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30iticneno oocniodcenus apximekmypuux nioxoodie 6az Ooanux munie SQL, NoSQL ma
NewSQL onsa ¢hynxyionanohux mooynie niam@popm erekmporHoi Komepyii, 6U8UeHo MexHolo-
2ii’ pennixayii inghopmayii, po3nooiny OaHux yepes Koyl napmiyito8aHHs ma po3nooiny HaA6aH-
MAdICEeHHs 3 MEMOI0 peanizayii 20pU30HMaAIbHO20 MACUMAOYBAHHS Y CUCEMAX 3 NPONYCKHOIO
30amuicmio nonad 500,000 3anumie Ha ceKyHOY.

Mema cmammi — @ueuumu CyuacHi apximexkmypHi nioxoou 00 opeanizayii 6az OaHux
y 6eb-cepgicax eneKmpoHHOI Komepyii ma 0oCrioumu mexHiuHi GUKIUKU MACmado8aHoCmi
cucmem Kepy8anus, OQHUMU 3d YMOG 3DOCMAIOY020 HABAHMAICEHHS.

Hayxoea Hosusna nonseac y 6cebiuHomy 00CRIOHCEHHI KOPenayii Midc 0OpaHHAM mMuny cuc-
memu ynpaeninus 6azamu oanux (penayiuni CYB]] i3 ACID-enracmusocmsamu, 0OKyMeHmMOOpi-
enmosani NoSQL i3 enyuxoio cxemor, key-value cxosuwa ons onepayiu y nam’sami) ma modic-
JUBOCAMU 20PUBOHMATILHO20 MACUIMAOYBAHHA 0N QYHKYIOHATbHUX KOMNOHEHMI8 cucmem
enekmpoHHOI Komepyii (kamanoe npooyKmia i3 nepesadcantsAM onepayii YumanHs, npoyecure
3aMOBIeHb 13 MPAH3AKYIUHOIO Y3200JCEHICTNIO, KeULY8AHHS KOpUcmyeayvbkux cecitl). I[lpoananizo-
6ano apximexmyprui namepH Database per Service y konmexcmi MikpocepgicHoi apximexmypu
ma npobremamuxy po3nooileHux mpau3axyii uepes 3acmocysansa Saga-namepuy.

Pesynomamu  demoncmpyroms, wo 2iopuoni nioxoou 3 euxopucmanuam MERN-cmexy
(MongoDB ons kamanozie 3 100K-500K reads/sec per shard), CockroachDB ons 2eonoxa-
YitiHo po3nodinenux mpausaxyiu 3 automatic sharding no 64 MB, Redis Cluster ons xeulysanms
3 throughput 1-10 minwiionie ops/sec 3abe3neuyroms ONMUMATLHULL OALAHC MIJNC NPOOYKMUB-
Hicmio ma macuimabosanicmio. JJosedero, wo enposadxcenns Master-Slave pennikayii niosu-
wye docmynnicmo 00 99.95% ma 3nudicye uac ionoeioi na 65-72% npu 10,000+ oonouacnux
xopucmysauie. Apximexmypa 3 10-15 read replicas 0ozeonse macumabysamu yumanus JiHiUHO
3 aggregate throughput 500K-1M reads/sec. I'eonoxayitine napmuyioHy8aHHs 3HUNCYE IAMEHM-
Hicmb 0o 10-50 mc 3amicme 150-300 mc cross-continental. Database Reliability Engineering
npaxkmuxu ckopouyromo MTTR na 80%.

Bucnosku. /[na macuwmabosanocmi 6a3 oanux 6ebcepsicis enekmpornoi komepyii HeoOXioHo
suxopucmosyeamu komoinayiro penayiunux CYB/] ona ACID-mpanszakyiii, NoSQL-cucmem ons
BUCOKONPOOYKMUBHO20 YUMAHHS MA in-memory 06a3 015 Keuly8amHs, 3 MIKPOCEPBICHOIO apXi-
MEKMypoio, agmomMamuyHoI0 penaikayicio, 20pu30OHManbHuUM wWapouHeoM ma 6azamopisHeaum
KewyeanHam 3 cache hit ratio 85-90%.

Knrouogi cnosa: macumabosanicms 6a3 oanux, MikpocepgicHa apximexmypa, e-commerce
naamgopmu, NoSQL cucmemu, posnodineni basu danux.
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Osadchuk S. 1., Fedorchuk A. L., Bataiev S. V. Databases in e-commerce web services:
architectural solutions and scalability issues

The architectural patterns of SOL, NoSQL, and NewSQL databases for various components
of e-commerce platforms are analyzed, and the mechanisms of data replication, sharding via
partition keys, and load balancing are investigated to ensure horizontal scaling of systems with a
throughput of over 500,000 requests per second.

The purpose of the article is to investigate modern database architectural solutions in
e-commerce web services and analyze the technical problems of scalability of data management
systems under increasing loads.

The scientific novelty lies in a comprehensive analysis of the relationship between the choice
of database type (relational DBMS with ACID guarantees, document-oriented NoSQL with
flexible schema, key-value stores for in-memory operations) and the scalability capabilities of
functional modules of e-commerce systems (product catalog with read-heavy workload, order
processing with transactional consistency, session caching). We investigated the Database per
Service pattern in microservice architecture and the problem of distributed transactions through
the Saga pattern.

The results demonstrate that hybrid approaches using the MERN stack (MongoDB for
catalogs with 100K-500K reads/sec per shard), CockroachDB for geolocation-distributed
transactions with automatic sharding at 64 MB, and Redis Cluster for caching with a throughput
of 1-10 million ops/sec provide an optimal balance between performance and scalability. It has
been proven that the implementation of Master-Slave replication increases availability to 99.95%
and reduces response time by 65-72% with 10,000+ concurrent users. An architecture with
10-15 read replicas allows for linear scaling of reads with an aggregate throughput of 500K-1M
reads/sec. Geolocation partitioning reduces latency to 10-50 ms instead of 150-300 ms cross-
continental. Database Reliability Engineering practices reduce MTTR by 80%.

Conclusions. For the scalability of e-commerce web service databases, it is necessary to use
a combination of relational DBMS for ACID transactions, NoSQL systems for high-performance
reading, and in-memory databases for caching, with microservice architecture, automatic
replication, horizontal sharding, and multi-level caching with a cache hit ratio of 85-90%.

Key words: Database scalability, microservice architecture, e-commerce platforms, NoSQL
systems, distributed databases.

Beryn. [Tnatdopmu eIeKTpoHHOT KOMEPIIii IPaIo0Th B YMOBaX €KCIIOHEHIIIHHOTO
MPHUPOCTY THPOPMALIHHUX 00CATIB, IO MOTPeOy€e IHHOBAIMHUX apXiTEeKTypHHX CTpa-
Teriii moOynoBHU CUCTEM ympaBiiHHS 0a3amu JaHuX. KiaciyHi MOHOMITHI apXiTEeKTypH
HECIIPOMOXKHI 3a0e3NeunTH MOTPiOHY MpoIyckHy 3aaTHIcTh moran 500,000 3anuTiB Ha
CEKYHY B IEpiOAHN MIKOBOTO HABaHTAXKCHHS. BIpoBayKeHHS pO3MONUIEHIX CHCTEM 0a3
JIAHUX CTAJI0 TEXHOJIOTTYHO HEOOXiTHICTIO IS JOCATHEHHS MacITab0BaHOCTI.

ApXITeKTypHi KOHIEIIIi{ MaIOTh BPaXxOBYBAaTH BUCOKHH piBEHB JOCTYIMHOCTI (99.99%
uptime), rOpU30HTATBHE MACIITA0yBAHHS Yepe3 PO3MOILT IaHUX 13 KIFOUaMH MapTilli-
IOBaHHSA, PO3MOJLT HaBaHTaxeHHs 3acobamu HAProxy abo ProxySQL, nmareHTHIiCTH
Ha piBHi sub-millisecond 1 onepariii y mam’sri Ta reorpadiqHo po3noaiJieHe po3Mi-
IICHHs JaHWX. BUKIMKK MacmTaboBaHOCTI CHCTEM YIpaBIiHHS 0a3zamMu JaHUX HaOy-
BalOTh KPUTHUYHOTO 3HAYEHHS MPHU JOCATHEHHI MPOIMYCKHOI 3aTHOCTI COTEHb THCSY
TpaH3aKI[ii 3a CEKyHIY.

IMocranoBka mpodaeMmu. OCHOBHOIO MPOOIEMOIO € BUOIp apXITeKTypH 0a3H JaHHX
JUTSL pI3HUX KOMITOHEHTIB e-commerce cucteM. Pensuiiini 6a3u (PostgreSQL, MySQL)
3abe3nedyroTh ACID-rapanTii, OlHaK MOTaHO MacCIITa0yIOThCsI TOpH30HTaIBHO. NoSQL
pimmenns (MongoDB, Cassandra, Redis) 7eMOHCTPYIOTh TOPH30HTANBHY MacIITaboBa-
HiCTh yepe3 partition keys Ta consistent hashing 3 npoxyxrusnictio 10,000-100,000
ops/sec, ajie TIpaIioIoTh 3a eventual consistency MoJeIUTIO.

[TikoBi HaBaHTaxeHHs cTBOpIOOTH 10 500,000-1,000,000 3anuTiB 3a CeKyHZY.
BeprukanbHe macmrabyBanHs Mae oomexenHsa (128 sgep, 2 TB RAM), tomi sk
TOPH30HTAJBHE Yepe3 MIapAHHI BUMAarae crielianbHol apxiTektypu. Karanor ToBapis
nemoHctpye read-heavy workload (read:write 95:5) Ta morpebye kemryBanus 3 cache
hit ratio 85-90% nns sub-millisecond nareHTHOCTI. CHCTeMa 3aMOBJIEHb MOTpedye
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ACID-rapanTiif a1 TpaH3akLiifHOT KOHCHUCTeHTHOCTI. [lepexin no MikpocepBicHOI
apxiTekTypu 3 Database per Service BUMarae BUPINICHHS NPOOJIIEMH pPO3MOIIICHUX
TpaH3aKIii.

AHaJi3 ocTaHHIX JocaimkeHsb i myouikaniii. Petrukha N., Zhmaiev A., Synkevych M.
[1, c. 830] miAKpecTIOOTh BAXJIMBICTh ITEPATUBHOTO TMIAXOMY 1O MPOCKTYBaHHS
MaciTaboBaHuX 0a3 JaHMX 3 MOXKIIMBICTIO ajamnTalii cxemMu 0e3 MPOCTOI0 CUCTEMHU.
Akula A. K. [2, p. 1055] nemoHCTpYE, sik xMapHi pimerHs (RDS Multi-AZ, DynamoDB
3 partition keys, ElastiCache anst sub-millisecond kenryBaHHS) TO3BOJISIFOTE 00OpPOOIATH
300+ minpiioHIB KOpUCTYBaviB 3 MacmTaOyBaHHAM Bif 2 10 50+ By3miB Ta throughput
500,000+ 3amuTiB 3a cekyHmy. lleana M., Oproiu M. 1., Marian C. V. [3, p. 996] min-
KpecmorTh nepeBaru Event Sourcing Ta CQRS s po3ninenns read-heavy workload
(95% reads) Big write-intensive onepauiidi. Shwetha H., Prajwal D., Sridharan S. [4, p. 3]
JIeMoHCTpyroTe MongoDB 3 automatic sharding mo partition keys anst mocsrHeHHs
100K-500K reads/sec per shard. Ratra K. K., Kumar Seth D., Uppuluri S. [5, p. 4] ana-
J3yI0Th ONTHMI3allii0 Yepe3 aBToMarnyHe MaciutadyBanHs npu SLA 99.9% ta 06pobui
500,000+ concurrent connections.

Taft R., Sharif 1., Matei A., VanBenschoten N., Lewis J., Grieger T., Niemi K.,
Woods A., Birzin A., Poss R., Bardea P., Ranade A., Darnell B., Gruneir B., Jaffray J.,
Zhang L., Mattis P. [6, p. 1495] npencraBnsitors CockroachDB 3 range-based sharding
(ranges mo 64 MB) Ta multi-raft consensus, 3a0e3neuyroun throughput mno 400K
transactions/sec npu narentHocti 10-50 mc. Shekhar Mishra [7, p. 1325] miakpeciroe
aBTomaru3aiito yepe3 MHA a6o Orchestrator 3 RTO min 30 cekyHI Ui MiATPUMKA
throughput 500,000+ 3ammmti. Bhola M., Bajeja S. [8, p. 3] nemoHcTpytoTh read replicas
Jo 15 replicas ms linear scaling read-heavy workload ta provisioned IOPS o 80,000.

Pratama B. P. A., Gunawan Hardianto B., Dharmayanti D. [9, p. 2230] nocmimxky-
10Th OanancyBanHs yepe3 HAProxy ta ProxySQL mis MySQL 3 Master-Slave pernii-
kariero (binlog lag 1-3 cexynau), apromarnynwii failover uepes MHA a6o Orchestrator
3 downtime 20-30 cekyHnx, mocsraroum aggregate throughput 180K queries/sec Ta
availability 99.95%. Anusha Reddy Guntakandla [10, p. 645] anamni3ye Database per
Service mist HezanexxHoro MacimTabyBanHs Ta fault isolation.

Bukiaan ocuoBHoro marepiany. Jlns nocsraenns throughput monan 500,000 3amu-
TiB 3a CEKYHJy BUKOPUCTOBYIOTH polyglot persistence — komOiHauiro SQL (MySQL 8.0,
PostgreSQL 15) nnst ACID-tpan3akuiit, NoSQL (MongoDB 7.0 3 sharding, Cassandra
4.0 3 consistent hashing, Redis 7.2 ans sub-millisecond kemryBanus) mis read-heavy
workload, Ta NewSQL (CockroachDB 23.0) mns geo-distributed consistency. Akula
A. K. [2, p. 1058] memoHcTpye apxitekTypHui migxia: DynamoDB 3 partition keys
(product_id sk hash key) muis katanory 3ade3neuye iaTeHTHICTB 1-10 Mc mpu 10 Minbiio-
Hax reads/sec uepes auto-sharding, RDS PostgreSQL mst Tpanzakuiii 3 SERIALIZABLE
isolation, ElastiCache Redis 3 sub-millisecond narentnictio 0.5-2 mc Ta cache hit ratio
85-90%, throughput mo 25 MinbitoHIB Ops/sec.

MixkpocepsicHa apxiTekTypa 3 Database per Service 103Bosisi€e OITUMI3yBaTH KOKEH
komroHeHT. Anusha Reddy Guntakandla [10, p. 646] migkpecmioe: Product Catalog
Service 3 MongoDB BuxopuctoBye hash-based sharding uepes partition key product
id mns 100K-500K reads/sec per shard B read-heavy workload (95% reads), Order
Management Service 3 PostgreSQL 3a6e3neuye ACID mis tpan3zakiiitiux workflows,
Inventory Service 3 CockroachDB Ta range-based partition keys 3abesmneuye strong
consistency juis real-time stock updates. s cucremarusauii po3nisiHeMo Tabnuio 1,
1110 TTOPiBHIOE Pi3HI THITH 0a3 TaHWX 33 apaMeTpaMH MacIITa0OBaHOCTI.
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Tabmuis 1
IMopiBHsIIbHA XapaKTePUCTUKA TUIIB 0a3 IaHUX JJIs1 e-commerce niaTdopm
Tun BJI Mexanizm Partition Throughput Latency
MacIITa0yBaHHS strategy YUTAHHSA
SQL (MySQL, Beprukansue (1o 128 N/A ' 50K-200K ops/ 5.50 nc
PostgreSQL) cores, 2TB RAM) (monolithic) sec
NoSQL Document Fopmogmnwe yepes Hash/R.ange 100K-500K per 1-10 mc
(MongoDB) partition keys sharding shard
NoSQL Key- Consistent hashing Hash slots IM-10M per | 0.1-2 mc
Value (Redis) (1000 nodes) (16384) node (sub-ms)
NoSQL Column Consistent hashing Partition key 200K-1M per 220 e
(Cassandra) (1000+ nodes) + clustering node
NewSQL Range-based partition Automat.ic 100K-400K per 5.30 Mc
(CockroachDB) keys (64MB) range splits cluster

Amnanizyroun Tabnuiro 1, mis pocsrHeHHst throughput monan 500,000 3anwutis
HeoOxisHa KoMOiHaris pizHUX TUHIB 0a3 maHux. NoSQL document stores 3 hash-
based partition keys onTumManbHi i katanorie 3 read-heavy workload ta throughput
100K-500K reads/sec per shard. Redis 3 consistent hashing uepe3 16384 hash slots
3abe3neuye sub-millisecond marentHicts 0.1-2 Mc Ta cache hit ratio 85-90%, obpo-
omstroun 70-80% 3amutiB 3 Kemry Oe3 3BepHEHHs Ao primary database. Shwetha H.,
Prajwal D., Sridharan S. [4, p. 4] nemoncTpytoTh MongoDB 3 sharding 1o partition key
category_id a6o product id, ne hash-based sharding BukopucroBye dpopmyiy: shard =
hash(partition key) mod num_shards, 3a0e3neuyroun piBHOMIpHHI pO3MOILT JAHUX Ta
throughput 100K-500K reads/sec per shard.

MacmTaboBaHICTh JOCATa€ThCS depe3 KOMOIHAII0 INApAUHTY, peIumikamii Ta
Oanancysannsa. Ratra K. K., Kumar Seth D., Uppuluri S. [5, p. 5] ananizytorts, 110
BepTHUKalbHe MaciiTaOyBaHHs Mae hard limits (128 cores, 2TB RAM, 80K IOPS) ta
He 3abe3neuye throughput monax 200K queries/sec. [opu3oHTansHe MacmTabyBaHHS
yepe3 sharding 3 partition keys 3abe3neuye linear scaling: 10 shards x 50K queries/sec
= 500K aggregate throughput. Pemnikaris 3a0e3mnedye BHCOKY JOCTYITHICTh Ta pO3-
noninenns read-heavy workload. Bhola M., Bajeja S. [8, p. 6] onucytoth AWS RDS
Multi-AZ 3 synchronous replication mix primary ta standby st zero data loss (RPO=0)
ta automated failover 3 RTO 60-120 cekyna, matoc asynchronous read replicas (1o
15 replicas) ans horizontal scaling — koxna replica mogae 5S0K-200K reads/sec, 3a6e3-
neuyroun aggregate throughput S00K-1M reads/sec.

Pratama B. P. A., Gunawan Hardianto B., Dharmayanti D. [9, p. 2234] nemoHcTpy-
I0Th MpakTHuHy peanizauito 3 HAProxy st MySQL: kongirypauis 1 master + 10 read
replicas 30inbimna aggregate throughput 3 45K o 520K queries/sec, 3nu3una average
latency 3 850 mc mo 240 mc npu 10,000 ogHOYaCHHX KOPUCTYBAdiB, Ta 3a0e3IeUrIia
automated failover yepe3 MHA 3 downtime 25 cexynn, miasuiryroun availability mo
99.95%. Taft R. ta cmiBaBropu [6, p. 1500] nosicatotots CockroachDB range-based
sharding: koxHa table aBToMaTHYHO pPO30UBAETHCSA Ha ranges 1o 64 MB, ranges aBroma-
tiaHO split mpu nocsrHerHi size threshold ta distribute mix nodes. Koxken range perui-
KyeThes Ha 3-5 nodes uepes Raft consensus, 3a06e3neuytoun linearizable consistency.
Cluster 3 50 nodes mocsrae 400K aggregate throughput.

Ilepexin mo MiKpocepBiCHOI apxiTeKTypu cTBoproe mpobnemy distributed
transactions. Ileana M., Oproiu M. L., Marian C. V. [3, p. 998] minkpecnomTh, 110
Two-Phase Commit protocol me scale monan 10K-20K transactions/sec uepe3 blocking
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nature Ta increased latency (nomae 2 network round-trips). Saga-naTepH BupilIye mpo-
Onemy yepes sequence JIOKATBHUAX TpaH3aKIlild 3 compensating actions. Anusha Reddy
Guntakandla [10, p. 647] ommcye order checkout saga: Order Service cTBoproe order
(10-20 mc), Payment Service charges (100-500 mc), Inventory Service decrements stock
(10-20 mc), Shipping Service ctBoproe label (200-800 mc). Total latency 370-1440 mc
vs 50-100 mc s monolithic ACID transaction, ane no3Boisie independent scaling kox-
Horo service. Tabmuus 2 cuctemarusye trade-offs Mix apxiTekTypamu.

Tabmnurs 2
IlopiBHsIHHS MOHOJIITHOI Ta MIKpPOCepPBicHOI apxiTeKTypH 6a3 JaHHX
MikpocepBicHa apxiTekTypa
(Database per Service)

Xapakrtepuctuka | MoHoIiTHA apxiTekTypa

Beprukanshe (10 128 TopusonTansHe yepes independent
MacmrraGysanms cores, 2TB RAM) service scaling
Throughput 50K-200K queries/sec 500K-1M+ aggregate gepe3 N services
ceiling (single instance) x throughput
. ACID 3 2PC protocol (50- Saga pattern 3 eventual consistency
Transaction model 100 mc) (370-1440 mc)
. Strong consistency .
Consistency (lincarizable) Eventual consistency (100-500 mc lag)
. . Single point of failure Isolated failures He BruMBarOTH Ha iHII
Fault isolation )
(SPOF) services
Op eratlopal Single database N databases + service mesh overhead
complexity management

ApxiTekTypa MiKpocepBiciB 3abe3leuye CyKyNmHY TpPONMYCKHY 37aTHICTh TOHAJ
500,000 3anuTiB 3aBASKH MOXIIMBOCTI HE3QJIEKHOTO MAacIITa0yBaHHS KOMIIOHEH-
TiB. Moayns Product Catalog nocsrae 300K onepariii yntanHst 3a ceKyHOy Ha 0asi
MongoDB. Cepgsic Order Service o6po6nsie S0K Tpan3akiiii 3a CeKyHIy 3 BUKOPHC-
tanHAM PostgreSQL. Komnonent Inventory Bukonye 100K oHOBieHb 3a cekyHIy Ha
wiardopmi CockroachDB. 3actocyBanHs Saga-maTepHy HPH3BOAUTH A0 30UIBIICHHS
3aTpUMKH B niana3oHi Big 370 mo 1440 minmicekyHn. Taka TaTeHTHICTh BUMAarae BIIpoBa-
JUKEHHS! aCHHXPOHHOT 00pOOKH orepariid.

Akula A. K. [2, p. 1059] nemoncTpye multi-tier caching: browser cache (TTL 1-7
nHiB), CDN (TTL 1-24 roaunu, latency 10-30 mc), Redis (TTL 5-60 xBunwuH, latency
0.5-2 mc). Redis Cluster 3 16384 hash slots 3a6e3neuye 1-10 minbiioniB ops/sec. Cache
hit ratio 85-90% 3umxye database load Ha 80-90%.

Taft R. Ta cmiBaBTOpHM [6, p. 1502] nemonctpyroth CockroachDB geo-partitioning
3 ateHTHicTIo 10-50 Mc intra-region npotu 150-300 Mc cross-continental. Synchronous
replication yepe3 Raft momae commit latency 50-150 mc, asynchronous 3HMXyeE 10
10-30 mc 3 eventual consistency window 100-500 mc.

Shekhar Mishra [7, p. 1326] cucremaruzye DBRE: continuous monitoring (query
latency p99, replication lag, CPU/memory), automated failover uepez MHA (detection
10 cek + promotion 15-20 cex = RTO < 30 cek), chaos engineering (kill nodes, inject
latency 100-500 mc, simulate disk full). Chaos testing ckopouye MTTR na 80%.

BucnoBku. J{ns throughput monazg 500,000 3amuTiB 3a cekyHy HeoOxiaHa polyglot
persistence: PostgreSQL/MySQL mns ACID-tpanzakiiit, MongoDB 3 hash-based
sharding (100K-500K reads/sec per shard), Redis Cluster 3 16384 hash slots (cache hit
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ratio 85-90%, natentHicTh 0.5-2 Mc). Master-Slave pemikaris 3 10-15 read replicas
3abesmeuye aggregate throughput 500K-1M reads/sec. HAProxy/ProxySQL 3 automated
failover (RTO < 30 cexynn) migsumiye availability 10 99.95%.

MixkpocepBicHa apxitexTypa 3 Database per Service 3abe3neuye independent scaling.
Saga-narepH 30ibmye latency mgo 370-1440 mc mporu 50-100 mc monolithic ACID.
CockroachDB 3 range-based sharding nmo 64 MB nocsarae 100K-400K transactions/
sec 3 linearizable consistency. ['eonokamiliHe TapTUIIIOHYBaHHS 3HMXKYe latency mo
10-50 mc intra-region npotu 150-300 mc cross-continental. DBRE npakTtuku ckopouy-
1ot MTTR nHa 80%.

Hocnimkennst serverless databases (Aurora Serverless v2) mist automatic scaling
3 millisecond granularity. Arani3 vector databases (Pinecone, Milvus) ans Al-driven
recommendations 3 10K-100K vector queries/sec. Ontumizamist distributed SQL
(Spanner TrueTime, YugabyteDB) mis global consistency 3 latency < 10 mc. Energy
efficiency uepe3 workload-aware resource allocation aist 3HMKEHHS operational costs
Ha 30-50%. Multi-cloud database federation misa disaster recovery uepes cross-cloud
replication.
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