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Abstract

PostgreSQLis anobject-relationaldatabasemanagementsystemthat runson almostany
UNIX basedoperatingsystemandis distributedasC-sourcecode. It is neitherfreeware
nor public domainsoftware.It is copyrightedby theUniversityof Californiabut maybe
used,modifiedanddistributedaslongasthelicensingtermsof thecopyrightareaccepted.

As thenamealreadysuggests,PostgreSQLusesanextendedsubsetof theSQL92stan-
dardas the query language.At the time of writing this documentthe actualversionof
PostgreSQLwasv6.3.2.In thisversiontheimplementedpartof SQLdid notsupportsome
importantfeaturesincludedin theSQL92standard.Two of thenotsupportedfeatureswere:

� thehavingclause

� thesupportof thesettheoreticoperationsintersectandexcept

It wastheauthor’staskto addthesupportfor thetwomissingfeaturesto theexistingsource
code.Beforetheimplementationcouldbestartedanintensive studyof the relevant parts
of theSQL92standard andtheimplementationof theexistingfeaturesof PostgreSQLhad
beennecessary. Thisdocumentwill not presentonly theresultsof theimplementationbut
alsotheknowledgecollectedwhile studyingtheSQL languageandthesourcecodeof the
alreadyexisting features.

Chapter1 presentsan overview on the SQL92standard.It givesa descriptionof the
relational data modeland the theoretical(mathematical)backgroundof SQL. Next the
SQL languageitself is described.ThemostimportantSQL statementsarepresentedanda
lot of examplesareincludedfor betterunderstanding.Theinformationgivenin thischapter
hasmainlybeentakenform thebooks[DATE96], [DATE94] and[ULL88].

Chapter2 givesa descriptionon how to usePostgreSQL.First it is shown how the
backend(server) canbe startedandhow a connectionfrom a client to the server canbe
established.Next somebasicdatabasemanagementtaskslike creatingadatabase,creating
a tableetc. aredescribed.Finally someof PostgreSQL’s specialfeatureslike userdefined
functions, userdefinedtypes, therule systemetc.arepresentedandillustratedusingalot of
examples.Theinformationgivenin chapter2 hasmainlybeentakenfrom thePostgreSQL
documentation(see[LOCK98]), the PostgreSQLmanualpagesandwasverified by the
authorthroughoutvariousexampleswhichhavealsobeenincluded.

Chapter3 concentrateson the internalstructureof thePostgreSQLbackend. First the
stagesthat a queryhasto passin order to retrieve a result aredescribedusinga lot of
figures to illustrate the involved datastructures. The information given in that part of
chapter3 hasbeencollectedwhile intensively studyingthe sourcecodeof the relevant
partsof PostgreSQL.This intensive anddetailedexaminationof thesourcecodehadbeen
necessaryto beableto addthemissingfunctionality. Theknowledgegatheredduringthat
periodof time hasbeensummarizedherein orderto makeit easierfor programmerswho
arenew to PostgreSQLto find theirway in.

Thefollowing sectionscover theauthor’s ideasfor theimplementationof thetwo miss-
ing SQL featuresmentionedaboveandadescriptionof theimplementationitself.

Section3.7dealswith theimplementationof thehavinglogic. As mentionedearlierthe
havinglogic is oneof the two missingSQL92featuresthat theauthorhadto implement.

3



4

Thefirst partsof thechapterdescribehow aggregatefunctionsarerealizedin PostgreSQL
andafterthatadescriptionof theenhancementsappliedto thecodeof theplanner/optimizer
andtheexecutorin orderto realizethenew functionalityis given. Thefunctionsanddata
structuresusedandaddedto thesourcecodearealsohandledhere.

Section3.8 dealswith the implementationof the intersectand except functionality
which wasthe secondmissingSQL92featurethat had to be addedby the author. First
a theoreticaldescriptionof thebasicideais given.The intersectandexceptlogic is imple-
mentedusinga queryrewrite technique(i.e. a queryinvolving an intersectand/orexcept
operationis rewritten to a semanticallyequivalentform thatdoesnot usethesesetoper-
ationsany more). After presentingthebasicideathechangesmadeto theparserandthe
rewrite systemaredescribedandtheaddedfunctionsanddatastructuresarepresented.
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Chapter 1

SQL

SQLhasbecomeoneof themostpopularrelationalquerylanguagesall over theworld. The
name”SQL” is an abbreviation for Structured QueryLanguage. In 1974DonaldCham-
berlin andothersdefinedthelanguageSEQUEL(StructuredEnglishQueryLanguage)at
IBM Research.Thislanguagewasfirst implementedin anIBM prototypecalledSEQUEL-
XRM in 1974-75.In 1976-77arevisedversionof SEQUELcalledSEQUEL/2wasdefined
andthenamewaschangedto SQL subsequently.

A new prototypecalledSystemR wasdevelopedby IBM in 1977. SystemR imple-
menteda largesubsetof SEQUEL/2(now SQL) anda numberof changesweremadeto
SQL during the project. SystemR wasinstalledin a numberof usersites,both internal
IBM sitesandalsosomeselectedcustomersites.Thanksto thesuccessandacceptanceof
SystemR atthoseusersitesIBM startedto developcommercialproductsthatimplemented
theSQL languagebasedon theSystemR technology.

Over thenext yearsIBM andalsoa numberof othervendorsannouncedSQLproducts
suchas SQL/DS(IBM), DB2 (IBM) ORACLE (OracleCorp.) DG/SQL (DataGeneral
Corp.)SYBASE (SybaseInc.).

SQL is alsoanofficial standardnow. In 1982theAmericanNationalStandardsInsti-
tute(ANSI) charteredits DatabaseCommitteeX3H2 to developa proposalfor a standard
relationallanguage.Thisproposalwasratifiedin 1986andconsistedessentiallyof theIBM
dialectof SQL. In 1987this ANSI standardwasalsoacceptedasaninternationalstandard
by theInternationalOrganizationfor Standardization(ISO).Thisoriginalstandardversion
of SQL is often referredto, informally, as”SQL/86”. In 1989the original standardwas
extendedandthisnew standardis often,againinformally, referredto as”SQL/89”. Also in
1989,a relatedstandardcalledDatabaseLanguageEmbeddedSQLwasdeveloped.

The ISO and ANSI committeeshave beenworking for many yearson the defini-
tion of a greatly expandedversion of the original standard,referredto informally as
”SQL2” or ”SQL/92”. This versionbecamea ratified standard- ”InternationalStandard
ISO/IEC9075:1992, DatabaseLanguageSQL” - in late1992.”SQL/92” is theversionnor-
mally meantwhenpeoplereferto ”the SQLstandard”.A detaileddescriptionof ”SQL/92”
is given in [DATE96]. At the time of writing this documenta new standardinformally
referredto as”SQL3” is underdevelopment.It is plannedto makeSQL a turing-complete
language,i.e.all computablequeries(e.g.recursivequeries)will bepossible.Thisis avery
complex taskandthereforethecompletionof thenew standardcannotbeexpectedbefore
1999.
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10 CHAPTER1. SQL

1.1 The Relational Data Model

Asmentionedbefore,SQLisarelationallanguage.Thatmeansit isbasedonthe”relational
datamodel”first publishedby E.F. Coddin 1970.We will give a formal descriptionof the
relationalmodelin section1.1.1Formal Notionof theRelationalData Modelbut first we
wantto have a look at it from a moreintuitivepointof view.

A relational databaseis a databasethat is perceived by its usersas a collection of
tables(andnothingelsebut tables).A tableconsistsof rowsandcolumnswhereeachrow
representsa recordandeachcolumnrepresentsanattributeof therecordscontainedin the
table.Figure1.1showsanexampleof adatabaseconsistingof threetables:

� SUPPLIERis a tablestoringthe number(SNO), the name(SNAME) andthe city
(CITY) of a supplier.

� PART isatablestoringthenumber(PNO)thename(PNAME) andtheprice(PRICE)
of a part.

� SELLSstoresinformationaboutwhichpart(PNO)is soldby whichsupplier(SNO).
It servesin asenseto connecttheothertwo tablestogether.

SUPPLIER SNO | SNAME | CITY SELLS SNO | PNO
-----+---------+-------- -----+-----

1 | Smith | London 1 | 1
2 | Jones | Paris 1 | 2
3 | Adams | Vienna 2 | 4
4 | Blake | Rome 3 | 1

3 | 3
4 | 2

PART PNO | PNAME | PRICE 4 | 3
-----+---------+--------- 4 | 4

1 | Screw | 10
2 | Nut | 8
3 | Bolt | 15
4 | Cam | 25

Figure1.1: Thesuppliersandpartsdatabase

ThetablesPART andSUPPLIERmayberegardedasentitiesandSELLSmayberegarded
asa relationshipbetweena particularpartandaparticularsupplier.

As we will seelater, SQL operateson tableslike theonesjust definedbut beforethat
we will studythetheoryof therelationalmodel.

1.1.1 Formal Notion of the Relational Data Model

The mathematicalconceptunderlying the relational model is the set-theoreticrelation
which is a subsetof the Cartesianproductof a list of domains. This set-theoreticrela-
tion gives the model its name(do not confuseit with the relationshipfrom the Entity-
Relationshipmodel). Formally a domainis simply a setof values.For examplethesetof
integersis adomain.Also thesetof characterstringsof length20andtherealnumbersare
examplesof domains.

Definition 1.1 The Cartesian product of domains
�����
�������������
���

written�����������������������
is the set of all  -tuples

�"!��#�
!������������
!����
such that!��%$����#�
!���$��������������
!���$����

.



1.2. OPERATIONSIN THE RELATIONAL DATA MODEL 11

For example,whenwe have  '&)( , ��� &)*#+ ��,#- and
��� &.*#/ �10��12�- , then

���3�4���
is

* � + � / �1��� + �10��1��� + �12��1���
,�� / �1���1,��10��1���
,��12��
- .
Definition 1.2 A Relationis any subsetof theCartesianproductof oneor moredomains:576 �����������������������
For example * � + � / �1��� + �10��1���
,�� / �
- is a relation,it is in factasubsetof

���8�3���
mentioned

above. Themembersof arelationarecalledtuples.Eachrelationof someCartesianproduct�����������������������
is saidto havearity  andis thereforea setof  -tuples.

A relationcanbeviewedasa table(aswe alreadydid, rememberfigure1.1 Thesup-
pliers and parts database) whereevery tuple is representedby a row andevery column
correspondsto onecomponentof a tuple. Giving names(calledattributes)to thecolumns
leadsto thedefinitionof a relationscheme.

Definition 1.3 A relationscheme
5

is afinite setof attributes * �����1�%�����������1����- . Thereis
a domain

��9
for eachattribute

�%9
��,�:<;%:  wherethevaluesof theattributesaretaken
from. Weoftenwrite a relationschemeas

5 �����#�1�%�����������1�����
.

Note: A relationschemeis just a kind of templatewhereasa relation is an instanceof a
relation scheme. The relationconsistsof tuples(andcanthereforebe viewedasa table)
notsotherelationscheme.

Domainsvs. Data Types

We often talkedaboutdomainsin the lastsection.Recallthata domainis, formally, just
a setof values(e.g.,thesetof integersor therealnumbers).In termsof databasesystems
we oftentalk of datatypesinsteadof domains.Whenwe definea tablewehave to makea
decisionaboutwhich attributesto include. Additionally we have to decidewhich kind of
datais goingto bestoredasattributevalues.For examplethevaluesof SNAME from the
tableSUPPLIERwill becharacterstrings,whereasSNOwill storeintegers.Wedefinethis
by assigningadatatypeto eachattribute.Thetypeof SNAME will beVARCHAR(20)(this
is theSQL typefor characterstringsof length

:
20), thetypeof SNOwill beINTEGER.

With the assignmentof a data typewe alsohave selecteda domainfor an attribute. The
domainof SNAME is thesetof all characterstringsof length

:
20, thedomainof SNOis

thesetof all integernumbers.

1.2 Operations in the Relational Data Model

In section1.1.1wedefinedthemathematicalnotionof therelationalmodel.Now weknow
how thedatacanbestoredusinga relationaldatamodelbut we do not know what to do
with all thesetablesto retrieve somethingfrom thedatabaseyet. For examplesomebody
could askfor the namesof all suppliersthat sell the part ’Screw’. Thereforetwo rather
differentkindsof notationsfor expressingoperationson relationshavebeendefined:

� TheRelationalAlgebra which is analgebraicnotation,wherequeriesareexpressed
by applyingspecializedoperatorsto therelations.

� TheRelationalCalculuswhich is a logical notation,wherequeriesareexpressedby
formulatingsomelogical restrictionsthatthetuplesin theanswermustsatisfy.

1.2.1 Relational Algebra

The RelationalAlgebra was introducedby E. F. Codd in 1972. It consistsof a set of
operationsonrelations:
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� SELECT( = ): extractstuplesfrom a relationthat satisfya givenrestriction. Let
5

bea tablethatcontainsan attribute
�

. =�>@?BA � 5 � &C*�D $ 5FE D ����� &C/ - where D
denotesa tupleof

5
and D ����� denotesthevalueof attribute

�
of tuple D .

� PROJECT( G ): extractsspecifiedattributes(columns)from a relation. Let
5

be a
relationthatcontainsanattribute H . GJI � 5 � &<*�D � H � E D $ 5 - , whereD � H � denotes
thevalueof attribute H of tuple D .

� PRODUCT(
�

): builds theCartesianproductof two relations.Let
5

beatablewith
arity  � andlet K bea tablewith arity  � . 5 � K is thesetof all

�  �8L  ��� -tuples
whosefirst  � componentsform a tuple in

5
andwhoselast  � componentsform a

tuplein K .

� UNION (
�

): builds theset-theoreticunionof two tables.Giventhetables
5

and K
(bothmusthave thesamearity), theunion

5 � K is thesetof tuplesthatarein
5

or
K or both.

� INTERSECT(
�

): buildstheset-theoreticintersectionof two tables.Giventhetables5
and K ,

5 � K is thesetof tuplesthatarein
5

andin K . We againrequirethat
5

and K have thesamearity.

� DIFFERENCE( M or
	
): builds thesetdifferenceof two tables.Let

5
and K again

betwo tableswith thesamearity.
5 M'K is thesetof tuplesin

5
but not in K .

� JOIN ( N ): connectstwo tablesby their commonattributes. Let
5

be a table
with the attributes

���
�
and

�
and let K a tablewith the attributes

���
�
and O .

There is one attribute commonto both relations, the attribute
�

.
5 NPKQ&

GJRBS >BT RBS UVT RBS W@T X�S YZT X�S [ � =�RBS W@?BX�S W � 5 � K �
� . What arewe doinghere? We first cal-
culatethe Cartesianproduct

5 � K . Thenwe selectthosetupleswhosevaluesfor
thecommonattribute

�
areequal( =�RBS W@?BX�S W ). Now we gota tablethatcontainsthe

attribute
�

two timesandwe correctthis by projectingout theduplicatecolumn.

Example1.1 Let’shavealook atthetablesthatareproducedby evaluatingthesteps
necessaryfor a join.
Let thefollowing two tablesbegiven:

R A | B | C S C | D | E
---+---+--- ---+---+---

1 | 2 | 3 3 | a | b
4 | 5 | 6 6 | c | d
7 | 8 | 9

Firstwe calculatetheCartesianproduct
5 � K andget:

R x S A | B | R.C | S.C | D | E
---+---+-----+-----+---+---

1 | 2 | 3 | 3 | a | b
1 | 2 | 3 | 6 | c | d
4 | 5 | 6 | 3 | a | b
4 | 5 | 6 | 6 | c | d
7 | 8 | 9 | 3 | a | b
7 | 8 | 9 | 6 | c | d
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After theselection=�RBS W@?BX�S W � 5 � K � we get:

A | B | R.C | S.C | D | E
---+---+-----+-----+---+---

1 | 2 | 3 | 3 | a | b
4 | 5 | 6 | 6 | c | d

To remove theduplicatecolumn K �\� we projectit out by the following operation:
GJRBS >BT RBS UVT RBS W@T X�S YZT X�S [ � =�RBS W@?BX�S W � 5 � K �
� andget:

A | B | C | D | E
---+---+---+---+---

1 | 2 | 3 | a | b
4 | 5 | 6 | c | d

� DIVIDE ( ] ): Let
5

beatablewith theattributes
���
���^�

and
�

andlet K beatable
with theattributes

�
and

�
. Thenwe definethedivision as:

5 ]�K_&C*�D E�` D1a $
Kcb�D
d $ 5 suchthat D
d �����
��� &�D3e<D
d �
���
��� &�D1a - whereD
d ��f@�
g�� denotesa tuple
of table

5
thatconsistsonly of thecomponents

f
and

g
. Notethat thetuple D only

consistsof thecomponents
�

and
�

of relation
5

.

Example1.2 Giventhefollowing tables

R A | B | C | D S C | D
---+---+---+--- ---+---

a | b | c | d c | d
a | b | e | f e | f
b | c | e | f
e | d | c | d
e | d | e | f
a | b | d | e

5 ]�K is derivedas

A | B
---+---

a | b
e | d

For amoredetaileddescriptionanddefinitionof therelationalalgebrareferto [ULL88] or
[DATE94].

Example1.3 Recallthatwe formulatedall thoserelationaloperatorsto beableto retrieve
datafrom thedatabase.Let’s returnto our exampleof section1.2wheresomeonewanted
to know thenamesof all suppliersthatsell thepart’Screw’. Thisquestioncanbeanswered
usingrelationalalgebraby thefollowing operation:

G@X�h@i@i@jlk^[mRBS X�nZ>@o�[ � =�i@>@R@pJS i@nZ>@o�[m?mqrX�s�d1t
u@q � Kwv�x�x�yVz�O 5 N�KBO{yVyZK4N|x � 5�} �
�
We call suchanoperationa query. If we evaluatetheabove queryagainstthetablesform
figure1.1Thesuppliersandpartsdatabasewewill obtainthefollowing result:

SNAME
-------

Smith
Adams
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1.2.2 Relational Calculus

The relationalcalculusis basedon the first order logic. Thereare two variantsof the
relationalcalculus:

� TheDomainRelationalCalculus(DRC),wherevariablesstandfor components(at-
tributes)of thetuples.

� TheTupleRelationalCalculus(TRC),wherevariablesstandfor tuples.

We want to discussthe tuple relationalcalculusonly becauseit is theoneunderlyingthe
mostrelationallanguages.For adetaileddiscussiononDRC(andalsoTRC)see[DATE94]
or [ULL88].

Tuple Relational Calculus

Thequeriesusedin TRC areof thefollowing form:

* f@����� E#~ ��fJ�
-

where
f

is atuplevariable
�

is asetof attributesand
~

is a formula.Theresultingrelation
consistsof all tuplesD ����� thatsatisfy

~ � D � .
Example1.4 If wewantto answerthequestionfrom example1.3usingTRCweformulate
thefollowing query:

* f@� KB� �%� O � E f�$ Kwv�x�x�yVz�O 5 e
b g�$ KBO{yVyZKcbl� $ x � 5�} �"gJ� KB��� � & f@� KB��� � e

� � x���� � & gJ� x���� � e
� � x�� �%� O � &��JK 2^���^� � �
-

Evaluatingthe queryagainstthe tablesfrom figure1.1 Thesuppliersandpartsdatabase
againleadsto thesameresultasin example1.3.

1.2.3 Relational Algebra vs. Relational Calculus

The relationalalgebraandthe relationalcalculushave the sameexpressivepower i.e. all
queriesthat canbe formulatedusingrelationalalgebracanalsobe formulatedusingthe
relationalcalculusandviceversa.Thiswasfirst provedby E.F. Coddin 1972.Thisproofis
basedon analgorithm-”Codd’s reductionalgorithm”-by which anarbitraryexpressionof
therelationalcalculuscanbereducedto a semanticallyequivalentexpressionof relational
algebra.For a moredetaileddiscussionon thatreferto [DATE94] and[ULL88].

It is sometimessaidthat languagesbasedon therelationalcalculusare”higher level”
or ”moredeclarative” thanlanguagesbasedonrelationalalgebrabecausethealgebra(par-
tially) specifiestheorderof operationswhile thecalculusleavesit to a compileror inter-
preterto determinethemostefficientorderof evaluation.

1.3 The SQL Language

As mostmodernrelationallanguagesSQLis basedonthetuplerelationalcalculus.As are-
sult everyquerythatcanbeformulatedusingthetuplerelationalcalculus(or equivalently,
relationalalgebra)canalsobeformulatedusingSQL.Thereare,however, capabilitiesbe-
yondthescopeof relationalalgebraor calculus.Hereis a list of someadditionalfeatures
providedby SQL thatarenotpartof relationalalgebraor calculus:
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� Commandsfor insertion,deletionor modificationof data.

� Arithmeticcapability: In SQL it is possibleto involve arithmeticoperationsaswell
ascomparisons,e.g.

���<��L��
. Note that

L
or otherarithmeticoperatorsappear

neitherin relationalalgebranor in relationalcalculus.

� AssignmentandPrint Commands:It is possibleto print a relationconstructedby a
queryandto assigna computedrelationto a relationname.

� AggregateFunctions:Operationssuchasaverage, sum, max, . . .can be appliedto
columnsof a relationto obtaina singlequantity.

1.3.1 Select

The mostoften usedcommandin SQL is the SELECTstatementthat is usedto retrieve
data.Thesyntaxis:

SELECT [ALL|DISTINCT]
{ * | <expr_1> [AS <c_alias_1>] [, ...

[, <expr_k> [AS <c_alias_k>]]]}
FROM<table_name_1> [t_alias_1]

[, ... [, <table_name_n> [t_alias_n]]]
[WHERE condition]
[GROUP BY <name_of_attr_i>

[,... [, <name_of_attr_j>]] [HAVING condition]]
[{UNION | INTERSECT | EXCEPT} SELECT ...]
[ORDER BY <name_of_attr_i> [ASC|DESC]

[, ... [, <name_of_attr_j> [ASC|DESC]]]];

Now we will illustratethecomplex syntaxof theSELECTstatementwith variousexam-
ples. The tablesusedfor the examplesaredefinedin figure 1.1 Thesuppliersand parts
database.

SimpleSelects

Example1.5 Herearesomesimpleexamplesusinga SELECTstatement:

To retrieve all tuples from table PART where the attribute PRICE is greaterthan 10
we formulatethefollowing query

SELECT *
FROMPART
WHEREPRICE > 10;

andgetthetable:

PNO | PNAME | PRICE
-----+---------+--------

3 | Bolt | 15
4 | Cam | 25

Using” � ” in theSELECTstatementwill deliverall attributesfrom thetable.If wewantto
retrieveonly theattributesPNAME andPRICEfrom tablePART weusethestatement:

SELECT PNAME, PRICE
FROMPART
WHEREPRICE > 10;
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In thiscasetheresultis:

PNAME | PRICE
--------+--------

Bolt | 15
Cam | 25

NotethattheSQLSELECTcorrespondsto the”projection” in relationalalgebranot to the
”selection”(seesection1.2.1RelationalAlgebra).

The qualifications in the WHERE clausecan also be logically connectedusing the
keywordsOR,AND andNOT:

SELECT PNAME, PRICE
FROMPART
WHEREPNAME= ’Bolt’ AND

(PRICE = 0 OR PRICE < 15);

will leadto theresult:

PNAME | PRICE
--------+--------

Bolt | 15

Arithmeticoperationsmaybeusedin theselectlistandin theWHEREclause.For example
if we want to know how muchit would costif we taketwo piecesof a partwe coulduse
thefollowing query:

SELECT PNAME, PRICE * 2 AS DOUBLE
FROMPART
WHEREPRICE * 2 < 50;

andwe get:

PNAME | DOUBLE
--------+---------

Screw | 20
Nut | 16
Bolt | 30

NotethatthewordDOUBLE afterthekeyword AS is thenew title of thesecondcolumn.
This techniquecanbe usedfor every elementof theselectlistto assigna new title to the
resultingcolumn. This new title is often referredto as alias. The alias cannotbe used
throughouttherestof thequery.

Joins

Example1.6 Thefollowing exampleshowshow joinsarerealizedin SQL:

To join the three tablesSUPPLIER,PART and SELLS over their commonattributes
we formulatethefollowing statement:

SELECT S.SNAME, P.PNAME
FROMSUPPLIER S, PART P, SELLS SE
WHERES.SNO = SE.SNO AND

P.PNO = SE.PNO;
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andgetthefollowing tableasa result:

SNAME| PNAME
-------+-------

Smith | Screw
Smith | Nut
Jones | Cam
Adams | Screw
Adams | Bolt
Blake | Nut
Blake | Bolt
Blake | Cam

In theFROM clauseweintroducedanaliasnamefor everyrelationbecausetherearecom-
monnamedattributes(SNOandPNO) amongthe relations.Now we candistinguishbe-
tweenthecommonnamedattributesby simply prefixing theattributenamewith thealias
namefollowedby a dot. Thejoin is calculatedin thesameway asshown in example1.1.
First theCartesianproductKwv�x�x�yVz�O 5 � x � 5�} � KBO{yVyZK is derived.Now only those
tuplessatisfyingtheconditionsgivenin theWHEREclauseareselected(i.e. thecommon
namedattributeshave to beequal).Finally we projectout all columnsbut S.SNAME and
P.PNAME.

AggregateOperators

SQL providesaggregateoperators(e.g. AVG, COUNT, SUM, MIN, MAX) that takethe
nameof anattributeasanargument.Thevalueof theaggregateoperatoris calculatedover
all valuesof thespecifiedattribute(column)of thewholetable. If groupsarespecifiedin
thequerythecalculationis doneonly over thevaluesof agroup(seenext section).

Example1.7 If we want to know theaveragecostof all partsin tablePART we usethe
following query:

SELECT AVG(PRICE) AS AVG_PRICE
FROMPART;

Theresultis:

AVG_PRICE
-----------

14.5

If wewantto know how many partsarestoredin tablePART weusethestatement:

SELECT COUNT(PNO)
FROMPART;

andget:

COUNT
-------

4

Aggregationby Groups

SQL allows to partition the tuplesof a table into groups. Then the aggregateoperators
describedabove canbeappliedto thegroups(i.e. thevalueof theaggregateoperatoris no
longercalculatedover all thevaluesof thespecifiedcolumnbut over all valuesof agroup.
Thustheaggregateoperatoris evaluatedindividually for everygroup.)
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The partitioning of the tuples into groupsis doneby using the keywords GROUPBY
followedby a list of attributesthatdefinethegroups.If we have GROUPBY

�������������1���
wepartitiontherelationinto groups,suchthattwo tuplesarein thesamegroupif andonly
if they agreeonall theattributes

���#���������1���
.

Example1.8 If wewantto know how many partsaresoldby everysupplierweformulate
thequery:

SELECT S.SNO, S.SNAME, COUNT(SE.PNO)
FROMSUPPLIER S, SELLS SE
WHERES.SNO = SE.SNO
GROUPBY S.SNO, S.SNAME;

andget:

SNO | SNAME| COUNT
-----+-------+-------

1 | Smith | 2
2 | Jones | 1
3 | Adams | 2
4 | Blake | 3

Now let’s havea look of whatis happeninghere:
First thejoin of thetablesSUPPLIERandSELLSis derived:

S.SNO | S.SNAME | SE.PNO
-------+---------+--------

1 | Smith | 1
1 | Smith | 2
2 | Jones | 4
3 | Adams | 1
3 | Adams | 3
4 | Blake | 2
4 | Blake | 3
4 | Blake | 4

Next we partition the tuplesinto groupsby puttingall tuplestogetherthat agreeon both
attributesS.SNOandS.SNAME:

S.SNO | S.SNAME | SE.PNO
-------+---------+--------

1 | Smith | 1
| 2

--------------------------
2 | Jones | 4

--------------------------
3 | Adams | 1

| 3
--------------------------

4 | Blake | 2
| 3
| 4

In ourexamplewe got four groupsandnow we canapplytheaggregateoperatorCOUNT
to everygroupleadingto thetotal resultof thequerygivenabove.
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Notethatfor theresultof aqueryusingGROUPBY andaggregateoperatorsto makesense
the attributesgroupedby mustalsoappearin the selectlist. All furtherattributesnot ap-
pearingin theGROUPBY clausecanonly beselectedby usinganaggregatefunction.On
theotherhandyou cannot useaggregatefunctionson attributesappearingin theGROUP
BY clause.

Having

The HAVING clauseworks muchlike the WHERE clauseand is usedto consideronly
thosegroupssatisfyingthe qualificationgiven in the HAVING clause. The expressions
allowedin theHAVING clausemustinvolve aggregatefunctions.Every expressionusing
only plain attributesbelongsto the WHEREclause.On the otherhandevery expression
involving anaggregatefunctionmustbeput to theHAVING clause.

Example1.9 If wewantonly thosesupplierssellingmorethanonepartweusethequery:

SELECT S.SNO, S.SNAME, COUNT(SE.PNO)
FROMSUPPLIER S, SELLS SE
WHERES.SNO = SE.SNO
GROUPBY S.SNO, S.SNAME
HAVING COUNT(SE.PNO) > 1;

andget:

SNO | SNAME| COUNT
-----+-------+-------

1 | Smith | 2
3 | Adams | 2
4 | Blake | 3

Subqueries

In theWHEREandHAVING clausestheuseof subqueries(subselects)is allowedin every
placewherea valueis expected.In this casethevaluemustbederivedby evaluatingthe
subqueryfirst. Theusageof subqueriesextendstheexpressive powerof SQL.

Example1.10 If we want to know all partshaving a greaterprice than the part named
’Screw’ weusethequery:

SELECT *
FROMPART
WHEREPRICE > (SELECT PRICE FROMPART

WHEREPNAME=’Screw’);

Theresultis:

PNO | PNAME | PRICE
-----+---------+--------

3 | Bolt | 15
4 | Cam | 25

Whenwe look at theabove querywe canseethekeyword SELECTtwo times. Thefirst
oneat thebeginning of the query- we will refer to it asouterSELECT- andtheonein
the WHERE clausewhich begins a nestedquery- we will refer to it as inner SELECT.
For every tupleof theouterSELECTtheinnerSELECThasto beevaluated.After every
evaluationwe know thepriceof thetuplenamed’Screw’ andwe cancheckif thepriceof
theactualtupleis greater.
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If we want to know all suppliersthat do not sell any part (e.g. to be able to remove
thesesuppliersfrom thedatabase)we use:

SELECT *
FROMSUPPLIER S
WHERENOT EXISTS

(SELECT * FROMSELLS SE
WHERESE.SNO = S.SNO);

In our example the result will be empty becauseevery suppliersells at leastone part.
Note thatwe useS.SNOfrom theouterSELECTwithin theWHEREclauseof the inner
SELECT. As describedabovethesubqueryisevaluatedfor everytuplefromtheouterquery
i.e. thevaluefor S.SNOis alwaystakenfrom theactualtupleof theouterSELECT.

Union, Intersect, Except

Theseoperationscalculatethe union, intersectandset theoreticdifferenceof the tuples
derivedby two subqueries:

Example1.11 Thefollowing queryis anexamplefor UNION:

SELECT S.SNO, S.SNAME, S.CITY
FROMSUPPLIER S
WHERES.SNAME = ’Jones’
UNION
SELECT S.SNO, S.SNAME, S.CITY
FROMSUPPLIER S
WHERES.SNAME = ’Adams’;

givestheresult:

SNO | SNAME| CITY
-----+-------+--------

2 | Jones | Paris
3 | Adams | Vienna

Hereanexamplefor INTERSECT:

SELECT S.SNO, S.SNAME, S.CITY
FROMSUPPLIER S
WHERES.SNO > 1
INTERSECT
SELECT S.SNO, S.SNAME, S.CITY
FROMSUPPLIER S
WHERES.SNO > 2;

givestheresult:

SNO | SNAME| CITY
-----+-------+--------

2 | Jones | Paris

Theonly tuplereturnedby bothpartsof thequeryis theonehaving KB���<&�( .
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Finally anexamplefor EXCEPT:

SELECT S.SNO, S.SNAME, S.CITY
FROMSUPPLIER S
WHERES.SNO > 1
EXCEPT
SELECT S.SNO, S.SNAME, S.CITY
FROMSUPPLIER S
WHERES.SNO > 3;

givestheresult:

SNO | SNAME| CITY
-----+-------+--------

2 | Jones | Paris
3 | Adams | Vienna

1.3.2 Data Definition

Thereis a setof commandsusedfor datadefinitionincludedin theSQLlanguage.

CreateTable

Themostfundamentalcommandfor datadefinitionis theonethatcreatesanew relation(a
new table).Thesyntaxof theCREATE TABLE commandis:

CREATETABLE <table_name>
(<name_of_attr_1> <type_of_attr_1>

[, <name_of_attr_2> <type_of_attr_2>
[, ...]]);

Example1.12 To createthetablesdefinedin figure1.1thefollowing SQL statementsare
used:

CREATETABLE SUPPLIER
(SNO INTEGER,

SNAMEVARCHAR(20),
CITY VARCHAR(20));

CREATETABLE PART
(PNO INTEGER,

PNAMEVARCHAR(20),
PRICE DECIMAL(4 , 2));

CREATETABLE SELLS
(SNO INTEGER,

PNO INTEGER);

Data Typesin SQL

Thefollowing is a list of somedatatypesthataresupportedby SQL:

� INTEGER:signedfullword binaryinteger(31bitsprecision).

� SMALLINT: signedhalfwordbinaryinteger(15bitsprecision).
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� DECIMAL (�@� �1��� ): signedpackeddecimalnumberof � digits precisionwith as-
sumed

�
of themright to thedecimalpoint.

�
,���� � �7��� + � . If
�

is omittedit is
assumedto be0.

� FLOAT: signeddoublewordfloatingpointnumber.

� CHAR(� ): fixedlengthcharacterstringof length � .

� VARCHAR(� ): varyinglengthcharacterstringof maximumlength � .

CreateIndex

Indicesareusedto speedup accessto a relation. If a relation
5

hasanindex on attribute�
thenwe canretrieve all tuples D having D ����� &)/ in time roughly proportionalto the

numberof suchtuplesD ratherthanin timeproportionalto thesizeof
5

.
To createanindex in SQL theCREATE INDEX commandis used.Thesyntaxis:

CREATEINDEX <index_name>
ON <table_name> ( <name_of_attribute> );

Example1.13 To createanindex namedI onattributeSNAME of relationSUPPLIERwe
usethefollowing statement:

CREATEINDEX I
ON SUPPLIER (SNAME);

Thecreatedindex is maintainedautomatically, i.e.wheneveranew tupleis insertedinto the
relationSUPPLIERthe index I is adapted.Note that theonly changesa usercanpercept
whenanindex is presentareanincreasedspeed.

CreateView

A view mayberegardedasa virtual table, i.e. a tablethatdoesnot physicallyexist in the
databasebut looksto theuserasif it did. By contrast,whenwe talk of a basetable there
is reallyaphysicallystoredcounterpartof eachrow of thetablesomewherein thephysical
storage.

Viewsdo not have their own, physicallyseparate,distinguishablestoreddata.Instead,
the systemstoresthedefinitionof theview (i.e. the rulesabouthow to accessphysically
storedbasetablesin orderto materializetheview) somewherein thesystemcatalogs(see
section1.3.4 SystemCatalogs). For a discussionon different techniquesto implement
viewsreferto section3.4.1TechniquesTo ImplementViews.

In SQLtheCREATE VIEW commandis usedto definea view. Thesyntaxis:

CREATEVIEW <view_name>
AS <select_stmt>

where
�

select stmt � is avalid selectstatementasdefinedin section1.3.1.Notethat
the

�
select stmt � is not executedwhentheview is created.It is just storedin the

systemcatalogsandis executedwhenevera queryagainsttheview is made.

Example1.14 Let the following view definitionbe given (we usethe tablesfrom figure
1.1Thesuppliersandpartsdatabaseagain):

CREATEVIEW London_Suppliers
AS SELECT S.SNAME, P.PNAME

FROMSUPPLIER S, PART P, SELLS SE
WHERES.SNO = SE.SNO AND

P.PNO = SE.PNO AND
S.CITY = ’London’;
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Now wecanusethisvirtual relationLondon Suppliers asif it wereanotherbasetable:

SELECT *
FROMLondon_Suppliers
WHEREP.PNAME = ’Screw’;

will returnthefollowing table:

SNAME| PNAME
-------+-------

Smith | Screw

To calculatethis result the databasesystemhasto do a hiddenaccessto the basetables
SUPPLIER,SELLSandPART first. It doesso by executingthequerygiven in theview
definition againstthosebasetables. After that the additionalqualifications(given in the
queryagainsttheview) canbeappliedto obtaintheresultingtable.

Drop Table,Drop Index, Drop View

To destroya table(includingall tuplesstoredin thattable)theDROPTABLE commandis
used:

DROPTABLE <table_name>;

Example1.15 To destroytheSUPPLIERtableusethefollowing statement:

DROPTABLE SUPPLIER;

TheDROPINDEX commandis usedto destroyanindex:

DROPINDEX <index_name>;

Finally to destroya givenview usethecommandDROPVIEW:

DROPVIEW <view_name>;

1.3.3 Data Manipulation

Insert Into

Oncea tableis created(seesection1.3.2),it canbefilled with tuplesusingthecommand
INSERT INTO. Thesyntaxis:

INSERT INTO <table_name> (<name_of_attr_1>
[, <name_of_attr_2> [,...]])

VALUES (<val_attr_1>
[, <val_attr_2> [, ...]]);

Example1.16 To insertthefirst tupleinto the relationSUPPLIERof figure1.1Thesup-
pliersandpartsdatabaseweusethefollowing statement:

INSERT INTO SUPPLIER (SNO, SNAME, CITY)
VALUES (1, ’Smith’, ’London’);

To insertthefirst tupleinto therelationSELLSwe use:

INSERT INTO SELLS (SNO, PNO)
VALUES (1, 1);
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Update

To changeoneor moreattributevaluesof tuplesin a relationthe UPDATE commandis
used.Thesyntaxis:

UPDATE<table_name>
SET <name_of_attr_1> = <value_1>

[, ... [, <name_of_attr_k> = <value_k>]]
WHERE<condition>;

Example1.17 To changethevalueof attributePRICEof thepart ’Screw’ in the relation
PART we use:

UPDATEPART
SET PRICE = 15
WHEREPNAME= ’Screw’;

Thenew valueof attributePRICEof thetuplewhosenameis ’Screw’ is now 15.

Delete

To deletea tuplefrom aparticulartableusethecommandDELETEFROM. Thesyntaxis:

DELETE FROM<table_name>
WHERE<condition>;

Example1.18 To deletethesuppliercalled’Smith’ of thetableSUPPLIERthefollowing
statementis used:

DELETE FROMSUPPLIER
WHERESNAME= ’Smith’;

1.3.4 SystemCatalogs

In everySQLdatabasesystemsystemcatalogsareusedto keeptrackof whichtables,views
indexesetc. aredefinedin thedatabase.Thesesystemcatalogscanbequeriedasif they
werenormalrelations.For examplethereis onecatalogusedfor the definitionof views.
This catalogstoresthequeryfrom theview definition. Whenever a queryagainsta view
is made,thesystemfirst getstheview-definition-queryout of thecatalogandmaterializes
theview beforeproceedingwith theuserquery(seesection3.4.1TechniquesTo Implement
Views for a moredetaileddescription).For moreinformationaboutsystemcatalogsrefer
to [DATE96].

1.3.5 EmbeddedSQL

In this sectionwe will sketchhow SQL canbe embeddedinto a host language(e.g.C).
Therearetwo mainreasonswhy we wantto useSQLfrom ahostlanguage:

� TherearequeriesthatcannotbeformulatedusingpureSQL (i.e. recursivequeries).
To beableto performsuchqueriesweneedahostlanguagewith agreaterexpressive
powerthanSQL.

� Wesimplywantto accessadatabasefrom someapplicationthatis written in thehost
language(e.g.a ticketreservationsystemwith agraphicaluserinterfaceis writtenin
C andtheinformationaboutwhichticketsarestill left is storedin adatabasethatcan
beaccessedusingembeddedSQL).
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A programusing embeddedSQL in a host languageconsistsof statementsof the host
languageandof embeddedSQL (ESQL)statements.Every ESQLstatementbeginswith
thekeywordsEXECSQL.TheESQLstatementsaretransformedto statementsof thehost
languageby a precompiler(mostlycalls to library routinesthatperformthevariousSQL
commands).

Whenwe look at the examplesthroughoutsection1.3.1we realizethat the resultof
thequeriesis very oftena setof tuples. Most hostlanguagesarenot designedto operate
on setssowe needa mechanismto accessevery singletupleof thesetof tuplesreturned
by a SELECTstatement.This mechanismcanbe providedby declaringa cursor. After
thatwecanusetheFETCHcommandto retrieveatupleandsetthecursorto thenext tuple.

For adetaileddiscussiononembeddedSQL referto [DATE96], [DATE94] or [ULL88].



Chapter 2

PostgreSQLfr om the User’s Point
of View

Thischaptercontainsinformationthatwill beusefulfor peoplethatonly wantto usePost-
greSQL.It givesa listing anddescriptionof theavailablefeaturesincludinga lot of exam-
ples.Theusersinterestedin theinternalsof PostgreSQLshouldreadchapter3 PostgreSQL
fromtheProgrammer’s Point of View.

2.1 A Short History of PostgreSQL

PostgreSQLis anenhancementof thePOSTGRESdatabasemanagementsystem,a next-
generationrelationalDBMS researchprototyperunningon almostany UNIX basedoper-
atingsystem.TheoriginalPOSTGREScode,from which PostgreSQLis derived,wasthe
effort of many graduatestudents,undergraduatestudents,andstaff programmersworking
underthedirectionof ProfessorMichaelStonebrakerattheUniversityof California,Berke-
ley. Originally POSTGRESimplementedits own querylanguagecalledPOSTQUEL.

In 1995Andrew Yu andJolly Chenadaptedthe last official releaseof POSTGRES
(version4.2) to meettheir own requirementsandmadesomemajorchangesto thecode.
The most importantchangeis the replacementof POSTQUELby an extendedsubsetof
SQL92.Thenamewaschangedto Postgres95andsincethattimemany otherpeoplehave
contributedto theporting, testing,debuggingandenhancementof thecode. In late1996
thenamewaschangedagainto thenew official namePostgreSQL.

2.2 An Overview on the Featuresof PostgreSQL

As mentionedearlierPostgreSQLis a relationaldatabasemanagementsystem(RDBMS)
but in contrastto the mosttraditionalRDBMSsit is designedto provide moreflexibility
to the user. Oneexamplefor the improved flexibility is the supportfor userdefinedor
abstractdatatypes(ADTs). Anotherexampleis thesupportof userdefinedSQLfunctions.
(We will discussthesefeatureslater in section2.5Someof PostgreSQL’s SpecialFeatures
in Detail)

Hereis a list of thefeaturesPostgreSQLprovides:

� An extendedsubsetof SQL92asquerylanguage.

� A commandlineinterfacecalledpsql usingGNU readline.

� A client/serverarchitectureallowing concurrentaccessto thedatabases.

26
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� Supportfor btree,hashor rtreeindexes.

� A transactionmechanismbasedon thetwo phasecommitprotocolis usedto ensure
dataintegrity throughoutconcurrentdataaccess.

� Host based,password,crypt, ident (RFC 1413)or KerberosV4/V5 authentication
canbeusedto ensureauthorizeddataaccess.

� A hugeamountof predefineddatatypes.

� Supportfor userdefineddatatypes.

� Supportfor userdefinedSQLfunctions.

� Supportfor recoveryaftera crash.

� A precompilerfor embeddedSQLin C.

� An ODBCinterface.

� A JDBCinterface.

� A Tcl/Tk interface.

� A Perlinterface.

2.3 Where to Get PostgreSQL

PostgreSQLis available as sourcedistribution (v6.3.2 at the time of writing) from
ftp://ftp.postgresql.org/pub/ . There is also an official homepagefor
PostgreSQLat http://www.postgresgl.org/ . Therearea lot of hostsmirroring
thecontentsof theabove mentionedonesall over theworld.

Copyright of PostgreSQL

PostgreSQLis not public domainsoftware. It is copyrightedby the University of Cali-
fornia but may be usedaccordingto the licensingtermsof the the copyrightincludedin
every distribution (refer to the file COPYRIGHTincludedin every distribution for more
information).

Support for PostgreSQL

Thereis noofficial supportfor PostgreSQL.Thatmeansthereis noobligationfor anybody
to providemaintenance,support,updates,enhancementsor modificationsto thecode.The
wholePostgreSQLprojectis maintainedthroughvolunteereffort only. However thereare
many mailing listswhichcanbesubscribedto in caseof problems:

SupportMailing Lists:
announce@postgreSQL.org for announcements.
ports@postgreSQL.org for OS-specificbugs.
bugs@postgreSQL.org for otherunsolvedbugs.
questions@postgreSQL.org for generaldiscussion.

Mailing Lists for Developers:
hackers@postgreSQL.org for server internalsdiscussion.
docs@postgreSQL.org for thedocumentationproject.
patches@postgreSQL.org for patchesanddiscussion.
mirrors@postgreSQL.org for mirror siteannouncements.
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To subscribeto themailing list questions@postgreSQL.org for examplejust send
anemail to questions-request@postgreSQL.o rg with thelines

subscribe
end

in thebody(not thesubjectline).

2.4 How to usePostgreSQL

BeforewecanusePostgreSQLwehave to getandinstall it. Wewon’t talk aboutinstalling
PostgreSQLherebecausetheinstallationprocedureis straightforwardanddescribedvery
detailedin thefile INSTALL containedin thedistribution. We wantto concentrateon the
basicusageof PostgreSQLaftera successfulsetuphastakenplace.

2.4.1 Starting The Postmaster

As mentionedearlierPostgreSQLusesa traditionalclient/server architectureto provide
multi useraccess.Theserver is representedby a programcalledpostmaster which is
startedonly onceateachhost.ThismasterserverprocesslistensataspecifiedTCP/IPport
for incomingconnectionsby a client. For every incomingconnectionthepostmaster
spawnsanew serverprocess(postgres ) andcontinueslisteningfor furtherconnections.
Every server processspawned in this way handlesexactly oneconnectionto oneclient.
Thepostgres server processescommunicatewith eachotherusingUNIX semaphores
and sharedmemoryto ensuredata integrity throughoutconcurrentdataaccess. (For a
moredetaileddescriptionon thesearchitecturalconceptsseechapter3 PostgreSQLfrom
theProgrammer’s Point of View.)

To startthemasterserverprocessusethefollowing command:

$ nohup postmaster > server.log 2>&1 &

whichwill startpostmaster in thebackgroundandevenif youlog outof thesystemthe
processremainsactive. All errorsandmessageswill beloggedto thefile server.log .

Note: The postmaster processis usually startedby a specialdatabasesuperuser
called postgres which is a normal UNIX userbut hasmore rights concerningPost-
greSQL.For securityreasonsit is strongly recommendednot to run the postmaster
processasthesystemsuperuserroot .

2.4.2 Creatinga NewDatabase

Oncethepostmaster daemonis runningwecancreateanew databaseusingthefollow-
ing command:

$ createdb testdb

which will createa databasecalled testdb . The user executing the commandwill
becomethedatabaseadministratorandwill thereforebetheonly user(exceptthedatabase
superuserpostgres ) whocandestroythedatabaseagain.

Note: To createthe databaseyou don’t needto know anything about the tables(re-
lations)that will be usedwithin the database.The tableswill be definedlater usingthe
SQL statementsshown in section2.4.4DefiningandPopulatingTables.
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2.4.3 ConnectingTo a Database

After having createdat leastonedatabasewe canmakeour first client connectionto the
databasesystemto beableto definetables,populatethem,retrieve data,updatedataetc.
Note that most databasemanipulationis donethis way (just creatingand destroyinga
databaseisdoneby separatecommandswhicharein factjustshellscriptsalsousingpsql )

Theconnectionto theDBMS is establishedby thefollowing command:

$ psql testdb

which will makea connectionto a databasecalled testdb . psql is a commandline
interfaceusingGNU readline.It canhandlea connectionto only onedatabaseat a time.
Whentheconnectionis establishedpsql presentsitself asfollows:

Welcome to the POSTGRESQLinteractive sql monitor:
Please read the file COPYRIGHTfor copyright terms of
POSTGRESQL

type \? for help on slash commands
type \q to quit
type \g or terminate with semicolon to execute query

You are currently connected to the database: testdb

testdb=>

Now you caneitherenterany valid SQL statementterminatedby a ’;’ or useoneof the
slashcommands. A list of all availableslashcommandscanbeobtainedby typing ’

	
?’ .

Hereis a list of themostimportantslashcommands:

� 	 ? listsall availableslashcommandsandgivesashortdescription.

� 	 q quitspsql .

� 	 d listsall tables,viewsandindexesexisting in thecurrentdatabase.

� 	 dt listsonly tables.

� 	 dT listsall availabledatatypes.

� 	 i �
filename � readsandexecutesthequeriescontainedin filename .

� 	 l listsall availabledatabasesknown to thesystem.

� 	 connect
�

database � terminatesthe currentconnectionand opensa new
connectionto database .

� 	 o � � filename � � sendsall queryoutputto file .

2.4.4 Defining and Populating Tables

Definingtablesandinsertingtuplesis doneby theSQL statementsCREATE TABLEand
INSERT INTO. For a detaileddescriptionon thesyntaxof thesecommandsrefer to sec-
tion 1.3.2DataDefinition.
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Example2.1 To createandpopulatethetableSUPPLIERusedin figure1.1Thesuppliers
andpartsdatabasewe couldusethefollowing session:

$ psql testdb

Welcome to the POSTGRESQLinteractive sql monitor:
Please read the file COPYRIGHTfor copyright terms of
POSTGRESQL

type \? for help on slash commands
type \q to quit
type \g or terminate with semicolon to execute query

You are currently connected to the database: testdb

testdb=> create table supplier (sno int4,
testdb-> sname varchar(20),
testdb-> city varchar(20));
CREATE
testdb=> insert into supplier (sno, sname, city)
testdb-> values (1,’Smith’,’London’);
INSERT 26187 1
testdb=> insert into supplier (sno, sname, city)
testdb-> values (2,’Jones’,’Paris’);
INSERT 26188 1
testdb=> insert into supplier (sno, sname, city)
testdb-> values (3,’Adams’,’Vienna’);
INSERT 26189 1
testdb=> insert into supplier (sno, sname, city)
testdb-> values (4,’Blake’,’Rome’);
INSERT 26190 1
testdb=>

If youfirst putall theabovecommandsinto afile you caneasilyexecutethestatementsby
theslashcommand

	
i
�

file � .

Note: The data type int4 is not part of the SQL92 standard. It is a built in Post-
greSQLtypedenotinga four bytesignedinteger. For informationon which datatypesare
availableyou canusethe

	
dT commandwhich will give a list andshortdescriptionof all

datatypescurrentlyknown to PostgreSQL.

2.4.5 Retrieving Data From The Database

After having definedand populatedthe tablesin the databasetestdb we are able to
retrievedataby formulatingqueriesusingpsql . Everyqueryhasto beterminatedby a ’;’.

Example2.2 We assumethat all the tables form figure 1.1 The suppliersand parts
databaseexist in the databasetestdb . If we want to know all partsthat are sold in
Londonwe usethefollowing session:

testdb=> select p.pname
testdb-> from supplier s, sells se, part p
testdb-> where s.sno=se.sno and
testdb-> p.pno=se.pno and
testdb-> s.city=’London’;
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pname
-----
Screw
Nut
(2 rows)

testdb=>

Example2.3 We useagainthe tablesgiven in figure 1.1. Now we want to retrieve all
supplierssellingnopartsat all (to removethemfrom thesupplierstablefor example):

testdb=> select * from supplier s
testdb-> where not exists
testdb-> (select sno from sells se
testdb-> where se.sno = s.sno);
sno|sname|city
---+-----+----
(0 rows)

testdb=>

Theresultrelationis emptyin our exampletelling us thatevery suppliercontainedin the
databasesellsat leastonepart.Notethatweusedanestedsubselectto formulatethequery.

2.5 Someof PostgreSQL’sSpecialFeaturesin Detail

Traditional relational databasemanagementsystems(RDMSs) provide only very few
datatypesincludingfloatingpoint numbers,integers,characterstrings,money, anddates.
This makesthe implementationof many applicationsvery difficult and that’s why Post-
greSQLofferssubstantialadditionalpowerby incorporatingthefollowing additionalbasic
conceptsin suchawaythatuserscaneasilyextendthesystem:

� inheritance

� userdefinedfunctions

� userdefinedtypes

� rules

Someotherfeatures,implementedin mostmodernRDBMSsprovideadditionalpowerand
flexibility:

� constraints(givenin thecreate table command)

� triggers

� transactionintegrity

2.5.1 Inheritance

Inheritanceis a featurewell known from objectorientedprogramminglanguagessuchas
Smalltalkor C++. PostgreSQLrefersto tablesasclassesandthedefinitionof a classmay
inherit thecontentsof anotherclass:
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Example2.4 Firstwedefinea table(class)city :

testdb=> create table city (
testdb-> name varchar(20),
testdb-> population int4,
testdb-> altitude int4);
CREATE
testdb=>

Now we definea new table(class)capital that inheritsall attributesfrom city and
addsanew attributecountry storingthecountrywhich it is thecapitalof.

testdb=> create table capital (
testdb-> country varchar(20)
testdb-> ) inherits (city);
CREATE
testdb=>

Note: The classcapital inheritsonly the attributesof city (not the tuplesstoredin
city ). Thenew tablecanbeusedasif it weredefinedwithoutusinginheritance:

testdb=> insert into capital (name, population,
testdb-> altitude, state)
testdb-> values (’Vienna’, 1500000, 200, ’Austria’);
INSERT 26191 1
testdb=>

Let’s assumethat the tablescity andcapital have beenpopulatedin the following
way:

city name | population | altitude
---------+------------+------ ---
Linz | 200000 | 270
Graz | 250000 | 350
Villach | 50000 | 500
Salzburg | 150000 | 420

capital name | population | altitude | country
---------+------------+------ ----+---- -----
Vienna | 1500000 | 200 | Austria

StandardSQL92queriesagainsttheabove tablesbehave exactly asexpected:

testdb=> select * from city
testdb-> where altitude > 400;
name | population | altitude
---------+------------+------- --
Villach | 50000 | 500
Salzburg | 150000 | 420
(2 rows)

testdb=> select * from capital;
name | population | altitude | country
---------+------------+------- ---+----- ----
Vienna | 1500000 | 200 | Austria
(1 row)

testdb=>
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If wewantto know thenamesof all cities(includingcapitals)thatarelocatedatanaltitude
over100metersthequeryis:

testdb=> select * from city*
testdb-> where altitude > 100;
name | population | altitude
---------+------------+------- --
Linz | 200000 | 270
Graz | 250000 | 350
Villach | 50000 | 500
Salzburg | 150000 | 420
Vienna | 1500000 | 200
(5 rows)

testdb=>

Herethe ’*’ aftercity indicatesthat thequeryshouldberun over city andall classes
below city in the inheritancehierarchy. Many of the commandsthat we have already
discussed(SELECT, UPDATE, DELETE,etc)supportthis ’*’ notation.

2.5.2 UserDefinedFunctions

PostgreSQLallows the definition andusageof userdefinedfunctions. The new defined
functionscanbeusedwithin every query. PostgreSQLprovidestwo typesof functions:
� QueryLanguage(SQL)Functions:functionswritten in SQL.
� ProgrammingLanguageFunctions:functionswritten in a compiledlanguagesuch

asC.

Query Language(SQL) Functions

ThesefunctionsaredefinedusingSQL.Notethatquerylanguagefunctionsdo not extend
the expressivepowerof the SQL92standard.Every querylanguagefunctioncanbe re-
placedby anappropriatenestedquery(subselect) withoutchangingthesemanticalmeaning
of thewholequery. However, sincePostgreSQLdoesnot allow subselectsin theselectlist
at themomentbut doesallow theusageof querylanguagefunctions, theexpressivepower
of PostgreSQL’s currentSQL implementationis extended.

The definition of query language functions is done using the command
create function

�
function name� . Every functioncantakezeroor morear-

guments.The typeof every argumentis specifiedin the list of argumentsin the function
definition. The type of the function’s result is given after the keyword returns in the
functiondefinition. Thetypesusedfor theargumentsandthereturnvalueof thefunction
caneitherbebasetypes(e.g. int4, varchar, . . . ) or compositetypes. (For eachclass(ta-
ble) that is created,a correspondingcompositetypeis defined.supplier andpart are
examplesfor compositetypesafterthetablessupplier andpart have beencreated.)

Example2.5 This is anexampleusingonly basetypes.

Before PostgreSQLwas extended to support nestedsubqueriesuser defined query
language(SQL)functionscouldbeusedto simulatethem.Considerexample2.3wherewe
have wantedto know thenamesof all suppliersthatdo not sell any partat all. Normally
we would formulatethequeryaswe did in example2.3. Herewe wantto show a possible
way of formulatingthequerywithout usinga subquery. This is donein two steps.In the
first stepwe definethe function my exists . In the secondstepwe formulatea query
usingthenew function.
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In thefirst stepwedefinethenew functionmy exists(int4) which takesanintegeras
argument:

testdb=> create function my_exists(int4) returns int4
testdb-> as ’select count(pno) from sells
testdb-> where sno = $1;’ language ’sql’;
CREATE
testdb=>

Hereis thesecondstepwhichperformstheintendedretrieve:

testdb=> select s.sname from supplier s
testdb-> where my_exists(s.sno) = 0;
sname
-----
(0 rows)

testdb=>

Now let’s havea look atwhatis happeninghere.Thefunctionmy exists(int4) takes
oneargumentwhich mustbeof typeinteger. Within thefunctiondefinitionthis argument
can be referedto using the $1 notation(if therewere furhter argumentsthey could be
referredto by $2, $3, . . . ). my exists(int4) returnsthenumberof tuplesfrom table
sells wherethe attribute sno is equalto the given argument$1 (sno = $1). The
keyword language ’sql’ tells PostgreSQLthat thenew functionis a querylanguage
function.

Thequeryin thesecondstepexamineseverytuplefrom tablesupplier andchecksif
it satifiesthegivenqualification.It doessoby takingthesupplierid sno of everytupleand
giving it asanargumentto thefunctionmy exists(int4) . In otherwordsthefunction
my exists(int4) is called oncefor every tuple of tablesupplier . The function
returnsthenumberof tupleshaving thegivensupplierid sno containedin tablesells . A
resultof zeromeansthatnosuchtupleis availablemeaningthatthecorrespondingsupplier
doesnot sell a singlepart. We canseethatthis queryis semanticallyequivalentto theone
givenin example2.3.

Example2.6 Thisexampleshowshow to usea compositetypein a functiondefinition.

Imagine that the price of every part was doubledover night. If you want to look at
the part tablewith the new valuesyou could usethe following function which usesthe
compositetypepart for its argument:

testdb=> create function new_price(part) returns float
testdb-> as ’select $1.price * 2;’ language ’sql’;
CREATE
testdb=> select pno, pname, new_price(price) as new_price
testdb-> from part;
pno | pname | new_price
----+---------+-----------

1 | Screw | 20
2 | Nut | 16
3 | Bolt | 30
4 | Cam | 50

(4 rows)

testdb=>

Notethatthis couldhave beendoneby a normalquery(withoutusinga userdefinedfunc-
tion) aswell but it’ saneasyto understandexamplefor theusageof functions.
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Programming LanguageFunctions

PostgreSQLalsosupportsuserdefinedfunctionswritten in C. This is a very powerful fea-
ture becauseyou canadd any function that canbe formulatedin C. For examplePost-
greSQLlacksthe functionsqrt() but it canbeeasilyaddedusinga programminglan-
guagefunction.

Example2.7 We show how to realizethe userdefinedfunction pg my sqrt(int4) .
Theimplementationcanbedividedinto threesteps:

� formulatingthenew functionin C

� compilingandlinking it to a sharedlibrary

� makingthenew functionknown to PostgreSQL

Formulating the NewFunction in C: We createa new file calledsqrt.c andaddthe
following lines:

#include <postgres.h>
#include <utils/palloc.h>
#include <math.h>

int4 pg_my_sqrt(int4 arg1)
{

return (ceil(sqrt(arg1)));
}

The function pg my sqrt() takesoneargumentof type int4 which is a Post-
greSQLtype definedin postgres.h and returnsthe integer value next to the
squareroot of the argument. As with querylanguagefunctions(seeprevious sec-
tion) theargumentscanbeof baseor of compositetype. Specialcaremustbetaken
whenusingbasetypesthatarelargerthanfour bytesin length.PostgreSQLsupports
threetypesof passinga valueto theuserdefinedfunction:

� passby value,fixedlength� passby reference,fixedlength� passby reference,variablelength

Only datatypesthat are1, 2 or 4 bytesin lengthcanbe passedby value. We just
give anexamplefor theusageof basetypesthatcanbeusedfor passby valuehere.
For informationon how to usetypesthat requirepassby referenceor how to use
compositetypesreferto [LOCK98].

Compiling and Linking It to a SharedLibrary: PostgreSQLbindsthenew function to
theruntimesystemby usinga sharedlibrary containingthefunction. Thereforewe
have to createa sharedlibrary out of theobjectfile(s)containingthe function(s). It
dependson the systemand the compilerhow this canbe done. On a Linux ELF
systemusinggcc it canbedoneby usingthefollowing commands:

$ gcc -I$PGROOT/include -fpic -c sqrt.c -o sqrt.o
$ gcc -shared sqrt.o -o sqrt.so

where$PGROOTis the pathPostgreSQLwas installedto. The importantoptions
givento gcc hereare-fpic in thefirst line whichtellsgcc to producepositionin-
dependentcodethatcanbeloadedtoany addressof theprocessimageand-shared
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in thesecondline telling gcc to produceasharedlibrary. If yougot anothersystem
wherethe above describedstepsdo not work you will have to refer to the manual
pagesof your c-compiler(often man cc ) andyour linker (man ld ) to seehow
sharedlibrariescanbebuilt.

Making the New Function Known to PostgreSQL: Now we have to tell PostgreSQL
aboutthe new function. We do so by using the create function command
within psql aswe did for querylanguagefunctions:

testdb=> create function pg_my_sqrt(int4) returns int4
testdb-> as ’/<where_ever_you_put_it>/sqrt. so’
testdb-> language ’c’;
CREATE
testdb=>

Fromnow on thefunctionpg my sqrt(int4) canbeusedin every query. Here
is a queryagainsttablepart usingthenew function:

testdb=> select pname, price, pg_my_sqrt(price)
testdb-> from part
testdb-> where pg_my_sqrt(price) < 10;
pname |price|pg_my_sqrt
----------+-----+----------
Screw | 10 | 4
Nut | 8 | 3
Bolt | 15 | 4
Cam | 25 | 5
(4 rows)

testdb=>

2.5.3 UserDefinedTypes

Addinganew datatypeto PostgreSQLalsorequiresthedefinitionof aninputandanoutput
function. Thesefunctionsareimplementedusingthetechniquespresentedin theprevious
sectionProgrammingLanguageFunctions. Thefunctionsdeterminehow thetypeappears
in strings(for input by the userand output to the user)and how the type is organized
in memory. The input function takesa null-delimited characterstring as its input and
returnstheinternal(in memory)representationof thetype. Theoutputfunction takesthe
internalrepresentationof thetypeandreturnsanull delimitedcharacterstring.Besidesthe
definitionof inputandoutputfunctionsit isoftennecessarytoenhanceoperators(e.g. ’+’ )
andaggregatefunctionsfor thenew datatype.How thisis doneisdescribedin section2.5.4
ExtendingOperatorsandsection2.5.5ExtendingAggregates.
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Example2.8 Supposewe wantto definea complex typewhich representscomplex num-
bers.Thereforewecreateanew file calledcomplex.c with thefollowing contents:

#include <postgres.h>
#include <utils/palloc.h>
#include <math.h>

/* Type definition of Complex */
typedef struct Complex {

double x;
double y;

} Complex;

/* Input function: takes a char string of the from
* ’x,y’ as argument where x and y must be string
* representations of double numbers. It returns a
* pointer to an instance of structure Complex that
* is setup with the given x and y values. */

Complex *
complex_in(char *str)
{

double x, y;
Complex *result;

/* scan the input string and set x and y to the
* corresponding double numbers */

if (sscanf(str, " ( %lf , %lf )", &x, &y) != 2) {
elog(ERROR, "complex_in: error in parsing");
return NULL;

}
/* reserve memory for the Complex data structure

* Note: we use palloc here because the memory
* allocated using palloc is freed automatically
* by PostgreSQL when it is not used any more */

result = (Complex *)palloc(sizeof(Complex));
result->x = x;
result->y = y;
return (result);

}

/* Output Function */
/* Takes a pointer to an instance of structure Complex

* as argument and returns a character pointer to a
* string representation of the given argument */

char *
complex_out(Complex *complex)
{

char *result;

if (complex == NULL) return(NULL);
result = (char *) palloc(60);
sprintf(result, "(%g,%g)", complex->x, complex->y);
return(result);

}
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Notethatthefunctionsdefinedabove operateon typesthatrequirepassby reference. The
functionstakea pointer to the dataasargumentandreturna pointer to the derived data
insteadof passingandreturningthe dataitself. That’s why we have to reserve memory
usingpalloc within the functions. (If we would just definea local variableandreturn
theaddressesof thesevariablesthesystemwould fail, becausethememoryusedby local
variablesis freedwhenthefunctiondefiningthesevariablescompletes.)

Thenext stepis to compiletheC-functionsandcreatethesharedlibrarycomplex.so .
Thisisdonein thewaydescribedin theprevioussectionProgrammingLanguageFunctions
anddependsonthesystemyouareusing.OnaLinux ELF systemusinggcc it wouldlook
like this:

$ gcc -I$PGROOT/include -fpic -c complex.c -o complex.o
$ gcc -shared -o complex.so complex.o

Now wearereadyto definethenew datatypebut beforethatwehave to maketheinputand
outputfunctionknown to PostgreSQL:

testdb=> create function complex_in(opaque)
testdb-> returns complex
testdb-> as ’/<where_ever_you_put_it>/complex.so ’
testdb-> language ’c’;
NOTICE: ProcedureCreate: type ’complex’ is not

yet defined
CREATE
testdb=> create function complex_out(opaque)
testdb-> returns opaque
testdb-> as ’/<where_ever_you_put_it>/complex.so ’
testdb-> language ’c’;
CREATE
testdb=> create type complex (
testdb-> internallength = 16,
testdb-> input = complex_in,
testdb-> output = complex_out
testdb-> );
CREATE
testdb=>

Note that the argument type given in the definition of complex out() and
complex in() - opaque - is neededby PostgreSQLto be able to provide an
uniform mechanismfor the definitionof the input andoutputfunctionsneededby a new
datatype. It is not necessaryto specify the exact type of the argumentsgiven to the
functions. The input function is never calledexplicitly and when it is called implicitly
(e.g. by a statementlike insert into ) it is clearthata characterstring(i.e. a part of
the insert query)will be passedto it. The outputfunction is only called( by an internal
mechanismof PostgreSQL)whendataof the correspondinguserdefinedtype hasto be
displayed. In this caseit is also clear that the input is of the type usedfor the internal
representation(e.g.complex ). Theoutputis of typecharacterstring.

Thenew typecannow beusedasif it wereanotherbasetype:

testdb=> create table complex_test
testdb-> (val complex);
CREATE
testdb=> insert into complex_test
testdb-> (val) values (’(1,2)’);
INSERT 155872 1
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testdb=> insert into complex_test
testdb-> (val) values (’(3,4)’);
INSERT 155873 1
testdb=> insert into complex_test
testdb-> (val) values (’(5,6)’);
INSERT 155874 1

testdb=> select * from complex_test;
val

-----
(1,2)
(3,4)
(5,6)
(3 rows)

testdb=>

2.5.4 Extending Operators

So far we areableto definea new type, createtablesthat usethe new type for one (or
more)attribute(s)andpopulatethenew tableswith data.We arealsoableto retrieve data
from thosetablesaslongaswedonotusethenew datatypeswithin thequalificationof the
query. If we want to usethenew datatypesin thewhere clausewe have to adaptsome
(or all) of theoperators.

Example2.9 Weshow how theoperator’=’ canbeadaptedfor theusageonthecomplex
datatype definedin section2.5.3User DefinedTypes. We needa userdefinedfunction
complex cmp(complex,complex) thatreturnstrue if thecomplex numbersgiven
asargumentsareequalandfalse otherwise.This functionis definedasdescribedin sec-
tion 2.5.2UserDefinedFunctions. In our casetherearealreadytwo functionspresentfor
theusageof typecomplex -the input andoutputfunctiondefinedin example2.8. Sowe
canaddthe new functioncomplex cmp(complex,complex) by simply appending
thefollowing linesto thefile complex.c givenin example2.8:

/* Comparison Function */
/* returns true if arg1 and arg2 are equal */
bool complex_cmp(Complex *arg1, Complex *arg2)
{

if((arg1->x == arg2->x) &&
(arg1->y == arg2->y))

{
return true;

}
else
{

return false;
}

}

Now we createthesharedlibrary again:

$ gcc -I$PGROOT/include -fpic -c complex.c -o complex.o
$ gcc -shared -o complex.so complex.o

Notethatall thefunctionsdefinedin complex.c (complex in(), complex out()
andcomplex cmp() ) arenow containedin thesharedlibrary complex.so .
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Now we makethe new function known to PostgreSQLandafter that we definethe new
operator’=’ for thecomplex type:

testdb=> create function complex_cmp(complex,complex)
testdb-> returns complex
testdb-> as ’/<where_ever_you_put_it>/complex.so ’
testdb-> language ’c’;
CREATE
testdb=> create operator = (
testdb-> leftarg = complex,
testdb-> rightarg = complex,
testdb-> procedure = complex_cmp,
testdb-> commutator = =
testdb-> );
CREATE
testdb=>

Fromnow on we areableto performcomparisonsbetweencomplex numbersin a query’s
qualification(Weusethetablecomplex test asdefinedin example2.8):

testdb=> select * from complex_test
testdb-> where val = ’(1,2)’;

val
-----
(1,2)
(1 row)

testdb=> select * from complex_test
testdb-> where val = ’(7,8)’;

val
-----
(0 rows)

testdb=>

2.5.5 Extending Aggregates

If we wantto useaggregatefunctionson attributesof a userdefinedtype,we have to add
aggregatefunctionsdesignedto work on the new type. Aggregatesin PostgreSQLare
realizedusingthreefunctions:

� sfunc1 (statefunctionone): is calledfor every tupleof thecurrentgroupandthe
appropriateattribute’svalueof thecurrenttupleis passedto thefunction.Thegiven
argumentis usedto changetheinternalstateof thefunctionin thewaygivenby the
bodyof thefunction. For examplesfunc1 of theaggregatefunctionsum is called
for every tupleof thecurrentgroup.Thevalueof theattributethesumis built on is
takenfrom thecurrenttupleandaddedto theinternalsumstateof sfunc1 .

� sfunc2 is alsocalledfor every tupleof thegroupbut it doesnot useany argument
from outsideto manipulateits state.It just keepstrackof theown internalstate.A
typicalapplicationfor sfunc2 is acounterthatis incrementedfor everytupleof the
groupthathasbeenprocessed.

� finalfunc is calledafter all tuplesof thecurrentgrouphave beenprocessed.It
takestheinternalstateof sfunc1 andthestateof sfunc2 asargumentsandderives
theresultof theaggregatefunctionfrom thetwo givenarguments.For examplewith
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theaggregatefunctionaverage , sfunc1 sumsuptheattributevaluesof eachtuple
in thegroup,sfunc2 countsthetuplesin thegroup. finalfunc dividesthesum
by thecountto derive theaverage.

If wedefineanaggregateusingonly sfunc1 wegetanaggregatethatcomputesarunning
functionof theattributevaluesfrom eachtuple.sum is anexamplefor this kind of aggre-
gate.On theotherhand,if we createanaggregatefunctionusingonly sfunc2 we getan
aggregatethat is independentof theattributevaluesfrom eachtuple. count is a typical
exampleof this kind of aggregate.

Example2.10 Here we want to realize the aggregate functions complex sum and
complex avg for theuserdefinedtypecomplex (seeexample2.8).

First we have to create the user defined functions complex add and
complex scalar div . We can appendthesetwo functionsto the file complex.c
from example2.8again(aswe did with complex cmp):

/* Add Complex numbers */
Complex *
complex_add(Complex *arg1, Complex *arg2)
{

Complex *result;

result = (Complex *)palloc(sizeof(Complex));
result->x = arg1->x + arg2->x;
result->y = arg1->y + arg2->y;
return(result);

}

/* Final function for complex average */
/* Transform arg1 to polar coordinate form

* R * eˆ(j*phi) and divide R by arg2.
* Transform the new result back to cartesian
* coordinates */

Complex *
complex_scalar_div(Complex *sum, int count)
{

Complex *result;
double R, phi;

result = (Complex *)palloc(sizeof(Complex));

/* transform to polar coordinates */
R = hypot(sum->x,sum->y);
phi = atan(sum->y / sum->x);

/* divide by the scalar count */
R = R / count;

/* transform back to cartesian coordinates */
result->x = R * cos(phi);
result->y = R * sin(phi);
return(result);

}



42 CHAPTER2. POSTGRESQLFROM THE USER’SPOINTOFVIEW

Next we createthe sharedlibrary complex.so again, which will contain all func-
tions definedin the previous examplesaswell asthe new functionscomplex add and
complex scalar div :

$ gcc -I$PGROOT/include -fpic -c complex.c -o complex.o
$ gcc -shared -o complex.so complex.o

Now we have to makethefunctionsneededby thenew aggregatesknown to PostgreSQL.
After thatwe definethetwo new aggregatefunctionscomplex sum andcomplex avg
thatmakeuseof thefunctionscomplex add andcomplex scalar div :

testdb=> create function complex_add(complex,complex)
testdb-> returns complex
testdb-> as ’/<where_ever_you_put_it>/complex.so ’
testdb-> language ’c’;
CREATE
testdb=> create function complex_scalar_div(complex,int)
testdb-> returns complex
testdb-> as ’/<where_ever_you_put_it>/complex.so ’
testdb-> language ’c’;
CREATE
testdb=> create aggregate complex_sum (
testdb-> sfunc1 = complex_add,
testdb-> basetype = complex,
testdb-> stype1 = complex,
testdb-> initcond1 = ’(0,0)’
testdb-> );
CREATE
testdb=> create aggregate complex_avg (
testdb-> sfunc1 = complex_add,
testdb-> basetype = complex,
testdb-> stype1 = complex,
testdb-> sfunc2 = int4inc,
testdb-> stype2 = int4,
testdb-> finalfunc = complex_scalar_div,
testdb-> initcond1 = ’(0,0)’,
testdb-> initcond2 = ’0’
testdb-> );
CREATE

The aggregatefunction complex sum is definedusing only sfunc1 . basetype is
the type of the resultof the aggregatefunction. The functioncomplex add is usedas
sfunc1 andstype1 definesthe typesfunc1 will operateon. initcond1 givesthe
initial valueof theinternalstateof sfunc1 .

If we look at the definition of the aggregatefunction complex avg we can seethat
the part concerningsfunc1 is identical to the correspondingpart of the definition
of complex sum. The only differenceis the additional definition of sfunc2 and
finalfunc . The built in function int4inc is usedas sfunc2 and incrementsthe
internalstateof sfunc2 for every tupleprocessed.After all tupleshave beenprocessed
complex scalar div is usedasfinalfunc to createtheaverage.
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Fromnow on wecanusethenew aggregatefunctions:

testdb=> select * from complex_test;
val

-----
(1,2)
(3,4)
(5,6)
(3 rows)

testdb=> select complex_sum(val) from complex_test;
val

------
(9,12)
(1 row)

testdb=> select complex_avg(val) from complex_test;
val

-----
(3,4)
(1 row)

testdb=>

2.5.6 Triggers

PostgreSQLsupportsthecalling of C functionsastriggeractions.Triggersarenot a fea-
turethatis only presentin PostgreSQL.In factmostmodernRDMSssupporttriggers.We
describethemherebecausethe previoussectionsarenecessaryto understandthe imple-
mentationchosen.

At themomentit is possibleto definetriggeractionsthatareexecutedbefore andafter
the SQL commandsinsert, update or delete for a tuple. Triggerscanbe used
to ensuredataintegrity. For examplewe candefinea trigger actionthat returnsan error
wheneversomebodywantsto insert(or update)atuplewith anegativesupplierid sno into
tablesupplier definedin figure1.1.

The system stores information about when a trigger action has to be per-
formed. Whenever a command triggering an action is detected, the trigger
manager is called within PostgreSQL,which initializes a global data structure
TriggerData *CurrentTriggerData andcallstheappropriatetriggerfunction.

A central role in the definition of trigger functions plays the global data
structure TriggerData *CurrentTriggerData (The global pointer
CurrentTriggerData canbeaccessedfrom within every triggerfunction):

typedef struct TriggerData
{

TriggerEvent tg_event;
Relation tg_relation;
HeapTuple tg_trigtuple;
HeapTuple tg_newtuple;
Trigger *tg_trigger;

} TriggerData;

Now wegiveashortdescriptionof thestructure’scontentsrelevantfor theexamplebelow.
For adetaileddescriptionof this andotherstructuresandfunctionsreferto [LOCK98]:
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� tg event : Describesthe event the function is called for. Containsinformation
aboutwhenthefunctionwascalled(beforeor after thecommandexecution)andfor
whichcommandit wascalled(insert, update or delete ).

� tg relation : Is a pointer to a structure describing the relation.
tg relation- � rd att is of specialinterestfor usbecauseit canbegivenasan
argumentto thefunctionSPI getbinval() describedlater.

� tg trigtuple : Is a pointerto thetuplefor which thetriggeris fired. If thecom-
mandis insert or delete this is thetupleto bereturnedby thetriggerfunction.

� tg newtuple : If thecommandis update this is a pointerto thenew versionof
tupleandNULL otherwise.This is whathasto bereturnedby thetriggerfunctionif
thecommandis update .

Example2.11 We definea trigger functioncalled trigf() that is designedto prevent
inserting(updating)tupleswith a negativesupplierid sno into tablesupplier .

First we have to define the function trigf() using C and thereforewe createa
new file trigger.c . Thefunctiondefinition is donein exactly thesameway asfor the
definitionof userdefinedfunctions(seesection2.5.2).

Herearethecontentsof trigger.c :

#include <executor/spi.h>
#include <commands/trigger.h>

HeapTuple
trigf()
{ TupleDesc tupdesc;

HeapTuple rettuple;
bool isnull;
int val;

if (!CurrentTriggerData)
elog(ERROR, "trigf: triggers are not initialized");

/* tuple to return to Executor */
if (TRIGGER_FIRED_BY_UPDATE(CurrentTrig gerData-> tg_event ))

rettuple = CurrentTriggerData->tg_newtuple;
else

rettuple = CurrentTriggerData->tg_trigtuple;

tupdesc = CurrentTriggerData->tg_relati on->rd_at t;
CurrentTriggerData = NULL;

/* get the value of attribute 1 of the current tuple */
val = SPI_getbinval(rettuple, tupdesc, 1, &isnull);

/* if the value is NULL or < 0 return an error */
if (isnull || val < 0) {

elog(ERROR,"insert/update: sno must be a value > 0");
}
return (rettuple);

}
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The function SPI getbinval is part of the ServerProgrammingInterface(SPI) de-
scribedin section2.5.7. It takesthecurrenttuple,thedescriptionof therelation,thenum-
ber of the attribute andthe addressof a variableisnull asargumentsandreturnsthe
binaryvalueof thegivenattributefrom thecurrenttuple. If theattribute’s valueis NULL
isnull is setto true otherwiseto false .

trigf() first checkswhether it was called by an update commandor by an
insert and setsrettuple accordingly. Then it gets the value of the first attribute
of the currenttuple (remembersno is the first attribute in the relationsupplier ). If
thevalueis greaterthanzerothecurrenttuple is returned(andinsertedor updatedby the
executorof PostgreSQL)otherwiseanerroris returned(elog(ERROR,

�����
) logsanerror

andabortsprocessing)andthetablesupplier won’t beaffected.

To createa sharedlibrary out of trigger.c weusethecommands:

$ gcc -I$PGROOT/include -I$PGSRC/include/ -fpic \
> -c trigger.c -o trigger.o
$ gcc -shared -o trigger.so trigger.o

Note that for the compilation of trigger functions the sourcecode of PostgreSQLis
necessary. $PGSRCpointsto theplacewherethesourcesareinstalled.

Next we have to makethe function trigf() known to PostgreSQLby the create
function commandin thesameway we did for thefunctionsin thepreviousexamples
(e.g. example2.8). After thatwe candefinethetrigger tbefore . Thedefinitionensures
thatfunctiontrigf() givenasthetriggeractionwill beexecutedbefore theexecution
of the commandsinsert and update affecting the table supplier . Note that
insert andupdate commandsexecutedagainsttablesother thansupplier won’t
causetheexecutionof functiontrigf() .

testdb=> create function trigf() returns opaque
testdb-> as ’/<where_ever_you_put_it/trigger.so’
testdb-> language ’c’;
CREATE
testdb=> create trigger tbefore
testdb-> before insert or update on supplier
testdb-> for each row execute procedure trigf();
CREATE
testdb=>

Now we cancheckif thetrigger is working correctly. If thevaluefor sno is greaterthan
zerothe insert andupdate commandsagainsttablesupplier arenotaffected.

testdb=> insert into supplier
testdb-> (sno, sname, city)
testdb-> values(5, ’Miles’, ’Berlin’);
INSERT 156064 1

testdb=> insert into supplier
testdb-> (sno, sname, city)
testdb-> values(-2, ’Huber’, ’Munich’);
ERROR: insert/update: sno must be a value > 0

testdb=> update supplier
testdb-> set sno = -2
testdb-> where sname = ’Adams’;
ERROR: insert/update: sno must be a value > 0
testdb=>
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2.5.7 Server Programming Interface (SPI)

The ServerProgrammingInterface(SPI) gives the userthe ability to run SQL queries
from insideuserdefinedfunctions.SPIis justasetof nativeinterfacefunctionsto simplify
the accessto the query parser, planner, optimizer and executor of
PostgreSQL(referto chapter3 PostgreSQLfromtheProgrammer’s Point of View).

Thesetof functionsof SPIcanbedividedinto thefollowing parts:

� InterfaceFunctions:Thesefunctionsareusedto establisha connectionto a running
backend.Wheneveryouwantto executeaSQLquerywithin auserdefinedfunction
youwill have to connectto a backendby SPI connect() .

– SPI connect() opensaconnectionto thePostgreSQLbackend.

– SPI finish() closesa connectionto thePostgreSQLbackend.

– SPI exec() takesa characterstring containinga SQL queryanda number
tcount asargumentsandexecutesthequery. Theresultcanbeobtainedfrom
the global datastructureSPI tuptable which is setby SPI exec() . If
tcount is zerothenthequeryis executedfor all tuplesreturnedby thequery
scan. Using tcount � 0 restrictsthenumberof tuplesfor which the query
will beexecuted.This functionshouldonly becalledafterSPI connect()
hasbeenprocessedandaconnectionhasbeenestablished.

– SPI prepare() creates and returns an execution plan
(parser+planner+optimizer)but doesn’t execute the query. (The function
performsthe samestepsasSPI exec() exceptthat it doesnot executethe
plan.Shouldonly becalledaftera connectionhasbeenestablished.

– SPI saveplan() storesaplanpreparedby SPI prepare() in safemem-
ory protectedfrom freeingby SPI finish() .

– SPI execp() executesa planpreparedby SPI prepare() or returnedby
SPI saveplan() .

� InterfaceSupportFunctions:Thesefunctionscanbeusedfrom within aconnectedor
within anunconnecteduserdefinedfunction.An examplefor theusefrom within an
unconnectedfunctionwasgiven in example2.11whereSPI getbinval() was
usedto deliver the valueof attribute sno from the new (to be inserted)tuple. An
examplefor theusefrom within aconnectedfunctionwill begivenin example2.12.

– SPI copytuple() makesa copyof thetuplegivenasargument.

– SPI modifytuple() modifies one or more attributes of a given tu-
ple. The new values for the attributes to be changedare passedto
SPI modifytuple() asarguments.

– SPI fnumber() takesthedescriptionof a tupleandthenameof anattribute
asargumentsandreturnsthenumberof theattribute.

– SPI fname() takesthedescriptionof a tupleandthenumberof anattribute
asargumentsandreturnsthenameof theattribute.

– SPI getvalue() takesthedescriptionof a tuple,thetupleandthenumber
of an attribute as argumentsand returnsa string representationof the given
attribute’svalue.

– SPI getbinval() takesthedescriptionof a tuple,thetupleandthenumber
of anattributeasargumentsandreturnsthebinaryvalueof thegivenattribute.

– SPI gettype() returnsa copyof thetypenamefor thespecifiedattribute.

– SPI gettypeid() returnsthetypeOID for thespecifiedattribute.
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– SPI getrelname() returnsthenameof thespecifiedrelation.

– SPI palloc() allocatesmemory. In contrastto malloc() (normally
used)it allocatesmemoryin sucha way that it canbe freedautomaticallyby
SPI finish() .

– SPI repalloc() reallocatesmemorythathasoriginally beenallocatedus-
ing SPI palloc() .

– SPI pfree() freesmemoryallocatedby SPI palloc() .

Example2.12 We wantPostgreSQLto automaticallygeneratea valuefor thesupplierid
sno wheneveranew tupleis insertedinto tablesupplier . Thereforewedefinea trigger
function trigf sno() that is calledbeforethe executionof every insert statement.
trigf sno() hasto performthefollowing steps:

� establisha connectionto thePostgreSQLbackendusingSPI connect()

� getthegreatestsupplierid sno containedin tablesupplier usingSPI exec()

� modify attributesno of thetuple to be insertedto containthenext greaternumber
usingSPI modifytuple()

� disconnectfrom thebackendusingSPI finish()

� returnthemodifiedtuple

Here are the contentsof function trigf sno() that can be appendedto the file
trigger.c from example2.11:

HeapTuple
trigf_sno()
{ HeapTuple rettuple;

bool isnull;
int ret, max;
int atts_to_be_changed[1];
Datum new_value[1];
char nulls;

if (!CurrentTriggerData)
elog(ERROR,

"trigf: triggers are not initialized");

/* This is the tuple to be inserted */
rettuple = CurrentTriggerData->tg_trigtuple;

/* Connect to backend */
if ((ret = SPI_connect()) < 0)

elog(ERROR,
"trigf_sno: SPI_connect returned %d",ret);

/* Get greatest sno in relation supplier */
/* Execute the query */
ret = SPI_exec("select max(sno) from supplier",0);
if (ret < 0)

elog(ERROR,
"trigf_sno: SPI_exec returned %d",ret);
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/* extract the number from the result
* returned by the query. SPI_exec() puts
* the result into the global structure
* SPI_tuptable */

max = SPI_getbinval(SPI_tuptable->val s[0],
SPI_tuptable->tupdesc, 1,
&isnull);

/* disconnect from backend */
SPI_finish();

/* array containing the numbers of attributes
* to be changed: sno has attno 1 */

atts_to_be_changed[0] = 1;

/* new values for attributes to be changed:
* the next number for sno is max+1 */

new_value[0] = (max+1);

/* modify the tuple to be inserted to contain
* max+1 as sno */

rettuple =
SPI_modifytuple(CurrentTriggerData- >tg_relat ion,

rettuple,
1,
atts_to_be_changed,
new_value,
&nulls);

if (rettuple == NULL)
elog(ERROR,

"trigf_sno: SPI_modifytuple failed");

CurrentTriggerData = NULL;
return (rettuple);

}

We againcreatethesharedlibrary trigger.so out of trigger.c :

$ gcc -I$PGROOT/include -I$PGSRC/include/ -fpic \
> -c trigger.c -o trigger.o
$ gcc -shared -o trigger.so trigger.o

Next we have to makethe function trigf sno() known to PostgreSQLandafter that
we candefinethe trigger sno before which is calledbeforean insert to the table
supplier . The trigger function ensuresthat the next greaternumberfor sno will be
used.

testdb=> create function trigf_sno() returns opaque
testdb-> as ’/<where_ever_you_put_it>/trigger.so ’
testdb-> language ’c’;
CREATE
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testdb=> create trigger sno_before
testdb-> before insert on supplier
testdb-> for each row execute procedure trigf_sno();
CREATE
testdb=>

Every timeanew tupleis insertedto thetablesupplier anew sno is assignedautomat-
ically regardlessof thevaluegivenin the insert statement:

testdb=> select * from supplier;
sno|sname |city
---+------+------

1|Smith |London
2|Jones |Paris
3|Adams |Vienna
4|Blake |Rome

(4 rows)

testdb=> insert into supplier
testdb-> (sno, sname, city)
testdb-> values (200,’Cook’, ’Boston’);
INSERT 15606 1

testdb=> select * from supplier;
sno|sname |city
---+------+------

1|Smith |London
2|Jones |Paris
3|Adams |Vienna
4|Blake |Rome
5|Cook |Boston

(5 rows)

testdb=>

2.5.8 Rulesin PostgreSQL

PostgreSQLsupportsa powerful rule system. Theusercandefinea rule andconnectit to
anevent. Whenever theeventoccurstherule bodyis executedin additionto or insteadof
thecommandsof theevent.

A rule is createdusingthefollowing SQLstatement:

create rule rule_name
as on event
to object [where clause]
do [instead]
[action | nothing | [actions...]]

whereevent is one of select, update, delete or insert . object is the
nameof a tableor table.column. Thewhere clause,andtheaction area normalSQL
where clauseandcollectionof SQL commands.

Oneapplicationof rules is the implementationof views in PostgreSQL.A view is a
virtual tablethat doesnot physicallyexist within the databasebut looks to the userasif
it did. To realizea view we cancreatean emptytablewith the nameof the view. Then
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we definea rule thatis firedevery time thenew tableis accessed.Insteadof retrieving the
datafrom thevirtual tabletherule bodyis executedretrieving thedatafrom oneor more
physicallystoredtables.

Example2.13 We want to show how a view couldbe realizedin PostgreSQL.Note that
thereis of courseanown commandto createviewscreate view in PostgreSQLwhich
performsthestepsof ourexampleinternally.

Firstwecreateanew, emptytablemy view :

testdb=> create table my_view (
testdb-> sname varchar(20),
testdb-> pname varchar(20)
testdb-> );

Next we createtherule thatwill befired whenever a select againstthetablemy view
showsup:

testdb=> create rule my_view_rule
testdb-> as on select to my_view
testdb-> do instead select s.sname, p.pname
testdb-> from supplier s, part p, sells se
testdb-> where s.sno=se.sno and p.pno=se.pno;
CREATE
testdb=>

Now we canusethetablemy view asif it werepopulatedwith tuples:

testdb=> select * from my_view;
sname |pname
------+-----
Smith |Screw
Smith |Nut
Jones |Cam
Adams |Screw
Adams |Bolt
Blake |Nut
Blake |Bolt
Blake |Cam
(8 rows)

testdb=> select * from my_view
testdb-> where sname = ’Blake’;
sname |pname
------+-----
Blake |Nut
Blake |Bolt
Blake |Cam
(3 rows)

testdb=>



Chapter 3

PostgreSQLfr om the
Programmer’s Point of View

Thischaptergivesanoverview of theinternalstructureof thebackendof PostgreSQL.After
having readthe following sectionsyou shouldhave an ideaof how a queryis processed.
Don’t expecta detaileddescriptionhere(I think sucha descriptiondealingwith all data
structuresandfunctionsusedwithin PostgreSQLwouldexceed1000pages!).Thischapter
is intendedto helpunderstandingthegeneralcontrolanddataflow within thebackendfrom
receiving aqueryto sendingtheresults.

3.1 The Way of a Query

Herewe givea shortoverview of thestagesa queryhasto passin orderto obtainaresult:
� First a connectionfrom anapplicationprogramto thePostgreSQLserver hasto be

established.Theapplicationprogramtransmitsaqueryto theserverandreceivesthe
resultssentbackby theserver.

� The parserstagechecksthe query transmittedby the applicationprogram(client)
for correctsyntaxandcreatesa querytree.

� The rewrite systemtakesthe query treecreatedby the parserstagelooks for any
rules(storedin thesystemcatalogs) to applyto thequerytreeandperformsthetrans-
formationsgivenin the rule bodies. Oneapplicationof the rewrite systemis given
in therealizationof views. Whenever a queryagainsta view (i.e. a virtual table) is
made,the rewrite systemrewritestheuser’s queryto a querythataccessesthebase
tablesgivenin theview definitioninstead.

� The planner/optimizertakesthe (rewritten) querytreeandcreatesa queryplanthat
will betheinputto theexecutor. It doessoby first creatingall possiblepathsleading
to the sameresult. ( For exampleif thereis an index on a relationto be scanned,
therearetwo pathsfor thescan.Onepossibilityis a simplesequentialscanandthe
otherpossibilityis to usetheindex.) Next thecostfor theexecutionof eachplan is
estimatedandthecheapestplan is chosenandhandedback.

� Theexecutorrecursively stepsthroughtheplan treeandretrievestuplesin theway
representedby theplan. Theexecutormakesuseof thestoragesystemwhile scan-
ning relations,performssortsand joins, evaluatesqualificationsandfinally hands
backthetuplesderived.

In the following sectionswe will cover every of the above listed itemsin moredetail to
givea betterunderstandingon PostgreSQL’s internalcontrolanddatastructures.

51
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3.2 How ConnectionsareEstablished

PostgreSQLis implementedusinga simple”processper-user”client/server model.In this
model thereis oneclient processconnectedto exactly oneserverprocess. As we don’t
know per sehow many connectionswill be made,we have to usea masterprocessthat
spawns a new serverprocessevery time a connectionis requested.This masterprocess
is calledpostmaster andlistensat a specifiedTCP/IPport for incomingconnections.
Whenever a requestfor a connectionis detectedthepostmaster processspawnsa new
serverprocesscalledpostgres . Theserver tasks(postgres processes)communicate
with eachotherusingsemaphores andshared memoryto ensuredataintegrity through-
out concurrentdataaccess. Figure 3.1 illustratesthe interactionof the masterprocess
postmaster theserverprocesspostgres andaclient application.

Theclientprocesscaneitherbethepsql frontend(for interactiveSQLqueries)or any
userapplicationimplementedusingthelibpg library. Notethatapplicationsimplemented
usingecpq (i.e. thepostgresembeddedC compiler)alsousethis library.

Onceaconnectionis establishedtheclientprocesscansendaqueryto thebackend. The
queryis transmittedusingplain text, i.e. thereis no parsingdonein the frontend(client).
Theserver parsesthe query, createsan executionplan, executestheplan andreturnsthe
retrievedtuplesto theclient by transmittingthemover theestablishedconnection.

Postmaster

Postmaster

Server Host

User 
App

LIBPQ

Client Host Postgres

Server Host

User 
App

LIBPQ

Client Host

Figure3.1: How aconnectionis established

3.3 The Parser Stage

Theparserstageconsistsof two parts:

� The parserdefinedin gram.y andscan.l is built usingthe UNIX tools yacc
andlex .

� Thetransformationprocessdoessomenecessarytransformationto thedatastructure
returnedby theparser.
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3.3.1 Parser

Theparserhasto checkthequerystring(which arrivesasplain ASCII text) for valid syn-
tax. If thesyntaxis correcta parsetree is built up andhandedbackotherwiseanerror is
returned.For theimplementationthewell known UNIX tools lex andyacc areused.

The lexer is definedin thefile scan.l andis responsiblefor recognizingidentifiers,
theSQLkeywords etc. For every keyword or identifier that is found,a tokenis generated
andhandedto theparser.

Theparseris definedin the file gram.y andconsistsof a setof grammarrulesand
actionsthatareexecutedwheneveraruleisfired. Thecodeof theactions(whichisactually
C-code)is usedto build up theparsetree.

Thefile scan.l is transformedto theC-sourcefile scan.c usingtheprogramlex
andgram.y is transformedto gram.c usingyacc . After thesetransformationshave
takenplaceanormalC-compilercanbeusedto createtheparser. Nevermakeany changes
to thegeneratedC-filesasthey will be overwrittenthenext time lex or yacc is called.
(Note that the mentionedtransformationsandcompilationsarenormally doneautomati-
cally usingthemakefiles shippedwith thePostgreSQLsourcedistribution.)

A detaileddescriptionof yacc or the grammar rules given in gram.y would be
beyond the scopeof this paper. Therearemany booksanddocumentsdealingwith lex
andyacc . Youshouldbefamiliarwith yacc , beforeyoustartto studythegrammargiven
in gram.y otherwiseyouwon’t understandwhathappensthere.

For a better understandingof the data structuresused in PostgreSQLfor the pro-
cessingof aqueryweuseanexampleto illustratethechangesmadeto thesedatastructures
in everystage.

Example3.1 Thisexamplecontainsthefollowingsimplequerythatwill beusedin various
descriptionsandfiguresthroughoutthe following sections. The queryassumesthat the
tablesgivenin example1.1have alreadybeendefined.

select s.sname, se.pno
from supplier s, sells se
where s.sno > 2 and

s.sno = se.sno;

Figure3.2shows theparsetreebuilt by thegrammarrulesandactionsgivenin gram.y
for thequerygiven in example3.1 (without theoperator tree for thewhere clausewhich
is shown in figure3.3becausetherewasnot enoughspaceto show bothdatastructuresin
onefigure).

Thetopnodeof thetreeis aSelectStmt node.For everyentryappearingin thefrom
clauseof theSQL querya RangeVar nodeis createdholdingthenameof thealias and
a pointerto a RelExpr nodeholdingthenameof therelation. All RangeVar nodesare
collectedin a list which is attachedto thefield fromClause of theSelectStmt node.

For every entry appearingin the selectlist of the SQL query a ResTarget node
is createdholding a pointer to an Attr node. The Attr nodeholdsthe relation name
of the entry and a pointer to a Value node holding the nameof the attribute. All
ResTarget nodesarecollectedto a list which is connectedto thefield targetList of
theSelectStmt node.

Figure 3.3 shows the operator tree built for the where clause of the SQL query
givenin example3.1which is attachedto thefield qual of theSelectStmt node.The
top nodeof the operator tree is an A Expr noderepresentingan ANDoperation. This
nodehastwo successorscalledlexpr andrexpr pointingto two subtrees. Thesubtree
attachedto lexpr representsthequalification� � ���m���<( andtheoneattachedto rexpr
represents� � ���m�{&_� �#� ���m� . For everyattributeanAttr nodeis createdholdingthename
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of the relationanda pointerto a Value nodeholdingthenameof theattribute. For the
constantappearingin thequeryaConst nodeis createdholdingthevalue.
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Operator Tree
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Figure3.2: TargetListandFromListfor queryof example3.1

3.3.2 Transformation Process

The transformationprocesstakesthe treehandedbackby the parserasinput andsteps
recursively throughit. If a SelectStmt nodeis found, it is transformedto a Query
nodewhich will be the top mostnodeof the new datastructure. Figure 3.4 shows the
transformeddatastructure(thepart for thetransformedwhere clauseis givenin figure3.5
becausetherewasnotenoughspaceto show all partsin onefigure).

Now a checkis made,if the relation namesin the fromClauseareknown to the sys-
tem. For every relationnamethat is presentin thesystemcatalogsa RTEnodeis created
containingtherelationname, thealiasnameandtherelationid. Fromnow ontherelation
ids areusedto referto therelationsgivenin thequery. All RTEnodesarecollectedin the
rangetable entry list which is connectedto the field rtable of the Query node. If a
nameof a relation thatis notknown to thesystemis detectedin thequeryanerrorwill be
returnedandthequeryprocessingwill beaborted.
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Figure3.3: WhereClausefor queryof example3.1
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Next it is checkedif the attribute namesusedarecontainedin the relationsgiven in the
query. For every attribute that is found a TLE nodeis createdholding a pointer to a
Resdomnode(which holdsthenameof thecolumn)anda pointerto a VARnode.There
aretwo importantnumbersin the VARnode. The field varno givesthe positionof the
relation containingthe currentattribute in the rangetable entry list createdabove. The
field varattno givesthepositionof theattributewithin the relation. If thenameof an
attributecannotbefoundanerrorwill bereturnedandthequeryprocessingwill beaborted.
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Figure3.4: TransformedTargetListandFromListfor queryof example3.1

Figure3.5shows thetransformedwhere clause. Every A Expr nodeis transformedto an
Expr node. The Attr nodesrepresentingthe attributesarereplacedby VARnodesas
it hasbeendonefor the targetlistabove. Checksif theappearingattributesarevalid and
known to the systemaremade. If thereis an attributeusedwhich is not known anerror
will bereturnedandthequeryprocessingwill beaborted.

The whole transformation processperforms a transformationof the data structure
handedbackby theparserto amorecomfortableform. Thecharacterstringsrepresenting
therelationsandattributesin theoriginal treearereplacedby relation ids andVARnodes
whosefields are referring to the entriesof the rangetable entry list. In addition to the
transformation,alsovariouschecksif theusedrelationandattributenames(appearingin
thequery)arevalid in thecurrentcontext areperformed.
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3.4 The PostgreSQLRule System

PostgreSQLsupportsa powerful rule systemfor thespecificationof viewsandambiguous
view updates. Originally thePostgreSQLrule systemconsistedof two implementations.

The first oneworkedusing tuple level processingandwas implementeddeepin the
executor. The rule systemwas calledwhenever an individual tuple had beenaccessed.
Thisimplementationhasbeenremovedin 1995whenthelastofficial releaseof thePostgres
projectwasfurtherenhancedto Postgres95.

The secondimplementationof the rule systemis a techniquecalled query rewrit-
ing. The rewrite systemis a modulethat exists betweenthe parserstageand the plan-
ner/optimizer. This techniqueis still implemented.

For informationon thesyntaxandcreationof rules in thePostgreSQLsystemrefer to
section2.5.8Rulesin PostgreSQL.

3.4.1 The Rewrite System

Thequeryrewrite systemis a modulebetweentheparserstageandtheplanner/optimizer.
It processesthetreehandedbackby theparserstage(whichrepresentsauserquery)andif
thereis a rule presentthathasto beappliedto thequeryit rewrites thetreeto analternate
form.

TechniquesTo Implement Views

Now will sketchthealgorithmof thequeryrewrite system. For betterillustrationwe show
how to implementviewsusingrulesasanexample.

Let thefollowing rule begiven:

create rule view_rule
as on select
to test_view
do instead

select s.sname, p.pname
from supplier s, sells se, part p
where s.sno = se.sno and

p.pno = se.pno;

The given rule will be fired whenever a select againstthe relation test view is
detected.Insteadof selectingthetuplesfrom test view theselect statementgivenin
theactionpart of therule is executed.

Let thefollowing user-queryagainsttest view begiven:

select sname
from test_view
where sname <> ’Smith’;

Here is a list of the stepsperformedby the queryrewrite systemwhenever a user-query
againsttest view appears. (The following listing is a very informal descriptionof
the algorithm just intendedfor basicunderstanding.For a detaileddescriptionrefer to
[STON89]).

� Takethequerygivenin theactionpart of therule.

� Adaptthetargetlistto meetthenumberandorderof attributesgivenin theuser-query.
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� Add thequalificationgivenin thewhere clauseof theuser-queryto thequalification
of thequerygivenin theactionpart of therule.

Giventheruledefinitionabove,theuser-querywill berewrittento thefollowing form (Note
that the rewriting is doneon theinternalrepresentationof theuser-queryhandedbackby
theparserstagebut thederivednew datastructurewill representthefollowing query):

select s.sname
from supplier s, sells se, part p
where s.sno = se.sno and

p.pno = se.pno and
s.sname <> ’Smith;

3.5 Planner/Optimizer

Thetaskof theplanner/optimizeris tocreateanoptimalexecutionplan. It first combinesall
possiblewaysof scanningandjoining therelationsthatappearin a query. All thecreated
pathsleadto thesameresultandit’ s theoptimizer’s taskto estimatethecostof executing
eachpathandfind outwhich oneis thecheapest.

3.5.1 GeneratingPossiblePlans

The planner/optimizerdecideswhich plansshouldbe generatedbaseduponthe typesof
indicesdefinedon the relationsappearingin a query. Thereis alwaysthe possibility of
performinga sequentialscanona relation,soaplanusingonly sequentialscansis always
created.Assumeanindex is definedona relation(for examplea B-treeindex) anda query
containsthe restriction relation.attributeOPRconstant. If relation.attribute happensto
matchthe key of the B-tree index andOPR is anything but ’ �& ’ anotherplan is created
using the B-tree index to scanthe relation. If thereare further indicespresentand the
restrictionsin thequeryhappento matchakey of anindex furtherplanswill beconsidered.

After all feasibleplanshave beenfoundfor scanningsinglerelations, plansfor joining
relationsarecreated.Theplanner/optimizerconsidersonly joins betweenevery two rela-
tions for which thereexists a correspondingjoin clause(i.e. for which a restrictionlike�����

where rel1.attr1=rel2.attr2 exists) in the where qualification. All possibleplansare
generatedfor every join pair consideredby theplanner/optimizer. Thethreepossiblejoin
strategiesare:

� nestediteration join: Theright relation is scannedoncefor every tuplefoundin the
left relation. Thisstrategy is easyto implementbut canbevery timeconsuming.

� mergesort join: Eachrelationis sortedon the join attributesbeforethe join starts.
Thenthe two relationsaremergedtogethertaking into accountthat both relations
areorderedon the join attributes. This kind of join is moreattractivebecauseevery
relationhasto bescannedonly once.

� hashjoin: theright relationis first hashedonits join attributes. Next theleft relation
is scannedandtheappropriatevaluesof every tuple foundareusedashashkeys to
locatethetuplesin theright relation.

3.5.2 Data Structur eof the Plan

Herewe will give a little descriptionof thenodesappearingin theplan. Figure3.6shows
theplanproducedfor thequeryin example3.1.

Thetopnodeof theplan is aMergeJoin nodewhichhastwo successors,oneattached
to the field lefttree and the secondattachedto the field righttree . Eachof the
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subnodesrepresentsonerelationof thejoin. Asmentionedaboveamergesort join requires
eachrelationto besorted.That’swhy wefindaSort nodein eachsubplan.Theadditional
qualificationgiven in the query ( � � ���m�<��( ) is pusheddown as far as possibleand is
attachedto theqpqual field of theleafSeqScan nodeof thecorrespondingsubplan.

The list attachedto the field mergeclauses of the MergeJoin nodecontainsin-
formationaboutthe join attributes . Thevalues � � +�+�+ and � � +�+ , for the varno
fields in theVARnodesappearingin themergeclauses list (andalsoin the targetlist)
meanthatnot thetuplesof thecurrentnodeshouldbeconsideredbut thetuplesof thenext
”deeper”nodes(i.e. thetopnodesof thesubplans)shouldbeusedinstead.

Notethatevery Sort andSeqScan nodeappearingin figure3.6hasgot a targetlist
but becausetherewasnot enoughspaceonly theonefor theMergeJoin nodecouldbe
drawn.

Anothertaskperformedby theplanner/optimizeris fixing theoperator ids in theExpr
andOper nodes.As mentionedearlier, PostgreSQLsupportsa varietyof differentdata
typesandevenuserdefinedtypescanbeused.To beableto maintainthehugeamountof
functionsandoperatorsit is necessaryto storethemin a systemtable. Eachfunctionand
operatorgetsa uniqueoperator id. Accordingto thetypesof theattributesusedwithin the
qualificationsetc.,theappropriateoperator ids have to beused.

3.6 Executor

Theexecutortakestheplanhandedbackby theplanner/optimizerandstartsprocessingthe
top node. In the caseof our example(thequerygiven in example3.1) the top nodeis a
MergeJoin node.

Beforeany mergecanbedonetwo tupleshave to befetched(onefrom eachsubplan).
So the executorrecursively calls itself to processthe subplans(it startswith the subplan
attachedto lefttree ). Thenew topnode(thetopnodeof theleft subplan)is aSeqScan
nodeandagaina tuple hasto be fetchedbeforethe nodeitself canbe processed.The
executorcallsitself recursively anothertime for thesubplanattachedto lefttree of the
SeqScan node.

Now thenew top nodeis aSort node.As a sorthasto bedoneon thewholerelation,
the executorstartsfetchingtuplesfrom the Sort node’s subplanandsortstheminto a
temporaryrelation(in memoryor a file) whentheSort nodeis visited for thefirst time.
(Furtherexaminationsof theSort nodewill alwaysreturnjust onetuple from thesorted
temporaryrelation.)

Every time theprocessingof theSort nodeneedsa new tuple theexecutoris recur-
sively calledfor the SeqScan nodeattachedassubplan. The relation (internally refer-
encedby the valuegiven in the scanrelid field) is scannedfor the next tuple. If the
tuple satisfiesthe qualificationgiven by the treeattachedto qpqual it is handedback,
otherwisethenext tupleis fetcheduntil thequalificationis satisfied.If thelasttupleof the
relationhasbeenprocessedaNULLpointeris returned.

After a tuple has beenhandedback by the lefttree of the MergeJoin the
righttree is processedin the sameway. If both tuplesarepresentthe executorpro-
cessestheMergeJoin node.Whenevera new tuplefrom oneof thesubplansis neededa
recursive call to theexecutoris performedto obtainit. If a joinedtuplecouldbecreatedit
is handedbackandonecompleteprocessingof theplan treehasfinished.

Now the describedstepsareperformedoncefor every tuple,until a NULL pointer is
returnedfor theprocessingof theMergeJoin node,indicatingthatwe arefinished.
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Figure3.6: Plan for queryof example3.1
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3.7 The Realizationof the Having Clause

The havingclausehasbeendesignedin SQL to be able to usethe resultsof aggregate
functionswithin a queryqualification.Thehandlingof thehavingclauseis verysimilar to
thehandlingof thewhere clause. Both areformulasin first orderlogic (FOL) thathave to
evaluateto truefor acertainobjectto behandedback:

� Theformulagivenin thewhere clauseis evaluatedfor every tuple. If theevaluation
returnstrue the tuple is returned,every tuple not satisfyingthe qualificationis
ignored.

� In thecaseof groupsthehavingclauseis evaluatedfor everygroup.If theevaluation
returnstrue thegroupis takeninto accountotherwiseit is ignored.

3.7.1 How AggregateFunctionsare Implemented

Beforewe candescribehow thehavingclauseis implementedwe will have a look at the
implementationof aggregatefunctionsaslong asthey just appearin the targetlist. Note
thataggregatefunctionsareappliedto groupssothequerymustcontainagroupclause.

Example3.2 Here is an exampleof the usageof the aggregatefunctioncount which
countsthenumberof partnumbers(pno ) of every group.(Thetablesells is definedin
example1.1.)

select sno, count(pno)
from sells
group by sno;

A querylike theonein example3.2 is processedby theusualstages:

� theparserstage

� therewrite system

� theplanner/optimizer

� theexecutor

andin thefollowing sectionswe will describewhatevery stagedoesto thequeryin order
to obtaintheappropriateresult.

The ParserStage

Theparserstagebuilds up a querytreecontainingthewhere qualificationandinformation
aboutthegroupingthathasto bedone(i.e. a list of all attributesto groupfor is attached
to thefield groupClause ). Themaindifferenceto querytreesbuilt up for querieswith-
out aggregatefunctionsis given in the field hasAggs which is set to true andin the
targetlist. The expr field of the secondTLE nodeof the targetlist shown in figure 3.7
doesnot point directly to a VARnodebut to anAggreg noderepresentingtheaggregate
functionusedin thequery.

A checkis madethat every attribute groupedfor appearsonly without an aggregate
functionin thetargetlistandthateveryattributewhich appearswithoutanaggregatefunc-
tion in thetargetlist is groupedfor.
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Figure3.7: Querytreebuilt up for thequeryof example3.2

The Rewrite System

The rewriting systemdoesnot makeany changesto the querytree as long as the query
involvesjustbasetables. If any viewsarepresentthequeryis rewrittento accessthetables
specifiedin theview definition.

Planner/Optimizer

Wheneveranaggregatefunctionis involvedin aquery(whichis indicatedby thehasAggs
flag set to true ) the plannercreatesa plantree whosetop nodeis an AGGnode. The
targetlist is searchedfor aggregatefunctionsandfor everyfunctionthatis found,a pointer
to thecorrespondingAggreg nodeis addedto a list which is finally attachedto thefield
aggs of the AGGnode. This list is neededby the executor to know which aggregate
functionsarepresentandhave to behandled.

TheAGGnodeis followedby a GRPnode.The implementationof thegroupinglogic
needsa sortedtablefor its operationso the GRPnodeis followedby a SORTnode. The
SORToperationgetsits tuplesfrom akind of Scan node(if no indicesarepresentthiswill
be a simpleSeqScan node). Any qualificationspresentareattachedto the Scan node.
Figure3.8shows theplancreatedfor thequerygivenin example3.2.

Notethatevery nodehasits own targetlistwhich maydiffer from theoneof thenode
above or below. Thefield varattno of every VARnodeincludedin a targetlistcontains
a numberrepresentingthepositionof theattribute’svaluein thetupleof thecurrentnode.
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Executor

TheexecutorusesthefunctionexecAgg() to executeAGGnodes.As describedearlierit
usesonemainfunctionExecProcNode which is calledrecursively to executesubtrees.
Thefollowing stepsareperformedby execAgg() :

� Thelist attachedto thefield aggs of theAGGnodeis examinedandfor every ag-
gregatefunctionincludedthe transitionfunctionsarefetchedfrom a functiontable.
Calculatingthevalueof anaggregatefunctionis doneusingthreefunctions:

– The first transition functionxfn1 is calledwith the currentvalueof the at-
tributetheaggregatefunctionis appliedto andchangesits internalstateusing
theattribute’svaluegivenasanargument.

– The secondtransition function xfn2 is called without any argumentsand
changesits internalstateonly accordingto internalrules.

– Thefinal functionfinalfn takesthefinal statesof xfn1 andxfn2 asargu-
mentsandfinishestheaggregation.

Example3.3 Recall the functionsnecessaryto implementthe aggregate function
avg building theaverageoverall valuesof anattributein a group(seesection2.5.5
ExtendingAggregates):

– Thefirst transitionfunctionxfn1 hastobeafunctionthattakestheactualvalue
of the attributeavg is appliedto asanargumentandaddsit to the internally
storedsumof previouscalls.

– Thesecondtransitionfunctionxfn2 only increasesan internalcounterevery
time it is called.

– Thefinal functionfinalfn dividestheresultof xfn1 by thecounterof xfn2
to calculatetheaverage.

Notethatxfn2 andfinalfn maybeabsent(e.g. for theaggregatefunctionsum
whichsimplysumsupall valuesof thegivenattributewithin a group.

execAgg() createsan array containing one entry for every aggregate func-
tion found in the list attachedto the field aggs . The arraywill hold information
neededfor the execution of every aggregate function (including the transition
functionsdescribedabove).

� Thefollowing stepsareexecutedin a loop aslong astherearestill tuplesreturned
by thesubplan(i.e. aslong astherearestill tuplesleft in thecurrentgroup).When
thereareno tuplesleft in thegroupa NULLpointeris returnedindicatingtheendof
thegroup.

– A new tuple from thesubplan(i.e. theplan attachedto thefield lefttree )
is fetchedby recursively callingExecProcNode() with thesubplanasargu-
ment.

– For every aggregatefunction(containedin thearraycreatedbefore)apply the
transitionfunctionsxfn1 andxfn2 to thevaluesof theappropriateattributes
of thecurrenttuple.

� Whenwe gethere,all tuplesof thecurrentgrouphave beenprocessedandthe tran-
sition functionsof all aggregate functionshave beenappliedto the valuesof the
attributes.Wearenow readyto completetheaggregationby applyingthefinal func-
tion (finalfn ) for everyaggregatefunction.
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� Storethetuplecontainingthenew values(theresultsof theaggregatefunctions) and
handit back.

Note that theproceduredescribedabove only returnsonetuple (i.e. it processesjust one
groupandwhentheendof thegroupis detectedit processestheaggregatefunctionsand
handsback one tuple). To retrieve all tuples (i.e. to processall groups)the function
execAgg() hasto be called(returninga new tupleevery time) until it returnsa NULL
pointerindicatingthattherearenogroupsleft to process.

3.7.2 How the Having Clauseis Implemented

The basicideaof the implementationis to attachthe operator tree built for the having
clauseto thefield qpqual of nodeAGG(which is the top nodeof thequerytree). Now
the executorhasto evaluatethe new operator treeattachedto qpqual for every group
processed.If the evaluationreturnstrue thegroupis takeninto accountotherwiseit is
ignoredandthenext groupwill beexamined.

In order to implementthe having clausea variety of changeshave beenmadeto the
following stages:

� Theparserstagehasbeenmodifiedslightly to build up andtransformanoperator
treefor thehavingclause.

� Therewrite systemhasbeenadaptedto beableto useviewswith thehavinglogic.

� Theplanner/optimizernow takestheoperator treeof thehavingclauseandattaches
it to theAGGnode(which is thetop nodeof thequeryplan).

� Theexecutorhasbeenmodifiedto evaluatetheoperator tree(i.e. theinternalrepre-
sentationof thehavingqualification) attachedto theAGGnodeandtheresultsof the
aggregationareonly consideredif theevaluationreturnstrue .

In thefollowing sectionswewill describethechangesmadeto everysinglestagein detail.

The ParserStage

Thegrammarrulesof theparserdefinedin gram.y did not requireany changes(i.e. the
ruleshadalreadybeenpreparedfor thehavingclause). Theoperator treebuilt up for the
havingclauseis attachedto thefield havingClause of theSelectStmt nodehanded
backby theparser.

The transformationproceduresappliedto the treehandedbackby the parser transform
theoperator treeattachedto thefield havingClause usingexactly thesamefunctions
usedfor the transformationof the operator tree for the where clause. This is possible
becausebothtreesarebuilt up by thesamegrammarrulesof theparserandaretherefore
compatible.Additionalcheckswhichmakesurethatthehavingclauseinvolvesat leastone
aggregatefunctionetc.areperformedatalaterpoint in timein theplanner/optimizerstage.

The necessarychangeshave beenapplied to the following functions included in the
file

�����
/src/backend/parser/analyze.c . Note, that only the relevant partsof

the affectedcodearepresentedinsteadof the whole functions. Every addedsourceline
will be markedby a ’+’ at thebeginningof the line andevery changedsourceline will
bemarkedby a ’!’ throughoutthefollowing codelistings. Whenever a partof thecode
which is not relevantat themomentis skipped,threeverticaldotsareinsertedinstead.



3.7. THE REALIZATION OFTHE HAVING CLAUSE 67

� transformInsertStmt()
This functionbecomesis invokedevery time a SQL insert statementinvolving a
select is usedlike thefollowing exampleillustrates:

insert into t2
select x, y
from t1;

Two statementshavebeenaddedto thisfunction.Thefirst oneperformsthetransfor-
mationof theoperator treeattachedto thefield havingClause usingthefunction
transformWhereClause() asdonefor thewhere clause. It is possibleto use
thesamefunctionfor bothclauses,becausethey arebothbuilt upby thesamegram-
marrulesgivenin gram.y andarethereforecompatible.

Thesecondstatementmakessure,thataggregatefunctionsareinvolvedin thequery
whenever a havingclauseis used,otherwisethequerycouldhave beenformulated
usingonly a where clause.

static Query *
transformInsertStmt(ParseState *pstate,

InsertStmt *stmt)
{

/* make a new query tree */
Query *qry = makeNode(Query);

.

.

.
/* fix where clause */
qry->qual = transformWhereClause(pstate,

stmt->whereClause);

+ /* The havingQual has a similar meaning as "qual" in
+ * the where statement. So we can easily use the
+ * code from the "where clause" with some additional
+ * traversals done in .../optimizer/plan/planner.c
+ */
+ qry->havingQual = transformWhereClause(pstate,
+ stmt->havingClause);

.

.

.
+ /* If there is a havingQual but there are no
+ * aggregates, then there is something wrong with
+ * the query because having must contain aggregates
+ * in its expressions! Otherwise the query could
+ * have been formulated using the where clause.
+ */
+ if((qry->hasAggs == false) &&
+ (qry->havingQual != NULL))
+ {
+ elog(ERROR,"This is not a valid having query!");
+ return (Query *)NIL;
+ }

return (Query *) qry;
}
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� transformSelectStmt()
Exactly the samestatementsaddedto the function transformInsertStmt()
abovehave beenaddedhereaswell.

static Query *
transformSelectStmt(ParseState *pstate,

SelectStmt *stmt)
{

Query *qry = makeNode(Query);

qry->commandType = CMD_SELECT;
.
.
.

qry->qual = transformWhereClause(pstate,
stmt->whereClause);

+ /* The havingQual has a similar meaning as "qual" in
+ * the where statement. So we can easily use the
+ * code from the "where clause" with some additional
+ * traversals done in .../optimizer/plan/planner.c
+ */
+ qry->havingQual = transformWhereClause(pstate,
+ stmt->havingClause);

.

.

.
+ /* If there is a havingQual but there are no
+ * aggregates, then there is something wrong with
+ * the query because having must contain aggregates
+ * in its expressions! Otherwise the query could
+ * have been formulated using the where clause.
+ */
+ if((qry->hasAggs == false) &&
+ (qry->havingQual != NULL))
+ {
+ elog(ERROR,"This is not a valid having query!");
+ return (Query *)NIL;
+ }

return (Query *) qry;
}

The Rewrite System

This sectiondescribesthe changesto the rewrite systemof PostgreSQLthat have been
necessaryto supporttheuseof viewswithin queriesusinga havingclauseandto support
thedefinitionof viewsby queriesusinga havingclause.

As describedin section3.4.1TechniquesTo ImplementViewsaqueryrewrite technique
is usedto implementviews. Therearetwo casesto behandledwithin therewrite systemas
far asthehavingclauseis concerned:
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� Theview definitiondoesnotcontainahavingclausebut thequeriesevaluatedagainst
thisview maycontainhavingclauses.

� Theview definitioncontainsa havingclause. In this casequeriesevaluatedagainst
thisview mustmeetsomerestrictionsaswe will describelater.

No having clausein the view definition: First we will look at thechangesnecessaryto
supportqueriesusingahavingclauseagainsta view definedwithoutahavingclause.

Let thefollowing view definitionbegiven:

create view test_view
as select sno, pno

from sells
where sno > 2;

andthefollowing querymadeagainsttest view :

select *
from testview
where sno <> 5;

Thequerywill berewrittento:

select sno, pno
from sells
where sno > 2 and

sno <> 5;

Thequerygivenin thedefinitionof theview test view is thebackboneof therewritten
query. Thetargetlist is takenfrom theuser’s queryandalsothewhere qualification of the
user’squeryisaddedto thewherequalificationof thenew queryby usinganANDoperation.

Now considerthefollowing query:

select sno, count(pno)
from testview
where sno <> 5
group by sno
having count(pno) > 1;

Fromnow on it is no longersufficient to addjust thewhere clauseandthetargetlistof the
user’s queryto thenew query. Thegroupclauseandthehavingqualificationalsohave to
beaddedto therewrittenquery:

select sno, count(pno)
from sells
where sno > 2 and

sno <> 5
group by sno
having count(pno) > 1;
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Severalchangesthathave alreadybeenappliedto the targetlistandthewhere clausealso
haveto beappliedto thehavingclause. Hereis acollectionof all additionalstepsthathave
to beperformedin orderto rewrite aqueryusingahavingclauseagainstasimpleview (i.e.
a view whosedefinitiondoesnotuseany groupandhavingclauses):

� Rewrite thesubselectscontainedin thehavingclauseif any arepresent.

� Adaptthevarno andvarattno fieldsof all VARnodescontainedin theoperator
treerepresentingthehavingclausein thesameway asit hasbeendonefor thetree
representingthewhere clause. Thevarno fieldsarechangedto usethebasetables
givenin theview definition(which have beeninsertedinto therangetableentrylist
in the meantime)insteadof the virtual tables. The positionsof the attributesused
in theview maydiffer from thepositionsof thecorrespondingattributesin thebase
tables. That’s why thevarattno fieldsalsohave to beadapted.

� Adapt the varno and varattno fields of all VAR nodes containedin the
groupClause of theuser’s queryin thewayandfor thereasonsdescribedabove.

� Attach the tree representingthe having qualification (which is currently attached
to the field havingClause of the Query nodefor the user’s query)to the field
havingClause of theQuery nodefor thenew (rewritten)query.

� Attach the list representingthe group clause (currently attachedto the field
groupClause of theQuery nodefor theuser’squery)to thefield groupclauseof
thenodefor thenew (rewritten)query.

The view definition containsa having clause: Now we will look at theproblemsthat
canariseusingviews thataredefinedusingaqueryinvolving ahavingclause.

Let thefollowing view definitionbegiven:

create view test_view
as select sno, count(pno) as number

from sells
where sno > 2
group by sno
having count(pno) > 1;

Simplequeriesagainstthis view will notcauseany troubles:

select *
from test_view
where sno <> 5;

This querycaneasilybe rewritten by addingthe where qualificationof the user’s query
(sno

� � 5) to thewhere qualificationof theview definition’s query.

The next query is also simple but it will causetroubleswhen it is evaluatedagainst
theabove givenview definition:

select *
from test_view
where number > 1; /* count(pno) in the view def.

* is called number here */
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Thecurrentlyimplementedtechniquesfor queryrewriting will rewrite thequeryto:

select *
from sells
where sno > 2 and

count(pno) > 1
group by sno
having count(pno) > 1;

which is aninvalid querybecauseanaggregatefunctionappearsin thewhere clause.

Also thenext querywill causetroubles:

select pno, count(sno)
from test_view
group by pno;

As you canseethis querydoesneitherinvolve a where clausenor a havingclausebut it
containsa group clausewhich groupsby the attribute pno . The queryin the definition
of theview alsocontainsa groupclausethatgroupsby theattributesno . Thetwo group
clausesare in conflict with eachother and thereforethe querycannotbe rewritten to a
form thatwouldmakesense.

Note: There is no solution to the above mentionedproblemsat the momentand it
doesnotmakesenseto putmucheffort into thatbecausetheimplementationof thesupport
for querieslike:

select pno_count, count(sno)
from ( select sno, count(pno) as pno_count

from sells
where sno > 2
group by sno
having count(pno) > 1)

group by pno_count;

(which is partof theSQL92standard)will automaticallyalsosolve theseproblems.

In the next part of the current section we will presentthe changesapplied to the
sourcecodein orderto realizetheabove describeditems. Note that it is not necessaryto
understandthemeaningof every singlesourceline hereandthereforewe will not discuss
detailedquestionslike ”Why hasthe variablevarno to be increasedby 3?”. Questions
like thatbelongto a chapterdealingwith the implementationof views in PostgreSQLand
to be ableto answerthemit would be necessaryto know all the functionsandnot only
thosedescribedhere. The fact importantfor us is to makesure,that whatever is applied
to the targetlistandthedatastructuresrepresentingthewhere clauseis alsoappliedto the
datastructuresfor thehavingclause. Therearethreefilesaffected:

�����
/src/backend/rewrite/rewriteHa ndler.c�����
/src/backend/rewrite/rewriteMa nip.c�����
/src/backend/commands/view.c

Here is a description of the changesmade to the functions contained in the file�����
/src/backend/rewrite/rewriteHandl er.c :
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� ApplyRetrieveRule()
This function becomesinvoked whenever a select statementagainsta view
is recognizedand applies the rewrite rule stored in the systemcatalogs. The
additional sourcelines given in the listing below make sure that the functions
OffsetVarNodes() andChangeVarNodes() thatareinvokedfor thewhere
clauseandthe targetlistof thequerygivenin theview definitionarealsocalledfor
the havingclauseandthe group clauseof the queryin the view definition. These
functionsadaptthevarno andvarattno fieldsof theVARnodesinvolved.

Theadditionalsourcelinesat theendof ApplyRetrieveRule() attachthedata
structuresrepresentingthe havingclauseandthe group clauseof the queryin the
view definition to the rewritten parsetree. As mentionedearlier, a view definition
involvingagroupclausewill causetroubleswheneveraqueryusingadifferentgroup
clauseagainstthisview is executed.Thereisnomechanismpreventingthesetroubles
includedat themoment.

Note that the functions OffsetVarNodes() , ChangeVarNodes() and
AddHavingQual() appearingin ApplyRetrieveRule() aredescribedat a
laterpoint in time.

static void
ApplyRetrieveRule(Query *parsetree, RewriteRule *rule,

int rt_index, int relation_level,
Relation relation, int *modified)

{
Query *rule_action = NULL;
Node *rule_qual;
List *rtable,

.

.

.
OffsetVarNodes((Node *) rule_action->targetList,

rt_length);
OffsetVarNodes(rule_qual, rt_length);

+ OffsetVarNodes((Node *) rule_action->groupClause,
+ rt_length);
+ OffsetVarNodes((Node *) rule_action->havingQual,
+ rt_length);

.

.

.
ChangeVarNodes(rule_qual,

PRS2_CURRENT_VARNO+ rt_length,
rt_index, 0);

+ ChangeVarNodes((Node *) rule_action->groupClause,
+ PRS2_CURRENT_VARNO+ rt_length,
+ rt_index, 0);
+ ChangeVarNodes((Node *) rule_action->havingQual,
+ PRS2_CURRENT_VARNO+ rt_length,
+ rt_index, 0);

.

.

.
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if (*modified && !badsql)
{

AddQual(parsetree, rule_action->qual);
+ /* This will only work if the query made to the
+ * view defined by the following groupClause
+ * groups by the same attributes or does not use
+ * groups at all!
+ */
+ if (parsetree->groupClause == NULL)
+ parsetree->groupClause =
+ rule_action->groupClause;
+ AddHavingQual(parsetree,
+ rule_action->havingQual);
+ parsetree->hasAggs =
+ (rule_action->hasAggs || parsetree->hasAggs);
+ parsetree->hasSubLinks =
+ (rule_action->hasSubLinks ||
+ parsetree->hasSubLinks);

}
}

� QueryRewriteSubLink()
This function is calledby QueryRewrite() to processpossiblycontainedsub-
queriesfirst. It searchesfor nestedqueriesby recursively tracingthroughtheparse-
treegivenasargument.Theadditionalstatementmakessurethatthehavingclause
is alsoexamined.

static void
QueryRewriteSubLink(Node *node)
{

if (node == NULL)
return;

switch (nodeTag(node))
{

case T_SubLink:
{

.

.

.
QueryRewriteSubLink((Node *) query->qual);

+ QueryRewriteSubLink((Node *)
+ query->havingQual);

.

.

.
}

.

.

.
}
return;

}
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� QueryRewrite()
This function takesthe parsetree of a query and rewrites it using PostgreSQL’s
rewrite system. Before the query itself can be rewritten, subqueriesthat are
possibly part of the query have to be processed. Therefore the function
QueryRewriteSubLink() is called for the where clauseand for the having
clause.

List *
QueryRewrite(Query *parsetree)
{

QueryRewriteSubLink(parsetree->q ual);
+ QueryRewriteSubLink(parsetree->h avingQual );

return QueryRewriteOne(parsetree);
}

Here we presentthe changesapplied to the functions that are containedin the file�����
/src/backend/rewrite/rewriteManip .c :

� OffsetVarNodes()
Recursively stepsthroughtheparsetreegivenasthe first argumentandincrements
the varno andvarnoold fields of every VARnodefound by the offsetgiven as
thesecondargument.Theadditionalstatementsarenecessaryto beableto handle
GroupClause nodesandSublink nodesthatmayappearin theparsetreefrom
now on.

void
OffsetVarNodes(Node *node, int offset)
{

if (node == NULL)
return;

switch (nodeTag(node))
{

.

.

.
+ /* This has to be done to make queries using
+ * groupclauses work on views
+ */
+ case T_GroupClause:
+ {
+ GroupClause *group = (GroupClause *) node;
+
+ OffsetVarNodes((Node *)(group->entry),
+ offset);
+ }
+ break;

.

.

.
+ case T_SubLink:
+ {
+ SubLink *sublink = (SubLink *) node;
+ List *tmp_oper, *tmp_lefthand;
+
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+ /* We also have to adapt the variables used
+ * in sublink->lefthand and sublink->oper
+ */
+ OffsetVarNodes((Node *)(sublink->lefthand),
+ offset);
+
+ /* Make sure the first argument of
+ * sublink->oper points to the same var as
+ * sublink->lefthand does otherwise we will
+ * run into troubles using aggregates (aggno
+ * will not be set correctly)
+ */
+ tmp_lefthand = sublink->lefthand;
+ foreach(tmp_oper, sublink->oper)
+ {
+ lfirst(((Expr *)lfirst(tmp_oper))->args) =
+ lfirst(tmp_lefthand);
+ tmp_lefthand = lnext(tmp_lefthand);
+ }
+ }
+ break;

.

.

.
}

}

� ChangeVarNodes()
This function is similar to the above describedfunction OffsetVarNodes()
but insteadof incrementingthe fields varno and varnoold of all VAR nodes
found, it processesonly thoseVAR nodeswhosevarno value matchesthe pa-
rameterold varno givenasargumentandwhosevarlevelsup valuematches
the parametersublevels up . Whenever sucha nodeis found, the varno and
varnoold fieldsaresetto thevaluegivenin theparameternew varno . Theaddi-
tionalstatementsarenecessaryto beableto handleGroupClause andSublink
nodes.

void
ChangeVarNodes(Node *node, int old_varno,

int new_varno, int sublevels_up)
{

if (node == NULL)
return;

switch (nodeTag(node))
{

.

.

.
+ /* This has to be done to make queries using
+ * groupclauses work on views */
+ case T_GroupClause:
+ {
+ GroupClause *group = (GroupClause *) node;
+



76 CHAPTER3. POSTGRESQLFROM THE PROGRAMMER’SPOINTOFVIEW

+ ChangeVarNodes((Node *)(group->entry),
+ old_varno, new_varno,
+ sublevels_up);
+ }
+ break;

.

.

.
case T_Var:
{

.

.

.
/* This is a hack: Whenever an attribute

* from the "outside" query is used within
* a nested subquery, the varlevelsup will
* be >0. Nodes having varlevelsup > 0 are
* forgotten to be processed. The call to
* OffsetVarNodes() should really be done at
* another place but this hack makes sure
* that also those VAR nodes are processed.
*/

+ if (var->varlevelsup > 0)
+ OffsetVarNodes((Node *)var,3);

}
break;

.

.

.
case T_SubLink:
{

.

.

.
+ ChangeVarNodes((Node *) query->havingQual,
+ old_varno, new_varno,
+ sublevels_up);
+ ChangeVarNodes((Node *) query->targetList,
+ old_varno, new_varno,
+ sublevels_up);
+
+ /* We also have to adapt the variables used in
+ * sublink->lefthand and sublink->oper
+ */
+ ChangeVarNodes((Node *) (sublink->lefthand),
+ old_varno, new_varno,
+ sublevels_up);

}
break;

.

.

.
}

}
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� AddHavingQual()
This function addsthe operator treegiven by the parameterhavingQual to the
one attachedto the field havingQual of the parsetree given by the parameter
parsetree . This is doneby addinga new ANDnodeandattachingthe old and
thenew operator treeasargumentsto it. AddHavingQual() hasnot beenexist-
ing until v6.3.2.It hasbeencreatedfor thehavinglogic.

void
AddHavingQual(Query *parsetree, Node *havingQual)
{

Node *copy, *old;

if (havingQual == NULL)
return;

copy = havingQual;

old = parsetree->havingQual;
if (old == NULL)

parsetree->havingQual = copy;
else

parsetree->havingQual =
(Node *) make_andclause(

makeList(parsetree->havingQual,
copy, -1));

}

� AddNotHavingQual()
This function is similar to the above describedfunction AddHavingQual() . It
alsoaddstheoperator treegivenby theparameterhavingQual but prefixesit by
a NOTnode.AddNotHavingQual() hasalsonot beenexisting until v6.3.2and
hasbeencreatedfor thehavinglogic.

void
AddNotHavingQual(Query *parsetree,

Node *havingQual)
{

Node *copy;

if (havingQual == NULL)
return;

copy = (Node *) make_notclause((Expr *)havingQual);
AddHavingQual(parsetree, copy);

}

� nodeHandleViewRule()
This function is called by HandleViewRule() . It replacesall VARnodesof
the userqueryevaluatedagainstthe view (the fields of theseVARnodesrepresent
the positionsof the attributesin the virtual table)by VARnodesthat have already
beenpreparedto representthepositionsof thecorrespondingattributesin thephys-
ical tables(given in the view definition). Theadditionalstatementsmakesurethat
GroupClause nodesandSublink nodesarehandledcorrectly.
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static void
nodeHandleViewRule(Node **nodePtr, List *rtable,

List *targetlist, int rt_index,
int *modified, int sublevels_up)

{
Node *node = *nodePtr;
if (node == NULL)

return;
switch (nodeTag(node))
{

.

.

.
+ /* This has to be done to make queries using
+ * groupclauses work on views
+ */
+ case T_GroupClause:
+ {
+ GroupClause *group = (GroupClause *) node;
+ nodeHandleViewRule((Node **) (&(group->entry)),
+ rtable, targetlist, rt_index,
+ modified, sublevels_up);
+ }
+ break;

.

.

.
case T_Var:
{

.

.

.
if (n == NULL)
{

*nodePtr = make_null(((Var *)node)->vartype);
}
else

+ /* This is a hack: The varlevelsup of the
+ * original variable and the new one should
+ * be the same. Normally we adapt the node
+ * by changing a pointer to point to a var
+ * contained in ’targetlist’. In the
+ * targetlist all varlevelsups are 0 so if
+ * we want to change it to the original
+ * value we have to copy the node before!
+ * (Maybe this will cause troubles with some
+ * sophisticated queries on views?)
+ */
+ {
+ if(this_varlevelsup>0)
+ {
+ *nodePtr = copyObject(n);
+ }
+ else
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+ {
+ *nodePtr = n;
+ }
+ ((Var *)*nodePtr)->varlevelsup =
+ this_varlevelsup;
+ }

*modified = TRUE;
}
break;

.

.

.
case T_SubLink:
{

.

.

.
+ nodeHandleViewRule(
+ (Node **) &(query->havingQual),
+ rtable, targetlist, rt_index,
+ modified, sublevels_up);
+ nodeHandleViewRule(
+ (Node **) &(query->targetList),
+ rtable, targetlist, rt_index,
+ modified, sublevels_up);
+ /* We also have to adapt the variables used
+ * in sublink->lefthand and sublink->oper
+ */
+ nodeHandleViewRule(
+ (Node **) &(sublink->lefthand),
+ rtable, targetlist, rt_index,
+ modified, sublevels_up);
+ /* Make sure the first argument of
+ * sublink->oper points to the same var as
+ * sublink->lefthand does otherwise we will
+ * run into troubles using aggregates
+ * (aggno will not be set correctly!)
+ */
+ pfree(lfirst(((Expr *)
+ lfirst(sublink->oper))->args));
+ tmp_lefthand = sublink->lefthand;
+ foreach(tmp_oper, sublink->oper)
+ {
+ lfirst(((Expr *) lfirst(tmp_oper))->args) =
+ lfirst(tmp_lefthand);
+ tmp_lefthand = lnext(tmp_lefthand);
+ }

}
break;

.

.

.
}

}
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� HandleViewRule()
ThisfunctioncallsnodeHandleViewRule() for thewhereclause, thetargetlist,
thegroupclauseandthehavingclauseof theuserqueryevaluatedagainstthegiven
view.

void
HandleViewRule(Query *parsetree, List *rtable,

List *targetlist, int rt_index,
int *modified)

{
.
.
.

+ /* The variables in the havingQual and
+ * groupClause also have to be adapted
+ */
+ nodeHandleViewRule(&parsetree->h avingQual , rtable,
+ targetlist, rt_index,
+ modified, 0);
+ nodeHandleViewRule(
+ (Node **)(&(parsetree->groupClaus e)),
+ rtable, targetlist, rt_index, modified, 0);

}

Thefollowing functionis containedin
�����

/src/backend/commands/view.c :

� UpdateRangeTableOfViewParse( )
This function updatesthe range table of the parsetree given by the parameter
viewParse . TheadditionalstatementmakessurethattheVARnodesof thehaving
clausearemodifiedin thesamewayastheVARnodesof thewhere clauseare.

static void
UpdateRangeTableOfViewParse(char *viewName,

Query *viewParse)
{

.

.

.
OffsetVarNodes(viewParse->qual, 2);

+ OffsetVarNodes(viewParse->having Qual, 2);
.
.
.

}

Planner/Optimizer

The plannerbuilds a queryplanlike the oneshown in figure 3.8 and in addition to that
it takesthe operator treeattachedto the field havingClause of the Query nodeand
attachesis to theqpqual field of theAGGnode.

Unfortunatelythis is not the only thing to do. Rememberfrom section3.7.1 How
AggregateFunctionsareImplementedthatthetargetlistis searchedfor aggregatefunctions
which areappendedto a list thatwill beattachedto thefield aggs of theAGGnode.This
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wassufficient aslong asaggregatefunctionshave only beenallowedto appearwithin the
targetlist. Now thehavingclauseis anothersourceof aggregatefunctions. Considerthe
following example:

select sno, max(pno)
from sells
group by sno
having count(pno) > 1;

Heretheaggregatefunctionsmax andcount arein use.If only the targetlist is scanned
(asit wasthecasebeforethehavingclausehadbeenimplemented)we will only find and
processthe aggregate functionmax. The secondfunction count is not processedand
thereforeany referenceto the result of count from within the havingclausewill fail.
The solution to this problemis to scanthe whole operator tree representingthe having
clausefor aggregatefunctionsnotcontainedin thetargetlistyetandaddthemto thelist of
aggregatefunctionsattachedto thefield aggs of theAGGnode.Thescanningis doneby
the function check having qual for aggs() which stepsrecursively throughthe
tree.

While scanningthe having clause for aggregate functions not containedin the tar-
getlist yet, an additionalcheckis madeto makesurethat aggregate functionsare used
within thehavingclause(otherwisethequerycouldhavebeenformulatedusingthewhere
clause). Considerthefollowing querywhich is nota valid SQL92query:

testdb=> select sno, max(pno)
testdb-> from sells
testdb-> group by sno
testdb-> having sno > 1;
ERROR: This could have been done in a where clause!!
testdb=>

Thereis no needto expressthis queryusing a havingclause, this kind of qualification
belongsto thewhere clause:

select sno, max(pno)
from sells
where sno > 1
group by sno;

Thereis still an unsolved problemleft. Considerthe following querywherewe want to
know just thesuppliernumbers(sno ) of all supplierssellingmorethanonepart:

select sno
from sells
group by sno
having count(pno) > 1;

Theplannercreatesa queryplan(like theoneshown in figure3.8)wherethe targetlistsof
all nodesinvolvedcontainonly entriesof thoseattributeslistedaftertheselect keyword
of the query. Looking at the exampleabove this meansthat the targetlistsof the AGG
node,theGRPnodetheSORTnodeandtheSeqScan nodecontainonly theentryfor the
attributesno . As describedearliertheaggregationlogic operatesonattributesof thetuples
returnedby thesubplanof theAGGnode(i.e. theresultof theGRPnode).Whichattributes
arecontainedin the tupleshandedbackby a subplanis determinedby the targetlist. In
thecaseof our exampletheattributepno neededfor theaggregatefunctioncount is not
includedandthereforetheaggregationwill fail.
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Thesolutionto this problemis givenin thefollowing steps:

� Makeacopyof theactualtargetlistof theAGGnode.

� Searchthe operator tree representingthe havingclausefor attributesthat arenot
containedin the targetlistof theAGGnodeyet andaddthemto thepreviouslymade
copy.

� Theextendedtargetlistis usedto createthesubplanattachedto the lefttree field
of the AGGnode. That meansthat the targetlistsof the GRPnode,of the SORT
nodeandof the SeqScan nodewill now containan entry for the attribute pno .
Thetargetlistof theAGGnodeitself will not bechangedbecausewe do not wantto
includetheattributepno into theresultreturnedby thewholequery.

Carehasto be takenthat the varattno fields of the VARnodesusedin the targetlists
containthe positionof the correspondingattribute in the targetlistof the subplan(i.e the
subplandeliveringthetuplesfor furtherprocessingby theactualnode).

The following part dealswith the sourcecode of the new and changedfunctions in-
volvedin theplanner/optimizerstage.Thefilesaffectedare:

�����
/src/backend/optimizer/plan/se trefs.c�����
/src/backend/optimizer/plan/pl anner.c

Since all of the functions presentedhere are very long and would need very much
spaceif presentedasa whole,we just list themostimportantparts.

The following two functions are new and have beenintroducedfor the having logic.
They arecontainedin thefile

�����
/src/backend/optimizer/plan/setref s.c :

� check having qual for aggs()
This function takesthe representationof a having clausegiven by the parameter
clause , a targetlistgivenby theparametersubplanTargetList anda group
clausegiven by the parametergroupClause as argumentsandscansthe repre-
sentationof the havingclauserecursively for aggregatefunctions. If an aggregate
function is found it is attachedto a list (internally calledagg list ) and finally
returnedby thefunction.

Additionally thevarno field of every VARnodefound is setto thepositionof the
correspondingattributein thetargetlistgivenby subplanTargetList .

If the havingclausecontainsa subquerythe function alsomakessure,that every
attribute from the main query that is usedwithin the subqueryalsoappearsin the
groupclausegivenby groupClause . If theattributecannotbefoundin thegroup
clauseanerrormessageis printedto thescreenandthequeryprocessingis aborted.

List *
check_having_qual_for_aggs(Node *clause,

List *subplanTargetList,
List *groupClause)

{
List *t, *l1;
List *agg_list = NIL;
int contained_in_group_clause = 0;

if (IsA(clause, Var))
{
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TargetEntry *subplanVar;

subplanVar = match_varid((Var *) clause,
subplanTargetList);

/* Change the varattno fields of the
* var node to point to the resdom->resnofields
* of the subplan (lefttree)
*/

((Var *) clause)->varattno =
subplanVar->resdom->resno;

return NIL;
}
else

if (is_funcclause(clause) || not_clause(clause)
|| or_clause(clause) || and_clause(clause))

{
int new_length=0, old_length=0;

/* This is a function. Recursively call this
* routine for its arguments... (i.e. for AND,
* OR, ... clauses!)
*/

foreach(t, ((Expr *) clause)->args)
{

old_length=length((List *)agg_list);
agg_list = nconc(agg_list,

check_having_qual_for_aggs(lfir st(t),
subplanTargetList,
groupClause));

if(((new_length=length((List *)agg_list)) ==
old_length) || (new_length == 0))

{
elog(ERROR,"This could have been done

in a where clause!!");
return NIL;

}
}
return agg_list;

}
else

if (IsA(clause, Aggreg))
{

return lcons(clause,
check_having_qual_for_aggs(

((Aggreg *)clause)->target,
subplanTargetList,
groupClause));

}
else

.

.

.
}
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� check having qual for vars()
This function takesthe representationof a having clausegiven by the parameter
clause andtheactualtargetlistgivenby theparametertargetlist so far as
argumentsandrecursively scanstherepresentationof thehavingclausefor attributes
thatarenot includedin theactualtargetlistyet. Whenever suchanattributeis found
it is addedto theactualtargetlistwhich is finally returnedby thefunction.

Attributescontainedin the having clausebut not in the targetlist show up with
querieslike:

select sid
from part
group by sid
having min(pid) > 1;

In theabovequerytheattributepid is usedin thehavingclausebut it doesnotappear
in the targetlist(i.e. thelist of attributesafterthekeywordselect ). Unfortunately
only thoseattributesaredeliveredby the subplanandcanthereforebe usedwithin
thehavingclause. To becomeableto handlequerieslike thatcorrectly, we have to
extendtheactualtargetlistby thoseattributesusedin thehaving clause but not
alreadyappearingin thetargetlist.

List *
check_having_qual_for_vars(Node *clause,

List *targetlist_so_far)
{

List *t;

if (IsA(clause, Var))
{

Rel tmp_rel;

tmp_rel.targetlist = targetlist_so_far;
/* Check if the VAR is already contained in the

* targetlist
*/

if (tlist_member((Var *)clause,
(List *)targetlist_so_far) == NULL)

{
add_tl_element(&tmp_rel, (Var *)clause);

}
return tmp_rel.targetlist;

}
else

if (is_funcclause(clause) || not_clause(clause)
|| or_clause(clause) || and_clause(clause))

{
/* This is a function. Recursively call this

* routine for its arguments...
*/

foreach(t, ((Expr *) clause)->args)
{

targetlist_so_far =
check_having_qual_for_vars(lfirst (t),

targetlist_so_far);
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}
return targetlist_so_far;

}
else

if (IsA(clause, Aggreg))
{

targetlist_so_far =
check_having_qual_for_vars(

((Aggreg *)clause)->target,
targetlist_so_far);

return targetlist_so_far;
}

.

.

.
}

Thenext functionis foundin
�����

/src/backend/optimizer/plan/ planner.c :

� union planner()
This functioncreatesa plan from theparsetreegivento it by theparameterparse
thatcanbeexecutedby theexecutor.

If aggregatefunctionsarepresent(indicatedby parse->hasAggs setto true)the
first stepis to extendthetargetlistby thoseattributesthatareusedwithin thehaving
clause(if any is present)but do notappearin theselectlist (Referto thedescription
of check having qual for vars() above).

The next stepis to call the function query planner() creatinga plan without
takingthegroupclause, theaggregatefunctionsandthehavingclauseinto account
for themoment.

Next inserta GRPnodeat the top of theplan accordingto the groupclauseof the
parsetreeif any is present.

Add anAGGnodeto thetopof thecurrentplan if aggregatefunctionsarepresentand
if a havingclauseis presentadditionallyperformthefollowing steps:

– Performvarioustransformationsto therepresentationof thehavingclause(e.g.
transformit to CNF,

�����
).

– Attach the transformedrepresentationof the having clause to the field
plan.qual of thejustcreatedAGGnode.

– Examinethewholehavingclauseandsearchfor aggregatefunctions. This is
doneusingthefunctioncheck having qual for aggs() whichappends
everyaggregatefunctionfoundto a list that is finally returned.

– Appendthelist just createdto thelist alreadyattachedto thefield aggs of the
AGGnode(this list containstheaggregatefunctionsfoundin the targetlist).

– Makesurethataggregatefunctionsdoappearin thehavingclause. Thisisdone
by comparingthelengthof the list attachedto aggs beforeandafter thecall
to check having qual for aggs() . If the lengthhasnot changed,we
know that no aggregatefunctionhasbeendetectedandthat this querycould
have beenformulatedusingonly a where clause. In this caseanerrormessage
is printedto thescreenandtheprocessingis aborted.
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Plan *
union_planner(Query *parse)
{

List *tlist = parse->targetList;

+ /* copy the original tlist, we will need the
+ * original one for the AGG node later on */
+ List *new_tlist = new_unsorted_tlist(tlist);

.

.

.
+ if (parse->hasAggs)
+ {
+ /* extend targetlist by variables not
+ * contained already but used in the
+ * havingQual.
+ */
+ if (parse->havingQual != NULL)
+ {
+ new_tlist =
+ check_having_qual_for_vars(
+ parse->havingQual,
+ new_tlist);
+ }
+ }

.

.

.
/* Call the planner for everything

* but groupclauses and aggregate funcs.
*/

result_plan = query_planner(parse,
parse->commandType,
new_tlist,
(List *) parse->qual);

.

.

.
/* If aggregate is present, insert the AGG node

*/
if (parse->hasAggs)
{

int old_length=0, new_length=0;
/* Create the AGG node but use ’tlist’ not

* ’new_tlist’ as target list because we
* don’t want the additional attributes
* (only used for the havingQual, see
* above) to show up in the result.
*/

result_plan = (Plan *) make_agg(tlist,
result_plan);

.

.

.
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+ /* Check every clause of the havingQual for
+ * aggregates used and append them to
+ * the list in result_plan->aggs
+ */
+ foreach(clause,
+ ((Agg *) result_plan)->plan.qual)
+ {
+ /* Make sure there are aggregates in the
+ * havingQual if so, the list must be
+ * longer after check_having_qual_for_aggs
+ */
+ old_length =
+ length(((Agg *) result_plan)->aggs);
+
+ ((Agg *) result_plan)->aggs =
+ nconc(((Agg *) result_plan)->aggs,
+ check_having_qual_for_aggs(
+ (Node *) lfirst(clause),
+ ((Agg *)result_plan)->
+ plan.lefttree->targetlist,
+ ((List *) parse->groupClause)));
+ /* Have a look at the length of the returned
+ * list. If there is no difference, no
+ * aggregates have been found and that means
+ * that the Qual belongs to the where clause
+ */
+ if (((new_length =
+ length(((Agg *) result_plan)->aggs))==
+ old_length) || (new_length == 0))
+ {
+ elog(ERROR,"This could have been done in a
+ where clause!!");
+ return (Plan *)NIL;
+ }
+ }

.

.

.
}

Executor

The executortakesthe queryplanproducedby the planner/optimizerin the way just de-
scribedandprocessesall aggregatefunctionsin thewaydescribedin section3.7.1TheIm-
plementationof AggregateFunctionsbut beforethetuplederivedis handedbacktheoper-
ator treeattachedto thefield qpqual is evaluatedby calling thefunctionExecQual() .
This functionrecursively stepsthroughtheoperator tree(i.e. thehavingclause) andeval-
uatesthe predicatesappearingthere. Thanksto our changesthat have beenmadeto the
planner the valuesof all operandsneededto evaluatethe predicates(e.g. the valuesof
all aggregatefunctions) arealreadypresentandcanbeaccessedthroughouttheevaluation
withoutany problems.

If theevaluationof thehavingqualificationreturnstrue the tuple is returnedby the
functionexecAgg() otherwiseit is ignoredandthenext groupis processed.
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The necessarychangesand enhancementshave been applied to the following func-
tion in thefile

�����
/src/backend/executor/nodeAgg .c :

� execAgg() Whenever the executorgetsto an AGGnodethis function is called.
Beforethe havinglogic hadbeenimplemented,all the tuplesof the currentgroup
were fetchedfrom the subplanand all aggregate functionswere appliedto these
tuples.After that,theresultswerehandedbackto thecalling function.

Sincethehavinglogic hasbeenimplementedthereis oneadditionalstepexecuted.
Beforetheresultsof applyingtheaggregatefunctionsarehandedback,thefunction
ExecQual() is calledwith therepresentationof thehavingclauseasanargument.
If true is returned,theresultsarehandedback,otherwisethey areignoredandwe
start from the beginning for the next group until a group meetingthe restrictions
givenin thehavingclauseis found.

TupleTableSlot *
ExecAgg(Agg *node)
{

.

.

.
/* We loop retrieving groups until we find one

* matching node->plan.qual
*/

+ do
+ {

.

.

.
/* Apply *all* aggregate function to the

* tuples of the *current* group
*/

.

.

.
econtext->ecxt_scantuple =

aggstate->csstate.css_ScanTupleSlot ;
resultSlot = ExecProject(projInfo, &isDone);

+ /* As long as the retrieved group does not
+ * match the qualifications it is ignored and
+ * the next group is fetched
+ */
+ if(node->plan.qual != NULL)
+ {
+ qual_result =
+ ExecQual(fix_opids(node->plan .qual),
+ econtext);
+ }
+ if (oneTuple) pfree(oneTuple);
+ }
+ while((node->plan.qual!=NULL ) &&
+ (qual_result!=true));

return resultSlot;
}
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3.8 The Realizationof Union, Intersect and Except

SQL92supportsthewell known settheoreticoperationsunion, intersectandsetdifference
(the setdifferenceis calledexceptin SQL92). The operatorsareusedto connecttwo or
moreselect statements.Every select statementreturnsa setof tuplesandtheopera-
torsbetweentheselect statementstell how to mergethereturnedsetsof tuplesinto one
resultrelation.

Example3.4 Let thefollowing tablesbegiven:

A C1|C2|C3 B C1|C2|C3
--+--+-- --+--+--

1| a| b 1| a| b
2| a| b 5| a| b
3| c| d 3| c| d
4| e| f 8| e| f

C C1|C2|C3
--+--+--

4| e| f
8| e| f

Now let’s havea look at theresultsof thefollowing queries:

select * from A
union
select * from B;

derivesthesettheoreticunionof thetwo tables:

C1|C2|C3
--+--+--

1| a| b
2| a| b
3| c| d
4| e| f
5| a| b
8| e| f

Theselect statementsusedmaybemorecomplex:

select C1, C3 from A
where C2 = ’a’

union
select C1, C2 from B

where C3 = ’b’;

will returnthefollowing table:

C1|C3
--+--

1| b
2| b
1| a
5| a
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Note that theselectedcolumnsdo not needto have identicalnames,they only have to be
of thesametype. In thepreviousexamplewe selectedfor C1 andC3 in thefirst select
statementandfor C1 andC2 in thesecondone. Thenamesof the resultingcolumnsare
takenfrom thefirst select statement.

Let’s have a look at aqueryusingintersect :

select * from A
intersect
select * from B;

will return:

C1|C2|C3
--+--+--

1| a| b
3| c| d

Hereis anexampleusingexcept :

select * from A
except
select * from B;

will return:

C1|C2|C3
--+--+--

2| a| b
4| e| f

Thelastexampleswererathersimplebecausethey only usedonesetoperatoratatimewith
only two operands.Now welook atsomemorecomplex queriesinvolving moreoperators:

select * from A
union
select * from B
intersect
select * from C;

will return:

C1|C2|C3
--+--+--

4| e| f
8| e| f

Theabovequeryperformsthesettheoreticcomputation
�����8�����%�

. Whennoparentheses
areused,theoperationsareconsideredto beleft associative, i.e.

�������4�����
will be

treatedas
�
���������m���{�@���

.

Thesamequeryusingparenthesiscanleadto acompletelydifferentresult:

select * from A
union
(select * from B

intersect
select * from C);
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performs
���c�"�7���{�

andwill return:

C1|C2|C3
--+--+--

1| a| b
2| a| b
3| c| d
4| e| f
8| e| f

3.8.1 How UnionshavebeenRealizedUntil Version6.3.2

Firstwegiveadescriptionof theimplementationof unionandunionall until version6.3.2
becauseweneedit to understandtheimplementationof intersectandexceptdescribedlater.

A unionqueryis passedthroughtheusualstages:

� parser

� rewrite system

� planner/optimizer

� executor

andwewill now describewhateverysinglestagedoesto thequery. For ourexplanationwe
assumeto processa simplequery(i.e. a querywithoutsubselects, aggregatesandwithout
involving views)

The ParserStage

As describedearliertheparserstagecanbedividedinto two parts:

� theparserbuilt upby thegrammarrulesgivenin gram.y and

� thetransformationroutinesperforminga lot of changesandanalysisto thetreebuilt
upby theparser. Mostof theseroutinesresidein analyze.c .

A union statementconsistsof two or moreselectstatementsconnectedby the keyword
union asthefollowing exampleshows:

select * from A
where C1=1

union
select * from B

where C2 = ’a’
union
select * from C

where C3 = ’f’

The above union statementconsistsof threeselectstatementsconnectedby the keyword
union . We will referto thefirst selectstatementby A, to thesecondoneby B andto the
third oneby C for our further explanation(in thenew notationour querylooks like this:
A union B union C).

The parser (given by gram.y ) processesall three select statements,createsa
SelectStmt nodefor every select andattachesthewhere qualifications,targetlists
etc. to the correspondingnodes. Then it createsa list of the secondand the third
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SelectStmt node (A)

. .
 .

qual

unionclause

SelectStmt node (C)

. .
 .

qual

unionclause

Pointer to qualtree
of 1st Select

Pointer to qualtree
of 2nd Select

SelectStmt node (B)

. .
 .

qual

unionclause
of 3rd Select
Pointer to qualtree

Figure3.9: Datastructurehandedbackby theparser

SelectStmt node(of B andC) andattachesit to thefield unionClause of thefirst
node(of A). Finally it handsbackthe first node(nodeA) with the list of the remaining
nodesattachedasshown in figure3.9.

The following transformationroutinesprocessthe data structurehandedback by the
parser. First the top node (node A) is transformedfrom a SelectStmt node to a
Query node. The targetlist, the where qualificationetc. attachedto it aretransformed
aswell. Next the list of the remainingnodes(attachedto unionClause of nodeA) is
transformedandin this stepalsoa checkis madeif thetypesandlengthsof the targetlists
of theinvolvednodesareequal.Thenew Query nodesarenow handedbackin thesame
wayastheSelectStmt nodeswerebefore(i.e. theQuery nodesB andC arecollected
in a list which is attachedto unionClause of Query nodeA).

The Rewrite System

If any rewrite rules arepresentfor the Query nodes(i.e. oneof the selectstatements
usesa view) thenecessarychangesto the Query nodesareperformed(seesection3.4.1
TechniquesTo ImplementViews). Otherwisenochangesaremadeto thenodesin thisstage.

Planner/Optimizer

This stagehasto createa plan out of thequerytreeproducedby theparserstagethatcan
be executedby the executor. In mostcasesthereareseveral ways(paths)with different
costto getto thesameresult.It’ s theplanner/optimizer’s taskto find out whichpathis the
cheapestandto createaplanusingthispath.Theimplementationof unionsin PostgreSQL
is basedon thefollowing idea:

The set derived by evaluating
�)�_�

must contain every memberof
�

and every
memberof

�
. So if we appendthe membersof

�
to the membersof

�
we arealmost

done.If thereexist memberscommonto
�

and
�

thesemembersarenow containedtwice
in ournew set,sotheonly thing left to do is to removetheseduplicates.
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In thecaseof ourexampletheplannerwouldbuild up thetreeshown in figure3.10.Every
Query nodeis plannedseparatelyandresultsin a SeqScan nodein our example. The
threeSeqScan nodesareput togetherinto a list which is attachedto unionplans of an
Append node.

. .
 .

Unique node

lefttree

. .
 .

SeqScan node (A)

. .
 .

SeqScan node (B)

. .
 .

SeqScan node (C)

. .
 .

unionplans

Append node

. .
 .

Sort node

lefttree

Figure3.10:Plan for a unionquery

Executor

Theexecutorwill processall theSeqScan nodesandappendall thedeliveredtuplesto
a singleresultrelation. Now it is possiblethatduplicatetuplesarecontainedin the result
relationwhichhave to beremoved.Theremoval is doneby theUnique nodeandthesort
is justperformedto makeits work easier.

3.8.2 How Intersect, Exceptand Union Work Together

The last sectionshowed that every stage(parserstage, planner/optimizer, executor) of
PostgreSQLhasto provide featuresin orderto supportunionstatements.For the imple-
mentationof intersectandexceptstatements(andstatementsinvolving all setoperators)
we choosea differentapproachbasedon queryrewriting.

The idea is basedon the fact that intersect and except statementsare redundantin
SQL, i.e. for every intersector exceptstatementit is possibleto formulatea semantically
equivalentstatementwithoutusingintersector except.

Example3.5 This exampleshows how a queryusing intersectcan be transformedto a
semanticallyequivalentquerywithoutan intersect:
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select C1, C3 from A
where C1 = 1
intersect
select C1, C2 from B
where C2 = ’c’;

is equivalentto:

select C1, C3
from A
where C1 = 1 and

(C1, C3) in (select C1, C2
from B
where C2 = ’c’);

Thisexampleshowshow anexceptquerycanbetransformedto anexcept-lessform:

select C1, C2 from A
where C2 = ’c’
except
select C1, C3 from B
where C3 = ’f’;

is equivalentto:

select C1, C2
from A
where C2 = ’c’ and

(C1, C2) not in (select C1, C3
from B
where C3 = ’f’);

Thetransformationsusedin example3.5arealwaysvalid becausethey just implementthe
settheoreticdefinitionof intersectandexcept:

Definition 3.1
The intersectionof two sets

�
and

�
is definedas:

���������8� &_* f E f�$c� e fc$���-
The intersectionof � sets

�������������1�%�
is definedas:�

�
9 ? �
�%9w� &<* f E

�
�
9 ? �
fc$c�%9
-

Definition 3.2
Thedifferenceof two sets

�
and

�
is definedas:

����	����Z� &_* f E f�$c� e f �$���-

Definition 3.3
Theunionof two sets

�
and

�
is definedas:

���������8� &_* f E f�$c����fc$���-
Theunionof � sets

���#���������1�%�
is definedas:�
�
9 ? �
�%9w� &<* f E

�
�
9 ? �
fc$c�%9
-
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Definition 3.4 DisjunctiveNormalForm(DNF)
Let

~ & �Z�V���������c�8� begivenwhereevery
�89

is of theform
� y
�9 e ����� e�y

�^ 9 �
and yV¡9

is a propositionalvariableor thenegationof a propositionalvariable.Now we say
~

is in
DNF.

Example3.6 In thefollowing examplethe yV¡9 areof theform
f�$ H or ¢ ��fc$ H � :�
��fc$c� ec¢ ��f�$���� e fc$4�{�J�4��f�$�� e fc$ O �
� is a formulain DNF�
��fc$c�'��f�$���� e ��fc$4��� ¢ ��fc$����
�
� is not in DNF.

Thetransformationof any formulain propositionallogic into DNF is doneby successively
applyingthefollowing rules:

� 5 ,#� ¢ � ~ �8� ~ ���w£¤� ¢ ~ � e�¢ ~ �#�� 5 ( � ¢ � ~ � e ~ ���w£¤� ¢ ~ �V� ¢ ~ �#�� 5 ��� ~ � e � ~ �8� ~B¥ �w£¤� ~ � e ~ ���@�4� ~ � e ~B¥ �� 5%¦ �c� ~ �V� ~ ��� e ~B¥ £¤� ~ � e ~B¥ �@�4� ~ � e ~B¥ �

It can be shown that the transformationusing the rules (R1) to (R4) always termi-
natesafterafinite numberof steps.

SetOperationsasPropositionalLogic Formulas

Using thedefinitionsfrom above we cantreatformulasinvolving settheoreticoperations
asformulasof propositionallogic. As wewill seelatertheseformulascaneasilybeusedin
thewhere- andhaving qualificationsof theselect statementsinvolvedin thequery.

Example3.7 Herearesomeexamples:

�
���������m���{�V� &_* f E ��fc$c�'��fc$���� e f�$4�{-�
���������m�c�
�������
�8� &<* f E ��f�$c����f�$���� e ��fc$4����f�$����
-�
���������
	��{�V� &<* f E ��fc$c� e f�$���� e f �$4�{-����	��"�7���{�
�V� &<* f E fc$c� e�¢ ��fc$��7��f�$4�{�
-�
�
���������@�4�
�{	����
�@� O �V� &_* �
��fc$c� e f�$����m�c��fc$4� e f �$����
� e fc$ O -

3.8.3 Implementing Intersect and Except Using the Union Capabili-
ties

We want to beableto usequeriesinvolving morethanjust onetypeof setoperation(e.g.
only union or only intersect) at a time, so we have to look for a solution that supports
correcthandlingof querieslike that. As describedabove thereis a solutionfor pureunion
statementsimplementedalready, so we have to develop an approachthat makesuseof
theseunioncapabilities.

As figure 3.9 illustrates, the operandsof a union operationare just Query nodes
(thefirst operandis the top nodeandall furtheroperandsform a list which is attachedto
the field unionClause of the top node). Soour goalwill be to transformevery query
involving setoperationsinto this form. (Notethattheoperandsto theunionoperationmay
becomplex, i.e. subselects, grouping, aggregatesetc.areallowed.)

The transformationof a queryinvolving setoperationsin any orderinto a querythat
canbeacceptedby theunion logic is equivalentto transformingthemembershipformula
(seedefinitions3.1,3.2and3.3)in propositionallogic into disjunctivenormalform (DNF).
Thetransformationof any formulain propositionallogic into DNF is alwayspossiblein a
finite numberof steps.
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The advantageof this transformationtechniqueis the little impacton the whole system
andtheimplicit invocationof theplanner/optimizer. Theonly changesnecessaryaremade
to theparserstageandtherewrite system.

Here are somechangesthat had to be applied to the sourcecode before the parser
stageandtherewrite systemcouldbeadapted:

� Add the additionalfield intersectClause to the datastructuresQuery and
InsertStmt definedin thefile

�����
/src/include/nodes/parsenodes .h :

typedef struct Query
{

NodeTag type;
CmdType commandType;

.

.

.
Node *havingQual;

+ List *intersectClause;
List *unionClause;
List *base_relation_list_;
List *join_relation_list_;

} Query;

typedef struct InsertStmt
{

NodeTag type;
.
.
.

bool unionall;
+ List *intersectClause;

} InsertStmt;

� Add the new keywords EXCEPT and INTERSECT to the file�����
/src/backend/parser/keywords. c :

static ScanKeyword ScanKeywords[] = {
{"abort", ABORT_TRANS},
{"action", ACTION},

.

.

.
{"end", END_TRANS},

+ {"except", EXCEPT},
.
.
.

{"instead", INSTEAD},
+ {"intersect", INTERSECT},

.

.

.
};
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� PostgreSQLcontainsfunctionsto convert the internalrepresentationof a parsetree
or plantree into an ASCII representation(that can easily be printed to the screen
(for debuggingpurposes)or be storedin a file) and vice versa. Thesefunctions
have to be adaptedto be able to deal with intersectsand excepts. Thesefunc-
tions can be found in the files

�����
/src/backend/nodes/outfuncs.c and�����

/src/backend/nodes/readfuncs. c :

static void
_outQuery(StringInfo str, Query *node)
{

.

.

.
appendStringInfo(str, " :unionClause ");
_outNode(str, node->unionClause);

+ appendStringInfo(str, " :intersectClause ");
+ _outNode(str, node->intersectClause);

}

static Query *
_readQuery()
{

.

.

.
token = lsptok(NULL, &length);
local_node->unionClause = nodeRead(true);

+ token = lsptok(NULL, &length);
+ local_node->intersectClause = nodeRead(true);

return (local_node);
}

� ThefunctionExecReScan() is calledwhenever a new executionof a givenplan
hasto be started(i.e. whenever we have to start from the beginning with the first
tuple again). The call to this function happensimplicitly. For the specialkind
of subquerieswe areusingfor the rewritten queries(seeexample3.5) we have to
takethat also Group nodesareprocessed.The function canbe found in the file§"¨ ��D
� /backend/executor/execAmi.c .

void
ExecReScan(Plan *node, ExprContext *exprCtxt,

Plan *parent)
{

.

.

.
switch (nodeTag(node))
{

.

.

.
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+ case T_Group:
+ ExecReScanGroup((Group *) node,
+ exprCtxt, parent);
+ break;

.

.

.
}

}

� The function ExecReScanGroup() is called by ExecReScan() described
above whenever a Group node is detected and can be found in the file�����

/src/backend/executor/nodeGro up.c . It hasbeencreatedfor the in-
tersectandexceptlogic althoughit is actuallyneededby thespecialkind of subselect
(seeabove).

void
ExecReScanGroup(Group *node, ExprContext *exprCtxt,

Plan *parent)
{

GroupState *grpstate = node->grpstate;

grpstate->grp_useFirstTuple = FALSE;
grpstate->grp_done = FALSE;
grpstate->grp_firstTuple = (HeapTupleData *)NIL;

/*
* if chgParam of subnode is not null then plan
* will be re-scanned by first ExecProcNode.
*/

if (((Plan *) node)->lefttree->chgParam == NULL)
ExecReScan(((Plan *) node)->lefttree,

exprCtxt, (Plan *) node);
}

Parser

Theparserdefinedin thefile
�����

/src/backend/parser/gram.y hadto bemodified
in two ways:

� The grammarhadto be adaptedto supportthe usageof parenthesis(to be ableto
specifytheorderof executionof thesetoperators).

� Thecodebuildingupthedatastructureshandedbackby theparserhadtobeinserted.

Hereis apartof thegrammarwhichis responsiblefor select statementshaving thecode
building up thedatastructuresinserted:
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SelectStmt : select_w_o_sort sort_clause
{

.

.

.
/* $1 holds the tree built up by the

* rule ’select_w_o_sort’
*/

Node *op = (Node *) $1;

if IsA($1, SelectStmt)
{

SelectStmt *n = (SelectStmt *)$1;
n->sortClause = $2;
$$ = (Node *)n;

}
else
{

/* Create a "flat list" of the operator
* tree built up by ’select_w_o_sort’ and
* let select_list point to it
*/

create_select_list((Node *)op,
&select_list,
&unionall_present);

/* Replace all the A_Expr nodes in the
* operator tree by Expr nodes.
*/
op = A_Expr_to_Expr(op, &intersect_present);

.

.

.
/* Get the leftmost SelectStmt node (which

* automatically represents the first Select
* Statement of the query!) */

first_select =
(SelectStmt *)lfirst(select_list);

/* Attach the list of all SelectStmt nodes
* to unionClause
*/

first_select->unionClause = select_list;

/* Attach the whole operator tree to
* intersectClause */

first_select->intersectClause =
(List *) op;

/* finally attach the sort clause */
first_select->sortClause = $2;

/* Now hand it back! */
$$ = (Node *)first_select;

}
}

;
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select_w_o_sort : ’(’ select_w_o_sort ’)’
{

$$ = $2;
}

| SubSelect
{

$$ = $1;
}

| select_w_o_sort EXCEPT select_w_o_sort
{

$$ = (Node *)makeA_Expr(AND,NULL,$1,
makeA_Expr(NOT,NULL,NULL,$3));

}
| select_w_o_sort UNION opt_union select_w_o_sort

{
if (IsA($4, SelectStmt))
{

SelectStmt *n = (SelectStmt *)$4;
n->unionall = $3;

}
$$ = (Node *)makeA_Expr(OR,NULL,$1,$4);

}
| select_w_o_sort INTERSECT select_w_o_sort

{
$$ = (Node *)makeA_Expr(AND,NULL,$1,$3);

}
;

SubSelect : SELECT opt_unique res_target_list2
result from_clause where_clause
group_clause having_clause

{
SelectStmt *n = makeNode(SelectStmt);
n->unique = $2;

.

.

.
n->havingClause = $8;
$$ = (Node *)n;

}
;

The keywords SELECT, EXCEPT, UNION, INTERSECT, ’(’ and ’)’ are termi-
nal symbolsand SelectStmt , select w o sort , sort clause , opt union ,
SubSelect , opt unique , res target list2 , result , from clause ,
where clause , group clause , having clause are nonterminalsymbols. The
symbolsEXCEPT, UNIONandINTERSECTareleft associativemeaningthata statement
like:

select * from A
union
select * from B
union
select * from C;
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will betreatedas:

((select * from A
union
select * from B)
union
select * from C)

Theselect w o sort rulebuildsup anoperator treeusingnodesof typeA Expr . For
every unionan ORnodeis created,for every intersectanANDnodeandfor every except
andAND NOTnodebuilding uparepresentationof a formulain propositionallogic. If the
queryparseddid not containany setoperationstherule handsbacka SelectStmt node
representingthequeryotherwisethetop nodeof theoperator treeis returned.Figure3.11
showsatypicaloperator treereturnedby theselect w o sort rule.
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. .
 .
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Figure3.11:Operator treefor
���������
	��
�������

The rule SelectStmt transformsthe operator tree built of A Expr nodesinto an
operator tree using Expr nodesby a call to the function A Expr to Expr() which
additionallyreplacesevery ORnodeby anANDnodeandvice versa.This is performedin
orderto beableto usethefunctioncnfify() lateron.

The transformationsfollowing theparserexpecta SelectStmt nodeto bereturnedby
theruleSelectStmt andnotanoperator tree. Soif therule select w o sort hands
backsucha node(meaningthatthequerydid not containany setoperations)we just have
to attachthedatastructurebuilt up by thesort clause rule andarefinished,but when
we getanoperator treewe have to performthefollowing steps:
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� Createa flat list of all SelectStmt nodesof the operator tree (by a call to the
functioncreate select list() ) andattachthelist to thefieldunionClause
of theleftmostSelectStmt (seenext step).

� Find the leftmost leaf (SelectStmt node) of the operator tree (this is auto-
matically the first memberof the above createdlist becauseof the technique
create select list() usesto createthelist).

� Attach the whole operator tree (including the leftmost node itself) to the field
intersectClause of theleftmostSelectStmt node.

� Attach the data structure built up by the sort clause rule to the field
sortClause of theleftmostSelectStmt node.

� Handbackthe leftmostSelectStmt node(with the operator tree, the list of all
SelectStmt nodesandthesortClause attachedto it).

Figure3.12shows thefinal datastructurederivedfrom the operator treeshown in figure
3.11handedbackby theSelectStmt rule:
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Figure3.12:Datastructurehandedbackby SelectStmt rule
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Here is a descriptionof the above used functions. They can be found in the file�����
/src/backend/parser/anlayze.c .

� create select list() :
This functionstepsthroughthe treehandedto it by theparameterptr andcreates
a list of all SelectStmt nodesfound. The list is handedbackby the parameter
select list . Thefunctionusesa recursivedepthfirst search algorithmto exam-
ine thetreeleadingto thefact thattheleftmostSelectStmt nodewill appearfirst
in thecreatedlist.

void
create_select_list(Node *ptr, List **select_list,

bool *unionall_present)
{

if(IsA(ptr, SelectStmt))
{

*select_list = lappend(*select_list, ptr);
if(((SelectStmt *)ptr)->unionall == TRUE)

*unionall_present = TRUE;
return;

}

/* Recursively call for all arguments.
* A NOT expr has no lexpr!
*/

if (((A_Expr *)ptr)->lexpr != NULL)
create_select_list(((A_Expr *)ptr)->lexpr,

select_list, unionall_present);
create_select_list(((A_Expr *)ptr)->rexpr,

select_list, unionall_present);
}

� A Expr to Expr() :
This functionrecursively stepsthroughtheoperator treehandedto it by theparam-
eterptr andreplacesA Expr nodesby Expr nodes. Additionally it exchanges
ANDnodeswith ORnodesandvice versa. The reasonfor this exchangeis easyto
understand.We implementintersectandexceptclausesby rewriting thesequeries
to semanticallyequivalentqueriesthatuseIN andNOT IN subselects.To beable
to useall threeoperations(unions, intersectsandexcepts) in onecomplex query, we
have to translatethe queriesinto DisjunctiveNormal Form (DNF). Unfortunately
thereis no functiondnfify() , but thereis a functioncnfify() whichproduces
DNF whenwe exchangeANDnodeswith ORnodesandvice versabeforecalling
cnfify() andexchangethemagainin theresult.

Node *
A_Expr_to_Expr(Node *ptr,

bool *intersect_present)
{

Node *result;

switch(nodeTag(ptr))
{

case T_A_Expr:
{
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A_Expr *a = (A_Expr *)ptr;

switch (a->oper)
{

case AND:
{

Expr *expr = makeNode(Expr);
Node *lexpr =

A_Expr_to_Expr(((A_Expr *)ptr)->lexpr,
intersect_present);

Node *rexpr =
A_Expr_to_Expr(((A_Expr *)ptr)->rexpr,

intersect_present);

*intersect_present = TRUE;

expr->typeOid = BOOLOID;
expr->opType = OR_EXPR;
expr->args = makeList(lexpr, rexpr, -1);
result = (Node *) expr;
break;

}
case OR:
{

Expr *expr = makeNode(Expr);
Node *lexpr =

A_Expr_to_Expr(((A_Expr *)ptr)->lexpr,
intersect_present);

Node *rexpr =
A_Expr_to_Expr(((A_Expr *)ptr)->rexpr,

intersect_present);

expr->typeOid = BOOLOID;
expr->opType = AND_EXPR;
expr->args = makeList(lexpr, rexpr, -1);
result = (Node *) expr;
break;

}
case NOT:
{

Expr *expr = makeNode(Expr);
Node *rexpr =

A_Expr_to_Expr(((A_Expr *)ptr)->rexpr,
intersect_present);

expr->typeOid = BOOLOID;
expr->opType = NOT_EXPR;
expr->args = makeList(rexpr, -1);
result = (Node *) expr;
break;

}
}
break;

}
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default:
{

result = ptr;
}

}
}
return result;

}

Notethatthestmtmulti andOptStmtMulti ruleshadto bechangedin orderto avoid
shift/reduceconflicts. The old rulesallowed an invalid syntax(e.g. the concatenationof
two statementswithouta ’;’ inbetween)which will bepreventednow. Thenew ruleshave
thesecondline commentedoutasshown below:

stmtmulti : stmtmulti stmt ’;’
/* | stmtmulti stmt */

| stmt ’;’
;

OptStmtMulti : OptStmtMulti OptimizableStmt ’;’
/* | OptStmtMulti OptimizableStmt */

| OptimizableStmt ’;’
;

Transformations

This stepnormally transformsevery SelectStmt nodefound into a Query nodeand
doesa lot of transformationsto the targetlist, thewhere qualificationetc. As mentioned
above thisstageexpectsaSelectStmt nodeandcannothandleanA Expr node.That’s
why we did thechangesto theoperator treeshown in figure3.12.

In thisstageonly very few changeshave beennecessary:

� Thetransformationof thelist attachedto unionClause is prevented.Theraw list
is now passedthroughinsteadandthenecessarytransformationsareperformedat a
laterpoint in time.

� The additionally introducedfield intersectClause is also passeduntouched
throughthisstage.

The changesdescribedin the above paragraphhave been applied to the functions
transformInsertStmt() and transformSelectStmt() which are contained
in thefile

�����
/src/backend/parser/analyze.c :

� transformInsertStmt() :

static Query *
transformInsertStmt(ParseState *pstate,

InsertStmt *stmt)
{

.

.

.
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/* Just pass through the unionClause and
* intersectClause. We will process it in
* the function Except_Intersect_Rewrite()
*/

qry->unionClause = stmt->unionClause;
qry->intersectClause = stmt->intersectClause;

.

.

.

return (Query *) qry;
}

� transformSelectStmt() :

static Query *
transformSelectStmt(ParseState *pstate,

SelectStmt *stmt)
{

.

.

.
/* Just pass through the unionClause and

* intersectClause. We will process it in
* the function Except_Intersect_Rewrite()
*/

qry->unionClause = stmt->unionClause;
qry->intersectClause = stmt->intersectClause;

.

.

.
return (Query *) qry;

}

The Rewrite System

In this stagethe information containedin the operator tree attachedto the topmost
SelectStmt nodeis usedto form a tree of Query nodesrepresentingthe rewritten
query(i.e. thesemanticallyequivalentquerythatcontainsonly unionbut no intersector
exceptoperations).

Thefollowing stepshave to beperformed:

� Save the sortClause , uniqueFlag , targetList fields etc. of the topmost
Query nodebecausethetopmostnodemaychangeduringthe rewrite process(re-
member(only) the topmostSelectStmt nodehasalreadybeentransformedto a
Query node).

� Recursively stepthroughtheoperator treeandtransformeverySelectStmt node
to a Query nodeusing the function intersect tree analyze() described
below. Theonenodealreadytransformed(thetopmostnode)is still containedin the
operator treeandmustnot betransformedagainbecausethis would causetroubles
in thetransforminglogic.
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aftertransformationto DNF

� Transformthenew operator tree into DNF (disjunctive normalform). PostgreSQL
doesnot provide any function for the transformationinto DNF but it provides a
functioncnfify() thatperformsa transformationinto CNF (conjunctive normal
form). Sowecaneasilymakeuseof this functionwhenweexchangeeveryORwith
an ANDandvice versabeforecalling cnfify() aswe did alreadyin the parser
(comparefigure3.11to figure3.12).Whencnfify() is calledwith a specialflag,
theremoveAndFlag setto true it returnsa list wheretheentriescanbethought
of beingconnectedtogetherby ANDs, sotheexplicit ANDnodesareremoved.

After cnfify() hasbeencalledwenormallywouldhave to exchangeORandAND
nodesagain. We skip this stepby simply treatingevery ORnodeasan ANDnode
throughoutthefollowing steps(remember, thattherearenoANDnodesleft thathave
to betreatedasORnodesbecauseof theremoveAndFlag ).

Figure3.13showswhatthedatastructurelookslike afterthetransformationto DNF
hastakenplacefor thefollowing query:
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(select * from A
union
select * from B)
except
select * from C;

� For everyentryof thelist returnedby cnfify() (i.e. for everyoperator treewhich
mayonly containORandNOToperatornodesandQuery nodesasleaves)contained
in theunion list performthefollowing steps:

– Checkif the targetlistsof all Query nodesappearingarecompatible(i.e. all
targetlistshave thesamenumberof attributesandthecorrespondingattributes
areof thesametype)

– Theremustbeat leastonepositive ORnode(i.e. at leastoneORnodewhich is
not precededby a NOTnode).Createa list of all Query nodes(or of Query
nodesprecededby NOTnodesif OR NOTis found)with thenonnegatednode
first usingthefunctioncreate list() describedbelow.

– The first (non negated)nodeof the list will be the topmostQuery nodeof
the currentunion operand. For all other nodesfound in the list add an IN
subselect(NOT IN subselectif theQuery nodeis precededby a NOT) to the
where qualificationof the topmostnode. Adding a subselectto the where
qualificationis doneby logically ANDing it to theoriginalqualification.

– AppendtheQuery nodesetupin the last stepsto a list which is hold by the
pointerunion list .

� Takethe first nodeof union list as the new topmostnodeof the whole query
andattachtherestof thelist to thefield unionClause of this topmostnode.Since
thenew topmostnodemight differ from theoriginal one(i.e. from thenodewhich
wastopmostwhenwe enteredthe rewrite stage) we have to attachthefieldssaved
in the first stepto the new topmostnode(i.e. the sortClause , targetList ,
unionFlag , etc.).

� Handthe new topmostQuery nodeback. Now the normalqueryrewriting takes
place(in orderto handleviews if present)andthentheplanner/optimizerandexecu-
tor functionsarecalledto geta result.Therehavenochangesbeenmadeto thecode
of thesestages.

Figure3.14shows therewrittendatastructureof thequery:

select C1, C2 from A
intersect
select C1, C3 from C;

againstthetablesdefinedin example3.4.Therewrittendatastructurerepresentsthequery:

select C1, C2 form A
where (C1, C2) in

(select C1,C3 from C);

Thefield lefttree of theSublink nodepointsto a list whereevery entrypointsto a
VARnodeof thetargetlistof thetopmostnode(nodeA). Thefield oper of theSublink
nodepointsto a list holdinga pointerto anExpr nodefor every attributeof thetopmost
targetlist. Every Expr nodeis usedto comparea VARnodeof thetopmosttargetlistwith
the correspondingVARnodeof the subselect’s targetlist. So the first argumentof every
Expr nodepointsto a VARnodeof thetopmosttargetlistandthesecondargumentpoints
to thecorrespondingVARnodeof thesubselect’s targetlist.
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If theuser’s queryinvolvesunionaswell asintersector excepttherewill bemoreQuery
nodesof theform shown in figure3.14.Onewill bethetopmostnode(asdescribedabove)
andtheotherswill becollectedin a list which is attachedto thefield unionClause of
the topmostnode. (The intersectClausefields of all Query nodeswill be set to NULL
becausethey areno longerneeded.)

The function pg parse and plan() is responsiblefor invoking the rewrite pro-
cedure.It canbefoundin thefile

�����
/src/backend/tcop/postgres.c .

List *
pg_parse_and_plan(char *query_string, Oid *typev,

int nargs,
QueryTreeList **queryListP,
CommandDest dest)

{
.
.
.

/* Rewrite Union, Intersect and Except Queries
* to normal Union Queries using IN and NOT
* IN subselects */

if(querytree->intersectClaus e != NIL)
{

querytree = Except_Intersect_Rewrite(querytr ee);
}

.

.

.
}

Herearethefunctionsthathave beenaddedto performthefunctionalitydescribedabove.
They canbefoundin thefile

�����
/src/backend/rewrite/rewrite Handler.c .

� Except Intersect Rewrite()
Rewrites queriesinvolving union clauses, intersectclausesand exceptclausesto
semantiacallyequivalentqueriesthatuseIN andNOT IN subselectsinstead.

The operator tree is attachedto intersectClause (seerule SelectStmt
above) of the parsetree given as an argument. First we save someclauses(the
sortClause , the unique flag etc.). Then we translatethe operator tree
to DNF (DisjunctiveNormal Form) by cnfify() . Note that cnfify() pro-
ducesCNF but as we exchangedAND nodeswith OR nodeswithin function
A Expr to Expr() earlierwe get DNF whenwe exchangeANDnodesandOR
nodesagainin theresult. Now we createa new (rewritten) queryby examiningthe
new operator treewhich is in DNF now. For every ANDnodewe createanentryin
theunionlist andfor everyORnodewecreateanIN subselect.(NOT IN subselects
arecreatedfor OR NOTnodes).Thefirst entryof theunionlist is handedbackbut
beforethatthesavedclauses(sortClause etc.) arerestoredto thenew top node.
Notethatthenew topnodecandiffer from theoneof theparsetreegivenasargument
becauseof thetranslationinto DNF. That’s why we hadto save thesortClause
etc.
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Query *
Except_Intersect_Rewrite (Query *parsetree)
{

.

.

.
/* Save some fields, to be able to restore them

* to the resulting top node at the end of the
* function
*/

sortClause = parsetree->sortClause;
uniqueFlag = parsetree->uniqueFlag;
into = parsetree->into;
isBinary = parsetree->isBinary;
isPortal = parsetree->isPortal;

/* Transform the SelectStmt nodes into Query nodes
* as usually done by transformSelectStmt() earlier.
* /

intersectClause =
(List *)intersect_tree_analyze(

(Node *)parsetree->intersectClause,
(Node *)lfirst(parsetree->unionClause),
(Node *)parsetree);

.

.

.
/* Transform the operator tree to DNF */
intersectClause =

cnfify((Expr *)intersectClause, true);
/* For every entry of the intersectClause list we

* generate one entry in the union_list
*/

foreach(intersect, intersectClause)
{

/* For every OR we create an IN subselect and
* for every OR NOT we create a NOT IN subselect,
*/

intersect_list = NIL;
create_list((Node *)lfirst(intersect),

&intersect_list);
/* The first node will become the Select Query

* node, all other nodes are transformed into
* subselects under this node!
*/

intersect_node = (Query *)lfirst(intersect_list);
intersect_list = lnext(intersect_list);

.

.

.
/* Transform all remaining nodes into subselects

* and add them to the qualifications of the
* Select Query node
*/
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while(intersect_list != NIL)
{

n = makeNode(SubLink);

/* Here we got an OR so transform it to an
* IN subselect
*/

if(IsA(lfirst(intersect_list ), Query))
{

.

.

.
n->subselect = lfirst(intersect_list);
op = "=";
n->subLinkType = ANY_SUBLINK;
n->useor = false;

}

/* Here we got an OR NOT node so transform
* it to a NOT IN subselect
*/

else
{

.

.

.
n->subselect =

(Node *)lfirst(((Expr *)
lfirst(intersect_list))->args);

op = "<>";
n->subLinkType = ALL_SUBLINK;
n->useor = true;

}

/* Prepare the lefthand side of the Sublinks:
* All the entries of the targetlist must be
* (IN) or must not be (NOT IN) the subselect
*/

foreach(elist, intersect_node->targetList)
{

Node *expr = lfirst(elist);
TargetEntry *tent = (TargetEntry *)expr;

n->lefthand =
lappend(n->lefthand, tent->expr);

}

/* The first arguments of oper also have to be
* created for the sublink (they are the same
* as the lefthand side!)
*/

left_expr = n->lefthand;
right_expr =

((Query *)(n->subselect))->targetList;
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foreach(elist, left_expr)
{

Node *lexpr = lfirst(elist);
Node *rexpr = lfirst(right_expr);
TargetEntry *tent = (TargetEntry *) rexpr;
Expr *op_expr;

op_expr = make_op(op, lexpr, tent->expr);
n->oper = lappend(n->oper, op_expr);
right_expr = lnext(right_expr);

}

/* If the Select Query node has aggregates
* in use add all the subselects to the
* HAVING qual else to the WHEREqual
*/

if(intersect_node->hasAggs == false)
{

AddQual(intersect_node, (Node *)n);
}
else
{

AddHavingQual(intersect_node, (Node *)n);
}

/* Now we got sublinks */
intersect_node->hasSubLinks = true;
intersect_list = lnext(intersect_list);

}
intersect_node->intersectClaus e = NIL;
union_list = lappend(union_list, intersect_node);

}

/* The first entry to union_list is our
* new top node
*/

result = (Query *)lfirst(union_list);

/* attach the rest to unionClause */
result->unionClause = lnext(union_list);

/* Attach all the items saved in the
* beginning of the function */

result->sortClause = sortClause;
result->uniqueFlag = uniqueFlag;
result->into = into;
result->isPortal = isPortal;
result->isBinary = isBinary;

.

.

.
return result;

}
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� create list()
Createa list of nodesthat are either Query nodesor NOTnodesfollowed by a
Query node.Thetreegivenin ptr containsat leastonenonnegatedQuery node.
Thisnodeis put to thebeginningof thelist.

void create_list(Node *ptr,
List **intersect_list)

{
List *arg;

if(IsA(ptr,Query))
{

/* The non negated node is attached at the
* beginning (lcons) */

*intersect_list = lcons(ptr, *intersect_list);
return;

}
if(IsA(ptr,Expr))
{

if(((Expr *)ptr)->opType == NOT_EXPR)
{

/* negated nodes are appended to the
* end (lappend)
*/

*intersect_list =
lappend(*intersect_list, ptr);

return;
}
else
{

foreach(arg, ((Expr *)ptr)->args)
{

create_list(lfirst(arg), intersect_list);
}
return;

}
return;

}
}

� intersect tree analyze()
The nodes given in tree are not transformedyet so process them using
parse analyze() . The nodegiven in first select hasalreadybeenpro-
cessed,sodon’t transformit againbut returna pointerto thealreadyprocessedver-
siongivenin parsetree instead.

Node *intersect_tree_analyze(Node *tree,
Node *first_select, Node *parsetree)

{
Node *result;
List *arg;

if(IsA(tree, SelectStmt))
{
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QueryTreeList *qtree;

/* If we get to the tree given in first_select
* return parsetree instead of performing
* parse_analyze() */

if(tree == first_select)
{

result = parsetree;
}
else
{

/* transform the unprocessed Query nodes */
qtree =

parse_analyze(lcons(tree, NIL), NULL);
result = (Node *)qtree->qtrees[0];

}
}
if(IsA(tree,Expr))
{

/* Call recursively for every argument */
foreach(arg, ((Expr *)tree)->args)
{

lfirst(arg) =
intersect_tree_analyze(lfirst(ar g),

first_select, parsetree);
}
result = tree;

}
return result;

}



Summary

PostgreSQLhasbecomeoneof themostpopularnoncommercialRDBMSsin theUNIX
world. It providesan extendedsubsetof the SQL92standardasquerylanguage,allows
concurrentdatabaseaccess,providesa hugeamountof datatypes,etc. At the the time of
writing thisdocumenttheimplementedpartof SQL92in PostgreSQLlackedtwo important
features:

� Thehavingclausewasnot implemented.

� Theuseof exceptandintersectstatementswasnotpossible.

The implementationof thesetwo itemswas the motivation for the whole work. When
I startedto implement the above mentionedfeatures,I noticed that there was almost
no documentationon the internal structureof PostgreSQLavailable that could help a
programmerto find his way in. So I decidedto include all the knowledgeI collected
while workingwith thesourcecodeinto this document,hopingthat it will bea usefulfor
any newcomerwho wantsto enhancePostgreSQLetc. Additionally I includeda short
discussionon SQL anda descriptionof PostgreSQL’s features(like triggersetc.)andhow
they canbeused.

Chapter1 discussesthe theoretical(mathematical)backgroundof relational database
managementsystems(RDBMSs)endingin ashortdescriptionof SQL.

Chapter 2 first gives an overview of how to setup and administratePostgreSQL.
Next someof PostgreSQL’s specialfeaturesarepresented(i.e. multiple inheritance, user
defineddatatypes, rules, triggers, etc.)usinga lot of examples.

Chapter3 first gives an overview on the internal structureof PostgreSQLand presents
the stagesand data structuresthat are involved whenever a SQL query arrives. The
parserstage, the rule system(which is mainly usedfor the implementationof views), the
planner/optimizerandtheexecutoraredescribedandillustratedby a lot of figures.After
that thechangesnecessaryfor the implementationof themissingfeatures(havingclause
andexcept/intersect) arepresentedincludingpartsof theaddedsourcecode.
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