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METOJIA ONITUMIBAILII BUKOPUCTAHHS OIIEPATUBHOI ITIAM’AITI B
IMPOLHECAX NIIBUINEHHSA IIBUAKOAII KOMIPIOTEPHUX CUCTEM

PO3I7ISHYTO OCHOBHI METOAN ONMTUMI3aLii BUKOPUCTaHHS ONeEpatuBHOI NamMsari B rpouyecax MiaBuLYEHHS LBUAKOAI
KOMITIOTEPDHUX CUCTEM , SKI € KDUTUYHO BaX/IMBUM PECYPCOM A/IS 3abe3reqeHHs wWwengkoali cucremmn. Onmumizalis Moxe 6yt
3aCTOCOBaHa 5K Ha PiBHI anaparHoro 3a6e3rneyqYeHHs (Harnpukias, 30iblWeHHS 06Cary 1a LWBMAKOCTI 1aM ST, akTUBHE KEDYBAHHS
b6aratopiBHeBUM KeLLEM IPOLIEcopa), TaK i Ha PIBHI MPOrpamMHoOro Kogy (BUKOPUCTaHHS €QEKTUBHNUX a/IrOPUTMIB, yJIiHry 06 €KTiB,
PYYHOIO yripas/iiHHS Nam'aTTio 1@ ONTUMI3aLii UMKIB | MacuBiB ). Takox Bax/mBy posib BiAINPAaE ONTUMI3aLis Ha piBHI OnepaLiviHoi
CUCTEMY, YO BKIIIOYAE YrPaB/IIHHS NaM'STTiO 3a [OrNOMOroo anroputmia LRU Ta rijgkaqkv, HasialTyBaHHS fapamMeTpis gausmy
11iAKaYKN 7@ BUMKHEHHS HEMOTPIOHNX @OHOBUX CITYXKO.

[IpoaHa30BaHo Ta y3arabHEHO akTyasbHi TDEHAN ¥ LV CQEDI, 3arporoHOBaHO AETa/30BaHM iAxXi A0 ANHAMIYHOMO
KeLLYBaHHs, IO afanTyeTbCa [0 3MIHIOBAHNX DOOOYMX HABAHTAXEHb Y pPeasibHoMy Yacl. Ljed niaxig 6a3yeTscs Ha rocTiviHOMy
MOHITOPUHIY 3aINTIB, aHa/1i3I TDEHAIB Ta ANHAMIYHOMY PO3IOAITI KELLY Ha rapsdy, Ter/y 1a X0/104HYy 30HM!.

[TokazaHo, 1o, eqpeKTUBHE yrpPaB/IiHHS ONEPATUBHON MamMaTTiO € OaratorpaHHUM 3aBAAHHSM, WO BUMArae iHTerpadii
PIBHUX METOQIB V15 3a6e3reHeHHs CTabiibHOi' poboTH cuCTEM, OCOO/IMBO B yMOBax 0O6MexeHux pecypcis (10T, MObI/IbHI cucTtemu) 1a
BYICOKOI AMHaMIK1 06YUCTTIOBA/IbHUX NTPOLECIB.

Kitoqosi cri0Ba.; ontumizayis, namsats, POJYKTUBHICTE, POrPaMHE 3a6e3reYeHHs], anapaTHe 3abe3reqyeHHs, Kog,
HABaHTAaXEHHS], eQEKTUBHICTL, KEPYBAHHS], OMEPALIVIHa CUCTEMA.
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METHODS FOR OPTIMIZING THE USE OF RANDOM-ACCESS MEMORY IN THE
PROCESSES OF IMPROVING COMPUTER SYSTEM PERFORMANCE

The paper examines the main methods for optimizing the use of random-access memory (RAM) in order to improve the
overall performance and stability of computer systems, considering RAM as a critically important resource for ensuring high system
speed and responsiveness. Memory optimization is analyzed at several complementary levels, including hardware, software, and
operating-system layers, each of which contributes to efficient resource utilization.

At the hardware level, optimization techniques include increasing memory capacity and bandwidth, improving access
latency, and actively managing multi-level CPU cache hierarchies. These approaches aim to reduce memory bottlenecks and improve
data locality. At the software level, the paper considers the use of efficient algorithms and data structures, object pooling techniques,
manual and automated memory management strategies, as well as optimization of loops, arrays, and memory allocation patterns to
minimize fragmentation and excessive memory consumption.

A significant role in memory optimization is played by operating-system—level mechanisms. These include advanced memory
management strategies based on Least Recently Used (LRU) policies, paging and swapping algorithms, tuning of paging file
parameters, and the elimination or reduction of unnecessary background services that consume memory resources. The combined
application of these techniques allows achieving a balanced trade-off between performance and resource availability.

Current trends in RAM optimization are analyzed and generalized, with particular attention to systems operating under
dynamic workloads. A detailed approach to dynamic caching is proposed, which adapts to changing access patterns in real time. This
approach is based on continuous monitoring of memory requests, trend analysis, and dynamic partitioning of cache space into hot,
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warm, and cold zones. Such adaptive cache management improves hit rates and reduces access latency under variable load conditions.
The paper demonstrates that effective RAM management is a multifaceted and complex task that requires the integration
of hardware, software, and operating-system optimization methods. This s especially important for environments with limited
resources, such as IoT and mobile systems, as well as for systems characterized by high computational dynamics. The proposed
approaches contribute to improved performance, stability, and scalability of modern computing systems.
Keywords: optimization, memory, performance, software, hardware, code, workload, efficiency, management, operating
system.
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NNOCTAHOBKA ITPOBJIEMMU Y 3ATI'AJIBHOMY BUI'JIAAIL
TA 11 3B’S30K 13 BAJKITMUBUMHU HAYKOBUMH YU MTPAKTUYHUMMU 3ABIAHHAMHU

OmneparuBHa nam’siTh (O3I1) — omuH i3 KIFOYOBHX pPECcypciB KOMIT'IOTEpa, IO 3a0e3medye IBHAKOIII0
KOMII'IOTepHHX cucTeM. OnTuMizaliis ii BAKOPHCTAHHS Ma€ BUpIaibHe 3HAYCHHS IS ITi IBHILCHHS IPOAYKTUBHOCTI
MPOTPaMHOTO 3a0e3le4YeHHs Ta CHUCTeM y HUIoMy. Y Iiif CTaTTi PO3IJSIHYTO OCHOBHI METOIHM ONTHMIi3allii
BUKOPHCTAHHS OIIEPATUBHOI IaM AT, SIKi MOXKYTb OYTH 3aCTOCOBaHI SIK Ha PiBHI arapaTHOTO 3a0e3MeYeHHs, TaK i Ha
PiBHI IPOIPaMHOTO KOJY.

CyyacHi KOMIT'IOTEpPHI CHCTEMH Ta MPOTpaMHi MPOIYKTH nenani Oinblie mnoTpeOyloTh eEeKTHBHOTO
BUKOPHCTaHHS allapaTHUX PECypciB, 30KpeMa onepaTuBHOI mam’siti. B ymoBax cTpiMKoro 3pocTanHs oOCSTiB JaHUX
Ta CKJIAJHOCTI OOYMCIIOBAILHUX 3a/a4 [TUTaHHA ONTUMAaJIbHOTO PO3MOJTY Ta BUKOPHCTAHHS ONEPAaTHBHOI Mam’siTi
HaOyBae ocoOnmBOi BakinuBOCTi. He3Bakaroum Ha moCTiifHE 3pocTaHHA (PI3UYHUX OOCATIB MaM’ATi B CYy9acHUX
HPUCTPOSX, Hee(eKTHBHE YHPABIiHHA HEIO MOXKE IPH3BOIHUTH IO 3HW)KCHHS HPOAYKTHUBHOCTI, 301NMBLICHHS Yacy
BIZITOBI/II CHCTEMH, @ B JE€IKAX BUIIAAKaX — 10 il 3001B.

MNOCTAHOBKA 3AJAYI

OnTuMizailis BAKOPUCTAHHS OTEPATUBHOI TaM’ATi € KPUTHIHO BKIMBOIO JUIA 3a0e3rmeueHHs cTablIbHOT poOOTH SIK
JIECKTOITHHX, TaK 1 MOOUILHUX 200 BOymoBaHMX cucTeM. Lle 0coOIMBO akTyalbHO B yMOBax OOMEKEHUX PECYPCIB,
Hanpukian, y npuctposx Iareprery pedeit (IoT), cucremax peanbpHOro yacy 4u MOOiIBHUX nonatkax. Kpim rtoro,
3pOCTa€E 3HAYCHHsI eHeProeEeKTUBHOCTI, Ky TAKOK MOXKHA JIOCSATTH LUIIXOM 3MEHIIEHHS 3aiBOT0 BUKOPHCTaHHS
mam’sti. Y 3B 53Ky 3 I[MM BUHHUKA€E MoTpeda y po3poOili HOBUX METO/IB Ta aJITOPUTMIB, 3AaTHUX 3a0€3MEUUTH OUIBIII
e(eKTHBHE YIIPABIIHHSI [1aM’SITTIO B PI3HUX CEPEIOBHUINAX BUKOHAHHSI.

3B’5130K i3 BAsKJIMBUMH HAYKOBUMM TA NMPAKTHYHHMU 3aa9aMM.

JocmikeHHsT METOIB ONTUMI3aIlil OIlepaTUBHOI TaM’sITi Oe3MOCepeTHRO OB sI3aHe 3 TAKUMH HAYKOBUMHU
HaTpsIMaMH, SK:

- TEOopisl aNTOPUTMIB i OOUHCIICHE;

- KOMIT'IOTepHA apXiTEeKTypa Ta CHCTEMHE IIPOTpaMyBaHHS;

- po3po0Ka BipTyadbHUX MAIIH Ta ONEPALiiHUX CHCTEM;

- IITYYHHUH IHTEJIEKT 1 00poOKa Benukux nanux (Big Data).

3 npakTUYHOT TOUYKH 30pY, €hEKTHBHE BUKOPHCTAHHS OIIEPATUBHOI [aM’SITi € BaXKJIMBOIO YMOBOIO:

— MIABUIIICHHS IIIBUKOIiT MPOTrPaMHHUX 3aCTOCYHKIB;

- 3a0e3neueHHst MacIITaboOBaHOCTI y XMAPHUX OOYUCIICHHSX;

- 3MEHIIICHHS! HABAaHTA)KEHHS HA CEPBEPH Ta iHIII 0OYNCITIOBATIBHI PECYPCH;

- MOKpAIIEHHs KOPUCTYBAILKOTO JTOCBIy Yepe3 cTabiIbHy poOOTy mporpam.

AHAJII3 TOCJIJI)KEHDb TA IYBJIKAIIA

VY nocmijkeHHi [1] mpencraBieHO anropuTM aJanTHBHOI 3aMiHM CTOPIHOK, SIKMM JWHAMIYHO KOPHTYE
NIPIOPUTETH 3aJIEKHO Bi OaraTosiepHUX poOOYMX HABaHTAKEHb. 3alPOIIOHOBAHUM MeTOx 3abe3redye 3HMKEHHS
KiJIbKOCTI IpoMaxiB kemry 10 20-25%.

B [2] aBTOpH aHANi3yIOTH JTOPUTMH KOMIpECii TaHUX y ONepaTHBHIA mam sTi, 30kpema ZRAM Ta LZ4.
[Tokazano, moO KOMIIpecis MO)KE€ 3MEHIINTH BUKOpUCTaHHA mam’ati Ha 40-50% O6e3 3HAYHOrO BIUIMBY Ha
MIPOAYKTUBHICTE.

V crarti [3] pO3MISIHYTO BUKOPHCTaHHS CIICIiali30BaHUX CTPYKTYp NAHUX, TaKUX SIK XENI-TaOiuIi Ta
CIIPOIIEH] iepeBa MOMIyKY, IS MiHIMi3allii 3aifBOr0 BUKOPUCTAHHS I1aM ’SITi.

B [4] npeacTaBneHo iHHOBAMIMHI MiAXOAM 10 TUHAMIYHOTO KEITyBaHHSI, SKi aaNTYIOTHCS 10 3MIHIOBAaHUX
pobounx HaBaHTaXXEHb y PEAJIbHOMY 4aci. AJTOPUTM JOBIB €(EKTHBHICTh Yy CHCTEMax 3 OOMEXEHHM pPecypcoM
OIIepaTHBHOI ITaM'SITi.

Crarrs [5] mocmimkye crparerii posmonury mam’siti B NUMA-cucremax, siki MIiHIMI3yIOTh 3aTpUMKH
JIOCTYILy JI0 TIaM’sITi Ta ONTHUMI3yIOTh pOOOTY OaraTtosiepHUX MPOLECOPIB.

B [6] aBTOpM OIMUCYIOTH MiAXiJ IO AMHAMIYHOTO YIPABIiHHS [aM’STTIO B peaJIbHOMY 4aci Jyisi BOyJ10BaHUX
CHCTEM, BKJIIOYAIOYH 3MEHIICHHS (PparMeHTallii Ta BUKOPUCTaHHs eHeproe(eKTHBHUX aJlrOPUTMIB.
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VY nmocmimxenHi [7] aHaMI3YyIOTBCS CydacHi IHCTPYMEHTH BHSBJICHHS BHUTOKIB IaM siTi, Taki sk Valgrind ta
AddressSanitizer, a Takox X posb y 30epekeHHi CTaOlIbBHOCTI IPOrpaMHOro 3a0e3eYeHHs.

VY crarri [8] onucano mixxoau o onTtuMizauii gocrymy no nam’ari Ha GPU. [IpononyeTtbes Mozens, mo
3HW)KY€ 3aTPUMKH IIPH BUKOPHUCTAHHI CIUJILHOT Ta I1100aabHOT mam’sITi.

B [9] npencraBneHo iHHOBaWiWHMK MiAXiJ A0 YHPaBJIiHHS NaM’ATTIO 3 BHKOPUCTAHHAM MAaIIMHHOTO
HaBYaHHs. 30KpeMa, HeHPOHHI MepeXi BUKOPUCTOBYIOTHCS JJIs IPOTHO3yBaHHS BUKOPHCTAHHS MaM'ATi TOJaTKaMH.

B [10] ananizyerbcst eeKTUBHICTH pi3HUX MeHemkepiB kynu (heap), Takux sk jemalloc i temalloc, ams
Tporpam, SKi iHTEHCHBHO BUKOPUCTOBYIOTH ITaM SITh.

Hocmimkenns [11] moka3sye, sk BAKOPUCTaHHS BipTyalIbHOI IIaM’ATi BIDIMBA€E HA MPOAYKTHUBHICTH XMAPHIX
cucreM. [IpomoHyIOTECS METOAM MiHIMi3alii BUTPAT Ha CTOPIHKOBI OIepartii.

B [12] aBTOpH aHaMi3yIOTh TIOPUAHI CHCTEMH ITaM’sTi, 110 MoegHyI0Th DRAM i eHepronesanexHy nam sTh
(NVM). [ocmimkeHHS AEMOHCTpYE €(eKTHBHICTh TaKMX CHCTEM Yy 3HIDKCHHI BHTPAT €HEprii Ta IMiABHIICHHI
MPOAYKTHUBHOCTI.

Ormsin myOmikaiiii mokasye IIMPOKHK CIEKTP IMIIXOMIB J0 ONTHMI3aIll OmepaTuBHOI mHaM’siTi: Bif
ITOPUTMIB YNpPaBIiHHSA O IHHOBAIMHUX anapaTtHUxX pimeHb. CydacHi AOCIHIKEHHs aKTHBHO CHPSMOBaHI Ha
IHTErpailo HOBITHIX TEXHOJIOT1H, TAKMX SIK MAIIMHHE HAaBYaHHs Ta T1OPUIHI CUCTEMH NlaM ’SITi.

®OPMYJIOBAHHS IIJIEA CTATTI

HesBakaroun Ha 3Ha4HUN 0OCSAT AOCHKEeHb y cdepl onTumizauii BUKOPUCTAHHS ONEPaTUBHOI MaM’sTi,
HH3Ka BRXKIMBUX IHUTaHb 3aJIUIIAE€THCS BiAKPUTOIO:

- 3abe3nedeH s OalaHCy MiX IMIBHIKICTIO JOCTYITY O IMaMm’ATi Ta il EKOHOMHUM BHKOPHUCTAHHAM Yy
PI3HMX THIIaX IMPOTPAMHUX CUCTEM;

- HaMOLTPII eEeKTHBHI METOAHM ONTHMI3alii I CHCTEM 3 OOMEKEHUMH pecypcamu (BOyIOOBaHi
cucremu, loT-puctpoi);

- 3MeHIIeHHs pparMeHTawii nam’sTi 6e3 3HaYHOTO YCKIIaJAHEHHS aJlTOPUTMIB YIIPaBIIiHHS HEIO;

- aJlanTanis Cy4acHUX MiAXOIB 10 ONTHUMI3amii MiJ AMHAMI4HI yMOBH poOOTH (3MiHAa HABAaHTA)KEHHS,
napaieibHe BUKOHAHHSI [TPOLIECIB);

- BIPOBA/DKEHHS! MALIMHHOTO HaBYaHHA Ui Tepel0adyeHHs Ta YIPaBIiHHA CIOXHBaHHIM
OIepaTHBHOI 11aM’ITi B peaJbHOMY 4Yaci;

- KOMIIPOMICH MK TPOIYKTHUBHICTIO, CHEPrOe(PEeKTUBHICTIO Ta OOCSTOM BHKOPUCTAHOI HaM sTi y
KOHKPETHHX rany3sx (irpoBa iHIycTpis, TeIEKOMYHiKalii, (JiHAHCOBI CHCTEMH TOIIIO).

MeTo10 cTATTI € aHaNI3 Cy4acHUX METOJIIB ONTHUMI3alii BAKOPUCTAHHS OTIEpPaTUBHOI I1aM’sITi, BUSBICHHA 1X
TiepeBar Ta HeJIOJIKIB y Pi3HUX NPHUKJIaJHUX CIEHAPISIX, a TAKOXK (OPMYITIOBAHHS IEPCHEKTUBHUX HANIPSAMIB PO3BUTKY
y miit cpepi. OcobnmBa yBara mpUIOIAETHCA MiX01aM, SKi 3a0€31eUyr0Th e(heKTUBHE YIIPABIIiHHS I1aM ’SITTIO B YMOBax
00MeXXEHUX PecypciB, BUCOKOI JHHAMIYHOCTI OOYHCITIOBAIBHHAX MPOIECIB i BUMOT JI0 MIPOAYKTUBHOCTI.

BUKJIAL OCHOBHOI'O MATEPIAJTY

1. Onmumizayia na pieni anapammnozo 3aoe3neyeHns

1.1. 30inbILIeHHS 00CSTY ONEpaTHBHOI MaM’sTi

36inbiieHns ¢izuunoro obcsry O3I1 103BoJIsIE 3HU3UTH HaBaHTaXKeHHsT Ha (ailyl MifKayKu Ta YHUKHYTH
mpo0iieM, OB’ s13aHMX 13 AedinuTom mam’ati. [{e HaltbimbI OUeBUAHMIA 1 MPOCTUN CIIOCIO MiABUIINTH €(hEKTHBHICTD
BUKOPHCTAHHS ONEPaTHBHOI aM’sITi.

1.2. BukopucTaHHS OUTBII MIBHIKOT MaM’ATi

[epexin Ha omepaTHBHY ITaM’SITh i3 BUIIOIO TAKTOBOIO YAaCTOTOIO Ta HIKYMMH 3aTPUMKaMH (HapUKIa,
DDR4 a6o DDRSY) 3a0e3neuye mBHIMIMIA JOCTYII 10 AaHUX 1 MOKPAILY€e 3arajlbHy IPOAYKTHBHICTh CHCTEMH.

1.3. AKTUBHE KEpyBaHHS KellleM

CyuacHi mporecopu BUKOPUCTOBYIOTE OaratopiBaeBuit kemr (L1, L2, L3), skuii momomarae MiHIMi3yBaTu
3aTPUMKH TPU JOCTyHi 10 jgaHux. ONTUMi3alisi BUKOPUCTAHHS Kelly JO03BOJISE 3MEHIIUTH HAaBAaHTAXKEHHS Ha
OTIepaTUBHY 1AM STb.

2. Onmumizauin na pieni onepayiitHoi cucmemu

2.1. Yupasniaasa nam’sattio OC

Binpmicts cygacanx OC MaioTs BOyIOBaHI alrOPUTMH YIIPABIIiHHS MaM’ATTIO, TaKi AK:

- Anroputm LRU (Least Recently Used): BukopuctoByeThes 11t KepyBaHHS KelleM i
BU3HAYCHHS, SIKi CTOPIHKH T1aM’sITi MO>KHA BUJIQJINTH NIPH NIEPEBaHTaKeHHI.
- AnropuT™ miakadku: JIMHAMiYHO NEPEHOCHTh MaJOBHUKOPHCTOBYBAHI CTOPIHKHM IaM’sTi

Ha OPCTKHH JTUCK.

2.2. HanamryBaHHs napaMeTpiB MigKauyKu

3MiHa po3Mipy Ta Micll po3TamlyBaHHs (aiily MifKauKu MOXKE MOKpAIIUTH LIBUIKOJII0 cucTteMu. s
JIeSKHX 3a71a9 PEKOMEHIYEThCS PO3MIITyBaTH (aiin migkadku Ha SSD-muckax ams 301IbIIeHHS IBHIKOCTI.

2.3. BUMKHEHHSI HEOTPIOHHUX CITYXO
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OmnepariiifHi CHCTEMH 4acTO 3aITyCKaroTh (POHOBI MPOLIECH, SIKi CIIOKHUBAIOTH PECYPCH maM’sTi. BUMKHEHHS
a00 BUaIEHHs HEMOTPIOHMX CITy’KO 3BUIBHSE ONEPATHBHY IaM’ATh JUIS 1HIIUX MPOrpam.
3. Onmumizayisa na pieHi npozpamnozo 3ade3nevyeHns
3.1. EbexTHBHE BUKOpPHCTaHHS aJrOPUTMIB
- BukopucranHsi anropuTMiB i3 MEHIIMMHM BHUMOTamMH 10 mham’sti. Hanpuxiazx, 3aminHa
ITOPUTMIB 13 KBaJPaTHYHOIO CKJIIHICTIO Ha JiHIMHI.
- BukopucTaHHs MOTOKOBOi 0OpOOKH JaHUX JUIsl BETMKHUX 00CsriB iHGopMartii.
3.2. 3MeHmIeHHs po3Mipy 00’€KTiB
3aMiHa CKJIATHUX CTPYKTYp HaHux (Hampukiana, double) mHa Oimemn kommakTHi (Hampukiaz, float abo int),
SIKIIIO TOYHICTh OOYHCIIEHh HE KPUTHUYHA.
3.3. BukopuCTaHHS MyJTiHTY 00 €KTIiB
[Tyniar — e TOBTOPHE BUKOPUCTAHHS BXE CTBOPEHUX 00’ €KTIB 3aMiCTh iXHBOTO ITOCTIHOTO CTBOPEHHS Ta
BraaneHHs. e 103BoIse YHUKHYTH 9acTOTO BUIIICHHS 1 3BIIPHEHHS I1aM ’sITi, 3HIDKYIOUH HaBaHTa)XCHHS Ha 30Mpad
CMITTSL.
3.4. Py4He ynpaBiiHHS 11aM’STTIO
Y MoBax mporpamyBaHHsI, SIKi HIITPUMYIOTH py4YHE yNpaBiiHHS nam’arTio (Hampukian, C, C++), MmoxHa
e(EKTHBHO 3BUIBHATH PECYPCH, KOJIHM BOHHM O1TbIle HEe MOTPiOHI. Ile 103B0JI€ YHUKHYTH BUTOKIB ITaM’sITi.
3.5. OnTuMizaliist HUKIIB 1 MacuBiB
- 3MEHILIeHHS BKJIICHOCTI IIUKJIIB.
- BuxopucTaHHS MOCTIIOBHOTO JOCTYIy J0O MAacHBIB, IO 3MEHINYE KUTBKICTH MPOMaxiB
Key.
4. Bukopucmanuusa cmopoHHix incmpymenmie
4.1. TacTpyMeHTH MOHITOPHHTY
- Task Manager (Windows) a6o top (Linux): BusBieHHs mpomeciB, sIKi CIOXXHBalOTh
HaMOLIbIIE MaM’sITi.
- Valgrind: Anai3 BUKopucTaHHs am’sTi B mogaTkax Ha C/C++.
- Visual VM: MonitopuHr Java-noaarkis.
4.2. [HCTpyMEHTH ONTUMi3aIlii
- GCC/Clang: Buxopucranns ¢uiaris ontumizanii kommninsaropa (—02, —03).
- Memory Profiler: Anaii3 Ta 3MEHIIICHHST BUTOKIB [1aM’STi.
5. Akmyanvni mpenou
5.1. BukopuctaHHs XMapHUX 00YHCIICHB
XMapHi TEXHOJOTii HO3BOJITIOTH €(PEKTUBHO PO3MOMUIATH HABAaHTAKEHHS MK KUTBKOMa CepBEpaMH, IO
3MEHIIYE JOKaJIbHE BUKOPUCTAHHS MaM’ SITi.
5.2. Iarerpamis 3 Al
IITyuHuil iHTENEKT BHKOPHCTOBYETHCS JJIsI ABTOMATHYHOTO BH3HAUCHHS ONTHMAlbHUX IapaMeTpiB
YIpaBJIiHHS [aM’STTIO B peajbHOMY Yaci.
5.3. HoBi Tunu mam’siTi
Po3poOka HOBUX TumiB mam’srti, Takux sk MRAM abo RRAM, ski 3abe3neuytoTh OLNbLIY LIUIBHICTD 1
HIBUKICTB IOCTYIY, BIIKpUBA€E HOBI MOKJIMBOCTI JJIsl ONITUMI3aLlil.
6. /looamkogi acnekmu
6.1. BukopuctaHHs BipTyaJIbHOI 1am’sITi
CyuacHi ormepaliifHi cHCTEMH J03BOJSIIOTH BHUKOPHCTOBYBAaTH BIPTyallbHY IaM’sTh, sika 3a0e3nedye
nporpamaM JIOCTyH A0 OUTbIIMX 0OCSTIB mam’sTi, HDK JOCTYMHO ¢i3uyHOo. OpHaK HaJaMipHE BUKOPUCTAaHHS
BIpTyaJIbHOI IIaM’SITi MOKE ITPU3BECTH JI0 CIIOBUILHEHHS POOOTH CUCTEMH.
6.2. PozymHa 00po0OKa BUHSTKIB
[Ipu mpoexTyBaHHI porpam ClliJi BpaxoByBaTH ONTHUMI3allilo MaMm’siTi B cLeHapisx oOpoOku moMmiok. Lle
JIO3BOJISIE YHUKHYTH BUTPAT HA PECYPCH NPU BUHUKHEHHI BUHATKOBHUX CUTYaIliil.
6.3. BukopucTtaHHS aCHHXPOHHOI 00pOOKH
ACUHXpOHHI omeparii J03BOJIAIOTH IPOTrpaMaM BUKOHYBATH 3aBJaHHA 0e3 OJIOKyBaHHS ITOTOKIB, IO CIIPUSE
e(eKTUBHIMIOMY BUKOPHUCTaHHIO MTaM ATi.
7. Ekcnepumenmanwhi nioxoou
7.1. KoMnakTHI CTPYKTYpH JaHUX
BukopucTaHHsl CTPYKTYp JTaHHX 13 ONTHMI30BaHOIO MaM SITTEBOIO CKJIAJIHICTIO, TAKMX SK CTUCHYTI JiepeBa
(compressed trees) abo remr-Taduili 3 KOMITAKTHUME KITFOYaMH.
7.2. CTUCHEHHS JaHUX Y IaMm’sTi
Metoayu CTUCHEHHS IO3BOJISIIOTH 30epiratu Oinbllle JaHUX y MeXax OJHOro OJoKky mam’siti. OgHak 1ed
IiXig moTpedye JoAaTKOBUX BUTPAT HA JIEKOMIPECIIO.
7.3. BukopucTtaHHs MOJieNIeil MalIMHHOTO HABUAHHS
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AJNTOPUTMH MAaIIMHHOTO HABYaHHS MOXYTbH IIPOTHO3YBATH HEOOXiTHI pecypcH maM sTi Ui pi3HUX 3a4ad i
JUHAMIYHO 1X PO3MOIIIATH.
8. Ilioxio 00 ounamiunozo KewtygamHa, wio0 A0ANMYEMbCA 00 3MIHIOBAHUX POOOUUX HAGAHMAIICEHD Y
peanvHomy uaci
[Tinxin 6a3yeTbest Ha BAKOPUCTAHHI aallTHBHOTO KEITyBaHHS, JIe PIIICHHS PO BKIFOUSHHS 00 BUKJIFOUSHHS
JAHKUX 3 KElIy MpUHAMAeThCS B PEaJbHOMY Yaci HA OCHOBI aHaNi3y MOTOYHUX POOOYMX HaBaHTakeHb. lled mimxin
BUKOPHCTOBYE aJTOPUTMH MallMHHOTO HAaBYaHHS, EBPUCTHUKY Ta IMHAMIYHE YIPABIIHHS pECypcaMH.
Apximexkmypa pinienns
Monimopune pobouux HasaHmasiceHb
o [TocriitHwif MOHITOPHHT BXiTHHUX 3aIUTIB Ta XapakTepy JaHUX Yy pealbHOMY Jaci.
o 30ip METpPUK, TaKHUX SK:
- YacToTa 3amuTiB 10 KOHKPETHHX TaHHX.
- Yac BigmoBimi.
- Po3mip gaHux i yac X OHOBJICHHS.

2. Ananiz mpenoig
o BuxopucTaHHsS METONIB aHaNli3y THUMYacOBUX PsAIB s BUSBICHHA 3MIH Yy poOoYHX
HaBaHTAXKCHHSIX.
o [Ilporuo3ysauHs, ski AaHi OyqyTh Hai3aTpeOyBaHIIINMH HAWOIMKINM YaCOM.
3. Jlunamiynuil po3nodin xeuty

o [onin kernry Ha KiJTbKa 30H:
- lapstua 30Ha: I 9acTO 3aUTYBAHUX JAHHX.
- Tema 30Ha: U1 TaHUX i3 CEPETHBOIO YACTOTOIO IOCTYILY.
- XomoaHa 30Ha: AL PIIKO 3aIIUTYBaHHUX JaHUX.
o 30HU aJanTyIOThCA 3aJISKHO Bil pOOOYNX HABAHTAKCHB.
4. Aneopummu 3aminu 0aHux
BukopucTaHHs aanTHBHUX allTOPUTMIB 3aMiHH KEIlly, TAKUX SIK:
o ARC (Adaptive Replacement Cache): kombinye crparerii LRU (Least Recently Used) Ta LFU
(Least Frequently Used).
o LRFU (Least Recently/Frequently Used): BpaxoBye sK YacTOTy, TaK 1 dYac OCTaHHBOIO
BUKOPHUCTAHHS JIAHUX.
o Machine-Learning Based Replacement: mepenbadae HaWBaXIWBININ MaHI IUII MaiOyTHBOTO
BUKOPHUCTAHHSL.
5. IHiompumxa bazamopigresoco keury
o BukopucranHs koMOiHaIii pi3HUX piBHIB KellyBaHHS (OmepaTuBHa maM’siTh, SSD, xmaphe
CXOBHIIIE) IS IOCSATHEHHS ONTUMAJIBHOTO CIIBBIIHOIIECHHS [IIBUKOCTI Ta BUTpAT.
o [lepemimeHHs aHUX MiX PiBHAMH 3aJI€)KHO BiJl IX BaXKITUBOCTI.
6. Ynpaeninna pecypcamu
o Onrumisarist po3Mipy Kelry 3ajJeXHO Bijl JOCTYITHUX arapaTHUX pecypciB (mam'sTh, IPOLEcop).
o JluHamivHe perymnroBaHHS O0OCSTY KEIly 3aJIeXKHO Bl HABAaHTAXEHHS.
Ilepesazu nioxooy
o T'HydKicTh: cMUCTEMa aBTOMATHYHO aJaNTYEThCS [0 3MIHIOBAHUX HABAHTAXKCHb.
o EdekTuBHicTh: ONTHMI30BaHE BUKOPUCTAHHS IIaM’sITi Ta 3MEHILIEHHS 3aTPUMOK JIOCTYILY JI0 IaHUX.
o MacmTaboBaHiCTh: MOXIJIMBICTD IHTErpauii 3 po3MOJIUICHUMH Ta 0araTopiBHEBUMH CHCTEMaMH
KEIIyBaHHS.
Ilomenuyiini oomesxncennsn
O 3aNeKHICTh BiJl IKOCTI MPOTHO3HUX MOJIEIICH.
o 3aTpaTu Ha MOHITOPHHT 1 aHAJII3 IaHHX.
Peanizanist aganTuBHOIO MiAX0AY A0 TMHAMIYHOI0 KelIyBaHHS
Hwmxde HaBeneHO MOKPOKOBY pealizallilo aJanTHBHOTO MiAXOMy 10 JWHAMIYHOTO KENIyBaHHS, SKAN
BPaxoOBY€E 3MiHIOBaHI poO0Ui HABaHTa)XKEHHS Y pealbHOMY daci.
1. Imimiamizamis

1. Hanawmyesanns cucmemu:
o O6csr kemy Cache Size.
o [ToporoBi 3HaYeHHS LIS TAPSYHX, TEIUINX 1 XOJIOJHHUX 30H:

- Hot Threshold (4acToTa noctyny BHIle HEBHOTO PiBHS).
- Cold Threshold (wacrora noctyiy HIKYE TIEBHOTO PiBHS).

2. Bxioni napamempu:

o Hani ipo 3anutu: (Key, Frequency, Last_Access_Time, Size).

o Mertpuku npoaykruBHocTi: Hit Rate, Eviction Rate, Response Time.
3. Aneopummu:
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o BuxopucroBytotsest LRU, LFU, ARC a6o ix komOiHarrii.
o [TinknroueHHs: Moy st MarHHOTO HaB4aHHS (ML) 11 TporHo3yBaHHS.

N
Ininianizamis
HaHaIlITyBaHHﬂ CUCTEMU KeIlIyBaHHﬂ 3 BUBHAYCHHIM

METPHK Ta OOMEKEHb )

A

MOoHITOPHHT Ta aHATI3
36ip NOTOYHHX METPUK PO POOOTY CHCTEMH.
BusiBnennst l'la'[‘CpHiB y p060‘{HX HaBaHTAXKCHHAX

4
( o . )
IIpuiiHATTSA pilieHs

TlepeBipka peneBaHTHOCTI AAHHUX Y KeIIi.
\HCpeMiILIEHHﬂ JTAHUX MiX 30HaMu a0o 1x BI/UZ[EIII&HH}{)

Ananranis
OHOBJICHHSI PO3MO/LTY 30H Ta 3aMiHa JaHUX Y
PEXHMI peabHOro Yacy.
TlepexaniOpyBaHHs BaroBux Koe(ilieHTiB y pasi
3MIHM XapaKTEPHCTUK HABAHTAXKCHHSI

. J/

( j . )
Oninka eeKTHBHOCTI

TlepeBipka MpoAyKTHBHOCTI Ta BiAMOBIAHOCTI KeLLy
BCTaHOBJICHHM LUISIM (HATIPUKIIA/] 3MEHILICHHS Yacy
BIINOBI /Il 200 3HMKEHHSI YACTOTH IPOMAXxiB)

Puc.1 - Eranu po6otu ajropurmy

2. MOHITOpPHUHT poOOYHX HABAHTAKECHB
Peanizyiime mexanizm 300py danux npo 3anumu 00 Keuty:

from collections import defaultdict
import time

request_data = defaultdict(lambda: {'frequency': 0, last_access': 0})

defrecord_request(key):
current_time = time.time()
request_data[key]['frequency'] += 1
request_data[key]['last_access'] = current_time
. 30epexiTh CTATUCTHKY JJIS KOKHOTO €JIEMEHTY JaHWX Y Kelli.
3. JluHamiuHe yrpaBiIiHHS KelieM
Posnopain 30
. Po3nonin kemry Ha rapsdy, TEIUTy Ta XOJOAHY 30HU:
hot _cache = {} # JlaHi 3 BUCOKOIO YacTOTOIO TOCTYITY
warm_cache = {} # JlaHi cepetHpO1 BaXJIMBOCTI
cold cache = {} # Pigko BUKOpHCTOBYBaHi JaHi
. OyHKIIIS pO3MOAUTY 3aJI€KHO BiJ YACTOTH JOCTYILY:
def classify_data(key, frequency):
if frequency >= Hot_Threshold:
return 'hot'
elif frequency >= Cold_Threshold:
return 'warm'
else:
return 'cold'
4. Anroput™ 3aMiHU
. Bukopucranns kom6inanii LRU i LFU:
def eviction policy(cache, zone, max_size):
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if len(cache) > max_size:
if zone == 'hot":
evict_key = min(cache, key=lambda k: request_data[k]['last_access'])
elif zone == "cold":
evict_key = min(cache, key=lambda k: request data[k]['frequency'])
else: # warm zone
evict_key = min(cache, key=lambda k: request_data[k]['last_access'] + request_data[k]['frequency'])
del cache[evict key]
5. AnanTuBHE IPOrHO3YBAHHSA
[TporHo3yBaHHSs rapsIux JaHUX
. BukopucTOBYyiiTe MOZIEIb MANIMHHOTO HABYaHHs, HAMpHKIAL, perpecito  abo
Kiacuikamito U BU3HAUYCHHS rapsIux NaHHX:
from sklearn.linear model import LinearRegression
import numpy as np

# JlaHi 11 HaBYaHHS
X =np.array([[1, 10], [2, 20], [3, 30]]) # [Uac ocTtanHbOTO HOCTYMY, YacToTa]
y =np.array([1, 0, 1]) # 1 - rapsiue, O - iHme

model = LinearRegression()
model.fit(X, y)

# Ilporuos
def predict_hot(key):
data = [request_data[key]['last_access'], request_data[key]['frequency']]
return model.predict([data])[0] > 0.5
6. OCHOBHHI LUK
° OCHOBHI/Iﬁ AJITOPUTM aJAlITUBHOI'O KCITYBAHHS:
def dynamic_caching(key, data, cache_size):
record_request(key)
zone = classify _data(key, request_data[key]['frequency'])

if zone == 'hot":
hot_cache[key] = data
eviction_policy(hot cache, 'hot', cache size // 2)
elif zone == 'warm":
warm_cache[key] = data
eviction_policy(warm_cache, 'warm', cache_size // 3)
else:
cold cache[key] = data
eviction_policy(cold cache, 'cold', cache size // 6)

# IIporuno3yBaHHs
if predict_hot(key):
print(f'Data {key} marked as hot")
7. IlepeBipka eeKTUBHOCTI

. OuiHIOlTE NPOAYKTHBHICTD Yepes:
o Biacorox monamans (Hit Rate).
o Cepenniii yac Biamosizni (Response Time).
o UYacroty Bucenenns (Eviction Rate).
Ilepesazu peanizayii:

- aJaNTUBHICTh: KEII aBTOMAaTHYHO HiIJIAIITOBY€ETHCS i poO0Ui HABaHTaKEHHS,
- e(heKTUBHICTD: OaTaHC MiXX BUKOPHUCTAHHSAM TIaM’ATi Ta MBHJKICTIO TOCTYIY JI0 JaHWX;
- MPOCTOTA IHTErpaLii: JIETKO aaNTy€eThCs A0 ICHYIOYHX CHCTEM KEIlyBaHHS.

o peanizaiito MO>KHA PO3IIUPUTH JUIS PO3IOALIIEHUX CUCTEM ab0 1HTerpalii 3 XMapHHMH CEpBicaMy.

BUCHOBKMU 3 JAHOT'O JOCJIIAKEHHS
I HEPCIIEKTUBU MOJAJIBIINX PO3BIAOK Y JAHOMY HAIIPAMI
OnTuMmi3zalliss BAKOPUCTAHHS ONIEPATHBHOT IaM ’ATi € OaraTOrpaHHUM 3aBIaHHSM, SIKE BKITIOYAE SK araparHi,
Tak i mporpamHi migxoau. EdekTuBHE yIIpaBIiHHS [IAM PECYpCOM 3a0e3Ieqye i ABUINECHHS MPOTyKTUBHOCTI CHCTEMH,
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CKOpPOUYEHHS BHTPAT Ha OOJaJHAHHS Ta €HEPTrOCIIOKWBAHHI. BUKOPHCTaHHS CydacHHX iHCTPYMEHTIB i TEXHOJOTii
JIoTIoMarae BUPIIIYBaTH MPOOJEMH HaM’sTi SK y HEBEJIMKHX MPOEKTaX, TaK 1 B MAacIITaAOHHX OOYHCIIOBAILHHUX
cucremax. JlocimipKeHHST HOBHX MiJXOJIB, TaKMX SK iHTerpamis Al abo cTHCHEHHS NaHUX Yy peajbHOMY dHaci,
BIZIKpUBAIOTh MEPCIEKTUBY ISl TTOJIAJIBIIOTO PO3BUTKY B Ll cdepi.
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