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CucTema anannsa Tpansaxkymi B ceti Bitcoin

ITlocmynuaa 6 pedaxyuio 14.06.2023
IIpunama k nybauxkayuu 19.09.2023

Omcymcmeue cucmembi udeHmudbukayuu ronb3oeameriell U Hanu4ue pasHoobpasHbix criocoboes 3a-
nymbi8aHUst mpaH3akyuu 8 cemu Bitcoin ebi3bigarom 605buwol UHMePEC y 3M10YMbIWIEHHUKO8 U Mo2ym
ucrnoib308ambCs UMuU 0115 OCywecmeieHUs He3akoHHoU dessmensHocmu. Llenbio Hacmosiwet pabomei
sensgemcs pas3pabomka memoda nposepKu mpaH3akyuu 8 cemu Bitcoin s nosbiweHuUs1 aghghekmus-
Hocmu udeHmudbukayuu nymed 08uxeHuUs1 cpedcms, roslyYeHHbIX He3aKOHHbIM ymeM, a makxe ux
ucmoyYyHukos. B pamkax pabomel pewaromcs cnedyrwuue 3adayqu: paspabomka memoda rposepku
mpaH3akuuu 8 cemu Bitcoin u paspabomka cucmembi Mod0ePKKU MPUHSIMUS peuweHul, sKrovarouas
npednoxeHHbIl Memod. Pedynbmamel, npedcmasrneHHbie 8 Hacmosiwel pabome, 0arom 803MOXHOCMb
paspabomamb HO8bIe U ynyHuwums cyuecmsyrouue UHcCmpyMmeHmarbHble cpedcmea aHanu3a mpaH-
3akyuti 8 pamkax 6ydywux uccrnedosaHull, Ymo rno3eosium 3ghghekmugHee rnpoeodums UGeHMuUUKaUyuo
cpedcme e cemu Bitcoin, cesi3aHHbIX ¢ HE3aKOHHOU 0esimesIbHOCMbIO.

Knrouyeenle cnoea: 6riokyelH, Bitcoin, aHanus mpaHsakyuu, KYC, KYT, knacmepu3ayusi, 38pucmuka,

cririp

Mas yumupoeanus:

Baceina E. A., Kapanerpsann H., Kapanersannm M. CucrteMa aHanu3a TpaH3akuuii B cetu Bitcoin //
IIporpammuas unxenepus. 2023. Tom 14, Ne 11. C. 523—530. DOI: 10.17587/prin.14.523-530.

BeepeHune

HecMoTpst Ha oOliuii cnaa Ha pblHKE TM(GPOBBIX
aKTHUBOB, IOJISI KpUIITOBaIIOTHl Bitcoin, yyacTByio-
IIEA B HE3aKOHHOM EATEIbHOCTU, BO3PACTAET C KaXK-
abiM rogoMm. Ilo cpaBHeHnuto ¢ 2021 r. Ucrosib30BaHUeE
JaHHOU KPpUNTOBAJIOTHI BHIPOCJIO Ha 2,5 MJIPJ IOJLI.
CIIA u coctauio 20,6 mupa gona. CIHIA. Boabuioit
BKJIaJ B OTU IOKa3aTeJud BHOCIT MOILIEHHMYECTBO,
Kpaxa CpeAcTB, CIOHCMPOBaHUE TEPPOPU3MaA, OTMBbI-
BaHUe JEHEr W ofepaluu, TpoOBOAMMbIE B TEHEBOM
yacTu riaobanbHoi cetu UHTepHeT. B KadyecTBe mpu-
Mepa MOXHO MPUBECTU 00J1aCTh, CBSI3aHHYIO C OTMBbI-
BaHUEM CPEACTB, e TONbKO 3a 2022 I. ObLJI0 MPOBEAECHO
ornepauuii Ha o0y cymmy 2 mipn goiia. CIIA. s
COKPBITUS IBUXKEHUSI CPEICTB M OOMEHa MEXIY yyacT-
HUKaMM CEeTH 3J0yMBIIIJIEHHUKH HUCIOJb30BaINd He-
CKOJIBKO KPUTITOBAJIFOTHBIX MHCTPYMEHTAJIbHBIX CPEACTB:
HeoOCyKMBaeMble KOIIEIbKHU, CEPBUCHI 3alyThIBAHU S
CpelCTB, Mara3uHbl TeHeBoi yactu cet TOR u crienu-
aTM3MpPOBaHHBIC ITPOTOKOIBL. Bonblllas 9acTh cpencTB
OblJ1a MepeBeieHa C UCToJIb3oBaHWeM NpoTokojoB DeFi
IS oOMeHa Ha 0oJiee JIMKBUIHbIE KPUITTOAKTUBHI [1].

PerynupoBaHue KpUIITOBAJIIOT B OOlleM ciayyae
HMeeT 3alpeTUTENbHbIN XapakTep Kak B MUpPE, TaK
u B Poccuniickoit Mepepanuu. DTo 00yCIOBIEHO BbI-
COKMMU PUCKAMU, CBSA3aHHBIMU C HCIOJb30BAHUEM
KPUINTOBAJIIOTH B HE3aKOHHOM NEsITEIbHOCTU U €€
BJAMSIHMEM Ha CTaOMJIBHOCTbH (PUHAHCOBOI CHUCTEMBI.
Hckniouenuem saBisieTcs cdepa, IIe KpUITOBAIIOTA
HCIOJIb3yeTCs B KAUeCTBE MHBECTULIMOHHOT'O UHCTPY-
MeHTapus. B TakoMm ciyyae HOpMaTUBHO-IIPaBOBOE
peryJmpoBaHre HaIpaBJIeHO Ha 3alIUTy MHBECTOPOB
OT (PpMHAHCOBOTI'O MOILIIEHHUYECTBA, MPeI0CTaBIeHUE
JOMOJTHUTEIbHOI0 (PMHAHCUPOBAHUSI MaJIbIM U CPeI-
HUM OpPeanpUsITUSIM U obecrniedyeHre (DMHAHCOBO 10-
CTYIHOCTU. Peanuzauus maHHBIX LIEJE HE MOXET
OBITh OCYILIECTBJIEHA O€3 UCITOIb30BAHM ST TEXHUUECKUX
CpPEICTB aHaJu3a, MPOBEPKU TpaH3aKIMKA U UACHTU-
¢uKauy UCTOYHUKOB cpeacTs [2]. IIpouenypsl npo-
Bepku TpaH3akuuu KYT (Know Your Transaction) n
npoBepku KianeHToB KYC (Know Your Customer/Client)
SIBJISIIOTCS HEOTHEMJIEMOI YacThiO OOIIEro mpoiecca
MpeaoTBpallleHUsI HE3aKOHHOM NesITeIbHOCTU, CBSI-
3aHHOI C OTMbIBAaHUEM JeHEr WU (UHAHCUPOBAHUEM
Teppopusma. KiroueBoit 3agaueil mepBoii Npoueaypbl
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SIBJISIETCSI OTCJEXMBaHME TpaH3aKIM Ha MpeaMeT
MOMO3PUTENbHBIX AeicTBUI. OHa BKJIoYaeT B cebs
aHaJu3 TpaH3aKlWi MoJb30BaTeseit 1J1s1 BbISIBJEHUS
aHOMAJIMM ¥ 3aKOHOMEPHOCTEM, KOTOPBIE MOT'YT yKa-
3bIBaTh Ha HE3aKOHHYIO AesATeabHOCTh. [Iponenypa
KYC, B cBo10 ouepenb, OCYIIECTBISIET MIPOBEPKY JIUY-
HOCTHY U (pMTHAHCOBBIX JAHHBIX MOJb30BaTeNs1. B paM-
Kax MpoBeeHU sl MPOLENYPbl OCYILECTBISIIOTCS COOp U
aHaJIM3 JaHHBIX U3 pa3HbIX UCTOUHUKOB, B TOM YMCJIE
W JaHHBIX, MIPEIOCTaBIEHHbBIX CAMUM T0JIb30BaTEIEM.

B HacTosiiee BpeMss Hanbosiee pacrpocTpaHeH-
HBIMM MHCTPYMEHTAJILHBIMM CPEACTBAMU aHaIM3a
TpaH3akuuii aBngwoTcsa Crystal, Chainanalysis u
CipherTrace. Kaxnbiii mocTaBIIMK B pa3paboTKe all-
TOPUTMOB JIJISI PACIyThIBAaHUS LIEMOYEK TpaH3aKIUi
U UACHTUDUKALIMY YYACTHUKOB CETU MTPUMEHSIET CBOM
WHIVBUAYATbHBIN TOAXO, KOTOPBI 00/1a1aeT YHUKATb-
HBIMUA OCOOCHHOCTSIMU. DTO OOBSICHSIET pa3HOoOOpasue
MOJAXO0A0B K paccieloBaHWI0 (PMHAHCOBBIX UHIIUIEH-
TOB, OIMCAHHBIX B TOAOBBIX OTYETaX COOTBETCTBYIOIINX
KomImaHuii. OTcyTcTBUEe MH(POPMALIMU O PabOTe JAaHHBIX
aJITOPUTMOB HE TO3BOJISIET TOUHO OIpEeNeIUTh HaaexX-
HOCTb pe3yJIbTaTOB UX (PYHKLIMOHUPOBAHMUSI.

B npenpiaymieit pabore aBTopoB [3] OblIM mpo-
BeAEeHbI CUCTEMHbIE UCCIIEIOBaHN S aHAIM3a TpaH3aKLIUi

B ceTu Bitcoin. Beiio BbIsIBIEHO, UTO 3(h(HEKTUBHOCTD
Mpolecca aHaju3a U MPOBEPKM TpaH3aKLMU B CETU
Bitcoin 3aBucut oT caeayomux (GpakTopoB: 00beMa
1 COIJIACOBAaHHOCTY MH(OpPMALIMU O TpaH3aKIIMUIX, Ka-
yecTBa HAOOpa JaHHBIX, UCITOJIb3YeMBbIX JUISI MAILIMHHOTO
00y4yeHHUsI. DTOT (haKT MOATBEPKIAETCS B HOBBIX UCCIIC-
JoBaHUsIX [4—7] maHHO# obnactu. B paMmkax aHanuza
MpeaMETHON 00JacTu ObLI OMNpeaeseH pacllupeHHbII
MepeyeHb SBPUCTUYECKMX ITpaBUII aHaIr3a TpaH3aK1ui
Bitcoin. Takoit aHa/M3 ITO3BOJIUT YAYYIINTH KA4ECTBO
Habopa MaHHBIX JJIs pelleHus 3a1ad KJjacTepu3alnuu
1 KJ1accu(pUKaIuy aapecoB U BIOCISACTBUU TTOBBHICUTD
3 PEeKTUBHOCTH Mpoliecca aHaIu3a TpaH3aK1LUi B CETU
Bitcoin. CooTBeTCTBEHHO, BO3pacTaeT aKTyaJIbHOCTb CO3-
JIaHWsI CPEACTB KOHTPOJISI TpaH3aKIMii B ceTH Bitcoin.

1. NocTaHoOBKa 3agauun

Ilennio JaHHOTO MCCIeNOBAaHUS CTaBUJIACh pa3pa-
0oTKa MeToja IPOBEPKU TpaH3aKILUU B ceTH Bitcoin
QIS TIOBBILIEHUST 3POEKTUBHOCTU UAEHTUDUKALIUU
MyTeil ABUKEHUS CPEICTB, MOJYUYEHHBIX HE3aKOHHBIM
MyTEeM, a TaKXe UX UCTOYHUKOB.

B paMkax cucTeMHOro aHajiu3a Obljia BbIIIOJHEHA
JIEKOMITO3UIMS OOIIEH 1IeJIU C IIPUMEHEeHEeM MHOTI'0-

YpoeeHs = 1

YpogeHs = 2

Puc. 1. I'pad neneii u 3anaq

YpoeeHs = m-1
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YPOBHEBOI'O MMOAX0/A, €€ MPEeACTaBIeHUE B BUIE rpada
MPOUJUTIOCTPUPOBAHO Ha puc. 1.
Ha puc. 1 BBeAeHBI cienyionue 0003HaYeHUsI:
Xé — BepluHa (y3e), peacTaBisiionas uejib Ha

ITockonbKy pellieHHe Kaxaoi 3agaunm X é{ Xapak-

TepudyeT OMHapHBIN MoKa3aTesb pé, TO uenb F nns
ypoBHS j + 1 MOXHO MpeACTaBUTh B BUJE:

BEPXHMX YPOBHSX U 33aJaU/ HA HUXHMUX;
j=0,(m—-1) — HOMEp YpOBHS; noo
g=1,im g=1,n — vHIeKC UeIK1/3a0a9M Ha CO- F=max} py,
OTBETCTBYIOLIEM YPOBHE;

K
»Lp — MHOXeCTBO pebep rpada ¢ TUIIOM CBSI-
3ei «MHOT'Me KO MHOTUM». [losicHeHMe 3a7a4 B rpade Py =

g=1

; {0 — 3a/1a4a He BBINIOJIHEHA;

1 — 3agaya BBINIOJIHEHA YCIIEIIHO.

MpeacTaBJeHO B Tabyu1e.

Ienan u 3axaun

V3en rpada HaumeHoBaHue y3i1a
Yposens = 0
X0 PazpaboTka MeToma mpoBepKM TpaH3aKIMU B ceTu Bitcoin mis moBbiieHUusT 3¢ GEeKTUBHOCTU UACHTU(DU-
KallMu MyTel IBUXEHUSI CPEICTB, MOJYYSHHBIX HE3aKOHHBIM IYTEM, a TaKXe UX UCTOYHUKOB
YpoBeHs = 1
X! HccnenoBanue npeamMeTHo 001acTu
X'z PazpaboTka MeTona mpoBepKU TpaH3aKIMU B ceTH Bitcoin
X '3 Pa3paboTka cucTeMbl MOANEPXKKU MPUHSATHUS pelIeHUI MIPpU OCYIIECTBICHUM MJIaTexel B ceTu Bitcoin
X£ IMporpamMmMHasi peaau3aius MpeaaoKeHHOTO pelleHu st
X 15 DKcnepuMeHTalbHOE UCCAe0OBaHUE CUCTEMbI B CPaBHUTEIBLHOM aHaIM3€e C CYLIECTBYIOIIUMU PEeLIeH MU
YpoBeHsn = 2
X21 WccnenoBaHue alropuTMOB M METOIOB aHaJM3a TpaH3akKUMi B ceTu Bitcoin
X22 WccnenoBaHue MHCTPYMEHTApUS U CPEICTB aHaIM3a TpaH3aKUuil B ceTu Bitcoin
X23 Cucrematusauus IpoodIeMaTuKy MpeaMeTHOM 001acTu
X i MopaenupoBaHue NpeaMeTHOU 0b6JacTu
X25 OrnpeseneHue KpUTEPUEB OLIEHKK pUCKa TIpU paboTe ¢ TpaH3aKIuei
X% ®opmanuzanus MeTona
X27 IIpoexTupoBaHue 6a3bl 3HAHUI U 0a3bl JaHHBIX
X 28 IMpoekTpoBaHME apXUTEKTYPHI CUCTEMBI
X3 MogzenupoBaHue CUCTEMbL
X 210 MopenupoBaHue peleHus
X 21 1 IIpoexTupoBaHue MHOOPMALIMOHHON CUCTEMBI
in [MpoexkTupoBaHMe M peanu3alius TEXHOJOTMUECKOTO KOHBelepa mo pa3dpaborke [1O
X213 IIporpamMmmHasi MHXeHepu sl
X%4 KoMmriekcHoe aBTOMaTU3MPOBAHHOE TECTUPOBAHUE TIPEIJIOKEHHOTO PEIIeHU ST
X%S Pa3paboTka nmporpaMMHOTO CT€HJAA ISl TPOBEASHMSI SKCIIEPUMEHTAIbHBIX UCCIIENOBAHU I
X %6 DKcnepuMeHTalbHOE UCCeT0BaHUE CUCTEMBbI
YpoBeHb = m — 1
lefl PasBeptriBanue kinactepa DockerSwarm
szfl 3amyck KoHTeliHepa 6a3 naHnHbIX PostgreSQL
X},,H 3amyck kKoHTeliHepa Bitcoin Core RPC
Xj"" Muunuanusanus Kjaactepa 6a3 ganHbiX PostgreSQL
X5m4 3amnyck KoHTeliHepa 6a3 naHHbIX Neodj
X! HacTpoiika BUpTyaJbHOI MallMHBI AJ1s 6a3 JaHHBIX C TOMOIIbIO Ansible
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2. NMpepnaraemoe peweHue

B nensx paspelneHus NpoOJEeMHBIX BOIIPOCOB,
CBSI3aHHBIX C XpaHeHHMEM JAaHHBIX M KJIacTepu3allu-
eil axpecoB, ObLI pa3paboTaH MeTOH ITPOBEPKHU TpaH-
3akluu B ceTu Bitcoin st nmoBbileHust 3PPeKTUB-
HOCTH MACHTU(MUKALUYU MyTeH TBUXEHUS CPEICTB,
MMOJTYYEeHHBIX He3aKOHHBIM ITyTeM, a TaKXe WX WC-
TOYHUKOB. BJIOK-CXeMbI 1 AMarpaMMbl peajaracMoro
MeToja MpeacTaBIeHbl Ha puc. 2—6.

Ha mepBoM sTamne mpemajiaraeMoro MeToaa BBITION-
HSIETCS MHULMaJM3alus npouecca coopa JaHHbBIX
(puc. 2). Cneunguka 3akaoyaeTcs B MNOJYyYESHUU
0OJBIIOro KOJMYECTBA JaHHBIX B pa3HOOOpa3HOM
NpeacTaBleHUU ¢ HECKOJIbKUX MUCTOUYHUKOB, UTO
BbI3bIBA€T HEOOXONMMOCTh MCIOJb30BAHUS MYJIb-
TUMOJAEJIBLHOM CUCTEMBbI YIIpaBJIeHU s 6a3aMU TaHHBIX
(MCYBM). laHHbIe CUCTEMBbI MO3BOJISIIOT OCYIIIECT-
BJISITH LIEHTPaJMU30BaHHOE yIpaBJeHUEe U XpaHEHUe
pa3HbIX MOJeJIeil JTaHHBIX U MUTPALMIO MEX 1Y HUMMU.
Takue 6a3bl JaHHBIX MOTYT HNOAJEPKMBATh pa3any-
Hble MOJIEIU JaHHBIX: PEISILIUOHHBIE, 00BEKTHO-OpU-
€HTUPOBAaHHBIE, MOJIENN «KJIIOY-3HAUeHUE», MOJIE-
JIU ¢ IIUMPOKHUMHU CTOJOLIAMU, MOAEIN TOKYMEHTOB
U TpacdoB.

HeooxonumMocts B MCYB/I 06ycioBiieHa UCITONIb-
30BaHUEM AJITOPUTMOB MAIIMHHOIO OOYUYEHUS U CHU-

Hauano

AHan13a TpaH3akyuii B ceTu

CTEMBI T10 MONAEPKKE MPUHSITUS PEeLIeHUl B Mpo-
liecce aHajau3a TpaH3aKIIMid, TIe OT KayecTBa, oobema
1 BUJa Habopa MaHHBIX 3aBUCUT KOHEYHBIH pe3ysb-
TaT aHaju3a TpaH3aKLWW U MepevyHs BblJaBaeMbIX
peKOMEeH AL M.

Hanee cienyeT aTan oOpaOOTKM M aHajaM3a AaH-
HBbIX, KOTOPbIE XpaHSTCS B MYJBTUMOJEJIbHOU 0Oaze
JaHHbIX. OMHOBPEMEHHO C TaHHBIMU, KOTOPbIE BBO-
IUT TOJb30BaTeNb UJIU IKCIEPT, OHU MOCTYMAaIOT
B TMOJACHCTEMY BBIJAUYM PEKOMEHIAIIMN M OOBsICHE-
HUI. DTa MoAcUcTeMa MpeaoCTaBseT MoJib30BaTe-
JIIO COOTBETCTBYIONIYI0O MHGOPMAILUIO O CYIIHOCTHU
cetu Bitcoin, pekoMeHOauMM AJIs1 IIPUHSITUS pellie-
HUS O IPOBENEHUU UJIU TIePEBOIE IeHEXHbIX CPEICTB
(puc. 3). B Lensix onTuMuU3alMK 3TOrO Mpoliecca Bo3-
MOXHO MPUMEHEHHUE CUCTEMBbI MO MOAAEpKKE MpPH-
Hatus pewenuii (CIIIIP).

OcHoBoit na060it CIITIP gaBnsercs 6a3a 3Ha-
Huii [10]. TIponyKLUMOHHYIO Moaeab 0a3bl 3HAHUN
MOHO OIPEneINTh KAK COBOKYITHOCTD

P=(F R, G K I),

rae F'— KoHeuHOe MHOXECTBO (haKTOB JJISI pelaeMoit
MMpo06JeMbl B MpeAMETHOI 0061acTu; G — MHOXECTBO
Leneit uau tepmuHaiabHbix paktos CIIIP; I — uH-
TEPIPETATOP NPaBUJ, PEAJU3YIOLINNA MMPOLECC BBI-
BojJa. 3agaya uHTeprnperaropa / — npo-
BEPUTh MUCTMHHOCTb 3aJaHHBIX Liejaei
Ha OCHOBaHWU MpPSMOK UM OoOpaTHOM
LIETIOYKHW BBIBONIA B ONPEAECIEHHOU CU-
Tyalluu; R — MHOXEeCTBO NpaBuJ (Ipo-

IYKIUi) BUIa

Bitcoin
3anuck AaHHbIX B MyNsTH-
mogensHyto B .
v r ECIA £V £, ..U £, TO £,
WMuuumanuaauma npouecca T
c6opa AakHbIX | rae r, — WMs INpaBuia; r,cR;
| Her CornacoBaHue AaHHbiX f;, f/ fn — YCJIOBUSI BBITIOJNHEHMS
r IIpaBuJa, fk — CJIEACTBHUE IIpaBuUJa,
Mowuck gononHUTENLHOA fiv f/ frn fk eF. .
WHopMaLIK 0 B npencraBiaeHHoO Ha puc. 3 Moaenu
Ea TpaHzakumnax Bitcoin ¢ — 3anuck NoNyYeHHbIX 0aHHBIX K aBasteTcsI MHOXECTBOM pas3peleHHbIX
MOMOLULIO MOWMCKOBbLIX B YACTUYHO 6 . (1)
naykos CTPYKTYpupoBaHHyio B[] KOMOMHaAIINU (PAKTOB, B KOTOPOEC HE BXO-
r

Wcnonbzosanwe Bitcoin

vepes API (Crystal)

Puc. 2. Biaok-cxema npouecca cCOOpKH, 00pad0TKH U arperanuu HHGoOpMaum o TpaH-

3aKIUAX M cy0bekTax cetn Bitcoin

N ICore(APl) ons nonyveHns - MonyveHbl HoBLIE
[aHHbIX TpaH3aKuMax ua faHHble?
ceTu Bitcoin
C6op uHchopmaumu o
> KOHTpareHTax —

Oa

IST KOMOMHAIIMU, COAepXKalllue B3au-
MouckJItouatoliue gaktol. Pesynbrarom
MPONYKIIMU SIBJISIETCSI yCTAHOBKA OAHOTO
u3 hakToB MHOXecTBa F.

IIponykimoHHY0 MoJeab 0a3bl 3Ha-
HHUW MOXHO TIpEeICTaBUTh B BUJC Ha-
npasiaeHHoro U/ MUJIN-rpada (puc. 4).
BepiuHbl B rpade COOTBETCTBYIOT 1ie-
JIsiM, (pakTam M npaBuiaM 6a3bl 3HAHUM
CIIITP. Iyru ompenensiioT OTHOLICHUS
MeXIy (haKTaMU.

MporpammHas uHxeHepus. Tom 14, Ne 11, 2023




MpuHsATHE
peLueHus

Pasnen eeopa
BXOOHBIX
> OaHHBIX

Pasgen sbiBoga |,
peKkomeHaaLmnin

WHrepdeiic

Baza
AaHHBIX

pekoMeHgaumn u - ——

0GbACHEHKIA
Mogcucrema
MynbTi- ynpaenexusa
MOgensHas MogensmMu -
Gasa
OaHHBIX Basa

|
|
|
1
1
I
I
|
1
1
1
1
|
MNogcuctema Bbiga4m I
|
|
|
1
|
|
|
3HaHWA :
|

I

|

CucTema NoaaAepHKu MPUHATUA peLleHuit

Puc. 3. UML-auarpaMMa KOMINOHEHTOB CHCTEMbI NMOAAEPKKH
NPUHATHA PelleHui

B oOmmiem ciryuae Kaxapiii ¢pakT, BKIOYas 1ieJIeBhIe
¢dakTel 13 MHOXecTBa G, MOXET ycTa-
HaBJIMBAThCSI HECKOJIBLKMMU MpaBUIaMU.
Ha puc. 4 nienp g, ycraHaBnuBaeTcst 1100
MPAaBUJIOM 7|, TU0O0 TIPaBUJIOM ry. Jyru,
BXOJSILLIME B BePIIMHBI 1 0003HAaYEHHBIE
7, OKa3bIBAIOTCS CBSI3aHHBIMU KOHBIOH-

Puc. 4. Ilpnmep U/MNJIN-rpaca nponyKunoHHOi 02361 3HAHUI

JlagaeT HU3KOM TOYHOCTHIO B CPAaBHEHUU C IPYTUMU
aJITOPUTMAaMMU.

Knactepuzauus agpecoB mpenmnojaraeT BbIsB-
JIeHHe TOJMHOXECTBA aJpecoB, UMEIOLIUX OJHOTO
Badesblia, SIBISIOLIETOCs CyObeKTOM ceTu Bitcoin.
CyO0beKTaMU MM CYLUIHOCTSIMU CETH SIBISIOTCS
YYaCTHUKM, KOTOPbIE TOAKIIOUECHBI K CETU C TTIOMO-
LI[BIO TOJICTOT'O UJIM TOHKOT'O KJINEHTOB. CYIIIHOCTIMU
CETU MOTYT OBITh OMP:KU, MHTEPHET-Mara3uHbl, Ka3u-
HO, MaliHephl (YUaCTHUKHU, KOTOPbIE OCYIIECTBISIOT
JOOBIYY KPUNTOBAJIOTHI, IMIPOBEPKY TpPaH3aKI U
U Jo0aBJieHNe OJIOKOB B LIETIOUKY), TTOJIb30BATEIN CETH
HMHTepHeT, cepBUCH aHOHUMM3ALUU U Ap. (puc. 5).

KoHeu

KTHUBHO, a AYI'u, BXOAAIIMEC B BEPLUIMHDBI
g I/IJII/If, — JIMU3BIOHKTUBHO.

WHuumanusaums npouecca

OueHKa peaynbLTaToB

aHanusa AaHHbIX
Iloacucrema ympaBJIeHUSI MOMAEISI- ;?;
MU OCYILIECTBJISIET MPOBEAEHUE DKCIIE- |
PUMEHTOB U1 3aIlMCh B 0a3y 3HAaHUM Ha .
HHbIE T H3aKuuW
OCHOBE MOJIYYEHHBIX pe3yabraToB. [Ipn Aa e p_a 3_a u
cetu Bitcoin,

(bopMUpoBaHWY HOBBIX 3HAHUM YUUTHI-
BaeTcs TakXe MH(opMalus O NpUHSI-

[aHHble 06 YHaCTHUKaX CeTH

Beinonusaercs
ycnoeue

TOM ITOJIb30BATCJICM PCIICHUN. B nepe-

OCTaHOBKU?

YeHb MPOBOJAMMBIX 3KCIEPUMEHTOB
MOACUCTEMON yIMpaBJeHUSI MOIEISIMU
BXOJIUT KJacTepu3alMs aIpecoB CeTHU
Bitcoin.

CeTb Bitcoin MoxXeT ObITh ITpeACTaB-

PunsTpaumsa AaHHbIX U
NpUMEHeHUe aMNUPUYECKMUX
npaeun(3BpUCTHK)

Her

BeinonHeHwe anroputma
Knacrepusaumm

JleHa B BUIIe OPUEHTHUPOBAHHOIO Trpa-

: 1

¢a, rme BepmIMHBI — 3TO CYOBEKT CETH,
a pebpa — 4YHUCIO MEPEUYUCIECHHBIX
cpenactB. Jnst Kimactepusaluu TaKoTro

MocTpoeHue rpadha TpaH3akuui

Paametka rpadha TpaH3akuuin

rpada UCrosb3yeTcst aJITOPUTM PacIpo-
CTpaHEHMsI METOK, KOTOPBIi obecreuu-
BaeT BBICOKYIO CKOPOCTh pabOThI, HO 00-

I i)

Puc. 5. Biaok-cxema mponecca aHaau3a, KJacTepu3alnuy aJpecoB M OLEHKH MOJY-
YEeHHBIX Pe3yJIbTATOB O TPAH3AKIUAX M Cy0beKTax ceTH Bitcoin (mpomoskenue puc. 2)
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OOBIYHO IJIA KaXXJI0i HOBOM TpaH3aKLUHU CYyObh-
€KT CeTH TeHEepUpyeT HOBBI aJapec AJs MOBBILLIEHUS
CIIOXXHOCTY OTCJIEXUBAHUS UCTOPUHM TIepeBoaoB. s
aHajM3a UCTOPUU TPaH3aKIMU U MPUHAIJIECKHOCTU
aJpecoB K TOW MM WHOU CYLIHOCTH B ceTH Bitcoin
HCITIOJIb3YIOTCSI OSMITUPUYECKIE TIpaBUia, Ha3bIBacMble
sBpuctukamMu [8, 9]. IIlpumeHeHUEe 3BPUCTUKU TPU
aHaJu3e TpaH3aKLMi He MoApa3yMeBaeT MOoJyUYeHU s
TOUHOI0 pe3yibraTa. Kaxgast u3 sBpUCTUK JaeT He-
TOUHBIE U HEOJHO3HAUYHbIE PE3YJILTATHI B HEKOTOPBIX
cllydyasix, OAHaKO B COBOKYMHOCTU U B COYETAaHUU
C BHEIIHUMU JAHHBIMU U3 Pa3IMUHBIX UCTOUHUKOB
TOYHOCTb aHaJIu3a TPaH3aKIWU 3HAYUTEBHO MOBBI-
1aeTcsl.

CylllecCTBEHHYIO pOJIb B KJIAaCTEpU3allUU aIpecoB
ceTu Bitcoin UrpaloT 3BpUCTUKU, KOTOPHIE ITO3BOJIS-
IOT pacnyTaTh LIETIOUKY TPaH3aKIMWi U OMPEACTIUTh
aapeca OoTOpaBuUTeNsl U aapeca noayuarens. Heko-
TOpPbIe 3BPUCTUKU OCHOBBIBAIOTCSI HA OCOOEHHOCTSIX
(GyHKIIMOHMpPOBaAHUS CETHU, APYyrUe — HA OTIUYU-
TeJbHBIX MTPU3HaKax caMuXx TpaH3akuuil. Mcnomib-
3ys1 KOMOMHALIMIO CAEAYIOIIMX TTPaBUI: «DBPUCTUKA
o0llel TpaThl», «DBPUCTUKA cAauyu (CMEHBI aape-
ca)», «OBpuctuka Coinbase TpaH3akuuu (MAaliHUHT)»,
«Koucomupmauuss UTXO» n JlyBeHckoro mMeTona,
MOXHO IOCTHUYb YBEJIUUYEHUS TOUYHOCTU KJIACTEPHU-
3auuu agapecos [10, 11]. Kak ciaenctBue, mosiBasieTcst
BO3MOXHOCTh JOOUTHCS MOBHIIIEHU ST 3 HEKTUBHO-
CTU TIOCJeAYIOLIei OLIEHKHM MOJYYeHHBIX pe3yJibTa-
TOB, 2 TOUYHEe — MIAEHTU(PUKALMU TI0Jb30BaTeseit
B ceTu Bitcoin.

PazpaboTtaHHBIII MeTOA MPEaOCTaBISIET BO3MOX-
HOCTb 3((EKTUBHOTO UCITOJb30BAHUS KOMOUHALIUU
SMIIUPUUYECKUX MPABUJ, YTO MO3BOJUT IIPOBOAUTH
0oJiee TOUHYIO KJIacTepU3alMio aApecoB 1 00eCIeuuT
MOBBILLIEHUE TOCTOBEPHOCTU UASHTU(MUKALIUY yUaCT-
HUKOB ceTH Bitcoin.

CnenyeT OTMETUThb, YTO 3BPUCTUKU 3aHUMAIOT
KJII04eBO€ MECTO B paboTe paccMaTpuBaeMoOil CUCTe-
Mmbl. Kaxxaplii aTam ee paboThl 0a3upyeTcss Ha MC-
KJIOUUTEIbHBIX U 3((PEKTUBHBIX 3BPUCTUUECKUX
aJITOpUTMax, YTO MTOMOTaeT CUCTeMe JOOUTHCS MakK-
CUMaJIbHO TOUHOCTHU U CKOPOCTU IIpU aHaJIU3€e TpaH-
3aKIIMI U aIpeCOB.

TToagpoOHOe onucaHue clieHapys UCTIOJb30BaH U S
CIIIIP npencraBieHo Ha puc. 6, CM. BTOPYIO CTOPOHY
o6noxku. Ha nuarpamme [12] B KauecTBe yuacTHUKA
MpeACTaBIIeH MOJIb30BaTeNIb, KOTOPBIN OCYIIECTBI -
€T B3aUMOJCHCTBHE C CUCTEeMOI yepe3 nHTepdeiic.
ITocne BBOma maHHBIX 3alpoca, KOTOPhIE coaepkaT
MHGOPMALIMIO O TPAH3aKIMAX U BlaAesblie aapeca
cetu Bitcoin, oHM TTIepenaioTCs B MOACUCTEMY BhIIAYN
peKoOMeHAalMii, a TT0JIb30BaTE10 BHIBOIUTCS CTATYC
«B o6pabotke». /lajee moacucTeMa BbIIAa4U PEeKO-

MEHIAIMI 3alTMCBIBAeT MaHHBIe 3aIlpoca B 6a3y
JgaHHbIX. [lociae 3Toro Ha OCHOBE MOJYYEHHBIX
JaHHBIX OCYIIECTBIISIETCS 3aIlpoC peKOMeHIaluii
1 OOBSICHEHU M 13 0a3bl 3HAHUU U MX 3alIMCh B 0a3y
JaHHBIX, TAe XpaHUTCS MHGOpMALMU O 3ampoce
noab3oBareis. Ha ciaenylolieM 1are peKoMeH1alunmu
nepenalTcs B MHTepdelic, KOTOpblii MpenocTaB-
JissleT UX mojib3oBaTen. BnociaeacTBuu nojb3oBa-
TeJb BBOAUT UHGOPMALIMIO O IPUHSATOM PEIICHUMU.
Hanee ata nuHpoOpMaL M MepeaaeTcsd B MOACUCTEMY
BHIJaYM PEKOMCHIALIUU M BMeCTe ¢ MHGpOpMaIM-
el 0 3ampoce MOoJib30BaTeasl U BbIJAHHBIX PEKO-
MEHJALUIX MepeaaeTcs B MOJCUCTEMY YIIPaBICHUS
MoIedsIMU. 3aTeM OCYIIEeCTBISETCS 3aluch IOY-
YeHHBIX TaHHBIX B MYJIBTUMOIEIbHYIO 0a3y maH-
HBIX JIJISI TIOAAEpKaHUSI aKTyaJIbHOCTU MH(POpPMaLluU
000 BceX MOJIb30BATEIbCKUX 3aIIPOCaxX, BbIJAHHBIX
peKoMeHIansIX U o0bsICHeHUAX. [daee, MCITONb-
3ysl MOJYYEHHYIO0 MHGpOPMALMIO U COOTBETCTBYIO-
LIYI0 MOJIe/Ib, MOACUCTEMA YIIPABICHUS MOJEIIMU
ITo0aBisgeT HOBYIO MHoOpManui B 0a3y 3HAHUI.
Takum obpasom, yayumenue CIIITP obecneunBa-
eTcsl MyTeM MCHOJb30BaHUSI MHGOPMALUU O IpPU-
HATBIX MMOJb30BATEIIMU PEIICHUSX.

3a cyeT pacuiMpeHHoro cbopa MHGoOpMaLUU
O TpaH3aKLUSIX U YYaCTHUKAX CETH, a TAKKE UCIOIb-
3oBaHMs 3BpUCTUK B CIITIP noBbiiiaeTcs apgpeKTuB-
HOCTh WACHTU(GUKALNYT TyTeil IBUXEHUS CPEICTB,
MOJIYYEHHBIX HE3aKOHHBIM IYTEM, a TakKXe MX MC-
TOYHUKOB. B oT/inuMe OT CyIlIECTBYIOLIUX METOAOB
MIPEaIIojaraeMblil MOAXOM TTO3BOJISIET IMOBBICUTD I0-
CTOBEPHOCTh MICHTUDUKALNN CyOBEKTOB OJOKUYEH
Bitcoin 3a cyeT MCMOJNB30BaHUSI MHTEJIEKTYaIbHbBIX
METOAOB aHaJIM3a JaHHBIX.

3akntoyeHune

B pamkax mcciaemoBaHusl OblI pa3dpaboTaH Me-
TOd IIPOBEPKM TpaH3aKUUM B ceTu Bitcoin, HuBe-
JIUPYOILIUN HETOCTAaTKM CYIIECTBYIOIIMX METONO0B
U cpenactB. HayuyHast HoBU3Ha MpeajaraeMoro pe-
LIEHUS 3aKJI0YaeTcs B MOBbIIIEHUU 3(PHEKTUBHO-
CTU MIEHTUIUKALUU NYTEH ABUXEHUS CPEACTB,
MOJIyYEHHBIX HE3aKOHHBIM MYyTeM, a TaKXKe UX HC-
TOYHUKOB IMOCPEICTBOM KOMIIJIEKCHOTO aHajam3a
TpaH3aKIMM, BKJIOUYAIOIIETO0 pacliMpPeHHbI cOOp
HWHbOpPMALlMU U €€ MOCIeAYIOIYI arperanuio
B MyJabTUMoOnAeabHOI 6a3e maHHbix CIIITP. Jocto-
BEPHOCTh UAeHTUPUKALIMU CyOBEKTOB ceTH Bitcoin
MOBBILLIAETCS 3a CUET UCIOJIb30BAHUSI MHTENIEKTY-
aJbHBIX METOJOB aHaJu3a.

IIpennoxeHHBI METO BKJIIOYAET B Ce0s yayulle-
HUS 110 TPeM acleKTaM: cOop, XpaHeHUE U aHAJIU3 UH-
¢dopmaliy 0 TpaH3aKLUIX B ceTH Bitcoin. Drtam coopa
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WHPoOpMaLuM 0 TpaH3aKLUAX ceTu Bitcoin BKouaeT
B ce0s mnoJyiyueHue MHGOpMalluu U3 TPeX UCTOYHU-
koB: Bitcoin Core, riiobajibHast BBIYUCIUTEIbHAS CETh
MHTEpHET U TOCTAaBIIMK JAHHBIX O BJIAJCNbIAX CETH.
B 1ensix obecrieueHUsT BHICOKOH COIIaCOBAHHOCTU
U MUHMMAaJIbHOI U30BITOYHOCTU NaHHBIX Mpeajara-
€TCsI UCTIOJIb30BaTh MYJIBTUMOIEIbHYIO 0a3y TaHHBIX.
1 MOBBILIEHU ST TOYHOCTU ONpenesieHUs Biaaeab-
LIEB aJpecoB COBMECTHO C TPaAULIMOHHBIMU aJIro-
pUTMaMM KJjacTepu3allMu aapecoB Mpenjaraercs
HCIIOJIb30BaTh PAacIIMPEHHBIN MepeuyeHb 3BPUCTHK,
MpUBEIESHHBIN B cTaTbe. JJaHHBII MOAXOA MO3BOJUT
CYILIECTBEHHO YBEJIMUYUTh TOYHOCTh KJIACTEpU3aALUU
aJipecoB.

B xome pabGoThl ObljIa BEISIBJIEHA HEOOXOAUMOCTD
CO3laHUS Penpe3eHTaTUBHOrO U aKTyaJbHOTO Ha-
0opa JaHHBIX AJs MPOBEPKU TOYHOCTHU aJTOPUT-
MOB KJIaCTepHU3alluu aJpecoB C ONTUMU3al et Obl-
crpoaericTBUs. CpaBHUTEIBHOTO aHaIM3a TPEOYIOT
TaKkXe yJy4dllleHHble BEPCUU JAHHBIX aJTOPUTMOB,
KOTOpble ObIJIM MpeacTaBieHbl B HEJaBHUX HUCCIe-
JOBaHUSX.

PesynbraThl paboThl MOTYT CIOCOOCTBOBATh CO-
BEPIICHCTBOBAHMIO CYLIECTBYIOIIMX UM pa3paboTKe
HOBBIX CHCTEM aHajmu3a ceTu Bitcoin, 4TO ITO3BOIUT
C BBICOKOI TOYHOCTbIO MPOBOAUTH UAEHTUPUKALIUIO
CPEICTB, MOJYYEHHBIX HE3aKOHHBIM IyTeM, U UX MC-
TOYHUKOB.

B pamkax ganbHeMIIMX MCClaeAOBaHUN TJIaHU-
pyeTcsl 3KCIepUMEHTAJIbHO MPOBEPUTH U3JI0XKEHHbIE
B CTaThe TUIIOTE3bl U CPABHUTH MX C CYILIECTBYIOIIU-
MU pELLICHUSIMU, a TaKKe TPEACTaBUTh MPOrpaMMHY 10
peain3aluio MoJy4YeHHOro B Xole AaHHOW paboThl
MeToza.

Hannas paboma evinoanena npu noodoepiucke
Munucmepcmea Hayku u Bvicweeo obpazoeanus (npo-
exm eocyoapcmeeHnHoeo 3adanus Noe FSWU-2023-0031).
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The lack of a user identification system and the existence of a variety of ways to obfuscate a transaction on the
Bitcoin network is of great interest to attackers and can be used by them to conduct illegal activities. There is a need
to develop new methods of cash identification in the Bitcoin network. The purpose of this work is to develop a method
of transaction verification in the Bitcoin network to improve the efficiency of the process of identification of illegally
obtained funds and their sources. The work solves the following tasks: the development of a method for transaction
verification in the Bitcoin network and the development of a decision support system, which includes the proposed
method. The article describes each of the stages of the method: collection, aggregation, processing and analysis of
information. The information analysis stage proposes a clustering method that takes into account an extended set
of empirical rules (heuristics) of transaction analysis, as well as information about Bitcoin network address owners.
The scientific novelty lies in increasing the efficiency of the identification process of illegally obtained funds and their
sources through a comprehensive analysis of transactions, including the extended collection of information and its
subsequent aggregation in the multi-model database of the decision support system. In contrast to existing methods,
the reliability of the identification of Bitcoin network subjects is increased through the use of intelligent methods of
data analysis. The results of this work will provide an opportunity to develop new and improve existing transaction
analysis tools in future research, which will allow more effective identification of funds in the Bitcoin network associ-

ated with illegal activities.
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The article presents an effective algorithm for calculating the correctly rounded exponent for any of the rounding
modes specified by the IEEE 754 standard. The argument and the function value are double-precision numbers, but
the algorithm itself uses extended double-precision arithmetic for calculations. At the argument reduction stage, we
approximate the argument with numbers whose exponent value has a short mantissa, which makes calculations faster.
The article gives a formal description of the algorithm and a proof of its correctness. The function has the shortest
maximum execution time among the considered functions calculating correctly rounded exponent. The execution time
slightly depends on the value of the argument, which may be important for critical applications.
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lNpedcmaesneH achgpekmuegHbIl anzopumm 8bl4UCTIEHUS KOPPEKMHO OKPY2/1€HHO20 3Ha4YeHUS 3KCro-
HeHmbI 05151 11106020 U3 PEXUMO8 OKpyareHus, npedycMompeHHbix cmaHdapmom IEEE 754. ApaymeHm
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U 3HayeHue ghyHKyuu npedcmaessirom coboli yucna 080lHOU MOYHOCMU, HO CaM an2opumm UCrosb3yem
0715 8bl4UCeHUl paclupeHHyo apughmemuky deoliHol moYyHocmu. Ha amane cokpaweHusi ap2yMeHm
annpoKcuMupyemcsi yucramu, 3Ha4eHUe 3KCMOHEeHMbl KOMOopPbIX UMeem KOPOMKYy MaHmuccy, 4Ymo
ycKopsiem npoyecc e20 8bl4ucieHus. [JaHo ¢popmaribHoe onucaHue anzopumma u 0okazamesibcmeo
e20 KoppekmHocmu. QyHKYUS umMeem HauMeHbUuee MaKkCuMaslbHoe 8PeMsi 8bIMoSIHeHUsI cpedu pac-
cMampugeaeMbiX oyHKUUL, 8bIYUCTISIOUUX KOPPEKMHO OKPY2arieHHYH 3KCTOHeHmMY. Bpemsi ebinonHeHus
He CUMIbHO 3a8Ucum om 3Ha4yeHusl ap2yMeHma, 4mo Moxem 6bimb CyuwecmeeHHbIM O KpUmu4YecKu

8a’)KHbIX MPUIIOXeHUU.

KnioueBble cnoBa: asi20pumm, 3KCrIOHEHMa, KOPPEeKMHoe oKpyarieHue, 080liHasi MoYHOCMb

s yumupoeanus:

Godunov A. N. Calculating Correctly Rounded Exponential Function in Double-Precision Using Extended
Double-Precision Arithmetic // IIporpammuas naxenepus. 2023. Tom 14, Ne 11. C. 531—549. DOI: 10.17587/

prin.14.531-549.

Introduction

The correctly rounded exponent is the result of
rounding the exact value of the exponent. The func-
tions calculating the correctly rounded exponent provide
the best approximation and ensure portability across
platforms. The IEEE 754 [1] standard recommends
implementing the exponential function that calculates
the correctly rounded value. Computing the correctly
rounded exponent requires high accuracy and, as a
result, significant computation time. Because of this,
functions that return the correctly rounded exponent
value are not widely used.

To reduce the time for calculating the correctly
rounded exponent, we suggest using extended double-
precision arithmetic and approximating the exponent
values by numbers with short mantissas at the argu-
ment reduction stage. Using extended double precision
arithmetic helps make the algorithm more efficient.
However, there are new problems when using extended
double-precision arithmetic. This is because rounding
when using extended double-precision arithmetic is
different from rounding when using double-precision
arithmetic, and subnormal numbers in double-precision
arithmetic are not subnormal in extended double-pre-
cision arithmetic.

In this paper, we propose the algorithm for calcu-
lating the correctly rounded value of the exponential
function. The function’s argument and value are dou-
ble-precision numbers, but calculations use extended
double-precision arithmetic. A brief description of the
algorithm without proof of its correctness is given in [2].
Here we present a detailed description of the algorithm
and prove its correctness.

The implementation of the proposed algorithm writ-
ten in C is compared in [2] with other functions that
compute the correctly rounded exponent.

1. Preliminaries

This section provides basic notation, definitions, and
results used below (see [2, 3]). One uses so-called float-
ing numbers to represent numbers in computers. The
IEEE 754 [1] standard specifies several sets of floating
numbers defined by the following parameters:

b — the radix (2 or 10);

p — precision (the number of digits in the mantissa
(significant));

F.x — the maximum exponent (the integer power
to which the radix is raised).

The parameter E,;, is also used, whichis 1 — E,,.
Each set of floating numbers consists of normal num-
bers:

x=2b" (1+b b7+ . +b, b7,
where E

min SE<E_.., b; is an integer digit
0 < b, < b -1, subnormal (denormalized) numbers:

x=xbf (048 b +.+b, b,

+o0, —o0, and NaN (not a number). Here we consider
double-precision numbers (type double in C language):
b=2,p=2353 and E,,, = 1023, and extended double-
precision numbers (type long double): b = 2, p = 64,
and E,,, = 16 383.

The IEEE 754 standard defines the following round-
ing modes: rounding to the nearest, towards plus infin-
ity, towards minus infinity, and towards zero. There
are two types of rounding modes to the nearest: with
roundTiesToAway (to the one with a larger magnitude)
and with roundTiesToEven (to the one with an even least
significant digit).

Definition 1. Let X be an arithmetic expression, x be
the exact value of X, and x* be the computed value of X.
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Then A(x)=x*—x is called the absolute error of the
computations.

The error of the computations is due to rounding
errors.

If x is a real number, we denote by (x) the value
of x rounded to the nearest extended double-precision
number with roundTiesToEven. We denote the error of
this rounding by A, (x) = (x) - x.

Theorem 1. Let x be a real number, and {x) be
a normal extended double-precision number such that
x| < 271, where q is an integer. Then the inequality holds

A, (%) <2,

The proof is trivial.

Theorem 2. Let X and Y be arithmetic expressions, x
and y be the exact values of X and Y, respectively, x* and
y* be the computed values of X and Y, respectively. Then
the following inequalities hold:

|A(x + y)| < |A(x)| + |A(y)| + |A, (x*+ y*)

b

A(x-y)| <pe-A()|+]y-alo)+
+|A(x)~A(y)|+|A, (x*~y*)|.

Proof: Let us first consider the error in calculating
the sum. We obtain

|A(x + y)| = |(x* +y*) = (x+ y)| =
= |(x* —x)+(y* =)+ (% + y*) — (2% + y*))| <
<|A)]+[A ()] +[A, (x*+ y*).

Now let us consider the error in calculating the
product.
|A(xy)| = |<x*y*>_xy| =
= (x*-y*)—x*~y*+x*~y*—x~y*+x~y*—x~y|<

<|x-A(y)|+|y-A(x)|+|A(x)-A(y)|+|A, (x*-y*)|.

Definition 2. Let p and q be integers such that p > q.
We define the sets B, ,, B, ,, and B, , as follows:
o B, is the set of all numbers of the form

x=b,:2"+b, ;- 2"+ 1,2,

where each of the numbers b, b, _ |, ..., b, is equal to
Oor I;

. B;’qz{x|—xeB;,q};
° Bp,q:B;,qUB;,q'

Definition 3. Let #» be an integer, and x be a real
number. Then R, (x) is the number of the form m - 2"
nearest to x, where m is an integer. In the case of am-
biguity, we choose the even m.

If n is an integer, and x is a real number, then
|R,1 (x) - x| <2,

If n is an integer, x is an extended double-precision
number such that |x| <2"**, and the computation of
X +3-2"% does not lead to overflow, then

R, (x)={x+3.2m62) _3.9m62,

Theorem 3 (algorithm Fast2Sum [4]). Let x and y be
machine numbers such that |x| > |y|. Assuming that their
addition does not cause overflow, there are machine num-
bers z and zz such that 7 =(x+y) andx +y =z + zz.
These numbers can be obtained as follows:

2= (x+y);
w= (2 - x);
z=(y-w).

The Fast2Sum algorithm was introduced by Dekker.
Below, we use the following notation for Fast2Sum:

(z, 22) « Fast2Sum(x, y).

V. Lefévre and J.-M. Muller introduced the following
definition and theorem (see [4, 5]).

Definition 4. Let a and b be nonzero real numbers
having the same sign and q be an integer such that

29 < |a|, |b| < 29*'. We call the mantissa distance between

. a-—
a and b the distance

Theorem 4. Let y be the exponent of a double-precision
number x. Let y* be an approximation to y such that the
mantissa distance between y and y* is bounded by €. Then,
in the cases where

o [x>27 and e <2733 =113,
. 2—54 < |x| < 2—30 and € < 2—53—104—1 _ 2—158’

the rounding of y* is equivalent to the rounding of y for
any rounding mode considered above.

There are some modifications of Theorem 4, e. g.,
Theorem 1 in [6]. We present here two more modifica-
tions. The first one concerns all considered rounding
modes.

Theorem 5. Let y be the exponent of a double-precision
number x. Let y* be an approximation to y such that the
mantissa distance between y and y* is bounded by €. Then,
in the cases where

o |x[>27 and e <278,
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o 2% |x[<2¥ and €<1.33.271%,
o 27 <|x[<2™ and €<1.33.27%,
o 27 < x| <2 and €<1.33.2718,

the rounding of y* is equivalent to the rounding of y for
any rounding mode considered above.

Proof: Appendix A of [3] presents for each round-
ing mode under consideration and for each interval
[2‘”, 29|, where g = —27, —28, ..., —53, and for each
interval [-27, 2771], where ¢ = —28, =29, ..., =53, the
values of x for which the distance from e* to the near-
est discontinuity point of the corresponding rounding
function is minimal. These data and Theorem 4 imply
the statements of the theorem.

The second modification relates to the round-to-
nearest modes (see [3, Theorem 6.1]) and is based on
the results of V. Lefévre [7].

Theorem 6. Let x be a double-precision number such
that |x| > 27*, and y be its exponent. Let y* be an ap-
proximation to y such that the distance between the man-
tissas y and y* is bounded by 1.67-27"'2. Then, for the
rounding to nearest modes, rounding y* is equivalent to
rounding y.

N

2. Special Cases

We put (see also [2, 3])
Xppr = 0x1.62e42fefa3%efp + 9 ~709.78,

Xgmm = —0x1.6232bdd7abcd2p + 9 ~ —708.40,

Xperol = —0x1.74385446d71c3p + 9 ~-744.44,
Xperpr = —0x1.74910d52d3051p + 9 =~ -745.13.

If x is a double-precision number such that
Xgum S X < X,,,., then the correctly rounded value of
e* is a normal double-precision number for any con-
sidered rounding mode.

If x is a double-precision number such that x > x,,,,
then the correctly rounded value of e* is equal to +oo for
rounding to the nearest and towards +oo and is equal
to (2-2752).2'% for rounding towards —oo.

If x is a double-precision number such that x < x,,,,,
then the correctly rounded value of e* is a subnormal
number or 0 for all considered rounding modes.

If x is a double-precision number such that x < x_,,,,,
then the correctly rounded value of e is equal to 0 for
rounding towards — mode and is equal to 27'9* for
rounding towards +o mode.

If x is a double-precision number such that x < x,,,,,,
then for rounding to the nearest, the correctly rounded
value of € is equal to 0. If x is a double-precision num-
ber such that x,, < x < x,,,, then for rounding to

the nearest, the correctly rounded value of e* is equal
to 2—1074

3. Algorithm

The proposed algorithm calculates the correctly
rounded e* for all rounding modes, but the computa-
tions use only rounding to the nearest with roundTies-
ToEven. Since e* is always positive, rounding towards
0 is equivalent to rounding towards minus infinity.
Because of this, we do not consider rounding towards
0. If x is an algebraic number not equal to 0, then e*
is a transcendental number (Lindemann theorem [11]).
Therefore, if x is a double-precision number, then for e*,
both rounding to the nearest with roundTiesToEven and
with roundTiesToAway are equivalent.

First, we discuss the basic ideas. A detailed descrip-
tion of the algorithms and proofs of their correctness
follow. We assume that non-numeric (NaN), too large,
and too small argument values are filtered out and
processed separately. The reader can find a detailed
description of this step in [8]. Therefore, we suppose
that the argument belongs to the interval [ X, X,,, |
As usual, the algorithm contains the stages of argu-
ment reduction, approximation, and reconstruction.
The argument reduction stage consists of four steps. In
the first step of the argument reduction (Algorithm 1),
we use the equality

er =M _ex—m0»1n2
We choose the value of m, so that the value of

x —my-In2 is as small as possible. Roughly speaking,
we use formula

%=Ro(ﬁ]-

Recall that the function R, rounds the argument to
the nearest integer. As a result of this step, we obtain
an integer m; and extended double-precision numbers
Xo,1> Xo,2, and x 3 such that

Xx=my-In2+ X5, + Xy, + Xy 5 + O,

where 8, <1.998.27'%,

|x0,| < 0.501-1n2,

Xoo| <1.595-27%, |xy 5| < 1.946 - 2°.

The sum x,; + X, , + Xy ; approximates x —m -In2.
The error of this approximation is §,. The numbers x; ;,
X2, and x 3 are computed exactly (no rounding errors).

The next three steps of the argument reduction use
the equality

x-In(1+v)

e’ =(1+v)-e

We choose the value of v so that the value of
x—In(1+v), is small, and the mantissa of v is short.
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In the second step, the Algorithm 2 approximates
xo,; by the number of the form In(1+wv,), where v, has
a short mantissa. It uses a precalculated table to find v,
and approximate In(l1+uv,). As result of this step, we
obtain the double-precision number M, =1+v;, with
a short mantissa and the extended double-precision
numbers x; ; and x, , such that

+ Xgp + Xo3 + (80 +8,),

where M, e B, g |x,[<1.175:27%,  |x,[ <2,
|8, < 27'%.
The sum  x;+Xxy,+X3+X, approximates

x—my-In2+1In(M,). The error of this approximation
is equal to &, + ;. The numbers x, ; and x, , are com-
puted exactly (no rounding errors). The number M| has
a very short mantissa: all low-order mantissa bits of M,
starting with the bit corresponding to 279 are equal to 0.
The third step (Algorithm 3) is very similar to the
second one. The algorithm approximates x,; ; by the
number of the form In(1+wv,), where v, has a short
mantissa. We obtain double-precision numbers v, x; ;
and extended double-precision number x, , such that

x=my-In2+1In(My)+ X, + X5 + X5 +
+ Xoo + X3 +(8g + 8, +8,),

where M, =M, -(1+v,), M, e By _»,
x| < 0.675-27,

x2,2| <278,

8,y <27

The numbers 1+ v, and 1+ v, have short mantissas
(1+v, € By_y), therefore M, =M, -(1+v,) is com-
puted exactly and has a short mantissa. All low-order
mantissa bits of M, starting with the bit corresponding
to 2723 are equal to 0.

Algorithm 4 (the fourth step) does not use any tables
but calculates the values of v and In(1+v;). It com-
putes vs as follows

|
Xy =Xy + X0, U3=3-Ry (g'xz s

where |x,| < 0.676-27", x, € B 5,
vy € B 5 3.

The value of v; has a short mantissa and is exactly
divisible by 3. Moreover, x, = v; ~ In(I +v;). To com-
pute In(1+ x), we use the following approximation

v;| < 0.677-27,

1n(1+x)zx—0.5~x2+%-x3+x4~P3(x).

The third-degree polynomial P, (v) was found using
Sollya [9]. As a result of this step, we obtain the extended
double-precision numbers M3, x5, and xs , such that

x=my-In2+1In(M;)+ x5, + X3, +38,,

where [5,] < 1.436-27',

M; =M, (1+v;),0.703 < My <1.421,

M; € By s, xs;| <1.210-27%, |x; | < 1.821-27°L @

The values of M; and x; | are computed exactly;
the error in computing the value of x;, is less than
1.219-27'%, Consequently,

e* =2 - M, L@l )

As a result of four steps, we managed to reduce the
argument to a value less than 1.210-27%.

Further, in the case of x,,, <x<Xx,,, we use Al-
gorithm 5, and in the case of x_,,, < x < x,,,,, We use
Algorithm 6. In the first case, the result is a normal
double-precision number; in the second case, it is a
subnormal double-precision number or 0.

Let us consider properties common to both Algorithms 5
and 6. First, we represent M5 as the sum of two numbers
with short mantissas:

M; = M3,1 + M3,2,

where M;, = Ry (M;) € By 5, My, = My — M, <

€ B-31,-52-

X3 +X; 5+,

Next, we obtain an approximation to e « and

also represent it as a sum:

X345+

e o z1+(x3,1+x3’2)+

+ O.5~x32+%~x33 =1+5,+85,,

where X3 = X3, + X35, S = Ry (x3,),
S € By

S| <1.210-27%,

1
Sy = (X3 = 81)+ X3, + x? ~(0.5+§~x3j,

|S2| <1.985.27%.
Further, we get

3
:M3+M3,1'S1+M3,2‘Sl+M3'Sz—8b> ®

where [5,| <1.276-27'".

The numbers M;,, M;,, and §; are computed ex-
actly and have short mantissas; therefore, the products
M;, S, and M;, - S, re also computed exactly.

Now let us consider the case x,,,, < x < x,,. (Algo-
rithm 5). The mantissa of extended double-precision
numbers is 11 bits longer than the mantissa of double-
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precision numbers. Therefore, we first compute the
correctly rounded value of e*-27 +(2'' —1) in the
extended double-precision environment and then sub-
tract 2!' —1 to obtain the rounded value in the double-
precision environment.

The numbers (2" —1) + M, and M;, - S, are com-
puted exactly. Applying the Fast2Sum algorlthm to
them, we obtain the extended double-precision numbers
Y and Y, such that (see (1)):

Y+Y =(Q" -0+ M)+ M,, -5,

where 2" —0.298 <Y < 2'' +0.422,
YeB, 5, <2, if ¥ >2",
Y € By, || <27, if ¥ <2'
Therefore, Y — (2"-1) isa double-precision num-
ber. From (3) and (4), it follows

e 2+ (2" D) =Y +Y, + My, S+ M;-S, -
Denote by Y, the result of computing ¥, +
+(M;, S, + M;-S,) and by §, the computation error
due to rounding errors. We obtain
et 2=y -(2"-1)+Y,-5,-5,, @)
where |V, <1.054-27%, |5,|<1.235-27'"".

Below, we prove that the rounded values of
2" ((Y —(2" - 1)) + Y2) and e* are equal to each other
for all considered rounding modes.

Let us consider the case X, <X < X,,, (Algo-
rithm 6). We cannot use Algorithm 5 to compute the
correctly rounded exponent if the result is a subnormal
number, since the mantissa of subnormal numbers may
be shorter than that of normal ones. We first compute
the rounded value of 27'%!" + e* in the extended double-
precision environment, and then by subtracting 27!,
we get the rounded value of e* in the double-precision
environment (in both cases, the least bit of the mantissa
corresponds to 271074),

By direct calculations, we obtain —1075 <
By definition, put

My =2" My, My, =2" My, M;,=2" M,

my < —1022.

From (3), we obtain (ignoring rounding errors)
+e =2 M (145, +5,)-8) =

2—]01]

©)

where 8, =2"™ -3, [8}] <1.276-2"7'",
The values 7, and #; are the result of applying the

Fast2Sum algorithm to M3 and Mj, -S;; the values ¥

and ¢, are the result of applying this algorithm to the
values 27" and ¢,. We get

et 2" = Y+(t+t+ M5, -8+ Mj- S, -8)),
where |t1| < QM4 |t2| <2075,
|t1 +(M§,2 -8+ M; -S2)| <1.730-2m~38,
|t2 +h+ M, S+ M-S _5})| <1.055.2°1075,
y-2"e B 1022,-1074-
Hence, the difference ¥ —27'°!! is calculated exactly
and is a double-precision number.

Let us consider rounding to plus and minus infinity. Let
us denote by Y, the result of the computation

f+(1

and by &, the computation error. We obtain

+ (M5, -8 + M; -Sz)),

e = (Y —271") (v, -5, -3.),

where [8)] <1.276-2™7'7 ) [5.] < 1.266 - 271774,

Below, we prove that rounding e* is equivalent to
rounding (¥ —271") 4+ ¥,.

Let us consider the round-to-nearest mode. Recall that
the last mantissa bit of the subnormal double-precision
numbers corresponds to 27'9%. Let ¥, be the result of
computing the expression

(t2 - 2’1075) + (tl
let Y5 be the result of computing the expression

(t2 + 2‘1075) + (t1

+(M3’,2-SI+M3’-S2));

+(M;, - S, + M; - Sy)).

We claim that for ¥, >0, the rounded value of e*
is equal to (¥ +2° 10”)+ 2" ‘074 for Y, <0, the round-
ed value of e* is equal to (Y 2" ‘0“3 271974 " and for
Y, <0 and Y; >0, it is equal to ¥ —27'""", The full
proof of this statement is given below. Here we only
mention the main idea of the proof. If #, is close to
27195 or —271973 then the error in computing of Y, or
Y; is sufficiently small, and we can apply Theorem 4.
Otherwise, the rounding of e¢* does not depend on the
value of # +(M;, - S, + M3 S, ), and the rounded value
of ¢’ is equal to ¥ — 2710

We now turn to a detalled consideration of the al-
gorithm.

3.1. Argument reduction

To reduce the argument, we use Algorithms 1, 2, 3,
and 4. Algorithm 1 uses the equality

ex _ 2/1 _ex—nan'

536
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We approximate In2 by the numbers / € B | 4,
Ly e By 77, 5 € By 13. By direct calculations, we
obtain

Ih] < 0.694, |I,] < 1.517-27%, || < 1.851-277,
In2-(h+14+4) <1.901-27,

(6)

The extended double-precision number / approxi-
mates the constant 1/In2:

1 ~

3 —I]<2% (7)

Algorithm 1. Argument reduction. Step 1

I: my « Ry(x-7)
2 Xy <= X—my -l > Xy, is computed exactly
3 Xgp < —my -1, > X, is computed exactly

4: xo5 < —my - > Xo3 is computed exactly

Theorem 7. Suppose x is a double-precision numbersuch that
Xorp2 S X < X,,,. In addition, suppose that the numbers
my, Xy 1, X2, and X, 3 are obtained by Algorithm 1. Then
the extended double-precision numbers X, |, X 5, X 3 are
computed exactly, and the following equality and inequali-
ties hold:

X =m, ~1n2+x0,1 + Xg + X3 + O,
where |my| <1.051-2', |5,| <1.998-27"7,
%] <0.5-In2+1.596-27%, |x,| <1.595-27%,

-69
x0’3| <1.946-27, Xy3 € By 13-

Xo2 € B33 77,

Proof: By direct computation, we obtain |f | < 1.443.
Taking into account that x,,, <x <x,,, Wwe see
that

zero
- 7] < 10512, |my| < 1.051-2". (8)
Combing this with (6), we obtain

Iy 4| < 1.459-2°, my -1, € By 4, |xp,|<1.595-27%,

Xo2 € By3 17 x0,3| <1.946-2°%, Xo3 € Bgo 13-
Consequently, the extended double-precision num-
bers my - I, xy,, and x 5 are calculated exactly.
From (8), it follows that the rounding error in the
computation of x -/ is not greater than 2% in absolute
value. Combining this with (7), we obtain

< x-(i -Lj 12 1728275 (9)
In2

From line 1 of Algorithm 1, it follows
|<x~i>—m0| <0.5.
Combining this with (9), we get
|x —my-In2| <

<‘x—(x-i).1n2‘+‘((x-i>—mo).1n2‘< (10)

<(1.728-2%4+0.5)-In2<0.5-1n2 +1.198 .27,

Let us prove that the algorithm calculates x, ; with-
out rounding errors. Taking into account (6), (8), and
(10), we obtain

|x0’,| =|x—my- 4| <|x—my-In2|+

(11)
+|my - In2—my -4 <0.5-In2+1.596-27 < 0.5.

Suppose |x| >0.25. Since x is a double-precision
number, we see that all low-order mantissa bits of x
starting with the bit corresponding to 27>° are equal to 0.
Taking into account (11), we see that x,; € B, ;.

If |x| < 0.25, thenm, =0, x,, = x, and X, , = x5 = 0.
Therefore, in both cases, the double-precision number x; ;
is computed exactly.

From (6) and (8), it follows that

my -1n2 +(x0’l + X +x0,3) =

=x-my-((h+L+5)-In2)=x-3),

where [5,] <1.998-27"%".
For the further argument reduction, we use the
equality

x-In(1+v)

e =(+v)e

We try to find v with a short mantissa so that
x — In(1 + v) is small. In the second and third steps, we
use tables to find v and In(1 + v); in the fourth step, we
calculate them. In the second step, we use a table (array)
W, containing elements with numbers from —89 to 89.
Item number n contains the double-precision number
W,[n].w, and the pair of extended double-precision
numbers W, [nl.w, € B, 4, W,[nl.w, € B _55, Which
are precalculated as follows. We find the number of
the form In(1+m-27%) closest to n- 278 where m is an
integer; then, we calculate

Wilnlwy=1+m-28 =1+,

where v=m-27",

The pair of numbers (W, [n].w,, W, [n].w,) appro-
ximates In(W,[n].w,) with an error not greater than
27'?. Note that the number W, [1n].w, has a short man-
tissa.
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In the second step, we apply Algorithm 2 to the
number X, ; obtained by Algorithm 1.

Algorithm 2. Argument reduction. Step 2
I: n « R, (xo,l ~2’8)

2 M« W [n].w,
-Wi[m]w

30X < X > is computed exactly

4:x, « Wi m]w,

Theorem 8. Suppose x is a double-precision number
such that x,,,, < X < x,,.. In addition, suppose that the
numbers my, X 1, Xy », and x, 3 are obtained using Algo-
rithm I, and the numbers M\, x, ;, and x, , are obtained
by Algorithm 2. Then the extended double-precision num-
bers x, ; and x, , are computed exactly and the following

equalities and inequalities hold:

x=my-In2+In(M;)+x, +x,+

+ Xpp +Xo3+ Sy + 9,

where [3,| <1.998-27"7, |5,| <27,
M, =1+v, v, =m -2, -75<
x”|<1 175278, x, € By o zfx
X z| 2%, X1y € Blgs 18-

Proof: 1t is clear that

m, <106,
>0,

-8 -9
‘%,1‘”1'2 ‘<2 ,

65
x1,2| <27, x5 € Bgs s

From Theorem 7, it follows that |x, | < 0.501-In2,

therefore, —89 <n, <89. By direct calculations, we
obtain
max (min |n 28 _In(l+m-2°8 )|) <0.673-27%,
-89 <n<89 m

We also obtain -75<
Consequently,

m, <106 if -89 <n, <89.

M, =1+m -2,

where —75 < m, <106.

Taking into account

‘ln(l +my - 278) = (W [m]ow + W, [nl].wz)‘ <27,
we obtain

|x1,1 + x1,2| = |x0,1 -Wim]w -W [”1]-W2| <
< |x0,1 -n -2‘8|+|n1 278 —1n(1+m1 -2‘8)|+
+‘ln(1 +m ~2’8)—(W1 [ ].w + W, [nl].w2)‘ <
<1.174-2°%,

Since |x;,| <27, we see that |x,,|<1.175-27° If
x >27", then all low-order mantissa bits of x and xg;
starting with the bit corresponding to 27% are equal to 0.
Taking into account that W, [n].w, € B., 4, we obtain
X € By g If x <2712 then n; =0 and x, =x.
Therefore, in both cases, X is an extended double-
precision number and is computed exactly.

Since W, [n].w, + W, [n].w, approx1mates In(1+v,)
with an error not greater than 27'%, we see that

Xou =In(1+v)+x0, - W [m]w - W [n]w, -

—(ln(l + Ul)_(Wl [m].w + W, [”1]-“’2)) =

where [5,|<27%.
Using Theorem 7, we obtain

x=my-In2+In(M)+x, +Xx, +
+ Xpo + Xg5 + 8y + 9,

where [5,] <27'%.

The third step uses the table W, containing items
with numbers from —75 to 75. Item number # contains
the double-precision number W, [n].w, and the pair of
extended double-precision numbers W, [nl.w, € B g,
W, [nl.w, € B.¢s_ 5, which are calculated as follows.
We find the number of the form In(1+m-27) closest
to n-27"* and calculate W, [nlwy =1+m-27" =1+,
where v=m-27

The pair of numbers (W, [n].w,, W, [n].w,) approxi-
mates In (W, [n].w,) with an error not greater than 27

In the third step, we use Algorithm 3, which we ap-
ply to the number x;; obtained by Algorithm 2.

Algorithm 3. Argument reduction. Step 3
I ny « Ry (x,-27)
22 M, « M, -W,[n,].w,
-Wy[m]w

3 X)) < X > is computed exactly

4: Xy, « W, [m,] W,

Theorem 9. Suppose x is a double-precision num-
ber such that x_,,, < x < X,,.. In addition, suppose that
numbers my, X1, Xo,, and X3 are obtained using Al-
gorithm 1, the numbers M,, x, |, and x, , are obtained
by Algorithm 2, and the numbers M,, x, ,, and x, , are
obtained by Algorithm 3. Then the extended double-pre-
cision numbers x, | and x, , are computed exactly, and

the following equalities and inequalities hold:

+Xg + Xo3+ (89 + 8, +8,),
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where M, = M, -(1+v,), v, =m, 27", -75<m, <75,
0.703< M, <1.421, M, € By », |x,|<0.675.27%
Xy € B s ¢ ifx> 275,

Pes| <27, x5 € Bgs i [32] <277
Proof: 1t is clear that

14| _ A-15 ~65
‘x,’] —ny-2 ‘< 27, x2,2| <27, x5 € Bys s

Since |x;,| <1.175- 28, we see that —75<n, <75.
By direct calculations, we obtain

max (min|n 2% _In(l+m- 2’14)|) <0.173.27

-75<n<75 m

If =75 < m, <75, then -75 < m, < 75. Consequently,
|x2,1 + x2,2| = |(x1,1 ~Wi[m]w) - W, [n] -W2| <
< |xL1 -n, .2*14| + |n2 M ln(l +m, -2’14)| +
+‘ln(1 +my - 27) = (W [ny]ow, + W, [nz].wz)‘ <
<2P+0173.27%+27 <0.674- 27

%5 we obtain

Taking into account that |x,,| <2
x| <0.675-27%.

Recall that x is a double-precision number. If
x >27", then all low-order mantissa bits of x, x; 1,
X1, and x; ; starting with the bit corresponding to 28
are equal to 0. Consequently, x,; € B 5 ¢;. If x <277,
thenny =0and x,; = x;; = xp; = x. Thus, in both cases,
the double-precision number x; ; is computed exactly.

Since W, [n,].w, + W, [n,].w, approximates In (1 + v,)
with an error not greater than 27'%°, we see that

X =In(1+v,)+x, - Wy [m].w =Wy [ny].w, —
—(ln(l+z;2)—(I/V2 [m,] W, + W, [nz].wz))z

=In(1+vy)+ Xy + X5 + 8,

where [5,] <27'%.
Combining this with Theorem 8§, we obtain

x=my-In2+1In(My)+ X, + X5 + X5 +

+Xo + Xo3 + (89 + 8, +8,),

where M, =M, -(1+v,),
From

5 <271

My =(1+m-27%) (14 my-271),

where —-75<m; <106, -75<m,
0.703 < M, <1.421,M, € B, _»,.

The total size of all tables is about 16 KB.

In the fourth step, we do not use any tables but
compute v and In(l1+v) using polynomials. To find
a polynomial approximating the function In(l1+v) on
the interval

<75, it follows that

1, =[-0.677.27%, 0.677. 2],

we consider the function

U3

In(+v)-v+0.5-v* —=
f()= ; 3
v
Using Taylor’s theorem with the Lagrange form of
the remainder term [12] for the function In(1+v)we
obtain

|f ) - P()| < 151727,

1 v v o v v

h I, Po)=——42 V. U VvV UV V.
where ve I, P(v) 175 e T 859 10

Further, using Sollya [9], we find a third-degree
polynomial P;(v) that approximates P(v) on the in-

terval [, =[-87-22;87.22 |5 I;:
Pw)=ay+v-(a +v-(a,+v-a)),

ay= -Oxf.fEfffffFFFFfffdp—o6,
a; = Oxc.ccccecccecceccelp-6,
(12)

a, = -Oxa.aaaaaae49a3c83p-6,

a; = 0x9.249249728e270£fdp-6.

Sollya provides the following bound on the approxi-
mation error
[P ()~ P ()| <1.779.2°

on the interval 7,. As a consequence, we obtain
o
1n(1+v)—v+0.5-v2—?—v4~P3(v)< (13)
<1.780-27% .v* <1.496-27'%,

where v e [,.
In the fourth step, we use Algorithm 4.

Algorithm 4. Argument reduction. Step 4

I x, « Xy + X,

2: v3 « R (%-)@j

> is computed exactly
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. ’
3 vy« 305

) 2 2
4: x3; « (%, —v3)+0,5-v3 —v3 -

vy
S Xy ((x0,3 +xp,) + xz,z) —vy - Py (vy)

6: My« M,(1+vy)

NS 0.677-27, vy € B.j5 3
X3 <1.210-27%

> X3 is computed exactly,
> [y, < 1.821-2°, A(x;,) <1.219-27%
> 0.703 < M; <1421, M; e B s,

Theorem 10. Suppose x is a double-precision number

such that x_,,, < x < X,,., the extended double-precision

numbers M3, x5 1, and x5 5 are obtained by successive ap-
plication of Algorithms 1, 2, 3, and 4. Then the extended
double-precision number x5 | is computed exactly, and the
Jollowing equality and inequalities hold:

x=my-In2+In(M;)+ x5, +x3,+8,,  (14)

where 0.703 < M, <1.421, M, € B _s,,
18] <1.436- 277, |x3, <1.210 - 27, |x; o < 1.821- 27",

Proof: If |x|>27", then it follows from Theorems
7 and 9 that

%0 <1.595-27, x,, € B33 7,
|x2,1| <0.675-27, Xy, € Bys g,
|x,| <0.676-27', x, € B.j5_5;.

(15)

Consequently, the extended double-precision num-
ber x, is computed exactly. If |x| <277, then x,, =0,
X, = X,; = x. Thus, in both cases, x; is calculated exactly.

It follows from (15) and lines 2 and 3 of Algorithm 4
that (taking into account the error in the computation

of %-xZ)
vy — x,| <1.501-27,
o3| < 0.677-27", vy € B.j5_y.
By direct calculations, we obtain

0.703 < M, <1.421, My € B, 5.

(16)

It follows from (15) and (16) that

03] <1.834-27%, 0 € By ¢,

v 05| < 1.655-27%, 0} vy € By o, (17)

o] =[x, = v3) + 0.5 03 =03 3| < 1.210- 27,
Thus, v; and v} v are computed exactly. We
claim that x3; is computed exactly. If |x/>2 then
X3; € By g (recall that x is a double-precision number).

If [x<27 then x;,=0, x,=x,; =x. Further-
more, vy =0 and x;; = x, = x. Thus, we see that in all

cases, the extended double-precision number xs; is
computed exactly.

It follows from (12) and (16) that [v} - P (vs)|<
<1.688-27° Theorems 7, 8, and 9 imply

ol =[((30a + 32) # 00) - - Ao <

4 -61
< |x0,3|+|x1’2|+|x2,2|+|v3 - Py (v3)| <1.821-27°L

From (13) and Theorem 9, we obtain (ignoring the
computation errors)

x=my-In2+1n(M;)-
—(1n(1+v3)—v3 +0.5-v7 —v? vy —v3 ~P3(v3))+
+x, —v3 +0.5-03 —v3 - v} +Xo3+ X9+ Xy — 19)
—v3 - Py(v3)+ (8 + 8, +8,)=my-In2+
+In(M3)+ X3, + X35 +(8y + 8, +8, +83),
where [8;] <1.496-27'%.

Let us bound the error in the computation of xs ,.
Recall that v32 is computed exactly. We obtain

vy <1.682-27%, A(v§)| = ‘A (v32 v32)‘ <2718,

On the other hand, we have

[P, (v5)| <1.001-27 and [A(P;(v3))| < 1.001-2°.
Since |v§‘ P (v, )| <1.684-27%' we obtain

‘A(lé e (%))‘ < |A(U§)||P3 (U3)| +

vl AR ()| +[a(ed) AR @)+ 0)
+ 2712 <1.843. 2714,
It follows from Theorems 7, 8, and 9 that
[Xo,3 + X5 + Xy 5| < 1.061-27%,
(21

‘A((xo,3 +X15)+ X5 )‘ <1.5-271%

Recall that |x3,2| <1.821-27" (see (18)). We get

A(x3,2) < ‘A((xo’3 + xm) + X, )‘ +

(22)
+[a(vd P (v)) + 271 <1.219.271%
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Taking into account the errors in the computation
of x3 ,, we obtain from (19) and (22):

X =m ~1r12+1n(M3)+x3,1 + X35+ 38,
where [5,| < |80|+|81|+|82|+|63|+|A(x3,2)| <1.436-27'%2,

3.2. Function evaluation

Algorithms 5 and 6 complete the computation of the
correctly rounded exponent. For x,,,, < x <Xx,,, we

ovr>

use Algorithm 5; for x,,,, < x < X4,,,, We use Algo-

zero2

rithm 6. In the first case, the result is a normal number;
in the second case, it is a subnormal number or 0.

In fact, each of these algorithms describes three
algorithms: the first is for the round-to-nearest mode,
the second is for rounding towards plus infinity, and
the third is for rounding towards minus infinity (see
comments on the algorithms). For example, for the
round-to-nearest mode, Algorithm 5 uses line 8 and
ignores lines 9 to 24. The algorithms themselves use
only the round-to-nearest mode with roundTiesToEven
when computing.

Algorithm 5. x,,,, <x<x,

vr

I My, < R, (M3)
2 My, «— My— My,
338 « R, (x3’1)

4: (Y, Y,) « Fast2Sum ((211 —1)+ M5, My, ~S1)
Sixy « X31 X35

|
6: S, « ((x3,1 —S1)+x3,2)+x32 -(0.5+§-x3j

8y« (Y+Y)-(21 1)
2y« Y-(o1_)
10:if ¥, >0 then

11: if y>1 then

12: Yy y+22
13: else

14: Yy y+23
15: end if

16: end if

172y « Y -(2"" -1)
18: if ¥, < 0 then

19: if y >1 then

20: Y y-22
21: else

22 Yy« y-273
23: end if

24: end if

25: return y - 2™

>0.702 < M5, <1.422, M, € B

> M;, < 27, M, € B s,

> )8 [<1.211-27%, S, € By _g,

> | My, -S| <1.723-27%, My, -S) € By o,
> (2 -1)+M; € B 5

>Y and Y, are computed exactly

> x| <1.211-27%, [A(x;)| <27

> ]S, < 1.985-277,

A(S,)|<1.850- 27

> My, S+ My -S| <1.714.27%

> Rounding to the nearest
> Rounding towards +oo

> Rounding towards —o

> Reconstruction
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Algorithm 6. X, < X < X,

I: My, « R (Ms)

2 M}« 2™ - M,

3 M3, < 2™ - My,

4: M, « M;— My,

58 <« R, (x3,1)

6: (t, 1) « Fast2Sum(M;, M5, - S))
7. (Y, t,) « Fast2Sum(27"°", 1,)

8 x; « X3 + X3,

9: 8y (X = 81) +x5,) + 3 -(0.5 +

10: Y« Y _(2—1011 _ 2—1022)

>0.702 < My, <1422, My, < B, 5

> |5

> to,

> |x3

|
3] x3j >[5

11: if (1, +2’1075)+(t1 +(M;, S, + M;-S,)) <0 then

13: yy-217"

14: else if (£, - 277 )+ (1, + (M3, - S, + M;

15 Yy« y+2‘1074
16: end if

17:if ¢, +(t1 +(M;, -8, + M, -Sz)) >0 then

18: Yy y+ 271074
19: end if

20:4f £ +(# + (M3, - S+ M3-S,)) <0 then

21: y«y-21"

22: end if
23: return y — 27102

-8,))>0 then

<1.211:27%, 8, € By ¢

1, t,, and Y are computed exactly
<L211-27%, |A(x)[ <27
<1.985-27%, A(S2)| <1.850-271

> Rounding
> Rounding to the nearest

> Rounding towards +oo

> Rounding towards —wo

> Reconstruction

Theorem 11. Let x be a double-precision number. If
X < X < X, then Algorithms 1, 2, 3, 4, and 5 calculate
the correctly rounded exponent of x. If X_,.,5 < X < X4
then Algorithms 1, 2, 3, 4, and 6 calculate the correctly

rounded exponent of x.

Proof: Since Algorithms 5 and 6 have much in com-
mon, we first present the reasoning useful for both
algorithms. Let x be a double-precision number such

that x,,,, <x <x,,. Theorem 10 implies that

x m X31+X3,+8,
e =2 . M, . e 0

where 0.703 < M, <1.421, M, e B, s,
5, < 1.436- 2712,

(23)

Taking into account that M, < R 3, (M), we obtain
M;, <1.422, M, € B, 5,

24
M3,2 < 2_315 M3,2 € Bf31,752- -

Let us consider the following approximation
2 X — M3 .ex3.l+x3,2+8a ~ M3 .ex3~'+x3~2 ~
1

Since
S, < R, (x3,1):

1
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we see that
27 .et 2 My-(1+5,+5,). (25)

Let us bound the error of this approximation. Using
Theorem 10 we obtain

S, <1.211-27%, 8, € By gy, |x5,] < 1.821-2°°,
|xs| <1.211-27%,]8,| < 1.985-27%.

(26)

From Lagrange mean value theorem [12] and Theo-
rem 10, it follows that (ignoring rounding errors)

<

27 e -~ M, -e"| = |M3 Nt M, e
@27)

< My-1.001-]3,] <1.022.2712"

By Taylor’s theorem with the Lagrange form of the
remainder [12], we obtain (ignoring rounding errors)

‘M3-e"3 —M3-(1+S1+S2)‘:

< (©8)

x3
M, e"3—1—x3—0.5-x§—3—3'

4

< M, -1.001 .% <1.020- 271,

Let 8, be the error of the approximation (25) ignor-
ing rounding errors. It follows from (27) and (28) that

ol = e My (15, 4.5) <
<frmet - My e+ Mylen (145, + 5,)| < (29)
<1.276.2'°,

Using (24) and (26), we obtain
M;-(1+8,+58,)=
=M+ M-S+ M-85+ M-S,
where
M5, - 8| <1.723-27%, My, -8, € By o,
(M, -8 <1.211-27%, My, -8, € B 114
|M;-S,| < 1.411-27%, My + My, -S| < 1.422,
(M, - S+ My - 8| <1.714-27%,

(30)

Therefore, the values M, -S;, and M;, - S, are cal-
culated exactly (no rounding).

Let us bound the error in the computation of
M;, S+ M;-S,.

Recall that the values x5, M3, M;,, Ms,, S|,
M;,-S;, and M;, S, are computed exactly. From
(26), it follows that |A(x3)| <2 (8, includes the error
in the computation of xs ). Further, we obtain

x? <1.467 278,

2
|A(x32)| <2. |x3| . |A(x3)| + |A(x3)| + (31)
2712 < 1.712. 2712
Since
A£0.5+%~x3j <1.001-2°%,
.1 (32)
X3 -(0.5+§-x3j <1.470.27%,
we have
1
A(x_% ~(0.5+§~x3jj <
< 2 1 2 1
< A[0.5+ 57 +A(x3)- 05+5x |+ (3
v a(x?)- A(O.S + % - x3j £ 14752712,
Using (26), we obtain
(o630 = 8)) + x5, < 1.036 - 27,
|S,] < |x3,l - Sl| + |x3,2| +
+|x} (0.5 +%~x3j <1.988.279,
' (34)

|A(S2)| < ‘A((x3,1 - S ) + x3,2)‘ +

1
A(xf -(0.5+§-x3n

<2714 1 1.475. 2712 1 27122 = 1,850 . 2712,

+ +2718 <

Recall that M; is computed exactly, and
|M; - S, <1.411-27 (see (30)). Using (34), we obtain

A(M; - 8,)| <My -A(S,)| + 27 <1.565-271%

The values of M3, and S are computed exactly, and
M, -S| <1.211- 27, therefore, ‘A(Mm -S| <27
Taking into account (30), we obtain

|A(Ms, - S+ M; - 8,)| <

35
<[A(My, - S))|+[A(M; - S, )[+ 272 < 1.878- 271 &>

Let us consider the case x,,,, < x < x,,. (Algorithm 5).
The mantissa of extended double-precision numbers
is 11 bits longer than the mantissa of double-precision
numbers. Therefore, at first, we compute the correctly
rounded value of e*-2 +(2'' ~1) in the extended
double-precision environment and then subtract 2!' — 1
to obtain the rounded value in the double-precision
environment. In both cases, the least bit of the mantissa

corresponds to the same value.
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From (23), it follows
(2" 1) +0.703 < (2" —1) + My < (2" ~ 1)+ 1.421,

36
(2" -1)+ M; e B s o

Therefore, (2'" —1) + M, is computed exactly. Recall
that M;, -S; (see (30)) is also computed exactly. We
use the Fast2Sum algorithm to calculate the values of
Yand Y;. Taking into account (23) and (30), we obtain

Y+ =((2" -1)+ My)+ My, - S5
0.702+(2" —1) < ¥ <1422+ (2" -1);

G7)
YeB, 5if Y >2'
Y € By s5; if ¥ <2'L
Therefore, [¥}| <27 From (37), it follows
0.702 <Y (2" - 1) < 1.422;
2"-1)=zLY-(2"-1)eB 5 if Y >2"; (39

Y —
Y-(2"-1)<L,Y-(2"-1)e B, 5 if ¥ <2'.

Therefore, ¥ —(2"' —1) is a double-precision number.
Using (30), we obtain

Y| <27, |1 <1.054-27 if ¥ > 2';

(39)
Y| <27, |1y <1.108- 27" if ¥ <2'.

Recall that Y, is computed exactly. Taking into ac-
count (35) and (39), we obtain

M) = [A(Y; +(My- S, + M; - 8,))| <

40)
<|A(Msy- S+ My-8y)| + 2717 <1235 271,
In other words,

where |5, <1.235.27'".
From (29), (30), (37), and (41), it follows that

2Me =M+ My, S+ M, - S+ M;-S, -3, =
(Y =(2" 1))+ Y, + My, - S, + My-S, -8, = (42)
=(r-(2"-1))+Y, -8, -5,
Taking into account (37) and (40), we obtain
0.701 < (¥ - (2" =1)) + ¥, < 1.423. 43)

Consequently, mantissa distance between e* and
2 «(Y —(2" - 1)) +Y, is not greater than (see (29) and
(40))

2-(5, +3,) < 1.554-27""°. (44)

If |x| > 27°*, then by Theorem 6, the rounded values
ofe“and 2™ -((¥ — (2" ~1)) + ¥, ) are equal to each oth-
er in the case of rounding to the nearest in the double-
precision environment. If x| =277, then by Theorem
5, the rounded values of ¥ and 2™ - ((Y ~(2"-1))+ Yz)
are equal to each other for any considered rounding
modes in the double-precision environment.

Now we need to prove that for |x| < 277, the rounded
values of e* and 2™ -((¥ - (2" -1)) + Y2) are equal to
each other in the cases of rounding towards plus and
minus infinity in the double-precision environment.

Suppose that |x| <27 then we obtain

Xog =X =Xp1 = X3 = X3 =X,

Xop = Xp3 = X1 =Xpp = X3, = 0,

my=0, My=M;, =1, My, =0, S, = Rg, (x), (5
4
x X
Y, < Y45, [5,] = [e* — (145, + )| < 1.001.4—3!
Consequently,
[8,] < 1.335-27% if x| <27,
(46)

|8,] < 1.335- 2718 if x| <27

Let us bound the errors in the computations. We
have

X2 <27 |A(x?) < 27138 if [x] < 277
x? <2 |A(x2)| <2712 4f |x] < 274,

x? <278 |A(x2 )| <2719 f |x| < 27%.

Similar to (32) and (33), we see that
A(x2~(0.5+%~xjj is less than
1.502- 27138 if |x] < 277;
1.502 - 27192 if |x] < 27%; 47)

1.502-2710% if |x| < 27,

Let 3, be the error in calculating ¥;. From (42) and
(45) it follows that
e = (Y -(2"-1))+ ¥, -5, -5.. (48)
Recall that ¥ —(2'' — 1) is a double-precision number.
Taking into account (39), we see that for rounding towards
plus or minus infinity, if 3, + 8,| < [¥,| and [5, + 8, < 27,
then rounded values of e* = (Y —(2" - 1)) +(Y, -8, -3,)
and (Y —(2" - 1)) +Y, are equal each other.
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Let us consider the case 27* <|x| < 27¥. From (45),
it follows

49)
M3,1 §1=8=Rg (x) e Bf37,—62’
Therefore, we have
x? .(0.5+l-xj <1.001-277,
3! (50)

|x —S1| <28, |S2| <1.001-27%,
Using (39) and (47), we obtain

A(xz -(0.5+%-xn

+ 2777 <1.001- 271, 51
8. =A(Y,) <A(S,)+27'"7 <1.001- 27"

|A(S2 )| < +

The values of Y and Y; are the result of apply-
ing the function Fast2Sum to 2'' and S,. Recall that
S) € B y; ¢, (see (49)). Therefore, all low-order mantissa
bits of ¥, starting with the bit corresponding to 279 are
equal to 0. Consequently, either [V||> 27 or ¥, =0.

Suppose Y, > 2762 Using (45), (46), (50), and (51)
we obtain

V5] = 1] =S, > 0.999- 27, 5, + 8, < 1.001- 277, (52)

Consequently, if ¥, # 2762 than for rounding to-
wards minus infinity or plus infinity, rounded values
of (¥ —(2" 1))+ ¥; and (¥ —(2"" = 1))+ (¥, - 8, - 5.)
are equal to each other.

Suppose that ¥; =0 and |x - 8| >27%, then ¥, = S,.
Using (50), we obtain

Y| =1S5] > [x = 8] -

) 1
X ~(0.5+§-x)

Combing this with (52), we see that the numbers
Y, and Y, -5, -8, have the same sign as x-.S|.
Consequently, for rounding towards minus infinity or
plus infinity, rounded values (Y —(2" —1))+Y2 and
(¥ = (2" 1))+ (¥, -8, -8,) are equal to each other.

Suppose that ¥; =0 and |x -S| <27%. From (47)
and (50), it follows that

>0.999-27.

[V, =S, <1.501- 277,

I3.|=A(Y,) =A(S,) < A(x2 ~(0.5+%'xjj+ (53)

+ 27138 c1.251.27

The mantissa distance between e* and

(¥, - (2" ~1)) + Y, is not greater than

2-(8, +8,) <1.252-27.

Applying Theorem 5 for the case 2™ <|x| <27,
we see that on this interval, the rounded values of e*
and (¥ -(2"" ~1))+ ¥, are equal to each other in the
cases of rounding towards plus and minus infinity in
the double-precision environment.

The cases 27 <|x| < 2™ and 27 <|x| <2 are
considered similarly.

Let us consider the case |x| < 2% We obtain

x3,1 =X3 =X, x3,2 = 0, Sl = R—62 (X), |S1| < 2754,

y=2v-(2"-1)=1,Y =S5, (54)

S, <—(x—S|)+x2~(O.5+%~xj, Y, < 8 +85,.

Furthermore, we obtain
0<Y, <1.001-27* if x>0, |V, <27 if x <0. (55)

First, we consider the directed rounding modes. It
follows from (55) that if x > 0, then for rounding towards
plus infinity, the rounded value of (Y —(2" —1))+ Y,
and e* are equal to 1+27°% If x<0, then when
rounding towards minus infinity, the rounded value
(Y —(2""-1))+ 7, and e* are equal to 1-27%. In all
other cases, correctly rounded values (Y —(2" - 1)) +Y,
and e* are equal to 1.

Now we consider the round-to-nearest mode. It fol-
lows from (55) that for the round-to-nearest mode, the
rounded value of (Y —(2” - 1))+ Y, is equal to 1. The
rounded value of e* is also equal to 1 for the rounding
to nearest mode. Thus, if x is a double-precision number
such that |x| < 27°*, then the correctly rounded values
ofe*and (¥ - (2" ~1)) + ¥, are equal for all considered
rounding modes.

Now we need to consider calculating the rounded
value of (Y —(2" - 1)) +Y, in the double-precision en-
vironment. Recall that all computations are performed
using extended double-precision arithmetic. From (37)
and (39), it follows that

0.702 < ¥ — (2" 1) < 1.422, |V,| < 1.054 - 2%,

Recall that the subtraction ¥ —(2'' ~1) does not
require rounding, and the result is a double-precision
number. Let Y; be the rounded value of the sum Y + 7Y,
in the cases of rounding to the nearest in the extended
double-precision environment. If ¥ +Y, >2'" then
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(Y + 1) -1 <275,
(7)) (12" ) < 2
<y <2+, Yy e B s,
1<Y, ~(2" -1 < 2, Y; —(2” _1) € By 5.

If Y +Y, <2, then
(Y + 1) -Y| <27,

(v + 1) - (2" = 1) = (s - (2" - 1)) < 2%,
M 1<y, <2, ¥, e By s or ¥y =2,
0<Y,-(2"-1)<1,
Y;-(2"-1)eB, sor ¥,-(2"-1)=1.

Thus, ¥; —(2""~1) is a double-precision number.
The result of rounding (¥ +¥,)— (2" -1) is equal to
Y; — (2" ~1) for the rounding to nearest mode in the
double-precision environment.

Now consider the calculation of the rounded value

of (¥ =(2""~1))+Y, in the case of rounding towards
plus infinity in the double-precision environment.

If y=Y-(2""-1)>1, then (see (39)) |¥|<2™,
V,] <1.054- 2 If y = ¥ — (2" —1) < 1, then [¥}| < 27,
|V, <1.108-27* If y =1, then

_2—54 < Y] < 2—53’

~1.108-2* <Y, <1.054-27%,

Therefore, if ¥, <0, then the rounded value of
y+Y, is equal to y. If ¥, >0 and y >1, then the
rounded value of y+Y, isequalto y+27% If ¥, >0
and y <1, then the rounded value of y+Y, is equal
to y+27°.

The case of rounding towards minus infinity is treated
similarly.

Let us consider the case x,,,, < X < X4, (Algorithm 6).
By direct calculations, we obtain —1075 < m, < -1022.
From (29), it follows that (ignoring rounding errors)

e =M (1+8+5,)-8, (56)
where [5)] <1.276-2™7'".

Taking into account (23), (26), and (29), we see
that the mantissa of e* is equal to either 27 -e* or
27 mtl e,

The value of e is a subnormal number or 0 in the
double-precision environment. Because of this, we first
calculate the rounded value of 27'%!" + e* in the extended
double-precision environment and then subtract 27!
to obtain the rounded value in the double-precision

environment. Recall that the last mantissa bit of the
subnormal double-precision numbers corresponds to
271974 The last mantissa bit of the rounded value of

27111 1 e* in the extended double-precision environ-

ment also corresponds to 27174,

From (56), it follows that

YL, STV, (1+8,+8,)-8), =
:2‘1011+M3’+M3"1 "y 4_M3"2.S1 +M;-8,-8, = (57)

Consequently,

e~ :(1/_2-1011)Jr

!’ ’ ’ (58)

The values M3 and M;, -, are computed exactly
(see Theorem 10 and (30)). The values #, and ¢, are
obtained by applying the Fast2Sum algorithm to the
values M; and Mj;, - §;. Using (23) and (30), we obtain

0.702-2™ <1, <1.422.2™, |5 <2™° % (59)

To calculate the values of Y and ¢,, we apply the
Fast2Sum algorithm to 27'°'"! and ¢,. Consequently,

27101 L 0701-2" <Y <2701 1 1.423.2™
t2| < 2—1075’
Y -2 < 1.423.2™ <1.423.27102

1011
Y-2 € 371022,71074-

Y e 371011,71074a

(60)

The subtraction ¥ —27'°!"" is computed exactly (no
rounding). Moreover, Y — 271%!!is a double-precision num-
ber. Taking into account (30), (35), and (59), we obtain

|tl + (Mg:2 S+ M; .S2)| <1.730 . 2™

‘A(tl + (M3, 8+ M3 - S,))| <

(61)
< |A(M3,,2 S+ M; 'S2)|+ m-122

< 2™ . (1.878.27120 L 27122) . 1,064 .2m19,
Recall that m, < -1022. It follows from (56), and (61)

‘(rz (14 (M3, - S, + M -Sz)))—é‘);]‘ <

< 271975 1 1.730. 2" +1.276. 2™ <
<1.055.2710%,

(62)

Let us consider rounding towards plus and mi-
nus infinity. Let Y| be the result of the computation
Lh+(f+(M5, -8+ M;-S,)), and &, be the computa-
tion error. Using (61) and (62), we obtain
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ty +<t1 +(M;,- S, + M; ~S2))= Y, -8,

16, = ‘A(tz (0 + (M3, S+ M3 8,))) <

(63)

<

Aty + (M5, - S, + M; .52))‘+ 107564 _
<1.064.2m119 4 9107564 _ | e »-1075-64.
Combining this with (56), (57), and (62), we obtain

e = (Y -2"")+ (¥, -8} -3.), (64)

where ¥ -27'""" € B ) 174, 1] <1.055-2717,
|8| < 1.276.- 271 |8, | < 1.266 - 273,
Consequently, the result of rounding depends only
on the rounding mode and the sign of ¥, —-8§; - §&..

Using (61) and (64), we obtain
I+ M3, - S, + M5 - S, - 8| <
<o+ My, - Sy + My - S|+ (83 < 17312707
<[+ M-S+ M;-S, + 8 <
<|ty + M, - S, + Mj - S,|+[5, < 1.750 - 2,

" (65)

Suppose |r,| > 1.751-2™7 From (64) and (65), it
follows that both numbers Y} and Y, — &, — &, have the
same sign as #,. Therefore, the rounded values of e*

and (Y —27""") 1 ¥, are equal (in the double-precision
environment).

Suppose now that |r,| <1.751-2"7. Using (61), we
obtain
‘rz + (1 + (M-S, + Mj -Sz))‘ <
<1.751-2m738 4+ 1.730.2m% < 1.741.2™7,
I5.| = ‘A(tz (0 +(Msy - S, + Mj .Sz)))‘ < (66)
< |A(t1 + M, S, + Mj - S2)| 4 2mmST-64
<1.064 - 2" 4 22 <1 314 2"

The distance between the mantissas of e* and
(Y —27'") + Y] is not greater than (see (56) and (66))

2! 18, + 8, <

< 2-(1.276-2”’0’”9 + 1.314.2mo*1‘9) <1.295.27117,

By Theorem 4, the rounded values of e* and
(Y —27'°") + Y, are equal to each other (in the double-
precision environment).

From (64), it follows that |¥}| <27 Thus, for
rounding towards plus infinity, the rounded value of
(Y —27'") + ¥, isequal to (¥ —27""") + 271 if ¥} > 0
and is equal to ¥ — 27'°!! otherwise. The case of round-
ing towards minus infinity is treated similarly.

Let us consider the rounding fo nearest mode. Let Y,
be the result of evaluating the expression

and Y; be the result of evaluating the expression

(6, + 277 )+ (5, + (M3, - S, + M3 - S,)).

We claim that for ¥, >0, the rounded value of e*

equal to (¥ —27""") 42719 for ¥, <0, the round-
ed value of e is equal to (¥ —27°'") — 2719 " and for
Y, <0 and Y, >0, it is equal to ¥ — 27!,

Suppose 1, > 27 —2™=* Recall that |r,| <277
(see (60)). Since —1075<m, <-1022, we see that
2m~3% <0.5.2719, Therefore, the difference #, — 277
is calculated exactly, and |1‘2 - 2’1075| < 2™~ Using (61),
we obtain

‘(12 — 271075y 4 (tl +(M3, - S, + M; ~Sz))‘ <
<1.109 - 2™ <1.109 - 2717,

(67)

Besides, we see that ¥; > 0.
Let 8] be the error in the computation Y,. In other
words, we have

(6, =271+ (1 + (M3, - S, + M- 8,)) = Y, - 87, (68)
Using inequalities (61) and (67), we obtain

1] = | (1 =277 ) (1 + (M3, -, + M3 55))) <

< ‘A(t, +(M;, - S, + M; _Sz))‘Jr 6 (60)
<1.064 - 27711 4 27118 1,532 "8,
From (58) and (68), it follows that
e :(Y—2’1011)+(Y2 4 01075 5 —8},). (70)

Recall that the mantissa of e* is equal to either
2™ .e* or 27™*!.e*. Taking into account (56), (69),
and (70), we see that the mantissa distance between e*
and (¥ -27"°"") + (¥, +27°%) is not greater than

21m |5, + 81 < 2-(1.276- 27117 +1.533.27118) <
<1.085-2711,

By Theorem 4, the rounded values of e* and
(¥ =2719") 4 (¥, +279) are equal to each other in
the double-precision environment.

Let us consider rounding of (¥ —27'!") + (¥, + 271°%)
Recall that ¥ =27 € B |5, 1474 and [V)] <2717 (see
(60), (67), (68), and (69)). If Y, > 0, then the rounded
values of (¥ —27""")+ (¥, +27°7) and e are equal

to (Y—2’1°11)+ 271974 " Otherwise, they are equal to
y _p-lotl
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Suppose 1, <2797 1 2m7*  This case is very
similar to the previous one. Arguing as in the previ-
ous case, we see that ¥, <0 and the rounded val-
ues of e and (¥ -27"")+ (¥, -27""") are equal
to each other. If ¥; <0, then the rounded val-
ues e and (¥ -27" )+ (¥, -27") are equal to
(Y —271%")_ 27197 Otherwise, they are equal to
Y _ 2—1011.

Now suppose [, <2719 =2"7>* then (see (61))

(1= 2) + (1 + (M3, - Sy + M3 - 5,))| <

< |t2|+ 27107 +|f1 +(M3"2 Sy + M; 'S2)| < (71)

< 271075 _gmsh L 91075 L 730 pmS o
<2717 _1.784.2m7,

Let us bound the error in the calculation of Y, and ;.
From (61) and (71), it follows that

‘A (1 = 27175 ) (1 + (M - S, + M- Sz)))‘ <
< |A(t2 - 2‘1075)| + ‘A((t1 + (M, - S, + M; Sz)))‘ +
+ 2—1075—64 < 2—1075—64 +1.064 - 2mn—]19 + 2—1075—64 <

< 2—1075—63 +1.064 - 2—1022—119 =1.133. 2—1075—63.
Similarly, we get

‘(t2 +27107) 4 (t1 + (M, - S, + M; -Sz))‘ <
< 27107 1,784 . 2™,
‘A((tz + 2’1075) + (1‘l +(M;, -8, + M Sz)))‘ <
<1.133.271075°63,
Using (61), we obtain
(5 =277 ) 4 (1, + (M3, - S, + M3 - ) <
< =2M73% 11,730 2m78 < _1.784 . 2",
(t2 + 2‘1075) +(6+ (M- S+ M5 -S,)) >
> 2m=34 1,730 2™ 5 1.784.2m,

(72)

Therefore,

Y, <-1.784.2m7%5 11.133.271075-63 .,

Y, > 1.784.2m755 _1,133.271073°63 5,
From (57), it follows that
e = (Y =27 (6 + 1, + My, - S, + My - ) -5,

By assumption, |r,| <277 — 2™ Taking into ac-
count (56) and (61)

‘tz (h+ (M3 S+ M; .52))—5;]\ <
<[t +|t1 +(M;, - S, + M -S2)|+|8},| <
< 271075 _pm=34 4 1 730 .28 1 1.276.2m 119 <
< 271075 _1.783.2m3,

Recall that ¥ —27"" € B_ (), 1074 (see (60)). Conse-
quently, the rounded value of e” is equal to ¥ — 27!,

To avoid computations with subnormal num-
bers, first, instead of computing Y -2 or
(Y _ 2—1011) + 2—1074, we compute Y - (2—1011 _ 2—1022)
or (¥ - (27101 - 271922)) + 27197 Next, we convert the
resulting value to a double-precision number, and in-
stead of subtracting 2712, we write 0 to the exponent
of this number.

The algorithms presented above were implemented
as C function crexp e() calculating the correctly
rounded exponent. This function was tested and its
time characteristics was measured. The reader can find
a detailed description of testing and timing in [2]. Here
we only note that all tests passed successful. The func-
tion crexp e() has the shortest maximum execution
time among the considered functions. The average ex-
ecution time of the function crexp e() on the interval
[xzemz, xdn,m) is also less than other considered func-
tions. However, the average execution time of the func-
tion crexp_e() in the interval [xg,,,, X,,. | is longer
than the exponential functions of CRIlibm and Linux.
It can be reduced by combining functions crexp e()
and  ieee754 exp() of Linux, similar to how it
is done in [3].

Conclusion

The article presented the algorithm for calculating
the correctly rounded value of the exponential func-
tion. Both the argument and value of the function are
double-precision numbers, and the calculation uses
extended double-precision numbers. Rounding can be
done using any of the rounding modes specified by the
IEE754 standard. A formal description of the algorithm
was given with the full proof of its correctness. The
C-function implementing the presented algorithm was
developed. Testing the function confirmed the correct-
ness of the algorithm once again. The execution time of
the function turned out to be better than that of other
similar functions.

Acknowledgment: The author would like to thank
A. A. Asonov for correcting his English.

This work was supported by the State Research Pro-
gram of the Russian Federation (Project Number FNEF-
2022-002).

MporpammHas uHxeHepus. Tom 14, Ne 11, 2023




References

1. IEEE Std. 754-2008 — IEEE Standard for Floating-Point
Arithmetic, IEEE Std., 2018.

2. Godunov A. N. Algorithm for Calculating Correctly Rounded
Exponential Function in Double Precision Using Double-Extend-
ed Arithmetic, Programming and Computer Software, 2022, vol. 48,
no. 6, pp. 369—375. DOI: 10.1134/S0361768822060032.

3. Godunov A. Algorithms for Calculating Correctly Round-
ed Exponential Function in Double-Precision Arithmetic, /EEFE
Transactions on Computers, 2020, vol. 69, no. 9, pp. 1388—1400.
DOI: 10.1109/TC.2020.2972901.

4. Muller J.-M. Elementary Functions: Algorithms and Imple-
mentation. Birkhauser, 2005, 286 p.

5. Lefevre V., Muller J.-M. Worst cases for correct rounding of
the elementary functions in double precision, Proceedings of the 15th
IEEE Symposium on Computer Arithmetic, June 2001, pp. 111—118.

6. de Dinechin F., Defour D., Lauter C. Fast correct rounding
of elementary functions in double precision using double-extended
arithmetic, INRIA, Research Report, RR-5137, 2004, available at:
http://inria.hal.science/inria-00071446/document (date of access
03.07.2023).

7. Lefévre V. Hardest-to-Round Cases — Part 2, Journées
TaMaDi, Lyon, Oct. 2013, available at: http://www.vincl7.org/re-
search/slides/tamadi2013-10.pdf (date of access 03.07.2023).

8. Daramy-Loirat C., Defour D., de Dinechin F., Ga-
llet M., Gast N., Lauter C. Q., Muller J.-M. CR-LIBM, a
library of correctly rounded elementary functions in double-
precision, LIP, Research Report, 2006, available at: https://
hal-ens-lyon.archives-ouvertes.fr/ensl-01529804 (date of access
03.07.2023).

9. Chevillard S., Joldes M., Lauter C. Sollya: An Environ-
ment for the Development of Numerical Codes, Mathematical Soft-
ware — ICMS 2010, Heidelberg, Germany, Springer, September
2010, pp. 28—31.

10. Lauter C. A correctly rounded implementation of the ex-
ponential function on the Intel Itanium architecture. INRIA, Re-
search Report, RR-5024, 2003, available at: https://hal.inria.fr/
inria-00071560/documnt (date of access 03.07.2023).

11. Gelfond A. O. Transcendental and Algebraic Numbers, Dover,
NewYork, 1960, 208 p.

12. Shilov G. E. Elementary Real and Complex Analysis, Dover
Pubns, NewYork, 1996, 516 p.

NHOOPMALNA

Ilpoodoaxcaemcsa noonucka na xcypnaa
«Ilpoepammnasn unxcenepus» na nepeoe noayzooue 2024 e.

OdopMUTb NOANMUCKY MOXHO Yepes NoanucHbIe areHTCTea
UM HEMOCPEACTBEHHO B peAakumm XypHana (ans opuanyeckux nu).
MoanucHoi nHaekc no O6beaMHeHHOMY KaTanory

«[lMpecca Poccun» — 22765

CoobLaem, 4to ¢ 2020 r. BO3MOXHa nognucka
Ha 3MNEeKTPOHHYIO BEPCUI0 HaLlero XypHana:

000 «MBWNCx»: Ten. (495) 777-65-57, 777-65-58; e-mail: sales@ivis.ru;
OO00«YT Ypan-lpecc Okpyr». [Ins ochopmnenns nognucku (mHaeke 013312)
criegyet obpaTtuTbes B domnmarn no MecTy xutenbctBa — hitp://ural-press.ru

Adpec pedakuyuu: 107076, MockBa, MaTpocckas TuwuHa, a. 23, ¢. 2, oc. 45,
M3paTtenbcTBO «HOBbIE TEXHONOMMNY,
penakuus xxypHana «lporpammHas MHXeHepus»

Ten.: (499) 270-16-52. E-mail: prin@novtex.ru

MporpammHas nHxeHepus. Tom 14, Ne 11, 2023




YK 004.051
DOI: 10.17587/prin.14.550-562

C. B. XXykoB, acnupaHT, i@coder-stas.ru,

O. A. KoBaneBa, a-p TexH. Hayk, gou., npod., solomina-oa@yandex.ru,
C. B. KoBaneB, g-p TexH. Hayk, gou,., npod., sseedd@mail.ru,
TamboBCKMA rOCygapCTBEHHbIN yHMBEpcuTeT nmenu I P. [lep>kaBuHa

AHanN3 BANAHNA ABTOMATNYECKOM NepeKoMNOHOBKY
KOHTEHTA HA CKOPOCTb MOMAHON OTPNCOBKN CTPAHNLDI

Ilocmynuaa 6 pedaxuyuio 15.07.2023
Ilpunama k nybaukayuu 29.08.2023

Ckopocmb, ¢ Komopoli calimbl omobpaxkaromcsi y nosib3ogamerned, 8/iusem Ha OMHOWEHUE K Mpo-
cMampusaeMoMy pecypcy, a credogamersibHO, U Ha Npod8uXXeHue pecypca 8 MoUCKO8bIX cucmemax.
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rnepekomMroHoeKU kKoHmeHma html-dokymeHma. NMpedcmaesneHo onucaHue paspabomaHHO20 ckpunma
mirror 05151 co3daHusi Konul cmpaHuy 8eb-calimos u 05151 mecmupog8aHusi an2opummos onmumu3dayuu
html-koHmeHma. NpusedeHbl onucaHusa anzopummos, pa3pabomaHHbix 08 ycmpaHeHuUsi HU3KOU CKO-
pocmu 3azgpy3ku. PaccmompeHbl pe3ynibmamael onmumMu3ayuu KOHmeHma Ha npumepe dgyx calimos.

Knro4deenie cnosa: onmumu3sayus, html, seb-cmpaHuya, ckopocms 3a2py3ku, PageSpeed Insights,
KOMIMNOHOB8Ka 8eb-KoHmMeHma, cKpurnm, an2opumm
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DOI: 10.17587/prin.14.550-562.

BBeaeHue

C tex mop Kak komnanusg Google 3asiBuja 0 TOM,
YTO CKOPOCTh 3arpy3KM CTPaHUIIBl BIMSIET Ha €€
paHXUpOBaHHWE B pe3ysbTaTax IMMOMCKa, MHOTHE BeO-
MacTepa Hauyalli YIeJsITh 3TOMY BOIpPOCY Oojbliioe
BHuMaHue [1]. OHU cTaau ONTUMU3UPOBATH CBOU
CAMTHI AJISI OBICTPOI 3arpy3KM CTPaHUIl, MUCIOJb3YS
pa3IMYHBIe METOIBI, TAKME KaK CXXaTue nM3odpaske-
Huii, MuHuMu3auus CSS u JavaScript, KelnupoBaHue
JaHHBIX U T. 1. OmHAKO MpU MIPOBepKe Ha MpPaKTUKE
B akcnepumenTe Metrta Ilutepca, mpoBeneHHOM CO-
BMecTHO ¢ Zoompf [2], He OblyIa HaliicHa KOPPEISILISI
MEXJY CKOPOCTbIO MOJHOM 3arpy3Ky CTPaHULILI U €€
MECTOM B MOMCKOBOI BbIgavye. OpHako ObLIa Haiiae-
Ha 3aKOHOMEPHOCTb MEXIY CKOPOCTBIO MOJYUeHUS
nepBoro 0aiiTa OT cepBepa U MECTOM caiiTa B MOUC-
KOBOM Bblgaue — 0oJiee BHICOKME MECTa B HEl 3aHMU-
MaJii CaiTHhI, CepBEepPHl KOTOPHIX OBICTpee HAUMHAIIN
OTHpaBJsATh AaHHBIC (puC. 1).

BE1710 BHISIBJIEHO, UTO CTPAHULBI C OOJIBLIINM KOJIU-
YeCTBOM KOHTEHTa 3aHMMAalOT 00Jjiee BLICOKME MecTa
B IOMCKOBOI Bblaue, YeM CTPaHUIIbl C MEHBIIUM KO-
JINYECTBOM KOHTEeHTa. Tak KakK cTerneHb HAIIOJTHEHU ST
CTpPaHUILILI KOHTEHTOM SIBJISIETCSI OMHUM U3 (paKTOPOB
MOBBILLIEHUSI MOCEILIAeMOCTH caliTa, pa3paboTUMKU
U CIIELIMAJIUCTHI 110 ONTUMU3ALUU (Jajnee — ONTUMU-
3aTOpbI) CAITOB 3aMHTEPECOBAHBI B YBEJIMUCHUH €r0
KOJIMYeCTBa Ha CTpaHUIIE, UTO MPUBOIUT K POCTY Beca
crpaHuubl. Tak, no ganHHbIM HTTP Archive, cpennuii
pa3Mep CTpPaHMLBI JJISI JECKTOITHBIX YCTPOMCTB BhI-
poc ¢ 652,6 xunobait B 2012 1. g0 2393,8 KuIo6aiT
B 2023 1. [3] (puc. 2, cM. BTOPYIO CTOPOHY OOJIOKKU).

OO0BbeM KOHTEHTA Ha CTpaHMUIaX MOCTENEHHO yBe-
nuuuBaeTcsa. YeM Oosbllle KOHTEHTA CONEPXKUTCS
Ha cTpaHMUlIe, TeM OoJiblle ee BeC U, KaK CJeICTBUE,
00JIbllie BpEMEHU HYXKHO JJIS1 IOJIHOM 3arpy3KHU CTpa-
Huukbl. ITonp3oBaTenn 0OBIYHO TIOKUIAAIOT CANT, €CIN
OH 3arpyxaetcs goJiro. Ecau ctpaHulia 3arpyxaetcst
OBICTPO, TO MOJb30BATEIb MOXET OCTAThCSl Ha caiiTe
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[To3uums B MOMCKOBOM pEeHTHHTE

Puc. 1. Cpennee Bpems 10 nepBoro 0aiiTa o OTHOIEHMIO K MO3UIMH B IOMCKOBOM peiiTHHIe (0 JaHHBIM

moz.com)

U MIPOAOJIKUTH MPOCMOTP KOHTeHTA. TakuM 00pa3om,
CKOPOCTBh TTOJTHOM 3arpy3KH CTPAHUIILI SIBIISIETCST O~
HUM U3 $HakTOpOB, BIUSIONIUX Ha bounce rate.

Bounce rate — 3T0 MeTpHKa, oTpaxarliasi Y1cJIo
MMOCETUTENIEH caiiTa, KOTOPhIE YXOISAT BCKOpE TOCTe
OTKPBITUSI CTPAHUIIBI M HE COBEPLIAIOT HUKAKUX ek -
ctBuii. [Tokazarenb pacCUYUTHIBAIOT B MPOLEHTHOM
COOTHOILLIEHWH K 0011IeMY YUCTy noceTutesiei [4]. Dta
MeTpHUKa TaKXe SBJISETCS OMHUM U3 MOBEACHUECKUX
(hakTOpPOB, OCHOBBIBASICh HA KOTOPBIX TOUCKOBBIE CH-
CTEeMBI OLICHMBAIOT KaueCTBO caiita. PaznumuHbIe 1O-
HWCKOBEIC CHCTEMBI MO-pa3HOMY BHIYHCISIOT bounce
rate. Tak, B Google Analytics ecTb 1B TeXHOJOTUU
cbopa panHbix: Universal Analytics u GA4. bonee ak-
tyanbHass GA4 ompeneinset bounce rate Kak IIPOLIEHT
CEaHCOB, KOTOpbIe HE ObIJIM BOBJEYCHHBIMU CEaHCa-
MU. BoByieUeHHBII ceaHC — 3TO MOCelIeHHe, KOTOpOoe
anutcs 10 ¢ uau aospliie, UMeET OJHO UJIU HECKOJIbKO
COOBITUII-KOHBEPCUIT MJIM UMEET JBa UJIn 0oJjiee Mpo-
CMOTPOB cTpaHull [5]. AHaeKc cuuTaeT oLieHKY bounce
rate, Kak TokKasaTejib yXoJa MoJb30BaTessl CO CTpa-
HULBI B TeueHue 15 ¢ mocne 3axonma [6]. [To gaHHBIM
uccaegoBanusl Ranking Factors SEMrush Study 2.0,
bounce rate — 4eTBEPTHIM MO 3HAYUMOCTU (haKTOp,
BIUSIOIIMNA HAa PAaHXUPOBAHUE CalTa B TIOMCKOBBIX
cucremax [7].

B mae 2020 r. komnanust Google o0bsaBuIa 00
obHoBieHUU (akTopa paHxupoBaHus Core Web
Vitals. Bel10 3as1BJI€HO, YTO IMOJOXMUTEIbHBIM OMNBIT
B3aMMOJEMCTBUS MOJIb30BaTENsl C CAUTOM HaNlPSIMYIO
BJMSIET HA KOHBEPCHUIO, U TTO3TOMY ¢ Mas 2021 1. maH-
HEBII akTOp OyIeT BIAMSTH HAa paHXMPOBaHUE caiiTa
B nouckoBoii cucteme Google [8]. @aktop Core Web
Vitals cOCTOUT U3 HECKOJIbKUX MePEUMCICHHBIX AaJiee
METpPHK.

Largest Contentful Paint (LCP) — ckopocTh 3a-
Irpy3KM OCHOBHOro KOHTeHTa. I[lokazaTenb mM3Mepsi-

€T, CKOJIBKO BPeMEHU TpeOyeTcs AJIsl TIOSIBICHUS Ha
9KpaHe HamboJjiee BaxXHOM YaCTU KOHTEHTa. XOpo-
IIWHA pe3yJbTaT Mo 3TOMY MoKa3aTe o J0JXKeH ObITh
B mpenenax 2,5 ¢ OT HayaJia 3arpy3Ku CTPaHUIIbI.

First Input Delay (FID) — BpeMsi oxuaaHus Ao
MepBOro B3aUMOAECTBUS ¢ KOHTEHTOM. [loka3zarenb
HU3MepsIeT, HACKOJbKO OBICTPO CTpaHUIIA MOXET pea-
TMPOBaTh Ha TIEPBOE B3aMMOIEUCTBHE C TTOIb30BaTeE-
JieM. DTO BpeMsl He JOJIXKHO TpeBbiiaTh 100 Mc as
KoMpopTa nosb3oBaTens.

Cumulative Layout Shift (CLS) — coBokymHoe cMe-
meHne MakeTta. [loka3zaTeab n3MepsIeT CTaOMIILHOCTD
BU3YaJIbHBIX 2JIEMEHTOB Ha NpocMaTprUBaeMoOi cTpa-
Hule. JpyrumMu ciioBaMu, MepeMeniaeTcs Ju YTO-TO
Ha 3KpaHe BO BpeMs 3arpy3ku. YToOBl oOecrneuyuTh
yao0cTBO paboOTHI Mojb30oBareieit, mokazareab CLS
He JoJixkeH mpesbiiaTh 0,1 (cymMMa Bcex MHIMBUAY-
aJIHBIX OIIEHOK CIBUTA MaKeTa JJIsI KaxkKI0ro HEOX M-
ITaHHOTO cABuUra Maxkera) [9].

Ha ocHoBe npeacTaBiieHHbIX BbIlIE COOOpaKeHU i
MOXHO clleJIaTh BBIBOJ, YTO CKOPOCTbh U Ka4eCTBO
TTOJTHOM OTPUCOBKY CTPAHUIIBI CTAHOBSATCS OTHUM U3
BaxKHbIX (paKTOPOB AJIs1 MPOABUXKEHUS caliTa B pop-
MaTe MOMCKOBOI ONTUMM3aLuK. B HacTosIIee BpeMs
TTOJT CKOPOCTBIO 3arpy3KHM CTPAHUIIBI IOHUMAIOT TIepe-
YHCJICHHBIE Iajiee TapaMeTpHI.

CkopocTh M0JIHOI OTPHCOBKH CTPAHMIIBI — BpEMS,
HeoOxogumoe Opay3epy AJisl 3arpy3Ku U OTOOpazke-
HUSA BCEH CTpaHWIIBLI, BKJIIOUAs BCce M300pakeHUS,
CTUJIU, CKPUINTHI U Apyrue ajeMeHThl. OHa 3aBUCUT
OT MHOI'MX (paKTOPOB, TAKMUX KaK pa3Mep CTpaHUIIBI,
CKOpPOCTh MHTEPHET-COCINHEHUS, TIPON3BOAUTEIb-
HOCTH KOMIThIOTEpA U T. 1.

CkopocThb MoTyYeHHs MepBoro 6aira cTpaHuIbl —
BpeMs 3aJepXKKHM MeXIy OTIIPaBKOI 3aIpoca Ha cep-
Bep U MoJyyeHueM nepBoro 6aiita orBeta. OHa Takxke
3aBUCUT OT MHOTUX (baKTOPOB, TaKMX KaK IMPOU3BO-
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JUTEJILHOCTh BeO-cepBepa, ONTUMU3ALUSI CEPBEPHBIX
CKPMIITOB, MCMOJb30BaHHUE TEXHOJOIMIl KellupoBa-
HUS, KQUeCTBO MHTEPHET-COCTMHEHMSI.

O06a nepeyMcaeHHBIX BbILIE TTapaMeTpa Ba>KHbl IS
MPOABUXKEHMSI caiiTa B TOMCKOBBIX CUCTEMAX, U MpPO-
OyieMa 1o X YBEJIMUEHUIO OCTAeTCs aKTyaJIbHOM B Ha-
crosiiiee BpeMs. Harmpumep, Mo JTaHHBIM UCCIeI0BaHUS
LittleData Ha cenTs16pb 2022 1., U3 5727 caliTOB TOJIBKO
10 % 3arpyxatorcst MeHee yeM 3a 2,2 ¢ [10]. Ecnu 6w
BJIaICTIBIIBI BeO-CaiTOB MOTJIM aBTOMaTUYECKH YBEJIU-
YUTh CKOPOCTb MOJIHOM OTPUCOBKU CTPAHULIbI, TO OHU
Obl OJYYMJIM NTPEUMYLIECTBO TMepea KOHKYPEHTAMU.

Crpykrypa html-cTpaHu1l onucaHa B cCTaHIapTax
U MOXET ObITh MU3MEHEHA aBTOMAaTU3UPOBAHHBIMU aJi-
roputMaMu. B 3aBUCMMOCTH OT CIOKHOCTU CTpaHULbI
Opay3ep 3aTpauMBaeT pa3HOE BpeMs Ha €e OTPUCOBKY
u 3arpy3Ky. CyIecTByIOT peKOMEHIAIIN U 10 pa3MeTKe
html-nokyMeHTa, TO3BOJISIOIIME YCKOPUTH €TI0 OTO-
OpakeHue. Ha aToil ocHoBe MOXHO cO3/1aBaTh ajro-
PUTMBI U UX MIPOTPAaMMHBIE peau3aluu IS aBTO-
MaTUYECKOTO MPUBEAEHUS JOKYMEHTa B BU]I, TO3BO-
JSBIIMIA Opay3epaM oToOpaxaTh CTpaHUILY ObICTpee.

Takxum obpa3om, 1eabi0 pabOTHI SIBISIETCS OITH-
MU3alUs CTPYKTYpbl html-cTpaHMLIbI AJ51 yBeaUUe-
HUSI CKOPOCTH €€ MOJHOTO 0TOOpaxXeHus Opay3epom.
J sl TOCTUKEHM ST 9TOM LIeJId IMTOTPedyeTCsl peluuThb paj
3aga4. Hauatk cienyer ¢ BbBIOOpa MHCTPYMEHTAbHBIX
CPEICTB, MO3BOISIOIINX U3MEPUTH CKOPOCTh ITOJTHOM
OTPUCOBKM CTpPaHUIIbl, KOTOpPasi CMOXET MOKa3aTh
3(pPEeKTUBHOCTh aBTOMAaTUUYECKOM MEPEKOMIIOHOBKH
html-koHTeHTa. 3aTeM HYKHO OyAeT co3AaTh TECTOBYIO
MJIOIIAAKY JAJsl IPOBEPKU Pa3HbIX CIIOCOOOB ONTUMMU-
3auuu crpaHulbl. [locne s3Toro HeobxommMmo paspa-
0oTaTh aJITOPUTMBI, U3MeHsoMe html-TOKyMeHT,
U MPOBEPUTH UX 3(PPEKTUBHOCTD HA MTPAKTUKE.

MHcTpyMeHTanbHbIe cpeacTBa
ANA U3MepeHUsi CKOPOCTU 3arpy3Ku CTpaHUL bl

CyuecTByeT 00Jb11I0i1 HA0OOP MHCTPYMEHTATbHBIX
CPEeACTB, KOTOPbIE MOT'YT IIOMOYb U3MEPUTH CKOPOCTh
3arpy3Ku CTpaHHUIIbL. PaccMOTpUM HEKOTOpPBIE M3 HUX.

Google PageSpeed Insights — nHcTpyMeHTanbHOE
CPEICTBO OTKpbITOTO Aoctyna oT Google, KoTopoe
MO3BOJISIET TPOBEPUTH CKOPOCTh 3aTPy3KU CTPAHUIIBI
Ha MHTEpECYyIolleM caiiTe U OAyYUTh peKOMeHAalu 1
MO YJAYYIIEHUIO TPOU3BOIUTEIbHOCTH.

Pingdom — cpencTBo, pacnpocTpaHseMoe Ha KOM-
MepUYEeCKOf OCHOBE, KOTOPOE MPEea0CTaBIsIET TOAPO06-
HYI0 MHPOPMALIMIO O BpeMEHM 3arpy3KUu CTpPaHUIIbI
U €€ COCTOSIHUMU.

GTMetrix — cpeacTBO OTKPBITOIO JOCTYTIA, KOTO-
poe TO3BOJISIET U3MEPSITh BpEMSI 3arpy3KHU CTPaHUIIbI
U MPENOCTABJISIET PEKOMEHAALIMU 110 ONITUMU3ALUU.

WebPageTest — cepBuc, KOTOPbIH MO3BOJISIET MPO-
BECTHM TECTUPOBAHME CKOPOCTH 3arpy3Ku CTPaHUIIbI
Ha pa3IMYHBIX YCTPONCTBAX M Opay3epax.

Yandex.Metrika — cuctema, paszpabotaHHast AH-
JIEKCOM, KOTOpasl TaKXXe MOXET OTCJIEeKUBATh BpeM sl
3arpy3ky CTpaHUIl M aHAJIU3UPOBATh NaHHbBIE O MPO-
W3BOJIUTEIILHOCTH CalTa.

B manHoOIl cTaThe OymeM MCIOJIbH30BAaTh MOIEITH
1 MporpaMMHbIe MEXaHU3Mbl U3MEPEHUST CKOPOCTHU
MMOJTHOM OTPMCOBKM CTPAHMIIBI, MPEIOCTaBISIEMBbIE
Google PageSpeed Insights [11]. Ona ocHOBaHa Ha
WHCTpyMeHTallbHOM cpeacTBe Lighthouse, koTopoe
B JI€CATOI BEPCUU OMUPAETCS Ha MepeUurCIeHHBIC 1a-
Jlee METPUKU 3aTPy3KHU CTPAHUIIHL.

First Contentful Paint (FCP) — 510 Bpems, KoTO-
poe HeoOXxoaruMo Opay3epy IJisl 0TOOpaKeHU s TIEPBOTO
KOHTEHTA Ha CTPaHMIIEe. DTOT MOKa3aTeb IO3BOJISICT
OIIEHUTh, KaK OBICTPO CAlT 3arpyskaeTcs 1 HaCKOJIBKO
OBICTPO IMOJIb30BaTENM CMOI'YT HauaTh PaOOTy C HUM.
Bpems FCP uzMmepsieTcs B MUJUIMCEKYHIAX U 3aBU-
CHT OT HECKOJBKMNX (PaKTOpPOB, BKJIOYASI CKOPOCTH
coequHeHus1 ¢ MuTepHeToM, pa3mep crpaHuusl [12].

Speed Index (SI) — HAacCKOJIBKO OBICTPO KOHTEHT
BU3yaJIbHO OTOOpaxkaeTcs BO BpeMs 3arpy3KU CTpa-
HULBI (U3MepsieTcsl B ceKyHaax) [13].

Total Blocking Time (TBT) — 5710 o611ee Bpems,
B TeYEHME KOTOPOTO TOJIb30BaTe/b HE MOXKET MUCITOTb-
30BaTh BeO-CailT MM MIPUIOXKEHNE M3-3a OJIOKHPO-
BOK [14].

Largest Contentful Paint (LCP) — 310 Bpewms, 3a
KOTOpoe Opay3ep ycrieBaeT 0ToOpa3uTh caMblii 60J1b-
LIIO# 3JIEMEHT Ha cTpaHuie [15].

Cumulative Layout Shift (CLS) — sToT mokasa-
TeJIb U3MEPSAETCS Ha OCHOBE M3MEHEHM B IOJIOXKE-
HUU 2JIEMEHTOB Ha CTpaHWUIIE TOCJIEC €¢ 3aTrpy3KHU.
Ecnu aneMeHTHl CABUTAIOTCSI CUJIBHO, TO 9TO MOXET
MPUBECTHU K YXYIILIEHUIO TOJb30BaTEIbCKOTO OIbITa
1 CHUXEHUIO KOHBepcun [16].

MeTpuKM BIUSIOT Ha UTOTOBYIO OLIEHKY B COOT-
BETCTBHUU C POMOPLUSIMU, NpUHATHIMU B Lighthouse
v. 10: masg FCP — 10 %; nia SI — 10 %; nust LCP —
25 %; nnss TBT — 30 %; nost CLS — 25 %. B Lighthouse
v. 9 metpuknu cienytomue: FCP — 10 %; SI — 10 %;
LCP — 25 %; TTI — 10 %; TBT — 30 %; CLS —
15 %. 3mecy TTI — Time to Interactive — Bpems,
Tpeldylollieecs: CTpaHUIE, YTOObI CTaTh MOJHOCTbHIO
UHTEPAKTUBHOM.

s tectupoBaHus 3(p(HEKTUBHOCTU aJrOPpUTMOB
aBTOMATUYECKOI KOMITOHOBKY KOHTEHTa HYXXHO TTpHU-
MEHUTbh MX Ha peajbHbIX BeO-caliTaX U CPaBHUTH
pe3yJIbTaThl 10 U MOCJe MCMOJb30BaHUS aBTOIMEpe-
KOMITIOHOBKM AaHHBIX. OmHaKo 4TOOB pa3paboTaTh
TaKue aJIrOPUTMBbI, HY>KHO MHOI'O pa3 MpOBEpPsATh
3¢ HEeKTUBHOCTh UX PabOTHI Ha pa3HBIX pecypcax.
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J s pelleHusT 9TOM 3amady Ha sI3bIKe TTPOTPaMMU-
poBaHus PHP Obln HamucaH cKpunT mirror. 3To
WHCTPYMEHTaJIbHOE CPEICTBO, CIIOCOOHOE CO3/1aBaTh
MMOJTHBIE KONHWM BeO-CTpaHUIl U pa3MellaTh WX Ha
OTIEJILHOM Ce€pBepe, Iie YCTAHOBJEHO CaMO Cpel-
ctBo. CKpUIIT obsagaeT psAaoM KadyecTB, KOTOpbIE
IMO3BOJISIOT aBTOMAaTU3UPOBATh TECTUPOBAHME pa3-
pabaThIBaeMBIX aJITOPUTMOB aBTOMATUUECKOM KOM-
MOHOBKMW KOHTEHTA.

OcHoBHag 3ajlaya CKpMIITAa mirror — IpeaocTaB-
JISITh BO3MOXHOCTH TECTUPOBAHU S Pa3TUIHBIX KOM-
MOHOBOK html-goKyMeHTa 6e3 He0OXOOMMOCTH BHO-
CUTh U3MEHEHHUS B KoJ caiita. OHa pelraeTcs myTeM
CO3IaHUS KOIMUU BeO-CTPAHUIIBI U BHIMOJTHEHHUEM
Haja Hell psAga aBTOMaTHYEeCKUX MpeoOpa3oBaHU
html-noxyMeHTa ¢ UCIOJb30BaHUEM aBTOPCKUX aJl-
ropuTMoB. Takoil mMOAX0a 3HAYMTEIBLHO COKpalllaeT
BpeMs Ha BHECEHHE KOPPEKTUPOBOK B aJlITOPUT-
MBI TIEPEKOMIIOHOBKM html-KOoHTeHTa M objerya-
€T mpoliecc pa3paboOTKM U TECTUPOBAHMS HOBBIX
(byHKLIMA.

Ellle ofHUM mperMyIlIecCTBOM HCIIOJb30BaHUS
CKPHUIITA Mirror sABJsIeTCS NpeaocTaBsieMast UM BO3-
MOXHOCTh TECTUPOBAHUS CKOPOCTH 3arpy3KH BeO-
CTPaHUII Ha Pa3TUYHBIX cepBepax. DTO MO3BOJSIET
HUBEJIMPOBATh BAMSIHKE BPEMEHM OTBETa paboyero
cepBepa (Ha KOTOPOM MPOUCXOIUT padboTa C peaib-
HBIMU KJIWEHTAM W aKTyaJbHBIMM HaHHBIMU) Ha
CKOPOCTb 3arpy3Ku CTPaHHULBI IOCPEACTBOM TECTU-
pOBaHUS CTPAHUIIBI HA OTAEJILHOM He3arpy>XeHHOM
cepBepe. Ecim mpocToe KommpoBaHME CTPaHUIIBI
Ha He3arpyKeHHBIN cepBep 3HAUUTEIBHO BIMUSICT Ha
CKOPOCTb 3arpy3Ku CTpaHUIIbl, MPEXae BCEro cie-
JyeT pa3o0paThCs ¢ HACTPOMKOI paboyero ceppepa,
YCTPAaHUTH BO3MOXHBIE TIPOOJIIEMBI B €TI0 KOH(PUTY-
panuu.

CKpMIIT MOXET TaKXe co3laBaTh KOMUU OPUTH-
HaJIBHBIX PeCYPCOB BeO-CTPaHUIIbI, TAKMX KaK CKPUII-
11 JavaScript, CSS-ctuim 1 n3o6paxxeHus pacipo-
ctpaHeHHBIX web-(popMaTtoB (JPG, PNG). 3atrem oH
ABTOMAaTUUYECKH YMEHBIIIAeT pa3Mep STHX CKOIHUPO-
BaHHBIX pecypcoB. KpoMe Toro, oH nMeeT BO3MOX-
HOCTb KOHBEPTHUPOBATh KOIMMUU OPUTMHAJBbHBIX WU30-
OpaxkeHuii B ¢popmat WebP, koTophlii obecniednBaeT
0ojiee 3(p(heKTUBHOE CXaTue U yMEHbIIaeT pa3Mep
(daiinos, He yxyaIast KayecTBO M300paxkeHuit. OnTu-
MU3UPOBAHHBIE KOMTUU PECYPCOB MOT'YT ObITh UCIIOJIb-
30BaHBl CKPUIITAMHA aBTOMATHMUYECKON KOMIIOHOBKH
KOHTEHTA JJIs YBEIMUEHUST CKOPOCTU OTOOpakKeHUS
cTpaHuibl. [1pu nepeHoce CKpUIITOB aBTOMATUUYECKOM
NEePEKOMIIOHOBKM CTPAHMIIBI HA LIEJIEBOM CAlT aJIro-
PUTMBI ONITUMU3AINK BHEITHUX PECYpPCOB CIEAYET
3aMEHUTb Ha aJiTOPUTMbI, MPEAOCTaBSIEMbIe MJaT-
(opmoii caiira.

BnusaHue aBTOMaTU4YeCKOM KOMMNOHOBKM
KOHTEHTa Ha CKOPOCTb 3arpy3Kku
BeO6-cTpaHULbI

Kak 6b1710 0TMEUeHO paHee, LIUTUPYyeMble METPUKU
MO-pa3HOMY BJIHMSIIOT Ha UTOTOBYIO OLIEHKY CKOPO-
CTH 3arpy3Ku CTpaHUIIBl. HeKoTopble METpUKU B3a-
MMOCBSI3aHbl, HAIPUMEP, CKOPOCTh OTPUCOBKM Ca-
MOI'0 OOJIBLIOTO KOHTEHTAa HE MOXET ObITh MEHbIIIE,
YeM CKOPOCTb IepBOi OTPUCOBKU KOHTeHTa. Eciau
pa3paboOTaHHBIN aJTOPUTM KOMITOHOBKHU ITO3BOJUT
MaKCHMU3UPOBaTh 0ajjibl Ha METPUKaAX, MMEIOIINX
HauOoJIbllIee BIUSIHUE HA UTOTOBbIM Oasljl, MyCcTh Aaxe
LIEHOM YXYALIEHUs APYroil METPUKU, CKOPOCThH 3a-
TPY3KH CTPAHUIIBI YBETUIUTCSI.

ITpu moMoliu MPOBEPKU U TECTUPOBAHUSI PA3HBIX
peKoMeHIalui 110 YBEJIMYEHUIO CKOPOCTU 3arpy3Ku
CTpaHUIbl ObLIM pa3paboTaHbl MEpPEeUUCICHHbIE fa-
Jiee aJITOPUTMBbI, O3BOJISIIOLIME BHOCUTD CEAYIOIIHE
KOPPEKTHUPOBKHU B html-10KYMEHT B aBTOMaTHYECKOM
1 TI0JIyaBTOMaTHYECKOM PEeXKMMaXx.

AJTOPATM ONTHMH3ANHA BHENITHHX PECYpPCOB 3a-
MEHSIET CChUIKM Ha ¢daiabl CTUJIeH, CKPUIITOB,
M300pakeHUil Ha UX ONTUMU3MPOBAHHBIE BEPCUU.
ITpuHIMI paboTHl aAropuTMa MpeacTaBjieH Ha puc. 3.
IIpu 5TOM ajnropuT™M MUCIHOJb3YET TPU BHEIIHUX 00-
paboTuKKa, ONTUMU3UPYIOIIUX (aliibl onpeaeseH-
HBIX TUIIOB. BHenHuit 06pab0TUYMK 3aBUCHUT OT TOTO,
IJIe UCITOJIb3YETCS aJITOPUTM. MOXeT UCIIOJb30BaThCs
00pabOTYMK U3 OKPYXKEHU S, B KOTOPOM BBITIOJIHSIET-
cs anroputm, Hampumep, JS- u CSS-daitabl MOXeT
cXumaTth KoMItoHeHT MinifyX 8 CMS MODX [17].
MOXHO MCIIOJIb30BaTh CBOM 00paboTYuK. dparMeHT
Takoro oopadboTyrka n3o0pakeHuil, pa3paboTaHHOIO
aBTOpaMU Ha si3bike TporpaMmmupoBaHusi PHP, npu-
BelceH Ha puc. 4. Meton generateWebp co3naeT Komnmio
uzobpaxkenus (popmaroB PNG uiau JPEG) B popma-
Te WebP u Bo3BpalllaeT B MacCHUBe OIlMcaHus (aiiia
OTHOCHUTEJbHBIN NYTh K CO3JaHHOMY U300pa>keHUIO
B CJly4yae YCIelIHOW reHepaluy n300pakeHusl.

AJITOPUTM ONTHMH3ANMHA CTHJIEH BBITIOJNHSET 3a-
MEHY TOAKJIIOYECHHBIX CTUJIeH Ha KPUTUIECKHUE CTU-
JIM ¥ 3aTPY3YMK OCHOBHEIX CTHJICH, HAITMCAHHBIN Ha
JavaScript. [IpuHLMI pabOTHI aNTOPUTMA MPEACTABICH
Ha puc. 5. Ins BeIAeACHUSI KPUTUUECKUX CTUJIEH HC-
MOJIb3yeTCsl BHEIIHU I 00pabOTUYMK — TJIarMH grunt-
critical pyst MmeHenxepa 3agay Grunt [18]. 3agaua pas-
paboOTaHHOIO aJropuTMa 3aKJI0YAETCs B MTOATOTOBKE
JaHHBIX, MMpefaBaeMblX 00pabOTUUKY, U YCTaHOBKE
CO3IaHHBIX UM PECYpPCOB B UCXOAHBII html-TOKYyMEHT.

AJITOPUTM yMeHbIIEHHS BPeMEHH NMOIKJII0YeHHS
K CTOPOHHHM pecypcaM 3aKJIio4aeTcsl B J00aBJIEHUU
teroB link ¢ arpubyramu rel = “preconnect” u rel
= “dns-prefetch” njis JOMEHOB, OTIMYAIOLIUXCS OT
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JOKYMEHT

)
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3aMEeHHTH CCBUIKY B
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Brisox: html-
JOKyMEHT

Her

A
(  Komnen )

Puc. 3. IlppHuun padoThl aAropuTMa MO ONTUMHU3ANMH BHEHIHUX PECYpPCOB

OCHOBHOI'O JOME€Ha caiiTa, ¢ KOTOpPbIX OynyT 3arpy-
KaTbCsl PECYPCHI AJISI CTPAHUIIBI. DTO MO3BOJISIET BbI-
MOJIHUTh MpeABapuTeIbHOE MOAKIIOUeHUE K JOMEHAM
U nmpeaBapuTesibHoe paspelneHne DNS-3anuceii. Bee-
ro MOAKJI0YaeTcs MATh JOMEHOB, CChLIKM Ha KOTOPbIE
TOBTOPSIOTCS Yallle OCTAJIbHBIX MJIM PACIIOiararoTcs
BbILIE K Hauyaly html-gokyMmeHTa. [TpuHUMO paboThI
aJITOpUTMa IIpUBEACH Ha puc. 6.

AJTOpUTM ONTHMHU3AMAA CKPANTOB UILET CKPUTITHI,
pa3MellleHHBIe Ha CTpaHUlIe, J00aBIISIET UM aTpUOyT
JJIST aCUHXPOHHOM 3arpy3ku. [IpuHIUm ero paboThl
oToOpaxeH Ha puc. 7.

AJTOpHTM OTJIOKEHHO# 3arpy3KH iframe-3;1eMeHTOB
uieT B html-kone iframe-31eMeHTHI, BhIpe3aeT U3 HUX
CCBLJIKM Ha pecypchl. JJobasinsieT JavaScript-koa, Boc-
CTaHABJIMBAIOIIMM CCBUIKY TIPU TTOTTAIaHU U 3JIeMEHTA
B 00JacCTh MpocMOTpa noyb3oBatens. [IpyuHuun pa-
0OTHI aJIropuTMa NpeACcTaBeH Ha puc. 8.

AJITOPATM ONTHMH3ANHAH M300paKeHHd TIPOBEPsI-
eT, KaK MOAKJIIOUeHbl N300pakeHusl, 100aBasSIET TIPU
HEOOXOAUMOCTH aTPUOYTHI IJIs1 OTIOKEHHOM 3arpys-
KUY U aekoaupoBaHus. IIpuHLUII paOOTHL aJlropuTMa
MpencTaBJeH Ha puc. 9.

OnuvcaHHbIE U peaJu30BaHHbIE aJTOPUTMBbI NIPU-
MEHSIJIUCh AJIS1 ONTUMU3ALUU Pa3HBIX caliTOB. D(-
(GeKTUBHOCTD UX pabOTHI OyIeT pacCMOTpeHa Ha IIpU-
Mepe IBYX IMPOEKTOB: MEePBbIii — CalT Mo Mmpoaaxe
aBTOMOOMIEH; BTOPOl — CaMT MpMIOTa AOMaIIHUX
KWBOTHBIX. Ha mepBBIit MPOEKT CKPUTITHI IJIST OTITH-
MaJIbHOM MEPEKOMITOHOBKM KOHTEHTa YCTAaHOBJIEHbI
B CUCTEeMY ympaBJjieHUs cailToMm. [y BToporo npo-
€KTa MPUBEACHBI Pe3yJabTaTbl TECTUPOBAHUS aJIr0-
PUTMOB Ha TECTOBOM CTEH/I€, CO3MaHHBIM CKPUIITOM
mirror.

PesynbTaThl MU3MEpEHU I CKOPOCTH 3arpy3KH CTpa-
HMUII AJIS1 IEPBOIO IMIpoeKTa OTOOpaKeHk! B Tab. 1—4.
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protected static function generateWebp(array $arImage, int $intQuality = 98)

{

$arImage[ 'WEBP_SRC'] = false;

$arImage[ 'WEBP_PATH'] = self::generatePath($arImage[ 'SRC']);
$arImage[ 'WEBP_FILE_NAME'] = self::generateFileName($arImage['FILE_NAME'])
$fullPath = self::%documentRoot . farImage[ 'WEBP_PATH'];
if (self::checkFormat($arImage[ 'CONTENT_TYPE']) && self::availablePath($fu

$arImage[ 'WEBP_SRC'] = $arImage['WEBP_PATH'] . DIRECTORY_SEPARATOR .
ifullPathFileWebp self::%documentRoot . $arImage['WEBP_SRC'];
$fullPathFileOriginal = self::%documentRoot . $arImage['SRC'];

n

if (lfile_exists($fullPathFilelebp)) {

$im = false;
%success = false;

if (self::%isPng) {

$im = imagecreatefrompng($fullPathFileOriginal);
} else {
1

$im = imagecreatefromjpeg($fullPathFileOriginal);

if (is_resource($im) || $im instanceof \GdImage) {
$success = imagewebp($im, $fullPathFileWebp, $intQuality);
imagedestroy($im);
1
if (!%success) {
$arImage[ 'WEBP_SRC'] = false;
}
X
}

return %arlmage;

Puc. 4. MeTtoa KonBepTaunuu u3oopaxenus B ¢opmat WebP (na a3pike nporpammuposanuss PHP)

2

11Path)) {

$arImage[ 'WEBP_FILE_NAME'];

Ilocne mpuMeHeHUsT aBTOMAaTUUeCKO onnTUMMU3a-  BaeT, uyTo Total Blocking Time yBenuuuaoch 3a cueT
MM KOHTEHTa HaOJI0MaeTCs yBeJIMUYeHNEe CKOPOCTH  H00aBIIEHUST HOBBIX CKPUIITOB M OTJIOXEHHOM 3arpy3-
3arpy3ku ctpaHuibl. Lighthouse Bepcuu v. 9 mokasbl- KM CTapbliX, HO OCTaJIbHbIe MOKa3aTean CTaay MEeHbIIIE.

( Hauano )

Y

Beox: html- OTaeNuTh KPUTHYECKHE Beisoz: html-
JOKyMEHT o JOKYMEHT

JOKYMEHTA BCE CCBIIKH

, KPUTHYECKHE CTHIIH H
Ha CSS-¢aiine P

3arpy34MK OCHOBHBIX
| CTHIIEH

®

Puc. 5. IIpunnun padoTsl aJropuTMa ONTHMH3AIMHA CTHJIEH

Bripesats 13 html- 3
pe N BeraBuTh B html-gokymeHT @
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v
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Puc. 6. Hpﬂ]-llll/ll'[ paﬁOTlxl AJITOPUTMA YMCHBIICHUSA BPEMCHHU NOAKJ/IIOYECHHUA K CTOPOHHUM pecypcam
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Puc. 7. IlpuHuun padoThl aJropuT™Ma ONTHMU3ANUH CKPUIITOB
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r

BeiBoja: html-
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Puc. 8. [Ipnanun padoThl aAropuT™Ma OTJIOKEHHOI 3arpy3kd iframe-31eMeHTOB
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Puc. 9. Ilpuauun padoTsl aIropuTMa ONTHMHU3ALNA N300paKeHmil
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lazy
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BbICOTEI

Her—»
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width co

3HAYEHHEM

IIHPHUHBI

Tabauya 1
CKOpPOCTb MOJIHO OTPHCOBKH CTPAHHMIBI JIsl IJIABHOW CTPAHMIIBI MEPBOTO CaiiTa
CocrosHue Ne Moar- Metpuka
TECTUPYEMOTO Htor
TecTa dopma
pecypca FPC, ¢ TTI, ¢ SI, ¢ TBT, mc LCP, ¢ CLS
Mobile N/A* N/A N/A N/A N/A N/A N/A
1
PC 1,6 5,9 7,6 200 18,8 0,408 35
Mobile 7 23,1 12,3 1410 29,6 0,493 8
Mo )
ONTHMH3ANIH PC N/A N/A N/A N/A N/A N/A N/A
Mobile 7,2 26,5 13,7 2080 30,5 0,486 5
3
PC N/A N/A N/A N/A N/A N/A N/A
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Okonuanue maba. 1

CocrosiHue Metpuka
Ne ITnar-
TECTUPYEMOTO Htor
TecTa ¢dopma
pecypca FPC, ¢ TTI, ¢ SI, ¢ TBT, mc LCP, ¢ CLS
Mobile 1 18,7 6,6 3310 1 0 55
1
PC 0,3 3,7 1,5 200 0,3 0,001 89
Mocre ) Mobile 1 16,2 6,2 2510 1 0,007 56
ONmTHMH3ALIH PC 0,3 3,6 1,7 320 0,3 0 81
Mobile 1 17,6 5,5 2100 1 0 58
3
PC 0,3 3,8 1,6 310 0,3 0 81

* N/A — maHHbIe OTCYTCTBYIOT, TaK KaK IMpPHU TECTUPOBAHMU MPOU30IILIA OUIMOKA, B JaHHOM cllyyae Bceraa paboTas TECT TOJIbKO

Ha OJHOU U3 MmiaTdopm.

Tabauya 2
CKOpPOCTh MOJIHOI OTPHCOBKH CTPAHHIBI IS THIIOBO CTAHMIbI KATAJOra TOBAPOB MEPBOro caiiTa (CHMCKA MAIIMH)
CocTosiHue No ez Mertpuka
TECTUPYEMOTO Hror
TecTa dopma
pecypca FPC, ¢ TTI, ¢ SI, ¢ TBT, mc LCP, ¢ CLS
Mobile 8,4 24,7 16,1 990 25 0,003 23
1
PC 1,9 4,2 3,5 40 2,3 0,11 67
Mobile 8,4 24,5 15 1510 25 0,003 19
Ho )
ONTUMH3ANMH PC 1,9 4,5 3,2 90 3,2 0,022 63
Mobile 8,4 24,4 14,2 1070 24,1 0,005 23
3
PC 1,8 4 3,2 170 2,3 0,019 66
Mobile 1 17,9 6,8 2650 2,1 0 54
1
PC 0,3 4,1 1,5 210 0,6 0,009 87
Mocue 5 Mobile 1 18,1 5,7 3130 1 0 56
OnTHMH3ALIH PC 0,3 3.8 1,5 290 0,6 0,013 82
Mobile 1 18 6 3040 1 0 56
3
PC 0,3 3,8 1,7 240 0,6 0 85
Tabauya 3
CKOpOCTb MOJIHOM OTPHCOBKHM CTPAHMIIBI JJIsi TUMOBOI CTPAHUIBI KAPTOYKH TOBAapa MEepPBOro caiira (onpeaesieHHONH MaIMHbI)
M
CocrosiHue Ne Mrar- €TpUKa
TECTUPYEMOTO Hror
TecTa dopma
pecypca FPC, ¢ TTI, ¢ SI, ¢ TBT, mc LCP, ¢ CLS
| Mobile 7,5 21 18,5 760 37,5 0,314 17
PC 1,6 4,8 6,9 60 5,0 0,016 56
o 5 Mobile 7,5 22,4 11,8 520 29,7 0,332 23
ONTUMU3ALNU PC 1,7 4,2 6,8 90 5 0,018 56
3 Mobile 7,7 22,8 14 1340 29,6 0,32 11
PC 1,6 3,6 7,2 30 5 0,041 58
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OkoHnuyanue maba. 3

CocrosiHue Ne Mnar- Metpuka
TECTUPYEMOTO Tec_Ta T Hror
pecypcea FPC, ¢ TTI, ¢ SI, ¢ TBT, Mc LCP, c CLS
| Mobile 1 18 5,6 2300 1 0 57
PC 0,3 3,8 1,5 140 0,6 0 92
MMoce 5 Mobile 1 18,8 5,7 3290 | 0,019 56
ONTUMM3aLNU PC 0,3 4 1,4 190 0,6 0 89
3 Mobile 1 17,5 6,6 2170 1 0 56
PC 0,3 3,6 1,4 100 0,6 0,021 94
Tabauya 4
CKOpOCTH MOJIHOI OTPHCOBKH CTPAHMIbI JJIsA TUMOBOI CTPAHUIIBI JIEHAMHIA MEPBOrO caiiTa (Mpe3eHTanus MO MAIIHHBI)
CocrosiHue MeTtpuka
TECTUPYEMOTO Te]\fTa (1;31;3[; Hror
pecypca FPC, ¢ TTI, ¢ SI, ¢ TBT, mc LCP, ¢ CLS
Mobile 7,2 24 13,3 2290 17,9 0,037 17
1
PC N/A* N/A N/A N/A N/A N/A N/A
o Mobile 7,2 22,9 14,6 1110 11,7 0,007 22
2
ONTMMU3ALIY PC 1,6 5,2 3,3 140 5,1 0,069 54
Mobile 7,2 24,7 13,3 1920 10,7 0,191 12
3
PC 1,6 5,1 3,9 120 3,5 0,049 59
Mobile 1 19,4 6 4050 1 0 55
1
PC 0,3 4 1,6 430 0,6 0,03 75
Mocre s Mobile 1,1 19,4 6,4 4170 2,1 0 53
ONTUMH3ANAH PC 0,3 3,9 1,5 330 0,6 0,012 80
Mobile 1 18,5 7,2 3640 1 0 54
3
PC 0,3 3,7 1,3 160 0,6 0,018 91
* N/A — DaHHBIE OTCYTCTBYIOT, TaK KaK IIPU TECTHPOBAHUH IIPOM3OIIJIA OUIMOKA, B JAHHOM CJIy4ae Bcerga paboTaj TeCT TOIBKO
Ha OIHOU U3 IIaT(hOPM.

AHaJIOTMUHYIO KapTUHY MOXHO HabJ1oaaTh Ha Te-
CTOBOM CTpaHUIlE, CO3JaHHON CKPUIITOM Mirror ajst

[VIABHOW CTpaHUILIbI caiiTa mpuioTa Ijisi 0€310MHbBIX
>KMBOTHBIX (TabJI. 5).

Tabauya 5
CKOpoOCTb NMOJIHOM OTPUCOBKM CTPAHMILI IJIs1 IIABHOM CTPaHHIBI BTOPOro caiita
CocrosiHue Ne Mnar MeTtpuka
TECTUPYEMOTO Hror
TecTa ¢dopma
pecypea FPC, c SI, c TBT, mc LCP, ¢ CLS
Mobile 9,1 11,9 1440 21,6 0,017 30
1
PC 3,2 3,5 160 6,8 0,154 47
lo onTUMM3a- 5 Mobile 9,1 11,8 870 22,8 0,406 16
un PC 32 3,4 220 6,8 0,153 44
Mobile 9,1 11,3 1230 22,3 0,017 32
3
PC 3,2 34 290 6,9 0,152 40
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OkoHnuyanue maba. 5

CocrosiHue MeTtpuka
Ne ITnar-
TECTUPYEMOTO Hror
TecTa ¢dopma
pecypca FPC, ¢ SI, ¢ TBT, mc LCP, ¢ CLS
Mobile 1,0 5,0 2390 8,4 0,021 43
1
PC 0,3 1,5 220 3,0 0,095 72
Mobile 1,0 4,1 3050 8,6 0 44
Tlocne ontu- )
MU3aIN
PC 0,3 1,6 290 2,9 0,095 68
Mobile 1,0 4,3 1490 9,8 0,021 47
3
PC 0,3 1,4 380 2,7 0,095 65

TakuMm oOpa3om, pa3paboTaHHBIE aJTOPUTMBbI
aBTOMAaTUUYECKON MEepPeKOMIIOHOBKU html-gokymeHTa
MOKa3bIBaIOT CBOIO 3 OEKTUBHOCTL B ONTUMU3ALIAU
CKOPOCTH 3arpy3Ku cTpaHull 1o gaHHbiM Lighthouse
v.9mv. 10.

3aknrvyeHue

KoMmnoHoBka html-gokyMeHTa BAUSIET Ha BpeMsl
OTPUCOBKM MOJIHOU BeO-cTpaHullbl. Mcroib3oBaHue
ONMTUMU3UPOBAHHBIX PECYPCOB TaKKe MOJOXUTEb-
HO CKa3bIBaeTCsl Ha CKOPOCTU OTPUCOBKHU CTpPaHU-
1bl. CylecTByeT BO3MOXHOCTh aBTOMAaTUYECKU W3-
MEHSITh KOMIIOHOBKY KOHTeHTa B html-mokymeHTe
TakK, YTOOBI CTpaHUILIa oToOpazkajiach ObicTpee. 3Ha-
YyeHHe MPUPOCTa CKOPOCTH OTIMUYAETCS Ha Pa3HBIX
CTpaHUIIAX U 3aBUCUT OT TOro, KaKOil KOHTEHT Ha
cTpaHulie pacnojoxeH. PazpaboraHHbie aJITOPUTMBI
aBTOMAaTUYECKOW MEPEKOMMOHOBKM KOHTEHTa MOTYT
ObITh MHTETpUPOBaHbI B pasdnuuHbie CMS-cucreMsl,
YTO MO3BOJIUT B ABTOMAaTHUYECKOM PEXUME ONTUMU-
3MPOBATh CKOPOCTh 3arpy3KH CTPaHUIL.

Ha HacTosiiiee BpemMsi aJirOpUTMbI, CO3JaHHbIE
aBTOpaMU CTaTbU, HYKJIAIOTCS B PyYHON yCTaHOBKE
Ha CMS-cucteMbl, 0OIHAKO OHU MOT'YT OBITh O0beAU-
HEHBI B IIPOrpaMMHBIIA MOAYJIb, KOTOPHIA He OyaeT
TpeboBaTh HABBLIKOB MPOrPaMMUPOBAHUS IS yCTa-
HoBKU. PazpaboTka Takoro momayJsisi OyaeT sIBASITbCS
CJleyIOLIMM 3TarioM B pa3BUTUU HApaOOTOK Ha MC-
cllieayeMoM HarpaBjieHuu. Micnoab3oBaHUe JaHHOIO
MOYJIS TO3BOJIMT COKPATUTh BPeMsI Ha ONTUMMU3ALIN IO
BeO-CTpaHUlI, YeM YCKOPUT pa3paboTKy U NOAACPKKY
BeO-CaliTOB.
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Now more and more information is transmitted via the Internet, including through websites. The speed with which
sites are displayed to users affects their attitude to the resource they are viewing, and therefore, the speed also af-
fects the success of the resource itself. For example, search engines will be less likely to offer users resources with
lower behavioral factors. Despite this, the display speed of many sites is low. This state of affairs harms both the end
user of information and the owners of Internet resources. To fix the download speed, you can apply content reflow
to optimize the html document. Manually making such edits is a rather time-consuming process. It can be acceler-
ated by automating content reflow through special algorithms. The aim of the work is to optimize the structure of the
HTML page to increase the speed of its full display by the browser. A list of services is provided that allows you to
check the page loading speed. The text describes the “mirror” script, designed to create copies of web site pages, to
test html content optimization algorithms. Descriptions of algorithms developed to solve the problem of low download
speed are given. The article presents the results of content optimization on the example of two sites. The full page
rendering speed measurement model provided by the Google PageSpeed Insights tool was used, which includes
the following metrics: First Contentful Paint (FCP), Speed Index (Sl), Total Blocking Time (TBT), Largest Contentful
Paint (LCP), Cumulative Layout Shift (CLS). The developed algorithms for automatic reflow of html documents show
their effectiveness in optimizing page loading speed according to Lighthouse 9 and 10 versions.

Keywords: optimization, html, web page, loading speed, PageSpeed Insights, web content layout, script, algo-
rithm, Lighthouse, bounce rate
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CospemeHHOMY crieyuanucmy 8 cghepe obcernyusaHus U peMoHma rnodsuxHo2o cocmasa Heobxoou-
MO 10CMOoSsIHHO umMemes ocmyr K akmyaribHOU UHGbopMauuu, C8513aHHOU ¢ MEXHUYECKUM COCMOSIHUEM,
OCHawleHUeM U MecmoriofioxxeHuem obcryxueaeMbix eOUHUY. B Hacmosawul MoMeHm 8 8a20HHOM
xo3sticmee cpedcmea nosny4vyeHuss daHHOU UHGbopmMayuu ycmapesnu u He coomeemcmeayom memnam
paszsumusi UHhopMayUOHHbIX mexHonoaul. Llenb pabomsl, pe3ynbmambl Komopol npedcmaeseHsbl
8 Hacmosiwel cmamebe, 3aK/t4aemcsi 80 BHEOPEHUU COBPEMEHHbIX cpedcme rnosly4yeHuUss OaHHbIX Ha
npednpusmus, ocyuwecmssarwue op2aHu3ayuo u peMoHm nodsuxxHo2o cocmasa. [JaHHas paboma
rnocesujeHa co30aHuro U onucaHuK npoepamMmHbix npodykmoes 01151 noucka uHgopmMayuu no mexHuye-
CKOMY COCMOSIHUI MOOKOHMPOJIbHbIX 8a20H08. [Ipo2paMMHbIlU KOMIMIEKC MoxXem 6bimb UCMOb308aH
KaK Ha rnepcoHasibHOM KOMMbomepe, makK u 8 cpede oHnalH-npunoxeHul e cemu MHmepHem. B cmpyk-
mype npozpamm npedycMompeHbl MexaHU3Mbl 06HO8IEHUS U T0OOEPKKU POYEeCcCo8 COrnPoB8OXOEHUS,
8KJ104as ucripaerseHue owubok, 0bHoareHue YyHKUUOHaNbHbIX 803MOXHOCMel u npu Heobxodumocmu
MacuwmabupoegaHusi 06beKMO8 KOHMPOJIS (Hanpumep, adanmupoesaHue rpozapamMmel 0511 KOHMPOJSIS He
MOJIbKO 8a20H08, HO U Mymee8biX MalwUuH, 3anacHbix Yyacmel u m. 0.). Micnonb3oeaHue rpednazaembix
cpedcme no3eonum crieyuanucmy e obnacmu no2ucmuku, obcryueaHusi U peMoHma rnodsuxxHo2o0
cocmasa rnosebicumae orepamueHOCmb MPO2HO3UPO8aHUsI, opaaHu3ayuu rMpoueccos rnepesosku 2py308
u nposedeHusi peMoHMHbIX pabom. B cmambse 8 8ude b6510K-cxemM 0aHbl anzopummsl pabomsi Kaxo0020
npodykma e cocmaee npozspaMmMHO20 KOMIJIeKca, cxema ucrnonb3yemol 6a3bl 0aHHbIX. B 6a3y daHHbIx
8 coomeemcmeuu ¢ HoMepamu ea2oHo8 0obaessieHbl 2eoMempuyecKue napamempbl U HOMepa Kosec-
HbIX nap, 0ambl nocedHe20 meKyuw,e20 U KanumarsnbHO20 peMoHma, ux MecmoHaxoxoeHue. Co3daH
Maccus aHHbIX ¢ pomoepahusimu sa2oHo8. [lbedcmasrieHbl hpacMeHmMbI rpo2paMMHO20 KOMIIIIEKca,
HarnucaHHo20 Ha s3bike Python. [JaHHbIU 53bIK 103801UM MOTHOCMbIO peasiu3ogams afzopumm oed-
cmeut npodykma. B npouecce mecmupogaHusi npogpamm rnpoeepsisiocb delicmaue 0CHOBHOU hyHKUUU,
a UMeHHO — MOoUCK napamempos rno Homepy eazoHa. [MpedcmasneHo peweHue 3adaqyu 8bis00a homo-
u sudeomamepuarsios o 3arnpocy rnonb3oeamerns. Takas yHKUUS No38ossiem coKpawame epeMs Ha
nodbop sazoHa 0ns1 apeHObl, KOHMpPOJIUPo8amb Kadecmeo pemoHma. lNpu co3daHuu npozpamMmMHO20
rnpodykma e cpede oHnalH-npuioxeHull makxe peweHa 3adaya 6esonacHocmu nepedadyu OaHHbIX.

Knrouyeenblie crioea: asmomamus3sayus, yrnpaerneHue, peMoHm, rnocucmuka, rnodsuxHol cocmas, UH-
hopmayUoOHHbIE MEXHOI02UU, NnaHuposaHue, yaaﬂeHHbla KOHMpPOJib, MaWUHOCMpPOEHUE

s yumupoeanus:

Jlapuenko A. I'. KoMmIriekc mporpaMMHBIX IPOAYKTOB sl YAaJeHHOTO KOHTPOJISI XapaKTePUCTUK TTOIBUXK-
HOTO COCTaBa B pexXume peaiabHoro BpeMeHu // [Iporpammuas nraxkenepust. 2023. Tom 14, Ne 11. C. 563—571.
DOI: 10.17587/prin.14.563-571.

BBeaeHue, 0630p npobnemaTukm, OCHOBE COBPEMEHHBIX WH(MOPMALIMOHHBIX TEXHOJO-
nocTtaHoBKa Uenu ruii. [IpeanpusTus Mo OOCIYyXMBaHUIO U PEMOHTY

MOJABUXXHOI0 COCTaBa, TAKMUE KaK IKCIITyaTallMOHHBIE

Bo Bcex cdepax Xo34iCTBEHHOTO KOMILJIEKCA MAET 1 peMOHTHBIE JETO, TPY30BbIE U JIOTUCTUYECKHE XKe-
MHTEHCUBHOE Pa3BUTHUE CPEACTB aBTOMATU3aLUM HA  JIe3HOLOPOXHBIE (K/I) KOMIIAHUY, TAKXKe HYXKIAIOTCA
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B HCIIOJb30BaHUM HOBBIX MH(MOPMAILIMOHHBIX pelle-
HUi [1—6]. PeMOHT Tpy30BBIX BATOHOB C KaXXJbIM I'0O-
JIOM CTaHOBUTCS 0oJiee BOCTpeOOBaH, OH HAIIPSIMYIO
CBsI3aH ¢ KBaJiuuKaluei, BpeMeHeM U BO3MOXHO-
CTSIMU BBITIOJIHSIIOIIMX €ro crienraauctoB. CoBpeMeH-
HOMY CIIeLIMaJINCTY B chpepe 00CayKMBaHUSI M PEMOH-
Ta MOABUXHOro cocTaBa Ajs 3(HEeKTUBHOTO yIpaB-
JICHUS mpolieccaMy TJIaHUPOBAHUSI U OpraHU3aluu
TaKuX paboT HEOOXOAUMO MOCTOSTHHO UMETh NOCTYI
K aKTyaJbHOI MHMOpMalMU, CBSI3aHHOI C TEXHUYE-
CKUM COCTOSIHMEM, OCHAIIIEHUEM U MECTOMOJIOXKEHUEM
00CTy>KMBAaEMbIX €IUHUIL.

B BaroHHoOM XO3MCTBE IpPU OpraHU3alUU pe-
MOHTHBIX Pa0OT U KOHTPOJIE KaueCTBa BbIMyCcKaeMoOk
NPOAYKIMU B HACTOSIIIIEE BpeMsl MPUMEHSIIOT TMaKeT
npujaoxeHuit Microsoft, mporpaMMHble MPOAYKTHI
¢dupmbr 1C. JaHHBIE IPOAYKTHI MO3BOJSIOT CO31a-
BaTh, XpaHUTh, MOAUDULIMPOBATh U U3BJIEKATh UH-
dopmauuio [7, 8].

B Hactosiee BpemMst HabupaeT MOoIyJIsIpHOCTh O(u-
nuanabHbIN cepBuc OAO «PXK/I» — JInuHbIN KaOMHET
kaueHTa OAO «PXK]I» B cpepe rpy30BBIX TTIEPEBO30OK.
CepBuC Ipeniaraet 3aperucTpupoBaHHOMY KJIUEHTY
(COOCTBEHHUKY, apeHIaTOPY WUJIY OIEpaTopy I'Py30BbIX
BaroHOB) KOMILJIEKC OHJIaMH-PEIIeHU I MO MOJyUYeHUIO
“HGOpPMaLIMU O TPY30BBIX BaroHax, COCTOSIHUU €IU-
HOTO JIMIIEBOTO cYeTa KIMEHTa, BEASHUIO TOKYMEHTO-
o0opoTa u npouure ycayru. Ilpeniaraercst Takxe uc-
NoJb30BaHUe MOOMJIbHOro mnpuaoxeHus: «PK/ I'pys
2.0». CepBuc OAO «PXK/» nepcneKTUBEH U BHYILIAET
JIOBepUE U3-3a MOJyUeHUs aKTyaJbHOI MH(poOpManuu
OT NepBoUCTOUHMKA. OMHAKO HA JaHHBIA MOMEHT IpPO-
OYKT MPOXOAUT CTAAMIO TeCTUPOBAHUS, MPU paboTe
C CEpBUCOM HEPEAKO BCTpEYaroTcst ounoku [9].

Heo6xon1Mo 0oTMeTUTD, YTO OOJIBLIIMHCTBO KPYII-
HBIX U CPEIHUX KOMITAaHUU B cdepe rpy30BbIX Nepe-
BO30K MMEIOT CBOM IPOTrpaMMHBIC KOMIUJIEKCH AJIs
paboThl C TTOABUXHBIM COCTABOM, JIMOO MOJb3YIOTCS
MJaTHBIMU TIPOrpaMMHBIMU PEIIEHUSIMU OT MOCTaB-
LIIMKOB YCAYT (4aCTO YCTapeBIINX, UMEIOIIMX MHOXe-
CTBO HEOOYETOB U OLIMO0K). CTOUT yUyecTh, YTO BJIa-
JeJbIbl TAKMX TPOrpaMMHBIX MTPOAYKTOB Ha MJIaTHOMK
JIOTOBOPHOI OCHOBE IMOJyyYaloT MH(popManuio u3 6a3
JaHHbIX OAO «PXKIO». OT 4acTOThl MOAYUYEHUS UH-
(hopMaluM 3aBUCUT aKTyaJbHOCTb MPEIOCTABISIEMbIX
JaHHBIX KOHEUHOMY mnoTpebutento. [IpeacraBurenu
MaJjioro O6m3Heca, MeJKHe COOCTBEHHUKM, a TaKxXKe
apeHaaTOPBI U OIepaTOPHl MOABUKHOTO COCTaBa He-
peaKo He UMEIOT BO3MOXHOCTHU OMNEPaTUBHOTO MOy~
YEeHU sl KaueCTBEHHON aKTyaJlbHOU MH(bOpMaLuu o6
HCTIOJIb3YEeMOM TTOABUKHOM COCTaBE, €r0 TMCIOKAIINT
U TEXHUYECKOM COCTOSIHUMU.

Bce cymectBylolme MeToAbl MOJyYeHus1 MHGpOop-
MallM¥ O TPY30BBIX BaroHax, a Takxe Mpoyue Mmpo-

rpaMMHBIC TPOAYKTHI UMEIOT MHOXECTBO pa3inyuid,
MPEMMYIIECTB U HEAOCTATKOB MO OTHOILIEHUIO APYT
K apyry. OmTHaKo BO3MOXXHOCTb BEITPY3K1 HEOOXOA M-
Mol nHdopMaLuu B Buae Tadaulibl B popmare Excel
MPUCYTCTBYET MPAKTUUYECKH BO BCEX MMEIOUIMXCS
MPOAYyKTaX, TaK KaK JaHHBIN opMaT TMoaaAepKuBa-
eTcsl Ha OOJIbILIMHCTBE paOOYUX MECT.

B ycnoBusix HempepbIBHOrO MPOU3BOACTBEHHOTO
npouecca CIlelMaJucTy BarOHHOTIO X03sHCTBa, KakK
OBLJIO OTMEUYEHO BHIIIIE, HEOOXOAMMO UMETh MO PyKOM
JIOCTYITHOE U MPOCTOE CPEACTBO MOJYy4YeHUsT UHPOP-
MalluMM, HalmpaBJeHHOE Ha IMOBBIIIEHUE MPOMYKTUB-
HOCTHU, YCKOPEHHE BBIITyCKa PEMOHTHOM MPOAYKIIUH,
a TakXe Ha yMEHbIIeHUEe YMucia JOMOJHUTEIbHbIX,
BCIIOMOTaTeJbHbIX AEUCTBUIA.

HMcxons 3 U3JI0XEHHOTO BhIlE, 1LeJIblo JaHHOMI
paboTHI SIBIISIETCS BHEAPEHUE COBPEMEHHBIX CPEICTB
MOJIyYEeHU s JAHHBIX HA OPEeANIPUSTHS, OCYIIECTBJISI-
IollIMe OTCIeXXKUBaHUE, OOCITY>KMBAaHUE U PEMOHT IO -
BMXXHOTO cOCTaBa. B KayecTBe cpeacTBa MOJyYeHUS
JIAHHBIX TOJPa3yMeBaETCsl KOMIIJIIEKC MPOrpaMMHBIX
MPONYKTOB AJS YAAJIEHHOIO KOHTPOJSI XapaKTepu-
CTUK IMOABUXHOTO COCTaBa B pexXuMe peajbHOIo
BpeMeHU. [IporpaMMHBIN TIPOMYKT MOJIKEH MMETH
BO3MOXHOCTb BBITIOJIHSITh 3aJa4¥ Ha MePCOHATbHOM
KOMIIbIOTEPE, a TAKXXE B Cpelie MPUIJIOKEHU I NN 00-
JIAUHBIX CEPBHUCAX, YTO aKTyaJbHO B IEPUOJ KOMaH-
JUPOBOK WJU MpU yAajdeHHou pabote. Crnenuaiu-
3MUpPOBaHHOE oOecreyeHue A0JKHO OBbITh MPOCTOE,
rnbKoe, C BBICOKOI CKOPOCTBIO pearupoBaHusl, ¢ BO3-
MOXHOCTbBIO peajiu3alluu JAOMOJHUTEIbHBIX (QYHK-
LU ¥ 3a]1a4 B 3aBUCUMOCTHU OT MOTPEeOHOCTEl Npe-
NpUSATUIA. Y MporpaMMHOro obecrnedyeHus OOJKHa
OBITh COBMECTUMOCTD C OOJIBIIMHCTBOM MMEIOILIMXCS
U YK€ BHEAPEHHBbIX Ha MPEeANPUSATHSX TPOrPaMMHbIX
MPONYKTOB.

JI71s1 OCTUXKEeH U TTOCTaBJASHHOM 1IeJ I He0O0X01 -
MO PELIUTb CleAyIolIue 3a0a4uHu:

e chopMuUpoBaTh OCHOBHBIE TPeOOBaHUS K MPO-
rpamme;

e CIIPOEKTUPOBATH 0JIOK-CXeMY padOThI MPONYKTA;

e CO37aTh NPOrpaMMHBIN KOI;

e TMPOTECTUPOBATh IOTOBOE MPOrpaMMHOE 00e-
CIIEYeHME B YCIOBUSX ITPOU3BOACTBEHHOTIO IIpoIlecca.

CornacHo nocTaBJIeHHOU Leau, GyHKIIMOHAIbHbIE
BO3MOXHOCTU ((PYHKLIMU) MPOrpaMMbl JOJKHBI 3a-
KJIIOYaThCs B MOMCKE aKTyaJbHOM MHGbOpMaALlUU U3
uMerouIercs 6a3bl TaHHBIX (TpoOer BaroHa, NyTh clie-
JIOBaHU S COCTaBa, reOMEeTpHUUECKHE TTapaMeTPhl Y3JI0B
U AeTalieil, HOMEHKJaTypa YCTaHOBJIEHHBIX AeTallel,
JaThl TJIaHOBBIX BUJIOB PEMOHTAa M IpoyYee), B OTO-
OpaxeHun ororpaduii y3j10B U IeTalieil MOIBUXK-
HOT'O COCTaBa, a Tak>Ke B BbIBOJE PE3YJIbTAaTOB MOKUCKA
B yIoOHOM (popMare.
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Brnok-cxema paboTbl npoaykTa

ITocne popMupoBaHUsI OCHOBHBLIX TpeOOBaHUI
K Mmporpamme Obljia pellieHa 3aja4ya MpOeKTUPOBaHU S
OJIOK-CXEMBI, T. €. CXeMaTUYHOT'O MPEACTABJIECHU S TIPO-
lecca novcka, o6paboTKu M BbIBOIA AAHHBIX MOMI-
KOHTPOJIbHBIX BaroHoB (puc. 1).

Havano

[MoakmoueHue
HeoOX0IHUMBIX
6ubnuoTex

[Tonkmouenue 6a3

Ha ocHoBe Oyok-cxembl (puc. 1) ans peanusa-
MU pabOThl MPOrPAMMHOrO MPOAYKTa HEOOXOAMMO
co3maTth 0a3y JaHHBIX C TpeOyeMbIMHU IlapaMeTpa-
mu [10, 11].

Hns opicTporo u 3¢pOeKTUBHOTO (POPMUPOBAHUSI
XpaHUJIUIIa MHGOpPMaIMK Obljia BEIOpaHa MporpaMmma
Microsoft Excel (puc. 2, cM. TpeTblO CTOPOHY OOJIOXKH).

HMuunuanusanusa nporpamMel
IMogkmouaoTca  OMONMOTEKH  [UIA

gresmmmemssessssessseessseesoeeoe paboTsl ¢ rpaguyeckum uHTEpdeiicom,

¢daiinamu Excel, daiinosoii cucremoii
Hocutens (Tkinter, openpyxl, 0s)

[

JaHHBIX

\ Basa nanneix Excel

Beox Homepa
BaroHa

!

TTOMCK HAHHBIX |- ees

daiinopas cucrema
JKCCTROTO JHCKA

[Mporpamma 4duTaet (aiii Excel, nuer
COBNAJEHHA MO BBC,![EHHOM}‘ 3anpocy.

To 3amanHOMY MyTH K (oTOrpadusim
nporpaMmMa HIIET 3anpa1uuaacmmﬁ BaroH

Jla Her
Hanmuuue g baze
IAHHBIX
Brigog Brigoa
TeKCTa WK cooblenus
(ororpadum 00 omubdke

Konen

Puc. 1. Biok-cxema ajaropurMa nporpaMMHOro odoecnedyeHus

Ecian nporpaMma HaxogHT COBHAIEHUA C
3aMpOCOM, OHA BHIBOJHT HX B BHIE TEKCTA
win  ¢ororpadpuii. Ecam cosnagenuii He
HaiifieHo, HporpaMma Bbl[aeT cooblueHue 00
omuoOKe
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Kak Ob1JI0 0TMEUYeHO paHee, Mpak- import tkinter as tk
THUYECKH JTI000I MMEIOLINIICS Me- import openpyxl
TOI MOJYYeHHUs X/I mHbopMa- .
ouu (Hata MOCJIeTHETO PEMOHTa, import json
MapLIpyT cieaoBaHus, napameTpsl  from datetime import datetime
Y3JI0B U JIeTalieii) MOXHO HACTPO-  ¢lass CustomJSONEncoder(json JSONEncoder):
WTb Ha BBITPY3KY TaOJIULIBI C HEOO- i
Y3y H def default(self, obj):
XOOUMBIMU MapaMeTpaMu, TaKxXKe
MOXHO HACTPOUTH NIEPUOTNIHOCTD if isinstance(obj, datetime):
oOHOBJIeHUsT Tabiauubl. B mpex- retumn obj.date().isoformat() # Format the datetime as date only
TaBJCHH HHBIX (puc. 2
CTABNICHHYIO 6asy Aa (puc. 2, retumn super().default(obj)

CM. TPEThIO CTOPOHY OOJOXKH)
B COOTBETCTBUU C HOMEPOM BaroHa
ObLIM 10OABJIEHBI T€OMETPUUECKUE
napaMeTpbl 1 HOMepa KOJIECHBIX
nap, AaThl MOCJAEAHEr0 TEKYIIEro
Y KaIlMTaJabHOTO pEMOHTA, MECTO-
HaxoXJeHMe BaroHa. Takxke OBII
CcO3/1aH MacCUB JaHHBIX C (POTO-
rpa¢usiMu BaroHoB. JlaHHasl UH-
¢dopmManus uUrpaetr KIIOYEBYIO
poJIb IIpU IJIAHUPOBAHUM CTPYK-
TYpPHI IIJIAHOBBIX PEMOHTOB U aJpe-
caluy Ha OJIMXKaKIIe PEMOHTHBIE
npeanpusatus. Kpome satoro, 6asa
JaHHBIX JaeT BO3MOXHOCTb OT-
JIEXXUBATh Pe3epPBHBIC BIEMEHTHI
BaroHa.

results =[]

CIPOKY € 2arOJIOBKAMH
for cell, header in zip(row, headers):

def search_in_excel(file path, search_string):
# OTxprBaeM daiin Excel
workbook = openpyxl load workbook(file_path)
sheet = workbook active
# ITomy4aeM 2aroIOBKH CTOMOIOR
headers = [cell.value for cell in next(sheet.iter_rows())]
# CozmaeM OyCTOH CIMCOK JVIA XpaHEHHT pe3yIbTaToOB

# HTepHEpyesicd 0 CIPOKAM H CTOMONAM B Tabmame
for row in sheetiter_rows(min_row=2, values_only=True): # IIpomyckaem mepByio

if search_string in str(cell):

MporpammHbIN KOA

ITocne dbopMupoBaHus 0a3bl
JaHHBIX HEOOXOAMMO OBLJIO CO31aTh MPOrpaMMHbII
Koa npoaykta. Ilpu pelreHUu TaHHOW 3amadyd ObLI
BbIOpaH s13bIK Python. 31K MeeT 0a30BbIM CMHTaK-
CHUC, TIOXOXUI HA TPAMMATUYECKUNA CTPON aHIIUM-
CKOTO $13bIKa, U HA0Op CTaHJAAPTHBIX KOIOB JUJISI pea-
JIN3aluu J11060i1 KoMaHabl. @parMeHT MPOrpaMMHOIO
Koja TpeacTaBjieH Ha puc. 3.

TecTupoBaHMe roToBOro NPOrpaMMHoOro
obecneyeHud

SA3pik Python 1mo3Boinj MOJIHOCTBHIO peaau3oBaTh
aJITOPUTM IEMCTBUI MPOAYKTA COIACHO OJIOK-CXeMe,
npuBegeHHOM Ha puc. 1. B mpouecce TecTupoBaHuUs
npoBepsiyiach paboTra oCHOBHOUW (pyHKIMU (puc. 4).
Ha pucyHke cienyer oopatuTh BHUMaHUE, YTO Y KO-
necHoit napsl (KII 2) TonmuHa obona cocTtaBisieT
meHee 30 MM (BblI€JIEHO OBajioM), HEOOXOAMMO yUU-
ThIBaTh JaHHbBIN (haKT MpU TJIAHUPOBAHUU CIIEAYIO-
1Iero o0CIY>XMBaHUS UM PEMOHTA.

ITomuMo 3TOro, Oblja pelleHa 3aJadya BHIBO-
Ja ¢oTo- W BUIeOMaTepUaJioB IO 3allpocy HOMepa

# EciH HalAeHO CORNAZIEHHE, JOOARIEM BCIO CTPOKY B CIIHCOK PE3VIBTATOR

Puc. 3. ®parmMenT nporpaMMHOro Koaa Ha sizbike Python

BaroHa, e€cjiu TakoBble MMeTcs. OYHKINUS BHIBO-
J1a (poTomMaTepuaioB MO3BOJMUT COKPATUTh BPeMs Ha
moadop BaroHa AJiST apeHIbI, TPOKOHTPOJINPOBATH
KayeCcTBO PEMOHTa, ONTUMHU3UPOBAB pabodee BpeMs
CITeMaJINCTa.

ApanTnpoBaHue NporpaMMHoOro o6ecneyeHus
K cpefe OHJTauH-NMPUIOoXeHUN

IIporpaMMHBIN TTPOAYKT AOJIXKEH OBITH HE TOJBKO
Ha paboyeM KOMIIbIOTEpE, HO U MOI PYKOil B J10060€
BpeMs CyTOK, TaK KaK PEeMOHT BaroHOB — 3TO MpPO-
Lecc HempepbuIiBHOUM paboThl. [loaTOMY OBLIIO TPUHATO
pellieHre peaau3oBaTh MPOAYKT yepe3 MPUIoXKeHHUe
st ooMeHa uH@opmauueit. JIass mpoOHOro TeCTU-
poBaHus OblJ1 BbIOpaH HaOuUpalolMit MONyasipHOCTb
cepuc Telegram [12, 13]. dns pemieHust mocTaB-
JIeHHOH 3ajauyu ObLI pa3paboTaH AOMOJIHUTEIbHbBIA
aJrOpuUTM AEUCTBUIA, NpeacTaBJIeHHBI Ha puc. 5.
CorynacHo anroputmy, 0b11 cpopmupoBaH Telegram-
6ot Ha g3biKe Python. Telegram-0oT mocTpoeH Ha
daii-cepBepHOl apXUTEKType, OH XPaHUT JaHHEIE
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l? Mowck saroros no Base

Beegnie nomep sarone:

164269321

Mownck

"HoMep BaroxHa": 64269321,
| "Tun saroxa”: "I'py3oson”,

"Oucrnoratsan ": "Mocomsa",

"Mpofer ": 242000,

"HaTé NOCHEOHET0 KANMTaNbHOTO PEMOHTE":
"OaTe nocasnMery Texyusro pepoxra’:

" K 1": "118-1398-05",
" Km 2": "0039-49861-05",
" KO 3": "119-1398-05",
" KII 4": "005-211682-12",

"To H 17: 30,
"Tommmsa oboma K 2": 27
"Tommmua oboma KO 3": 33,
"Tommesa ofozma KII 47: 31

Puc. 4. Pe3yabTaTnl padoThl MpOrpaMmbl

B (baiiiax Ha JJOKaJbHOM KOMIIbIOTEPE U OOpallaeTcs
K HUM MO 3arpocy nojib3oBaresisi. BoidpaHHas apxu-
TeKTypa IMO3BOJISIET pa3fenuTh JOTUKY, MpeacTaBie-
HUe U ynpaBieHHne. [IpoeKT BKIIOYAET CICIYIONINE
3aMHTEPEeCOBAHHbIE CTOPOHBI: MOJb30BaTeNEl, ajll-
MUHMCTpATopa, Bjaaeablia 00Ta, CUCTEMbl XpaHEHU I
(aiinoB u 6a3bl JAHHBIX, Pa3pPaOOTYNKOB, ITOCTABIIM-
KOB JAHHBIX, CUCTEMY YBEIOMJICHUM 1 TEXHUUYECKYIO
noaaepxky. Kaxmaasi cTopoHa BBINOJHSIET YHUKAIb-
HBbIe POJIM, COTPYIHUYAS IS YCIEIHON pealu3alu
0ora, obecrieunBast PyHKIIMOHATbHBIE BO3MOXHOCTH,
6e30IMacHOCTb JAaHHBIX, 00PATHYIO CBSI3b M TIOAAECPKKY
MOJIb30BaTEJIEN.

OCHOBHBIE TTPOTPAaMMHBIC CPEICTBA BKJIIOYAIOT
Python 3.11 gis coBMeCTMMOCTH, MOAYJIb aiogram
2.25.1 nnsg unterpauuu ¢ Telegram API u cozmanus
uHTepdeiica, Moayab openpyxl a1 pabOTHI C TA0IM-
namu Excel, oubnunorexy PIL gns od6paboTkm m3o-
OpaxkeHWi1, MOIYJIM requests (JJ1s1 B3aUMOIEUCTBUS
¢ Telegram API) u logging (nJist TorupoBaHusI), a Tak-
Xe 0ubinoTreky pandas Jyisi paboThl C JaHHBIMMU.
DTO 06eCeYNUT CTPYKTYPUPOBAHHBIN KO, YIOOCTBO
COMpPOBOXIEHUS U d9DPeKTUBHOE B3aUMOJEHCTBUE
C TIOJTb30BaTEIEM.

Bort BHITTONHSET MONCK WHGOPMAIIUH TT0 HOMEPY
IPy30BOro BaroHa (puc. 6, CM. TPETbIO CTOPOHY 00-
JIOXKM). Eciu B coo0111eHuM MoIb30BaTes €CTh OAUH
WM HECKOJBKO BOCBMU3HAUYHBIX HOMEPOB BaroHa,
TO OOT BBEIBOOUT UX HOMepa B Buae KHOIOK. [Ipu

"2019-01-01",
"2021-01-01",

HaXXaTUH TOJIb30BaTeNsl Ha KHOMKY C BaroHOM, OOT
BBIBOIUT ABe KHONKU «PoTo» 1 «MHDOpMaIIMSI».

Ilpn HanmucaHUM Koda IJIsl TOMCKa BOCbMU3HAY-
HbIX HOMEPOB I'PY30BbIX BaroHOB MCMHOJb30BAJUCH
peryasipHble BbipaxeHus. s BbIBOJa HOMEPOB
BaroHOB B BUJ€ KHOIOK ObLJ MCIIOJb30BaH KJacc
InlineKeyboardButton. Ilpu HanucaHuu Koga Ajs 00-
paboOTKM HaXXaTMi Ha KHOMKU C HOMepaMU BaroHOB
ob171 BbIOpaH kitacce CallbackQuery u3 MoayJsist aiogram.
Ecnu monb3oBarenb HaXXuMaeT Ha KHOMKY «DoTo»,
0OOT BBINIOJHSET CleAYIOLIUE 1Iaru:

e TIOJIyyaeT TEKYILIMI HOMEp BaroHa;

e MIIET MaNKy ¢ TAKUM HOMEPOM BaroHa Ha ypo-
BEHb BBIIIIE KaTajiora UCIIOIHSIeMOTo daiina.

Ecnu nanka He HaiiaeHa, TO 60T OTHpaBJsIET CO-
obureHue «Ilanka ¢ ¢poTo He HalileHa» U 3aBepllaeT
BBINOJIHEHUE ¢GyHKLUKU. Ecinu nmanka HaiineHa, To 60T
BBIBOJUT COOOIIIEHME ¢ Ha3BaHUEM IMaNKUu U YUCIOM
(aitnoB B Heli o Tunam B ¢hopmare «HazBaHue mam-
KU (uuciio daitnoB)» (puc. 6, CM. TPEThIO CTOPOHY
00710xK1). boT (popMuUpyeT criucok mamnok u ¢aiiaon
B TeKYIlIeil Mmamnke W IMoAMNankax, BBIBOAUT CIUCOK
narok u (aitjoB B COOOILIEHUHU B BUJE KHOIOK, 00-
pabaTrbiBasi Haxarue Iojib3oBaTeneM. [Ipu HaxaTuu
MOJIb30BaTeJIeM Ha KHOIKY IarkKu, 00T peKypCUBHO
obpabaTbiBaeT Bce daiibl B 9TOH Mamnke U ee Moji-
narnkax 4 OTHpaBiseT ux nojb3onarenio. [locie oT-
IMpaBKU BcexX (ailyioB 60T OTIpaBiseT COOOIIeHNE
«Bce aiinbl oTIpaBieHbI».
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HHuumanu3anus nporpamm:
[Toaxnodenne GUOMHOTEKH ANd paboTh ¢
----- 6otom, Excel-daiinamu, daiinopoit cuctemoi

(Telebot, openpyxl)
[Moaxnouenue 6ota k Telegram ¢ NOMOLIED
i kmoua API

Momkmouerne K
Telegram

IMomxkmo4enue Gaz

1
1
]
1
1
1
L
]
]
1
: Baza nanmbn Excel
1
]
1
1
]
1
1
1
1

w““ﬁp}

BeBon creka
BiiGop thaitnos

clLieHaphs

J

Bron
KHOIMKH ¢
Tonck porou | | | bynruneit
JAHHBIX
TlonroToBKa W BRIBOT
Cosnanne CIHCKA
NATKH | —
sarpyska doto
Briog
CIHCKA

o| | Bemon cmucka
taiimos

Boon
HOMepa
BAroHa

TMomnck ganHHbIX

Her
Hanwine B Gaze

JIAHHBIX
Boon Bemon
____________ ] TEKCTa WM coob e HHA
< doro 06 oumbke
A 4

Cospanme nankH c
BBEIEHHBIM HA3 BAHHEM

Cos panne HoBOI

’;o‘r Onok  npegctasiser

MEHIO  TpOrpaMMEl  ©
BriGopoM GyHKUM (KHOTIOK)

NAKIH
3arpy3ka doto B
nanky Beox domo
3arpyska doro B
Ay
|

h

Konen

Puc. 5. Biaok-cxemMa aaropuTMa nporpaMMHOro odecrnevyeHus B cpene onjaiiH-npuioxenus Telegram
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# Bemnli CIMCOK MOJb30BaTENeH
try:
with open('users.json’,
users json.load(f)
except (FileNotFoundError, json.JSONDecodeError):
users {}

'r') as f:

print (users)

@dp.message_handler (commands=['start'])

async def send welcome (message: types.Message):
user_id = str(message.from user.id)
await message.answer (f"Bam ID:")
await message.answer (f"{message.from user.id}
if user_id in users:

await message.answer (f"Job6po noxanosaTh!

else:

II)

{message.from user.full name}")

awalt message.answer (f"CexpeTHei1 Kon GbUl OTNPABJIEH AOMMHMCTPATOPY, BBeOMTe STOT Kog")
await bot.send message (ADMIN ID, f"HoBmii nonesoeBarenb: {message.from user.full name}\n"
f"ID: {user_id}\n"

f"CexpeTHEIT KOX:

Puc. 8. ®parmeHT Koaa peaiauzanum 3amuThl «Beblit ancT»

Ecam monb3oBaTenb HaXWMaeT Ha KHOMKY
«MHdpopmanus», To 60T UILET B Mamnke tables mo-
CJIIEMHUM COXpaHEHHBIN ¢aiina.xlsx (0a3a JaHHBIX MO-
XeT OOHOBIATHCA 6—24 pa3 B CYTKH), UILIET B IEP-
BOM CTOJIOLIE (paiijla TEKCT ¢ HOMEPOM BBLIOpaHHOTO
BaroHa M OTIpPAaBJISEeT IMOJb30BaTENI0 BCIO CTPOKY
TabJUILIBl B TEKCTOBOM COOOIIEHUU B BUJE «3aro-
JIOBOK — 3Ha4YeHHe» MocTpouHo. [locie Toro kak
0OT OTMpPaBUT MOJb30BATENIO BCIO CTPOKY TaOIMIIbI
B TEKCTOBOM COOOIIEHNH, OH NOJIXXKEH TPEIJIOXUTD
noab3oBaTeio ABe KHONKM: «OTnpaBuTh POTO»
U «3aKOHYUTb paboOTy C BaroHom». BaxkHO yuecTb,
YTO IpPU TOUCKE MamnoK v ¢GailjoB 60T JOIXKeH 00-
pabaTeIBaTh OIIMOKM, KOTOPBIE MOTYT BO3HMKHYTH
IIPU OTCYTCTBUM TPeOyeMBIX (haiiJIOB M MATIOK, U YBe-
JOMJISTh MOJIb30BaTeNsI 00 3TUX OLIMOKaX COOTBET-
CTBYIOLLIMMU COOOIIEHUSIMMU.

ITpu cozpanum Telegram-60Ta ObLI pellieH BOIIPOC
0e30MacHOCTH Nepeaayr JaHHBIX (pUC. 7, CM. TPEThIO
CTOPOHY 00JI0XXKH). B 1aHHOM IpoAyKTe mpeaycMma-
TPHUBAIOTCS TaKKe CIIOCOOBI 3aIIUTHI, KaK OeJIbIi JINCT
(Ha puc. 8 mpencraBjeH GparMeHT NPOrpaMMHOTO
Koza), mudpoBaHue mapoyeM, CKBO3HOe HIU(ppoBa-
HUE ¥ 3alllMTa OT KOIMUPOBAaHUA U mepechiok. [1pu
peTHCTpallNK TTOJI30BaTeNs B TIPUIOXKEHUN, aIMH-
HUCTpaTOpy OTIPaBJSIOTCI UHGOPMALIMS O TTOJIb30-
BaTesIe M KOO JOCTYIIa, KOTOPHI OH MOXET COOOIIUTD
M0 CBOeMy ycMoTpeHUIo. Takke MMeeTcsT BO3MOX-
HOCTb peIaKTUPOBAaHUS OEJI0ro CMcKa Mojab30BaTes
BPYYHYIO.

{SECRET_CODE}")

3akntoyeHune

OTMETHUM, UTO OMMCAHHBIN BbIIIE MPOrpaMMHbBII
KOMILJIEKC, MpeJHa3HaYeHHbI AJ15 yAaJJeHHOI0 KOH-
TPOJISI TEXHUYECKOT'O COCTOSTHUS €AUHUIL TTIOABUXKHO-
0 COCTaBa B PEXWME PEAJBHOTO BPEMEHMU, YCHELTHO
MpOoILeJ UCTIBITAHUS B paMKax IMPOU3BOJICTBEHHOU
nesatenbHocTu OO0 «TKBC» [14]. Tlo pesyabraTam
paboThl MOJYYEHO CBUACTEIBCTBO O TOCYJapCTBEH-
HOI perucTpauuy nporpaMmmsl ajist DBM «YnaneHHbI
KOHTPOJIb TEXHUUECKOT'O COCTOSTHU S €MUHULL TTOBUXK-
HOI'0 COCTaBa B peXMMe peaJbHOTO BpeMeHMW» [15].
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A modern specialist in the field of maintenance and repair of rolling stock needs to constantly have access to
up-to-date information about the technical condition, equipment and location of serviced units. This article analyzes
the existing software products and applications that allow you to plan and manage the processes of repair work and
operation. The work is devoted to the creation of products for finding up-to-date information about the technical con-
dition of rolling stock units both on a personal computer and in an online application environment. Programs have
the ability to be updated and supported, including bug fixes. The use of the proposed tools will allow a specialist in
the field of logistics, maintenance and repair of rolling stock to increase the efficiency of forecasting, organization of
transport processes and repair work. The algorithms of operation of each software product are formed in the work.
The algorithms are presented in the form of flowcharts. The generated database is presented. Geometric parameters
and wheelset numbers, dates of the last maintenance and overhaul, location were added to the presented database
in accordance with the number. An array of data with photos of car was also created. The article presents a text
written in the Python programming language. This language made it possible to fully implement the algorithm of the
product’s actions. During the testing of the programs, the operation of the main functions was checked, namely, the
search for parameters by the composition number. The work solved the problem of displaying photos and videos on
the screen at the user’s request. This function will reduce the time to choose a rolling stock unit for rent and control
the quality of repairs. The results of the work of programs in the environment of online applications and on a personal
computer are presented in the form of drawings. When creating a software product in an online application environ-
ment, the issue of data transfer security (whitelist, password encryption, end-to-end encryption, as well as copy and
forwarding protection) was resolved.

Keywords: automation, management, repair, logistics, rolling stock, information technology, planning, remote
control, mechanical engineering
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UHO®OPMALUNA

XXVI MexayHapoanasa KoH(pepeHI A

«IIudposasa odpadoTka curHajoB U ee npumenenne — DSPA-2024»
27—29 mapta 2024 r.

MuctutyT npobiem ynpasiaeHus um. B. A. Tpanesanukosa PAH, MockBa,

Poccuiickoe HayuyHO-TEXHMUYECKOE OOILEeCTBO PaAMOTEXHUKHU, 3JEeKTPpOHUKU U cBsA3u uM. A.C. Tlonosa
npu noaaepxke MHctutryTa npodaem ynpasieHusi PAH um. B.A. Tpane3nukoBa, MHCTUTYTa paAUOTEXHUKU
u 31ekTpoHuKU uM. B.A. KotenbHukoBa PAH, komnanuu AUTEX Ltd. nposoaut XXVI MexayHapoaHy1o
koHpepeHuuio «IludpoBas oo6paboTKka curHajioB U ee npuMeHeHue — DSPA-2024».

@opmaT NpoBeAeHU: COBMEMEHHbIH (opMaT JUIHOTO W OHJIANH-YIACTHSA

TemaTuka KondepeHIun pa3aejeHa HA CJAeAyIOImMue CEKIMM:

—

. Teopus cUrHajOB U CUCTEM

2. Teopust u MeTonbl LHU(PPOBOI 0OPAOOTKHU
CHUT'HAaJIOB

3. O6paboTKa CUTHANIOB B CUCTEMAaXx
TeJIeKOMMYHUKAaIIU i

4. O6paboTKa CUTHAJOB B PAAUOTEXHUYECKUX
cucTeMax

5. O6paboTka 1 nepegaya U300pakeHU

6. O6paboTKa CUTHAJIOB B OMOTEXHUYECKUX
cucTemMax

7. IIpoexTupoBaHUE U TeXHUUYECKasa pean3anust
cucteMm 1HOC

8. CUCTEeMBI «TEXHUYECKOTO 3PEHUS»,
HUCKYCCTBEHHBIN MHTEJIJIEKT U pOOOTOTEXHUKA

9. O6paboTKa CUTHAJIOB B U3MEPUTEIbHbBIX
cucTemMax

PatGoune a3biku KoH(epEeHINH: PYCCKHIA M AHTJIHIACKHIA

IMoapo6HocTu: http://dspa-conf.org
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UHOOPMALUA

18- Bcepoccuiickasg HayyHast KOH(PepeHIus
«ITapannenbHbie BoruucauTeabubie TexHogornuu (I1aBT) 2024»

2—4 anpensa 2024 r., Yengabunck, HUY KOYpl'Y

«[TapanyenbHble BeruucauTenbHbie TexHojoruu (I1aBT) 2024» — Bcepoccmiickas Hay4d-
Hasl KOH(MEPEHLIMS ¢ MEXIYHAPOAHBIM yJyacTueM, 18- B cepuu exXeroaHbiXx KOHMEpeHIIUi,
MOCBSIIEHHBIX PAa3BUTUIO U TIPUMEHEHUIO MapaJijIeIbHBIX BBIYUCIUTEIbHBIX TEXHOJIOTUN U
MAaIlIMHHOTO OOyUYE€HU S B pa3JIMYHbBIX 001AaCTIX HAYKU U TEXHUKMU.

I'maBHas 1e1b KOH(PEPEHLIMU — MPEIOCTaBUTh BO3MOXHOCTD JJIS1 TPEICTABICHUS U 00CY K-
JNEHWS PE3YJIbTAaTOB, MOJYYEHHBIX BEAYIIMMW HAyYHBIMUA TPYNMNaMU B MCHOJb30BAHUU
CYNEPKOMITBIOTEPHBIX U HEMPOCETEBBIX TEXHOJIOTUM AJISI PEIIEHUS IMTPAaKTUUECKUX 3a1a4.

OpranuzaTopbl KOH(epeHumn:

¢ MuHucTepcTBO HAYKU M BhICIIero oopaszoBanus PO
¢ CynepKoMIIbIOTEPHBIII KOHCOPLIMYM YHUBepcUTeToB Poccun

Tematuka KOH(EpPEHLMM IIOKPHIBAET BCE aCMEKThl NMPUMEHEHUS OOJIAauHBIX, CYyIep-
KOMITBIOTEPHBIX M HEMPOCETEBBIX TEXHOJOTMII B HayKe U TEXHHUKE, BKJIOYasl MPUTIOXKEHUS,
arrapaTHoOe U MporpaMMHOe obecIiedeHue, CrielinaIn3upoBaHHbBIE MOIEIIH, SI3bIKU, OUOJINO-
TeK! U MaKeTHI.

Bo Bce nHU pabGoThl KOH(MEpEHL MU OyIeT ACUCTBOBATh CYyNEPKOMITbIOTEPHAsl BHICTAaBKa,
Ha KOTOpPOI Benyllue MPOU3BOAMTENN aIlllapaTHOrO M IIPOrpaMMHOr0 o0ecIieueHU s Mpe-
CTaBSIT CBOM HOBEHIIME pa3pabOTKM B 00JaCTU BBICOKOIIPOM3BOAUTEIbHBIX BBIYMCICHUIA.

Mecto u Bpemsa koH(pepenumm: [1aBT'2024 Oyner npoxomuts 2—4 amnpens 2024 r.
B I. YensaouHcke B KOXHO-YpanbCKOM TOCyJapCTBEHHOM YHMBEPCUTETE (HallMOHAJbLHOM
HCCJIEI0BATEIbCKOM YHUBEPCUTETE).

A3biky KoH(epeHIMu: pyCCKUIi, aHTJIMUCKUIA.

O¢unuanbhbiii caiiT Kongepennuu: http://agora.guru.ru/pavt2024/

000 "UznareascTso "Hosbie Texnoaornu”. 107076, MockBa, yi. Marpocckasg TumunHa, 1. 23, cTp. 2
Texnuueckuit penaktop E. B. Konosa. Koppektop A. B. YyeyHosa.

Cnano B Ha6op 26.09.2023 r. [Toanucaxo B nevats 31.10.2023 r. ®opmar 60%88 1/8. 3aka3 PI1123
Ilena cBoOomHAas.

Opurunan-maker OO0 "AnBancen comtouins”. Ornedarano B OO0 "AnBaHce COMIONIHS".
119071, r. MockBa, Jlenunckuii nip-T, a. 19, ctp. 1. Caiit: www.aov.ru
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Pucynxku k cratbe A. I. Jlapuenko
«KOMIUIEKC ITPOT'PAMMHDBIX TTPOJIYKTOB JJIA
YIAJIEHHOI'O KOHTPOJIA XAPAKTEPUCTHUK TTOJIBUZKHOI'O COCTABA
B PEXXUME PEAJIbHOT'O BPEMEHW»

A g 2 dn Jk x| Z=R 2. | Brwesomma b e Forrpy [ 2 T haocymm - A
Drnam R mpe = :: B|- & s==c=@ - T T Vmw m@m ‘—'llnﬂ:‘ Kopowsh | = u?w?—m’m e (mﬂ
g B PR Y- B- &-A- E=E ZEZ Eotememnnouecnmuonpe - | 0F - Ll (P o e s = e T | Qomnme  aimme
Eygep cfrna & Wengr 5 [ —— [ “ncrs [ Comam Farian R —
016 s
Ad A B C D E F G H | J K L M N
Homep Tun dean S flara nocreamero T T T T
4
ancin: | wacon Awcroxauna | Mpober mp:r:::-:ro S Kn1 Kn2 Kn3 Kn obions KN 1 | oboas kN 2 | o6osa kn 3| obosa kn4
1
2 64269321 |lpyzoeoif | Mockea 242000 01.01.2019 01.01.2021 119-1398-05 |0039-49861-05| 119-1398-05 | 005-211682-12 30 27 33 3
3 24142432 | Tpyzosoi nc‘""’pr 134467 01.02.2021 01.02.2021 119-1398-05 |0039-49861-05 119-1398-05 | 005-211682-12 35 34 35 35
4 31245132 | py3oeoii | Hosoowbupex | 82428 01.03.2020 01.03.2021 119-1398-05 [0039-49861-05 119-1398-05 | 005-211682-12 52 48 S0 52
s 32432123 | [pyzceoi | Exatepunbypr | 271021 01.04.2020 01.04.2021 119-1398-05 |0039-49861-05| 119-1398-05 | 005-211682-12 36 27 36 36
6 56472234 Tpy3oeodi | Kpackoapex | 194502 01.05.2020 01.05.2021 119-1398-05 |0039-49861-05| 119-1398-05 | 005-211682-12 33 34 32 33
7 23154863 | TpyzoBsoi Omex 287000 01.06.2021 01.06.2021 119-1398-05 [0039-49861-05 119-1398-05 | 005-211682-12 37 28 37 37

Puc. 2. ®parment edopMupoBaHHoii 6a3bl JaAHHLIX
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dainos) 12:37
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Hzxareascreo «<HOBBIE TEXHOJOI'HH»

BbINIYCRACT HAYUHO-MEeXHUUeCKUe JHCYypHa.lbl

TEOPETHYECKWA W NIPHKNARHOA HAYSHO-TEXHWYECKWA XYPHAR

liporpammuas
il ViHHEHeua

MopnucHoW MHAeKE no
O6beauHeHHOMY KaTanory
«Mpecca Poccumn» — 72656

MEXATPOHVIKA,
BBTOMATISALIS,

MopnucHon MHAEKc no
O6bepuHeHHOMY KaTanory

ExxemecsuHbIi TeopeTHueckui
M MPUKAAAHOW Hay4HO-
TEXHHUYECKHI XKYPHaA

NHOOPMALMOHHDBIE
TEXHOJOI'MU

B XypHane ocBewalotcs COBpeE-
MEHHOE COCTOSHWE, TEHAEHUMN W
MEepCreKTUBLl  PasBUTUSI  OCHOBHBIX
HanpasneHWn B obnactn paspabot-
KM, MPOWSBOACTBA MW MPUMEHEHMS
MHOPMALIMOHHBIX TEXHONOTMIA.

ExxemecsuHbIi TeopeTHUeCKHi
M MPUKAAAHOMN
HayYYHO-TEXHHYECKHI XKYPHaA

MEXATPOHUKA,
ABTOMATM3ALNS,
YMNPABJIEHUE

B >ypHane ocBelyaioTcs AOCTUXE-
HUS B 0BnacTM MeXaTpoHuKM, WH-
TErpupyloleli MexaHuKy, SneKTpo-
HUKY, aBTOMaTUKy M WUHQOpMaTUKy
B LENAX COBEPLEHCTBOBAHUA TEX-
HOMOrWiA MPOM3BOACTBA U CO3RaHMS
TEXHUKM HOBBIX MOKoneHuii. Pac-
cMaTpUBatoTCS aKTyanbHble npobne-
Mbl TEOPUM W MPaKTUKX aBTOMATH-
Yeckoro U  aBTOMaTUaNpoBaHHOMO
YrpaBneHns TEXHUYECKUMN O6bEK:
TaMU 1 TEXHOMOTUYECKUMU MPOLEC-
caMu B MPOMBILNEHHOCTY, SHEpPre-
TUKE W Ha TpaHCnopTe.

MexxAancuMnAMHapHbI#
TEOPETUUECKHUI U NPUKAAAHON
Hay4YHO-TEXHUUYECKUMN JKYPHAA

HAHO- u
MUKPOCUCTEMHAS
TEXHUKA

B XypHane ocBelatoTcs COBpeE-
MEHHOE COCTOsIHME, TEHREHUMA W
MepCcrekTVBLl PasBUTUS HaHo- W
MWKPOCUCTEMHOM  TEXHUKM, pac-
CMaTpuBatoTcA BOMPOC PasboTky
11 BHEAPEHNS HaHOU MUKPOCUCTEM
B pasnuuHble obnacTin HayKu, Tex-
HOMOMMM 1 MPOW3BOACTBA.

ExxemecsuHbIi
Hay4YHO-MPAKTU4ECKNH
M y4eGHO-METOAUUECKUH JKYpPHAA

BESONACHOCTD
MHISHEIEATEABHOCTH

XypHane ocBewaloTcsd  [OoCTU-
KEHUS 1 MepcrnekTMBbl B 0Bnact
uccnenosaHuil, obecneyeHns U co-
BEPLWEHCTBOBAHNS  3aluThl  Yeno-
BEKa OT BCEX BWAOB OMACHOCTEN
MPOV3BOACTBEHHOA 1 MPUPORHON
CpefAbl, WX KOHTPONS, MOHUTOPUH-
ra, MNPEROTBPAILEHMS, RMKBURALMN
MOCNERCTBU aBapuii 1 kaTacTpod,
obpasoBaHus B cepe HesonacHo-
CTU XKU3HEREATENLHOCTH.

AApec peAakLIMM XKYPHAAOB AASI ABTOPOB M MOANMCYNKOB:
107076, MockBa, yA. Matpocckas TuwmHa, A. 23, crp. 2, odp. 45. U3aareabcteo "HOBbIE TEXHOAOTHUN'.
TeA.: (499) 270-16-52. E-mail: antonov@novtex.ru

Teopernueckuit U NPUKAAAHOM HAYUHO-TEXHUYECKMI XKYPHaA

NPOTPAMMHAS HHKEHEPHA

B XypHale ocBelaroTcsd CoCTodhne U TeHOCHLUWW pa3BUTUA OCHOBHbLIX HarpaBlie-
HWAWA WHOYCTPUK nporpaMmmHoro obecrneYeHns, CBA3aHHbIX C [TPOeKTUpOBaHNEM, KOH-
CTPYUpPOBaHUEM, apXVITeKTypOVI, obecrneveHnemM KadecTea K COrpoBOXASHNEM XIN3-
HEHHOIo LnKia MnporpaMmMHoro ofecrneyeHns], a Takxe paccMarpmnBatoTca NoCThXe-
HUS B oBnactn cosfaHus W gKennyarauun npuknagHsIX nporpaMmHo-MHPopMaLiMoH-
HbIX CUCTEM BO BCEX OBNACTSX YENOBEYECKOM AEATENBHOCTU.

MoanucHol MHAekc no O6begMHEHHOMY KaTanory
«lMpecca Poccun» — 22765

MopnucHon uHREKc no
O6beanHeHHOMY Katanory
«lMpecca Poccumn» — 79493

MopnucHoW MHAEKC Mo
O6beanHeHHOMY Katanory
«Mpecca Poccun» — 79963
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