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Abstract

Introduction/purpose: Measuring target acquisition performance in imaging systems with human-in-the-loop plays an essential
role in military applications. This paper presents an extended review on the application of image clutter metrics for target
acquisition, with the aim of using objective measures to predict the detection probability, false alarm probability and mean
search time of the target in the image.

Methods: To determine the degree of clutter, simple features on the global (picture-wise) and local (target-wise) level were used
as well as contrast-based clutter metrics, target size and metrics derived from image quality assessment measures. Along with the
standard ones, the features derived from the distribution of mean subtracted contrast normalized coefficients were also used. To
compare the results of the objective scores and the experimental results obtained on the publicly available Search_2 dataset,
regression laws accepted in the literature were applied. Linear correlations and rank correlations were used as quantitative
measures of agreement.

Results: It is shown that the best agreement with target acquisition indicators is obtained by applying clutter metrics derived
from image quality assessment measures. The correlation with the results of subjective tests is up to 90%, which indicates the
need for further research. A special contribution of the paper is the analysis of the target acquisition prediction performance
using simple features at the global and local level, where it is shown that the prediction performance can be improved by
determining the features around the target. Furthermore, it was shown that the false alarm probability and the probability of
detection can be predicted based on the mean target search time in the image with a probability higher than 90%.
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Conclusion: In addition to obtaining a high degree of agreement between the objective metrics of clutter and the results of
subjective tests (up to 90%), there is a need to improve the existing and develop new metrics as well as to conduct new subjective
tests.

Keywords: clutter metric, false alarm rate, mean search time, probability of detection, target acquisition.

Pesome

Beeacnue/neas: Mamepenne agpeKTHBHOCTH OGHAPYKCHUS LIEACH B CHCTEMaX BU3YAAHSALUH C HEIIOCPEACTBCHHBIM y4acTHEM
YeAOBEKA UTIPACT BAKHYIO POAb B BOCHHBIX IIPUAOKEHHUSX. B AQHHOM CTaTbe IPEACTABACH PACIIMPEHHEI 0030p MPUMCHECHHUS
nokasaTeaci IIymMa H300pOKCHHH AAS OOHAPYKEHHS LICAH C LICABIO HCIIOAB3OBaHHSI OOBEKTHBHBIX MOKa3aTeACH AASL
IPOTHOBUPOBAHHUS BEPOSITHOCTH OOHAPY)KCHHS, BEPOATHOCTH AOXKHOH TPEBOTM M CPEAHETO BPEMCHH MOMCKA LIEAHM Ha
1300 paKeHHN.

MeToabr: AAS OTIPEACACHHS YPOBHSL IIyMa HCIIOAB3OBAAMCH IPOCThIE PYHKIMH Ha TA06aABHOM (C TOUKM 3PEeHHS H300paKCHHs)
M AOKQABHOM (C TOUKH 3PEHHS LIEAH) YPOBHSX,  TAKOKE [IOKA3aTCAH TOMEX Ha OCHOBE KOHTPACTA, PasMepa LIEAU U ITOKa3aTeACH,
IOAYYCHHBIX Ha OCHOBE OLICHKH KadecTBa nsobpaxeHns. Hapsay co cTaHAQPTHBIMH, HCIOAB3OBAAMCH TIPH3HAKH, TIOAYICHHbIE
Ha OCHOBE PACIIPEACACHHUS CPEAHHX BBIYUTAEMBIX KOIQPUIIMECHTOB HOPMUPOBAHHOTO KOHTPAcTa. AAS CPaBHECHHUSI PE3yABTATOB
OOBEKTHBHBIX OLCHOK H IKCIEPUMECHTAABHBIX PE3YABTATOB, NOAYICHHBIX B OOIICAOCTYNHON Gase pamHBIX Search_2, Gpiam
NPUMCHCHDBI 3aKOHBl PETPECCHM, NPHHATHIC B ANTEpaType. B KadecTBe KOAMMECTBEHHBIX IIOKA3aTEACH COTAACOBAHHOCTH
HCIIOAB30BAANCh AMHEHHBIC M PAHTOBBIE KOPPEASILIHHL.

PesyabTathl: B X0A€ MCCACAOBAHHUS AOKA3aHO, YTO HAHAYYLIEE COOTBETCTBHE C MOKA3ATEASMH LIEACBOTO 3aXBaTa AOCTHIAETCS
ITyTeM NIPHMEHEHNUS TOKA3aTeACH ITOMEX, OAYICHHBIX Ha OCHOBE TTOKa3aTeACH OLIEHKHU KadecTBa H3obpakenus. Koppeasuns ¢
peayAbTaTaMu CyOBEKTUBHBIX TECTOB COCTaBAsICT A0 90%, 4TO yKasbiBaeT Ha HEOOXOAMMOCTh AAABHEHINMX HCCACAOBAHHIA.
Oco6bIM BKAAAOM CTaThHU SABASCTCS aHAAU3 3PPEKTUBHOCTH IPOTHOSUPOBAHHUs OOHAPYKEHHUS LIEAH C HCIIOAB3OBAHNEM IIPOCTHIX
(YHKUHI Ha rTAOGAABHOM 1 AOKAABHOM YPOBHSX. AaHHBII aHAAH3 [OKa3aA, 9TO 3PPEKTHBHOCTD IPOTHOZUPOBAHHS MOXKET OBITh
YAYHIIEHA ITyTEM OMPEACACHHS PU3HAKOB B CAMOM OKPYXeHHH Ieal. Kpome Toro, 66140 MOKasaHo, 4TO BEPOATHOCTb AOXKHOI
TPEBOTH U BEPOSITHOCTh OOHAPYXKCHHS MOKHO IPEAYCMOTPETb C BEPOATHOCTBIO Gosce 90% Ha OCHOBE CPEAHETO BPEMEHH
TIOHCKA IEAH Ha U300PKCHHM.

BoiBopp:: [ToMHUMO TOro, 4TO BBIABAGHA BBICOKAS CTENEHb COOTBETCTBUSL MEKAY OODBEKTHBHBIMU MOKA3ATEASMH IIyMa
H300paKeHHI 1 pesyAbTaTaMu CyObeKTHBHBIX TecToB (A0 90%), BBISIBACHA H HEOOXOAMMOCTD B YAYYIICHUHN CYLIECTBYIOUIUX H
paspaboTKe HOBBIX IOKA3aTEACH, @ TAIOKE B IPOBEACHUH HOBBIX Cy0'bCKTHBHbIX TECTOB.

KaroueBbie cAOBa: moxasareAb MOMEXH, AaCTOTA AOXKHBIX TPEBOT, CPEAHEE BpeMs IMOHCKA, BEPOSTHOCTh OOHAPYKEHHST,

OOHapyXXECHUE LIeAH.

Abstract

YBoa/unn: Oppehusame neppopmancn aksusuimje unsa nMa GUTHY yAOTY y BOjHAM IPUMEHAMA Y KOjUMa je YOBEK OIICPaTep.
OBaj paa mpeAcTaBsa NPOUINPEHO HCTPAKUBABE O IIPHMEHH METPHKA KAATEPa CAMKE 3a aHAAM3Y MepPOPMAHCH aKBUSHILIHjE
Mma, Kako 01 ce TpIMEHOM 06jeKTHBHUX Mepa H3BPIIMAA IPEANKIIH]a BepoBaTHONe AeTeknnje, BepoBarHohe AaKHOT arapMa 1
CpeAbET BpeMeHa TPaXKEHha L pa Ha CAUIIH.

Mertope: 3a oapehuBame crenena kaarepa xopumhena cy jeaHOCTaBHa oGeaekja Ha ra06aAHOM (HHMBO KOMIIACTHE CAHMKE) H
AOKaAHOM HHBOY (Y OKOAMHH IM»a), METPUKE KAATEpa 3aCHOBAHE Ha KOHTPACTY, BEAMMHHA [Mba H 00jeKTUBHE Mepe H3BEACHE
M3 Mcpa 3a HPOLCHY KBaAuTeTa cAHKe. [lopea craHaapAHHX obeaexja, kopumheHa cy u ofeaekja M3BeACHA M3 pacrioacae
MSCN (mean subtracted contrast normalized coefficients) xoepuimjenara. 3a nopeheme pesyarara objexTnBHUX cKOpoBa U
CKCIIePUMEHTAAHHX Pe3yATaTa AOOHjeHNX Ha jaBHO AocTyHO]j Search_2 6asu, kopuimhenu cy perpecuonn sakonu npuxsahern y
anteparypu. Kao kBaHTHTaTHBHE Mepe caarama KopuuheHe cy AMHeapHa KOpeAalHja i KOpeAalHje paHroBa.

Pesyararu: [TokasaHo je Aa ce IPUMEHOM METPHKA KAATepa, HSBCACHHX M3 Mepa MpOLEHE KBAAUTETA CAMKE, A0OHja Hajbome
cAarame ca IoKasaTespUMa aKBH3HLMje numa. Kopeaaruja ca pesyatatnMa cy6jeKTUBHHX TecToBa H3HOCH A0 90%, mITO yKasyje
Ha 1oTpeby 3a AasUM HcTpaknBamuMa. [locebaH AOIPHHOC papa MPEACTaBs>A ACTamHA aHAAM3A TIPEAMKIHje NeppopMaHcH
AKBHBHLMjC LMma NPHMEHOM jEAHOCTABHHX OfeAckja Ha TAODAAHOM M AOKAAHOM HHBOY, IIPH 4eMy je IOKasaHO Aa ce
oppehuBamenm ofeackja y OKOAMHH IMma Mory mobommaTh mepdpopmarce mpeanknuje. Taxobe, pesyararn cy6jexTHBHHX
TecToBa MOKasyjy Aa ce ca BepoBatHohom Behom 0p 90% Ha OCHOBY cpeamer BpeMeHa TPaKCHa LMAd HA CAHLM MOXE
NpOLEHNTH BepoBaTHoha AOKHOT asapMa 1 BepoBaTHOha AcTeKInje numa.

3akmyyax: [Topea Tora mTo je A06HjeH BUCOK CTEIEH cAaramba 06jeKTHBHUX METPHKA KAATEPA H Pe3yATaTa Cy0jeKTHBHUX TECTOBA
(a0 90%), mocroju norpeba sa yHanpehemem mocrojehux m pasBojeM HOBHX MeTpHKa, Kao M 3a crpoBobemeM HOBHX
Cy0jeKTHBHHUX TECTOBA.

Keywords: merpuke xaarepa, BepoatHoha A@KHOT aaapMma, CpeAe BpeMe MpeTpaKHBaba, BepoBatHOha AeTekuwmje,

AKBM3HIIMja LU mA.
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Introduction

The process of target acquisition as a concept used for military purposes, includes all the processes
required to detect a target in an image (Li et al, 2012). In addition, discrimination between different classes
of targets (recognition) or discrimination within a class (identification) may be required. Measuring target
acquisition performance in human-in-the-loop imaging systems plays an essential role in many
applications.

Electro-optical imaging systems detect radiation from the background and from the target of interest.
Background clutter, which refers to objects or features of the scene that are similar to the target, can
confuse the observer and affect target acquisition performance. Clutter plays a significant role in the
detection of targets in images obtained by surveillance devices, both in the invisible and in the visible part
of the electromagnetic spectrum. Therefore, there is great interest in analyzing the relationship between
image content and human (operator) detection performance (Chang & Zhang, 2006a; Gavrovska &
Saméovié, 2018; Lukin et al, 2023).

The presence of clutter in the image affects target detection and the search process (Schmieder &
Weathersby, 1983; Chang & Zhang, 2006b). This can lead to a decrease in detection probability as some
targets will be missed as opposed to situations where they will be found in the case of a less cluttered scene;
it can lead to an increase in false alarm probability because scene clutter will be declared as the target of
interest, and it can lead to an increase in detection time because the observer will spend time considering
irrelevant clutter (Chang et al, 2007).

Image clutter metrics can be used to examine target acquisition performance - to predict detection
probability, false alarm probability, and search time, as well as to correct imaging system performance
models. Clutter metrics can be divided into global and local (Toet & Hogervorst, 2020; Mondal, 2022).
Global metrics measure the clutter of the entire scene. Local measurements determine the clutter around
the target. Also, clutter metrics can be without a priori knowledge about the target, while some of the
metrics require additional information about the target, such as position, dimensions (width and height)
or boundaries between the target and its background. Global measures use features derived from the
complete scene image, such as standard deviation, entropy, probability of edge (POE) and similar (Rotman
et al, 1996; Xiao et al, 2015b). These features can also be used locally. Additional information about the
target allows to determine the contrast of the target with respect to the background at the local level, so
different contrast-based clutter metrics have been defined (Xiao et al, 2015b). In addition to contrast,
target detection probability is also influenced by its size (Wilson, 2001)

State-of-the-art reliable clutter metrics are derived from objective measures used to assess image quality.
These are mathematical measures that require a priori knowledge about the target (target image), and
based on the similarity (or dissimilarity) between the target image and the background, the degree of
clutter is determined and the target acquisition performance is predicted.

Chang and Zhang (Chang & Zhang, 2006a) adapted the structural similarity index SSIM (Wang et al,
2004), to mathematically define a measure of clutter. A comparison of luminance, contrast and structure is
made between the target and the background. The measure is called TSSIM - target structure similarity
clutter metric, which quantitatively characterizes background clutter. In the paper (Toet, 2010), Toet
considered predictions of search time and probability of detection based on the three components of
SSIM/TSSIM. He concluded that luminance and contrast have no influence on human detection
performance, while structural similarity SSIM/TSSIM component has the most influence on prediction
performance, i.e., as structural similarity (correlation) is equivalent to matched filter, it was concluded that
matched filtering predicts human visual performance in target detection. The BSD measure (Xu et al,
2013) also represents the application of the structural similarity approach in the clutter metric, whereby
additional weighting is performed using information content weights. This is a multidimensional measure
where three scales are used. The DSIM measure (Xu & Shi, 2013) is also structural similarity based, and it
can also be considered an HVS-based measure, considering brain cognitive characteristics. The clutter
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metric proposed in (Xiao et al, 2015a), known as Cessim, is a double structural similarity metric. In
addition to structural similarity, the similarity of the histogram of oriented gradients between the target
and the background is also considered and used as a weight for the structure similarity metric. The
objective clutter metric from (Zheng et al, 2016) can also be classified into structural approaches with
adaptive extraction of structural features and additional selection of blocks that have a decisive influence
on the subjective impression of the observer and influence the performance of target acquisition.
Structural comparison is implemented in (Zhao et al, 2019) by comparing gray levels between neighboring
pixels in four directions. After that, the similarity between the target image and the background is
determined based on the Hamming distance.

In addition to the mentioned SSIM-based measures, other reliable clutter metrics can be found in the
literature. In (Yang et al, 2011) an approach was proposed that uses sparse representation for the clutter
metric, where feature vectors are used to describe the background and the target and where similarity of
the block in which the target is located with the background blocks is determined. The authors (Xu & Shi,
2012) used low-level image features to define the clutter metric FD using phase congruency to determine
the differences between the background and the target, while directional contrast is used to calculate the
differences in contrast between images. The approach from (Chu et al, 2012) measures the similarity
between the background and the target in the frequency domain, whereby differences that cannot be seen
are not taken into consideration while visible differences are additionally weighted according to the
sensitivity of the visual system using Mannos-Sakrison contrast sensitivity function which is used to filter
the frequency representations of the target and the background images. The degree of agreement with the
subjective test results is at the TSSIM performance level. Two texture metrics based on the gray level co-
occurrence error (GLCEcon and GLCEerg) were used in (Culpepper, 2015) to predict detection
probability and mean search time. These two measures are based on the contrast and energy of the gray
level co-occurrence distribution error.

Although the images of the Search_2 dataset are in color, most research in the field of clutter metrics
uses grayscale images. Researchers from (Yang et al, 2007) used images from the RGB color space for
representation using quaternions (a generalization of complex numbers), which was additionally folowed
with phase correlation and used to estimate clutter in color images. However, the authors concluded that
color is not the dominant factor for target detection on the Search_2 dataset. The TSSIM grayscale clutter
metric was extended in (Chang et al, 2010) to include color by combining channels of the perceptually
uniform CIELAB color space using weighted averages. Although the degree of prediction of the
probability of detection by applying color increased from 0.8 to 0.82, it can be said that there was no
significant improvement in performance by applying color. The gradient clutter metric proposed in
(Mechan & Culpepper, 2016) uses the Lab color domain in which the gradient is determined
independently in three color channels.

Also, the interesting research is (Itti et al, 2001), in which the authors presented an effective target
detector model where, in 75% of images from the Search_2 dataset, the target is detected faster using the
model than by the observer.

After the introductory part, the publicly available Search_2 dataset and the experimental results are
described in the second part of the paper. The image clutter metrics are described in the third part of the
paper, while their performance on the Search_2 dataset is discussed in the fourth part of the paper. At the
end of the paper, conclusions and directions for further research are given.

Experimental results

The TNO Human Factors Search_2 dataset contains 44 high-resolution color images (6144 x 4096
pixels), where each image contains one military vehicle considered as a target (Toet et al, 2001). The
images have different complexity and were obtained by shooting in a rural environment. In addition to
images, the dataset also contains binary images in which the segmentation of the target from the
background was performed manually.
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Also, the Excel file provides information on the conditions under which the tests were conducted, as
well as the results of subjective psychophysical tests.

Search targets

Nine military vehicles were considered as targets of interest (all-terrain vehicles, infantry fighting
vehicles and tanks) - Fig. 1. In order to get as close as possible to the real conditions of observing these
targets, the targets were recorded in different local environments (backgrounds), at different distances, in
different lighting conditions of the scene, under different orientations (Fig. 2) and with different degrees

of occlusion of the target with vegetation.

b L8

(a) HMMVV-Scout (b) HMMVV-Tow (c) BMP-1

(d) BTR-70

(g) M1A1 (h) M60 (i) T72
Figure 1

Nine military vehicles considered as targets of interest (oblique back view)
PI/IC. 1- ACB;IT]) GOCB])IX MallluH, paCCManI/IBaCMLIX B Ka4C€CTBEC IICACBBIX 06'bCKTOB (BI/IA C33AI/I)
CAI/IKa 1- ACBCT BOjHI/IX BO3HAA Pa3MaTPaHI/IX Kao IIM/ASEBH OA I/IHTCPCCQ.

Figure 2

Front view, oblique front view and oblique back view of the target (tank T72)
Puc. 2 — Bua criepean, GoKOBOIT BHA Ha LIEAb CIIEPEAM H C3aAM Ha LieAb (TaHk T72)
Cauka 2 — IToraea cripeaa, KOCH OTACA CIIPEAA U [IO3AAM HA IIH A (Tenx T72)

Experimental results and discussion
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For each of the 44 source images, the target, the distance at which the target is located and its aspect
angle, the center of the target in the image, and its width and height in pixels are known. Luminance data
are provided for the scene, the target and its background.

(€)

Figure 3
(a) source image, (b) target image, (c) binary image after manual segmentation, (d) and (e) extraction of the target

and the background based on a binary image
Puc. 3 - (a) ncxoanoe usobpaxenue, (b) neaesoe nsobpaenue, (c) GunapHoe n3obpakenue mocae pyanoi cermentarum, (d) u
(e) nsBaeuenue neau u poHa Ha OCHOBE GUHAPHOTO H3OOPAKEHHS
Caunxa 3 - (a) ussopHa cauxa, (b) canka uma, (c) GuHapHa cAuKa HaKOH py4He cermenTauyje, (d) u (¢) usaBajame nusa 1
OKOAMHE Ha OCHOBY GHHapHE CAMKe

These data enable the target image to be extracted, and the binary images enable the target to be
extracted from the background - Fig. 3. Researchers mostly use 39 out of the available 44 images, i.c., in the
analyses they do not consider images with serial numbers 7, 15, 23 and 26, in which duplicate targets have
been noticed, and they do not consider image 39 because the target detection probability is only 14.5%
(Chang & Zhang, 2006a).
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In the subjective tests, 62 observers participated, and the results are given through their correct, false and
missed detections. In addition, search time was measured, with mean, geometric mean and median search
time available. Based on the results of the subjective tests, it is possible to determine the probability of
detection (P4) and the probability of false alarm (FAR) of the target for each source image (Chang et al,

2010):

P —_ NLTJFJ'H’.'E
of =

N +N. +N ’

correct Jalse missed ( 1 )

where N grrect is the number of correct detections, N, is the number of false detections, and N igeed is

the number of missed targets. The false alarm probability is obtained as:

FAR — Nfa.l’.‘ce
Ncrm'ecr + N JSalse + Nnr:.-.'.l.'ed (2)
while the total probability of detection is:
P =L, +FAR.

(3)

Fig. 4 shows the relationship between Py/FAR as a function of mean search time (mST) based on the
Search_2 dataset data. From this figure, it can be seen that with an increase in the mean search time, the
probability of detection decreases, that is, the probability of a false alarm increases. Also, Fig. 4 confirms
that human observers in an attempt to improve their detection performance will accept higher false alarm
probabilities when considering an image with pronounced clutter (Chang et al, 2007).

Table 1 shows the degree of agreement between the mean search time and the probability of detection/
false alarm probability. The linear (Pearson's) correlation coefficient (LCC) and rank correlations
(Spearman's, SROCC, and Kendal's, KROCC) were used as quantitative indicators. It can be concluded
that the LCC between the mean search time and Py/FAR is greater than 90%. The linear correlation
between mST and Py is greater than the correlation between mST and FAR. If the rank correlations are

considered, the greater degree of agreement is between mST and FAR.

] ﬂ? T T T T []4 T T T T T
oV O . O -
. O 03 e 1
0.5 T T, 1 \ s
a" é‘ o __.-'”?/
) o o A
e, 0.7F i . - 02 "'/.’ E
- - [ "
. D ':_.'_/.- -
0.6+ R v
S o QO
01k .-"-'rj'“ .
0.5t A . & _..:-\. -
- “}@f OO
0.4 ‘ ' ' : - 0 —&ﬂ . . - .
0 5 |0 15 20 25 30 0 5 10 15 20 25 30
mST (s) mST (s)
(a) (b)
Figure 4

(a) relationship between the probability of detection, and (b) the false alarm rate and the mean search time
Puc. 4 - (a) cooTHOmEHME MEKAY BEPOSATHOCTBIO 06Hapyx)eHuUs U (b) 4acTOTOMH AOKHOI TPEBOTH U CPEAHUM BPEMEHEM ITOUCKA
Canxa 4 - (a) oanoc usmeby seposarnohe aerexunje u (b) BepoBaTHOhe A®KHOr asapMa U CPeAbET BpeMEHA IPETPOKUBAIbA
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Table 1
Degree of agreement between the mean search time and the probability of detection / false alarm probability
Py FAR
LCC 0.9261 0.9038
SROCC 0.8101 0.8464
KROCC 0.6464 0.6968

Tabauma 1 — Crenens coBmapeHusS CPEAHETO BPEMEHH MOUCKA C BEPOATHOCTBIO 06Hapy>KeHm{ / BEPOATHOCTBIO AOXKHOM TPEBOTH
Tabeaa 1 — Cremen caarama CPEARET BPEMEHA IPETPAKUBAHA U Bep()BaTHohe Aerexiuje / BCpOBaTHohe ADKHOT aAapMa

From Fig, 4, it can be seen that there are several images where the detection probability is equal to one,
and their mean search time is between 2 and 7 seconds. The minimum target detection probability of the
considered images is 48.4%, where the mean search time is 29.8 s. Fig. 5 shows two source images with the
maximum probability of detection and the source image with the lowest detection probability.

The targets in these images are framed by white rectangles and additionally shown as magnified images.
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(b) Ps=1, mST=6.4 s, target size 44 x 43 pixels
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Figure 5
Examples of images from the Search_2 dataset with the maximum and minimum probability of target detection
Puc. 5 - I1pumepsr usobpaxenuii u3 6aser AanHbx Search_2 ¢ MaKCHMMaAbHON 1 MUHHUMAaABHOM BEPOSITHOCTBIO OOHAPY>KEHMS
LIeAT
Cauka 5 - ITpumepu canka us Search_2 6ase ca MakcHMaAHOM ¥ MHHUMAAHOM BEPOBATHONOM A€TeKLje UMb

From Fig. 5(a), it can be seen that the target is in the central part of the image, with high contrast
compared to the background and with a not so pronounced clutter in its background, so it is not surprising
that the probability of detection is maximum. For the target in Fig. 5(b), the probability of detection is
maximum, although its contrast with the background is worse than in the previous example, the target is
smaller and the background clutter is more pronounced. The minimum probability of detection is
obtained for a small target with low contrast to the background and with a loss of detail. The targets in
Figs. 5(b) and 5(c) are HMMVV-Tow at 3 km and M1A1 at 5.4 km, respectively, which may also affect
the probability of detection. There is a frontal view on both targets

Image clutter metrics

Simple clutter metrics

Gray level standard deviation (STD) and gray level entropy (E;) are often used as image clutter metrics.
Statistics derived from gray level co-occurrence matrices (GLCM) are also used. The following GLCM-
based metrics were used in this research: contrast, correlation, energy, homogeneity, and two-dimensional
entropy (E;) (Cheng & Li, 2021). In this paper, the frequency of occurrence of pairs of gray levels at
positions (m,n) and (m+1,n+1) for GLCM is analyzed, and the features derived from GLCM contain
information about the structure in the image.

Spatial information (SI) and spatial frequency (SF) are used to describe the variety of source content in
image and video datasets intended for quality assessment. Additionally, these features are used to analyze
the complexity of images for compression purposes and to predict just noticeable differences (Bondzuli¢ et
al, 2022). In this paper, these features are considered as clutter metrics. For the grayscale image F, the ST is
obtained after filtering the image using Sobel spatial masks that are sensitive to intensity changes along
rows and columns:

S, =std,,,,| Sobel (F)], o

where Sobel(F) is the gradient magnitude at the local level, and where stdspace is the notation
representing the standard deviation of the values in the spatial (grayscale) image plane. In addition to the
standard deviation, the root-mean-square and the mean value are used in the spatial domain (Yu &
Winkler, 2013):

| Sobel (F) ]

SIJ THS = rms.’;f} e

(5)

S,y = mean,,,., [Sﬂbef (F )] :

mean

(6)

where the mean value proved to be the best predictor of image complexity in compression (Yu &
Winkler, 2013).

The gradient magnitude can also be calculated based on the difference in gray levels of adjacent pixels by
rows (RD) and columns (CD) using the following equations:

RD(m,n) = F(m,n)—F(m+1,n)
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CD(m,n)=F(m,n)—F(m,n+1) ®)

SF(m,n) = \/(RD[m,n})"‘ +{CD[m,n})2 : )

The usual term for the gradient magnitude calculated in this way is spatial frequency (SF) (Tan et al,
2017). Based on locally calculated SF values, three characteristics can be calculated:

SF = mean,,... [SF] ' (10)
SF,,, =rms,,[SF], and (11)
SEM = Sk space [SF] : (12)

The probability of edge (POE) is the percentage of edge pixels relative to the number of pixels in a
complete image (Chang & Zhang, 2006a). The well-known image binarization method proposed by
Canny (Canny, 1986) was used to determine edge pixels.

The compression ratio (CR) is used as a measure of image complexity for compression purposes, and
here it is used as a clutter metric. It is obtained as the ratio of the size of the original uncompressed image
and JPEG compressed image with a quality factor of QF=100 (Corchs et al, 2016).

The only feature that uses color information in our research is colourfulness (CF). It is a well-known
feature for estimating the variety and intensity of colors in an image (Hasler & Suesstrunk, 2003). CF is
obtained in opponent color space derived from three RGB color planes:

rg=R-G (13)

|
yb=~(R+G)-B,

- (14)
where CF is defined as:

CFz,,fcrfg +crfﬁ +{].34f,ufg +,u_i§ : s

and o, and oy}, are standard deviations, while #; and Hy}, are the mean values in rg and yb planes,
respectively.

The last three image features are derived from the mean subtracted contrast normalized (MSCN)
distribution (Mittal et al, 2012). The distribution of the MSCN coefficients can be modeled using the
asymmetric generalized Gaussian distribution (AGGD), described by three parameters — the shape
parameter v, which controls the shape of the distribution, and the scaling parameters o; and o, which
control the spread on each side of the mode. These three parameters (v, o; and o) were used to determine
the type of image degradation and perceptual quality, and here they are used as clutter metrics.

The mentioned features were used as clutter metrics at the global (picture) level, without a priori
knowledge of the target. Additionally, these features were used as clutter metrics at the local level, where
the size of the region within which these features are calculated is important. Most researchers (Chang &
Zhang, 2006a; Xu & Shi, 2013), use a region that is twice the apparent size of the target in each dimension.
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Also, some researchers, such as (Wilson, 2001), use the width and height of the target multiplied by the
square root of two to determine the dimensions of the region. In this way, for a rectangular object, an equal
number of pixels are used to determine the target and background features. In this paper, an image patch
that is twice the height and width of the target is used to determine the region of interest.

Contrast-based clutter metrics and a target size

The second set of metrics discussed in this paper are contrast-based clutter metrics and a target size.
These metrics require complete information about the target (knowing the boundary between the target
and its background).

The contrast metric measures the intensity difference between the target and its background (Schmieder
& Weathersby, 1983), (Wilson, 2001). The simplest contrast measure is the difference between the mean
gray level values of the target, #, and its background, Hy:

ﬁ,u=|,ur—,uﬂ|_ (16)

However, this metric does not consider the internal structure of the target and the background, so in
practice other contrast measures are used that consider the gray level standard deviations of the target, O T,
and/or the background, O , such as:

1) root sum of squares (RSS):

-
£

RSS = (14, =11, +07 (17)

2) Doyle local contrast:

2 2
Doylz'e*:.J(,ur,}r — i) +k(op—0,) . k=1,
3) target local background contrast (TBC):

TBC = ] and
s (19)
4) target interference ratio (TIR):
iR - e —#al
2 2’
g, +a
\Or T 0% 20)

To determine the background gray level mean value and the standard deviation, the size of the region
within which these two features are calculated is important. In this paper, the region of interest is twice the
height and width of the target.

The target size used in this analysis is the square root of the pixels on target (RPOT).

Quality assessment measures as clutter metrics

The application of objective image quality assessment measures as clutter metrics began after the work
(Chang & Zhang, 2006a) in which the target structural similarity, TSSIM, clutter metric was proposed.
After extracting the target image - the region outlined in red in Fig. 6, a comparison is made with the non-
overlapping regions of the considered image - the regions outlined in white in Fig, 6.
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Similarity is determined for each region, and the final clutter estimate is obtained as the arithmetic mean
(am in the subscripts of objective measures) or as the root mean square of the obtained values (rms in the
subscripts of objective measures).

This approach to determining the degree of clutter is used in the majority of objective measures. In the
TSSIM objective measure, higher values correspond to a greater similarity between the target and the
background, which indicates a higher degree of clutter in the image, and which will lead to a decrease in the
probability of detection.

It can be said that TSSIM metric is inversely proportional to target detection probability. Contrary to
this metric, some of the objective measures are directly proportional to the probability of detection, i.c.,
lower values of the objective scores correspond to lower values of the probability of detection.

e

&
. R -
- & I‘J

Figure 6

Hlustration of the principle of applying clutter metrics based on image quality assessment
PI/IC. 6 - I/IAAEOCTpaLu/IH HPI/IHHI/IHOB HPI/IMCHCHI/I;[ MCP OLICHKH H.IYMa Ha OCHOBC OLICHKH Ka4€CTBa H306Pa}KCHHﬂ
CAI/IKa 6 — I/IAyCTPaL[I/Ija HPI/IHHHHQ HPHMCHC Mepa HPOHCHC KAaTCpa 3aCHOBAHHUX Ha HPOHCHH KBAaAUTETA CAUKEC

The following objective measures were used in the analysis: TSSIM (Chang & Zhang, 2006a), structural
(s) component of TSSIM metric (Toet, 2010), FD (Xu & Shi, 2012), BSD (Xu et al, 2013), DSIM (Xu &
Shi, 2013), Ceim (Xiao et al, 2015a), Chgn (Zhao et al, 2019), and texture-based metrics GLCE,,, and

GLCE

of local similarities have the subscripts am and rms.

(Culpepper, 2015). The objective measures calculated as mean values and the root mean square
Target acquisition modeling and the results

The relationship between clutter metrics and Py, FAR and mST is analyzed using the regression models

(Culpepper, 2015):
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. ((‘T’f (’Ti{i )E
dpred — v v E
1+(C/Cy) o
c/c,)
FARpud = ﬁf[l_‘l[a] - ( - S{i) E
1+(C/Cy) )
mST]:IFL‘d =X CT Tz ' (23)

where Py pred, FAR}, .4 and mSTpred are the predictions of Py, FAR and mST based on the image
clutter metric C, Py 1o21=0.988 is the total probability of detection (Chang et al, 2007), while E, Cs, x, y
and z are the parameters of the regression models.

Tables 2-4 show the prediction performance (LCC, SROCC and KROCC) of the probability of
detection, the false alarm probability and the mean search time based on simple features, determined on
the global and local levels of the Search_2 dataset images. If the performance on the local level is better
than that on the global level, it is shaded in gray in the tables. Additionally, the best performance according
to each of the comparison criteria is marked in bold.

Table 2

Performance of the probability of detection prediction based on simple clutter metrics

Global Local
LCC SROCC | KROCC |LCC SROCC | KROCC
Entropy, E; 0.2897 |0.3714 0.2557 0.7025 | 0.7697 0.5861
Stand. Dev., STD 0.1622 | 0.2464 0.1580 0.8239 | 0.7624 0.5832
Contrast 0.1557 | 0.3850 0.2873 0.6624 | 0.7038 0.5286
Correlation 0.0555 | 0.0166 0.0217 0.7112 | 0.6769 0.4937
Energy 0.4391 0.4450 0.3384 0.5661 0.7006 0.5261
Homogeneity 0.3308 | 0.4644 0.3450 0.3986 | 0.4508 0.3265
Entropy, E, 0.3353 | 0.4456 0.3304 0.7252 | 0.7822 0.6062
Spat. Freq., SFean | 04133 | 05130 | 03936 | 0.5224 | 0.5437 | 0.3936
Spat. Freq, Sy, 04260 | 05200 |03993 | 06131 |0.6299 | 04740
Spat. Freq, SFug 04061 | 04804 | 03476  [0.7222 | 07142 | 0.5688
Spat. Inf, SLocan 04277 | 05479 | 04223 | 05308 |0.5838 | 0.4309
Spat. Inf,, SI; 0.4311 | 0.5166 0.3936 0.6373 | 0.6503 0.4855
Spat. Inf, SL.g 04002 | 0.4720 | 0.3419 | 0.7266 | 0.6994 | 0.5401
Prob. of Edge, POE 0.3973 | 0.4021 0.2774 0.6481 0.4182 0.2875
Comp. Ratio, CR 0.3642 | 0.4655 0.3522 0.4936 | 0.4438 0.3246
CF 0.0714 | 0.1392 0.0919 0.6139 | 0.6223 0.4740
AGGD, n 0.5479 | 0.6357 0.4753 0.7385 | 0.5471 0.4050
AGGD, s; 0.4538 | 0.6405 0.4827 0.5433 | 0.5969 0.4470
AGGD, s, 0.4375 | 0.6490 0.4815 0.4862 | 0.5526 0.4071

Tabanna 2 — DPPeKTHBHOCTS TPOTHO3UPOBAHHS BEPOSTHOCTH OOHAPY)KCHHS HA OCHOBE IIPOCTBIX MOKA3ATEACH TOMEX
Tabeaa 2 — ITeppopmance nmpeankimje BepoBaTHONE ACTEKIIMje HA OCHOBY jeAHOCTABHHX MEpPa IPOLICHE KAATEpa
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Table 3
Performance of the probability of false alarm prediction based on simple clutter metrics
Global Local
LCC SROCC | KROCC | LCC SROCC | KROCC
Entropy, E4 0.3416 | 0.4259 0.2964 0.6745 | 0.7960 0.6235
Stand. Dev., STD 0.2166 | 0.3030 0.2088 0.7909 | 0.7871 0.6147
Contrast 0.1672 | 0.4281 0.3198 0.7135 | 0.7101 0.5388
Correlation 0.0032 | 0.0227 0.0176 0.6228 | 0.7029 0.5355
Energy 0.4680 | 0.5030 0.3920 0.5618 | 0.7222 0.5525
Homogeneity 0.3488 | 0.5000 0.3740 0.4472 | 0.4555 0.3275
Entropy, E, 0.3804 | 0.5053 0.3782 0.7086 | 0.8041 0.6352
Spat. Freq., SFhean 0.4346 | 0.5524 0.4249 0.5706 | 0.5426 0.3986
Spat. Freq., SF 16 0.4482 | 0.5559 0.4249 0.6611 | 0.6297 0.4804
Spat. Freq., SFyq 0.4302 | 0.5120 0.3753 0.7630 | 0.7241 0.5738
Spat. Inf,, S can 0.4623 | 0.5857 0.4541 0.5693 | 0.5784 0.4337
Spat. Inf,, ST, 0.4694 | 0.5533 0.4220 0.6771 | 0.6462 0.4891
Spat. Inf,, SIiq 0.4427 | 0.5084 0.3723 0.7644 | 0.7052 0.5446
Prob. of Edge, POE 0.4363 | 0.4176 0.3010 0.6102 | 0.4057 0.2878
Comp. Ratio, CR 0.3773 ] 0.5005 0.3770 0.4382 | 0.4570 0.3373
CF 0.0735 | 0.1489 0.1037 0.6244 | 0.6293 0.4833
AGGD, n 0.6087 | 0.6690 0.5124 0.6583 | 0.5288 0.3941
AGGD, s 0.5105 | 0.6689 0.5125 0.5297 | 0.5658 0.4281
AGGD, s, 0.4893 | 0.6796 0.5143 0.4530 | 0.5343 0.3918

Ta6AI/IH2. 3 - 3(l)q)CKTI/IBHOCTL HpOI‘HOSHpOBaHI/ISI BCPO}ITHOCTI/I AOXKHON TpeBOI‘I/I Ha OCHOBC HPOCTbIX IOKA3ATEACH ITOMEX

Tabesa 3 - HCP(])OPMEI.HCC HPCAI/IKI_[I/IjC BCPOB&THOhC AQDKHOT aAapMa Ha OCHOBYjCAHOCTaBHI/IX Mcpa IIPpOIICHE KAaTepa

From Tables 2-4, it can be concluded that at the global level (without a priori knowledge of the target)
the best prediction results were obtained using the features derived from the distribution of the MSCN
coefficients. If the features are applied at the local level (in the region where the target is located), the
prediction performance considered through LCC is improved for all metrics, while the performance
improvement through SROCC and KROCC criteria depends on the choice of metric. At the local level,
the best predictors of subjective test results are the gray level standard deviation and entropy. The
prediction performance using the standard deviation increased significantly when applied at the local level.
It is interesting that by applying correlation and colourfulness, instead of being completely uncorrelated at

the global level, good prediction results were achieved at the local level.
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Table 4
Performance of the mean search time prediction based on simple clutter metrics
Global Local
LCC SROCC | KROCC | LCC SROCC | KROCC
Entropy, E4 0.3354 | 0.4018 0.2750 0.7362 | 0.7086 0.5446
Stand. Dev., STD 0.1845 | 0.3233 0.2124 0.8048 | 0.6806 0.4901
Contrast 0.2853 | 0.5037 0.3976 0.6416 | 0.6381 0.4602
Correlation 0.0148 [ 0.0546 0.0439 0.6922 | 0.6344 0.4707
Energy 0.4670 | 0.5164 0.4118 0.6114 | 0.6284 0.4779
Homogeneity 0.4106 | 0.4874 0.3883 0.4225 | 0.3739 0.2645
Entropy, Ey 0.3997 | 0.5013 0.3785 0.7049 | 0.7337 0.5582
Spat. Freq., SFpean 0.4629 | 0.5254 0.4112 0.5489 | 0.4613 0.3077
Spat. Freq., SF 16 0.4650 | 0.5242 0.3976 0.6313 | 0.5687 0.4003
Spat. Freq., SFyq 0.4226 | 0.4984 0.3622 0.6829 | 0.6713 0.4983
Spat. Inf,, S can 0.4724 | 0.5384 0.4248 0.5609 | 0.4930 0.3377
Spat. Inf,, ST, 0.4689 | 0.5116 0.3948 0.6578 ] 0.5941 0.4166
Spat. Inf,, SIiq 0.4330 | 0.4772 0.3404 0.7301 | 0.6613 0.4983
Prob. of Edge, POE 0.3602 | 0.3477 0.2493 0.6914 | 0.3343 0.2275
Comp. Ratio, CR 0.3485 | 0.4880 0.3856 0.4542 | 0.4871 0.3458
CF 0.0925 | 0.2319 0.1743 0.6147 | 0.5648 0.4112
AGGD, n 0.5966 | 0.6369 0.5024 0.6287 | 0.4836 0.3456
AGGD, s 0.5043 | 0.5949 0.4493 0.5409 | 0.4324 0.2848
AGGD, s, 0.4862 | 0.6055 0.4619 0.4844 | 0.4257 0.2890

Tabauma 4 — D¢ PexTHBHOCTD IIPOTHO3UPOBAHKS CPEAHETO BPEMEHH MTOMCKA HA OCHOBE IIPOCTHIX IIOKA3ATEACH OMEX
Tabera 4 — ITeppopmance nmpeauKIgje CPEABEr BpEMEHA MIPETPAKUBAKHA HA OCHOBY jeAHOCTABHHX Mepa MPOLICHE KAATepa

The prediction performance of the probability of detection, the false alarm probability and the mean
search time using the contrast-based clutter metrics and the target size are given in Table 5. It can be
concluded that the best predictors are RSS and RPOT, with RPOT being a better predictor.

The best prediction performance is for the mean search time. It is interesting to note that the
performance of contrast-based clutter metrics Doyle, TBC and TIR, which use the standard deviation of
the background, is significantly worse than the performance of RSS and RPOT.
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Table S

Performance of the probability of detection, the false alarm probability and the mean search time predictions based on the contrast-based clutter metrics and the target size

Py FAR mST

Lcc | srocc | krRocc | Lce | srocc | kroce | Lee | srocc | krocc | !

RSS 0.5573 |1 0.5112 | 0.3850 0.6080 [ 0.5636 | 0.4395 0.6638 | 0.6808 [ 0.5147 0.5471
DOYLE | 0.1301 | 0.1000 | 0.0747 0.1648 | 0.1447 | 0.1124 0.2039 | 0.2053 0.1525 0.1432
TBC 0.2301 | 0.2847 | 0.1896 0.1792 | 0.2485 0.1679 0.2431 | 0.1616 | 0.0899 0.1994
TIR 0.2897 | 0.3537 | 0.2499 0.2275 1 0.3232 | 0.2351 0.3223 | 0.2769 | 0.1797 0.2731
RPOT | 0.6851 | 0.6608 | 0.5056 0.6514 [ 0.6953 | 0.5505 0.7047 | 0.7662 | 0.5936 0.6459

TaGAI/IHa S - aq)(l)CKTHBHOCTI’ NPOTrHO3UMPOBAHUS BEPOATHOCTH O6H21py}KCHI/IH, BCPOATHOCTH AOXKHOM TPCBOT'H U CPCAHEIO BPCMCHH ITOMCKA HA OCHOBC KOHTPACTA U pasMepa ICAU

T216CA2|. S - Hcpcl)opMche HPCAI/IKHI/IjC BCpOBaTHOhC ACTCKLII/le, BCPOBZ{THOhC AQDKHOT aAapMa U CPCACT BPCMCHA NIPETPAXKMBAba HA OCHOBY KOHTPACTHUX MCPA MPOILCHE KAATCPA M BEAMIHHE ITH oA
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Table 6

Performance of the probability of detection, the false alarm probability and the mean search time predictions based on quality assessment measures

Py FAR mST

Lcc | srocc | krocc | Lcc | srocc | krocc | Lce | srocc | krocc | ™M

TSSIM

rms

TSSIM
am

sems | 0.6685 [ 07031 [ 05520 [ 0.6498 [ 0.7072 [ 05508 [ 0.7381 [ 0.7901 [0.5872 [ 0.6608
Sam 0.6871 | 0.7160 | 0.5602 | 0.6593 | 0.7211 | 0.5621 | 0.7473 | 0.7946 | 0.5882 | 0.6707
FD,ms | 0.8636 [ 07170 [ 05524 [ 0.8704 [ 0.7359 [0.5688 [0.8536 [ 07298 [o0.5617 [0.7170
FD,, |0.8552 | 07136 |0.5505 | 0.8639 | 0.7323 | 05669 |0.8502 [ 0.7337 |[0.5654 | 0.7146
BSD,,,

0.8011 | 0.6928 0.5372 0.7611 | 0.6800 0.5242 0.7936 | 0.7486 | 0.5582 0.6774

0.7718 | 0.7617 0.5660 0.7374 | 0.7870 0.6001 0.7427 | 0.6865 0.4901 0.6826

0.8785 | 0.8050 [ 0.6435 0.8433 | 0.8241 0.6644 0.8573 1 0.8111 0.6372 0.7738

N

BSD,,, | 0.8806 | 0.8065 | 0.6454 0.8495 | 0.8253 | 0.6663 0.8602 | 0.8100 | 0.6335 0.7753

DSIM
" 10.8924 | 0.8000 |0.6321 [0.8913 0.8253 |[0.6644 |0.9006 | 0.7631 |0.5909 |0.7733
ms
DSIM,
0.8914 | 07977 | 0.6234 |0.8898 | 0.8245 |0.6585 | 0.8995 | 0.7616 | 0.5827 | 0.7699
GLCE
0.8263 | 07168 | 05752 | 0.8304 | 0.7388 | 0.6023 | 0.7945 | 0.7357 | 0.5356 | 0.7062
con
GLCE

0.8685 | 0.7855 0.6146 0.8479 | 0.8151 0.6555 0.8899 [ 0.8700 | 0.7053 0.7836
crg
Cessim | 0.8696 | 0.8062 | 0.6292 0.8451 [ 0.8280 | 0.6527 0.8906 | 0.7650 | 0.5936 0.7644

Cmdh | 0.8686 | 0.7743 0.6119 0.8212 | 0.7868 0.6235 0.8599 | 0.8192 | 0.6209 0.7540

Ta6Al/ILl3. 6 - 3¢¢CKTMBHOCT]> NPOrHO3UPOBAHHUS BEPOSATHOCTH O6Hapy>KCHl/Ii{, BCPOATHOCTH AOXKHOU TPEBOI'K U CPCAHCI'O BDCMCHH ITOMCKA Ha OCHOBC MOKa3aTeAeH OLICHKH Ka4Ye€CTBa

Tabeaa 6 — ITepdpopmance npeanxiuje BepoBatHohe AeTekinje, BepoBaTHOhe AQKHOT aAapMa U CPEABET BPEMEHA IPETPKIBAbA HA OCHOBY Mepa IPOLICHE KBAAUTETA
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Table 6 shows the prediction performance of clutter metrics based on determining the similarity/
dissimilarity between the target image and the background.

The best results according to each of the criteria are marked in gray and bold.

The degree of agreement between the objective measures and the results of subjective tests according to
LCC goes up to 90.06%, according to SROCC up to 87% and according to KROCC up to 70.53%, so
there is a need for further improvement of the existing and development of new clutter metrics.

This group of metrics provides better prediction results than simple metrics, contrast-based metrics and
target size.

If we consider the mean value of the degree of prediction (the last column of the table), it can be
concluded that the three first-ranked measures of clutter are GLCEerg, BSD and DSIM, with a mean
degree of agreement of about 78%.

Fig. 7 shows the relationships between clutter metrics (GLCEerg and DSIM,,s) and the experimental
data of the Search_2 dataset (probability of detection, probability of false alarm and mean search time).

Non-linear regression trends can be observed between the objective scores and the experimental
(subjective) data.

The scattering of points around the regression curves indicates the need for further research in the area
of clutter assessment.
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Conclusion

The paper summarizes the results of the metrics used to determine the target acqgisition performance.
Global metrics without a priori knowledge of the target, metrics that require information about the
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position and dimensions of the target, and metrics that require full knowledge of the target information -
position and boundaries between the target and the background were used. Clutter metrics were used for
comparison with the results of subjective tests, that is, the relationships between the clutter metrics and the
probability of target detection, the probability of a false alarm and the mean search time were analyzed.
Although clutter metrics that use objective quality assessments (similarities or dissimilarities between
target and background images) have achieved better results than other metrics, there is a need for further
research. The degree of agreement of these metrics with the results of the subjective tests measured
through the linear correlation coefficient reached a value of 90%. Since objective measures generally do not
use color as information, one of the directions of future research would be related to the application of
color in the analysis of the degree of clutter. Additionally, one of the directions of future research can be
the simultaneous application of multiple metrics (fusion) in the image clutter analysis. The Search_2
publicly available dataset was used to analyze the performance of clutter metrics. This database is relatively
small (44 images), with a relatively high target detection probability. Therefore, it is necessary to expand
the range of detection probabilities in future research, and one of the ways to do that is by considering
atmospheric effects.
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