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JIOJJATOK B

Crnaiinu npe3eHTanii

XAPKICbKWI HALIIOHAZIbHUM YHIBEPCUTET PAZAIOENEKTPOHIKA

KBAJII®IKALIMHA POBOTA MATICTPA

AocnigeHHA ePeKTUBHOCTI KelyBaHHA AaHMX B
pensuinHmMx ta NoSQL 6a3ax gaHmx

BukoHag: ct.rp.IMN3m-22-2

KepiBHMK: K.T.H., gou.kadeapu Ml

Pucynoxk B.1 — TutynsHuil cnai

AKTYya/IbHICTb AOCNIAXEHHS

- KellyBaHH# A03BOJIAE ePEKTUBHO BUKOPUCTOBYBATM paHille oTpMMaHi AaHi 6e3niy
pasiB, TMM CaMMM CKOPOYYIOHYM Yac, AKMIM BUTPAYAETbCA AN AOCTYNY A0 LMX CaMMX
JaHMX;

- Gararo icHywou4mx CKB/l peanizoBytoTb CBiM MEXaHI3M KELLYBAHHA Ta nepeabayaloTb
B/lacCHy BOyJOBaHy /OriKy, sika € AO0BONI YHiKa/bHOW Ta MPUCKOPKOE LUBUAKICTb
B3aEMOZii 3 623010 AaHKX;

- AOCNIAKEHHA MeXaHi3MiB KellyBaHHA 6yae AyXe KOPUCHUM Y Bunagkax etany
Bubopy CKB/l ana nporpamHoi cucteMu a6o npu Mirpauii 3 ogHiei 6asm gaHux B

iHWY B pamMKax MokpaweHHA NPoAYKTUBHOCTI CUCTEMM.

Pucynok B.2 — Cnaiig « AKTyaqbHICTh JOCITIIKCHHS

Cemko A.

Masyposa 0.0.




[locTaHOBKa 3ajavi

- NpOBeCTU aHani3 Ta obpat CKBA ana noaanblioro AOCNiAeHHA e(DeKTUBHOCTI KeLWyBaHHS;

- NPOBECTU aHaNi3 peanizauii MexaHi3MiB KelyBaHHA B o6paHunx CKBA;

- CnJlaHyBaTM EeKCMepuUMEHTasIbHe JOCNIAKEHHA, WO BKIOMae B cebe BMGIp, aHanis Ta
MOZENoBaHHA NpPeAMETHOI ranysi Ans po3pobku b/l ana AocnigKeHHA, po3pobKy Kputepiis
OLIHKM eeKTUBHOCTI Ta MOX/IMBOCTI KOHirypauii AgaHux B neBHOMYy dopmarti 04HOYacHO ANnA
ycix CKB/;

- CMPOEKTYBaTK Ta PO3POBUTH NporpamHe 3abesneyeHHs AN JOCNiAKEHHS;

- NPOBECTU EKCNEPUMEHTa/IbHE AOCNIAKEHHA e(PEKTUBHOCTI KELUYBaHHA;

- OUIHMTK SAKiCTb pe3ysibTaTiB, chopmynoBaTM BMCHOBKU CTOCOBHO BMKOPMCTAHHA METOAIB

KelyBaHHA Ta signosiaHmx CKBA.

Pucynok B.3 — Cnaiin «IlocranoBka 3agaqi»

AHani3 ta Bu6ip CKb/J ana npoBeaeHHA
AOCNiAXKEHHS

Tabauus 1 - Pesynbtat po3paxyHKiB NiHIMHOT a4aTUBHOT 3ropTKM

MonvAspHicTs Posnoainexe PO3BMTOK
2,00

MySQL 1115,24
MSSQL 911,42 5,2
MongoDb 428,55 5,6
Redis 160,02 5 14,4
B 0,05 0,1 0,05
a 0,00038 0,05882 0,04

Pucynok B.4 — Cnaiin «Anani3 ta Bubipk CKB/I niis mpoBeieHHs TOCITIKESHHS



AHani3 peanizauil MexaHi3MiB KellyBaHHA B
MSSQL

MexaHi3amMu KellyBaHHA B MSSQL

Pucynok B.5 — Cnaiin «Anani3 peanizaiii MexaHi3MiB kemryBanHs B MSSQL»

AHani3 peanizauil MexaHi3MiB KellyBaHHA B

Cxema po6otu LRU MexaHi3my

Pucynok B.6 — Cnaiig « Anaini3 peaizaiii MexaHi3MmiB kernryBanHs B Redis»



AHani3 peanilzauil MexaHi3MiB KellyBaHHA B
MongoDb

RAM

E—k > By

File System Cache WiredTiger Cache
(compressed) (uncompressed)

MongoDB WiredTiger

Cxema BukopucTaHHs WiredTiger Ta kew ¢annoBoi cuctemm

Pucynok B.7 — Cnaiig « AHaii3 peaizaiiii MexaHi3MiB kerryBants B MongoDb»

[MhaHyBaHHA eKCNEPUMEHTIB

BUOID KDUTEDITB 3 OUIHIOBAHHA SKOCTI MEXaHi3MiB KellyBaHHA;
aHasli3 Ta MOAE/IIOBaHHA NpeAMETHOT 061acTi ANA AOCNIAKEHHS;
NPOEKTYBaHHA JIOr4YHUX MOAENEN 6a3n JaHUX ANS AOCTIKEHHS;

BM3HAYEHHS 3anuTiB 0 6a3 AaHWUX AJIA €KCMIePUMEHTIB;

PO3po6Ka NporpamHOro 3acToCyHKY A1 NPOBEAEHHA AOC/TIAXEHHS,;
npoBeAieHHA eKCNepUMEHTIB Ta iX aHanis.

Kputepii 3 oUiHOBaHHA SKOCTI MEXaHi3MiB KellYBaHHA:

- CcepeAHiM Yac BUKOHAHHA EKCMEPUMEHTY (MC);
KoedilieHT nonajaHHA y Kew-nam’atb (%);
KoedilieHT NnpomMaxiB y Kew-nam’ atb (%);

BUKOPUCTAHHS CUCTEMHUX pecypciB (K6 Ta McC);

po3Mmip Keww-nam’aTi (M6).

Pucynok B.8 — Cnaiin «IlmanyBaHHs eKCIIEPUMEHTIBY



AHani3 Ta MogentoBaHHA NpegMeTHOT 061acTi
ANA AOCNiAXKEeHHA

——Contains

1.n Category
i 1.n

1

Product

1n

Basket Contains
1n

B aKkocTi npegmeTHO1 o6nacTi

: iarpama Knacis
6yna obpaHa eNneKTpoHHa KoMepuin Aarp

Pucynok B.9 — Cnaiin «AHani3 Ta MOJEIIOBaHHS MPEIMETHOT 001acTi IS

JIOCIIIKEHHS

[poeKTyBaHHA 6a3 gaHMX

Basket T Product_basket Product

User_Id NOT NULL Basket_Id NOT NULL Product_basket_id NOT NULL Product_Id NOT NULL

User_name Total_quantity Quantity Product_name

Phone_number Total_price Price Description

Email Product_price

User_login Image

Product_quantity

Password_hash Order Product_order

Registration_date

Order_Id NOT NULL

Product_order_id NOT NULL

Total_price
Order_date
Order_status
Shipping_type
Payment_type
Shipping_address

Quantity
Price

ER giarpama npegmMeTtHoi o6nacTi

Category

Category_Id NOT NULL

Name

Pucynok B.10 — Crnaiig «IIpoexTyBanHs 6a3 qaHUX»




JloriyHi Moaeni 6a3 gaHmx ana Redis Ta

MongoDb

User Product
8.4 yor—, . fo— —
user_name : ' total_quantity  double : e H peoduct-same
phone_number ; total_price e, ProductBasket (| deiretion
email . e S user tdr® E E product_price
user_login g H § d 3 H image
password tring ! : quantity ’ product_quantity
registration_date dats ' ' price X ok category td (=<
y H product fi st H
<€ Dbasket ™
Order ProductOrder
Category
id bjectid Sr—s, id 1d : - i
total_price double ! quantity ‘ y id dl T :
order_date . price t . name st
order_status E product 1d ("=
shipping_type t se===<€ order "~
payment_type t
! shipping_address string
~€ user tid r*

Pucynok B.11 — Cuaiin «JIoriuni mozermi 6a3 ganux aias Redis ta MongoDb»

Onuc ¢isnyHmx moaeneun b/

®parmeHT isnyHoi mogeni ana MSSQL ®parmeHT disnyHoi Mogeni ana MongoDb
CREATE TABLE Product ( db.ProductBasket .insertOne ({

Id UNIQUEIDENTIFIER PRIMARY KEY, "_id": "bea54e06-32d5-4be0-al79-

Name VARCHAR (255), cebe051ldcca”,

Quantity INT, "quantity": 1210,

Categoryld UNIQUEIDENTIFIER, "productId": "f56be677-4875-4f6a-a35e-

FOREIGN KEY (CategoryId) REFERENCES 717100e18175",
Category (Id) "basketId": "c67ad377-4875-4f6a-a35e-

Y 717112c19264"})
®parmeHT isnyHoT mogeni ana Redis

HSET ProductBasket
bea54e06-32d5-4be0-al79-cebel0511ldcca
quantity 1210

Pucynok B.12 — Cnaitng «Onuc ¢izuaaux moaeneit bJI»



Po3po6Ka NporpaMHOro 3aCTOCyHKY
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Pucynok B.13 — Cnaiin «Po3po6ka mporpaMHOTo 3aCTOCYHKY»

Pe3yn bTaTU BUKOHAHHA eKCﬂeleMeHTiB.

MeTpu1Ka Yac BUKOHAHHA EKCMIEPUMEHTY

Tabsmus 2 - Pesynbtat METPUKU (MC)

Ne | MSSQL | Redis | Mongobb _

1.0255 25.785 2.748 CepeAHiﬁ YaC BUKOHaAHHA
ﬂn ;'17;(3) ;g;g: 82;;: KOXHOro eKCnepumeHTy
. 1.6856 109.495 1.1563
Bl 22742 50.376 2.346
Kl 2.3635 85.673 1.178 |
47286 62.363 1.02 “g

o3B3 885858 38883

Pucynok B.14 — Cnaiin «Pe3ynbTaTé METpUKHM Yac BUKOHAHHSI €KCIIEPUMEHTY»



Pe3ynbTaTM BUKOHAHHA €KCNEPUMEHTIB.
MeTpuKa KoedilieHT nonagaHHA

Tabnuus 3 - Pesynbtat MeTpUKU (%)

CepegHeE 3HaY€HHA METPUKU

Pucynok B.15 — Cnaiin «Pe3ynbTaTt MeTpUKH KOSDIIIEHT TTOTIATaHH»

Pe3ynbTaTM BUKOHAHHA €KCNEPUMEHTIB.
MeTpuKa KoedilieHT NpomMaxy

Tabnuya 4 - Pesynbrat METPUKM (%)

CepeHE 3Ha4YEHHS METPUKH

Pucynok B.16 — Cnaiig «Pe3ynbrati MeTpuku KoeiIlieHT mpomMaxy»



Pe3ysbTaTM BUKOHAHHA €KCNEPUMEHTIB.
MeTpurKa CUCTEMHI pecypcH

2.63;9.11
4.67;7.79 Yac 06pobku 3anuTy 6ibniotekamm

1.094;6.4 21;
32;18 6.979;5.2
40,8 3.146;7.04
32;6 4.751;4.45
32;21 2.016;13.66

Pucynok B.17 — Cnaiig «Pe3ynbTaTu METPUKH CUCTEMHI PECYPCH»

Pe3ynbTaT BUKOHAHHA €KCNEPUMEHTIB.
MeTpurKka po3mip Kew-nam’aTi

Tabamus 6 - PesynbTat METPUKU (MB)

Po3Mip KeL-nam’AaTi
Pucynok B.18 — Cnaiig «Pe3ynbrati METpUKA pO3MIp KEII-Tiam’ siTi»



AHani3 pesynbTtaTiB gocnigxeHb. MSSQL

Ma€E CK/IafiHUM1 Ta AOCBiAYEHNMM MEXaHi3M KelUYBAHHS, 3A4aTHUM PO3Pi3HATU NPOCTi Ta CKNAAHI
3anuTu;

BOJIOAi€ HAMKPALLOIO NiATPMMKOIO MOXK/IMBOCTEN 360PY AaHMX LOAO BUKOHAHHSA 3anuTiB;

Ma€ OAMH 3 KpalmX NMOKa3HWUKIB BlyYEHHA Y Kelu-NaM aTb;

3aMMaE A0BOJ1i BENIMKMIM 06’EM Nam’ATi Ana KeluyBaHHS;

PEKOMEHJ0BaHO BWKOPUCTOBYBaTM penAuiMHi  6a3u  fJaHux Aans  6isHec-norik,  sKi
nepea6avarotb NiATPMMKY 6€3MneKu Ta LiliCHOCTI AaHuX ;

PEKOMEHA0BAHO KOHTPO/toBaTH o6car aaHux ana CKBA.

Pucynok B.19 — Cnaiin «Anani3 pe3ynbTaTiB gociimxkeasb MSSQL»

AHani3 pesynbraTiB gocnigxeHb. Redis

Ma€ BUCOKY LUBUAKICTb 3HAXOAMKEHHS K/IOYiB;

BUAINAE MiIHIMa/IbHUM 06’€M Nam’ATI Ana KeluyBaHHS;

Mae obmexeHi moxamBocTi CKB/l ana npoBeAeHHS CKAaJHUX €KCNEePUMEHTIB, BKJIH0YalouM
3anuTH Ha copTyBaHHA, dinbTpauito Ta JOIN;

PEKOMEH/A0BAHO AA onepauii (3anuTiB), AKi He MoTpebyloTb 06PO6KU AaHMX 3 AEKiNbKOX
Tabmup;

PEKOMEHA0BAHO BWKOPUCTOBYBATM ANA CTPYKTYP AaHMX, fIKi 4YacTO OHOBJIIOTbCA Ta He
36epiraloTb «apXiBHUX AaHUX>;

pekomeHaoBaHo BMKopucTaHHA CKB/l ana po3noaineHoro KewysaHHA,

Pucynok B.20 — Cnaiin «AHamni3 pe3yiabTaTiB AocaipkeHs Redis»




AHani3 pe3syabTaTiB gocaigxKeHb. MongoDb

Ma€E BUCOKY LIBUAKICTb Ta e(EKTMBHICTb AN EKCMEPUMEHTIB 3 (iNbTpauielo Ta NoLyKoM
JaHuX;

BOJIOZI€ HAMKPALLO NiATPUMKOIO A/A 3aMUTIB 3 BE/IMKMM 06’ EMOM JaHUX;

Ma€ rapHy NpoAYKTMBHICTb Ta BUKOPUCTOBYE HaMMEHLLMI 06’ €M NaMm’ATi ANs Kely;
PEKOMEH/J0BaHO A/1A onepauin (3anuTiB) 3i CK/JAAHOW CTPYKTYpolo, fKi nepea6avaloTb
NoEAHaHHA AeKiNbKOX Tabamub;

PEKOMEHA0BAHO BUKOPMCTOBYBATU /11 MaCLLTab0BaHMX CUCTEM;

PEKOMEH/0BaHO NPOEKTYBaHHA AaHoi b/l y HeHopManizoBaHOMY BUriAfi.

Pucynok B.21 — Cunaiin «AHami3 pe3yasTaTiB gociimkers MongoDb»

BUCHOBKMU

- NpoBeAeHo aHanis Ta o6paHo CKB/J ana aocnigxeHHa eDeKTUBHOCTI KeWyYBaHHA;

- MPOBEAEHO aHani3 peanisauii MexaHiamis KewyBaHHA B o6paHux CKBA;

- CNIaHOBaHO EKCNepMMEeHTa/IbHe A0C/iAXEHHS;

- CNPOEKTOBaHO Ta po3po6/ieHO NporpamHe 3abesneyeHHs ANA AOCNIAKEHHSR;

- NPOBEAEHO EKCNEpPUMEHTa/IbHE AOCNIAKEHHA ePEeKTUBHOCTI KeWyBaHHA;

- OUiHEHO fKiCTb pe3ysibTarie, cOpMy/IbOBaHi BUCHOBKM CTOCOBHO BMKOPUCTaHHA KeWYBAHHA

Ta BignosigHmx CKB/;

- ony6nikoBaHO Te3u JOnoBigi Ha ABaAUATb BOCbMMM MIKHAPOAHUM MONOAIKHUI GOpyM
«PAZIOE/IEKTPOHIKA TA MOJ10Ab B XXI cT.»;
niAroToeneHo matepiasn gonosigi «Research on the efficiency of data caching to solve the
problem of building a heterogeneous database» agna noagayi go IEEE MixxHapoaHOi1 HayKoBO-

MpaKkTU4HO1 KoHdepeHUii «[Tpobnemu iHdDoKoMyHiKauii. Hayka i TexHika» (PIC S&T-2024).

Pucynoxk B.22 — Cnaiin « BUCHOBKINY
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JOCIIKEHHS EPEKTUBHOCTI KEIIYBAHHA ITPH
BUKOPHUCTAHHI MS SQL SERVER, REDIS TA MEMCACHED
Cemro [l.
Haykopuii kepiBHHMK — K.T.H., goueHT Masyposa O. O.
XapkiBchKHil HalliOHANIBHHMI YHIBEpCUTET paioenekTpoHiku, kad. I11
m.XapkiB, Ykpaina
e-mail: denys.semko(@nure.ua
Each modern system wants to provide fascinating experience for its users.
There are plenty of factors that can make the system become one of the best,
such as user-friendly Ul, modern features, customer support, etc. However, one
of the most important things you want to bring to your customers is a speed
response. Therefore, the product must be able to respond as soon as possible, be
scalable and flexible. All of that can be done with the help of caching on
different levels. This paper describes the efficiency of caching mechanisms that
are built-in in the modern databases. The research of caching mechanisms was
carried out on the basis of databases in the field of e-commerce based on the use
of relational DBMS MSSQL and NoSQL systems — Redis and Memcached.

HloxBunuHu KopHcTyBadi rnodansHoi Mepexi [HTepHeT 3aIHCHIOKTH
noHaja 9 mineiioHiB 3anuTiB y nomykosiii cucremi Google. Ilpu ysomy uac
OTpUMaHHA BiNNOBiAeH cArae NeKibKOX CEKYHJ YW HaBiTk MeHiue. Binbim
YHIKAIIBHI 3alUTH BUMArawTh Oilbllie 4acy s HOLIYKY, MPOTE KOMKEH 3alHT
Mmictuth iHdopmaiito, axa Bxe 30epexeHa B 1aM’STi MOLIYKOBOI CHCTEMHM, a
oTKe MOxe OYTH BHKOHAHHH Ha PIBHI KELIYBAHHA.

Kemysanss — 1ie npoiiec THMYACOBOr0 30epiraHHs JaHUX Y Kell-nam’aTi 3
METOK 30ilbllIeHHA NPOAYKTHBHICTI mporpam Ta cHcreM Yy uimomy [1].
Keurypanns moske 37ificHIOBaTHCh Ha pi3HMX piBHsAX, 1e 1 Ha piBHI Beb-
bpaysepy, un Beb-cepeepy, CDN Tta Ha piBHI BHXIJJHOIO CEPBEpPY CHCTEMH.
Koxen 3 piBHIB Tak 4uM iHAKINE NOKPAIIYIOTh CIIIKYBAHHS KOPHCTYBada 3
CHCTEMOI 31 IIPHIUBH/IICHHA BiANOBIl HA KOXKHHI 3 3aNKTiB.

Barato icuyrounx CKBJ] peanizoByioTh CBili MexaHi3M KelIyBaHHsS Ta
nepenbayaroTs BracHy BOyxoBaHY 0riky, fka € J[0OBO/N YHIKANbHOK Ta
MPHCKOPIOE MIBHAKICTH B3aeMoil 3 6azow gannx. OTike MoCcTae MATAHHA, SIKA 31
CKB/1 naiikpaiue 3abezneuye poboty 3 BENHKUM 06’ €MOM JJaHHUX 32 [OIOMOTOH0
BJIACHHX MEXaHIK, B TOMY YHCIIL ¥ PAMKAaX KELIYBaHHA.

JloUibHICTs NpPOBEAEHHS [OCHIIKEHHS METOMIB KEelIYBAHHA B PI3HHX
CKB/l aymopneHa icHyBaHHAM psafa npobiemu, mo MoxyTh OyTH BHpilieHi B
pe3yILTATL AOCIIKEHHS, 4 CAME:

— HAafABHICTh 3aIMTIB, WO NOTPeOYIOTh 3HAYHHX O04HCIHBaIbHHX abo
MEpEKEBUX PECYPCIB Ul BUKOHAHHA; /IS TAKHX BHIIAJKIB KEIIYBAHHA MOXKe
3HAYHO MIABHINUTH I[POJYKTHBHICTH, OCOONHBO NpPH 3a0HTAX 3 BEIHKHM
obcsirom ganux [2];
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-~ BHCOKA HABAHTAXEHICTH Ha 0a3y JaHHX, AKA € JOBOJI NONYIAPHOK i
4ac KOPUCTYBAHHSA CUCTEMH; BE/IMKA KiJIbKICTh KOPHCTYBAYiB, OJJHOYACHI 3AIIMTH
— yce Le € npobneMord Ta KELIyBAHHA MOXKe 3a0e3NeudTH Kpaily Ta MHTTEBY
BI/INIOBI/Ib KOPUCTYBAYAM;

-~ HAfABHICTh CHCTEMH 3 OOMENKEHHMH pecypcaMM; SKIIO CHCTEMa Mae
obMexeHl oO4MCIIIOBANBHI pecypcH Ha cepBepi 0asM JaHWX, TO KelUyBaHHA
MOJKE JIOMOMOrTH eheKTHBHO BMKOPDHMCTOBYBATH IIi PecypcH Ta 3anofirtu
[EePEeBAHTAKEHHIO CEPBEpa.

Sk Gauumo, icHye uMMano npobieM 3 AKHMH PO3POOHHK HPOrpaMHOIO
3abe3neuenHs MOMKE 3JiNTOBXHYTHCh, 0CODNMBO AKINO CHUCTeMa Mependadae
MaciTaDoBaHicTh Ta MONYIAPHICTH cepen kopuerysBadie [3]. Otwe s
OTPUMaHHS pilleHHs LMX npobneM Oyna nocrasieHa 3aJava BHKOHATH
JOCTIDKEHHS MEeXaHI3MIB KellyBaHHSA Y pelliiiHux Ta Hepenauinux 6azax
JIAHHX, & came:

— npoBectd aHamis ta obparu CKBJl njia nogansmioro JOcCiiKeHH:
eheKTHBHOCTI KEIlryBaHHA,

— MPOBECTH aHAJ3 peamizailii MexaHiaMy kemryBanHs B obpanux CKB/l;

— CIUIAHYBATH eKCIIepUMEHTAlbHE NOCHIDKEeHHS, WO BKIIO4Yae B cede
BHOIp, aHami3 Ta MOJENIOBAHHA INpeJMETHOI ranysi i pospodku BJl i
JOCHiDKEHHs, pOo3pobKy KpuTepilB ouwiHku edeKTHBHOCTI, MOMIHBOCTI
koHbirypanii manux B nepHomy dopmari omHodacHo ausa yeix CKBJ[ ta
PO3pobKy CTpecoOBHX CHTYALIiH JUls epeBipKu;

— [POBECTH EKCIEPHMEHTAIBHE NOCHIDKEHHS edeKTHBHOCTI KellyBaHHA
Ha Ollepanifix YHTAHHA JaHHX,

— OI[IHMTH AKICTh PE3YIbTATIB, CHOPMYIIOBATH PEKOMEHJAI] CTOCOBHO
sukopucranus CKB/I.

Byno nposeneno anamis ta obpano wacrynai CKBJl[ qns mposenenns
JOCHiDKEeHHs: cepe] pensauiiinnx — ue MSSQL, a cepeny NoSQL cucrem — ue
Redis Ta Memcached [4].

Bys mpoBeneHuii aHanis peamizanii MeXxaHi3MiB KelIyBaHHS Y KOXHii 3
CKB/] Ta BH3HAYEHO MOMXIMBOCTL OTPHMAHHSA JaHUX Npo BOYI0BaHI NpoLecH.

[IpoBeeHo IAHYBAHHA EKCIEPHMEHTAIIBHHX JOC/IDKEHb, 4 CaMe:

— B AKOCTI npenMerHol obnacti aia nodymosy Oazu naHux, Ha AKid Oyuge
MPOBOJIATHCA JIOCHI/IeHHs, 00paHO TEMATHKY ENeKTPOHHOI KOMepIii, ska
MiAXOMHTE J718 [POBEJEHHA NOCNUDKEHHA Yepe3 HAfABHICTh BEIIMKOro ob’emy
JAHHX, BACOKOI0 HABAHTAXKECHHA Ta CKIAHOT CTPYKTYPH;

— pospobnena 6aza naHMX, 9Ka BKIOYae B cebe Taki cyTHOCTI, aK «User,
«Product», «Category», «Basketw, «Order», «Product Basket» Ta
«Product_Order»;

— B AKOCTI METPHK [Isl MpoOBe/eHHs 3amipis Oyno obpaHo woedimienTu
[ONAJAHHA TA [IPOMAaXiB y Kell-I1aM ATk, 4aC BiJNOBI/i HA 3allUT, BHKOPHCTAHHA
pecypcie Ta po3Mip Kenry;
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- 3AIUIAHOBAHO TAKOX YMOBH IPOBElEHHA eKCIEPUMEHTIB, a came
3a0e3Me4HTH OKPEME TECTOBE CEPENOBHILIE, AKE HE MATUME 30BHIIIHIX YHHHHKIB
BIUIMBY Ha WIBHAKICTE podoru B,

Bynu pospobiieni nporpaMHi pilieHHs s POBENEHHS EKCIEPHMEHTIB i3
MexaHizmamu kemysanHa obpanux CKB/l, a came nporpamHa cHcrema, sKa
J03BOJIAE:

— 3aBAHTAXMTH JaHi ans obpanoi npeamerHoi obnacti mna yeix CKBJ
OJIHOYACHO;

— [POBECTH BIANOBLIHI eKCIIEPUMEHTH TA OTPHMATH Pe3yJIbTATH;

— orpuMmaTH iHdorpadiky Ta pexomeHpauii mogo pobOTH 3 KOMHO
CKB/L.

[lin yac npoBefeHHA eKCIEPHMEHTIB OYIKYETHCH OTPHMATH Pe3yIIbTATH,
AKi J03BOJATH 3pOOMTH BHCHOBKH, W00 Haibinbw edpextusHoi CKBJ s
BHKOPHCTAHHS B PAMKAX KElIYBAHHA.

OTpuMaHl B pe3ynbTari pexomeHjanii OyayTs KOpHCHI AlA Oyb-AKOTo
po3pobHuKa abo KoMaHOM, #AKi IUIAHYHTH CTBOPHTH MacmTaboBaHy Ta
eeKTHBHY [pPOrpaMHY CHCTEMY, fKa y KIHLEBOMY pe3yisTari obpobnarume
Benukui 06’em ganux. Otpumani pexoMeHjauil Oy1yTh BaXIIHBHMH TAKOXK B
nporeci NPOEKTYBAHHA IETEPOreHHHMX 0a3 JAaHuX, onTHMizawii poboru 6Gazm
JIAHMX Ta NOKpAlleHHi 11 MpoJyKTHBHICTI [5].

PeayneTard MOCHIKEHHS MO3BOJIATE CIIPOCTHTH Ta IPHCKOPHTH TaKi
[IPOLIECH B CHcTeMax 0as JaHHX, AK AOCTYH A0 iHGopMauii, BUKOHAHHA 3aIlUTiB
Ta 00pobKa JaHMX B pisHHX cueHapiax Bukopucranus CKB/I.
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RESEARCH ON THE EFFICIENCY OF DATA CACHING TO SOLVE THE PROBLEM OF BUILDING A
HETEROGENEOUS DATABASE

The paper proposes an extended infological (ER) model and the basic principles of designing a heterogeneous database based on it,
as well as visual representations of its elements, in particular maps of data processing operations. An example of the development of a
heterogeneous database for a microservice architecture in the field of electronic commerce is illustrated. The results of the study of data
caching mechanisms in the NoSQL systems MongoDB and Redis, as well as the relational system MSSQL, are given. Recommendations
for the use of researched database management systems for database development, including for distributed heterogeneous databases, are
formulated.

Keywords: heterogeneous database, caching, design method, DBMS, ER-model, NoSQL, MongoDB, MSSQL, Redis.

Introduction

As we’re present in the time of active usage of various Internet applications, including e-commerce systems, the issue
of scaling such systems is important. The use of distributed heterogeneous databases [1, 2] is becoming increasingly
common in the direction of creating highly scalable systems. Such databases use the advantages of different logical database
models and different database management systems (DBMS) for data storage and processing.

The existing approaches to the modeling of distributed heterogeneous databases are mainly presented in the form of
general recommendations for the division of a database monolith when designing systems for a microservice architecture
[3], "best practices" of using NoSQL [4] and other DBMSs to solve specific practical problems, or methods of integrating
existing DB into a heterogeneous system [2]. It does not allow solving the problem of designing a heterogeneous database
"from scratch" and in the same methodological way as during the process of designing relational databases, which has long
become convenient for developers. The successful implementation of the classical approach to the design of relational
databases [5] requires the development of appropriate information technology for the design and heterogeneous databases
(HDBs), the expansion of existing data models, which would allow for a continuous process of designing the logic of the
HDBs and would provide reasonable recommendations for the selection of appropriate DBMSs for physical implementation
of parts of a heterogeneous database.

Choosing a DBMS for physical implementation, including parts of the DBMS, requires the developer to clearly
understand not only the logic of its operation, but also additional capabilities and tools offered by the DBMS [6, 7). One
such tool, which quite often leads to heterogeneous solutions i~ .- * *1base, is the caching mechanism that some DBMSs
offer to efficiently reuse previously retrieved data, thereby red Title time spent accessing the same data. Many existing
DBMSs implement their own caching mechanism and provide their own built-in logic that is quite unique. So, when
choosing a DBMS, there is a question as which of them provides work with a large volume of data using its own mechanics,
including caching, better than others.

Therefore, to solve the identified problems that have arisen before the developers of GBD, the task of choosing
adequate logical models and corresponding effective DBMS for the implementation of individual parts of GBD is urgent.
Such task requires not only the development of a general information technology for DBMS design, but also an
experimental study of the performance of special mechanisms, such as caching, in modern DBMSs.

Analysis of the latest research and publications

Modern information systems require the use of high-performance databases and scalable solutions. That is why,
developers come to use heterogeneous databases more often [1]. Such databases allow to make maximum use of the features
of new logics of database organization and new DBMSs, especially in the direction of NoSQL systems, which have
appeared quite intensively in recent years [6]. Thanks to heterogeneous solutions, modern software applications cope with
those problems that relational databases are no longer able to effectively solve.

In the theory of databases, an end-to-end approach to their design through conceptual, infological (or ER-) modeling to
logical, and then physical modeling has been developed long time ago [5, 8]. For relational databases, all transitions from
one model to another have been formalized long time ago. Unfortunately, for NoSQL systems that do not have such a
thorough mathematical basis as relational databases, there are basically no methods of their logical design [7, 9]. For
example, the design of connections, which in NoSQL models traditionally do not coincide with the relational approach, and
the implementation of the data integrity mechanism are completely up to the developers of the respective databases.

It should be noted that with the advent of non-relational models, including NoSQL models, the importance of the ER
model in the design process has increased. The ER-model continues to be the basis for further modeling of database logic,
as it is as general as possible and does not contain details inherent, for example, to relational databases or other logics [8].
The ER model can be considered as an excellent informational framework that does not contain the description of foreign
keys, which in most NoSQL models are not used to model relations. However, the capabilities of ER-diagrams for modeling
entities ((E)ntity) and relations ((R)elationship) are still not sufficient to design a heterogeneous database on its basis, for
which an important element is considering the peculiarities of data processing.
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Currently, approaches to modeling distributed heterogeneous databases are mainly developing in the direction of
integration of existing databases into a heterogeneous system [2], synthesis of new databases during their reengineering [11]
or are presented in the form of general recommendations for the design of microservice architectures [3] with a
corresponding cut-off from more often, a homogenous monolith of the database is divided into individual NoSQL systems
that are popular today. In addition, companies developing NoSQL systems do not offer logic design methodologies for their
DB models. Accordingly, database developers are forced to first study the tools of new NoSQL models, and then, relying
more often on their "relational” experience, physically implement certain database options and evaluate the quality of the
resulting solutions [7, 12]. A single methodology for logical modeling of heterogeneous databases should allow taking into
account the variety of data models existing today and get rid of the existing separation of business logic design (namely,
database transactions) from the development of a logical database model.

NoSQL systems, which provide high performance and wide functionality [9, 10], are actively used for many modern
applications that aim to use scalable databases, for example, for mobile and game applications, applications to support e-
commerce, etc. E-commerce systems today are flexible, scalable and highly loaded systems due to the presence of a large
volume of data and a complex structure. E-commerce systems must respond to a request with maximum speed and
accuracy, as the load on the system can reach millions of requests per second. Caching minimizes such speed needs through
a wide variety of mechanisms and strategies.

NoSQL DBMS of the "key-value" type are quite widespread in use when it comes to data caching [10]. A "key-value"
is a data structure that consists of a unique key to identify the data and a value that acts as system data. Among key-value
DBMSs, Redis is one of the most popular databases due to its high performance, easy scalability, and high reliability. Redis
is designed for fast read and write operations, using a variety of data structures such as hash tables, sets, strings, and others
that store data at the level of RAM. In addition, Redis supports a persistence feature that allows data to be saved to disk and
restored in the event of a system crash or server shutdown. Due to the ability to quickly process data, effectively control its
preservation, and ensure high system performance, this DBMS is most often chosen when data caching is needed. Among
DBMSs with caching mechanisms, Redis stands out with the ability to automatically delete unnecessary data from the cache
after a certain period, check which cache elements are the least used, and provide support for client-side caching.

Another, quite popular type of NoSQL systems is document-oriented DBMS. They allow developers to store and
query data in the database using the same document model that they used in the program code. Each saved record looks like
a separate document with its own set of fields. Documents are characterized by flexibility and hierarchy, which allows them
to develop in accordance with the growing needs of applications. Among document-oriented DBMS, MongoDB [9] is not
only one of the most popular, but also provides a functional and intuitive API for flexible development, is attractive to
developers due to the availability of drivers for various programming languages. In addition, the widespread use of
MongoDB has led to the appearance of many studies devoted, including, to approaches to logical design for this NoSQL
system [12].

MongoDb has its own WiredTiger caching engine that uses a cache technique to store frequently used data in RAM.
This approach significantly improves data reading performance and reduces data access time. Using compression and
checkpointing functionality, WiredTiger minimizes memory usage, thereby allowing more data to be loaded into memory
for caching [9].

We should not forget relational DBMSs, while researching data caching mechanisms, which even in heterogeneous
solutions are the basis for storing and processing a large part of data. The model of storing data in the form of structured
tables provides efficient caching strategies because data is easily identified based on tables and indexes. Relational
databases are characterized not only by structured data, but also by the use of indexing, support for ACID transactions [13]
and concurrency control. Under such conditions, caching can be implemented thanks to various strategies and mechanisms.
Among the relational databases, the most popular in use and interaction is MS SQL Server, which provides a wide range of
possibilities for analyzing each query. This DBMS divides the caching capabilities into two separate mechanisms - a buffer
cache and a procedure cache [14]. A buffer cache deals with caching pages of data in memory to reduce I/O and improve
performance by keeping frequently accessed data in memory. The procedure cache is a place where query execution plans
are stored, which contain information about exactly how MS SQL Server will execute the query and what logical steps are
involved in the efficient execution of the query.

Meanwhile, the available documentation on NoSQL DBMS and existing recommendations do not provide developers
of heterogeneous DBs with an end-to-end methodology for their design and selection of appropriate DBMSs, which would
clearly indicate the effectiveness of the resulting DB. Solving such questions requires not only a deep understanding of the
capabilities of such DBMSs, but also experimental studies of additional mechanisms available in them. Thus, the study of
the effectiveness of caching mechanisms in relational and NoSQL systems is relevant.

The purpose of this article is to study the effectiveness of data caching in NoSQL and relational DBMS with the aim
of developing qualitative recommendations regarding the selection of DBMS for the implementation of appropriate business
logic when solving the problems of building heterogeneous databases.

To achieve the goal, the following tasks must be solved:

- to develop an extended information model as a basis for designing a heterogeneous database;

- on the basis of the proposed model, design a heterogeneous database in the field of electronic commerce;

- to plan an experimental study, which includes the development of performance evaluation criteria, the possibility of
configuring data in a certain format at the same time for all DBMSs and the development of stress situations for verification;
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- conduct an analysis and implement caching mechanisms in the selected for heterogeneous database DBMS;

- conduct an experimental study and formulate recommendations for choosing DBMSs that actively use the caching
mechanism during the construction of heterogeneous databases.

Materials and methods
Development of an extended conceptual model for the design of a distributed heterogeneous database

Existing studies and practices of designing heterogeneous databases have shown that when dividing a monolithic
database into local heterogeneous parts (DBs), it is important to consider the business logic of the system, namely, data

processing operations [2, 3], in the execution of which those or other database entities. The main part of such operations are
queries and transactions, which are a sequence of CRUD operations in the database (according to the standard classification
of data manipulation functions introduced by James Martin in 1983). Query and transaction modeling is not included in the
design methodology of a classic relational database, but the use of different semantic models to represent data processing
operations is noted by many researchers [15] and is important when designing a heterogeneous database. One of the
interesting models for representing transactions is the transaction execution map, which, based on DB entities, displays the
sequence of CRUD operations that make up the essence of the transaction, as well as the capacity of the corresponding
entities. Such a model can be quite easily integrated with an ER diagram, which is an important component of the database

design process. And if we extend such maps to query modeling (in this case, we will call them operation execution maps)
and add the requirements for distributed data processing, which are important for distributed databases, defined by the CAP
theorem [16], and requirements for the performance of their execution, this will allow to use such a model as an effective
basis for designing distributed heterogeneous databases.

The paper proposes an extended ER-model (EER), which can be presented in the form of a tuple gEr—< £ R,0>

(1), where E = {Eﬂ'li = 1,_,»;} — set of entities of the subject area; R — set of relations (interconnections) between entities;
0= bt ‘k = a} — set of data processing operations.

Each entity E; can be represented as a set of corresponding attributes A entity - E, = {Au‘ j= L_m}

Set of relations (interconnections) R between entities E, ¢ E represents as a matrix R =HR,_,H (57 =Ln) the

elements of which determine the type of relationship directed from the entity E, to the entity E j
R{.J.e{l:1,0:1,1:0,1:M,O:M,M:I,M:O,M:M}.

An important component of the EER model, which extends the traditional ER model, is the set of data processing
operations, which is given in the form of two sets O = QU T: set of requests @ and transaction sets T.

Every operation O, has certain characteristics that set requirements for the nature of its processing and describe the
essence of this operation in the database. So, every operation (J, can be represented as a tuple
0, =<OM,,CAP, Fr,,rT, > (2), where a vector-string OM, = ||omh.|| specifies the execution map with k-th operation;
cAp, sets requirements for transaction processing in accordance with CAP theory; p, - estimated frequency of the
operation; T, - requirements for the operation time (8 ms).

Vector string elements OM, are indexed along the axes themselves with k-th operation and a set of entities where the
elements om,, = {CRUD@. ‘ j= E} is a sequence of CRUD statements executed on the corresponding entity £,

The description of the CRUD operator can be represented by a tuple CRUD,; =< poz,;,CRUD _ Name,;,ex _max,, >
(3), where poz,; - the order in which the j-th operator is executed within the k-th operation; CRUD _ Name,; € {C, RU, D} -
letter indicating the type of CRUD operator; ex max W " the maximum number of instances of the i-th entity that will be

processed by the operator.
The requirements for processing an operation according to the CAP theorem can be given by a vector
CAP, = || pylsj=13 (4). Vector’s elements p; will take the value 1, if in the requirements for the processing of the k-th

operation there is, respectively, the requirement "(C)onsistency" for the component p,,, requirement "(A)valability" for the

component Py, "(P)artitioning”" requirement for a constituent Py3. In the absence of a corresponding requirement,
py=0.

The proposed EER model can be used as a basis for the heterogeneous database design process, which should include
the following stages:

- selection and preliminary preparation of input data: at this stage, the analysis is carried out for the selected subject
area, as well as the stages of conceptual and informational database modeling, which correspond to the traditional database

design methodology; namely, UML and other diagrams are constructed that provide the results of the analysis to the domain
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(for example, a generic class diagram for preliminary modeling of the relationships between the main entities of the domain,
a data flow diagram for a general representation of business processes, etc.), and for a more formalized representation of
entities and the relationships between them, an ER diagram is developed [5, 8] (for the convenience of the next stages, it is
better to use Barker's notation or its modification Crow's Foot);

- construction of the EER-diagram: at this stage, models of data processing operations inherent in the defined business
process are added to the ER-diagram in the form of operation performance maps;

- EER decomposition: at this stage, the EER is decomposed into a system of interconnected local EER-models based
on the analysis of a set of operation execution maps;

- determination of types of logical models for further design of local EERs: at this stage, types of logical DB models
are determined (in the case of using NoSQL models, specific recommendations for NoSQL DBMSs are possible) for
selected local EER models, taking into account the peculiarities of logical models;

- logical design of a heterogeneous database: at this stage, the construction of local logical models in the composition
of the DBM is carried out, considering the peculiarities of data organization and limitations of the integrity of the selected
data models or DBMS.

Designing a heterogeneous database in the field of e-commerce

The applied field of e-commerce was chosen for the research of caching mechanisms. Let's consider some points of
using the EER model and the proposed approach to the design of a heterogeneous database in this area.

So, the analysis and conceptual modeling of the e-commerce industry was carried out. Figure 1 shows a fragment of
the general class diagram, which includes objects that are necessary to implement a simplified business process consisting
of searching for products, working with a shopping cart, and creating an order.

—Has———» Order Contains
1.n 1.n Category
1 l 1.n
l—l 1
User Product n
Has
1 1n
—Has——» Basket TContains
1 .

Figure 1. Fragment of a generic e-commerce class diagram

An ER-diagram (fig. 2) was developed using the "Crow's foot" notation, on the basis of which an extended EER-model
was developed by simulating maps of data processing operations.

Figure 3 shows a map of the execution of several operations for the task of working with the user's shopping cart,
which simulates:

- data processing flows in the form of consecutive CRUD operators (3) over the relevant entities;

- the intensity of operations in units of transactions per day (the value is shown near the entry point of the operation);

- the minimum, average and maximum strength of relationships between entities (shown next to relationships);

- the average power of entities (values are given under the relevant entities).

The map contains next operations:

- O, —the transaction of adding the product to the cart;

- O, —the transaction of editing the quantity of goods in the cart;

- O, —request to filter products by brand and price;

- O, —request to receive a list of products from the basket by the unique Basket identifier;

- O, —request to calculate the total amount for the products selected for the basket by the unique Basket identifier.
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Figure 2. A fragment of the database ER diagram
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Figure 3. A fragment of the operations map for the business process of working with the shopping cart

A transaction O, starts with editing (operation U — UPDATE) product’s quantity in the basket (Product basket entity
is used) and ends with the appropriate editing of the quantity of the available product in the entity Product. The estimated
intensity of execution of such a transaction is 25,000 operations per day.

Similarly, other operations related to viewing and searching for products on the website of the online store were
modeled, which include operations for filtering products, counting the total number of selected products, analyzing
completed orders, etc.

At the next stage of the proposed approach to GBD design, the expanded info model was decomposed into local EER
models. Based on the analysis of maps of the execution of operations and the requirements for their processing, the
following sets of entities were selected, which require further logical design based on a common logic of working with

them:
- Product and Category entities (local EER Catalog) involved in joint operations to search for goods that are critical

from the point of view of their intensity (more than 50,000 executions per day) and Consistency and Partition Tolerance
requirements regarding their processing;

- entities User, Order and Product_order (local EER Ordering), involved in joint operations to form an order and
transfer goods from the basket to the order, which are not so critical in terms of the intensity of execution (up to 5000
transactions per day), but have enhanced requirements regarding Availability and Consistency of data;

- entities Basket and Product Basket (local EER Basket) involved in joint basket operations, which have similar
performance intensity characteristics (30,000 transactions per day) and the same Partition Tolerance and Consistency

requirements for their processing.
It should be noted that during the decomposition of the global EER model, the analysis of operation execution maps

allowed for interesting and more efficient redesign of some transactions and database entities, but this is a topic for a
separate publication.
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At the next stages, the most adequate logical database models and corresponding DBMS were selected for the selected
local EER models for further implementation, as well as a logical model of a heterogeneous database was designed (fig. 4),
namely:

- document-oriented model and NoSQL DBMS MongoDB for the Catalog model;
- key-value NoSQL model and the corresponding Redis DBMS for the Basket model;
- relational data model and MS SQL Server DBMS for the Ordering model.

HPK| _Id
Product_name
Description
Product_price
= Basket Image
=] Baakat = Product_basket Product_quantity
Key| Basket_ld Key| Product_basket_d Category_1d Ot
Total_price Frice PK| _ld
rH User_Id Product |4 ;; ate
Basket_|d gary
= Ordering
B User E Order =
— PK | User_ld NOT NULL PK | Order 1d NOT NULL i Product_order
User name Tataljrice PK | Product_order_ld NOT NULL
Quantity
PhoneNumber Order_date Prica
Email Order_status Product Id
User_lagin Shipping_type FK Order_lg
Password_hash Payment_type
Registration_date Shipping_address
FK | Usert_Id

Figure 4. A fragment of a logical model of a heterogeneous database

The design decisions made at the last stages are based on the peculiarities of data organization in the selected logical
database models, on the relation of the selected DBMS to the SAR theorem, as well as on the presence of certain advantages
indicated by the developers of these DBMS. Yes, Redis was chosen, among other things, because of the small amount of
data that needs to be processed in one operation and its short-term nature. Also, the biggest need in the Basket database
(getting the list of products in the basket) can be solved by storing data under a single key and the ability not to waste time
on the "JOIN"-combination of data provided by the "key-value" logic. Document-oriented databases are better if there is a
need for complex "JOIN" queries, which can be quickly processed due to built-in collections, in the form of which products
with many properties are usually presented. Therefore, the MongoDB DBMS will allow, when working with the catalog of
goods (with a more complex and real structure of this local model), to increase the speed of query execution due to getting
rid of complex JOIN queries, which is possible in the case of nesting collections one into another [11].

Meanwhile, all DBMSs selected for a heterogeneous database support data caching to one degree or another, which
left open the question of the effectiveness of the selected DBMSs and led to the study of caching mechanisms in them.

Analysis of Redis, MongoDB and MS SQL Server caching mechanisms

An analysis of caching mechanisms in Redis, MongoDB, and MS SQL Server DBMSs was carried out, which allowed
to develop the necessary software tools for conducting research.

So, according to its structure, Redis stores data in the form of key-value pairs in RAM. This allows for very fast access
to data, as requests are processed directly in memory. Redis uses several separate functions to directly operate the caching
mechanism. A deletion policy where Redis deletes keys that have not been used for a significant period of time is one such
[10]. Thus, DBMS allows you to store only the most relevant data in memory. Redis supports a distributed cache through
replication and sharding. Replication allows you to have copies of data on several servers, which ensures higher availability
and data security. Sharding allows you to distribute the caching load between several Redis servers.
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MongoDb provides different caching mechanisms than Redis that allow for complex queries and data analysis, while
Redis is better suited for cases where very fast access to data with low latency is required. The main data storage mechanism
in MongoDb is WiredTiger [9], which uses in-memory caching to improve performance. It supports data compression and
cache usage for quick access to frequently used data.

WiredTiger uses two types of caching:

- internal cache for storing recently used data pages;

- query plans to avoid recompiling plans for the same queries.

Support for data replication and sharding functions allows you to increase the amount of cache by distributing data
between different physical machines and reducing the load on each individual server.

MS SQL Server provides a more complex caching implementation structure compared to other DBMS. The main
caching mechanism is a buffer cache that stores pages of data and indexes in RAM [14]. This allows you to significantly
speed up access to data, since reading from memory is much faster than from disk. The second mechanism is a cache of
executed query plans. Like MongoDb, MSSQL stores executable query plans to avoid recompiling frequently executed
queries. At the same time, optimization of the use of query plans is achieved by checking the effectiveness and relevance of
the plan.

MSSQL supports memory-optimized tables and indexes that are stored entirely in RAM. In-Memory OLTP
technology is used to support memory-optimized tables, which uses various data structures and algorithms to store tables
entirely in memory.

Planning of experimental research

The following criteria for assessing the quality of caching mechanisms were chosen for conducting an experimental
study:

- cache memory hit rate (%), which estimates the share of successful cache memory accesses; the higher the
coefficient, the more effective the caching mechanism in the DBMS;

- cache miss rate (%), which determines the proportion of unsuccessful attempts to access the cache memory;

- experiment execution time (ms); each DBMS has its own characteristics of the implementation of the experiment, so
this indicator will be able to determine which of the DBMSs copes with the implementation of the experiment faster;

- the use of system resources during the execution of a request from the cache, including the use of disk space (KB)
and the time of using the processor or driver (ms); the more the request from the cache consumes resources, the more
bottlenecks there are in the performance of the database;

- the size of the cache memory (Mb), which is allocated for working with data; shows how sufficient the level of
allocated memory is; by its values, it will be possible to determine what consequences the corresponding volume can lead
to.

Based on the received logical model of the heterogeneous database (Fig. 4), for experiments it was decided to use 3
homogeneous databases built on the basis of a common ER model (Fig. 2): relational DB scheme, document-oriented
logical model under MongoDB (with a "normalized" approach to the design of relationships [12]) and a logical model of the
"key-value" type for the Redis DBMS. Now it is possible to provide cleaner conditions for conducting experiments.
Examples of modeling for the corresponding models can be seen on the corresponding fragments of the logical model of the
heterogeneous database in Figure 4.

A data set was designed to be uploaded to each DBMS. Since each of the selected DBMSs has its own data storage
structure, the JSON format has become the best option for data loading. The data set contains information about users who
have selected products and wish to place an order, or those who have already placed an order. Thus, such a data set reflects
the widespread main stages of using the online ordering system.

To conduct the experiments, the operations, namely the read requests, on which the measurements will be performed
(some of them are depicted on the operation execution map in Figure 3) were defined. As a rule, at the stage of adding
goods to the basket, system users are interested in sorting and filtering functions according to the provided categories.
Therefore, read operations for the Product entity were selected for the study, among which are:

- the operation of finding a list of goods by category with sorting by price (experiment No. 1);

- the operation of finding a list of goods in the range of the price per unit of goods (experiment No. 2);

- the operation of finding a list of products with filtering by several attributes, namely by brand and price range, with
sorting by product name (experiment No. 3).

Such operations have both simple queries and complex ones, with the addition of several filtering and sorting
attributes. Thus, we were able to check at which levels the DBMS uses caching mechanisms and at which levels it does not.

Operations for Basket and Product_basket entities are also considered, which include:

- the operation of selecting goods added to the basket by the unique Basket identifier (experiment No. 4);

- each user's selection of goods added to the basket (experiment No. 5);

- the operation of using the aggregate function to calculate the total amount of goods added to the basket by the unique
Basket identifier (experiment No. 6).

For the study, a more complex operation for the Order entity (experiment No. 7) was also included, which includes the
calculation of the total cost of paid orders grouped by each user.

This situation is suitable for analytical data and for understanding how much money was spent on goods in the store.
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Research results and their discussion
Experiments were conducted on seven queries for each DBMS separately, considering the availability of symmetric
data for the subject area.
The results of the experiments according to the "cache hit rate" metric are shown in Table 1.

Table 1. Results of experiments using the "cache hit rate” metric (%)

Ne MSSQL Redis MongoDb
1 99.75 100 98.72

2 0 100 98.73

3 99.93 100 98.8

4 99.77 100 98.68

5 99.81 100 98.69

6 99.78 100 98.7

7 99.80 100 98.73

According to these results, it should be concluded that Redis is the most effective for this indicator, since a value less
than 100 is possible only in the absence of a suitable key for conducting the experiment. At the same time, MSSQL has a
zero value for experiment number 2. Such a result signals the non-use of caching mechanisms for a query that was
recognized by MSSQL as very simple.

The results of the experiments according to the "cache miss ratio metric" are shown in Table 2.

Table 2. Results of experiments using the "cache miss rate” metric (%)

Ne MSSQL Redis MongoDb
1 0.025 0 1.28
2 100 0 1.27
3 0.07 0 1.2
4 0.23 0 1.32
5 0.19 0 1.31
6 0.22 0 1.3
7 0.20 0 1.27

It should be noted the tendency for MSSQL and MongoDb not to reach the maximum values in both metrics due to
the peculiarities of the implementation of caching mechanisms. Both DBMSs have built-in capabilities to check if old plans
are needed, if they need to be deleted, or if an existing one needs to be replaced, and therefore it is very difficult to get a
100% result, even if the query has already been executed several times before.

The results of the experiments according to the "experiment execution time" metric are shown in Table 3.

Table 3. Results of the experiments according to the "experiment execution time" metric (ms)

Ne MSSQL Redis MongoDb
1 1.0255 25.785 2.748

2 1.750 47.489 0.8419
3 3.173 58.528 0.9769
4 1.6856 109.495 1.1563
5 2.2742 50.376 2.346

6 2.3635 85.673 1.178
7 47286 62.363 1.02

It should be noted a significant difference for the worse in the execution time of Redis experiments compared to
other DBMSs. Such numbers are due to the complexity of implementing experiments for key-value DBMSs, the main goal
of which is to return data by the selected key as quickly as possible. However, such DBMSs are not capable of processing
requests for filtering, sorting or any other actions related to data manipulation. Therefore, the capabilities of the
StackExchange.Redis library of NET technology were used to perform the experiments.

The results of the experiments according to the "system resource utilization" metric are shown in Table 4.

According to this metric, we obtained the results of the execution time of the request by the processor or DBMS
driver and the amount of disk space occupied by the request. In the case of the Redis DBMS, the amount of disk space is
calculated based on the specified number of keys that were used for the experiment and the occupied memory of each. For
other DBMSs, this is the occupied memory of the query execution plan.



Table 4. The results of the experiments according to the metric "system resource utilization"

Ne 06’ juckosoro npocropy (Kb) Yac BHKOHAHHS IPOLIECOPOM (ms)
MSSQL Redis MongoDb | MSSQL Redis MongoDb

1 32 2.63 0.29 2 9.11 6

2 - 4.67 0.16 - 7.79 3

3 24 1.094 0.21 7 6.4 11

4 32 6.979 0.35 18 5.2 5

5 40 3.146 0.53 8 7.04 8

6 32 4.751 0.41 6 4.45 6

7 32 2.016 0.39 21 13.66 11

As MSSQL did not use caching for the second experiment, the corresponding resources were not calculated.
According to the results, it is possible to conclude that MongoDb consumes the least amount of memory for storing query
execution plans.

The results of the experiments according to the "cache size" metric are shown in Table 5.

Table 5. Results of experiments on the "cache size" metric (Mb)

Ne MSSQL Redis MongoDb
1 904 0.38 1.09

2 0 0.39 1.1

3 7656 0.40 1.1

4 7952 0.41 1.12

5 8272 0.42 1.12

6 8744 0.43 1.13

7 9104 (.43 1.14

The metric determines how much cache memory is allocated by each DBMS during a request to the cache. The results
show that MSSQL spends quite a lot of memory on cache usage, which is due to the complex and multifaceted structure of
caching mechanisms. In turn, Redis uses the least amount of memory to store cache pages and keys.

Experiments conducted for the Redis DBMS proved the effectiveness of caching for simple queries that do not
require data processing from several tables. It should be noted that Redis worked on experiments for quite a long time, due
to their complexity and the limited capabilities of both the DBMS itself and the library for working with it. The speed of
finding the necessary keys and the amount of allocated memory for caching is a significant advantage for choosing this
DBMS if distributed caching is needed.

MongoDb performed best for experiments that query data from multiple DB entities. This is due to the feature of the
logical model and the DBMS itself, which returns data in the form of collections and stores them in the BSON format,
thereby guaranteeing the speed and efficiency of data filtering and searching. The best results were obtained despite the fact
that when modeling under MongoDb, a "normalized" approach was used, which did not involve nesting collections into
each other. That is why this DBMS is best suited for services related to obtaining a large volume of data. It should also be
noted that MongoDb uses a relatively small amount of memory for caching, has a significant query execution speed, and
shows good performance.

As for MSSQL, this DBMS has the best structure for building caching and opportunities for obtaining data about
this process. One of the queries has the worst performance of all due to MSSQL's decision to treat it as fairly easy to cache.
However, this result should be considered positive, as it proves that MSSQL has a more sophisticated and sophisticated
caching mechanism that can handle simple and complex queries. The speed of operation, minimal use of system resources
and one of the best indicators of "hitting" in the cache memory make MSSQL an example of a reliable database for using
caching. However, you should also be careful with the amount of data to cache, as the DBMS takes quite a large amount of
memory for caching, which can reach up to 9 GB, while other DBMSs use no more than 2 MB for caching. Therefore, it is
recommended to use MSSQL for caching applications with a small amount of data.

Relational databases are recommended to be used for microservices related to the processing of personal user
information, including due to the provision of ACID transaction properties [13].

Conclusions and perspectives of further development

The paper presents the results of the study of the effectiveness of data caching in NoSQL DBMS Redis and MongoDb,
as well as relational MSSQL with the aim of solving the problem of choosing the most effective DBMS for database
development, including heterogeneous ones.

An extended infological model of EER was proposed as a basis for the design of the GBD, and the general principles
of its design based on this model were described for the productive planning of experiments. The paper provides a
mathematical representation of the model and a visual presentation of its extension in the form of operation execution maps,
which is a convenient tool for database developers.
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The use of the proposed model, which considers more in-depth knowledge of data flows in the subject area, and the
corresponding approach to the design of the GBD will allow developers to obtain the following advantages:

- the possibility of designing more effective data processing operations for the business logic of applications (in
particular, transactions) and the corresponding reduction of their execution time;

- the possibility of designing (decomposing) DBMS for microservices architecture and reasonable selection of DBMS
logical models for microservices (and corresponding DBMSs);

- as a result, ensuring the high scalability of the information system based on the developed GBD.

In the future, the EER-model can be supplemented with the possibility of modeling data integrity restrictions, and the
approach to the design of the GBD - the stage of considering such restrictions during the construction of a logical model.

A heterogeneous database in the field of electronic commerce was designed, experiments were planned and carried out
to study caching mechanisms in selected DBMSs in the paper.

The results of the experiments made it possible to develop the following recommendations regarding the choice of
DBMS for the implementation of appropriate business logic during the construction of distributed, including heterogeneous,
databases.

The Redis DBMS is recommended for use in databases and operations (queries) that do not require data processing
from several tables. This is due to the fact that Redis only stores data in key-value format, so the execution time of the
experiments was significantly longer, ranging from 25 to 109 ms. It is recommended to use Redis for data structures that are
frequently updated and do not store "archived data". This is due to the support of the TTL (Time To Live) mechanism,
which sets the lifetime of the keys, as well as the involvement of LFU (Least Frequently Used) and LRU (Least Recent
Used) algorithms for caching, which automatically free memory and delete the least used or oldest keys. Accordingly, the
business logic of working with the shopping cart in e-commerce, which stores the shopping cart items only during the user
session, is indicative.

Another key component of choosing a given DBMS is the amount of allocated memory for caching. Experiments
showed a range from 0.38 to 0.43 MB, which is the best indicator among DBMS and is due to the use of ZIPLIST and
INTSET storage technologies, which allow to minimize the use of memory for small arrays and sets.

Recommendations regarding the use of Redis for distributed caching should be expressed separately, since simple
queries related to key searches are performed in Redis 2 times faster than in other DBMSs. Thereby, minimizing the
response time to discover data in the cache.

The MongoDb DBMS is recommended to be used for databases and operations (queries) with a complex structure,
which involve the combination of several tables and the possibility of a filtering or search function. This is confirmed by
measurements based on the system resource metric, according to which requests occupied a very small percentage of
memory, up to 1KB each.

As the number of tables in the query increases, the effect of using DBMS will increase, thanks to the support of data
replication and sharding functions. This allows you to increase the amount of cache by distributing data between different
physical machines and reduce the load on each server. Separately, it should be noted that the design of this database in a
non-normalized form will increase the efficiency in the execution of requests, since WiredTiger has a caching mechanism
that uses the Least Recently Used (LRU) algorithm for cache management.

The MSSQL DBMS did not show the best results in the area of caching, but we should not forget about such strengths
of MSSQL as data security, support of data integrity and ACID-properties of transactions, because of which this DBMS is
chosen more often. An important feature of DBMS is the division of simple and complex queries, determining whether to
use caching or not.

When using MSSQL, it is recommended to control the amount of data for such a DBMS by allocating memory for
caching, which can reach up to 9 GB. Nevertheless, it should be noted separately the high rate of hitting the cache memory,
which reaches almost 100%.

These recommendations can be used by developers to design real systems, in particular in the field of electronic
commerce.
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