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ENHANCING TERAHERTZ IMAGES CORRUPTED BY COMPACT IMPULSE
NOISE: FEASIBILITY AND PRACTICAL RECOMMENDATIONS

The subject matter of this article is the process of enhancing low-quality terahertz images through digital image
processing. This study aims to investigate whether the visual quality of terahertz images corrupted by compact
impulse noise can be improved while preserving their information value. The tasks to be solved are as follows:
1) to analyze impulse noise in real-life terahertz images obtained by raster scanning systems and to evaluate the
typical range of its probabilities and localization features; 2) to create an adequate model for compact impulse
noise generation; 3) to establish a relation between the probability of impulse noise, image spatial resolution,
filtering settings, and the quality of the output images, and give the corresponding recommendations; and 4) to
verify the obtained results on real-life terahertz data. The methods used are: mathematical modelling, numerical
simulation, and statistical analysis. The following results were obtained. 1) The shape and localization
characteristics of compact impulse noise in terahertz images acquired using a single-detector direct imaging
setup were studied, and an appropriate generative statistical model was implemented. 2) The possibility of
suppressing stripe-shaped compact impulse noise using a classical median filter and its modification with spatial
adaptation was investigated through numerical simulations on a set of test images. 3) It was shown that for
images no less than 100x100 pixels large and impulse noise probability up to 0.5, filtering with vertically
oriented rectangular windows (9% 1 to 15%1 pixels) allows quality improvement up to 45 dB according to PSNR
and PSNRHVSM metrics, providing effective noise suppression while preserving object details. 4) The
Sformulated recommendations’ adequacy was verified on real-life terahertz data, and the proposed approach’s
workability in the presence of other distortions was confirmed. Conclusions. The scientific novelty of the
obtained results is in the confirmation of the possibility of reliable restoration of terahertz images severely
distorted by compact impulse noise without their re-acquisition along with providing practical recommendations
for filtering settings and the requirements to the input terahertz data.

Keywords: image processing; quality enhancement; terahertz images; compact impulse noise; raster scanning
systems.

still often have low visual quality, suffering from intense
noise [15, 16], blur [17, 18], and interference patterns in

1. Introduction

1.1. Motivation

Owing to the lack of efficient emitters and detectors,
the frequency range between 0.1 and 10 terahertz (THz) is
usually referred to as “terahertz gap”. However, with the
development of technology [1, 2], this gap is being gradually
closed from both sides, allowing more novel applications
relying on the unique properties of THz waves [3, 4]. The
non-ionizing nature of THz radiation, millimeter to sub-
millimeter wavelengths, providing sufficient spatial
resolution and high penetration through non-conducting
materials, open promising perspectives in non-destructive
testing [5, 6], security screening [7, 8], biomedical imaging
[9, 10], art inspection [11, 12], and cultural heritage
conservation [13, 14].

Nevertheless, despite the progress in imaging
equipment and methods [1, 2], the obtained THz images

amplitude [19, 20]. Therefore, their enhancement before
applying any information extraction procedures (e.g.,
object identification or edge detection) or visual
inspection by an expert is highly desirable.

In recent years, the interest in processing THz
images has grown rapidly [1, 21]; however, its progress
has encountered many challenges and limitations [2, 3].
The main problem is that the quality of THz images is
affected by the shooting conditions, alignment of setup
elements, material of the object under study, and
equipment parameters [1, 2]; thus, it can greatly differ
even for the same object and setup [15].

Another common issue in THz imaging is the low
image acquisition speed [2, 22]. Because of the use of
single-pixel sensors, raster scanning is required to obtain a
full image of an object, which ranges the image acquisition
time from tens of minutes to tens of hours depending on the
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desired spatial resolution and the size of a specimen.
Besides, the presence of moving elements in an imaging
setup creates risks for additional types of distortion [23, 24],
such as motion blur [17, 20] or impulse noise [25, 26]. The
latter might have quite high probability and take on a
compact form [24, 27], thus making it a relevant quality
degrading factor that is also more difficult to remove.
Owing to the abovementioned peculiarities, the set
of distortions present in THz images in each particular

case, as well as their severity, become nearly
unpredictable, making the development of quality
enhancement methods possessing any versatility

virtually impossible. Currently, all such methods are
developed for each dataset, whereas these datasets are
often quite limited [15, 28]. Adequate models describing
possible distortions are also lacking [17, 29].

Nevertheless, although highly specialized, each
solved quality analysis or enhancement task adds to the
general knowledge base, expanding the understanding of
distortion mechanisms in THz images and their variety.
This paves the way for developing comprehensive
distortion models that will allow the creation of more
universal solutions for their elimination. Furthermore,
the analysis of quality problems in real-life THz data
helps to understand how the equipment and image
acquisition process can be improved to decrease the level
of distortions and/or ease the future process of their
elimination.

This article addresses a specific challenge in
improving the quality of THz images, namely, the
removal of compact impulse noise. The primary focus
will be on developing practical recommendations for
both image acquisition and filtering processes that will
allow to effectively eliminate such noise while
introducing minimal distortion into the image
information content.

1.2. State of the art

Considerable advances have been made in the field
of THz imaging equipment over the past three decades
[1, 2]. In particular, there has been an active search for
alternatives to raster scanning [1, 30], leading to many
THz imaging systems that use sensor arrays or their
matrices [31, 32]. However, such systems are
significantly more expensive and often provide lower
signal-to-noise ratio (SNR) values compared to single-
pixel raster scan solutions due to the unfocused beam [1].
Additionally, the scanned areas become less scalable
because their size is limited by the size of the available
arrays. Thus, large objects must still be scanned in parts
that can later be combined using special stitching
techniques [33, 34]. However, this requires additional
time and computing resources.

Another approach is single-pixel imaging with spatial

filtering [35, 36], where the specifically designed static or
dynamic optical filters are placed in sequence in the
expanded beam after the sample to alter the intensity
distribution. Such a beam is later focused on the single-pixel
detector, and the image of the investigated sample is
reconstructed numerically. Depending on beam modulators,
such technique can provide images as large as 1200x1200
pixels in frequencies up to 13 THz [37]. However,
producing high-quality modulation masks requires
advanced manufacturing techniques, thereby significantly
increasing equipment costs [35]. Therefore, due to their
simplicity, versatility, cost-efficiency, and flexibility, raster
scanning THz imaging systems remain an attractive,
widespread, and universal solution, despite their slow data
acquisition rate [2].

Major progress has occurred in the field of post-
processing of THz images in the last decade [21]. During
this time, methods have been developed to increase the
spatial resolution of images [38, 39], reduce noise [15,
40], and deal with blur [18, 41]. Efforts have been made
to eliminate interference fringes [19, 20] and model
parameters of some other distortions [15, 29].

A special place in this regard belongs to methods
based on convolutional neural networks (CNN), which,
due to their high adaptability, make it possible to partially
overcome the problem of initial conditions uncertainty.
For instance, in [16], deep CNNs are used for noise
modelling, whereas in [28, 40], they are used for THz
image denoising. The authors of [38, 39] proposed CNN-
based methods for improving THz image resolution,
while the authors of [41] identified blurred THz images
using CNN. In [42] the task of concealed object detection
in THz images using an adapted YOLO network is
considered. The method considers the low resolution of
source images and contains a special block responsible
for their denoising.

However, due to a lack of real-world image sets for
preliminary analysis and training, the above-mentioned
solutions rely primarily on empirical parameters and
synthetic data, which makes them highly specialized.
Moreover, there are tasks in THz image processing that
have not yet received enough attention from researchers.
The removal of compact impulse noise is one of them.

Scientists have considered the problem of
eliminating impulse bursts from data for more than half a
century, and during this time, many methods have been
proposed [43, 44]. Most of them are based on order
statistics [45] and represent some variations of the classic
median filter [46, 47]. There are also solutions that are
initially focused on severe cases with high impulse noise
probabilities [48], but they still use masks and sorting to
some extent. It should be noted that most methods for
impulse noise removal are designed for uniformly
distributed noise, which can be either random-valued or
of salt-and-pepper type, whereas fewer solutions exist for
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compact impulse noise elimination [26, 27].

The peculiarity of compact impulse noise is that,
unlike uniformly distributed noise, its probability is not the
same in different image areas, so along with severely
affected areas, there may be areas where the noise is
insignificant or absent [26, 27]. To eliminate compact
impulse noise, one can use the same approaches as for
ordinary impulse noise, but they should be adapted to
account for the features of noise localization. Such
adaptation may differ significantly from case to case, so
the methods for eliminating compact impulse noise are
also usually highly specialized.

Although compact impulse noise isa fairly common
problem in raster-scanning THz imaging systems [24],
the issue of its elimination has not yet been addressed in
the literature. One possible reason for this is that impulse
noise is usually considered a sign of poor data that is not
worth fighting for, resulting from equipment errors.
Sometimes this is true because compact impulse noise,
even with a relatively small probability, can distort
information details so much that it is impossible to
preserve them during processing due to the small size of
THz images [24]. Thus, it may seem that corrupted data
should simply be dropped out or re-acquired. However,
due to the laboriousness and time-consuming process of
THz imaging, re-acquiring data is not always desirable.
Therefore, identifying the conditions under which
processing can give positive results is very important.
Thus, this article, devoted to the study of improving the
quality of terahertz images distorted by compact impulse
noise, is expected to shed light on important practical
aspects of THz visualization.

1.3. Objectives and tasks

The goal of this article is to investigate whether the
quality of THz images containing compact impulse noise
can be improved according to known visual quality
metrics and to determine the conditions under which this
can be achieved. To achieve the goal, within the
framework of this publication, the following tasks must
be solved:

1) toanalyze impulse noise in a set of real-life THz
images obtained by raster scanning systems and to
evaluate its probabilities and localization features;

2) to create a generative model of compact impulse
noise for simulation;

3) to investigate the relationship between the
probability of impulse noise, image spatial resolution,
filtering settings, and output image quality and provide
recommendations;

4) to verify the recommendations based on real-life
THz data.

The article is structured as follows: Section 2
contains the real and test image datasets used in the

experiment, the description of the compact impulse noise
model, and the research roadmap. Section 3 presents the
filtering results obtained for both the test and real THz
data and their analysis. Section 4 presents the discussion
and provides prospects for further research. Section 5
concludes the article by summarizing the main points and
results.

2. Materials and methods of research

The investigated THz images were obtained in the
Center for Physical Sciences and Technology (Vilnius,
Lithuania) using the direct imaging method at 0.253 THz
with the setup shown in Fig. 1, a. Here, a field-effect
transistor-based terahertz detector and emitter pair
(Terahercinés technologijos, Vilnius, Lithuania) with
linear polarization were used for radiation generation and
registration. The beam from the emitter was collimated
and then focused onto the sample using a pair of gold-
coated off-axis parabolic (OAP) mirrors with a 50-mm
diameter and a 100-mm focusing distance. The refocused
beam was concentrated to the detector using another pair
of OAP mirrors with a diameter of 50 mm. The sample was
mounted on a motorized xyz-stage and raster scanned in
the beam focus plane (x-y). In this experiment, the object
was a metal frame with the vertically and horizontally
oriented rectangular openings of different widths varying
from 3 to 0.3 mm as shown in Fig. 1,b.

Fig. 2 shows several fragments of the frame with the
biggest (3 mm) openings obtained at different distances
from the OAP focusing on the sample that will be further
referenced as Reall (99 mm), Real2 (100 mm), Real3
(101 mm), and Real4 (105.5 mm). These are 8-bit images
of size 153x156 pixels with the pixel size of 0.15 mm in
both directions.

" N

Detector

Z | i
i—>x | Emitter

Fig. 1. The sample and the imaging setup
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Fig. 2. THz images used in the experiment are as
follows: Reall (a), Real2 (b), Real 3 (c), Real4 (d)

These images are extensively blurred and contain
interference amplitude variations that appear as darkened
or highlighted areas. Parasitic (non-informative) texture
in the form of alternating light and dark pixels and
compact impulse noise that forms strips of light or dark
shade are also present. This paper focuses on the latter,
ignoring the other distortions.

The length of the strip-shaped impulse bursts is
random but they are primarily localized in the left half of
the image and have a horizontal orientation. The number
of affected rows can range from 5-10% to about 50% of
an image height in the most severe cases.

A functional describing the influence of impulse
noise can be written as follows:

A with prob. Pimp

) _ imp’
nimp(k:|vf(k’|))_{f(k,|), with prob.l—Pimp @

where f(k,I) is the true (noise free) image (k=1...K,
I=1...L, where K, L are the vertical and horizontal
image dimensions in pixels, respectively); Aimp is the
impulse noise amplitude that may be either constant or
variable depending on the type of impulse noise; and Pimp
is the probability of its occurrence.

In the case of compact impulse noise Pimp is not a
constant but a complicated functional that depends on the
pixel’s location and the presence of bursts in the adjacent
areas. Therefore, a few simplifications were made, and
the strip-shaped noise was modeled as follows.

In the k-th row a string of Aimp Values (constant in
this case) that starts at a pixel f(k,lo) and is x pixels long

may appear with the probability Pimp. To provide the
noise localization in the left part of the image, lo is a
whole random number in the range of 1 to L/4, while x is
a whole random number in the range of 0 to L-lo. It is
important to emphasize that due to made simplifications,
by the probability of the impulse noise, the probability of
an image row being subject to the influence of noise, will
be meant. Based on the observations from real-life THz
data, the range of such probabilities will be 0.1 to 0.5.

Four test images were used: Testl with the size
153x156 pixels, which is a complete match to the frame
fragment with 3 mm wide openings, obtained at a spatial
resolution 0.15x0.15 mm; Test2 with the size
77x78 pixels, which can be considered from two points
of view: as an equivalent of the frame fragment with
1.5 mm wide openings or as an image of the same object
as in Testl but obtained at a spatial resolution
0.3x0.3 mm; Test 3 with the size 39x39 pixels, which
models the frame fragment with 0.75 mm wide opening
or a spatial resolution of 0.6x0.6 mm respectively; Test 4
with the size 20x20 pixels, which corresponds to
0.33 mm wide openings or a spatial resolution of 1.2x1.2
mm. Fig. 3 shows all test images, and Fig. 4 shows their
versions distorted with compact impulse noise with
different probabilities.

Because the filtering method should be simple and
predictable, a classic median filter was selected [47].
Square sliding windows of sizes from 3x3 to 15x15
pixels, as well as rectangular windows with vertical
spatial orientation, the dimensions of which varied from
1 to 5 in the horizontal direction and from 9 to 21 in the
vertical direction, were considered.

The metrics PSNR and its modification
PSNRHVSM [49] were used to quantitatively measure
the filtering efficiency. Despite their common nature,
using both of them in our task makes sense because they
allow evaluation of filtering results from slightly
different perspectives. Classic PSNR measures how
closely the filtered image matches the original, whereas
PSNRHVSM, which is better suited to human visual
perception, assesses the visual appeal of the filtered
images.

b
o
c d

a
Fig. 3. Test images used in the experiment:
Testl (a), Test2 (b), Test3 (c), Test4 (d)
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Fig. 4. Test images corrupted with compact impulse

noise: Pimp = 0.1 (@ —d), Pimp = 0.2 (e — h),
Pimp = 05 (l - I)

Along with the values of PSNR and PSNRHVSM
metrics, the difference values APSNR and
APSNRHVSM have been analyzed. These values are
calculated as:

APSNR = PSNR — PSNRijnt,

@)
APSNRHVSM = PSNRHVSM — PSNRHVSMii;

where PSNRiyit and PSNRHV SMi,;¢ are obtained from the
original noisy images, whereas PSNR and PSNRHVSM
are obtained from the filtered images. Positive values of
APSNR and APSNRHVSM mean that image quality has
been improved by filtering, whereas negative values
indicate that the quality after processing has worsened.

The research roadmap included the following steps:

1) analysis of compact impulse noise characteristics
on real-life THz images;

2) modeling of compact impulse noise and creating
an algorithm for its generation;

3) adding generated compact impulse noise to test
images of different sizes;

4) processing test images with a median filter with
different shapes and sizes of sliding windows and
calculating filtering efficiency metrics;

5) formulating recommendations on the required
sizes of source images and filtering settings;

6) verifying the given recommendations on real-life
THz images.

3. Results Analysis

Since the problem of eliminating compact impulse
noise in application to THz images has not yet been
addressed in the literature, there are no specific methods
to compare the results with. Therefore, this section will
focus on the analysis of quantitative filtering quality
criteria and the visual analysis of distorted and filtered
test images. Additionally, due to the lack of specialized
no-reference metrics adapted for working with THz
images and their typical distortions, the results for real-
life images will be analyzed based only on their visual
inspection.

Fig. 5 shows the dependences of APSNR and
APSNRHVSM on the sizes of square sliding windows of
the median filter for different impulse noise probabilities.
The values of PSNRini: and PSNRHV SMiyi: are given in
Table 1.

The first observation that can be made from the
presented data is that for the image Test4 processing in a
square window even of the smallest size (3x3) leads to
deterioration in image quality regardless of the impulse
noise probability because of the distortions introduced by
the filter. A similar situation is observed for the image
Test3 with the only difference being that for Pimp = 0.1 a
slight increase in PSNR and PSNRHVSM s spotted for
a 3x3 window (0.73 and 0.94 dB, respectively).
However, although the changes are visually noticeable
(for PSNR and PSNRHVSM, the threshold for visual

Table 1
Initial values of PSNR and PSNRHVSM metrics for
test images corrupted with compact impulse noise

Image | Pimp | PSNRinit, dB | PSNRHVSMiyir, dB
0.1 29.14 26.88
Testl | 0.2 25.49 22.53
0.5 19.34 16.27
0.1 29.14 26.4
Test2 | 0.2 22.62 19.99
0.5 20.02 16.15
0.1 24.76 21.43
Test3 | 0.2 25.31 21.15
0.5 19.93 16.37
0.1 255 23.49
Test4 | 0.2 24.44 20.56
0.5 21.29 17.34
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Fig. 5. Image quality improvement according to metrics PSNR(a — ¢) and PSNRHVSM (d — f) depending on the
square window size for different impulse noise probabilities: Pimp = 0.1 (a, d), Pimp = 0.2 (b, €), Pimp = 0.5 (c, f);
-e-Testl; B Test2; ¢ Test3; = Testd.

noticeability is 0.5 dB [50]), the obtained filtering result
can hardly be considered satisfactory given the initially
low image quality (Table 1).

The situation is significantly better for the Test2
image. For a low impulse noise probability and the
smallest window size, the quality improvement due to
filtering can be up to 4 dB and 10 dB for PSNR and
PSNRHVSM, respectively. However, these values
rapidly decrease as the window size increases, and
starting with a 9x9 window, filtering begins to degrade
the quality rather than improve it. A similar situation is
observed for Pimp = 0.2, but the maximum efficiency
occurs at a 5x5 window, and the quality improvement is
only 3 and 4dB by PSNR and PSNRHVSM,
respectively. Starting with an 11x11 window filtering
becomes impractical. At Pimp, =0.5, any significant
improvement in quality due to filtering is no longer
possible. Formally, there is a gain of 0.48dB by
PSNRHVSM, but with the low initial image quality
(Table 1), such improvement does not make any
noticeable difference.

For probabilities 0.1 and 0.2, the situation with the
Testl image is very similar to that with Test2, but the
gain in quality due to filtering is somewhat higher (11 and
7dB, respectively, according to PSNRHVSM).
However, for the probability of 0.5, several features are
noteworthy. First, image quality improvement is
observed for all the considered window sizes in this case.
Second, the maximum filtering efficiency occurs for a
7x7 window, reaching almost 2.5dB according to
PSNRHVSM.

Fig. 6 shows the results for rectangular windows.

The meanings of markers and line colors are the same as
in Fig. 5, while line types correspond to different window
sizes in the horizontal direction (HWS): solid — 1 px,
dashed — 3 px, dashed-dotted — 5 px.

The first conclusion that can be drawn from the
presented data is that increasing the sliding window size
in the horizontal direction decreases filtering efficiency,
and this difference becomes more pronounced for smaller
test images. The best filtering results are obtained for
narrow windows that are only 1 px wide. The second
striking feature is that quality improvement is possible
even for images of minimal size with a high probability
of impulse noise.

As for the window size in the vertical direction, for
noise probabilities 0.1 and 0.2, its increasing leads to
deterioration in filtering efficiency too, with the highest
quality metrics’ values occurring at the 9x1 windows. For
Pimp = 0.5, maximum filtering efficiency shifts to larger
windows; however, the optimal window size differs for
different test images and, presumably, significantly
depends on noise localization. For ease of analysis,
Table 2 summarizes the sizes of square and rectangular
windows for which the maximum values of PSNR and
PSNRHVSM were obtained.

We would like to highlight several interesting
points in the data presented in Table 2. First, it is the
significantly higher PSNR and PSNRHVSM values
observed for the images processed in rectangular
windows (see the lines marked with green). PSNRHVSM
exceeds 45 dB in some cases, indicating that the post-
processed image is visually indistinguishable from the
original. The case with the Test3 image at the noise
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probability of 0.2 is of particular interest in this regard.
For median filter, 3x3 and 9x1 windows yield the same
sample of 9 elements; however, in the former case, the
processing results in a deterioration in image quality,
while in the latter, the noise is perfectly eliminated. This
can be explained as follows. For median filter, the
breakaway point is 50%, which means that the filter will
not return a normal value if the number of outliers is more
than half of the sample size. Because the noise is
localized in rows, even two such rows falling within the
3x3 window will result in six anomalous values, which is
more than half of the sample. Simultaneously, for a 9x1
window, two noisy lines will yield only two anomalous
values in the filter aperture, which is significantly less
than 50%. If the noise probability is 0.2, the average
number of noisy lines in a 9x1 filter window is 2, which
explains its good performance. However, if the noise
probability is approximately 0.5, a larger window size is
better because it decreases the probability of exceeding
the breakaway point.

The second interesting point concerns the Test4
image results. For rectangular windows, the APSNR and
APSNRHVSM values differ significantly. While APSNR
values are about 1 dB, indicating that the processing
result is only slightly closer to the original, the gain in
PSRRHVSM ranges from 3 to 7.65 dB, demonstrating a
significant improvement in visual quality. To understand
the source of this difference and which metric to trust in
this case, the images must be visually analyzed after
processing.

The test images processed with median filter with
the square and rectangular windows of sizes mentioned
in Table 2 are presented in Figs. 7 and 8, respectively.

Even with fairly large images (Test1 and Test2) and
low noise probabilities (0.1 and 0.2), the use of square
windows results in incomplete noise elimination.
Although objects are generally identified better
compared to the ones in the noisy images (Fig. 4), their
shapes can be significantly distorted, especially in
smaller images. Consider the image in Fig. 7,d as an
example. Although the noise probability is only 0.1, due
to the specific localization of noise strips, filtering
resulted in a significantly shortened first slit, while some
parts in the middles of the first two slits were replaced
with the background, so that the object’s shape became
unrecognizable. It is worth noting that in this case the
values of APSNR and APSNRHVSM were negative,
indicating the absence of quality improvement, but now
there is visual proof why the filtering result cannot be
considered acceptable.

At Pinp = 0.5, the situation is somewhat worse. Even
for the Test1 image, a significant portion of the noise was
not removed, while the object’s shape was significantly
affected, which is particularly noticeable at the slit edges
and corners. For smaller images, identifying some of the
slits is even more problematic, as they are still partly
obscured by residual bands of compact impulse noise
that, due to filtering, took the form of wider spots,
rendering the image more unpleasant.

When rectangular windows are used, the processing
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Table 2

Maximum values of PSNR and PSNRHVSM achieved after filtering and the corresponding window sizes

Image Pimp | Window size, px | PSNR, dB | APSNR, dB PSNRHVSM, dB APSNRHVSM, dB
01 3x3 37.32 8.18 37.88 11
Ix1 47.48 18.34 46.64 19.76
5x5 31.49 6 29.53 7
Testl | 0.2 ox1 39.24 13.75 35.27 12.74
05 7 22.51 3.16 18.7 2.43
15x1 25.80 6.45 21.56 5.29
01 3x3 33.53 4.39 36.06 9.65
Ix1 37.51 8.36 36.71 10.31
5x5 26.09 3.47 24.12 4.12
Testz | 02 ox1 39.27 16.64 38.15 18.15
05 3x3 21.08 1.06 16.62 0.48
21x1 23.88 3.86 18.55 2.4
01 3x3 25.49 0.73 22.37 0.94
9x1 37.28 12.52 36.39 14.96
3x3 25.15 -0.17 20.96 -0.19
Tests | 02 ox1 43.30 17.99 50.66 295
05 3x3 20.13 0.2 15.67 -0.7
11x1 23.9 3.97 18.4 2.03
01 3x3 23.03 -2.47 20.61 -2.88
Ix1 26.36 0.86 28.21 4.72
3x3 22.01 -2.43 18.43 -2.13
Testd | 02 ox1 2574 13 28.21 7.65
05 3x3 20.44 -0.85 16.12 -1.22
17x1 22.44 1.15 20.36 3.01
results for the noise probabilities of 0.1 and 0.2 are quite  processing.
good. In some cases, the filtered images are almost Considering the results in Fig. 8, i — I, only the

indistinguishable from the original, while others exhibit
slight distortions at boundaries or corners, with little
effect on the object’s shape and size. The exception is the
previously mentioned Test4 image. As shown in Figs. 8,d
and 8,h, the noise has been eliminated completely, and
the images appear more pleasing, as indicated by the high
values of APSNRHVSM. However, the dark rectangular
gaps spread vertically, and this difference from the
original causes the decrease in APSNR values. Since the
main purpose of THz visualization is to detect hidden
objects or study their features, significant distortions of
the object’s size and shape are unacceptable, rendering
this processing result unsatisfactory despite the
improvement in visual quality according to quantitative
criteria.

A similar situation is observed for Pin, = 0.5;
however, the distortions have already been introduced
here, while the noise has not been completely removed.
Again, this effect becomes more pronounced as the size
of the image under processing decreases. The localization
of noise is also very important. If the outburst lines are
dense, they might turn into wide spots that are even less
visually pleasing than the original stripes after

filtered Testl image can be seen as conditionally
acceptable, as the shape and size of the object are not
affected as significantly, whereas the object is more
legible and the image in general appears more pleasing
compared to its noisy version (see Fig. 4,i). However, if
automatic algorithms are used to extract object
parameters instead of expert visual assessment, such
filtering-induced distortions may significantly reduce
analysis accuracy.

Overall, the following preliminary conclusions can
be drawn from the analysis of test images. With relatively
low compact impulse noise probabilities (up to 0.2) and
image sizes of at least 40x40 pixels, successful noise
elimination is possible, improving image quality to
approximately 40-45 dB, which means that the image
after processing matches the original quite well. This
requires a spatially adapted median filter with a vertically
oriented rectangular sliding window. The recommended
window size is 9x1. If the probability of impulse noise is
higher (up to 0.5), the image quality can still be improved
with the aforementioned filter, but the window size may
need to be increased to 15x1. The window size for each
case should be chosen based on the noise localization
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k |
Fig. 7. Test images processed with median filter
with square sliding windows: Pimp = 0.1 (a — d),
window size is 3x3 (a —d); Pimp = 0.2 (e — h), window
size is 5x5 (g, f) and 3x3 (g, h); Pimp = 0.5 (i — 1),
window size is 7x7 (i) and 3x3 (j — 1)

.o.m.

(density) and the object being studied. In addition, to
minimize introduced distortions, it is desirable that the
image size is of at least 100x100 pixels.

We test these preliminary recommendations on real
THz images. Fig. 9 shows the results for images Reall,
Real2, Real3, and Real4 obtained using a median filter
with square windows of 5x5 and 7x7 pixels, as well as
rectangular windows of 9x1, 15x1, and 15x3 pixels.

The images processed in windows 5x5 and 7x7
appear noticeably under filtered. The residuals of impulse
noise are well seen in some of their parts, while it was
transformed into spots in the areas of its highest density.
This is particularly noticeable in the left part of the Reall
image (Fig. 9,e) and in the lower part of the Real3 image
(Fig. 9,g). Significant blurring and distortion of the edges
are observed in some places (for example, in the upper
left part of the Real4 image (Fig. 9,h)). Compared to 5x5
window, 7x7 window provides slightly better noise
suppression, yet blurring of the edges is more

c

_h.

g

k |
Fig. 8. Test images processed with median filter
with rectangular sliding windows: Pimp = 0.1 (a — d),
window size is 9x1 (a — d); Pimp = 0.2 (e — h), window
size is 9x1 (e —h); Pimp = 0.5 (i — 1), window size
is 15x1 (i), 21x1 (j), 11x1 (k), and 17x1 (1)

pronounced.

Using 1 pixel wide rectangular windows yields
interesting results. These windows allow to effectively
remove strip-shaped compact impulse noise while
preserving edges and texture. The 9x1 window
(Fig. 9, m —p) is clearly insufficient for the existing noise
probability, so traces of partially under removed impulse
strips are visible in some places, whereas the 15x1
window performs quite well removing most of the noise
manifestations (Fig. 9, g —t).

In this study, we specifically focused on impulse
noise, ignoring other types of distortion. In this regard,
the result for a 15x1 window with the compact impulse
noise removed and the texture preserved is quite
acceptable, although the texture is non-informative. If
expert evaluation of the image is followed by filtering,
this texture will not interfere with analysis because it
does not hinder the evaluation of the object’s shape and
size. However, if texture removal is also required for
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Fig. 9. THz images Reall (a, e, i, m, g, u), Real2 (b, f, j, n, r, v), Real3 (c, g, k, 0, s, w), and Real4 (d, h, I, p, t, X)
original (a —d) and processed with median filter with windows of size 5x5 (e —h), 7x7 (i — 1), 9x1 (m — p),
15x1 (q —t), and 15x3 (u — x)
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subsequent processing (for example, to increase the
accuracy of blind methods for object or edge
recognition), this can be accomplished by increasing the
window size to 15x3. The results for these sliding
windows are shown in Fig.9,u—x. The texture is
successfully suppressed, while the edges are still clear.
There are a few areas for the Real3 image (Fig. 9,w)
where the texture was very intense and partly remained
after filtering, but those areas can be additionally
processed if required.

Overall, the results confirm the conclusions and
recommendations drawn from the test images. If the
impulse noise is localized in the form of stripes with a
probability of occurrence no greater than 0.5, its
successful removal with minimal distortion of the useful
signal is viable. A spatially adaptive median filter is
sufficient for this purpose, offering a robust and
predictable solution that also features high performance.
For horizontally oriented noise stripes, rectangular
sliding windows with horizontal dimensions in the range
of 1-3 pixels and vertical dimensions of 9-15 pixels. The
processed image size should be at least 100x100 pixels.

The proposed approach can also be applied to
vertically oriented compact impulse noise, but the sliding
windows of the filter should be positioned horizontally
(perpendicular to the raster scanning direction).

4. Discussion

The results presented in this paper are of great
interest to the THz community, where the constant
pursuit of simplicity, compactness, and affordability in
imaging equipment places significant limitations on the
quality of the source data. Using a simple and fast
processing method considered in this work can help
restore the information value of data that would
otherwise have to be re-acquired, expending additional
resources.

The requirements for the minimum image area
containing the object of interest of 100x100 pixels
described in this paper are quite feasible even for the
simplest setups. However, several important points
should be clarified.

In this case, the choice of test images and the shape
of the objects in them were determined by the shape of
the test plate traditionally used to study the performance
of THz imaging systems. In real-world conditions, object
shapes can be more complex and detailed, which may
impose additional restrictions on both the required image
size and the available options for filter windows.
Therefore, one possible direction for future research
could be to investigate the influence of object shape on
potential filtering efficiency, followed by refinement of
practical recommendations.

Another promising direction is the joint processing

of multiple images. These could be conventional
channels obtained by recording at close frequencies or
images registered at different distances from the source
but with identical standing wave phases.

Some positive results could be obtained by refining
the compact impulse noise model and using other filters.
The Abreu filter [48], designed to specifically address
high-probability impulse noise, seems the most
promising in this regard.

Finally, no-reference visual quality metrics could be
very helpful in analyzing the efficiency of real-life data
processing. Although specialized metrics for THz images
do not yet exist, modern metrics designed with combined
distortions in mind, such as [51], could be applied to
these tasks. However, their adequacy in the presence of
certain distortion combinations should be preliminarily
tested, which is one more direction for future research.

Nevertheless, even at this stage, the results of this
research highlight one important thing: given that the size
of a source image is above the required minimum, even
if the noise probability is quite high, the quality of such
image can still be improved to the point sufficient for
subsequent information extraction (either manually by an
expert or by applying automatic tools). This significantly
expands the scope of THz imaging tools’ application, as
it allows for partial compensation of equipment
limitations.

5. Conclusions

The main contribution of this study is the
confirmation of the possibility of improving the quality
of terahertz images distorted by compact impulse noise
at the post-processing stage and the formulation of
practical recommendations on the parameters of
processed images, the filtering methods used, and their
settings that make such enhancement possible.

Terahertz images obtained using a single-detector
direct imaging setup were analyzed, and the probabilities
and localization features of impulse noise in them were
studied. Noise takes on a strip-shaped compact form and
is oriented along the raster scanning direction, while the
probability of its occurrence typically ranges between 0.1
and 0.5.

Numerical simulation on a set of test images of
different sizes has shown that using a spatially adapted
median filter, such noise can be effectively eliminated.
Its highest efficiency in terms of noise suppression and
information detail preservation has been achieved with
rectangular sliding windows that are 1 to 3 pixels wide
and 9 to 15 pixels high. The sliding window size for each
situation should be chosen considering the impulse noise
probability and image size. Generally, it is desirable for
the original image size to be at least 100x100 pixels and
this size should be increased if an object has a
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complicated shape or if there are important small
information details. In some cases, the effective
elimination of impulse noise might be possible for
smaller images too (starting from 40x40 pixels), but for
this, the noise probability should be relatively low (no
higher than 0.2).

The proposed approach for eliminating compact
impulse noise was tested on real-life terahertz images,
and the formulated recommendations were confirmed to
be adequate.

The enhancement of terahertz image quality is a
complex process that involves multiple stages, and noise
removal is only one of them. Since noise characteristics
can vary significantly even across images of the same
object obtained with the same setup, analyzing them and
selecting appropriate noise-reduction methods must be
done on a case-by-case basis. Thus, only by gathering
information about possible noise variations in terahertz
images can there be an aspiration to yield more universal
solutions for their processing in the future.
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INOKPALIEHHSI TEPATEPIIOBUX 30B5PAXKEHD, IOINKO/JOKEHUX KOMITAKTHUM
IMITYJIbCHUM IIYMOM: TOHUVIBHICTD TA TIPAKTUYHI PEKOMEHJIALIIT

B. B. Aopamosa, C. K. Aopamos, JI. Minkegiutoc, 1. I pizenionic

IIpenmeToM IOCTIIKEHHS € TPOLIECH ITOKPAIICHHS TeparepIoBhX 300pakeHb HI3BKOI SIKOCTI 3aBISKH H(PO-
Biif 00po0O1Ii. MeToI0 IOCTiIKeHHSI € BUBYEHHS MOMIIMBOCTI TIOKPAIICHHS Bi3yalbHOI SKOCTI TEpareproBux 300pa-
JKCHB, MOMITKOHKEHUX KOMITAKTHUM IMITYJTECHAM IITYMOM, 32 30epe:KeHHsI IXHBOI 1HPOpMaIiiHOI IHHOCTi. 3aBAaHH I,
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110 ITOTPeOYIOTH BUpilIeHHS: 1) MpoaHaizyBaTH IMIYJILCHUH IIIyM Ha peallbHUX TepareploBUX 300pa’KeHHSX, OTPH-
MaHHUX PACTPOBUMH CKaHYIOUMMH CHCTEMaMH, Ta OLIHUTH THUIOBHH Aiara3oH HOro WMOBiIpHOCTEH Ta 0cOONMBOCTI
JIoKauizanii; 2) CTBOPUTH aJeKBaTHY MOJIENb ISl TeHEPYBaHHS KOMITAKTHOTO IMITYJIBCHOTO IIyMYy; 3) BCTaHOBUTH
3B’A30K MK MMOBIPHICTIO IMITYJIbCHOTO HIYMY, PO3JUIEHOIO 3/1aTHICTIO 300pakeHHs, HaJIAIITYBaHHAMHE (GiIbTpaii
Ta SIKICTIO BUXI/IHUX 300pakeHb i Ha/laTH BiMOBIIHI peKOMEH alii; 4) IepeBipuTH OTpUMaHi pe3yJabTaTH Ha peab-
HUX TepareploBHX AaHUX. MeToau IOCIiIKeHb: MaTeMaTHYHE MOJICIIIOBAHHS, YHCIIOBE MOJICTIOBAHHS, CTATUCTHY-
HUH aHami3. Bynu oTpuMani HacTyrHi pe3yasTaTu. 1) Byno Bi3HaueHO opMy Ta XapaKTEpUCTHUKH JOKaTi3allii KOM-
MIAKTHOT'O IMITYJIbCHOT'O IIyMY Ha TeparepioBuX 300pakeHHsAX, OTPUMaHHX 3 OIOMOT'OI0 OJJHOIETEKTOPHOI YCTaHO-
BKH TIPsIMOI Bi3yasi3allii Ta peaji3oBaHO BiJIIOBIIHY FT€HEpaTHBHY CTATUCTUYHY MOJIEIb. 2) 3 JI0MOMOTOF0 YHCIIOBOTO
MO/ICTTIOBaHHsI Ha HAa0Opi TeCTOBUX 300pakeHb OYII0 TOCHIKEHO MOXKIIMBICTh MMPUAYIIEHHS IIbOTO IIYMY 3 BHKOPH-
CTaHHSAM KJIACHYHOTO MeNiaHHOTo (ibTpa Ta foro Moaudikaiii 3 mpocTopoBoro amanrainieto. 3) [lokazano, mo s
300paxxenb po3Mipom He MeHie 100x100 mikceniB Ta KMOBIpHOCTI iMIynbCHOTO 1yMy A0 0,5, QinbTpamis y BepTH-
KaJbHO OPIEHTOBaHMX MPSMOKYTHHX BikHax (Big 9%1 mo 15x1 mikceniB) Jae 3MOry MOKpaLIUTH sKicTh 10 45 ab 3ri-
nHo 3 merpukamu PSNR ta PSNRHVSM, 3a6e3neuyroun eekTHBHE NPUAYIICHHS IIYMY 31 30€peKCHHAM JieTajei
00’exTa. 4) AJEKBaTHICTh IUX PEKOMEHAALIH OyJ10 MiATBEp/IXKEHO BepU]IiKalli€l0 HA peabHUX TepareploBUX JaHUX
Ta MiATBEPXKEHO MTpale31aTHICTh 3aIPOIIOHOBAHOTO ITiAXO/Y 33 HAsSBHOCTI IHIIMX CHOTBOpeHb. BucHoBKH. HaykoBa
HOBU3HA OTPUMAaHUX PE3yJIbTaTiB MOJISTa€E y MiITBEPHKEHHI MOXKIIMBOCTI HAII{HOTO BiIHOBJIEHHS TEPareploBUX 30-
Opa’keHb, CHIILHO CIIOTBOPEHNX KOMIIAKTHUM IMITYJILCHUM IITyMOM, 0€3 iX MOBTOPHOTO OTPUMAaHHS, & TAKOX HaJaHHs
MPaKTHYHUX PEKOMEHAAIH 1010 HaJamTyBaHb (QidpTpalii Ta BUMOT J0 BXIJIHUX TE€pareploBuX AaHHX.

Karouosi ciioBa: 00pobka 300pakeHb, MMiJBUIIEHHS SIKOCTI, TepareplioBi 300paxeHHs, KOMIIAKTHUI IMITyJIbC-
HHH 1IyM, PAaCTPOBI CUCTEMHU CKaHYBaHHSI.
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