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The aim of this paper is to validate the paper differentiation method using Fast Fourier Transform 
(FFT). This method allows for visualization of a specific mesh pattern left by the production line ma-
chines during paper manufacturing. With this method it is possible to determine whether two com-
pared sheets originate from the same source (the manufacturer), or not (from different batches of the 
same product or from different manufacturers). During the validation process, which aimed to confirm 
the method’s effectiveness and identify its limitations, a total of over 2500 comparisons were made of 
FFT paper samples. The samples were obtained from sheets of paper from the same manufacturer, as 
well as from different sources. Two algorithms were used for obtaining and comparing FFTs during the 
research. The obtained results indicated the high efficiency of the Fast Fourier Transform used, in both 
confirming and refuting the common origin of the compared sheets of paper.
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Introduction

Providing an answer to the question of whether 
sheets or fragments of evidence paper have orig-
inated from the same source (such as the same 
ream of paper, or the same batch of the product) 
is a task that is frequently entrusted to experts 
in the field of forensic document examinations 
[1-3]. Basic, non-destructive paper analysis is 
usually carried out by determining the paper’s 
dimensions, thickness and grammage. Analysis 
also includes observation of the paper’s physical 
properties, such as color, optical features revealed 
under ultraviolet and near- infrared, surface 
structures visible using oblique light microscopy, 
the location and color of prints applied during the 
production process, and the presence of specific 
features such as watermarks and security threads 
[4-6]. The obvious advantage of this type of anal-
ysis of paper properties, besides providing im-
portant forensic information, is that there is no 
physical interference with the examined paper. 
However, non-destructive paper analysis can pro-
vide for only small distinctions and is burdened 
with a certain risk related to the effect of exter-

nal factors having already altered the paper’s ap-
pearance, such as sunlight and high temperature 
[7-9]. Therefore, if paper samples originate from 
the same source, such as fragments of a single 
sheet, notebook, or ream; and have been stored 
separately under different conditions, then non- 
destructive paper analysis can lead to erroneous 
conclusions. Instrumental methods, such as Ra-
man spectroscopy [9-10], infrared spectroscopy 
[10-13], gas chromatography coupled with mass 
spectrometry (GC-MS) [14], or elemental analy-
sis methods [10, 12-13, 15-16], have not shown 
to be sufficiently effective in distinguishing paper 
produced by different manufacturers because the 
composition of the paper samples is too similar, 
as a result of standardized production methods.

One part of the paper manufacturing process is 
the removal of water from wet pulp. Each of the 
multiple machines that is used in the process in-
terferes with the surface of the manufactured pa-
per, imprinting traces upon it. Consequently, the 
entire combination of machines used in a given 
factory leaves behind patterns which differ on 
both the front and reverse of the paper. The Fast 

1 A bitmap file will represent an image in the form of an array, where each pixel is represented by a cell and its 
value corresponds to a color (depending on the resolution of the file). This is used in contrast to a vector file.
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Fourier Transform (FFT) algorithm then enables 
conversion of a scanned image of paper in trans-
mission mode, from the spatial domain into the 
frequency domain. As a result, a FFT transform 

(power spectrum) is obtained. On the spectrum, 
bright spots indicate the properties of the compo-
nent waves of a given image, such as their orien-
tation, length, and amplitude [17-18] (Fig. 1).

Fig. 1. Example of an FFT of a single sample of paper.

In 2002, a Japanese team of scientists used the 
FFT algorithm to differentiate samples of hand-
made paper, office paper, and newspaper [18]. 
The method that they used did not allow for dis-
crimination between all combinations of pairs 
of twelve sheets of office paper from different 
brands. This was explained with the supposition 
that one papermaker could produce a product 
that was then sold under different trade names. 
Following their work, C. Berger [19] analyzed 
25 sheets of office paper and confirmed that the 
same method does allow for the differentiation 
of paper originating from different sources, but at 
the same time Berger also stipulated that the pre-
sented work was only a technical, forensic valida-
tion, and that the number of tested samples was 
not suitable for the purposes of evidence evalua-
tion. However, Berger did not determine whether 
it is possible to unambiguously establish that two 
compared sheets of paper come from the same 
source (for example, whether from a single ream 
of paper or from different reams of the same type, 
produced by the same papermaker). W. Rowe and 
R. Haldar, on the other hand, proved in 2021 that 
higher temperatures and a printing process, dur-
ing which the toner is thermally fixed on the 
paper, does not affect the resulting paper’s FFTs 
[20]. The FFT method was also used to differenti-

ate between the paper-based kraft tapes that are 
available in Japan [21].

The authors mentioned above focused pri-
marily on the possibility of differentiating paper 
samples using the FFT method. However, they 
did not present analyses indicating whether it is 
possible that this type of examination could lead 
to an erroneous conclusion. That is, did the two 
different sheets of paper originate from the same 
source, or to false differentiation of two sheets 
that originated from the same manufacturer, 
thus giving a false positive or false negative.

Materials and methods

85 sheets of A4 paper were collected for the re-
search, including 75 of known origin (50 sheets 
of paper from two reams of Maestro Extra, 25 
sheets from one ream of Xerox Premier paper), as 
well as 10 sheets of unknown origin that differed 
in grammage, color, and lines (Table 1). 971 scans 
with dimensions of 5 cm  5 cm at a resolution 
of 2,400 dpi were made of the front and reverse 
sides of all the paper using an Epson Perfection 
V850 Pro scanner, which allows for scanning in 
transmitted light.
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Table 1. Manufacturer, brand name, grammage, batch number of the product, and sample numbers.

Manufacturer Brand name, grammage
and batch of the product Sample numbers

Maestro Extra, 80 g/m2,
batch No. 9457A80S A1_1 – A1_25

Maestro Extra, 80 g/m2,
batch No. 9457A80S A2_1 – A2_25

Xerox Premier, 80 g/m2,
batch No. 003R98760 B1_1 – B1_25

NN unknown C1_1 – C1_10

The images obtained from the paper samples 
were transformed using two Fast Fourier Trans-
form (FFT) algorithms. The first algorithm was 
the FFT filter designed by A. V. Chirokov, which 
we implemented in Adobe Photoshop [22]. The 
second algorithm was the ImageJ-based algo-
rithm. The most important information in the 
obtained FFTs is represented by bright spots lo-
cated around the brightest center part, and con-
sists of repetitive image elements, including 
the grid imprinted on the paper. Bright spots are 
qualified as significant if the white pixel, or group 
of pixels representing them in the lower half of 
the FFTs, have their own equivalent both hori-
zontally and vertically inverted on the upper half 
of the FFTs, and vice versa. As such, to facilitate 
the comparison of the two transforms, the bright 
spots were visualized graphically and then trans-
formed into black points on a white background, 
forming characteristic points. This resulted in 
a loss of information about the intensity of the 
bright spots; however, this information does not 
play a role in sample differentiation. Using the 
FFT filter in Adobe Photoshop requires manual 
visualization and counting of the number of char-
acteristic points, and then superimposition of the 
two visualizations to finally determine the corre-
lation between the two compared paper samples. 
In comparison, ImageJ can automate visualiza-
tion of FFTs by using a macro, the input element 
for which is a scan of the paper sample in trans-
mitted light. This results in a visualization and 
count of the characteristic points (Fig. 2).

In the next step, the FFT transforms obtained 
from the paper were compared. Figure 3 presents 
a comparison of the two samples.

In order to assess whether the two FFTs are 
the same, the correlation parameter of the two 

samples (Zxy) was calculated. For the purposes of 
this research, the correlation parameter was de-
fined as the number of characteristic points that 
correlate (Pxy) between the two superimposed vi-
sualizations of the FFT samples, in relation to a 
transform sample with a lower number of cor-
relations (Fig. 4).

Fig. 2. Process flow of the two methods.
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Fig. 3. Comparison of the two paper samples made using a Fast Fourier Transform (FFT).
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Zxy �    , where Px � Py 
Pxy

Px

Zxy – two sample correlation
Pxy – number of correlating characteristic points
Px – number of characteristic points on the visualization of the FFT for sample x
Py – number of characteristic points on the visualization of the FFT for sample y

Results

Analysis of the effect of paper orientation on 
the result

The first stage in the preparation of the FFTs is 
the process of scanning a sheet of paper in trans-
mitted light. Therefore, to begin with, we deter-
mined whether the orientation of the sheet in 
relation to the scanner could affect the results. 
For this purpose, comparisons of the FFTs were 
made between the sample scans of one sheet 
(intra-source), which were obtained in a different 
orientation in relation to th scanner plate (Fig. 
5). Samples from the front and reverse sides of 25 
sheets from the ream of paper marked A1 1-25 
and the algorithm in ImageJ were used to make 
the FFT for the research.

Fig. 4. Calculation of the samples’ correlation (Zxy).

Fig. 5. Comparison of samples scanned in different 
orientations
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This resulted in 158 comparisons for which 
the lowest correlation obtained was 0.75, and 
for 19 comparisons 1.00. Additionally, the mean 
correlation (0.90) and the median (0.90) were 
very high (Fig. 6). On this basis, it was assumed 

that the orientation of the paper in relation to the 
scanner, while maintaining the same resolution 
and size of the images (samples), does not have 
an impact on subsequent comparisons and does 
not affect the quality of the FFTs.

Fig. 6. Correlation of FFT samples obtained from sheets scanned with alternating orientation.

Intra-object variability analysis. Comparison 
of different source samples

Subsequently, pairs of transforms were compiled 
from the front and reverse sides of the same sheet 
of paper (Fig. 7), to determine whether and how 
the correlation range changes among samples 
from the same, single source. Notably, the FFTs 
obtained from the front and reverse of the paper 
differ significantly from each other, with the cor-
relation between samples from the front and re-
verse sides of the same sheet being 0.00, or very 
close to 0.00. Therefore, such comparisons were 
not carried out. To obtain the FFTs and the sub-
sequent comparison of the same samples, both 
the ImageJ-based ‘automatic’ algorithm, and 
the Adobe Photoshop- based ‘manual’ Fast Fou-
rier Transform algorithms were used. Compari-
sons were carried out on paper samples marked 
A1_12-25 and C1_1-10.

From the 1,164 comparisons made, it was 
found that the correlation of two FFTs obtained 
from intra-source samples was very often 1.00, 
which means that they fully correlate. However, 

Fig. 7. Comparison of intra-source (within-sheet) 
samples.

the lowest correlation level was 0.50, which indi-
cated that only half of the characteristic points of 
the two FFTs were in the same position (Table 2).
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of single sheets of paper (the intra-source correla-
tion), as well as the average intra-source correla-
tion obtained within the same type of samples, 
whether A1 or C (Fig. 8–11).

Table 2. Intra-source correlation obtained when analyzing FFTs using different algorithms.

A1 – ImageJ A1 – Adobe
Photoshop

C – ImageJ C – Adobe
Photoshop

Number of comparisons 474 285 205 200

Minimum correlation 0.73 0.68 0.50 0.60

Maximum correlation 1.00 1.00 1.00 1.00

What is equally important is that the results 
obtained with the use of both transformation 
algorithms are comparable, both in terms of the 
correlation between samples from the same side 

Fig. 8. Correlation ranges for comparisons of intra-source transforms (A1_12-25), using ImageJ.

Fig. 9. Correlation ranges for comparisons of intra-source transforms (A1_12-25), using Adobe 
Photoshop.
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A comparison of 410 pairs of characteristic 
points showed a correlation between samples 
ranging from 0.53 to 0.95, with mean and medi-
an correlation of 0.73 and 0.74, respectively (Fig. 
13). This implies that although no pair of samples 
were found to be completely identical, the mini-
mum number of correlating characteristic points 
for two samples was higher than 50%.

Variability analysis between the same types of 
objects. Comparison of intra-source samples

In the further part of the research, analysis was 
made of the correlation levels between samples 
from two reams of the same type of paper, i.e. 
between different objects from the same source 
(samples A1_1-25 vs. A2_1-25) (Fig. 12).

Fig. 10. Correlation ranges for comparisons of intra-source transforms (C1_1-10), using ImageJ.

Fig. 11. Correlation ranges for comparisons of intra-source transforms(C1_1-10), using Adobe Photoshop.
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tween the samples of unknown origin, both au-
tomatic and manual comparison algorithms were 
used to analyze the same pairs of paper (600 com-
parisons in total).

Consequently, when comparing samples A2 
and B1, the obtained correlation range was with-
in 0.00 to 0.22, with the mean and median of 
0.07 and 0.08 (Fig. 14). The most common value 
was a correlation of 0.00, which means that in 75 
comparisons there were no characteristic points 
in the same position in the two compared FFTs. 
Furthermore, in the largest number of compari-

Variability analysis between different types of 
objects. Comparison of inter-source samples

Next, the correlation between pairs of inter-
source samples was examined. For this purpose, 
the FFTs obtained from samples of paper pro-
duced by two different manufacturers were com-
pared. These were marked A2_1-25 and B1_1-25 
(348 comparisons were made using the ImageJ-
based algorithm). Additionally, the comparisons 
were made between paper samples of unknown 
origin—marked group C for this research. Be-

Fig. 12. Comparison of samples from two reams of the same type of paper.

Fig. 13. Correlation of FFTs between samples A1 and A2.
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12 correlated scores on 26 characteristic points 
were obtained. The average correlation between 
the paper sheets for group C was 0.15 or 0.08, de-
pending on the algorithm used.Correlation

sons no common characteristic points were found 
between the two transforms in group C, regard-
less of the algorithm used in the research (Fig. 
15–16). The highest correlation level, of 0.46, 
was obtained in a single comparison, in which 

Fig. 14. Correlation of FFTs between samples A2 and B1.

Fig. 15. Correlation of FFTs between group C samples, using ImageJ.
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manufacturers, as well as 10 samples of un-
known origin. For the intra- source samples, the 
transformer correlation ranged from 0.50 to 1.00 
(with the median equal to 0.88), while for the 
inter-source samples the correlation was in the 
range of 0.00 to 0.46 (with a correlation median 
of 0.08) (Fig. 17).

Results summary

In summary, 2,522 pairs of FFT paper samples 
were analyzed with the use of two algorithms. 
This included 1,574 comparisons between intra-
source samples and 948 comparisons of inter-
source samples. For this last comparison, 50 
samples were sourced from two different known 

Fig. 16. Correlation of FFTs between group C samples, using Adobe Photoshop.

Fig. 17. Correlation of all examined pairs of FFTs.
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by extension with examination of the potential 
influence of intensive use of paper, or of the wet-
ting process of paper, on the correlation param-
eter of the two FFT samples.
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