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Anomauin. Y pobomi 3anponoHosano memoo npeoukmusHoi OlacHOCMUKU meepoomiieHux Hakonuuysauis (SSD),
CHPAMOBAHUI HA PAHHE 6uselenHs Oeepadayii nam'smi. Memoo 6a3yemvcsi HA KOMWIEKCHOMY QHANIZL OUHAMIKU
ampubymie S.M.A.R.T. i3 GUKOPUCMAHHAM A2OPUMMIE MAWUHHO20 HAGYaHHs, 30kpema LightGBM. Po3pobneno nabip
NOXIOHUX O3HAK, WO 6PAX08YE WEUOKICMb MA NPUCKOPEHHS 3MIHU Napamempis, a maxodic cmamucmuyti MempuKu.
3acmocysanns memooie 6i060py 03HAK 00360AUN0 CKOPOMUMU 6XIOHUL 8eKMOp OAHUX mda NIOGUWUMU MOYHICMb
npoenosysanns (AUC-ROC 0.912), wo cnpuse nioguwennio Haditihocmi 30epieants OaHux y KOpnopamueHux CUcmemax

KurouoBi ciioBa: TeeppoTineHi HakommayBadi (SSD), Texaonoris S.M.A.R.T., npennkTHBHA AiaTHOCTHKA, MAIITMHHE
HaB4aHH#A, LightGBM, imxeHepis 03HaK, HATIHHICTD TaHUX.

Abstract. The paper proposes a method for predictive diagnostics of solid-state drives (SSDs) aimed at the early
detection of memory degradation. The method is based on a comprehensive analysis of S.M.A.R.T. attribute dynamics
using machine learning algorithms, specifically LightGBM. A set of derived features has been developed, taking into
account the rate and acceleration of parameter changes, as well as statistical metrics. The application of feature selection
methods enabled the reduction of the input data vector and increased prediction accuracy (AUC-ROC 0.912),
contributing to enhanced data storage reliability in enterprise systems

Keywords: Solid-state drives (SSDs), S.M.A.R.T. technology, predictive diagnostics, machine learning, LightGBM,
feature engineering, data reliability.

Beryn

MacoBuii mepexiJi OOYMCIIIOBAILHUX CHCTEM Ha TBEPAOTUIbHI HakonudyBadi (SSD) Ta mpuctpoi 3
inTepdeiicom NVMe 3abesnednB iCTOTHE MiABUIIEHHS MPOAYKTHBHOCTI 30€piraHHs NaHHMX: IIBUAKOMIS
cydacanx NVMe SSD pocsrae 7000 MB/c mist yuranns ta 5000 MB/c mis 3amucy, 1o Ha TMOPSIOK
riepeBuITye MoxuBocCTi Tpanuminaunx HDD. ITpote, ocobmuBocTi dizuanoi opranizaitii NAND Flash mam'si
(oOMexkeHa KUTBKICTh IMKIIIB 3alyCy/CTHPaHHS, MOIIMBICTh PanTOBUX BiJIMOB KOHTpOJIEpa, Jlerpajallis
KOMIpOK) CTBOPIOIOTH HOBi BUKITUKH JIJIsl 3a0e31eueHHs HaJiitHOCTI 30epiranns ganux [1].

3a manumu nociimkeHs kommnanii Backblaze (mpoBaiizep XMapHOTO pe3epBHOTO KOIMIIOBAHHS 3 IMapKOM
nonay 200,000 HakonuuyBauiB), piuHuii piBeHb BigMoB SSD cranoButh 0.58—1.05% 3ayexHo Bijg Mojeni Ta
yMOB ekcrutyatamii [2]. Y KOpmopaTHMBHOMY CEpElNOBHIII BTpara KPUTUYHO BaKIMBUX [aHHUX UYeEpe3
HECTOJ[iBaHUI Bi/lKa3 HaKOMUYyBadya MPHU3BOIUTH N0 3HAYHUX (DiHAHCOBUX 30WTKIB: IpsAMi BUTpATH Ha
BigHOBIIeHHs fAaHuX ($7,900-$24,000 3a iHOMICHT), BTpadeHWil pOOOYMI Yac TEPCOHANY, permyTalliifHi
PHU3UKH, MOXIIUBI mTpadu 3a nopymeHas SLA.

Texnomoriss S.M.A.R.T. (Self-Monitoring, Analysis and Reporting Technology) Hanae indopmariito mpo
CTaH HaKomu4yBaua yepe3 Habip arpudyTiB (Reallocated Sectors Count, Program/Erase Fail Count, SSD Life
Left, Temperature ta inmi). TpaguiiiiHi migxoau 10 JIarHOCTHKU 0a3ylOThCS HA MOPOTOBHX 3HAYCHHSX
OKpeMHX aTpuOyTiB, IO MPHU3BOJAUTH 10 BHUCOKOTO PiBHS XMOHHMX chpaiboByBaHb (50-70% 3a maHumu
nociimkeas Google) Ta mpomycKy peanbHUX BiaMoB. CydacHi METOJHM MAITMHHOTO HABYAHHS JO3BOJISIOTH
aHaJi3yBaTH KOMIUICKCHI MaTepHU B HuHaMili aTpuOyTie S.M.A.R.T. Ta BUSBIATH paHHI O3HAKK Jerpajanii
HaKONMYyBaya.

Merta poboTH — po3poOKa METOAy HPEAMKTUBHOI MIarHOCTHKH TBEPAOTUILHMX HAKOMHUYYyBadyiB, ILO
3abe3mnedye paHHE BUSBIICHHS O3HAK Jerpajaalii Ha OCHOBI KOMIUIEKCHOTO aHal3y JAWHAMIKA aTphUOYTiB
S.M.A.R.T. i3 BUKOpPUCTaHHSAM aJrOpUTMIiB MarmmHHOro HaBuaHHs (Random Forest, Gradient Boosting).



ApXiTeKTypa cMCTeMH Ta MeTO/1 POrHO3YBAHHS
Cucrema peIMKTUBHOI JIarHOCTUKH peajli3oBaHa sk OaraTopiBHEBa apXiTekTypa (puc. 1), mo BKIOYae
piBeHb 300py nmaHmx (MoHiTOopuHT aTpuOyTiB S.M.A.R.T. 4epe3 smartmontools/nvme-cli, 30epexeHHs
icropuuHux gaHux y SQLite), piBeHb 0OpoOku Ta aHami3y (OYMINEHHS OAaHUX, BUSBJICHHS aHOMAIiH,
o0YHCIIeHHs] TIOXIJHUX O3HAaK), PiBeHb MAIIMHHOTO HaB4aHHs (aHcamOneBi Momeni Random Forest Ta
LightGBM mnsa kimacudixkartii Ta perpecii) Ta piBeHs npeactasinerns pe3ynbratiB (GUI ma PyQt6, Bizyamizamis
TPEH/IIB, TEHEpaIlisl peKOMEHIAIIN).

PIPELINE NMONEPEAHLOI OBPOBKWU AJAHUX
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Puc. 1. ApxiTekTypa CHCTEMH PEIUKTHBHOL TIaTrHOCTHKH

Imxenepist o3Hak. [is miABUIIEHHS SIKOCTI MPOTHO3yBaHHS po3po0iieHo Habip MOXiAHUX 03HAK HAa OCHOBI
0a 30Bux arpudytiB S.M.A.R.T.:

* IlIBuakicTh 3MiHu atpuOyTiB (meprna noxigaa): AAi = (Ai(t) — Ai(t—At)) / At, ne Ai — 3Ha4YeHHS i-TO
aTpubyTy, At — iHTEpBaN Mixk BuMipamu (24 ronuHm).

* [Ipuckopenns nmerpanamii (gpyra moxigaa): A?A; = (AAi(t) — AAi(t—At)) / At — no3BoJsi€ BHSBUTH
HENiHIiHI TaTepHU MPUCKOPEHOT JeTpaialiii.

* CTaTUCTUYHI 03HAKH 3a BIKHOM: CepeaHE, CTaHAApTHE BIMXWICHHS, maxX/min 3a octanHi 7, 14, 30 nHiB.

» Kommosurthuit ingeke aerpagamii: DI = X wi X norm(A)), 1e wi — Bar, BU3Ha4€Hi 3 BaKJIMBOCTI O3HAK
Random Forest, norm() — min-max nHopmaitizartisi.

Bin6ip indhopmatuBHuX 03HaK. /g onTuMizamii HAOOPY 03HAK 3aCTOCOBAHO KOMOIHAIIIIO METO/IB!

» OinpTpanis 3a Aucnepciero — BUAaNeHHs 03HakK 3 variance < 0.01.

* Kopensauiiinuii anasi3z — BUKJIIOYESHHS ap 03HaK 3 [r| > 0.95 nyis 3MeHIIeHHsT MyJIbTHKOJIiHEapHOCTI.

* Recursive Feature Elimination (RFE) — iTepatnBHe BUKITIOUSHHS HaMEHIII BAYKJIIMBHX O3HAK 3 BITIIAII €10
Ha KpOC-BaJIiIallii.

Kopensuitinuit anani3 (puc. 2) BusBuB cuiibHi 3B's3ku Mik Reallocated Sectors Count ta Program Fail
Count (r=0.71), m10 103BOJIsIE BUKITIOYUTH OJAUH 3 aTpuOyTiB 6e3 BTpaTh iHdopmaii. [Ticis 3actocyBanHs BCix
METO/IIB BiOOPY KUTBKICTH O3HAaK ckopoueHa 3 142 (48 6azoBux arpuOyTiB X 3 TuUOM moXigHuX) a0 37
HaiOnbm iHPopMaTrBHUX, MO nokpammmio AUC-ROC 3 0.894 1o 0.912 ta ckopoTuiio yac HaB4aHHs Ha 63 %.
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Puc. 2. TernoBa kapTa Kopesnsnii Mixk Ki1to4oBuME atpudyramu S.M.A.R.T.

Tabmuus 1 — Kimtowosi arpubytu S.M.A.R.T. ans npeauktuBHoi giarHoctuku SSD

ID ATpuOyT Omnuc BaxxymBicTh
5 |Reallocated Sectors Count  |KinmbKicTh mepenpu3HaueHUX CEKTOPIB Kputuuna
177 |SSD Life Left Samumiok pecypcy HakonmuyBada (%) Kputnuna
181 |Program Fail Count KiTbKiCTh MOMHJIOK ITPOTPaMyBaHH Hyxe Bucoka
182 |Erase Fail Count KiTbKiCTh MOMHIIOK CTHpPAHHS Hyxe Bucoka
194 [Temperature Temmneparypa Hakonu4dyBada Bucoxka

ANTOpUTM MaIlMHHOTO HaBuaHHs. (st 3amadi mporHosyeanHs oOpano amroputM LightGBM (Light
Gradient Boosting Machine) — ontumizoBaHy peanizaiiito rpaji€HTHOTO OYCTHHTY, IO 3a0€3MeYy€e BHCOKY
IIBUIKOJIIIO Ta SIKICTh MTPOTHO3yBaHHs. Mojens HaBueHa Ha faraceTi Backblaze (2019-2023 pokwu, 2.8 mMitH
3anmciB, 47 arpudytiB S.M.A.R.T.) 3 Bukopuctanusm TimeSeriesSplit kpoc-Bamigamii mis 3anmoOiraHHs
BUTOKY iH(opMarii 3 MaiiOyTHBOTO.

BucHoBku

1. Po3polGiieHo OaraTopiBHEBY apXiTEKTypy CHCTEMH mpeIukTuBHOI miarHoctuku SSD/NVMe
HaKOMW4yBauiB, mo iHTerpye 360ip ganux S.M.A.R.T., ix 0OpoOKy Ta aHasi3, IPOTrHO3yBaHHA Ha OCHOBI
MAaIlIMHHOTO HaBYaHHSI T4 Bi3yalli3allifo pe3ybTaTiB.

2. CtBopeHo Halip MOXiTHUX O3HAK (MIBUAKICTH 3MIHH, IPUCKOPEHHS JeTpanallii, CTaTUCTUYHI METPUKH
3a BIKHOM, KOMITO3UTHHUH iHAEKC), 0 J03BOJIIIO MiABHIIMTH SIKICTh NPOrHO3yBaHHS Ha 12% MOpIBHSAHO 3
BHKOPHCTaHHM Intie 6a3zoux atpudyTiB S.M.A.R.T.

3. 3acrocyBaHHS KOMOIHOBaHMX METOZIB BimOOpy o3Hak ((inmpTpariis 3a MUCHEPCIEr0, KOPEISIiHIHA
anayiz, RFE) 103B0JINIIO CKOPOTUTH PO3MIPHICTH IPOCTOPY 03HAK 3 142 110 37 npu 30epeeHH] BUCOKOT SKOCTI
MOJIeJIi Ta 3MEHILCHH] Yacy HaBuaHHs Ha 63%.

4. O6pano Ta HamamroBaHo Mojenb LightGBM, mo 3abesnedye ontuManbHHil 0amaHC MiX TOYHICTIO
MIPOTHO3YBaHHS Ta MIBUAKOJIEIO JUISl 33a1a4i IPEAUMKTUBHOI IIarHOCTHUKU B YMOBaX He30alaHCOBAHUX JaHUX
(cmiBBigHOMICHHS Kiaci 1:12.3).
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