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Query Processing Components

= Query language that is used
o SQL: “intergalactic dataspeak”
= Query execution methodol ogy

o The steps that one goes through in executing high-level
(declarative) user queries.

= Query optimization
o How do we determine a good execution plan?
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What are we trying to do?

= Consider query

o “For each project whose budget is greater than $250000 and which
employs more than two employees, list the names and titles of
employees.”

m N SQL
SELECT Enane, Title
FROM  Enp, Project, Wrks
VWHERE Budget > 250000
AND Enp. Eno=Wor ks. Eno
AND Pr oj ect. Pno=Wbr ks. Pno
AND Project.Pno IN
(SELECT w. Pno
FROM Wor ks w
CGROUP BY w. Pno
HAVI NG SUM *) > 2)

= How to execute this query? 73



A Possible Execution Plan

1. T, — ScanProj ect table and select al tuples
with Budget vaue > 250000

T, « Join T, with the Wor ks relation
3 < Join T, with the Enp relation
T, « Group tuplesof T; over Pno

Scan tuples in each group of T, and for groups

that have more than 2 tuples, Project over
Enane, Titl e

Note: Overly ssimplified —we' |l detail |ater.

ok~ WD
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Pictorial Representation

[ Ename, Title
T4T
Group by
TT 1. How do we get this
i 3[>4 plan?
/ \ 2. How do we execute
> Em ?
T/v \ P each of the nodes”
O Budget>250000 Works

Project

I Ename, Title(G rou ano,Eno(Em P (GBudget>2 50000PrOjECt[><]WOI'|(S)))
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Query Processing Methodol ogy
SQL Queries

Normalization
Analysis

Simplification

Restructuring

Optimization

“Optimal” Execution Plan
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Query Normalization

= Lexical and syntactic analysis

check validity (similar to compilers)
check for attributes and relations
type checking on the qualification

= Put into (query normal form

Conjunctive normal form

(p11Dp12D' i |jpln) ... 0 (pmlmmeD' e men)
Digunctive normal form

(Pu2 [Py, 0. 0Py,) L. O (P CPrpH - i)
OR's mapped into union
AND's mapped into join or selection
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Analysis
= Refute incorrect queries

= Typeincorrect
o If any of its attribute or relation names are not defined in
the global schema
o If operations are applied to attributes of the wrong type

= Semantically incorrect
o Components do not contribute in any way to the
generation of the result
o Only asubset of relational calculus queries can be tested
for correctness
o Thosethat do not contain digunction and negation

e TO0 detect
O connection graph (query graph)
0 join graph
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Analysis — Example

SELECT Enane, Resp

FROM Enp, Wrks, Project

VHERE Enp. Eno = Wrks. Eno

AND Wor ks. Pno = Proj ect. Pno

AND Pnane = ‘ CAD/ CAM

AND Dur > 36

AND Title = ‘“ Programmer’

Query graph Join graph

_ Works >

orks.Pno=Project.Pno

Pname=‘CAD/CAM’
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Analysis
If the query graph is not connected, the query

may be wrong.

SELECT Enane, Resp

FROM Enp, Wrks, Project
VWHERE Enp. Eno = Wrks. Eno
AND  Pnanme = ‘ CAD CAM
AND Dur > 36

AND Title = ‘Progranmmer’

Works

Ename

RESULT
Pname=‘CAD/CAM’
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Simplification
= Why simplify?
o Thesmpler the query, the easier (and more efficient) it
ISto execute it

s How? Use transformation rules

o dimination of redundancy
0 idempotency rules
p, U-(p,)  false

P, O(p, 0Py = py
p, Ufdse = p

o application of transitivity
e useof integrity rules
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Simplification — Example

SELECT
FROM
VHERE
OR
AND
OR
AND

SELECT
FROM
VHERE

Title

Enp

Enane = "J. Doe’

(NOT(Title = *Programmer’)
(Title = *Programrer’
Title = “Elect. Eng.’)
NOT(Title = “Elect. Eng.’))
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Restructuring

s Convert SQL to relational algebra
= Make use of query trees
s Example

SELECT Enane
FROM  Enp, Wrks, Project
VWHERE Enp. Eno = Wrks. Eno

AND Wor ks. Pno = Project. Pno

AND Enane <> *J. Doe’
AND Pnane = ‘ CAD CAM

AND  (Dur = 12 OR Dur = 24)

Project

I ENAME
Obur=12 QR DUR=24

O-PNAM E=A“ CAD/CAM”

GENAM Ef‘J. DOFE”

> PNO

T~

[><]E 0 > Join
/ K

Works

} Project

\

>Select

Emp
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How to iImplement operators

m Selection (assume R has n pages)
e Scan without an index — O(n)
e Scan with index
0 B* index — O(logn)
0 Hash index — O(1)
= Projection
o Without duplicate elimination — O(n)

o With duplicate elimination
0 Sorting-based — O(nlogn)
0 Hash-based — O(n+t) wheret is the result of hashing phase
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How to implement operators
(cont’ d)

= Join
o Nested loop join: RS
foreach tuple rlR do
foreach tuple sUS do
|f r==s then add <r,s> to result
o O(N*mM)
o Improvements possible by

0 page-oriented nested loop join
0 block-oriented nested loop join
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How to implement operators
(cont’ d)

= Join
o Index nested loop join: R<S

foreach tuple rR do
use index on join attr. to find tuples of S

foreach such tuple sOS do
add <r,s> to result

e Sort-mergejoin
0 Sort R and Son the join attribute
0 Merge the sorted relations

e Hashjaoin
0 Hash R and Susing acommon hash function
0 Within each bucket, find tupleswherer=s
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|ndex Selection Guidelines

m Hash vstree index

o Hash index on inner isvery good for Index Nested
L oops.

0 Should be clustered if join column is not key for inner, and
Inner tuples need to be retrieved.

o Clustered B+ tree on join column(s) good for Sort-
Merge.
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Example 1

SELECT e. Enane, w. Dur
FROM Enp e, Wirks w
VHERE w. Resp=" Myr’
AND e. Eno=w. Eno

= Hash index on w.Resp supports ‘Mgr’ selection.

= Hash index on w.Eno allows us to get matching (inner) Emp
tuples for each selected (outer) Works tuple.

= What if WHERE included: “AND e.Title="Programmer’’’?

o Could retrieve Emp tuples using index on e.Title, then join with
Works tuples satisfying Resp selection.
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Example 2

SELECT e. Enane, w. Resp

FROM Enmp e, Wirks w

VWHERE e. Age BETWEEN 45 AND 60
AND e. Titl e=' Programer’
AND e. Eno=w. Eno

= Clearly, Emp should be the outer relation.
o Suggeststhat we build a hash index on w.Eno.

= What index should we build on Emp?

o B+ treeon e Age could be used, OR an index on e.Title could be used.
Only one of these is needed, and which is better depends upon the
selectivity of the conditions.

0 Asarule of thumb, equality selections more selective than range selections.

= Asboth examplesindicate, our choice of indexesis guided by

the plan(s) that we expect an optimizer to consider for a query.
Have to understand optimizers! 19



Examples of Clustering

SELECT e. Title
FROM Enp e
WHERE e. Age > 40
s B+ treeindex on e Age can be used to get
qualifying tuples.
o How selective isthe condition?
e Istheindex clustered?
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Clustering and Joins

SELECT e. Enane, p. Pnane

FROM Enp e, Project p

VWHERE p. Budget = 350000’

AND e.Cty=p.Qty
Clustering is especially important when accessing inner tuples
In Index Nested Loop join.

» Should make index on e.City clustered.
Suppose that the WHERE clause is instead:

WHERE e.Title="Programmer’ AND e.City=p.Cty

o If many employees are Programmers, Sort-Merge join may be worth
considering. A clustered index on p.City would help.

Summary: Clustering is useful whenever many tuples are to
be retrieved.

7-21



Selecting Alternatives

SELECT Enane

FROM Enp e, Wrks w
VHERE e. Eno = w. Eno
AND w. Dur > 37

Strategy 1

Menamie(Opurs37tEMP.ENO=ASG.ENO (EMP X WOrks))
Strategy 2

Mename(EMP >y (Opyrsa7 (Works)))

= Strategy 2 I1s“better” because
« It avoids Cartesian product
o It selects asubset of Works before joining

s How to determine the “better” alternative?
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Query Optimization |ssues —
Types of Optimizers

s “Exhaustive’ search

e COSt-based

o Optimal

o combinatorial complexity in the number of relations
= Heuristics

e not optimal

e regroup common sub-expressions

o perform selection, projection as early as possible

e reorder operations to reduce intermediate relation size

o optimize individual operations
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Query Optimization |ssues —
Optimization Granularity

= Single query at atime

e cannot use common intermediate results
= Multiple queries at atime

o efficient if many similar queries

o decision space is much larger
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Query Optimization |ssues —
Optimization Timing

s Static
e compilation = optimize prior to the execution
o difficult to estimate the size of the intermediate results
—> e'ror propagation
e Can amortize over many executions
= Dynamic
e runtime optimization
o exact information on the intermediate relation sizes
» have to reoptimize for multiple executions
= Hybrid
o compile using a static algorithm
o If the eror in estimate sizes > threshold, reoptimize at
run time
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Query Optimization |ssues —
Statistics

= Relation
o cardinality
e Sizeof atuple
o fraction of tuples participating in ajoin with another
relation

m Attribute
o cardinality of domain
e actual number of distinct values

= Common assumptions
 Independence between different attribute values

o uniform distribution of attribute values within their
doman 7-26



Query Optimization Components

m Cost function (in terms of time)
e |/O cost + CPU cost
o These might have different weights
« Can aso maximize throughput

= Solution space
o The set of equivalent algebra expressions (query trees).

= Search algorithm

« How do we move inside the solution space?

o Exhaustive search, heuristic algorithms (iterative
Improvement, simulated annealing, genetic,...)
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Cost Calculation

= Cost function takes CPU and |I/O processing into
account

o Instruction and I/O path lengths

= Estimate the cost of executing each node of the
guery tree

o Ispipelining used or are temporary relations created?

s Estimate the size of the result of each node
o Selectivity of operations— “reduction factor”
« Error propagation is possible
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|ntermediate Relation Sizes

Selection
size(R) = card(R) Ulength(R)
card(o: (R)) = S, (F) Ucard(R)
where

1
card(J[,(R))

max(A) — value
max(A) — min(A)
value — min(A)
max(A) — min(A)

S F4(A =value) =

S F4(A > value) =

S F (A <value) =

SF,(p(A) Op(A)) = SF,(p(A)) OSF,(P(A))

SF,(A O value) = SF_ (A= value) Ocard({values})
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|ntermediate Relation Sizes

Projection
card(l'1 ,(R))=card(R)
Cartesian Product
card(Rx S = card(R) Ocard(S
Union
upper bound: card(R 0 S) = card(R) + card(S
lower bound: card(R O S = max{ card(R), card(S)}
Set Difference
upper bound: card(R-S) = card(R)

lower bound: O
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|ntermediate Relation Size

Join

o Specia case: Aisakey of Rand B isaforeign key
of S

card(R<ti,_g S = card(S
e Moregenerdl:
card(R > § = S, Ocard(R) Ocard(S)
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Search Space

Characterized by “equivalent” query plans

o Equivalence isdefined in terms of equivaent query
results

Equivalent plans are generated by means of
algebraic transformation rules

The cost of each plan may be different
Focus on joins
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Search Space — Join Trees
/' T~

= For N relations, there are O(N!) Project
equivalent join trees that can be / ‘m)rks
obtained by applying commutativi ty
and associativity rules

>
< %
SELECT Enane, Resp / \ =mp

FROM Enp, Works, Project Project Works
VWHERE Enp. Eno=Wr ks. Eno

AND Wor ks. PNO=Pr oj ect . PNO X/N V\W k
/ \ OrKs

Project Emp
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Transformation Rules

s Commutativity of binary operations
e« RxS= SxR
e RIS SR
e« ROS- SOR
= Associativity of binary operations
e (RXS)XT < Rx(SxT)
e (RXS)XTe=RNX(SXT)
= |dempotence of unary operations
e NMy(My(R) = Mu(R)
° Gpl(Al)(sz(AZ)(R)) = Opyap - Pz(Az)(R)
where R[A] and A' O A A" OA and A' O A"
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Transformation Rules

=  Commuting selection with projection
s  Commuting selection with binary operations

o Oppn(R* 9 = (0,4 (R) xS

* Opa)(R>apgy S = (Opp) (R) Mapy S
* Opuy(RUT) = 0 (R) LD e (T)
where A, belongsto Rand T

=  Commuting projection with binary operations
o M(R*xY = T p(R) xTg(S

o MR > (a8 S < M x(R) (A BY MNg(S
o N(RUY =N RU (9

where R[A] and §B]; C=A"l1 B'where A TJA, B 0B, A A,
B, LB 7-35



Example

Con§| der the query: Meyane } Project
Find the names of employees other than J.
Doe who worked on the CAD/CAM project
for either one or two years. Opyr=12 QR DUR=24 A
SELECT Ename O pnanve=cADICAM? >Select
FROM Project p, Wrks w,

Enp e 0] ; ' _

VHERE w. Eno=e. Eno ERAMEL DOE
AND w. Pno=p. Pno
AND Ename<>'J. Doe’ P A
AND p. Pnane=" CAD/ CAM \[x] o
AND (Dur=12 OR Dur =24) /v \

Project Works

Emp/
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Equivalent Query

[ Ename

|

OpPname="CAD/CAM’ [J (Dur=12 O Dur=24) [JEname<>'J. DOF’

P>}
X
Works Project Emp
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Another Equivalent Query

[ Ename

DX} -—
I_IPn

o
TN

I_If’no [ Prlo,Eno [ En(Z,Ename

OPname,="CAD/CAM Obur =12 (IDur=24 OEnamg <> *J. Doe’

Project Works Emp
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Search Strategy

= How to “move” in the search space.

s Deterministic

o Start from base relations and build plans by adding one
relation at each step

o Dynamic programming: breadth-first
o Greedy: depth-first
= Randomized
» Search for optimalities around a particular starting point
o Trade optimization time for execution time
o Better when > 5-6 relations
o Simulated annealing
o Iterative improvement
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Search Algorithms

= Restrict the search space

e Useheuristics
0 E.g., Perform unary operations before binary operations

o Restrict the shape of thejoin tree
0 Consider only linear trees, ignore bushy ones

Linear Join Tree Bushy Join Tree
>
/ \ >
/" N\ " / \
/[><]\ R, P >
R1 R2
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Search Strategies

s Deterministic

) SN
= SN T
SN SN TN

R, R,

s Randomized

VA AN
N

/ N\ b / ) -
Ry R,

R, R;



Summary

» Declarative SQL gueries need to be converted into
low level execution plans

» These plans need to be optimized to find the
“best” plan

= Optimization involves

o Search space: identifies the alternative plans and
alternative execution algorithms for algebra operators

0 Thisis done by means of transformation rules

« Cost function: calculates the cost of executing each plan
0 CPU and 1/0 costs

» Search algorithm: controls which alternative plans are
Investigated
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