
Wolf -Tilo Balke

Jan-Christoph Kalo
Institut für Informationssysteme

TechnischeUniversitätBraunschweig

http://www.ifis.cs.tu-bs.de

Relational Database Systems 2
5. Query Processing



5.1 Introduction: the Query Processor

5.2 How do DBMS actually answer queries?

5.3 QueryParsing/Translation

5.4 Query Optimization

5.5 Query Execution

5.6 Implementation of Joins
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5 Query Processing



ÅWhat is a query processor ?

ïRemember: Simple View of a DBMS
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5.1 Introduction
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ÅQueries are posed to the DBMS and processed 

before the actual evaluation  
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5.1 Introduction
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ÅA query is usually stated in a high-level 
declarative DB language (e.g. SQL)

ïFor relational databases:  DB language can be mapped 
to relational algebra for further processing

ÅTo be evaluated it has to be translated into a low-
level execution plan

ïExpressions that can be used at physical level of the 
file system

ïFor relational databases: physical relational algebra

ÅExtends relational algebra with primitivesto search through 
internal data structures 
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5.2 How Queries are Answered
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5.2 Query Processing
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ÅQueries need to be translated to an internal 
representation

ïQueries posed in a declarative DB language

Åòwhat should be returnedó, not òwhere it is foundó

ïQueries can be evaluated in different ways

ÅScanner tokenizes the query 

ïDB language keywords, table names, attribute names, 
etc.

ÅParser checks syntax and verifies relations, 
attributes, data types, etc. 
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5.3 Parser and Translator 



ÅResult of the scanning/parsing process

ïEither query is executable, or error message is 

returned (e.g., SQLCODE, SQLSTATE,é)
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5.3 Parser and Translator 



ÅBut often also like thisé 
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5.3 Parser and Translator 



ÅTranslation into relational algebra is necessary 

for actually evaluating the query

ïInternal exchange format between DBMS components 

ïAlgebra allows for symbolic calculations

ÅImportant for query optimization 

ïIndividual operators 

can be annotated with 

execution algorithms

ÅEvaluation primitives
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5.3 Parser and Translator 



ÅEvaluation primitives refer to a single 

operator

ïTuple scan operators

ïTuple selection operators

ïIndex scan operators

ïVarious join operators

ïSort operator

ïDuplicate elimination operator

ïé
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5.3 Parser and Translator 



ÅA crash course in relational algebra and SQL 

ïBasic operations

ïTranslation
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5.3 Translating a Query



ÅMade popular by Edgar Frank òTedó Codd in 1970

ÅTheoretical foundation of relational databases

ïDescribes how to retrieve interesting parts of 

available relations

ïLed to the development of SQL

ïRelational algebra is mandatory to 

understand query optimization

ÅTopic of the next lecture
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5.3 Relational Algebra



ÅDefines six base operations

ïSelection

ïProjection

ïCartesian Product

ïSet Union

ïSet Difference

ïRename
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5.3 Relational Algebra



matNr firstName lastName sex

1005 Clark Kent male

2832 Lois Lane female

4512 Lex Luther male

5119 Charles Xavier male

6676 Erik Magnus male

8024 Jean Gray female

9876 Logan male
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5.3 Example Relations

crsNr title

100 Intro. to being a Superhero

101 Secret Identities2

102 How to take over the world

student course result

9876 100 3.7

2832 102 5.0

1005 101 4.0

1005 100 1.3

6676 102 1.3

5119 101 1.7

students courses

exams



ÅSelection ʎ

ïSelects all tuples (rows) fulfilling a given Boolean 

expression from a relation

ïʎ< condition> (R)

ïCondition clauses:

Å< attribute > ʃ< value>

Å< attribute > ʃ< attribute >

Åʃɴ {=, <, , , >, }

ïClauses may be connected by ᷈ȟa᷉nd×
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5.3 Relational Algebra



ÅSelection Examples 
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5.3 Relational Algebra

student course result

9876 100 3.7

matNr firstName lastName sex

2832 Lois Lane female

8024 Jean Gray female

ʎsex= femalestudents

ʎcourse=100 ᷈ ÒÅÓÕÌÔ σȢπexams



ÅProjection ʌ

ïRetrieves only attributes (columns) with given names

ïʌ< attributeList > (R)
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5.3 Relational Algebra

firstName lastName

Lois Lane

Jean Gray

title

Intro. to being a Superhero

Secret Identities2

How to take over the world

ʌtitlecourses ʌfirstName, lastNameʎsex= femalestudents



ÅRename operator ʍ

ïRenames a relation Sand/or its attributes

ʍ3 "ρȟ "ςȟ ȣȟ Bn) (R)   or ʍS(R)  or ʍ"ρȟ "ςȟ ȣȟ Bn) (R)
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5.3 Relational Algebra

matNo crsNo grade

9876 100 3.7

1005 100 1.3

results

ʍresults(matNo, crsNo, grade)ʎcourse=100exams



ÅUnion ,᷾ Intersection žand Set Difference ð

ïOperators work as already known from set theory

ÅOperands have to be union-compatible

(i.e., same attributes)

ïR ᷾  3or    R᷊ 3   or   R-S (alternative: R\ S) 
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5.3 Relational Algebra

course title

100 Intro. to being a Superhero

102 How to take over the world

ʎcourse=100exams  ᷾  ʎcourse=102exams



ÅCartesian Product ×

ïAlso called cross product

ïCreates a new relation combining two relations in a 

combinatorial fashion

ïR×S

ïWill create a new relation with all attributes of Rand 

all attributes of S

ïEach entry of Rwill be combined with each entry of S

ÅResult will have |R|*|S| rows 
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5.3 Relational Algebra
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5.3 Relational Algebra

matNo lastName

2832 Lane

8024 Gray

student course result

9876 100 3.7

2832 102 5.0

1005 101 4.0

badGrades females

student course result matNo lastName

9876 100 3.7 2832 Lane

2832 102 5.0 2832 Lane

1005 101 4.0 2832 Lane

9876 100 3.7 8024 Gray

2832 102 5.0 8024 Gray

1005 101 4.0 8024 Gray

cross

ʍcross (badGrades× females)

ʍfemalesʌmatNo, lastNameʎsex= femalestudents

ʍbadGradesʎresult σȢπ exams



ÅThe combination of projection, selection and 

cartesian product is a very important type of

DB queries

ïThis kind of query is called join query
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5.3 Relational Algebra

lastName course result

Lane Howto take over the world? 5.0

ʌlastName, title, resultʎmatNo= student᷈ course= crsNo females× badGrades ×courses



ÅTheta Join ẚ

ïCreates a new relation combining two relations by 

joining related tuples

ïRẚconditionS

ïTheta joins may have similar conditions to selections
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5.3 Relational Algebra

lastName title result

Lane Howto take over the world? 5.0

ḳ
ʌlastName, title, resultʎmatNo= student᷈ course= crsNo females× badGrades ×courses

ʌlastName, title, result femalesẚmatNo= student badGradesẚcourse= crsNo courses



ÅEquiJoinẚ

ïJoins two relations only using equality conditions

ïR ẚR.a= S.bS

ïCondition may only contain equality between 

attributes 

ïRestriction of the Theta Join
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5.3 Relational Algebra

lastName title result

Lane Howto take over the world? 5.0

ḳ
ʌlastName, title, result femalesẚmatNo= student badGradesẚcourse= crsNo courses

ʌlastName, title, resultʎmatNo= student᷈ course= crsNo females× badGrades ×courses



ÅNatural Join ẚ

ïRestriction of the EquiJoin

ïR ẚattributeList S

ïImplicit join condition

ÅJoin attributes in list need to have equal names in both 

relations

ÅIf no attributes are explicitly stated, all attributes with equal 

names are implicitly used
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5.3 Relational Algebra
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5.3 Relational Algebra

Ὑẚ(ὥὸὸὶὭὦόὸὩὒὭίὸ) Ὓ  

lastName title result

Lane Howto take over the world? 5.0

matNo lastName

2832 Lane

8024 Gray

matNo crsNo result

9876 100 3.7

2832 102 5.0

1005 101 4.0

badGrades
females

crsNo title

100 Intro. to being a Superhero

101 Secret Identities2

102 How to take over the world

courses

ʌlastName, title, result (femalesẚmatNobadGradesẚcourses)



ÅSQL (Structured Query Language)

ïMost renowned implementation of relational algebra

ïOriginally invented by IBM for System R (SEQUEL )

Å1970 by Donald D. Chamberlin and 
Raymond F. Boyce

ïStandardized multiple times

Å1986 by ANSI (ANSI SQL, SQL -86)
ïAccredited by ISO in 1987 (SQL-87)

Å1992 by ISO (SQL2, SQL -92)
ïAdded additional types, alterations, functions, more joins, security 

features, etc.

ïSupported by most major databases
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5.3 SQL



Å1999 by ISO (SQL 3, SQL:1999 )

ïAdded procedural and recursive queries, regular expression matching, 
triggers, OOP features, etc.

Å2003 by ISO (SQL:2003)

ïAdded basic XML support, auto-generated keys and sequences, etc.

Å2006 by ISO (SQL:2006)

ïDeeper integration with XML, support for mixed relational and XML 
databases, XQuery integration

Å2008 by ISO (SQL:2008)

ïTruncate table statement,  enhanced merge and diagnostic statements, 
instead of triggers, é

ïHowever, most database vendors use proprietary forks of 
the standards

ÅSQL developed for one DBMS often needs adaption to be ported
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5.3 SQL



ÅBasic Select-Query Structure

ïSELECT<Attributes> 
FROM<Relation> 
WHERE<condition>

ÅSQL maps to relational algebra

ïʌ(attributeList ) R: Select attributeList from R

ïʎ(condition) R :é where(condition)
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5.3 SQL vs. Relational Algebra
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5.3 SQL vs. Relational Algebra

SELECT* FROMexams WHEREcourse=100 ANDresult >= 3

SELECTfirstname, lastNameFROMstudents WHEREÓÅØ ȬÆÅÍÁÌÅȭ

SELECTtitle FROMcourses

ʎcourse=100 ᷈ ÒÅÓÕÌÔ σȢπexams

ʌtitlecourses

ʌfirstName, lastNameʎsex= femalestudents



ÅJoins are explicitly indicated by the keyword JOIN

ïп ǘȅǇŜǎ ƻŦ άƴƻǊƳŀƭέ ƧƻƛƴǎΥ inner, outer, left, right

ÅJoins are often also specified implicitly 

ïMay lead to performance lacks as Cartesian product 
may be computed
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5.3 SQL vs. Relational Algebra

SELECT* FROMstudents s INNER JOIN exams e ONs.matNo= e.student

SELECT* FROMstudents, exams WHEREstudents.matNo= exams.student

studentsẚstudents.matNo= exams.studentexams



ÅCartesian Product (implicit & explicit)

ÅNatural Join
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5.3 SQL vs. Relational Algebra

SELECT* FROMstudents, exams

SELECT* FROMstudents CROSS JOINexams

SELECT* FROMstudents NATURAL JOINexams

students ẚ exams

students× exams



ÅSeveral relational algebra expressions lead to the 
same results

ïEach statement can be used for query evaluation

ïButé different statements might also result in 
vastly different performance!

ÅThis is the area of query optimization , the 
heart of every database kernel

ïAvoid crappy operator orders by all means

ïNext lecturesé
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5.4 Query Optimization



ÅWhy are there 3 lectures on query optimization?

ÅBecause the query optimization problem is 

indefinitely hard

ïGiven a relational algebra expression Ὡ

ïFind the cheapest expression Ὡᴂsuch that ὩḳὩᴂ, i.e., 

Ὡand Ὡᴂproduce the same result on every database

ÅIn a simplified model, Ὡᴂis cheaper than ὩiffὩᴂ
uses less operators than Ὡ
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5.4 Query Optimization



ÅAssume an algorithm έὴὸὭάὭᾀὩὩ that returns a 
cheapest expression Ὡᴂwith ὩḳὩᴂ
ÅThen we can solve equivalence of relational 

algebra
ïGiven two expressions Ὡ and Ὡ of relational algebra

ïDecide whether ὩḳὩ holds

ÅLet Ὡ Ὡ Ὡʌ ᷾ Ὡ Ὡʌ
ïὩḳὩ iff Ὡyields the empty set (ɲ), 

independently of the database instance

ïThe smallest expressions yielding aɲre 
„ Ὑ and Ὑ Ὑʌ

ïThus, έὴὸὭάὭᾀὩὩ equals „ Ὑ or Ὑ ὙʌiffὩḳὩ
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5.4 Query Optimization



ÅRecall that Domain Relational Calculus (DRC) is 
relationally complete

ïSatisfiability of DRC is undecidable [Trakhtenbrot1950]

ïSubsumption of DRC is undecidable

ïEquivalence of DRC is undecidable

ÅDecide equivalence of DRC as follows:

ïTranslate both statements into relational algebra

ïThe DRC statements are equivalent iff the algebra 
expressions are

ÅEquivalence of relational algebra (ὩḳὩ) is 
undecidable
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5.4 Query Optimization



ÅWhy are there 3 lectures on query optimization?

ÅBecause the query optimization problem is 
undecidable

ïGiven a relational algebra expression Ὡ

ïFind the cheapest expression Ὡᴂsuch that ὩḳὩᴂ, i.e., Ὡ
and Ὡᴂproduce the same result on every database

ÅThe simplified model does not consider database 
characteristics (e.g., relation/block sizes, indexes, é)

ÅWe will learn about some algebraic 
transformations yielding equivalent expressions

ïNever complete!
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5.4 Query Optimization



Relational Database Systems 2 ςWolf-Tilo BalkeςInstitut für Informationssysteme 39

5.4 Query Optimization

ḳ

ḳ

ʌfirstName, lastName, resultʎstudent= matNo c᷈ourse=100 students × exams

ʌfirstName, lastName, resultʎstudent=matNo 

(ʌfirstName, lastName, matNostudents × ʎcourse=100exams)

ʌfirstName, lastName, result(studentsẚstudent= matNo (ʎcourse=100exams))



ÅQuery optimization determines the specific order 
of the relational algebra operators 

ïOperator tree

ÅStill each single relational algebra operator can 
be evaluated using one of several different 
algorithms

ÅThe evaluation plan is an 
annotated expression that
specifies a detailed evaluation 
strategy 
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5.5 Query Execution



ÅAnnotated Operator Tree

ïSimplified
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5.5 Query Execution

p(attribute1ΣΧΣattributen)

relation1

s(condition1)

ẚ

relation2

relationkẚ

s(condition2)Use Index1

Use Merge Join Algorithm

Use Hash Join Algorithm

Use Linear Scan

Buffer Completly



ÅCost of each operator is usually measured as 
total elapsed time for executing the operator

ÅThe time cost is given by 

ïNumber of disk accesses

ÅSimply scanning relations vs. 
using index structures

ïCPU time

ïNetwork communication

ÅUsually disk accesses are the predominant 
factor
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5.5 Query Execution



ÅDisk accesses can be measured by 

ï(Number of seeks * average seek costs) 

ï(Number of block reads * average block read costs)

ï(Number of blocks writes * average block write costs)

ÅCosts for writing a block are higher than costs for reading it, 
because data is usually also read after writing for verification

ÅSince CPU time is mostly negligible, 
it is often ignored for simplicity

ïBut remember In-Memory-Databasesé
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5.5 Query Execution



ÅThe select operator evaluation primitives 

ïRelation scan

ïIndex lookup

ïRelation scan with comparison

ïComplex selections
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5.5 Query Execution



ÅUsed to locate and retrieve records that fulfill a 
selection condition

ÅLinear Search over relation R
ïFetch pages from database files on disk that contain 

records from R

ïScan each record and retrieve all rows fulfilling the 
condition 

ÅCost estimate:  
#pages containing records of relation R
ï0.5* #pages on average if selection is on a primary key 

attribute
ÅScanning can be stopped after record is found
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5.5 Relation Scan



ÅBinary Search over ordered relation R 
Åonly applicable if selection is equality on ordered attribute

ïAssume that relation R is stored contiguously 

ïFetch median page from database files on disk that contain 
records from R

ïDecide whether tuple is in previous or later segment and 
repeat the median search until record has been found

ÅCost estimate: 
èlog2(#pages containing records of relation R)ø

ïActually: cost for locating the first tuple

ïPlus: number of additional pages that contain records 
satisfying the selection condition (overflow lists)
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5.5 Relation Scan



ÅIndex Scan over relation R
ÅSelection condition is

on search key of an index

ÅIf there is an index, use it!

ïEquality selection on primary index for key 
attributes

ÅCost estimate: Height of the tree or 1 for hash index

ïEquality selection on primary index for non-key
attributes (cluster index )

ÅRecords will be on contiguous pages

ÅCost estimate:  (Height of the tree or 1 for hash index) plus 
#pages that contain overflow lists
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5.5 Index Scan


