating the non-fractal nature of the signals under such conditions. The Higuchi and
BC algorithms cannot recognize non-fractal features, so their chatter recognition abilities
are weaker. In particular, the D values of acceleration signals calculated by the Higuchi
method in the idling status are basically the same as those in stable machining, as shown in
Figure 9.

Vibration interference is an important factor restricting the development of computer
numerical control (CNC) machine tool technology, including free vibration, forced vibration,
and self-excited vibration. Chatter is a kind of complex, self-excited vibration, which is
also the most serious form of vibration affecting the processing system. The real-time
monitoring and recognition method can detect the status change of machine tools in time,
so as to enable the suppression of the harm of chatter to workpiece and machine tools.
However, the developments of chatter monitoring and suppression require recognition
algorithms with both high accuracy and speed.

In order to further evaluate the application effect of A-RSE-f1 in signal recognition,
40 groups of milling acceleration signals (20 stable signals and 20 chatter signals) are
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identified by the above four algorithms. The calculation durations for 40 groups of signals
are listed in Table 1. The calculation durations are ordered as follows: RSE-f1 > Higuchi
> A-RSE-f1 > BC. It can be seen that A-RSE-f1 is a significant improvement over RSE-f1
in terms of calculation speed and can thus meet the computing requirements of practical
engineering applications.
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Figure 9. The acceleration signals of stable milling and D values of signal calculated by RSE-f1,
A-RSE-f1, Higuchi, and BC algorithms.
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Figure 10. The acceleration signals of chatter status and D values of signal calculated by RSE-f1,
A-RSE-f1, Higuchi, and BC algorithms.
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Table 1. The calculation durations of RSE-f1, A-RSE-f1, Higuchi, and BC algorithms to process all

40 sets of vibration signals.

Algorithm RSE-f1 A-RSE-f1 Higuchi BC
Duration (s) 2439 157.7 249.1 65.41

Machining statuses can be idling, stable, or chatter. In order to ensure the consistent
proportion of data in various machining statuses and the representativeness of signal
samples, 100 D values were randomly selected from the results of 20 chatter signals in
the idling stage and the machining stage and of 20 stable signals in the signal machining
stage, respectively, so each machining status calculated by each algorithm has 2000 data
points. The above data are plotted in Figure 11 and form the histogram of the D-value
distribution of 40 signals at different statuses calculated by the four algorithms. Obviously,
the results of the RSE-f1, A-RSE-f1, and Higuchi algorithms have less overlap in the stable
and chatter parts than the BC algorithm, indicating that these three algorithms can better
identify the chatter characteristics of milling acceleration signals. As for idling and stable
statuses, it can be seen that the RSE-f1 and A-RSE-f1 algorithms have the least overlap.
As the acceleration signal of the machine tool spindle is relatively simple during idling, it
embodies more non-fractal characteristics. The calculated D values of RSE-f1 and A-RSE-f1
are basically less than 1, which is consistent with the performance of actual machining,
indicating that these two algorithms are applicable to a wider range. However, the Higuchi
and BC algorithms cannot recognize non-fractal signals, so the calculation results of the
idling part will partially overlap with stable processing.

RSE-f1 A-RSE-f1

0.74 Idling Stable Chatter Idling Stable Chatter

1)
«
Probability
o
Py
3

Probability

o
N
o

06 08 10 12 14 16 18 20 06 08 10 12 14 16 18 20

Higuchi Box-counting

Idling Stable Chatter 04] Idling Stable Chatter

0.754

o
w

o
@
3

Probability

Probability
o
N

0.14

0.00 7 } | — } 00

_—
|
|
|
c-—[ |
&

Figure 11. Histogram of D values distribution of 40 signals at different statuses calculated by RSE-f1,
A-RSE-f1, Higuchi, and BC algorithms.

The A-RSE-f1 algorithm is significantly faster than the RSE-f1 algorithm and even
faster than the Higuchi algorithm. Moreover, A-RSE-f1 can recognize non-fractal features,
so the machining status of idling, stable, and chatter can be distinguished significantly
according to the acceleration signal of the spindle of the machine tool. Although the
calculation speed of the BC algorithm is faster, its accuracy and noise resistance are weak,
and it is difficult to distinguish different machining statuses effectively. Therefore, the
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A-RSE-f1 algorithm has the best comprehensive performance with a fast calculation speed,
a high accuracy, strong noise resistance, and a wide application range, and can distinguish
different processing statuses effectively.

3.3. Effects of Cutting Parameters

The establishment of a milling stability lobe diagram [51] is a method used to predict
machining status, and the occurrence of chatter can be avoided by inducing stable cutting
parameters under certain working conditions. Therefore, the selection of machining param-
eters is closely related to machining status and vibration signal. The influence of processing
parameters on signal dimension will be explored below.

The experimental equipment is described in Section 2.2.2. The workpieces are 7075
120 mm x 120 mm X 10 mm aluminum alloy square plates, and the cutting tool is a
tungsten steel 3-edge milling cutter with A diameter of 10 mm. A total of 36 groups of
machining parameters, including changes in feed, cut depth, and speed, are summarized
in Table 2. Fifty windows were randomly selected for each signal (each window contains
1024 data points), and 50 D values were calculated and averaged. According to the above
analysis, the calculation results of RSE-f1 and A-RSE-fl are almost the same, while the
calculation duration of RSE-f1 is much longer, so only the A-RSE-f1, Higuchi, and BC
algorithms were used for calculation. The calculation results are illustrated in Figure 12.

Table 2. 36 groups of machining parameters with various feed, cut depth and speed values.

No. Speed (1/s) Depth (10~3 m) Feed (10~3 m/s)
1 8.3
2 9.2
3 50.0 1.0 10.0
13 18.3
14 0.5
15 0.7
16 150.0 0.9 6.7
26 29
27 50.0
28 66.7
29 83.3 1.0 5.0
36 200.0

As shown in Figure 12a, the D values calculated by the A-RSE-f1 and Higuchi algo-
rithms all increased with the increase in the feed, among which the results of A-RSE-f1
show a more obvious upward trend. The feed per tooth can be expressed as F/(3S), where
F (m/s) represents the feed speed, and S (r/s) stands for spindle speed. The experimental
tool has three teeth. Under the condition of the same speed and cutting depth, the larger
the feed per tooth, the more likely it is to cause chatter, resulting in a higher D in the
acceleration signal of the spindle. As shown in Figure 12b, the D values calculated by
the A-RSE-f1 and Higuchi algorithms drop significantly when the cutting depth range is
0.5~1.3 mm, indicating that the machine tool is prone to violent vibrations when the cutting
depth is very small, consistent with the experimental phenomenon. When the cutting depth
is greater than 1 mm, the D values of the acceleration signal are relatively stable, indicating
that the cutting depth has little influence on the vibration of the machine tool within this
range. However, a greater cutting depth can increase the cutting force of the tool, such that
the tool can be more vulnerable to damage. As shown in Figure 12c, the D values calculated
by the A-RSE-f1 and Higuchi algorithms generally show a downward trend along with the
increase in spindle speed. This is similar to the situation in Figure 12a. As the spindle speed
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increases, the feed per tooth decreases, so the possibility of chatter and the complexity of
acceleration signal both decrease. However, a higher rotational speed can lead to a tool
temperature that is too high, which becomes negative for machining. In addition, as shown
in Figure 12, the calculation results of the BC algorithm are significantly different from those
of the other algorithms, indicating that the BC algorithm is not sensitive to the changes of
machining parameters, which further verifies that the BC algorithm is not suitable for the
application to machining within the research scope of this study.
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Figure 12. The calculation of D values of milling acceleration signal by A-RSE-f1, Higuchi, and BC
algorithms, and the influences of: (a) feed, (b) cut depth, and (c) speed.

The variation range of the calculation results of the A-RSE-f1 algorithm is larger than
the other two algorithms. This fact indicates that the A-RSE-f1 algorithm is more sensitive
to the change in signal characteristics, and the algorithm can recognize more characteristics
that the other algorithms cannot. In conclusion, under the working conditions of this
experiment, a speed of 83.3~150 r/s, a cutting depth of more than 1 mm, and a small feed
are more appropriate machining parameters. Furthermore, the influences of each parameter
on the machining status are coupled, while the establishment of the SLD preliminarily
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predicts the speed and cutting depth range of stable machining but ignores the influence of
the feed [52,53]. This issue will be further investigated in our future work.

4. Conclusions

In this study, an accelerated RSE-f1 (with first-order flattening) algorithm, A-RSE-f1, is
proposed. Based on the strategy of a dichotomy, the random selection of a fixed number of
sub-sequences in the RSE-f1 algorithm is changed to be adaptive and provide full coverage
of the signal, avoiding redundant calculations. The auxiliary matrices are constructed based
on a binary strategy to reduce the time of summation and further accelerate the algorithm.
The improvement effect of the A-RSE-f1 algorithm is tested using fractal (D = 1~2) and non-
fractal (D = 0~1) signals generated by the W-M function, and the engineering application
of the A-RSE-f1 algorithm is demonstrated using 40 milling acceleration signals (20 chatter
signals and 20 stable signals) of the machine tool spindle. In addition, the effects of different
machining parameters on the acceleration signals and the D values are discussed. It
should be noted that, due to differences in applicable parameters and signal characteristics
in various experimental conditions, the experimental results analyzed by the A-RSE-f1
algorithm above are only verified within the experimental condition of this study, and the
feasibility of its utilization under other experimental conditions will be investigated in our
future work. The specific conclusions are as follows:

1.  A-RSE-fl is proposed based on a dichotomy and binary strategy. The A-RSE-f1
algorithm not only has been shown to be more accurate than the Higuchi and BC
algorithms, but also is much faster than the original RSE-f1 algorithm by about 13 folds
and 1.5-fold faster than the Higuchi algorithm. In the range of accuracy allowed, the
lower scaling ratio 6 can further improve the operation speed.

2. Through the verification of 40 groups of milling acceleration signals, it is shown that
the RSE-f1 and A-RSE-f1 algorithms can recognize the machining signals of different
statuses and can be applied to the chatter recognition of machine tools. The A-RSE-
f1 algorithm can also identify the non-fractal characteristics of machining signals,
which can play an important role in further studies of the physical significance of
signal characteristics.

3. The single running duration of § = 0.85 of the A-RSE-f1 algorithm is only 7.8 x 1073 s.
In the range of accuracy allowed, the lower scaling ratio é can further improve the
operation speed. Therefore, A-RSE-f1 is promising in that it can meet the application
requirements of practical engineering and can be used for chatter recognition through
the acceleration signals in milling.
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