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Abstract: X-ray diffraction technology (XRD) is one of the common means of mineral separation, and
peak identification and comparison is a key step. The symmetric zero-area conversion method (SZAC)
performs well in peak searching of spectral lines, but its wide application is limited by problems
such as inaccurate identification results in specific scenes and dependence of parameter selection
on spectral data. In this article, an improved symmetric zero-area conversion method (ISZAC) is
proposed by combining the ideas of data fusion and passive anti-counterfeiting. The comparison
method and flat peak screening were introduced, and the function group was designed to convert
the spectral data after background deduction and intensity screening. The results were fused to
obtain the peak address determination. Simulation and experimental results show that the improved
method has higher accuracy and applicability. In addition, the method is easy to expand, and the
conversion function group can be adjusted according to the spectral data characteristics to improve
the recognition efficiency.

Keywords: mineral separation; peak searching; symmetric zero-area conversion method; data fusion;
passive anti-counterfeiting

1. Introduction

Lithium (Li) is one of the rare metals associated with coal, which has extremely high
strategic value. Li mining in coal is expected to become an important way to supplement
Li [1–5]. XRD is a common phase analysis method, which can be used to identify Li in
coal. The diffraction pattern is related to the phase, and different patterns are due to
different phases. The phase composition of the sample can be determined by comparing
the diffraction pattern with the standard powder diffraction file (PDF), and the location of
the diffraction peak is one of the main indicators for comparison [6,7].

Spectral line peak search is the prerequisite of qualitative and quantitative analysis
in nuclear, spectral, and chromatographic analysis, and the optimization of peak search
algorithms is an inevitable requirement for the development of the spectral analysis field.
Common algorithms include the comparison method, derivative method (first order, second
order, third order), covariance method, etc. [8–11]. The evaluation of peak searching
algorithms mainly focuses on their ability to identify overlapping peaks and weak peaks.
By constructing a symmetric “window” function with zero area, used for convolution
transformation of the spectral data, and then using threshold screening to determine peak
position, SZAC performs well in the above two aspects [12,13].

SZAC was derived from the second derivative method. Pang et al. [14] gave a method
to determine the conversion function and compared the peak search effect under different
functions. The results show that a “wide” window conversion function can suppress high
base and statistical false peaks, and a “narrow” window conversion function can improve
the ability to distinguish overlapping peaks. Shang et al. [15] discussed and compared
the principles of various peak searching algorithms for X-ray fluorescence spectra, and
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confirmed that the Gaussian fitting method and SZAC were ideal algorithms, and SZAC
was especially effective in identifying weak peaks superimposed on high substrates. Bi
et al. [16] took LIBS/Raman spectra as the research object to explore the recognition effect of
peak-like conversion functions constructed by three different linear functions they pointed
out that SZAC has strong adaptability to large-scale dynamic changes of signals, and its
recognition ability of weak peaks reaches or is better than that of manual recognition. In
general, research of SZAC has a certain basis. However, the above studies all analyzed
a single determined spectrum and set parameters according to the research object. If the
spectral data is changed, the parameters need to be greatly adjusted to achieve a better peak
search effect. The strong dependence on the source spectrum and experience results in the
limited use and reduced applicability of SZAC. This article aims to obtain an improvement
method, ISZAC, by combining multi-source data fusion, which is effective for most of the
sample without changing parameters.

This article elaborates the principle of SZAC and analyzes its limitations in two aspects.
On the basis of explaining the idea of passive anti-counterfeiting and data fusion, ISZAC is
proposed and its implementation steps are analyzed. Finally, the accuracy and applicability
of ISZAC are verified by a peak searching experiment, and the actual peak searching effect
of ISZAC on lithium in coal XRD patterns is tested.

2. The Symmetric Zero-Area Conversion Method
2.1. The Introduction of SZAC

Window function C needs to satisfy symmetry, and its total area is 0, as shown
in Expression (1).

m

∑
j=−m

Cj = 0, Cj = C−j (1)

where m is half the window width. In this paper, the peak-like function constructed by
the Gaussian function is selected as the window function, and its basic form is shown in
Expression (2). HG is the full width at half maximum (FWHM).

Cj = Gj −

m
∑

j=−m
Gj

2m + 1
(2)

Gj = e−4 ln 2(j/HG)
2

(3)

y∗i =
m

∑
j=−m

Ciyi+j (4)

Expression (4) describes the conversion process, yi is the original spectral data, and
y∗i is the conversion result. Threshold processing is required before peak identification.
According to the “3δ” rule, define threshold function as Expression (5).

T(i) =
y∗i
δy∗

(5)

δy∗ =

√√√√√ n
∑

i=1
(y∗i −

−
y∗)

2

n
(6)

−
y∗ =

n
∑

i=1
y∗i

n
(7)

where n is the total address number, and δy* is the standard deviation of y*. If the address i
meets T(i) > T0, it is determined to be the peak, and T0 is generally set as 1~2.5.
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The core idea of SZAC is to process spectral data with sliding window function
conversion. According to the characteristics of the window function, the conversion result
at the peak value is a large positive number, while the non-peak one is small or even
negative. On this basis, the peak position can be identified by filtering the threshold value.
The threshold function is linear. Its purpose is to reduce the influence of spectral intensity
on the conversion results, and unify the threshold-processing results of different orders of
magnitude to the order of T0.

2.2. The Limitation of SZAC

Analyzing the implementation process of SZAC can find that the conversion re-
sults in specific scenes cannot accurately distinguish peak positions. For example, when
m = 1, the conversion function is denoted as C = [−c, 2c, −c], the original spectral data is
y = [y1, y2, y3], and the conversion result while i = 2 is shown as Expression (8).

y∗2 = (−c) · y1 + 2c · y2 + (−c) · y3 = c(2y2 − y1 − y3) (8)

If y2 is the peak, y2 > y1, y2 > y3, then y∗2 > 0. If y2 is not the peak but has the
characteristics of 2y2 − y1 − y3 > 0, the calculation result is still greater than 0. If the
result of 2y2 − y1 − y3 is large enough, the threshold processing result here will be greater
than the given threshold, resulting in an error in the judgment result, which is one of the
limitations of SZAC.

On the other hand, three parameters, m, HG, and T0, need to be set during peak
searching with SZAC. One study found that when the peak-like function is similar to the
original spectral data, the variation results are optimal. Therefore, the peak type of the
original spectral data can be obtained in advance, and HG can be determined according to
its FWHM. The selection of T0 is appropriate to distinguish the peak position effectively,
which has strong dependence on the data. m directly affects the change results. Wide
windows can suppress noise, while narrow windows can improve the recognition ability of
overlapping peaks. The setting of this parameter depends on the performance requirements
of the algorithm. The dependence of parameter selection on spectral data characteristics
and experience is another limitation of SZAC.

The above two aspects limit the application scope of SZAC. To reduce or eliminate the
influence of limitations and improve the applicability of SZAC is the focus of this paper.

3. The Improved Symmetric Zero-Area Conversion Method

In order to solve the above problems, combined with the passive anti-counterfeiting
idea, an improved symmetric zero-area conversion method based on data fusion is proposed.
Multiple conversion functions are selected to reduce the influence of the randomness of
spectral data and ensure that each conversion result at the peak position is positive. Therefore,
when a negative number exists in the result group of an address, the address can be determined
as non-peak. The selection of the conversion function group is mainly based on the symmetric
zero-area conversion function with different m values. At the same time, it is necessary to
introduce a new method to make up for the failure of SZAC in specific scenarios.

3.1. Passive Anti-Counterfeiting and Information Fusion

In recognition of the authenticity of banknotes, a passive anti-counterfeiting method
that counts and narrates the feature range of genuine banknotes and determines the
banknotes that are not within the range as counterfeit banknotes is widely used [17]. Since
both studies are binary problems, this idea is adopted to identify the peak position. The
characteristics of spectral data are diverse and their randomness is large, so it is difficult to
screen out all types of non-peaks exhaustively. Based on the passive anti-counterfeiting
idea, this article uses the feature that the conversion results of peak position are all positive,
searches the negative values in the result group of each address to exclude non-peak
positions, and effectively improves the identification efficiency of peak positions.
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Information fusion refers to synthesizing data from different sources to comprehen-
sively perceive objects and provide support for the final decision [18,19]. In this article, the
conversion function group covering the narrow window to the wide window is selected,
and the result group is used as the data source for fusion processing. Parameter m does
not need to be adjusted according to the spectral data. Using the “and” fusion criterion,
the fusion decision is positive when all data sources are true, and zero in other cases. The
regionalized fusion result is used to replace the continuous threshold processing result in
SZAC, and the identification can be completed by setting the parameter T0 = 0.

3.2. Background Deduction and Intensity Screening

Background refers to other interference factors that cause count in the spectral data
except the measured radioactive sources, and it is necessary to conduct deduction pro-
cessing before peak search [20]. Background deduction methods mainly include Fourier
conversion technology, digital filtering technology, statistically sensitive nonlinear iterative
peaking algorithm (SNIP), etc. [21,22]. SNIP is simple in principle and fast in calculation.
In this article, an improved Simpson–SNIP algorithm is used for background deduction.

(I) In order to reduce the wide variation of each address count [23], the original spectral
data is processed according to Expression (9).

V(i) = ln[ln(
√

y(i) + 1 + 1) + 1] (9)

where y(i) represents the count of i address, and V(i) represents the conversion result.
(II) Obtain the full spectrum background iteratively. One study found that if the

Simpson formula is used to replace the rectangular formula in the original SNIP algorithm,
the calculation results will have higher accuracy [24].

Vp(i) = min
{

Vp−1(i),
1
6
[Vp−1(i − p) + 4Vp−1(i) + Vp−1(i + p)]

}
(10)

where p represents the number of iterations, Vp(i) represents the iteration result of the p th
time, and V0(i) = V(i).

(III) Using the inverse conversion of Expression (9), the processed data is converted
into the original form.

ySNIP = [eeVp(i)−1
− 1]

2
− 1 (11)

where ySNIP is the final result of background deduction using the improved Simpson–SNIP algorithm.
Intensity screening of spectral data after background deduction can reduce the calcu-

lation amount and improve the precision of peak searching [25,26]. Intensity values based
on statistical indicators of spectral data are set, and only data larger than this value are
selected for conversion and peak searching [27].

3.3. Comparison Method and Flat Peak Screening

In order to solve the problem of SZAC failure in specific scenes, the comparison
method is introduced to ensure that the peak address satisfies the peak characteristics
within the left and right cmpN access. If the address i is the peak position, Expression (12)
must be satisfied. {

yi ≥ yi+1 ≥ yi+2 ≥ · · · ≥ yi+cmpN
yi ≥ yi−1 ≥ yi−2 ≥ · · · ≥ yi−cmpN

(12)
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cmpN = 2 is selected to compare the intensity of the two address on both sides of
address i, and the relational array cmpA(i) is established.

cmpA(i) = [ai1, ai2, ai3, ai4]
ai1 = sgn(yi − yi−1)
ai2 = sgn(yi − yi+1)
ai3 = sgn(yi−1 − yi−2)
ai4 = sgn(yi+1 − yi+2)

(13)

where sgn() is a sign function. If element −1 exists in cmpA(i), then the address i does
not meet the peak requirement. For flat peaks with more than one peak width, the search
matrix srchM is established, as shown in expression (14).

srchM =


1, 0, 1, 0
0, 1, 0, 1
0, 0, 1, 1
1, 0, 1, 1
0, 1, 1, 1

 (14)

If cmpA(i) is the row element in srchM, then the path address i is the flat peak.

3.4. ISZAC Algorithm

The algorithm flow of ISZAC is shown in Figure 1.
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Figure 1. Flow chart of ISZAC algorithm.

(I) Load spectral data and initialize parameters;
(II) Background deduction;
(III) Intensity screening;
(IV) According to the window width range, the symmetric zero-area conversion function

is constructed to generate the conversion result group;
(V) According to the comparison width, construct the conversion function of the compari-

son method, and transmit the conversion results to the next step;
(VI) Flat peak screening, and add results into the result group;
(VII) Fusion processing to generate the final decision result; and
(VIII) Determination of peak position and display of results.

The diagram of data conversion and fusion processing is shown in Figure 2.
The N conversion functions selected are C1, C2, . . . , CN, and the corresponding

conversion results are y∗1 , y∗2 , . . . , y∗N , the fusion result is y*, then

y∗ =

N
∏
i=1

sgn(y∗i ) ·
N
∏
i=1

{
sgn(y∗i ) + 1

}
·

N
∑

i=1
y∗i

N
(15)

When there are non-positive numbers in the result group, y* is 0. When they are all
positive, y* is the average of the sum of conversion results.
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The failure of SZAC in a specific scenario is the defect of the method itself. The
introduction of a comparison method to correct the judgment results improves one of the
limitations of the method. Take m = 2,3,4,5,6, construct a conversion function including
narrow window to wide window, and give full play to the ability of overlapping peak
recognition and noise suppression. The result of fusion is only 0 and positive, and T0 = 0
can be effectively separated. HG can be set according to the peak type of input spectral data.
Therefore, all three parameters can be determined, which improves SZAC’s limitation of
relying on data and experience.

In addition, the conversion function group can be adjusted to obtain higher recognition
efficiency when searching for peaks of bulk homologous samples with strong similarity.
If the FWHM of the target phase peak is small, the comparison function with smaller
cmpN can be selected to reduce the calculation amount. If there are important peaks with
poor recognition effect, a new conversion function can be designed according to the data
characteristics of the address to achieve targeted recognition. If the intensity of peak I
and its surrounding five address is y[i−2, i+2] = [9.8, 10.1, 10.5, 10.2, 10.1], generate the
standard Gaussian linear symmetric zero-area conversion function with m = 2, HG = 4, then
C = [−0.24, 0.11, 0.26, 0.11, −0.24], and the result is a small positive value of 0.187. Affected
by noise interference or other processing links, the result may be negative, resulting in
wrong judgment. Replace C with C* = [−0.34, 0.11, 0.46, 0.11, −0.34], and the conversion
result is 0.297, which has a large margin compared with the original one. ISZAC based on
passive anti-counterfeiting only needs the conversion function to meet the characteristics
that the conversion result at the peak is greater than 0, there are no strict requirements
for symmetry or the sum of conversion function elements is 0. The conversion function
group has more possible combinations, which makes ISZAC have good expansibility in
engineering practice.

4. Simulation and Experiment
4.1. The Simulation to Verify Accuracy

The simulation waveform is shown in Figure 3, which consists of a strong peak and a
weak peak far away from it. The total address number is 90. The peak data were generated
by Gaussian linear function, the peak addresses were 51 and 71, and the FWHM were 6 and
4, respectively. The two methods were used to search peaks successively, which verified
that ISZAC was superior to SZAC in accuracy. The introduction of the comparison method
was able to correct the detection errors of SZAC in specific scenarios.
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Figure 3a shows the results of SZAC with m = 2, HG = 4, and T0 = 1.5. SZAC correctly
identified peak addresses 51 and 71, but also misidentified some non-peak addresses as
peak. Observe the local magnification map of address 71, note that addresses 70 and 72 do
not meet the characteristics of peak and belong to misjudgment results, and analyze the
process in detail.

Conversion function C = [−0.24, 0.11, 0.26, 0.11, −0.24]. The spectral intensity at
address 70 is 21.02, the intensity of the five address around it is y68-72 = [5.26, 12.50, 21.02,
25.00, 21.02], and the conversion result at address 70 is 3.28.

After threshold processing, T(70) = 2.7 > T0, so address 70 is misjudged as the peak,
and other misjudged situations are similar.

Figure 3b shows the results of ISZAC, where the conversion function set consists of
five Gaussian linear functions with m = 2, 3, 4, 5, 6, respectively, and a comparison function
with cmpN = 2. The HG of all Gaussian linear function is equal to 6. The number of iterations
of background deduction SNIP method is 15. By using ISZAC, misidentified addresses are
effectively eliminated.

Derive the result group rSet(70) = [0.59, 0.55, 0.52, 0.48, 0.46, 1, −1] of address 70. The
first five values are the results of symmetric zero-area conversion, the sixth value is the
result of intensity screening, and the seventh value is the result of the comparison method.
By comparing SZAC results, it can be seen that after adjusting parameters m and HG, the
symmetric zero-area conversion result of address 70 is still positive. The key to eliminating
address 70 in the subsequent fusion process is that the result of the comparison method
is negative. By introducing the comparison method, ISZAC ensures the accuracy of peak
identification and improves the limitation of failure of the original SZAC in specific scenarios.

4.2. The Simulation to Verify Applicability and Experimental Test

The simulation waveform is shown in Figure 4, which consists of a strong peak, a
sub-strong peak adjacent to the strong peak, and a weak peak far away from them. The
total number of addresses is 120. The peak data were generated by Gaussian linear function;
the peak addresses were 51, 57, 87; and the FWHM were 6, 4, 6, respectively. Gaussian
white noise with SNR = 10dB is added to the data through “awgn” function in MATLAB.
Three methods were used to search peaks, respectively, which verified that ISZAC was



Appl. Sci. 2023, 13, 4016 8 of 11

superior to SZAC in applicability, and different types of peaks could be identified without
modifying parameters.
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Figure 4. Applicability verification diagram.

Figure 4a shows the results of SZAC with m = 2, HG = 6, and T0 = 1.5. The overlapping
peak was identified by the narrow window function, but the third peak could not be
identified effectively due to the influence of noise. The threshold processing result of the
address was T(87) = 0.75.

Figure 4b shows the results of SZAC with m = 5, HG = 6, and T0 = 1.5. The wide
window function is used to identify the third peak affected by noise, but the overlapping
peak near the strong peak cannot be effectively identified, and the threshold processing
result of this address is T(57) = 0.99. In Figure 4a,b, the comparison function with cmpN = 1
is introduced to eliminate the misidentification results.

Figure 4c shows the results of ISZAC, and parameter settings are consistent with the afore-
mentioned experiments. The ISZAC method was used to identify the three peaks effectively.
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The Narrow window zero-area conversion function has a strong ability to identify
overlapping peaks, while the wide window function is beneficial in suppressing noise
interference. ISZAC selects multiple conversion functions to give full play to the advantages
of each type of conversion function. There is no need to set different parameters according
to the input spectrum, which improves the limitation of SZAC parameter setting depending
on the spectral data characteristics and experience.

The measured effect of the XRD pattern is shown in Figure 5. The crystal composition
of the coal sample includes kaolinite and lithium, with Li accounting for 68.9%. The X-ray
diffractometer model is D8, copper target material, voltage 35 KV, current 30 mA, and step
size 0.02. Figure 5a shows the results of ISZAC, and the parameter settings are consistent
with the above experiments. The peak searching results are basically consistent with the
PDF of the two crystal components, and the ISZAC measurement effect is efficient.
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Figure 5b shows the results of SZAC with m = 2, HG = 6, and T0 = 2. The number
of peaks determined in the recognition result is more than that in the ISZAC, because it
misjudges some addresses caused by noise as a peak. Observe the local magnification map
of 2θ = [5.5, 8]. The spectral waveform in this range fluctuates greatly, and the peak width
at the misidentified address is insufficient. Compared with PDF, it can also be found that
there is no peak in this range, and the narrow window function is easily affected by noise,
resulting in over-recognition.

Figure 5c shows the results of SZAC with m = 5, HG = 6, and T0 = 2. The over-recognition
situation is significantly reduced under the wide window function. Observe the local magni-
fication map of 2θ = [37.5, 40] and PDF. There are unrecognized Kaolinite diffraction peaks
in this range. The wide window function suppresses the noise interference but causes the
phenomenon of missing recognition. It must be pointed out that the comparison function
with cmpN = 1 is introduced in Figure 5b,c to eliminate the misidentification results.

5. Conclusions and Future Work

The following conclusions can be drawn through simulation verification and
experimental testing:
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(I) Adjusting parameters cannot correct the misjudgment problem generated by SZAC in
specific scenarios. By introducing a comparison method, ISZAC has better accuracy
of peak identification.

(II) For different types of spectral signals, SZAC needs to adjust the parameters to achieve
the optimal recognition effect, otherwise there will be a phenomenon of missing
judgment. ISZAC uses a group of conversion functions to give full play to the
advantages of wide and narrow window functions to suppress noise and identify
overlapping peaks, which enhances the applicability of the method.

(III) The experimental results of ISZAC basically meet the requirements of phase matching,
which has a practical application prospect.

The effect of the SZAC peak search is good, but its two limitations lead to the limited
use of the method. Based on the symmetric zero-area conversion, ISZAC introduces a
comparison method and data fusion, which improves the accuracy and applicability, and
realizes the peak searching of different spectral data under the same set of parameters. In
addition, the free combination of conversion functions means ISZAC has good expansibility.
The form of the conversion function group can be modified to identify specific samples, so
as to obtain higher recognition efficiency. It should be pointed out that the identification
results of ISZAC may contain false peaks that meet the peak characteristics. How to adjust
the fusion strategy or optimize the method combined with the peak area needs to be further
explored in this field.
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