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VIIK 621.391

OIEHKA KAYECTBA C/KATUA JUHAMUNYECKOI'O JUATTA30HA
WH®PAKPACHBIX U30BPAKEHUI

C.M. PYIUKOBY, B.IO. LIBETKOBZ, A.I1. IIIKAJTAPEBUY*

1 — Hayuno-mexuuueckuii yenmp «JIOMTy», Pecnybonuxa benapyce
2 — Benopycckuil 20Cy0apcmeennblil yHusepcumem ungopmamuxu u paouosiekmponuku, Pecnybnuka benapyce

Hocmynuna 6 peoakyuro 20 mapma 2023

AnHoTanus. [IpuBeneHs! pe3ynbTaThl aHATHM3a YyBCTBUTEIBLHOCTH MOKa3aTeel KauyecTBa TOHOBOTO
OTOOpa)KeHHsI K BBIOOPY aJTOPUTMOB CXKATHsl TMHAMHYECKOTO AWAIA30HA, UX IApaMeTpOB U THIIOB
MHpPaKpacHbIX M300pakeHni. [loka3aHO, dYTO WHTEPBAIBbHBIE MOKA3aTENH HMEIOT OOJBIIYIO
YyBCTBUTEJIBHOCTH K YCJIOBHSIM TOHOBOTO OTOOpa)KEHHS! B CPABHEHHH C TI00TbHBIMH ITOKA3aTEISAMH.

Kniouesvie  cnosa: CXKatTue JAJWMHAMHYCCKOI'0  auariasoHa H30 6an(eHHﬁ, HH(I)paKpaCHLIe
H30 6pa)KCHI/I$I, BbIpaBHHBAHUC T'MICTOIPAMMBI.

BBenenue

[ oToOpakeHus! ¥ TIOBBILICHUS KaueCTBa BOCIPOM3BEACHHU MHOTOPA3PsIIHBIX HHPPAKPACHBIX
nzobpaxennii (MK-n3o0pakennii) Ha MOHUTOPE C MEHBIIIEH Pa3psTHOCTHIO MMUKCENeH (KaK MpaBuilo,
8 OMT) MHMPOKO HCHONB3YIOTCS AITOPUTMBI NMPEoOpPa3oBaHKsl AMHAMHYECKOTO JHAlla30Ha Ha OCHOBE
BoIpaBHHBaHKs rucTorpammbl (Histogram Equalization, HE) [1] u ocHoBaHHBIE Ha HHX OJOYHBIC
QJITOPUTMBI aIAlITHBHOTO BhIpaBHUBaHUs rucrorpammbl (Adaptive Histogram Equalization, AHE) [2].
Anroputm AHE o0ecrieunBaeT 1OCTaTOUHO BHICOKOE KAY€CTBO U300pakeHUil rmocie npeodpa3oBaHmsl,
HO HE MO3BOJIIET YNPaBIATH (OPMOI WHTErpalbHOW (QYHKIUH paclpeiesieHusi, YTO MPHBOAUT K
Ype3MepHOW KOHTPACTHOCTHU JIJIsl HEKOTOPBIX TUIIOB U300pasKEHHH.

B anroputMe aganTMBHOTO BBIPABHUBAHMS THUCTOIPAaMMBI C OTpaHHYEHHEM KOHTPACTHOCTHU
(Contrast Limited Adaptive Histogram Equalization, CLAHE) [3] nanHast 0COGEHHOCTh YUHUTHIBAETCS
3a CYET PeryIupyeMOro OrpaHHYEHHs TUCTOTPAMMBI. DTO MO3BOJISIET YIPABISTh KOHTPACTHOCTBIO B
CTOpOHY ee yMeHblIeHus 1o cpaBHeHH0o ¢ AHE. Ho mpu cHMXeHHUM KOHTPAacTHOCTH B ajrOPUTME
CLAHE yxyamaroTcs U JIpyrue mokasaTeld KadecTBa M300pakeHHs (CpeiHee 3HAa4YeHUE, CPeTHHI
IPaJUeHT, SHTPOIUS, YUCIIO JaeTaneil). JlaHHBIH HEIOCTATOK CBOWCTBEHEH MHOTHUM MOIU(PHUKAIUSM
anmroputMa AHE [4-6]. IlpuumHa 3aximrouaeTcss B BBIPaBHUBAaHWU THCTOTPAMMEI, CYIIECTBEHHO
OCIIA0JIAIONIEM pe3yNbTaThl JIO0OW Mpeakoppekiuu u3o0paxenus. [losromy sddexkTuBHOE
yIpaBlieHHE XapaKTePUCTHKAMH HW300paXeHUs MpH NpeoOpa3oBaHUM JAWHAMHYECKOTO IUara3oHa
BO3MOXXHO TOJIBKO TIOCJIE€ BBIPAaBHHBAaHHUSI TMCTOrpaMMbl. llpum 3ToM ans Koppekuuu HEoO0XOIUMO
00ecneynTh 10CTaTOYHO IIMPOKUN TMHAMUYECKUN nana3oH n300paKeHHs.

B [7] mpemmoxen amropurm HECS (Histogram Equalization, Compression and Stretching,
HECS), xotopsiii mpeBocxoaut amroput™ AHE mo koHTpacTy 3a cueT 3a cuer OOpe3KH Kpaes,
pacTshKEeHUs LEHTPAIbHON YacTH, pacTshKEeHUs (CKaTHsl) U HaJIOKEHUs! 0Ope3aHHBIX KpaeB IN100aIbHON
ructorpammbl. Hemoctatkom amroputma HECS  sBnsercs yxymmeHue KOHTpacTa IO KpasM
JUHAMUYECKOTO JMalla30Ha, YTO TMPHBOJUT K 3aMETHBIM apredakTaM Ha NpeoOpa3oBaHHOM
UK-n300pakeHnH 1 JOTOJIHUTEIBHON HEPAaBHOMEPHOCTH €ro II100anbHOM THCTOIPaMMBI.

B [8] mnpemnoxen wmomuduimpoanusii amroput™m HECSM amanTuBHONM SKBaNM3aIlim,
pacTsDKEHUS] U C)KaTUsl TUCTOTPaMMBI, OCHOBAHHBIM Ha WHBEpCcHH ee oOpe3aHHBIX KpaeB. MHBepcus
KpacB IMO3BOJISIET COXPAHWUTh KOPPEISILIUIO 3HAYEHUH M KOHTpacT AJsl OOJbIIEH YacTH CMEXKHBIX
nukcene wm3oOpaxenus. [lpu  yMeHpIIEHMHM OUHAMWUYECKOTO JAMana3oHa  JaHJagTHBIX
NK-u300pakeHnii mpeayioKeHHBIH alTOPUTM TOBBIIIAeT OJOYHBIA KOHTPACT 1O CPaBHEHHUIO C
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AITOPUTMOM  aJIaITUBHON SKBATU3allMd THUCTOTpaMMbl. (OCOOECHHOCTHIO aTOPUTMA  SIBJISICTCS
BO3MOKHOCTh PACTSDKEHHsI OJHOW 4acTh (JIEBOI WM MPaBOM) 3a CUET CKATHSA APYTrod B Ipeaesax
JTUHAMHYECKOTO JHMAaIa3oHa. JTO MO3BOJISIET MMOBBICUTH Pa3pelleHre B COOTBETCTBYIOIINX WHTEpBaIax
TUCTOTPAMMBI U JIOKaJIbHBI KOHTPACT B TEMHBIX MJM CBETJIBIX OO0JacTsaX wu3o0paxkenus. s
VIpaBIICHHUS PACTSDKCHHEM W C)KaTHeM KpaeB rucrorpammbl B anroputMe HECSmM mpemycmotpen
napameTp A aCHMMETPHUU THCTOTPAMMBI, BEIYMCISIEMBIN KaK OTHOIICHHWE IIMPUHBI JIECBOTO MHTEPBAJA
TUCTOTPAaMMBI TIOCJIE MPEOOPa30BaHus K IIUPUHE JUHAMUYESCKOTO JUANa30Ha H300paKCHHUS.

Ilenpto paboOTHI SBNISETCA OMpEACICHUE II0Ka3aTeieii KavyecTBa TOHOBOTO OTOOpaKeHUs,
MMEIOIIX HAHOOIBIIYIO YYBCTBUTEIFHOCTD K ITOPUTMAaM MIPe0Opa3oBaHus, X MapaMeTpaM u THIIaM
HK-u300paxkeHni.

IMoka3aTesin KauecTBa TOHOBOTO OTOOPaKEHUS

KauecTBo airoprTMOB TOHOBOTO OTOOpaKEHHSI OMPECNseTCsl KaueCTBOM MPeoOpa3oBaHHBIX C HX
TIOMOIIIBI0  M300pakeHMH (O€33TAIOHHBIC TIOKA3aTeId KadecTBA) M CXOXKECTHIO 3THUX H300paKCHHH ¢
WCXOJTHBIMU N300pKEHUSAMH (3TAJIOHHBIC TIOKA3aTeNn KadyecTBa). braronaps mpocToTe BEIMUCIICHUS ITPOKO
UCIIONB3YIOTCSl 0€33TANIOHHBIC MOKA3aTeNH, MO3BOJLSIOIIME OLCHUTh KOHTpAcT (CTaHIApPTHOE OTKJIOHECHHE

Dsr M cpennuii rpammeHT G,), OSHTPOIMIO E;, KOIMYECTBO JIOKAIBHBIX 3KcTpeMyMoB N g,
cratucTideckylo ecrectBeHHOCTE Ng [9]. [t orjeHKH KadecTBa TOHOBOIO OTOOPaKEHNUST Ha OCHOBE ITAJIOHA

B ciydae VK-u300paKeHHil ¢ IIMPOKMM JIWHAMHYECKHM [HANa30HOM YacTO HCIOB3YETCS MOKa3aTeiu
ctpyktypHoit TounocTH Fg [10] 1 kauecTsa ToHATbHOM KapThl |1y [11]. OTH nokasatenm He yunThIBarOT

Pl XapaKTEPUCTUK CKaTWs JUHAMHYECKOrO JUala3oHa, CBS3aHHBIX, HANPUMEpP, C JMHEUHOCTHIO U
TIOCTIE/IOBATETIFHOCTRIO TIEPEavy TOHOB, TIOTEPEH pasiimIeH s COCEIHNX MTUKCENer MOoclie IPeoOpa3oBaHus U
PaBHOMEPHOCTHIO HCTIONB30BaHMS JMHAMHYECKOTO JFAlla30Ha, POCTOM HEOTHO3HAYHOCTH TOHOBOTO
OTOOpKEHHMS N3-3a PA3TUUHIA MEPEAATOUHBIX XapaKTSPUCTHK OJIOKOB M300PaXKEHHUS IPU UCTIOIL30BAHUH IS
npeoOpa3oBaHusl OJIOYHBIX aNropuTMOB. Kpome Toro, GONBIIMHCTBO N3BECTHBIX TIOKAa3aTeN e BEIYHCIISTIOTCS
JUTSL BCETO JMHAMHUYECKOTO Anana3oHa. OmHAKo, B pse CIydaeB HEOOXOMUMBI MHTEPBAIBHBIC TTOKA3aTEIH,
TMO3BOJISIIOIINE OICHUTh KAa4eCTBO TOHOBOI'O OTOOPAKCHHS B ONPEACIEHHON 4YacTH JHUHAMHUYECKOIO
JmarnasoHa npeoodpaszoBanHoro MK-n3o0paxkenus. JlaHHbIe HETOCTATKM NMPHUBOIAT K HU3KONH TOYHOCTH H
HEOJTHO3HAYHOCTH OIICHKM KauyecTBa CKaTWsl JUHaMuueckoro auanasoHa WK-m3obpaxkenunit. B [12]
MpeIOKEHbl MHTEPBATIHHBIC TIOKA3aTENI KauyeCcTBa CKATHA JUHAMUYecKoro muanaszona MK-m3obpakenui,
ITO3BOJISIOIIHE OLICHUTD:

— MOTEHIAFHYIO PA3UYAIOINIY0 CIOCOOHOCTh P, Ha BEIOpaHHOM WHTEpBaje JUHAMUYECKOTO

JMana3oHa IpeoOpa3oBaHHOTO N300PaKEHNS;

—mnoTepu Ep pasnuueHHs coceqHHX TNHKCeJeld Ha BhIOpaHHOM HWHTEpBaje JTUHAMHUYECKOTO
JMana3oHa nIpeoOpa3oBaHHOTO N300pakeHMs1, 00YCIIOBICHHBIE TOHOBBIM OTOOpaKEHHEM;

— BeNM4MHY Eyg HENMMHEWHBIX MCKQKEHHH CKATHUs AMHAMHUYECKOTO JHAala30Ha Ha BHIOPAHHOM
UHTEpBaJIe JMHAMHYECKOTO [Hara30Ha NpeoOpa30BaHHOTO H300paK€HHUS OTHOCHTEIBHO JIMHEHHO
peoOpa3oBaHHOTO U300paKEHNS,

— paBHOMepHOCTh Uy, HCIIOJB30BaHKUs HMHAMHYECKOIO [Hara3oHa Ha BHIOPAHHOM HHTEpBaJie
JIMHaMHYECKOTr'0 JIara3oHa npeo0pa3oBaHHOTO H300paKeHUsI OTHOCUTENBHO 0a30BOr0 HHTEPBAa;

— HEOJIHO3HAYHOCTh Ly, TOHOBOTO OTOOp@KEHHS, OOYCIIOBJICHHYIO Pa3THYMAMH IIepeIaTOuHbIX
XapakTepUCTUK OJIOKOB B HHTEpBAIE JUHAMHYECKOrO JAMana3oHa IpeoOpa3oBaHHOTO M300paKeHus,
COOTBETCTBYIOIIIETO MHTEPBATY MPOPEKEHHOTO JMHAMHYECKOT'O JMANa30Ha HCXOIHOTO H300pKEHNST,

— BeNUUMHY Lp, HEJTMHEHHBIX HMCKAXCHUH, CBSA3aHHBIX C HEOJAHO3HAYHOCTHIO TOHOBOTO
oToOpakeHHsl, B HHTEpBaJE JUHAMHUYECKOTO [HMara3oHa NpeoOpa30BaHHOIO M300pasKeHHS,
COOTBETCTBYIOIIETO HHTEPBATY IIPOPEKESHHOTO JUHAMHYESCKOTO JTUANAa30Ha UCXOJHOTO H300pasKeHMSI.

Yem MenblIe 3HaueHUs] P, ¥ Ep , TeM Bl pa3iuyaroimiasi CiOCOOHOCTh M MEHbIIE MOTEPH
pa3IMYeHUs] COCENHUX MUKCeeld mpeoOdpa3oBaHHOTO M300paxeHus. UeM MeHblle 3HaueHue E,,g, Tem
OJKe TiepeJaTOYHbIe XapaKTePUCTUKU OJIOKOB (MJIM BCEro M300pakeHHs) K JTMHEHHBIM. Yem Ommke K
eauHuLe 3HaueHue U, , TeM Oojiee paBHOMEPHBIM SIBIISIETCS pacrpezielieHHe SIpKOCTeil Ha BHIOPaHHOM

HUHTEPBAJIC OTHOCUTCIIBHOT'O 06a3o0Boro HWHTCPBaJia U TCM OJIMKEe TOHOBOE 0T06pa)K€HI/I€ K HHHeﬁHOMy Inpu
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PaBHOBEPOATHBIX 3HAYeHWSX muKcened. YUem Ombke K eOuHMIE 3HAa4YeHHE Ly, TeM MEHbLIE
HEOJHO3HAYHOCTh TOHOBOIO OTOOpakeHusi. Yem MeHblIe 3Ha4YeHuE Ly , TeM MeHble HeTuHEHHbIE
WCKa)KEHHsI N3-32 HEOJHO3HAYHOCTH TOHOBOT'O OTOOPaKEHHUSI.

OneHKa Ka4eCTBA TOHOBOI'0 0TOOPasKeHH s

Ha puc. 1 mpuBenensl mpumepbl NK-n3zo0paxkeHuid TpeX THIIOB, OTIMYAONHMXCS (QopMamMu
THCTOIPaMM SIPKOCTH TIOCIIE aJIaTUBHON 3KBATU3AIMH. [IJ1s1 H300pakKeH A 3THX TpeX THIOB B Tabi. 1 — 6
TIPUBE/ICHBI CPEHUE 3HAUCHHMSI OTHOILCHUI U Pa3HOCTEH TMoKazaTenei kadectsa Aist anropurMa HECSm
NpH pa3NMYHBIX 3HaueHUsX acumMmerpurt A u anroputmoB HE, AHE, HECS. Xupubim mpudgrom B
TabNHIaX OTMEYEHBI MaKCUMaJIbHBIE 3HAUEHHS OTHOIICHUI 1 pazHocTel. Tabm. 1, 3, 5 conepkat 3HaueHUS
II00AIBHBIX TTapaMeTPOB, OMPEACISEMBIX B MPEAENax BCEro AMHAMHYECKOTO THana3oHa M300pakeHusI.
Tabn. 2, 4, 6 comepkaT 3HAUCHUS] MHTEPBAJILHBIX MMOKa3aTelNield, BBIYMCIIEMBIX Ul TEPEKPHIBAIOILIXCS
nesoro (L), nenarpansaoro (C), mpasoro (R) HHTepBaJIOB THCTOIPAMMBI M BCETO IMHAMUYECKOTO JIUANa30Ha
n3o0pakenus (matepBai T ). B anropurmax AHE, HECS u HECSm ucnions3oBanb! 0510ku 32X 32 MUKCES.

[ 50 100 150 200 250 300 o 50 100 150 200 250 300 o 50 100 150 200 250 300

Puc. 1. IIpumepsr UK-n300paskeHnii Tpex THIIOB U UX FHCTOTPaMM I10CJIEe aIallTUBHOM SKBaJIM3alnu. a — TUI |
6 —Tnn 2, 6 — T 3

Tabn. 1. 3HayeHUsT OTHOWMIEHMIT IJ100aNbHBIX MOKAa3aTedeil kayecTBa AJsA U300pakeHuii Tuma 1

IToxa- | 3HaueHus OTHOLIEHMH mokasarenedt 11s anropurMa HECSm npu pasnnuneix A u anroputmos HE, AHE, HECS
3aTenu HE AHE HECS

A=1/5| A=1/3 | A=1/2 | A=2/3 | A=4/5 | A=1/5 | A=1/3 | A=1/2 | A=2/3 | A=4/5 | A=1/5 | A=1/3 | A=1/2 | A=2/3 | A=4/5
Ns 7,813| 7,348 | 6,844 | 6,542 | 6,235 1,037 | 0,975 | 0,909 | 0,868 | 0,828 | 0,934 | 0,879 | 0,819 | 0,783 | 0,746
Fs 0,933| 0,961] 0,964 0,960| 0,942| 0,963 | 0,992 | 0,996 | 0,991 | 0,973 | 1,001 | 1,031 | 1,035 | 1,030 | 1,012
ltve | 1,123) 1,123| 1,115| 1,109| 1,098| 0,994 | 0,995 | 0,988 | 0,982 | 0,972 | 0,991 | 0,992 | 0,985 | 0,979 | 0,970
Dst 11,890 1,882 1,860| 1,871| 1,906| 0,961 | 0,957 | 0,946 | 0,952 | 0,970 | 0,908 | 0,904 | 0,893 | 0,899 | 0,916
Ca 3,151 3,082| 3,023| 3,036 3,092| 0,994 | 0,972 |0,954 | 0,957 | 0,975 | 0,874 | 0,855 | 0,838 | 0,842 | 0,857
E 1,209] 1,216] 1,215| 1,212] 1,203] 0,983 | 0,989 | 0,988 | 0,986 | 0,978 | 0,980 | 0,986 | 0,985 | 0,983 | 0,976
Nie |1,169] 1,151] 1,145 1,150| 1,166| 1,047 | 1,031 | 1,026 | 1,031 | 1,045 | 0,955 | 0,941 | 0,936 | 0,940 | 0,953

Ucnonk3oBanue kimaccupukanuu M300pakeHU HAa TUOBI MO (OpMe THUCTOrpamMMbl TOCTE
aJalITUBHOM ~ DKBaNHM3alMd  OOYCJIOBIEHO  OCOOCHHOCTSMH  (DOPMHUpPOBAHMS  €CTECTBEHHBIX



UK-n300paxkenuii, UMEIONMX MIUPOKUN TUHAMUYECKUi Auana3zoH. MHpopmanus o pacnpenencHuN
SPKOCTH Ha THUCTOTpaMMaX TaKHX H300pakeHWH KOHIICHTPHPYETCS B OJHOM OTHOCHTEIHHO Y3KOM
WHTEpBaJje, 4TO He MO3BOJISIET Pa3INdaTh OCOOEHHOCTH JOKAIFHOTO PaCIpeIeIeH!s] B 9TOM HHTEpBAJIe.
ITocne sKBaIM3aIi THCTOTPAMMBI 3TOT HHTEPBAJI PACTATMBAETCS PAKTUYECKU HA BECh TUHAMUYECKHUI
muana3on. [Ipuuem, ecnu anroputm HE, He yuuThIBaromuii JoKaqsHBIE OCOOCHHOCTH M300paKeHHS,
obecrieunBaeT OJIM3KOE K PAaBHOMEPHOMY pacIpelielieHHe BEpOSTHOCTEH 3HAYeHWH MHUKCeJed B
npefenax —JIWHAMHUYECKOro AWamna3oHa, To amroput™ AHE  amanTuBHOM  »KBaNM3anuu,
oOpabaThiBatonii N300paKeHNe MEePEKPHIBAIOIIMMUCS OJOKaMH, YaCTHYHO COXPaHSET OCOOCHHOCTH
pacrpeneseHusT BEPOSTHOCTEH MCXOAHBIX 3HAUCHHH IMUKCENEH oCIIe MpeoOpa3oBaHusl.

Tabn. 2. 3HadeHnuss pa3HoOCTell MHTEePBAJBHBIX MOKa3aTeJeil KayecTBa AJA H300pakenuii Tuma 1

IToxa- 3HaueHus pasHocTel nokasarenei i anropurMa HECSm npu pazmmansix A u anroputmos HE, AHE, HECS
3aTeIH HE AHE HECS
A=1/5] A=1/3 [ A=1/2 [ A=2/3 | A=4/5 | A=1/5 [ A=1/3 [ A=1/2| A=2/3 | A=4/5 | A=1/5 | A=1/3| A=1/2 | A=2/3 | A=4/5
Wntepran L

Po -789| 125 | 606 | 92,2 | 1238 |-124,1| -32,7 | 153 | 47,0 | 78,6 |[-109,5| -181 | 29,9 | 61,6 | 93,2
Ep -22 | 27 4,6 57 6,7 | -45 | 03 2,3 3,3 44 |-305| 1,77 | 3,70 | 478 | 5,83
Ems | 56 | -14 2,0 43 64 | -52 | 09 | 25 4,7 6,9 |-7,75]-349(-0,09 | 215 | 4,30
Uy -0,06 | -0,30 | -0,44 | -0,51 | -0,55 | -0,08 | -0,04 | -0,05 | -0,06 | -0,06 | 0,05 | -0,19 | -0,33 | -0,40 | -0,45
Loy |-86,7|-107,7|-108,8|-105,1| -984 | 215 | 05 | -05 | 31 98 [1431|-6,71 | -7,77 | -412 | 2,63

Lo. |-0,31] -0,56 | -0,69 | -0,78 | -0,86 | 0,26 | 0,01 |-0,12 | -0,21 | -0,29 | 0,19 | -0,06 | -0,19 | -0,29 | -0,36
Wutepran C

Po -7139| -808 | -87,1|-863|-695| -1,7 | -87 |-150|-141 | 2,7 |-189|-258|-32,1 | -313 | -145
Ep -219| -228 | -233|-226 |-205| -01 | -10 | -15 | 08 | 1,3 |-2,06|-3,01|-3,44|-2,76 | -0,65
Ems | -33| -03 13 2,3 32 | -24 | 07 2,2 3.2 41 [-439]-132] 022 | 1,22 | 2,13
Uy -0,32| -066 | -0,74 | -0,57 | -0,20 | 0,02 | -0,33 | -0,40 | -0,24 | 0,13 | -0,16 | -0,50 | -0,58 | -0,41 | -0,04
Low |-896| -837 | -730 | 642 | -525| -1,3 | 46 | 153 | 241 | 358 |-23,11|-17,19| -6,51 | 2,34 | 14,04

Lo. |-0,38] -0,33 | -0,29 | -0,26 | -0,24 | 0,00 | 0,05 | 0,09 | 0,12 | 0,14 | -0,05 | -0,01 | 0,04 | 0,06 | 0,09
Wnrepsan R

Py 129,01 84,6| 33,7 -325/-134,5/107,0| 62,6 | 11,7 | -54,4 |-156,5|125,9 | 815 | 30,6 | -35,6 |-137,6
Ep 25,3 | 239 | 220 | 184 | 124 | 47 3,4 14 | -21 | -81 | 7,26 | 591 | 397 | 0,39 | -5,59
Ems | -04 | 02 0,2 00 | -03]-05 ]| 0,0 00 | 02 ) -051|-022]|030] 032|017 |-018
Uy -0,55| -048 | -0,39 | -0,20 | -0,22 | -0,33 | -0,25 | -0,16 | 0,03 | 0,01 | -0,43 | -0,36 | -0,27 | -0,08 | -0,10
Low |-283| -254 | -236 | -216 | -184 | -27 | 0,2 2,0 4,0 7,1 |-005] 2,79 | 457 | 657 | 9,77
Lo.  |-0,37| -0,27 | -0,20 | -0,14 | -0,07 | -0,17 | -0,08 | -0,01 | 0,06 | 0,12 | -0,14 | -0,04 | 0,02 | 0,09 | 0,13
Wnrepan T
Ems | -39 | 01 24 3.9 50 | 49 | -09 | 14 29 40 |-440)-0,46] 1,87 | 3,36 | 4,50
Low |-67,1| -68,0 | -67,8 | 67,3 | -662 | 2,2 1,2 15 19 3,1 | 500 | 403|429 | 473 | 585
Lo. |-0,35|-0,35 | -0,35 | -0,35 | -0,34 | 0,01 | 0,01 | 0,01 | 0,01 | 0,02 | 0,10 | 0,10 | 0,11 | 0,11 | 0,12

Ta6n. 3. 3HaYeHNsT OTHOMIEHMIT IJ106aTbHBIX MOKa3aTeNdeil KadyecTBa AJs H300pakeHuil Tuma 2

IToka- | 3HaveHus oTHOUIEHHH mokasaTeneil as anropurmMa HECSm npu pasnuunsix A u anroputmoB HE, AHE, HECS
3aTenn HE AHE HECS
A=1/5| A=1/3 | A=1/2 | A=2/3 | A=4/5 | A=1/5 | A=1/3 | A=1/2 | A=2/3 | A=4/5 | A=1/5 | A=1/3 | A=1/2 | A=2/3 | A=4/5

Ns 16,82 | 15,99 | 14,84 | 13,97 | 13,151,097 | 1,042 | 0,967 | 0,910 | 0,858 | 0,931 | 0,884 | 0,821 | 0,773 | 0,728
Fs 0,866 | 0,904 | 0,909 | 0,904 | 0,883 | 0,945 | 0,986 | 0,992 | 0,986 | 0,963 | 0,985 | 1,027 | 1,034 | 1,028 | 1,003
Itmo 1,120| 1,125 | 1,118 | 1,109 | 1,095 | 0,996 | 1,001 | 0,994 | 0,986 | 0,974 | 0,988 | 0,992 | 0,986 | 0,978 | 0,966
Dst  [2,433] 2,443 | 2,419 | 2,431 | 2,469 | 0,993 | 0,996 | 0,987 | 0,992 | 1,007 | 0,903 | 0,906 | 0,897 | 0,902 | 0,916
Ga 4,221| 4,131 | 4,041 4,042 4,101 1,038 | 1,014 | 0,992 | 0,993 | 1,007 | 0,878 | 0,858 | 0,839 | 0,840 | 0,852
E 1,260 1,269 | 1,267 | 1,263 | 1,251 | 0,985 | 0,992 | 0,990 | 0,987 | 0,978 | 0,975 | 0,982 | 0,981 | 0,977 | 0,968
Nee 11,195| 1,177 [ 1,170 [ 1,175 1,188 | 1,050 | 1,034 | 1,029 | 1,032 | 1,044 | 0,955 | 0,941 | 0,936 | 0,940 | 0,950
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Ta6n. 4. 3HaYeHUs pa3HocTeli MHTEePBAJIBHBIX NMOKa3aTeJeil KayecTBa 1/ U300pakeHHil Tuma 2

Tloka- | 3mauyenus pazHocTei nokasareneit s anropurMa HECSM npu pasnuunbix A u anroputmos HE, AHE, HECS
3aTenu HE AHE HECS
A=1/5] A=1/3 [A=1/2 [ A=2/3 | A=4/5 | A=1/5 [ A=1/3 [ A=1/2| A=2/3 | A=4/5 | A=1/5 ] A=1/3| A=1/2 [ A=2/3 | A=4/5
Wnrepsan L

Po -107,5| 140 | 772 | 1199 | 1855 |-169,3| 47,8 | 154 | 581 | 1237 |-1316] -10,1 | 531 | 958 | 1614
Ep -23,05| -17,05 | -14,87 |-13,37|-11,72| -6,50 | -0,49 | 168 | 3,18 | 483 | -478 | 1,22 | 339 | 489 | 654
Ems |-367| 025 | 359 | 6,05 | 375 | 6,16 | -224 | 1,10 | 355 | 1,26 | 9,09 | 517 | -1,83 | 0,63 | -167
Uy -0,08| -0,22 | -040 | -049 | -053 | 0,21 | 0,06 | -0,11 | -0,20 | -0,24 | 0,00 | -0,14 | -0,31 | -0,40 | -0,44
Lon  |-82,84| -92,64 |-98,84 |-96,60 | -87,45| 11,28 | 149 | -471 | 248 | 6,68 | 1560 | 581 | -0,39 | 1,84 | 11,00
Lo. | -029| -052 | -0,73|-088 | -1,11 | 031 | 008 | 013 | -028 | -051 | 0,24 | 0,00 | -0,20 | -0,35 | 0,58
Wutepsan C
Po -100,0{ -106,7 |-1151|-1123| -218 | 7,0 04 | 80 | 52 | 852 | 404 | 470 | -554 | -52,6 | 378
Ep -25,08| -26,60 | -26,95|-26,45|-21,37| 041 | -112 | -146 | -096 | 445 | -143 | -296 | -3,30 | -2,80 | 2,28
Ems |-270| 048 | 211 | 316 | 264 | 324 | -006 | 157 | 262 | 210 | 520 | 2,02 | -0.39 | 067 | 015
Uy -0,28| -064 | -0,75|-057]-013| 019 | 017|028 | -010 | 0,34 | -0,11 | -047 | -0,58 | -040 | 0,04
Low  |-76,05| -74,17 | -67,09|-59,02 | -57,61| 2,13 | -0.25 | 6,83 | 1491 | 16,31 |-18,91|-17,03| -9,95 | -1,88 | -0,47
Lo. |-016| -014 | -0,13 | -0,11 | -0,15 | 0,02 | -0,01 | 0,01 | 0,02 | -0,04 | 003 | 0,04 | 0,07 | 0,08 | -0,02
Unrepsan R
Po 179,2| 1222 | 52,6 | -52,7 |-2154] 1366 | 796 | 9,9 | -953 |-258,1| 164,1 | 1071 | 375 | -67,8 |-230,5
Ep 38,40 | 36,48 | 34,45 | 29,64 | 1942 | 531 | 3,38 | 1,36 | -345 |-1367| 7,97 | 6,04 | 402 | -0,79 |-11,01
Ems |-033| 001 |-013|-043 | -065| 048 |-014 | 028 | 058 | 080 | 022 | 056 | 042 | 012 | 0,10
Uy -054| -046 | -0,36 | -0,24 | -0,50 | -0,28 | 0,20 | 0,10 | 0,12 | 0,24 | -0,41 | -0,33 | -0,24 | -0,01 | -0,38
Lo |-23,22| -17,80 |-13,83|-11,91 |-12,01| 2,97 | 245 | 643 | 834 | 824 |-10,22| -4,80 | -0,83 | 1,08 | 098
Lo. | -029| -021 | -0,13 | -0,07 | -0,04 | 0,13 | -0,04 | 0,02 | 0,06 | 0,07 | 018 | -0,10 | -0,02 | 0,03 | 0,07
Wntepsan T
Ems |-444| 064 | 1,77 | 334 | 430 | 547 | -168 | 0,73 | 231 | 327 | 480 | -1,01 | 1,40 | 2,98 | 394
Lo |-61,21| -61,84 |-61,46 |-60,86 | -59,46| 091 | 027 | 0,65 | 125 | 265 | 453 | 390 | 4,28 | 488 | 628
Lo. |-037| -037 | -0,37 | -036 | -0,36 | 0,01 | 0,00 | 0,00 | 0,01 | 002 | 003 | 002 | 002 | 003 | 0,04

Tabn. 5. 3HaYeHUs OTHOMEHHUH r100aJdBLHBIX MOKa3aTeJieii KauecTBa AJs H300pakeHuii Tuma 3

Tloka- | 3HaveHHs OTHOUICHWI Mmoka3zarenei ans anropurMa HECSM mpu pasnuansix A n anroputmo HE, AHE, HECS
3aTenu HE AHE HECS
A=1/5 | A=1/3 | A=1/2 | A=2/3 | A=4/5 | A=1/5 | A=1/3 | A=1/2 | A=2/3 | A=4/5 | A=1/5 | A=1/3 | A=1/2 | A=2/3 | A=4/5

Ng 18,406|17,478|16,284|15,344|15,167| 1,081 | 1,026 | 0,953 | 0,900 | 0,847 | 0,928 | 0,881 | 0,819 | 0,773 | 0,727
Fs 0,964 | 0,993 | 0,994 | 0,985 | 0,964 | 0,959 | 0,990 | 0,993 | 0,986 | 0,960 | 0,999 | 1,032 | 1,035 | 1,027 | 1,001
Itmo 1,154 11,155|1,147 1,137 1,127 |1 0,998 | 1,000 | 0,993 | 0,985 | 0,972 | 0,990 | 0,993 | 0,985 | 0,977 | 0,964
Dst | 2,221 (2,206 | 2,178 | 2,184 | 2,209 | 0,992 | 0,986 | 0,971 | 0,973 | 0,985 | 0,902 | 0,896 | 0,883 | 0,884 | 0,895
Ga 4,341 14,230 | 4,140 | 4,144 | 4,213 11,031 | 1,003 | 0,979 | 0,978 | 0,992 | 0,867 | 0,843 | 0,823 | 0,823 | 0,834
E, 1,27511,281 1,278 | 1,272 | 1,264 | 0,986 | 0,991 | 0,989 | 0,985 | 0,977 | 0,976 | 0,981 | 0,979 | 0,976 | 0,967
Niee |1,209]1,191 1,186 | 1,191 | 1,205 | 1,047 | 1,031 | 1,025 | 1,029 | 1,041 | 0,960 | 0,945 | 0,940 | 0,943 | 0,954

W3 Tadn. 1, 3, 5 ciemyer, 4To CTaTUCTUYECKAs €CTECTBEHHOCTh Ng JI0CTaTOUHO YyBCTBHTEIbHA
K M3MeHeHuro acummerpun anropurma HECSm u BeiGopy anropurma mexay HE u AHE (HECS,
HECSm), Ho cnabo 3aBHCHT OT THIIa M300pa)keHUst W BbIOOpa anroputma mexny AHE, HECS u
HECSm. CrpykrypHas TOYHOCT Fg IOCTaTOYHO 4yBCTBUTENbHA K M3MEHEHUIO ACHMMETPUH
anropurmMa HECSm, BriG6opy anropurma mexay HE u AHE (HECS, HECSm) mi1st HeKOTOpBIX THIIOB
u300pakenui n Beibopy anroputma mexay AHE, HECS u HECSm. KauectBo TonanbHo¥ kapTet l1yq

JOCTaTOYHO YyBCTBHTEIBHO K M3MEHEHMIO acummerpuu airoputmMa HECSM u BeiGOpy anropurma
mexay HE u AHE (HECS, HECSm).
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Ta6n. 6. 3HaYeHUs pa3HocTeli MHTEePBAJIBHBIX NMOKa3aTeJdeil KayecTBa 1 H300pakeHnil Tuma 3

Tloka- | 3HaueHus pasHocTeil nokasareneit 1 anropurMa HECSmM npu pasnuunbix A u anropurmos HE, AHE, HECS
3aTeH HE AHE HECS
A=1/5] A=1/3 [A=1/2 [ A=2/3 | A=4/5 | A=1/5 [ A=1/3 [ A=1/2| A=2/3 | A=4/5 | A=1/5 ] A=1/3| A=1/2 [ A=2/3 | A=4/5
Wnrepsan L
Po -85,46| 48,79 |119,41|164,37|202,28|-203,12| -63,82 | 22,75 | 52,61 |123,42|-152,06| -12,60 | 66,31 |103,79|174,61
Ep -20,03| -10,61 | -5,83 | -4,17 | -5,04 | -5,08 | 4,53 | 11,76 | 11,75 | 12,76 | -252 | 7,12 | 13,99 | 14,30 | 15,14
Ems |-430| -016 | 323 | 550 | 344 | 644 | -221 | -150 | 375 | 256 | 993 | -570 | -444 | 027 | 094
Uy -012| -0,29 | -045 | -053 | -052 | 0,23 | 0,05 | -0,12 | -0,20 | -0,24 | 0,02 | -0,16 | -0,33 | -0,41 | -0,45
Low  |-73,67| -70,46 | -70,61|-72,24 | -7543 | 2,65 | 1,23 | 1,08 | -1,91 | -6,35 | 14,69 | 20,52 | 20,30 | 15,89 | 9,54
Lo. | -039| -054 | -0,68 | -0.83 | -1,07 | 0,22 | 0,08 | 0,12 | 020 | -054 | 0,22 | 0,08 | -0,13 | -0,20 | -054
Wutepsan C
Po -124,7|-131,48 |-138,70|-130,10| -42,68 | -0,12 | -6,80 |-31,71|-11,10 | 86,48 | -54,78 | -61,17 | -79,35 | -65,45 | 32,49
Ep -21,84| -25,97 | -26,10 | -25,68 | -19,67 | -3,46 | -5,89 | -7,88 | -580 | 3,11 | -7,38 | -9,80 |-11,37| -9,79 | -1,02
Ems |-251| 081 | 2,56 | 3,65 | 2,97 | -354 | -0,06 | 094 | 2,88 | 2,84 | -6,17 | -2,69 | -1,30 | 0,25 | 0,20
Uy -034| -067 | 0,74 |-052)-017 | 011 | -015|-023 | -0,09 | 0,23 | -0,14 | -0,50 | -0,60 | 042 | 0,01
Lon  |-73,94| -70,71 | -65,63 | -6341 | -64,05| 2,38 | 0,37 | 546 | 815 | 856 | -7,96 | 525 | -0,14 | 254 | 294
Lo. | -043| -0,38 | -0,34 | -0.33 | -041 | 0,03 | 0,02 | 0,00 | 007 | -0,01 | 002 | 0,03 | 0,01 | 009 | 0,01
Unrepsan R
Py 176,19| 115,87 | 34,81 | -85,38 |-217,58|170,19|110,63| 36,73 | -74,86 |-264,25|193,43|134,15| 55,65 | -51,42 |-241,27
Ep 41,94 | 40,20 | 35,98 | 2393 | 12,74 | 9,86 | 8,24 | 564 | -3,08 |-25,07| 17,66 | 16,06 | 12,32 | 490 |-16,85
Ems |-058| -003 | 001 | -0,17 | -0,30 | 0,69 | -0,10 | 0,12 | 0,20 | 0,31 | 043 | 0,16 | 0,09 | 0,05 | -0,06
Uy -057| -050 | -0,38 | -0,22 | -0,51 | -0,30 | 0,23 | 0,13 | 0,09 | -0,21 | -0,43 | -0,35 | -0,25 | -0,04 | -0,34
Lo |-38,22| -25,32 | -21,58 | -20,46 | -24,11 | -1452 | -0,66 | 3,19 | 4,60 | 1,26 |-1856| -4,73 | -0,70 | 0,66 | 2,84
Lo. | -053| -0,30 | -0,19 | -0,13 | -0,13 | 0,34 | -0,10 | 0,01 | 0,08 | 0,10 | -0,39 | 0,15 | -0,05 | 0,03 | 0,05
Wntepsan T
Ems |-422| -027 | 226 | 393 | 401 | 590 | -1,78 | 0,38 | 249 | 368 | 535 | -1,23 | 0,09 | 304 | 422
Lo |-59,53| -59,89 |-59,55 |-58,96 | -57,87 | 0,67 | 025 | 059 | 1,09 | 227 | 409 | 367 | 401 | 451 | 570
Lo. |-042| 042 | -042 | -042 | -041 | 0,01 | 0,00 | -005| 001 | 002 | 003 | 0,03 | -0,03 | 003 | 0,04

CTaHZ[apTHO@ OTKJIOHCHHEC DST y CpeI[HI/Iﬁ TpaducCHT G A M KOJIMYCCTBO JIOKAJIbHBIX SKCTPEMYMOB

N g Z0CTaTOYHO YyBCTBHUTENIBHBI K U3MEHEHHIO acuMMeTpuu anroputMa HECSm, BeiGopy anropurma

SKBaJIM3allUM U BBIOOPY TUNA M300pa’keHHs NpH HcHoib3oBaHuM anroputma HE. Onrpomms E,

JOCTaTOYHO YyBCTBUTENIbHA K BeIOOpY anroputma mexxay HE u AHE (HECS, HECSm), BeiGopy
anmroputma Mexny AHE, HECS u HECSM ans HeKoTOphIX THIOB W300pa)keHWil, BHIOOPY THIIA
n300paXkeHusl P UCToNb30BaHuu anroputMa HE. Pesynbrarhl aHanmmza riioOabHBIX TMOKa3aTenei
NpUBEAEHBI B Ta0I. 7.

Tabun. 7. quCTBHTeJIl)HOCTI) rjio0ajbHBIX MOKa3aTejdell B Pa3JUYHBIX YCJIOBHUAX

IMoka3zarenu Beicokast (+) nin Hu3Kast (—) 4yBCTBHTEIBHOCTB INI00AIBHBIX MI0Ka3aTeael B 3aBUCHMOCTH OT YCIOBHI
V3meHeHue 3HaYCHHS Hcnonp3oBanue Hcnonp3oBanue Hcnonb3oBanue
acuMMmeTpuHr anroput™a |anroputMo HE nimm AHE | anroputmo AHE, HECS (n300paskennit pa3nudaHoTro

HECSm (HECS, HECSm) wm HECSm THUIA

Ng + + - -

Fs + +/— + -

ITMQ + + + —

Dsr + + + +—

Ga + + + +/—

E, - + +/— +/-

N e + + + +/—
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U3 Tabn. 2, 4, 6 cnexyeT, 4YTO MOTEHUHMAJbHAS pa3IHyaroImias crnocoOHOCTh Py, motepu Ep
pasIn4yeHus] COCEAHUX IHKCETeH, BeInunHa Eyg HEIMHEHHBIX MCKaXECHUH CXKATUS JUHAMHYECKOIO
Juana3oHa paBHOMEpPHOCTh U, HCIONb30BaHUSA AMHAMUYECKOI'O JHana3oHa, HEOAHO3HAYHOCTH Lpy
TOHOBOTO OTOOpa&)KEHMS, BEIMYMHY Lp, HETMHEHHBIX HCKaXCHWH JOCTATOYHO UYYBCTBHTEIBHBI K

WU3MEHEHUI0 acumMmeTpun ainroputMa HECSm, BEIOOpY anroputMa SKBaIM3ainu, THIA H300paKEHUS U
WHTEpBaja oleHKH (Tabi. §).

Ta6ma. 8. quCTBHTeJ’leOCTL HHTEPBAJbHBIX nokasareJjeil B Pa3JUYHBIX YCJIO0BUAX

[Toxa3za- Bricokas (+) nnu Hu3Kas (—) YyBCTBUTEIBHOCTD IT00aJIbHBIX ITOKa3aTeNneil B 3aBUCHMOCTH OT YCIOBHUH
Tenud | Mi3sMeHeHMe 3HaYCHUS Hcnons3oBanue HcnonszoBanue Hcnonp3oBanne Bri6op unTepBana
aCUMMETpUH asropurMoB HE mm anroputMoB AHE, n300paskeHUH OLICHKH
anropurma HECSm | AHE (HECS, HECSm) | HECS wiin HECSm Pa3IMYHOTO TUIIA

Po + + + + +

Ep + + + + +

Ems + + + + +

Uy + + + + +

Loy + + + + +

Lpo + + + + +

N3 Ttabm. 7, 8 ciemyer, 4TO WMHTEPBAJIBHBIC ITOKA3aTENM IMPEBOCXOAAT INIOOAIbHBIE IIO
YYBCTBUTEIBHOCTH M MOTYT 3((EeKTHBHO HCHOIB30BAaThCS [UIS OLEHKM KayecTBa TOHOBOTO
otoOpakeHnsa. M3 Tio0ampHBIX TOKa3aTelleli KadecTBa TOHOBOTO OTOOpakeHHWs HamOolee
3} (deKTHBHBIMY ABIAIOTCA CTaHAApTHOE OTKIOHeHHe Dgy , cpennuii rpaguent G, M KOIMYECTBO

JIOKaJIbHBIX 3KCTPEMYMOB N LE » HMMCIOIIME BBICOKYIO UYBCTBUTCIBHOCTD IIPU OTHOCUTCIIBHO 6OHBHIOM
pa3Hoo0pas3uu ycIoBHiA TpeoOpa3OBaHMS.

3aKkiIouyeHne

IIpousBeneHa oleHKa YyBCTBUTEIBHOCTH TIIOKa3aTeled KayecTBa CKaTUA JAMHAMUYECKOTO
muanazona UK-m300pakeHnid K anropuTtMaM MpeoOpa3oBaHMs, UX MapamMeTpaM U OCOOCHHOCTSIM
THUCTOTPaMM SIPKOCTH MUKceJied. PaccMoTpeHsl ri100anbHble U HHTEPBAJIbHBIE TOKA3aTeNN KayecTna.
IloxazaHo, 4TO HHTEpBaJIbHBIE TOKA3aTENN MPEBOCXOIAT III00ATBHBIE [0 YYBCTBUTEIHHOCTH.

QUALITY EVALUATION OF DYNAMIC RANGE COMPRESSION
OF INFRARED IMAGES

S.I. RUDIKQV, V.Yu. TSVIATKOU, A.P. SHKADAREVICH

Abstract. The results of sensitivity analysis of tone mapping quality indicators to the choice of
dynamic range compression algorithms, their parameters and types of infrared images were
presented. It was shown that interval indicators are more sensitive to tone mapping conditions in
comparison with global indicators.

Keywords: image dynamic range compression, infrared images, histogram equalization.
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Abstract. Product codes are well known to have very promising correction potential and the ability
to deal with burst errors and can correct random errors in which the number of errors is above half
the minimum distance. Two-dimensional single-error correcting and double-error detecting (2D
SEC-DED) codes are types of product codes. Decoding methods for product codes can roughly be
divided into hard-decision decoding and soft-decision decoding. The hard-decision decoding
method, also called the iterative decoding method, which is easy to implement and has low
computational complexity. However, the error correcting capability of the existing hard-decision
iterative decoding methods for 2D SEC-DED is much less than half the minimum distance of the
code. In this paper, we propose an improved hard-decision iterative decoding method for 2D SEC-
DED codes to overcome this defect.

Keywords: hard-decision, 2D SEC-DED codes, iterative decoding.

Introduction

A 2D SEC-DED code based on two extended Hamming codes C,(n,,k,,4) and C,(n,,k,,4) can

be constructed by performing the following two steps. Suppose that k bits of the message can be resized
to a rectangular array with k;, rows and k, columns. We first encode the message in the row direction

by using the encoding rule of extended Hamming code C, and obtain a k;, row and n, column code
C..q- Then, we encode C_, in the column direction by using the encoding rule of the extended
Hamming code C, and obtain the final two-dimensional code C,, with parameters (nn,,kk,,4). We

know that the maximum correction capability of a 2D SEC-DED code based on extended Hamming
codes is seven. Therefore, a proper iterative hard-decision decoding method for 2D SEC-DED codes
should satisfy the following two requirements. First, it should be able to correct all error patterns in
which the number of error bits is less than or equal to seven. Second, the iterative hard-decision decoding
method should correct as many error patterns as possible in which the number of error bits is greater
than seven [1-5].

Decoding methods for 2D SEC-DED codes

The former decoding methods usually adopt an iterative approach, as first introduced by Elias [1].
There are two major types of decoding methods for product codes: hard-decision decoding and soft-
decision decoding. Iterative decoding methods are easy to implement and have low computational
complexity [2-5]. In the past decade, many efforts have been made and many improved methods have
been proposed to improve the performance of hard-decision iterative decoding [6-12]. In comparison,
decoding methods based on the soft-decision approach perform better in terms of correctness capability
than hard-decision decoding, but they also have high complexity and require extra information to
indicate the reliability of each piece of input data. The maximum correction capability of iterative
decoding methods is up to half the minimum distance of the code. However, the limitation of iterative
decoding is that it is unable to correct certain special error patterns, named stall patterns, for which the
weight is within half the minimum distance [11].
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Two-dimensional single-error correcting and double-error detecting (2D SEC-DED) codes are
types of product codes, which are widely adopted in many applications, and the corresponding encoding
and decoding procedures are relatively simple. One SEC-DED code is the extended Hamming code,
which can be obtained by adding one extra parity bit to the original Hamming code. Many distinct
methods have been proposed in the past. However, the error correction capabilities of most of them are
insufficient to correct error patterns with the number of errors up to half the minimum distance of the
code. In our previous work [13], we designed an iterative decoding method for standard Hamming
product codes that can correct all stall patterns with four errors and thus can correct all errors up to half
the minimum distance. However, this method is not suitable for 2D SEC-DED codes because the
component codes are different, and the minimum distance correspondingly increases from the original
value of four to seven. To overcome this challenge, in this paper, we follow the idea of our previous
work and design an improved hard-decision iterative decoding method for 2D SEC-DED codes based
on extended Hamming codes; this approach can be used to correct errors up to half the minimum distance
of the code.

The simplest iterative hard-decision decoding method is the two-step row-column method [3]. In
the first step, the syndromes of all columns of the received code are computed in accordance with the
decoding method corresponding to the encoding method, based on which the decoder locates all possible
positions of single errors (correctable errors) and rectifies them in place. The decoder will not attempt
to fix any double errors (uncorrectable errors). Then, the decoding result of the first step is passed to the
second step. In the second step, a similar decoding operation is performed again but in the other direction.
The two-step decoding method is very efficient and can correct many error patterns with the number of
errors above half the minimum distance of the code. However, it fails to correct some stall patterns, such
as 2-by-2 error patterns, since the decoder takes no action for double errors.

The proposed decoding method

The proposed method consists of two procedures: a preprocessing procedure and a decoding
procedure.

1. Preprocessing procedure.

In the preprocessing procedure, in addition to the registers for the received code, four additional
registers are required to record the error status: the row existing-error register (REER), the row double-
error register (RDER), the column existing-error register (CEER) and the column double-error register
(CDER). The i-th bit of the REER/CEER will be set to one when errors are detected in the i-th
row/column based on the syndrome. Otherwise, this bit should be set to 0. Similarly, the i-th bit of the
RDER/CDER will be set to one only when a double error is detected in the i-th row/column according
to the syndrome. Otherwise, this bit should be set to 0.

The preprocessing procedure has two functions: determining the initial decoding direction and
applying a pre-erasure process to reduce the number of errors when necessary. The initial direction of
decoding is determined by comparing the estimated numbers of errors from rows (RN, ) with the

estimated numbers of errors from columns (CN,,, ), which can be computed according to formulas (1)
and (2), respectively. If RN, is greater than CN then the initial decoding direction remains the
row direction (the default direction); in contrast, if RN___is less than CN then the initial decoding

error error !
direction is changed to the column direction by transposing the received code (a flag will be set to
indicate whether transposition is conducted; if the flag is true, then at the end of the decoding procedure,
another transposition is conducted after the whole decoding process is complete). The reason for this is
that we contend that decoding from the side from which more errors are estimated initially will introduce
fewer errors during the decoding procedure.

error !

error

RN, =3 REER, + 3 RDER, (1)
i=1 i=1
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N M
CN, = 2 CEER; + > CDER, (2)
i=1 i=1

The pre-erasure process is implemented when the following three conditions are satisfied: RN,
isequalto CN,,,; the numbers of instances of 1 in both the REER and CEER are equal; and the product
of the numbers of instances of 1 in the REER and CEER is less than the sum of RN, and CN,,,. The
positions for erasure are determined by the values of 1 in the REER and in CEER. The idea behind this
is intuitive: performing the erasure process on a small region in which the number of error bits is greater

than the number of correct bits can reduce the number of error bits. The flow chart of the preprocessing
procedure is presented in Figure 1.

| Fla%: 0 | < Return New_C, Flag >
Receive 2d SEC-DED 1
code C

v

Calculate Row syndromes - S

for each row and compute || \ .\~ _ <7 Flip the region in C that

REER and RDER Flan o 1 indicated by Reer and New C=C
¥ 9= Ceer and Obtain New_C
Rn = A A

sum(REER)+sum(RDER)

¥ Yes

| Rerror = sum(REER) |

Rerror X Cerror < Cn+Rn

Calculate Column
syndromes for each row
and compute CEER and

CDER
v Rerror < Cerror Rerror == Cerror Rerror > Cerror
Cn= And Cn ==Rn
sum(CEER)+sum(CDER)
v

‘ Cerror = sum(CEER) }

Figure 1. Flow chart of the preprocessing procedure

2. Decoding procedure.

The four registers introduced in the previous procedure are also used in this procedure. However,
since the proposed decoding procedure is a modified version of Bao’s three-step iterative decoding
method [5], the usage of the CDER and REER is changed to that of the row status vector and column
status vector used in Bao’s method.

The proposed iterative decoding procedure is a three-step decoding method.

In the first step, the row syndromes for each row are calculated, and on this basis, the REER and
RCDR are updated; then, row decoding is conducted. All the correctable single errors are flipped in
accordance with the syndromes.

In the second step, the column syndromes for each column are calculated, and the CEER and
CDER are updated. If the number of 1 value in the RDER is equal to 3 and the number of 1 value in the
CEER is equal to 2, then erasure is conducted at the coordinates indicated by the RDER and CEER.
Otherwise, column decoding is conducted based on the column syndromes, followed by row decoding,
in which the syndromes for each row are recalculated. Then, single errors are corrected based on these
updated row syndromes, and double errors are flipped based on the CDER.

In the last step, the column decoding process is repeated to correct the remaining single errors.
Then, the corrected code may be transposed in accordance with the flag generated in the previous
procedure. The flow chart of the decoding procedure is presented in Figure 2.
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Figure 2. Flow chart of the decoding procedure

To explore the potential of all implemented decoding methods, experiments based on error
patterns were conducted. The number of error bits was manually set, but the error positions among the
error patterns were randomly generated. It is noted that the size of the error patterns was kept the same
as the size of the original (64, 16, 16) code obtained by encoding a random 16-bit binary message. The
number of error bits in the error patterns was gradually increased from one error to twelve errors. For
the error patterns with no more than 5 errors, we generated all possible error patterns and then added
them to the codeword separately and attempted to correct these errors using each implemented decoding
method. For the error patterns with more than 5 errors, since generating all the error patterns would be
very difficult and time consuming, we randomly selected one million samples from all error patterns
with a given number of errors for the decoding experiments. Table 1 shows the numbers of error patterns
used in the current experiments for different given numbers of error bits.




Table 1. Numbers of error patterns and error bits

Number of Error Bits

Number of Error Patterns

1

64

2016

41664

635376

7624512

(OB~ |w|IN

1000000

7~9

1000000

Table 2 and Table 3 summarize the numbers of word errors and bit errors made with the different
decoding methods under various numbers of error bits. Table 4 and Table 5 were obtained by
normalizing the data shown in Table 2 and Table 3, respectively. Figure 3 and Figure 4 are visualizations
of Table 4 and Table 5, respectively.

Table 2. Numbers of word decoding errors under a given number of error bits

Decoding Method

Given Number of Error Bits Two-Step Method Kreshchuk’s Bao’s Proposed
[5] Method [10] Method [8] Method
1 0 0 0 0
2 0 0 0 0
3 0 0 0 0
4 10192 0 0 0
5 58208 18816 0 0
6 191112 24974 383 0
7 369766 63753 5569 0
8 578553 138496 32585 3229
9 770939 254869 116425 25084

Table 3. Numbers

of bit decoding errors under a given number of error bits

Decoding Method

Given Number of Error Bits Two-Step Method Kreshchuk’s Bao’s Proposed
[5] Method [10] Method [8] Method
1 0 0 0 0
2 0 0 0 0
3 0 0 0 0
4 21952 0 0 0
5 1229312 75264 0 0
6 445510 159180 1655 0
7 949792 745824 23714 0
8 1714958 2171274 140275 17828
9 2765042 5035850 524295 141308

Table 4. Normalization of the word errors produced by the decoding methods
under a given number of errors bits

Decoding Method

Given Number of Error Bits Two-Step Method Kreshchuk’s Bao’s Proposed
[5] Method [10] Method [8] Method
1 0 0 0 0
2 0 0 0 0
3 0 0 0 0
4 0,01604 0 0 0
5 0,00763 0,00246 0 0
6 0,19111 0,02497 0,00038 0
7 0,36976 0,06375 0,00556 0
8 0,57855 0,13849 0,03258 0,00322
9 0,77093 0,25486 0,11642 0,02508
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Table 5. Normalization of the bit errors produced by a decoding method
under a given number of errors bits

Decoding Method
Given Number of Error Bits Two-Step Method Kreshchuk’s Bao’s Proposed
[5] Method [10] Method [8] Method
1 0 0 0 0
2 0 0 0 0
3 0 0 0 0
4 0,00053 0 0 0
5 0,00251 0,00015 0 0
6 0,00696 0,00248 0,00002 0
7 0,01484 0,01165 0,00037 0
8 0,02679 0,03392 0,00219 0,00027
9 0,04320 0,07868 0,00819 0,00221
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Figure 3. Histogram of the normalized word errors produced by the different decoding methods

0,09
0,08
0,07
0,06
0,05

0,04
0,03
0,02 I|
0,01 I
: . 1. N
7 8 9

1 2 3 4 5 6
B Two-Step [5] ™ Kreshchuk’s[10] Bao’s [8] Proposed

Figure 4. Histogram of the normalized bit errors produced by the different decoding methods

From the above tables, the proposed method displays the best performance in terms of the error
correction capability within the range of half the minimum distance of the code, and it can properly
correct more error patterns than the other three decoding methods. Exhaustive experiments have proven
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that the proposed method can correct all error patterns with the number of errors below 5. For error
patterns with 6 or 7 errors, the proposed method properly decodes all sampled error patterns and corrects
all the error bits; therefore, there is a high probability that the proposed method also can correct all error
patterns in which the number of errors is not above seven, i.e., half the minimum distance of the current
code. In contrast, the two-step method, Kreshchuk’s method, and Bao’s method begin to produce
decoding errors when the given number of errors is four, five and six, respectively.

Moreover, when the given number of errors is greater than half the minimum distance of the code,
the proposed method still provides more powerful rectification ability than the other methods. For
example, when the given number of errors is 9, the proposed method produces errors for only
approximately 2,5 % of words and 0,02 % of bits. In contrast, the two-step method generates a 77 %
word error and a 4,3 % bit error, Kreshchuk’s method generates a 25 % word error and a 7,8 % bit error,
and Bao’s method generates an 11 % word error and a 0,8 % bit error.

Conclusion

In this paper, we have proposed an improved hard-decision iterative decoding method for 2D
SEC-DED codes. The error correction capability of the proposed method is very close to half the
minimum distance of the code. The decoding experiment based on a given number of errors indicated
that the proposed method achieves better performance than the other decoding methods in the sense that
it can correct more error patterns.
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Abstract. In order to meet the new communication requirements and achieve low latency, high
speed and high reliability connections between mobile devices, the Fifth-Generation (5G) mobile
communication system. The fifth-generation (5G) mobile communication system introduces new
error correction coding techniques in the data channel and control channel. Low-Density Parity-
Check (LDPC) codes have been identified as the standard for 5G due to their excellent
performance.has been identified as the data channel coding scheme in the 5G standard due to its
excellent performance. In this paper, we introduce the construction method of LDPC code in 5G
standard and simulate its decoding performance.

Keywords: 5G mobile communication, LDPC code, confidence propagation decoding.

Introduction

So far, four generations of mobile communication systems have been developed. System has a
peak downlink rate of 1 Gb/s and a peak uplink rate of 500 Mb/s. The first four generations of mobile
communication systems have met most of the needs of human-to-human communication. However, with
the rapid development of mobile Internet, IoT and Telematics, in addition to the demand for high data
rate, the demand for low latency, low power consumption and high reliability has become a new
challenge for 5G mobile communication systems. The International Telecommunication Union
Radiocommunications Standardization Sector has identified three major application scenarios for future
5G networks: Enhanced Mobile Broadband (eMBB), Ultra-Reliable LowLatency Communications
(URLLC), and Massive Machine Communication (MMC). Machine Type Communications (mMTC).

Machine Type Communications (MMTC) [1-3]. Compared to 4G LTE (Long Term Evolution)
network, the transmission rate of 5G network is 10~100 times higher; the user experience rate is 0,1~0,1.
The user experience rate reaches 0,1~1 Gb/s; the latency is reduced by 5~10 times; the connected device
density is increased by 10~100 times. Equipment density to improve 10 to 100 times, reaching millions
per square Kilometer; traffic density to improve 10 to 1000 times, to reach every square kilometer
10 ~ 1000 times, to reach tens of terabits per second per square kilometer; mobility The mobility should
reach more than 500 km/h to achieve a good user experience in the high-speed railway environment.

Advantages of LDPC codes in 5G

In order to meet the needs of 5G communication, 5G New Radio (NR) adopts many new
transmission technologies such as non-orthogonal multiple access, large-scale array antennas, and new
channel coding techniques. Compared with 4G mobile communication system, 5G mobile
communication system adopts a new pair of data channel and control channel respectively. The 5G
mobile communication system adopts a pair of new channel coding techniques for the data channel and
control channel, respectively. Specifically, low-density parity Low-Density Parity-Check (LDPC) code
replaces the Turbo code for the data channel and the Polarization code.

Turbo codes for the data channel and polarization codes for the control channel instead of the
bite-tailed convolutional codes. LDPC codes were originally proposed by Dr. Gallager, but did not
receive much attention at that time due to hardware constraints. The LDPC code was originally proposed
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by Dr. Gallager, but did not receive much attention at that time due to hardware limitations. It was not
until the mid-1990s, with the rapid development of hardware technology, that LDPC codes were again
introduced. The LDPC code was originally proposed by Dr. Gallager, but did not receive much attention
at that time due to hardware limitations. Currently, the LDPC codes have been adopted by several IEEE
standards, such as IEEE 802.16e, IEEE 802.11n, IEEE 802.11ac, etc. Compared with Turbo codes in
4G LTE networks, 5G NR LDPC codes have the following advantages:

1. Better area throughput efficiency and higher peak throughput.

2. Short decoding delay due to low decoding complexity and highly parallelized implementation.
The advantage is more obvious at high code rates.

3. Better decoding performance for all code lengths and rates, with an error

The Frame Error Rate (FER) [4-5] is close to or below 10-5 for all code lengths and rates.

These advantages of NR LDPC codes are particularly suitable for the ultra-high throughput of 5G
networks (20 Gb/s peak downlink rate and 10 Gh/s peak uplink rate) and URLLC requirements.

NR LDPC code structure in 5G

The NR LDPC coding process in 5G is shown in Figure 1. The whole NR LDPC coding chain
includes code block partitioning, Cyclic Redundancy Check (CRC), LDPC coding, number-rate
matching and system bit-first interleaver. First, the CRC), LDPC coding, number rate matching and
system bit-first interleaver are performed. First, the large transmission block is sliced and divided into
several small data blocks suitable for processing by the LDPC coder. The CRC checksum combined
with the inherent error detection capability of the Parity Check Matrix (PCM) of the LDPC code can
achieve a very low probability of error miss. The CRC checksum combined with the inherent error
detection capability of the LDPC Parity Check Matrix (PCM) can achieve a very low probability of error
misses. Again, the data block is encoded with LDPC. Then, in order to match the carrying capacity of
the channel and achieve the required bit rate, a rate matching process is performed; including punching
and finally, the data block is retransmitted after a system bit that enables more reliable transmission of
the system bits than the checksum bits. Finally, the final encoded bits are obtained by a system bit-first
interleaver that enables more reliable transmission of system bits than check bits.

Un-coded bits - ] CRC LDPC systematic bits first | Encoded bits
[t —— -
l:l Encode Encode interleaver
Split Digital Matching
—

Figure 1. 5G NR LDPC encoding flow chart

NR LDPC code is a quasi-cyclic LDPC code, whose PCM is constructed by a small basic matrix.
Z denotes the sub-block size and each element of the basic matrix represents a square matrix of size
ZxZ. Z denotes the sub-block size and each element of the basic matrix represents a square matrix of
size Z xZ. This square matrix can be an all-zero matrix of ZxZ, or a unitary matrix of Z xZ. This
matrix can be a ZxZ all-zero matrix or a ZxZ unitary matrix cyclically shifted to the right by a
number of bits. The number of cyclic right shifts is determined by the corresponding shift factor in the
basic matrix.

Two basic matrices of NR LDPC codes

In 5G networks, the data channel can support two basic matrices, and to ensure In order to ensure
good performance and low decoding delay, the standard gives the range of message block length
and code rate for the two basic matrices. In order to ensure good performance and low decoding delay,
the standard gives the range of message block length and code rate for the two basic matrices,
and the specific parameters are shown in Table 1. Basic matrix 1 is mainly for large message blocks and
high code rate, as can be seen from Table 1, the maximum message block length of basic matrix 1 can
reach 8448, and the highest code rate can be 8448. Basic matrix 2 is designed for small message blocks
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and low code rates. The minimum block length is only 308 and the minimum code rate is only the
minimum block length is only 308 and the minimum code rate is only 1/5, which is much lower than
the Turbo code in LTE. Because NR LDPC codes can use very low code rate to obtain additional coding
gain, NR LDPC codes can be used in scenarios requiring high reliability. in scenarios that require high
reliability.

Table 1. Basic matrix parameters of NR LDPC codes

Matrix parameters Basic Matrix 1 Basic Matrix 2
Range of design code rates 1/3~8/9 1/5~2/3
Number of rows of the basic matrix 46 42
The number of columns of the basic matrix 68 52
Range of design code lengths 308 ~ 8448 40~ 3840
Number of non-zero elements 316 197

From Table 1, it can be seen that there is a clear overlap in the information block size and code
rate of both basic matrices, which means that both basic matrices can be used in this range matrices.
However, the two basic matrices have different performance for the same block size and code rate. We
generally use the best fundamental matrix with different performance.

From the decoding complexity point of view, for a given block size of information, using the
basic matrix2 works better for a given block size because it is more compact. Usually, the decoding
delay is proportional to the number of non-zero elements in the base the number of non-zero elements
in the matrix is usually proportional to the number of non-zero elements in the matrix. As can be seen
from Table 1, for a given code rate, the number of non-zero elements in the basic matrix 2 is much
smaller than that of the basic matrix 1, e.g. at code rate 1/3, the number of non-zero elements of basic
matrix 2 is about 0,38 of that of basic matrix 1. This means that the decoding delay of basic matrix 2
has a significant decrease compared to basic matrix 1.

Table 1 shows the regional ranges of code rates and message block sizes corresponding to the two
basic matrices. Typically, basic matrix 2 is used for low code rates and basic matrix 1 for high code
rates. The information block size is represented by the parameter K and the code rate is represented by
the parameter R. When K <308, only the basic matrix 2 can be used because in this information block
size range, the basic matrix 2 has better decoding performance at all code rates compared to the basic
matrix 1. When 308 < K <3840, since the code rate range of basic matrix 2 is, basic matrix 2 can reach
2/3 in this information block range. for basic matrix 2, code rates higher than 2/3 can be achieved by
punching, but at code rates, basic matrix 1 has better decoding performance. When K >3840 and, the

decoding performance of basic matrix 2 is better. basic matrix 1 needs to be combined with repetitive
coding to achieve the code rate, so basic matrix 2 is chosen.

5G NR LDPC code performance simulation

In order to compare the performance of NR LDPC codes composed of two basic matrices, we
have performed extensive simulations for different code lengths and code rates. The decoding algorithm
used in this paper is a soft-judgment decoding algorithm in a binary additive Gaussian white noise
channel, Belief Propagation (BP) algorithm. The Belief Propagation algorithm updates the state
information of each node by passing information from node to node, and this algorithm is an iterative
approach. After several iterations, the information of all nodes no longer changes, and then the final
result is obtained by judgment.

Assume that the original message symbol isS ={s,,s,,...,S,}, After the LDPC encoder produces

n LDPC coded symbols are generated and the coded symbols are modulated with BPSK
(0—>1,1—>—1), Get the symbol to be sent X ={x,x,...,x,}, then after the Gaussian channel is
transmitted, and the final symbol received at the receiver is:

Yi=X+0h. (1)
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The X is the symbol after modulation x, e{-11}, n, is a Gaussian random variable,

n, ~N(0,6%) and o2 =N,/2, N,/2 is the bilateral power spectral density of Gaussian white noise.

The transmitted information is measured by the Log Likelihood Ratio (LLR). The encoding process of
LDPC code is to continuously establish a linear relationship between the information symbols and the
encoding symbols. This linear relationship can be expressed in terms of the encoding matrix, which is

also known as the basic matrix. Suppose that after | iterations, L denotes the information passed

v —C;

from check node j to variable node i, L' denotes the variable node i to the check j node. The

v —>C;
specific steps of the decoding process are as follows: First, the LLR value from the channel is calculated
and the LLR value of the channel is used as the initial value of the iteration of the variable node:

P(Xi :+1| Yi) _i
P(Xi :—1| y.)] - c? Yi- (2)

The external messages are continuously exchanged between the variable node and the check node,
and the message update rule from the check node to the variable node is shown in equation (3). The
message update rule from the check node to the variable node is shown in equation (3), where denotes
the set of all denotes the set of all variable nodes connected to the check node j; the message update rule
from the variable node to the check node is shown in Eq. The message update rule from the check node
to the variable node is shown in equation (4), where similarly denotes the set of all check nodes
connected to the variable node i. denotes the set of all check nodes connected to variable node i.

L(xi [yi)=In[

U, =2tanh{ ] tanh[% LD 3)

i'eN(J)\]

le —C :L(Xi |yi)+ Z Llc -V " (4)
i SN iV

The soft information output of all variable nodes is calculated and adjudicated according to
equation (5). If g >0, thenv, =0; otherwisev, =1. The decoding ends when the maximum number of
iterations is reached or the checksum constraint is satisfied in advance.
q =L y)+ Z Llcj—wi- ®)

jeN ()

Comparing the two decoding algorithms, we give some simulations as in Figure 2 and 3.
Assuming the channel is a Gaussian white noise channel, using BPSK modulation, with a maximum
number of 50 iterations and the energy is fully normalized and the signal-to-noise ratio is defined as in

dB. It can be seen from the figure that the decoding performance of the BP algorithm is better than that
of the MS algorithm.
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Figure 2. Simulation diagram of basic matrix 1
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Figure 3. Simulation diagram of basic matrix 2

For example, gain for FER =10°, the dB of the BP algorithm is greater than that of the MS algorithm,
which can withstand stronger noise interference, so the BP algorithm performs better than the MS algorithm.

Conclusion

In this paper, we introduce a new channel coding scheme, namely NR LDPC code in 5G. First,
we give the whole flow of NR LDPC coding, and describe the uses and related operations of the key
steps in the whole flow. Then, we compare the various parameters of the two basic matrices in 5G data
channels. Then, we compare the various parameters of the two basic matrices in the 5G data channel,;
finally, we introduce in detail the decoding algorithms of the two LDPC codes, BP and MS. Finally, two
decoding algorithms for LDPC codes, BP and MS, are introduced in detail.
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AHHoTanusi. PaccMaTpuBaeTcsi 3ajada B3BEIICHHOTO CIIOKCHHS KOMIIOHCHTHBIX HM300paKeHUH
aTOMHOTO CHJIOBOT0 MuKpockorna (ACM). [TomydeHbl 3aBHCHMOCTH JIOKaJIbHON KOPPEIAIHOHHON
METPHKHA OT pa3Mepa OKHa KOPPEIIMOHHOTO aHalW3a W BKJIAAa KOMIIOHEHTHBIX ACM-
n300pakeHuid B pe3ynbTHpyromee komOuHmpoBanHoe ACM-n3o0paxkenuii. [Ipennoxena cxema
a/IalITUBHOT'O B3BELICHHOTO CIIOKEHUSI KOMIIOHEHTHBIX ACM-n300pakeHui.

Kniouegvie cnosa: atomHas CuiIoBas MHKPOCKOIMS, OIEHKAa KayecTBa KOMOMHHPOBAaHUS
H300paKeHUA, KOPPEIANHUA H300PAKCHUH, B3BEIIICHHOE CIIOKCHHE H300paKeHHUH.

BBeaenne

AToMHO-cunioBasi Mukpockomuss (ACM) TNOBEpXHOCTH MaTepuana HCIOIb3yeT HECKOJIBKO
napayieIbHBIX CHHXPOHU3UPOBAHHBIX H3MEPHUTENBHBIX KaHAJIOB TSI pAa3IHYHBIX ((U3MYECKUX BEININH
(BBICOTBI, BSI3KOCTH M KECTKOCTH TOBEPXHOCTH, Ae(OpMAaIlK 30HAAa M PACCEHUBAHHUS SHEPTHH).
dopmupyeMble B 3TUX U3MEPHUTEIbHBIX KaHaJaX 3HAYCHUS KOMIIOHYIOTCS B HECKOIJBKO JBYXMEPHBIX
MaTpHIl YHCEJ, MPEJICTABISIEMbIX MHOTOKaHANbHBIMH ACM-H300paXeHUsIMH, B KOTOPBIX SIPKOCTH
MUKCeNeH KaXJIOro KaHalla OTPaKaloT 3HAYSHWs U3MepAeMOl (U3HYECKOW BEIUYHMHBI B
COOTBETCTBYIOIIUX TOYKAX MOBEPXHOCTH. It 3 (PeKTHBHOTO BU3YAIILHOTO aHAIM3a MHOTOKaHAIbHBIX
ACM-u3o0pakeHUil HEOOXOJUMO OOBEIUHATH WX KaHAIbl I OTOOPaKEHWs Ha CTaHIapTHBIX
MOHHMTOpAX, HMEIOIIUX OTHOCUTEIbHO VY3KMHA JWHAMHYECKUH JMama3oH, C MHHUMaJbHBIMU
UCKXEHUSIMA W TIOTepsMHU JeTaneld. B nmaHHOW pabore paccMaTpuBaroTCs KOMOWHUpPOBaHHBIE
noryToHOBbIe ACM-n300pakeHns Ha OCHOBE JIBYX U3MEPUTEIBHBIX KaHAJIOB.

Jns oObenuHeHnsT M300paKCHUH WCIONB3YIOTCS IOJXO/bI, OCHOBAaHHBIE HAa B3BEHICHHOM
CJIOKEHHU, METO/JIE TJIABHBIX KOMIIOHEHT [1], AMCKpEeTHOM BeWBIIeT-TIpe0oOpa3oBaHny [2], OJHAKO OHU
CTIEIMAILHO HE OPUEHTHPOBAHBI HA OOBEAMHEHHE M300paKeHHd, POPMHUPYEMBIX B W3MEPHUTEIHHBIX
KaHaJax aTOMHOT'O CHJIOBOIO MUKpocKomna. OTCYTCTBYIOT PEeKOMEHIAIMK IO BbIOOPY ajroputMma Juis
a¢dexkruBHOrO (opmMHpoBaHus KoMOWHHpOBaHHBIX ACM-u300paxenuit. s wux paspaboTku
HEoOXOIMMa OIlEHKa KayeCTBa KOMOMHHMPOBAHHBIX M300pakeHWi. VI3BECTHBIE MOKa3aTeNd KadyecTBa
n300pakeHUI OCHOBaHBI Ha aHaju3e KpaeB [3, 4], B3auMHoi uHOpManuuU [5], OllEHKE KOJIUYECTRBA
uHpOpMaIUK B H300paKeHWH [6], OIIEHKE TOYHOCTH BH3YallbHOW WH(GOpPMAIMK B Pa3IMIHBIX
MaciTabax npecTaBIeHNs H300pakeHust [ 7], 0JHaKO OHM CIIEHUATbLHO HE OPUEHTHPOBAHBI HA OLICHKY
KagecTBa KOMOMHUpPOBaHHBIX ACM-m300pakeHuil. OTHOCHUTENBHONW TPOCTOTOW  BBIYMCIICHUH
otianyaercss Ko3pUIMEHT KOppeIsIK, WCTONB3YIOINN CpeJlHHE 3HAa4YeHUs W300paKeHWH, HO He
YUUTHIBAIOIIMI JIOKaJbHbIE OCOOEHHOCTH pacrpeneneHust sApkocTH. Jas OIeHKH KadecTsa
ACM-n300pakeHi,  OTJIMYAIOIIMXCA  CYLIECTBEHHBIMH  JIOKAJbHBIMH  HEOAHOPOIHOCTSIMHU
pacnpeneneHus SpKOCTH, TIPEACTABISAET MHTEPEC METPUKA KadecTBa KOMOMHUPOBAHUS KOMIIOHEHTHBIX
ACM-u300pakeHnii Ha OCHOBE KOI(PQHUIMEHTOB JIOKAIBHONH KOPPEJSAIUM, YYHUTHIBAIOIIAS BKJIa]l
KaX1oro u3 KOMIOHEHTHbIX ACM-u300pakeHuii B  pe3yibTHUpylOllee KOMOWHUPOBaHHOE
ACM-m300pakeHne W KOPPEIAIUI0 MexXAy KoMIMOHEHTHRIMH ACM-uzobpaxeHusmu. JlokaibHAs
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KOppensnus oOecreunBaeT 0ojee BBICOKYI0 TOYHOCTh OIICHKH KadecTBa KOMOWHUPOBaHUS
ACM-u300paxkeHut I0 CpaBHEHHIO C TIIOOABHON KOppeTAIieii, HO €€ 3HaUSHHUS 3aBUCAT OT pa3zMepa
OKHa aHaJu3a.

Ilenpto pa®OTHI SBJISETCA OMNpPEICIICHUE BKJIAJOB 3HAUCHUN MUKCEICH KOMITOHCHTHBIX
ACM-u300paxkennit, odbecnednBaomux nepeaady B komonanposannoe ACM-u3o0pakenne Hanboiee
MTOJTHOH MH(pOpManuu 00 00BbEKTaX OMPENeICHHOTO pa3Mepa.

®opmMupoBanne KOMOMHUPOBaHHBIX ACM-u3o00paxeHuit

Hcxonss W3 TpennoyioKeHWss O HE3aBHUCUMOCTH 3(PQPEKTUBHOCTH METOJOB OOBCIUHCHHS
M300paKEHWH W TOYHOCTH TIIOKa3aTeled KadecTBa KOMOWHHMPOBAHHBIX HM300paKECHWUH IS
dhopmupoBaHrss KOMOMHUPOBAHHBEIX ACM-H300pakeHU BBHIOpPAH MPOCTEUIITHN METOJ B3BEIICHHOTO

cioxenus (puc. 1). CormacHO JaHHOMY METONY 3HAYCHMS MUKCENIeH Mg (y,x) KOMOMHHPOBAHHOTO

ACM-uzo0paxenus Mc = ||mc (y, X)" (y-0¥ix-0%d) BBIUHCIITIOTCS. HAa OCHOBE 3HAYCHHWM ITHKCEJICH
ACM-uzobpaxennii M = ||m1 ( Y, X)”(y:m,x:m) nepsoro u M, = ||m2 (v X)”(y:m,x:o,T—l) BTOPOTO
HN3MCPUTCIIbHBIX KaHAJIOB aTOMHOI'O0 CUJIOBOI'O MHUKPOCKOIIA C ITIOMOIIIBIO BRIPAXKCHUA
mc(y,x)=[km1(y,x)+(1—k)ml(y,x)] M

mpu Yy=0,Y -1, x=0,X -1,

rae K — xoadduiment, ompeaensAromuii BKIaa 3HAYSHHH MHKCEIeH KaXI0ro KOMIIOHEHTHOI'O
ACM-uzobpaxenus M; u M, B 3HaueHus nukceneii komOuHupoBaHHOro ACM-u3o0paxkenus M,
0<k<1;Y, X— pa3mepsl (B IHKCEIIX) KOMIIOHEHTHBIX U KOMOMHUpOBaHHOTO ACM-1300paxkeHuit 1o
BEPTHUKAIIA ¥ TOPU30OHTAIIH; [ ] — orepanus OKpYTICHIS 3HAYSHH TUKCEeNer 10 OIKanIero meioro.

JInHeHH:
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Puc. 1. Cxema popmupoBanus koMOnHIpoBaHHOTO ACM-I300pakeHHsT HA OCHOBE
B3BEIIICHHOTO CIIOKEHHST KOMIOHEHTHBIX A CM-H300pakeHui

Memnbiue 3Ha4deHust KodhduimenTa K Ha puc. 1 COOTBETCTBYIOT MEHbIIICH OTHOCUTEIBHON 0K
3HaYCHHMI KOMIOHEHTHOTO0 ACM-u3o0paxenuss M; B koMOuHMpoBaHHOM ACM-u300pakernn M ¢ 1o
CpaBHEHHIO ¢ KOMITOHEHTHbIM ACM-n3o0pakeniem M ;.

Ouenka kayecTBa KoMOuHNpoBanusa ACM-u3o0paxeHuii
HA OCHOBE KO3 GULHEHTA JOKATBHOH KOPpe/Isiuu

[loBbllIeHME  TOYHOCTH  KOPPESIIMOHHOW ~ OLEHKHM  KayecTBa  KOMOMHHMPOBAHHSA
ACM-n300pakeHHid JOCTUraeTCs 3a CUET y4eTa JIOKATbHBIX 0COOCHHOCTEH pacipeieNieHni 3HaueHUH
MUKCEIed B KOMIIOHEHTHBIX M KomMOumHMpoBaHHOM ACM-u3obpaxenusx. s aToro wmcmomb3yercs

ko3bdunment r, (A, B) nokanbHoi koppensimu 1Byx ACM-u3o0paxennit A= ||a(y, X)” (=07 i

x=0,X-1)
uB =||b(y,x)||(

y:m,XZO,T—l) , BBIYHUCJIICEMBIN C ITIOMOLIBIO BBIPAXKCHUA
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raea, (Y, X, p), b (Y,x, p) — cpennue 3Ha4ueHus APKOCTEH MHUKCENEH 1/1306pa>1<eH1/H71 A u B B okpecTHOCTH

nuKcens ¢ KoopAuHatamu (Y,X) pasmepoM px p mukcened, a, (Y,X, p)=— ZZa(er J,X+1),
j=0 i=0

b (y,x,p)=— o Zzb(yﬂ X+1i).

j=0i=0
Hns oneHkn kadectBa koMOmHMpoBaHHI ACM-N300paXeHUN C y4eTOM KOPPEISIIAHA MEXITy
KOMOMHHUPOBaHHBIM ACM-H300paKeHHEeM M KaXKbIM U3 ABYX KOMIOHEHTHBIX ACM-nu300paxeHuid, a
TaKKe MeX 1y KoMrmoHeHTHbIME A CM-u300pakenusmu B [8] npeaioikeHa JoKaibHas KOpPeIHOHHAsT

METpPUK , BBIYUCIISIEMasi C IIOMOIIBIO BBIPKEHHS (4eM OOJIBIIT Ha4yeHUE, TEM Iyl
e a D_(k crsieMasi ¢ TIOMOIIBIO ake eM OoJIbIle ee 3HaUeHHe, Te e

(k)= r.(M¢,M,K)+1 (M, M,,k) |
- (M, My, K) =1 (M¢,M,,K)|r_(M,,M,,0,5)

(3)

JlokanpHast KOppENSAIMOHHAS METpUKa DL(k) MO3BOJISIET ~ ONpPENCIuTh 3HaueHue K,

obOecrieunBaromiee Jydlllee COOTHONIEHHE BKIAJAOB KOMIOHEHTHHIX ACM-uzobpaxkenuii B
koMOmHIpOoBaHHOE ACM-n300pakeHne IO CPaBHEHHIO C TII00ATFHON KOPPENSITUOHHON METPHKOH.

3aBHCHMOCTH METPUKH Ka4YeCTBA KOMOMHUPOBAHUSA KOMIIOHEHTHBIX
ACM-u300pazkeHuii OT pa3Mepa 0KHA KOPPEJISIIHOHHOT0 aHAJIN3A

Ha puc. 2 mnpuBemeHsl 3aBHCHMMOCTH 3HaueHuit Mmerpuku D, (K) or pasmepa OKHa

L
KOPPESAIMOHHOr0 aHanmu3a U kodpurmenta K mis 10 komouuupoBandeix ACM-nzo0pakenwuii. 13
puc. 2 cueayer, uto s HEKOTOpPbIX ACM-H300paXkeHUH JIOKAIbHbIE MaKCHUMAJIbHbIC 3HAYCHUS
METPUKHU DL(k) 3aBHCAT OT 3HA4YeHHUs P. Pasmep P OKHA KOPPESIIIMOHHOTO aHAIN3a OMPENeNseT

pasMep 3HAUYUMBIX OOBEKTOB Ha KOMIMOHEHTHBIX ACM-u300pakeHus X, KOTOpbIE JOJKHBI BHOCHTH
OCHOBHOI1 BKJ1a/1 B KoMOnHNpoBanHoe ACM-n3o0paxenne M .

U3 puc. 2 cnenyer, uro mis ACM-n3zobpakenuid 5 — 8 mpu Jr00bIX P HauOOJbIINE 3HAYCHUS
JIOKAJIbHOM KOppeNnsuoHHoil MmeTpuku D, (k) obecrieunBatotcst npu K = 0,7. Ha puc. 3 npuBemeHs
KoMioHeHTHbIe ACM-u3o0paxkenuss 5 — 8, mojy4eHHble NMpH pa3inuuHbiX 3HaueHusix K. Juss ACM-
nzobpaxenuit 1 —4,9, 10 HanboJbIINE 3HAYCHUS JIOKATLHON KOPPENSIIMOHHON MeTpuku D, (k) npu
Pa3IMYHBIX 3HAUCHUSIX P JOCTUTAKOTCS ISl PA3JIMYHbIX 3HAYCHHH K.

[Tpu HeoOxoauMocTH niepeadn B komOuHupoBanHbie ACM-uzobpaxenus 1, 3, 9, 10 nanbonee
MIOJTHOM MHpOpMaIuK 0 MelKuX 00bekTax (P = 3) kommoHeHTHBIX ACM-u300pakeHnii HeoOX0IMMO
UCIIOJIb30BaTh 3HaueHus K, pasusie 0,7, 0,5, 0,7, 0,5, coorBercTBeHHO. [Ipy HEOOXOMMOCTH TIEpeIadH
B KoMOuHUpoBaHHbIe ACM-n3obpaxenus 1, 3, 9, 10 Hanbosnee nonHoi nHpopManuK o 0oJiee KPYITHBIX
obbekTax (P > 5) HeoOXoaMMO HMCITOAB30BaTh 3HaueHus K, pasusre 0,5, 0,3, 0,5 (0,3 mpu p > 40), 0,3,
cooTBeTcTBeHHO. Ha puc. 4 npuBenensl komnoneHTHble ACM-u3obpaxenus 1, 3, 9, 10, noxydeHHbIe
IPY PA3IMYHbIX 3HAYCHHSX K.

Hdis ACM-u3zo6pakenust 2 nipu p < 40 HanOoJjplIMe 3HAUYCHUS JIOKATBHONH KOPPEISIMOHHOM
METPUKHU DL(k) obecneunBatorcs npu K = 0,7. Ilpu p > 40 HamOosplive 3HAYCHHS JIOKAIBHOM
KOppENAIMOHHON MeTpuku D (k) obecnieunBatotcs mpu K = 0,5. {inst ACM-u3o0paxkenus 4 mpu p <
110 HanbonpLIMe 3HAYECHHS JIOKATBHON KOPPEIAMOHHOW MeTpuku D, (k) obecrnieunBaroTcs npu K =
0,5. Ilpu p > 110 nHauOonplIMe 3HAYCHUS JIOKAIBHON KOppelnsuuoHHOW wmerpuku D (k)
obecnieunBatorcst mpu K = 0,3. Ha puc. 5 npueneHbl komrnoHeHTHbie ACM-u300paxenus 2 u 4,
HOJTyYSHHBIC ITPU Pa3INYHBIX 3HAYCHUSIX K.
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Puc. 2. 3aBHCHMMOCTH 3HAUCHHI JIOKAILHON KOPPEIIIIMOHHON METPHUKH OT pa3Mepa OKHA KOPPEIBIIIHOHHOTO aHaTH3a
Ut KOMIOHEHTHBIX ACM-u3obpaxenuii: a — ACM-1; 6 — ACM-2; ¢ — ACM-3; 2— ACM-4; 0 — ACM-5; e —
ACM-6; orc — ACM-7; 3— ACM-8; u — ACM-9; k — ACM-10
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= - . =
Puc. 3. Kombunanposanasie ACM-m300pakenus rnpu 3HaueHus1X k=0,7 (Bepxuuii psn), k=0,5 (cpemumii psin),
k=0,3 (amwxuwmii psin): a — ACM-5; 6 — ACM-6; B8 — ACM-7; r — ACM-8

Q. . .
Qj\. . .
<k. . .
N. . .

Puc. 4. KomOouauposauusie ACM-u3obpaxenus npu 3HaueHusx k=0,7 (Bepxuuii psin), k=0,5 (cpenuuii psn),
k=0,3 (mmwxuuii psan): a — ACM-1; 6 — ACM-3; 6 — ACM-9; 2— ACM-10

U3 puc.2 crenyer, uto MO MIOOATEHOMY MAaKCHMAIbHOMY 3HAYCHUIO JIOKAJIbHOM
KOPPENSAIHOHHON METPHKHU DL(k) BO BCEM /Maria3oHe M3MEHEHHs 3HA4YeHHS P MOXKHO OIpeNeIHTh
sHaueHune K, obecneumBaroiiee JIydlllde YCIOBHS Ui Tepeaadyd B KoMmOuHupoBanHoe ACM-

31



n3o0paxenue nHGopMauu 06 00bekTaXx KOMIOHEHTHBIX ACM-n300pakeHuid, IMEIONX Hanboee
yacTo BcTpevarommecs pasmepbl. C ydeToM JaHHOTO CBOMCTBA IpeAaraercs cxema aJalTHBHOIO
B3BEIIEHHOTO CIIOKEHHUSI KOMIOHEHTHBIX ACM-n3o0paxennii (puc. 6) ¢ aBTOMaTHYECKUM BBEIOOPOM
3HaueHMs1 K, ONpEeAeNsIoNMM BKJIAJ 3HAYCHUI NHKceNned KOMIOHeHTHhIX ACM-uzo0pakeHHid B
koMOmHIpOoBaHHOe ACM-n300pakeHue.

a 6
Puc. 5. Kombunnposanusie ACM-n3o0paxxenus npu 3HaueHuAX k=0,7 (Bepxuuii psan), k=0,5 (cpennuii pan),

k=0,3 (awxuuni psan): a — ACM-2; 6 — ACM-4

Mi Hopniaiz;{:;m T g
T N OxpyrieHHs 10 Mc
o —
+ OMUKANIIETo HeToro
e JluneHHas LA A X |
HOPMATH3AIHA
Brrauciesne 10KaTbHOH T
KOPPe/ILHOHHOH MeTPHKH
> 1k
L DL(p.k)

v

IMoncK MaKCHMATBHOTO
3HAYCHHA

DL(pK)

v

OnpefeneHue 3HATSHAT
k omg MAaKCHMATBHOTO
sHageHnd DL(p k)

Puc. 6. Cxema amantiBHOTO (hOpMHUpOBaHKS KOMOMHUPOBaHHOTO ACM-1300pakeHHsI HA OCHOBE B3BEILICHHOIO
CITOXKEHHST KOMITOHSHTHBIX ACM-1300pakeHr ¢ aBTOMAaTHYECKUM OIIPE/ICIICHUE BKIIAIa 3HAUCHHUN ITUKCETeH
KOMHOHEHTHBIX ACM-n300pakennii B komOnHnpoBanHoe ACM-u3o0paskeHne

Cxema Ha puc.6 TmonydeHAa W3 CXEMbl, INPHBEJCHHOW Ha puc. 1, 3a cyeT BBeJCHUS
JIOTIOJTHUTENBHBIX OJIOKOB, 00ECIIEUMBAIOIINX BHIYMCICHUE 3HAYEHUH JIOKATbHONH KOPPEIAIMOHHON
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MCTPUKH DL (k) AJId pa3JIAYHbIX 3HAYCHUI pu kc nmocjaeayronmMm NOMCKOM MaKCUMAJIbHOI'O 3HAUCHUA

DL(k) U OIpeiejeHHEeM COOTBETCTBYIOIIET0 eMy 3HadeHus K. AmanTuBHOE (HOpMHUPOBAaHHE

KOM6I/IHI/Ip0BaHH01"O ACM-I/I306pa)KCHI/I$I HMCCT CYLICCTBCHHO Ooiee BBICOKYIO BBIYMCIIMTCIBHYIO
CJIOKHOCTh IIO CPAaBHCHHUIO C OOBIYHEIM (l)OpMI/IpOBaHI/IeM. 3HaveHUs JIOKAJILHOM KOppeJ’IﬂHHOHHOﬁ

METpPUKH DL(k) 3aMCHIBAIOTCS B MATPHUIy pa3MepoM Px K , 4TO MPUBOIUT K COOTBETCTBYIOIIEMY

POCTY TPOCTPAHCTBEHHOW CIOXHOCTH. BpeMeHHas CI0KHOCTh yBelnWuuBaeTcs Ha 2 pK omeparuii,

HeO6XOHI/IMI)IX JIIS BBIYMCIICHUS 3HAYCHHH JIOKAJIHbHOM KOppeHHHHOHHOP'I MCTPUKU U TIIOUCKaA €€
MaKCHUMaJIbHOI'O 3HAYCHUSI.

3akiaouenue

[Tony4yeHsl 3aBUCMMOCTH 3HAYEHUH JIOKAIBHON KOPPEISIIMOHHOM METPUKU OT pa3Mepa OKHa
KOPPENAINMOHHOTO aHaln3a W BKIaga KOMIOHEHTHBIX ACM-m300pakeHNI B KOMOWHHpPOBAaHHOE
ACM-uzobpaxkenne. [lo maHHBIM 3aBHCHMOCTSM YCTAHOBJICHBI BKIAABl 3HAYCHWH THKCENIen
KOMIOHEHTHBIX ACM-n300paXkeHuii, 00eCIeUHBAONUX Mepenadyy B KoMmOuHHpoBaHHOe ACM-
n300pakeHue HanboJjee MOoaHOH MH(popMaluu 00 00BEKTax OmpeseiieHHOro pasmepa. [IpemnoxkeHa
CXeMa aJalTHBHOTO B3BEIIEHHOTO CIOKEHHUS KOMITOHEHTHBIX ACM-1300pakeHuii ¢ aBTOMaTHYECKUM
omnpeze/icHUEeM BKJIaa 3HaUCHUH MuKcesieil KoMmoHeHTHbIX ACM-1300pakeHui B KOMOMHUPOBAaHHOE
ACM-u3o0b6paxeHue.

FORMATION OF COMBINED AFM IMAGES BASED
ON WEIGHTED ADDITION OF TWO COMPONENTS

M.Yu. LAVETSKI, V.Yu. TSVIATKOU, A A. BORISKEVICH, I.I. LIAVONENKA,
V.A. LAPITSKAYA, S.A. CHIZHIK

Abstract. The problem of weighted addition of component images of an atomic force microscope
(AFM) is considered. The dependences of the local correlation metric on the size of the correlation
analysis window and the contribution of component AFM images to the resulting combined AFM
images were obtained. A scheme for adaptive weighted summation of component AFM images was
proposed.

Keywords: atomic force microscopy, image combination quality assessment, image correlation,
weighted image summation.
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HUMAN HEART RATE MONITORING BASED ON FACIAL VIDEO PROCESSING
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Abstract. Heart rate (HR) is one of the most important physiological parameters and a vital indicator
of people’s physiological state, making it important to monitor. Over the last decade, research has
focused on non-contact systems, which are simple, low-cost, and comfortable to use. This paper
analyses the complexity of each step in the development of a human heart rate monitoring algorithm
based on facial video processing. Specifically, the research focuses on the pulse signal extraction
step. The proposed algorithm based on the transform of 2D signal to 1D signal, its detrending and
window discrete transform are used to improve the accuracy of HR estimation. The experimental
results show that the accuracy of human heart rate estimation in terms of MAE and RMSE is equal
around 2 bpm.

Keywords: heart rate, facial video processing, remote photoplethysmography, window discrete
transform.

Introduction

The human pulse is a rhythmic oscillation of the vessels that correspond to the contractions of the
heart and it is one of the most important indicators that helps to track whether everything is good with
the heart. Traditional heart rate detection mainly includes two ways: electrocardiograph (ECG) and
contact photoplethysmography (cPPG) based on sensors. Due to the limitations of cPPG methods, it is
particularly important to study a non-contact HR detection method. The rPPG (remote
photoplethysmography) has been proven to be superior because it is non-intrusive. It may be suitable
for continuous measurement of heart rate (HR) in many cases, such as neonatal ICU (intensive care unit)
monitoring [1], burn victims, driver status assessment [2], online learning [3], provide low-cost solutions
for health monitoring applications, another application of rPPG in health monitoring include blood
perfusion mapping [4] and monitoring regional anesthesia effectiveness [5]. Although this kind of
methods may not be as accurate as an electrocardiogram (ECG) device, they can provide a long-term
HR monitoring without being uncomfortable for patients. These technologies can be very helpful in
increasing fields like telemedicine, where usability is a key factor.

The choice of a facial ROI (region of interest) acts as the first key step of the system. First, the
pulsatile signal strength varies at different locations on the face due to the distribution of capillaries
beneath the skin surface. The location of an ROI has a direct impact on the quality of the raw rPPG
measurement. Second, the shape of an ROI always leads to unnecessary inclusion of undesired pixels
like eyes, mouth, hair, or background pixels, thus, introducing rigid/non-rigid motion artifacts. It is
crucial to choose a good ROI to guarantee a higher measurement accuracy. While most rPPG approaches
extract pulsed signals by averaging over all skin pixels on ROIs, we propose an algorithm that allows
extracting pulse signals from ROIs for increasing HR estimation accuracy.

Our contributions can be summarized as follows:

— we present a human heart rate monitoring algorithm based on facial video processing;

— we propose an algorithm to remove outliers from signal based on Z-score method.

34



Human heart rate monitoring based on facial video processing algorithm

Proposed method uses video as an input and returns pulse rate as an output. Sequence of steps of
the proposed algorithm can be represented as follows:

— detection of person’s face on color image;

— extraction region of interest (ROI);

—transform 2D ROI to 1D ROl signal;

— processing of 1D ROI signal;

— computation of power spectrum of 1D ROI signal,

— band pass filtering;

— estimation of person heart rate.

Block diagram of the proposed algorithm to determine HR from a facial video can be represented
by the graphical form.

.
——
-

(1) Mean
Tranzform 2D
EOIto 1D A
> ROI signal ™
Bemoving
- A,
[ @ outliers F> Mea
. Detection of person's face
Fare video Extraction regicn of interest (ROT)
(3) Detrending +

Filtering
< - K [ @ No dewendimz= | |/~

'l Filtering

L Band paze filtarmz .

Estimation of person heart rate (48 < heart rate <180) Powar spectrum Pre-processing

Figure 1.The sequence of steps of the proposed algorithm for estimating heart rate using facial video

Face detection is a crucial preprocessing step for the traditional rPPG methods to measure HR.
Its accuracy has a direct impact on the accuracy of HR detection. At present, three mainstream methods
Viola—Jones (VJ), histogram of oriented gradients (HOG) and multi-task cascaded convolutional
networks (MTCNN) are often used for face detection. Dlib (an open-source library) face detector model
is based on HOG feature descriptor and linear SVM (support vector machine)) classification. Dlib’s
HOG + linear SVM face detector is fast and efficient. Dlib HOG is the fastest method on the CPU
(central processing unit) [6]. In this application we use the HOG method to locate a person face.

Extraction region of interest. The ROI in the cheeks was determined through the location of the
human mouth and nose. The human eyes, mouth and nose were detected with Dlib HOG method.

Transform 2D ROls to a 1D signal

For each frame of the video sequence, we obtain ROIs of facial skin pixels. The amplitude of the
PPG-signal in light reflected from the skin varies as a function of the wavelength, showing a strong peak
around 550 nm and a dip around 650 nm. Because that we use only wavelength 550 nm (green channel)
to estimate HR [7].

To transform 2D ROlIs to a 1D signal most rPPG approaches extract pulsed signals by averaging
over all skin pixels value on ROIs. We propose algorithm to remove outliers from video frame ROI
histogram based on Z-score method before extract pulsed signals.
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Removal of outliers from ROI histogram based on Z-score method

The Z-score is one of the most commonly used tools in determining outliers. Z-score (Z,, ) is
just the number of standard deviations away from the mean that a certain data point is.
lpo —14
Zscore = L’ (1)
c
x<M,y<N )
x<M,y<N | (X y) (I ROI (X1 y) - H)
where Irol — matrix of ROI pixels values, p= > —F9°"=2 and g =4[ <2 — the

x=0,y=0 a-b a-b
mean value and the standard deviation of the ROl image values respectively, (a, b)— the width and height
of video frame ROI.

To improve HR estimation accuracy expression (2) is used to detect and remove outliers from
matrix of ROI pixels Iro::

IROIOUT > “’ + Zscre G If Zscore < 2
{ )

lrorour <H=Zyp -0 if Z g >-2

score

The 1D ROI signal Detrending

Detrending is an important signal processing concept, which is used to remove unwanted trend
from the 1D ROI signal that represents as a sequence s(n) of discrete mean values of video frame ROls.
We eliminate the signal deviation trend using the adaptive iteratively re-weighted penalized least squares
(Airpls) [8].

The window discrete Fourier transform

Before applying discrete Fourier transform (DFT), the PPG-signal that represents as a sequence
of discrete values of mean value of video frame ROl is filtered by Hamming window

w(n) :0,54—0,46cos(§Lnl), 0 <n< N-1, N —the window length, n — index of discrete time

samples.
The time signal of the pulse wave window is transformed into a sequence of discrete frequency
samples by DFT, which is defined by:

N-1 . 2mkn

S :ZSFlL(n)'e i ' (3)

>

where S, —k-th the DFT coefficients, s., (n) — n-th filtered value of 1D ROI signal s(n), N — the number
of the DFT coefficients, k (k = 0,1,...,N-1) — frequency index.

The DFT power spectrum of 1D signal is defined as

Ls [, k=0
" Q
W|Sk|2, k=1,...,N/2,

An DFT was applied to the filtered pulse signal, and the heart rate was taken as the frequency
where the spectral power was maximal. Then we apply band pass filter with F; = 0.8 Hz and Fr = 3 Hz,
which are 48 and 180 bpm respectively to remove unwanted frequency.
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Human heart rate estimation

Human heart rate is calculated per window. The window length is set to 10s and the time distance
between the two consecutive frames is equal to 0.04s.

There are usually several peaks in a same frequency domain of power spectrum. Heart rate value
in the PPG signal is the position of frequency sample with the highest energy.

Experimental result

We use dataset from https://github.com/vladostan/Dataset-for-video-based-pulse-detection. Open
dataset for video-based pulse detection. Includes 30 .mp4 video files and ground truth ECG signals.

Mean absolute error (MAE) and root mean square error (RMSE) [9] is selected to evaluate HR
estimation accuracy by the proposed algorithm. When calculating the average error, outliers are
discarded. The HR estimation accuracy based on the algorithms depicted in Figure 1, are presented in
the table below.

Table 1. Average heart rate prediction: comparison among different algorithm on different
conditions with detrending (3)

Normal condition Physical activity
Algorithm ME ME RMSE
(bpm) MAE (bpm) RMSE (bpm) (bpm) MAE (bpm) (bpm)
(1) Mean 0.21 1.83 2.16 0.75 2.04 2.61
(2) Removing
outlier + 0.27 1.74 2.01 0.56 1.76 2.21
mean

Table 2. Average heart rate prediction: comparison among different algorithm on different
conditions without detrending (4)

Normal condition Physical activity
Algorithm ME ME RMSE
(bpm) MAE (bpm) RMSE (bpm) (bpm) MAE (bpm) (bpm)
(1) Mean 0.1 1.82 2.2 0.64 2.01 2.55
(2) Removing
outlier + 0.14 1.75 211 0.43 1.87 2.45
mean

It can be concluded from Tables 1 and 2 that the variant of algorithm (2), which removes outliers
and applies averaging of 1D signal under different conditions with detrending, provides lower MAE and
RMSE value upon estimating HR. The experimental results show that the accuracy of human heart rate
estimation in terms of MAE and RMSE is equal around 2bpm due to the proposed algorithms uses
outlier removing procedure.

Conclusion

The proposed algorithm is based on transform 2D signal to 1D signal, removing outliers,
detrending and window discrete Fourier transform. It allows us to increase the human heart rate
estimation accuracy due to removing outliers from video frame ROI based on Z-score method is used.
The experimental results show that the accuracy of human heart rate estimation in terms of MAE and
RMSE is equal around 2bpm.
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Abstract. The article presents video object detection program design under two different client-server
organizations based on YOLOX model. It introduces the N-tier architecture and shows how to design programs
through sequence diagrams based on client-server organization cases. And the processing process of the target
detection part of the program is given. The test results show that the program design can be applied to Android
system and Web scene, and analyze the actual application conditions.

Keywords: software design, object detection, image preprocessing, model inference.

Introduction

Obiject detection is a classic task in the field of computer vision, and it is the basic premise for
advanced vision tasks such as scene content analysis and understanding. The target detection task in the
video is closer to the needs of real life. In real life, intelligent video surveillance, robot navigation and
other application scenarios need to process the video and detect the target in the video. The target
detection in the video needs to deal with the various changes of the target due to the movement on the
basis of the static image target detection, which is the difficulty. With the development of deep learning,
deep convolutional neural networks are rapidly applied to every field of computer vision, and have made
relatively great progress compared with traditional methods. In the context of deep convolutional
networks, YOLO is an advanced single-stage target detection algorithm. It has undergone the evolution
of version 1 ~ version 4, and has developed to YOLOX that does not rely on anchor boxes. The proposal
of YOLO aims to improve the detection efficiency of target detection, trying to make target detection
reach the level of real-time detection. This article proposes two implementations of video object
detection based on the YOLOX model under different client-server organizations, uses UML diagrams
to describe the functions of the modules, and explains how to infer with the model. In order to verify the
effectiveness, the program is implemented according to the design and tested in a real network
environment.

N-tier architecture understanding

In the client-server model, a client is a piece of computer hardware or software that accesses
services provided by a server as part of a computer network client-server model. The server is usually
(but not always) on another computer system, in which case the client accesses the service over the
network. A client can be any device — computer, tablet or mobile phone. Thus, client-server represents
the relationship between collaborating programs in an application, consisting of a client that initiates a
request for a service and a server that provides that function or service. There are three main categories
of client-server:

1. One-tier architecture. It is the simplest one as it is equivalent to running the application on the
personal computer. All of the required components for an application to run are on a single application
or server.

2. Two-tier architecture. It consists of a client, a server, and a protocol that connects the two
layers. The GUI code resides on the client host, and the domain logic resides on the server host. Domain
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logic or business logic is the part of a program that encodes real-world business rules that determine
how data is created, stored, and changed. Business logic should be distinguished from business rules.
Business logic is the part of an enterprise system that determines how data is transformed or calculated,
and how it is routed to people or software. Business rules are the formal expression of business policy.
Anything that is a process or a procedure is business logic, and anything that is neither a process nor a
procedure is a business rule. For example, welcoming a new visitor is a process consisting of steps to
be taken, while saying that every new visitor must be welcomed is a business rule. In addition, business
logic is procedural while business rules are declarative.

3. Multitier architecture (often referred to as an N-tier architecture) is a client-server architecture
in which presentation, application processing, and data management functions are physically separated.
The most widely used multi-tier architecture is the three-tier architecture. Three-tier architecture is a
client-server software architectural pattern in which the user interface (presentation layer), application
(functional process logic), computer data storage and data access (data layer) are developed and
maintained as independent modules, usually on a different platform.

For multi-tier architecture, it offers the possibility to physically distribute client-server
applications across multiple machines. For client-server organization, there is the simplest organization:
a client machine containing only the programs implementing the user-interface level; a server machine
containing the rest, that is the programs implementing the processing and data level. In addition, there
are alternative client-server organizations, shown in Figure 1.

Client machine

User interface User interface User interface User interface User interface
7 I 77 Application Application Application
1 ............................... I ______________________ = I Database
- R I ................................ 1
Application Application 7 Agélication 1 .............
Database Database Database Database [ -Da&abase

Server machine

Case (a) Case (b) Case (c) Case (d) Case (e)

Figure 1. Alternative client-server organizations

Video object detection program design under different client-server organizations

Based on alternative client-server organization, video object detection program will be design
under Case (b) and Case (c) respectively (shown in Figure 1). For Case (b), since the client only provides
the user interface, the main function of the user interface is to upload videos, and the processing logic
related to video processing and object detection is completely handed over to the server. For Case (c),
since the client not only provides the user interface, but also provides some application processing logic,
the client is mainly responsible for uploading video and video processing logic, and the processing
related to object detection is handed over to the server.

1. Video object detection program design under Case (b)

Based on client-server organization Case (b), all processing logic is placed on the server side, and
the client only provides interfaces for uploading and playing videos. The video object detection program
under Case (b) is designed in the scenario where the user accesses the browser. Figure 2 shows the
interactive process of realizing the video object detection function through a sequence diagram. In
Figure 2, Browser represents User interface that provides the function of uploading video and playing
video. Server and Live Video Server represent Application that provides all processing logic for video
object detection, including video segmentation, object detection of frames, real-time transmission of
frames by streaming. Database mainly records the processed video information, such as processing time,
frame size, frame rate, etc.
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Figufe 2. Sequence diagfam of Case (b)

2. Video object detection program design under Case (c)

Based on client-server organization Case (c), the client side mainly includes interfaces for
uploading and playing videos, video processing logic and frame processing logic, while the server side
mainly handles frame object detection. The video object detection program under Case (c) is designed
for mobile devices. Users can access the server through mobile devices to request image object
detection, and cooperate with the processing logic on the mobile device to complete video object
detection. Figure 3 shows the interactive process of realizing the video object detection function through
a sequence diagram. In Figure 3, APP represents User interface and Application of client side that
provides the functions of local video selection, video segmentation, key frame selection, image
processing, composite video and video playback. Server represent Application of server side that
provides image object detection. Database mainly records the processed image information, such as
processing time, image size, etc.

X

APP

selectLocalVideo()

v

<.._

Server

Database

splitVideo()

Loop / :‘ selectFrame()
sendFrame(Multipart file) o
objectDetect(Mat frame)
¢ [etumResull(Siring base64)
:llransformResu\t()
recardFreamelnfo()
:l mergeVideo() iy
playVideo()

Figure 3. Sequence diagram of Case (c)
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3. The process of image object detection

In the process of video object detection program design, it involves object detection of images
(object detection of frames). The image object detection method based on YOLOX mainly involves
image preprocessing, output decoding and the strategy for choosing prediction boxes. The process of
image object detection mainly includes the following steps:

Step 1. Image transformation and normalization.

The purpose of transforming and normalizing the images is to obtain images that satisfies the
input format of the YOLOX model. The YOLOX model requires the size of the input image to be
640x640 pixels. According to the affine transformation theory, image transformation can be done with
the help of transformation matrix M. For image normalization, using the mean and std of ImageNet is a
common practice. All models expect input images normalized in the same way, mini-batches of
3-channel RGB images of shape (3xHxW), where H and W are expected to be at least 224. The images
have to be loaded in to a range of [0, 1] and then normalized using mean with [0,485; 0,456;0,406] and
std with [0,229; 0,224; 0,225].

Step 2. Decode outputs, generate proposals.

The output of the model is the tensor of 8400x85 elements, meaning that the model predicts 8400
prediction boxes and every prediction box has 85 properties. Among the 85 properties, the first five
properties represent the horizontal and vertical coordinates of the center point of the prediction box, the
length and width of the prediction box, and the probability of objects in the prediction box. The
remaining 80 attributes represent the object category probability (the model can judge 80 object
categories, and each object category will correspond to a probability).

For an image, there are often only a few objects that need to be identified. However, there are
8400 boxes based on the output data. Obviously, the prediction boxes need to be further selected. In this
step, it is necessary to manually set threshold to generate proposals with more accurate prediction boxes.

Before manually setting the threshold, it is necessary to know that the output 8400 prediction
boxes are merged from three different sizes of anchors. Because in the decoding process, the coordinates
of the prediction boxes are related to the corresponding anchor. Among the 8400 prediction boxes, the
anchor size corresponding to 6400 prediction boxes is 8x8. This means that the original image of size
640%640 is divided into 80%80 anchors with stride of 8. Similarly, the anchor size corresponding to 1600
prediction boxes is 16x16, and the anchor size corresponding to 400 prediction boxes is 32x32.

Through the anchor, the coordinates of the prediction box can be obtained, and the probability
threshold is further set manually. Here the probability threshold is set to 0,6. Then the confidence C that
each prediction box has the corresponding category of objects can be given

C = p-max(class probability) (5)

where p represents the probability that there is an object in the predicted box. Class probability

represents the probability of being that class. Then if the confidence C is greater than 0,6, save the
proposal (the coordinates of the prediction box) and the corresponding the confidence C . After
generating the proposals, the possibly correct prediction boxes will be saved.

Step 3. Perform non-maximum suppression.

The purpose of performing the non-maximum suppression algorithm is to eliminate redundant
overlapping boxes with lower confidences.

Step 4. Accomplish object detection.

According to the affine transformation theory, based on the transformation matrix M " from
Image transformation, the coordinates of the final boxes can be converted to the coordinates in the
original image. It accomplishes the object detection on the original image.

Test Result

The developed method of image object detection is implemented in C++ using library of
OpenCV 4.5.4 and the part of splitting video is implemented using library of FFmpeg. For the program
designed based on Case (b), the front-end program is developed based on Vue3 and deployed on Amazon
Elastic Compute Cloud (EC2) together with the back-end server. For the program designed based on
Case (c), the front-end application is developed on the Android system, and the back-end server is
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deployed on EC2. EC2 is physically located in Frankfurt. The EC2 has the following specifications:
vCPU: 1 core; Memory: 1GB; for bandwidth, the available network bandwidth of an instance depends
on the number of vCPUs it has.

Examples of test result are shown in Figure 4 and Figure 5.

C a2 112798114 & w 300 o & 3112798114 s * ®00Q C A T 1127.98.114 % % »00

Figure 4. Test Result of Case (b)

Figure 5. Test Result of Case (c)

In Figure 4, video object detection program is designed based on client-server organization Case
(b). The user can open the browser to upload the video, wait for the buffering of the live stream, and
after some data is processed in the background, the user can watch the result of video object detection.
In Figure 5, video object detection program is designed based on client-server organization Case (c).
Through the application on the mobile phone, the user can select a local video, or input the path of the
video, and then clicks the button. The application starts to process the video and interacts with the
background server to complete object detection, and finally synthesizes the video and plays it.

For Case (b), two sets of tests are carried out. The test object metadata is given in Table 1 and the

test data are shown in the Table 2.
Table 1. Metadata

Video ID | Resolution, pixel Frame Rate, FPS BPS, kb/s Size, Mb
1 1280x720 30 9818 39
2 1280x720 30 4321 17
Table 2. The test data
Video ID Upload Time, s Wait Response Time, s Steam Content, Mb Transmission Time, s
1 30,56 1,63 10,1 174
2 7,46 1,43 11,4 168

In table 2, Upload Time represents the upload time from client to server. Wait Response Time
represents the time from when the server returns the message of receiving the uploaded video to when
it starts to receive streaming data. Steam Content represents the size of the stream data received.
Transmission Time represents the time to receive streaming data. For Upload Time, it depends on the
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local upstream bandwidth. If the upstream bandwidth is smaller, the upload time will be longer. For
Wait Response Time, during this period, the server needs to pre-process the first few frames, and then
start streaming. For Steam Content and Transmission Time, they not only depend on the local
bandwidth, but also depend on the upstream bandwidth of the server. Because the local bandwidth is
10M, the general network speed is 1,25 Mb/s. However, the test data does not meet expectations.
The main reason is that the actual uplink speed of the server is too low. The part of real-time monitoring
data of the server network speed is shown in the Figure 6.

etho

KB/s in KB/s out KB/s in KB/s out :MM: KB/s in KB/s out
0.00 0.00 105.46 204.65 HeEH 0.00 0.00
0.00 0.00 24.72 - £03: 0.00 0.00
0.00 0.00 86.74 . HOEH 0.00 0.00
0.00 0.00 56.77 5 :03: 5 0.00
0.00 0.00 28.02 . :03: : 0.00
0.00 0.00 61.47 : <93 5 0.00
0.00 0.00 65.35 5 183 g 0.00
0.00 0.00 52.00 . =037 : 0.00
0.00 0.00 50.13 5 263 : 0.00
0.00 0.00 81.20 . 103: . 0.00
0.00 0.00 7.95 . :03: A 0.00
0.00 0.00 57.97 . 2035 ’ 0.00
0.00 0.00 97.50 . 2034 L 0.00
0.00 (17552 . 203 8 0.00

0.00 99.33
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0.00 41.64
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0.00 64.28
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Figure 6. Server real-time network speed monitoring data

In Figure 6, ethO represents the network card of the server, and "in" and "out" represents download
speed and uplink speed respectively. It can be seen from the Figure 6 that the uplink speed of the service
is too low and unstable, which directly causes the client to freeze or drop frames when playing video.
This degrades the experience of watching live.

For Case (b), the upload network speed of the client and the download network speed of the server
determine the start time of the user waiting for the live broadcast. The download speed of the client and
the upload speed of the server determine the user experience of watching the object detection video. For
users, 10M bandwidth is enough to upload video and watch live broadcast. However, if the upstream
bandwidth of the server is not large enough, it will directly cause the live video to freeze or drop frames.
In this case, Case (b) is not recommended. For Case (c), the network transmission part only involves the
transmission of images. The requirement for server bandwidth is not as high as Case (b). Therefore,
when the bandwidth of the client and the bandwidth of the server cannot be guaranteed, Case () can be
selected. In this case, the waiting time may be too long, but this case is more general with less material
hardware and bandwidth requirements.

Conclusion

Under two client-server organization cases, two designs of video object detection programs are
proposed. One is to put all the processing logic of video object detection on the server side, and the
client only provides the interface; the other is to put only the function of object detection on the server
side, and other video processing logic on the client side. Then two designs are implemented and tested
by building a cloud server. The result is that the proposed program design can complete video object
detection. In addition, the use conditions of the two designs are analyzed through the test data.
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Annoranus. [IpencraBnena koHmemmus ymHoro ropoma (YI'). Paccmorpensr monmcuctemsr YIT
SHEPTeTUKH, TPAHCTIOPTA, JOTHCTUKH, DIICKTPOHHOTO MPaBUTENbCTBA. OOCYKICHBI UX CTPYKTYPHI U
¢yaknun. OtipenerieHsl HalpaBIICHUS 1O pa3padOTKe JaHHBIX IMMOJICHCTEM Ha 0a3e miaThopMEI
Wurepuer Bewiei.

Kniouesvie cnosa: yMHBIfI ropod, OSHCPIreThKa, TPAHCIIOPT, JIOTUCTHKA, DJJCKTPOHHOC
MMpaBUTCIIBCTBO.

BBeaenne

beictpo  pa3BuBaroImiuecs ~— WHTEJUIEKTyalbHble  MH()OPMAIMOHHO-KOMMYHHKALOHHBIE
texnonornu (UKT) Tpanchopmupyror Bce cdepbl, B TOM YHCIE TPaIWIUOHHBIE METOIBI PabOTHI
OpraHoB BIAacTH. [ paknane 0)XHIAlOT OT TOCyAapcTBa 0oJiee COBEPIICHHBIX AJIEKTPOHHBIX (POpMaTOB
NPEIOCTABICHUS TOCYIaPCTBEHHBIX YCIYT, C OAHOW CTOPOHBI, M yIydlIeHHs GOpM KOMMYHHUKALUH C
LENBI0 Pa3BUTHA TPSMOH NEMOKPAaTHUH, C JPYrold CTOPOHBL. DTO obOecreyrBaeT cucTeMa YMHOTO
ropoja.

Ilonstne  «Ymubld  ropom»  (YI)  MOXHO  ompeienuTh  Kak  «...IIPUMEHEHHE
MHQOPMAIIMOHHO-KOMMYHHUKAIIMOHHBIX ~TEXHOJOTMH C UX BO3JACHCTBUEM Ha 4YeJIOBEYECKUH
KaIruTajn/o0pa3oBaHue, COIMAIBHBIM M PENAIMOHHBIA KalmuTadl W OKOJOTHYECKHE MPOOIEMBI».
IlpuBeneM u apyrue omnpeneneHus MoHATUS Y1, KOHIENIUS KOTOPOro OOoJblIe HE OrpaHUYMBACTCS
UKT, a paccMmarpuBaeT moTpeOHOCTH IoAei u cooOmnecTBa. «['opod, KOTOPBIH KOHTPOIUPYET U
UHTETpUpPYET paboOTy BCEX CBOMX KPUTHUECKUX MH(PACTPYKTYp, BKIIOUYAsi JIOPOTH, MOCTHI, TYHHEIH,
PENBChI, METPO, a’3pPONOPThI, MOPCKUE TOPTHI, KOMMYHHKAIIMH, BOAO- M 3JEKTPOCHAOKEHHE, JaxKe
KPYIHBIE 37JaHNs, KOTOPBIH yMEET ONTUMHU3UPOBATh CBOM PECYPCHI, INIAHUPOBATh NPO(HUIAKTUIECKHE
MEpPONPUATUS U KOHTPOJIHUPOBATH 0€30MacCHOCTb, MPHU 3TOM MAaKCHUMH3UPYS MOJE3HOCTb YCIYT IS
CBOUWX rpakman» [1].

C TOYKHM 3peHHus] TEXHOJOTHYECKOTO Moaxoaa [2] YMHBIH TOpPOJ — 3TO TOpOJ C OONBIINM
npucyrcrBueM HKT HOBOro mnokosneHus, NpUMEHSEMBIX K KPUTHUYECKH BaKHBIM KOMIIOHEHTaM
TOPOJICKOM HMH(PACTPYKTYphl M yCIyram: HaJlW4he YMHBIX CHCTEM YIPaBJICHHUS JIOPOKHBIM
JIBIDKCHUEM; YMHBIN MOAXO0/ K YIIMYHOMY OCBEIICHHUIO; BHEIPEHUE OOIIETOPOCKON U TOCTYITHOM CeTH
Wi-Fi; ucronp3oBaHMe yMHBIX CETEil M albTEPHATHBHBIX MCTOYHHMKOB JHEPTHH; HAINYUE CHUCTEMBI
OTIOBENICHUA TPaKAaH O UPE3BBIYANHBIX CUTYAINIX; MUHUMAJIbHOE UCTIOIh30BaHNE HAJTMYHBIX CPEJCTB
JUTSI OTUTAaThl TOBAPOB U YCIIYT; aKTHBHOE TPUBJIEUEHHE TPAKIaH K BOIIPOCAM TOPOICKOTO YIIPABICHHUS.
B cocraB cucremer YI' BxomsaT Oojee jgecsAiTKa IMOJCHCTEM, PAacCMOTPUM YETBIpe M3 HUX,
COOTBETCTBYIOLIUE KPUTUIECKH BaXKHBIM KOMIIOHEHTAM.

Hoacucrema VI sneprernka

VYMHas JHepreTuka Hy)KHa Kak TrOCylapcTBy, TaK U MHMHHCTEPCTBY JHEPIETHKH, B IEPBYIO
ouepe]ib OHa TOMOKET BBIMTH Ha HOBBIM YPOBEHb aBTOMATU3aIMH, & TAKKE MPOU3BOJUTH MOHUTOPHHT
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Y aHAJIM3UPOBaTh AaHHBIE. ['0cyAapcTBO MO pe3ybTaTaM MOHUTOPHHTA MOYKET BHOCUTh U3MEHEHUS Ha
3aKOHOAATEIHPHOM YPOBHE B cepe SHEPreTHKH W JaBaTh CTpaTeTHYecKHe TOCBUIBI IS Pa3BUTHS
oTpacid. OHEpPreTuka OTHOCHTCA K CTPaTerHYecKMM O0OJacTsM, W TOCYJapCTBO HANPSMYIO
3aWHTEPECOBAHHO B €€ YHH()HMKAUK U ONTUMH3aLWH. [[OMIMO MOHUTOPHHTA MOACUCTEMA MTO3BOJIUT:
YBEJIMYUTHh POCT JOXOJOB, 32 CUET ONTHMH3AINU DJIEKTPOCHAOXeHWs; CHM3UTh motepu Ha JIOII;
SKOHOMHUTH PECYPCHI; YCKOPHTh CPOKH IUIAHUPOBAHUS HAarpy30K CETeH; YMEHBIIHTH BpPEMs 3aMEHBI
BBIIIEIIICTO U3 CTPOsi 000pyI0BaHUS, 32 CUET AATINKOB, OTCICKHUBAIOLINX KU3HEHHBIH UK JAHHOTO
o0opynoBanust (BoBpeMs (JOPMHPOBATH 3asBKY Ha MOCTAaBKY 3aIyacTeild, HOBOro 000pyIOBaHuS).

OTH TEXHOJOTHH aKTyajdbHBI B Pecrrybmmke bemapyce m Poccun, koTopbie 00iamaeT orpoMHOM
[EHTPATM30BaHHOW CHUCTeMOH JHeprocHadkeHns. Ha ypoBHe ympaBieHws! cucteMoi, OamaHcamMud U
peKMMaMU B DJIEKTPOIHEPreTHKE, MHTEPHET BeUlel MO3BOJMUT Ooyiee palUoOHAIbHO IUIAHHMPOBATH
3arpy3Ky reHepUpYIONMX MOIIHOCTEH 1 MX 00beM [3]. UTo KacaeTcst AeKTPOCETEBOTO X03HCTBA, TO
WHAYCTPUANBHBIN WHTEpHET Bemed mno3Bommi Obl (c ydeTtoM mpotskeHHOocTH JIOII) moBbIcHT
Ha/Ie)KHOCTh M CHU3UTH OTlepallMOHHBIE pacxopl. [1osBisieTcss BO3MOXKHOCTh IPOU3BOIUTH PEMOHTHBIE
pabOThI CETH «TI0 COCTOSIHUIO» HJIEKTPOCETH, a HE 10 PeriIaMeHTy 00CITy >KUBaHU, YTO rOPa3i0 CHU3UT
3aTpaThl Ha pPEMOHTHBIE paboThl. MOXHO CcaenaTh CIEQYIIIHe BBIBOABI IO HCIOJIB30BAHUIO
IMOACHUCTEMBI DHECPTCTUKU

1. UnTepner Bemed (IoT) MO3BONIMT ONTHMHU3UPOBATh SHEPrOCHAOKEHHE, YMEHBIIUTD TOTEPH
AIIEKTPOIHEPTUH, TPOU3BOAUTH MOHUTOPHUHTH U MOJEPHU3ZNPOBATEH CHCTEMY DJIEKTPOCHA0KEHUS.

2. B PecnyOmmke benmapych eCTh OrpOMHBIE TEPCIIEKTHUBEI TSI Pa3BUTHS HWHAYCTPHAIHHOTO
HWHTCPHETA B QHCPI'CTUKE, TaK KaK MHOTHEC ITPOCKTHI YK€ 3allyIICHBI B ITMJIOTHOM PCIKUME.

3. Cmo)kHOCTh ~ TIepexoia 3akKiovYaeTcs B JOPOTOW  CTOMMOCTH  OOOpyAOBaHUS, U
TJIaBHBIM 00pa3oM, B KOHCEPBATHBHOCTH C(EpHl YHEPreTUKH, KOTOopas 00ecrevnBaeT MpekIe BCETO
0e30MacHOCTh ¥ Ha/IC)KHOCTb.

KonnentyansHo IoT Moxer mpuMeHsSTbCsS (M TpUMEHsieTCs) B cdepe DHEPreTHKH B JIBYX
IO0ANBHBIX HAIPABIICHUSX — CHIKEHHE MOTPEOJICHHUS PECYpCOB M OTCICKHBAHHE TEXHUIECKOTO
COCTOSIHUSI 000pYIOBaHUS C IENBIO MPOBEACHUS CBOCBPEMEHHOTO TEXHHUYECKOTO OOCITY)KHMBaHMUS, a
TaKXe NPeIyNnpeKICHUS aBapUIHBIX CUTYyalluil. B 3HepreTuke ceHCophl U JaTYUKU, OJKIOUYEHHbIE K
WuTepHeTy, MCTONB3YIOTCA JUIA MOCTPOCHHUS «YMHBIX» JIIeKTpoceTedl M HMH(pacTpyKTypsl (Smart
Grids).

IMoacucrema YI' Tpancnopt

Ilogcucrema TpaHcmOpTa «YMHOrO TOpOJa» OCHOBBIBACTCA HAa  HMHTEIUICKTyaJbHON
tpancnoptHoit cucteme (MTC). ®ynkumm HUTC oOecneunBai0T HMHTETPALUIO OINEPATUBHOIO
YIIPABJICHHUS] BCEMH BUIaMHU TOPOJICKOTO TPAHCTIOPTA U BO3MOXKHOCTh PEAKIIMK Ha COOBITHS B PEKUME
peasnibHOrO BpeMeHH [4]. ['maBHas MHHOBAIMS «YMHOTO ropoja» B OTHOIIEHWH TPaHCIOPTa — 3TO
CO3JIaHUE TOpojJa, OPUECHTUPOBAHHOIO HA MELIEX0Ja U CTPEMIIEHHE CBECTHU HCIIOJIb30BAHUE YAaCTHOTO
TpaHcnopTa K MUHUMYMY. [lo3TOMy cepbe3HO€ BHHMAHHE B TPAHCIOPTHOW CHUCTEME YAENAETCA
OOIIIECTBEHHOMY TPAHCIIOPTY, €r0 JIOCTYITHOCTH, MH()OPMHUPOBAHHOCTH O PACIIMCAHUH, JICKTPOHHAS
oruiaTa u T.J.

Kputnunsie nis ycrmenrHoro (yHKIMOHHPOBAHHUA CHCTEMBI Y3IIbI — 3TO B TEPBYIO OUYEpellb
TPAHCIIOPTHO-TIEPECATOUHBIE MyHKTHI, KyJa BXOJIT TakKe NEpeXBaThIBAIONINE MAPKUHTH. JJis1 TOTO
yTOOBI 00ECHeUnTh HX (PYHKIIMOHMPOBAHHME, HEOOXOJMMa HHTErpalus HHOOPMAIMOHHBIX U
HABUTAIMOHHBIX CUCTEM B paMKaX €IMHOH 1muaTgopmbl «YMHOTO Topoja». bombiioe 3nauenue 8 UTC
MMeeT HAIMYHE €TMHOTO TPAHCIOPTHOTO MHTEpdelica, OpUEHTUPOBAHHOTO HA TMTOTPEOHOCTH JKUTEIEH
VT u rocreld, BHyTpU KOTOPOT'O MOKHO HANTH U UCMOJIB30BaTh MHOYKECTBO CEPBUCOB — OT IOJICKA3KH,
Ha KaKyIO MMapKOBKY BECTH MAIHMHY, JI0 OMOBEIIECHHUS O CPOKE MPHUOBITHAS MECTHOTO OOIIECTBEHHOTO
TpaHcmnoprta [4].

B ropoze momxeH ObITH cO37aH eauHBIN 1eHTp yrpasienus UTC, kyma OyayT B OHJIalH-pEeKAME
nepeIaBaThCsl JaHHBIE C JETEKTOPOB MOHUTOPUHTA TPAHCIIOPTHBIX TIOTOKOB U IOPOKHAs OOCTAHOBKA C
¢dotro- m Bumeokamep. CucremMa TaKkKe JODKHA (DUKCHPOBATH CKOPOCTh TIOTOKA, KOJUYECTBO
aBTOMOOMIIEH M OOIECTBEHHOTO TPAHCIIOPTA, METEOYCIIOBUA W COCTOsIHUE Tpacchl. B cmywae JITII
cHCTeMa JIOJDKHA TPEeIyIpekaaTh O 3aTPYOHEHHUSX HA JIOPOTe M TOJCKAa3bIBaTh OOBE3THBIC ITYTH.
CurHaibsl cBeTO(OPOB JJODKHBI MEHATHCS B 3aBUCUMOCTH OT 3arpy>KEHHOCTH COCETHHUX IEPEKPECTKOB.
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Ilpu »TOM MOSBUTCA BO3MOXKHOCTH KOOPAMHHMPOBATH IOTOKM B Cly4ae 3aTOPOB, OTMEHSTH
HEIMOMYJISIpHbIE MapIIPYThl U HA3HAYaTh HOBBIE.

YMHBIM TIPUHITO Ha3bIBaTh CBETO(POP, KOTOPHIM YHOPABISET CIEHMUANbHAs Mporpamma,
MO3BOJISIONIAA  YCTPOMCTBY CaMOCTOSTENbHO MPUHHUMATh PEMIEHUSA, B TOM 4YHCIE HAa OCHOBE
MoCTymarmeld HHPOopMaIuy 0 JOPOKHOM ABIKEHUH C APYTUX aHAJIOTHYHBIX IPHUOOPOB.

HopoxxHble KaMepbl BBICTYHAIOT «IJ1a3aMH» COBPEMEHHBIX MHTEJUICKTYaJIbHBIX TPAHCIOPTHBIX
CUCTEM. DTO KaMephbl BEICOKOTO Pa3pelICHUs, KOTOPBIE MOBCEMECTHO HCIIOJIB3YIOTCS Pa3padoTYHKaMU
NUTC u xommuiekcoB Buaeodurcanuu napymenuii [1J]/1. MapopManmonHble Tabl0 — 3TO OCHOBHOE
cpencTBo MH(OPMHUPOBAaHUS BOAWTENEW O CHTyanmu Ha joporax. Ha TaGiao MOXKET BBIBOJUTHCS
pasnwgHas WHpOpMAIHs: 3arpy3ka ydacTkoB moporu; Hammuwe J[TII ma mapmipyre; KOIW9ecTBO
OOIIECTBEHHOTO TPAHCIIOPTA; COCTOSIHUE OPOT U T.J.

IMoacucrema YI' jJorucruxka

OCHOBHBIM U3 aCIEKTOB TOJCUCTEMBI «YMHBIN TOPOI» SABISETCS pealn3aliyd JOTUCTHYECKUX
IIENIOYCK B YCIIOBUSX CTAHOBJICHUS COBPEMEHHOTO 0OmiecTBa. s peanm3anuu JaHHOW KOHIICTIIUH
JIOTUCTHKA TOJCUCTEMBI « Y MHBIIH FOPOJ» TPeOyeTcsi coueTaHue B ce0e OpraHM3allMOHHBIX NHHOBAIIHIA
¢ MHPOKOMMYHHKAIIMOHHBIMU TEXHOJIOTHUSIMHU JIJISl BBIITOJIHEHUS IU(PpOBU3aIUN roponoB [5]. Mmes
MPUMEHEHUST JTaHHOW TMOJCHCTEMbl B TOM, 4YTO BBICOKas 3(P(EKTUBHOCTH peau3allii IPOSKTOB
JIOTUCTHKH TPUBOJIUT K POCTY YPOBHS JKM3HH TOpojioB. Ha OCHOBaHWHU OTEUECTBEHHOIO OIBITA TaK U
OTIBITa PA3JIMYHBIX TOPOJIOB B CTPaHAX MHPA, MPOBEJICH aHAIHN3 PEeATH3aliY 337a9 YMHOHW JIOTUCTHKHL.

B Poccwiickoii heaeparuu mpeoOiagaroT aBTOMOOMIEHBIE TIEPEBO3KH. J{J11 COBPEMEHHOTO MHpa
KIIFOYCBBIMU ITapaMeTpaMK B JIOTUCTHUECKOM OTpaciiv SIBJIICTCS OBICTPOTA JOCTABKU TOBapa, a TaKXKe
CTOMMOCTh JIOCTaBKH. JlJI1 pBIHKA TPy30MEepeBO30K TPEOYIOTCS WHHOBAIMM, KOTOPBIE OyayT
ONTHMHU3UPOBAaTh WMEHHO BHIIEyKa3aHHbIe MapaMeTpbl. OnTuMuzanus JOCTaBKA TOBApOB
MOJIOKUTEIIBHO CKa)KETCS Ha BCEM OOIIECTBE, MO3BOJHUB PAa3TPY3UTh TPAHCIOPTHBIC MAarvucTpaid U
CHU3UTh TpapUK B TOM 4YHCIE M BHYTPH TOpojoB Poccuu, Takke MOBCEMECTHOE HCIIOJB30BAaHUEC
KOHIIETIIIMHA CMAPT JOTHUCTUKH TIO3BOJUT CHU3UTHh KaK BPeMsl, TAK U CTOUMOCTh JIOCTABKH TPYy30B, UTO
TOKE HEMAJTOBAXKHBIH IMOKa3aTeNlb B COBPEMEHHBIX SKOHOMHUYECKHUX OTHOIICHUSX [6].

st 3 deKTUBHOM peanu3aiuy MOJACUCTEMbI JIOTHCTUKA Y] He00X0AMMO COBEPIICHCTBOBAHUE
MeXaHn3Ma HH()OPMAIIMOHHOTO O0ECTICUSHUSI, PECTPYKTYPH3AIHS ¥ MOJEPHU3AIUS TOCYIapCTBEHHBIX
oprasoB. [loacucremMbl TpaHCTIOPTA U JIOTUCTHKH HE MOXET PadOoTaTh OTAEIHHO M TPeOyeTcs TOITHOE
COTPYJIHUYECTBO CO CHEIMATUCTAMHU TEJIEKOMMYHHUKAIIMOHHBIX, HABUTAIIMOHHBIX U UHPOPMAIIMOHHBIX
TEXHOJIOTHM.

IHoacucrema YT 3JIeKTPOHHOE PABUTEJIbLCTBO

Tepmua «Smart Government» IOBOJBHO YacTO YHOTPEONsieTCSs B HAYYHBIX JIUCKYCCHSIX H
UCCIICJIOBAHUSAX  MacIiTa0HOro (eHoMeHa «Smart  Society», OOBSCHSIONIETO  COLMAIBHO-
HKOHOMUYECKYIO, TOJUTHYECKYIO M KYyJIbTYPHYIO CTPATEr IO Pa3BUTHS OOIIECTBA HA OCHOBE OOIIUPHON
nudpoBu3anuu Beex chep Ku3HU. B Oojee y3KOM CMBICIIE MEXKTUCIUTUIMHAPHBIX YUYCHUS SBICHUS
«Smart City» Takke BCTpedaeTcs UCIOJIb30BaHue TepMuHa «Smart Government». Bmecte ¢ TeM B 3T0i
00acTH TEPMUH «CMAapT-TIPABUTEIBCTBO» 3a4aCTYIO0 SIBJSIETCS TMPOCTO CHHOHMMOM CXOJHBIX
OTIPENICIICHUI: <«BIICKTPOHHOE MPaBUTENLCTBO» (e-GOvernment) M «3JEKTPOHHOE YIPABICHHE)
(e-Governance).

CMapT-npaBUTENBCTBO — 3TO Pa3BUTOE IJIEKTPOHHOE IMPAaBUTEIBCTBO, CHOPMHUPOBAHHOE Ha
OTKpPBITOM YIIPaBJICHHH, KOTOPOE HCIOJIb3YyeT NpeumyliecTBa, npenocrasisiembie KT, cobupas u
0000111251 HU3HUECKYIO, IUPPOBYIO, TOCYAAPCTBEHHYIO M YACTHYIO CPEbI ISl [TACCHBHOTO U aKTHBHOI'O
B3aPIMOZIeI71CTBPIS[ " COTPYAHNYCCTBA C I'paKJaHaMU C HEJIBIO YIYUIICHUA ITIOHUMAaHUA UX HOTpe6HOCTeI>'I
U TBOPYECKOTO, Y(P(PEKTUBHOTO M TUOKOTO OKa3aHMs yCIYT B JIIOOOM MecTe M B Jr000€ BpeMsi, B TOM
YHCIIe TPEMKATHBHO [7].
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IInardopma UHTEpHET Bewieil 1Js1 peann3anuu nogcucrem YI'

IlepBas ouepenp tumatdopmel YI' obecrmedmBaeT: MPHIOKEHUS IS AESTETHHOCTH MECTHBIX
OpPraHOB BIACTH W TOIACPKKH MPUHSATHS UMH YIPaBICHUECKHX PENICHWH (KOHTPOJb BBITOTHEHFS
MOPYYEHUH, OTCIIC)KUBAHHUE KITIOUCBBIX TIOKA3aTelIeH ycrexa, HOpMaTUBHO-CITpaBOYHas MHQOpPMAIIHs);
CEPBUCHI DJIEKTPOHHOTO yYacTHs (3asABKH, PaOOTHUKH, OOIIECTBEHHOE MHEHUE); TOPOJICKAE CEPBUCHI
(ropoxckast mHbOpMAIHs, BAKAHCHUH, TOPTOBBIE TUIOIMAAKH ), TYPUCTUIECKHIE CEPBUCH (HCTOPUIECKIE
00BEKTHI, IKCKYPCUU, HABUTAIINSA); JICIIOBBIC CEPBUCHL.

Cucrema CitySys mnpeacTaBiseT co0Oi OTKDBHITYIO ILIATPOpPMy, OOBEAMHSIONIYI0 B cebe
MHOJKECTBO TIPIJIOKEHUH [UIsI opraHu3aluu yMHOTo ropoma. COop MaHHBIX, mepeiada W OIeHKa
BBITIONHSIOTCSI KOMIUIEKCHOM cucteMoil ympaBienus CitySys, peann3oBaHHOW Ha 1wiaTdopme
ThingsBoard IoT B pamkax cranmapta oTkpsiToro ucxoasoro kozga (OPC) [8].

NudopmannorHoe B3anMOnEHCTBHE TUTAT(HOPMBI C OTKPBITHIM HCXOJHBIM KOJOM — 3TO CEpHs
crierUKaIi OT MOCTaBIIMKOB W Pa3pabOTINKOB MPOTPAMMHOTO OOECTICUEHHS, OIPENSIISIOIINX
uHTepdelic MeXay KIMEHTAaMH W CEepPBEpaMH, BKIJIIOYAs JIOCTYN K JaHHBIM B PEaIbHOM BPEMCHH,
MOHHMTOPUHT aBapUIHBIX CUTHAJIOB M COOBITHIA, TOCTYI K HCTOPUYCCKUM JaHHBIM H JPYrUe 00JIACTH
npuMeHeHus. Ero ammapaTHele KOMIIOHEHTBI O0ECIEYMBAIOT TPSIMYIO CBSI3b 4Yepe3 CTaHAapTHEIC
uHTepdeiicel U MpoToKoIbl, HanpuMmep: Powerline, Bluetooth, KNX, Z-Wawe, ModBus RTU/TCP,
BACnet IP, EnOcean, DMX, M-Bus, GSM, 1-wire u DALI. Kpome Toro, mpeanaraercsi BblIaya
cragnaptu3oBanHoro API, B wactHoctu REST API, d. Jlns cBsa3u mexny ¢doHapsMu Hamu
WCTIONB3yeTCs Tiepeaada Mo JUHHUSAM JJIEKTPOCETH. JTO O3HAYAET, 9YTO KOMMYHUKAIIMOHHBINA CHTHAI
MepeaaeTes Mo CTaHAAPTHOM 3JEKTpHuUecKoi cetn HampstkeHueM 230 B. YuuTeiBas moaxirodeHue K
CTOPOHHHUM CHCTEMaM H TO, YTO B TOPOJAE YK€ YCTaHOBJIEHBI CylIecTBymomue cucteMbl, Citysys
OTKpBITa Il KOMMYHUKALMOHHBIX npoTokojgoB MQTT, JSON, XML, XMPP, SMTP u RSS.
HaxormieHHble TaHHbIE XpaHATCS Ha oOmaynoM ceprepe [8].

0T mnardopma YMmustit ropos CitySys siBisieTcss TOPU30HTANIBHO MACIITAOUPYEMOM U CTPOUTCS
C UCTIONH30BAHUEM TEXHOJIOTHH C OTKPHITHIM HUCXOIHBIM KOIOM. biaromaps WIEHTHYHOCTH KaXKI0TO
y3ja KJacTepa, IatdopMa CTAaHOBUTCS IOJHOCTBIO OTKa30ycTOWUMBOM. Hane:kHOCTH W BBICOKas
3((HEKTUBHOCTH MO3BOJIAIOT OAHOMY Y3Jy YIPABIATH JACCATHIO WM JIAXKE COTHSAMH ThICSY YCTPOMCTB.
[Tnardopma [oT ymHOTO TOpPOAA CONEPIKUT HACTPAUBAEMbIE BUKETHI, MEXaHN3M 00paOOTKH MPaBUI U
CUCTEMY TOJIKITIOYaeMBIX MOMYJIEH, KOTOpble (haKTHYEeCKH JenaroT 1uatdopmy pacimmpsemon. Coop
JIAHHBIX B YMHOM TOpoOJie¢ OOCSCIIEUUBACTCS MHOXKECTBOM JIATUMKOB, OTCJCKUBAIOUIUX Pa3IMYHBIC
nmapaMeTpel: JATYNKH JBIDKEHUS, JAaTYUKW JOPOXKHOTO JIBIDKEHHS, JETEKTOPHI 3aIlOIHEHUS
MAapKOBOYHBIX MECT, IIOTOJHBIE CTAaHIWW, JaTYNKA YOPaBICHHWs OTXOJaMH, JAaTYNKH [IyMa,
obHapyxeHus ctpesbobl, kamepbl CCTV U KHOIIKK 9KCTPEHHOTO Bbi3oBa [8].

3akiIouyenne

OO0cyx/ieHa KOHIIEMIUS W CTPYKTypa YMHOro roponaa. OmucaHbl 0CCOOEHHOCTH YeThIpEX
nmoncucteM YI': 3JeKTpPO3HEPTeTWKH, TPAHCIOPTa JIOTUCTHKH H 3JEKTPOHHOTO MPAaBHTEIHCTBA.
Paccmotpenst ocodennoctH [oT mardopma Ymusiii ropon CitySys ISl peaiu3ainui H0JCUCTEM.

AN APPROACH TO THE CONSTRUCTION OF
SMART CITY SUBSYSTEMS

U.A. VISHNYAKOU, V.A. GROMQV, S.V. KUCHEROV,
S.A. SIDORENKO, A.V. USEVICH

Abstract. The concept of a smart city (SC) is presented. The subsystems of the SC of energy,
transport, logistics, and e-government are considered. Their structures and functions are discussed.
The directions for the development of these subsystems based on the Internet of Things platform are
defined.

Keywords: smart city, energy, transport, logistics, e-government.
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Abstract. In wireless communication systems, the noise and electromagnetic interference in the
channel can have a significant impact on the transmitted signal. The introduction of channel coding
techniques is a very effective way to reduce the bit-error-rate (BER). As mobile communication has
entered the 5G era, the data traffic has increased significantly compared to 4G, and as the modulation
steps increase, the BER will increase, which makes the importance of channel coding even more
significant. In China Mobile's 5G technology, channel coding is usually performed by LDPC (Low
Density Parity Check Code), and the application of channel coding technology in China Mobile's
5G technology and how to improve the coding rate will be discussed.

Keywords: 5G channel coding, BER, LDPC.

Introduction

5G is a new generation of wireless mobile communication network that is currently being
vigorously studied by China Mobile, and the 100-megabit data transmission will bring unprecedented
pressure to the entire network. The reason why channel coding technology is introduced in the digital
communication system is that the noise in the channel interferes with the transmission signal and the
error code often appears in the received signal. In an environment of extremely high growth of
transmitted data, how to ensure a very low bit error rate will be a new challenge for 5G networks.
Channel coding is a way to effectively control the BER using forward error correction by adding
redundancy to the transmit signal while eliminating these redundant codes in the signal receiver using a
decoder. These redundant codes enhance the confidence level of the signal and minimize other effects
on the signal such as noise, thus reducing the BER. In the 1960s, LDPC codes, low-density parity-check
codes, were first proposed by Dr. Gallager, but limited by the technical conditions at that time, there
was a lack of feasible decoding algorithms until the 1990s, when a breakthrough was made based on
Turbo codes.

LDPC code, which borrows the circular iteration mechanism from Turbo code, is a linear code
generated from a recursive convolutional encoder that uses an iterative decoding process to decode the
received information. The recursive convolutional encoder is a group code that converts bits of
information into 1 group length, and each group code containing transmitted information can be decoded
into the original information. In an iterative receiver, the decoder usually shows the probability of
receiving a digital signal "1" or "0", and the probability of receiving a signal can increase with the
number of iterations. The iterative receiver is composed of two identical decoders, each of which can
also use the result of the other to produce a more accurate signal probability, which is the whole process
of iterative decoding. In the channel coding parallel system, the transmitter side usually consists of two
encoders and mixers, while the receiver side consists of two decoders and interleavers, and the two
structures complement each other B In the encoder part, China Mobile 5G [1-5] system uses
convolutional codes for coding, and this paper will also explore LDPC recursive system convolution.
This convolutional code can correct transmission errors by adding redundant codes to the transmit
information, while helping the decoder to improve the trustworthiness of the received signal. Therefore,
adding convolutional codes in communication systems is to convert the transmitted bits into a longer set

50



of strings, and the reason why longer information is used to transmit is to correct the effect of channel
noise on the transmitted information. Finally, the final received signal is obtained through the signal
"trustworthiness" after several iterations, and when the number of iterations increases, the false bit rate
decreases, thus completing the whole channel coding process.

Introduction of LDPC coding technology

LDPC codes, which are mapped from message sequences into sending sequences, code word
sequences, by passing a generation matrix G. For the generation matrix G , there exists a fully
equivalent parity check matrix ugly, and all the code word sequences V constitute the zero space of H,

the number of non-zero elements in each row and column of the H -V =0 check matrix twins is very
small, which is the reason why LDPC codes are called low density codes. The message to be sent is
mapped into a transmit sequence by a specific checksum matrix and decoded in the decoder using the
circular iteration principle, and the log-likelihood ratio of the channel output y with respect to the

transmitted bits a is calculated as equation (1) below, where L, — channel confidence.

_gPla=0 6
A@)=lg L=l = Ly ©

Figure 1 shows the channel coding schematic, which is widely utilized in existing communication
systems. In order to show the channel coding system more systematically and concretely, this paper
proposes to use QPSK debugging as the debugging signal, the encoder will utilize LDPC convolutional
codes, the interleaver is the most common hybrid coding; the receiver is the corresponding QPSK
demodulator, and the de-interleaver. The interleaver and the deinterleaver have opposite functions, in
order to disrupt the order of the transmitted bits and thus reduce the adjacent bit interference to a lower
level. The channel noise is the most common Gaussian white noise.

Signal Input
a b d e

—————  >»| LDPC Encoder > T > QPSK Modem

aa~ &La| x PL: o PR R P

ap~ o
LDPC Decoder QPSK =
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be~y | ~ ~
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Figure 2. Schematic diagram of LDPC recursive convolutional coding system

LDPC-Conv codes can be regarded as a generalization of LDPC codes in the time domain, which
can provide a certain degree of coding gain. The decoding algorithm of LDPC-Conv codes is also based
on a probabilistic transfer algorithm. Specifically, the decoding algorithm of LDPC-Conv codes can be
regarded as a convolutional version of LDPC codes, and its decoding algorithm is similar to that of
LDPC codes, which is also an iterative algorithm based on message passing.

The iterative algorithm is a computational method that approximates the solution to a problem
systematically through a series of repeated computations. It is an algorithm that decomposes a problem
into small subproblems, solves each subproblem individually, and combines the solutions of the
subproblems to obtain a solution to the original problem. Iterative algorithms are particularly suitable
for situations where the problem is too complex to be solved by analytical methods, or where an exact
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solution is not available. In such cases, iterative algorithms provide a useful approximation to the
solution.

The transmitted bits pass through the convolutional encoder and the interleaver in the transmitter,
respectively, and then modulated into the channel, this time the transmitted information is a coded QPSK
signal with Gaussian white noise; at the receiver side, the demodulator will generate a possibility of
receiving the information (as "1" or "0"), and the received signal will be iterated between the interleaver
and the decoder demodulator. Through the iterative algorithm, each demodulation signal C, is based on

the received signal e as well as the previous received signal C,. When several iterations are completed,
the system can judge by itself whether the current ap ~ is the best output and the output result is not
after optimization, then ap ~ is the last received signal, so the final received signal will be the result

after several iterations of error correction. In the LDPC channel coding system, iterative decoding will
be used for both decoder and demodulator. In each iterative decoding process, the accuracy of output
bits will increase with the end of each iteration process, and after several iterations, the system can
output the best result. The number of iterations can be determined by the parameters of the system noise
and the signal-to-noise ratio (SNR). The channel coding system with iterative decoding can approach
the theoretical limit of the Shannon capability, which is the main reason for introducing the channel
coding technique.

The top line shows the theoretical bit error rate plot for the QPSK system, i.e., the system without
channel coding, and the middle and bottom lines show the bit error rate plots for the LDPC channel
coding technique after 1 iteration and 8 iterations, respectively.

Simulation of cyclic iterative coding

In the above discussion, the LDPC decoder is a buffered decoder, and only one data can be
processed in each iteration, because the decoder or demodulator cannot work at the same time, and the
demodulator or decoder needs to wait for the data from the other side during the loop iteration, so there
is always an "idle" part in the whole system. The purpose of bufferless decoder is to eliminate this idle
state, so that the decoder and demodulator can work at the same time and get the received signal faster.

The decoder can work at any time as long as the receiver is working. The use of cacheless
decoders will greatly improve the decoding efficiency, and it has been found through extensive
experiments that cacheless decoders can use fewer iterations to complete demodulation than
conventional demodulators for the same channel, due to the fact that the decoding process and
demodulation process are carried out simultaneously, so that the best results can be achieved earlier.

The comparison of the simulation results in Figure 2 shows that the cacheless decoder stops
working after two iterations, while the regular decoder performs eight iterations and obtains essentially
the same results.
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Figure 3. Comparison of the simulation results of LDP C cacheless decoders and cacheless decoders:
Red — cacheless decoders; Blue — cacheless decoders

52



Conclusion

The introduction of channel coding is effective in reducing the false bit rate in the context of the
increasingly aggressive electromagnetic environment and the large capacity transmission of 5G by
China Mobile. LDPC's loop iterative coding can be effectively applied to 5G communication networks.
According to the BER graphs obtained for different number of iterations, the lower iteration system
requires higher SNR for the same FER, while the higher iteration system has lower BER for the same
SNR. However, when the number of iterations is increased to a certain number, the BER of the system
does not decrease indefinitely, because the system is already close to the Shannon Limit Theory. In the
decoder part, the conventional decoder can be optimized to a cacheless decoder, which can obtain almost
the same result faster under the same conditions, greatly improving the efficiency of channel coding,
and will have a profound impact on the future development of 5G channel coding.
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TEXHOJIOI'dHd NEPEJAYU U OBPABOTKH HWHPOPMALUU

VK 004.932+004.258

CKEJIETUPOBAHUE HU3KOKOHTPACTHBIX
3AIIYMHBIX CEPBIX U30BPAKEHU

1. MA, A.A. BOPUCKEBUY

Benopycckuii cocyoapcmeennblii ynusepcumem ungopmamuxu u paouodiekmponuku, Pecnybnuxa Benapyce

Hocmynuna ¢ peoaxyuro 13 Mapma 2023

AnHOTanusi. /{1 TOBBIIEHUS] YCTOWYMBOCTH CKEJIETOB MOJYTOHOBBIX HW300paXEHHH C
JIByXMOJIOBOM T'MCTOIpaMMOH SIPKOCTH K IIYMy B CTaThe IIPE/UIO’KEHa MOJIENb CKeJeTH3allty,
YUHUTHIBAIOIIAS HAJTMYHE MYJIbTUIUIMKATHBHON M aAJUTUBHOM COCTaBIIIOMNX IIIyMa Ha OMHApHOM
ckeneTnzupyeMoM u3odpaxenun. C yd4eToM TaHHOW MOJAENHN pa3paboTaH aJITOPUTM CKEIETH3ALNH,
OTIIMYAIOIINIICS yIETOM HCKaXeHUH (hopM 00sIacTell CKeNeTH3NPYEeMOro OMHAPHOTO N300paKEeHHS
B pe3yibTaTé HHU3KOYACTOTHOW (PMIBTPAIlMM HMCXOAHOTO IIOJyTOHOBOTO M300paKeHUS W
MO3BOJISIOIINH YMEHBIINTH OIIHOKH CKEIETH3ALNH MOTYTOHOBBIX H300payKeHNUH.

Knioueevie cnosa: CKeJICTHU3alusA TOJYTOHOBBIX I/I306pa)l(eHPIfl, MyJ'IBTI/IHJ'II/IKaTI/IBHHﬁ Iym,
aZ[I[I/ITI/IBHHﬁ 1IyM, HYBCTBUTCIIBHOCTDH CKCJICTA K IIIYMY.

BBeaenne

ANTOPUTMBI CKENETU3AIMU TIOTYTOHOBBIX H300pakeHUil (GopMupyroT Oonee YCTOHYMBBIE K
urymy ckenetbl. OHM OCHOBaHBI Ha TPEIBAPUTEIBHON HU3KOYACTOTHOW (HIBTPAIMM HMCXOJHBIX
MOJYTOHOBBIX H300paKEHUH C WCIONB30BaHHEM HEOPUEHTHPOBAHHBIX W OPHUEHTUPOBAHHBIX B
npoctpancTBe ['aycc-QuUabTpOB B COUCTAHUU C TIOMCKOM B PAa3HOMACIITAOHBIX BEPCHUSX HCXOTHOTO
n300paKeHUsl 3HAYMMBIX TOYEK WIJIM OJHOPOJTHBIX TO SIPKOCTH ObOiacTed, moJgOopoM mHapameTpoB
¢ubTpa, 00ECNEUYNBAIOIIMX HAUMEHBIIYI0 YYyBCTBUTENLHOCTH CKenera K myMmy. Cpemu 3THX
aNropuTMOB Hauboliee 3PQPEKTHUBEH alTOPUTM, B KOTOPOM BBIOOp MapaMeTpOB HU3KOYACTOTHOTO
(GuIbTpa OCHOBAH HA BBIYMCICHUH MUHHUMAJIBHOTO 3HAYCHUS METPUKH YYBCTBHUTEJIILHOCTH CKeJeTa K
urymy [1-4].

Ckener MOXeT (OPMHPOBATBHCS C MOMOIIBIO JIFOOOrO anropurMa OWHAPHON CKeJeTHU3aIUH.
Henocratku anroputMa [2] COCTOST B TOM, UTO: &) UCTIOJIb3yeMasi METPUKA UyBCTBUTEIBHOCTH CKEIeTa
K IIyMy HE YYHTHIBACT MCKaKEeHUs (HopM o0NacTeil CKeneTH3npyeMoro OMHAPHOTO M300paKEeHUs B
pe3yibTaTe HU3KOYacTOTHON (DMIIBTPAlUK CXOJHOTO TIOJTYTOHOBOTO H300pakeH sI; 0) HEe Ompe/iesIeHb
3HAYCHUS] OTHOIIEHHS «CUTHAI/IIYM» JUIS HCXOJHOTO MOJYTOHOBOTO H300paXKEHUsS MPH KOTOPBIX
MOJYTOHOBAsI CKEJETU3AIIMS MTO3BOJIICT YMEHBITUTD OMTUOKH (DOPMHUPOBAHUS CKEJICTOB 110 CPABHEHHUIO
¢ OMHaApHOH CKeJeTh3aIreH.

[enbro paboTHI SIBISIOTCS YMEHBIICHHUE OIMIMOOK CKEIETH3AIUH MOJYTOHOBBIX H300paKEHUH ¢
JIBYXMOJIOBBIM pacrpe/ielicHHeM SIPKOCTH B YCIOBHUSIX IIyMa WM OMpEJCICHUE 3HAYCHUI OTHOIICHUS
«curHA/mym» aisi 3()(QEeKTHBHOTO WCIONB30BaHUSl CKENETH3alMM Ha OCHOBE TPEIBAPUTEILHON
HU3KOYAaCTOTHOU (DHUITHTPAIIHH.

AJITOPHUTM CKeJIeTH3AMH MOJYyTOHOBBIX N300paskeHu i
HA OCHOBE aIallTUBHOM HU3K0YACTOTHOM (PUIbTPaLUH

CkeneTsl 4acTO WCHONB3YIOTCA B paclo3HaBaHWM 00Opa3oB W, IMOATOMY, IOJDKHBI OBITH
CTaOWJIBHBIMU TP M3MEHEHHM KOHTpacTa M JACUCTBHS LIyMa. DTH CBOWCTBA CKEJETOB HANpsIMYIO
3aBHUCAT OT KaueCTBa aJITOPUTMOB CKEJIETH3aLUH. B ycIOBUAX BBICOKOTO KOHTpAcTa U cJ1aboro mymMa Ha
MCXOZHOM TIOJlyTOHOBOM H300PayKEHUH IITUPOKO HCIIONIB3YIOTCS alTOPUTMBI OMHAPHON CKETIEeTH3AIHH.
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OHU OTHOCHTEIBFHO TIPOCTBI U MOTYT OBITh YCTOWYMBBI K MYJBTUIUIMKATUBHOMY IIIyMY,
MPOSIBIIIONIEMYCSI Ha TpaHuIax obiacteit mocne ounapuzarmu. OIHAKO, TPH CHIXKEHUH KOHTpPAcTa U
YCUJICHUU 3alIyMIICHHUS HCXOJHOTO IOJNYTOHOBOTO W300pa)KCHHUsI CKENeThl, (OPMHUpPYEMbIC TaKUMH
ITOPUTMaMH, Pa3pylIarOTCs MOJ JNSHCTBHEM QIIUTHBHOTO IyMa, MPOSBIISIONIETOCS B TIyOWHE
obracteli CKeIeTH3NPyeMOro OMHAPHOTO N300paKEHNSI.

JI1s CKeNeTH3aIMy TTOTyTOHOBBIX H300pakeHni | ¢ JBYXMOOBOIl THCTOrPAMMON SIPKOCTH B
YCIOBUSAX aTUTUBHOTO IITyMa MpeJiaracTcs alrOpUTM, OCHOBAaHHBIH HA aJJallTUBHBIX HU3KOYACTOTHOU
dunpTparin U OuHapu3anuu IS (GOPMUPOBAHMS  CKEJICTU3UPOBAHHOTO  HM300paKCHHS

S= ||§(y, X)”(y:o,T-l,x:o,T-l) C HCIOIB30BAHUEM CIIAKEHHOTO | = ||T(y, X)”(

3=Jo(y.0),

o nucnepcuu [aycc-¢punbrpa, OOeCIEUMBAIONIMM MHUHUMAIBHOE 3HA4eHHWE MOIU(DUIIMPOBAHHON
METPUKH TyBCTBUTEIHFHOCTH CKEJIeTa K IIyMY, YIUTHIBAIOIIEH NCKaXeHn GopM OMHAPHBIX oOnacTeit
CKEJIETU3UPYEeMOTO HM300paKeHHsT B pe3ysbTare HHU3KOYACTOTHOW (QUIBTpAllMd HCXOTHOTO
MOJTyTOHOBOTO M300PayKEHHSI U BEIUMCIISIEMOM C MTOMOIIIBIO BBIPAKEHUS

Y0¥ x0T u OuHapHOTO

OVLx0x) n3o6paxkennii . CyIIHOCTh JAHHOTO allrOpUTMa COCTOHT B BEIOOpE 3HAYCHHUS
y=0Y-1,x=0,X -

Y-1X-1

MS(B,B,S)=®zzms(a,5,y,x), )

y=0 x=
rac NS(MB) — q)yHKHI/ISI, Oornpeacidronas KOJIM4eCTBO CIUHUYHBIX 3JICMCHTOB B 6I/IHapHOI71 MaTpuie

Y-1X-1
Mg = ||mB (v, X)”(y:m,x:o,T—l) . Ng(Mgp)= ZZ mg(Y,X);  ms(Y,X) — HyBCTBHTENBHOCTB K

y=0 x=0
JIOKQJIbHBIM UCKaXXCHUAM CKEJIETaA, ONIPpEACIA€Mast C ITIOMOIIBIO BBIPAXKCHUA

Lmpu (Nes(y.%) > 2) v (5(y, x)@5(y.x)=1),

5 npu lezl:f)(er i x+1)=0|A(Ng(y,x) >1),

NS(B)—NS(B)‘

N (8)

0 B mpyrux ciyyasix;

mS(B’B’y’X): (2)

10, npu

>0,02 V(R(S);ﬁ R(s))

1 1
e R(B) H R(B) — KOJIMYECTBO 00JIacTeii Ha n300pakenusix B u B; NES(y,X)=9—ZZ§(y+ jox+i) -

j=1li=—1
KOJIMYECTBO IPAHUYHBIX IMUKCENEH 151 KKIOro MUKCENs CKEJIeTa.

ANTOPUTM COCTOUT U3 CIEAYIONIHX II1aroB.
1) Naunuanu3aiys 3HAYCHHN TMEPEMEHHBIX ajiropuTMa: aucrepcuu ( o=1 ); KoaudyecTBa

urepanuii (N =0); MaTpHIBl OMHAPHOTO M300paxeHus: B (B =fg (i))

2) Hauao 1MKJIa BBIYMCIICHHMS METPUKH YyBCTBHTENLHOCTH. DOPMHUPOBAHHE CIIIAKEHHOTO
uzo0pakenust | B  pe3yibTaTe CBEPTKH  HWCXOMHOTO  Hm300paxeHus | C  AIpoM
G(o) =||g(y,x,c5)|| _______ raycc-puabTpa, 3JI€MEHTBI KOTOPOTO ONPEIEISIOTCS ¢ TIOMOIIBIO

(y=-Ye Yo . x=—Xg,Xs)

BBIPA’XCHUA
- Y232

1 2
e 20 , 3
2nc° @)

npu Yy = —l—ZG—H—ZG—I, X= —|_26_|,’_26—|.

g(x,y,0)=
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3) ®opMupoBaHKe THCTOTPAMMBI SIPKOCTH CTIIaKEHHOTO H300paKeHUSI I u oTpeJiesICHHE 10 Hel
nopora OuHapmszauun T, . PopmupoBanne OGHHapHOro H300paxeHHs B ¢ momompio amropurma
aJIalITHBHOM moporoBoii 06padoTku Otsu [4].

4) ®opMupOBaHUE N-TO CKEICTH3UPOBAHHOTO H300paXKEHUSI S(n) C TOMOIIBIO AIrOPUTMA
OounapHoii ckenernzauuu (Hanpumep OPTA [5] u ap.).

5) Boruncnenue n-ro 3nadeHus merpuku Mg(B,B,S,n) uyBcTBUTENBHOCTH CKeleTa K IIyMY C

UCIOJb30BaHUeM Bhipaxenus (1).

6) [Ipupaiienue 3HaYCHHUS AUCTIEPCUH: G =G +1.

7) [pupamienne cyeTynKa KOJIMYSCTBA UTepatuii: n=n+1.

8) IIpoBepka cueTurKa KOJIMYECTBA UTEPALMil Ha JOCTHKCHIE MAKCUMAITBHOTO 3HAYCHUSI, HATPUMED,
20 (3aBHUCHT OT JOCTYTHBIX BBIYUCIUTENBHBIX pecypcoB). Ecimm n < 20 nepexox Ha mar 2.

9) Ilonck MUHMMAIBHOTO 3HaueHUs M MCTPUKH YYBCTBUTCIBHOCTH CKEJICTA K IOyMy H

SMin

HOMEPA N

SMin UTEpaINH ans TaKOH METPHKH: Mgyin = MiIN ( M4(B,B,S, n)) ;

(Msyin =M (B.B.S.n)) = (N, =n) mp n=05.

10) 3aBepuienre anropurmMa 1 GOpMHPOBAHKE Pe3yiIbTaTa: S ( Nawin )

OIIeHKa 3(1)(l)eKTI/IBHOCTI/I AJITOPUTMOB CKEJIETU3AIMHA MMOJYTOHOBBIX nsoﬁpameﬂm‘i

st oueHky 3 PEeKTHBHOCTH aJIrOPUTMOB CKEJIETH3AaLUH HCIIOIb30BAHbI TECTOBBIE IIOJTYTOHOBBIE
n300paXeHNs1 C KOHTPOJMPYEMBIM KOHTPACTOM M YPOBHEM AaAJUTHBHOIO IIyMmMa, (hOpMHpyeMble
COIJIACHO CXeMe, IPUBEJECHHOH Ha puc. 1.

233 255

Bt It | Kackag |Ig / Ic m Ien /

Iayce-
(punbTpor

T

c +
Uusepcus 1 ‘De

OnpeneneHue
MaTtpuma Y xX MAKCHMAJIBHOTO
CITYUAiTHBIX UHCE] B SHATE HIS
Juanasone [0,50]

KpanroBanue

OnpejeneHue
MaKCHMAITBHOTO
3HAUCHH

Matpumna Y x X
CIIVUAIHBIX THCET B
auanasone [0.50]

Ch

Puc. 1. Cxema reHepaiiiil TECTOBBIX MTOJIyTOHOBBIX H300pakeHHUH! ¢ 3aJaHHBIM KOHTPACTOM U IITYMOM C
HCTIONb30BaHNEM OMHAPHBIX H300paKeHU

Ha Bxoj cxeMsbl mojaercsi TecToBoe OMHapHOe n3obpaxenue B :”bT(y’X)”(y-m %) Ha

OCHOBE KOTOPOro (hpOPMHpYETCSi TECTOBOE IOJIYyTOHOBOE M300paxkenue . :”iT(y’X)”(nyYi—l «051) c

IMOMOMLIBIO BBIPAKCHUSA

ir (v, x)=255b; (y,x)+Rand(0,50)b, (y,x), (4)

mpu Y=0,Y -1, x=0,X -1,

rae Rand (n, m) — ¢yHkuus, popmupyrommas cirydaifHoe 3HaueHHE B 33laHHOM JMala3oHe [n, m] .

W3o6paxenue |; mpoxomut wepes tpu [aycc-dunbrpa, B pesyiabrate uero (Gopmupyercs

I AT
pa3MbITOE TTOIYTOHOBOE n3o0paxenue lg =|lg (y, ) (y-07Lx-0%d) C IIOMOILIBIO BBIPayKEHUS
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is = fo (o (fo (i (v,%).0),0),0), (5)

rae fg ( Iy, G) — (hyHKIMSA cBepTKHU n300paxenus |, ¢ saapom ["aycc-GpunbTpa ¢ mapamMeTpoM G.
C nomomplo npeoOpa3oBaHUs THCTOrPAMMBbl SIPKOCTU CIJIAKEHHOIo u300paxkeHus |g ¢

K0>() PHIMEHTOM C, €(0;1) opmupyercst HHM3KOKOHTPACTHOE n300pakeHne

IR - :
c c (y, ) (y:O,Y —1,x:0,><—1) , SHAYCHUA MMUKCCIJICH KOTOPOT'O BHIYHCIIAIOTCA C IOMOIIBIO BBIPAKCHUS

ic(y,x):%+cH max (1), (6)

npu Yy=0,Y -1, x=0,X -1

B wuso0paxenue |. [00aBnsieTcss aiiUTHBHBIA TayCCOBCKHIl LIyM, B pe3yJbTaTte Yero
bopmupyercs 3alyMJIEHHOE HM3KOKOHTPACTHOE MOJyTOHOBOE N300paXkeHne
, 3HAYEHHS TUKCENIEH KOTOPOro BEIYUCISIOTCS C TIOMOIIBIO BHIPAKEHUS

ICN = "iCN (y’ X)"(y:O,Yi—l,x:o,xfl)
iCN(yyX)=ic(y,X)+AﬂRand(—l,l), )

mpu Y =0,Y -1, x=0,X -1,
rae A, — aMIUIMTY/a Iyma.

Ha ocnoBe wnzoOpaxenus |, (GopMupyeTcs HOPMHPOBAHHOE M KBAHTOBAHHOE TECTOBOE

n300paxeHue |, 3HaUeHHs MUKCENeH KOTOPOTro BHIYUCIIAIOTCS C IOMOIIBIO BHIPAKECHHUSI

. 255icy (Y, X)
(Y, X)=| —— (8
max (1)
ompu Y=0,Y -1, x=0,X -1,
rae [ | — cumBos omepauuu okpyrieHHs 10 GNMKaIIero LENoro.
Aroput™ C,=01 C,=0,2 C, =025 C, =0,35 0,45
OPTA '
ATF

W WS TN

ATFM

Puc. 2. CkenerusupoBanHble n300paxenus, nonydennsie npu 6 =1,0, A, =10
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Ha pric. 2 npuBeeHs KOMOMHHPOBAHHBIE M300pakenns (B+S ), chopmupoBanHbie B pesyisTare

CIIOXKEHHUsI OMHApHBIX M300pakeHWid B , mMoyydeHHBIX Mocie aJanTHBHOW MOPOroBOil 00pabOTKH, H

OUHAPHBIX CKENCTH3MPOBAHHEIX M300PAKEHHH S, MOTYdeHHBIX ¢ moMoIbio atropurmo OPTA, ATF
u npegnokenHoro ATFM. U3 puc. 1 cienyer, uro anroputm ATFM no3Bossier GopMUpPOBATh CKEIIETHI
OoJiee yCTOWYMBBIC K MIYMY (MMEIOT MEHBIIIE CTPYKTYPHBIX HCKakeHui) o cpaBHeHnIo ¢ OPTAu ATF.

Jns  TOMYTOHOBBIX M300pakeHMil ¢ pasnuyHbiMH  Kodpduimentom C,, MoaudHkanuu

TUCTOIPAMMBI, TIAPAMETPOM PA3MBITHEM G W aMIUIATYIOH A, IIyMa M pa3iIHdHbIX AIrOPUTMOB B TaOII.
1 mpuBeIeHBI 3HAUCHNS OTKIOHEHHS Eg OT 3TallOHHOTO CKeneTa MpH OTCYTCTBHH IIyMa, BEIYHCIISIEMBbIC
C TMOMOIIBIO Pa3HOCTH U300pAKEHHUI CKEIETOB S U S1 MPU OTCYTCTBHU M HAJTMYUH aJUTMTHBHOTO IyMa (
S=S wm S=S B3aBUCUMOCTH OT AITOPUTMA) B YCIIOBHUSIX 3a/IaHHOTO KOHTpACTa:

Y-1X-1 ~ Y-1X-1

E=Y s—s‘ 33s, 9)

y=0 x=0 y=0 x=0

mpu y=0,Y -1, x=0,X -1

B Tabn. 1 npuBeneHs! Takxke 3HaueHUs KoHTpacTa C,, Bapuanuu V,, aganTHBHOro nopora Tg,
OnpeseNnseMoro ¢ nomompko anropurma Otsu, munumansnoe |y, ¥ MakcumanbHoe |, 3HaueHus
NHKceNnel NoIyTOHOBOro H300paxkeHHs Oe3 IyMa U BpeMsl T, CKeJleTH3aluu. 3HaueHus Kourpacra C,

" Bapuanuu VI BBIYUCIIAIOTCA € IIOMOLIBIO BBIPAXKCHUS

C :J&Y_lx_l(i‘(y,x)—u(i)f, (10)

y=0 x=0
( 2
V, = 11
1 Y-1X-1
rac M( | ) — CPEAHCC 3HAYCHUC APKOCTH IMUKCeIen I H306pa)I(€HI/I$I |, ].l( | ) = szl (y, X),
y=0 x=0

D) (I ) — IUcrepcys 3HaUeHUH NUKcesen a1t n3oopaxenus .

Tab6n. 1. Ouenka nmoka3arteneid 3ppeKTUBHOCTH aJTOPUTMOB CKeJIeTH3ALUU

Cu Es C v, T, |1 | T, ©
OPTA | ATF | ATFM ' ' Bl ML YN TOPTA | ATF | ATEM
0,1 | 0,005 | 0,631 | 0,151 | 0,326 | 0,799 | 125 | 230 | 30 | 0,225 | 3,089 | 2,855
A, =10 0,2 | 0,010 | 0,613 | 0,154 | 0,244 | 0,566 | 141 | 204 | 55 | 0,211 | 2,903 | 2,827
T 0,25 | 0,106 | 0,695 | 0,318 | 0,203 | 0,459 | 151 | 191 | 68 | 0,212 | 2,962 | 2,870
=05 0,35 | 1,121 | 0,681 | 0,431 | 0,122 | 0,262 | 164 | 166 | 91 | 0,384 | 2,923 | 2,847

045 | 11,773 | 0,766 | 0,631 | 0,040 | 0,082 | 180 | 140 | 115 | 1,066 | 4,048 | 4,058
0,1 0,246 | 0,582 | 0,574 | 0,326 | 0,798 | 119 | 230 | 32 | 0,289 | 3,765 | 3,669

A, =20 0,2 0,968 0,713 | 0,441 | 0,244 | 0567 | 119 | 204 | 55 | 0,443 | 3,848 | 3,741
T 0,25 | 1,648 0,812 | 0,554 | 0,203 | 0,459 | 128 | 191 | 67 | 0,426 | 3,880 | 3,893
c=05 0,35 | 5,249 0,649 | 0,585 | 0,122 | 0,263 | 134 | 166 | 91 | 0,972 | 5119 | 5,061

045 | 15727 | 0,645 | 0,413 | 0,040 | 0,082 | 156 | 140 | 116 | 0,493 | 3,502 | 3,821
0,1 1,074 0,635 | 0,35 | 0,313 | 0,766 | 128 | 230 | 38 | 0,373 | 3,861 | 3,767
0,2 1,017 0,713 | 0,151 | 0,234 | 0,543 | 143 | 204 | 61 | 0,395 | 3,898 | 3,790
An =10 025 | 1,342 0,663 | 0,156 | 0,195 | 0,441 | 146 | 191 | 72 | 0,389 | 3,866 | 3,785

c=1 0,35 | 2,207 0,617 | 0,597 | 0,117 | 0,252 | 164 | 166 | 94 | 0,501 | 3,967 | 4,036
0,45 | 12,663 | 0,713 | 0,587 | 0,039 | 0,079 | 182 | 140 | 116 | 0,995 | 4,497 | 4,812
0,1 1,756 0,699 | 0,654 | 0,313 | 0,767 | 109 | 230 | 38 | 0,489 | 4,008 | 4,063
A, =20 0,2 2,305 0,064 | 0,515 | 0,234 | 0,543 | 115 | 204 | 58 | 0,538 | 3,962 | 4,142

i 0,25 | 2,833 0,663 | 0,679 | 0,195 | 0,441 | 123 | 191 | 71 | 0,583 | 4,111 | 4,254

o=1 0,35 | 6,049 0,667 | 0,649 | 0,117 | 0,251 | 141 | 166 | 94 | 0,971 | 5893 | 6,347
0,45 | 15372 | 0,738 | 0,859 | 0,039 | 0,079 | 148 | 140 | 116 | 0,406 | 3,745 | 4,103
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JUist HOJTyTOHOBBIX M300pakeHHil ¢ pe3kuMmu nepenagamu sipkoctu (mpu A =20) anroputm
ATFM mno3BossieT: a) MOBBICUTh YCTOWYHMBOCTD CKENIETOB K IyMy B cpaBHeHHH ¢ anroputMoM OPTA,;
0) npu Hu3koM yposae nryma ( A, =10) 1 HI3KOM KOHTpacTe MOBBICUTh YCTOWYMBOCTB CKEJIETOB K IIIyMy
B cpaBHeHnH ¢ anroputmMoM ATF; B) npu BeicokoM ypose tuyma ( A, = 20) coxpaHuth ycTOHYHBOCTH

CKENIETOB K IIymMy B cpaBHeHuu c anroputMoM ATF. Ilpeanoxenssii anroputMm ATFM wumeer
OJIMHAKOBYIO CKOPOCTH CKeJeTH3aryu ¢ anroputMom ATF.
Jns anropurmoB OPTA [5] u ZS [6] mpoaHanu3upoBaHbl 3aBHCHMOCTU OTKJIOHEHHsA Eg oT

OTHOIICHHA RSN «curHan/ OIrym», BBIYUCIIAEMOI'0 C ITIOMOIBIO BBIPAXKCHU

AN

1 Y-1X-

22 (i)~ )
Ron = i = XE)ST(NHT) (12)

Ilpu 6=0,5, 0,17 >V, >0,16 anropurm ATFM 1103B0JI€T YMEHBIIUTh OTKIOHEHHS CKEIIETAa OT

sTanoHa npu Ry, =2 npumeprHo B 3,6 paza B cpaBHeHun ¢ anroputMom OPTA (mpu mpourpsiie
anmroputmy ATF ma ocHoBe OPTA B 1,2 pasza) m B 2,1 paza B cpaBHEeHHH C anTroOpuTMoM ZS (Tipu
BBIMI'PBILIE IO CpaBHEHUIO ¢ anroputMoM ATF Ha ocHoBe ZS B 1,03 pasa) u npu Ry, =1 npumepHo B
19,4 B cpaBuennu ¢ anroputMom OPTA (Tipu BeIATpHIIIE 11O cpaBHEHUIO ¢ anroputMoM ATF Ha ocHOBe
OPTA B 1,2 pa3a) u B 12,5 pa3a B cpaBHEHUH C alrOpUTMOM ZS.

IIpu 6=10, V, 0,65, Ry, =5 anmropurm ATFM 1no3BoseT yMEHBIINTh OTKIOHCHHE CKeJleTa

OT 3TaJIoHa puMepHo B 5,2, 2,8, 1,6 u 1,03 pa3 B cpaBaenun ¢ anroputmamu OPTA, ATF Ha ocHoBe
OPTA, ZS u ATF na ocHoBe ZS cootserctBerHo. [Ipu 6=1,0, V, =0,164 anroputm ATFM no3somser

YMEHBLINTL OTKJIOHEHHE CKeJeTa OT sTanoHa mpu Ry, =2 mpumepno B 4,8, 1,0, 2,7 n 1,1 pa3s B

cpaBHeHuu ¢ anroputmamu OPTA, ATF Ha ocHoBe OPTA, ZS u ATF Ha ocHOBe ZS COOTBETCTBEHHO U
npu Ry, =1 npumepno B 16,7, 1,0, 11,3 n 1,06 pa3 B cpaBaennu ¢ anroputmamu OPTA, ATF na ocHoBe

OPTA, ZS u ATF Ha ocHoBe ZS COOTBETCTBEHHO.

3akiIouyenne

[Ipemnoxena MOJIENb CKEIETU3AIINH ITOJTyTOHOBBIX N300pakeHNH, OCHOBaHHAs Ha JIBYXMOJIOBOM
TUCTOTpaMME  SpPKOCTH W YUYUTHIBAIOIIAS  BIUSIHUE  SPKOCTHO-KOHTPACTHBIX  MapaMEeTpOB,
MYJIbTUIJIMKATUBHOW W aJJIMTUBHON COCTABJISIIOIIMX IIyMa Ha KayeCTBO CKEJIETU3WPOBAHHOIO
n300pakeHnii. Mozens TO3BOJISET ONPENENUTh YCI0BUS 3 (EKTUBHON CKEIEeTU3AINH IOy TOHOBBIX
M300paKeHUH TPH KOTOPBIX HCKaXEHHs] OOYCIOBIIEHBI BIHMSHAEM TOJIBKO MYJBTHUIUTMKATHBHOMN
COCTABJISIIONICH WM KOMOWHAIMEH MyNIbTUIUIMKATHBHOM W AQJJWTHBHONW COCTABJISIIONINX IIyMa.
Pa3zpaboTaH anroputm CKeIETHU3alUU TOJYTOHOBBIX W300pakKeHWH OCHOBAHHBIM HA IMPEIJIOKESHHON
MOJIETIM ¥ aJaliTUBHOW HWU3KOYACTOTHOW (DMIBTpAIVH, OTIWYAIOIIMNCS OT HM3BECTHBIX alTOPHUTMOB
y4eTOM HCKaKEeHHH (opMm o0jacTedl CKEeIeTHU3UPYeMOro OWHAPHOTO H300paKEHUS B YCIOBHSIX
anauTHBHOTO ImymMa. OmpeneneHsl YCIOBHS BIUSHUS KOHTPACTHO-IPKOCTHBIX IapaMeTpoB
M300pakeHN Ha Ka4eCTBO CKEJIETH3AIINY.

SKELETING OF LOW-CONTRAST NOISY HALFTONE IMAGES

JMA, A.A. BORISKEVICH

Abstract. To increase the stability of the skeletons of halftone images with a two-mode brightness
histogram to noise, the article proposes a skeletonization model that considers the presence of
multiplicative and additive noise components in a binary skeletonized image. Considering this
model, a skeletonization algorithm has been developed, which considers the distortions in the shapes
of the areas of the skeletonized binary image as a result low frequency filtering of the original
halftone image and allows reducing errors in the skeletonization of halftone images.
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Keywords: skeletonization of halftone images, multiplicative noise, additive noise, sensitivity of the
skeleton to noise.
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Abstract. Internet of Medical Things (IoMT) technologies increase the operational productivity and
efficiency of healthcare organizations by optimizing clinical, information and operational processes.
An overview of the use of IT development directions in remote diagnostics is given. For the
development of 10T diagnostics (IoTD), an analysis was carried out in three directions: the iris,
changes in voice characteristics, indicators of smart gadgets. The use of artificial intelligence
technology and machine learning for IT diagnostics is considered. The structure of the 1oTD patient
diagnostic network is discussed.

Keywords: 10TD network concept, IT patient diagnostics iris, voice, smart gadget.

Introduction

The Internet of Medical Things (IloMT) is an Internet of Things network that includes medical
devices (sensors), communicators, a server, software applications, and healthcare services. The
interaction between sensors (devices) and the server allows healthcare organizations to optimize their
clinical operations and workflow management, as well as improve patient care from remote locations
[1, 2]. The main advantages of loMT [1, 3]:

—rapid diagnosis: monitoring devices with intravenous infusion support constantly monitor the
condition of patients, help diagnose diseases or health problems at an early stage;

— cost reduction: with the help of loMT, the patient can receive high-quality medical consultations
in real time without visiting doctors and hospitalization;

— improving access to health care in remote areas: villages and cities in some countries do not
have sufficient access to modern medical services;

— reducing the number of manual errors: the data collected by connected medical devices does
not allow errors, which improves the overall quality of diagnostics.

— improvement of medical care: since doctors can constantly monitor patients with medical
devices based on intravenous infusion, there are more opportunities for specialized and individual
treatment;

— effective management of medical equipment and medicines;

— detection of side effects of drugs in the early stages;

—medical insurance companies can use the data collected using connected medical devices to
process claims, which ensures full transparency of their consideration.

The use of the Internet of Things (10T) in healthcare makes it possible to move to a new level of
disease diagnosis, treatment accuracy and monitoring of patients' health using micro- and nanodetectors
and other «smart devices». Remote monitoring reduces the risks of unscheduled hospitalization and
reduces the burden on hospitals, and the interaction between doctors and patients online is simplified.

Next, we will consider individual areas of medical diagnostics for building 10T diagnostics
(loTD).
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IT gadget diagnostics

In 2008, a storm of «smart medical care» was set off around the world, and smart devices such as
smart bracelets and smart robots began to emerge in public medical places such as hospitals [4].
Nowadays, medium-sized and large-scale hospitals and other public medical places have begun to
upgrade and transform their medical systems intelligently, and apply advanced medical equipment [5]
to the medical field of helping patients, which greatly improves the work efficiency of medical staff,
saving a lot of manpower and material resources. Therefore, under the background that hospitals and
other public medical places have been in the traditional working mode for a long time, and wearable
devices are developing rapidly in the medical industry, this project researches and designs a patient data
collection platform based on smart bracelets. The research value of this topic lies in that the smart
bracelet can collect a variety of vital sign signals and apply them to patients in hospitals and other public
health medical places. Its main significance and value are as follows:

1. The smart bracelet terminal hardware performs long-term, 2-hour uninterrupted real-time
tracking and medical monitoring of vital sign signals of patients, and collects comprehensive and
specific medical data of patients, so as to quickly find the cause, realize disease prevention and early
medical treatment Favorable convenience is provided.

2. Integrate patients' data in the cloud, build medical servers and improve telemedicine-related
hardware equipment, and carry out telemedicine treatment-related activities with tertiary hospitals and
their medical experts and attending physicians. Realize the function from manual early warning to
automatic early warning when the patient has an emergency. At this time, the system immediately feeds
back the current status information of the patient to the medical experts and attending physicians, so as
to realize the prevention of the disease and the high efficiency of medical treatment. The life, health and
safety of seriously ill patients opens a green and intelligent acceleration channel to prolong the life cycle
of patients.

3. When the patient is admitted to the hospital, the smart bracelet is distributed to the patient.
When the patient is discharged, it is recycled, cleaned, disinfected and reused. It can be reused many
times, reducing medical costs and avoiding the waste of medical resources. Therefore, it is very
meaningful to research and design a patient data collection platform based on smart bracelets.

IT iris diagnostics

Modern iris medicine began at the end of the 18th century, and was first developed in Europe and
North America. In modern iris medicine, the accuracy of the atlas is high, and it is widely used in the
world. It has been recognized by iris doctors all over the world. The International Iridologist
Practitioners Association, or IPA for short, is the largest international iris medicine organization in the
world, which takes promoting and continuously improving the research and development of iris
medicine as its mission. The development and application of iris medicine in developed countries have
been widely recognized in recent years. Iris diagnostics is an effective means of preventive medicine.
Through the detection of 800000 patients in Russia, it was found that the detection rate of iris medicine
for diseases was as high as 85 % [6].

In recent years, iris medicine and iris diagnosis and treatment have been developing in various
countries. Iris medicine (iris medicine, iridology, iris diagnostics, etc.), based on morphology, observes,
predicts and infers the overall physique of the human body, the reality of the overall health, the
occurrence and recovery of diseases by studying the morphological changes of the iris of the human
eye, such as changes in color, color spots, structure, and pupil. It is a scientific and practical technology
that reflects the genetic constitution of the human body and the defects of various organ systems, it is
also a complete medical system including examination (detection), diagnosis (judgment and evaluation)
and treatment (conditioning). The 10T for human health diagnosis based on iris data can provide more
detailed and accurate diagnosis for iris medicine.

The purpose of first step is to detect the features corresponding to the established features in the
refe