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HuceprariitHa poOoTa MPUCBIYEHA BUPINICHHIO BAXKJIMBOT HAYKOBO-TEXHIUYHOI
3a/mayi, sKa TOJIsiTa€ B PO3pOOIll METOMIB Ta 3aco0iB aNanTUBHOI HENIHIMHOL

1udpoBoi GiIbTpalii 300paxeHb.

O6'ekm Oocniodxcenns — TIpoIleCH Ta TpUHIUNKM HUGPOBOI (UIbTpalii
300paKEHb.
Ilpeomem oOocniooicennss — 1udpoB1 PUIBTPH, 1O MOJIMIIYIOTh SKICTh

300paKeHb, ypaXEHUX IMIYJIbCHUM IIYMOM, amapaTHa Ta MpOTrpaMHa peasizallis
aIalITUBHUX HENMHINHUX HU(POBHUX (IIBTPIB HA OCHOBI AETEKTOPIB IIyMY.

Y mepmomy posniai «CucTeMH KOMITIOTEPHOTO 30pYy» TpOaHai30BaHO
3arajibHy CTPYKTYpy Cy4aCHHX CHCTEM KOMII I0T€pHOro 30py. [loka3aHno ocHOBHI
eTanu OOpOOKM JaHUX B cucTeMi. BU3HAueHO OCHOBHI TEHJICHINI PO3BUTKY Ta
icHyr0ul TOTpeOu 3a0e3IMeueHHs] SKOCTI Ta IIBHUIKOCTI CHCTEM TaKoro pojy.
PosrnsiHyTO CydyacHi CBITJIOWYTIIMBI JaTYWKH Ta OCHOBHI BUJIM BIUIMBIB Ha JIaHHI
300pa)keHb B TUIOBIA CHUCTEMi, a TaKOXX PO3IMOBCIO/DKEHI MaTreMaTH4HI MOJel
IIyMiB, IO MOTIPIIYIOTh SKICTh BHUXIJHUX TOKAa3HUKIB CHCTEM YIpPAaBIIHHSA Ta
00poOku manux. [IpoananizoBaHO HasBHI METOJIM MPUIYIIEHHS LIyMiB, 30KpeMa
JIHIMHI Ta HEJIHIWHI NpocTOpoBi (GiNbTpH, amantuBHi QLILTPH, GLIBTPH 3
netekropamu mymy. [IpoBeaeHo anamiz Ta kimacudikaiis MOMYJISIPHUX METOIB

JNETEKTYBAaHHS LIyMYy, 30Kpe€Ma aJIrOPUTMY aJalTUBHOTO HEJIHIMHOTO 3BaKEHOTO



MeJllaHHOTO (IIBTPY, Ta BUSIBJIEHO HEAOJIIKH, 1110 3aBaXKal0Th peaiizalii GuibTpa Ha
OUTBIIIOCTI anmapaTHUX TIATPOPM.

VY apyromy poszauii «OntuMiszalis 1 MojentoBanHs poootu ASWM dinbTpay
PO3TIITHYTO METOJM amapaTHOi peamizallii aJanTUBHOTO HENIHIHHOTO 3Ba)KEHOTO
¢irbTpy. [IpoBeneHo anaii3 aNropuTMy Ta BUAUIEHI CKIaI0B1 MiA-MOAYMl (PUIBTPY.
PeamizoBani mig-monym (QuibTpy 13 po3paxyHkamMud 3 (PIKCOBAHOK TOYKOIO,
30KpeMa: MOIyJib TOMAUTYy 4YHcesl 3 (DIKCOBAHOI TOYKOIO, MOJYJIh 3HAXOJKEHHS
KBaJIpaTHOTO KOPEHs, MOJIYJb 3HAXOKEHHSI MEI1aHU 3a JOMOMOIOI0 COPTYHOUOl
MEpPEKi, MOITYJIb 3HAXOKEHHS 3BAKEHOTO CEpeIHHOT0, MOIYJIb PO3PAXYHKY BariB,
MOJyJIb 3HaXO/KEHHSI CepeIHbOKBAIPATUYHOTO BiIXuieHHs. OTpUMaHO KIJIbKICHI
XapaKTepUCTHKHN alapaTHUX BHUTpAT Ha peamizaiiro. BHUKOHAHO MOCIiIKEHHS
nporpamMHoi mozei GpinbTpy Ha MoBi Python 3aa11s ycyHEeHHS 0THOTO 3 HAWOTBIIHX
HEJOJIKIB — IIMKJIY OLIHKM BariB HEJETEPMIHOBAHOI JOBXKHHH. 3alpOIIOHOBAHO
MOIMIIEHUNA 3 TOYKH 30PY CIIBBIIHOIIEHHS «IIPOJAYKTHUBHICTh (QiIbTpY/anapaTtHi
BUTPATH HA peaji3alliio» aJroOpuT™M aJalTUBHOTO HENIHIKHOTO 3BaKEHOTO (DiIbTpa
3 ypaxyBaHHsM anapaTHux ocoOnuBocteit [IJIIC Ta By3pkuX Miclk GiIbTpa IO
Oynu BusBIeHI padime. BukoHano oriHky amnapatHux pecypcis IIJIIC Ta
IPOAYKTUBHOCTI (LIbTpa y PI3HUX KOHPIrypalisx, 10 BIUIMBAIOTh Ha HEOOXIIHY
KUIbKICTh JioriyHux BeHTwnB I[IJIIC Ta skicte pobGotu cucremu. HapeneHo
pPO3paxyHOK KIUIBKOCTI (peiiMiB Ha CeKyHIy mpu oOpoOIll MOHOXPOMHOTO
300pakennst FullHD mns taktoBux wactot cucremu 50, 100 Ta 200 MTI'1.

Y tperbomy pozaim «MoaudikoBaHUM MeTlaHHMK (QUIBTp 3  TOCT
GiIbTpaAlliiHUM TPUUHATTSIM PILIEHHS» MPOBEACHO JOCHIHKEHHS CTAaTUCTUYHHX
XapakTepuCcTUK AeTekTopy mymy ASWM ¢inbrpa. 3a 10mOMOrorw mporpamHoi
moneni ASWM ¢inpTpa BUKOHaHO aHami3 poOOTH (IIbTPYy Ha MPEAMET 3HAUYEHb
MOPOTiB 1 3allyMJICHUX MIKCENIB, a TAKOX JOCHIHKEHHS 3aJeKHOCTI MEA1aHHOTO
3HAauYeHHS, 3HaYCHb BXIJHOTO IIKCENs Ta IIyMy OJHE BiJ OAHOro. TakuM YrMHOM,
OyaM MpOMOJIENbOBaH1 CUTYallll BIDHOTO JETEKTYBAHHS MIKCENS SIK UIyMY, a TAaKOXK

NOMWJIKOBOTO JI€TEKTYBaHHs, B pa3l SKOTo, 3TiHO 3 anroputMom ASWM



GbinbTpallii BUKOHYEThCSI 3aiiBa orepallisl 3HAXO/KCHHS MeJIaHM 1 SK HaCHi0K
PO3MUTTS/3TIAIKyBaHHS JleTaliei BUXIAHOTO 300pakeHHA. OTpUMaHO PO3MOILI
a0COJIFOTHOTO BIJIXWJICHHS IIyMy BiJ MEJIaHHOTO 3HAYCHHS BiKHA (iabTpa s
pI3HOI  HIUIBHOCTI  3alIyMJIIOIOYOTO  BIUIMBY.  3alpOINOHOBAHO  aJITOPUTM
aIalITUBHOTO HENIHIMHOTO (1abTpa HU(GPOBUX 300paxeHb 3 MOCT-(IbTpaALiiHUM
OPUUHATTAM PIMICHHS MNP0 3allyMJICHHS, SKUM JO3BOJSE 3MEHIIUTH €(QeKTU
NOB’s13aH1 3 BTPATOI0 YaCTUHU JIAHUX BHACHIIOK (PLIbTpAIii MiKCENiB, 0 He Oynu
Mi/1aHl BIUIMBY IIyMy Ta Ma€ CTPYKTYpy NpUIATHY A0 MapajenbHOi peani3alii Ha
O1IBIIOCTI CYYaCHUX apXITEKTYp MPOIECOPiB 3 BEKTOpHUM posiupeHHsM Ta [TJIIC.

Y uerBepToMy posaini «MopenoBaHHA (GUIBTpa 3 TOCT-QUIBTPALIHHUM
OPUUHATTAM PILICHHS» PO3IVIIHYTO TIE€peBaru 1 HEIOJIKM BUKOPUCTAHHS MOB
npoektyBaHHs mudpoBux cxem VHDL Tta Verilog y mopiBHSHHI 3 cydacHMMHU
MOBaMH TPOEKTYBaHHA BHCOKOTO piBHI. CQopmMynpboBaHO TeEpenik mepesar
nporpamHoro makery MyHDL, skuii BuUKOpUCTOBYBaBCS y JaHiii poOoOTi Ta
JI03BOJIMB CYTTEBO 3HU3UTH CKIIAJHICTh TECTYyBaHHs 3alpONOHOBAHOI apXITEKTypU
cucremu. 3a aomnomorotro maketry MyHDL peanizoBano nporpamMHuii mpoayKT
MoBo10 Python, o no3Bossie 3srenepyBatu VHDL uu Verilog onuc ¢inbTpy 3 moct-
GiIbTpalliiHUM TPUHAHATTAM pillleHHs i noaanbinoro cuutedy Ha [UIIC.
Bukonano epudikariiiro ta cuate3 ¢uibtpy Ha [IJIIC Intel MAX 10, Cyclone V,
Cyclone IV E, Cyclone IV GX ta Cyclone 10. OTpumano yacoBi giarpaMu poooTu
KOKHOTO0 3 6510KiB ASWM ¢inpTpa Ta QinbTpa 3 mocT-PpuIbTpatiitHuM NPUHHITTAM
pimenHs. [IpencrapieHo CHHTE30BaH1 JIOT1YHI CXeMH OJI0KIB Ta (PiIbTPIB 3arajiom,
IO JOBOJASTH IMOBHICTIO KOHBEEPHY peani3aiiio (UIbTpy, HE BUCOKY IOBKHHY
bubTpyrouoi cucteMu GUIbTpa 3 NOCT-PUIBTPAIIMHUM NPUUHATTAM PIIICHHS B
TaKTax, a TAKOXK CYTTEBO HIDKYI anapaTHi BUTPATH Ha peanizallito (GiipTpa 3 mocT-
GiIbTpalliiHUM  NPUAHATTAM pilieHHs y mopiBHsSHHI 13 ASWM  ¢dineTpom.
[IpoBeneHo aHai3 MPOAYKTUBHOCTI y TopiBHsIHHI 3 ASWM (dinbTpa, 1110 BBaXKaThCS
OJTHMM 3 JIJIEPIB 3 TOYKH 30py SKOCTI poOotu. [IpencraBieno meron peamsariii

3alIPOIIOHOBAHOTO  (UIBTPY Ha TMPOIECOPHIA  apXITEKTypl 3 BEKTOPHUM



posmpenHsiM ARM NEON. 3okpeMa po3riisHyTO METOJ peajizallii 3arpy3Ku Ta
30epeKeHHs TaHUX B MaM’sITh Ta peali3allilo COPTYIoUOi MEpexi 3a JIOMOMOIOI0
BEKTOpHUX  1HCTpyKiii. IIpoBeneHO  MOCHITKEHHS  ITYMONPUTHIYYHOUHMX
MOXJIMBOCTEN 3amporoHoBaHOTo (ibTpa 3a gonomoror MeTpuk PSRN ta SSIM
JUTSl TITBHOCTI IMITYJIBCHOTO Tymy Bifl 5 10 90%, 1m0 TOBOASTH BHUCOKY SIKICTh
poOOTH 3aMIPONOHOBAHOTO AJTOPUTMY.

OTpuMaHi pe3yabTaTd AAlOTh 3MOTy MOOYA0BU €(PEKTUBHOI 3 TOUKH 30PY
CHIBBIIHOIIIEHHSI NPOAYKTUBHICTh (UIbTpy/amapaTHi BUTpPaTH Ha peaji3aliio
CHUCTEMHU BUIAJICHHS IMITyJIbCHOTO LIyMYy 3 300pa)X€HHS, 110 MOXKE MpaIloBaTH B
peaJlbHOMY 4Yaci, Ha Cy4YaCHUX TMPOLECOPHUX apXITEKTypaX 3 BEKTOPHHUMHU
iHcTpyKuisimu ta [JIIC.

VY SKOCTI HapsAMiB MOJAIBIIOTO PO3BUTKY MOTPIOHO 3a3HAUMTH AOCITIIKEHHS
METO/IIB pO3MapasesfoBaHHs 3aIIPONOHOBAHOTO AITOPUTMY aJalTUBHOI HETIHIHHOT
bibTpallii NUIIXOM MOOYIOBH JIEKITBKOX OOYMCIIIOBAIbHUX KOHBEEPIB, @ TAKOXK
MOIIYK METOMAIB PO3PAaXyHKY IHOpPOTOBOTO 3HAUEHHS aOCOJIOTHOTO BIAXUJICHHS
SPKOCTI MIKCENs BiJ MEIIaHHOTO 3HAYEHHS BIKHA, [0 MOXYTh OyTH €()EeKTHBHO
peali3oBaHl Ha Cy4acHHUX arapaTHUX IiaTdhopMax.

Knrouosi  cnosa: aBTOMATHU30BaHI KOMII IOTEPHI CHUCTEMH, CHCTEMHU
KOMIT FOTEPHOTO 30py, 00poOKa 300paxeHb, MOKPAIlIEHHs 300pakeHb, aJalTUBHUN
binbTp, HEMHIAHUN QiIbTp, iMmynbcHu myM, [IJIIC, nponecopu 3 BeKTOpHUM
PO3IINPEHHSIM.
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ABSTRACT

Salnikov D.V. Hardware and software means of adaptive nonlinear digital
filtering based on noise detectors. — Qualification scientific work as a manuscript.

Dissertation for the degree candidate of technical sciences (philosophy doctor)
in the specialty of 05.13.05 — Computer systems and components (12 — Information
technologies). — National technical university «Kharkiv Polytechnic Institutey,
Ministry of Education and Science of Ukraine, Kharkiv, 2021.

The dissertation is devoted to the solution of an important scientific and
technical problem, which lies in the development of methods and tools of adaptive
nonlinear digital image filtering.

The research object — the processes and principles of digital image filtering.

The research subject — digital filters that improve the quality of images affected
by impulse noise, hardware and software implementation of adaptive nonlinear
digital filters based on noise detectors.

In the first chapter, "Computer Vision Systems" the general structure of modern
computer vision systems was analyzed. The main stages of data processing in the
system are shown. The main development trends and existing needs to ensure the
quality and speed of systems of this kind are identified. Modern light-sensitive
sensors and the main types of influences on image data in a typical system are
considered, as well as common mathematical models of noise that degrade the
quality of the output of control and data processing systems. The available methods
of noise suppression are analyzed, in particular linear and nonlinear spatial filters,
adaptive filters, filters with noise detectors. The analysis and classification of
popular methods of noise detection, in particular the algorithm of adaptive nonlinear
weighted median filter, is carried out, and the shortcomings interfering with the
implementation of the filter on most hardware platforms are revealed.

In the second section "Optimization and modeling of the ASWM filter" the

methods of the hardware implementation of the adaptive nonlinear weighted filter



are discussed. The analysis of the algorithm is performed and the components of the
filter sub-modules are selected. Implemented sub-modules of the filter with
calculations with a fixed point, in particular: module for dividing numbers with a
fixed point, the square root computation module, the module for finding the median
using a sorting network, the module for finding the weighted average, the module
for calculating weights, the module for finding the standard deviation. Quantitative
characteristics of hardware implementation costs are obtained. A study of the
software model of the filter in Python was performed to eliminate one of the biggest
bottlenecks - the cycle of estimation of scales of indeterminate length. Suggested an
improvement from the point of view of the ratio "filter performance/hardware
implementation costs" algorithm of adaptive nonlinear weighted filter, taking into
account the hardware features of FPGA and filter bottlenecks that were previously
identified. The evaluation of FPGA hardware resources and filter performance in
different configurations, which affect the required number of FPGA logic cells and
the quality of system operation, is performed. The estimation of the number of
frames per second when processing a monochrome FullHD image for system clock
speeds of 50, 100 and 200 MHz is given.

In the third section "Modified median filter with post-filtration decision-
making" a study of the statistical characteristics of the noise detector ASWM filter
is given. Using the ASWM filter software model, the filter operation was analyzed
for threshold values and noisy pixels, as well as the dependence of the median value,
input pixel values and noise from each other. Thus, situations of correct detection of
a pixel as noise, and also erroneous detection in which case, according to ASWM
filtering algorithm the superfluous operation of the finding of a median and as a
result of blurring/smoothing of details of the initial image were modeled. The
distribution of the absolute deviation of the noise from the median value of the filter
window for different noise densities is obtained. An algorithm for adaptive nonlinear
digital image filter with post-filtering noise decision, which reduces the effects

associated with the loss of data due to filtering of pixels that have not been exposed



to noise and has a structure suitable for parallel implementation on most modern
processors architectures with vector extension and FPGA's is proposed.

The fourth section "Modeling a filter with post-filter decision-making"
discusses the advantages and disadvantages of using digital design languages VHDL
and Verilog in comparison with modern high-level design languages. The list of
advantages of the MyHDL software package, which was used in this work and
allowed to significantly reduce the complexity of testing the proposed system
architecture, is formulated. The MyHDL package implements a software product in
Python, which allows generating a VHDL or Verilog design of the filter with post-
filtration decision making for further synthesis on FPGA. Verification and synthesis
of the filter on FPGA Intel MAX 10, Cyclone V, Cyclone IV E, Cyclone IV GX and
Cyclone 10 were performed. The synthesized logic circuits of blocks and filters in
general are presented, which prove the completely pipelined implementation of the
filter, short filtering length in cycles of the filter with post-filtration decision-
making, and also significantly lower hardware costs for implementation of the filter
with post-filtration decision-making in comparison with ASWM. filter. The analysis
of the performance in comparison with the ASWM filter which is considered as one
of the leaders from the point of view of the quality of work is carried out. The method
of realization of the offered filter on processor architecture with vector extension
ARM NEON is presented. In particular, the method of loading and storing data in
memory and implementing a sorting network using vector instructions is considered.
The study of noise-suppressing capabilities of the proposed filter using PSRN and
SSIM metrics for impulse noise density from 5 to 90% was performed and proves
the high quality of the proposed algorithm.

The obtained results make it possible to build an efficient in terms of the ratio
of filter performance/hardware costs for the implementation of a system for
removing pulsed noise from the image, which can work in real-time, on modern

processor architectures with vector instructions and FPGA.
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As possible directions for further development, it is necessary to indicate the
research of methods of parallelization of the offered algorithm of adaptive nonlinear
filtering by the construction of several computing pipelines, and also search of
methods of calculation of threshold value of the absolute deviation of the brightness
of a pixel from the median value of a window which can be effectively implemented
on modern hardware platforms.

Keywords: automated computer systems, computer vision systems, image
processing, image enhancement, adaptive filter, nonlinear filter, impulse noise,
FPGA, processors with vector expansion.
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