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Abstract:

Introduction/purpose: This paper presents the results of the research on
visually lossless image compression which is of particular interest because
it achieves a high degree of compression, while the visual quality of the
image is not impaired, i.e., end users are very satisfied with the image
quality. The analysis was carried out using the publicly available large-scale
picture-wise KonJND-1k database which contains the results of subjective
tests on JPEG and BPG compressed images.

Methods: Thanks to the availability of images from the KonJND-1k
database, the dependence of objective assessments of image quality on
parameters that control the degree of compression of source signals
(quality factor for JPEG and quantization parameter for BPG) is analyzed.
The results of the visually lossless subjective tests are used for a deep
analysis of the boundary and typical values of the parameters that control
these two types of compression, as well as for the analysis of the
corresponding values of the objective quality scores. Furthermore, reliable
features for predicting the boundary between visually lossless and visually
lossy compression have been identified. For that purpose, the degree of
agreement between the predictions and the ground truth values of the peak
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signal-to-noise ratio (PSNR) and image representation in bits per pixel (bpp)
is used. The visually lossless compression ratio is used to compare JPEG
and BPG techniques.

Resuilts: It is shown that the boundary between visually lossless and visually
lossy image compression is found in a wide range of PSNR values (about
20 dB for JPEG and 15 dB for BPG). The corresponding JPEG image
compression quality factor values at this threshold also range widely from
31 to 79, with concentration between 40 and 45. For the BPG encoder, the
values of the quantization parameter are grouped around 30, and the
boundary values are 25 and 34. Furthermore, it is shown that this boundary
can be reliably determined based on simple features derived from the
original uncompressed image. Gradient-based features known as spatial
frequency and spatial information proved to be the best predictors. The
degree of agreement between the predictions obtained from these features
with the ground truth values of PSNR and bpp in both types of compression
is greater than 85%. A comparative analysis has showed that, using BPG
compression, it is possible, on the average, to achieve a twice larger
compression ratio of visually lossless compression than for JPEG (80
versus 40).

Conclusion: Although a high degree of agreement is achieved between the
predictions and the ground truth values of PSNR and bpp of the boundary
between visually lossless and visually lossy compression, there is a need
for the development of new prediction approaches, especially with the BPG
technique, which through the compression ratio proved to be superior to the
JPEG technique. The existing databases used for the analysis of visually
lossless compression contain color images from the visible part of the
electromagnetic spectrum. Considering the increasing use of images from
the infrared part of the spectrum, there is a need to conduct similar tests in
this spectral range.

Key words: BPG compression, JPEG compression, just noticeable
difference (JND), peak signal-to-noise ratio (PSNR), visually lossless
image compression.

Introduction

With the increasing use of images and videos in everyday life,
compression of visual signals is gaining more and more importance. The
compression process adapts the image/video to the bandwidth of the
transmission system while the requirements for memory resources are
reduced. It is well known that compression techniques can be divided into
lossless compression and lossy compression (Bull & Zhang, 2021). In real
applications, the degree of compression of lossless techniques is often not
sufficient, while lossy compression techniques can achieve a significantly
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higher degree of compression, but at the expense of impairing the visual
quality of the signal. As a compromise solution, visually lossless
techniques have been increasingly used in recent years. Some
researchers classify these techniques as the third type of compression,
while some of them divide lossy compression techniques into visually
lossless and visually lossy (Krivenko et al, 2018).

The just noticeable difference (JND) concept is very important within
the visually lossless techniques, and it refers to the smallest degree of
degradation that the observer is able to notice if the image is compressed
with some compression process (Kovalenko & Lukin, 2023). The JND
threshold can be defined for individual pixels (pixel-wise), at the region
level (patch-wise), or at the level of the entire image (picture-wise) (Shen
et al, 2021).

Thanks to the publicly available JND image databases with subjective
test results, such as MCL-JCI (Jin et al, 2016), JND-Pano (Liu et al, 2018),
JND-VVC (Shen et al, 2020), VLT (Mikhailiuk et al, 2021), KonJND-1k (Lin
et al, 2022), researchers are enabled to analyze the JND concept in
different types of compression. The JPEG compression type has been
included in MCL-JCI and JND-Pano databases, JND-VVC database uses
Versatile Video Coding (VVC) compression, VLT database contains JPEG
and WebP compressed images, and the large-scale crowdsourced JND
database KonJND-1k contains test results on JPEG and Better Portable
Graphics (BPG) compressed images. The JPEG standard was developed
more than 30 years ago and is still widely used, while the BPG coder is
one of the promising lossy compression coders (Bellard, 2018; Kovalenko
et al, 2022). The degree of JPEG compression is controlled using a quality
factor (QF) that ranges from 1 to 100, where lower QF values provide a
higher degree of compression. BPG compression uses a quantization
parameter (QP) that ranges from 0 to 51, where lower values correspond
to better visual quality (Lin et al, 2022). As BPG relies on the H.265/HEVC
video compression standard, this dynamic range corresponds to the QP
values used to adjust the quality of the H.265/HEVC compressed video
signal. Recently introduced JND databases include subjective tests on a
larger number of codecs (Testolina et al, 2023), and on a larger number of
degradation types (Liu et al, 2023).

The boundary between visually lossless and visually lossy image
compression (first JND point or JND #1) can be determined through
QF/QP prediction, image representation prediction in bits per pixel (bpp)
or through objective quality prediction using some of the measures such
as PSNR (Saha & Vemuri, 2000), PSNR-HVS-M (Zemliachenko et al,
2016), SSIM (Cai et al, 2019), FSIM (Li et al, 2021), MDSI (Li et al, 2022),




VIF (Fiorucci et al, 2012) and similar measures. The simple approach
presented in (Bondzuli¢ et al, 2021) to predict the PSNR of the first JND
point of JPEG compressed images uses only one feature of the original
uncompressed image (the mean gradient magnitude). The effectiveness
and acceptable prediction error of the PSNR value of the first JND point of
this approach inspired the authors in (Pavlovi¢ et al, 2023) to analyze the
prediction based on other features, where it was shown that good
predictors are spatial information, spatial frequency, contrast and degree
of compression. Deep learning approaches (Fan et al, 2019; Lin et al,
2020; Liu et al, 2020) for the prediction of the position of the first JND point
of JPEG compressed images provide a smaller PSNR prediction error and
can be used for direct QF/QP prediction.

The proposed approaches, where the prediction of the position of the
first JND point is carried out through bpp or objective measures, require
that the desired bpp or objective quality be reached through an iterative
way by changing QF/QP (Zemliachenko et al, 2016). In the literature, one
can find approaches such as the two-step approach (Li et al, 2024) or the
approach with linear interpolation of the rate distortion curve (Poth et al,
2020; Bondzuli¢ et al, 2024) by which the process of achieving the desired
quality is carried out in a few iterations. However, the error introduced by
such approaches is superimposed on the prediction error of the position of
the first JND point.

In this paper, the results of subjective tests of the KonJND-1k
database are analyzed, as it is the largest JND database, which covers
JPEG and BPG compressed images, and instead of tests in a laboratory
environment, the authors used a crowdsourcing framework. The positions
of the JND points in both types of compression are analyzed through the
values of PSNR (Wang & Bovik, 2009), PSNR-HVS-M (Ponomarenko et
al, 2007) and bpp. Dependences of objective quality measures on
parameters that control the degree of compression are shown. The
possibility of predicting objective quality scores of visually lossless
compressions based on simple features derived from original
uncompressed images is analyzed. Finally, the gain (compression ratio)
that can be achieved with both types of compression at the JND threshold
is given.

KonJND-1k database content analysis

KonJND-1k is a publicly available picture-wise JND image database
(Lin et al, 2022). The database consists of 1008 source images and their
JPEG and BPG compressed versions with dimensions of 640x480 pixels,
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together with the results of JND subjective tests. One half of the source
images is compressed with JPEG, while the other half is compressed using
the BPG encoder. The degree of compression of JPEG images is
controlled by the quality factor (QF) which ranges from 1 to 100, so that for
one original image there are 100 JPEG compressed images. The degree
of compression of BPG images is controlled by the quantization parameter
(QP) which is changed from 1 to 51, so that there are 51 BPG compressed
images per one original image.

A total of 503 observers participated in the subjective tests, and an
average of 42 opinions per original image were collected. Unlike the MCL-
JCI (Jin et al, 2016) where the subjective results were collected using
binary search comparison, in the KonJND-1k database the results were
collected using slider adjustment and a flicker test to determine the position
of the first JND point. In the flicker test, the original image and its
compressed version alternate at a frequency of 8 Hz, whereby subjects
drag the slider to the position corresponding to the smallest distortion level
with a noticeable flicker effect. With the flicker approach, the duration of
the subjective test can be reduced by 50% while doubling the perceptual
sensitivity compared to the standard binary search approach, in which the
compressed images are compared side by side with their original.

Figure 1 shows two original images from the KonJND-1k database,
their JPEG and BPG compressed versions corresponding to the first JND
points, and SSIM (Wang et al, 2004) maps of the structural similarity
between the original and compressed version. From Figure 1, it is visually
very difficult to find the differences between the original and its
compressed versions. Furthermore, in Figure 1(e) and Figure 1(f), the
regions with structural information degradation can be observed. For
Figure 1(a), it is the lower part of the original image, while for Figure 1(b),
it is the central part of the image. The differences in quality can be seen
visually if parts of the images are enlarged, as shown in Figure 2, with
150x150 pixel patches. In Figure 2, a blocking effect is observed with the
JPEG compressed image, while a blurring effect is observed with the BPG
compressed image. In both cases, the SSIM image similarities are close
to the maximum value, and the PSNR-HVS-M values are very high. The
PSNR values are greater than 30 dB.
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Figure 1 — (a) (b) original images, (c) JPEG JND #1 compressed image, (d) BPG JND #1
compressed image, (e) structural similarity map for JPEG image, and (f) structural
similarity map for BPG image
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Figure 2 — Patches of: (a) original image SRC0336.bmp, (b) JPEG compressed image,
(c) original image SRC0845.bmp and (d) BPG compressed image

Subjective tests conducted by (Alakuijala et al, 2020) showed that
H.265/HEVC Intra and JPEG 2000 codecs, with a noticeable blurring
effect, generally result in better rate distortion curves when compared to
JPEG, with a dominant blocking effect. This means that by blurred
(H.265/HEVC Intra and JPEG 2000) images, more visually pleasing
images can be obtained.

The content of the source images of the KondJND-1k database is wide,
including the categories of people, animals, plants, things, buildings and
transport means. Spatial information (SI) and colorfulness (CF) are used
as indicators of the complexity of images that need to be compressed.
While the definition of colorfulness is unified, different approaches are
used to determine spatial information. After determining the local values of
image gradient magnitudes, the spatial information can be determined as
their maximum value, mean value, root mean square value or as standard




deviation of local scores. Although the ITU recommends using the
maximum value, (Yu & Winkler, 2013) has showed that it is better to use
the mean gradient magnitude (Slnean) to estimate the complexity of the
image in compression. Thus, Figure 3 shows scatterplots of Slmean Versus
CF, along with the convex hulls for two subsets of original KonJND-1k
database images. From Figure 3, it can be concluded that both subsets
have approximately the same dynamic range of both indicators and that
the contents are almost uniformly distributed within their convex hulls.

200

160

Figure 3 — Spatial information (Slmean) versus colorfulness (CF) plots of the source images
belonging to the: (a) JPEG and (b) BPG subsets

Visually lossless compression and objective quality
assessment

Objective image quality assessment measures are often used with
the aim of achieving the desired quality of the visually lossless compressed
image. In some papers, visually lossless quality is defined using fixed
thresholds of objective measures, and algorithms for predicting objective
values on the boundary between visually lossless and visually lossy
compression can also be used. Therefore, it is interesting to analyze the
relationship between the objective quality scores and the parameters that
control the compression, together with the positions of this boundary.

Figure 4 shows the dependences of PSNR, PSNR-HVS-M and bpp
on the quality factor of JPEG compression (rate distortion curves, RDCs).
A subset of the KonJND-1k images used for JPEG compression is utilized.
Additionally, the positions of the first JND points obtained in the subjective
tests (marked with x symbols) are shown.

1221

Bondzuli¢, B. et al, JPEG and BPG visually lossless image compression via KonJND-1k database, pp.1214-1241



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2024, Vol. 72, Issue 3

e}
S

B

2 — 60
g =
& <

Z z 40
a9 e~
Z

7)) E

A~ 208

0 20 40 60 80 100 0 20 40 60 80 100

Figure 4 — RDCs PSNR, PSNR-HVS-M and bpp on QF, along with JND #1 points, for a
subset of scene images taken from the KonJND-1k database and compressed by JPEG

From Figure 4, no relationship can be observed between the objective
quality scores (PSNR, PSNR-HVS-M and bpp) and the QF values of the
first JND points (visually lossless compression). It can be observed that
the dynamic range of PSNR is significantly higher than the dynamic range
of PSNR-HVS-M quality scores. Furthermore, some PSNR and PSNR-
HVS-M rate distortion curves show a non-monotonous dependence on the
quality factor, known as the strange effect (Bondzuli¢ et al, 2022). This
effect does not exist in bpp curves. Similarly, Figure 5 shows the RDCs,
along with the positions of the first JND points on the subset of the
KonJND-1k images that were used for BPG compression. In this case, the
RDCs are monotonous so that the strange effect does not exist for BPG
compressed images.
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Figure 5 — RDCs PSNR, PSNR-HVS-M and bpp on QP, along with JND #1 points, for a
subset of scene images taken from the KondJND-1k database and compressed by BPG

Table 1 provides the boundary values of QF/QP, bpp and objective
quality scores for the first JND points of JPEG and BPG subsets. The
positions of the first JND points are found in a wide range of PSNR quality
values, of almost 20 dB for the JPEG subset, and about 15 dB for the BPG
subset. According to PSNR-HVS-M, the range corresponding to the
positions of the first JND points on both subsets is about 14 dB. If bpp is
used as an indicator, it can be concluded that the positions of the first JND
points can be reached by applying lower bpp values in BPG compressed
images, which means that a higher degree of compression is achieved
than in JPEG compressed images. Additionally, a wide range of QF factors
is observed in JPEG compressed images (from 31 to 79). For BPG
compressed images, the boundary values of the QP quantization
parameter are 25 and 34.
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Table 1 — Boundary values of PSNR, PSNR-HVS-M, QF/QP and bpp of the first JND
points of the JPEG and BPG subsets

Subset JPEG BPG

minimum | 23.3149 28.6247
PSNR maximum | 42.9831 43.7344
minimum 37.5680 34.7033
PSNR-HVS-M maximum | 50.3154 48.9101

minimum 31 25

QF/ap maximum 79 34
b minimum 0.1841 0.0237
PP maximum | 2.1429 1.9232

With the histograms of QF/QP values, Figure 6, it can be concluded
that the positions of the first JND points of JPEG compressed images are
grouped between the QF values of 40 and 45, while in BPG compressed
images, the QP values are grouped around 30.

180 ——1————— T 180

frequency
frequency

0 0
30 35 40 45 50 55 60 65 70 75 80 24 25 26 27 28 29 30 31 32 33 34
QF IND #1 QP IND #1
(a) (b)
Figure 6 — Histograms of: (a) JND #1 JPEG quality factors, and (b) JND #1 BPG
quantization parameters for the subsets of the KondJND-1k database

Identification of the features for visually lossless
compression

In recent research (Pavlovi¢ et al, 2023), the relationship between
simple features derived from the original uncompressed image and the
position of the first JND point has been analyzed, with the aim of predicting
the values of PSNR JND #1 or bpp JND #1. Here, the analysis is
performed on both subsets of the KonJND-1k database, and for the first
time on BPG compressed images. The linear correlation coefficient (LCC),
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the root mean square error (RMSE) and the sum of the squared error
(SSE) are used in the analysis as quantitative indicators. These values are
calculated between the bpp/PSNR JND #1 predictions obtained from the
original image features and the ground truth bpp/PSNR values obtained in
subjective tests. The second-order mapping law is used to map feature
values into JND predictions.

To predict the boundary between visually lossless and visually lossy
compression, simple features that have already been used in the literature
as complexity measures or can be related to the complexity of the image
are chosen. Only one of the adopted features uses color information, while
the other features are calculated on grayscale versions of the original
images. The following features have been adopted:

e Entropy, E4; it quantifies the information content of the image and
can be used to characterize the randomness of the original image
intensity distribution.

e Standard Deviation, STD; it is a statistical measure of the pixel
intensity values variability.

e Spatial Information, SI, and Spatial Frequency, SF; these are
gradient-based features of the image, calculated on the basis of
local gradient magnitudes obtained by applying Sobel spatial
masks (Sl), i.e., differences of pixel intensity values along rows and
columns (SF) (Pavlovi¢ et al, 2023). The final values are calculated
as their mean value (mean), the root mean square value (rms) and
the standard deviation (std).

e Image Power Spectra Slope, IPSS; it is calculated as the slope of
the fitted line in the log-log plot of radially averaged spectral power
(Pavlovi¢ et al, 2023).

e Two-dimensional Entropy, E2, Contrast, Correlation, Energy and
Homogeneity; this feature set is calculated based on the gray level
co-occurrence matrix (GLCM), known in image texture analysis
and classification (Corchs et al, 2016). The frequencies of
occurrence of pairs of gray levels at the positions (m,n) and
(m+1,n+1) are used to determine the GLCM.

¢ Compression Ratio, CRy; as a feature, here, it is calculated as the
ratio of the size of the uncompressed image to the size of its JPEG
compressed version with a quality factor of QF=100 (Corchs et al,
2016).

e Edge Density, ED; represents the percentage of edge pixels in
relation to the dimensions of the image. The well-known Canny
detector is used to determine edge pixels.
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e Shape, «, and scaling, g, parameters of the Generalized Gaussian
Distribution (GGD), which models the distribution of Mean
Subtracted Contrast Normalized (MSCN) coefficients. The MSCN
coefficients distribution parameters are used in the literature to
determine the type of degradation and image quality assessment
(Mittal et al, 2012).

e Mean Percentage Intensity Uniformity, mPIU; it is determined
based on the uniformity within 8x8 non-overlapping blocks of the
original image (Goerner et al, 2013).

e Colorfulness, CF; can be used as an estimator of the variety and
intensity of colors in an image. It is calculated based on the mean
values and standard deviations within the planes obtained after the
conversion of the RGB color image into the opponent color space
(Hasler & Suesstrunk, 2003).

Tables 2 and 3 show the degree of agreement between the
predictions and the ground truth PSNR and bpp values for both subsets of
the KonJND-1k database.

Table 2 — Agreement between the predicted and ground truth PSNR (PSNR JND #1) for
the KondND-1k image subsets

PSNR JND #1

Subset JPEG BPG

LCC | RMSE| SSE | LCC | RMSE | SSE
Entropy, E1 0.3943 | 3.049 | 4658 | 0.4663 | 2.389 | 2859
Standard Deviation, STD 0.3043 | 3.167 | 5024 | 0.2165 | 2.636 | 3482
Spatial Information, Slmean 0.9056 | 1.407 | 992.3 | 0.8585 | 1.385 | 960.7
Spatial Information, Slms 0.8628 | 1.681 | 1415 | 0.7268 | 1.855 | 1723
Spatial Information, Slstd 0.7807 | 2.077 | 2162 | 0.6065 | 2.147 | 2309
Spatial Frequency, SFmean 0.9178 | 1.32 873 | 0.8662 | 1.349 | 912.3
Spatial Frequency, SFms 0.9042 | 1.42 1010 | 0.7634 | 1.744 | 1524
Spatial Frequency, SFstd 0.8545 | 1.727 | 1495 | 0.6727 | 1.998 | 2000
Image Power Spectra Slope, | 0.7209 | 2.304 | 2660 | 0.5568 | 2.243 | 2521
PSS
Entropy, E2 0.7353 | 2.253 | 2543 | 0.7475 | 1.794 | 1612
Contrast 0.8438 | 1.784 | 1595 | 0.7059 | 1.913 | 1833
Correlation 0.6867 | 2.412 | 2914 | 0.5763 | 2.207 | 2440
Energy 0.1043 | 3.306 | 5477 | 0.2319 | 2.627 | 3457




PSNR JND #1

Subset JPEG BPG

LCC | RMSE| SSE | LCC | RMSE | SSE
Homogeneity 0.7446 | 2.219 | 2468 | 0.7878 | 1.663 | 1385
Compression Ratio, CRs 0.8246 | 1.881 | 1772 | 0.8508 | 1.419 | 1009
Edge Density, ED 0.7921 | 2.029 | 2063 | 0.8294 | 1.509 | 1140
GGD, shape a 0.4574 | 2.956 | 4378 | 0.4883 | 2.357 | 2782
GGD, scale o 0.7706 | 2.119 | 2249 | 0.7597 | 1.756 | 1545
mPIU 0.7253 | 2.289 | 2624 | 0.5818 | 2.196 | 2416
Colorfulness, CF 0.3036 | 3.167 | 5026 | 0.2605 | 2.607 | 3405

Table 3 — Agreement between the predicted and ground truth bpp (bpp JND #1) for the
KonJND-1k image subsets

bpp JND #1

Subset JPEG BPG

LCC | RMSE | SSE | LCC | RMSE | SSE
Entropy, E1 0.4620 | 0.2758 | 38.12 | 0.4422 | 0.2686 | 36.14
Standard Deviation, STD 0.2798 | 0.2986 | 44.67 | 0.2178 | 0.2923 | 42.79
Spatial Information, Slmean 0.9052 | 0.1322 | 8.759 | 0.9052 | 0.1273 | 8.116
Spatial Information, Slms 0.8255 | 0.1755 | 15.43 | 0.7934 | 0.1823 | 16.65
Spatial Information, Slstd 0.6974 | 0.2229 | 24.89 | 0.6439 | 0.2291 | 26.3
Spatial Frequency, SFmean 0.9006 | 0.1352 | 9.153 | 0.9302 | 0.1099 | 6.054
Spatial Frequency, SFms 0.8500 | 0.1638 | 13.44 | 0.8534 | 0.1561 | 12.21
Spatial Frequency, SFstd 0.7627 | 0.2012 | 20.27 | 0.7459 | 0.1994 | 19.93
Image Power Spectra Slope, | 0.6291 | 0.2418 | 29.28 | 0.6131 | 0.2366 | 28.04
PSS
Entropy, E2 0.7926 | 0.1897 | 18.02 | 0.7824 | 0.1865 | 17.43
Contrast 0.8275 | 0.1746 | 15.28 | 0.8218 | 0.1706 | 14.58
Correlation 0.6753 | 0.2294 | 26.36 | 0.6859 | 0.2179 | 23.79
Energy 0.1703 | 0.3065 | 47.06 | 0.2034 | 0.2932 | 43.07
Homogeneity 0.7861 | 0.1922 | 18.51 | 0.7854 | 0.1854 | 17.22
Compression Ratio, CR¢ 0.8131 | 0.181 | 16.42 | 0.8445 | 0.1604 | 12.89
Edge Density, ED 0.8061 | 0.1841 | 16.97 | 0.7975 | 0.1807 | 16.35
GGD, shape «a 0.5479 | 0.2602 | 33.91 | 0.4924 | 0.2606 | 34.03
GGD, scale o 0.7253 | 0.2141 | 22.97 | 0.7562 | 0.1959 | 19.23
mPIU 0.7670 | 0.1996 | 19.95 | 0.7415 | 0.2009 | 20.23
Colorfulness, CF 0.3430 | 0.2921 | 42.76 | 0.1247 | 0.2971 | 44.23
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It can be concluded that gradient-based spatial information (SI) and
spatial frequency (SF) are the two best features for prediction, with SF
performing better. Additionally, the earlier observation that the mean
gradient magnitude is a better predictor than the root mean square value
or the standard deviation is confirmed (see Slmean/SFmean VS. Slims/SFms
and Sls/SFst). If LCC is considered as a quantitative indicator, it can be
concluded that the performance of these two most reliable prediction
features is worse in predicting PSNR JND #1 within the BPG subset, and
in contrast, the success in predicting bpp JND #1 is observed within the
BPG subset.

Also, in earlier research related to JPEG compressed images, it has
been concluded that it is better to predict PSNR than bpp, which is also
confirmed here. However, it can be concluded here that, for BPG
compressed images, it is better to use bpp predictions than PSNR. By
predicting bpp based on SFnean, the degree of agreement with the ground
truth values is better than 90% for both subsets. Apart from the mentioned
two features, contrast, edge density and a compression ratio stand out as
good predictors.

As spatial frequency proved to be the best predictor, Figure 7
presents the relationship between SFmean and the ground truth positions of
JND #1 points. On both subsets, a linear relationship can be observed
between the feature values and the ground truth bpp JND #1 positions,
while the trends slightly deviate from the linear law at PSNR JND #1 points.
In this way, it is confirmed that the second-order mapping law is a good
choice in predicting the positions of JND #1 points.

Additionally, it can be observed that the positions of the first JND
points can be reached with lower bpp values, i.e., with a higher degree of
compression using BPG. In addition to a higher degree of compression,
the PSNR objective quality of BPG compressed images is also better.
Finally, it can be concluded that BPG compression at the JND threshold
provides both a higher degree of compression and a better PSNR
objective quality than JPEG compression.
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Figure 7 — Spatial frequency and: (a) PSNR and (b) bpp of the first JND points on the
KonJND-1k image subsets

The optimal functions for mapping the SFmean feature into PSNR JND
#1 and bpp JND #1 predictions determined on the KonJND-1k image
database results are given in Table 4. In this case, the second-order laws
used to map SFmean to PSNR JND #1 must be decreasing functions (see
Fig. 7(a)) which remain constant after reaching the minimum values (25.4
dB with JPEG and 29.5 dB with BPG compression). Without this restriction,
they would be U-shaped symmetric curves (parabolas). From the law of
mapping SFmean to bpp JND #1 of JPEG compressed images, it can be
concluded that when SFmean tends to zero, bpp JND #1 tends to 0.2504.
For BPG compressed images, it is necessary to introduce a prediction limit
(SFmean=0.75) because without it bpp JND #1 values would be negative as
SFmean @approaches zero (see Fig. 7(b)).

However, if the relationship between SFmean and PSNR-HVS-M of the
first JND points is analyzed, Figure 8, it can be concluded that the quality
of JPEG compressed images is better. This quality inversion can be
explained by the fact that PSNR is a simple measure that uses the
difference of the amplitudes between individual pixels in the quality
assessment, while PSNR-HVS-M additionally takes into account the
characteristics of the human visual system. Thus, there is a decorrelation
between SFmean and PSNR-HVS-M values, so that instead of an orderly
trend of scores there is a cloud of points in the 2D space SFmean Versus
PSNR-HVS-M.
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Table 4 — Optimal functions for mapping the SFmean feature into PSNR JND #1 and bpp
JND #1 predictions determined on the KonJND-1k subsets

JPEG

mean mean mean

25.4,SF, . >31

mean

PSNR | PSNR(SF

mean )

{0.01376SF2 —-0.8645SF,,,, +38.97,8F .. <31

bpp | bpp(SF,,,)=—0.0003719SF>  +0.055585F,  +0.2504

mean mean

BPG

mean mean mean

29.5,8F, .. > 28

mean

PSNR | PSNR(SF.
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)_{0.01336SF2 -0.7618SF,,, +40.36,SF , <28
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Figure 8 — Spatial frequency and PSNR-HVS-M of the first JND points on the KonJND-1k
image subsets

JPEG and BPG visually lossless compression
comparison

In several previous illustrations, it has been observed that, at the JND
threshold, a higher degree of compression can be obtained if BPG
compression is used instead of JPEG. This observation is further
illustrated in Figure 9, where the relationship between the achieved gain
(compression ratio, Gyf) calculated as the ratio of the size of the




uncompressed image and its visually lossless version and the SI/SF
feature is shown. These scatter plots confirm the previous observation,
whereby it can be additionally concluded that the degree of BPG
compression is significantly higher than JPEG for lower values of SI/SF,
i.e., with low complexity images (with large homogeneous and without
textured regions). The degree of compression in both cases is
approximately the same for images with higher SI/SF values (images rich
in details). On the average, Table 5, the degree of compression at the JND
threshold is two times higher if BPG is used instead of JPEG (80.5 vs.
39.4). From Table 5, in which the boundary values of compression are
given, it can be concluded that the BPG compression ratio Gs goes over
1000 times (in Figure 9 it is not visible because the dynamic range is
shown up to a value of 300) in images with uniform regions. The maximum
compression ratio using JPEG is approximately 130. From Figure 9, it can
be additionally concluded that Sl and SF can be used for reliable prediction
of the achieved gain. In this case, due to the large dynamic range and the
slope of the dependence of Gi on the mentioned characteristics, it is
desirable to use the mapping law of a higher order.
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Figure 9 — The gain achieved by applying visually lossless compression versus: (a)
spatial information and (b) spatial frequency

Table 5 — Gain boundary values of visually lossless compression for the KonJND-1k

subsets
Subset JPEG BPG
) minimum | 11.1996 | 12.4795
%f'”' maximum | 130.3536 | 1012.7

mean 39.3763 | 80.5105

Bondzuli¢, B. et al, JPEG and BPG visually lossless image compression via KonJND-1k database, pp.1214-1241



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2024, Vol. 72, Issue 3

Conclusion

The conducted analysis on visually lossless image compression using
the KondJND-1k database confirmed some earlier observations about the
prediction of the first JND point position of JPEG compressed images, but
also brought new conclusions about the prediction of the first JND position
of BPG compressed images.

It has been confirmed that the prediction of the first JND point position,
as the boundary between visually lossless and visually lossy compression,
in JPEG compression can be achieved using simple features derived from
the original uncompressed image. The gradient-based features spatial
information and spatial frequency are singled out as reliable features for
prediction, where the degree of agreement with the results of subjective
tests is greater than 90% for both indicators, PSNR and bits per pixel.

The analysis conducted on the prediction of the first JND point
position of BPG compressed images has showed that spatial information
and spatial frequency can also be used for reliable prediction. The degree
of agreement between the predictions derived from these features and the
results of subjective tests is greater than 90% if the representation is
predicted in bits per pixel. If the PSNR of the first JND point is predicted,
the degree of agreement is worse and is around 86%. In addition to these
two features, good predictors are contrast, edge density and compression
ratio.

A special contribution of the paper is the comparative analysis of the
compression ratio on the boundary between visually lossless and visually
lossy JPEG and BPG compression. The analysis has showed that the
advantage in the degree of compression is on the side of BPG coding,
where on average the degree of compression is twice as high compared
to JPEG (80 versus 40). The degree of compression of BPG is significantly
higher than JPEG for low complexity images (with homogeneous regions),
slightly higher for medium complexity images, while for high complexity
images with pronounced texture, the degree of compression is
approximately the same for both codecs.

Due to the increasing use of images from the infrared part of the
spectrum, visually lossless compression in this spectral band will be
analyzed in further work. The goal is to conduct subjective tests and
additional analyzes using objective image quality assessment measures.
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Resumen:

Introduccion/objetivo: Este articulo presenta los resultados de la
investigacion sobre la compresion de imagenes sin pérdida visual, que
es de particular interés porque logra un alto grado de compresion,
mientras que la calidad visual de la imagen no se ve afectada, es decir,
los usuarios finales estan muy satisfechos con la calidad de la imagen.
El analisis se llevd a cabo utilizando la base de datos KondND-1k de




imagenes a gran escala disponible publicamente, que contiene los
resultados de pruebas subjetivas en imagenes comprimidas JPEG y
BPG.

Meétodos: Gracias a la disponibilidad de imagenes de la base de datos
KonJND-1k, se analiza la dependencia de las evaluaciones objetivas de la
calidad de la imagen en los parametros que controlan el grado de
compresion de las sefiales de origen (factor de calidad para JPEG y
paréametro de cuantificacion para BPG). Los resultados de las pruebas
subjetivas sin pérdida visual se utilizan para un analisis profundo de los
valores limite y tipicos de los parametros que controlan estos dos tipos de
compresion, asi como para el analisis de los valores correspondientes de
las puntuaciones de calidad objetivas. Ademas, se han identificado
caracteristicas fiables para predecir el limite entre la compresion visual sin
pérdida y la compresion visual con pérdida. Para ello, se utiliza el grado de
acuerdo entre las predicciones y los valores de verdad fundamental de la
relacion senhal-ruido (PSNR) de pico y la representacion de la imagen en
bits por pixel (bpp). La relaciéon de compresion visual sin pérdida se utiliza
para comparar las técnicas JPEG y BPG.

Resultados: Se muestra que el limite entre la compresién de imagenes
visual sin pérdida y visual con pérdida se encuentra en un amplio rango de
valores de PSNR (aproximadamente 20 dB para JPEG y 15 dB para BPG).
Los valores del factor de calidad de compresion de imagenes JPEG
correspondientes en este umbral también varian ampliamente de 31 a 79,
con una concentracion entre 40 y 45. Para el codificador BPG, los valores
del parametro de cuantificacion se agrupan alrededor de 30, y los valores
limite son 25 y 34. Ademas, se muestra que este limite se puede
determinar de forma fiable basandose en caracteristicas simples derivadas
de la imagen original sin comprimir. Las caracteristicas basadas en
gradientes conocidas como frecuencia espacial e informacion espacial
demostraron ser los mejores predictores. El grado de acuerdo entre las
predicciones obtenidas a partir de estas caracteristicas con los valores de
verdad fundamental de PSNR y bpp en ambos tipos de compresion es
superior al 86%. Un andlisis comparativo ha demostrado que, utilizando la
compresion BPG, es posible, en promedio, lograr una relacién de
compresion de compresion sin pérdida visual dos veces mayor que para
JPEG (80 frente a 40).

Conclusion: Aunque se logra un alto grado de acuerdo entre las
predicciones y los valores de verdad fundamental de PSNR y bpp del limite
entre la compresion sin pérdida visual y la compresion con pérdida visual,
existe la necesidad de desarrollar nuevos enfoques de prediccion,
especialmente con la técnica BPG, que a través de la relacion de
compresion demostro ser superior a la técnica JPEG. Las bases de datos
existentes utilizadas para el analisis de la compresion sin pérdida visual
contienen imagenes en color de la parte visible del espectro
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electromagnético. Considerando el uso creciente de imagenes de la parte
infrarroja del espectro, existe la necesidad de realizar pruebas similares en
este rango espectral.

Palabras claves: compresion BPG, compresion JPEG, diferencia
apenas perceptible (JND), relacién sehal-ruido maxima (PSNR),
compresion de imagenes sin pérdida visual.
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PYBPUKA T'PHTW: 28.23.00 NckycCTBEHHbIN MHTENNEKT;
28.23.15 PacnosHaBaHue obpa3oB. ObpaboTka
n3obpaxeHui
BWO CTATbW: opurmHanbHasa Hay4YHas ctaTbs

Pesrome:

BeedeHue/uenb: B daHHOU cmambe rnpedcmasiieHbl pe3yribmamal
uccriedosaHuli no cxamur u3obpaxeHuli 6e3 eusyarbHbIX [OMepb,
Komopoe rnpedcmaenisiem 0cobbili UHMEPEC, MOCKOMbKY 0380s5iem
docmuyb 8bICOKOU CMENeHU cxamusi, Mpu 3MoM 8u3yasibHOe Kayecmeo
u3obpaxeHusi He yxyouwiaemcsi, m.e. KOHEeYHbIe r10/1b308amesiu OYeHb
0080/1bHbI  Ka4ecmeoM  u3obpaxeHusi.  AHanu3  npoeodusnics ¢
ucrionib3o08aHueM obujedocmynHol  KpyrnHoMacwimabHol KapmuHHOU
6a3bl 0aHHbIX KondND-1k, colepxawel pesyribmambi CyObeKmueHbIX
mecmos usobpaxxeHul, cxxamsbix 8 popmamax JPEG u BPG.

Memodsi: bnazodaps Hanu4uro usobpaxeHuli u3 6a3bi daHHbIx KondJND-
1k npoaHanusuposaHa 3a8UCUMOCTb ObBBLEKMUBHLIX OUEHOK Kavyecmea
u3obpaxeHuss om napamempos, yrnpasssuux CMeneHbo Ccxamus
UCXOO0HbIX cu2Harnos (koaghguyueHma kadecmsa 0 JPEG u napamempa
keaHmosaHus 0ns BPG). Pe3ynbmamsl cybbekmusHbIXx mecmos 6e3
8u3yarsbHbIX NoOMepb Ucnonb3yomes 078 muwamesibHo20 aHasu3a
2paHUYHbIX U MUMUYHLIX 3HaYeHUl rapamempos, yrpasnsouwux amumu
dsymMsi munamu cxxamusi, @ makxe Ol aHasu3a COo0meemcmayuux
3Ha4veHUli 06beKmuBHbIX rnokasamernel Kadecmea. Kpome moeo, bbinu
udeHmucebuyupoeaHs! HadexHble GyHKUUU Orisi  NPOeHO3UpPOo8aHUs
epaHuubl MexOy cxamueMm 6e3 eusyarbHbIX Momepb U cxamuem C
susyarsbHbIMU riomepsmu. s amol yesiu ucrosnib3yemcsi cmerneHb




coanacusi Mex0y MPO2HO3UPYeMbIMU U (haKmUHeCcKUMU 3Ha4YeHUsMu
nukogoeo omHoweHus cuesHar/wym (PSNR) u npedcmasneHus
usobpaxerusi 8 bumax Ha nukcenb (bpp). CmeneHb cxamus 6e3
8u3yaribHbIX omepb Ucronb3yemcs 0ns cpasHeHusi memodoe JPEG u
BPG.

Pesynbmamei: [Noka3aHo, 4Ymo gpaHuya Mexoy cxamuem u3obpaxeHuli
6e3 gusyaribHbIX romepb U cxXamuem Uu306paxeHull C eusyarbHbIMU
rmomepsiMu Haxodumcsi 8 wupokom duarna3oHe 3HadeHuUl PSNR (okono 20
06 ons JPEG u 15 06 dna BPG). Coomeemcmeyrouue 3Ha4YeHusi
KoaghgbuyueHma kadecmea Cxamusi usdobpaxeHuss JPEG npu amowm
ropoze makxe Wupoko gapbupyromcesi om 31 do 79 ¢ HakorrieHueM om
40 0o 45. SnaueHus napamempa K8aHmMosaHus 2pyrinupyromcsi okosio 30,
a epaHuydHble 3HauyeHusi cocmaensiom 25 u 34. [NokasaHo, Yymo amy
epaHuly MOXHO HaldexHO ornpedenums Ha OCHOBE MPOCMbIX MPU3HaKO8,
rO1y4eHHbIX U3 UCXOO0HO20 Hecxkamoeo usobpaxkeHus. padueHmHbie
XapaKkmepucmuKu, U38eCMHbIE KaK pocmpaHCmeeHHass Yacmoma u
rpocmpaHcmeeHHasi UHghopMauusi, OKa3asuch JTyHLwumMu npedukmopamu.
CmenieHb coaniacusi Mex0y npoHO3UPYyeMbIMU U  (baKmuyecKumu
3HadveHusiMmu PSNR u bpp ripu oboux munax cxamusi npesbsiwaem 85%.
CpasHumenbHbIU aHanu3 rokasasn, 4Ymo rpu ucronb3osaHuu BPG
cxxamusi 8 cpedHeM MOXHO 0obumbcsi 808oe borbuwiel crmerneHu cxxamusi
6e3 susyarbHbIx nomeps, Yem rpu JPEG (80 npomus 40).

Bbigodbi: Hecmompsi Ha OocmueHymyro 8bICOKYH0 CmereHb coenacusi
Mex0y MPO2HO3UPYyEMbIMU U OCHOBHbIMU 3HadeHusmMu PSNR u bpp Ha
epaHuye Mex0y cxamuem 6e3 eusyarbHbIX OMepPb U CxXamuem C
8u3yasbHbIMU MomepsimMu, cyuecmesyem Heobxodumocms 8 pa3pabomke
HoBbIX M00X0008 K MPO2HO3UPOBaHUD, OCOBEHHO C UCMOoMb308aHUEM
memoda BPG, komopbili no KoaghguyueHmy cxamusi rnpesocxodum
memod JPEG. CospemeHHble 6a3bl OaHHbIX, UCMOb3yeMbie 015 aHau3a
Cxkamus 6e3 gusyarbHbIX omepb, codepxam usemHbie U30bpaxeHusi
8udumoUi Yyacmu 3r1eKmMPOMagHUMHO20 criekmpa. Yyumsbieas WUPOKOe
ucrionib308aHuUe  U3obpaxeHul  UHGpakpacHol 4Yacmu  CcrieKkmpa,
803HUKaem HeobxodumMocmb npoeedeHuUs1 aHai02u4HbIX UCMbiImaHull U 8
3MOoM criekmparnbHOM Ouana3oHe.

Krnrouesbie criosa: cxamue BPG, cxamue JPEG, edea 3amemwdasi
pasHuya (JND), nukosoe coomHoweHue cueHar/uwym (PSNR), cxamue
u3obpaxkeHusi 6e3 su3yarsibHbIX MOMepPb.
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Komnpecuja JPEG n BPG 6e3 rybutka BuayenHux nHgopmaumja Ha
npumepy 6ase KondJND-1k

Boba M. boHuynuh2, Henad M. CtojaHoBuh?, ayTop 3a Npenucky,

Bniadumup B. NykuH®, Cepeej C. KpueeHko®

a2YHuBep3uteT oabpaHe y beorpaay, BojHa akagemuja, Kategpa
TenekoMyHukaumja n nHgopmatuke, beorpaa, Penybnvka Cpbuja

5 HauuoHanHu BasgyxonnosHu yHuBepanTeT, [lenapTmaH nHopMaLoHo-
KOMYHVKaLMOHNX TexHoNorunja, Xapkos, YKpajuHa

OBJIACT: TenekomyHukauuje
KATETOPWJA (TUIM) YWNAHKA: opurHanHu Hay4yHu pag

Caxxemak:

YBod/uurn: Y oeom pady rnpedcmassbeHu Cy pe3ynimamu ucmpaxuearba
Komripecuje bes eybumka eusyenHux uHgopmauuja. OHa je 00 nocebHoz
3Hayvaja jep ce HOMe ocmeapyje 8UCOK cmerieH Komrpecuje, rnpu yemy
8U3yesnIHU Keanumem CriuKe Huje HapyweH, fa cy Kpajiu KOpUucHUYU
8eoma 3a0080sbHU. AHarnu3a je criposedeHa Kopuwherem obuMHe, jagHo
docmynHe 6ase KonJND-1k, koja cadpxu pesynmame CybjeKmueHUX
mecmosa Ha KomrpumosaHum criukama JPEG u BPG.

Memode: 3axearbyjyhu OocmynHocmu criuka 6ase KonJND-1k
aHanuaupaHa je 3asuCHOCT ObjeKmueHUX Mepa MpoueHe Keanumema
criuke 00 napamemapa Kojuma ce KOHMPOSuWe cmereH Komripecuje
U3BOpHUX cueHana (¢pakmop keanumema ko® JPEG, o00HOCHO
napamemap keaHmu3auuje ko0 BPG). Pesynmamu cyb6jekmugHux
mecmosa uckopuwheHu cy 3a OemarbHUjy aHanuay epaHUYyHuUxX U
munuyHUXx epedHocmu rnapamemapa Kojuma ce KoHmponuwy osa 0ea
muria Komripecuje, Kao U 3a aHanusy odzoeapajyhux epedHocmu
objekmusHux  ckoposa  Keanumema. Takohe,  u3sspweHa je
udeHmucpukayuja rnoyslaHux obenexja 3a npedukyujy epaHuue usmehy
Komrpecuje 6e3 u ca 2ybumkom eu3yesriHUX uHghopmauyuja. Y my cepxy
KopuwheH je cmeneH cnazar-a usmely npedukyuja u mayHux epedHocmu
8pLwiHo2 00Hoca cueHan/wym (PSNR) u peripeseHmauuje criuke y bumuma
rio nukceny (bpp). CmeneH Komrpecuje ocmeapeH NMpuMeHOM KoMrpecuje
6e3 eybumka eu3yenHUX UHgopmauyuja uckopuwheH je 3a ropefiere
mexHuka JPEG u BPG.

Pesynmamu: lNokasaHo je da ce spaHuua uameRy komrpecuje 6e3 u ca
2ybumkomMm eusyernHUX UHgopmayuja Hanasu y WUPOKOM oriceay
gpedHocmu PSNR (oko 20 dB kod JPEG u 15 dB k0d BPG). Odeosapajyhe
8pedHocmu chakmopa keanumema crnuka JPEG Ha o0eoj epaHuuyu ce,
makohe, Hana3se y wupokom oriceay 00 31 0o 79, ca epynucarem usmehy
40 u 45. BpedHocmu napamempa KeaHmusauuje epynuwy ce oko 30, a
epaHuyHe spedHocmu cy 25 u 34. Takohe, nomepheHo je da ce osa
epaHuya Moxe noysdaHo o0pedumu Ha OCHO8Yy jedHocmasHUX obenexja
u3gedeHUX U3 opuauHarHe HekomrpumosaHe criuke. lokasarno ce da cy




Hajbosbu npedukmopu egpadujeHmHa obernexja no3Hama Kao rpocmopHa
gpekseHyuja u npocmopHa uHgopmayuja. CmeneH crazarba npedukyuja
0dobujeHux u3 osux obernexja ca ma4yHum epedHocmuma PSNR u bpp kod
oba murnia Komnpecuje sehu je o0 85%. KomnapamueHom aHanusom
OokaszaHo je Oa ce npumeHom Komrpecuje BPG, y npoceky, Moxe
ocmeapumu Oynno eehu cmeneH Komrpecuje 6e3 aybumka eusyenHux
uHgopmayuja Hezo npumeHom Kommpecuje JPEG (80 Hacyripom 40).

Sakrpyvak: Mako je ocmeapeH 8UCOK cmereH crazarba usmehy
npedukyuja u mayHux epedHocmu PSNR u bpp Ha epaHuuu usmeRy
Komripecuje 6e3 u ca eybumkom eu3yeriHUX UHgbopmauyuja, rnocmoju
rnompeba 3a paseojeM HOBUX rnipucmyna npeduKkyuje, HapoYumo Koo
mexHuke BPG Koja ce kpo3 cmereH KoMrpecuje rnokasasna cyrnepuopHom
y 00Hocy Ha mexHuky JPEG. lNocmojehe 6a3e koje ce kopucme 3a
aHanusy Komripecuje 6e3 2ybumka eu3yenHux UHgopmayuja cy ca
criukama u3 eudrbueoz dena erfiekmpomMagHemHoe criekmpa. Mimajyhu y
8udy cee eehy ynompeby crnuka u3 uHgpaupseHoe Oena criekmpa,
rnocmoju rompeba 3a crposofieemM C/AUYHUX mecmosa y 080M
CrieKmparsiHoM oricegy.

KmbyuHe pedu: komnpecuja BPG, komnpecuja JPEG, jedsa yo4yrbuge
pasnuke (JND), epwHu odHoc cuesHan/wym (PSNR), komnpecuja 6e3
eybumka susyesiHuUxX uHghopmayuja.

EDITORIAL NOTE: The first author of this article, Boban P. Bondzuli¢, is a current member
of the Editorial Board of the Military Technical Courier. Therefore, the Editorial Team has
ensured that the double blind reviewing process was even more transparent and more
rigorous. The Team made additional effort to maintain the integrity of the review and to
minimize any bias by having another associate editor handle the review procedure
independently of the editor — author in a completely transparent process. The Editorial
Team has taken special care that the referee did not recognize the author’s identity, thus
avoiding the conflict of interest.

Paper received on: 07.04.2024.
Manuscript corrections submitted on: 24.09.2024.
Paper accepted for publishing on: 25.09.2024.

© 2024 The Authors. Published by Vojnotehnicki glasnik / Military Technical Courier
(www.vtg.mod.gov.rs, BTr.mo.ynp.cp6). This article is an open access article distributed under the
terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/rs/).

1241

Bondzuli¢, B. et al, JPEG and BPG visually lossless image compression via KonJND-1k database, pp.1214-1241



