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B paGore nipencTaBieHbl pe3yabTaThl pa3paboTKM MPOTOTUIIA CUCTEMbI TEXHUYECKOTO 3pEHN S, BEITIOJTHEHHOTO Ha OCHOBE
MTPOTPaMMUPYEMOil JIOTMYECKONM MHTErpajbHOI cXeMbl. M370XeH MeTOA ylydlleHUs] pasiuuMMOCTH MH(OPMAaTUBHBIX
(bparmeHTOB Ha IMGPOBBIX N300paKEHUIX TOMOJIOTU I MHTETPATbHBIX CXEM U €0 arfapaTHas peaanusaiusi.

Karwuesvie cnosa: IIJIUC; yugposas o6pabomka uzo6pajycenuil; pasauyumocms; Monoa02us UHmMeepalbHol cXembl.

The paper presents the results of developing a prototype of a technical vision system based on a field programmable gate array.

A method for improving the discernibility of informative regions on digital images of integrated circuits layouts has been

presented.

Keywords: FPGA; digital image processing; discernibility; integrated circuit layout.

BBEAEHUE

OnTUKO-BU3YyaTbHbIE METO/IBI KOHTPOJISI B MUKPOJIEKTPOHUKE MPHU-
MEHSIFOTCSI U151 TOMCKAa MUKPO- U MakpoaeeKTOB, U3MEPEHUs pa3-
MepoB 2jieMeHTOB U np. KauecTtBo (MH(pOpMaTUBHOCTH) HabJt01a-
€MOTO BUIeOM300pakeHU sl HanmpsiMyto BausieT Ha 3¢ GeKTUBHOCTb
MTPOM3BOIMMBIX C TOMOIIBIO TaHHBIX CPEICTB KOHTPOJISI omnepa-
uit. OMHOM U3 BO3MOXHBIX TPOOJIeM P paboTe ¢ COBPEMEHHBIM
KOHTPOJIBHO-U3MEPUTEIBbHBIM 000PYLOBAHUEM, UCIIOIb3YOLUM
YCTPOICTBA BUACOPETUCTPAIIUH, SBJISIETCS HEMOCTATOUHAS Pa3 U~
MOCTb IPAHUIL pa3e/ieHus] y4acTKOB Ha U(PPOBBIX M300paXKeHU X

TOTIOJIOTU 1 UHTErpaJbHBIX cXxeM. B 00111eM ci1yyae HU3KM 1 KOHTpacT

M300paxeHus SIBISIETCS CISACTBUEM HECOIJIaCOBAHHOCTYU IMHAMM-
YEeCKUX AMana3oHOB U300paXeHU sl U BOCIPOU3BOASIIETO YyCTPOTi-
ctBa [1]. B 1aHHOM ciy4ae rinodajibHOE UJIM JIOKAJbHOE CHUKEHHUE
KOHTPACTa MOXET ObITh BBI3BAHO BBIOOPOM HEBEPHOTO (hOKYCHOTO
pacCTOSIHUSI KaMepbl MJIM HEPaBHOMEPHOI OCBEILIEHHOCThIO Ha0JT10-
JlaeMoii paboueii 30HbI.

[MoBbimreHne 3(ppeKTUBHOCTU pabOTHI CUCTEM BU3yaJIbHOT'O KOH-
TPOJISI MOXET MOCTUTATHCS TPUMEHEHUEM CIIeIIMaTN3UPOBAHHBIX
CUCTEM OCBEIICHU S, CBETODUIBTPOB UJIU CPEACTB MOCTOOPaOOTKM
BugeousobpaxeHus. M3 aToro ciaeayet, 4To 6ojiee COBEPIICHHbBIE
METOJbl KOPPEeKLUU HUPPOBBIX N300paXKeHU I MOTYT IMOBBICUTh




AOKAAABI KOH®EPEHIIUU

93bGEKTUBHOCTD PaOOTHI CUCTEMBI BU3YaIbHOTO KOHTPOJISI 06€e3 cylie-
CTBEHHBIX (DTHAHCOBBIX 3aTparT.

B pabGotre mpencTaBieH METOA YAYUYIIEHUS PAa3TIUUYUMOCTH
MHGOPMATUBHBIX (hparMeHTOB Ha IM(MPOBBIX M300paXKEHHU X TOTO-
JIOTUii MHTerpanbHbiX cxeM. [IpencraBieHbl pe3yabTaThl pa3pa-
GOTKM MPOTOTHUIA CUCTEMBbI TEXHUYECKOT'O 3PEHMUSI, BBINOJHEHHOTO
Ha OCHOBE NMPOrpaMMUPYEMOil IOTMYECKO MHTErpajbHOM CXeMBbI,
¢ peaju3aliueil onucaHHoro B pabote meroaa. Lleabio HacTosiei
paboThl gBJsIeTCS AeMOHCTpaLus 2(HEKTUBHOCTH MpeliaraeMoro
MeTolla KOPPEeKIMU UPPOBBIX U300pakeHU Il TOMOJTOTUI MHTE-
IPAJIBHBIX CXeM JJISI KOHTPOJIbHO-U3MEPUTETbHBIX CUCTEM, UCTIONb-
3YIOIIMX BU3yaIbHBIA METOI KOHTPOJS.

OITPEAEAEHWUWE ITPOBAEMBI

TpaauIMOHHO METO/bI MOBBIIICHU ST KOHTPACTHOCTH PACTPOBBIX
M300paxeHuit MOXHO pa3aenTh Ha BE KATETOPUU: IJ100aTbHbIC
M aganTUuBHbIC (JJoKanabHbIe) [2]. [106asbHBIE METOABI KOHTPACTU-
pOBaHUsI MOAPAa3yMEBAIOT MPe0Opa3oBaHue BCEil MIKATbI IPKOCTH.
K TakuM MeTomaM OTHOCUTCS TMHETHOE KOHTPACTUPOBAHUE, OCY-
IIECTBIISIIONIEe TMHEIWHOE PACTSIKEHME IITKAJIBI IPKOCTU UCXOTHOTO
n300pakeHsI Ha BeCb BO3MOXHBII 1rana3oH. MeToIbl HeJTuHe-
HOTO KOHTPAaCTHPOBAHMUS BBHITIOJHSIOT TPeoOpa3oBaHMe MIKAJIbI
SIDKOCTH B COOTBETCTBUMU C OINpPeaeJeHHBIM HEJMHENHBIM 3aKO0-
HOM. K Takum MeTomaM OTHOCSITCSI CTeTICHHBIE TTPe0Opa30BaHM s
SIPKOCTHU (TaMMa-KOPPEeKIIUsl, COJISIpU3alusi u ap.), Jorapudmude-
cKoe npeobpa3oBaHue U M., TJIe T0Ka3aTelb CTENEHU BhIOMPAeTCst
B 3aBUCHUMOCTH OT XapaKTepa UCXOJHOr0 U300pakeHusl. AJanTuB-
HbIe METO/J bl KOHTPACTUPOBAHUSI MPEIONaraloT MpeodpasoBaHue
SIPKOCTH KaKIO0T0 KOHKPETHOTO MUKCEeJsi U300pakeHUs B 3aBUCH-
MOCTH OT XapaKTePUCTUK ero OKpecTHOCTU. K amanTUBHBIM OTHO-
CSITCSI METOJIbl, OCHOBaHHBIE Ha TIPUMEHEHU U MPOCTPAHCTBEH-
HBIX GUIBTPOB, KOTOPBIE PeaTu3yIOT MAaTEeMaTUYeCKHE OIePaTOPBI
(manpumep ormeparop Jlariaca, BEITIOJHSIONINIA MTOBBIIIIEHUE PE3-
KOCTHU n300paxeHust). Takke afanTUBHOE yBEJINICHUE KOHTPACT-
HOCTH JOCTUTAETCS 3a CYET MPUMEHEHUSI K JIOKAJIbHBIM 00JIaCTIM
GyHKIMI, KOTOpbIE UCMOTB3YIOTCS [N100aJIbHBIMU METOAAMU KOH-
TPAaCTUPOBAHMUSI.

IMoBbiieHue adhekTuBHOCTH pabOThl 0OOPYIOBAHUS BU3Y-
aJIbHOTO KOHTPOJISI, KaK MPAaBUJIO, HAYMHAIOT C TIPUMEHEHUSI TJI0-
GajbHBIX METOMOB KOHTPACTUPOBAHUSI, HE TPEOYIOIINX OONTBIINX
BBIYMCIUTENbHBIX pecypcoB. OQHaKO NaHHBIE METOIbI HE YUUTHI-
BalOT HEPABHOMEPHOCTD pacrpeie/eHus] IMHAMUYECKUX AUarna3o-
HOB M KOHTPACTOB pa3JMYHbIX o0acTeit u3oopaxeHus. [IpumeHe-
HUE aalITUBHBIX METOJIOB, TAKMX KaK MPOCTPAHCTBEHHAs (DUIIBTpa-
st buabTpoM Jlarmiaca, MO3BOJISIET MTOBBICUTH PE3KOCTh, HO UMEET
CylIIeCTBEHHBIN HeqocTaTOK. CTereHb MOBBIIIEHUSI Pe3KOCTH ONU-
HaKOBa JJIsl BCETO M300paxXeHUsI U He YYUTHIBAET KOHTPACTHOCTD
coceqHUX obsacteii. [lpyrue aganTiBHbIE METOIbI TOBBILIEHU T KOH-
TPAaCTHOCTH, MPEAINOoiaramllue onpeaeJeHne TaAKMX mapaMeTpoB
OKPECTHOCTH, KakK popMa rMCTOrpaMMBbl IPKOCTU, SHTPOIIHSI, CPE-
HEKBaJpaTUYeCKOE OTKJIOHEHUE, SIBISIIOTCS BEIYMCIUTEIBHO 6oJiee
CJIOXHBIMU U TPEOYIOT psifia MpeBapUTEbHbIX IKCTIEPUMEHTOB.
Takum obpazom, 3agaya 00pabOTKM BUAEOU300paKeHUSsT B peKUME
peasbHOTO BPEMEHHM YCIOXHSIETCsI, YTO TPeOYyeT MUCTIOIb30BaAHM S
6oJiee TOPOTOCTOSIIIEr0 BEIYUCIUTEIbHOTO 06opynoBanus. C yde-
TOM 3TOTO TpeJiaraeTcs CIenyIoInil MeTo KoppeKunu uudpo-
BBIX M300pakeHU i, ODUEHTUPOBAHHBIN HA YJIyUIlIeHUE Pa3TUIUMO-
¢t HGOOPMATUBHBIX (PPArMEHTOB TOMOJOT il UHTETPAIBHBIX CXEM.
ArnmaparHas peaqu3aiusi MpeacTaBIeHHOTO METO/Ia MO3BOJISIET PO~
BOAMTH aBTOMATHYECKY O KOPPEKIINIO BUIEON300paKeHM ST, OCHOBbI-
BasiCh HA aHAJM3e TUCTOTPAMM SIDKOCTU U YUUTHIBast 0COOEHHOCTH
paboThl 3pUTEIBbHO CUCTEMBI YEJIOBEKA.

METOA YAYUHIEHU A PABANYNMOCTN
Merton npesmnonaraeT yBeJrnyeHne KOHTpAcTa MmyTeM npeobpaso-
BaHUS IMHAMWYECKOIO nIuana3oHa sipKkocTeil nzoopaxeHnus [3].
st 3TOTO Ha OCHOBE MCXOAHOIro u3obpaxkeHus (puc. 1) popmu-
PYIOTCS ABa M300paxXeHUsl, CofepKale MoAIana3oHbl MaabiX
u 6osiblIKX sipkocTeii. [TonoOGHOoe pa3nesieHue Mo3BoIseT YIYUIlUTh
pa3IMYMMOCTh MHGOPMATUBHBIX (DPAaTMEHTOB, KOTOPBIE PACITONO-
>KEHBI B MAJIOKOHTPACTHBIX 00JIACTSIX C TIpeobaagaHueM OOIbIINX
VJTY MaJIBIX YPOBHEH IPKOCTH.

Takum 06pa3oM, MEPBBIM ITAMOM KOPPEKIIUHU SIBJISIETCS OIpe-
NeJieHNe TPAHUIIBl pa3Ae/ieHUs A1ruana3oHa sipKOCTU MCXOIHOTO

INTRODUCTION

Optical-visual methods of control in micro-
electronics have been used to search for micro-
and macrodefects, to measure the dimensions
of elements, etc. The quality (informative-
ness) of observed video image directly affects
the efficiency of operations performed with
the help of these monitoring tools. One of the
possible problems while working with mod-
ern control and measuring equipment using
video recording devices is the insufficient dis-
cernibility of separation boundaries of regions
on digital images of integrated circuit layouts.
In general, the low contrast of image is a con-
sequence of inconsistency of dynamic ranges
of image and reproducing device [1]. In this
case, a global or local decrease in contrast
may be caused by choosing the wrong focal
length of the camera or uneven illumination

of the observed working area.

The efficiency of visual control systems
can be improved by using specialized light-
ing systems, light filters or means of post-pro-
cessing video. It follows that more advanced
methods for correcting digital images can
increase the efficiency of the visual control
system without significant financial costs.

The article presents a method for improv-
ing discernibility of informative regions
on digital images of integrated circuits lay-
outs. The results of the development of tech-
nical vision system prototype, made on the
basis of a field programmable gate array, with
the implementation of the method described
in the work have been presented. The purpose
of this article is to demonstrate the effective-
ness of the proposed method for correcting
digital images of integrated circuits layouts for
instrumentation systems that use a visual con-
trol method.

DEFINING THE PROBLEM

Traditionally, methods for contrast improve-
ment of raster images can be divided into two
categories: global and adaptive (local) [2].
Global methods of contrasting suggest con-
version of entire scale of intensity. Such meth-
ods include linear contrast enhancement, per-
forming linear expansion of the scale of orig-
inal image intensity to the maximum pos-
sible range. The methods of nonlinear con-
trast enhancement perform transformation
of intensity scale in accordance with a cer-
tain nonlinear law. Such methods include
power-law transformations of intensity
(gamma correction, solarization, etc.), loga-
rithmic transformation, etc., where exponent
is selected depending on the character of orig-
inal image. Adaptive methods of contrast-
ing imply transformation of intensity of each
particular pixel of the image depending
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Puc. 1. Hcxoonoe uzobpaxcenue (a) u eco eucmoepamma P(1) (6)
Fig. 1. The original image (a) and its histogram P(I) (b)

I/I306pa)KCHI/IH Ha nmoganarna3oHbl. ,Z[J'ISI 3TOT0 MOXKET UCITOJIb30BaThCA
cpenHee apI/I(bMCTI/I‘[eCKOC 3HAYCHUE APKOCTU

I(x,
=¥, m

rne N — Konm4ecTBO MUKceseit nuzoopaxenus, /(x,y) — 3HaUeHUE
SIPKOCTH TTUKCEJISI.

OnHaKo NMpU HAJIMYMU HAa M300pakeHU M OOLIMPHOI MaJIOKOH-
TPacTHOI 00JIaCTU 3HAYEHME CPEJHEI IPKOCTU MOXET OKa3aThCs
3aBbILICHHBIM MJIM 3aHUXEHHBIM B 3aBUCUMOCTH OT Ipeobiana-
IOIMX B MaJJOKOHTPACTHOI 00JacTU YPOBHEH SIpPKOCTU. DTO orpa-
HUYUBAET BO3MOXHOCTb OTOOPAXEeHUsI 00BEKTOB, OTHOCS LLIUXCS
K TOJAMAaNa30Hy MajiblX WJIK OONbIINX sipKOCTeit. JIJsl KOppeKT-
HOTO ONpe/eseH s TPaHULLbl pa3e/ieHUs Auana3oHa ipKoCcTH Tpe-
OyeTcsl UCKJTIOUUTH U3 UCXOIHOTO U300pakeH s TUKCETU OO
poroBoii obnactu. [TogmoporoBast 06JacTh — 00JacTh U300paxke-
HUSI, KOHTPACT B KOTOPOIt He MPEBBIIIAET MOPOTOBOI KOHTPACTHOI
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OBOPYAOBAHME AAS ITPON3BOACTBA MUKPOCXEM U I1/T1 IPMBOPOB
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YYBCTBUTEJIBHOCTHU 3PUTENIBHON cUcTeMBbI YeaoBeka [4]. s onpe-
NeJICHU I TTMKCeJieit MoAoporoBoii 061acTu TpedyeTcs pacCUYUTaTh
3HauCHME JIOKaJIbHOTO KOHTPAcTa OKPECTHOCTH KaXKJI0TO U3 TTUKCE-
JIeil ICXOTHOTO N300paXXeHus1 COrJIacHO (hopMyJie

K = —max min , (2)

rae /., 1,

ax? “min

— MakcUMaJibHasi K MUHUMAaJbHast SPKOCTb BHIOPAHHO
0061acTH N300pakeHMsI COOTBETCTBEHHO.

[To oxoHYaHUM pacyeTa 3HaUeHUE JIOKAJbHOI'O KOHTpAcTa CpaB-
HuBaeTcs co 3HaueHueM 0,02 (moporoBast KOHTPACTHOCTb 3PUTEJb-
HOI cucTeMbl YesJloBeKa MPU AHEBHBIX YCIOBUSIX), U IIPU €ro npe-
BBIIICHU W ITUKCEJb T00ABIISCTCS K paCUeTy CpeIHe IpKOCTU U30-
6paxeHusi. CTOUT OTMETUTH, YTO YeM MEHbIIIe BHIOpaHHAST OKPECT-
HOCTB, TeM 0oJiee TOUHO OMpPEAeSIIOTCS TPAHUIIBI TTOAMOPOTO-
Boii ob6sacTu. [ToaToMy BeIOpaH MUHMMAaJIbHO BO3MOXHBIN pa3-
Mep OKpecTHOCTH — 3% 3 mukcens. [1as annapaTHo#l peaau3zanuu

on characteristics of its neighborhood. Adap-
tive methods include methods based on the
application of spatial filters, which are imple-
mented by mathematical operators (for exam-
ple, the Laplacian operator performs image
sharpness improvement). Also adaptive con-
trast increase is achieved due to application
of functions used by global contrast methods
to neighborhoods.

As arule, efficiency improvement of visual
control equipment begins with the use
of global contrast enhancement methods that
do not require large computational resources.
However, these methods do not take into
account uneven distribution of dynamic
ranges and contrasts of different areas of the
image. The use of adaptive methods, such
as spatial filtering with a Laplace filter, can
increase sharpness, but has a significant draw-
back. The degree of sharpening is the same

for the whole image and does not take into
account contrast of neighboring areas. Other
adaptive methods for contrast improvement,
suggesting the definition of such neighbor-
hoods parameters as the form of intensity his-
togram, entropy, RMS deviation, are compu-
tationally more complex and require a num-
ber of preliminary experiments. Thus, the
task of video processing in real time is compli-
cated, which requires the use of more expen-
sive computing equipment. That is why the
following method for correcting digital images
has been proposed, aimed at improving dis-
cernibility of informative regions of integrated
circuits layouts. The hardware implementa-
tion of the presented method allows the auto-
matic correction of video image based on the
analysis of intensity histograms and taking
into account peculiarities of human visual
system work.

METHOD OF IMPROVING THE
DISCERNIBILITY
The method implies contrast improvement
by converting dynamic range of image intensity
[3]. For this purpose, on the basis of the original
image (Fig. 1), two images are formed, comprising
low and high intensity subranges. This separation
can improve discernibility of informative regions,
which are located in low-contrast areas with
a predominance of high or low levels of intensity.
Thus, the first step of correction
is to determine the boundary of separation
of intensity range of the original image into
subranges. For this purpose, arithmetic mean
value of intensity can be used:

I
= 21D, 0)

where N is the number of pixels in the image; /

(x,y) — pixel intensity value.
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Mukcens (i1l | PIXEL [i][j]

D D D
CABuUroBsblii perncTp
Shift register D D D
COBUroBbIi perncTp
Shift register D D D
Mukcens [i-1][j-2] Mukcens [i-2][j-2] Mukcens [i-3][j-2]
PIXEL [i-1][j-2] PIXEL [i-2][j-2] PIXEL [i-3][j-2]
Mukcens [i-1][j-1] Mukcens [i-2][j-1] Mukcens [i-3][j-1]
PIXEL [i-1][j—1] PIXEL [i-2][j-1] PIXEL [i-3][j-1]
MNukcens [i-1]1[j] MNukcens [i-2][j] MNukcens [i-3][j]
PIXEL [i-1][j] PIXEL [i-2]j] PIXEL [i-3][j]

Puc. 2. Cxema éKat0ueHUs cO8U08bIX pe2UcMPO8

Fig. 2. Diagram of switching shift registers

TAKOM Ornepaium UCroib3yeTcs MOCAeI0BaTeIbHOCTb U3 CIBUTO-
BBIX PETMCTPOB (PHC. 2) C IIMPUHOMN IMHbBI JAHHBIX PABHON pa3psiji-
HOCTM 3HaYeHUsI ITTyOMHBI 11BeTa MUKcessi. O0beM MaMsITH CIBUTO-
BOTO PETUCTPA ONPEeNsieTCss PA3MEPHOCTBIO CTPOKHU BUACOIaHHBIX.

Puc. 3. RTL-6u0 cxembl 6Kat04eHUsI OA0K08 CPABHEHUS

Fig. 3. RTL-view diagram of switching comparison blocks

However, if there is an extensive low-con-
trast region in the image, the average inten-
sity value may be overestimated or underesti-
mated, depending on intensity levels prevail-
ing in the low-contrast region. This limits the
ability to display objects related to a subrange
of low or high intensities. In order to cor-
rectly determine the separation boundary
of the range of original image, it is required
to exclude the pixels of the subthreshold
area from the original image. Subthreshold
area is image area, whose contrast does not
exceed the threshold contrast sensitivity of the
human visual system [4]. To determine the
pixels of the subthreshold region, it is required
to calculate contrast value of neighborhood
of each of pixels of the original image accord-

ing to the formula:

I...—1.
K = —max min , (2)

max

where [, I, are maximum and minimum

intensity of the selected image area, respec-
tively.

At the end of calculation, the value of local
contrast is compared with the value 0.02
(threshold contrast of the human visual sys-
tem under daytime conditions) and when
it is exceeded, the pixel is added to calculation
of average intensity of the image. It should
be noted that the smaller the selected neigh-
borhood, the more accurately the boundar-
ies of the subthreshold region will be deter-
mined. Therefore, the minimum possi-
ble size of the neighborhood (3x3 pixels)
was selected. For hardware implementation

D — perucrp-3aiiesika, a Kax/blii U3 BbIBO-
JIOB COOTBETCTBYET MUKCETIO HhOPMUPYEMOit
OKPECTHOCTH (C KOOpAMHATAMM i, j).

Tak kak ompenesieHUe 3KCTPEMYMOB
OKPECTHOCTU HEOOXOAMMO MPOU3BOAUTH
KaX bl TaKT, MOJTYYEHHBIE TAKMM 00pa3oM
3HAUYEHUs MMUKCeJIeil TOCTYIAaloT Ha Mocie-
NOBaTEJIbHOCTh M3 OJIOKOB CpPaBHEHUS
(puc. 3).

[To 3aBeprieHnU pacyeTa rpaHUIIBI pa3-
IeleHUs] MOoNIMaNna3oHoB sipkocTu /,,,,
BBITIOJTHSIETCSI POpMUpPOBaHUE U300pake-
HUU MOAAMANa30HOB MaJbIX U OOJBIINX
YPOBHEH SIPKOCTH M UX pa3fieibHast KOppek-
U,

Koppekuus nogamana3zoHa G0JbIIMX
YPOBHEI SIPKOCTH 3aKJiovaeTcs B (op-
MUPOBAHUU PAa3HOCTHOIO M300paxeHusl,

Ha KOTOPOM YPOBHU SIPKOCTH MCXOIHOIO M300pakeHusl, IpeBbIlia-
[OLI[ME CPpeHEe 3HaYeH e, CABUTIA0TCs B HAYaJIo [rara3oHa.

Takum 06pa3oM, 3HAUECHKS IPKOCTU Pa3HOCTHOIO N300pakKeHU T
S, PACCYMTHIBAIOTCSI COITTaCHO hopMyIie

of such an operation, a sequence of shift reg-
isters (Fig. 2) with a data bus width equal to
bit depth of the pixel color depth is used.
The video data row dimension determines
memory size of shift register. D is latch reg-
ister, and each of the pins corresponds to the
pixel of the area (with coordinates i, j) being
formed.

Since the determination of the extremums
of the neighborhood is necessary to make each
clock cycle, the pixel values thus obtained
are sent to a sequence of comparison blocks
(Fig. 3).

When the boundary of the division

of intensity subranges /_ has been calcu-

lated, the imaging of subranges of low and
high intensity levels and their separate correc-

tion is performed.
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Puc. 4. H3z06padicenue, nosyuennoe 6 pesynvmame Koppekyuu no00uanazona 60abuiux yposrei apkocmu (a), u e2o eucmoepamma P(S,) (6)

Fig. 4. Image obtained as a result of high intensity subrange correction (a) and its histogram P(S,) (b)

Sh =I- [mean' (3)

Jnst 6onee 3(pheKTUBHOTO UCTIOIB30BAHUS TUHAMUYECKOTO
IVama3oHa pa3sHOCTHOE M300pakeHue S, MoaBepraeTcs onepannu
JIMHEAHOTO0 KOHTPACTUPOBAHMUS, YTO OMMUCHIBAETCS (DYHKIIUEH TIpe-
00pa3oBaHUs IPKOCTU BUOA

S=T(hy=—""Tun_s
I -1

max

=S+ Soin > “
max ~ Lmin

rae [ — SIpKOCTb MCXOHOTO U300paxXeHus; S — apKocTh 00paboTaH-

HOTO U300pakeHusl.

Ilpu 5TOM BXOIHO# AMAaNa3oH ypOBHEW sIPKOCTH OrpaHMYMBa-
etcst 10 99 % HauboJsiee YacTo BCTpevalolnxcs 3HaueHnii. Mi3o6pa-
JXKEHWe, TTIOTYYeHHOE B pe3yIbTaTe KOPPEKIIMY MO ruana3oHa 60Jb-
WX YPOBHEH SIPKOCTH, TIPEICTaBICHO Ha pUC. 4.

Jns noucka 3Hauenust (EDGE_H 99 %), orpaHUYMBaIOIIETO 1Ua-
MMa30H sIPKOCTEN PAa3HOCTHOTO U300pakeHUsI Mepe TPOBEICHUEM
JIMHEHOTO KOHTPACTUPOBAHMUSI, UCIIOJIB3YETCS €0 YaCTOTHOE pac-
npeaejeHue (rucTorpamma) sipkocTeii. B xome nmpoiecca 3arpy3ku

MUKCeJIell OCYIIEeCTBISIETCS MHKPEMEHTUPOBAHUE CUETHBIX peru-
CTPOB, COOTBETCTBYIOIINX KaXKI0MY U3 3HAYEHU SIPKOCTU Pa3HOCT-
HoTro u3obpaxeHus. [Ipyu 3TOM pa3Mep BbIAEISIEMOI TAMSITH COCTa-
But C,, X C,; OUT (pU MOJTyTOHOBOM PEXUME OTOOPaXEHUs), TIE
C,.m — Da3psITHOCTb YMCJIA, COOTBETCTBYIOLIETO KOJIMYECTBY MUK-
ceneii n306paxeHus npu BpIOpaHHOM paspemenuu, C, — pa3psn-
HOCTb IIYOMHBI IBeTa TuKces. [Tocie 3arpy3Ku MocaeHero MukK-
ceJisl Kaapa Mo CUTHaIy BepTUKaJIbHOM CUHXPOHM3A1IMU HAUMHACTCS
MOUCK I'PAHUYHOTrO 3HAYEHU I SIPKOCTU. 3HAYEHUE, COOTBETCTBYIO-
ee Koau4ecTBy 1% nuKceeit, 3aucbiBaeTCsl B CYETHBIN pErucTp
rnepen LMKJIOM MoMcKa rpaHMYHOI0 3HaUYECHU ST SpKocTu. ajee ocy-
LIECTBJISIETCS TOCJIeI0BATEIbHOE BBIYUTAHME 3HAYEHU T PETUCTPOB,
XpaHSIIUX JaHHBIE TUCTOTPAMMBI SIPKOCTH U3 CYUETHOTO PErucTpa,
XpaHSILIero 3Ha4eHe, COOTBETCTBYIOLIEE KOJINUeCTBY 1 % nukceeii.
[1pu 5TOM BBIUMTAHUE OCYILIECTBISIETCS OT PErUCTpa, XpaHSIIEro
3HauYeHUS |,

max

(MakcumanbHOe 3HaueHue) 10/, (MUHUMAaJIbHOE 3Ha-
yeHue). OrpaHMYUBAIOIUM 3HAYEHUEM ABJISAETCH YPOBEHb APKOCTH,
COOTBETCTBYIOIUI KOJIMYECTBY MMUKCENEH, KoTopoe 6oble 1160
PaBHO 3HAYEHUIO cueTHoro peructpa 1% nukceneit. Hanpasnenne

Correction of high intensity levels sub-
range consists in forming a differential image
in which intensity levels of original image,
exceeding the average value, are shifted to the
beginning of the range.

Thus, intensity values of the difference
image S, are calculated according to the for-
mula:

S == Ly (©)

For more efficient use of the dynamic
range, a differential image §, is subjected
to a linear contrast enhancement that
is described by the intensity conversion func-
tion of the form:

= S+ S > (4)

max

S=T(I)= —I’_ Toin_(s

max min

where / is original image intensity; § — pro-
cessed image intensity.

Wherein, the input range of intensity levels
is limited to 99 % of the most common values.
Figure 4 shows an image obtained as a result
of the correction of the subrange of high
intensity levels.

To find the value (EDGE _H 99 %) that
is limiting intensity range of the difference
image before performing linear contrast
enhancement, its intensity frequency distri-
bution (histogram) is used. During the pixel
loading process, the counting registers cor-
responding to each of the intensity values
of differential image are incremented. In this
case, the size of allocated memory will be
Chum X G, bit (in grayscale display mode),
C. .. is bit number corresponding to the

num

number of image pixels at the selected reso-
lution, C,; is pixel color depth. After load-
ing the last pixel of the frame, the search for
the intensity limit value begins with the ver-
tical synchronization signal. The value cor-
responding to the number of 1% of the pix-
els is written to the counting register before
the search cycle of intensity limit value. Next,
a sequential subtraction of the values of reg-
isters storing intensity histogram data from
the counting register storing the value cor-
responding to the number of 1% of pixels
is performed. In this case, subtraction is car-
ried out from a register storing the values
from /.

max

(maximum value) to /_; (minimum
value). The limiting value is the intensity level
corresponding to the number of pixels that
is greater than or equal to the value of the
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Puc. 5. Bpemennvie duazpammol 610Ka KoppeKyuu no00uana3ona 60abuux yposHeil apKocmu

Fig. 5. Time diagrams of correction block operation of high intensity subrange

BbIYUTaHUS 06yCHOBJICHO XapakKT€poOM 4aCTOTHOTIO paCIipeaCICHU A
SAPKOCTHU Pa3HOCTHOTO I/1306pa)KCHI/IH, rIe KOJMYeCTBO 3HAUCHU I

sipkoctu HUxe [/, (paBHBIX TIocie nmpeobpaszoBanHust — () cocTas-

mean
nsietT 6osee 1% oT KonuuecTBa Bcex mukceseil. [1o okoHuaHUM
TMoucKa MOPOroBOTO 3HAYEHU S MaMSITh, XpaHsIias AaHHbIE YaCTOT-
HOTO pacrpeeeHus, OUUILIAeTCs AJsl 3arpy3KU HOBBIX TaHHBIX.
BpemeHHble nuarpaMMbl paboThl 610Ka KOPPEKIMHU MO I1ana3oHa
OOJIBIIKMX YPOBHEH SIPKOCTH, MOJIYUYSHHBIE IOTMYECKUM aHaIU3aTo-
pom SignalTap II, mpexncraBieHbl Ha puc. 5.

Koppekuus nmogananasoHa MaJblX YPOBHEH SPKOCTH 3aKII0-
YyaeTcs B MPOBEJCHUY JIMHEWHOTO KOHTPACTUPOBAHMSI MOALMATIa-
30Ha apkocrei [ .../

= mean

HUCXOIHOTO H306pa)KCHI/IH 1 OITHUCBIBACTCA
BbIpaXXCHUEM

——— mpul,, <I<l,,
S] :T([): Imean_lmin . (5)

Lopul=>1,,
st nmoBbiieHUs1 2 HEKTUBHOCTU TTpeoOpa3oBaHMs aHAJTOTUYHO
Mpoleccy KOppeKIny Noaarana3oHa 00JbIIHUX YPOBHEH SIpKOCTU
BXOJIHOM JIMaIia3oH sIpKOCTeil orpaHnuurBaetcs 10 99 % Hanbosiee 4acTo
BCTpevaronmxcst 3HadeHUuil. CTOUT OTMETUTh, YTO 3HAYEHMSI SIPKOCTH,
ucrnoJib3yeMbie B hopmyax (4,5) KOppeKIUH TTOAINAIIa30HOB, SIBJISI-
FOTCSI HOPMUPOBAHHBIMU K CBOEMY MaKCUMaJIbHOMY 3HaueHuo. M30-
OpaxkeHue, TOTyYeHHOE B Pe3y/IbTaTe IMHEWHOTO KOHTPACTUPOBAHMS
MOJIMANIA30HA MAJIBIX YPOBHEH SIPKOCTH, MIPEICTaBICHO Ha puC. 6.
Peanusauus onepaiuu noucka sHaueHust (EDGE_L_99 %), orpa-
HUYMBAIOLIETO MOAANAINAa30H MaJbIX YPOBHE SIpKOCTeil mepea mpo-
BEIEHUEM JIMHEHHOTO KOHTPACTUPOBAHM I, CXOXa C peaau3auueit

moucKa IJis MoAAuana3oHa 6oabmuX sipkocTeil. [Ins moucka
MCIOJIb3YeTCs YaCTOTHOE pacnpeaeieHue sipkocteid P(/) B nuamna-
soue [ ;,...1,,,,- [TaBHBIM OTJIMYUEM SBJISIETCS TO, UYTO BBIYUTAHUE
3HAUYEHU I TUCTOTPAMMBI IPKOCTEIl U3 CUETHOI'O PETrUcTpa, XpaHs-
1[eT0 3HaYeHUe, COOTBETCTBYIOIIee KomuvecTBy 1 % nukcesneit, ocy-
LIECTBJISIETCS B HANpaBACHUU OT /;, (MUHUMaIbHOE 3HaYEHUE SIPKO-
ctu) 1o [, (MakcuMasabHOE 3HaYeHue spKocT). OrpaHM4YnBalo-
UMM 3HAYEHUEM SIBJISIETCS] yPOBEHbB SIPKOCTU, COOTBETCTBYIOLIU I
KOJMYEeCTBY NUKceaeil, KoTopoe 6oJiblue MO0 paBHO 3HAYEHUIO
cueTHOro peructpa 1 % nukceneit. HanpaBieHne BEIYUTaHUST 00Y-
CJIOBJICHO XapaKTEepOM YaCTOTHOTO pacrpe/ieIeHUs MoAarana3oHa
MaJIbIX SIPKOCTel Tocie KoppeKIuu (5), Tae KOTUIeCTBO 3HAUYCHU I

SIDKOCTH BBILLIE (paBHBIX TTOCJIE TpeobpasoBaHnd — [, ) cocTaB-

Imc'an
et 6osee 1% ot 06LIET0 KOJTNUYECTBA IMUKCeeil. BpeMeHHbIE nua-
rpamMMbl pabOTHI 0JIOKAa KOPPEKLIMHK MOAAMaa30Ha MajblX yPOBHEH
SIPKOCTH M300pakeHbl Ha puc. 7.

CleayoluM 3TarnoM SIBJASIETCS COBMEIIEHME TOJYUYESHHBIX
B pe3yJibTaTe KOPpPeKIMU U300paxkeHuit. SIpKocTh COBMEIIEHHOTO

n300pakeH s onuchkiBaeTcs HopmyJioit
S;=wS, +1—w)S, 6)

rae w, = 0...1 — BecoBOi KOADPULIMEHT, ONPEALTSIOUINI BKIaL H30-
OpaskeHU it KOPPEeKLMHU MO INaTNa30HOB OOJIbIINX U MaJIbIX IPKOCTEM
B pe3yJBTUPYIOLINE U300pakeHUE.

HUcnonb3oBanue «ro6anbHOro» BECOBOro KosdduumneHta w,
He TI03BOJISIET YIUTHIBATD TPOCTPAHCTBEHHYIO HEPABHOMEPHOCTD YXY/I-
IIEHUs KOHTPACTa, TEM CAMBIM HUBEIMPYS BHIUTPBILI OT YBETUICHUS
MIMHAMMYECKOTO IMara3oHa pasjIMYHbIX MOIIMANa30HOB SIPKOCTH.

counting register of 1% of pixels. The direc-
tion of subtraction is due to the character
of the intensity frequency distribution of the
difference image, where the number of inten-

sity values below 7, (equal after conversion

to 0) is more than 1% of the number of all
pixels. At the end of the threshold search,
the memory storing the frequency distribu-
tion data is cleared to load new data. Fig-
ure 5 shows time diagrams of correction block
operation of high intensity subrange obtained
by the Logical Analyzer SignalTap II.
Correction of low intensity levels sub-
range consists in performing a linear contrast
enhancement of intensity subrange /_;....1,,..

of the original image and is described by the

expression:

! Jifl o <I<1

SI _ T(]): 7 _I. min mean . (5)

mean min

1, otherwise

For conversion efficiency improve-
ment, similar to the process of correct-
ing the subrange of high intensity levels,
the input intensity range is limited to 99 %
of the most common values. It is worth not-
ing that the intensity values used in formulas
(4, 5) of the subranges correction are normal-
ized to their maximum value. Figure 6 shows
the image obtained as a result of linear con-
trast enhancement of the low intensity levels
subrange.

The implementation of the search oper-
ation for a value (EDGE L 99 %) that

limits the subrange of low intensity levels
before performing linear contrast enhance-
ment is similar to the search implemen-
tation for the subrange of high intensity.
For the search, the frequency distribution
of the intensity P(/) in the range [ ;...1,..,
is used. The main difference is that the sub-
traction of intensity histogram values from
the counting register that stores value cor-
responding to the number of 1% of pix-
els is carried out in the direction from 7,
(minimum intensity value) to 7,
mum intensity value). The limiting value
is the intensity level corresponding to the

(maxi-

number of pixels that is greater than or equal
to the value of the counting register of 1%
of pixels. The direction of subtraction is due
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TEXHOAOTHMYECKOE 1 KOHTPOABHO-U3MEPUTEABHOE
OBOPYAOBAHME AAS ITPON3BOACTBA MUKPOCXEM U I1/T1 IPMBOPOB
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Fig. 6. Image obtained as a result of low intensity subrange correction (a) and its histogram P(S)) (b)

Puc. 7. Bpemennvie duazpammol pabomst 610Ka Koppekyuu nodouanazona Maibix ypogHeii spKocmu’

Fig. 7. Time diagrams of correction block operation of low intensity subrange

JI71s1 yueTa CBOMCTB pa3IMYHBIX 00JacTeil M300paXkeHUST UCITOIb3Y -
10TCsI JIOKQJIbHBIE BeCOBbIe KO9(DDULIMEHTBI W, KAXKIIBIIT 13 KOTOPBIX

COOTBETCTBYET IMUKCEII0 UCXOAHOTO U300paxeHus /(x,y). [Lns pacuera

&

JIOKAJIbHOTO BECOBOTO K03(1)CI)I/II_[I/ICHT3. HCIIOJIB3YETCA YCPEAHCHHOC 3HA-

YEHHUE OKPECTHOCTU ITUKCEIISA, HOPMUPOBAHHOC K MAKCUMAJIbHOMY 3Ha-

YEHUIO COTVIACHO MpPeCTaBIeHHOI (hopmyrte

B ?(x, y)— 1 min

local —
1 max

&

g
gxy)=|

YcpenHeHne BBITIOIHSIETCS 32 CUET UCIOJIb30BAHMUS CIIaXK MBalo-
IETO MPOCTPAHCTBEHHOTO (DUJIBTPA C SITPOM CBEPTKU

£ & 1 1 - 1

g g 1
2 w|_ 1 i ®)

& | AB|o o 1 o

8 " Eup L -1

7) rae A, B— pasmepbl Macku GUIBTPa, g, — SNEMEHT MacKu GpuibTpa.

to the character of frequency distribution
of the low intensity subrange after correc-
tion (5), where the number of intensity val-

ues above [, (equal after conversion —

mean
I, is more than 1% of the number of all
pixels. Figure 7 shows time diagrams of cor-
rection block operation of low intensity
subrange.

The next step is combination of the
resulting correction images. The intensity
of the combined image is described by the

formula:
S;=wS, +(1—=w)S, 6)

where w, = 0...1 is weight coefficient that

determines the contribution of the images

of the correction of subranges of high and
low intensities to the resulting images.

The use of the “global” weight coefficient
w, does not allow taking into account the spatial
unevenness of the deterioration of the contrast,
thereby negating the gain from the increase
in the dynamic range of different intensity sub-
ranges. To take into account the properties
of different image areas, local weight coeffi-
cients w,,,, are used, each of which corresponds
to the pixel of the original image /(x,y). To cal-
culate the local weight coefficient, the average
pixel area intensity normalized to the maximum
value is used, according to the formula:

_ Y(X, y) - 7min

local =
1 max

Q)

Averaging is performed by using
a smoothing spatial filter with a convolution

kernel:
&1 8n v i
g(x.y)= En 8n v S _
g
Ea 8n 1 S
11 1
1 1 1 - 1 ®)
TAB| - o 1 ]

where A4, B are filter mask size, g, is filter
mask element.

The ratio of the filter mask sizes is selected
in proportion to the size of the original image.
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Mukcens [i][j-1]
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Puc. 8. Cxema noucka cpedne2o 3navenus ApKocmu OKpecmHocmu
Fig. 8. Diagram of neighborhood average intensity search

CoOoTHOIIIeHUE pa3MepOB Macku (GUIbTPa BEIOUPAETCS TPOTIOP-
IIMOHAJILHO pa3dMepaM MCXOJHOTOo u3obpaxeHus. CienoBaTebHO,
BEPTUKAJIbHBII pa3Mep MacKu puabTpa OyaeT paBeH

A=—28, )]

rae M, N — mpuHa 1 BbICOTa UCXOTHOTO U300 pakeHUsI.

Hcxonst U3 TOro, 4To CrJakMBaIOIMIUN MPOCTPAHCTBEHHBI I
GuabTp sBAsSeTCS PUIBTPOM HUXKHMX YACTOT C YACTOTOM cpesa,
ompenenasieMoil pa3MepoM GUIbTPa, UCTOIb30BAHUE BECOBBIX
K03hOULNEHTOB W,,,, TPUBOAUT K MOJABJIEHUIO0 BEPXHUX YaCTOT,
a MHBEPCHBbIX KoadduuueHtos [1 —w, | — K NOAaBIEHUIO HUX-
HUX 4acTOT. BeIOOp ManbIX pa3zMepoB Macku (puIbTpa MPUBOAUT

K TOBBILIEHUIO PE3KOCTU KOHTYPOB B 00JIaCTU KOPPEKIIUU TTOAAU-
ara3oHa MaJjblX ipKocTeil. B cuily c1aboKOHTPACTHOM MPUPOIBI
1, COOTBETCTBEHHO, HEOOIbIION LIMPUHBI CIEKTPA MPOCTPAHCTBEH-
HBIX YyacToT yxe npu B = 0,1 N obecrieunBaeTcsi 3HAaUUTEIbHOE CHU-
KeHue a¢dekTa ocnabaeHU ST HUXKHUX 4acTOT.

Peanusauus npocTpaHCTBEHHOTO (GUJIBTPaA MO AHAJOTUHU CO CXe-
Moii (cM. puc. 1) aBisgeTcs KpaliHe pecypco3aTpaTHOil. MUHUMaJIb-
HBIII pa3Mep MaTPUIIbl CBEPTKU paBHsieTcs: M X N TUKceeid, 4To
COOTBETCTBYET KOJIMYECTBY JIOTUUECKMX CUTHAJIOB, KOTOPbIE HEOO-
XOAMMO CUHXPOHHO 00pabarsiBaTh. [1pyr 3TOM MOJIHBII HaGOP Beco-
BBbIX KOO (DULMEHTOB OyIeT pacCuMTaH MO OKOHYaHUU 3arpy3KHu
Kaapa Buaeonsobpaxenus. [lockonbKy MaTpulla CBEPTKH MPEACTaB-
JisieT co00ii HAOOP OMHAKOBBIX 3JIEMEHTOB, ONPe/IeIeHUe CPEIHEro

Therefore, the vertical size of the filter mask
will be equal to:

&)

where M, N are width and height of the origi-
nal image.

Based on that the smoothing spatial fil-
ter is a low-pass filter with a cutoff fre-
quency determined by the size of the fil-
ter, the use of weights w,,, leads to the sup-
pression of high frequencies, and the inverse
coefficients [1 —w, | to the suppression
of low frequencies. The selection of small
filter mask sizes leads to an increase in the
sharpness of contours in the area of the low
intensity subrange correction. Due to low-
contrast nature and, accordingly, the small

width of spatial frequencies spectrum, already
at B = 0.1N, a significant reduction in the
effect of attenuation of low frequencies is pro-
vided.

The implementation of the spatial fil-
ter by analogy with the diagram (Fig. 1) is
extremely resource intensive. The mini-
mum size of the convolution matrix is equal
to M x N pixels that corresponds to the log-
ical signals number that needs to be pro-
cessed synchronously. Herewith, the full
set of weight coefficients will have been
calculated at the end of video frame load-
ing. Since the convolution matrix is a set
of identical elements, the determination
of average intensity of a neighborhood can
be achieved according to the diagram shown
in Fig. 8.

The amount of memory occupied by the
shift register is determined by the amount
of memory of video image line. The number
of shift registers is determined basing on the
vertical size of the calculated neighborhood
and is equal to A + 1 (with an even value of A)
or A (with an odd number). From the dia-
gram (Fig. 8), it follows that the data enters
the sequence of shift registers and forms the
output of the intensity values of the pixels
corresponding to the same address in the row
and thus forming the neighborhood column,
its right edge. After that, the data of newly
formed column are added to the current sum
of the intensity of the neighborhood and are
transferred to the shift register responsible
for outputting the sum of the column cor-

responding to the left edge of the current




3HAYCHU S APKOCTU OKPECTHOCTU MOXKET OBITH JOCTUTHYTO COTJIAaCHO

cxeMe, MPeACTaBIeHHON Ha puC. 8.

O06beM mamMsITH, 3aHMMaeMblii CABUTOBBIM PETMCTPOM, OMIPEIessi-
eTcss 00beMOM MaMSITU OLHOM CTPOKU Buaeonsodpaxenus. Konuye-
CTBO CABUTOBBIX PETUCTPOB OMPEAEIISIETCSI UCXOMSI U3 BEPTUKAJIBHOTO
pa3Mmepa pacCUMTbIBaeMOil OKpPEeCTHOCTH U paBHsieTcst A + 1 (mpu uet-
HOM 3HayeHUU A) unu A (nmpu HeueTHOM). M3 cxeMbl (CM. puc. 8) cie-
NIYEeT, YTO AJaHHBIE TOCTYMAIOT B MOCJIEJ0BATEJIbHOCTb CIBUTOBBIX
pPETUCTPOB 1 (GOPMUPYIOT HA BBHIXONE 3HAUCHUSI SIDKOCTH ITUKCETIEi,
COOTBETCTBYIOIIMX ONMHAKOBOMY aJpecy B CTpOKe, 00pa3yst TeM
CcaMBbIM CTOJIOCI] OKPECTHOCTH, ee MpaBylo TpaHb. [locie yero nan-
HbIe HOBOOOPAa30BaHHOTO CTOJIOIA CKIAABIBAIOTCS C TEKYILEH CyM-
MOt IpKOCTEit OKPECTHOCTHU U MOCTYMAIOT Ha CABUTOBBI perucTp,
OTBEYAIOLIMiT 32 BLIBOA CYMMBI CTOJIOIA, COOTBETCTBYIOLIETO JIEBOM
rpaHu TEKYILIeil paccuMThIBAa€MOI OKpecTHOCTU. Pazmep caBuro-
BOI'0 PErUCTPa CYMM CTOJIOLIOB ONpe/esisieTcsl U3 FTOPU30HTAIbHOTO
pa3mepa OKpeCTHOCTU U paBHsieTcs B + 1 (Ipu yeTHOM 3HaYeHuu B)
uiau B (npu HeyeTHOM). TakMM 00pa3oM, TeKy1Inil (HOBbIIi) cTOJIOELL
M06ABIISIETCS] B CYSTHBIN PETUCTP CYMMBI U B TOT XK€ MOMEHT CTOJIOCII,

ala

TEXHOAOTHMYECKOE 1 KOHTPOABHO-U3MEPUTEABHOE
OBOPYAOBAHME AAS ITPON3BOACTBA MUKPOCXEM U I1/T1 IPMBOPOB

Puc. 9. Uzobpascenue maccusa 6ecogulx koagpduyuennmos
Fig. 9. Weight coefficients array image
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Puc. 10. Cosmewjennoe uzobpasicenue nocae npogederus nocmoopadomu (y = 1,1) (a) u eco eucmoepamma (6)

Fig. 10. Combined image after post-processing (y = 1,1) (a) and its histogram (b)

calculated neighborhood. The size of the shift

in the y-correction of the combined image [5].

Implementation of Sy, search block

register of the sum of columns is determined
from the horizontal size of the neighborhood
and is equal to B + 1 (for an even value of B)
or B (for an odd number). Thus, the current
(new) column is added to counting register
of the sum and at the same time the column
that is no longer in the calculated neighbor-
hood is subtracted, which allows calculat-
ing the average value of the neighborhood
intensity as a result of displacement along
the image coordinates. Further, the sum
of the intensity values of the neighborhood
is divided by their number and normalized
to 1, (7). Figure 9 shows an image of weight
coefficients array.

To improve the efficiency of the method,
post-processing is performed, consisting

The exponent vy is selected using the formula:
log[ 0,57(Sy,.,*) |
 10g[ T(Ssn™) ]

* =S8y, when F(S;) = 0.01, which
is the level of intensity Sy(x,y), for which the

; (10)

where Sy
value of the integral function is 1%.

As a result of post-processing, the
dynamic range of low intensity, represented
by 1% of pixels of the image, will be com-
pressed by half. Due to this transformation,
the dynamic range of low intensities is com-
pressed and the range of average and high
intensities of the combined image Sy(x,y) is
expanded.

Figure 10 shows the combined image after
post-processing.

is similar to search for low intensity subrange
correction edge. Figure 11 shows time dia-
grams of the combining images process with
subsequent post-processing.

In hardware implementation, the weight
coefficients w,,, take integer values from 0
to 100. When conversion of the dynamic range
is completed, to improve the discernibil-
ity of the separation boundaries of the layout
regions, it is possible to use the Laplace filter,
with the convolution matrix shown in Fig. 12.
Figure 1 shows a diagram of forming the
neighborhood.

Figure 13 shows the result of the system
operation for improving the discernibility
of informative regions of integrated circuits

layouts.
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Puc. 11. Bpemennvie duazpammor npoyecca cogmewyenus u300paxcenuil ¢ nocaedyrueis nocmoopabomiou

Fig. 11. Time diagrams of combining images process with subsequent post-processing

KOTOPBIH YK€ He BXOAUT B PACCUUTHIBAEMYIO OKPECTHOCTD, BBIUU-
TaeTCcsl, UTO MO3BOJISIET PACCUUTHIBATH CpelHEe 3HAUEHME SIPKOCTHU
OKPECTHOCTH B Pe3yIbTaTe CMELIEHUSI [0 KOOpANHATAM U300paxke-
Hus. [lajgee cyMma 3HaUCHU I SIPKOCTE OKPECTHOCTH ACTUTCS Ha UX
KOJIMYECTBO U HOPMUPYETCS K /,

max

(7). U300paxeHune MmaccuBa BeCo-
BBIX KOO (DULIMEHTOB MpeAcTaBIeHO Ha puc. 9.

Jnst moBbimeHUst 3(pGeKTUBHOCTU pabOTHI METOIA BHITIOJTHSIETCS
mocTo6paboTKa, 3aKJII0YaIoniasicss B Y-KOPPEKIIUU COBMEIIEHHOTO
un3zobpaxenus [5]. [TokazaTesb cTeneHU Y BBIOMpPAETCs C UCTO0JIb30-
BaHMEeM HOPMYJITbI

_log[0,57(Sy,;,*) ]

, 10
log[ T(Sy,,,*) | (10)

rae Sy~ = Sy npu F(Sy) = 0,01, uTO ABNAETCSA YPOBHEM APKOCTH

min
Sy(x,), L1 KOTOPOTO 3HaYeHUE HHTErpaibHOl GyHKIMHU pacnpe-
neneHus pasHo 1%.

B pesyabrare mocTo6paboTKM TMHAMMYECKU I TUATa30H MaJbiX
sIpKOCTeit, npeacTaBieHHbld | % nukceneit n3obpaxeHus, Oynet
cKaT B [1Ba pa3a. 3a CUeT 3TOro Npeobpa3oBaHMs TOCTUTAETCs CXKa-
THe IMHaMUYECKOTo Jrana3oHa MaJblX IpPKOCTeil U pacTsikeHue
IMarna3oHa CPeIHUX U OOJBIINX SIPKOCTEIl COBMEIIEHHOTO N300pa-
KeHUA Sy(X,p).

CoBMellleHHOE U300paskeH e MocJe MPOoBeAeH S TOCTOOPadoTKHU
npexacTaBiieHo Ha puc. 10.

Onepaulm TIOMCKa YPOBHS S): aHaJIOTMYHa OIl€paluu ImoruckKa

min
IpaHUIbl KOPPEKIIMY MOANATIa30HA MaJIbIX IPKOCTeii. BpeMeHHBbIe
JUarpaMMbl IPOLIECCa COBMEIIEHMST M300pakeHU N C MOCIeny IoIeit
MoCT-00paboTKOI NMpuBeaeHbI Ha puc. 11.

[lpu annapaTHO#t peanu3aunu BecoBble KOIDOULIUEHTH W, .,
MPUHUMAIOT LeJlouyrcaeHHbie 3HaueHus oT 0 no 100. ITo 3aBepiue-
HUU MPeoOpa3oBaHuUs AMHAMUYECKOTO qrUana3oHa aJjisl yJaydeHust
Pa3sIMYUMOCTHU IPpaHUL pa3iesieHus] pparMeHTOB TOMOJOTMU BO3-
MOXXHO NpuMeHeHue dhuibTpa Jlaniaca ¢ MaTpuiieil CBEpTKH, TPE-
cTaBJIeHHOI Ha puc. 12. @opMupoBaHUEe OKPECTHOCTHU BBITIOIHSIETCS

Puc. 12. SIopo ceepmicu uavmpa Jlanaaca
Fig. 12. Laplace filter convolution kernel

HARDWARE PLATFORM DESIGN
The design of the technical vision system pro-
totype has been performed basing on a field
programmable gate array (FPGA). The sim-
ilar class of devices is used due to availabil-
ity of necessary computing resources, sup-
port for parallel computing, the possibility
of hardware debugging of the system being
developed, which is actual for real-time
video images processing. Camcorder based
on CMOS matrix is used for digital images
formation that makes it possible to obtain
an image with a resolution of 640x480 pix-
els with a frame synchronization frequency
of 30 Hz. The image is displayed in grayscale
mode with a color depth of 8 bits. Figure 14
shows a block diagram of the technical vision
system.

The system includes a camera initializa-
tion module using the Serial Camera Control

COIJIACHO CXeMe Ha puc. 1.

Pesynbrar paboThl CCTEMBI YIYUIICHU S PA3TUIUMOCTH UHGMOP-

MaTUBHBIX (I)paFMBHTOB TOTIOJIOTU i1 MHTETPAJTIbHBIX CXEM IIPEACTAB-

JIeH Ha puc. 13.

Bus (SCCB) interface; data capture mod-
ule; an image processing module that imple-
ments a method for improving the discern-
ibility of informative regions on digital images
of integrated circuits layouts; a video display
controller that generates synchronization sig-
nals at a given resolution to display the video
signal on monitor.

It should be noted that the frame rate
of the monitor (using the VGA interface)
with the selected resolution is 60 Hz, which
eliminates the direct connection of the cam-
era to the video controller and requires the
use of a frame buffer. The amount of memory

for a frame with a grayscale display mode and
the selected resolution is 307200 bytes that
is a significant part of the on-chip memory
size of the selected FPGA. Therefore, exter-
nal memory is used as a frame buffer, which
allows using most of the FPGA resources for

video image processing algorithm implemen-
tation.

To reduce the time of writing/read-
ing a video frame in random access memory
(RAM), block-by-block recording is used.
It is implemented using two FIFO blocks (first
in, first out) for writing and for reading from
memory. Figure 15 shows the diagram of the
memory controller.

The memory controller presented on the
block diagram (Fig. 15) implements the follow-
ing features of operation. The data enter RAM
at a high frequency (100 MHz) by preloading
the video data into the write FIFO memory
(input memory) at a relatively low frequency
(25.175 MHz) for the system. At the request
of the video display controller, the data are
read at the pixel clock frequency of the mon-
itor, previously entered into the read FIFO
memory (output memory). A state sequence
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Puc. 13. Hcxodnoe usobpaxcenue (a) u uzobpaicenue, noayueHHoe 8 peyivmame pabomoi cucmembsi (0)

Fig. 13 Original image (a) and the image obtained as a result of the system operation (b)

PA3PABOTKA AIIIIAPATHOM ITAAT®OPMbI
Pa3paboTka mpoTOTUITA CUCTEMBI TEXHUYECKOTO 3PCHUST BBITTOIHSI-
eTCsl Ha OCHOBE TIPOTPaAaMMUPYEMOIl TOTHUECKOU MHTETPATbHON CXEMBI
(ITJINC). Ucnoab3oBaHme MOTOOHOTO KJlacca YCTPOUCTB 00YCIOBICHO
HaJMYMeM HeOOXOMUMBIX BBIYUCIUTEIbHBIX PECYPCOB, MOANEPKKOM
napajuleJIbHbIX BEIYMCIUTEIbHBIX IPOLECCOB, BO3MOXHOCTBIO aIapar-
HOI1 oTanKu pazpabaTbiBAaeMOI CUCTEMBbI, YTO aKTyaJbHO IPU oOpa-
00TKe BUIEOU300paXeHUii B peaiIbHOM Mac-

0aiiT, YTO COCTABJISIET 3HAYUTENIbHYIO YacTh 00beMa on-chip-namstu
BoIOpaHHoii [TJIMC. TToaToMy B KayecTBe KaapoBoro Oydepa npume-
HsIETCSI BHEIIHSISI ONIepaTUBHAs TIAMSITh, YTO ITO3BOJISIET UCIIOIb30BATh
6obinyio yacth pecypcoB I[TJIMC nis peanu3sainuu aaropurMa odpa-
0OTKHM BUI€OM300paXKEHUS.

It yMeHBbIIEHUS] BPEMEHU 3alUCU/YTeHUS Kaapa BUIEOU-
300paxeHus B olepaTUBHOE 3amoOMuUHawIee ycTpoiictBo (O3Y)

mrade BpeMeHu. s popMupoBaHus mud-
POBBIX U300paKEHU I UCITONIb3YETCSl BUACOKA- MonuTop (VGA)
Mepa Ha ocHoBe KMOTI-MaTpHLb, MO3BOJSI- Monitor (VGA)
folast oJIy4YaTh U300paXxeHue pa3penieHueM NANC | FPGA
640 x 480 muKceseil ¢ YaCTOTO KagpoBOiA R et :
cunxponuszauuu 30 . BeiBon nsobpaxe- ; ;
HUST OCYIIECTBIISIETCS B TIOJIyTOHOBOM PEXUME , Mogynb ,
¢ my6uHoIA 1BeTa 8 6ut. CTpyKTypHas cxema E “HMLmanusaumn B“ﬂeOKOHTpO“”ep E
CHCTeMBbl TEXHUYECKOTO 3PEHUsI MPUBEAEHA : Car?]l/le'crlgcl)nl(ﬁi'\;ﬁf;ion Vlg((e)(r)\t?(;?lzlfy E
Ha puc. 14. : Module :
B cocTaB cucTeMbl BXOASIT: MOJYJb MUHU- Buaeokamepa ! '
HUajJu3aluyd KaMepbl, UCMOJIb3YIOUIU it Videocamera ' :
untepdeitc SCCB (Serial Camera Control ' .
Bus); Monynb 3axBaTa JaHHBIX; MOAYJb : Moaysb :
00paboTKM U300paxXeHUs, Pealu3yomnii : 3axsaTa JaHHbIX i
METOJI YIy4YLIEHU S Pa3IMuuMOCTU UHPOP- 1 Data Capture Module '
MaTUBHBIX pparMeHTOB Ha LG POBBIX U30- , :
OpaXXeHUsIX TOMOJOTUN MHTErpabHBIX , ‘l’ .
CXeM; BUACOKOHTPOJIEP, GOopMUpYOIIHii . :
CUTHAJbl CHHXPOHU3allUU B 3aJaHHOM pa3- : Mogaynb 06paboTkn :
pElIEHUH /15l OTOOPaXKeH sl BUACOCUTHANA P?,Sg:ka;j::a ; KonTponnep O3Y V|306Da>'<eHV|? '
Ha MOHHTOPE. ' Memory Controller Image processing E
CrenyeT OTMETUTD, YTO YACTOTa KaJlpOBOM ' module ,
CUHXPOHU3ALUKN MOHUTOpPA (NIPU MCIIOIb- : _________________________________________ '
3o0BaHuM MHTep(deiica VGA) nipu BeIOpaH- Cucrtema Y A
HOM paspenieHuu cocrasisiet 60 [, uto OCBeLLEeHNs
MCKJIIYAeT NMPSIMOE MOAKIIOYEHUE KaMepbl Lighting o3y
K BUJICOKOHTPOJUIEPY U TPeOyeT mpuMeHe- System SDRAM

Hus KanpoBoro Oydepa. O6beM namsaTu 1jis
Kaapa Mpu MOJIYTOHOBOM PEXKUMe 0ToOpake-
HUs U BbIOpaHHOM pa3pelieHuu paseH 307200

Puc. 14. CmpykmypHas cxema cucmembl mexXHU4ecKk020 3peHus
Fig. 14. Block diagram of the technical vision system
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KonTponnep O3Y | Memory controller

J17151 KOppEKTHOTO BBIBOJIA BUIEON300pa-

ot NJncC E ez JKEHU S TpeOyeTCs BBIMOJIHSATD 3arpy3Ky JaH-
from FPGA E 5| FIFO-namsaTtb FIFO-namsiTs 1 to FPGA HBIX HACTPOUKHU BO BHYTPEHHUE PETUCTPBI
K O3y : BX04a Mopaynb PLL BbIXO4a , oT O3Y kamepbl. CTpyKTYpHasi cXxeMa MOJYJIsI MHU-
to RAM ! FIFO-memory PLL module FIFO-memory ! from RAM LMaau3aluu U306paxeHa Ha puc. 16.
E ofinput data of output data : BJIOK maMsITH KOMaH/l XpaHUT MOCJe10-
E : BaTeJIbHOCTH MOCHIIOK C aJPECOM Perucrpa
E \l/ \l/ \l/ . WHUILHAAIU3AMUU U COOTBETCTBYIOIINMHU
K O3Y : Mopaynb BblBOAA Mogaynb popmmpoBaHns : KO3y nactpoitkait. Moy, dopiupoari
to RAM - Ha LLIﬁHy [aHHbIX CI/IFHaJy'IOB yan)aanHMﬂ o3y| :tRAM MOCBLIKH OCYIECTBAACT GopMupoBatiie
: Data bus RAM control signals —{é MOCJIEN0BATENBHOCTU CUTHAJIOB MOCBIUIKH,
E output module generated module : a MMEHHO: alipeca yCTPOICTBa, anpeca peru-
' ' cTpa, JAHHBIX PETMCTPa ¥ CUTHAJIOB MO/~
E 1\ E TBepXaeHus. Moaynb ynpasieHuss SCCB
ot PLL ' : SIBJISIETCSI KOHEYHBIM aBTOMATOM ITPOLIECCOB
fromPLL | : nnrepdeiica.
v [ekopep nocnenoBaTeNibHOCTU '
ot yimc COCTOSIHWMIT KOHTpOepa O3Y '
from FPGA State Sequence Decoder of RAM controller ; 3AKAIOYEHUE
! ' B paGote npenacraBieHbl pe3yabTaThl pa3-

Puc. 15. Cmpykmypnas cxema koumpoasepa O3y
Fig. 15. Memory controller block diagram

Mopaynb nHnumanusaumm

Initialization module Ot MINC | From FPGA

MamaTtb KoMaHg, Moaynb Monyne
Y I<— dopmupoBaHus
MHUUMann3aumm ynpaeneHns SCCB OGBITKY IAHHbIX
Initialization SCCB Control A

Data Generation

Module Module

commands memory

paboOTKU MPOTOTHUIIA CUCTEMbI TEXHUYE-
CKOTO 3peHUsI, peaqusylomeit nudpoByIio
00paboTKy BUIEON300pakeHU B peaib-
HOM MaciTabe BpeMeHU Ha OCHOBE MpO-
rpaMMUPYEMOI JIOTUYECKON MHTEerpajib-
HOM CXEMBI.

ABTOpPBI CUUTAIOT, YTO B JaHHOI paboTe

== HOBBIM ABJIACTCA METOO YJAYUYIICHUSA pas3-

X
:

JUYUMOCTU UHPOPMATUBHBIX arMeH-
i K Bugeokamepe bop bp
'

To Videocamera TOB Ha LM(POBBIX U300paKEHUSX TOMOJIO-

Ui MHTErpaJibHbIX CXEM U €r0 allaparHasi
peanusanus. PazpaboTka cUCTEMBbI TIPOBO-

JnJiaCcb B CpEaC MPOCKTUPOBaAHUA Quartus.
HOHy‘ICHHHC PE3YIABbTATHI MOATBEPXKIAIOT

Moaynb PLL | PLL module

3(1)(1)CKTI/IBHOCTB IPpENIIOKEHHOTO METOIA,

€ro agariTuBHOCTb B CPABHECHHUU CO CXO-

Puc. 16. CmpyxmypHnas cxema moOyasi uHUyUaIU3A4UU
Fig. 16. Block diagram of the initialization module

TIPUMEHSIETCS PEXUMM MOOJIOUHOI 3amucu. DTO peann3yeTcs ¢ oMo~
mbto 1Byx 6;10Kk0oB FIFO (first in, first out) nyis 3anucu U aJist uyte-
Hus u3 naMsiTu. CTpyKTypHasi cxema KoHTposiepa O3Y uzobpaxeHa
Ha puc. 15.

IMpencraBiaeHHBI Ha CTPYKTYPHOIT cxeMe (cM. puc. 15) KoH-
TpoJuiep O3Y peanusyeT clienyloline 0cCo0eHHOCTU paboThl. JlaH-
Hble TocTynaloT B O3Y Ha Beicokoit yactore (100 MTI't1) mocpen-
CTBOM Ipen3arpy3ku BUaeoqaHHbIX B maMsaTh FIFO (mamsth
BXOJ1a) Ha OTHOCUTEJIbHO HM3KOMU (25,175 MTI'u) nnst cucteMbl
yacTtore. [1o 3ampocy BUAEOKOHTpOIIepa TaHHbBIE CYUNTHIBAIOTCS
C YaCTOTOM MUKCEIbHON CHHXPOHU3ALMU MOHUTOPA, NIpenBapu-
TeabHO noctynas B namsith FIFO uteHus (mamsaThb Bhixoaa). Jleko-
Jiep MOCJIeIOBaTeJIbHOCTU COCTOSIHU I MPeICTaBIsIeT CO00i KOHeu-
HBI/l aBTOMAT, FEHEPUPYIOLIUI MOCIeI0BATEIbHOCTh KOMaH,
HEOOXOAMMBIX K BBIITOJHEHUIO, TAKUX KaK 3aMUCh/YTEHUE, MO~
TBEPXKACHWE U MoA3apsiaka 6aHKOB. Monyib GOpMUPOBAHUS TaH-
HBIX TIpeoOpa3yeT COCTOSTHUS aBTOMAaTa B KOHKPETHBIC CUTHAJIBI
Ha muHe ynpasiaeHust O3Y, dopMupys nMmpu 3TOM HEOOXOIUMbIe
BpeMEHHBbIE 3aJepXKU. Monynb BBIBOJA HA IIMHY CUHXPOHU3U-
pyet naHHble U3 FIFO ¢ mIMHOIM DaHHBIX U ONpeaessieT 0aiiToBbIe

MacCKH 3arpy3kKku.

XKUMHU METOOdAMU MOBBIMIEHUA KOHTPACT-
HOCTHU, IPUMEHAEMBIMU B COBPEMECHHBIX
CUCTEMAaX TCXHUYCCKOI'O 3pCHMU .
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decoder is a finite-state machine (FSM) gen-

erating a sequence of instructions necessary for
execution, such as writing/reading, confirm-
ing and recharging banks. RAM control signals
generated module converts the states of the
automaton into concrete signals on the RAM
control bus, thus forming the necessary time
delays. The data bus output module synchro-
nizes the data from the FIFO with the data bus
and determines the byte boot masks.

To display the video image correctly, it
is necessary to upload data settings into cam-
era internal registers. Figure 16 shows a block
diagram of the initialization module.

The initialization commands memory
block stores a sequence of parcels with the
address of the initialization register and the
corresponding settings. The data generation
module generates a sequence of sending sig-
nals, namely: device address, register address,
register data and acknowledgment signals.
The SCCB control module is FSM of the
interface processes.

TEXHOAOTHMYECKOE 1 KOHTPOABHO-U3MEPUTEABHOE
OBOPYAOBAHME AASA ITPON3BOACTBA MUKPOCXEM U I1/T1 IPMBOPOB

CONCLUSIONS

The paper presents the results of developing
a prototype of a technical vision system that
realizes digital processing of real-time video
images based on a programmable logic inte-
grated circuit.

The authors believe that this work has a new
method of discernibility improvement of infor-
mative regions on digital images of integrated
circuits layouts and its hardware implemen-
tation. The system has been developed in the
Quartus design environment. The obtained
results confirm the effectiveness of the pro-
posed method, its adaptability in comparison
with similar methods of contrast improvement
used in modern technical vision systems.
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