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[Tyitnenko B.O. Metonu Ta 3acobu amapatHoi peanisallii Ta BUOOPY alropuTMiB
3aMIIIEHHs JaHUX Yy Kell — Mam’sTi MikpompoliecopiB. — KpamidikaliifHa HayKkoBa
npaisd Ha IpaBax PyKOMHCY.

Hucepraiiiss Ha 3100yTTs HAYKOBOTO CTYNEHsS KaHAWIAaTa TEXHIYHUX HayK
(mokTopa dimocodii) 3a cnemianpHicTIO 05.13.05 — Komm’'roTepHi cuUCTeMH Ta
koMrioHeHTH (12 — Indopmaniiini TexHosorii). — HamioHaibHHI aepOKOCMIYHUI
yHiBepcuTeT M. M.€. JKykoBcbkOoro «XapKiBCbKUI — aBlallliHUM  1HCTUTYTY,
HanioHanbHuil TEXHIYHUN YHIBEPCUTET «XAapKIBCHKUI MOMITEXHIYHUNA 1HCTUTYT»,
MiHicTepcTBO OCBITH 1 HAYKH YKpaiHnu, Xapkis, 2021.

Hucepraiiiiina poboTa MPHUCBSYEHA PO3B’SI3aHHIO BAXKJIMBOI HAYKOBO-TEXHIYHOI
3a/ayl, fKa MOJIATa€ B PO3pOOJIEHHI METOJIB Ta 3ac0o01B amapaTHUX peai3aliid Ta
BUOOPY AJITOPUTMIB 3aMIIIICHHS JAHWUX Y KEIIl — TIaM’sIT1 TIPOIEeCOPiB.

Meroto pobOTH € TiABUINEHHS MIBHAKOJII Ta HAIIAHOCTI 3aco0iB amapaTHOi
peasnizalii aJropuTMIB 3aMillIEHHS MPOIIECOPIB LUISIXOM PO3POOJIEHHS 1 BIPOBAHKEHHS
paIioHAIbHUX JIOTIYHUX CTPYKTYP ISl KEPyBaHHS 3aMIIICHHSIM JaHUX 3 aJanTalli€ro 1
CaMOKOHTPOJIEM.

06’exkmom OocniodcenHsi € TIPOLIECH CTBOPEHHS 1 OI[IHIOBaHHS amapaTHOl
peasizallii Ta BUOOpPY aJITOPUTMIB 3aMIIICHHS TAHUX Y KeIll — TTaM’sITi TIPOLIECOPIB.

IIpeomemom OocniodxcenHss € MOJEII, METOAM 1 3aCO0U amapaTHO1 peasizallii Ta
BUOOpPY aJIrOpUTMIB 3aMillIEHHS JaHUX Y KEII — [aM’siTl MpOIecopiB.

VY mepmiomy po3aun gucepTaimiiiHoi poOOTH MPOBEASHUN aHai3 BIIOMHUX
QITOPUTMIB 3aMIIIEHHS Ta aHali3 JITepaTypHuX Jpkepen. JleTalbHuil aHami3 Mokasye,
[0 JTOCHTIPKEHHS QJITOPUTMIB 3aMIIEHHS TPOBOSTHCSA IMEPEBAKHO HA TaKUX JIBOX
MOKa3HUKAX KeIly, SK 3aTpUMKa Ta 4acToTa Biy4daHb. Ko)kKHa cTpaTeris 3amMiHU SBISIE
cOo00I0 KOMIPOMIC MIK YacTOTOIO BIIy4aHb 1 3aTPUMKOIO. BuMiproBaHHS 4acTOTH
BIy4YaHb 3a3BMYail BUKOHYIOTBCS B TECTOBHX mporpamax. dakTuunuil koeQilieHT

BJIy4aHHSI CWJIBHO BapilOE€ThCS BiJl OJHOTO JojAaTKa N0 iHmoro. Jlo Toro x, y poboTax
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MPOBIIHUX aBTOPIB HE MPUJLJIEHA yBara JA0CTIIPKEHHIO TAKUX BaXKJIMBUX MTOKA3HUKIB, K
CKJIQJIHICTh Ta HAJIWHICTh alapaTHUX pIIIEHb AJITOPUTMIB 3aMIMICHHSA. Y TEpIIOMY
PO3MLTI TAaKOXK MPOBEIACHHUM aHalli3 BITOMHUX KOMIT IOTEPHHUX CEPEIOBHUII MOJICTIOBAHHS,
o0 JajJo 3MOry OOIpYHTYBAaTH BHUOIp KOMII IOTEPHOIO CEpEeIOBHUINA MOJICTIOBAHHS
3aco0iB  amapaTHOi peamizamii  3amimieHHs JgaHuX. OOIpyHTYBaHHS  BHOOpY
KOMIT'FOTEPHOTO ~ CEPEJOBHINA MOJETIOBAHHSA  3AIMCHIOBANIOCA 3  ypaxXyBaHHIM
HACTYMHUX BKIIMBUX KPUTEPIIB:

- MOYKJIMBICTh MOJIEIOBAHHS IIM(PPOBUX JIOTIYHUX CXEM amapaTHUX pIIIEHb
QITOPUTMIB 3aMIIIIEHHS 3 BUKOPUCTAHHSIM CYy4aCHOI €JIeKTPOHHOI €JIeMEHTHO1 0a3u;

- MOJKIMBICTP ~ CTBOPEHHS THYYKMX TECTOBHX TIPOTpaM  KEpPyBaHHS
CUHTE30BAHMMM  amlapaTHUMM  pIMICHHSIMH  QJITOPUTMIB  3aMIIIEHHd 3  OOKy
MIKpPOKOHTPOJIEPIB;

- MOYKJIMBICTb CTBOPEHHS TPOTPAMHO — KEPOBAHUX 3aTPUMOK IPH YIIPABIIHHI
anmapaTHUMHU PIIIEHHSMHU aJTOPUTMIB 3aMIIIeHHS 3 00Ky MIKPOKOHTPOJIEPIB;

- MOYKJIMBICTh CTBOPEHHS MIPOTPAMHHX HEIITATHUX CUTYAIlli MPU yIpaBIiHHI
anapaTHUMH PIIIEHHAMH 3ac00IB KOHTPOJIO anapaTypyd airoOpUTMIB 3aMiIIEHHS 3
METO0 BU3HAUEHHS iX Mpane3JaTHOCTI.

Takox mepmuid po3ain MICTUTh (OPMYIIIOBAHHS 3arajibHOi 1 YaCTKOBHUX 3ajJad
JOCTIKeHb 3 TMOAANBIINM OOTPYHTYBaHHS METOJIWKH, MATeMaTUYHOTO amapary Ta
€TarmiB JOCIIKEHb.

VY apyromy posnuli po3B’s3aHO 3ajauy MiIBUINCHHS IIBUIKOII Ta 3MEHIIECHHS
CKIagHocTi peanmizamii anroputMiB 3amimeHHs PLRU ta MFU  kem-mam’sTi
nporecopiB. Bigomo, mo mis poboru anmroputmy PLRU mortpiGHO BChOTO nekinbka
OiTIB Ha MHOXHUHY €JIEMEHTIB JaHuX Kemry. Ile Mae HajmaTtu meBHI mepeBaru mnepen
NCBHUMH arapaTHUMM PIIICHHAMH TakuX ainroputmiB 3amimienns, sk LFU(LRU) Ta
MFU.

VY nuceprtarmiiiHii poOOTI 17 acoOIlaTUBHOTO Keml — Oydepa CTOPIHKOBOTO
MIEPETBOPEHHS 3 HaMpsIMKaMu (=4 Ta acoIllaTUBHOI Kell — mam Tl 3 HampsiMKaMmu (=8

BIICpHIC 3allpOIIOHOBaHa MOACIb CHHXPOHHOTIO III/I(I)pOBOFO aBTOMAarTty TTOJIITUKU



3

3aMmilieHHs JaHux 3a anroputMoM PLRU, sxa omnmcana BiJiMOBIAHOK CKJIQTHOIO
MePEMUKATIBLHOI0 (PYHKIIIETO.

CuHTe3 aBTOMAaTHOI MOJENI J03BOJHMB OTPUMATH MiHIMAJbHI JIOT14HI PiBHSIHHS
anmapatHoro pimeHHs aiaroputmy 3amimieHHs PLRU. Otpumane anapaTHe pimieHHsS
AITOPUTMY  3aMIIIECHHSA PLRU pano 3mory mpoBEeCTH MAOCHIKEHHS TaKuX
XapaKTEPUCTHK, K MIBUIKOIIS, CKIAIHICTh Ta HAIIMHICTD.

VY nucepramiiiHiii  poOOTI BIOCKOHAJNIEHO amapaTHe pIIIEHHS aJITOpPUTMY
3amimieHHss  PLRU 3a paxyHok wiHiMIZamii Joriunoi cxemu PLRU nuisixom
MDKTHUIIOBOTO MEPEX0Jly Y TPUTEPHUX CTPYKTypax. MiHimizarlis jsoriunoi cxemu PLRU
MpeCTaB/icHa JIBOMa BapiaHTaMHU: BaplaHTOM MiHiMi3allii Ha 0a31 OHOBJIEHHS OITIB
crany 3a anroputMoM PLRU Ta BapianTom Ha 0a3i MOCIIZOBHOCTI 3MIHU ( — 1HAEKCY
HampsaMKy. BpockoHalieHHs amapaTHoro pimieHHs anroputmy 3amimieHHs PLRU 3a
o0oMa BapiaHTaMU J03BOJIUIM MOKPAIIUTH 1 BIATOBIIHI XapaKTEPUCTUKU: IIBUIKO/IIIO,
CKJIQJHICTh Ta HA/IIMHICTh anapaTypH.

VY nucepTariitHiit poOOTI CHHTE30BaHa aBTOMAaTHA MOJIETb aJTOPUTMY 3aMIIIEHHS
MFU. CunTte3 aBTOMaTHOI MOJIEII aIrOPUTMY J03BOJIUB OTPUMATH MIHIMAJIbHI JIOT14HI
PIBHSIHHSI amapaTHOTO PIIMIEHHS aJIrOpUTMY, IO J1ajJ0 3MOTY MOOYIyBaTH BiIMOBITHE
anmapaTHe pillIeHHs, JOCIIAMTH XapaKTepUCTUKU amapaTypd Ta TOPIBHATH 3
JOCIIIKEHUMH XapaKTepucTUKamMu anaparypu airoputmy PLRU.

Y TpeThoMy PO3MIiTI MPHUBOAUTHCA PO3POOJICHHS Ta JOCIIIKEHHS METOIy Ta
amapaTtHOi peanizailii aJanTUBHOIO alroputMmy 3amimleHHd. llomepennbo OyB
MPOBEICHUI aHaJli3 CYMICHOCTI aJTOPUTMIB 3aMiIIeHHS 3 BUKOPUCTaHHSIM MAaTPHIlh
cymicHocTi. [IpoBeneHuii aHami3 [03BOJIMB BHUCBITJIMTH BU3HAYEHHS CYMICHHX
QITOPUTMIB 3aMillleHHs. BKiloueHa 110 MaTpuilli MHOXKMHA aJTOPUTMIB JI03BOJIMIIA
BUJIIJTUTH HE TITBKH TMapu CYMICHHX, aje ¥ ix Tpiaau. Y pPO3JAUII TaKOXX pPO3B’s3aHa
3a/1aya arnapaTHOi pealti3allii 3aMillleHHs JaHuX IS ajanTtuBHoro anroputmy LFU-—
MFU, BHaAcIiJOK 90Tr0 BIIEpIIE 3aIPOIIOHOBAHO METOJ 1 3ac00M peaizallii aganTHBHUX
AJITOPUTMIB 3aMILICHHS JaHUX y KelI-TlaM’ ATi MpoLecopa, skl Ha BIAMIHY BiJ BIIOMHX

0a3yroThCsl Ha MOOYAOBI Ta aHalli31 MaTPHUIlb CYMICHOCTI aJrOPUTMIB 1 HaJlalOTh 3MOTY



4

oOMpaTh aarOpuUTM 3aMIlIEHHS 3aJeKHO B PE3yibTaTiB JUHAMIYHOTO TMPOTHO3Y
rajry>keHb MporpaMu, 1o 3abe3nevye miBUIIEHHS HIBUIKOIIT IPOLEcopy.

VY 4eTBepTOMY PO3MiIl YAOCKOHAIEHO 3aCO0M KOHTPOJIIO peajtizarii aaropuTMiB
3aMIIEHHS JIaHUX Y KeII-1aM’sITi Iporecopa 3a paXyHOK BUKOPHUCTAHHS YHi(iKOBaHOI
aBTOMAaTHOI MOJIEI, sIKa BPaxOBY€ KUJIbKICTh HAMPSAMKIB BHOOPY JaHUX MPH 3aMIIICHHI,
a TaKOXX OITIHOK CKJIQJHOCTI 0a30BHX KOMITOHEHTIB 3aC00iB KOHTPOJIO, IO JO3BOJISIE
OIIHIOBATH MPHUPICT JOCTOBIPHOCTI (DYHKITIOHYBAHHS Ha OJMHUITIO arlapaTHUX BUTpPaT.

VY 1ockoHalieHO MeTo/ BHOOPY alropuUTMIB 1 3ac001B peanizaiii A 3aMileHHs
JAHUX Yy Kel-maMm’siTi Mpollecopa IUISIXOM BKJIIOYEHHS 10 MHOXXHHH aJITOPUTMIB
QITOPUTMH 3 KOHTPOJEM 1 aJanTarfi€ro, iX  YHOOPAIKYBaHHS 3a ITOKa3HUKAMH
CKJIQJIHOCTI, IIBUIKOJII 1 JOCTOBIPHOCTI, IO JO3BOJISIE TOKPAIIMTH BiAMOBIIHI
MOKa3HUKKW  mpouecopa.  CUCTEeMaTH30BaHO 1  MPOAHANI30BaHO  pe3yJbTaTH
BIIPOBAKCHHS HAYKOBUX PE3YJIBTATIB.

Kuio4oBi cjioBa: acoiiatuBHa Kelll — mam'siTh, acouiatuBHui ke — Oydep TLB,
anroput™M 3amimenss maaux PLRU, LRU, LFU, MFU, matpuns cymicHOCTI, CyMicHI
QITOPUTM 3aMIICHHS JaHUX, TO3WTUBHO CYMICHI QJITOPUTMHU 3aMIIICHHS JaHUX,
aJanTABHUN aJrOPUTM 3aMIlllEHHS JaHWX, CHHXPOHHUH IM(poBHA aBTOMAT,
HIBUIKOAIS, CKJIQIHICTh, HAAIHHICTh, IPUPICT JOCTOBIPHOCTI, KOE(PIIEHT €(hEKTUBHOCTI
(GyHKL10HYBaHHS, KpUTEPid BUOOPY..
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ABSTRACT

Puidenko V.O. Methods and means of hardware implementation and selection of
data substitution algorithms in cache - memory of microprocessor. - Qualification
scientific work as a manuscript.

Dissertation for the degree candidate of technical sciences (philosophy doctor) in
specialty of 05.13.05 — Computer systems and components (12 - Information
technologies). — National Aerospace University named after M.E. Zhukovsky «Kharkiv
Aviation Institute», National Technical University «Kharkiv Polytechnic Institute»,
Ministry of Education and Science of Ukraine, Kharkiv, 2021

The dissertation is devoted to the solution of an important scientific and technical
problem, which consists in the development of methods and means of hardware
implementations and selection of algorithms for data substitution in the cache memory
of processors.

The purpose of the work is to increase the high-speed performance and reliability
of hardware implementation of processor substitution algorithms by developing and
implementing rational logical structures to control the substitution of data with adapting
and self-control.

The research object — the processes of creation and evaluation of hardware
implementation and selection of algorithms for data substitution in processor cache.

The research subject — models, methods and means of hardware implementation
and selection of algorithms for data substitution in the processor cache memory.

In the first chapter of the dissertation work, the analysis of known substitution
algorithms and the analysis of references were carried out. Detailed analysis shows that
the studies of substitution algorithms are carried out predominantly on two cache
indicators, such as delay and hit rate. Each substitution strategy there is compromise
between hit rate and delay.

Hit rate measurements are usually performed in test programs. The actual hit rate
varies greatly from one application to another. In addition, the works of leading authors

have not pay attention to the study of such important indicators as the complexity and


https://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9/literary+references

7

reliability of hardware solutions of substitution algorithms. The first chapter also
analyzed the known computer simulation environments, which allowed to justify the
choice of a computer simulation environment for hardware implementation of data
substitution. Reasonable selection of the computer modeling environment was carried
out taking into account the following important criteria:

- possibility of modeling digital logic schemes of hardware solutions of
substitution algorithms using a modern electronic element base;

- possibility to create flexible test control programs of synthesized hardware
solutions of substitution algorithms on the part of microcontrollers;

- possibility to create software-controlled delays when controlling hardware
solutions of substitution algorithms on the part of microcontrollers;

- possibility to create software abnormal situations at control of hardware
solutions of control hardware of substitution algorithms in order to determine their
operability.

Also, the first chapter contains the formulation of the general and partial
problems of the research to further substantiation of the methodology, mathematical
apparatus and stages of research.

In the second chapter solved the task of increasing the speed and reducing the
complexity of implementing PLRU and MFU substitution algorithms of processor
cache. It is known that the PLRU algorithm requires only a few bits per cache multitude
data elements. This should provide certain advantages over certain hardware solutions
of replacement algorithms such as LFU (LRU) and MFU.

In the dissertation work for the associative translation look — a — side buffer with
directions q = 4 and for the associative cache memory with directions q = 8 first
proposed the synchronous digital automaton model of the data substitution algorithm
according to the PLRU policy, which is described by the corresponding complex
switching function. The synthesis of the automaton model allowed to obtain the
minimal logical equations for the hardware solution of the PLRU substitution algorithm.
The resulting hardware solution of the PLRU substitution algorithm allowed to research

such characteristics as high-speed performance, complexity and reliability. In the
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dissertation work, the hardware solution of the PLRU substitution algorithm is
improved by minimizing the PLRU logic by inter-type transition in trigger structures.

Minimization logic of PLRU is represented by two options: a minimization
option based on the update of state bits according to the PLRU algorithm and an option
based on the sequence of changes q — the direction index. The improvement of the
hardware solution of the PLRU substitution algorithm for the both options have
improved the corresponding characteristics such as high-speed performance, complexity
and reliability of hardware.

In the dissertation, an automaton model of the MFU substitution algorithm was
synthesized. The synthesis of the algorithm automaton model allowed to obtain minimal
logical equations, which allowed to build an appropriate hardware solution, investigate
the characteristics of the equipment and compare with the investigated hardware
characteristics of the PLRU algorithm.

The third chapter provides the development and study of the method and
hardware implementation of the adaptive substitution algorithm. The compatibility
analysis of substitution algorithms using compatibility matrices was previously
performed. The produced analysis allowed to clarify the definition of compatible
substitution algorithms. The set of algorithms, which included in the matrix, have
allowed to detect not only pairs of compatible substitution algorithms, but also their
triads.

In the third chapter, the problem of hardware implementation of data substitution
for the LFU — MFU adaptive algorithm is solved, as a result of which for the first time
a method and means of implementing adaptive data substitution algorithms in the
processor cache are proposed, which, unlike the known ones, are based on the
construction and analysis of compatibility matrices of algorithms and allow you to
select a substitution algorithm depending on the results of dynamic prediction of the
branching program, that increases high-speed performance of the processor.

In the fourth chapter presented improvement for the control of data substitution
algorithms in the processor cache by using a unified automatic model that takes into

account the number of data selection directions when substituting, as well as estimates
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of the complexity of the basic components of the control tools, which allows you to
estimate the increase in the reliability of operation per unit of hardware costs.

Also, in the dissertation chapter, the method of selecting algorithms and means of
implementation for substitution data in the processor cache is improved by including
algorithms with control and adaptation , their ordering by indicators of complexity,
high-speed performance and reliability, which improves the corresponding processor
indicators.

Keywords: associative cache - memory, associative TLB cache — buffer, PLRU,
LRU, LFU, MFU, data substitution algorithm, compatibility matrix, compatible data
replacement algorithm, positively compatible data substitution algorithm, adaptive
substitution algorithm, synchronous digital automaton, high-speed performance,
complexity, reliability, increase of reliability, functioning efficiency coefficient
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