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Abstract

PostgreSQlis an object-elational databasenanagemensystemthat runson almostary
UNIX basedoperatingsystemandis distributedas C-sourcecode. It is neitherfreavare
nor public domainsoftware. It is copyrightedby the University of Californiabut may be
used modifiedanddistributedaslong asthelicensingtermsof the copyrightareaccepted.
As thenamealreadysuggestsPostgreSQlusesanextendedsubsebf the SQL92stan-
dardasthe querylanguage. At the time of writing this documentthe actualversionof
PostgreSQlwasv6.3.2.1n this versiontheimplementegartof SQL did notsupportsome
importantfeaturesncludedin the SQL92standardTwo of thenotsupportedeatureswvere:

¢ thehavingclause
¢ thesupportof the settheoreticoperationgntersectandexcept

It wastheauthorstaskto addthesupportfor thetwo missingfeaturego theexisting source
code. Beforetheimplementatiorcould be startedanintensive studyof the relevant parts
of the SQL92standad andtheimplementatiorof the existing featuesof PostgreSQlhad
beennecessaryThis documenwill not presenbnly theresultsof theimplementatiorbut
alsothe knowledgecollectedwhile studyingthe SQL languageandthe sourcecodeof the
alreadyexisting features.

Chapterl presentsan overview on the SQL92standard.It givesa descriptionof the
relational data modeland the theoretical(mathematicalbackgroundof SQL. Next the
SQL languagétself is described The mostimportantSQL statementarepresenteénda
lot of examplesareincludedfor betterunderstandingTheinformationgivenin thischapter
hasmainly beentakenform the books|DATE9€], [DATE94] and[ULL88].

Chapter2 givesa descriptionon how to use PostgreSQLFirst it is shavn how the
badend(sener) canbe startedandhow a connectionfrom a client to the sener canbe
establishedNext somebasicdatabasenanagemertaiskslike creatinga databasegreating
atableetc. aredescribedFinally someof PostgreSQls specialfeaturedike userdefined
functions userdefinedypes therule systenetc. arepresentedndillustratedusingalot of
examples.Theinformationgivenin chapter2 hasmainly beentakenfrom the PostgreSQL
documentatior(see[LOCK?98]), the PostgreSQLmanualpagesand was verified by the
authorthroughoutvariousexampleswhich have alsobeenincluded.

Chapter3 concentratesn the internalstructureof the PostgreSQlbadkend First the
stageghat a query hasto passin orderto retrieve a resultare describedusinga lot of
figuresto illustrate the involved datastructures. The information given in that part of
chapter3 hasbeencollectedwhile intensiely studyingthe sourcecodeof the relevant
partsof PostgreSQLThis intensive anddetailedexaminationof the sourcecodehadbeen
necessaryo beableto addthe missingfunctionality Theknowledgegatherediuringthat
periodof time hasbeensummarizederein orderto makeit easierfor programmersvho
arenew to PostgreSQlto find theirwayin.

Thefollowing sectionscover theauthorsideasfor theimplementatiorof thetwo miss-
ing SQL featuregmentionedabore anda descriptionof theimplementatioritself.

Section3.7 dealswith theimplementatiorof the havinglogic. As mentioneckarlierthe
havinglogic is one of the two missingSQL92featureshatthe authorhadto implement.



Thefirst partsof the chapterdescribenow aggregatefunctionsarerealizedin PostgreSQL
andafterthatadescriptiorof theenhancementgppliedto thecodeof theplanner/optimizer
andtheexecutorin orderto realizethe new functionalityis given. The functionsanddata
structuresisedandaddedo the sourcecodearealsohandledhere.

Section3.8 dealswith the implementationof the intersectand exceptfunctionality
which wasthe secondmissingSQL92 featurethat had to be addedby the author First
atheoreticadescriptionof the basicideais given. Theintersectandexceptlogic is imple-
mentedusinga queryrewrite technique(i.e. a queryinvolving anintersectand/orexcept
operationis rewritten to a semanticallyequivalentform thatdoesnot usethesesetoper
ationsary more). After presentinghe basicideathe changesnadeto the parserandthe
rewrite systemaredescribecandtheaddedfunctionsanddatastructuresarepresented.
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Chapter 1

SQL

SQLhasbecomenoneof themostpopularrelationalquerylanguagesll overtheworld. The
name”SQL" is an abbreiation for Structued QueryLanguage In 1974 Donald Cham-
berlin andothersdefinedthe languageSEQUEL (Structued EnglishQueryLanguageat
IBM ResearchThislanguagevasfirstimplementedn anlBM prototypecalledSEQUEL-
XRM in 1974-75.In 1976-77arevisedversionof SEQUELcalledSEQUEL/2wasdefined
andthe namewaschangedo SQL subsequently

A new prototypecalled SystemR wasdevelopedby IBM in 1977. SystemR imple-
menteda large subsetof SEQUEL/2(now SQL) anda numberof changesvere madeto
SQL duringthe project. SystemR wasinstalledin a numberof usersites,both internal
IBM sitesandalsosomeselectedcustomersites. Thanksto the succesandacceptancef
SystenR atthoseusersites|IBM startedo developcommerciaproductghatimplemented
the SQL languagéasen the SystemR technology

Overthenext yearsIBM andalsoa numberof othervendorsannounce®QL products
suchas SQL/DS(IBM), DB2 (IBM) ORACLE (OracleCorp.) DG/SQL (DataGeneral
Corp.) SYBASE (Sybasdnc.).

SQLis alsoan official standarchow. In 1982the AmericanNationalStandardsnsti-
tute (ANSI) charteredts DatabaseCommitteeX3H2 to develop a proposalfor a standard
relationallanguageThisproposalvasratifiedin 1986andconsistedssentiallyof theIBM
dialectof SQL. In 1987this ANSI standardvasalsoacceptedsaninternationaktandard
by the InternationalOrganizatiorfor StandardizatioflSO). This original standardsersion
of SQL is oftenreferredto, informally, as"SQL/86". In 1989the original standardvas
extendedandthis new standards often,againinformally, referredto as”SQL/89”. Alsoin
1989,arelatedstandarctalledDatabasd anguageEmbedde&QLwasdeveloped.

The 1SO and ANSI committeeshave beenworking for mary 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/IEC9075:1992Databasd anguagesQL” - in late1992.”SQL/92” istheversionnor-
mally meantwhenpeoplereferto "the SQL standard” A detaileddescriptiorof "SQL/92”
is givenin [DATE9€. At thetime of writing this documenta new standardnformally
referredto as”SQL3"” is underdevelopment.lt is plannedto makeSQL aturing-complete
languagei.e. all computablejuerieqe.g.recursie queriesill bepossible Thisis avery
comple taskandthereforehe completionof the new standarccannot be expectedbefore
1999.
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1.1 The Relational Data Model

As mentionedefore SQLis arelationalanguageThatmeanst is basedntherelational
datamodel”first publishedby E.F Coddin 1970.We will give aformal descriptiorof the
relationalmodelin sectionl.1.1Formal Notion of the RelationalData Model but first we
wantto have alook atit from a moreintuitive point of view.

A relational databaseis a databasehat is perceved by its usersas a collection of
tables(andnothingelsebut tables).A tableconsistf rows andcolumnswhereeachrow
represents recordandeachcolumnrepresentsanattribute of therecordscontainedn the
table.Figurel.1shavs anexampleof adatabaseonsistingof threetables:

e SUPPLIERIs atable storingthe number(SNO), the name(SNAME) andthe city
(CITY) of asupplier

¢ PART is atablestoringthenumber(PNO)thename(PNAME) andtheprice(PRICE)
of apart.

e SELLSstoresnformationaboutwhich part(PNO)is soldby which supplier(SNO).
It senesin asensdo connecthe othertwo tablestogether

SUPPLIER SNO| SNAME | CITY SELLS SNO| PNO
----- S S
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
----- Fommmm et 4 | 4
1 | Screw | 10
2 | Nut | 8
3 | Bolt | 15
4 | Cam | 25

Figurel.1: Thesuppliersandpartsdatabase

ThetablesPART andSUPPLIERmayberegardedasentitiesandSELLS mayberegarded
asarelationshipbetweera particularpartanda particularsupplier

As we will seelater, SQL operaten tableslike the onesjust definedbut beforethat
we will studythetheoryof therelationalmodel.

1.1.1 Formal Notion of the Relational Data Model

The mathematicalkconceptunderlying the relational model is the set-theoretiaelation
which is a subsetof the Cartesiarproductof a list of domains. This set-theoretiaela-
tion givesthe modelits name(do not confuseit with the relationshipfrom the Entity-
Relationshipmode). Formally a domainis simply a setof values.For examplethe setof
integersis adomain.Also thesetof charactestringsof length20 andtherealnumbersare
examplesof domains.

Definition 1.1 The Cartesian product of domains D;,Ds,...,D; written
Dy XDy x...x Dy is the set of all Ek-tuples (vi,va,...,v;) such that
v1 € Di,v9 € Do, ..., v € Dy,.



1.2. OPERATIONSIN THE RELATIONAL DATA MODEL 11

For example,whenwe have k = 2, D; = {0,1} andDy = {a,b,c}, thenD; x D, is

{(0,a),(0,b),(0,¢),(1,a),(1,b),(1,¢)}.

Definition 1.2 A Relationis ary subsebf the Cartesiarproductof oneor moredomains:
RCDy xDyx...x Dy

For example{(0,a), (0,b),(1,a)} isarelation,it isin factasubsebf D; x D, mentioned
abore. Thememberof arelationarecalledtuples.Eachrelationof someCartesiarproduct
D; x Dy x ... x Dy, is saidto have arity k andis thereforea setof k-tuples.

A relationcanbeviewed asa table (aswe alreadydid, remembefigure 1.1 Thesup-
pliers and parts databasg whereevery tuple is representedby a row and every column
correspond$o onecomponentf atuple. Giving namegcalledattributes)to the columns
leadsto thedefinitionof arelationsdheme

Definition 1.3 A relationsdhemeR is afinite setof attributes{ 41, A, ..., Ax}. Thereis
adomainD; for eachattribute 4;,1 < 7 < k wherethevaluesof the attributesaretaken
from. We oftenwrite arelationschemeasR(A4;, Az, ..., Ag).

Note: A relation schemeis just a kind of templatewhereasa relationis aninstanceof a
relation scheme The relation consistsof tuples(andcanthereforebe viewed asatable)
notsotherelationscheme

Domainsvs. Data Types

We oftentalkedaboutdomainsin the lastsection. Recallthata domainis, formally, just
asetof values(e.g.,thesetof integersor therealnumbers).In termsof databassystems
we oftentalk of datatypesinsteadof domains Whenwe definea tablewe have to makea
decisionaboutwhich attributesto include. Additionally we have to decidewhich kind of
datais goingto be storedasattributevalues.For examplethe valuesof SNAME from the
tableSUPPLIERwill becharactestringswhereasSNOwill storeintegers.We definethis
by assigningadatatypeto eachattribute. Thetypeof SNAME will be VARCHAR(20)(this
is the SQL typefor charactestringsof length< 20), thetype of SNOwill beINTEGER.
With the assignmenbf a datatypewe alsohave selectech domainfor an attribute. The
domainof SNAME is thesetof all charactestringsof length< 20,thedomainof SNOis
thesetof all integernumbers.

1.2 Operationsin the Relational Data Model

In sectionl.1.1we definedthemathematicahotionof therelationalmodel. Now we know
how the datacanbe storedusinga relationaldatamodelbut we do not know whatto do
with all thesetablesto retrieve somethingrom the databasget. For examplesomebody
could askfor the namesof all suppliersthat sell the part’Scren’. Thereforetwo rather
differentkindsof notationsfor expressingoperationon relationshave beendefined:

e TheRelationalAlgebia whichis analgebraicotation,wherequeriesareexpressed
by applyingspecializedperatorgo therelations.

e TheRelationalCalculuswhichis alogical notationwherequeriesareexpressedy
formulatingsomelogical restrictionghatthe tuplesin theanswemustsatisfy

1.2.1 Relational Algebra

The Relational Algebias was introducedby E. F. Coddin 1972. It consistsof a set of
operationn relations:
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e SELECT (s): extractstuplesfrom a relationthat satisfya givenrestriction. Let R
be atablethatcontainsan attribute A. o4—.(R) = {t € R | t(A) = a} wheret
denotesatupleof R and¢(A) denoteghevalueof attribute A of tuplet.

e PROJECT(n): extractsspecifiedattributes(columns)from arelation. Let R bea
relationthatcontainsanattribute X. =x (R) = {¢(X) | ¢ € R}, wheret(X) denotes
thevalueof attribute X of tuplet.

¢ PRODUCT (x): builds the Cartesiarproductof two relations.Let R beatablewith
arity k, andlet S beatablewith arity k2. R x S is thesetof all (k1 + k2)-tuples
whosefirst k; component$orm atuplein R andwhoselastks componentf$orm a
tuplein S.

e UNION (U): builds the set-theoretiainion of two tables.Giventhetablesk and.S
(bothmusthave the samearity), theunion R U S is the setof tuplesthatarein R or
S or both.

¢ INTERSECT(N): buildstheset-theoretiintersectiorof two tables.Giventhetables
R andS, RU S is the setof tuplesthatarein R andin S. We againrequirethat R
andS have the samearity.

e DIFFERENCE(— or): builds the setdifferenceof two tables.Let R and.S again
betwo tableswith the samearity. R — S is the setof tuplesin R but notin S.

e JOIN (X): connectstwo tablesby their commonattributes. Let R be a table
with the attributes A, B andC andlet S a tablewith the attributesC, D and E.
Thereis one attribute commonto both relations, the attribute C. R X § =
TR.A,R.B,R.C,5.D,5.E(0r.c=s.c(R x §)). Whatarewe doing here? We first cal-
culatethe CartesiarproductR x S. Thenwe selectthosetupleswhosevaluesfor
thecommonattribute C' areequal(cr.c=s.c)- Now we gotatablethatcontainghe
attribute C' two timesandwe correctthis by projectingout theduplicatecolumn.

Example 1.1 Let'shave alook atthetablesthatareproducedy evaluatingthesteps
necessaryor ajoin.
Let thefollowing two tablesbegiven:

R A| B| C S C|DJ|E
T —— ot
1] 2] 3 31 al b
41 5] 6 6| c| d
71 8] 9

Firstwe calculatethe CartesiarproductR x S andget:

RxS A| B| RC| SC| DJ| E
R S S .

© OO WwW
OWoO WO W
OO DO
cocaoaocaoc

00 UTUINN

SR N NN
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After theselectiorvg.c—s.c(R x S) we get:

Al B|] RC| SC | D| E
PR S - S +ot-
3 | 3 | al|b
6 | 6 | c| d
To remove the duplicatecolumn S.C we projectit out by the following operation:
TR.AR.B,R.C,8.D,.5.E(0r.c=5.c(R x §)) andget:

1] 2|
41 5|

A| B| C| D| E
SRR N S N S

11 2] 3] alb
41 5] 6] c| d

¢ DIVIDE (+): Let R beatablewith theattributesA, B, C' andD andlet S beatable
with the attributesC' and D. Thenwe definethedivisionas: R + S = {t | Vi, €
S 3t, € Rsuchthatt,(A,B) =t A t,.(C,D) =t,} wheret,.(z,y) denotesatuple
of table R that consistsonly of the components: andy. Notethatthetuplet only
consistof thecomponentst andB of relationR.

Example 1.2 Giventhefollowing tables

R A| B|] C]| D S C| D
S — — S
al b|] c]| d c| d
al| b| e f e | f
b| c|] e f
e|l d|] c| d
e| d| e| f
al b| d| e

R =+ Sisderivedas

Al B
e

al b
e]| d

For amoredetaileddescriptioranddefinition of therelationalalgebrareferto [ULL88] or
[DATE94.

Example 1.3 Recallthatwe formulatedall thoserelationaloperatordo be ableto retrieve
datafrom the databasel et’s returnto our exampleof sectionl.2 wheresomeoneavanted
to know thenameof all supplierghatsellthepart’Scren’. Thisquestioncanbeanswered
usingrelationalalgebraby the following operation:

TSUPPLIER.SNAME(OPART. PNAME='Screw (SUPPLIERX SELLS X PART))

We call suchanoperationa query If we evaluatethe abose queryagainsthe tablesform
figure 1.1 Thesuppliersandpartsdatabaseve will obtainthefollowing result:
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1.2.2 Relational Calculus

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

e TheDomainRelationalCalculus(DRC), wherevariablesstandfor componentgat-
tributes)of thetuples.

e TheTupleRelationalCalculus(TRC), wherevariablesstandfor tuples.

We wantto discussthe tuple relationalcalculusonly becauset is the oneunderlyingthe
mostrelationallanguageskor adetaileddiscussioron DRC (andalsoTRC) seel DATE94]
or [ULL88].

Tuple Relational Calculus

Thequeriesusedin TRC areof thefollowing form:

{z(4) | F(x)}

wherez is atuplevariableA is asetof attributesand F' is aformula. Theresultingrelation
consistof all tuplest(A4) thatsatisfy F'().

Example 1.4 If wewantto answethequestiorfrom examplel.3usingTRCweformulate
thefollowing query:

{t(SNAME) | «¢€ SUPPLIER A
Jy € SELLS 3z € PART (y(SNO) =z(SNO) A
z2(PNO) = y(PNO) A
z2(PNAME) =" Screw’)}

Evaluatingthe queryagainstthe tablesfrom figure 1.1 The suppliersand parts database
againleadsto the sameresultasin examplel.3.

1.2.3 Relational Algebra vs. Relational Calculus

The relationalalgebraandthe relationalcalculushave the sameexpressivepoweri.e. all
gueriesthat can be formulatedusingrelationalalgebracan also be formulatedusing the
relationalcalculusandviceversa.Thiswasfirst provedby E. F. Coddin 1972.Thisproofis
basedon analgorithm-"Codd'’s reductionalgorithm”- by which anarbitraryexpressiorof
therelationalcalculuscanbereducedo a semanticallyequivalentexpressiorof relational
algebraFor amoredetaileddiscussioronthatreferto [DATE94] and[ULL88].

It is sometimesaidthatlanguagedasedon the relationalcalculusare”higher level”
or "'more declaratve” thanlanguagedasedn relationalalgebrabecausehe algebra(par
tially) specifieghe orderof operationswhile the calculusleavesit to a compileror inter-
preterto determineghe mostefficient orderof evaluation.

1.3 The SQL Language

As mostmodernrelationallanguage$QLis basednthetuplerelationalcalculus.As are-
sultevery querythatcanbeformulatedusingthetuplerelationalcalculus(or equivalently,
relationalalgebra)canalsobe formulatedusingSQL. Thereare,however, capabilitiesbe-
yondthe scopeof relationalalgebraor calculus.Hereis alist of someadditionalfeatures
providedby SQL thatarenot partof relationalalgebraor calculus:
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¢ Commanddor insertion,deletionor modificationof data.

e Arithmetic capability: In SQL it is possibleto involve arithmeticoperationsaswell
ascomparisonse.g. A < B + 3. Notethat+ or otherarithmeticoperatorsappear
neitherin relationalalgebranorin relationalcalculus.

e AssignmentandPrint Commandsit is possibleto print a relationconstructedy a
gueryandto assigna computedelationto arelationname.

e AggregateFunctions:Operationssuchasaverlge sum max ...can be appliedto
columnsof arelationto obtaina singlequantity

1.3.1 Select

The mostoften usedcommandn SQL is the SELECT statementhatis 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>

[-.e [[ <name_of attr_j>]] [HAVING condition]]
{UNION | INTERSECT| EXCEPT} SELECT ..]
[ORDER BY <name_of attr_i> [ASC|DESC]

[, ... [ <name_of attr_j> [ASC|DESCI]]J;

Now we will illustratethe complex syntaxof the SELECT statementvith variousexam-
ples. The tablesusedfor the examplesare definedin figure 1.1 The suppliersand parts
database

Simple Selects

Example 1.5 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
_____ [ S S
3 | Bolt | 15
4 | Cam | 25

Using”«" in the SELECTstatementvill deliverall attributesfrom thetable.If wewantto
retrieve only the attributesPNAME andPRICEfrom tablePART we usethe statement:

SELECT PNAME, PRICE
FROMPART
WHEREPRICE > 10;
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In this casetheresultis:

PNAME | PRICE

Notethatthe SQL SELECTcorrespondso the”projection” in relationalalgebranotto the
"selection”(seesectionl.2.1RelationalAlgebm).

The qualificationsin the WHERE clause can also be logically connectedusing the
keywordsOR, AND andNOT:

SELECT PNAME, PRICE

FROMPART

WHEREPNAME= 'Bolt’ AND
(PRICE = 0 ORPRICE < 15);

will leadto theresult:

PNAME | PRICE
________ R

Bolt | 15

Arithmeticoperationsnaybeusedn theselectlistandin the WHERE clause For example
if we wantto know how muchit would costif we taketwo piecesof a partwe could use
thefollowing query:

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

andwe get:

PNAME | DOUBLE

........ [
Screw | 20
Nut | 16
Bolt | 30

Notethatthe word DOUBLE afterthe keyword AS is the new title of the secondcolumn.
This techniquecanbe usedfor every elementof the selectlistto assigna new title to the
resultingcolumn. This new title is often referredto asalias. The alias cannotbe used
throughoutherestof thequery

Joins

Example 1.6 Thefollowing exampleshavs how joins arerealizedin SQL:

To join the three tables SUPPLIER,PART and SELLS over their common attributes
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 tableasaresult:

SNAME| PNAME

_______ I,
Smith | Screw
Smith | Nut
Jones | Cam

Adams | Screw
Adams | Bolt

Blake | Nut
Blake | Bolt
Blake | Cam

In the FROM clausewe introducedanaliasnamefor everyrelationbecause¢herearecom-
mon namedattributes(SNO andPNO) amongthe relations. Now we candistinguishbe-
tweenthe commonnamedattributesby simply prefixing the attribute namewith the alias
namefollowedby adot. Thejoin is calculatedn the sameway asshavn in examplel.1.
Firstthe CartesiamproductSUPPLIER x PART x SELLS is derived. Now only those
tuplessatisfyingthe conditionsgivenin the WHERE clauseareselectedi.e. the common
namedattributeshave to be equal). Finally we projectout all columnsbut S.SNAME and
PPNAME.

AggregateOperators

SQL providesaggregateoperatorge.g. AVG, COUNT, SUM, MIN, MAX) thattakethe
nameof anattributeasanargument.Thevalueof theaggreateoperatoiis calculatecover
all valuesof the specifiedattribute (column)of thewholetable. If groupsarespecifiedin
the querythe calculationis doneonly overthevaluesof agroup(seenext section).

Example 1.7 If we wantto know the averagecostof all partsin table PART we usethe
following query:

SELECT AVG(PRICE) AS AVG_PRICE
FROMPART;

Theresultis:

AVG_PRICE

If wewantto know how mary partsarestoredin tablePART we usethe statement:

SELECT COUNT(PNO)

FROMPART;
andget:
COUNT
4
Aggregationby Groups

SQL allows to partition the tuplesof a table into groups. Thenthe aggrgjate operators
describedhbore canbe appliedto the groups(i.e. the valueof the aggrejateoperatoiis no

longercalculatedbver all the valuesof the specifiedcolumnbut over all valuesof agroup.

Thustheaggrgateoperatoiis evaluatedndividually for every group.)
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The partitioning of the tuplesinto groupsis doneby using the keywords GROUPBY
followedby alist of attributesthatdefinethegroups.If we have GROUPBY A;,..., Ay
we partitiontherelationinto groups,suchthattwo tuplesarein the samegroupif andonly
if they agreeonall theattributesA,, ..., Ay.

Example 1.8 If wewantto know how mary partsaresoldby every supplierwe formulate
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
_____ [ S S
1 | Smith | 2
2 | Jones | 1
3 | Adams | 2
4 | Blake | 3

Now let’'s have alook of whatis happenindhere:
Firstthejoin of thetablesSUPPLIERandSELLSis derived:

S.SNO | S.SNAME| SE.PNO
+ +
Smith
Smith
Jones
Adams
Adams
Blake
Blake
Blake

A WOWONWOWEL ADNPR

A BRAPPOWWODNEPR

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

S.SNO | S.SNAME | SE.PNO

4

1 | Smith | 1

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

In ourexamplewe got four groupsandnow we canapply the aggrgyateoperatotCOUNT
to every groupleadingto thetotal resultof the querygivenabove.
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Notethatfor theresultof aqueryusingGROUPBY andaggreateoperatordo makesense
the attributesgroupedby mustalsoappeairin the selectlist All further attributesnot ap-
pearingin the GROUPBY clausecanonly be selectedy usinganaggregatefunction. On
the otherhandyou cannot useaggreatefunctionson attributesappearingn the GROUP
BY clause.

Having

The HAVING clauseworks muchlike the WHERE clauseandis usedto consideronly
thosegroupssatisfyingthe qualificationgiven in the HAVING clause. The expressions
allowedin the HAVING clausemustinvolve aggrgatefunctions. Every expressiorusing
only plain attributesbelongsto the WHERE clause.On the otherhandevery expression
involving anaggr@atefunctionmustbe putto theHAVING clause.

Example 1.9 If we wantonly thosesupplierssellingmorethanonepartwe usethequery:

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
_____ O E .
1 | Smith | 2
3 | Adams | 2
4 | Blake | 3
Subqueries

In theWHEREandHAVING clausegheuseof subquerieg¢subselectsy allowedin every
placewherea valueis expected.In this casethe valuemustbe derived by evaluatingthe
subquenyfirst. Theusageof subqueriegxtendsthe expressie power of SQL.

Example 1.10 If we wantto know all partshaving a greaterprice thanthe part named

'Screw’ we usethe query:

SELECT *

FROMPART

WHEREPRICE > (SELECT PRICE FROMPART
WHEREPNAME="Screw’);

Theresultis:

PNO| PNAME | PRICE

_____ Y B
3 | Bolt | 15
4 | Cam | 25

Whenwe look at the abore querywe canseethe keyword SELECTtwo times. Thefirst
oneat the beginning of the query- we will referto it asouterSELECT- andthe onein
the WHERE clausewhich begins a nestedquery- we will referto it asinner SELECT
For every tuple of the outer SELECTtheinner SELECThasto be evaluated.After every
evaluationwe know the price of thetuple namedScren’ andwe cancheckif the price of
theactualtupleis greater
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If we wantto know all suppliersthat do not sell ary part (e.g. to be ableto remove
thesesuppliersfrom the databaseye use:

SELECT *

FROMSUPPLIER S

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

In our example the resultwill be empty becausesvery suppliersells at leastone part.
Note thatwe useS.SNOfrom the outer SELECT within the WHERE clauseof the inner
SELECT As describedborethesubquerys evaluatedor everytuplefromtheouterquery
i.e. thevaluefor S.SNOis alwaystakenfrom the actualtuple of the outerSELECT

Union, Intersect, Except

Theseoperationscalculatethe union, intersectand set theoreticdifferenceof the tuples
derivedby two subqueries:

Example 1.11 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

_____ O S
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 tuplereturnedoy bothpartsof thequeryis theonehaving SNO = 2.
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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 commandsisedfor datadefinitionincludedin the SQL language.

CreateTable

Themostfundamentatommandor datadefinitionis the onethatcreates new relation(a
new table). Thesyntaxof the CREATE TABLE commands:

CREATETABLE <table_name>
(<name_of_attr_1> <type_of attr_1>
[[ <name_of attr 2> <type_of attr 2>

Lo

Example 1.12 To createthetablesdefinedin figure 1.1thefollowing SQL statementare
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 alist of somedatatypesthataresupportedy SQL:

¢ INTEGER:signedfullword binaryinteger (31 bits precision).

¢ SMALLINT: signedhalfwordbinaryinteger (15 bits precision).
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o DECIMAL (pl[, q]): signedpackeddecimalnumberof p digits precisionwith as-
sumedy of themright to thedecimalpoint. (15 > p > ¢ > 0). If ¢ is omittedit is
assumedo beO.

¢ FLOAT: signeddoublavord floatingpointnumber
e CHAR(n): fixedlengthcharactestringof lengthn.
¢ VARCHAR(r): varyinglengthcharactestringof maximumlengthr.

Createlndex

Indicesareusedto speedup accesgo arelation. If arelation R hasanindex on attribute
A thenwe canretrieve all tuplest having t(4) = a in time roughly proportionalto the
numberof suchtuplest ratherthanin time proportionalo the sizeof R.

To createanindex in SQL the CREATE INDEX commands used.Thesyntaxis:

CREATEINDEX <index_name>
ON <table_name> ( <name_of attribute> );

Example 1.13 To createanindex named on attribute SNAME of relationSUPPLIERwe
usethefollowing statement:

CREATEINDEX |
ON SUPPLIER (SNAME);

Thecreatedndex is maintainecautomaticallyi.e. when&eranew tupleis insertednto the
relationSUPPLIERtheindex | is adapted.Note thatthe only changes usercanpercept
whenanindex is presentireanincreasedgpeed.

CreateView

A view may beregardedasa virtual table i.e. atablethatdoesnot physicallyexist in the
databaséut looksto the userasif it did. By contrastwhenwe talk of a basetablethere
is really a physicallystoredcounterparof eachrow of thetablesomevherein the physical
storage.

Views do not have their own, physicallyseparategistinguishablestoreddata. Instead,
the systemstoresthe definitionof the view (i.e. the rulesabouthow to accesgphysically
storedbasetablesin orderto materializethe view) somavherein the systentatalogs(see
sectionl1.3.4 SystemCatalog3. For a discussionon differenttechniquesto implement
viewsreferto section3.4.1TechniquesTo ImplemendMews

In SQLthe CREATE VIEW commands usedto definea view. Thesyntaxis:

CREATEVIEW <view_name>
AS <select_stmt>

where<select _stmt > isavalid selectstatemenasdefinedn sectionl.3.1.Notethat
the <select _stmt > is notexecutedwhentheview is created.lt is just storedin the
systentatalogsandis executedwheneer a queryagainstheview is made.

Example 1.14 Let the following view definition be given (we usethe tablesfrom figure
1.1 Thesuppliersandpartsdatabaseagain):

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 we canusethisvirtual relationLondon _Suppliers  asif it wereanothetbaseable:

SELECT *
FROMLondon_Suppliers
WHEREP.PNAME = ’'Screw’;

will returnthefollowing table:

SNAME| PNAME
_______ o

Smith | Screw

To calculatethis resultthe databaseystemhasto do a hiddenaccesgo the basetables
SUPPLIER,SELLS andPART first. It doesso by executingthe querygivenin the view

definition againsthosebasetables. After that the additionalqualifications(givenin the
gueryagainstheview) canbeappliedto obtaintheresultingtable.

Drop Table, Drop Index, Drop View

To destroyatable(includingall tuplesstoredin thattable)the DROP TABLE commands
used:

DROPTABLE <table_name>;

Example 1.15 To destroythe SUPPLIERtableusethefollowing statement:
DROPTABLE SUPPLIER;

The DROPINDEX commands usedto destroyanindex:
DROPINDEX <index_name>;

Finally to destroya givenview usethe commandROP VIEW:

DROPVIEW <view_name>;

1.3.3 Data Manipulation
Insert Into

Onceatableis createdseesectionl.3.2),it canbefilled with tuplesusingthe command
INSERT INTO. Thesyntaxis:

INSERT INTO <table name> (<name_of attr 1>
[, <name_of attr 2> [,--1D
VALUES (<val_attr_1>
[[ <val_attr_ 2> [ ..ID;

Example 1.16 To insertthe first tupleinto the relationSUPPLIERof figure 1.1 Thesup-
pliers and partsdatabasewne usethe following statement:

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

To insertthefirst tupleinto therelationSELLS we use:

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

To changeone or more attribute valuesof tuplesin arelationthe UPDATE commandis
used.Thesyntaxis:

UPDATE <table_name>

SET <name_of_attr 1> = <value_1>
[, ... [, <name_of attr k> = <value_k>]]
WHERE<condition>;

Example 1.17 To changethe value of attribute PRICE of the part’Screw’ in the relation
PART we use:

UPDATEPART
SET PRICE = 15
WHEREPNAME= ’Screw’;

Thenew valueof attribute PRICEof the tuplewhosenameis 'Screw’ is now 15.

Delete

To deleteatuplefrom a particulartableusethecommandELETE FROM. The syntaxis:

DELETE FROM<table_name>
WHERE<condition>;

Example 1.18 To deletethe suppliercalled’Smith’ of thetable SUPPLIERthefollowing
statemenis used:

DELETE FROMSUPPLIER
WHERESNAME= 'Smith’;

1.3.4 SystemCatalogs

In every SQL databassystensystentatalogsareusedo keeptrackof whichtablesyviews
indexesetc. aredefinedin the databaseThesesystemcatalogscanbe queriedasif they
werenormalrelations. For examplethereis onecatalogusedfor the definition of views.
This catalogstoresthe queryfrom the view definition. Wheneer a queryagainsta view
is made the systemfirst getsthe view-definition-queryut of the catalogandmaterializes
theview beforeproceedingvith theuserquery(seesection3.4.1TechniquesTo Implement
Views for a moredetaileddescription).For moreinformationaboutsystencatalogsrefer
to [DATE96.

1.3.5 EmbeddedSQL

In this sectionwe will sketchhow SQL canbe embeddednto a hostlanguagg(e.g. C).
Therearetwo mainreasonsvhy we wantto useSQL from ahostlanguage:

e Therearequerieghatcannotbe formulatedusingpureSQL (i.e. recursve queries).
To beableto performsuchqueriesve needahostlanguagevith agreateiexpressie
powerthanSQL.

¢ Wesimplywantto access databasérom someapplicationthatis writtenin the host
languagéde.g.aticketresenationsystemwith agraphicaluserinterfaceis writtenin
C andtheinformationaboutwhichticketsarestill left is storedin adatabas¢hatcan
beaccessedsingembedde®&QL).
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A programusing embeddedSQL in a hostlanguageconsistsof statement®f the host
languageandof embedde®&QL (ESQL) statementsEvery ESQL statemenbegins with
thekeywordsEXEC SQL. The ESQL statementaretransformedo statementsf thehost
languageby a precompiler(mostly callsto library routinesthat performthe variousSQL
commands).

Whenwe look at the examplesthroughoutsection1.3.1we realizethat the result of
the queriesis very often a setof tuples. Most hostlanguagesrenot designedo operate
on setssowe needa mechanisnto accessvery singletuple of the setof tuplesreturned
by a SELECT statement.This mechanisntanbe provided by declaringa cursor. After
thatwe canusethe FETCHcommando retrieve atupleandsetthe cursorto thenext tuple.

For adetaileddiscussioronembedde®QL referto [DATE96], [DATE94] or [ULL8S].



Chapter 2

PostgreSQL from the User’s Point
of View

This chaptercontainanformationthatwill be usefulfor peoplethatonly wantto usePost-
greSQL.It givesallisting anddescriptionof the availablefeaturesncludingalot of exam-
ples.Theusersnterestedn theinternalsof PostgreSQIshouldreadchapter3 PostgeSQL
fromthe Programmers Point of iew.

2.1 A Short History of PostgreSQL

PostgreSQlis an enhancementf the POSTGRESJatabasenanagemergystem,a next-
generatiorrelationalDBMS researctprototyperunningon almostary UNIX basedoper
atingsystem.Theoriginal POSTGRES ode,from which PostgreSQlis derived,wasthe
effort of mary graduatestudentsundegraduatestudentsandstaf programmersvorking
underthedirectionof ProfessoMichaelStonebrakeattheUniversityof California,Berke-
ley. Originally POSTGRESmplementedts own querylanguagecalledPOSTQUEL.

In 1995 Andrew Yu and Jolly Chenadaptedhe last official releaseof POSTGRES
(version4.2) to meettheir own requirementand madesomemajor changedgo the code.
The mostimportantchangeis the replacemenbf POSTQUELby an extendedsubsetof
SQL92.Thenamewaschangedo Postgres9andsincethattime mary otherpeoplehave
contritutedto the porting, testing,dehuggingandenhancemertf the code. In late 1996
thenamewaschangedgainto the new official namePostgreSQL.

2.2 An Overview on the Featuresof PostgreSQL

As mentionedearlierPostgreSQLis a relationaldatabasenanagementystem(RDBMS)
but in contrastto the mosttraditional RDBMSsit is designedo provide more flexibility

to the user One examplefor the improved flexibility is the supportfor user definedor
abstiactdatatypes(ADTSs). Anotherexampleis the supportof userdefinedSQL functions.
(We will discusghesefeaturedaterin section2.5 Someof PostgeSQLs SpecialFeatues
in Detalil)

Hereis alist of thefeaturedPostgreSQlprovides:
¢ An extendedsubsebf SQL92asquerylanguage.
¢ A commandlinanterfacecalledpsql usingGNU readline.

¢ A client/sererarchitecturallowing concurrenticcesso the databases.

26
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e Supportfor btree,hashor rtreeindexes.

¢ A transactiormechanisnbasedon thetwo phasecommitprotocolis usedto ensure
dataintegrity throughoutconcurrentiataaccess.

e Hostbasedpasswordgcrypt, ident (RFC 1413)or Kerberosv4/V5 authentication
canbeusedto ensureauthorizeddataaccess.

¢ A hugeamountof predefinediatatypes.
e Supportfor userdefineddatatypes.

e Supportfor userdefinedSQL functions.
e Supportfor recovery aftera crash.

o A precompilerfor embedde®&QLin C.

¢ An ODBCinterface.

¢ A JDBCinterface.

e A Tcl/Tk interface.

A Perlinterface.

2.3 Whereto Get PostgreSQL

PostgreSQLis available as sourcedistribution (v6.3.2 at the time of writing) from
ftp://ftp.postgresql.org/pub/ . Thereis also an official homepagefor
PostgreSQlat http://www.postgresgl.org/ . Therearealot of hostsmirroring
the contentf theabove mentionednesall overtheworld.

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 no official supportfor PostgreSQLThatmeanghereis no obligationfor arybody
to provide maintenancesupportupdatesenhancemenisr modificationgo thecode.The
whole PostgreSQIprojectis maintainedhroughvolunteereffort only. However thereare
mary mailing lists which canbe subscribedo in caseof problems:

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

Mailing Lists for Developers:
hackers@postgreSQL.org for senerinternalsdiscussion.
docs@postgreSQL.org  for thedocumentatiomproject.
patches@postgreSQL.org for patchesanddiscussion.
mirrors@postgreSQL.org for mirror siteannouncements.
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To subscribeo the mailing list questions@postgreSQL.org for examplejustsend
anemailto questions-request@postgreSQL.o rg with thelines

subscribe

end

in the body (notthe subjectine).

2.4 How to usePostgreSQL

Beforewe canusePostgreSQlwe have to getandinstallit. We won't talk aboutinstalling
PostgreSQlherebecauséheinstallationproceduras straightforwardanddescribedrery
detailedin thefile INSTALL containedn thedistribution. We wantto concentrat®n the
basicusageof PostgreSQlaftera successfusetuphastakenplace.

2.4.1 Starting The Postmaster

As mentionedearlier PostgreSQLusesa traditional client/serer architectureto provide
multi useraccess.The sener is representethy a programcalledpostmaster  whichis
startedonly onceat eachhost. This mastersener procesdistensata specifiedT CP/IPport
for incomingconnectiondy a client. For every incomingconnectionthe postmaster
spavnsanew sener procesgpostgres ) andcontinuedisteningfor furtherconnections.
Every sener processspavnedin this way handlesexactly one connectionto oneclient.
The postgres  sener processesommunicatevith eachotherusingUNIX semaphores
and sharedmemoryto ensuredataintegrity throughoutconcurrentdataaccess. (For a
more detaileddescriptionon thesearchitecturakconceptsseechapter3 PostgeSQLfrom
the Programmers Point of View.)

To startthe mastersener procesaisethefollowing command:
$ nohup postmaster > server.log 2>&1 &

whichwill startpostmaster in thebackgroundandevenif youlog outof thesystenthe
processemainsactive. All errorsandmessagewill 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 securityreasonst is strongly recommendeahot to run the postmaster
processasthesystenmsuperuserroot .

2.4.2 Creatinga New Database

Oncethepostmaster daemoris runningwe cancreatea new databasesingthefollow-
ing command:

$ createdb testdb

which will createa databasecalled testdb . The user executing the commandwill
becomehedatabasadministratomandwill thereforebetheonly user(exceptthedatabase
superusepostgres ) whocandestroythe databasagain.

Note: To createthe databaseyou dont needto know arything aboutthe tables(re-
lations)that will be usedwithin the database The tableswill be definedlater usingthe
SQL statementshavn in section2.4.4Definingand Populating Tables
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2.4.3 ConnectingTo a Database

After having createdat leastone databaseve canmakeour first client connectiorto the
databaseystemto be ableto definetables,populatethem,retrieve data,updatedataetc.
Note that most databasemanipulationis done this way (just creatingand destroyinga
databasés doneby separateommandsvhicharein factjustshellscriptsalsousingpsql )

Theconnectiorto the DBMS is establishedby thefollowing command:

$ psql testdb

which will makea connectionto a databasealledtestdb . psql is a commandine
interfaceusingGNU readline.It canhandlea connectionto only onedatabaset a time.
Whenthe connectioris establisheghsgl presentstself asfollows:

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

type \? for help on slash commands

type \gq to quit

type \g or terminate  with semicolon to execute query
You are currently connected to the database: testdb

testdb=>

Now you caneitherenterary valid SQL statementerminatedby a’;’ or useoneof the
slashcommandsaA list of all availableslashcommandsanbeobtainedby typing’ \?’ .

Hereis alist of themostimportantslashcommands

¢ \? listsall availableslashcommandsndgivesa shortdescription.

\g quitspsql .
¢ \d listsall tablesyviews andindexesexisting in the currentdatabase.

e \dt listsonlytables.

\dT listsall availabledatatypes.

\i <filename > readsandexecuteghequeriescontainedn filename

e \| listsall availabledatabaseknown to thesystem.

\connect <database > terminatesthe currentconnectionand opensa new
connectiorto database .

e \0 [<filename >] sendsall queryoutputto file

2.4.4 Defining and Populating Tables

Definingtablesandinsertingtuplesis doneby the SQL statement€REATE TABLE and
INSERT INTO. For adetaileddescriptionon the syntaxof thesecommandseferto sec-
tion 1.3.2Data Definition
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Example 2.1 To createandpopulatethetable SUPPLIERusedin figure1.1 Thesuppliers
and partsdatabaseve couldusethefollowing session:

$ psql testdb

Welcome to the POSTGRESQIlinteractive 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, shame, city)
testdb->  values (4,'Blake’,’Rome’);

INSERT 26190 1

testdb=>

If youfirst putall theabore commandsnto afile you caneasilyexecutethe statementby
theslashcommand\i <file >.

Note: The datatype int4 is not part of the SQL92 standard. It is a built in Post-
greSQLtypedenotinga four byte signedinteger. For informationon which datatypesare
availableyou canusethe\dT commandwvhichwill give alist andshortdescriptionof all
datatypegurrentlyknown to PostgreSQL.

2.4.5 Retrieving Data From The Database

After having definedand populatedthe tablesin the databasdestdb we are able to
retrieve databy formulatingqueriesusingpsql . Every queryhasto beterminatecbya’;’.

Example 2.2 We assumethat all the tablesform figure 1.1 The suppliersand parts
databaseexist in the databasaestdb . If we wantto 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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Example 2.3 We useagainthe tablesgivenin figure 1.1. Now we wantto retrieve all
supplierssellingno partsat all (to remove themfrom the suppliergablefor example):

testdb=> select * from supplier S

testdb->  where not exists

testdb-> (select sno from sells se
testdb-> where se.sno = s.sho);
sno|sname|city

R B R

(O rows)

testdb=>

Theresultrelationis emptyin our exampletelling usthatevery suppliercontainedn the
databassellsatleastonepart. Notethatwe useda nestedsubselecto formulatethequery

2.5 Someof PostgreSQL s SpecialFeaturesin Detail

Traditional relational databasemanagemensystems(RDMSs) provide only very few
datatypesncludingfloating point numbersjntegers,charactesstrings,money, anddates.
This makesthe implementationof mary applicationsvery difficult and that's why Post-
greSQLofferssubstantiahdditionalpower by incorporatinghefollowing additionalbasic
conceptsn suchaway thatuserscaneasilyextendthe system:

¢ inheritance

¢ userdefinedfunctions
¢ userdefinedtypes

e rules

Someotherfeaturesimplementedn mostmodernRDBMSsprovide additionalpowerand
flexibility:

e constraintggivenin thecreate table command)
e triggers

¢ transactiorintegrity

2.5.1 Inheritance

Inheritances a featurewell known from objectorientedprogrammindanguagesuchas
Smalltalkor C++. PostgreSQlrefersto tablesasclassesandthe definitionof a classmay
inheritthe contentof anotherclass
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Example 2.4 Firstwe defineatable(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  thatinheritsall attributesfrom city and
addsanew attributecountry  storingthe countrywhichit is the capitalof.

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

testdb=>

Note: Theclasscapital  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 assumehatthetablescity 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

StandardsQL92queriesagainsthe above tableshehae 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

+ + —mmtmee
Vienna | 1500000 | 200 | Austria
(1 row)

testdb=>
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If wewantto know thenamesof all cities (includingcapitals)thatarelocatedatanaltitude
over 100 meterghequeryis:

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 indicatesthatthe queryshouldberunovercity andall classes
belov city in the inheritancehierarchy Mary of the commandghat we have already
discussedSELECT UPDATE, DELETE, etc) supportthis'*' notation.

2.5.2 UserDefinedFunctions

PostgreSQlallows the definition and usageof user definedfunctions The new defined
functionscanbe usedwithin every query PostgreSQIlprovidestwo typesof functions:

e QueryLanguaggSQL) Functions:functionswrittenin SQL.

¢ Programming-anguage~unctions:functionswritten in a compiledlanguagesuch
asC.

Query Language(SQL) Functions

Thesefunctionsaredefinedusing SQL. Note thatquerylanguagefunctionsdo not extend
the expressivepower of the SQL92 standard.Every querylanguagefunctioncanbe re-
placedby anappropriateestedjuery(subseledtwithoutchanginghesemanticaieaning
of thewholequery However, sincePostgreSQldoesnot allow subselectin the selectlist
atthemomentbut doesallow the usageof querylanguagefunctions the expressivegpower
of PostgreSQls currentSQL implementatiornis extended.

The definition of query language functions is done using the command
create function <function _name>. Every function cantakezeroor morear
guments.The type of every argumentis specifiedin thelist of agumentsn the function
definition. The type of the function’s resultis given after the keyword returns  in the
functiondefinition. The typesusedfor the agumentsandthe returnvalueof the function
caneitherbe basetypes(e.qg. int4, varchar...) or compositeypes (For eachclass(ta-
ble) thatis createda correspondingompositaypeis defined.supplier  andpart are
examplesfor compositdypesafterthetablessupplier andpart have beencreated.)

Example 2.5 Thisis anexampleusingonly basetypes

Before PostgreSQLwas extendedto support nested subqueriesuser defined query
languag&SQL) functionscouldbeusedto simulatethem.Considerexample2.3wherewe
have wantedto know the namesof all suppliersthatdo not sell ary partatall. Normally
we would formulatethe queryaswe did in example2.3. Herewe wantto showv a possible
way of formulatingthe querywithout usinga subquery This is donein two steps.In the
first stepwe definethe function my exists . In the secondstepwe formulatea query
usingthe new function.
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In thefirst stepwe definethenew functionmy_exists(int4) whichtakesanintegeras
agument:

testdb=> create function my_exists(int4) returns  int4
testdb-> as ’select count(pno)  from sells

testdb-> where sno = $1;) language ’'sql’;

CREATE

testdb=>

Hereis the secondstepwhich performstheintendedretrieve:
testdb=> select s.sname from supplier s

testdb->  where my_exists(s.sno) = 0;
sname
(0O rows)
testdb=>
Now let’s have alook atwhatis happeningiere.The functionmy exists(int4) takes

oneargumentwhich mustbe of typeinteger Within the functiondefinitionthis algument
can be referedto using the $1 notation(if therewere furhter algumentsthey could be

referredto by $2, $3, ...). my_exists(int4) returnsthe numberof tuplesfrom table

sells  wherethe attribute sno is equalto the given agument$1 (sno = $1). The

keywordlanguage ’'sql’ tells PostgreSQlthatthe new functionis a querylanguage
function.

Thequeryin thesecondstepexamineseverytuplefromtablesupplier  andchecksf
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
returnsghenumberof tupleshaving thegivensupplierid sno containedn tablesells . A
resultof zeromeanghatno suchtupleis availablemeaninghatthecorrespondingupplier
doesnot sell asinglepart. We canseethatthis queryis semanticallyequialentto theone
givenin example2.3.

Example 2.6 Thisexampleshavs how to usea compositaypein afunctiondefinition.

Imagine that the price of every part was doubledover night. If you wantto look at
the part table with the new valuesyou could usethe following function which usesthe
compositegypepart for its agument:

testdb=> create function new_price(part) returns  float
testdb-> as ’select $l.price  * 2; language ’sql’;
CREATE

testdb=> select pno, pname, new_price(price) as new_price
testdb->  from part;

pno | pname | new_price

[ —— [ SO ——

1 | Screw | 20

2 | Nut | 16

3 | Bolt | 30

4 | Cam | 50

(4 rows)

testdb=>

Notethatthis couldhave beendoneby a normalquery(without usinga userdefinedfunc-
tion) aswell but it’s aneasyto understanéxamplefor theusageof functions.
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Programming LanguageFunctions

PostgreSQlalsosupportauserdefinedfunctionswrittenin C. Thisis a very powerful fea-
ture becauseyou canadd ary function that canbe formulatedin C. For example Post-
greSQLlacksthefunctionsqgrt()  butit canbe easilyaddedusinga programmingan-
guagefunction.

Example 2.7 We shaov how to realizethe userdefinedfunction pg_my_sqrt(int4)
Theimplementatiorcanbedividedinto threesteps:

¢ formulatingthe new functionin C
e compilingandlinking it to asharedibrary

¢ makingthe new functionknown to PostgreSQL

Formulating the New Function in C: We createa new file calledsqgrt.c  andaddthe
following lines:

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

int4  pg_my_sqrt(int4 argl)
{

}

The functionpg_my.sqrt()  takesoneamgumentof typeint4 whichis a Post-
greSQLtype definedin postgres.h  and returnsthe integer value next to the
squareroot of the algument. As with querylanguagefunctions(seeprevious sec-
tion) theagumentscanbe of baseor of compositaype Specialcaremustbetaken
whenusingbasetypesthatarelargerthanfour bytesin length.PostgreSQlsupports
threetypesof passinga valueto the userdefinedfunction:

return  (ceil(sqrt(argl)));

e passuy value fixedlength
e passuy referencefixedlength
e passuy referenceyariablelength

Only datatypesthatare1, 2 or 4 bytesin lengthcanbe passedy value We just
give anexamplefor the usageof basetypesthatcanbe usedfor passby valuehere.
For information on how to usetypesthatrequire passby refeenceor how to use
compositeypesreferto [LOCK98].

Compiling and Linking It to a SharedLibrary: PostgreSQlbindsthe new functionto
theruntimesystemby usinga sharedibrary containingthe function. Thereforewe
have to createa sharedibrary out of the objectfile(s)containingthe function(s). It
dependon the systemand the compiler how this canbe done. On a Linux ELF
systemmusinggcc it canbedoneby usingthefollowing commands:

$ gcc -ISPGROOT/include  -fpic -¢c  sgrt.c -0 sqrt.o
$ gcc -shared sqrt.o -0 sqrt.so

where$PGROOTs the path PostgreSQlwasinstalledto. The importantoptions
giventogcc hereare-fpic  in thefirstline whichtellsgcc to producepositionin-
dependentodethatcanbeloadedto ary addres®f theprocessmageand-shared
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in thesecondine telling gcc to produceasharedibrary. If you gotanothersystem
wherethe above describedstepsdo not work you will have to referto the manual
pagesof your c-compiler(often man cc) andyour linker (man Id ) to seehow
sharedibrariescanbe built.

Making the New Function Known to PostgreSQL: Now we have to tell PostgreSQL
aboutthe new function. We do so by usingthe create  function = command
within psgl 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 onthefunctionpg _my sqrt(int4) canbeusedin every query Here

is aqueryagainstablepart usingthenew function:

testdb=> select pname, price, pg_my_sqgrt(price)
testdb->  from part

testdb->  where pg_my_sqrt(price) < 10;
pname |price|pg_my_sqrt
S
Screw | 10 | 4
Nut | 8 | 3
Bolt | 15 | 4
Cam | 5 | 5
(4 rows)
testdb=>

2.5.3 UserDefinedTypes

Addinganew datatypeto PostgreSQlalsorequireghedefinitionof aninputandanoutput
function Thesefunctionsareimplementedisingthetechniquespresentedn the previous
sectionProgrammingLanguage-unctions Thefunctionsdeterminehow thetypeappears
in strings (for input by the userand outputto the user)and how the type is organized
in memory The input function takesa null-delimited characterstring as its input and
returnstheinternal (in memory)representationf the type. The outputfunction takesthe
internalrepresentatioof thetypeandreturnsa null delimitedcharactestring. Besideghe
definitionof inputandoutputfunctionst is oftennecessarjo enhanceperatorge.g.’+' )
andaggr@atefunctionsfor thenew datatype. How thisis doneis describedn section2.5.4
ExtendingOpeiatorsandsection2.5.5ExtendingAggregates
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Example 2.8 Supposave wantto definea complex typewhich representsomplex num-
bers.Thereforewe createanew 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
* XY as argument where x and y must be string
* representations of double numbers. It returns a
* pointer to an instance  of structure Complex that
* js setup with the given x and y values. */
Complex *
complex_in(char *str)
{
double X, v;

Complex *result;

/* scan the input string and set x and y to the

* corresponding double numbers */

if  (sscanf(str, " %If , %If ), &, &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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Notethatthe functionsdefinedabore operateon typesthatrequirepassby refeence The
functionstake a pointerto the dataas agumentand returna pointerto the derived data
insteadof passingandreturningthe dataitself. That's why we have to resene memory
usingpalloc  within the functions. (If we would just definea local variableandreturn
the addressesf thesevariablesthe systemwould fail, becaus¢he memoryusedby local
variableds freedwhenthe functiondefiningthesevariablescompletes.)

Thenext stepis to compilethe C-functionsandcreatehesharedibrary complex.so
Thisis donein thewaydescribedn theprevioussectionProgrammingLanguagd-unctions
anddepend®nthesystemyouareusing.Onalinux ELF systemusinggcc it wouldlook
like this:

$ gcc -I$PGROOT/include -fpic  -c  complex.c -0 complex.o
$ gcc -shared -0 complex.so complex.o

Now we arereadyto definethe new datatypebut beforethatwe have 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 amgument type given in the definition of complex _out() and
complex _in() - opaque - is neededby PostgreSQLto be able to provide an
uniform mechanisnfor the definition of the input andoutputfunctionsneedecdby a new
datatype. It is not necessanto specify the exact type of the agumentsgiven to the
functions. The input functionis never called explicitty andwhenit is calledimplicitly
(e.g. by astatementike insert  into ) it is clearthata charactesstring (i.e. a partof
theinsertquery)will be passedo it. The outputfunctionis only called( by aninternal
mechanismof PostgreSQLWwhendataof the correspondingiserdefinedtype hasto be
displayed. In this caseit is also clearthat the input is of the type usedfor the internal
representatiofe.g.complex ). Theoutputis of typecharactestring.

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

testdb=>

2.5.4 Extending Operators

Sofar we are ableto definea new type, createtablesthat usethe new type for one (or

more)attribute(s)andpopulatethe new tableswith data. We arealsoableto retrieve data
from thosetablesaslongaswe do notusethe new datatypeswithin thequalificationof the

query If we wantto usethe new datatypesin thewhere clausewe have to adaptsome
(or all) of theoperators.

Example 2.9 Weshav how theoperator=" canbeadaptedor theusageonthecomplex
datatype definedin section2.5.3User DefinedTypes We needa userdefinedfunction
complex _cmp(complex,complex) thatreturnstrue if thecomplex numbersgyiven
asargumentsareequalandfalse  otherwise.Thisfunctionis definedasdescribedn sec-
tion 2.5.2UserDefinedFunctions In our casetherearealreadytwo functionspresentor
theusageof type complex -theinputandoutputfunctiondefinedin 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 argl and arg2 are equal */
bool complex _cmp(Complex *argl, Complex *arg2)

if((argl->x == arg2->x) &&
(argl->y == arg2->y))
{

return  true;

}

else

{

return false;

}

}
Now we createthesharedibrary again:

$ gcc -I$PGROOT/include -fpic  -c  complex.c -0 complex.o
$ gcc -shared -0 complex.so complex.o

Notethatall thefunctionsdefinedn complex.c  (complex _in(), complex _out()
andcomplex _cmp() ) arenow containedn thesharedibrary complex.so
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Now we makethe new function known to PostgreSQLland after 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 performcomparisondetweercomplec numbersn aquery’s
qualification(We usethetablecomplex _test asdefinedin example2.8):

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

testdb=> select * from complex test
testdb->  where val = '(7,8);
val

2.5.5 Extending Aggregates

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

e sfuncl (statefunctionone):is calledfor every tuple of the currentgroupandthe
appropriatettribute’s valueof the currenttupleis passedo the function. Thegiven
amgumentis usedto changetheinternalstateof the functionin theway givenby the
bodyof thefunction. For examplesfuncl of theaggregatefunctionsumis called
for every tuple of the currentgroup. The valueof the attribute the sumis built onis
takenfrom the currenttupleandaddedo theinternalsumstateof sfuncl .

e sfunc2 isalsocalledfor everytupleof thegroupbut it doesnot useary argument
from outsideto manipulatets state. It just keepstrack of the own internalstate. A
typicalapplicationfor sfunc2 is acounterthatis incrementedor everytupleof the
groupthathasbeenprocessed.

o finalfunc is calledafterall tuplesof the currentgrouphave beenprocessedIt
takegheinternalstateof sfuncl andthestateof sfunc2 asargumentsandderives
theresultof theaggreatefunctionfrom thetwo givenarguments For examplewith
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theaggr@atefunctionaverage ,sfuncl sumsuptheattributevaluesof eachtuple
in thegroup,sfunc2 countsthetuplesin thegroup.finalfunc dividesthesum
by thecountto derive the average.

If we defineanaggreyateusingonly sfuncl we getanaggr@atethatcomputesarunning
functionof the attribute valuesfrom eachtuple. sumis anexamplefor this kind of aggre-
gate.Ontheotherhand,if we createanaggreatefunctionusingonly sfunc2 we getan
aggregatethatis independenbf the attribute valuesfrom eachtuple. count is atypical
exampleof thiskind of aggreate.

Example2.10 Here we want to realize the aggreate functions complex _sum and
complex _avg for theuserdefinedtypecomplex (seeexample2.8).

First we hae to create the user defined functions complex _.add and
complex _scalar _div . We canappendthesetwo functionsto the file complex.c
from example2.8again(aswe did with complex _cmpy):

/* Add Complex numbers */

Complex *
complex_add(Complex  *argl, Complex *arg2)
{
Complex *result;
result = (Complex *)palloc(sizeof(Complex));
result->x = argl->x + arg2->x;
result->y = argl->y + arg2->y;

return(result);

}

/* Final function for complex average */

/* Transform argl to polar coordinate form
* R * e"(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 * cos(phi);

result->y * sin(phi);

return(result);

PURPY)



42 CHAPTERZ2. POSTGRESQIFROM THE USER'SPOINT OF VIEW

Next we createthe sharedlibrary complex.so  again, which will containall func-
tions definedin the previous examplesaswell asthe new functionscomplex _add and
complex _scalar _div :

$ gcc -I$PGROOT/include -fpic  -c  complex.c -0 complex.o
$ gcc -shared -0 complex.so complex.o

Now we have to makethefunctionsneededy the new aggrgyatesknown to PostgreSQL.
After thatwe definethetwo new aggregatefunctionscomplex _sumandcomplex _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->  sfuncl = complex_add,

testdb->  basetype = complex,

testdb->  stypel = complex,

testdb->  initcondl1 = ’(0,0)

testdb->  );

CREATE

testdb=> create aggregate complex _avg (
testdb->  sfuncl = complex_add,

testdb->  basetype = complex,

testdb->  stypel = complex,

testdb->  sfunc2 = intdinc,

testdb->  stype2 = int4,

testdb->  finalfunc complex_scalar_div,

testdb->  initcond1 = '(0,0),
testdb->  initcond2 =0
testdb-> );

CREATE

The aggregatefunction complex _sum is definedusingonly sfuncl . basetype is
the type of the resultof the aggrgatefunction. The functioncomplex _add is usedas
sfuncl andstypel definesthetypesfuncl will operateon. initcondl  givesthe
initial valueof theinternalstateof sfuncl .

If we look at the definition of the aggregate function complex _avg we can seethat
the part concerningsfuncl is identical to the correspondingpart of the definition
of complex sum. The only differenceis the additional definition of sfunc2 and
finalfunc . Thebuilt in functionintdinc  is usedassfunc2 andincrementshe
internalstateof sfunc2 for every tuple processedAfter all tupleshave beenprocessed
complex _scalar _div isusedasfinalfunc to createtheaverage.
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Fromnow on we canusethe new aggregatefunctions:

testdb=> select * from complex test;
val

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

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

testdb=>

2.5.6 Triggers

PostgreSQlsupportghe calling of C functionsastrigger actions. Triggersarenot a fea-
turethatis only presenin PostgreSQLLn fact mostmodernRDMSssupporttriggers.We
describethemherebecausédhe previous sectionsare necessaryo understandhe imple-
mentationchosen.

At themomentit is possibleto definetriggeractionsthatareexecutecbefore andafter
the SQL commandsnsert, update or delete for atuple. Triggerscanbe used
to ensuredataintegrity. For examplewe candefinea trigger actionthat returnsan error
wheneer somebodyvantsto insert(or updateatuplewith anegative supplierid sno into
tablesupplier  definedin figure1.1.

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

A central role in the definition of trigger functions plays the global data

structure  TriggerData *CurrentTriggerData (The global pointer
CurrentTriggerData canbeaccesseftom within every triggerfunction):
typedef struct  TriggerData
{
TriggerEvent tg_event;
Relation tg_relation;
HeapTuple tg_trigtuple;
HeapTuple tg_newtuple;
Trigger *tg_trigger;

} TriggerData;

Now we give a shortdescriptiorof thestructures contentselevantfor theexamplebelow.
For adetaileddescriptiorof this andotherstructuresandfunctionsreferto [LOCK98]:
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tg _event : Describeghe event the function is called for. Containsinformation
aboutwhenthefunctionwascalled(befoe or after thecommandexecution)andfor
which commandt wascalled(insert, update ordelete ).

tg _relation Is a pointer to a structure describing the relation.
tg _relation- >rd _att is of specialinterestfor usbecausé canbegivenasan
argumentto thefunction SPI _getbinval() describedater

tg _trigtuple . Is apointerto thetuplefor which thetriggeris fired. If the com-
mandisinsert ordelete thisisthetupleto bereturnedby thetriggerfunction.

tg newtuple : If thecommands update thisis a pointerto the new versionof
tupleandNULL otherwise Thisis whathasto bereturnedby thetriggerfunctionif
thecommands update .

Example2.11 We definea trigger function calledtrigf() thatis designedo prevent
inserting(updating)tupleswith a negative supplierid sno into tablesupplier

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

Herearethe contentf 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 < O 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 ServerProgramminglinterface (SPI) de-
scribedin section2.5.7. 1t takesthe currenttuple,the descriptionof therelation,the num-
ber of the attribute andthe addresof a variableisnull  asamgumentsand returnsthe
binaryvalueof the givenattribute from the currenttuple. If the attribute’s valueis NULL
isnull  issettotrue otherwiseto false

trigf() first checkswhetherit was called by an update commandor by an
insert  and setsrettuple accordingly Thenit getsthe value of the first attribute
of the currenttuple (remembeisno is the first attribute in the relationsupplier ). If
thevalueis greatetthanzerothe currenttupleis returned(andinsertedor updatedoy the
executorof PostgreSQLptherwiseanerroris returnedelog(ERROR, ...) logsanerror
andabortsprocessingandthetablesupplier  won't beaffected.

To createa sharedibrary out of trigger.c we usethecommands:

$ gce -ISPGROOT/include  -I$SPGSRC/include/ -fpic  \
> -c trigger.c -0 trigger.o
$ gcc -shared -0 trigger.so trigger.o

Note that for the compilation of trigger functions the sourcecode of PostgreSQLis
necessan®BPGSRGointsto the placewherethesourcesreinstalled.

Next we have to makethe function trigf() known to PostgreSQLby the create
function  commandn the sameway we did for the functionsin the previous examples
(e.g.example2.8). After thatwe candefinethetriggertbefore . Thedefinitionensures
thatfunctiontrigf() givenasthetriggeractionwill beexecutedbefore theexecution
of the commandsinsert and update affecting the table supplier . Note that
insert andupdate commandsxecutedagainsttablesotherthansupplier — 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 thetriggeris working correctly If thevaluefor sno is greaterthan
zerotheinsert andupdate commandsgainstablesupplier 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 Sewer Programming Interface (SPI)

The ServerProgrammingInterface (SPI) gives the userthe ability to run SQL queries
from insideuserdefinedfunctions.SPIis justa setof native interfacefunctionsto simplify
the accessto the query parser, planner, optimizer and executor  of
PostgreSQl(referto chapter3 Postge SQLfromthe Programmers Point of iew).

Thesetof functionsof SPIcanbedividedinto thefollowing parts:

¢ InterfaceFunctions:Thesefunctionsareusedto establisha connectiorto arunning
backendWheneeryouwantto executea SQL querywithin auserdefinedfunction
youwill haveto connecto abackendy SPI _connect()

— SPI _connect() opensaconnectiorto the PostgreSQlbackend.
— SPI finish() closesaconnectiorto the PostgreSQlbackend.

— SPI _exec() takesacharactesstring containinga SQL queryanda number
tcount asargumentsandexecuteghequery Theresultcanbeobtainedrom
the global datastructureSPI _tuptable  which is setby SPI exec() . If
tcount is zerothenthe queryis executedfor all tuplesreturnedby the query
scan.Usingtcount > O restrictsthe numberof tuplesfor which the query
will be executed.This functionshouldonly be calledafter SPI _connect()
hasbeenprocessedndaconnectiorhasbeenestablished.

— SPI _prepare() creates and returns an execution plan
(parser+planner+optimizejut doesnt execute the query (The function
performsthe samestepsas SPI _exec() exceptthatit doesnot executethe
plan. Shouldonly be calledaftera connectiorhasbeenestablished.

— SPI _saveplan() storesaplanpreparedy SPI _prepare()  in safemem-
ory protectedrom freeingby SPI _finish()

— SPI _execp() executesaplanpreparedy SPI _prepare()  orreturnedoy
SPI _saveplan()

¢ InterfaceSupport-unctions:Thesefunctionscanbeusedrom within aconnectear
within anunconnectedserdefinedfunction. An examplefor theusefrom within an
unconnectedunctionwasgivenin example2.11whereSPI _getbinval() was
usedto deliver the value of attribute sno from the new (to be inserted)tuple. An
examplefor theusefrom within a connectedunctionwill 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 atupleandthe nameof anattribute
asargumentsandreturnsthe numberof the attribute.

— SPI _fname() takesthedescriptionof atupleandthe numberof anattribute
asargumentsandreturnsthe nameof the attribute.

— SPI _getvalue()  takesthedescriptionof atuple,thetuple andthe number
of an attribute as agumentsand returnsa string representationof the given
attribute’svalue.

— SPI _gethinval() takesthedescriptiorof atuple,thetupleandthenumber
of anattributeasargumentsandreturnsthe binaryvalueof the givenattribute.

— SPI _gettype()  returnsacopyof thetype namefor the specifiedattribute.
— SPI _gettypeid() returnsthetype OID for the specifiedattribute.
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— SPI _getrelname()  returnsthenameof the specifiedrelation.

— SPI _palloc() allocatesmemory In contrastto malloc()  (normally
used)it allocatesmemoryin suchaway thatit canbe freedautomaticallyby
SPI finish()

— SPI _repalloc() reallocatesnemorythathasoriginally beenallocatedus-
ing SPI _palloc()

— SPI pfree() freesmemoryallocatedby SPI _palloc()

Example 2.12 We want PostgreSQlto automaticallygeneratea valuefor the supplierid
sno wheneeranew tupleisinsertednto tablesupplier . Thereforewe defineatrigger
functiontrigf _sno() thatis called beforethe executionof every insert  statement.
trigf  _sno() hasto performthefollowing steps:

e establisha connectiorto the PostgreSQlbackendisingSPI _connect()
e getthegreatessupplierid sno containedn tablesupplier  usingSPI _exec()

o modify attribute sno of thetuple to beinsertedto containthe next greatemumber
usingSPI _modifytuple()

o disconnecfrom thebackendusingSPI finish()
e 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
* returned
* the result
* SPI|_tuptable

max = SPI_gethinval(SPI_tuptable->val
SPI|_tuptable->tupdesc, 1,

/* disconnect

the number from
by the query.
into

the result
SPI_exec()
the global structure

puts

*
s[0],

&isnull);

from backend */

SPI_finish();
/* array containing the numbers of attributes
* to be changed: sno has attho 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+l as sno */
rettuple =
SPI_modifytuple(CurrentTriggerData- >tg_relat
rettuple,
11
atts_to_be_changed,
new_value,
&nulls);
if (rettuple == NULL)
elog(ERROR,
"trigf_sno: SPI_modifytuple failed");
CurrentTriggerData = NULL;
return  (rettuple);

}

We againcreatethesharedibrary trigger.so

out of trigger.c

$ gcc -ISPGROOT/include  -I$PGSRC/include/ -fpic
> -c trigger.c -0 trigger.o
$ gcc -shared -o trigger.so trigger.o

Next we have to makethe function trigf
we candefinethe trigger sno before which is called beforean insert

supplier

used.
testdb=> create
testdb->
testdb->  language

CREATE

function
as ’'/[<where_ever_you_put_it>/trigger.so

trigf_sno() returns

c,
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ion,

_sno() known to PostgreSQland after that

to the table

. Thetrigger function ensureghat the next greaternumberfor sno will be

opaque
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testdb=> create trigger sno_before

testdb->  before insert on supplier

testdb->  for each row execute procedure trigf_sno();
CREATE

testdb=>

Everytimeanew tupleis insertedo thetablesupplier ~ anew sno is assigneG&utomat-
ically regardlessf thevaluegivenin theinsert  statement:

testdb=> select * from supplier;
sno|sname [city
RN S, 1 S
1|Smith  |London
2|Jones |Paris
3JAdams |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;
snolsname |city
R B o
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 The usercandefinea rule andconneciit to
anevent. Wheneer the eventoccursthe rule bodyis executedin additionto or insteadof
thecommand®f theevent.

A ruleis createdusingthefollowing SQL statement:

create rule rule_name

as on event

to object [where clause]

do [instead]

[action | nothing | [actions...]]

whereevent is one of select, update, delete orinsert . object s the
nameof atable or tablecolumn Thewhere clauseandtheaction areanormalSQL
where clauseandcollectionof SQL commands.

Oneapplicationof rulesis the implementatiorof views in PostgreSQLA view is a
virtual tablethat doesnot physically exist within the databaséut looksto the userasif
it did. To realizea view we cancreatean emptytable with the nameof the view. Then
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we definearule thatis fired every time the new tableis accessednsteadof retrieving the
datafrom the virtual tabletherule bodyis executedretrieving the datafrom one or more
physicallystoredtables.

Example 2.13 We wantto shov how aview could be realizedin PostgreSQLNote that
thereis of courseanown commando createviewscreate  view in PostgreSQlwhich
performsthe stepsof our exampleinternally.

Firstwe createa new, emptytablemy.view :

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

testdb->  );

Next we createtherule thatwill befiredwheneeraselect againsthetablemy.view
shavs up:

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 werepopulatedwvith tuples:

testdb=> select * from my_view;
shame |pname

______ I
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

______ SR
Blake |Nut
Blake |Bolt
Blake |Cam
(3 rows)

testdb=>



Chapter 3

PostgreSQL from the
Programmer’s Point of View

Thischaptegivesanoverview of theinternalstructureof thebackendf Postgre SQLAfter
having readthe following sectionsyou shouldhave anideaof how a queryis processed.
Don't expecta detaileddescriptionhere(l think sucha descriptiondealingwith all data
structuresandfunctionsusedwithin PostgreSQlwould exceed1000pages!).This chapter
is intendedo helpunderstandinthegenerakontrolanddataflow within thebackendrom
receving aqueryto sendingtheresults.

3.1

The Way of a Query

Herewe give a shortoverview of the stagesa queryhasto passin orderto obtainaresult:

First a connectiorfrom an applicationprogramto the PostgreSQlsener hasto be
establishedTheapplicationprogramtransmitsa queryto thesenerandrecevesthe
resultssentbackby thesener.

The parserstagechecksthe query transmittedby the applicationprogram(client)
for correctsyntaxandcreates querytree

The rewrite systemtakesthe querytree createdby the parserstagelooks for ary

rules(storedin thesystentatalog$ to applyto thequeryteeandperformsthetrans-
formationsgivenin the rule bodies Oneapplicationof the rewrite systenis given
in therealizationof views Whene&er a queryagainsta view (i.e. avirtual table) is

made therewrite systenrewritesthe users queryto a querythataccessethe base
tablesgivenin the view definitioninstead.

The planner/optimizetakesthe (rewritten) querytee and createsa queryplanthat
will betheinputto theexecutor It doessoby first creatingall possiblepathsleading
to the sameresult. ( For exampleif thereis anindex on a relationto be scanned,
therearetwo pathsfor the scan.Onepossibilityis a simplesequentiascanandthe
otherpossibilityis to usetheindex.) Next the costfor the executionof eachplanis
estimatedandthe cheapesplanis choserandhandedback.

The executorrecursvely stepsthroughthe plan treeandretrievestuplesin the way
representedly the plan. The executormakesuseof the storage systenwhile scan-
ning relations,performssorts andjoins, evaluatesqualificationsandfinally hands
backthetuplesderived.

In the following sectionswe will cover every of the above listed itemsin moredetail to
give a betterunderstandingn PostgreSQls internalcontrolanddatastructures.

51
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3.2 How Connectionsare Established

PostgreSQlis implementedisinga simple”processperuser”client/serer model. In this
modelthereis oneclient processconnectedo exactly oneserverprocess As we don't
know per sehow mary connectionswill be made,we have to usea masterprocessthat
Spavns a new serverprocessevery time a connectionis requested.This masterprocess
is calledpostmaster andlistensat a specifiedTCP/IP port for incomingconnections.
Wheneer arequesfor a connectioris detectedhe postmaster  processpavnsanen
serverprocescalledpostgres . Thesenertasks(postgres processesjommunicate
with eachotherusing semaphas and shaed memoryto ensuredataintegrity through-
out concurrentdataaccess. Figure 3.1 illustratesthe interactionof the masterprocess
postmaster thesenerprocesgostgres andaclientapplication.

Theclientproceszaneitherbethepsql frontend(for interactiveSQL queries)r ary
userapplicationmplementedisingthelibpg library. Notethatapplicationsmplemented
usingecpq (i.e. thepostgreembedded compiler)alsousethis library.

Onceaconnections establishetheclientprocessansendaqueryto thebadkend The
queryis transmittedusingplain text, i.e. thereis no parsingdonein the frontend(client).
The sener parsesthe query createsan executionplan, executesthe plan andreturnsthe
retrievedtuplesto theclient by transmittingthemover the establishe@onnection.

:

Postmaste

Server Hos

Figure3.1: How aconnectioris established

3.3 The Parser Stage
The parserstageconsistof two parts:

e Theparserdefinedin gram.y andscan.l is built usingthe UNIX toolsyacc
andlex .

¢ Thetransformatiomprocessloessomenecessaryransformatiorio thedatastructure
returnedby the parset
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3.3.1 Parser

The parserhasto checkthe querystring (which arrivesasplain ASClItext) for valid syn-
tax. If the syntaxis correcta parsetreeis built up andhandedbackotherwiseanerroris
returned.For theimplementatiorthe well known UNIX toolslex andyacc areused.

Thelexer is definedin thefile scan.l andis responsibldor recognizingidentifiers
the SQLkeywords etc. For every keyword or identifierthatis found, a tokenis generated
andhandedo theparset

The parseris definedin the file gram.y andconsistsof a setof grammarrulesand
actionsthatareexecutedvheneeraruleisfired. Thecodeof theactions(whichis actually
C-code)is usedto build up theparsetree

Thefile scan.l is transformedo the C-sourcefile scan.c  usingthe programlex
andgram.y is transformedo gram.c usingyacc . After thesetransformationdave
takenplaceanormalC-compilercanbeusedto createthe parser Never makeary changes
to the generatedC-filesasthey will be overwrittenthe next timelex or yacc is called.
(Note that the mentionedtransformationand compilationsare normally doneautomati-
cally usingthemakefiles  shippedwith the PostgreSQlsourcedistribution.)

A detaileddescriptionof yacc or the grammarrules given in gram.y would be
beyond the scopeof this paper Therearemary booksand documentslealingwith lex
andyacc . Youshouldbefamiliarwith yacc , beforeyou startto studythegrammargiven
in gram.y otherwiseyouwon't understanadvhathappenshere.

For a better understandingof the data structuresused in PostgreSQLfor the pro-
cessingf aquerywe useanexampleto illustratethe changesnadeto thesedatastructures
in every stage.

Example 3.1 Thisexamplecontainghefollowing simplequerythatwill beusedn various
descriptionsand figuresthroughoutthe following sections. The query assumeshat the
tablesgivenin examplel.1 have alreadybeendefined.

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

S.SN0 = Se.sno;

Figure3.2 shaws the parsetreebuilt by the grammarrulesandactionsgivenin gram.y
for the querygivenin example3.1 (without the opeiator treefor thewhee clausewhich
is shavn in figure 3.3 becaus¢herewasnot enoughspaceto shav bothdatastructuresn
onefigure).

Thetop nodeof thetreeis aSelectStmt  node.For every entryappearingn thefrom
clauseof the SQL querya RangeVar nodeis createcholdingthe nameof the alias and
apointerto aRelExpr nodeholdingthe nameof therelation All RangeVar nodesare
collectedin alist whichis attachedo thefield fromClause of theSelectStmt node.

For every entry appearingin the selectlist of the SQL querya ResTarget node
is createdholding a pointerto an Attr  node. The Attr  nodeholdsthe relation name
of the entry and a pointerto a Value node holding the nameof the attribute  All
ResTarget nodesarecollectedto alist whichis connectedo thefield targetList of
theSelectStmt  node.

Figure 3.3 shavs the opemtor tree built for the whee clause of the SQL query
givenin example3.1whichis attachedo thefield qual of theSelectStmt node.The
top nodeof the opemtor treeis an A Expr noderepresentingan ANDoperation. This
nodehastwo successorsalledlexpr andrexpr pointingto two subtiees The subtee
attachedo lexpr representshe qualifications.sno > 2 andthe oneattachedo rexpr

represents.sno = se.sno. For every attributeanAttr - nodeis createcholdingthe name
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of therelationanda pointerto a Value nodeholdingthe nameof the attribute. For the
constantappearingn thequeryaConst nodeis createcholdingthevalue.

SelectStmt _ | ResTarget Attr

unigue - val > relnameg —» "s"

unionall:  false — attrs —->| |><|

targetList — \

fromClause | — Value

whereClause| — val.str| |

groupClause \ ) §
sname

/
havingClause 1 ResTarget Attr
val relnamg —» "se"

attrs —->| |><|

\
Value
val.str | |

\i

sortClause

Operator Tree
representing . .,

RangeVar S
the qualifications
q name —f
relExpr _ | RelExpr
reInameI |
"supplier"
RangeVar "o

sno

\

f se
name =

RelExpr
relnamel |

\

relExpr

"sells"

Figure3.2: TargetListandFromListfor queryof example3.1

3.3.2 Transformation Process

The transformationprocesstakesthe tree handedback by the parserasinput and steps
recursvely throughit. If a SelectStmt  nodeis found, it is transformedo a Query
nodewhich will be the top mostnodeof the new datastructure. Figure 3.4 shaws the
transformediatastructure(the partfor thetransformedvhee clauseis givenin figure 3.5
becaus¢herewasnotenoughspacedo shawv all partsin onefigure).

Now a checkis made,if therelation namesin the fromClauseareknown to the sys-
tem. For every relation namethatis presenin the systentatalogsa RTE nodeis created
containingtherelationname thealias nameandtherelationid. Fromnow ontherelation
ids areusedto referto therelationsgivenin the query All RTEnodesarecollectedin the
rangetable entry list which is connectedo the field rtable  of the Query node. If a
nameof arelationthatis notknown to the systemis detectedn the queryanerrorwill be
returnedandthe queryprocessingvill beaborted.
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SelectStmt TargetList
unique
unionall:  false FromList
targetList — A_Expr
fromClause | — opname
whereClause = oper AND
groupClause rexpr —
havingClause lexpr —

sortClause

A_Expr A_Expr
opname | —» ">" opname | —» "="
oper OP oper OP
rexpr — rexpr —
lexpr — lexpr —
A_Const Attr
val.val.ival: 2 relnamg ——= "se"
attrs —->| |><|
Attr Attr y
relname| — "s" relname —» "s" Value
attrs ——>| |><| attrs ——>| |><| val.str| |
Y Y Y
Value Value "sno"
val.str| | val.str| |
"sno" "sno"

Figure3.3: WheeClausefor queryof example3.1
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Next it is checkedf the attribute namesusedare containedn the relationsgivenin the
query For every attribute thatis found a TLE nodeis createdholding a pointerto a
Resdom node(which holdsthe nameof the column)anda pointerto a VARnode. There
aretwo importantnumbersin the VARnode. Thefield varno givesthe positionof the
relation containingthe currentattribute in the rangetable entry list createdabore. The
field varattno  givesthe positionof the attribute within therelation If the nameof an
attributecannotoefoundanerrorwill bereturnedandthequeryprocessingvill beaborted.

Query -
( ' L
command: 1 Y 1]
utility RTE RTE
resultRelation: 0 relname —» "supplier” relname —» "sells"
into refnamg —» "s" refnamg —» "se"
isPortal: false relid: 18208 relid: 18219
isBinary: false
union_all:  falsg > ,iIE
sortClause \ Y
. TLE TLE
unique
resdom| — resdom| —
rtable —
expr — expr —
targetlist — P P
qual
RESDOM RESDOM
groupClause
- resno. 1 resno. 2
havingQual
resnam+ —» "sname" resnam+ —t= "pno"
hasAggs: false
hasSublinks: falsp . Vd
unionClause VAR VAR
- varno: 1 varno: 2
intersectClaus
varattno: 2 varattno: 2

Figure3.4: TransformedrargetListandFromListfor queryof example3.1

Figure3.5shavs the transformedvheke clause Every A_[Expr nodeis transformedo an
Expr node. The Attr nodesrepresentinghe attributesare replacedoy VAR nodesas
it hasbeendonefor the targetlistabore. Checksif the appearingattributesarevalid and
known to the systemaremade. If thereis an attribute usedwhich is not known anerror
will bereturnedandthe queryprocessingwill be aborted.

The whole transformation process performs a transformationof the data structure
handedbackby the parserto amorecomfortableform. The charactestringsrepresenting
therelationsandattributesin the original treearereplacedy relationids andVARnodes
whosefields are referringto the entriesof the rangetable entry list. In additionto the
transformationalsovariouschecksif the usedrelation andattribute namegappearingn
thequery)arevalid in thecurrentcontect areperformed.
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Query
command: 1 }
utility Expr
resultRelation: 0 opType: AND
. oper
into
isPortal: false args ] | | |
isBinary: false ,/—J
union_all: false Expr Oper
sortClause opType: OP f opno: 521
unique oper — opid: O
rtable args _\—»
targetlist | | | | | |><|
qual B )/ '
VAR Const
groupClause
- varno: 1 constvalue: 2
havingQual
varattno: 2
hasAggs: false
hasSublinks: false )
unionClause (
intersectClause Expr Oper
opType: OP f» opno: 96
oper — opid: O
args —
\);h | = J X
VAR VAR
varno: 1 varno:. 2
varattno: 2 varattno: 2

Figure3.5: Transformedvheke clausefor queryof example3.1
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3.4 The PostgreSQL Rule System

PostgreSQlsupportsa powerful rule systenfor the specificatiorof viewsandambiguous
view updates Originally the PostgreSQIlrule systentonsistedf two implementations.

The first oneworked usingtuple level processingandwasimplementeddeepin the
executor The rule systemwas called wheneer an individual tuple had beenaccessed.
Thisimplementatiomasbeernremovedin 1995whenthelastofficial releasef thePostgres
projectwasfurtherenhancedo Postgres95.

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

For informationon the syntaxandcreationof rulesin the PostgreSQlsystemreferto
section2.5.8Rulesin PostgeSQL

3.4.1 The Rewrite System

Thequeryrewrite systems a modulebetweerthe parserstageandthe planner/optimizer
It processethetreehandedackby the parserstage(whichrepresenta userquery)andif
thereis arule presenthathasto be appliedto the queryit rewritesthetreeto analternate
form.

TechniquesTo Implement Views

Now will sketchthe algorithmof the queryrewrite systemFor betterillustrationwe shov
how to implementviews usingrulesasanexample.

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 wheneer a select againstthe relation test view is
detectedInsteadof selectinghetuplesfromtest view theselect statemengivenin
theactionpart of therule is executed.

Let thefollowing userqueryagainstest view begiven:

select sname
from test view
where sname <> 'Smith’;

Hereis alist of the stepsperformedby the queryrewrite systemwheneer a userquery
againsttest _view appears. (The following listing is a very informal descriptionof
the algorithm just intendedfor basicunderstanding.For a detaileddescriptionrefer to
[STON89)).

e Takethequerygivenin theactionpart of therule.

¢ Adaptthetargetlistto meethenumberrandorderof attributesgivenin theuserquery
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¢ Addthequalificationgivenin thewheee clauseof theuserqueryto the qualification
of thequerygivenin theactionpart of therule.

Giventherule definitionabave, theuserquerywill berewrittento thefollowing form (Note
thatthe rewriting is doneon the internalrepresentationf the userqueryhandedbackby
theparserstagebut the derived new datastructurewill representhefollowing 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/optimizers to createanoptimalexecutionplan. It firstcombinesall
possiblewaysof scanningandjoining therelationsthatappeain aquery All thecreated
pathsleadto the sameresultandit’s the optimizers taskto estimatethe costof executing
eachpathandfind outwhich oneis thecheapest.

3.5.1 Generating PossiblePlans

The planner/optimizedecideswhich plansshouldbe generatedaseduponthe typesof
indicesdefinedon the relationsappearingn a query Thereis alwaysthe possibility of
performinga sequentiakcanon arelation,soaplan usingonly sequentiakcanss always
created Assumeanindex is definedon a relation(for examplea B-treeindex) anda query
containsthe restrictionrelation.attritute OPRconstant If relation.attribute happengo
matchthe key of the B-treeindex and OPR s arything but '#£' anotherplan is created
using the B-tree index to scanthe relation. If thereare further indicespresentand the
restrictiondn thequeryhapperto matchakey of anindex furtherplanswill beconsidered.

After all feasibleplanshave beenfoundfor scanningsinglerelations plansfor joining
relationsarecreated.The planner/optimizeconsideronly joins betweerevery two rela-
tions for which thereexists a correspondingoin clause(i.e. for which a restrictionlike
... whee rell.attrl=rel2.attr2 exists) in the whee qualification All possibleplansare
generatedor every join pair consideredy the planner/optimizer The threepossiblgoin
stratgiesare:

e nestedterationjoin: Theright relationis scannedncefor every tuplefoundin the
left relation This strat@y is easyto implementbut canbevery time consuming.

e megesortjoin: Eachrelationis sortedon the join attributesbeforethe join starts.
Thenthe two relationsare meigedtogethertaking into accountthat both relations
areorderedon thejoin attributes This kind of join is moreattractve becausevery
relationhasto bescannednly once.

¢ hashjoin: therightrelationis first hashednits join attributes Next theleft relation
is scannedandthe appropriatevaluesof every tuple found areusedashashkeysto
locatethetuplesin theright relation

3.5.2 Data Structur e of the Plan

Herewe will give alittle descriptionof thenodesappearingn the plan. Figure3.6 shavs
theplan producedor thequeryin example3.1.

Thetopnodeof theplanis aMergeJoin nodewhich hastwo successorgneattached
to the field lefttree andthe secondattachedo the field righttree . Eachof the
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subnodesepresentsnerelationof thejoin. As mentionedabore amegesortjoin requires
eachrelationto besorted. That'swhy wefindaSort nodein eachsubplan.Theadditional
gualificationgiven in the query (s.sno > 2) is pusheddown asfar as possibleandis
attachedo theqpqual field of theleaf SeqScan nodeof thecorrespondingubplan.

Thelist attachedo the field mergeclauses of the MergeJoin nodecontainsin-
formationaboutthejoin  attributes . Thevalues65000 and65001 for the varno
fieldsin the VARnodesappearingn the mergeclauses list (andalsoin the targetlis)
meanthatnotthetuplesof the currentnodeshouldbe consideredbut the tuplesof the next
"deeper’nodeg(i.e. thetop nodesof the subplansyhouldbe usedinstead.

Notethatevery Sort andSeqScan nodeappearingn figure 3.6 hasgot a targetlist
but becauseherewasnot enoughspaceonly the onefor the MergeJoin nodecouldbe
drawn.

Anothertaskperformedoy theplanner/optimizers fixing theopemtor idsin the Expr
andOper nodes.As mentionedearlier PostgreSQLsupportsa variety of differentdata
typesandevenuserdefinedtypescanbe used.To be ableto maintainthe hugeamountof
functionsandoperatorst is necessaryo storethemin a systentable Eachfunctionand
operatomgetsa uniqueopeiator id. Accordingto thetypesof the attributesusedwithin the
gualificationsetc.,the appropriateopeiator ids have to beused.

3.6 Executor

Theexecutortakesthe plan handedackby the planner/optimizeandstartsprocessinghe
top node. In the caseof our example(the querygivenin example3.1) the top nodeis a
MergeJoin node.

Beforeary memge canbe donetwo tupleshave to be fetched(onefrom eachsubplan).
Sothe executorrecursvely callsitself to procesghe subplang(it startswith the subplan
attachedolefttree ). Thenew topnode(thetopnodeof theleft subplan)s aSeqScan
nodeandagaina tuple hasto be fetchedbeforethe nodeitself canbe processed.The
executorcallsitself recursiely anothettime for the subplarattachedo lefttree of the
SegScan node.

Now thenew top nodeis aSort node.As a sorthasto bedoneonthewholerelation,
the executor startsfetching tuplesfrom the Sort nodes subplanand sortstheminto a
temporaryrelation(in memoryor afile) whenthe Sort nodeis visited for thefirst time.
(Furtherexaminationsof the Sort nodewill alwaysreturnjust onetuple from the sorted
temporaryrelation)

Every time the processingf the Sort nodeneedsa new tuple the executoris recur
sively calledfor the SeqScan nodeattachedas subplan. The relation (internally refer
encedby thevaluegivenin the scanrelid  field) is scannedor the next tuple. If the
tuple satisfiesthe qualificationgiven by the tree attachedo gpqual it is handedback,
otherwisethe next tupleis fetcheduntil the qualificationis satisfied.If thelasttuple of the
relationhasbeenprocessed NULL pointeris returned.

After a tuple has beenhandedback by the lefttree of the MergeJoin the
righttree is processedn the sameway. If bothtuplesare presentthe executorpro-
cessesheMergeJoin node.Wheneeranew tuplefrom oneof thesubplanss neededa
recursve call to the executoris performedo obtainit. If ajoinedtuple couldbecreatedt
is handedackandonecompleteprocessingf theplantreehasfinished.

Now the describedstepsare performedoncefor every tuple, until a NULL pointeris
returnedfor the processingf theMergeJoin node,indicatingthatwe arefinished.
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Figure3.6: Planfor queryof example3.1
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3.7 The Realization of the Having Clause

The having clausehasbeendesignedn SQL to be ableto usethe resultsof aggrgate
functionswithin a queryqualification. The handlingof the havingclauseis very similar to
thehandlingof thewhee clause Both areformulasin first orderlogic (FOL) thathave to
evaluateto truefor acertainobjectto behandedack:

e Theformulagivenin thewhee clauseis evaluatedfor everytuple. If the evaluation
returnstrue the tuple is returned,every tuple not satisfyingthe qualificationis
ignored.

¢ Inthecaseof groupsthehavingclauseis evaluatedor every group.If theevaluation
returnstrue thegroupis takeninto accounbtherwiseit is ignored.

3.7.1 How AggregateFunctions are Implemented

Beforewe candescribehow the havingclauseis implementedve will have alook atthe
implementatiorof aggmegatefunctionsaslong asthey just appeaiin the targetlist Note
thataggregatefunctionsareappliedto groupssothe querymustcontaina group clause

Example 3.2 Hereis an exampleof the usageof the aggregate functioncount which
countsthe numberof partnumbergpno) of every group. (Thetablesells is definedin
examplel.l.)

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

A querylike theonein example3.2is processety theusualstages:
¢ theparserstage
¢ therewrite system
¢ theplanner/optimizer
¢ theexecutor

andin thefollowing sectionswe will describewhatevery stagedoesto thequeryin order
to obtainthe appropriatgesult.

The Parser Stage

The parserstagebuilds up a querytee containingthe whee qualificationandinformation
aboutthe groupingthathasto be done(i.e. alist of all attributesto groupfor is attached
to thefield groupClause ). The maindifferenceto queryteesbuilt up for querieswith-
out aggregate functionsis givenin the field hasAggs which is setto true andin the
targetlist The expr field of the secondTLE nodeof the targetlist shavn in figure 3.7
doesnot pointdirectly to a VARnodebut to an Aggreg noderepresentinghe aggregate
functionusedin thequery

A checkis madethat every attribute groupedfor appearonly without an aggregate
functionin thetargetlistandthat every attribute which appearsvithout anaggregatefunc-
tion in thetargetlistis groupedfor.



3.7. THE REALIZATION OF THE HAVING CLAUSE 63

Query //—>
rtable —
targetlist ——>| | +>| \|><| RTE

qual \ \\ relname: sells
groupClause| —
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Resdom
resname: sng

VAR Aggreg
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'/

VAR
GroupClauss varno: 1
entry - varattno: 2

Figure3.7: Queryteebuilt up for thequeryof example3.2

The Rewrite System

The rewriting systemdoesnot makeary changego the querytee aslong asthe query
involvesjustbasetables If ary viewsarepresenthequeryis rewrittento accesshetables
specifiedn theview definition

Planner/Optimizer

Wheneeranaggregatefunctionis involvedin aquery(whichis indicatedby thehasAggs
flag setto true ) the plannercreatesa plantree whosetop nodeis an AGGnode. The
targetlistis searchedor aggmegatefunctionsandfor every functionthatis found,a pointer
to the correspondingdggreg nodeis addedto a list which s finally attachedo thefield
aggs of the AGGnode. This list is neededby the executorto know which aggrgate
functionsarepresentaindhave to be handled.

The AGGnodeis followedby a GRPnode. Theimplementatiorof the groupinglogic
needsa sortedtablefor its operationso the GRPnodeis followedby a SORTnode. The
SORToperationgetsits tuplesfrom akind of Scan node(if noindicesarepresenthiswill
be a simpleSeqScan node). Any qualificationspresentare attachedo the Scan node.
Figure3.8shawvstheplan createdor thequerygivenin example3.2.

Notethatevery nodehasits own targetlistwhich may differ from the oneof the node
above or below. Thefield varattno  of every VARnodeincludedin atargetlistcontains
anumberrepresentinghe positionof the attribute’s valuein thetuple of thecurrentnode.
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Figure3.8: Plantreefor the queryof example3.2
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Executor

TheexecutoruseshefunctionexecAgg() to executeAGGnodes As describedearlierit
usesonemainfunctionExecProcNode whichis calledrecursvely to executesubtrees.
Thefollowing stepsareperformedby execAgg()

e Thelist attachedo thefield aggs of the AGGnodeis examinedandfor every ag-
gregatefunctionincludedthe transitionfunctionsarefetchedfrom a functiontable
Calculatingthevalueof anaggregatefunctionis doneusingthreefunctions:

— Thefirst transition functionxfnl is called with the currentvalue of the at-
tributethe aggregatefunctionis appliedto andchangests internalstateusing
theattribute’'svaluegivenasanargument.

— The secondtransition function xfn2 is called without ary agumentsand
changests internalstateonly accordingo internalrules.

— Thefinal functionfinalfn takesthefinal statesof xfnl andxfn2 asarmgu-
mentsandfinishesthe aggregation

Example 3.3 Recallthe functionsnecessaryo implementthe aggrgate function
avg building the averageover all valuesof anattributein agroup(seesection2.5.5

ExtendingAggregates:

— Thefirsttransitionfunctionxfnl hasto beafunctionthattakegheactualvalue
of the attribute avg is appliedto asanargumentandaddsit to the internally
storedsumof previouscalls.

— The secondransitionfunctionxfn2 only increasesninternalcounterevery
timeit is called.

— Thefinal functionfinalfn  dividestheresultof xfnl by thecounterof xfn2
to calculatetheaverage.

Notethatxfn2 andfinalfn  maybeabsente.g. for theaggregatefunctionsum
which simply sumsup all valuesof the givenattribute within agroup.

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

e Thefollowing stepsareexecutedin aloop aslong astherearestill tuplesreturned
by the subplan(i.e. aslong astherearestill tuplesleft in the currentgroup). When
thereareno tuplesleft in thegroupa NULL pointeris returnedndicatingthe endof
thegroup.

— A new tuple from the subplan(i.e. the plan attachedo thefield lefttree )
is fetchedby recursvely calling ExecProcNode()  with thesubplarasargu-
ment.

— For every aggregatefunction(containedn the arraycreatedbefore)apply the
transitionfunctionsxfnl andxfn2 to thevaluesof theappropriateattributes
of thecurrenttuple.

¢ Whenwe gethere all tuplesof the currentgrouphave beenprocesse@andthetran-
sition functionsof all aggregate functionshave beenappliedto the valuesof the
attributes.We arenow readyto completethe aggregationby applyingthefinal func-
tion (finalfn ) for every aggrgatefunction
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¢ Storethetuplecontainingthe new values(the resultsof theaggregatefunctiong and
handit back.

Note thatthe proceduredescribedabove only returnsonetuple (i.e. it processefust one
groupandwhenthe endof the groupis detectedt processethe aggregatefunctionsand
handsback one tuple). To retrieve all tuples(i.e. to processall groups)the function
execAgg() hasto be called(returninga new tuple every time) until it returnsa NULL
pointerindicatingthatthereareno groupsleft to process.

3.7.2 How the Having Clauseis Implemented

The basicideaof the implementations to attachthe opemtor tree built for the having
clauseto the field gpqual of nodeAGG(which is the top nodeof the querytree). Now
the executorhasto evaluatethe new opeiator tree attachedo gpqual for every group
processedlf the evaluationreturnstrue the groupis takeninto accountotherwiseit is
ignoredandthe next groupwill be examined.

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

e Theparserstagehasbeenmodifiedslightly to build up andtransforman opemtor
treefor thehavingclause

e Therewrite systenmhasbeenadaptedo be ableto useviewswith thehavinglogic.

e Theplanner/optimizenow takesthe opeiator treeof the havingclauseandattaches
it to the AGGnode(whichis thetop nodeof thequeryplan.

e Theexecutorhasbeenmodifiedto evaluatethe opemtor tree(i.e. theinternalrepre-
sentatiorof the havingqualification) attachedo the AGGnodeandtheresultsof the
aggregationareonly consideredf theevaluationreturnstrue .

In thefollowing sectionsve will describehe changesnadeto every singlestagein detail.

The Parser Stage

Thegrammanulesof the parserdefinedin gram.y did notrequireary changedi.e. the
ruleshadalreadybeenpreparedor the havingclausg. The opemtor treebuilt up for the
havingclauseis attachedo thefield havingClause  of theSelectStmt  nodehanded
backby the parser

The transformationproceduresppliedto the tree handedback by the parsertransform
the opeiator treeattachedo thefield havingClause  usingexactly the samefunctions
usedfor the transformationof the opeiator tree for the wheee clause This is possible
becausdothtreesarebuilt up by the samegrammarulesof the parserandaretherefore
compatible Additionalcheckswvhichmakesurethatthehavingclauseinvolvesatleastone
aggregatefunctionetc. areperformedatalaterpointin timein theplanner/optimizestage.

The necessarychangeshave beenappliedto the following functionsincludedin the
file .../src/backend/parser/analyze.c . Note, that only the relevant parts of
the affectedcodeare presentednsteadof the whole functions. Every addedsourceline
will be markedby a’+' at the beginning of the line andevery changedsourceline will
bemarkedby a’ throughouthefollowing codelistings. Wheneer a part of the code
whichis notrelevantatthe momentis skippedthreeverticaldotsareinsertednstead.
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¢ transforminsertStmt()
This functionbecomess invokedevery timea SQL insert  statemeninvolving a
select is usedlike thefollowing exampleillustrates:

insert into t2
select X, y
from t1;

Two statementhave beenaddedo thisfunction. Thefirst oneperformsthetransfor
mationof the opeiator treeattachedo thefield havingClause  usingthefunction
transformWhereClause() asdonefor thewhee clause It is possibleto use
thesamefunctionfor bothclausesbecause¢hey arebothbuilt up by the samegram-
marrulesgivenin gram.y andarethereforecompatible.

Thesecondstatemenimakessure thataggregatefunctionsareinvolvedin the query
wheneer a havingclauseis used,otherwisethe querycould have beenformulated
usingonly awheee clause

static Query *
transforminsertStmt(ParseState *pstate,
InsertStmt *stmt)

{

/* make a new query tree */

Query *qry = makeNode(Query);

/* fix where clause */

gry->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
+ */
+ gry->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((gry->hasAggs == false) &&

+ (qry->havingQual 1= NULL))

+ {

+ elog(ERROR,"This is not a valid having query!);
+ return  (Query *)NIL;

+ 0}

return  (Query *) qry;
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¢ transformSelectStmt()
Exactly the samestatementsaddedto the function transforminsertStmt()
above have beenaddedhereaswell.

static Query *
transformSelectStmt(ParseState *pstate,
SelectStmt ~ *stmt)

{

Query *gry = makeNode(Query);

gry->commandType = CMD_SELECT;

gry->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
+ */
+ gry->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((gry->hasAggs == false) &&
+ (qry->havingQual 1= NULL))
+ |
+ elog(ERROR,"This is not a valid having query!);
+ return  (Query *)NIL;
+ 0}

return  (Query *) qry;

}

The Rewrite System

This sectiondescribeghe changego the rewrite systemof PostgreSQLthat have been
necessaryo supportthe useof viewswithin queriesusinga havingclauseandto support
thedefinitionof viewsby queriesusinga havingclause

As describedn section3.4.1TechniquesTo ImplemendMewsaqueryrewrite technique
is usedto implementviews Therearetwo casedo behandledwithin therewrite systemas
far asthe havingclauseis concerned:
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e Theview definitiondoesnot containahavingclausebut thequeriesevaluatedagainst
thisview may containhavingclauses

e Theview definitioncontainsa havingclause In this casequeriesevaluatedagainst
thisview mustmeetsomerestrictionsaswe will describdater

No having clausein the view definition:  Firstwe will look atthe changesiecessaryo
supportqueriesusinga havingclauseagainst view definedwithout a havingclause

Let thefollowing view definitionbegiven:
create view test view
as select sno, pno
from sells
where sno > 2;

andthefollowing querymadeagainstest _view :
select *
from testview
where sno <> b5;

Thequerywill berewrittento:

select sno, pno

from sells
where sno > 2 and
sno <> b5;

Thequerygivenin thedefinitionof theviewtest _view is thebadkboneof therewritten
query Thetargetlistis takenfrom the users queryandalsothe whee qualification of the
usersqueryis addedo thewheke qualificationof thenew queryby usingan ANDoperation.

Now consideithefollowing query:

select sno, count(pno)
from testview

where sno <> 5

group by sno

having count(pno) > 1;

Fromnow onit is nolongersuficientto addjust the whee clauseandthetargetlistof the
users queryto the new query The group clauseandthe havingqualificationalsohave to
beaddedto therewritten query:

select sno, count(pno)

from sells
where sno > 2 and
sno <> 5

group by sno
having count(pno) > 1;
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Several changegshat have alreadybeenappliedto the targetlistandthe wheke clausealso
have to beappliedto thehavingclause Hereis a collectionof all additionalstepghathave
to beperformedn orderto rewrite aqueryusinga havingclauseagainst simpleview (i.e.
aview whosedefinitiondoesnot useary groupandhavingclauses.

¢ Reawrite thesubselectsontainedn the havingclauseif ary arepresent.

¢ Adaptthevarno andvarattno fieldsof all VARnodescontainedn theopemtor
treerepresentinghe havingclausein the sameway asit hasbeendonefor thetree
representinghewhee clause Thevarno fieldsarechangedo usethebasetables
givenin the view definition(which have beeninsertednto therangetable entrylist
in the meantime)insteadof the virtual tables The positionsof the attributesused
in the view may differ from the positionsof the correspondingttributesin the base
tables That'swhy thevarattno fieldsalsohave to beadapted.

e Adapt the varno and varattno  fields of all VAR nodes containedin the
groupClause of theusers queryin theway andfor thereasonglescribedabore.

e Attach the tree representinghe having qualification (which is currently attached
to the field havingClause  of the Query nodefor the users 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 theusersquery)to thefield groupclauseof
thenodefor the new (rewritten) query

The view definition contains a having clause: Now we will look at the problemsthat
canariseusingviewsthataredefinedusinga queryinvolving ahavingclause

Let thefollowing view definitionbe given:

create view test view
as select sno, count(pno) as number
from sells
where sno > 2
group by sno
having count(pno) > 1,

Simplequeriesagainsthis view will notcauseary troubles:

select *
from test view
where sno <> 5;

This query caneasily be rewritten by addingthe wheee qualification of the users query
(sno <> b5)tothewheke qualificationof theview definition's query

The next queryis also simple but it will causetroubleswhenit is evaluatedagainst
theabove givenview definition

select *

from test view

where number > 1; /* count(pno) in the view def.
* s called number here */
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The currentlyimplementedechniquegor queryrewriting will rewrite the queryto:

select *

from sells

where sno > 2 and
count(pno) > 1

group by sno

having count(pno) > 1;

whichis aninvalid querybecaus@naggrgatefunctionappearsn thewheee clause

Also thenext querywill causedroubles:

select pno, count(sno)
from test view
group by pno;

As you canseethis querydoesneitherinvolve a wheke clausenor a havingclausebut it
containsa group clausewhich groupsby the attribute pno. The queryin the definition
of the view alsocontainsa group clausethatgroupsby the attribute sno . Thetwo group
clausesarein conflict with eachother and thereforethe query cannotbe rewritten to a
form thatwould makesense.

Note: Thereis no solution to the abore mentionedproblemsat the momentand it
doesnotmakesensedo put mucheffort into thatbecaus¢heimplementatiorof the support
for queriedike:

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;

(whichis partof the SQL92standardill automaticallyalsosolve theseproblems.

In the next part of the current sectionwe will presentthe changesapplied to the

sourcecodein orderto realizethe above describedtems. Note thatit is not necessaryo

understandhe meaningof every singlesourceline hereandthereforewe will notdiscuss
detailedquestiondike "Why hasthe variablevarno to beincreasedy 3?". Questions
like thatbelongto a chapterdealingwith the implementatiorof viewsin PostgreSQland

to be ableto answerthemit would be necessaryo know all the functionsandnot only

thosedescribechere. The factimportantfor usis to makesure,that whatever is applied
to thetargetlistandthe datastructuresepresentinghe whee clauseis alsoappliedto the

datastructuredor the havingclause Therearethreefiles affected:

...Isrc/backend/rewrite/rewriteHa ndler.c
.. .Isrc/backend/rewrite/rewriteMa nip.c
...Isrc/backend/commands/view.c

Here is a description of the changesmade to the functions containedin the file
...Isrc/backend/rewrite/rewriteHand| er.c :
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ApplyRetrieveRule()

This function becomesinvoked wheneer a select statementagainsta view
is recognizedand appliesthe rewrite rule storedin the systemcatalogs The
additional sourcelines given in the listing belov make sure that the functions
OffsetVarNodes() andChangeVarNodes() thatareinvokedfor thewhee
clauseandthetargetlist of the querygivenin the view definitionarealsocalledfor
the having clauseandthe group clauseof the queryin the view definition These
functionsadaptthevarno andvarattno fieldsof the VARnodesnvolved.

Theadditionalsourcdinesattheendof ApplyRetrieveRule() attachthedata
structuregepresentinghe having clauseandthe group clauseof the queryin the
view definitionto the rewritten parsetee As mentionedearlier a view definition
involvingagroupclausewill causdaroubleswheneeraqueryusingadifferentgroup
clauseagainsthisview is executed.Thereis nomechanisnpreventingtheseroubles
includedatthemoment.

Note that the functions OffsetVarNodes() , ChangeVarNodes() and
AddHavingQual()  appearingn ApplyRetrieveRule() aredescribedat a
laterpointin 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_VARN® rt_length,
rt_index, 0);
+ ChangeVarNodes((Node  *) rule_action->groupClause,
+ PRS2_CURRENT_VARN® rt_length,
+ rt_index, 0);
+ ChangeVarNodes((Node  *) rule_action->havingQual,
+ PRS2_CURRENT_VARN® 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 Il
+ parsetree->hasSubLinks);

}

}

e QueryRewriteSubLink()
This functionis called by QueryRewrite() to processpossiblycontainedsub-
queriedirst. It searche$or nestedqueriesby recursvely tracingthroughthe parse-
treegivenasargument. The additionalstatemenmakessurethatthe havingclause
is alsoexamined.

static void
QueryRewriteSubLink(Node *node)

{
if (node == NULL)
return;
switch  (nodeTag(node))
{
case T_SubLink:
{
QueryRewriteSubLink((Node *) query->qual);
+ QueryRewriteSubLink((Node *)
+ guery->havingQual);
}
}
return;
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o QueryRewrite()
This function takesthe parsetee of a query and rewrites it using PostgreSQls
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 calledfor the whee 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
...Isrc/backend/rewrite/rewriteManip .C:

o OffsetVarNodes()
Recursiely stepsthroughthe parsetee given asthe first amumentandincrements
thevarno andvarnoold fields of every VARnodefound by the offsetgiven as
the secondargument. The additionalstatementsre necessaryo be ableto handle
GroupClause nodesandSublink nodesthatmayappeaiin the parseteefrom

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,;

+ 4+ + + +
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[* Wealso 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)

T T T T T S S S S S A S A S A A A

*
tmp_lefthand = sublink->lefthand;
foreach(tmp_oper, sublink->oper)
{
Ifirst(((Expr *)Ifirst(tmp_oper))->args) =
I[first(tmp_lefthand);
tmp_lefthand = Inext(tmp_lefthand);
}
}
break;

}

e ChangeVarNodes()
This function is similar to the above describedfunction OffsetVarNodes()
but insteadof incrementingthe fields varno andvarnoold of all VAR nodes
found, it processe®nly thoseVAR nodeswhosevarno value matchesthe pa-
rameterold varno givenasargumentandwhosevarlevelsup  valuematches
the parametesublevels _up. Wheneer sucha nodeis found, thevarno and
varnoold fieldsaresetto thevaluegivenin theparametenew varno . Theaddi-
tional statementarenecessaryo be ableto 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;

+ 4+ + + 4+ +
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ChangeVarNodes((Node  *)(group->entry),
old_varno, new_varno,
sublevels_up);

+ 4+ + + +

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);

[* Wealso have to adapt the variables used in

* sublink->lefthand and sublink->oper

*/

ChangeVarNodes((Node  *) (sublink->lefthand),
old_varno, new_varno,
sublevels_up);

+ 4+ A+ A+ o+

break;
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¢ AddHavingQual()
This function addsthe opeiator tree given by the parametehavingQual to the
one attachedto the field havingQual of the parsetee given by the parameter
parsetree . Thisis doneby addinga new ANDnodeand attachingthe old and
thenew opeitor treeasargumentgo it. AddHavingQual()  hasnot beenexist-
ing until v6.3.2. It hasbeencreatedor 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 functionis similar to the above describedunction AddHavingQual() . It
alsoaddsthe opeiator treegiven by the parametehavingQual but prefixesit by
aNOTnode. AddNotHavingQual() hasalsonot beenexisting until v6.3.2and
hasbeencreatedor thehavinglogic.

void
AddNotHavingQual(Query *parsetree,
Node *havingQual)

{
Node *copy;
if (havingQual == NULL)
return;
copy = (Node *) make notclause((Expr *havingQual);
AddHavingQual(parsetree, copy);
}

e nodeHandleViewRule()
This function is called by HandleViewRule() . It replacesall VAR nodesof
the user query evaluatedagainstthe view (the fields of theseVARnodesrepresent
the positionsof the attributesin the virtual table) by VARnodesthat have already
beenpreparedo representhe positionsof the correspondingttributesin the phys-
ical tables(givenin the view definitior). The additionalstatementsnakesurethat
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)),

modified, sublevels_up);

+ 4+ F + +F+F+ o+ o+

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!

L T

sophisticated queries  on views?)

*
~

if(this_varlevelsup>0)

{
}

else

*nodePtr = copyObject(n);

+++ A+ o+

rtable, targetlist, rt_index,

(Maybe this will cause troubles  with some
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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);
[* Wealso 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!)

* % X

*
pfree(lfirst(((Expr *)
Ifirst(sublink->oper))->args));
tmp_lefthand = sublink->lefthand;
foreach(tmp_oper, sublink->oper)
{
Ifirst(((Expr *)  Ifirst(tmp_oper))->args) =
Ifirst(tmp_lefthand);
tmp_lefthand = Inext(tmp_lefthand);

+ + + +F A+ 4+
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HandleViewRule()

ThisfunctioncallsnodeHandleViewRule() for thewhee clause thetargetlist,
thegroup clauseandthe havingclauseof the userqueryevaluatedagainsthe given
view.

void

HandleViewRule(Query *parsetree, List  *rtable,
List *targetlist, int rt_index,
int  *modified)

{

[*  The variables in the bhavingQual 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 containedn .. ./src/backend/commands/view.c

e UpdateRangeTableOfViewParse( )

This function updatesthe range table of the parsetee given by the parameter
viewParse . Theadditionalstatementakessurethatthe VARnodesof thehaving
clausearemodifiedin the sameway asthe VARnodesof thewheee clauseare.

static void

UpdateRangeTableOfViewParse(char *viewName,
Query *viewParse)

{

OffsetVarNodes(viewParse->qual, 2);

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

Planner/Optimizer

The plannerbuilds a queryplanlike the oneshawvn in figure 3.8 andin additionto that
it takesthe opeiator tree attachedo the field havingClause  of the Query nodeand
attachess to thegpqual field of the AGGnode.

Unfortunatelythis is not the only thing to do. Remembeifrom section3.7.1 How

AggregateFunctionsare Implementedhatthetargetlistis searchedor aggregatefunctions
which areappendedo alist thatwill beattachedo thefield aggs of the AGGnode. This
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wassufficient aslong asaggregatefunctionshave only beenallowedto appeamvithin the
targetlist Now the havingclauseis anothersourceof aggregatefunctions Considerthe
following example:

select sno, max(pno)
from sells

group by sno

having count(pno) > 1,

Herethe aggrgatefunctionsmax andcount arein use.If only thetargetlistis scanned
(asit wasthe casebeforethe havingclausehadbeenimplementedve will only find and
processhe aggregate functionmax. The secondfunction count is not processeand
thereforeary referenceto the resultof count from within the having clausewill fail.
The solutionto this problemis to scanthe whole opemtor tree representinghe having
clausefor aggregatefunctionsnotcontainedn thetargetlistyetandaddthemto thelist of
aggregatefunctionsattachedo thefield aggs of the AGGnode. The scannings doneby
the function check _having _qual _for _aggs() which stepsrecursvely throughthe
tree.

While scanningthe having clause for aggregate functions not containedin the tar-
getlist yet, an additionalcheckis madeto make surethat aggregate functionsare used
within thehavingclause(otherwisethe querycould have beenformulatedusingthewhee
clausg. Considetthefollowing querywhichis notavalid 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 query using a having clause this kind of qualification
belonggo thewheke clause

select sno, max(pno)
from sells

where sno > 1

group by sno;

Thereis still anunsohed problemleft. Considerthe following querywherewe wantto
know justthe suppliernumbergsno ) of all supplierssellingmorethanonepart:

select sno

from sells

group by sno

having count(pno) > 1;

The plannercreatesa queryplan(like the oneshawn in figure 3.8) wherethe targetlistsof

all nodesnvolvedcontainonly entriesof thoseattributeslistedaftertheselect  keyword

of the query Looking at the example abore this meansthat the targetlistsof the AGG
node,the GRPnodethe SORTnodeandthe SeqScan nodecontainonly theentryfor the
attributesno . As describecarliertheaggregationlogic operate®n attributesof thetuples
returnedby the subplarof the AGGhode(i.e. theresultof the GRPnode).Which attributes
are containedn the tupleshandedbackby a subplanis determinedby the targetlist In

the caseof our exampletheattribute pno neededor theaggmegatefunctioncount is not
includedandthereforetheaggregationwill fail.
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Thesolutionto this problemis givenin thefollowing steps:
¢ Makea copyof theactualtargetlistof the AGGnode.

e Searchthe opemtor tree representinghe having clausefor attributesthat are not
containedn thetargetlistof the AGGnodeyet andaddthemto the previously made

copy.

e Theextendedargetlistis usedto createthesubplanattachedo thelefttree field
of the AGGnode. That meansthat the targetlistsof the GRPnode, of the SORT
nodeand of the SeqScan nodewill now containan entry for the attribute pno.
Thetargetlistof the AGGnodeitself will notbe changedecausave do notwantto
includetheattributepno into theresultreturnedoy thewholequery

Carehasto be takenthatthe varattno  fields of the VARnodesusedin the targetlists
containthe positionof the correspondingttribute in the targetlist of the subplan(i.e the
subplandeliveringthetuplesfor furtherprocessindy theactualnode).

The following part dealswith the sourcecode of the new and changedfunctionsin-
volvedin theplanner/optimizestage.Thefiles affectedare:

trefs.c
anner.c

.. .Isrc/backend/optimizer/plan/se
...Isrc/backend/optimizer/plan/pl

Since all of the functions presentedhere are very long and would need very much
spacef presentecdisawhole,we justlist themostimportantparts.

The following two functions are new and have beenintroducedfor the having logic.
They arecontainedn thefile . . ./src/backend/optimizer/plan/setref s.C :

e check _having _qual _for _aggs()
This function takesthe representatiomf a having clausegiven by the parameter
clause , atargetlistgivenby the parametesubplanTargetList andagroup
clausegiven by the parametegroupClause asargumentsand scansthe repre-
sentatiorof the having clauserecursvely for aggregatefunctions If anaggregate
functionis found it is attachedto a list (internally calledagg list ) andfinally
returnedby the function.

Additionally thevarno field of every VARnodefoundis setto the positionof the
correspondingttributein thetargetlistgivenby subplanTargetList

If the havingclausecontainsa subquerythe function also makessure,that every
attribute from the main querythatis usedwithin the subqueryalsoappearsn the
groupclausegivenby groupClause . If theattributecannotbefoundin thegroup
clauseanerrormessagés printedto thescreerandthe queryprocessings aborted.

List *
check_having_qual_for_aggs(Node *clause,
List *subplanTargetList,
List *groupClause)
List *t, *I1;
List *agg_list = NIL;

int contained_in_group_clause

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(fir st(t),
subplanTargetList,
groupClause));
if(((new_length=Ilength((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, Aggreq))
{
return  lcons(clause,
check_having_qual_for_aggs(
((Aggreg  *)clause)->target,
subplanTargetList,
groupClause));
}
else
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e check _having _qual _for _vars()
This function takesthe representatiomf a having clausegiven by the parameter
clause andtheactualtargetlistgivenby the parametetargetlist _so _far as
argumentsandrecursvely scangherepresentationf thehavingclausefor attributes
thatarenotincludedin the actualtargetlistyet. Wheneer suchanattributeis found
it is addedto the actualtargetlistwhichis finally returnedby the function.

Attributes containedin the having clausebut not in the targetlist shav up with
queriedike:

select  sid

from  part

group by sid

having min(pid) > 1;

Intheabore querytheattributepid is usedn thehavingclausebutit doesnotappear
in thetargetlist(i.e. thelist of attributesafterthekeyword select ). Unfortunately
only thoseattributesare deliveredby the subplanand canthereforebe usedwithin
the havingclause To becomeableto handlequerieslike that correctly we have to
extendtheactualtargetlistby thoseattributesusedin thehaving  clause butnot
alreadyappearingn thetargetlist

List *
check_having_qual_for_vars(Node *clause,
List  *targetlist_so_far)
{
List *;
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(Ifirst (1),

targetlist_so_far);
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}
return  targetlist_so_far;
}
else
if (IsA(clause, Aggreq))
{
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

e union _planner()
This function createsa plan from the parseteegivento it by the parameteparse
thatcanbe executedby theexecutor

If aggregatefunctionsarepresen{indicatedby parse->hasAggs setto true)the
first stepis to extendthetargetlistby thoseattributesthatareusedwithin thehaving
clause(if ary is presenthut do notappeain theselectlist (Referto the description
of check _having _qual _for _vars() above).

The next stepis to call the function query _planner()  creatinga plan without
takingthe group clause the aggregatefunctionsandthe havingclauseinto account
for themoment.

Next inserta GRPnodeat the top of the plan accordingto the group clauseof the
parseteeif ary is present.

Add anAG&odeto thetop of thecurrentplanif aggregatefunctionsarepresenand
if ahavingclauseis presentadditionallyperformthefollowing steps:

— Performvarioustransformationso therepresentationf the havingclause(e.g.
transformit to CNF, .. .).

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

— Examinethe whole havingclauseandsearchfor aggmegatefunctions This is
doneusingthefunctioncheck _having _qual _for _aggs() whichappends
every aggregatefunctionfoundto alist thatis finally returned.

— Appendthelist just createdo thelist alreadyattachedo thefield aggs of the
AGGnode(this list containghe aggregatefunctionsfoundin thetargetlisy.

— Makesurethataggregatefunctionsdo appeain thehavingclause Thisis done
by comparingthelengthof thelist attachedo aggs beforeandafterthe call
to check _having _qual _for _aggs() . If thelengthhasnotchangedwe
know that no aggregate function hasbeendetectedand that this querycould
have beenformulatedusingonly awheke clause In this caseanerrormessage
is printedto the screerandtheprocessings aborted.
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+ +

+ 4+ F A+ 4+

union_planner(Query *parse)
*tlist = parse->targetList;
copy the original tlist, we will  need the
* original one for the AGGnode later on */
*new_tlist = new_unsorted_tlist(tlist);

if (parse->hasAggs)
{
[* extend targetlist by variables not
* contained already but used in the
* havingQual.
*
if (parse->havingQual I= 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 AGGnode

*/
(parse->hasAggs)

int  old_length=0, new_length=0;

[* Create the AGGnNode but use 'tlist’ not
‘new._tlist’ as target list because we
dont want the additional attributes

(only used for the havingQual, see
above) to show up in the result.

E I

*
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 Ilist 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 *) lIfirst(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;

B i i T S S T S S S e T . T ik T T S SR S Sy S S S

Executor

The executortakesthe queryplanproducedby the planner/optimizeiin the way just de-
scribedandprocesseall aggregatefunctionsin theway describedn section3.7.1Thelm-
plementatiorof Aggregate Functionshut beforethetuple derivedis handedackthe oper
ator treeattachedo thefield gpqual is evaluatedby callingthefunctionExecQual()
This functionrecursvely stepsthroughthe opemtor tree(i.e. the havingclausg andeval-
uatesthe predicatesappearinghere. Thanksto our changeghat have beenmadeto the
plannerthe valuesof all operandsneededo evaluatethe predicateqe.g. the valuesof
all aggregatefunctiong arealreadypresentandcanbe accessethroughouthe evaluation
withoutary problems.

If the evaluationof the havingqualificationreturnstrue thetupleis returnedby the
functionexecAgg() otherwiset is ignoredandthenext groupis processed.
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The necessarychangesand enhancementtiave been applied to the following func-
tionin thefile .../src/backend/executor/nodeAgg .C:

e execAgg() Wheneerthe executorgetsto an AGGnodethis functionis called.
Beforethe havinglogic hadbeenimplementedall the tuplesof the currentgroup
were fetchedfrom the subplanand all aggregate functionswere appliedto these
tuples.After that, theresultswerehandedbackto thecalling function.

Sincethe havinglogic hasbeenimplementedhereis oneadditionalstepexecuted.
Beforetheresultsof applyingthe aggrgatefunctionsarehandedback,the function
ExecQual() is calledwith therepresentatioof thehavingclauseasanargument.
If true is returnedtheresultsarehandedack,otherwisethey areignoredandwe
startfrom the beginning for the next group until a group meetingthe restrictions
givenin thehavingclauseis found.

TupleTableSlot *
ExecAgg(Agg *node)

{
I*  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 ;

}
if (oneTuple) pfree(oneTuple);

}
while((node->plan.qual'=NULL ) &&
(qual_result!=true));

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 I= NULL)
+
+ qual_result =
+ ExecQual(fix_opids(node->plan .qual),
+ econtext);
+
+
+
+
+

return  resultSlot;
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3.8 The Realization of Union, Intersect and Except

SQL92supportghewell known settheoreticoperationsinion intersectandsetdifference
(the setdifferenceis calledexceptin SQL92). The operatorsare usedto connecttwo or
moreselect statementsEveryselect statementeturnsasetof tuplesandthe opera-
torsbetweertheselect statementsell how to megethereturnedsetsof tuplesinto one
resultrelation.

Example 3.4 Let thefollowing tablesbegiven:

A Cijc2|C3 B C1l|C2|C3
. R
1 al b 1 a] b
2] al b 5| al b
3| ¢] d 3] c] d
4] e| f 8| el f
C cCi|cz|cs
[ S S,
4] el f
8 e f

Now let's have alook attheresultsof thefollowing queries:

select * from A
union
select * from B;

derivesthe settheoreticunionof thetwo tables:

c1|c2|c3
JENY S

1 a b
2| al b
3| ¢ d
4 el f
5/ a b
8| e| f

Theselect statementsisedmaybemorecomple:

select C1, C3 from A
where C2 = 'a

union

select C1, C2 from B
where C3 = 'b’;

will returnthefollowing table:

C1/C3
R,
1|
2|
1
5|

® O T T
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Note thatthe selectecdcolumnsdo not needto have identicalnamesthey only have to be
of thesametype. In the previousexamplewe selectedor C1 andC3 in thefirst select
statementandfor C1 andC2 in the secondone. The namesof theresultingcolumnsare
takenfrom thefirst select statement.

Let'shave alook ata queryusingintersect

select * from A
intersect
select * from B;

will return:
C1jc2|C3
RS I S,
1] al b
3] ¢ d
Hereis anexampleusingexcept :
select * from A
except
select * from B;
will return:
C1|c2|C3
RS S S,
2] al b
4 e| f

Thelastexampleswvererathersimplebecauséhey only usedonesetoperatoiat atime with
only two operandsNow we look atsomemorecomple queriesnvolving moreopemtors

select * from A
union

select * from B
intersect

select * from C;

will return:
C1jc2|Cc3
R R .
4 el f
8| e f

Theabove queryperformsthesettheoreticcomputatiof AUB)NC. Whenno parentheses
areusedthe operationsare consideredo beleft associatie,i.e. A U B U C U D will be
treatedas((AU B)UC)U D.

Thesamequeryusingparenthesisanleadto a completelydifferentresult:

select * from A
union

(select * from B
intersect

select * from C);
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performsA U (B N C') andwill return:

ci1jcz|c3
RS S S,
1 a] b
2| a b
3] c] d
4] el f
8 e f

3.8.1 How Unions have beenRealizedUntil Version6.3.2

Firstwe give a descriptiorof theimplementatiorof unionandunionall until version6.3.2
becausave needt to understantheimplementatiorof intersectandexceptdescribedater.

A unionqueryis passedhroughtheusualstages:
e parser
e rewrite system
¢ planner/optimizer
e executor

andwewill now describevhatevery singlestagedoesto thequery For ourexplanationwe
assumeo process simplequery(i.e. aquerywithout subselectsaggregatesandwithout
involving views)

The Parser Stage

As describeckarlierthe parserstagecanbe dividedinto two parts:
e theparserbuilt up by thegrammarulesgivenin gram.y and

¢ thetransformatiorroutinesperformingalot of changesndanalysisto thetreebuilt
up by theparser Most of theseroutinesresidein analyze.c

A union statementonsistsof two or more selectstatementgonnectedy the keyword
union asthefollowing exampleshawvs:

select * from A
where Cl=1

union

select * from B
where C2 = 'a

union
select * from C
where C3 = 'f

The above union statementonsistsof threeselectstatementgonnectedy the keyword
union . Wewill referto the first selectstatemenby A, to the secondneby B andto the
third oneby C for our further explanation(in the new notationour querylookslike this:
A union B union Q).

The parser (given by gram.y ) processesall three select statements,createsa
SelectStmt  nodefor every select andattacheshewhere qualificationstargetlists
etc. to the correspondingnodes. Thenit createsa list of the secondand the third
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SelectStmt node (4)

Pointer to qualtree
| of 1st Select

qual —

unionclause —

~
~

SelectStmt node (B SelectStmt node (C

qual _|,. Pointer to qualtree qual .
of 2nd Select

unionclause unionclause

Pointer to qualtree
of 3rd Select

Figure3.9: Datastructurehandedackby theparser

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

The following transformationroutines processthe data structurehandedback by the
parser First the top node (node A) is transformedfrom a SelectStmt  nodeto a
Query node. Thetargetlist the where qualificationetc. attachedo it aretransformed
aswell. Next thelist of the remainingnodes(attachedo unionClause of nodeA) is
transformedandin this stepalsoa checkis madeif thetypesandlengthsof thetargetlists
of theinvolved nodesareequal. The newv Query nodesarenow handedbackin the same
way asthe SelectStmt  nodeswerebefore(i.e. theQuery nodesB andC arecollected
in alist whichis attachedo unionClause  of Query nodeA).

The Rewrite System

If ary rewrite rules are presentfor the Query nodes(i.e. one of the selectstatements
usesa view) the necessarghangego the Query nodesareperformed(seesection3.4.1
TechniquesTo Implementews). Otherwisenochangesremadeto thenodesn thisstage.

Planner/Optimizer

This stagehasto createa plan out of the querytee producedy the parserstagethatcan
be executedby the executor In mostcaseshereare several ways (paths)with different
costto getto the sameresult. It’ sthe planner/optimizess taskto find out which pathis the
cheapesandto createa plan usingthis path. Theimplementatiorof unionsin PostgreSQL
is basedn thefollowing idea:

The set derived by evaluating A U B must contain every memberof A and every
memberof B. Soif we appendthe membersof B to the membersof A we arealmost
done.If thereexist membercommonto A and B thesemembersarenow containedwice
in our new set,sotheonly thingleft to dois to remove theseduplicates.
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In the caseof our examplethe plannerwould build up thetreeshavn in figure3.10. Every
Query nodeis plannedseparatelyandresultsin a SeqScan nodein our example. The
threeSegScan nodesareputtogetheiinto alist whichis attachedo unionplans  of an
Append node.

Unique node
lefttree ——\\
Sort node
lefttree ——\\

Append node

unionplans |

-
. IhE ¥

Y Y Y
SeqgScan node (A) SeqgScan node (B) SeqgScan node (C)

Figure3.10: Planfor aunionquery

Executor

The executorwill processall the SeqScan nodesandappendall the deliveredtuplesto
asingleresultrelation Now it is possiblethatduplicatetuplesarecontainedn the result
relationwhich have to beremoved. Theremoval is doneby the Unique nodeandthesort
is just performedo makeits work easier

3.8.2 How Intersect, Exceptand Union Work Together

The last sectionshaved that every stage(parser stage planner/optimizer executo) of
PostgreSQlhasto provide featuresin orderto supportunion statementsFor the imple-
mentationof intersectand exceptstatementgand statementsnvolving all setopeators)
we choosea differentapproactbasedn queryrewriting.

The idea is basedon the fact that intersectand except statementsare redundantin
SQL,i.e. for every intersector exceptstatemenit is possibleto formulatea semantically
equivalentstatementvithout usingintersector except

Example 3.5 This exampleshavs how a query usingintersectcan be transformedo a
semanticallyequivalentquerywithoutanintersect
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select C1, C3 from A
where Cl1 =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');

This exampleshavs how anexceptquerycanbetransformedo anexceptlessform:

select C1, C2 from A
where C2 = '¢’

except
select C1, C3 from B
where C3 = 'f;
is equialentto:
select C1, C2
from A
where C2 = '¢’ and
(C1, C2) not in (select Cl, C3

from B
where C3 = 'f);

Thetransformationsisedin example3.5arealwaysvalid becaus¢hey justimplementthe
settheoreticdefinitionof intersectandexcept

Definition 3.1
Theintersectionof two sets4 andB is definedas:

(ANB):={z |z € ANz € B}

Theintersectiorof n sets4;, ..., A, is definedas:

ﬂAi = {z | /\:cEAi}
i=1 i=1

Definition 3.2
Thedifferenceof two setsA andB is definedas:

(A\B) :={z |z € ANz ¢ B}

Definition 3.3
Theunionof two sets4 andB is definedas:

(AUB):={z|z€ AVz € B}
Theunionof n sets4,,..., A, is definedas:

Ai::{:l:\v:ceA.i}

1 i=1

n

k2
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Definition 3.4 Disjunctive Normal Form (DNF) '
LetF = C1 V...V C, begivenwhereevery C; is of theform (L} A ... A Lff) andL]
is a propositionalvariableor the negationof a propositionalvariable.Now we say F' is in
DNF.

Example 3.6 In thefollowing exampletheL_{ areof theformz € X or—(z € X):
(ze AN-(zeB)ANzeC)V(z e DAz e E))isaformulain DNF
(e AVaeeB)A(x € CV-(z e D)))isnotin DNF

Thetransformatiorof ary formulain propositionalogic into DNF is doneby successely
applyingthefollowing rules:

R].) ﬁ(_Fl \Y Fg) = (ﬁFl A ﬁ1‘_12)
R2) —(Fy A Ff_)) = (- V —‘Fg)
R3) Fi AN (F2 V F3) = (Fy A Fy) V (Fy A F3)
R4) (Fl\/Fg)/\Fg:>(F1/\F3)\/(Fg/\F3)

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

SetOperationsasPropositional Logic Formulas

Using the definitionsfrom aborve we cantreatformulasinvolving settheoreticoperations
asformulasof propositionallogic. As we will seelatertheseformulascaneasilybeusedn
thewhere- andhaving qualificationsof theselect statementfvolvedin thequery

Example 3.7 Herearesomeexamples:

(AuB)NC):={z|(z € AVe e BNz C}

((AuB)N (C’UD)) ={z|(z€AVeeB)AN(z e CVaeD)}
(ANB\C):={z|(zc ANz eB)Nz ¢ C}

(A\(BUC(C)) _{z|$€A/\ (zeBvzel)}
((AnB)U(C\D))NE):={((rt€ ANeceB)V(zee CANz ¢ D)) Nz c E}

3.8.3 Implementing Intersect and Except Using the Union Capabili-
ties

We wantto be ableto usequeriesinvolving morethanjust onetype of setoperation(e.g.

only union or only intersec} at a time, so we have to look for a solutionthat supports
correcthandlingof queriedike that. As describedabove thereis a solutionfor pureunion

statementsmplementedalready so we have to develop an approachthat makesuse of

theseunioncapabilities.

As figure 3.9 illustrates, the operandsof a union operationare just Query nodes
(thefirst operands thetop nodeandall furtheroperandsorm a list whichis attachedo
thefield unionClause of thetop node). Soour goalwill beto transformevery query
involving setoperationsnto this form. (Notethattheoperandso theunionoperatiormay
becomple, i.e. subselectggrouping aggregatesetc. areallowed.)

The transformatiorof a queryinvolving setoperationsn ary orderinto a querythat
canbe acceptedy the unionlogic is equivalentto transformingthe membershiformula
(seedefinitions3.1,3.2and3.3)in propositionalogic into disjunctivenormalform (DNF).
Thetransformatiorof ary formulain propositionalogic into DNF is alwayspossiblein a
finite numberof steps.
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The adwantageof this transformationtechniqueis the little impacton the whole system
andtheimplicit invocationof the planner/optimizerTheonly changesiecessargremade
to the parserstageandtherewrite system

Here are some changesthat had to be applied to the sourcecode before the parser
stageandtherewrite systentouldbe adapted:

e 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;

e Add the new keywords EXCEPT and INTERSECT to the file

...Isrc/backend/parser/keywords. C:
static ScanKeyword ScanKeywords[] = {
{"abort", ABORT_TRANS},

{"action", ACTION},

{"end", END_TRANS},

+  {"except", EXCEPT},
{"instead", INSTEADY},

+  {'intersect", INTERSECT},
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¢ PostgreSQlcontainsfunctionsto convert the internalrepresentationf a parsetee
or plantreeinto an ASCII representatiorfthat can easily be printed to the screen
(for dehugging purposes)r be storedin a file) andvice 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
...Isrc/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 = Isptok(NULL, &length);

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

return  (local_node);

e Thefunction ExecReScan() is calledwheneer anew executionof a givenplan
hasto be started(i.e. whenaer we have to startfrom the beginning with the first
tuple again). The call to this function happensmplicitly. For the specialkind
of subqueriesve are usingfor the rewritten queries(seeexample3.5) we have to
takethat also Group nodesare processed.The function canbe foundin the file
ldots/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;
}
}

e The function ExecReScanGroup() is called by ExecReScan() described
abore wheneer a Group node is detectedand can be found in the file

...Isrc/backend/executor/nodeGro up.c . It hasbeencreatedor thein-
tersectandexceptlogic althoughit is actuallyneededy thespeciakind 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;

/*
* jf 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 adaptedo supportthe usageof parenthesigto be ableto
specifytheorderof executionof the setoperators).

e Thecodebuilding upthedatastructurehiandedackby theparserhadto beinserted.

Hereis apartof thegrammamwhichis responsibldéor select statementbaving thecode
building up thedatastructuresnserted:
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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 *)Ifirst(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 associativaneaningthata 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 rulebuildsupanopeitor treeusingnodesof type A_Expr . For
every unionan ORnodeis createdfor every intersectan ANDnodeandfor every except
andAND NOTnodebuilding up arepresentationf aformulain propositionalogic. If the
gueryparsedlid not containary setoperationgherule handsbacka SelectStmt  node
representinghe queryotherwisethetop nodeof the opemtor treeis returned.Figure3.11
shavs atypical opemtor treereturnedby theselect _w.o_sort rule.

A_Expr
AND
A_Expr A_Expr
OR NOT
SeqScan (A) SeqScan (B) Y
. . A _Expr
unionClause unionClause ATD
intersectClause intersectClause / \
SeqScan (C) SegScan (D)
unionClause unionClause
intersectClause intersectClause

Figure3.11: Opemator treefor (A U B)\(C N D)

The rule SelectStmt  transformsthe operator tree built of A_LExpr nodesinto an
opeitor tree using Expr nodesby a call to the function A_[Expr _to _.Expr() which
additionallyreplacesvery ORnodeby an ANDnodeandvice versa.Thisis performedn
orderto beableto usethefunctioncnfify() lateron.

Thetransformationdollowing the parserexpecta SelectStmt  nodeto be returnedby

therule SelectStmt  andnotanopeiator tree Soif theruleselect w.o sort hands
backsuchanode(meaningthatthe querydid not containary setoperationswe just have

to attachthe datastructurebuilt up by thesort _clause rule andarefinished,but when
we getanopemtor treewe have to performthefollowing steps:



102

CHAPTER3. POSTGRESQIFROM THE PROGRAMMER'S POINT OF VIEW

Createa flat list of all SelectStmt  nodesof the opeiator tree (by a call to the
functioncreate _select _list() )andattachthelisttothefieldunionClause
of theleftmostSelectStmt  (seenext step).

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

Attach the whole opeiator 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.

Hand backthe leftmost SelectStmt
SelectStmt

node(with the opemtor treg thelist of all
nodesandthesortClause  attachedo it).

Figure3.12 shaows the final datastructurederived from the opelator tree shavn in figure

3.11handedbackby the SelectStmt

rule:

Pointer to Pointer to Pointer to
SelectStmt (B) SelectStmt (C) SelectStmt (D)

A
unionClause ——>| ! | +>| | | +>| I | +>| /|><|

intersectClause A
Expr
OR

ags | =y | 7= X
/

Expr
NOT

ARSI

)/_/

Expr
OR

ags | =, | 5+ l&N

SelectStmt (A)

Expr
AND

ags | = | 7=, [

/

SelectStmt (B)

unionClause

intersectClaus

D

SelectStmt (C) SelectStmt (D)

Figure3.12: Datastructurehandedackby SelectStmt

unionClause

intersectClaus

unionClause

intersectClaus

D

rule
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Here is a descriptionof the abose used functions. They can be found in the file
...Isrc/backend/parser/anlayze.c

e create select list()
This function stepsthroughthe treehandedo it by the parameteptr andcreates
alist of all SelectStmt  nodesfound. The list is handedback by the parameter
select list . Thefunctionusesarecursve depthfirst seach algorithmto exam-
inethetreeleadingto thefactthattheleftmostSelectStmt  nodewill appeaffirst
in thecreatedist.

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 I= NULL)
create_select_list(((A_Expr *)ptr)->lexpr,
select_list, unionall_present);
create_select_list(((A_Expr *)ptr)->rexpr,
select_list, unionall_present);

}

o AExpr to Expr()

This functionrecursvely stepsthroughthe opeator treehandedo it by the param-
eterptr andreplacesA_Expr nodesby Expr nodes. Additionally it exchanges
ANDnodeswith ORnodesandvice versa. The reasonfor this exchangeis easyto
understand We implementintersectand exceptclauseshy rewriting thesequeries
to semanticallyequivalentqueriesthatuselN andNOT IN subselectsTo be able
to useall threeoperationgunions intersectsandexcept$ in onecomplex query we
have to translatethe queriesinto Disjunctive Normal Form (DNF). Unfortunately
thereis no functiondnfify() , but thereis a functioncnfify() which produces
DNF whenwe exchangeANDnodeswith ORnodesand vice versabeforecalling
cnfify() andexchangehemagainin theresult.

Node *
A_Expr_to_Expr(Node *ptr,

bool *intersect_present)
{

Node *result;

switch(nodeTag(ptr))

{
case T_A_Expr:

{



104 CHAPTER3. POSTGRESQIFROM THE PROGRAMMER’S POINT OF VIEW

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 = makelList(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 bechangedn orderto avoid
shift/reduceconflicts. The old rulesallowed aninvalid syntax(e.g. the concatenatiorf
two statementsvithouta’;’ inbetweenwhichwill be preventednow. The new ruleshave
thesecondine commenteaut asshavn below:

stmtmulti : stmtmulti stmt '’}
[* | stmtmulti stmt ¥/
| stmt )
OptStmtMulti : OptStmtMulti OptimizableStmt w
/* | OptStmtMulti OptimizableStmt */
| OptimizableStmt Y
Transformations

This stepnormally transformsevery SelectStmt  nodefoundinto a Query nodeand
doesa lot of transformationgo the targetlist thewhere qualificationetc. As mentioned
aborethis stageexpectsa SelectStmt  nodeandcannothandlean A_Expr node.That's
why we did thechangedgo theopelator treeshavn in figure 3.12.

In this stageonly very few change$ave beennecessary:

¢ Thetransformatiorof thelist attachedo unionClause s prevented.Theraw list
is now passedhroughinsteadandthe necessaryransformationgsreperformedat a
laterpointin time.

e The additionally introducedfield intersectClause is also passeduntouched
throughthis stage.

The changesdescribedin the abore 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()

*

gry->unionClause = stmt->unionClause;
gry->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()

*

gry->unionClause = stmt->unionClause;
gry->intersectClause = stmt->intersectClause;

return  (Query *) qry;

The Rewrite System

In this stagethe information containedin the opemtor tree attachedto the topmost
SelectStmt  nodeis usedto form a tree of Query nodesrepresentinghe rewritten
query(i.e. the semanticallyequivalentquerythat containsonly union but no intersector
exceptoperations).

Thefollowing stepshave to be performed:

e SavethesortClause , uniqueFlag , targetList fields etc. of thetopmost
Query nodebecausghetopmostnodemay changeduringthe rewrite procesqre-
member(only) thetopmostSelectStmt  nodehasalreadybeentransformedo a
Query node).

e Recursiely stepthroughthe opelator treeandtransformevery SelectStmt  node
to a Query nodeusingthe functionintersect  tree _analyze() described
belon. Theonenodealreadytransformedthetopmostnode)is still containedn the
opeiator treeandmustnot be transformedagainbecausehis would causetroubles
in thetransformingogic.
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Expr
args | = | | 1~ \\Dﬂ
Expr
NOT
aws | 4=, X
\ )/
Query (A) Query (C
unionClause unionClause
intersectClause intersectClause
Y Expr
args | = | | 1~ \Eﬂ
Expr
NOT
args | =, X
\ )/
Query (B) Query (C
unionClause unionClause
intersectClause intersectClause

Figure3.13: Datastructureof (A U B)\C aftertransformatiorio DNF

¢ Transformthe new opeiator treeinto DNF (disjunctve normalform). PostgreSQL
doesnot provide ary function for the transformationinto DNF but it providesa
functioncnfify() that performsa transformatiorinto CNF (conjunctive normal
form). Sowe caneasilymakeuseof this functionwhenwe exchangesvery ORwith
an ANDandvice versabeforecalling cnfify() aswe did alreadyin the parser
(compardigure3.11to figure 3.12). Whencnfify() is calledwith a specialflag,
theremoveAndFlag settotrue it returnsalist wheretheentriescanbethought
of beingconnectedogetheby ANDs sotheexplicit ANDnodesareremoved.

After cnfify() hasbeencalledwe normallywould have to exchangeORandAND
nodesagain. We skip this stepby simply treatingevery ORnodeasan ANDnode
throughouthefollowing steprememberthatthereareno ANDnodedeft thathave
to betreatedasORnodeshecaus®f theremoveAndFlag ).

Figure3.13shavs whatthedatastructurdookslike afterthetransformatiorto DNF
hastakenplacefor the following query:
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(select * from A
union
select * from B)
except
select * from C;

o Foreveryentryof thelist returnedoy cnfify() (i.e. for every opemtor treewhich
mayonly containORandNOToperatomodesandQuery nodesasleaves)contained
in theunion _list performthefollowing steps:

— Checkif thetargetlistsof all Query nodesappearingarecompatible(i.e. all
targetlistshave the samenumberof attributesandthe correspondingttributes
areof the sametype)

— Theremustbeatleastonepositive ORnode(i.e. atleastoneORnodewhichis
not precededy a NOTnode). Createa list of all Query nodes(or of Query
nodesprecededy NOTnodesf OR NOTis found)with thenonnegatednode
first usingthefunctioncreate _list() describedelow.

— Thefirst (non negated)nodeof the list will be the topmostQuery node of
the currentunion operand. For all other nodesfound in the list addan IN
subselec{NOT IN subselecif the Query nodeis precededy a NOT) to the
where qualificationof the topmostnode. Adding a subselecto the where
qualificationis doneby logically ANDng it to theoriginal qualification.

— Appendthe Query nodesetupin the last stepsto a list which is hold by the
pointerunion _list

e Takethefirst nodeof union _list asthe new topmostnodeof the whole query
andattachtherestof thelist to thefield unionClause of thistopmosthode.Since
the new topmostnodemight differ from the original one(i.e. from the nodewhich
wastopmostwhenwe enteredthe rewrite stagg we have to attachthe fields saved
in the first stepto the new topmostnode(i.e. the sortClause , targetList ,
unionFlag ,etc.).

e Handthe new topmostQuery nodeback. Now the normal queryrewriting takes
place(in orderto handleviewsif presentandthenthe planner/optimizeandexecu-
tor functionsarecalledto getaresult. Therehave no change®eenmadeto thecode
of thesestages.

Figure3.14shaws therewritten datastructureof the query:

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

againsthetablesdefinedin example3.4. Therewrittendatastructurerepresentthequery:

select C1, C2 form A
where (C1, C2) in
(select C1,C3 from C);

Thefield lefttree of the Sublink  nodepointsto alist whereevery entry pointsto a
VARnNodeof thetargetlistof thetopmostiode(nodeA). Thefield oper of the Sublink
nodepointsto a list holdinga pointerto anExpr nodefor every attribute of the topmost
targetlist Every Expr nodeis usedto comparea VARnodeof thetopmosttargetlistwith
the corresponding/ARnodeof the subselecs targetlist So the first agumentof every
Expr nodepointsto a VARnodeof thetopmosttargetlistandthe secondargumentpoints
to the correspondiny ARnodeof the subselecs targetlist
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Figure3.14: Datastructureof A N C afterqueryrewriting
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If theusers queryinvolvesunionaswell asintersector excepttherewill be moreQuery
nodesof theform shawvn in figure3.14.Onewill bethetopmostnode(asdescribedibore)
andthe otherswill be collectedin alist whichis attachedo the field unionClause  of
the topmostnode. (The intersectClausdields of all Query nodeswill be setto NULL
because¢hey arenolongerneeded.)

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,
QueryTreelList **queryListP,
CommandDest dest)

{

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

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

querytree = Except_Intersect_Rewrite(querytr ee);

}

Herearethe functionsthathave beenaddedto performthe functionality describedabore.
They canbefoundin thefile .. ./src/backend/rewrite/rewrite Handler.c

e Except _Intersect _Rewrite()
Rewrites queriesinvolving union clauses intersectclausesand exceptclausesto
semantiacallyquivalentquerieshatuselN andNOT IN subselectinstead.

The opemator tree is attachedto intersectClause (seerule SelectStmt
above) of the parsetee given as an argument. First we save some clauses(the
sortClause , the unique flag etc.). Thenwe translatethe opeator tree
to DNF (Disjunctive Normal Form) by cnfify() . Note that cnfify() pro-
ducesCNF but as we exchangedAND nodeswith OR nodeswithin function
A_Expr _to _Expr() earlierwe get DNF whenwe exchangeANDnodesand OR
nodesagainin theresult. Now we createa new (rewritten) queryby examiningthe
new opelator treewhichis in DNF now. For every ANDnodewe createanentryin
theunionlist andfor every ORnodewe createanIN subselect(NOT IN subselects
arecreatedor OR NOTnodes).Thefirst entry of the unionlist is handedbackbut
beforethatthe sared clausegsortClause  etc.) arerestoredo the new top node.
Notethatthenew top nodecandiffer from theoneof theparseteegivenasargument
becausef thetranslationinto DNF. That's why we hadto save the sortClause
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;
unigueFlag = 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 =

enfify((Expr ®intersectClause, true);
/* For every entry of the intersectClause list we
* generate one entry in the union_list
*
foreach(intersect, intersectClause)
{

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

*/
intersect_list = NIL;
create_list((Node *)Ifirst(intersect),
&intersect_list);
[*  The first node will become the Select Query

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

*/
intersect_node
intersect_list

(Query lfirst(intersect_list);
Inext(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 I= NIL)

{
n = makeNode(SubLink);

/* Here we got an OR so transform it to an
* IN subselect

*

if(IsA(Ifirst(intersect_list ), Query))

n->subselect = Ifirst(intersect_list);
op = ="

n->subLinkType = ANY_SUBLINK;
n->useor = false;

}

/* Here we got an OR NOT node so transform
* it to a NOTIN subselect

*

else

{

n->subselect =
(Node *)Ifirst(((Expr *)
Ifirst(intersect_list))->args);

op = "<>4
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 Ifirst(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 = Ifirst(elist);
Node *rexpr = Ifirst(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 = Inext(right_expr);

}

/* If the Select Query node has aggregates
* in use add all the subselects to the
* HAVING qual else to the WHEREual

*
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 = Inext(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 = Inext(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;

113



114 CHAPTER3. POSTGRESQIFROM THE PROGRAMMER’S POINT OF VIEW

e create _list()
Createa list of nodesthat are either Query nodesor NOTnodesfollowed by a
Query node.Thetreegivenin ptr containsatleastonenonnegatedQuery node.
This nodeis putto the beginning of thelist.

void create_list(Node *ptr,
List **intersect_list)
{
List *arg;
if(IsA(ptr,Query))
{

/* The non negated node is attached at the
* beginning (Icons)  */

*intersect_list = Icons(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(Ifirst(arg), intersect_list);

}

return;

}
return;
}
}

e intersect _tree _analyze()
The nodes given in tree are not transformedyet so processthem using
parse _analyze() . Thenodegivenin first _select hasalreadybeenpro-
cessedsodon' transformit againbut returna pointerto the alreadyprocesseder-
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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QueryTreelList *gtree;

/* 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 */
gtree =
parse_analyze(lcons(tree, NIL), NULL);
result = (Node *)qtree->qtrees[O];
}
}
if(IsA(tree,Expr))
{
[* Call recursively for every argument */
foreach(arg, ((Expr  *)tree)->args)
{
Ifirst(arg) =
intersect_tree_analyze(lfirst(ar Q)
first_select, parsetree);
}
result = tree;
}

return  result;



Summary

PostgreSQlhasbecomeoneof the mostpopularnoncommerciaRDBMSsin the UNIX
world. It providesan extendedsubsetof the SQL92 standardas querylanguageallows
concurrendatabaseaccessprovidesa hugeamountof datatypesetc. At the the time of
writing thisdocumentheimplementegartof SQL92in PostgreSQlackedtwo important
features:

¢ Thehavingclausewasnotimplemented.
e Theuseof exceptandintersectstatementsvasnot possible.

The implementationof thesetwo itemswas the motivation for the whole work. When
| startedto implementthe abore mentionedfeatures,| noticed that there was almost
no documentatioron the internal structureof PostgreSQLavailable that could help a
programmerto find his way in. So | decidedto include all the knowledgel collected
while working with the sourcecodeinto this documenthopingthatit will be a usefulfor
ary newvcomerwho wantsto enhancePostgreSQLletc. Additionally | includeda short
discussioron SQL anda descriptionof PostgreSQls featureq(like triggersetc.) andhow
they canbeused.

Chapterl discusseghe theoretical(mathematical)backgroundof relational database
managemergystemgRDBMSs)endingin ashortdescriptiorof SQL.

Chapter 2 first gives an overview of how to setup and administrate PostgreSQL.
Next someof PostgreSQls specialfeaturesare presentedi.e. multipleinheritance user
defineddatatypes rules triggers etc.) usingalot of examples.

Chapter3 first gives an overvien on the internal structureof PostgreSQLland presents
the stagesand data structuresthat are involved wheneer a SQL query arrives. The
parserstage therule system(which is mainly usedfor the implementatiorof views), the
planner/optimizeandthe executoraredescribedandillustratedby alot of figures. After
thatthe changesecessaryor the implementatiorof the missingfeatureghavingclause
andexcept/intersegtarepresentedncludingpartsof theaddedsourcecode.
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