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In order to evaluate three peak detection algorithms, the influences of parameter values used were
examined using digitized synthetic XPS spectra with different levels of noise. The three peak detection
algorithms are the Threshold Curve of the Second Derivative (2nd DER method), the Directly Calculating
Peak and Background Relations at a Candidate Peak (PB method), and the Rough Estimation of Spectrum
Background (BGD method). The peak detection results clearly showed that particular combination of
parameter values produce the best performance for each algorithm. The validity of those parameter values
was assessed by comparing the results from the peak detection algorithms with those of visual detection.
On the whole, the BGD method was found to be the most practical. The importance of choosing effective
parameter values and the advantages and disadvantages of these three peak detection methods were

summarized.

1. Introduction

In surface chemical analysis, the first thing to be
done is a qualitative analysis to identify the elements or
atomic groups constituting unknown materials. This
initial qualitative analysis is of decisive importance for
the subsequent analysis. To avoid the burdensome
analysis being dependent on analysts, utilization of
automatic peak detection and identification software is
recommended. In fact, the analysis is usually
performed with software attached to the analysis
instrument or with commercially-available analysis
software [1-3]. However, such automatic software
sometimes fails in reproducible peak detection. The
process of peak detection should be clearly defined so
that anyone can reproduce the same results. For
appropriate peak detection and identification using
automatic software, effective parameter values such as
the number of the second derivative points should be
chosen when the algorithm and parameters in the
software are disclosed. This verification of the peak
detection process results in high-quality analysis.
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Accordingly we worked out peak detection software
based on three algorithms proposed in 2008 [4] and
showed that they were useful for surface analysis such
as XPS and AES. These three peak detection
algorithms are the Threshold Curve of the Second
Derivative (2nd DER method), the Directly Calculating
Peak and Background Relations at a Candidate Peak
(PB method), and the Rough Estimation of Spectrum
Background (BGD method). For the details of these
algorithms, see the Appendix.

Studies evaluating the performance of these three
algorithms for detecting peaks using digitized synthetic
spectra of XPS have been reported [5]. However,
previously-reported parameter values used in these
algorithms were not necessarily adequate for the
evaluation. In the present work, we have studied the
numeric influences of values for various parameters
using the digitized synthetic spectra of XPS so that
these algorithms exhibit the best peak detection
performance, and we evaluated these three peak
detection algorithms by comparing the results with the
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results of visual detection from a practical point of
view. The characteristics of each peak detection
method, the importance of choosing effective
parameter values and the advantages and disadvantages
of these three peak detection methods
summarized based on the findings of the peak detection
results so that the present research report helps a
surface scientist to understand how to select the best
conditions to carry out peak detection effectively.

were

2. Algorithms Used for Detecting Peaks

The three algorithms for peak detection are
described below in broad terms for convenience;
details of the three algorithms proposed in 2008 [4] are
shown in the Appendix.

2.1 Peak Detection Using the Threshold Curve of
the Second Derivative (2nd DER method)

A spectrum was processed to obtain the second
derivative curve and determine the standard deviation
oi of the curve. A peak in the spectrum is judged to be
detected when the local negative minimum dg;, is
smaller than kg;, i.e., when inequality (1) is satisfied:

dmin < ko-i ............................... (1)

Here, the coefficient k is a parameter for giving a
multiplying factor of ¢;,, and it is an important
parameter because the criterion to judge the peak varies
depending on the value of ko;. In this study, koi is
defined as the noise threshold curve to examine the
performance for detecting peaks.

As the second derivative curve changes depending
on the number of the second derivative points, the
value of d., also changes, leading to changes in the
performance for detecting peaks. Therefore, the
effective value of the number of the second derivative
points was examined with its effect on the performance
for detecting peaks.

2.2 Peak Detection by Directly Calculating Peak
and Background Relations at a Candidate Peak (PB
method)

This method directly determines the peak intensity
and the background intensity corresponding to the
candidate peak position to improve the accuracy of
peak judgment. Specifically, the net intensity N of a
peak is N = P - B, which is obtained by subtracting the
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background value B from the peak intensity P. When oy
is the standard deviation of N, the peak is judged to be
detected if inequality (2) holds:

The value of k in this case is a parameter for giving a
multiplying factor of the standard deviation oy, and the
performance for detecting peaks was examined by
changing it. Similarly, the number of the second
derivative points in the 2nd DER method is also a
parameter affecting the performance for detecting
peaks, and its effective value was studied.

2.3 Peak Detection Using Rough Estimation of
Spectrum Background (BGD method)

The moving average value of each point of a
spectrum is calculated to obtain the background
intensity b;. The standard deviation value ay,; of a peak
intensity n; after subtraction of the averaged
background is calculated to be n; = y;- b;, and the peak
is judged to be detected if the peak intensity y; satisfies
inequality (3):

The value of k of this inequality is a parameter for
giving a multiplying factor of the standard deviation op;
as described above, and the effective values of these
two parameters, k and the moving average points, were
examined since the number of moving average points
also affects the value of oy

This method offers two advantages. One advantage
is that minor peaks with a low peak intensity and a
broad width, which are hard to detect by other
algorithms, can be detected if the peak area, S; , is 2
count-eV or more as we will discuss later in section
7.1. Another advantage is that if two or more adjacent
peaks overlap, those peaks can be easily detected if the
valley depth D of the local minimum of the secondary
differential spectrum exceeds the noise fluctuation ko,
of the point. Specifically, if the value of the valley of a
peak is more than Koy, it is a criterion to judge that the
peak has been detected.

3. XPS Spectra Used in the Performance Evaluation

For evaluating the performance of peak detection
algorithms, the spectra provided by
VAMAS/TWA2/A9 (2006) [5] were used. Those
spectra are synthesized from Au, Ag, and Cu spectra,
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each of which was measured at 0.5 eV step using Al
X-ray source. The synthesis was carried out by adding
weighted Ag and Cu spectra to the Au spectrum as
follows. The spectrum “b001” was synthesized as I, +
lag + lcu,, Where | denotes an intensity Au, Ag, and Cu
spectra respectively. The spectra of “b002” and “b003”
were also synthesized by the linear summation as I, +
0.1 lpg + 0.01 I, and la, + 0.01 Iy + 0.001 Igy,
respectively. (In what follows, they are called b001,
b002 and b003, respectively.)

Figure 1 shows those spectra. In this figure, the
abscissa axis represents the binding energy from 1200

eV to 0 eV, and the ordinate axis represents the
intensities as count numbers. As can be seen from these
spectra, the spectrum b001 synthesized by the equal
ratios of Au, Ag and Cu shows the largest number of
clear peaks; the number of peaks appears to decrease in
b002 and to decrease further in b003. The component
of Cu is barely visible in b002 and in b003.

Additional spectra were synthesized by superposing
noise with different amplitudes to these spectra. They
are b001 73 and b001_43 for b001, b002_ 73 and
b002_33 for b002, and b003_73 and b003_23 for b003,
respectively, in the order of noise amplitudes. In the
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Synthesized XPS spectra: The spectrum “b001” was synthesized as I, + lag + lc,, Where | denotes an intensity of Au, Ag,

and Cu spectra respectively. The spectra of “b002” and “b003” were also synthesized as ln, + 0.1 Ipg + 0.01 I, and 1a, + 0.01 Ipg +

0.001 Iy, respectively.
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two-digit numbers appended to the spectrum names,
the first digit represents the noise amplitudes, which
becomes smaller when the reciprocal of the digit is
smaller. The second digit represents the number of
random numbers generated, as shown in Appendix B.
Figure 2 shows the examples of spectra to which
noise is superposed. As is shown in the figure, as the
noise increases, the spectrum intensities decrease by
multiplying the scaling factor so that the spectra had
signal intensity appropriate to the S/N. In the case of
spectrum b003_73, the scaling factor that presents the
entire spectrum intensity becomes 1/18. Similarly, as
the spectrum b003_23 had a scaling factor of 1/215, the

entire spectral intensity was reduced to 1/215.
The detailed
superposed is described in Appendix B and also
reported in the research paper [5]. The characteristics
of the noise-superposed spectra are described on the
website of the Surface Analysis Society of Japan [6].

information of how noise was

4. Outline of Evaluation
4.1 Peak Detection by Visual Observation

At this point it seems appropriate to note that peak
detection by experts with human eyes is generally
highly reliable compared with current automatic peak
detection software.
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Figure 2.

Examples of the original spectrum (b003) and spectra superposed with artificial noise (b003_73, b003_23): the entire

spectral intensity of b003_73 is reduced to 1/18 and to 1/215 in the spectrum of b003_23 respectively according to the S/N.
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The peak detection by human eyes was performed at
the start of our performance analysis in order that the
performance of a peak detection algorithm can be
evaluated by the degree of coincidence of peak
detection results by automatic algorithm and those by
human eyes.

The nine spectra described above were distributed to

Table 1.  Example calculations of mean scores according to
reports from 7 judges on spectrum b003. The peak intensities
are categorized into three levels: strong (“s”), medium (“m”),
and weak (“w”).Peak No.: The number corresponding to each
peak in Figure3 is shown for convenience. Mean scores: The
score calculated by dividing the sums of scores by the total
number of judges, 7.

seven judges, who are surface chemical scientists, to
perform visual peak detection. Figure 3 shows an Peak Peak Intensity: Mean
example of visual peak detection and judgment of peak No. position(eV) number of judges | score
intensity on b003_23 spectrum with a small number of 1 55 . ’0
clear peaks, and Table 1 shows an example of peak
detection results reported by judges for this spectrum. 2 59.0 w4 06
In the report of the results, the seven judges reported 3 84.5 s:7 3.0
the characteristic features of peaks by categorizing the 4 88.0 s:7 3.0
peak intensities into three levels: strong (“s”), medium 5 257.0 w:1 01
(“m”), and weak (“w”’). The numerical value 3 is given 6 283.0 w:1 0.1
to strong peaks (“s”), “2” to medium peaks (“m”), and 7 336.0 m2 s5 27
“1” to weak peaks (“w”) to keep the score of the peaks. 8 3545 m3 s 26
Peaks detected at their close binding-energy positions 9 494.0 . 03
within 1.5 eV were regarded as the same peak. The
A o 10 546.0 w:3 m:3 s:1 1.7
mean scores in Table 1 were calculated by dividing the
sums of scores by the total number of judges, 7. 1 646.0 w:5 m 1.0
Figure 4 shows the relationship between the 12 7635 w6 0.9
headcount of judges who detected the peak and the
mean score of the same peak on the spectrum b003_23.
The number of kinds of peaks to be subjected to
judgment was 12 (see the last peak number in Tablel),
600
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Figure 3. An example of visual peak detection and judgment of peak intensity on spectrum b003_23. The peak intensities are
categorized into three levels: strong (“s”), medium (“m”), and weak (“w”).

-77 -



Journal of Surface Analysis Vol. 23, No. 2 (2016) pp. 73 - 97
Y. Furukawa, et al., Evaluation of Three Peak Detection Algorithms for XPS Spectra

4 —
h003.23

3 | ..
0 $
8
w 2 r e
5 o
[} g
= 5

1 rF e

° [ ]
o8 &

0 1 2 3 4 5 6 7
Number of judges who detected peaks at same energies

Figure 4. The relationship between the number of judges
who detected peaks at the same energies and the mean scores.
The region enclosed by a dotted line includes detected peaks
with a mean score of more than 1.

as shown by filled circles in this figure. The main 6
peaks (strong (“s”) and medium (“m”) peaks) which all
seven judges detected have mean scores between 1.7
and 3.0. In this case, six peaks are recorded as plotted
points including duplicated points at the mean score of
3.0. By contrast, in the case of smaller peaks, some
judges recognized them as peaks but others didn't,
leaving those peaks with mean scores of 1.0 or lower.
In addition, as six judges have detected one peak with
its mean score of almost 1.0, this peak is added to the
record. As a result, seven peaks were judged as peaks
in total for the spectrum b003_23 as shown in the
region enclosed by a dotted line. Peaks with a score of
less than 1 are not recorded.

Figure 5 shows the summed numbers of reported
peaks after applying visual peak detection procedures
described above for 9 synthesized XPS spectra. As
expected in the spectrum intensity of synthesized peaks,
the number of reported peaks decreases in the order of
b001, b002, and b003 in accordance with the increases
of noise in each spectrum. It can be inferred that this
occurs because minor peaks of minor elements (Cu or
Ag) are gradually buried in the noise as the noise
component increases.

4.2 Evaluation of peak detection algorithms

The performance for detecting peaks using each
algorithm was evaluated by counting the number of
peaks detected by the automatic peak detection
software based on each algorithm.
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Figure 5.  The number of peaks reported by visual detection
for 9 synthesized XPS spectra. Each point in the same
spectrum group is connected with a dotted line.

A peak in each spectrum can be classified into one of
the following three types:

i.  Matched peak: a peak that was judged as a peak
by both visual detection and the automatic
detection software,

ii. Missed peak: a peak that was judged as a peak by

visual detection but not regarded as a peak by the

automatic detection software,

Noise peak: a peak that was not judged as a peak

by visual detection but judged as a peak by the

automatic detection software.

Table 2 shows a comparison between the results
from the automatic detection software and those from
visual detection. The “Peak area (%)” column shows
the normalized peak area compared to the biggest one
and is used as a reference when checking the results of
judgment. The mean score M, assigned to each peak
detected by visual detection is determined by how
many judges classified the peak into one of the three
levels: strong (“s”), medium (“m”), and weak (“w”)
(see an example of Table 1). The mean matched score
M, is the mean score M, of the selected peak which
both the automatic detection and the visual detection
successfully identify. The matched score M;, that is an
index of the degree of matching among all the results
of automatic detection and visual detection, is defined
as the ratio of TM,, (total of mean matched score M,,)
and TM, (total of mean score M,).
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Table 2. Example of peak judgment by 2nd DER method.
Name of spectrum: b002_73
] . Results of 2nd DER method
Peaks Resilts of visual detection parameter: k=3, the number of 2nd derivative points: 11
No. Total number of | Total M Mis: Np:
Binding Peak area judges who  |score of| My Classification of mean mean noise peak
energy (eV) (%) detected the each peaks matched missed score
peaks peak score score

1 1134.4 1.1 7 10 1.4 Matched 1.4 -

2 1129.2 1.2 7 9 1.3 Matched 1.3 -

3 952.5 0.6* - - - Noise - - 1.0
4 933.0 2.3 7 10 1.4 Matched 1.4 -

5 762.9 0.6 6 9 1.5 Missed - 1.5

6 642.9 21 7 13 1.9 Matched 1.9 -

7 604.3 1.8 7 10 1.4 Matched 1.4 -

8 573.3 3.6 7 13 1.9 Matched 1.9 -

9 546.6 111 7 16 2.3 Matched 23 -

10 497.0 04* - - - Noise - - 1.0
11 374.4 11.3 7 18 2.6 Matched 2.6 -

12 368.4 18.8 7 18 2.6 Matched 2.6 -

13 353.4 20.1 7 19 2.7 Matched 27 -

14 335.2 34.2 7 19 2.7 Matched 2.7 -

15 286.5 0.3* - - - Noise - - 1.0
16 88.0 66.7 7 21 3.0 Matched 3.0 -

17 84.1 100.0 7 21 3.0 Matched 3.0 -

18 745 0.9* - - - Noise - - 1.0
19 57.7 25 7 12 1.7 Matched 1.7 -

20 44.5 0.3* - - Noise - 1.0
21 38.0 0.2* - - - Noise - 1.0
22 36.5 0.3 - - - Noise - 1.0
23 315 0.3* - - - Noise - 1.0
24 6.6 2.5 7 12 1.7 Missed 1.7 -
25 3.9 53 7 16 2.3 Missed 2.3 -

Totals of each column 118 246 TMy:35.4 - TM,,:29.9 TMpis:5.5 | TNp: 8.0
Mean value 6.9 - - - Ms: 84.4 Mis: 15.6 -
TS (Total score) 60.9
Notes

Matched: a peak identified as a peak by the program among the peaks detected by human eyes,
Missed: a peak not identified by the program among the peaks detected by human eyes,

Noise: a peak detected by the program but not detected by human eyes

*(Area of Noise peak):These peak area values are calculated after the missed peaks have been turned into
matched peaks by changing the peak-detection conditions (i. e., the k value and the Ndiff value).

Therefore, the matched score (M) is calculated as a

percentage as follows:
Mg =(TM,)x100/(TM,, ) (%)

For the spectrum b002_73 under the condition of k =
3.0 and the number of points for calculating the second
derivative curve (Ng¢ = 11), M, and M were given by
the following calculation:

M, for the peak No. 1 in spectrum b002_73 = 10/7 =
1.4, TMy, of spectrum b002_73: 29.9

M; for the spectrum b002_73 = (29.9 x 100) + 35.4
=84.4.

The remaining non-matching peaks that are detected
by visual detection become missed peaks (see Table 2),
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and a penalty should be given to the score so that the
resultant score is subtracted from the matched peak
score after normalization.

The missed score (Mis) is calculated as a percentage
as follows:

Mis = (TMmis)=100/(TM, )

Here, TMmis represents “Totals of mean scores of
missed peaks,” i.e., those which are recognized not by
the software but by visual detection.

Mis were given by the following calculation also:

Mis for the spectrum b002_73 = (5.5 x 100) + 35.4 =
15.6.
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The other peaks that are detected only by automatic
detection become noise peaks. The well-defined
scoring of noise peaks is difficult because the current
scoring is based on the score of the peaks obtained by
visual detection and scoring of noise peaks has no
reference in this work. Therefore, the score of each

T, (total score) = M ; (matched ) — Mis(missed) — TN, (noise)

Here TNp represents totals of Np.

A total score of 60.9 for the spectrum b002_73 was
given by the following calculation:

Ts for the spectrum b002_73 =84.4 - 15.6 - 8.0 = 60.9

Clearly the higher this total score is, the better the
peak judgment is.

The ideal peak detection result is that all peaks are
matched without missed peaks or noise peaks. The
algorithm and parameters to give such a desirable result
are said to be a good algorithm and good parameters.

In this study, for the three types of algorithms, the

parameter values were varied to obtain the maximum
matched score and minimum number of noise peaks.
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noise peak (Np) was arbitrarily set to 1.0 in Table 2.
The sum of these three scores for each spectrum is
expressed as an index of the performance for
detecting peaks.
The total score of the performance of automatic
detection is defined as follows:

They are varied in the following ranges:

i 2nd DER method.
The number of points for calculating the second
derivative curve (hereinafter abbreviated as “Ng;s”):
5to 17, value of k : 2.0, 2.5, 3.0, 3.5.
ii  PB method.
Ngisi: 5t0 17, value of k : 1.5, 2.0, 2.5, 3.0.
BGD method.
The number of moving average points (hereinafter
abbreviated as “Npave’): 11 to 51, value of k : 2.0,
2.5, 3.0, 35, 4.0, 5.0, 6.0, Minimum peak area: 1 to
10 count-eV.
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Figure 6. An evaluation example of the 2nd DER method in spectrum b002_73. The abscissa axis represents Ny, the number of
points used for calculating the second derivative curve. The ordinate axis represents the scores in graph (a), (b),(d) and the Number
of noise peaks in graph (c). The four curves correspond to the scores at four different values of k (O: value of k = 3.5, <: value of k

=3.0, [: value of k =2.5, A:value of k =2.0).
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5 Performance analysis of the 2nd DER method

The 2nd DER method, whose algorithm is relatively
simple, is evaluated first. Figure 6 shows an example
evaluation of b002_73. The abscissa axis represents Ni,
the number of points used for calculating the second
derivative curve, and the ordinate axis represents the
scores in Figures 6(a), 6(b) and 6(d). The four curves
correspond to the scores at four different values of k. The
matched score gives best results when Ngis is 7 or 9. The
number of noise peaks decreases as the N is increased,
and it decreases as the value of k is increased in Figure
6(c).

The result of the 2nd DER method appears to be most
affected by the Ny Viewed from the matched score, the
performance appears to be slightly better when the value
of k is 2.0.

On the other hand, the number of noise peaks
increases sharply when the Ny is decreased. This
tendency is significant if the value of k is small. The total
score is obtained by adding these two effects, with
highest scores being obtained at an Ngs of 9 and scores
dropping on either side of 9.

(a) Original spectrum b003_23
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Figure 7.

300

Figure 7 shows that using small values of N results
in poor performance of peak matching. Figure 7(a)
shows the enlarged part of the original spectrum
b003_23. Other figures show the second derivative curve
and the standard deviation curves when varying the Ngis
as 5, 11, and 17, respectively. The standard deviation
curves in Figures (b), (c), and (d) were obtained by
processing a spectrum to determine the standard
deviation gi. The amplitude of the standard deviation
curve is kai, where g; is the standard deviation and k is a
multiplying factor. A signal in the spectrum is judged to
be detected as a peak when the local negative minimum
diin is smaller than ko

If the Ngix is small, as shown in Figure 7(b), peaks
cannot be identified because they are buried in the noise.
The smaller the Ngy, the more the noise peaks are
emphasized, so that minor peaks are likely to be missed.
When the N is increased, a typical second derivative
curve having negative local minimums appears in
Figures 7(c) and 7(d). The bar markers in the curves
show the matched peaks.

Figure 8 shows that using large values for N results

380 370 360 350 340 330 az0 310 300
Binding energy (eV)
(d) Ngier 17
4 43
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o g Py A /_\‘\/\ o, -
-'ISD 370 360 350 340 330 320 310 300
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Influence of small N (k = 3.0, partial expansion of spectrum b003_23). Spectrum (a) shows the enlarged part of the

original spectrum b003_23. The other figures, (b), (c) and (d) represent the second derivative curve having negative local minimums

when varying the N as 5,11, and 17.
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in poor performance of peak matching. The scale of
binding energy in this figure is approximately five times
smaller than that of binding energy in Figure 7. Figure
8(a) shows the enlarged part of the original spectrum
b001, and the other figures show the second derivative
curves when the N is 5, 13, and 17, respectively. When
the Ngigr is small, as shown in Figure 8(b), two local
minimums are observed, but in contrast as the N is
increased, as shown in Figures 8(c) and 8(d), two peaks
interfere with each other, deforming the second
derivative curve and causing it to fail to work. In these
figures, the solid bar markers indicate the matched peaks
and the dotted ones indicate missed peaks or noise peaks,
respectively.

Figure 9(b) shows the relationship between the second
derivative curve and the standard deviation curve with
value of k for a monotonous spectrum without clear
peaks shown in Figure 9(a), which is a portion of b001.

These curves were obtained under the condition that

the value of k is changed as 2.0 and 3.0 with the Ng;¢ of 9.

(a) Original spectrum b001
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Figure 8.

When the value of k is 2.0 in Figure 9(b), noise peaks
were detected because the second derivative curves
crossed the standard deviation curves. On the other hand,
as the value of k was increased, noise peaks were not
detected because the two curves separated from each
other.

Figure 10 shows the total scores of peak matching for
all 9 spectra. The original spectrum data are b001, b002
and b003 series from the left, and they are arranged in
the vertical direction in the order of noise peak intensity.
Most graphs show a maximum score when the number of
points Ngi is between 9 and 13. The effect of Ngyi¢ on the
total score is rather weak in b001 but becomes stronger
in b002 and stronger still in b003. The score variation
may be alleviated because many clear peaks were
detected in b001. In general, the peak matching
performance is good at the value of k = 3.0; this is
because the number of noise peaks decreases as the value
of k becomes larger.

(b) Ngife: ©

L AMN

-20000 -

-40000 -

94 92 90 88 86 84 82 80 18 76

(d) Ngist: _17
3 =

E © @

2000 E o 2

E o

1000 /\ 3 3
E o

3 =

3 | A Z .

-1000

-2000

094 92 90 88 86 84 82 80 78 76

Binding energy (eV)

Influence of large Ngiff (k = 3.0). Spectrum (a) shows the enlarged part of the original spectrum b001. The other figures,

(b), (c) and (d) show the second derivative curves when the Ngiff is 5, 13, and 17, respectively (Solid bar: matched peaks, Dotted bar:

Missed peaks).
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Figure 9. Relationship between the second derivative curve and the standard deviation curve. Figure (a) is a portion of b001.
Figure (b) shows the relationship between the second derivative curve and the standard deviation curve with value of k =2.0 and k =
3.0 for a monotonous spectrum.
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Figure 10. Total evaluations of the 2nd DER method for each spectrum (* : value of k = 3.5, <: value of k=3.0, [J: value of k =
2.5, A:value of k = 2.0). The abscissa axis represents Ndiff, the number of points used for calculating the second derivative curve.
The ordinate axis represents the Total score.
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6 Performance analysis of the PB method

Figure 11 shows an example of the evaluation of peak
matching in spectrum b002_73 by the PB method. The
abscissa axis represents the N and the ordinate axis
represents the score in Figures 11(a), 11(b) and 11(d). As
shown in Figure 11(c), the number of noise peaks is low
as compared to those of the other two methods. It means
that the process of finding candidate peaks in the PB
method suppresses the generation of noise peaks. Not
only was the number of noise peaks reduced by taking
the second derivative, it was also reduced by selecting
them on the basis of whether each candidate peak after
subtracting background met the condition of peak
detection by considering the statistical errors of each
peak and its background. As a result, better total scores
are realized at smaller k values compared to the 2nd DER
method.

On the whole, the results produced by the PB method
are less affected by the values of k and Ngi than the
results produced by the 2nd DER method. The figure
shows that the best results are produced when Ngi¢ has a
value of 9.

This algorithm uses the full width at half maximum as

100
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one of the determining factors for peak detection.
Although the full width took a value from several eV to
about 10 eV depending on the peak, 10 eV was adopted
because stable results were obtained.

Figure 12 shows the total scores of peak matching for
all 9 spectra by the PB method. The layout of the graphs
is the same as that in the 2nd DER method. The total
scores are best at the Ny of around 9. The effect of the
Ngirs Values on the total scores is the smallest when k has
a value of 2.0.

7 Performance analysis of the BGD method
7.1 Minimum area parameter

As is described in Section 2.3, another parameter of
peak area, Si, is introduced in the BGD method so as to
be able to detect a low intensity small peak with a broad
width. Please refer to Appendix A.3 for the method of
calculating Si. As shown in inequality (A21) for the
detection condition, if the peak area S; is greater than a
certain value S, the detected candidate peak is judged to
be a real peak. The effective value for this parameter S;
is studied here.

<& k-value of 3.0
O: k-value of 2.5
A: k-value of 2.0

O : k-value of 1.5

50 (b)

5 7 9 11 13 15 17
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Figure 11. An evaluation example of the PB method (example of b002_73).The abscissa axis represents Ndiff, the number of points
used for calculating the second Derivative curve. The ordinate axis represents the scores in graph (a), (b), (d) and the Number of noise
peaks in graph (c). The four curves correspond to the scores at four different values of k (: value of k = 3.0, [J: value of k = 2.5,

Az value of k =2.0, O: value of k =1.5).
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Figure 12. Total evaluation of the PB method for each spectrum (<: value of k = 3.0, [1: value of k = 2.5, A:value of k = 2.0,
O: value of k = 1.5). The abscissa axis represents Ndiff, the number of points used for calculating the second derivative curve. The

ordinate axis represents the Total scores.

Figure 13 shows the relationship between the
minimum area parameter and the number of noise peaks
for b001, b002, and b003 spectra. When the minimum
area is 1 counteeV, many noise peaks are generated, but
if it exceeds 2 counteeV, the number of noise peaks
decreases, and if it is 5 counteeV or more, it hardly
affects the peak detection result. In this study, the
minimum area was set to 2 counteeV as an effective and
smaller S;, for these spectra.

As is the case with the PB method, this algorithm used
the full width at half maximum as one of the determining
factors for peak detection. The value adopted for this was
10 eV.

7.2 Performance analysis
Figure 14 shows an example result of the peak
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Figure 13. Variation in the number of noise peaks as a
function of minimum area.
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Figure 14. An evaluation example of the BGD method (example of b002_73). The abscissa axis represents the number of moving
average points, Nmave, and the ordinate axis represents the scores in graph (a), (b), and (d) and the Number of noise peaks in graph
(c). The four curves correspond to the scores at four different values of k.(<: value of k = 3.0,(7: value of k = 2.5, A\: value of k =

2.0).

matching for b002_73. The abscissa axis represents the
number of moving average points Nyave, and the ordinate
axis represents the score. The three curves in Figure
14(c) and 14(d) show the number of noise peaks and
total scores respectively at different k values, k = 2.0, 2.5,
and 3.0.

The matched score is sufficiently high when Ny is
11, and the matched scores reach 100 when Npave is more
than 21 for all three values of k. The number of noise
peaks increases greatly when the value of k is small, and
the total scores do not reach 100 even at k = 3.0. It seems
that the total scores solely reflect the number of
generated noise peaks determined by k under the
condition of sufficiently large Nyave.

Figure 15 shows an example of failing to detect a
small peak when the value of k is 3.0. Figure 15(a)
shows an example of a small, noisy, isolated peak
because of a small Ny, of 11 in b002_73, and Figure
15(b) shows an example of a small, smooth peak at the
tail of a large peak under the condition of a large Npyaye Of
51 in b003. The solid arrow markers show matched
peaks, and dotted ones show missed peaks. When the
Nmave 1S small, some peaks cannot be detected because
the noise component is larger than the minor peak. On
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Figure 15. Examples of failing to detect a peak in the BGD

method. Figure 15(a) shows an example of a small, noisy,
isolated peak because of a small Nyyae 0f 11 in b002_73, and
Figure 15(b) shows an example of a small, smooth peak at the
tail of a large peak under the condition of a large Nyae 0f 51 in
b003 (Solid arrow: matched peaks, Dotted arrow: missed
peaks).
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Figure 16. Effect of the k values in the wider range of 2 and 6 on the total scores of all the 9 spectra for the Nmave values of 21, 31

and 41. The abscissa axis represents k and the ordinate axis represents the Total score. The score of each spectrum tends to become

relatively constant at the k values of 4 or more.

Table 3. Effect of k value on the sum of total score.
K Total scores for each spectrum Sum of
Nrmave value total
b001 |b001-73(b001-43| b002 |[b002-73(b002-33| b0O03 |[b003-73|b003-23| scores
6 79 85 79 100 84 70 100 83 85 766
21 5 76 87 78 100 90 70 100 95 81 777
4 76 85 71 99 94 67 98 94 78 763
6 77 92 85 98 90 70 92 97 84 785
31 5 77 89 81 89 96 62 98 98 80 770
4 75 89 78 92 92 77 88 95 80 767
6 70 87 85 87 91 72 85 97 84 757
41 5 71 83 82 82 89 79 75 97 95 752
4 73 82 70 80 81 77 73 97 93 726

the other hand, even when the N is large, some peaks
at the tail of a large peak cannot be detected.

In Figure 16, the effect of the k values in the wider
range of 2 and 6 on the total scores of all the 9 spectra
was examined for the Nyae values of 21, 31 and 41,
where the score became relatively stable. The abscissa
axis represents k and the ordinate axis represents the total
score. As shown in Figurel6, it was found that the score
of each spectrum tends to become relatively constant at
the k values of 4 or more.

Firstly, the total scores of the most stable peak
detection at the k values of 4 or more are summarized in
Table 3. When looking at the sum of total scores, it was
found that high sums of total scores were obtained at the
k values of 5 and 6.

Secondly, the relationship between the number of
detected peaks and the k values of 5 and 6 was examined
in each spectrum as shown in Table 4. When the k value
was 5, the number of detected peaks was slightly larger
in each spectrum. If the number of detected peaks is
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represents the scores in (a), (b) and (d).

Table 4  Effect of k value on the number of peaks detected in each spectrum.
Number of peaks detected in each spectrum
Nmave | K valte | 001 Thoo1-73 | b001-43 | b002 [ 600273 [ b002.33 | b003 | b003-73 | b003_23
21 6 31 28 25 22 16 14 17 13 8
5 34 31 26 22 19 14 17 15 12
31 6 33 31 25 24 19 14 18 13 9
5 33 34 29 24 21 13 19 12 13
41 6 32 27 25 22 18 14 16 13 9
5 36 31 28 21 20 16 16 13 12

large, there is a possibility that it includes noise peaks
and the score becomes lower. However, since it is also
possible that small real peaks which will be identified as
peaks have been detected among noise peaks, having an
appropriate number of noise peaks is welcome and helps
analysts.

Figure 17 shows the effect of Ny Values on the total
scores of all the 9 spectra by the BGD method. The
graph layout is the same as that of the 2nd DER method
in Figure 10.The total score exhibits a slightly poorer
performance in a range where the N, is small for the
spectrum with a higher noise component.The reason why

such a tendency occurs is that peaks are buried in the
noise components when the Npae iS small. The BGD
method attains a good score of about 70% to 100% for a
relatively wide range of N and even an example of a
matched score higher than those of other methods can be
observed.This good performance was achieved when
Nmave Values ranging from 21 to 41 and a k value ranging
from 4 to 6 are employed.

8. Summary of Performance analysis
The characteristics of each peak detection method and
the importance of choosing effective parameter values
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are summarized below.

The 2nd DER method is sensitive to the Ngi# and the
value of k, and the matched score is highest when the
Ngitr is between 7 and 9. On the other hand, when the
value of k is decreased, noise peaks increase rapidly in a
range where the Ngi¢ is small. The best total scores were
obtained at the Ny of 11 and the value of k = 3.0. This
method was found to be the most sensitive to the
parameter values among the three peak detection
methods.

In the PB method, the process of finding candidate
peaks suppresses the generation of noise peaks. Not only
was the number of noise peaks reduced by taking the
second derivative, it was also reduced by selecting them
on the basis of whether each candidate peak met the
condition of peak detection by considering the statistical
errors of each peak and its background.

The total score is best at the N of around 9. Because
the effect of the k value on the performance of peak
detection is small, comparatively good results were
obtained at the small value of k = 2.0. However, there is
a possibility that peaks sometimes were overlooked, as
shown in the peak detection results in a noisy spectrum
such as b003_23 (see Figure 12).

As far as the total score, the BGD method was found
to be the best among the three methods. There were
almost no missed peaks when Npae Was more than 21, as
is shown in Figure 14(b), compared to the other two
methods. Good performance, with a total score of around

50 Visual detection method

—.—
—— 2nd DER method
—0— PB method

—*— BGD method

40

30 1

N

Number of peaks detected

N

§

,\fb Ue] v ,\"3 e e ,\".: 0
§8 T8 TS
Name of spectrum
Figure 18. Comparison of proposed methods with visual
detection.

90 %, was achieved with N, values ranging from 21 to
41. Although a high total score is obtained for a wide
range of Nave Values, noise generation is not completely
suppressed. Since the tendency of the total score to
increase with the increase of value of k is clear as
compared with the other two methods, noise peaks can
be suppressed at the value of k = 4.0 or higher. There is
still room for some improvements in the treatment of
minor peaks when the spectrum is noisy (i.e., when Nyave
is small) or an adjacent large peak is overlapping.

9 Discussions

In this study, the performance of three algorithms for
automatic peak detection was studied using nine
synthetic XPS spectra with different levels of noise by
changing the parameter values used for these algorithms.
The peak detection results at the effective parameter
values found through this process were compared with
those obtained by visual detection as well.

Figure 18 shows the peak detection results obtained by
visual detection and by the three methods under the
respective recommended conditions. The number of
peaks detected on the ordinate axis indicates the number
of peaks as described below. For the visual detection
method, it indicates the number of matched peaks with
mean scores of 1.0 or more, and for the automatic
detection methods, it indicates the number of all the
detected peaks, including matched and noise peaks.

An algorithm that detects an adequate number of
peaks (that is, one that is capable of detecting real peaks
even if it also includes several noise peaks as candidate
peaks) might be better than an algorithm that detects a
lesser number of peaks (that is, one that fails to detect
smaller real peaks).

From a standpoint of this, the BGD method attained
mostly successful peak detection results in this study.
The peak detection ability of the BGD algorithm reaches
a level that allows it to be used practically as a peak
detection tool.

The recommended conditions for the parameters of
these three methods are as follows:

i.  2nd DER method: Number of the second derivative
points: 11, value of k: 3.0

ii. PB method: Number of the second derivative
points: 9, value of k: 2.0

-89 -



Journal of Surface Analysis Vol. 23, No. 2 (2016) pp. 73 - 97
Y. Furukawa, et al., Evaluation of Three Peak Detection Algorithms for XPS Spectra

Table 5. Features and Peak Detection Ability of Three Methods.
Detection ability
Method i i
Single large Single Multiple overlapping peaks
peak small peak Adjacent peaks Valley (shallow)
Detecting adjacent
Peak Detection Using the
N peaks is sensitive to
Threshold Curve of the Good but sensitive
Good the number of the (same as on the left)
Second Derivative to value of k
second derivative
(2nd DER method)
points.
Peak Detection by Directly Detecting adjacent
Calculating Peak and peaks is sensitive to
Background Relations at a Good Good the number of the (same as on the left)
Candidate Peak second derivative
(PB method) points.
] ) Reasonably good | Detecting small
Peak Detection Using Rough .
o but difficult to shoulder peaks on a
Estimation of Spectrum
Good detect very small large peak or tail peak | Good
Background . .
peaks adjacent to at both sides of a large
(BGD method)
a large peak peak is difficult.

iii. BGD method: Number of moving average points:
from 21 to 41, value of k: 5.0, minimum peak area:
2 counteeV

These recommended conditions are strictly for XPS
spectra with an energy step of 0.5 eV. If the energy step
width is different from this value, there is a possibility
that the parameter value will change, so it is desirable to
select optimum values by changing the values of Ny
and Npmave.

It is also known that even better results are achieved if
Ngifr i given a value corresponding to the number "(the
full width at half maximum) / (energy step width).” As
for Npave, it is desirable to give it a value several times
the value of Ny¢r. However, in the peak detection process,
since the full width at half maximum of the peak to be
detected is unknown, scientists need to find the optimum
value by giving different values to Ngisr and Nmave-

In order to serve as a future reference, the advantages
and disadvantages of each method, for various peak
shapes in a spectrum, which were found through this
evaluation are summarized in Table 5. As can be seen
from the table, it can be suggested that combinations of
these three methods enable scientists to implement a

reliable peak detection method by specifically creating
automatic peak detection software.

It will be appreciated if the present research report
helps a surface scientist to understand how to select the
effective conditions to carry out peak detection and if it
is useful in obtaining better peak detection results.

10. Conclusions

In order to evaluate three algorithms for detecting
peaks, synthetic XPS spectra superposed with different
levels of noise were used to find out the combination of
parameter values resulting in the best performance. The
three peak detection algorithms are the Threshold Curve
of the Second Derivative (2nd DER method), the
Directly Calculating Peak and Background Relations at a
Candidate Peak (PB method), and the Rough Estimation
of Spectrum Background (BGD method). The peak
clearly particular
combinations of parameter values produce the best
performance for each algorithm. The results show that
the recommended parameter values in the 2nd DER and
PB methods were 11 and 9 for the number of the second
derivative points and 3.0 and 2.0 for the value of Kk,
respectively. In addition, in the BGD method, the

detection results showed that
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recommended value of the moving average points was
between 21 and 41, and the recommended value of k was
5.0.

By comparing the detection results from the peak
detection algorithms and those by visual detection, the
BGD method was found to be the most practical if the
effective parameter values are chosen.

This study showed the importance of choosing
effective parameter values for the best performance. For
convenience the advantages and disadvantages of these
three peak detection methods are summarized in the
table.
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Appendices
Details of the three kinds of algorithm for detecting
peaks proposed in 2008 [4] are described below for the

reader’s convenience.

A.1 Peak Detection Using Threshold Curve of the
Second Derivative (2nd DER method)

This method has the same effect as subtracting the
background from the spectrum, by making use of the
second derivative. Because it has no arbitrariness in the
background subtracting procedure, it may be a relatively
convenient algorithm when used with the aid of
computers.

By making wuse of the moving polynomial
approximation procedure (Savitzky-Golay method) [7], it
is possible to calculate the second derivative spectrum d;
(i =1, T) from the original spectrum y; (i = 1, T) as
follows:

d = Zgjyiﬂ ........................... (A1)
j=-n

where g; (j = -n, n) is the Savitzky-Golay coefficients for
the second derivative. If 2n+1 points of data cover
roughly the half width of the typical peak, the obtained
second derivative will faithfully represent the true
second derivative curve. If it is expressed as described
above, the variance s> of ( can be obtained as
follows:

O'i2 = i gjz(var)HJ +2 i igjgl(cov)iﬂ‘iﬂ """ (A2)

j=n

— j=—nl=j

where (Var);,; is the variance of y;,; and (Cov)isjj. the
covariance of yi,; and yj.. Again, if randomness of the
spectrum data y; is assumed, then:

A Measured spectrum

Intensity

4+ Second derivative curve Energy

i doe Threshold noise curve

Figure Al. Schematic diagram of peak positions, the second
derivative curve, and the threshold noise curve.
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(Var )i+j = yi+j ............................. (A3)

Further, if each y; is independent and has no

correlation with any other, then:
(Cov})r“+I =0 e (A4)

Thus, the variance o2 of di can be approximately
calculated as follows:

o2 = zg]gyiﬂ_ ........................... (A5)
j=—-n

As the peak in the spectrum corresponds to the local
minimum of the spectrum, the peak is judged to be real if
the local negative minimum d,, is less than (in absolute
values, greater than) its noise fluctuation. Therefore, for
the peak judge inequality, if the following inequality is
satisfied, the peak is considered to have been detected at
the position giving d, in the second derivative spectrum
(Figure Al):

A.2 Peak Detection by Directly Calculating Peak and
Background Relations at the Candidate Peaks (PB
method)

In this case, the candidate peaks are detected
following the steps described below:

i Calculate the second derivative curve (e.g., by using
the Savitzky-Golay method [6]).

ii. Pick the positions that satisfy the condition that the
local minimum of the second derivative curve is
negative. Picked positions are classified as
candidate peak positions.

iii. Let p be a candidate peak position, and w be the
typical full width at half maximum of the peak in
the original spectrum, where w is usually given in
the peak detection condition. (See Figure A2.) If
there exists a positive local maximum at x = p; in
the second derivative spectral range p - 3w <x<p
in the nearest candidate peak (if it does not exist,
the position p; =p-3w is regarded as the position),
the position p; is regarded as a mid-position to the
left-side background. Furthermore, if there exists a
local minimum in the smoothed spectrum or a zero
cross position in the second derivative spectrum at x
= @, in the spectral range p; - 2w < x < p; in the
nearest candidate peak (if it does not exist, the
position q; = p; - 2w is regarded as the position), the

distance Iy = p - g; corresponds to the left-side
background position p - I; with intensity B.
Likewise, if there exists a positive local maximum
at x in the second derivative spectral range p <x <p
+ 3w in the nearest candidate peak (if it does not
exist, the position p, = p + 3w is regarded as the
position), the position x = p, is regarded as a
mid-position to the right-side background.
Furthermore, if there exists a local minimum peak
position in the smoothed spectrum or a zero cross
position in the second derivative spectrum in the
spectral range p, < x < p, + 2w in the nearest
candidate peak (if it does not exist, the position q, =
p, + 2w is regarded as the position), the distance I,
= (, - p corresponds to the right-side background
position p + I, with intensity B,.

iv. If the background curve near the peak can be
approximated by a straight line, the background
intensity B at the peak position is calculated as

B=(Bl, +B,1,)/(1, +1,)ceeerrrrrierrene. (A7)

If P is denoted as the peak intensity with the
background, and N as the net peak intensity, then N =P -
B, and the variance o7 of N is given as follows:

where
02 =P,0%, =B,,0%, =B, s (A9)
and
ot =[L,/0, +1,) [, /0, +1,)F o2, ovone. (A10)
then 42 is calculated as follows:

. Measured spectrum

Intensity

W Energy(eV)

------
5 .
......

92 3econd derivative curve

Figure A2. Schematic diagram of a peak position and its
background at both sides of the peak.
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o2 =P+ (B, + B2 Y1, +1,) oo (A11)
Therefore, the peak judgment condition is given as
follows:

A.3 Peak Detection Using Rough Estimation of
Spectrum Background (BGD method)

This method firstly assumes the background curve of a
spectrum is generally gentle and the total spectrum
region containing peaks is much narrower than the
region without peaks, and then it makes a rough
estimation of the background intensity for each point of
the spectrum.

As the background intensity changes rather gently
compared with the intensity near the peak, it can be
approximately expanded by using 2m + 1 moving
average points of data which cover the region with
several times of the typical full width at half maximum
of the peak w. Then the background b; (i = 1,T) (where T
is the total sampling points) can be approximately
written by using the given spectrum data y; (i = 1,T) as
follows:

bi — Zhijj .......................... (A13)
j=—m

where h; is the coefficient of the simple moving average

and is expressed as
h, =1/(2M+1) e (A14)

The variance of b;
expansion as follows [1]:

is expressed by using such

Yi

b;+ko,, : noise threshold curve

Intensity

Energy(eV)

Figure A3. Separation of background intensity from the true
peak intensity for the Ar 2p spectrum peak.

Zh (var),; +22 Zh h(Cov), ;. ~(A15)

j=—ml#j

where (Var)i; is the variance of yi,; and (Cov)iyj, j+ the
covariance of yi,; and yj+. If randomness of the spectrum
data y; is assumed,

(Var) = yiﬂ_ .......................... (A16)

i+]
Further, assuming that each y; is independent and has no
correlation with other y; values,

(Cov),

i+],j+ =O
Then, the variance of b; can be approximately expressed

as

If the variance of ni =y; - b; is defined as gniz, it can be
estimated as follows:

O-niz :inz +O—bi2 =Y+
Therefore, the final inequality to judge a peak is given by

using the critical value k = 2.0 ~ 3.0 as

n; >koy = k\/yi

Or, in a more familiar expression,
yi > bi + ko—ni ............................ (A20)

The local maximum y; satisfying the inequality (A20) is
regarded as a peak. (See Figure A3.)

Furthermore, in order to apply this procedure more
effectively to practical situations, some exceptional cases
should be taken into consideration. In one such situation,
there is a case that some especially broad peaks in the
spectrum do not satisfy inequality (A20). Even in such a
case, if a peak with a peak area S; satisfies the inequality
(A21), the peak will be regarded as a real peak.

where the approximate value of S;q is roughly estimated
by assuming it as an ideal triangle peak with the typical
full width w at half maximum of the peak and height
Ko, then its peak area Sip will be 1/2x2xwxkao,; = kwoy:
Sio = KW v (A22)

In fact, if the peak area S; is greater than the above
value, the peak is found to be real in most cases [5].
Sometimes, it happens that the overlapped peaks have
plural peaks above the noise threshold curve ka,; with the
valleys also above (without crossing) it. In such a case, if
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the valley depth D of the local minimum of the
secondary differential spectrum exceeds the noise
fluctuation ko, of the point, then it is regarded as the real
peak:

By adding such exceptional cases, this peak-detection
method becomes effective in the actual spectrum
processing.

B. Method of superposing noise on a spectrum and
the adjustment of spectral intensity

Different levels of noise were added to the spectra
used in this simulation experiment based on synthetic
spectra b001, b002 and b003. As a scale for adjusting the
amount of noise to add, peak intensity of Ar 2p which
appears in the spectra was used.

Figure B1 shows the spectrum of an enlarged peak of
Ar 2p appearing in spectrum b001. After performing the
smoothing processing by cubic spline for the spectrum to
determine the background intensity by connecting the
both-side skirts of the peak, obtaining the values
corresponding to the background intensity Iz and the
peak intensity A at the position for giving the maximum
intensity of the peak are obtained. Whether the Ar 2p
peak is hidden in the noise was made to be one of the
guidelines of giving S/N. For peak intensity A, let the
variance of the noise corresponding to the background
intensity |, determined for the condition of S/N given
at the position of the peak intensity A be (\/ﬁ)2 =1,
where the amplitude of the noise becomes k-1, =A
when the scaling factor is set to k. Therefore, since Ig is
determined from a given k by using A, S/N based on A
can be given by k. Furthermore, the square root (standard
deviation) o of the noise amplitude (variation) is given
by \/ﬂ and the value of k can be given by how many
times the value of ¢° is set for the signal intensity A. If k
is increased, since A=k -1, it is found that the value of
Iz decreases, degrading S/N.

Noise components to be added were generated by
normalized random numbers that follow the standardized
normal distribution. To avoid bias in the result due to the
inclination of random numbers, five patterns of random
numbers were generated independently for each S/N
condition, namely for a given value of k to create new
random numbers whenever the value of k is changed.
The central limit theorem was used to generate the

standardized normal random numbers for this noise.
Actually, one normalized random number is obtained by
the procedure that generates 12 uniform random numbers
independently in the generable range of [0,1]; sum them
and subtract 6 from the sum [8]. The figure "n" of
b003_7n (the name of the synthetic spectrum) represents
a number for the respective identifications of 5 patterns.

For the spectra employed in this study, conditions
assuming the amounts of noise as A = 2¢%, A = 306°, A =
46° (degree of noise such that Ar 2p is almost buried in
the noise), and A = 7o (slightly poorer S/N than the
original data) were adopted.

On the other hand, when changing the amount of the
noise to superimpose, it is also necessary to reduce the
intensity of the overall spectrum corresponding to the
amount of the noise. This is because, as shown in Figure
B1, although the noise amplitude at a position where A is
determined should be originally determined by I, Ig is
determined by only k regardless of I, Ig/l must be
multiplied over the entire spectrum excluding the noise.
If the amount of noise to superimpose on the spectrum
b001 corresponds to A = 2¢%, the amount becomes 901
counts; however, the adjustment of only the noise
component is carried out by generating the normalized
normal random numbers corresponding to the difference
between the noise determined by this procedure and the
originally existing noise, and then carried out by
superimposing them on the overall noise component

15000, Ar 2p (original data)
o
@ Smoothed by Spline
£ 14000}
>
o A
=
= i .\
@ 13000 ! AN
=
V- -~
== o
0 L 1 A 4 1 )
230 235 240 245 250 (ev)

Binding energy (eV)

Figure B1. Separation of background intensity from the true
peak intensity for the Ar 2p spectrum peak.
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which was separated from the spectrum.

In the case of spectrum b001, the average background
intensity becomes 38,313 counts when calculating it
excluding the intensities around the peak positions, so if
the amount of noise to add is defined at this time as S/N:
1/R = I/A, it becomes 1/R = 38,313/901 = 43, and
therefore, the scaling factor representing the entire
spectral intensity is R = 1/43. Multiplying this R value by
the signal component of the spectrum excluding the
noise makes the spectrum have a signal intensity
appropriate to the S/N. Finally, adding the adjusted
signal component to the noise component creates the
synthesized spectrum.

Although spectra reduced to a scaling factor R = 1/43
(A = 26°) correspond to b001 21 to b001 25, the
normalized normal random numbers corresponding to
the respective noise differences are generated
independently from each other.

Furthermore, similarly, for the spectra of b00l1 73
corresponding to the case of A = 7c?, for example, since
R = 1/3.4, the entire spectral intensity is adjusted to
1/3.4.

Similarly, in the case of spectrum b003, the average
background intensity excluding the intensities around
peak positions is found to be 12,253 counts. If the
amount of noise to add is set to A = 267 its amount
becomes 57 counts. Therefore since 1/R = 12,253/57 =
215, the scaling factor that represents the entire spectrum
intensity becomes R = 1/215. The spectrum
corresponding to this is, for example, b003_23. Similarly,
as the spectrum b003_73 has a scaling factor of R = 1/18,
the entire spectral intensity is reduced to 1/18.
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