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Topics (3/6)

= operator models
push-model
pull-model

= operator implementations

general idea
join algorithms for relational and multidimensional data

other operators

" query processing
scanning & “naive plans®
canonical plan computation
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Topics (4/6)

= query optimization
query rewrite
cost-based

= data recovery
single versus multiple instance
ARIES

= parallelization of data and queries
horizontal partitioning
vertical partitioning
replication
map-reduce
multi-cores
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Query Optimization.

Introduction.
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Motivation & Overview

declarative query SELECT title

FROM A,C

l WHERE A.name =’'Hugo’ AND A.id = C.dz
Scanner
Parser

algebraic expression
ntitle ( UA.name=’Hugo’ and A.id=B.dz (AXB) )

\4

Query
Optimizer result

t

query plan

Filter:
name="Hugo’
Code generation @

and execution

Prof. Dr. Jens Dittrich / Information Systems Group / infosys.c

WS 08/09




UNIVERSITY G2
E— —

COMPUTER SCIENCE

Information Systems Group

Query Optimizer

= Query optimization consists of two phases

l algebraic expression ...~ v
""""""""""""""""" Query rewrite
Query I
Optimizer
“ cost-based
optimization
query plan I

= Query rewrite
rewrites query using rules

= Cost-based optimization
estimates cost of different plans using cost models

picks plan that has expected lowest costs

WS 08/09 Prof. Dr. Jens Dittrich / Information Syste




Query Optimization.

Query Rewrite.
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Query Rewrite

= Goals
transform queries based on a rule set

perform optimizations that are (almost) guaranteed to improve
the plan (independent of size and distribution of data)

prepare query in a way such that the cost-based optimizer has
many options for generating plans
= Examples
simplification of expressions
generation of join predicates
unnesting of views or subqueries
predicate move around
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Query Rewrite in Practice

= exact rules are not published by the DBMS vendors
(some example rules, however, available for IBM DB2 in
Piharesh et.al, SIGMOD 1992)

" rules are extended from time to time (e.g., Rao et.al.
SIGMOD 2004)

= rules may be applied in any order
(however, order may play a role...)

= exact strategies of rule engines not published

= but: some core rules are published

WS 08/09 Prof. Dr. Jens Dittrich / Information Syste
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Scanner/Parser

" Input: query in SQL
SELECT A1, ..,An

FROM Ri,..,Rxk
WHERE P:

= the scanner/parser translates this into:

[[a1,...,2n(0p (R1X...XRk))

T

project filter input

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / infosys.cs
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Canonical Form of a Query

" |nput: [Ia1,...,an(O» (R1X...XRk))

= this corresponds to the following query tree:

[la1,..., An

Op

X
N\

X Rx
/ N\
X Rs
/N
R1 R
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SELECT title
FROM A,B
WHERE A.name ='Hugo’ AND A.id = B.dz;

\/

ntitle(O-A.name=’Hugo’ A A.id=B.dz (AXB))

\/

I]title

O-A.name=’Hugo’ A A.id=B.dz

Prof. Dr. Jens Dittrich / Information Systems Group / infosys.cs.uni-saarland.de
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Example: Rule Application (1/3)

=" now, we may apply rules to the tree
= Rule 7: push-down selection predicates

Htitle Htitle

Oa.id=B.dz

O-A.name=’Hugo’ A A.id=B.dz

X X

/ N\ N

A B OAa.name='Hugo’ B

A

= effect: less tuples participate in the cross product

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / infosys.c
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Example: Rule Application (2/3)

= Rule 11: combine selections and cross products into a join
(if possible)

Htitle

Oa.id=B.dz

il .dz
y / \
/ \ OAa.name=" Hugo' B

OA.name=" Hugo' B ‘

‘ A

A

= effect: eliminates cross product ( ©(n2) !)
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Example: Rule Application (3/3)

= Rule 8: push-down projections through joins

ntitle

ntitle
><la.id=B.dz

<. id=b.dz / \
/ \ | etene, 2@ B

OA.name=" Hugo' B

‘ Oa.name='Hugo’

A

= effect: input to join becomes smaller (row less wide)
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Equivalences of the Relational Algebra

1.join, union and intersection are commutative:

R ™M Rs
R{ U R,
Ri N Ry
Ri1 X Rs

Ro X Ry
Ry U R4
Ro N Ry
Ry x Ry

2.selections may be swapped with one another:

0q(0p(R))

3.Join, union, intersection and cross product are associative:

op(0q(R))

Ry X (Ry X R3)
Ry U( )
Ry N (R2 M R3)
Rl X (R2 X R3)

(Ry X Ry) X R,
(Rl U Rz) U R3
(R, N Ry) N Rs
(Rl X RQ) X R3

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / infosy:
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Equivalences of the Relational Algebra

4. conjunctions in a selection predicate may be split into
multiple selection predicates; likewise multiple selections may
be replaced by a single conjunction:

Opy Apan...rpn (B) = 0p, (0, (- - (0p, (R)) )

5. nested projections may be eliminated:
IL, (I, (- - - (1L, (R)) - . .)) = 1L, (R)

where it must hold that:

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group
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6. projections may be pushed down through a selection if the
projection does not remove any attribute needed to evaluate

the selection. Therefore it holds:

II;(0,(R)) = 0,(II;(R)), falls attr(p) C I

7. selections may be pushed down through joins (or cross

products) if it only contains attributes of one of the inputs to

the join (cross product).

For instance: if predicate p only contains attributes of R1, then

it holds that
op(R1 M Ry) = 0p(R1) X Ry

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems
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Equivalences of the Relational Algebra

8. Similarly, projections may be pushed through a join.

However, we have to take care that attributes appearing in the
join predicate are not removed.

Hl(Rl M, Rz) = Hl(Hll (Rl) X, 11;, (Rg)) where

ll — {A|A S~ Rl M l} U {AIA c Rl M attr(p)} and
lo ={A|A € RaNl} U{A|A € Ro N attr(p)}

9. selections may be pushed through set operations like
union, intersection and minus:

op(RUS) = op(R)Uay(S)
op(RNS) = 0p(R) Nop(S)
op(R = 5) op(R) — 0p(5)

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Grouf
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Equivalences of the Relational Algebra

10. projections may be pushed down through union:

Hl(Rl U Rz) = Hl(Rl) U Hl(Rz)

Note: for intersection and minus this is not allowed.

11. a selection and a cross product may be combined into a
join if the selection predicate is a join predicate.

For instance, for an equi join it holds:

ORl.AlzRQ.AQ (Rl X RQ) — R]. NRl.A]_:RQ.AQ R2

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Grouf
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Equivalences of the Relational Algebra

12. predicates may be rewritten.

For instance, a disjunction may be rewritten into a conjunction
using DeMorgan's law. This may then be exploited later on to
apply Rule 4 (splitting selections):

7(p1 A p2)=(7p1) v (7p2)
7(p1 v p2)=("p1) A (7p2)

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group
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Summary of Most Important Rules

1.split selections

2.push down selections and projections down the tree as far
as possible

3.combine selections and cross products into joins
4.1f possible: insert additional projections

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / infos
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Query Rewrite: Add Additional Join Predicate

SELECT *
FROM A,B,C
WHERE A.a=B.b AND B.b=C.c:

IS rewritten to
SELECT *

FROM A,B,C
WHERE A.a=B.b AND B.b=C.c AND A.a=C.c;

As a consequence, the following plan ><ds.p=c.c

becomes feasible: VN
><pamc.c D

(If not, we would have a cross product VRN

instead of the join of A and C!) A C

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / info
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QR: Simplification of Expressions

SELECT *

FROM rectangles
WHERE rectangles.width * rectangles. width < 100;

IS rewritten to

SELECT *
FROM rectangles
WHERE rectangles. width < 10;

Discussion
= only works if the following integrity constraint holds:
rectangles.width =0

" predicate evaluation becomes cheaper
= allows optimizer to use an index

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group /
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QR: Unnesting ANJ

= we consider three classes of subqueries
Type A: subquery is constant and returns a single value
Type N: subquery is constant and returns a table
Type J: subquery depends on an outer query and returns a table

= Discussion
there exist many more specialized subquery types and many
specialized rules to optimize them

we will concentrate on the most important cases

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems
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QR: Type A

SELECT * constAnt
FROM Emp e
WHERE e.salary = (SELECT max(salary) FROM Emp);

IS rewritten to

define m = SELECT max(salary) FROM Emp;

SELECT *
FROM Emp e
WHERE e.salary = m;

Note
= “define” is not part of SQL but a feature of the internal
representation of a query
= advantage: instead of n iterations over the Emp table only two

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Grou
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QR: Type N

SELECT * table iNdependent of e
FROM Emp e

WHERE e.dno IN(SELECT d.dno
FROM Dept d
WHERE d.name='Research’);

IS rewritten to

SELECT *

FROM Emp e, Dept d
WHERE e.dno=d.dno AND d.name=’'Research’;

Note
= typically this only works if functional dependencies exist among

the tables
" in general, a subquery of type N may be replaced by semijoins
and antijoins

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Grc
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QR: Type J

SELECT * table dependent on e
FROM Emp e

WHERE e.dno IN (SELECT d.dno
FROM Dept d
WHERE d.budget > e.salary*10);

IS rewritten to

SELECT *

FROM Emp e, Dept d
WHERE e.dno=d.dno AND d.budget > e.salary*10;

Discussion
= rewrite similar to subqueries of type N
= however, in some cases there are differences

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group /
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QR: FROM Clause

SELECT *
FROM Emp e, (SELECT d.dno
FROM Dept d
WHERE d.name='Research’) d

WHERE e.dno=d.dno;

IS rewritten to

SELECT e.*

FROM Emp e, Dept d
WHERE e.dno=d.dno AND d.name=’'Research’;

Discussion
" in many cases unnesting inside a FROM-clause is simpler as
less cases exist (e.g., no all quantifiers)

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group /
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QR: Existential Quantifiers

SELECT *

FROM Emp e
WHERE e.salary EXISTS (SELECT m.salary
FROM Manager m

WHERE p(e,m));

IS rewritten to

SELECT *

FROM Emp e
WHERE 0 < (SELECT COUNT(m.salary)

FROM Manager m
WHERE p(e,m));

Discussion
= similar for NOT EXISTS
= depending on complexity of p other transformations are possible
(Type A or J)

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group /




QR: Predicate Movearound

SELECT =*
FROM Emp e,

(SELECT name, d.dno
FROM Dept

WHERE dno = e.dno
AND boss = e.name AND boss like

WHERE e.dno BETWEEN 1 and 10;

IS rewritten

SELECT *
FROM Emp e,

WHERE e.dno

AND e.

Discussion

to

(SELECT name, d.dno
FROM Dept

WHERE dno = e.dno
AND boss = e.name AND boss like

AND e.dno BETWEEN 1 and 10) d

BETWEEN 1 and 10
name like ‘$%$strange%’;

‘%strange%’) d

‘%stranged’

= use this if unnesting fails (or is not implemented)
= similar rules for DISTINCT

Prof. Dr. Jens Dittrich / Information Systems Group / info
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Query Optimization.

Internal Query Representation.




Internal Representation of a Query

= How is a query internally stored by the query optimizer?

= principal concepts

WS 08/09

each subquery of a query (e.g., view) is represented by a

separate query block

a query block has a header containing:
- does the output have to be ordered?
- duplicate elimination: necessary, allowed, forbidden
- required attributes of this query block

a query block has a body containing:

- operator tree
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- join graph, i.e., data sources (inputs) are nodes, possible joins are

edges

dependencies among variables belonging to different query
blocks are also represented by edges

Prof. Dr. Jens Dittrich / Information Syste
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Internal Representation of a Query

" parser
creates the first internal representation of a query

" gquery rewrite
transforms internal representations iteratively and creates the
“pest” internal representation of a query

splits query into blocks (only one select clause per block)

= cost-based optimizer
IS applied for each query block creates a physical plan

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Grc
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Query Optimization.

Cost-based Optimization.




Query Optimizer

= Query optimization consists of two phases

l algebraic expression

--"
______
——————
——————
—————
--"

Query

Optimizer |

= Query rewrite

query plan

rewrites query using rules
= Cost-based optimization

-
-
--"
-

v

Query rewrite

!

cost-based
optimization

!

estimates cost of different plans using cost models
picks plan that has expected lowest costs

Prof. Dr. Jens Dittrich / Information Sys
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Cost-Based Optimization

= Core idea
enumerate all possible physical plans (candidate plans)

try to estimate the cost of each candidate plan
pick the candidate plan with the estimated lowest cost

What are the costs of a query plan?

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / i
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Cost Models

index information information on
data clustering

| |

physical query plan > cost model > estimated cost

cardinalities attribute
distributions

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / infosys.cs.u
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Selectivities

= very simple cost model
selectivity of an operaton = #tuples output / #tuples input

= selectivity using a predicate p

0p(R)]
R]

selp =

*Terminology:
“high selectivity” = selp small
l.e., many tuples are removed by the selection
“low selectivity” = selp big
l.e., only few tuples are removed by the selection

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems G
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Estimate Selectivities

= Examples selp ;=
p(r) = (r.key%2==0)
assuming uniformly distributed keys in R it follows: selp, = 0.5

1
Selr key=42 1= ﬁ R.key = key of R
1
selr.attr 1= T where C is the cardinality of attribute R.attr
Terminology

“high selectivity” = selp small
“low selectivity” = selp big

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / i
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Join Selectivities

Re<S[ RS

Se|R><S - -
IRxS|  [R[+[S]

Selrkey=s.8 := —— equi joinof R and S
R] using foreign key in S

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / infosys.cs.uni-saarland.de




Example: Join Order

Plan 1:
‘ 100

>

w,ooo

>
1,0y \,ooo
C B

(0)]
@
O
X
o
|
[

100,000
11,000[<|1,000]
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|Al=[B|=|C|=1,000

Plan 2: 100
>
100 /
><] 1,000
1,000 / wooo
A C B
|AD<1C|
sela—c = =
|Al+|C]
100
= 0.0001

711,000[|1,000]

= Plan 1: Top-level join has to process 1,000*100,000 tuples.
= Plan 2: Top-level join has to process 100*1,000 tuples.

Prof. Dr. Jens Dittrich / Information Systems Grc
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Example: Join Order Al=IBI=ICI=1,000
Plan 1: ‘ 100 Plan 2: ‘ 100
M ><

W,ooo 100 /

> >
1,Oy \,ooo 1,000 / yOOO
C B A C

1
1,000 000

A B

= consequences
joins having a high selectivity should be executed first

same problem for intersections in search engines

= effect
sizes of intermediate results will be decreased

following operators have to process smaller data sets
= However: join order should not only be determined based

on selectivities

WS 08/09 Prof. Dr. Jens Dittrich / Information Syste
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Discussion: Join Selectivities

= in reality join selectivities are hard to estimate

= distributions of R and S have a considerable impact on the
true size of the join result

= Examples
R={1,3,5,7,9,...}
S={2,4,6,8,...}
R>=SI=0
nowever.
R={1,3,5,7,9,...,N}
S={1,3,5,7,9,...,N}
IR>< S| =N
etc.

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group /
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How to Make Better Estimates?

= Goal: provide optimizer with better selectivity estimations

= parametric distributions
try to determine a function that approximates data distribution
e.g., as a combinations of different functions (kernels, wavelets)

" histograms

partition data domain into intervals and count number of tuples per
interval

= sampling
draw a sample of the data set and compute statistics based on the
sample
statistically, the sample represents the entire data set

could even try to execute joins on samples to understand join
selectivity

WS 08/09 Prof. Dr. Jens Dittrich / Information S
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Histograms
equi-width
* |dea: histogram
partition data domain into 700
intervals and count number
of tuples per interval 525 -
(7p]
-Advlantage. easy to %350 1 F -
Implement £
p. s 4 H b B
= Variants
equi-width: all intervals %5 g 5 s 5 8 s
have the same length > 32 32 3% %
equi-depth: all intervals = & & % 3 3
contain the same number of atiribute value

tuples

WS 08/09 Prof. Dr. Jens Dittrich / Information Syste
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Sampling

" |dea: draw a sample of the data set and compute statistics
based on the sample,

= statistically, the sample represents the entire data set

= two optimization goals
compute sample in a way such that I/O-effort is saved later on
compute sample in a way such that distribution of the sample is
equal to the distribution of the data set (real sample)

= simple implementation

let k be the fractional size of the sampletodraw 0 <k < 1
ForEach rin R:

X = uniformly distributd random number in-between 0 and 1
If X < k:
SAMPLE = SAMPLE u {r}

Question: does this save |/O-effort?

WS 08/09 Prof. Dr. Jens Dittrich / Informati
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Statistic Computation

= Note

statisitics are not computed by the DBMS automatically and are
not automatically updated (in case data changes)

however, the cost-based optimizer may only find an efficient plan
If statistics are up-to-date...

" Therefore, the DBA has to explicitly trigger statistic
computation.

= Oracle
ANALYZE TABLE xy COMPUTE STATISTICS FOR

TABLE ;

= |IBM DB2
RUNSTATS ON TABLE...

WS 08/09 Prof. Dr. Jens Dittrich / Information Syste
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I/0-Cost Model

= our cost model so far: selectivities of operators
= This is too simple!!
= Better cost models exist:

= simple 1/0O-cost model
ignore cost for cpu-effort
every write and read operation of a block is counted as 1 cost unit
cost of a query plan := sum of cost units
estimated selectivities are just parameters in this model

" improved I/O-cost model
like simple cost model
but: each seek counts 10 cost units
cost of a query plan := sum of cost units for read, write, and seek

WS 08/09 Prof. Dr. Jens Dittrich / Information Sys
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Cost Estimation for a Selection

= B: number of records per page
= N: size of data set (number of records)
= n:= [ N/B ], size of data set (number of pages)

= cost for
Full-table-scan (FTS): costrrs =10+ n

random acces to n pages: c0OStrandom = 10*n +n

Index-access+ISAM (att=42):

assumptions:
- index clustered on att. therefore logarithmic cost to walk down the
tree =: 1.
- then ISAM.
- in total: COStindex+isam = t*10 + [ selp+ n’]

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Grouf
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Cost Estimation for a Simple Join

" page-oriented nested-loops join:
assumption: reserve m-k pages for the outer relation R (outer

loop)

reserve k pages for relation S (inner loop)
R m-k m-k
S kK K

R will be read once: costg= 10* [ ng/(m-k) | +nr

S will be read [ nr/(m-k) | times:
costs= [ nr/(M-k) | * (10+ns)
In total: ng + | nr/(m-k) | * (20+ns)

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems G
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Plan Enumeration

" now we are able to enumerate different plans
= for each plan we may estimate its cost

HashJoin HashJoin

>
/\ / /
> HashJoin iZEtMerge
/\ /\ d/\
ZX (: EB Index

FTS A FTS C Index FTS C FTS B
Acc B Acc A
SortMerge SortMerge
/is;n Join
SortMerge SortMerge
N N
FTS A FTS C Index Index Index  Index
Acc B Acc A Acc C Acc B

WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / infos
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Cost of Plan Enumeration

><
/ \
><]
/N
A C B
= Assume...

...each leaf may be implemented by two different access paths
(FTS or IndexAccess).

...each join may be implemented by either a HashJoin, Sort-Merge-
Join, or a nested-loops join.

= For join order (A >< C) < B this already results in 23-32 =72
plans.

= Moreover: 72 plans for join order A><(C >< B).

= Question: why do we again consider the join order anyway?
(we already did this for join selectivities...)

WS 08/09 Prof. Dr. Jens Dittrich / Information Syste




Join Order (Reloaded)

SortMerge

> Join
E>:3/ SortMg;;;\\\\\\\\
Joi
AN 7\
A C B P e I

= Question: why do we again consider the join order?

= assume tables A and B are accessed by an index

= the indexes deliver tuples already sorted by the join predicate

= therefore the following sort-merge join only needs to sort table C!
= all other sort operations may be skipped!

= this may have the effect that a plan having joins producing large
iIntermediate results may be more efficient!

= these interesting orders may allow the optimizer to pick a more
efficient plan!
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Join Order (Revolutions)

SortMerge
Join

/M\\ VAN
A C B

Index FTS C Index
Acc A Acc B

= Consequences

WS 08/09

the final decision on a join order should be taken by the cost-based
optimizer

In particular, decision on which join operator to choose depends on
interesting orders created by subplans
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Dynamic Programming

" bottom-up computation: compute optimal plan for one input
= plans for i inputs are based on optimal plans for i-1 inputs
= subplans are building blocks for larger plans

= example:

A B><1 B and B <] A compute the same results, however, only
one of these plans is kept

let's assume that A ><1 B is cheaper and kept

then it holds that every plan having A< B as a building block is
cheaper than a plan having B >< A as a building block.

e.g.: C ><1 (A< B) has to be cheaperthan C <1 (B> A)

= Note: we make the assumption that the cost of the entire plan

may be obtained by adding up the cost for subplans (costs
are cumulative)!
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Dynamic Programming

= Counter example: A sort-merge-join B and A hash-join B

" in this case the sorted output w.r.t. the join (interesting order)
key may be exploited by a following operator (e.g., to
compute an aggregate or for another join)

= Consequence: the decision for one of these plans may not be
made locally

= therefore both plans have to be kept

= Literature: Simmen, D., Shekita, E., and Malkemus, T.
Fundamental techniques for order optimization. ACM-
SIGMQOD, 1996, 57— 67.
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Discussion

= Note: problem to find the optimal plan is NP
= exponential runtime: O(3Y)

= exponential memory consumption: O(2V)

= v is the number of input relations

= delivers plan only at the end

= finds ‘optimal’ plan (under a given cost model)

= Literature (overview): Donald Kossmann, Konrad Stocker:
lterative dynamic programming: a new class of query
optimization algorithms. ACM Trans. Database Syst. 25(1):
43-82 (2000)
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explain plan

explain plan for
SELECT ...

resu It Sort Unique

SELECT STATEMENT Cost = 37710 |
SORT UNIQUE HashJoiny MatrNr=s.MatrNr

HASH JOIN //// \\\\

TABLE ACCESS FULL STUDENTEN

S HashJoiny vorlNr=h.VorINr
HASH JOIN
HASH JOIN e N
TABLE ACCESS BY ROWID PROFESSOREN HashJoin, persNr=v.gelesenVon h
INDEX RANGE SCAN PROFNAMEINDEX e N
TABLE ACCESS FULL VORLESUNGEN IndexSelect,, Name—‘Sokrates’ -

TABLE ACCESS FULL HOEREN I

p
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Next Topic:
Transaction Management
and Crash Recovery.




