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ABSTRACT:

Introduction/purpose: The paper presents interesting research related to the performance analysis of the picture-wise just
noticeable difference (JND) prediction model and its application in the quality assessment of images with JPEG compression.
Methods: The performance analysis of the JND model was conducted in an indirect way by using the publicly available results of
subject-rated image datasets with the separation of images into two classes (above and below the threshold of visible differences).
In the performance analysis of the JND prediction model and image quality assessment, five image datasets were used, four of
which come from the visible wavelength range, and one dataset is intended for remote sensing and surveillance with images from
the infrared part of the electromagnetic spectrum.

Results: The paper shows that using a picture-wise JND model, subjective image quality assessment scores can be estimated with
better accuracy, leading to significant performance improvements of the traditional peak signal-to-noise ratio (PSNR). The gain
achieved by introducing the picture-wise JND model in the objective assessment depends on the chosen dataset and the results of
the initial simple to compute PSNR measure, and it was obtained on all five datasets. The mean linear correlation coefficient (for
five datasets) between subjective and PSNR objective quality estimates increased from 74% (traditional PSNR) to 90% (picture-
wise JND PSNR).
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Conclusion: Further improvement of the JND-based objective measure can be obtained by improving the picture-wise model of

JND prediction.

KEYWORDS: just noticeable difference, JPEG compression, peak signal-to-noise ratio, subjective and objective image quality
assessment.
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BeeacHue/mean: B paHHOI cTaTbe NIPEACTABACHO MHTEPECHOE HCCACAOBAHHUE, CBSIBAHHOE C AHAAHM3OM IIOPOTOBOH MOAEAU
NporHosupoBanus 3aMeTHbix pasanduii (JND) Ha H306pakeHHAX U ee MPUMEHEHHUEM AAS OLIEHKH KadecTBa H306paxeHuil co
oxkaruem JPEG.

Meroabr: AHaAN3 NPOH3BOANTEABHOCTH MOACAH JND 651 IPOBEACH KOCBEHHBIM CIIOCOOOM € HCIIOAB30BAHUEM OOLIECAOCTYIIHBIX
6a3 M300paXKEHHI C PE3YABTATAMH CYOBEKTUBHBIX TECTOB, TIPH PA3ACACHHU H300PAKEHMIH MO ABYM KaTeropusM (Bblme u
HIDKE [OpOTa 3aMETHBIX pasamuuil). [Ipu aHaAM3e MPOM3BOAUTEABHOCTH MOACAM mporHosuposanns JND u onenke KadecTsa
U300PaKCHNUS HCIIOAB30BAAKCE ILSITh 623 H300PaKCHHI, 9€TBIPE U3 KOTOPBIX OTHOCATCS K BUAMMOMY AHAITA30HY AAMH BOAH, 2 OAHA
6a3a H300OPAKCHUMN, IIPCAHASHAYCHHAS AAS AUCTAHIIMOHHOTO HAGAIOACHNS, 6blAd M3 HHPPAKPACHON 9ACTH SACKTPOMATHUTHOTO
CIIEKTpA.

Pesyabratsr: B aanHOII cTatbe mokasaHo, 4To npumenceHue Moacaell JND MoxeT MCIIOAB30BATBCS AASL OLICHKH CYOBEKTHBHBIX
IIOKA3aTeACH KA4eCTBa C GOABIICH TOYHOCTBIO, YTO IIPUBOAUT K SHAYMTCABHOMY YAYHUICHHUIO XAPAKTEPUCTUK TPAAULUOHHOTO
cooTHomenHs nuKoBoro curtaa k mymy (PSNR). Cpeanee snauenne xoadduipenrta AuneiiHoi koppeasiiuu (1o nsatu 6azam)
MeXAy cyObeKTHBHBIMU U 00beKkTHBHBIMY OneHKaMu KadectBa PSNR yBeananaocs ¢ 74% (TpaAI/IuHOHHLIﬁ PSNR) 4090% (PSNR
c Mopeabio JND Ha ypoBHe H306pakeHHS). BBIMTPBILIHELA pesyABTaT, AOCTUIacMBIi 32 cdeT BHeapeHusa Mopcau JND Ha yposae
I/I306Pa>KCHI/I}I B 0O'EKTUBHOI OIICHKE, 3AaBUCHT OT BbIGpaHHOﬁ 6aspl 1 PEe3yABTATOB HCXOAHOM npocToit Mepsl PSNR, ObIA HOAyYEH
o BceM IITH 6asam.

Bo1BoABL: AOIIOAHUTEABHOE yAyHIICHUE OOBEKTUBHOM Mepbl, 0CHOBaHHOI Ha JND), MOKeT GBITH AOCTHTHYTO 32 CYET YAYHIICHUS
HATASIAHOI MoaeaHr mporaosuposanus JND.

KunowdyeBoe ¢Jao0Ba: mnopor samerHoix pasanmumii, cxatue JPEG, mukoBoe coorHomenne curHaa, my,
CyObeKTUBHAS M OOBEKTHBHAS OLICHKA KaYeCTBA H300PAKCHHS.

ABSTRACT:

YBoa/1msm: Y paay Cy IpeACTaBASECHA HHTEPECAHTHA HCTPasKHBakha KOja C€ OAHOCE Ha aHAAM3Y ITepPOPMAHCH MOAEAA IIPEAUKIIHjE
npara yoususux pasanka (JND) Ha HHBOY cAMKe U 1eroBY IPHMEHY y pOLieHH KBaauTeTa canka ca JPEG xomnpecujom.
Merope: Anaausa neppopmancu JND Mopcaa clipoBeAcHa je HAa HHAUPEKTAH HAYMH KPO3 3aHHMMSHBY HACY Ad C€ KOPUCTE jaBHO
AOCTYIIHe 6ase cAMKa ca pesyATaTHMa Cy0jeKTHBHHX TECTOBA, Ca IIOACAOM CAMKA Ha ABe Kaace (MSHaA M HCIIOA Ipara yOYSHBHX
pasauka). Y anaausu nepdpopmancu npeauxunje JND Moaeaa u npu nporeHn kBaanteta KopumheHo je et 6asa cAHKa, 0A KOjuxX
YETUPHU IIOTUYY U3 BUAMAUBOT OIICETA TAAACHUX AYKHHA, AOK je jeAHa 6a3a ca cAnKaMa M3 HHQPALPBECHOT ACAQ CACKTPOMATHETHOT
CHEKTPa HAMCHCHUX AASHHCKOM OCMATPalby H HAA30pY.

Pesyaratu: ¥ paay je nokasano pa ce npumerom JND moaeaa ca Behom npenusaomhy mory ecrumunparu cy6jextuBHE ckOpOBH
KBAAMTETA, IUTO BOAM 3HA4ajHOM N060MIIaky epPOPMaHCH TPAAHLMOHAAHOT BpIIHOT opHoca curHaa/mym (PSNR). Ao6urak
octBaper yBobemwem JND Moacaa Ha HHBOY cAHKe y OOjeKTHBHY IPOLIEHY 3aBHCH O usabpaHe 6ase M pesyATara IOAasHe
jeanocrasHe PSNR mepe, a ocTBapeH je Ha cux nieT 6asa. Cpeatba BpeAHOCT KoeHImjeHTa AMHeapHe Kopeaanyje (3a ner 6asa)
usmehy cy6jextusaux n PSNR o6jextuBHuX ecTumanyja kBaanteta je ca 74% (rpapnuuonaanu PSNR) nopacaa va 90% (PSNR
caJND Moa€AOM Ha HUBOY CAHKE).

3akayak: AoaatHo yHanpeheme JND sacHoBaHe objexTuBHE Mepe Moxe ce Ao06utn yHanpehemem Moaeaa npeauxuuje JND.

KEYWORDS: Ipar yousHBHUX Pa3AMKa, JPEG KOMHPCCI/Ija, BPIIHH OAHOC CHUTHAA, LIyM, Cy6jCKTI/IBHa u 06jCKTI/IBHa MpolLicHA
KBAaAUTETA CAUKE.

INTRODUCTION

With the rapid development of systems for digital processing, transmission and display of images and
videos, there has been a growing interest in efficient image/video compression techniques (Lu et al,
2021). Among the techniques intended for image compression, the JPEG technique (Wallace, 1992),
(Pennebaker & Mitchell, 1993) has been the most widely accepted for more than 25 years. The original
JPEG development team members emphasize that the longevity of this technique is a consequence of well-
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defined mandatory conditions that it had to meet and fundamental components such as fast discrete cosine
transform, psychovisual quantization, modeling, encoding, a royalty-free baseline, progressive modes, lossless
compression support and real-time implementation (Hudson et al, 2017), (Hudson et al, 2018). The JPEG
technique still meets the average user demand, so it is to be expected that it will be present in the coming
decades.

Image compression techniques, along with the elimination of coding and spatial redundancy, use some of
the characteristics of the human visual system (HVS), i.e. use visual redundancy. One of the characteristics is
related to the just noticeable difference (JND) threshold. JND, as a perceptual threshold in image processing,
is used in perceptual image compression (Tian et al, 2020), (Wang et al, 2019), and can also be used in
objective image quality assessment (Toprak & Yalman, 2017), (Seo et al, 2021). The first and most significant
JND threshold/point refers to the transition between a pristine and an image with visible distortions, or
rather the transition from perceptually lossless to perceptually lossy encoding (Huang et al, 2018). Research
on JND has intensified in recent years thanks to publicly available image and video datasets with the results
of subjective tests, among which there are three JND-based image datasets with JPEG compression (Jin et
al, 2016), (Liu et al, 2018), (Ahar et al, 2018). These three datasets are intended for different purposes —
compression of natural images (Jin et al, 2016), compression of panoramic images (Liu et al, 2018) and
compression of high dynamic range images (Ahar etal, 2018). JND-based subjective quality analyses also have
been conducted on JPEG 2000, H.265 and VVC compressed images, and on H.264 and H.265 compressed
videos (Bondzuli¢ et al, 2021).

The MCL-JCI dataset described in (Jin et al, 2016), as a dataset of natural scene images, contains
information on the JND points of JPEG compressed images and was used to predict JND points in (Fan et
al, 2019), (Lin et al, 2020), (Liu et al, 2020), (Bondzuli¢ et al, 2021). The mean absolute error (MAE) of the
PSNR between the predicted and ground truth JND distributions was used as a prediction accuracy measure.
The deep learning approaches (Fan et al, 2019), (Lin et al, 2020), (Liu et al, 2020) yielded the MAE for the
first IND point of 0.69 dB, 0.58 dB and 0.79 dB, respectively. Recent research published in (Bondzulié et al,
2021) has shown that based on only one feature derived from a source non-compressed image (mean gradient
magnitude, MGM), the PSNR of the first JND point of an image with JPEG compression can be reliably
predicted (linear correlation coefficient between PSNR of the predicted and ground truth first JND points
is greater than 92%, while the MAE between them is 1.21 dB). The proposed approach does not require
complex vision or masking models and determines the optimal JPEG quality factor through a simple rate-
distortion function using the computationally efficient PSNR metric for objective quality assessment. The
high degree of correlation can be explained by a good prediction of image complexity using MGM, which is
essential in determining the degree of compression and bandwidth allocation (Yu & Winkler, 2013).

The research in this paper aims to further confirm the success of the prediction of the first JND points for
a given image using a simple and fast approach (Bondzuli¢ et al, 2021) and to show that the information of
position of the first JND points can be used to reliably evaluate quality of images with JPEG compression.
Prediction success and reliable evaluation were confirmed on five subject-rated image datasets containing
images with JPEG compression.

PreEDICTION OF THE FIRST JND POINT FOR JPEG COMPRESSED IMAGES

The quality factor (QF), whose values range from 0 to 100, has been used to control the quality of JPEG
compressed images. Higher QF values correspond to better quality images. Although one can choose a QF
from 0 to 100, with an increment equal to one, recent research has shown that observers can distinguish a
finite number of image quality levels (four to eight), and that the relationship between perceptual distortions
and a bit-rate/distortion level is not a continuous but a step function (Jin et al, 2016). The steps of this
function represent the JND points. The first among them, and at the same time the most important JND
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point, refers to the maximum difference between the original and the test image that the HVS will not notice
(Lietal,2020), (Bondzuli¢ etal, 2017). This transition point between the original image and the images with
visible degradations also represents the transition from perceptually lossless to perceptually lossy encoding.
The second JND point is obtained by detecting noticeable differences from the first JND point (anchor), i.c.
lower JND points are used as anchors to determine higher JND points.

Figure 1 shows the original uncompressed image from the MCL-JCI dataset (Jin et al, 2016), its stepwise
distribution of JND points and the regions of the original image and images corresponding to JND points.
The results of subjective tests were given through the stair quality function (SQF), which represents the
normalized cumulative sum of the JND function, and was obtained by analysing and post-processing raw
JND data. The height of the SQF function for a boundary point with QF=100 is equal to one and defines
the maximum possible quality. The first drop in quality corresponds to the first JND point (JND #1), and its
height corresponds to subjective quality. This point corresponds to the image with QF=35, and its subjective
quality is SQF=0.92. The position of the first JND point depends on the image content and for 50 source
images from the MCL-JCI dataset these positions were obtained for a wide range of QF values, from 25 to
70 (Jin et al, 2016).

The regions in Figure 1 show visible differences between the images corresponding to the higher JND
points (JND #2 and JND #3) and the region of the original image.

Prediction of the first JND point for JPEG compressed images can be achieved in the PSNR, QF, and bits
per pixel (bpp) domains, but researchers suggested using the PSNR domain to predict the first JND point
(Liu et al, 2020), (Bondzuli¢ et al, 2021).

The procedure for determining the estimation of the ground truth PSNR value (PSNR JND #1) proposed
in (Bondzuli¢ et al, 2021) is carried out in several steps. In the first step, if it is a color image, the conversion
from the RGB color format to a grayscale image is performed (Gonzalez & Woods, 2018):

S(nm)=0.299R(n.m)+0.587G(n.m)+ 0.114B(n.m).
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(e) JIND #2 (QF=21, SQF=0.63) (1) IND #3 (QF=14, SQF=0.54)

FIGURE 1
(a) (b) original image rich in detail and its SQF function, (c) (d) (¢) and (f) regions

of the original image and compressed images corresponding to the JND points

In the second step, the responses ¢. and g. of the grayscale image to the 2D Sobel filters are determined:

g(mm)=fn+lm-D+2f(n+Lm)+ f(n+lm+1)

—[f(n=Lm=D+2f(n-Lm)+ f(n-1m+1)] )

and
g}.(n,m)= fn-Lm+D+2f(nm+D+ f(n+lm+1)

—[f(n—-Lm=-1)+2f(n.m-1)+ f(n+1,m-1) 3)

From the resulting ¢. and g oriented gradient components, the MGM information is easily obtained
according to:

_ ]. ] 2 2
MGM =g —N & mm)+g5(nm)
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(4)

where gy is the experimentally determined maximum magnitude value, taken as gu..=4.472 for grayscale
images with a dynamic range 0 to 1 (image . which is an 8-bit unsigned integer array with a range of 0 to 255
is linearly scaled to a dynamic range of 0 to 1 with a double-precision 64-bit format) (Bondzuli¢ et al, 2021).
The PSNRJND #1 prediction is determined based on the MGM information as:

psvrQuGa - [ SMGM? — 377 MGM + 46.4, MGM < 0.0896
NR(MGM) = 29.58, MGM > 0.0896 | 5)

and this mapping function is shown in Figure 2.

The optimal values of the coefficients in Eq. (5) were determined based on the results of subjective tests
on the MCL-JCI dataset (Bondzuli¢ et al, 2021).

Figure 2 shows that, with increasing MGM, the value of PSNR prediction decreases, where for
MGM=0.0896 the mapping function reaches its minimum value (PSNR.;;»=29.58 dB). This can be
explained by the influence of contrast and texture that are important for visibility masking estimation
because in the regions that contain more non-uniform contents more distortion can be tolerated than in
the regions with homogeneous content. Furthermore, block-based JPEG coding suppresses high-frequency
components. In the homogeneous regions with gradual color/intensity change, the blocking artifact is visible
to observers. In contrast, the distortion is less obvious in the textured regions (Jin et al, 2016).

H 4&-4 i
PSNR JND #1 =

@ 42 2 ’
bl 2115.5 MGM © - 377 MGM + 46.4
B4 ! i
o
=
=
Z 541 1
7
o

m o -— -— --

10.0896

m i i i L
0 002 004 0068 008 0.1 0.12

Gradlent Magnlude, MGM

FIGURE 2
PSNR prediction of the first JND point based on the mean gradient magnitude

JND PREDICTION AND IMAGE QUALITY ANALYSIS

The described model (BondZzuli¢ et al, 2021) was used without any additional adjustments to determine the
PSNR estimates of the first JND points of the reference images from the four datasets. For example, the
adopted JND model is trained on high spatial resolution images (1280x1920 pixels), and will be tested on
images that are of significantly lower resolution.
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Figure 3 shows the scatter plots of subjective (mean opinion score — MOS/difference MOS — DMOS)
and objective (PSNR) quality scores. Each point on the scatter plots corresponds to one test image with
JPEG compression. Scatter plots are shown for four image datasets, three of which are publicly available -
LIVE (Sheikh et al, 2006) (with 29 original images), CSIQ (Larson & Chandler, 2010) (with 30 original
images) and VCL@FER (Zari¢ et al, 2012) (with 23 reference images). The fourth image dataset, marked
with LWIR, will be publicly available soon, and can be obtained by sending an inquiry to the authors who
created it (Merrouche et al, 2018). A subset of 100 images with JPEG compression was taken from the LWIR
dataset containing images from the infrared part of the electromagnetic spectrum. The LWIR dataset test
images were created from 20 original images, and their quality was reduced using five degradation levels (five
quality factors). In subjective tests, the scores of 31 observers were collected.

On the scatter plots, JPEG images are represented by two symbols, where the first symbol (o) corresponds
to the images in which the PSNR of the test image is above the PSNR JND #1 (chis is the first class of images,
which should consist of high quality images, and in which there is no loss of visual information). The second
symbol (D) corresponds to the images for which the PSNR of the test image is below the PSNR JND #1 (¢his
is the second class of images that should consist of lower quality images). A similar idea of dividing images
into two classes was used in (Ponomarenko et al, 2015).

- 1
100 VEE m:nmnﬂﬁl = m»F&HRJHDH|
PSHR 4 PSNR JND# 0.8 £ PSHR = PBNRJND# ||
80 L 0
o w0 D 04 O oph o
) o L. “
o P ‘%e-ﬂ 0.2 }% Ia |
a £y S R el
20 30 40 a0 20 0 a0 50 60
PEMR (8} PSR (dB}
fa) fb)
. = 5 ; &
I ANy
80 g T
) SO
80 &4 A
3 & s 0‘@ o
= 40 S, 0
g2 S it
Jag —amn B 1 o |
20 A repr——— 2 A T PEH > FBNRJND
S PENR < FERR JHD#H S| & PENR < PBNR JND#
o 1! ' ' ) ;
10 20 30 40 50 29 30 30 40 45
FEMR (dB) PSHR [dE)
fe) el
FIGURE 3

Scatter plots of subjective and PSNR objective image quality scores for JPEG images from four datasets:
(a) LIVE (175 images), (b) CSIQ (150 images), (c¢) VCL@FER (138 images) and (d) LWIR (100 images)

Figure 3 shows that the proposed approach for the first JND point estimation proved to be excellent on
the LIVE and CSIQ datasets. By applying the PSNR of the first JND point, images of excellent visual quality
were detected — they correspond to lower values of subjective DMOS scores. Slightly worse results of the
proposed first JND point estimation model can be seen for the images from the VCL@FER dataset.

The surprising result of the proposed approach can be seen on the LWIR image dataset. Although it is a
dataset of images from the invisible (infrared) part of the electromagnetic spectrum, the proposed approach
of the first JND point estimation has proven to be very successful in detecting JPEG compressed images with
high quality - they correspond to higher values of subjective MOS scores. In this way, the validity of the
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proposed PSNR estimation of the first JND point was indirectly confirmed, using the results of subjective
quality tests of available image datasets.

Figure 4 shows two source images from the LWIR dataset and their JPEG compressed versions for which
the PSNR value is above the PSNR JND #1. The test images are of excellent and good visual quality, i.e.
there is no visual difference between the pair of images shown in Figures 4(a) and 4(b) (MOS=5), while the
observers noticed slight differences between the pair shown in Figures 4(c) and 4(d) (MOS=4).

For the two selected examples, the degrees of image compression are approximately equal and are 21.7

(Figure 4a) and 23.3 (Figure 4b).

(] i)

FIGURE 4
(a) original image (image size is 608 kB), (b) test image with JPEG compression (PSNR=42.47, PSNR
JND #1=39.92, MOS=5, image size is 28 kB), (c) original image (image size is 256 kB) and (d) test
image with JPEG compression (PSNR=40.03, PSNR JND #1=38.18, MOS=4, image sizc is 11 kB)

ImpPACT OF JND PREDICTION ON IMAGE QUALITY ASSESSMENT

The described approach of the PSNR estimation of the first JND point is derived from the results of
subjective tests of the MCL-JCI dataset (Jin et al, 2016) in which 50 original images are used. The degree of
agreement between SQF subjective and objective quality scores on this JPEG image dataset is worse than the
degree of agreement between subjective and objective quality scores on publicly available image datasets such
as LIVE, CSIQ, VCL@FER and similar (Bondzuli¢ et al, 2020). A very low degree of agreement between
the SQF subjective and PSNR objective quality scores on this image dataset can be observed through the
large spreading on the scatter plots shown in Figure 5. The scatter plots are shown for PSNR objective quality
scores. The degraded images originating from the same original image are on the scatter plot in Figure 5(a)
connected by lines of different colors. On the scatter plot in Figure 5(b), the images corresponding to the
JND points derived from subjective tests are marked with different symbols (from JND #1 to JND #7).
Additionally, in Figure 5(a), it can be seen that the slope of the lines corresponding to the images
originating from the same original image is approximately the same. The spreading in the space of subjective
and objective quality scores is a consequence of the different content of the original images. Similar
conclusions related to the PSNR performance in video quality assessment were reached by the authors in
(Huynh-Thu & Ghanbari, 2008), (Bondzulic et al, 2016). The goal of designing objective quality assessment
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measures is that the results of the assessment, among other things, do not depend on the content of the
original images.

FIGURE 5
Scatter plots of subjective and PSNR objective quality scores of MCL-JCI JPEG
compressed images: (a) the scatter plot is shown regarding the images originating
from the same original image and (b) the scatter plot with marked JND point

Figure 6(a) shows the curves of the JND points from the two source images, between which are the other
JND points of the scatter plot between the SQF and PSNR scores on the MCL-JCI image dataset.

Figure 6(b) and 6(c) show the original images corresponding to the curves of Figure 6(a), i.c. the left
and right boundaries on the scatter plot. It can be concluded that the points on the scatter plot are located
between the JND points of the image with uniform regions and visible boundaries between them (right
scatter border), and the image with a pronounced uniform region in the upper third of the image (with
intensity saturation), and rich in details in the rest (left scatter border).

From Figure 5 it can be seen that the vertices of the curves start from the images corresponding to the
first JND points. In order to make the result of the PSNR objective quality evaluation independent of the
content of the original images, it is reasonable to define the differential PSNR as the difference between the
PSNR and the estimation of the PSNRJND #1:

DPSNR = PSNR — PSNR JND #1. ©

DPSNR values can be both positive and negative. Positive values correspond to good quality images
(PSNR>PSNR JND #1), while negative values correspond to lower quality images. Also, DPSNR is a
picture-wise JND measure of objective image quality assessment.
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FIGURE 6
(a) the relationship between SQF and PSNR for the two source images of the MCL-JCI dataset,
(b) the original image corresponding to the left boundary of the JND points and (c) the original
image corresponding to the right boundary of the JND points of the MCL-JCI image dataset

The scatter plots of subjective and DPSNR objective quality scores on the four analyzed image datasets are

shown in Figure 7. Significantly less spreading of scores is observed in relation to the spreading of the scores
of the PSNR objective measure (Figure 3).
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FIGURE 7
Scatter plots of subjective and DPSNR objective quality scores of images with JPEG
compression on four datasets: (a) LIVE, (b) CSIQ, (c¢) VCL@FER and (d) LWIR
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Table 1 provides the quantitative indicators of the degree of agreement between the subjective and PSNR/
DPSNR objective quality scores for the four analyzed image datasets. The linear correlation coefficient
(LCC), Spearman’s rank-order correlation (SROCC), mean absolute error (MAE), root mean square
error (RMSE) and outlier ratio (OR) between the subjective and objective quality scores after nonlinear
regression using a logistic function with four parameters were used as quantitative indicators (ITU-T,
2004), (Bondzuli¢ et al, 2018). In addition to the performance of these two objective measures, the
performance of the HVS-based objective measures is given: PSNR-HVS (Egiazarian et al, 2006), PSNR-
HVS-M (Ponomarenko et al, 2007) and WNMAE (Huang et al, 2018). PSNR-HVS and PSNR-HVS-M
measures are sub-band models that take into account the contrast sensitivity function. Additionally, PSNR-
HVS-M takes into account the between-coefficient contrast masking of the discrete cosine transform basis
functions (Ponomarenko et al, 2007). WNMAE is a traditional pixel-wise model based on JND. Through
this measure, HVS’s physiological (color and light sensitivity) and psycho-physiological (texture and edge
sensitivity) characteristics were implemented. The two best results for each dataset and for each quantitative
indicator are in Table 1 marked in bold.

TABLE 1
Performance comparison of objective measures on four datasets

Dataset Measure LZC SROCC |MAE REMSE OFR [%]
PSME 08879 |0.8809 |11 3594 | 146532 [125714
DPINE 0.9649 |0.9565 [6.5225 |5.3657 1.1429

LIVE PSMNE-HYVS 09585 |0.9478 |7 1802 90760 1.1429
PEMNE-HYVS-M [0.9752 |0.9650 [5.5549 7.0493 [0.0000
WINMAE 09142 09113 |9 9837 129013 |5.7143
PSMNE 08206 |0 8B7S | 00964 01351 31 3333
DPSNE 0.9707 |0.9510 [0.0547 |0.0755 19.2333

CSIG PSMNE-HYVS 09577 | 09400 | 00603 00880 22 BEET
PSMNE-HYVS5-M |0.9733 | 0.9512 |0.0501 0.0702 20.0000
WINMAE 0.8971 |0.896z2 | 0.0946 01352 24.0000
PENE 0.6041 | 06040 | 136027 |16.70239 [B9.5652
DPSNE 08269 | 08262 |9 2646 117856 |52 1739

WCL@FER |PSME-HWS 05741 |08775 [7.8178 10.1825 [48.5507
PSMNE-HYVS-M | 0.9408 |0.938% |5.5695 7.1051 33.3333
WINMAE 06252 | 06279 | 13,2803 | 16.2580 [71.7391
PEMNE 0.8277 |0.58146 |0.4362 0.5650 59.0000
DPSNE 09481 |0.9238 [0.2596 |0.3290 |45.0000

LWIR PSMNE-HYVS 08238 |0.8018 |0 4573 05865 53 0000
PIME-HY3-M |0.8389 |0.2135 |0.4492 |0.5631 £5.0000
WNMAE Mot applicable

The performance of the DPSNR objective measure is significantly better than the performance of the
PSNR, for all five quantitative indicators and on four datasets. It can be noticed that the performance of the
DPSNR is the worst on the VCL@FER image dataset, where the original PSNR has the worst results.

The DPSNR performance is at the top on the LIVE and CSIQ datasets, along with the PSNR-HVS-
M measure. Two sub-band models provide the best results on the VCL@FER image dataset, while the
performance of the proposed DPSNR approach is best on the LWIR dataset of images from the infrared
part of the electromagnetic spectrum. The performance of the WINMAE objective measure is slightly better
than the performance of the worst ranked PSNR objective measure.

A careful reader may notice that in comparing the results of objective measures between different datasets
(Table 1) one should be careful because different grading scales in subjective experiments have been used
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on different datasets (see Figures 3 and 5). The dynamic range of the grading scale affects the MAE and the
RMSE. In this case, the LCC and SROCC values are relevant for comparing the results between the datasets.

The performance of objective measures was additionally analyzed on the MCL-JCI image dataset, which
was used to train the estimation algorithms of the first JND point. Figure 8 shows the scatter plots of the
SQF subjective and PSNR objective quality scores with image division into two classes, using PSNR JND #1
values estimated using the approaches described in (Bondzuli¢ et al, 2021) and (Lin et al, 2020).

|1

|1

0.8 0.8
W 0B o O
@ 04 ? 0.4
0.z 0z
0 0

z0 a0 40 80 20 20 40 50

PSNR (dB) PSNR (dB}
fa) i

FIGURE 8

Scatter plots of SQF subjective and PSNR objective scores on the MCL-JCI image dataset
with division of images into two classes, where the estimates of PSNR JND #1 were
determined based on: (a) approach (Bondzuli¢ et al, 2021) and (b) approach (Lin et al, 2020)

From Figure 8 it can be concluded that, by applying the approach (Lin et al, 2020), more JND #1 points
are detected than by applying the approach (Bondzuli¢ et al, 2021) (additionally, see Figure 5(b)). It can
also be observed that using this approach, several other (higher) JND points that are above the threshold of
visible differences (PSNR JND #1) were detected.

The values of the DPSNR objective measure were determined on the basis of two estimates of PSNR JND
#1 — the approaches described in (BondZzuli¢ et al, 2021) and (Lin et al, 2020). The scatter plots of the SQF
and DPSNR scores on the MCL-JCI dataset and the corresponding logistic functions are shown in Figure
9, while the quantitative indicators of the degree of their agreement are given in Table 2.
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FIGURE 9

Scatter plots of subjective and DPSNR objective scores on the MCL-JCI
image dataset where the estimates of PSNR JND #1 were determined based
on: (a) approach (Bondzuli¢ et al, 2021) and (b) approach (Lin et al, 2020)

From Figure 9 and from Table 2, it can be noticed that there is a significantly higher degree of agreement
between the SQF and DPSNR objective quality scores determined using the PSNR JND #1 estimates based
on the approach from (Lin et al, 2020). This result could be expected because this approach has a mean
absolute PSNR JND #1 estimation error of 0.58 dB on the MCL-JCI image dataset, while the approach
described in (Bondzuli¢ et al, 2021) has a higher estimation error (1.21 dB). In this case, although the
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poor performance of the baseline PSNR measure (LCC=0.4721), using PSNR JND #1 the performance of
DPSNR was significantly increased and exceeded the performance of other measures (LCC=0.9194).

TABLE 2
Performance comparison of the objective measures on the MCL-JCI dataset

Dataset | Measure LCC SEOCC | MAE EMSE
PSMNE 04721 | 04486 [0.1907 | 02288
DPSNE Bondzuli¢ et |0.7973 | 0.7930 |0.1222 |(0.1566
al, 2021

MCL- DPSME (Lin et al, 0.9194 |0.9144 (0.0779 [0.1021

Il 2020)
PSMNE-HVS 07679 075068 [0.1228 |0.1662
PSMNE-HVS-M 058584 |0.8456 [0.1026 [0.1331
WINMAE 04783 | 04665 [0.1899 |0.22739

Although the introduction of the objective measure DPSNR has significantly improved the degree of
agreement between subjective and PSNR objective quality scores, there is still room for improvement, and
the degree of improvement will depend on the accuracy of PSNR JND #1 estimation.

The position of the threshold of visible differences introduced in the quality assessment through PSNR
JND #1, in this paper improved the performance of PSNR on the class of images with JPEG compression.
This is a consequence of reducing the dependence of objective estimates on the content of the source signal.
We expect that with reliable estimation of the position of PSNR JND #1 for other image classes (types of
degradation), the performance of PSNR of individual classes will be improved, as well as the performance on
a global level (reducing the dependence of estimates on the type of degradation).

CONCLUSION

The paper analyzes the reliability of one approach/model for the peak signal-to-noise ratio estimation of
the visible differences (JND #1 point) of images with JPEG compression. Reliability was confirmed in an
indirect way by using the results of subjective tests of five available image datasets, i.e. it has been shown that
by applying a peak signal-to-noise ratio of the first JND point, high quality images can be detected. As the
proposed approach was derived on one of the analyzed image datasets, and the success was confirmed on the
four remaining ones, it can be concluded that the findings derived from subjective tests on one dataset can
be successfully used on other related datasets.

The paper additionally shows that the performance of the peak signal-to-noise ratio as a measure of
objective quality assessment can be improved by taking into account the PSNR values of the first JND point.
Improvement was achieved on image datasets with JPEG compression, through a significant increase in the
degree of agreement between subjective and objective quality scores. Also, it has been shown that improving
the accuracy of the estimation of the first JND point has a positive effect on the degree of agreement between
subjective and objective assessments. Therefore, future work will be focused on improving the accuracy of
the PSNR estimation of the threshold of visible differences, both for images with JPEG compression and for
images with other types of degradation.

To the best of our knowledge, this is the first attempt to use JND information in quality assessment at
the picture-wise level. Previous models have used pixel-based or sub-band JND visibility thresholds. The
additional significance of the paper is reflected in the idea to indirectly analyze the success of the JND model
through two-class image separation without conducting subjective tests, i.c. using already available subject-
rated image datasets. Finally, the results are presented on JPEG compressed images originating from the
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visible and from the infrared part of the electromagnetic spectrum, which is of interest for remote sensing
and surveillance applications.
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