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@ 6.1 Introduction

A Heart of the Query Processor is th®uery
Optimizer
I Translation of a query into a relational algebra
expression leads to a first naive query plan

I The query optimizer transforms it into a@fficient

plan
A Choice of physical operators ' .
AOperator sequence and grouping
I The chosen plan is annotated and j
handed over to the evaluation - b
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6.1 Introduction

A Query optimizerrewrites the naive (canonical)
guery plan into a more efficient evaluation plan

Naive Query Optimizer
Query /. N D
1 Plan |
e Query Cost DBStatistics
Rewriting Estimation Phys. Schema
CostModel
$ AN %
Evaluation Plan Generation— Evaluation—>
) Plan
4
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@ 6.1 Basic Considerations

A Bottom -up vs.top -down approaches

I Either optimize individual queries and generalize the
algorithms (bottomup)

I Or choose general algorithms for classes of queries to |
applied to each individual query (talmwn)

I Most DBMS are built usingtap -down approach

A Heuristics vs.cost-based optimization

I General heuristics allow to improve performance of mos
gueries

I Costs estimated from statistics allow for a good
optimization of each specific query

I Most DBMS use hybrid approach of heuristics and
cost estimations
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@ 6.1 Preparing the Query

A Basic mapping from (declarative) query
languages into a suitable internal format

I Replace language keywords by respeaiperators
whil e keeping the rel at

I Remember: mapping SQL into relational algebra

ASELECHttributg, éattribute

C P attributg, éattribute,
AFROMrelation, érglatiop

C (relationsé 3 relatiop)
AWHEREconditopAND/ OR é Adurditiof R

C S conditiopAND/ OR & Adurblitiog) R
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6.1 Preparing the Query

A Decompose query intguery blocks
I Exactly one SELECT and FROM clause
I At most one WHERE, GROUP BY and HAVING clause

A No nesting allowed
I Nested subgueries are usually optimized independently

A Query normalization
I WHERE clause in conjunctive normal form

A Advantage:
I Query expressions can be processed in parallel
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6.1 Operator Trees

A All evaluation plans are usudilge -shaped
seqguences of the relational algebra operators
i Relations are leaf nodes [ }
P attribute> xtiibute,,

I Operators are internal nodes :
with one or more children

S conditionl! b5Khw X
AND/OR:onditior}n

I SELECTttribute, éattribute
FROMrelation, érelatiop
WHEREconditopAND/ OR & X

AND/OR condition
[ relation, }
relation, [ relation, }
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6.1 Operator Execution

A The algebraic representation of each operator
abstracts from the actual algorithm  used for
evaluation

A Each operator takes dtput relation(s)
calculates the respectivesult , and puts the
result into atemporary table

I Intermediate results may be large (e.g., Cartesian
product)

I Materialization Is often expensive
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() 6.1 Pipelining

A If the query is composed of several operators,
results can also bpipelined between operators

I For example, the result of a join can be directly
pipelined into a selection

AEvery record produced by the join is immediately checkec
for the selection condition(s)

AThus, selection is appliexh-the -fly

A Advantages _
I No creation of temporary tables necessary
I No expensive writing to/reading from disk
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6.1 Pipelining
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() 6.1 Pipelining

A Within a pipeline, only tuples are passed amonc
operations

I Each operation has a buffer for storing tuples

A Pipelines can be executed in two ways

I Demand -Driven (Pull)
ATop-Down
AOperations actively demand next tuple from their inputs

I Producer -Driven (Push)

AEach operation has an input buffer

ABuffer is filled eagerly by previous operations using all
available inputs
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6.1 Pipelining O Iterator Interfaces

A Interfaces fordemand -driven pipelines

A The sequence of operators given by the evaluatior
plan has to be&oordinated In the execution

A Relational operators support a uniforiterator
Interface hiding the implementation detalls

I OPEN allocates buffer space for inputs/outputs and pas
on parameters (e.g., selection conditions)

I GET_NEXT repetitively calls operator specific code and
can be used to control progression rates for operators

I CLOSEdeallocatesll state information
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6.1 Pipelining

A Pipeliningestricts available operations
A Pipelining usually worksell for
I Selection, projection
I Index nested loop joins
A Pipelining usually doest work well for
I Sorting
I Hash joins and merge joins
A Sometimes, materialization will be more efficient th
pipelining
I Hard to estimate
I e.g., materializing sorts to allow for merge joins
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6.1 Algebraic Query Optimization

A Relational algebra usually allows for alternative
yet equivalent evaluation plans

I Respective execution costs may strongly differ
AMemory space, response time, etc.

Aldea: Find the best plan,
before actually executing
the query
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@ 6.1 Static vs. Dynamic Plans

A Basically there are two possible cases:

| Static plans , where the best plan is known@iori
for a certain kind of query

AThe respective operator sequence and access paths are
saved and always used for queries of a kind

APre-optimized statements can be immediately evaluated

I Dynamic plans , where the best plan must be found
at runtime for some query

AUsed if querying behavior is very heterogeneous
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@ 6.2 Optimization Example Beioll]i

students courses/ 4Byte - 30Byte
e Jishare Lasiane s
1005 Clark Kent Intro. to being a Superhera
2832 Lois Lane f 101 Secret Identitie
4512 Lex Luther m 102 How to take over the world
5119 Charles Xavier m exams - A Byte‘/ 4 Byte - 8 Byte
6676 Erik Magnus m
8024 Jean Gray f
9876 100 3.7
9876 Bruce Banner m
11875 Peter Parker m 2832 102 >0
12546 Raven Darkholme f 1005 101 4.0
'\ '\ \ \ 1005 100 1.3
4 Byte 30 Byte 30 Byte 1 Byte 6676 102 1.3

5119 101 1.7
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@ 6.2 Optimization Example Beioll]i

A SQL Statement

oSELEdastNameresult title FROMstudentss, exams
e, coursexc WHERE.resulk=1.3 AND
s.matNee.matNrANDe.crsNec.crsNo

A CanonicaRelational Algebra Expression
I Expression directly mapped from the SQL query

I @ lastName result, z‘/z‘/«s/f result p 8 @xams.crsNge courses.crsiNr
~ students.matNe exams.matNrStU dentsx examsx coursesO

Magnus 1.3 How to take over the world
Kent 1.3 Intro. to being a Superhero
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@ 6.2 Optimization Example BE’OUE

/l lastName result, title

A result p 8 @xams.crsNr= courses.crsNr students.matNr= exams.matNr A lastName result, title

(Studentsx examsx courses

A

result p 8o

A Create CanonicaDperator Tree £ o o e somrece crony

I Operator tree visualized the order of
pr|m|t|ve fu nCtIOnS A Students.matNrF exams.matNr

I (Note: lllustration is not really b

canonical tree as selection is already
separated) - | |
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@ 6.2 Optimization Example Beioll]i

How muchspaceis needed for the intermediate results”

2*68B =136B

/ lastiName result, title

2 * 115B = 230B| A resur p 810

6*115B =690B | A

exams.crsiNE courses.crsiNr

18 * 115B = 2’0708 A students.matNr= exams.matiNr S ttlD O'OZP

l
162 * 115B = 18,630Bx

54 * 81B = 4,374H & %

9 *65B =585B 6 *16B = 96B
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@ 6.2 Optimization Example Beiollli

A Remember: task of query optimization

I Transformcanonical operator tree into more
efficientfinal operator tree for evaluation

I Canonical and final tree haegual semantics , but
different operators / execution orders

I CommonHeuristics and/or DB statistics are used
to transform canonical tree step by step
AHeuristic query optimization
ACost-based query optimization
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@ 6.2 Optimization Example

Detogy

Example: Final Operator Tree

2*76B = 152B ¢

 a exams.crsiNE courses. crsiNr LIJ p TT 6

2*42B

2 *50B = 100B| ¢

a students.matNr exams. matiNr

9 *34B = 306B

= 84B

2 *68B = 136B

/ lastName result, title

/ lastName result, crsNo

(comparedto 26,136B)

3 *34B=102B

/\

/ lastName matNr

A

result p 8

_2*16B = 32B

9*65B =585B 6 * 16B = 96B
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6.3 Algebraic Query Rewriting

A All transformations are based on a set of
relational algebra equivalences

I Algebra allows for symbolic calculations

I Transformation rules rewrite an operator tree into
another equivalent tree, step by step

I Result of a query isever affected by
transformations
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@ 6.3 Algebraic Query Rewriting

A Selections

1. Cascadingl
I /rcl“ >A  8c,” 2 /rclk/fcz 8A4; 2 8

n

2. Commutativity ofA’
AL, 2 AL U (R)

EN 16.2 Relational Database Systemg @/olf-Tilo Balke Institut fir Informationssysteme
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@ 6.3 Algebraic Query Rewriting

A Projections

3. Cascading
I Only the last projection in a cascade takes effect

I/ |ist1_(/| sty S/ st 2 AN st (Y
I listyPlist, P list; P 8 P list,
4. Commutinga with A

I Only possible if projected attributeg,a €& ocaur
In selection conditiorc

I /Ial, ah l&;}(/rAc(R)) K /rc(/lal, ah ﬁ(Rﬂ))

EN 16.2 Relational Database Systemsg @/olf-Tilo Balke Institut fiir Informationssysteme 26



6.3 Algebraic Query Rewriting

A Joins and Cartesian products

5. Commutativity ofx (anda )
I RxSk R
i 2 ak 33 a 2

6. Associativity o (or a)
I Rx(SxT)k x3)xT
I 2 aa & 2 aa 43

A Both together allow forarbitrary order

EN 16.2 Relational Database Systemsg @/olf-Tilo Balke Institut fir Informationssysteme
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@ 6.3 Algebraic Query Rewriting

/. Constructinga from A . andx
i 2 &8 ARxS)
8. CommutingA . with a (or x)

I Condition cis concatenation of clauses involving
either attributes fromR, or from Sconnected with
A ¢, contains clauses fromwith attributes inR and S
A ¢, contains only clauses froowith attributes inR
A ¢, contains only clauses froowith attributes inS

A 2 KAZMUR (2 A3 (9))
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@ 6.3 Algebraic Query Rewriting

9. Commutinga ., with a . (or X)

EN 16.2

Attribute list /ist contains only attributes fronr, S
A /ist1 contains all attributes frondist with attributes inR
A /ist2 contains all attributes frondist with attributes inS
A cinvolves only attributes ifist
A N 2 cBK Ny 2 18(S)

If c also involves attributes not Iimst
A Additional projection necessary
A Jist1 and /ist? extended with those attributes not ifist

A Nt 2 cBK Nt (Nysyr 2 1,82 (S))

Relational Database Systemsg @/olf-Tilo Balke Institut fiir Informationssysteme

29



6.3 Algebraic Query Rewriting

A Set operations
10.Commutativity of and

i R 3 K RandR 3 k R3
11.Associativityof® and

i R (58 4 RS T

i R (S. 4 (R S) T
12. CommutingA with set operations

i g"{ h -} hf(RgS)k A(R)gA(S))
13. Commutinga with®

I N (RG Sk 1,54(R) g 1,5(5))
i adoesnot commute with and-
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6.4 Cost-based Optimization

A All transformations can be applied t
the canonical evaluation plan

I However, there isno best operator
sequence that is always optimal

I Efficiency depends on the current data instance, the
actual implementation of base operations, the
existence of access paths and indexes, etc.

A Idea: assign average costs to operators and
estimate costs for each query plan
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@ 6.4 Database Statistics

A By weighting specific statistics, cogttimizers
makeassumptions about a syst e
bottleneck

I Focusing on expected block hits for operators
assumes that the bottleneckli€O -bound

ATypical for database systems relying secondary storage
ABlock hits for reading indexes are often ignored // =

I Focusing on CPU statistics assumes -
that bottleneck ISCPU -bound sl

AE.g., main memory databases
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@ 6.4 Database Statistics

A For each node in the operator tree

I Thecost of performing the corresponding
operation must be estimated

A Consider input size, available indexes, /0 and processing
costs

A Consider whether pipelining applies or result
materialization must be used

I Thesize of the result must be estimated
Almportant to estimate expected input for parent node
ADistinguish sorted/unsorted results
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@ 6.4 Database Statistics

A Estimation of costs starts with simple
parameters

I Database buffer size

I Cardinality of the input base relatio
ANumber of records
ANumber of distinct domain values

I Relation size
ANumber of pages on disk
I Available access paths
Alndex cardinalities (#keys), sizes (#pages), heights, range

AMai nt ai ned systemtatmeg DB M
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@ 6.4 Estimating Result Sizes

A Important factor for finding good plans is to keep
mtermedlate results of operators small

- SELECttribute_list
FROMrelation_list
WHEREconditiopA ND e  Adwdition

Maximum number of result records?
A Product of cardinalities of all relations (incl. duplicates)

Conditions INWHERE clause eliminate result records

A Selectivity of the conditions
A Reduction factors help to estimate real result size

Projections do not reduce record number (unless
duplicates are removed)
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@ 6.4 Estimating Result Sizes

real Size a maximum sSsi ze
P .(reduction factor . .qition i)

I Assumption :All reductionsare statistically
Independent

ASomewhat unrealistic, but é

A How to estimatereduction factors ?

I Dependson the kind of the condition
Acolumn= value
Acolumn = column,
Acolumn{>, <,2, ¢} value
AcolumnlN {list of value}
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@ 6.4 Estimating Result Sizes

A Condition:column = value
I Simpleassumptionn earlyqueryoptimizersIf column

was notindexedreductionfactor of 0.1 (System R)

ATodaystatisticsaboutthe distinct values andhistograms
cando alot better

I If the column Is indexed by some indexhe
reduction factor can be approximated by

1/#keys(1)
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@ 6.4 Estimating Result Sizes

A Condition:column , = column ,,

i If there are indexes$,; andl, on columns 1 and 2, the
reduction factor can be estimated by

1/max(#keys( |,), #keys(l,))
AThe formula assumes that for each key in the smaller ind
there is a matching partner in the larger index
I If only one column has an indéxhe estimation can
ne simplified tal/#keys(1)
I If neither column has an index, statistic

about the distinct domain values can b
used as above
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@ 6.4 Estimating Result Sizes

A Condition:column {>,<,2, ¢} value

I If there Is an indeX, the reduction factor can be
approximated bythigh(1)-value)/(high( I)-low( 1))

I If there i1s no index or the column is not of an
arithmetic type, usually a factor around 8.%s
assumed

AThe assumption is that value is somewhere in the middle
the domain value range

I For range queriegvalue < column < value) ,
result sizes can be estimated as
disjunctions of both conditions
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@ 6.4 Estimating Result Sizes

A Condition:column IN {list of values}

I Here, If there I1s an indek the reduction factor is
chosen agtlist values*(1/#keys( |))

AAnalogously to column = value
AGenerally, the factor should be 0.5

A Conditions of the kindcolumn IN (subquery)
are handled similarly
I Ratio of the estimated subguery result

size to the number of distinct values In
column In the outer relation
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@ 6.4 Estimating Block Accesses

A The number oDB block accesses using an index
for a simple selectiosolumn = value (assuming
uniform value distribution) depends on

I the type of index and

I theresult size selected from the indexed column

AIf there is aprimary index , then both, result size and number o
blocks accessed, is abalit

A If there is acluster index , the expected number of blacks
accessed for a selection is
#bl ocks a #result sizej
(#records -in-relation/#blocks -in-relation) ‘-

A For asecondary index, the expected number .
of blocks accessed#sb | ocks a #r &=

i e if eachblockislooked up individually
Alf noindex is givedt b1 oc k s &in-réldiono c k s
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®

6.4 Estimating Block Accesses

A The number oDB block accesses using an

INC
va

exfor a simple selectiogolumn {>,<,2, ¢}
ue (assuming uniform value dlstrlbutlon) aga

de

nends on

I the type of index and theresult size selected from
the indexed column

Alf there is aprimary or cluster index ,then number of
blocks accessed#sb | oc ks ain-réldiond 2z k s

AFor asecondary index the expected number of blocks
accessedi8 bl oc ks a-in#elaton /@2r d sp

Alf noindexisgive# b | oc k s éin-r#leﬁid)no v
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6.4 Estimating Block Accesses

A The number ofDB block accesses using an index
for a selectioncolumn = column basicallyepends
on the selectivityof the join

I Orderingjoinsdifferentlymayleadto planswith
vastlydifferingcosts

I Next lecture join order optimization

I Worst caseis afull Cartesian product betweentwo

relationsR 3 S where eachtuple of R hasto be joined
with eachtuple of S

A# b | o c llecksy * #tecords ¢
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@ 6.4 Estimated Sizes

A Example Database: IMDB Data
I Internet Movie Database

I Contains (among others)
A 1,181,300 movies of 7 types
A2,226,551 persons
A 15,387,808 associations actarsvies

_ title -
name x: cast_info = — (& ud-
¥ id: INTEGER person-castink 1§~ INTEGER TR AT
e — _ *- :
@ name: VARCHAR ¥ person_id: INTEGER (FK) ': ﬂ?ﬂﬂrﬁﬁf (R
imdb_index: VARCHAR ithe_id: .
@ _index ¥ title_id: INTEGER (FK) @ production_year: INTEGER

I movie-type

kind_type -
¥ id: INTEGER
@ kind: VARCHAR
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@ 6.4 Estimated Sizes Dem -

A Filter Moviestitle.production_year = x
I System R heuristic: 0.1
I Distinct values in index: 0.0075
I Sample Queries
AYear=2000 0.0235
AYear=1970 :0.0077

AYear=1940 :0.0017
AData is skewed! Histograms should provide better results
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@ 6.4 Estimated Sizes B&Iolm

A Filter Actor Assignmentstame.id= cast_info.person_id
I Distinct values: Reduction Factor 8.464E
I Sample Queries
A Reduction FactoB.46 E7
A Estimate Number of Block Accesses:
title.production_year <1920
I Assume 16 records per block 73,832 blocks
I No Index: 73,832 blocks

I Secondary Index: 484,333 blocks
(estimated reduction factor 0.59)
AUsage of index seems not a gooo{

A However, real result size is just 56,502 records
i Now a good idea?
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6.4 Choosing the Access Path

A If several indexes match the conditions in the
WHERE clause, each offers aternative
access path

I Theselectivity of an access path is the number of
DB pages on disk that must be retrieved to evaluate
selection, relative to the whole relation

AUsually worstrelation scans

I Choosing the right access path
determines the 1/Gbound
efficiency of the query evaluation
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