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OcHoBHbIe NOHATUA

OcHoBHble xapakTepuctuku: 4V — volume, variety, velocity, and veracity (obbem, pasHoobpasue,
CKOPOCTb, [OCTOBEPHOCTb)
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OcHoBHble Npobnembl

e BuisiBneHne HapylweHHoro nopsgka coobuieHnii
o CunHxpoHu3aums coobLeHN NO HECKONBKIM KaHanaMm
e [logTeepxaeHne obpaboTku coobuieHnii

e HapéxHas obpaboTka onepaTopoB C COCTOsSIHUEM

© Camapes Poman CraHucnasosudy, 2023 (4epHoBbie Habpocku) 4



Vnopsigo4nsaHue obpaboTku coobuieHnii 9

OcHoBHble MPOTOKOJIbI:

Slack (neHmBoe BbisiBieHNE)

e Heartbeat (cepguebuerne)

Low-watermark (MuHuManbHbiii ypoBeHb)

Pointstamps (wTamnbl)

M. Fragkoulis, P. Carbone, V. Kalavri, and A. Katsifodimos. A survey on the evolution of stream
processing systems, 08 2020
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VYnopsagounBaHve obpaboTku coobuieHuii. Slack

Mpotokon Slack:

o CoobueHns NMET MeTKY,
onpeaensouyo X NopsAoK.

e HapyuwieHne nopsifka BbISIBASIETCA NO 3TOM

MeTke (MOPsAKOBbIVE HOMEp, BPEMSI, 1 Mp.).

e slack = 1 o3HauaeT BesimynHy "nbroTHoro
nepuoga"obpaboTkn onepaTopoM Asis
onasablBatoLnX coobLeHN.

Wnntoctpauyus us [9]

B

Operator
clock t=4
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VnopsgouneaHue obpaboTku coobuwieHuii. Heartbeat =

MpoTokon Heartbeat [24]:

o LleHTpann3oBaHHbIi NUCTOYHUK METOK. =1

e B onpepenéHHble MOMEHTbI BpEMEHU B L=
noTok aobasnsieTcs MeTka BpemeHu (nnu
NOpPsiAKOBbIA HOMEP).

Input Manager
Heartbeat: t=4 Operator

El — clock t=4
—\ =

e OnepaTop HE MOXET NMpUHUMATb
coobLLeHMs, nMetoLLne BPeMs paHee 3Tol
METKMU.

Heartbeat

e B pacnpepenénHoli cpese MoxeT BbITb
paccoriiacoBaHue JIOKaabHOrO CEPBEPHOroO
BPEMEHU.

Wnntoctpauyus us [9]
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VYnopsgouneaHue obpaboTku coobuieHuin. Low watermark

Mpotokon Low-watermark [15]:

e OTMeTKa MUHMMaILHOMO YPOBHS
onpefenseTcsa ANs HeKOTOpPOro
NOAMHOXECTBa COODLLEHNA.

e [1na onepaTopa MeTKa onpeaensiet
cTapelilee cooblyeHmne, KOTOPOE MOXET
6bITb 0bpaboTaHo.

o B otanuunm ot Slack n Heartbeat, metkn
BHELPAIOTCA B MOTOK.

e Metka c METAaJaHHbIMN HA3bIBAETCA

"nyHkTyauuein" (punctuations).

Wnntoctpauyus us [9]
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VnopsgounsaHue obpaboTku coobuieHunii. Pointstamps

Mpotokon Pointstamps [20]:

* Kaxpaomy coobuiennio HasHaqaeTcs

(1, 0P1) el,e2
METKa BPEMEHU N KOOpAWUHATHLI B (2, 0P2) 5 1 10, OH) (2,0P2)  e3,e5 1
(2,0P3) e4,e6 1

rpacpe onepaTopoB 0bpaboTku. (2,0P3)  e4 1 1(1,0P1)

frontler
(2, OP2)
(2, OP3)

e Ha pucyrke, el n e2 He obpaboTaHbl.
MonyyatoT MeTKy Mo TekyLemy
nonoxexuto (1, OP1). Cuetumk frorifier
BXOXAeHUs - 2, nockonbky ysen OP1 (1'0?_1_?4
- NCTOYHUK anst el n e2. )

e3

el

o CobbiTus €3, e4 - obpaboTtansl OP2
n OP3.

e PesynbTat obpabotku el — eb,
e2 — e6. MeTku aHanoruyHel €3, e4.

e [locne obpabotku OP4 meTku
YAAnATCA.

Vnntoctpayus us [9]
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VYcToM4nBOCTL KO COOSIM B MOTOKOBbLIX CMCTEMax

Renlicats

System Pr g Recovery data Storage medium

Least  Exactly-once Active Passive No State Output No  Resilient store  In-Memory No
State  Output Local Remote

Aurora* [48] v v

TelegraphCQ [119] 4

Borealis [8,26] v

S4[111] v v

Seep [37,57]

Naiad [108] v

Timestream [114]

Millwheel [12]

Storm [131] v

Trident [3]

S-Store [39,126] v

Trill [41] v

Heron [90] v

Streamscope [97] Vapr Va

Streams [77] v

Samza [112] v

Flink [33,34]

Spark [20]

v

v

NS

v

SINNN NN N

NSNS N
NOINNNS

Vs Var

ANANASASAERANENANERENENANAN
ANANENENAERENENENERENENENENERENAN
N

ANENERE N

NS

M. Fragkoulis, P. Carbone, V. Kalavri, and A. Katsifodimos. A survey on the evolution of stream
processing systems, 08 2020
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OnepaTopbl N0 MOAENU COCTOSIHUSA ©

OnepaTopbl NOTOKOBOW 0bpaboTku:
e Stateless operators - onepaTopbl 6€3 XpaHMMOroO COCTOSIHUSA, F4e YNCTHBIN PYHKLNOHANbLHBIA NOAXOA
npegnonaraeT BblUMCIEHNE Pe3yabTaTa, 3aBUCMMOE TONbKO OT TEKYLLMX BXOAHBIX AaHHbIX

o Stateful operators - onepaTopbl ¢ xpaHeHeHUEM COCTOSIHUS, TAe Pe3y/bTaT BblYUCAEHUS 3aBUCUT OT
npefyablLLnX BXOAHbIX AAHHbIX

Q.-C. To, J. Soto, and V. Markl. A survey of state management in big data processing systems.
The VLDB Journal, 27(6):847-872, Dec. 2018
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XpaHeHue cocTosiHUA

4V - volume, variety, velocity, and veracity (o6bem, pasHoobpasne, cKopocTb, [JOCTOBEPHOCTD)
Pewaemble ¢ nOMOLBIO XpaHEHNS COCTOAHUA 3aAa4qn:
e [apaHTupoBaHHas obpaboTka

° Arperau,ma OaHHbIX, OKOHHblE onepauunn

e ObcnyKnBaHMe BHELIHMX 3anNpocoB
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XpaHeHue cocTosiHuA. MeToabl n npumeHeHune.

//—State Management\

Concepts of State Management Applications of State
| ) R .
Operations Incremental State Load Balancing Performance Stateful Iterative Fault

Maintenance Sharing & Elasticity Computation Processing Tolerance

View Shared .. Applicati
. Elasti pplication
Maintenance Queue astierty Level Bulk Independent
i Checkpoint Iterati Ch int
Transformation “Sjba;ed Scalability P(l)ptl.mal ¢ [zferg,:in Operator eration  correlated eckpoint
Sy indow acemen Level Checkpoin
Load i
Differential Operator Balancing AOPtlmal t Incremental [ucremeqtal
On disk In-memory Computation  State Ssignmen Iteration Checkpoint

Q.-C. To, J. Soto, and V. Markl. A survey of state management in big data processing systems.
The VLDB Journal, 27(6):847-872, Dec. 2018
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Onepaynun. Cnocobbl XxpaHEHUs1 COCTOAHUSA

e cbpoc coCTOsHMA Ha NoKanbHbIA guck [17].
e cbpoc cocTosiHus B pacnpeaenévnyto daiinosyto cucremy tuna GFS, HDFS. SGuarf [14].

e Adaptive Incremental Check-pointing (Al-Ckpt) - pa3bueHne cocTosiHus No cTpaHULAM NAMSATY ©
cbpoc TONbKO N3MEHEHHBIX CTpaHuy, [22].

e KooppuHauus B reorpacpuyeckn pacnpegenévHoii cucteme. Phonon [1]. Wcnonbayetcs
[OMOJIHUTENbHBIA perncTpauunoHHbili cnoli IdRegistry.
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Onepauunu. MNMpobnembl 06HOBIEHNA COCTOAHUS ©

e incremental state update — npobnema cdopmuposarnsa nsmerennii coctostus. Mnaocrpayus
NOCNefOBATENBHOTO U3MEHEHUSI COCTOSIHMS 13 [7].

Stream 1

Stream 2

e fine-grained update — npobnema kOHTponsi BAUSIHAA OBHOBAEHUN HA NPOVN3BOANTENLHOCTL U
3a[EPXKKY.

e consistent update — npobnema noctpoeHus rpacha 3aBUCMMOCTER MO BHECEHHBIM U3MEHEHUSIM.

e update semantics — cemaHTuka noagTBepXAeHUsi onepaumii — at-least-once, at-most-once, and
exactly-once.
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Onepauuu. Purging state

N36asneHne ot HEHY>XXHbIX OAaHHbIX

e punctuation based [26] — gobaBneHne MeTagaHHbIX 1 yaaneHne HEHY>XHOrO MpU BbIMOJHEHUN
ycnosuii ¢ pasnnyHbiMu MoauduKaumuamm.

e Eager purge/lazy (batch) purge [6] — mogudpukaums npepbigyLiero Nnoaxosa ¢ HENOCPEACTBEHHbLIM
yAaNneHneM BCeX AaHHbIX MOC/E MOMYHEHUS METKN UIN OXKUAAHME OKOHYaHNSA MaKeTa.

e out-of-order processing (OOP) [16] — Order-agnostic Aggregation, Join Implementations gns qactu
onepauyuii.
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Onepauyuu. Migrating state

Murpauus coctosiHus. Mpobnema 6anaHcuposaHus Harpysku

o [lnHaMmnyeckass MUrpaunsi 4Jisi HEMpPEPbIBHbLIX MJAHOB BbIMOJHEHUS 3aNpocoB — "'noaBuKHoe
COCTOSIHME NapaJiiefibHble N3MEHEHNS.

[MepeHoc cocTosiHMA MexAy y3naMu B paMKax BbIMOJIHEHWSI OAHOIO onepaTopa.

e Murpauus cocTosiHisi C SIBHbIM OMPEfEEHNEM MECTa Pa3MeLLEeHus.

MigCEP - nnan murpaunm, T. e. BEpOSITHOCTHasi CTPYKTypa AaHHbIX, OnucbiBatoLwas byayLive uenm n
BpPEMS MUrpaLmu.

e paHpomMusmpoBaHHoe perinkauun (Ha ocHose Multilevel Counting Bloom Filter) n agantushas
cxema pensinkauum.
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Onepauunu. Exposing state

PackpbiTne coctosiiusi. BocctaHoBneHne coctosiHus nocie cbosi, nepepasmeLLeHme onepaTopos Mo ysnam,
BbINOJIHEHNE ONTUMM3ALNN.

Sti.)> <>(b)<> ®g:(®

a - 3JIEMEHT COCTOSAAHWNA, b - COCTOsHKE, pa36v|Toe Ha ABa pa3gena, C - MHOXXECTBEHHbIE 3K3eEMNAAPbI
H4aCTUYHOro COCTOAHUA.

Wnntoctpauyus uns [8]
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State sharing

Obuyee cocTosiHme. Vcnonb3oBaHne o4HOro COCTOSIHUA ANt HECKOJIBKMX ONepaTopoB.

Wnntoctpauyms us [25]
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Incremental maintenance

3ap.aLw| - YMEHbLNTb HakKaAHble pacXoAbl OT TOYEK BOCCTAHOBJIEHUA U O6CJ'Iy)KI/IBaTb COCTOsiHNE
nocnenoBaTesibHO

differential computation
e incremental view maintenance
MRQL Streaming

viewlet transforms

f

Wnntoctpauyms us [25]
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Load balancing and elasticity ©

[OuHamuueckoe nepepacnpegenenne Harpysku
Mo JOCTYMHBIM y3/1aMm
Wnntoctpayus ns [25] @) = @

Tun pasbuerus Cucrema/
OchoBsHas 3agava
DOaHHbIX pabota
Hash based [23] PasbueHne cocTosiHna 1 mappyTnsauus nNoTOKOB AaHHbIX
Partial-key based [10] DyHKUMN pasbueHnst
[12] [obaeneHa cTonmocTb arperauuu
[21] Pacnpegenerne no kto4y 1 OLeHKa NOKaNbHON Harpy3Ku
[2] Ces3blBaHNe KNIOHA C 4BYMSI BO3MOXHbBIMU y3/1amu
Executor centric [27] DnacTN4HOE UCNOAHEHNE + MIAHMPOBLUMK HA OCHOBE MOAENN
Migration based [28] TpaH3aKLMOHHbIA MPOTOKOA MUFPALUK 11 COMOCTABIEHNE NOTOKOB-pa3aes
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MpoussogutensHocts(Performance)

e Bausanne vactotbi COXpaHeHusA COCTOSIHUA
e CnoXHOCTb ONTUMabHOro pPa3MeLLeEHNSA COCTOAHUA

e CnoXKHOCTb ONTUMAaIbHOrO Ha3HAYEHUsI COCTOAHUS
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Bbiuncnenus ¢ xpanumbim coctosinmem (Stateful computation) 8

(4]

Parallel patterns

XapakTepucruka System | OcHoBHoOli MexaHu3M Llenb

Batch processing [19] Indexing N3bexaTb nocnegocteanbHoro nepebopa
[3] State as explicit input MuH1Mn3npoBaTh ABU>KEHUE AAHHBIX

Stream processing [18] Partitioned stateful operators | Banaxcuposatb Harpysky

yﬂy‘-ILUI/ITI:- napanjesbHoe BbINOJIHEHNE

Tabnuuya ns [25] Implementations of state and limitations
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YcToiunsoctb Ko cbosim (Fault tolerance) @

e passive standby,
e active standby,

e upstream backup

J.-H. Hwang, M. Balazinska, A. Rasin, U. Cetintemel, M. Stonebraker, and S. Zdonik. High-availability
algorithms for distributed stream processing.

In Proceedings of the 21st International Conference on Data Engineering, ICDE '05, page 779-790,
USA, 2005. IEEE Computer Society
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nOCﬂeAOBaTeJ'IbeIe KOHTPOJ1bHblIE€ TOYKU )

Common
characteristics

System Main mechanism

Objective

Divide-and-conquer
strategy

Adapts to computing
environments

N/A, only one system

N/A, only one system

[85]
[57]

[18]
[26]

[96]
[56]

[95]

Checkpoint a small fragment of
query graph

Split operator state into control
tuples

Split states into slice units
Utilize the similarity of access
patterns

multi-level checkpointing with delta
compression

Compute the optimal number of
incremental checkpoints

Inject barriers into data

Efficient checkpointing and
failure recovery

Balance recovery and
running time

Fast recovery

Adapt to scarce memory

Adapt to I/O and network
bandwidth

Reduce checkpointing
overhead

Minimize space
requirements

Tabnunua uns [25]
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Flink. Snapshotting Operator State

Master Master Master Master
Checkpoint data R Checkpoint dta R Checkpon doa Checkpon doa
s E

Start checkpoint
message

Current position: 6791} 4

Starting Checkpoint Checkpoint Checkpoint
Checkpoint in Progress in Progress Completed

https://ci.apache.org/projects/flink/flink-docs-release-1.12/concepts/stateful-stream-processing.html
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https://ci.apache.org/projects/flink/flink-docs-release-1.12/concepts/stateful-stream-processing.html

KoHTponb 0b6paboTku n BocctaHosneHue: Apache Storm 1.0

MoaTeepxaeHne Ansi KaXKAoOro coobuieHuns

HegoctaTtkn HocTonHcTBa

e B pacnpegenérHoii cpese n3-3a 3a4epXKKU NOATBEP)KAEHNS e [lpocToTta peanuzauunm
NOsIBNAIOTCA Ay6anKaThl

e Huskas NPON3BOANTENBHOCTb

Message

spout — UCTOYHUK COODLLEH M
bolt — nonyuyatens coobuieHnii

http://storm.apache.org/releases/current/Guaranteeing-message-processing.html

http://data-artisans.com/high- throughput-low-latency-and-exactly-once-stream-processing-with-apache-flink/
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KoHTponb 0bpaboTku n BoccrtaHoBneHue: Apache Spark

MogTBep)KAeHNe ANs Kax[oro naketa coobuiernii (microbatching)

while (true) {
HepocTtaTkn HocTonHcTea I I 71 g6t next X seconds of data
// compute next stream and state
input ' ' ¥
stream H H
e Bbicokas 3apepxxka e TeopeTuyeckn { i
v v
BpeMeHV!, °6p36°TKM " EEREENER] .. Unit of fault tolerance is
3aTPYLHEH KOHTPOJIb CKOpPOCTb Job Job micro-batch
06paboTky OKHa Y y Y
e Bo3smoxHo \ o/ \ S \
bespeiicTeue i ! state
onepaTopos npwu J M M
OXKUAAHNY COXPAHEHUS logical result
[aHHbIX I I I stream

http://data-artisans.com/high- throughput- low- latency- and- exactly-once- stream- processing- with-apache-flink/

https://databricks.com/blog/2016/07/30/diving- into-apache- spark- streamings- execution-model.html
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KoHTponb 06pabotku n BocctaHosneHue: Apache Flink

Asynchronous Barrier Snapshotting (ABS) [5]. MponcxoanT BbipaBHWBaHNE COCTOSIHUS MO METKaM
"checkpoint barrier".

HegpoctaTku HoctonHcTea

e CnoxHocTb peannsaynn e Bebicokas CKOPOCTb CO4YETaeTCs C OTCYTCTBMEM MPOCTOSAA ONeEPATOpPOB

.
]
\ \
. .
o, ay
—_— —_—

checkpoint // operator LR} operator [T

emit barrier n
\
.
%

—
operator LN L

barrier
\‘ 3 19 .
. .
s * g s
2 ‘/
1. align barriers 2. checkpoint state 3. emit barrier and continue

http://data-artisans.com/high- throughput- low-latency- and- exactly-once- stream- processing- with-apache-flink/
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http://data-artisans.com/high-throughput-low-latency-and-exactly-once-stream-processing-with-apache-flink/

KoHTponb 06pabotku n BocctaHosnenus. Tracker (Yandex)

e CurHasbl OT UCTOYHMKOB HaMPaB/SIOTCS areHTy
(Tracker )

e Tracker arperupyet undopmauuo nNpo anemMeHTbl B
NoTOKE OT BCEX onepaLinii

Information about
in-flight elements

Signals from data
producers

Tracking
agent

e Tracker paccbinaer ysegomnernst o6 okoH4aHUM

noanoToka Notifications are

ordered by t

e Kaxxkpasi onepauusi NpMcBanBaeT Ka)kaoMmy
BbIXOOHOMY 3JIEMEHTY cnyqaﬁHoe H4MUCno n Ko4
onepauuu, nocne oTnpasnsieT B Tracker

o Onepauus, kKOTOpasi MPUHUMAET SJIEMEHT,
OTMpaB/sieT TO Xe 4ncio B Tracker

e Tracker arperupyet yncna no npegukaty u
npuMensieT K HuUMm XOR, ecnin oH ctan 0 - nognoTok
3aKoH4UNCS

Wnntoctpauus us [13]
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COXpaHFIEMbIe COCTOsIHNA, OKOHHbIe onepaunun

e Peanusauynu onepatopos arperaunu TpebyeT COXpaHEHUS N BOCCTAHOBMIEHUS MPeablAyLLero
coctositus (Apache Flink, Apache Spark, Apache Storm/Trident)

e BHyTpeHHee HakonneHne faHHbIX HEODXOAMMO AJ1si peannauun ornepauuii ¢ OKHOM LaHHbIX.
O6paboTka aKTUBUPYETCS TPUTTEPOM

e C nepekpbiTieM (MO BPEMEHU MU KOJIMHECTBY e HTepBanbHbie
COOBLLEHNA)

® 0 BPEMEHN MOCTYMEHNS
e [ocnepoBaTenbHble ® 1o BpemeHn B obpaboTke
® 110 BPEMEHU MOJIb30BaTENS

e [lo konmyecTBy cooblueHnii

https://ci.apache.org/projects/flink/flink-docs-release-1.2/dev/windows.html
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Obuwias ontumusauus (Integrative optimization) )

Common
characteristics

System Main mechanism

Objective

Divide-and-conquer
strategy

Adapts to computing
environments

N/A, only one system

N/A, only one system

[85]
[57]

[18]
[26]

[96]
[56]

[95]

Checkpoint a small fragment of
query graph

Split operator state into control
tuples

Split states into slice units
Utilize the similarity of access
patterns

multi-level checkpointing with delta
compression

Compute the optimal number of
incremental checkpoints

Inject barriers into data

Efficient checkpointing and
failure recovery

Balance recovery and
running time

Fast recovery

Adapt to scarce memory

Adapt to I/O and network
bandwidth

Reduce checkpointing
overhead

Minimize space
requirements

Tabnunua uns [25]
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Systems

State management

Peanmaau,vm XPaHUMbIX COCTOSIHUIA N ux orpaHun4yeHus

Fault tolerance

Guarantees

Storm

Storm + Trident
Heron

Samza

Spark

Flink

Not native
Specific operators
Stateful topologies
Stateful operators
State DStream
Stateful operators

Tuples acknowledge
Tuples acknowledge
Tuples acknowledge
Log of updates
RDD lineage

State checkpoint

At least once
Exactly once
At least once
At least once
Exactly once
Exactly once

Tabnnua ns [25]
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