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Kak Mbl npoeKkTupoBanu
pacnpeaeneHHbin SQL-
nABUXOK B Hazelcast

Bnagumunp Osepos



UYro Takoe Hazelcast IMDG?

= PacnpeneneHHoe in-memory key-value xpaHunuuie

© HAZELCAST | 2

T~

IMap<Long, Person> map = ..

map.put (1L, new Person("“John”));

Person person

= map.get (1L);

2 hazelcast



YTo He Tak ¢ key-value API?

= [loCcTyn TONBLKO MO KIio4y

= XOoTUM genatb 6bonee CroxHbl aHanna: NoMcK No npegukaTty, arperaumu,
joins, ...

IMap<Long, Person> map = ..
Result r = map.find( ) ;

© HAZELCAST | 3 l= hazelcast



YTO Yy Hac 6bIN0?

= Predicate API - BO3BMOXHOCTb HanTu gaHHble No npeauvkary

= In-memory MHAOEKCbI AJ14 YCKOPEHUA NMOUCKa MNo rpegukarty

* Heap: KOHKypeHTHbIN skip-list
» Offheap: camonucHoe ogHOMOTOYHOE KpacHO-YEPHOE OEPEBO

© HAZELCAST | 4

IMap<Long, Person> map = ..
map.put (1L, new Person ( )) ;

Predicate predicate = Predicates.equals ( ’
Collection<Person> persons = map.values (predicate);

2 hazelcast



Y10 He Tak ¢ Predicate API?

= PaboTtaeT ¢ MHOXecTBamMu (Collection), MoxeT ynactb ¢ OOME
= OrpaHunyeHHbIn PyHKUMOHanN (HanpuMep, Kak caenatb join?)

= Heobxoaumo pasbuparbcsi C JOKYMEHTaUUEN

= Heobxoanmo KoMnunupoBaTb

IMap<Long, Person> map = ..
map.put (1L, new Person (“John”));

Predicate predicate = Predicates.equals ( ’ ) ;
Collection<Person> persons = map.values (predicate);

©HAZELCAST |5 l= hazelcast



PeweHue: SQL!

= [TonynapeH!
= [leknapaTuBeH: He HaOo
HMUYEero KOMNUINMPOBaTL

= He npuBsasaH Kk Java:
OOCTYN C pa3sHbIX
nnatgopm

= JKocucTema: yTumnmThbl u
NHTErpaumm Ha nrobowu
BKYC
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JavaScript
HTML/CSS

SQL

Python

Java
Bash/Shell/PowerShell
C#

PHP

C++

TypeScript

67.8%

63.5%

54.4%

41.7%

41.1%

36.6%

31.0%

26.4%

23.5%

21.2%
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YTo MbI caenanu B penuse 4.1?

PYHKLMOHANBbHO
= [Togaep:Kka pacnpeaernieHHbIX 3anpocoB SELECT .. FROM ... WHERE
= [logaeprkka nHOeKcoB

TexHn4ecku

= OnTuMmnaartop 3anpocoB Ha ocHoBe Apache Calcite

= [1poTokon pacnpeneneHHoro BbINosHEHNSA 3anpoCcoB

= Hebrokupytowasa koornepatneHas Mmogerb napanneribHon obpaboTku

= OcHoBa gnga oyaoyuwmx ynydiweHun (join/sort/aggregate, komnmnauus, ...)

©HAZELCAST | 7 l= hazelcast



YTo MbI caenanu B penuse 4.1?

for (SglRow row : result) {

}

IMap<Long, Person> map = instance.getMap (“person”) ;

\

try (SglResult result = instance.getSqgl () .query ("SELECT id, name FROM person’)

System.out.println ("Name: ” + row.getObject (“name”));

{

= IHTYUTUBHLIN API:
* Hanomunnuaet JDBC, HO npolye

« PaboTtaem c uteparopamm, a He KONnnekunamm

= OTCYyTCTBUE KOHAUTYpPaLUN:

« ABTOMaTMYEeCKM onpenensieM CTPYKTYpy AaHHbIX

© HAZELCAST | 8
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ApxuTekTypa

languages
Javal...

JDBC

KnneHTsbl

© HAZELCAST | 9

Protocol
—

optimizer

Plan
.

Y3en
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O yem poknan?

= Kaknue TeXHMYECKNEe peLleHns NnpuHnumanu, u noyemy
« ONTMMN3aTop 3anpocoB
* JlokanbHbIN runtime
» CeTeBOW NPOTOKOI

© HAZELCAST | 10 l= hazelcast



I2 hazelcast

OnTnmusartop




NpepBapuTenbHbIM aHaNu3

= UHaycTpus: “onTMmMmn3aTop 3TO CIIOXKHO"

= [MpaKkTuka: mHorne Java-npoekThbl
ncnonb3ytoT Apache Calcite [1]

= Upes: HauHeMm c Apache Calcite

[1] https://calcite.apache.org/docs/powered_by.html
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https://calcite.apache.org/docs/powered_by.html

Bo3moxHocTtu Apache Calcite

Apache Calcite - “dynamic data management framework”
= [Napcep ANSI SQL
= Jlornyecknn ontummsartop

= Runtime (Komnunsauus, KOHHEKTOPbLI K APYrMM cUcTemMam)
= JDBC

© HAZELCAST | 13 l= hazelcast



NMpouecc onTumMnsauumn

SQL Plan
Optimizer
[ Synta>'< | | Semanjtic | | Optimize]
analysis analysis
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CuUHTaKCcM4YeCcKun aHanums

~
Syntax
analysis

J

= 3apayva: npoBepKka cMHTakcuca
= BxoA: cTpoka

d

Semantic
analysis

~\

J

= Bbixon: cnHTakcmndeckoe gepeso (aka AST)

© HAZELCAST | 15

>[ Optimize ]
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CuHTaKcmn4yeckoe gepeBo

SELECT p.name, d.name

FROM person p JOIN dept d
ON p.dept id = d.id

WHERE d.id = 10
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CuUHTaKCcM4YeCcKun aHanums

PaccyxaeHus:

= 3agadva noHaTHada, Ho oobemMHas

= [lucatb pykamu - gonro! (npumep: H2 [1])

= Micnonb3oBatb parser generator - Bce paBHo gonro! (npumep: Postgres [2])
= Apache Calcite nmeeT rotoBbIN Napcep, KOTOPLIN NIENKO pacLmnpsThb [3]

PeweHue: napcum vyepes Apache Calcite

[1] https://aithub.com/h2database/h2database/blob/master/h2/src/main/org/h2/command/Parser.java
[2] https://github.com/postgres/postgres/tree/master/src/backend/parser
[3] https://github.com/apache/calcite/blob/master/core/src/main/codegen/templates/Parser.jj
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https://github.com/h2database/h2database/blob/master/h2/src/main/org/h2/command/Parser.java
https://github.com/postgres/postgres/tree/master/src/backend/parser
https://github.com/apache/calcite/blob/master/core/src/main/codegen/templates/Parser.jj

CemMaHTM4YeCKMM aHanums

\
Syntax

analysis
J

= 3agava:

* [lpoBepka rormn4eckom KOpPEKTHOCTU 3anpoca

Semantic
analysis

2

J

Optimize

» TpaHcdopMaLMs CUHTAKCUYECKOTO AepeBa B pensLMOHHOE AepeBo (ONLUMOHAIbHO)

= BxoA: CMHTakcuyeckoe gepeso

= BbIxoa: nornyeckoe pensiuMoHHoe AepeBo

© HAZELCAST | 18
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CeMaHTMYeCKUN aHarn3: KOPPEKTHOCTb

p.name
person / > SELECT d.id = 10
id dept_id name SHIEIS

dept JOIN p.dept_id = d.id

id name

person p deptd
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CeMaHTMYeCKUN aHarn3: KOPPEKTHOCTb

© HAZELCAST | 20

p.name
person / > SELECT did = 10
id dept_id name e
dept
P ERROR! JOIN p.dept_id = d.id
id name
person p deptd

2 hazelcast



CemMaHTM4YeCKMUM aHaNun3: cxemMma

NMpoGnema:
= SQL npegnonaraet Hanu4ymMe cxembl
(Tabnuubl, aTprubyTbl)

= B Hazelcast HET NOHATUA cXeMbl, Mbl
XpPaHUM NPOn3BOSibHbIE OOBLEKTI

PeweHue:
= [NpeactaBnsem kaxabin IMap Kak Tabnuuy

= Haxogum nepsyto key-value napy B IMap,
N3BneKaem n3 Hee aTpubyTbl MHTPOCNEKLMEN
(Hanpumep, reflection)

= Bo BpemMsA ncnonHeHuda 3anpoca: ecrnu
nocrnegyrowmne napbl UMeKT gpyrme Tunol,
6pocaem oLwmnbKy
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IMap[‘person”]

<Long, Person>

Long

class Person {
Long
deptId;
String
name;

}

__key
BIGINT

dept id name
VARCHAR | VARCHAR

person

2 hazelcast



[epeBo pensiuMOHHbIX onepaTtopos

=)
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CeMaHTM4YeCKUMN aHanu3: pelueHune

PaccyxaeHus:
= 3aga4va He OYeHb MOHATHasdA, U obbemHas
= [lucatb pykamu - gonro!

= Apache Calcite nmeeT rotoBbI CEMaHTUYECKNN aHanmM3aTop, Ho!
» Koa: cnoXHbi, MOHOMUTHBIN, NPOGnemsbl ¢ abCTpakunaMM N pacLUMPSEMOCTbIO, Baru
* [NoBeaeHne, KOTOPOE Hac He yCTpamBaeT B HEKOTOPLIX Cnyyasx (Hanpumep, NnpuBeaeHne TUNnoB)

PeweHue:

=  Wcnonb3yem Apache Calcite [1] [2]
= [lepenuncbiBaem 4YacTb Koga, BCTaBnsieM “KOCTbINN’

[1] https://aithub.com/apache/calcite/blob/master/core/src/main/java/org/apache/calcite/sql/validate/SqlValidatorlmpl.java
[2] https://github.com/apache/calcite/blob/master/core/src/main/javalorg/apache/calcite/sqgl2rel/SqlToRelConverter.java
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https://github.com/apache/calcite/blob/master/core/src/main/java/org/apache/calcite/sql/validate/SqlValidatorImpl.java
https://github.com/apache/calcite/blob/master/core/src/main/java/org/apache/calcite/sql2rel/SqlToRelConverter.java

OnTuMmusauus

= 3agayva: HauTn Hanbonee gewesBbin PU3NYHECKUA NaH

Syntax
analysis

J

Semantic
analysis

~\

J

= Bxoa: nornyeckoe pendaumoHHoe aepeBo
= BbIxoa: onTummnanpoBaHHoe onsnyeckoe pensumoHHoe OepeBo
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Optimize
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Ilornyeckue n pusanvyeckue onepartopbli

Nornyeckoe aepeso dusnyeckoe gepeso

= Jlornyeckune onepartopsbl - “4T0 genarb?” (Hanp, join)
= dnsmnyeckue oneparopsbl - ‘Kak genartb?” (Hanp, hash join)
= OQHOMY NOrM4YecKomy ornepaTopy COOTBETCTBYET OAMH UITN HECKOSBbKO hU3NYeCKnx
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Ilornyeckue n pusanvyeckue onepartopbli

Jlornyeckuun onepartop Pusnyeckme onepartopbl
Scan Table Scan, Index Scan
Aggregate Hash Aggregate, Streaming Aggregate
Join Hash Join, Merge Join, Nested Loop Join

2 2 hazelcast



MpaBuna

Project Project

[p.name, d.name] [p.name, d.name]
N J Pattern \ J

—— o ——

1.Match | Eiter

| |
_______ /

_______
4 |

———————

Scan[person] Scan[dept] Scan[person] Scan[dept]

. J . J . J . J
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NMpuHuMn

Jlormyecknn nnaH

28

=

dunsnmyeckmn nnaH

—_—

Cxema B[]

CTtaTnuctukm

Pecypcbl cuctemsl

MeTanaHHble
2 hazelcast



MNpuHuun: “System R” vs “Cascades”

Access Path Selection
in a Relational Database Management System

P. Griffiths Selinger

IBM Research Division,

ABSTRACT: In a high level query and data
manipulation langusge such as SGL, requests
are stated non-procedurally, without refer
ence to access paths. This paper describes

simple (single relation) and complex que
ries (such as joins), given a user specifi
catlon uf ieeleen osta we W deolusn
expression of predicates. System R is an

i I*" dacabase system
developed to carry out research on the rela
tional model of data. System R was designed
and built by members of the IBM San Jose
Research Laboratory.

Introduction

System R is an experimental database man
agement system based on the relational
model of data which has been under develop
ment at the IEM San Jose Research Laboratory

San Jose, California 95193

access path for each table in the SOL state
ment. Of the many possible choices, the
optimizer chooses the ome which minimizes
“total access cost” for perforr
entire statement.

This peper will address the issuss of
access  p: selection queries
Ratrioval For aata manipulation (UBDA®
DELETE) is treated similarly. Section
will describe the place of the optimizer in
Ehe pxvecsetug of  Ggk abaeoment, mad s
tion 3 will describe the stos onent.
access paths thac are available on a single
physically stored table. In section 4 the

the joining of two or more tables,
and their corresponding costs. Nested que
ries [queries in predicates) are covered in
section

2 ing of an SQL

Bince 1975 <l>. The software wss ope
as_a rescarch vehicle in relational data-
base, and not generally avaﬂab e out

aids’ the TENM Resedre

This paper assumes familiarity with rela
tional data model terminology as described
in Codd <7> and Date <8>. The user interface
in System R is the unified query, data def
inition, and manipulation language SQL <5>.
Statements in SQL can be issued both from an
on-line  casual-user-oriented  terminal
interface and from programming languages
such as PL/I and COBOL

In System R a user need not know how the
tuples are physically stored and what

umns have
require the u: specify anything about
the access

retrieval. specify in what
order joins are to be performed. The System
R optimizer chooses botn join order and an

Copyright © 1979 by the ACM, In., used by permission. Permis-

sion to make digital or hard copies is granted provided that copies
are not made or distributed for profit or direct commercial advan-
tage, and that copies show ihs nolice on the frt page or iial
screen of a display along with the full citatio

Originally published in the Proceedings of 'ne 1979 ACM SIGMOD
International Conference on the Management of Data.

Digital recreation by Eric A. Brewer, brewer@cs.berke-
ley.edu, October 2002.

A SQL statement is subjected to four
phases of processing. Depending on the o
gin and contents of the statement, these
phases may be separated by arbitrary inter
vals of time. In System R these arbitrary
time intervals are transparent to the sys
tem components which process a SQL state-
ment. These mechanisms and a description o
the processing of
programs and terminals

cussed in <2>. Only an overview of
processing  steps
access  pi selection will be discussed
here.

The four phases of statement processing
are parsing, optimization, code gemeration,
and execution. Fach SQL statement is sent to
the parser, where it is checked for correct

syntax. A guery block is represented by a
SELECT list, a FROM list, and a WHERE tree,
containing, respectively st of items

to be retrieved, the table(s) referenced,
and the boolean combination of simple pred
icates specified by the user. A single SOL
query blocks
e one operand

which is itself a query

If the parser returns without any errors
detected,  the OPTIMIZER _component is
called. The OPTIMIZER accumulates the names
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The Cascades Framework for Query Optimization

Goetz Graefe

Abstract

This paper describes a new extensible query optimization framework that resolves many of the short-
comings of the EXODUS and Volcano optimizer generators. In addition to extensibility, dynamic pro-
gramming, and memorization based on and extended from the EXODUS and Volcano prototypes, this
new optimizer provides (i) manipulation of operator arguments using rules or functions, (ii) operators
that are both logical and physical for predicates etc., (iii) schema-specific rules for materialized views,
(iv) rules to insert "enforcers” or "glue operators,”
rules, (vi) basic facilities that will later permit parallel search, partially ordered cost measures, and dy-
namic plans, (vii) extensive tracing support, and (viii) a clean interface and implementation making full
use of the abstraction mechanisms of C++. We describe and justify our design choices for each of these
issues. The optimizer system described here is operational and will serve as the foundation for new query
optimizers in Tandem’s NonStop SQL product and in Microsoft’s SQL Server product.

1 Introduction

Following our experiences with the EXODUS Optimizer Generator [GrD87], we built a new optimizer generator
as part of the Volcano project [GrM93]. The main contributions of the EXODUS work were the optimizer gener-
ator architecture based on code generation from declarative rules, logical and physical algebra’s, the division of
a query optimizer into modular components, and interface definitions for support functions to be provided by the
database implementor (DBI), whereas the Volcano work combined improved extensibility with an efficient search
engine based on dynamic programming and memorization. By using the Volcano Optimizer Generator in two
applications, a object-oriented database systems [BMG93] and a scientific database system prototype [WoG93],
we identified a number of flaws in its design. Overcoming these flaws is the goal of a completely new extensi-
ble optimizer developed in the Cascades project, a new project applying many of the lessons learned from the
Volcano project on extensible query optimization, parallel query execution, and physical database design. Com-
pared to the Volcano design and implementation, the new Cascades optimizer has the following advantages. In
their entirety, they represent a substantial improvement over our own earlier work as well as other related work

in functionality, ease-of-use, and robustness.

o Abstract interface classes defining the DBI-optimizer interface and permitting DBI-defined subclass hier-

archies

Rules as objects

Facilities for schema- and even query-specific rules
Simple rules requiring minimal DBI support

Rules with substitutes consisting of a complex expression

19

(v) rule-specific guidance, permitting grouping of
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OnTummnsauumsn: pewueHme

PaccyxaeHus:
= Hanuncatb anroputM oNnTMMmM3aunm - CIIOXKHO, HO MOXHO rnonpoboBaTtb

= Ho HyXHbI ewe 1 npaBuna - 3To obbemMHas paboTta

= Apache Calcite:
» MimeeT rotoBble nnaHunposBLunkm (heuristic [1], cost-based [2])

* meeTt boraTtyro 6mubnmoTeky npasun TpaHcdopmauun [3] 1 meTagaHHbIX [4]
* Jlerko pacwimpsiem

 Cost-based nnaHmposLmk He macwiTabupyetcs!
* He nmeet npasun nmnnemeHtaummn (Hanp. BbIOOp NHOEKCA)

PeweHue:

=  Wcnonb3yem Apache Calcite gns ontummnsaumm
= JlonnceiBaem cBou npasuna [9]

[1] https://aithub.com/apache/calcite/tree/master/core/src/main/java/org/apache/calcite/plan/hep
[2] https://github.com/apache/calcite/tree/master/core/src/main/java/org/apache/calcite/plan/volcano
[3] https://github.com/apache/calcite/tree/master/core/src/main/java/org/apache/calcite/rel/rules
[4] https://github.com/apache/calcite/tree/master/core/src/main/java/org/apache/calcite/rel/metadata
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Transformation: npaBuna

YnpolueHune BbipaxkeHnn (Hanp. constant folding)

[MepemelieHmne onepatopos (Hanp. filter pushdown)

PasBopaynBaHue noasanpocos (subquery unnesting [1])

Ob6beanHeHne onepartopoB (operator merge/fusion)

YpaneHue HeHy>KHbIX ornepaTopos (Hanp. “GROUP BY unique column -> no-op”)
... TbICAYM nX [2]

BonblwmnHcTBo transformation npasun paboTatoT ¢ Norm4eckumMmn onepartopamu,
No3TOMYy UX NpUMEHeHNe nHorga HasblBatoT “logical optimization”

[1] https://www.semanticscholar.org/paper/Unnesting-Arbitrary-Queries-Neumann-Kemper/3112928019f64d8c388e8cfbae34b9887¢c789213
[2] https://github.com/apache/calcite/tree/master/core/src/main/java/org/apache/calcite/rel/rules
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Transformation
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Transformation: filter push-down

Project

[p.name, d.name]
o S

Scan[person] Scan[dept]

o S o
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o

Project

[p.name, d.name]
o S

Scan[person] Scan[dept]

S o S

a hazelcast



Transformation: filter move-around

Scan[person]

o

Project

[p.name, d.name]
o J

Scan[dept]

/ -
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o

Project

[p.name, d.name]
o J

Scan[person] Scan[dept]

/ - /
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Transformation: constrained scan (filter)

Project Project
[p.name, d.name] [p.name, d.name]
o * J o * J
Join Join
1=1 1=1

o J
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Transformation: constrained scan (project)

Project

[p.name, d.name]

+

Join
r 1=1
Scan[person]
dept_id =10

36

\

Scan[dept]

id=10

Project

[p.name, d.name]

[

+

Join

o

Scan[person] Scan[dept]

name, dept_id
dept_id =10

id, name
id=10
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Transformation: pesynbraTr
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Implementation: npaBuna

= [oTOBbIE
» Boibop nHaekcos [1]
« OBMeH JaHHbIX Mexay y3namu [2]

= [poTOoTUNDI
» [1ByxdrasHasa pacnpeneneHHaa copTupoBka
« [1ByxpasHbIn pacnpeneneHHbln aggregate
» Konokauus aanHbix anga JOIN

[1] https://aithub.com/hazelcast/hazelcast/blob/master/hazelcast-sql/src/main/java/com/hazelcast/sql/impl/calcite/opt/physical/MapScanPhysicalRule.java
[2] https://github.com/hazelcast/hazelcast/blob/master/hazelcast-sqgl/src/main/java/com/hazelcast/sqgl/impl/calcite/opt/distribution/Distribution TraitDef.java
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https://github.com/hazelcast/hazelcast/blob/master/hazelcast-sql/src/main/java/com/hazelcast/sql/impl/calcite/opt/distribution/DistributionTraitDef.java

Bbi0op nHaekcos

SELECT *
FROM person p
WHERE salary>1000 AND

salary<2000 AND
dept 1d=10

Pa3bnBaem KOHBLIOHKLUNIO Ha OTAENbHbIE NpeanKkaTbl
=  Haxogum nogxogswme nHOEKCHI
= [obasngaem [Index Scan] B onTumusaTop
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OOMeH AaHHbIX MeXay y3namu

PARTITIONED REPLICATED
ﬂ,aHHbIe pacnpegenenbl rno Ka)KjJ,bIVI y3€eJ1 UMeeT D,aHHbIe HaxogATCA Ha
y3nam MOJMHYIO KOMUKO AaHHbIX OAHOM Ya3Iie
(Hanp. IMap) (Hanp. ReplicatedMap) (Hanp. Kypcop nonb3oBaTens)

=  Kaxgbin onepatop nmeet ceomcteo distribution, KoTopoe onuckIBaeT, Kak
OaHHble pacnpeneneHbl B Krnactepe

= OnTummnsaTop 3adaeT pacrnpenernieHme Tekywero onepatopa Ha OCHOBE
MeTagaHHbIX, UM pacnpegeneHnin JoYepHUX onepaTopon
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OOMeH AaHHbIX MeXxay y3namu

—— - —— =y

——

Exchange

| S -——

= Ecnu pacnpegeneHne cocenHux onepatopoB HECOBMECTUMO, BCTaBMNAEM
cneumnanbHbiK onepaTtop Exchange, KOTopbIM NepecbifiaeT AaHHbIe Mo CEeTH
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NTtoro

= CUHTaKCn4ecKm aHanms
» Apache Calcite: napcep
» Hazelcast: pacumnpeHnsa napcepa

= CeMaHTM4YeCKUU aHanNu3
» Apache Calcite: 6asa (c onackon)
» Hazelcast: MHOXXeCTBO HaLLMX pacCLLUMPEHUN

= OnTumnsauus

» Apache Calcite: nnaHmpoBLLmK (C onackon), transformation rules, metagaHHble
» Hazelcast: implementation rules, metagaHHble

© HAZELCAST | 42 2 hazelcast



I2 hazelcast

Runtime




Co3naHue nnaHa: DAG

= Sender - onepaTop, KOTOPbIN OTNPaBAET JaHHbIE
= Receiver - onepartop, KOTOpPbIN NPUHUMAET OaHHbIE

= Fragment - nepeBo onepaTtopoB, KOTOPOE MOXET ObITb UCMOSTHEHO Ha
OLHOM Yy35e, He3aBUCMMO OT APYrnx y3roB 1 doparmMeHToB
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Co3naHue nnaHa: DAG

Fragment 1 Fragment 2

Optimizer Plan Runtime DAG
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Co3naHue nnaHa: DAG

’ .
I Receiver 1
! edge=1

- e - - 7
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CtpyKkTypa pparmeHTa

= OOnH nnn Heckorbko input-oB (Tabnuua,
CETb)

= OguH output (nonb3oBaTtersb, CETb)

= [1pon3BONLHOE KONMUYECTBO
NPOMEXYTOYHbIX OrnepaTopoB

Onepartopbl
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Volcano Model

interface Exec {
void open ()
Row next ()
void close ()
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Volcano—An Extensible and Parallel Query
Evaluation System

Goetz Graefe

Abstract—To investigate the interactions of extensibility and
paralleli tabase query processing, we have developed a
new dataflow query execution system called Volcano. The Vol-
cano effort provides a rich environment for research and edu-
cation in database systems design, heuristics for query opt
mization, parallel query execution, and resource allocation.

Volcano uses a standard interface between algebra opera-
tors, allowing easy addition of new operators and operator im
plementations. Operations on individual items, e.g., pred
cates, are imported into the query processing operators using
support functions. The semantics of support functions is not
prescribed; any data type including complex objects and any
operation can be realized. Thus, Volcano is extensible with new
operators, algorithms, data types, and type-specific methods.

Volcano includes two novel meta-operators. The choose-plan
meta-operator supports dynamic query evaluation plans that al-
low delaying selected optimization decisions until run-time
e.g., for embedded queries with free variables. The exchange
meta-operator supports intra-operator parallelism on parti-
tioned datasets and both vertical and horizontal inter-operator
parallelism, translating between demand-driven dataflow within
processes and data-driven dataflow between processes.

Al operators, with the exception nr the exchange operator,

gl

tem as it lacks features such as a user-friendly query lan-
guage, a type system for instances (record definitions), a
query optimizer, and catalogs. Because of this focus, Vol-
cano is able to serve as an experimental vehicle for a mul-
titude of purposes, all of them open-ended, which results
in a combination of requirements that have not been in-
tegrated in a single system before. First, it is modular and
extensible to enable future research, e.g., on algorithms,
data models, resource allocation, parallel execution, load
balancing, and query optimization heuristics. Thus, Vol-
cano provides an infrastructure for experimental research
rather than a final research prototype in itself. Second, it
is simple in its design to allow student use and research.
Modularity and simplicity are very important for this pur-
pose because they allow students to begin working on
projects without an understanding of the entire design and
all its details, and they permit several concurrent student
projects. Third, Volcano’s design docs not presume any
particular data model; the only assumption is that query

have been d
ronment, and parallelized usmg the excnnnge operato
operators not yet designed can be parallelized using
operator if they use and provide the interator interface. Thus,
the issues of data manipulation and parallelism have become
orthogonal, making Volcano the first implemented query exe-

tion engine that effectively combines extensibility and paral-
lelism.

Index Terms—Dynamic query evaluation plans, extensible
database systems, iterators, operator model of

is based on sets of items using
parameterized operators. To achieve data model indepen-
dence, the design very consistently separates set process-
ing control (which is provided and mherent in the Vol-
cano operators) from interp. of
data items (which is imported into me operators, as de-
scribed later). Fourth, to free algorithm design, imple-
mentation, debugging, tuning, and initial experimentation

query execution.

L. INTRODUCTION

N ORDER to i i of ibil

ity, efficiency, and pamllellam in database query pro-
cessing and to provide a testbed for databse systems re-
search and education, we have designed and implemented
a new query evaluation system called Volcano. It is in-
tended to provide an experimental vehicle for research into
query execution techniques and query optimization op-
timization heuristics rather than a database system ready
to support applications. It is not a complete database sys-

Manuscript received July 26, 1990; revised September 5, 1991. This
work was supported in part by the National Science Foundation under
Grants IR1-8996270, IRI-8912618, and IRI-006348, and by the Orcgon
Advanced Computing Institute (OACTIS)
with the Computer Science Department, Portland State
University, Portland, OR 97207-0751
IEEE Log Number 9211308

from the int of but to allow experi-
mentation with parallel query processing. Volcano can be
used as a single-process or as a parallel system. Single-
process query evaluation plans can already be parallelized
easily on shared-memory machines and soon also on dis-
tributed-memory machines. Fifth, Volcano is realistic in
its query exccution paradigm to ensure that students learn
how query processing is really done in commercial data-
base products. For example, using temporary files to
transfer data from one operation to the next as suggested
in most textbooks has a substantial performance penalty,
and is therefore used in neither real database systems nor
in Volcano. Finally, Volcano's means for parallel query
processing could not be based on existing models since
all modcls cxplored to date have been designed with a
particular data model and operator set in mind. Instcad,
our design goal was to make parallelism and data manip-
ulation orthogonal, which means that the mechanisms for
parallel query processing are independent of the operator
set and semantics, and that all operators, including new

1041-4347/94504.00 © 1994 IEEE
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Volcano Model: npumep

interface Exec {
void open () ;
Row next () ;
void close () ;

class FilterExec implements Exec {

Exec input;
Expression filter;

‘ Row next () {

while (true) {

Row row = input.next () ;-

if (filter.eval (row))
return row;
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Volcano v 6ydepbi

Block oriented processing of Relational Database operations in modern
Computer Architectures (2001)

interface Exec { interface Exec {
void open() ; void open();

Row next () q List<Row> next () ;
void close();

volid close () ;
} }

+ AMOPTU3MPYET HaKNagHble pacxodbl Ha row

+ OTKpbIBAET HOBblE ONTUMM3ALUM (HanpuUMep, BEKTOPMU3aLUIO)
- Bce euwle asngaerca dnokupyowmm!

— TpebyeT OosnblUe NnamMATH

— 3anporpaMmmMMpoBaTh 3arnpoc pykamu Bce paBHO ropasgo ahdekTuBHee
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Volcano 6e3 61oKMpoBOK

interface Exec { interface Exec {
void open() ; void open() ;
List<Row> next () ; # IterationResult next () ;
vold close () ; List<Row> currentBatch() ;
} vold close () ;

}

= Ecnn onepartop He MOXeT enum IterationResult {

NPOAOIMKUTL PaboTy, OH FETCHED,
Bo3BpallaetT WAIT FETCHED DONE,

= Pogutenbckme onepaTopsb! WAIT
“npokuabisatoT” WAIT BBEPX NO J

CTEKY, 1 “OTnycKatoT  MOoTOoK
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3anyckK (pparmeHTa

© HAZELCAST | 52

void schedule () {
if (scheduled.cas(false, true))
pool .submit (this);

WORKER

void unschedule () {
scheduled.set (false);

if (!batches.isEmpty())
schedule () ;
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3anyckK (pparmeHTa

Bce onepatopbl aBnarTCA
OOHOMOTOUYHbIMU!

= [1lpocToTa peanusaunm

= Bbicokas npon3BOAUTEIIbHOCTb U3-3a OTCYTCTBUA
concurrency

= HeT ropn3oHTanbHoOro MaclutabuposaHusi!

WORKER
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KoonepaTuBHOCTL

dparmeHTb! Cooperative Thread Pool
R N =
- Worker 3

=  Ecnu dpparmMeHT He MOXET nNpoaoskaTtb paboTy, OH BbIrPYXXaeTcs, a He
Gr1oKMpyeT NOTOK
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Thread Pool

TpeboBaHus

= BanaHcupoBKa: 3aga4uv pacrnpenensoTcs Mexay notokamm
= [1pon3BoaUTENBHOCTL: YEM Bbille, TEM NyYLle

ThreadPoolExecutor

= BanaHcupoBka: ga, oblias oyepenb
= [lpon3BoanTENBHOCTL: OAHa BrokMpyoLas ovyepeab

ForkJdoinPool

= banaHcupoBka: ga, MHOro odepegen + work stealing
= [lpon3BoauUTENBHOCTL: NPEBOCXOAUT ThreadPoolExecutor HA ManeHbKMUX
3anpocax
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NTtoro

= PacnpenerneHHbIn 3anpoc COCTOUT U3 1 UK HECKOSbKUX doparMeHTOB
= @parmeHT - [epeBOo ONepaTopoB, BbIMOSTHAEMbIX JTOKanbHO

= OparmeHTbl cBsi3aHbl Yepe3 Sender/Receiver

= TekyLwiass mogernb BbINONHEHUA: Hebnokupyowmnn pull c baTynHrom

= \gen Ha byayLuee:
* yrpaBlieHne namMdAaTbio
* KOMMUIAUnA
° FOpVI3OHTaJ'IbeIIZ naparJjierim3m
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I2 hazelcast

[MpoTokon




MuHMManbHbIU MPOTOKON

= [1naH cogepXmnT Cnncok y3ros,

Ha KOTOPOM OH JOfmKeH bbITb
NCMNOJSTHEH
= Ponu: initiator n participant
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MuHMManbHbIU MPOTOKON

[1naH cogepXuT CNUCOK y3ros,
Ha KOTOPOM OH JOfmKeH bbITb
NCMOSHEH

Ponu: initiator n participant

execute

execute

MunH1UManbHbLIN NPOTOKON.

= execute - Ha4yaTb BbINOJIHEHUE
3anpoca Ha ysrnax-y4yacTHUKax

execute
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MuHMManbHbIU MPOTOKON

—

= [lnaH cogep>XnT CNNUCOK Yy310B,
Ha KOTOPOM OH JOfmKeH bbITb
NCMOSHEH

= Ponu: initiator n participant

execute

execute

batch

1] g _
s batch MunH1UManbHbLIN NPOTOKON.

batch = execute - Ha4YaTb BbINONIHEHUNE

3anpoca Ha y3nax-y4dacTHuKax
= batch - obmeH gaHHbIMK Mexay
y4yacTHUKamu

execute
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3anyckK 3anpoca: roHka

O,

1. N2 nony4un execute

execute

execute
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3anyckK 3anpoca: roHka

O,

1. N2 nony4un execute
2. N2 otnpaBun batch N3, HO N3
elle He nony4yumn execute

execute

execute

state
@ mm .TO Aenatb ¢ 3Tnm batyem?

batch

N3

execute
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OByxdra3HbIN 3anycK

execute [MpoTokor:

1. OTnpaBuntb execute

execute
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IOByxda3HbIU 3anycK

execute [MpoTokor:

1. OTnpaBuntb execute
2. HoxpaTtbca oT Bcex oTBETa

execute resp

execute

execute resp
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IOByxda3HbIU 3anycK

execute [MpoTokor:
execute resp 1. OTtnpaButb execute
start 2. HoxpaTtbca oT Bcex oTBETa
3. OTnpaButb start
execute

execute resp
start
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IOByxda3HbIU 3anycK

execute [MpoTokor:

1. OTnpaBuntb execute

execute resp

start 2. [oxpaTbcs OT Bcex oTBeTa
3. OTtnpaButb start
CnepncTBue:
= execute happens-before
start
execute

execute resp
start
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IOByxda3HbIU 3anycK

execute

execute resp

start

execute

execute resp

start

© HAZELCAST | 67

[MpoToKoOsT:

1. OTnpaBuntb execute
2. HoxpaTtbca oT Bcex oTBETa
3. OTtnpaButb start

CnepncTBue:
= execute happens-before
start

=  [onrun ctapt (+1 RTT)

HE NOOXOOUT!

2 hazelcast



AHanum3 roHkKu

batchl: 3anpoc npuwen ao craprta
3anpoca - COXpaHuM ero B Namsitu, B
execute close oxXnagaHum execute?

batch2: 3anpoc npuwen nocre

cTtapTa 3anpoca - OK!

tim>e OKOH4YaHUA 3aripoca - I/IFHOp?

NMpob6nema: batchl U batch3
batch1 [execute batch2 batch3 HeoTNUYUMbI Apyr ot gpyral

time
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Happens-before

HB1: 3anpoc Ha initiator ctapTyeT
paHbLUe, YeM Ha participant

execute

s time
HB1 \
\

execute

time
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Happens-before

HB1: 3anpoc Ha initiator ctapTyeT
paHbLUe, YeM Ha participant

execute

HB2: [Nocne 3akpbITMa 3anpoca Ha
MHULUMaTope, HUKaKoe OeNCcTBUe He
MOXET MOBMNUATL Ha pesynbtar
3anpoca

\ fime
HB1 \

\
lexecute

time
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Happens-before

HB1: 3anpoc Ha initiator ctapTyeT
paHbLUe, YeM Ha participant

execute

HB2: lNocne 3akpbITUa 3anpoca Ha
NHUUMaTope, HUKaKoe AencTBne He
MOXET NOBNUATb Ha pesyrnbrar

- 3anpoca

N
HB1 \
\
check inactive! Bnarogaps HB1 v HB2 participant

execute MOXET rapaHTUNpPOBaHHO Y3HaTb,

dKTUBEH I elle 3aripoc

time
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PeweHue

1. CoxpaHsaeM batch B namMaTu

—>
time
batch
\
—>
[ time
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PeweHue

1. CoxpaHsaeM batch B namMaTu

2. Ecnu execute npuwen, 1o
6epem coxpaHeHHble batch B

~ nifaor e
—>
time
batch
execute
\  Pafcpant
—>
- fime
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PeweHue

ti he
check Ime
batch
inactive!
execute

 Paicpant |
—>
S e

© HAZELCAST | 74

CoxpaHsieM batch B namMsTu

Ecnn execute npuwen, 1o
6epem coxpaHeHHble batch B
paboTy

Ecnn execute He npuwen,
NHULUMPYEM check

Ecnu check nokasan, 4to

3anpoc HeaKTUBEH - yaansem
COXpaHeHHbIN batch

2 hazelcast



Flow control: kak He neperpy3uTb receiver?

= Y3Mbl goroBapuBaloTCs O

Ha4anbHOM Konm4yecTBe “kKpeamutos”
L[] ] L[] ]

batch (50)  batch (100)

> = Sender
*  YMeHbLUaeT KONIMYECTBO KpeanToB
ack (+300) npu oTNpaBKe o4YepenHOoro naketa
* [lepecTaeT oTnNpaBnATb NAKETbI
Nnpwv OOCTUXEHUN HYNSA
([ [ [
batch (275)

Receiver

* [lepuogunyecku otnpasndet ack Ha
sender, yBenuumeasi KOfIM4eCcTBO
KpeauTos

© HAZELCAST | 75 l= hazelcast



OTmeHa 3anpoca

[MpUNYnHbI

= 3anpoc nonb3oBaTens
=  TaumayTt
=  Ownbka

O,

cancel

[MpoTokon:

= Kakou-To y3esn nHmyumpyet
OTMEHY, oTnpaBnsasa cancel Ha
initiator
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OTmeHa 3anpoca

[MpUNYnHbI

= 3anpoc nonb3oBaTens
=  TaumayTt
=  Ownbka

- e .0

cancel

[MpoTokon:

= Kakou-To y3esn nHmyumpyet
OTMEHY, oTnpaBnsasa cancel Ha
initiator

= initiator paccbinaet cancel
OCTallbHbIM yYaCTHUKaM

cancel @

2* (N-1) coobLLeHnI B XyaLem
crnyyae
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OTKa30yCTOMYNBOCTb
L

BbinonHeHne 3anpoca - ato stateful-npouecc
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OTKa30yCTOMYNBOCTb

= BbInonHeHne 3anpoca - ato stateful-npouecc
= [1na npogosmkeHna paboTsl Npyu NPON3BOSIbHOM OTKa3e HeobXoaAnMO OTCIEeXnBaTb,
Kakue gaHHble Kyga ywnu!
*  Haye pesynbrar MOXeET ObITb HEMOMNHbLIM UNU coaepXaTb AybnukaTbl
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OTKa3oycToOM4nBOCTb

UTo genaTtb, ecnu BO BPEMS BbINOSHEHUSA 3anpoca Npon3oLwsio N3MeHeHne
KOH(urypaumm knactepa (ynan ysen, nepeexan partition, ...)?

= [1pepBaTb BbINOMHEHME 3anpoca
* Jlerko peanunsoBaTtb
* HeynobHO ansi nonb3oBaTenen

= [lonbITaTbCs NPOAOITKNTL BbINMOSIHEHNE
 Tspkeno: Kak HanTK TOYKY, C KOTOPOW NPOaOSTKUTb BbINOSIHEHNE?
» KomgoopTHee ons nonb3oBaTtesnien

= Haw oTBeT: nagaem, HO Oyaem ynyudlaTb
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NTtoro

dunocodpuma: MUHUMYM OXUOAHUA

» OgHOoasHbIN cTapT

* CTpMMUHIoBbIN O6MeH daHHbIMK Mexay y3namu ¢ flow control

= [Ipocnm nosnb3oBaTtend rnepesanyCcTuTb 3anpoc B criydyae N3MeHeHunsd

KOH(pUrypaumm kracrepa
* byaem nocTteneHHo ynyJwaTb
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BbiBoAbI

Cos3panue pacnipegeneHHoro SQL-aBmkka - 3TO TSXKero U 4oNro
* [OoTOBBTECH MHOIO nccrneaoBatb
* Mbl yXXe noTpatunu nonTopa roga, U KoHua noka He BUOHO

Apache Calcite MOXeT BaC XOpoOLLO YCKOPUTb, HO €ro UCrosib30BaHme
COMPSKEHO C onpeaeneHHon 6ornbko (M 3TO HOpPMAaSibHO)

= TeM He MeHee, Mbl CHMTAEM 3TU yCUNUA onpaBgaHHbIMU, Tak Kak SQL
3HaunTeNbHO paclumpdaeT npumeHnmocTb Hazelcast IMDG
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[MpocTpaHCTBO NOUCKa

—>

[NepectaBuTtb Join - 2

BeibpaTb anroputMm Join (hash, merge, NLJ) - 3
BeibpaTte anroputm Scan (table, index) - 2
NToro: 2*3*2*2 = 24 BapuaHTa

... M 3TO AN 4oCTaToO4HO NpPoCcToro nnaHal
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da3bl onTUMMU3Iauum

Rules “
® @
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da3bl onTumMmu3auum

Rules “
® @
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da3bl onTumMmu3auum

Rules Rules
O O

NHorpa, B cepeauHe onTMMmU3aLmMm MOXHO ckasaTb, YTO Kakue-To
MPOMEXYTOYHbIE MMaHbl (MOYTN) TOYHO HE co3daayT NyylluiA nnax
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da3bl onTumMmu3auum

Rules ‘ ‘

Rules

NHorpa, B cepeauHe onTMMmU3aLmMm MOXHO ckasaTb, YTO Kakue-To
MPOMEXYTOYHbIE MMaHbl (MOYTN) TOYHO HE co3daayT NyylluiA nnax
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da3bl onTumMmu3auum

‘ - Phase 2 Q
-0 9
Phase 1 ‘ ‘ Q

MOXHO pa3duTb onTUMM3auunto Ha doasbl. [ns Kaxaom n3 HUX:

= [eHepupyeM orpaHMYeHHOEe YMUCNOo anLTepHaTUB
= Bbibupaem ognH Hanny4wunim nnax
= [lepexogum Ha crniegyrowyro gasy
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da3bl onTUMMU3Iauum

Implement

_»
Rewrite ‘ ‘

TunnyHele dassbl:

= Rewrite: npmMmeHUTb YHMBEpPCAnNbLHO “XopoLlune” npasuna
= |mplement (aka ): npumeHNTL BCE OCTarnbHOE

© HAZELCAST | 90 l= hazelcast



Volcano: MOXHO nu ny4we?

Efficiently Compiling Efficient Query Plans for Modern Hardware (2011)

Project

v

Filter

v

Scan

PULL
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Scan

\/

Filter

/

Project

PUSH

= MeHsaem HalnpaBlieHNEe JaHHbIX:

push vs pull
= Komnunmpyem!
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Push-based ntepauua c komnunaumeun
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SELECT 1id,

name

FROM person

WHERE name

__—
/

‘John Doe’

for

(Person record : person) |

String name = record.getName () ;
long id = record.getId():;

”‘> if (!eg(name, “John Doe”) {

continue;

}

2 hazelcast



Haw n POTOTUN KOMMNMUNATOPA

MergedJoin MergedJoin

T~ T~

IndexScan HashJoin _> IndexScan Compiled
/\ I

IndexScan TableScan IndexScan

= Oneparopbl MOryT ObITb CKOMMNUNMPOBAHLI Kak HeE3aBUCUMO OpYyr OT Apyra,
TaK U rpynnowu

= [eHepupyem UCXOOHbIN KOO, KOMNUIIMpyeMm ¢ nomoLllbio Janino
= BcTpamBaem HOBbIV onepaTtop BO pparMeHT
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