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UNIT-1

IntroductiontoDatabaseManagementSystem
Asthenamesuggests,thedatabasemanagementsystemconsistsoftwoparts. Theyare:
1. Databaseand
2. ManagementSystem

WhatisaDatabase?
Tofindoutwhatdatabaseis,wehavetostartfromdata,whichisthebasicbuildingblockofany DBMS.

Data:Facts,figures,statisticsetc.havingnoparticularmeaning(e.g.1,ABC,19etc).
Record:Collectionofrelateddataitems,e.g.intheaboveexamplethethreedataitemshadnomeaning.But if we
organize them in the following way, then they collectively represent meaningful information.

Roll Name Age
1 ABC 19
TableorRelation:Collectionofrelatedrecords.
Roll Name Age
1 ABC 19
2 DEF 22
3 XYZ 28

ThecolumnsofthisrelationarecalledFields,AttributesorDomains.TherowsarecalledTuples

orRecords.
Database:Collectionofrelatedrelations.Considerthefollowingcollectionoftables:
Tl 12
Roll Name Age Roll Address
1 ABC 19 KOL
2 DEF 22 DEL
3 XYZ 28 MUM
I3 14
Roll Year — Year Hostel
1 H1
2 I [ H2

We now have a collection of 4 tables. They can be called a “related collection” because we can clearly find out
thattherearesomecommonattributesexistinginaselectedpairoftables.Becauseofthesecommon
attributeswemaycombinethedataoftwoormoretablestogethertofindoutthecompletedetailsofa
Questions like “Which hostel does the youngest student live in?” can be answered now, although

student.



AgeandHostelattributesareindifferenttables.

AdatabaseinaDBMScouldbeviewedbylotsofdifferentpeoplewithdifferentresponsibilities.

Payroll officer needs '
access to staff details R

U =

Customer service advisor
needs access to
customer accounts

Central database

Figure1.1:EmpolyeesareaccessingDatathroughDBMS

Forexample,withinacompanytherearedifferentdepartments,aswellascustomers,whoeachneedtosee different
kinds of data. Each employee in the company will have different levels of access to the database withtheirown
customized front-endapplication.

In a database, data is organized strictly in row and column format. The rows are calledTuple or Record. The data
items within one row may belong todifferent data types. On the other hand, the columns are often called Domain
or Attribute. All the data items within a single attribute are of the same data type.

WhatisManagementSystem?

A database-management system (DBMS) is a collection of interrelated data and a set of programs to access
thosedata. Thisisacollectionofrelateddatawithanimplicitmeaningandhenceisadatabase. Thecollection
ofdata,usuallyreferredtoasthedatabase,containsinformationrelevanttoanenterprise. Theprimarygoalofa DBMS is to
provide a way to store and retrieve database information that is bothconvenient and efficient. By data, we mean
known facts that can be recorded and that have implicit meaning.

Themanagement system is importantbecausewithoutthe existence ofsomekind ofrules andregulationsit is not
possible to maintain the database. We have to select the particular attributeswhich should be included in a
particular table; the common attributes to create relationship between two tables; if a new record has to be
inserted or deleted then which tables should have to be handledetc. These issues must be resolved by having
somekindofrulestofollowinordertomaintaintheintegrityofthedatabase.

Database systems are designed to manage large bodies of information. Management of data involves both
defining structures for storage of information and providing mechanisms for the manipulation of information. In
addition, the database system must ensure the safety of the information stored, despite system crashes or
attempts at unauthorized access. If data are to be shared among several users, the system must avoid possible
anomalousresults.

Because information is so important in most organizations, computer scientists have developed a largebody of
conceptsandtechniquesformanagingdata. Theseconceptsandtechniqueformthefocusofthisbook.This



chapterbrieflyintroducestheprinciplesofdatabasesystems.

DatabaseManagementSystem(DBMS)andltsApplications:

A Database management system is a computerized record-keeping system. It is a repository or a container for
collection of computerized data files. The overall purpose of DBMS is to allow he users to define, store, retrieve
andupdate the information contained inthe database on demand.Information can beanything that isof
significancetoan individualororganization.

Databasestouchallaspectsofourlives.Someofthemajorareasofapplicationareasfollows:
1. Banking

2. Airlines

3. Universities

4. Manufacturingandselling

5. Humanresources

Enterpriselnformation

o Sales:Forcustomer,product,andpurchaseinformation.

o Accounting:Forpayments,receipts,accountbalances,assetsandotheraccountinginformation.

> Humanresources:Forinformationaboutemployees, salaries,payrolltaxes,andbenefits,andforgeneration of

paychecks.
o Manufacturing: For management of the supply chain and for tracking productionof items in factories,
inventoriesofitemsinwarehousesandstores,andordersforitems.
Onlineretailers:Forsalesdatanotedaboveplusonlineordertracking,generationofrecommendationlists, and
maintenanceofonlineproductevaluations.

BankingandFinance

> Banking:Forcustomerinformation,accounts,loans,andbankingtransactions.

> Creditcardtransactions:Forpurchasesoncreditcardsandgenerationofmonthly statements.

o Finance: For storing information about holdings, sales, and purchases of financial instruments such as
stocksandbonds;alsoforstoringreal-timemarketdata toenableonlinetradingbycustomersand
automated trading by the firm.

* Universities: For student information, course registrations, and grades (in addition to standard enterprise
informationsuchashumanresourcesandaccounting).

+ Airlines: For reservations and schedule information. Airlines were among the first to use databases in a
geographically distributed manner.

+ Telecommunication:Forkeepingrecordsofcallsmade,generatingmonthlybills,maintainingbalanceson
prepaid calling cards, and storing information about the communication networks.

PurposeofDatabaseSystems

Databasesystemsaroseinresponsetoearlymethodsofcomputerizedmanagementofcommercialdata.As an
example of such methods, typical of the 1960s,consider part of a university organization that, among other
data, keeps information about all instructors, students, departments, and course offerings. Oneway to keep the
information on a computer is to store it in operating systemfiles. To allowusers to manipulate the information,
the system has a number ofapplication programs that manipulate the files, including programs to:

v Addnewstudents,instructors,andcourses
v" Registerstudentsforcoursesandgenerateclassrosters
v" Assigngradestostudents,computegradepointaverages(GPA),andgeneratetranscripts



Systemprogrammerswrotetheseapplicationprogramstomeettheneedsoftheuniversity.

New application programs are added to the system as the need arises. Forexample, suppose that a university
decides to create a new major (say, computer science).As a result, the university creates a new department
andcreatesnewpermanent files(oraddsinformationto existing files)to recordinformationaboutall the
instructors in the department, students in that major, course offerings, degreerequirements, etc. The university
may have to write new application programs to deal with rules specific to the new major. New application
programs may also have tobe written to handlenew rules in the university. Thus,as time goesby, the system
acquiresmorefilesandmoreapplicationprograms.

This typicalfile-processing system is supported by a conventional operating system. The system stores
permanent records in various files, and it needsdifferent application programs to extract records from, and add
records to, the appropriate files. Before database management systems (DBMSs) were introduced,
organizations usually stored information in such systems. Keeping organizational information in a file-
processingsystemhasanumberofmajordisadvantages:

Data redundancy and inconsistency. Since different programmers createthe files and application programs
overalongperiod,thevariousfilesare likelytohavedifferentstructuresandtheprogramsmaybe writtenin
severalprogramminglanguages.Moreover,thesameinformationmaybeduplicatedinseveralplaces(files).
Forexample,if —astudenthasadoublemajor(say,musicandmathematics)theaddressandtelephonenumber  of  that
student may appearin a file that consistsof student records of students in the Musicdepartment and in a file
that consists of student records of students in the Mathematics department. This redundancy leads to
higherstorageandaccess  cost.Inaddition,itmayleadto  datainconsistency;thatis,thevariouscopies  of
thesamedata maynolongeragree.Forexample,achangedstudentaddress maybereflectedintheMusic
departmentrecordsbutnotelsewhereinthe system.

Difficulty in accessing data. Suppose that one of the university clerks needs to find out the names of all
studentswho  live  withinaparticularpostal-codearea.Theclerkasksthedata-processingdepartmentto
generatesucha list. Because the designersoftheoriginalsystemdidnotanticipate thisrequest, there isno
application program on hand to meet it. There is, however, an application program to generate the list of all
students.

The university clerk has now two choices: either obtain the list of all students and extract the needed
information manually orask a programmerto write the necessary application program. Both alternatives are
obviouslyunsatisfactory.Supposethatsuchaprogramiswritten,andthat,severaldayslater,thesameclerk  needs
to trim that list to include only those students who have taken at least 60 credit hours. As expected, a
programtogeneratesuchalistdoesnotexist.Again,theclerkhastheprecedingtwooptions, neitherofwhich is satisfactory.
The point here is that conventional file-processing environments do not allow needed data to be retrieved in a
convenient and efficientmanner. More responsive data-retrieval systems are required for general use.

Dataisolation.Becausedataarescatteredinvariousfiles,andfilesmay beindifferentformats,writingnew
applicationprogramstoretrievetheappropriatedataisdifficult.

Integrityproblems.Thedatavaluesstoredinthedatabasemustsatisfycertain typesofconsistency
constraints. Suppose the university maintains an account for each department, and records the balance
amountineachaccount. Supposealsothattheuniversityrequiresthattheaccountbalanceofa department
mayneverfallbelowzero.Developersenforcetheseconstraintsinthesystembyaddingappropriatecodein
thevariousapplicationprograms.However,whennewconstraintsareadded, itisdifficulttochangethe
programs to enforce them. The problem is compounded when constraints involve several data items from
different files.



Atomicity problems. A computer system, like any other device, is subjectto failure. In many applications, it is
crucial that, if a failure occurs, the databe restored to the consistent state that existed prior to the failure.

Consider a program to transfer $500 from the account balance of department A to the account balance of
departmentB.Ifasystemfailureoccursduringthe executionoftheprogram,itispossiblethatthe$500was removed
from the balance of department A but was not credited to the balance of departmentB, resulting in an inconsistent
database state. Clearly, it is essential to databaseconsistency that either both the credit and debit
occur,orthatneitheroccur.

That is, the funds transfer must be atomic—it must happen in its entirety or not at all. It is difficult to ensure
atomicityinaconventionalfile-processingsystem.

Concurrent-access anomalies. For the sake of overall performance of the systemand faster response, many
systems allow multiple users to update the data simultaneously. Indeed, today, the largest Internet retailers
mayhavemillionsofaccessesperdaytotheirdatabyshoppers.Insuchanenvironment,interactionof
concurrent updates is possible and may result in inconsistent data. Consider department A, with an account
balance of $10,000. If two department clerks debit the account balance (by say $500 and $100, respectively)of
departmentAatalmostexactlythesametime, theresultoftheconcurrentexecutionsmayleavethebudgetin an incorrect (or
inconsistent) state. Suppose that the programs executing on behalf of each withdrawal read
theoldbalance,reducethatvaluebytheamountbeing withdrawn,andwritetheresultback.Ifthetwoprograms
runconcurrently, theymaybothreadthevalue$10,000,andwriteback$9500and$9900,respectively.
Depending on which one writes the value last, the account balance of departmentA may contain either $9500
0r$9900, ratherthan the correct value of $9400. To guard against thispossibility, the systemmust maintain
someformofsupervision.

Butsupervisionisdifficulttoprovide becausedatamaybeaccessedbymany differentapplicationprograms that
have not been coordinated previously.

Asanotherexample,supposearegistrationprogrammaintainsacountofstudentsregisteredforacourse,in
ordertoenforcelimitsonthenumberofstudentsregistered. Whenastudentregisters,theprogramreadsthe  current
count for the courses, verifies that the count is not already at the limit, addsone to the count, and storesthe count
back in the database. Suppose twostudents register concurrently, with the count at (say) 39. The two program
executions may both read the value 39, and both would then write back 40,leading to an incorrect increase of
only 1, even though two students successfullyregistered for the course and the count should be 41. Furthermore,
supposethecourseregistrationlimitwas40;intheabovecasebothstudentswouldbeableto
register,leadingtoaviolationofthelimitof40students.

Security problems.Noteveryuserofthedatabasesystemshouldbeabletoaccessallthedata.Forexample,
inauniversity,payrollpersonnelneedtoseeonlythatpartofthedatabasethathasfinancialinformation. They
donotneedaccesstoinformationaboutacademicrecords.But,sinceapplication  programsareaddedtothe file-
processing system in an ad hoc manner, enforcing such security constraints is difficult.

These difficulties, among others, prompted the development of database systems.In what follows, we shall
seetheconceptsand algorithms that enabledatabasesystems tosolvetheproblems withfile-processingsystems.

AdvantagesofDBMS:

Controlling of Redundancy: Data redundancy refers to the duplication of data (i.e storing same data multiple
times). In a database system, by having a centralized database and centralized control of data by the DBA the
unnecessary duplication of data isavoided. It also eliminates the extra time for processing the large volume of
data. It results in saving thestorage space.



ImprovedDataSharing:DBMSallowsausertosharethedatainanynumberofapplication programs.

Datalntegrity:Integritymeansthatthedatainthedatabaseisaccurate. Centralizedcontrolofthedatahelps
inpermittingtheadministratortodefineintegrityconstraintstothedatainthedatabase.Forexample:in
customer database we can can enforce an integrity that it must accept the customer only from Noida and
Meerut city.

Security : Having complete authority over the operational data, enables the DBA in ensuring that the only
meanofaccesstothedatabaseisthroughproperchannels. TheDBAcandefineauthorizationcheckstobe
carriedoutwheneveraccesstosensitivedataisattempted.

Data Consistency : By eliminating data redundancy, we greatly reduce the opportunities for inconsistency.For
example: is a customer address is stored only once, we cannot have disagreement on the stored values. Also
updating data values is greatly simplified when each value is stored in one place only. Finally, we avoid the
wastedstoragethatresultsfromredundantdatastorage.

Efficient Data Access : In a database system, the data is managed by the DBMS and all access to the data is
throughtheDBMSprovidingakeytoeffectivedataprocessing

Enforcements of Standards : With the centralized of data, DBA can establish and enforce the data standards
which may include the naming conventions, data quality standards etc.

Data Independence : Ina database system, the database management system provides the interface betweenthe
application programs and the data. When changes are made to the data representation, the meta data
obtained by the DBMS is changed but the DBMS is continues to provide the data to application program in the
previously used way. The DBMs handles the task of transformation of data wherevernecessary.

Reduced Application Development and Maintenance Time : DBMS supports many important functions
thatarecommontomanyapplications,accessingdatastoredintheDBMS, whichfacilitatesthequickdevelopment of
application.

DisadvantagesofDBMS

1) Iltisbitcomplex.Sinceitsupportsmultiplefunctionalitytogivetheuserthebest,theunderlyingsoftware
hasbecomecomplex.Thedesignersanddevelopersshouldhavethoroughknowledgeaboutthesoftwaretogetthem
ostoutofit.

2) Because of its complexity and functionality, it uses large amount of memory. It also needs large memory torun
efficiently.

3) DBMSsystemworksonthecentralizedsystem,i.e.;alltheusersfromallovertheworldaccessthis
database.HenceanyfailureoftheDBMS, willimpactalltheusers.

4) DBMSisgeneralized software,i.e.;itiswrittenworkon the entire systemsrather specificone.Hence some of the
application will run slow.

ViewofData

A database system is a collection of interrelated data and a set of programs that allow users to access and
modify these data. A major purpose of a database system is to provide users with anabstract view of the data. That
is, the system hides certain details of how the data are stored and maintained.



DataAbstraction

Forthesystemtobeusable itmustretrievedataefficiently. Theneedforefficiency hasleddesignerstouse
complexdatastructurestorepresentdatainthedatabase.Sincemanydatabase-systemusersarenot
computertrained,developershidethecomplexityfromusersthroughseverallevelsofabstraction,tosimplify users’
interactions with the system:

Users
External External External | External
Schema View View View
Conceptual Conceptual
Schema View
Internal Internal
Schema View

>

DatabaseDIS
K

Figurel.2:LevelsofAbstractioninaDBMS

* Physical level (or Internal View / Schema): The lowest level of abstraction describes how the data are
actually stored. The physical level describes complex low-level data structures in detail.

* Logical level (or Conceptual View / Schema): The next-higher level of abstraction describeswhat data are
stored in the database, and what relationships exist among those data. The logical level thus describes the
entire database in terms of a small number of relatively simple structures. Although implementation of the
simple structures at the logical level may involve complex physical-level structures, the user of the logical level
doesnotneedtobeawareofthiscomplexity.This isreferredtoasphysicaldataindependence.Database
administrators, whomust decidewhatinformation tokeepin the database, use the logical levelofabstraction.

* Viewlevel(orExternalView/Schema): Thehighestlevelofabstractiondescribesonlypartoftheentire database.
Even though the logical level uses simpler structures, complexityremains because of the variety of information
stored in a large database. Many users of the database system do not need all this information;
instead,theyneedtoaccessonlyapartofthedatabase.Theviewlevelofabstractionexiststosimplifytheir interaction
with the system. The system may provide many views for the same database.Figure 1.2 shows the
relationshipamongthethreelevelsofabstraction.
An analogy to the concept of data types in programming languages mayclarify the distinction among levels of
abstraction. Many high-level programming languages support the notion of a structured type. For example, wemay
describe a record as follows:
typeinstructor=record

ID:char(5);

name:char(20);

deptname:char(20);

salary:numeric(8,2);

end;

This code defines a new record type calledinstructor with four fields. Each field has a name and a type
associated with it. A university organization may have several such record types, including



* department,withfieldsdept_name,building,andbudget
* course,withfieldscourse _id.title,dept_name,andcredits
+ student,withfieldsID,name,dept_name,andtot_cred

Atthephysicallevel,aninstructor,department,orstudentrecordcanbedescribedasablockofconsecutive  storage
locations. The compiler hides this level of detail from programmers. Similarly, the database system
hidesmanyofthelowest-levelstoragedetailsfromdatabaseprogrammers.Databaseadministrators,onthe  other
hand, may be aware of certain details of the physical organization of the data.

At the logical level, each such record is described by a type definition, as in the previous code segment, and the
interrelationship of these record types is defined as well. Programmers using a programming language work atthis
level of abstraction. Similarly, database administrators usually work at this level ofabstraction.

Finally,attheviewlevel,computerusersseeasetofapplicationprogramsthathidedetailsofthedatatypes. At the
view level, several views of the database are defined, and a database user sees some or all of these views.
In addition

to hiding details of the logical level of the database, the views also provide a security mechanism to prevent
users from accessing certain parts of the database. For example, clerks in the university registrar office can see
onlythatpartofthedatabase thathasinformationaboutstudents;theycannotaccessinformationabout
salariesofinstructors.

InstancesandSchemas

Databases change over time as information is inserted and deleted. The collection of information stored in the
databaseataparticularmomentiscalledaninstanceofthedatabase. Theoveralldesignofthedatabaseis
calledthedatabaseschema.Schemasarechangedinfrequently,ifatall. Theconceptofdatabaseschemas and
instances can be understood by analogy to a program written in a programming language. A database
schema corresponds to the variable declarations (along with associated type definitions) in a program.

Each variable has a particular value at a given instant. The values of the variables in a program at a point in
timecorrespondtoaninstanceofadatabaseschema.Databasesystemshaveseveralschemas,partitioned
according to the levels of abstraction. The physicalschema describes the database design at the physical
level, while the logical schema describes the database design at the logical level. A database may also have
several schemas at the view level, sometimes calledsubschemas, which describe different views of the
database.Ofthese,thelogicalschemaisbyfarthemostimportant,intermsofitseffect onapplication
programs, since programmers construct applications by using the logical schema. The physical schema is
hidden beneath the logical schema, and can usually be changed easily without affecting application programs.
Applicationprogramsaresaidtoexhibit physicaldataindependenceiftheydonotdependonthephysical
schema,andthusneednotberewrittenifthephysicalschemachanges.

DataModels

Underlying the structure of a database is thedata model: a collection of conceptual tools for describing data,
data relationships, data semantics, and consistencyconstraints. A data model provides a way to describe the
designofadatabaseatthephysical,logical,andviewlevels.

Thedatamodelscanbeclassifiedintofourdifferentcategories:



* Relational Model. The relational model uses a collection of tables to represent both data and the
relationships among those data. Each table has multiplecolumns, and each column has a unique name. Tables are
also known as relations. The relational model is an example of a record-based model.

Record-based models are so named because the database is structured in fixed-format records of several
types. Each table containsrecords of a particular type. Each record type definesa fixed number of fields, or
attributes. The columns of the table correspond to the attributes of the record type. Therelational data model isthe
most widely used data model, and a vast majorityof current database systems are based on the relational
model.

Entity-RelationshipModel.Theentity-relationship(E-R)datamodelusesacollectionofbasicobjects, called
entities,andrelationshipsamongtheseobjects.
Anentityisa“thing’or“object’intherealworldthatisdistinguishablefromotherobjects. Theentity-
relationshipmodeliswidelyusedindatabasedesign.

Object-Based Data Model. Object-oriented programming (especially in Java, C++, or C#) has become the
dominantsoftware-developmentmethodology.Thisledtothedevelopmentofanobject-orienteddatamodel  that
canbeseen asextending theE-Rmodelwith notionsofencapsulation,methods (functions),and object
identity. Theobject-relationaldatamodelcombines featuresoftheobject-orienteddatamodelandrelational data
model.

Semi-structuredDataModel.Thesemi-structureddatamodelpermitsthespecificationofdatawhere
individualdataitemsofthesametypemayhave differentsetsofattributes. Thisisincontrasttothedata models
mentioned earlier, where every data item of a particular type must have the same set of attributes. The Extensible
Markup Language (XML) is widely used to represent semi-structured data.

Historically, the networkdatamodel and the hierarchicaldatamodel preceded the relational data model.
These models were tied closely to the underlying implementation, and complicated the task of modeling data.
As a result they are used little now,except inold database code that is stillin service in someplaces.

DatabaseLanguages

Adatabasesystemprovidesadata-definitionlanguagetospecifythedatabase

schema and a data-manipulation language to express database queries and updates. In practice, the data-
definitionanddata-manipulationlanguagesarenot

two separate languages; instead they simply form parts of a single database language,

such as the widely used SQL language.

Data-ManipulationLanguage

Adata-manipulationlanguage(DML )isalanguagethatenablesuserstoaccessormanipulatedataas
organizedbytheappropriatedatamodel. Thetypesofaccessare:

+ Retrievalofinformationstoredinthedatabase

* Insertionofnewinformationintothedatabase

+ Deletionofinformationfromthedatabase

+ Modificationofinformationstoredinthedatabase

Therearebasicallytwotypes:

* ProceduralDMLsrequireausertospecifywhatdataareneededandhowtogetthosedata.

* DeclarativeDMLs(alsoreferredtoasnonprocedural DMLS )requireausertospecifywhatdataareneeded
withoutspecifyinghowtogetthosedata.

DeclarativeDMLsareusuallyeasiertolearnandusethanareproceduralDMLs.However,sinceauserdoes
nothavetospecifyhowtogetthedata,thedatabasesystemhastofigureoutanefficientmeansofaccessing



data.Aqueryisastatementrequestingtheretrievalofinformation. TheportionofaDMLthatinvolves
information retrieval is called aquery language. Although technically incorrect, it is common practice to use the
terms query language and data-manipulation language synonymously.

Data-DefinitionLanguage(DDL)
We specify a database schema by a set of definitions expressed by a special language called a data-definition
language (DDL). The DDL is also used to specifyadditional properties of the data.

We specify the storage structure and access methods used by the databasesystem by a set of statements in a
special type of DDL called adata storage and definitionlanguage. These statements define the
implementation details of the database schemas, which are usually hidden from the users.
Thedatavaluesstoredinthedatabasemustsatisfycertainconsistencyconstraints.

For example, suppose the university requires that the account balanceof a department must never be negative.
TheDDLprovidesfacilitiestospecifysuchconstraints. Thedatabasesystemcheckstheseconstraintsevery time the
database is updated. In general, a constraint can be an arbitrary predicate pertainingto the database.
However,arbitrarypredicatesmaybecostlytotest. Thus, databasesystemsimplementintegrityconstraints that
can be tested with minimal overhead.

« Domain Constraints. A domain of possible values must be associated with every attribute (for example,
integer types, character types, date/time types). Declaring an attribute to be of aparticular domain acts as a
constraint on the values that it can take. Domain constraints are the most elementary form of integrity
constraint.They are tested easily by thesystem whenever anewdataitem is enteredintothedatabase.

* Referential Integrity. There are cases where we wish to ensure that a valuethat appears in one relation for a
given set of attributes also appears in a certain set of attributes in another relation (referential integrity). For
example, the department listed for each course must be one that actually exists. Moreprecisely, the dept name
value in a course record must appear in the dept name attribute of some record of thedepartment relation.
Database modifications can cause violations of referential integrity.When a referential-integrity constraintis
violated, the normal procedure is to reject the action that caused theviolation.

+ Assertions. An assertion is any condition that the database must always satisfy. Domain constraints and
referential-integrityconstraintsarespecial formsofassertions.However therearemanyconstraintsthatwe cannot
express by using only these special forms. For example, “Every department must have at least five courses
offered every semester” must be expressed as an assertion. When an assertion is created, the system tests it for
validity. If the assertion is valid, then any future modification to the database is allowedonly if it doesnot cause that
assertion to be violated.

+ Authorization.Wemaywanttodifferentiateamongtheusersasfarasthetypeofaccesstheyarepermitted on  various
data values in the database. These differentiations are expressed in terms of authorization, the most
common being:read authorization, which allows reading, but not modification, of data;insert
authorization, which allows insertion of new data, but not modification of existing data; update authorization,
whichallowsmaodification,butnotdeletion,ofdata;and deleteauthorization,whichallowsdeletionof ~ data.
Wemayassigntheuserall,none,oracombinationofthesetypesofauthorization.

The DDL,just likeanyotherprogramming language, getsasinput some instructions(statements)and
generatessomeoutput. TheoutputoftheDDLisplacedinthedatadictionary,whichcontainsmetadata—that
is,dataaboutdata. ~ The  datadictionaryisconsideredtobeaspecialtypeoftablethatcanonlybe  accessed
andupdatedbythedatabasesystemitself(notaregularuser). Thedatabasesystemconsultsthedata
dictionarybeforereadingormodifyingactual data.



DataDictionary

We can define a data dictionary as a DBMS component that stores the definition of data characteristics and
relationships.Youmayrecallthatsuch“data aboutdata’werelabeled metadata.The DBMSdata dictionary
providestheDBMSwithitsselfdescribingcharacteristic.Ineffect,thedatadictionaryresemblesandX-rayof the
company’sentire data set, and is a crucial element in the data administration function.
Thetwomaintypesofdatadictionaryexist,integratedandstandalone.Anintegrateddatadictionaryis included
with the DBMS. For example, all relational DBMSs include a built in data dictionary or system
catalogthatisfrequentlyaccessedandupdatedbytheRDBMS.OtherDBMSsespeciallyoldertypes,donothavea
built in data dictionary instead the DBA may use third party stand alone data dictionary systems.
Datadictionariescanalsobeclassifiedasactiveorpassive.Anactivedatadictionaryisautomaticallyupdated
bytheDBMSwitheverydatabaseaccess,therebykeepingitsaccessinformationup-to-date.Apassivedata
dictionary is not updated automatically and usually requires a batch process to be run. Data dictionary access
information is normally used by the DBMS for query optimization purpose.

The data dictionary’s main function is to store the description of all objects that interact with the database.
Integrateddatadictionariestendtolimittheirmetadatatothedatamanagedbythe DBMS.Standalonedata
dictionary systems are more usually more flexible and allow the DBA to describe and manage all the
organization’s data, whether or not they are computerized. Whatever the data dictionary’s format, its existence
provides database designers and end users with a much improved ability to communicate. In addition, the data
dictionaryisthetoolthathelpstheDBAtoresolvedataconflicts.

Although, there is no standard format for the information stored in the data dictionary several features are
common. For example, the data dictionary typically stores descriptions of all:

+ Data elements that are define in all tables of all databases. Specifically the data dictionary stores the
name, datatypes, display formats, internal storage formats, and validation rules. The data dictionary tells
whereanelementisused,bywhomitisusedandsoon.

* Tables define in all databases. For example, the data dictionary is likely to store the name of the table
creator, the date of creation access authorizations, the number of columns, and so on.

* Indexes define for each database tables. For each index the DBMS stores at leastthe index name the
attributes used, the location, specific index characteristics and the creation date.

* Define databases: who created each database, the date of creation where the database is located, who the
DBA is and so on.

* EndusersandTheAdministratorsofthedatabase

* Programs that access the database including screen formats, report formats application formats, SQL
queriesandso on.

* Accessauthorizationforallusersofalldatabases.

* Relationshipsamongdataelementswhichelementsareinvolved:whethertherelationshiparemandatory oroptional,
theconnectivityandcardinalityandsoon.

DatabaseAdministratorsandDatabaseUsers

A primary goal of a database system is to retrieve information from and store new information inthe database.
People who work with a database can be categorized as database users or database administrators.

DatabaseUsersandUserInterfaces

Therearefourdifferenttypesofdatabase-systemusers,differentiatedbythewaytheyexpecttointeractwith the
system. Different types of user interfaces have been designed for the different types of users.
Naiveusersareunsophisticateduserswhointeractwiththesystembyinvokingoneoftheapplication
programsthathavebeenwrittenpreviously.Forexample,abanktellerwhoneedstotransfer$50fromaccount
AtoaccountBinvokesaprogramcalledtransfer. Thisprogramasksthetellerfortheamountofmoneytobe transferred,
the account from which the money is to be transferred, and the accountto which the money is to be transferred.



As another example, consider a user who wishes to find her account balance over the World Wide Web. Such a
user may access a form, where she enters her account number. An application program at the Web server then
retrievestheaccountbalance,usingthegivenaccountnumber,andpassesthisinformationbacktotheuser. The
typical user interface for naive users is a forms interface, where the user can fill in appropriate fields of the form.
Naive users may also simply read reports generated from the database.

Application programmersare computer professionals who write application programs. Application
programmers can choose from many tools to develop user interfaces.Rapid application development (RAD)
tools are tools that enable an application programmer to construct forms and reports without writing a program.
Therearealsospecialtypesofprogramminglanguagesthatcombineimperativecontrolstructures(for
example, for loops, while loops and if-then-else statements) with statements of the data manipulation language.
These languages, sometimes calledfourth-generation languages, often include special features to facilitate the
generation of forms and the display of data on the screen. Most major commercial database systems include a
fourth generation language.
Sophisticatedusersinteractwiththesystemwithoutwritingprograms.Instead,theyformtheirrequestsina
database query language. They submit each such query to a query processor, whose function is to break
down DML statements into instructions that the storage manager understands. Analysts who submit queries to
exploredatainthedatabasefallinthiscategory.

Online analytical processing (OLAP) tools simplify analysts’ tasks by letting them viewsummaries of data in
different ways. For instance, an analyst can see total sales by region (for example, North, South, East, and
West), or by product, or by a combination of region and product (that is, total sales of each product in each
region). The tools also permit the analyst to select specific regions, look at data in more detail (for example,
sales by city within a region) or look at the data in less detail (for example, aggregate products together by
category).

Another class of tools for analystsis data mining tools, which help them find certain kinds of patterns in data.
Specialized users are sophisticated users who write specialized database applications that do not fit into the
traditional data-processing framework.

Among these applicationsare computer-aided design systems,knowledgebase and expert systems, systemsthat
store data with complex data types (for example, graphics data and audio data), and environment-modeling
systems.



DatabaseArchitecture:

We are now in a position to provide a single picture (Figure 1.3) of the various components of a database
system and the connections among them.

Thearchitectureofadatabasesystemisgreatlyinfluencedbytheunderlying computersystemonwhichthe
database system runs. Database systems can be centralized, or client-server, where one server machine
executes work on behalf of multiple client machines. Database systems can also be designed to exploit parallel
computer architectures. Distributed databases span multiple geographically separated machines.
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Figurel.3:DatabaseSystemArchitecture

A database system is partitioned into modules that deal with each of the responsibilities of the overall system.
Thefunctionalcomponentsofa database system can be broadly divided into thestorage managerand
thequeryprocessorcomponents. Thestoragemanager isimportantbecause databasestypicallyrequirea large
amount of storage space. The query processor is important because it helps the database system simplify and
facilitate access to data.

It is the job of the database system to translate updates and queries written in a nonprocedural language, at the
logical level, into an efficient sequence of operations at the physical level.

Database applications are usually partitioned into two or three parts, as in Figure 1.4. In a two-tier architecture,the
application resides at the client machine, where it invokes database system functionality at the server
machinethroughquerylanguagestatements.ApplicationprograminterfacestandardslikeODBCandJDBC  are
used for interaction between the client and the server. In contrast, in a three-tier architecture, the client
machine acts as merely a front end and does not contain any direct database calls. Instead, the client end
communicates with an application server, usually through a forms interface.



The application server in turn communicates with a database system to accessdata. The business logic of the
application, which says what actions to carry outunder what conditions, is embedded in the application server,
instead of being distributed across multiple clients. Three-tier applications are more appropriate for large
applications,andforapplicationsthatrunontheWorldWideWeb.
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Figurel.4: Two-tierandthree-tierarchitectures.

QueryProcessor:
Thequeryprocessorcomponentsinclude
DDLinterpreter,whichinterpretsDDLstatementsandrecordsthedefinitionsinthedatadictionary.
DMLcompiler, whichtranslatesDMLstatementsinaquerylanguageintoanevaluationplanconsisting of low-level
instructions that the query evaluation engine understands.
A query can usually be translated into any of a number of alternative evaluation plans that all give the same
result. The DML compiler also performsquery optimization, that is, it picks the lowest cost evaluation plan
from among the alternatives.
Queryevaluationengine,whichexecuteslow-levelinstructionsgeneratedbytheDMLcompiler.

StorageManager:

Astoragemanageris a program module that provides the interface between the lowlevel data stored in the
database and the application programs and queries submitted to the system. The storage manager is
responsible for the interaction with the file manager. The raw data are stored on thedisk using the file system,
which is usually provided by a conventional operating system. The storage manager translates the various DML
statementsintolow-levelfile-systemcommands.Thus,thestoragemanagerisresponsibleforstoring,
retrieving, and updating data in thedatabase.

Thestoragemanagercomponentsinclude:



Authorization and integrity manager, which tests for the satisfaction of integrity constraints and checksthe
authority of users to access data.

Transactionmanager,whichensuresthatthedatabaseremainsinaconsistent(correct)statedespite system
failures, and that concurrent transaction executions proceed without conflicting.

File manager, which manages the allocation of space on disk storage and the data structures used to
represent information stored on disk.

Buffer manager, which is responsible for fetching data from disk storage into main memory, and deciding
what data to cache in main memory. The buffer manager is a critical part of the database system, since it
enables the database to handle data sizes that are much larger than the size of main memory.

TransactionManager:

Atransactionisa collection of operations that performs a single logical function in a database application.
Eachtransactionisaunitofbothatomicityandconsistency. Thus,werequirethattransactionsdonotviolate
anydatabase-consistencyconstraints. Thatis,ifthedatabasewasconsistentwhenatransactionstarted,the
databasemustbeconsistentwhenthetransactionsuccessfullyterminates. Transaction-managerensures  that
the database remains in a consistent (correct) state despite system failures (e.g., power failures and
operatingsystemcrashes)andtransactionfailures.

ConceptualDatabaseDesign-EntityRelationship(ER)Modeling:

DatabaseDesignTechniques
1. ERModeling(TopdownApproach)
2. Normalization(BottomUpapproach)

WhatisERModeling?

A graphical technique for understanding and organizing the data independent of the actual database
implementation

Weneedtobefamiliarwiththefollowingtermstogofurther.
Entity
Any thing that has an independent existence and about which we collect data. It is also known as entity

type.InERmodeling,notationforentityisgivenbelow.

Entityinstance

Entity instance is a particular member of the entity type.
Exampleforentityinstance:Aparticularemployee Regular

Entity

An entity which has its own key attribute is a regular entity.

Example for regular entity : Employee.

Weakentity
Anentitywhichdependsonotherentityforitsexistenceanddoesn'thaveanykeyattributeofitsownisaweak



entity.

Examplefor aweak entity: Ina parent/child relationship,a parentis consideredas astrongentity and thechild is a
weak entity.

InERmodeling,notationforweakentityisgivenbelow.

Attributes

Properties/characteristics which describe entities are called attributes.
InERmodeling,notationforattributeisgivenbelow.

DomainofAttributes

Theset of possiblevaluesthat an attributecantakeis calledthedomain ofthe attribute. Forexample,the attribute day
may take any value from the set {Monday, Tuesday ... Friday}. Hence this set can be termed as
thedomainoftheattributeday.

Key attribute
Theattribute(orcombinationofattributes)whichisuniqueforeveryentityinstanceiscall edkeyattribute.

E.g the employee_id of an employee, pan_card_number of a person etc.If the key attribute consists of two or
moreattributesincombination,itiscalledacompositekey.

InERmodeling,notationforkeyattributeisgivenbelow.

Simpleattribute

If an attribute cannot be divided into simpler components, it is a simple attribute.
Exampleforsimpleattribute:employee_idofanemployee.
Compositeattribute

Ifanattributecanbesplitintocomponents, itiscalledacompositeattribute.

Example for composite attribute : Name of the employee which can be split into First_name, Middle_name, and
Last_name.

SinglevaluedAttributes



If an attribute can take only a single value for each entity instance, it is a single valued attribute.
example for single valued attribute : age of a student. It can take only one value for a particular student.
Multi-valuedAttributes
Ifanattributecantakemorethanonevalueforeachentityinstance,itisamulti-valuedattribute.Multi-valued

example for multi valued attribute : telephone number of an employee, a particular employee may have multiple
telephonenumbers.

InERmodeling,notationformulti-valuedattributeisgivenbelow.

StoredAttribute

An attribute which need to be stored permanently is a stored attribute

Example forstored attribute: nameofa student

DerivedAttribute
Anattributewhichcanbecalculatedorderivedbasedonotherattributesisaderivedattribute.

Examplefor derived attribute : age of employee which can be calculated from date of birth and current
date.InERmodeling,notationforderivedattributeisgivenbelow.

Relationships
Associationsbetweenentitiesarecalledrelationships

Example : An employee works for an organization. Here "works for" is a relation between the entities employee
and organization.

InERmodeling,notationforrelationshipisgivenbelow.

Relationship

However in ER Modeling, To connect a weak Entity with others, you should use a weak relationship notation as
given below



Relationship

DegreeofaRelationship

Degree of a relationship is the number of entity types involved. The n-ary relationship is the general form for
degreen. Specialcasesare unary, binary, andternary,wherethedegreeis1, 2, and3,respectively.

Example for unary relationship : An employee ia a manager of another employee
Example for binary relationship : An employee works-for department.
Exampleforternaryrelationship:customerpurchaseitemfromashopkeeper
CardinalityofaRelationship

Relationship cardinalities specify how many of each entity type is allowed. Relationships can have four possible
connectivities as given below.

1. Onetoone(1:1)relationship

2. Onetomany(1:N)relationship

3. Manytoone(M:1)relationship

4. Manytomany(M:N)relationship
Theminimumandmaximumvaluesofthisconnectivityiscalledthecardinalityoftherelationship
ExampleforCardinality-One-to-One(1:1)

Employeeisassignedwithaparkingspace.

Parking Space

Employee

One employee is assigned withonly one parking space and one parking space is assigned to only one
employee. Hence it is a 1:1 relationship and cardinality is One-To-One (1:1)

InERmodeling,thiscanbementionedusingnotationsasgivenbelow



Assigned

Employee With

Parking Space

ExampleforCardinality-One-to-Many(1:N)
Organizationhasemployees

Organization Employee

One organization can have many employees , but one employee works in only one organization. Hence it is a
1:NrelationshipandcardinalityisOne-To-Many(1:N)

InERmodeling,thiscanbementionedusingnotationsasgivenbelow

Organization 7 Employee

ExampleforCardinality-Many-to-One(M:1)

ItisthereverseoftheOnetoManyrelationship.employeeworksinorganization

Employee organization

One employee works in only one organization But one organization can have many employees. Hence itis a
M:1relationshipandcardinalityisMany-to-One(M:1)



InERmodeling,thiscanbementionedusingnotationsasgivenbelow.

Employee 0 Organization

Cardinality-Many-to-Many(M:N)

Studentsenrollsforcourses

Student Course

One student can enroll for many courses and one course can be enrolled by many students. Hence itis a
M:NrelationshipandcardinalityisMany-to-Many(M:N)

InERmodeling,thiscanbementionedusingnotationsasgivenbelow

Student Course
M N

RelationshipParticipation
1. Total

In total participation, every entity instance will be connected through the relationship to another instance of the
other participating entity types

2. Partial
Exampleforrelationshipparticipation
Considertherelationship-Employeeisheadofthedepartment.

Here allemployees will notbe thehead ofthe department.Only oneemployee will be thehead of the department.
In other words, only few instances of employee entity participate in theabove relationship. So employee entity's
participation is partial in the said relationship.

However each department will be headed by some employee. So departmententity's participation is total in the
said relationship.



Advantages and Disadvantages of ER Modeling ( Merits and Demerits of ER Modeling )
Advantages

1. ER Modeling is simple and easily understandable. It is represented in business users language and it can be
understood by non-technical specialist.

2. IntuitiveandhelpsinPhysicalDatabasecreation.

3. Canbegeneralizedandspecializedbasedonneeds.

4. Canhelpindatabasedesign.

5. Givesahigherleveldescriptionofthesystem.

Disadvantages

1. PhysicaldesignderivedfromE-RModelmayhavesomeamountofambiguitiesorinconsistency.
2. Sometimediagramsmayleadtomisinterpretations

Relational Model

The relational model is today the primary datamodel for commercial data processing applications. It attained its
primary position because of its simplicity, which eases the job of the programmer, compared to earlier data
models such as the network model or the hierarchical model. In this, we first study the fundamentals of the
relational model. Asubstantial theory exists for relational databases.

StructureofRelationalDatabases:

A relational database consists of a collection oftables, each of which is assigned aunique name. For example,
consider the instructor table of Figure:1.5, which stores information about instructors. The table has four column
headers:ID,name,deptname,andsalary.Eachrowofthistablerecordsinformationaboutaninstructor,
consistingofthe instructor's ID, name,deptname,and salary.Similarly, the coursetableof Figure 1.6 stores
information about courses, consisting of a course id, title, dept name, and credits, for each course. Note that
each instructor is identified by the value of the column ID, while each course is identified by the value of the
column courseid.

Figure 1.7 shows a third table, prereq, which stores the prerequisite courses foreach course. The table has two
columns,courseidandprereqid.Eachrowconsistsofapairofcourseidentifierssuchthatthesecondcourseis a prerequisite
for the first course.

Thus, a row in theprereqtable indicates that two courses arerelatedin the sense that one course is a
prerequisite for theother. As another example,weconsider the tableinstructor,arowinthetablecan bethought
ofasrepresentingtherelationshipbetweenaspecifiedIDandthecorrespondingvaluesforname,deptname, and
salaryvalues.



{8 Hame dept_ame salary
10101 | Srinivasan | Comp. Sci. | 65000
11121 | Wu Finance 00000
15151 | Mozart Music 40000
22337 | Einstein Physics GE000
32343 | ElSaid History 60000
33456 | Gold Physics 87000
45565 | Katz Comp. Sci. | 75000
SBLR3 | Califieri History 62000
76543 | Singh Finance 80000
76766 | Crick Biclogy 72000
83821 | Brandt Comp. Sci. | 92000
08345 | Kim Elec. Eng. | 80000

Figurel.5:Theinstructorrelation(2.1)

In general, a rowin a tablerepresents arelationshipamong a setof values.Sincea table isa collection of such
relationships,thereisaclosecorrespondence betweentheconceptoftableandthemathematicalconceptof
relation,fromwhichtherelationaldatamodeltakesitsname.Inmathematical terminology,atupleissimplya
sequence (or list) of values. A relationship between n values is represented mathematically by an n-tuple of
values,i.e.,atuplewithnvalues,whichcorrespondstoarowinatable.

coursedd  title deptname | credifs
BIO-101 | Intro. to Biology Biology 4
BIO-301 | Cenetics Biology 4
BIO-399 | Computational Biology Biclogy 3
C5-10 Intro. to Computer Science | Comp. 5Sci. 4
C5-19%0 Game Design Comp. 5ci. 4
(5315 Robotics Comp. 5ci. 3
C5-319 Image Processing Comp. 5ci. 3
C5-d47 Database System Concepts | Comp. 5ci. 3
EE-181 Intro. to Digital Systems Elec. Eng. 3
FIN-201 | Investment Banking Finance 3
HIS-351 | World History History 3
MU-199 | Music Video Production Music 3
PHY-101 | Physical Principles Physics 4

Figure:1.6:Thecourserelation(2.2)

coursedd  prereqid
BIC-399 | BIC-101
C5-190 | C5-1M
C5-315 | O5-10
C5-319 | C5-1m
C5-347 | C5-10
EE-181 PHY-101

Figure:1.7.Theprereqrelation.(2.3)

Thus, in the relational model the termrelationis used to refer to a table, whiletheterm tupleis used to refer to
arow.Similarly thetermattributereferstoacolumnofatable.

ExaminingFigure1.5,wecanseethattherelationinstructorhasfourattributes:
ID,name,deptname,andsalary.

Weusethetermrelationinstancetorefertoaspecificinstanceofarelation, i.e.,containingaspecificsetof rows.
Theinstance of instructor shown inFigure 1.5has 12 tuples, corresponding to 12 instructors.



In this topic, we shallbe using a numberof different relations to illustrate the various concepts underlying the
relationaldatamodel. Theserelationsrepresent partofauniversity. Theydonotincludeallthedataanactual university
databasewould contain, in order to simplify our presentation.

Theorderinwhichtuplesappearinarelationisirrelevant,sincearelationisasetoftuples. Thus,whetherthe tuples
ofarelation  arelistedinsortedorder, as inFigure1.5, or areunsorted,as inFigure1.8, does notmatter;
therelationsinthetwofiguresarethesame,sincebothcontainthesamesetoftuples.Foreaseofexposition, we  will

mostlyshowthe relationssorted bytheirfirst attribute. Foreach attribute of a relation, thereisa set of permitted
values, called the domainofthatattribute.Thus,the domainof the salaryattribute ofthe instructor
relationisthesetofallpossiblesalaryvalues,whilethedomainofthe nameattributeisthesetofallpossible instructor

names.

Werequirethat,for  all

relationsr,thedomainsofall

thedomainareconsideredtobeindivisible units.

attributes

ofr

beatomic.Adomainisatomic

8] Hame dept_name salary
222727 | Einstein Physics 05000
12121 | Wu Finance Q0000
32342 | El Said History 60000
45R6S | Katz Comp. Sci. | 75000
Q3345 | Kim Elec. Eng. | 80000
76766 | Crick Biology 72000
10101 | Srinivasan | Comp. Sci. | 65000
58582 | Califieri History 62000
83821 | Brandt Comp. Sci. | 92000
15151 | Mozart Music 40000
33456 | Gold Physics 87000
76543 | Singh Finance 80000

ifelementsof

Figure:1.8:Unsorteddisplayoftheinstructorrelation.(2-4)

Forexample,supposethetableinstructorhadanattributephonenumber,whichcanstoreasetofphone numbers
corresponding to the instructor. Then the domain of phone number would not be atomic, since an element
ofthe domain isasetof phone numbers,andithassubparts, namelytheindividualphone numbers

intheset.

The importantissue isnotwhatthedomainitselfis,butratherhowweuse domainelementsinourdatabase. Suppose
now that the phone number attribute stores a single phone number. Even then, if we split the value
fromthephonenumberattributeintoacountrycode,anareacodeandalocalnumber,wewouldbetreatingit
asanonatomicvalue.lfwetreateachphonenumberasasingleindivisibleunit,thentheattributephone  number
would have an atomic domain.

The null value is a special value that signifies that the value is unknown ordoes not exist. For example, supposeas
before that we include the attributephone number in the instructor relation. It may be that an instructor does
nothavea phone numberat all, or thatthe telephonenumber isunlisted. We would thenhavetouse thenull value
to signify that the value is unknown or does not exist.We shall see later that null values cause a number
ofdifficulties when we access or update the database, and thus should be eliminated if at all possible.We shall
assume null values are absent initially.

DatabaseSchema

When we talk about a database, we must differentiate between thedatabase schema, which is the logical
design of the database, and thedatabase instance, which is a snapshot of the data in the database at a given



instantintime. Theconceptofarelationcorrespondstotheprogramming-languagenotionofavariable,while the
concept of a relation schema corresponds to theprogramming-language notion of type definition.

Ingeneral,arelationschemaconsistsofalistofattributesandtheircorrespondingdomains. Theconceptofa  relation
instance corresponds to the programming-language notion of a value of a variable. The value of a given variable
may change with time;

dept name building  budget

Biology Watson Q0000
Comp. 5ci. | Taylor 100000
Elec. Eng. | Taylor 85000
Finance Painter 120000
History Painter 50000
Music Packard 80000
Physics Watson 70000

Figurel.9:Thedepartmentrelation.(2-5)

similarly the contents of a relation instance may change with time as the relationis updated. In contrast, the
schema of a relation does not generally change. Although it is important to know the difference between a
relation schema and a relation instance, we often use the same name, such as instructor, to refer to both the
schema and the instance. Where required, weexplicitly refer to the schema or to the instance, for example‘the
instructorschema,”or“aninstanceof theinstructorrelation.”"However,whereitisclearwhetherwemeanthe
schemaortheinstance,wesimplyusetherelationname.

ConsiderthedepartmentrelationofFigure1.9.Theschemaforthatrelationis
department(deptname,building,budget)

Note that the attribute dept name appears in both the instructor schema and the department schema. This
duplication is not a coincidence. Rather, using common attributes in relation schemas is one way of relating
tuplesofdistinctrelations.

For example,supposewe wishtofindtheinformation about all theinstructorswhowork in theWatson building. We look
first at the department relation to find the dept name of all the departments housed in Watson. Then, for
eachsuchdepartment,welookintheinstructorrelationtofindtheinformationaboutthe instructorassociated with the
corresponding dept name.

Let us continue with our university database example. Each course in a university may be offered multiple

times,across differentsemesters, or even within a semester.We need a relation to describe each individual

offering,orsection,oftheclass.Theschemais
section(courseid,secid,semester,year,building,roomnumber,timeslotid)

Figure 1.10 shows a sample instance of the section relation. We need a relation to describe the association
betweeninstructors and theclasssections thatthey teach.The relationschemato describethis association is
teaches(ID,courseid,secid,semester,year)



coursedd | secdd  semester | wemr | building  roomnumber  timeslot id
BIO-101 1 Summer | 2009 | Painter 514 B
BIO-301 1 Summer | 2010 | Painter 514 A
C5-101 1 Fall 2009 | Packard 101 H
C5101 1 Spring 2010 | Packard 1M F
C5-190 1 Spring 2000 | Taylor 3123 E
C5-190 2 Spring 2009 | Taylor 328 A
5315 1 Spring 2010 | Watson 120 D
C5-319 1 Spring 2010 | Wakson 100 B
C5-319 2 Spring 2010 | Taylor 3128 C
C5-M47 1 Fall 2000 | Taylor 3128 A
EE-181 1 Spring 2000 | Taylor 3128 C
FIN-201 1 Spring 2010 | Packard 101 B
HIS5-351 1 Spring 2010 | Painker 514 C
MU-199 1 Spring 2010 | Packard 1M D
PHY-101 1 Fall 2009 | Watson 100 A

Figurel.10: Thesectionrelation.(2-6)

Figure 1.11 shows a sample instance of theteaches relation. As you can imagine, there are many more relations
maintainedinarealuniversitydatabase.Inadditiontothoserelationswehavelistedalready,instructor,
department, course, section, prereq, and teaches,we use the following relations in thistext:

D courseid  secid | semester | wear
10101 | C5-1 ' Fall 2009
10101 | C5-315 Spring 2010
10101 | C5-347 Fall 2009
12171 | FIN-201 Spring 2010
15151 | MU-199 Spring 2010
22277 | PHY-101 Fall 2009
32343 | HIS-351 Spring 2010

45565 | C5-101
45565 | C5-319
76766 | BIO-101
76766 | BIO-301

Spring 2010
Spring 2010
Summer | 2009
Summer | 2010

= ] P = b e b b b b b b b e

83821 | CS-190 Spring | 2000
83821 | CS-190 Spring | 2000
83821 | Cs-319 Spring | 2010
08345 | EE-181 Spring | 2000

Figure:1.11:Theteachesrelation.(2-7)

* student(ID,name,deptname,totcred)

* advisor(sid,jid)

« takes(ID,courseid,secid,semester,year,grade)
* classroom(building,roomnumber,capacity)

« timeslot(timeslotid,day,starttime,endtime)

Keys

Wemusthaveawaytospecifyhowtupleswithinagivenrelationaredistinguished. Thisisexpressedinterms
oftheirattributes. Thatis,thevaluesofthe attributevaluesofatuplemustbesuchthattheycan uniquely
identifythetuple.Inotherwords,notwotuplesinarelationareallowedtohaveexactlythesamevalueforall attributes.

Asuperkeyisasetofoneormoreattributesthat,takencollectively,allowustoidentifyuniquelyatupleinthe
relation.Forexample,thelDattributeoftherelationinstructorissufficienttodistinguishoneinstructortuplefrom



another. Thus, ID is a superkey. The name attribute of instructor, on the other hand, is not a superkey, because
several instructors might have the same name. Formally, let R denote the set of attributes in the schema of
relation r. If we say that a subset K of R is a superkey for r , we are restricting consideration to instances of
relationsrinwhichnotwodistincttupleshavethesamevaluesonallattributesin K. Thatis, iftiandt.areinr

andti5tz, thents.K=t4.K.

Asuperkeymaycontainextraneousattributes.Forexample,thecombinationofIDandnameisasuperkeyfor
therelationinstructor.IfKisasuperkey,thensoisanysupersetofK.Weareofteninterestedinsuperkeysfor  which no
proper subset is a superkey. Such minimal superkeys are called candidate keys.

It is possible that several distinct sets of attributes could serve as a candidatekey. Suppose that a combination
ofnameanddept nameissufficienttodistinguishamongmembersoftheinstructor relation.Then,both{ID} and

{name, deptname} are candidate keys. Although the attributesID and name together can distinguishinstructor
tuples, their combination, {ID, name}, does not form acandidate key,since the attributeIDalone is a candidate
key.

Weshalluse thetermprimarykeytodenoteacandidatekeythatischosen bythedatabasedesignerasthe
principalmeansofidentifyingtupleswithinarelation.Akey(whetherprimary,candidate,orsuper)isaproperty
oftheentirerelation,ratherthanoftheindividualtuples.Anytwoindividualtuplesintherelationareprohibited
fromhavingthesamevalueonthekeyattributesatthe sametime.Thedesignationofakeyrepresentsa
constraintinthereal-worldenterprisebeingmodeled.

Primary keys must be chosen with care. As we noted, the name of a person isobviously not sufficient, because
theremaybemanypeoplewiththesamename.IntheUnitedStates,thesocial-securitynumberattributeofa  person
would be a candidate key. Since non-U.S. residents usually do not have social-security numbers,
international enterprises must generate their own unique identifiers.

An alternative is to use some unique combination of other attributes as a key.The primary key should be chosen
such that its attribute values are never, or very rarely, changed. For instance, the address field of a person
should not be part of the primary key, since it is likely to change. Social-security numbers, on the other hand, are
guaranteed never to change. Unique identifiers generatedby enterprises generally do not change, except if two
enterprisesmerge;insuchacase thesameidentifiermayhavebeenissuedbybothenterprises,anda
reallocationofidentifiersmayberequiredtomakesuretheyareunique.

It is customary to list the primary key attributes of a relation schema beforethe other attributes; for example, the
deptnameattribute of departmentislisted first, since it isthe primarykey. Primarykey attributes are also
underlined.Arelation,sayr,mayincludeamongitsattributestheprimarykeyofanotherrelation,sayr. This
attributeiscalleda foreignkeyfromry,referencingr..

Therelationriisalsocalledthereferencingrelation oftheforeignkeydependency,andr.iscalledthe
referencedrelationoftheforeignkey.Forexample,theattributedeptnameininstructorisaforeignkeyfrom instructor,
referencing department, since dept name is the primary key of department. In any database instance,
givenanytuple,sayta,fromtheinstructorrelation,theremustbesometuple,sayty,inthedepartmentrelation
suchthatthe valueofthe deptnameattribute of tais the sameasthe value of theprimarykey,deptname,of t.

Nowconsiderthe  sectionand  teachesrelations.ltwouldbereasonableto  requirethatifasectionexistsfora
course,itmustbetaughtbyatleastone instructor;however,itcouldpossiblybetaughtbymorethanone instructor.
To enforce this constraint, we would require that if a particular (course id, sec id, semester, year) combination
appears in section, then the same combination mustappear in teaches. However, this set of values does not form a
primary key for teaches, since more than one instructor may teach one such section. As a result, we cannot
declare a foreign key constraint from section to teaches (although we can define a foreign key
constraintintheotherdirection,fromteachestosection).



The constraint from section to teaches is an example of a referential integrity constraint; a referential integrity
constraintrequiresthatthevaluesappearinginspecifiedattributesofanytupleinthereferencingrelationalso  appear
in specifiedattributes of at least one tuple in the referenced relation.

SchemaDiagrams

Adatabaseschema,alongwithprimarykeyandforeignkeydependencies,canbedepictedbyschema
diagrams.Figure1.12showstheschemadiagramforouruniversityorganization.Eachrelationappearsasa box, with
the relation name atthe top in blue, and the attributes listed inside the box. Primary key attributes are shown
underlined. Foreign key dependencies appear as arrows from the foreignkey attributes of the
referencingrelationtotheprimarykeyofthereferenced relation.

Schema Diagram for University Database
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Figure1.12:Schemadiagramfortheuniversitydatabase.

Referentialintegrityconstraintsotherthanforeignkeyconstraintsarenotshownexplicitlyinschemadiagrams. We will
study a different diagrammaticrepresentation called the entity-relationship diagram.



UNIT-2

Relational AlgebraandCalculus

PRELIMINARIES

In defining relational algebra and calculus, the alternative of referring to fields by
position is more convenient than referring to fields by name: Queries often involve the
computation of intermediate results, which are themselves relation instances, and if we use
field names to refer to fields, the definition of query language constructs must specify the
names of fields for all intermediate relation instances. This can be tedious and is really a
secondary issue because we can refer to fields by position anyway. On the other hand, field

names make queries more readable.

Due to these considerations, we use the positional notation to formally define relational
algebra and calculus.We also introduce simple conventions that allow intermediate relations

to ‘inherit’ field names, for convenience.

Wepresentanumberofsamplequeriesusingthefollowingschema:

Sailors (sid: integer, sname: string, rating: integer, age: real)

Boats (bid: integer, bname: string, color: string)

Reserves(sid:integer,bid:integer,day:date)

The key fields are underlined, and the domain of each field is listed after
thefieldname. ThussidisthekeyforSailors,bidisthekeyforBoats,andallthree fields together
form the key for Reserves. Fields in an instance of one of these relations
willbereferredtobyname,orpositionally,usingtheorderinwhichtheyarelistedabove.

Inseveralexamplesillustratingtherelationalalgebraoperators,wewillusethe in-stances S1

and S2 (of Sailors) and R1 (of Reserves) shown in Figures 4.1, 4.2, and 4.3, respectively,
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RELATIONALALGEBRA

Relational algebra is one of the two formal query languages associated with the re-
lational model.Queries in algebra are composed using a collection of operators.A
fundamentalpropertyisthateveryoperatorinthealgebraaccepts(oneortwo)rela- tion
instancesasarguments andreturns arelation instanceas theresult. This property makes it easy
to compose operators to form a complex query—a relational algebra expression is
recursively defined to be a relation, a unary algebra operator appliedto
asingleexpression,orabinaryalgebraoperatorappliedtotwoexpressions.Wedescribethebasicope
ratorsofthealgebra(selection,projection,union,cross-product,
anddifference),aswellassomeadditionaloperatorsthatcanbedefinedintermsofthebasicoperators
butarisefrequentlyenoughtowarrantspecialattention,inthe following sections.Each relational
query describes a step-by-step procedure for computing the desired answer, based on the
order in which operators are applied in the query. The procedural nature of the algebra
allows us to think of an algebra expression as a recipe, or a plan, for evaluating a query, and

relational systems in fact use algebra expressions to represent query evaluation plans.

SelectionandProjection

Relational algebra includes operators toselectrows from a relation (o) and toproject
columns(r). Theseoperationsallowustomanipulatedatainasinglerelation.Con-  sider  the
instance of the Sailors relation shown in Figure 4.2, denoted asS2. We can retrieve rows

corresponding to expert sailors by using theo operator. The expression,

O'rating>8(52)
evaluates to the relation shown in Figure 4.4.The subscriptrating>8specifies the

selectioncriteriontobeappliedwhileretrievingtuples.

Shame rating
9

yuppy
Lubber 8

Guppy 5
RUSty 10

sid sname | rating
28 Yuppy | 9
58 Rusty | 10

Figu re4 .40'rating>8(82) Figu re4.5 ﬂsname,rating(sz)
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The selection operatoro specifies the tuples to retain through aselection condition. In
general, the selection condition is a boolean combination (i.e., an expression using the
logicalconnectivesAandV)oftermsthathavetheformattributeopconstantor
attributelopattribute2, whereopisoneofthecomparisonoperators<,<=,=,=,>=,
or>.Thereferencetoanattributecanbebyposition(oftheform.iori)orbyname
(oftheform.nameorname). Theschemaoftheresultofaselectionistheschemaof the input relation
instance

Theprojectionoperatorrr allowsus toextractcolumnsfromarelation;for example,we can find
out allsailor names and ratings by usingrr. The expressioniTsname,rating(S2)

Supposethatwewantedtofindoutonlytheagesofsailors. Theexpression

ﬂage(SZ)
a single tuple withage=35.0appears in the result of the projection. This follows from
thedefinitionofarelationasasetoftuples.In practice, real systems often omit the expensive
step of eliminatingduplicate tuples, leading to relations that are multisets.However, our
discussion of relational algebraand calculus assumes that duplicate elimination is always

done so that relations are always sets of tuples.

We can compute the names and ratings of highly rated sailors by combining two of the

preceding queries.The expression

TTsname, rating(O'rating>8(82))

age sname | rating

35.0 yuppy | 9
55.5 Rusty | 10

Flg ure4.6 7Tage(82) Flg ure4.7 sname, rating(O'rating>8(SZ))

SetOperations

Thefollowingstandardoperationsonsetsarealsoavailableinrelationalalgebra: union(U),

intersection(N),set-difference(-),andcross-product(x).
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e Union:R u S returns a relation instance containing all tuples that occur ineither
relation instanceRor  relation instanceS(or  both).RandSmust  beunion-
compatible,andtheschemaoftheresultisdefinedtobeidenticaltotheschema of R.

e Intersection:R N S returns a relation instance containing all tuples that occur in
bothR andS. The relationsR andS mustbe union-compatible,and theschemaof the
result is defined to be identical to the schema of R.

e Set-difference:R—Sreturnsarelationinstancecontainingalltuplesthatoccur
inRbutnotinS. TherelationsRandSmustbeunion-compatible,andthe schema of the result
is defined to be identical to the schema ofR.

e Cross-product: R x Sreturns a relation instance whose schema contains all the
fields ofR (in the same order as they appear inR) followed by all the fields ofS
(inthesameorderastheyappearinS).TheresultofRxScontainsonetuple

{r, s) (theconcatenationoftuplesrands) foreachpairoftuplesré R, S€ S. The cross-

product opertion is sometimes called Cartesian product.

We now illustrate these definitions through several examples. The union ofS1 and
S2isshowninFigure4.8.Fieldsarelistedinorder;fieldnamesarealsoinherited fromS1.S2has
the same field names, ofcourse, since it is also an instance of Sailors.In general, fields
ofS2 may have different names; recall that we require only
domainstomatch.Notethattheresultisasetoftuples. Tuplesthatappearinboth SlandS2appear
only once inS1US2.Also,S1URL1 is not a valid operation because the two relations are
not union-compatible. The intersection ofS1 andS2 is showninFigure 4.9, and the set-
difference S1 — S2 is shown in Figure 4.10.

sid | sname | rating| age
22 | Dustin| 7 45.0
31 | Lubber| 8 55.5
58 | Rusty | 10 35.0
28 | Yuppy | 9 35.0
44 | Guppy| 5 35.0

Figure4.8S1US2
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sid| sname | rating| age
31| Lubbe | 8 55.5

sname | rating | age

58 | Rusty | 10 35.0 22 | Dustin 7 45.0

Figure4.9S1NS2 Figure4.10 S1-S2

Theresultofthecross-productS1xR1isshowninFigure4.11ThefieldsinS1

x R1 have the same domains as the
corresponding fields inR1 andS1.In Figure 4.11 sid is listed in parentheses to
emphasize that it is not an inherited field name; only the corresponding domain is
inherited.

(sid)| sname | rating| age | (sid)| bid | day

22 | Dustin| 7 45.0| 22 | 101 10/10/96
22 | Dustin| 7 45.0| 58 | 103| 11/12/96
31 | Lubber| 8 55.5| 22 | 101| 10/10/96
31 | Lubber| 8 55.5| 58 | 103| 11/12/96
58 | Rusty | 10 35.0| 22 | 101| 10/10/96
58 | Rusty | 10 35.0/ 58 | 103| 11/12/96

Figure4.11 S1xR1

Renaming

We introduce a renaming operatorp for this purpose.The expressionpo(R(F ), E) takes
an arbitrary relational algebra expressionE and returns an instance of a (new) relation
calledR.R contains the same tuples as the result ofE, and has the same schemaasE,but
somefieldsare renamed.The fieldnamesin relationRare the sameasinE, exceptforfields

renamedintherenaminglistF.

For example, the expressionp(C(1— sidl, 5— sid2),S1x R1) returns a relation that
contains the tuples shown in Figure 4.11 and has the following schema: C(sid1:

integer,sname:string,rating:integer,age:real,sid2:integer,bid: integer,day: dates).

It is customary to include some additional operators in the algebra, but they can all be
defined in terms of the operators that we have defined thus far. (In fact, the renaming
operator isonlyneeded forsyntacticconvenience,and eventhe Noperatorisredundant;R

N S canbedefinedasR — (R — S).)Wewill consider theseadditionaloperators,and their

definitionintermsof thebasicoperators,inthenexttwosubsections.
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Joins

Thejoinoperationisoneofthemostusefuloperationsinrelationalalgebraandis  the  most
commonly used way to combine information from two or more relations. Although a
join can be defined as a cross-productfollowed by selections and projections,joins arise much
more frequently in practice than plain cross-products.

joinshavereceivedalotofattention,andthereareseveralvariantsof the join operation.

ConditionJoins

The most general version of the join operation accepts ajoin conditionc and a pair of
relation instances as arguments, and returns a relation instance. Thejoin conditionis

identical to a selection condition in form. The operation is defined as follows:
RaccS=0c¢(R%S)

Thusacisdefinedtobeacross-productfollowedbyaselection.Notethatthecondition

ccan(andtypicallydoes)refertoattributesofbothRandS. Thereferencetoan

attributeofarelation,sayR,canbebyposition(oftheformR.i)orbyname(of the form

R.name).As an example, the result of S1 acsisid<r1.sidR1 isshown in Figure 4.12.
BecausesidappearsinbothS1landR1,thecorrespondingfieldsintheresultofthe Cross-
productS1xR1(andthereforeintheresultofS1lacs1.sis<r1.sidR1)are unnamed. Domains are

inherited from the corresponding fields of S1 and R1.

(sid)| sname | rating| age | (sid)| bid | day
22 | Dustin| 7 45.0| 58 [103 | 11/12/96
31 | Lubber| 8 55.5] 58 103 | 11/12/96

Figure4.12S1acs1sid<r1.sidR1

Equijoin
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Acommonspecialcaseof the joinoperationR a=S iswhen thejoin conditioncon- sists solely
of equalities (connected byA) of the formR.namel =S.name2, that is, equalities between
two fields inR andS. In this case, obviously, there is some redun-
dancyinretainingbothattributesintheresult.Forjoinconditionsthatcontainonly such equalities,
the join operation is refined by doing an additional projection in which S.name2 is
dropped. The join operation with this refinement is called equijoin.

Theschemaoftheresultofanequijoincontains thefieldsofR (withthesamenames
anddomainsasinR)followedbythefieldsofS thatdonotappearinthe join conditions. If this set
of fields in the result relation includes two fields that inherit thesame name from R and S,

they are unnamed in the result relation.

WeillustrateS1acr sid=s.sidR1inFigure4.13.Noticethatonlyonefieldcalledsid
appearsintheresult.

sid| sname | rating| age | bid | day
22 | Dustin| 7 45.0| 101| 10/10/96
58 | Rusty | 10 35.0| 103| 11/12/96

Figure4.13 Slatrsid=s.sidR1
NaturalJoin

AfurtherspecialcaseofthejoinoperationRacSisanequijoininwhichequalities

arespecifiedonallfieldshavingthesamenameinRandS.Inthiscase,wecan simply omit the join
condition; the default is that the join condition is a collection of equalities on
allcommonfields.Wecall this special case anatural join,and ithas the nice property that the

result is guaranteed not to have two fields with the same name.

The equijoin expression S1 acrsid=s.sidR1 is actually a natural join and can simply be

denoted asS1 acR1, since the only common field is sid. If the two relations have no

attributes in common, S1 ac> R1 is simplythe cross-product.
Division
The division operator is useful for expressing certain kinds of queries, for example:

“Find the names of sailors who have reserved all boats.”’Understanding how to use

thebasicoperatorsofthealgebratodefinedivisionisausefulexercise.However,
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thedivisionoperatordoesnothavethesameimportanceastheotheroperators—it  is  not
needed as often, and database systems do not try to exploit the semantics of division
by implementing it as a distinct operator (as, for example, is done with the join
operator).

We discuss division through an example. Consider two relation instancesAandBin
whichA has (exactly) two fieldsx andy andB has just one fieldy, with the same
domainasinA.WedefinethedivisionoperationA/B asthesetofallx values(in
theformofunarytuples)suchthatforeveryyvaluein(atupleof) B,thereisatuple

{x,y) inA.

Another way tounderstanddivision isasfollows.Foreachx value in(thefirstcolumn
of)A,consider thesetofy valuesthatappearin(thesecondfieldof) tuplesofA with thatx value.
If this set contains (ally values in)B, thex value is in the result ofA/B.

Ananalogy with integerdivisionmayalsohelp  tounderstanddivision.For integersA
andB,A/BisthelargestintegerQsuchthatQx*B<A.ForrelationinstancesA andB,A/B is the

largestrelation instanceQ such thatQ x B CA.

Division is illustrated in Figure 4.14.1t helps to think ofA as a relation listing the parts
supplied by suppliers, and of theB relations as listing parts.A/Bicomputes

supplierswho supply all partslistedin relationinstance Bi.

ExpressingA/Bintermsofthebasicalgebraoperatorsisaninterestingexercise,and
thereadershouldtrytodothisbeforereadingfurther. Thebasicideaistocompute allx values inA

thatarenotdisqualified. Anx value is disqualifiedif byattachinga

y value from B, we obtain a tuple <{x,y) that is not in A. We can compute disqualified tuples

using the algebra expression

7Tx((7Tx (A) X B) —A)
ThuswecandefineA/Bas
7TX(A) - 7Tx((7Tx (A) X B) —A)
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To understand the division operation in full generality, we have to consider the
casewhen both x and y are replaced by a set of attributes.
MoreExamplesofRelationalAlgebraQueries

WeillustratequeriesusingtheinstancesS3of Sailors,R20f Reserves,andBlof Boats, shown in
Figures 4.15,4.16,and4.17, respectively.

sid | sname rating | age sid | bid | day

22 | Dustin 7 45.0 22 | 101 | 10/10/98
29 | Brutus 1 33.0 22 | 102 | 10/10/98
31 Lubber 8 55.5 22 | 103 | 10/8/98
32 | Andy 8 25.5 22 | 104 | 10/7/98
58 | Rusty 10 35.0 31 | 102 | 11/10/98
64 Horatio 7 35.0 31 | 103 | 11/6/98
71 Zorba 10 16.0 31 | 104 | 11/12/98
74 | Horatio 9 35.0 64 | 101 | 9/5/98
85 | Art 3 25.5 64 | 102 | 9/8/98
95 | Bob 3 63.5 74 | 103 | 9/8/98

Figure4.15AnlInstanceS3ofSailors Figure4.16 AnlnstanceR20ofReserves

bid | bname | color
101| Interlak | blue
102| Interlak | red
103| Clipper | green
104| Marine | red

Figure4.17 AnlnstanceBlofBoats

(Q1)Findthenamesofsailorswhohavereservedboat103.
Thisquerycanbewrittenasfollows:

TTsname((Obid=103ReSErves)acSailors)

We first compute the set of tuples in Reserves withbid = 103 and then take the
natural join of this set with Sailors. This expression can be evaluated on instancesof

Reserves and Sailors.Evaluated on the instancesR2 and S3, it yields a relation

thatcontainsjustonefield,calledsname, andthreetuples{Dustin), (Horatio) and
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Lubber). (ObservethattherearetwosailorscalledHoratio, andonlyoneofthemhas reserved a red

boat.)

Wecanbreakthisqueryintosmallerpiecesusingtherenamingoperatorp:
p(Templ,onid=103Reserves)

p(Temp2, Templac Sailors)msname(TemMp2)

T empldenotesan intermediaterelationthatidentifiesreservationsofboat103.T

emp2isanotherintermediaterelation,anditdenotessailorswhohavemadea

reservationinthesetTemp1.Theinstancesoftheserelationswhenevaluatingthis query on the

instancesR2 andS3 are illustrated in Figures 4.18 and 4.19. Finally, we extract the sname

column from T emp2.

sid | bid day sid | sname | rating | age | bid | day

22 | 103 10/8/98 22 | Dustin |7 45.0 | 103 | 10/8/98
31 | 103 11/6/98 31 | Lubber | 8 55.5| 103 | 11/6/98
74 | 103 9/8/98 74 | Horatio | 9 35.0 | 103 | 9/8/98

Figure4.18InstanceofTempl Figure4.19 InstanceofTemp?2

TTsname(Obid=103(ReservesacSailors))

TheDBMStranslatesanSQLqueryinto(anextendedformof)relationalalgebra,and
thenlooksforotheralgebraexpressionsthatwillproducethesameanswersbutare ~ cheaper  to

evaluate. If the user’s query is first translated into the expression

TTsname(Obid=103(ReservesacSailors))a

good query optimizer will find the equivalent expression

TTsname((Obid=103Reserves)acSailors)

(Q2)Findthenamesofsailorswhohavereservedaredboat.

TTsname((Ocolor="red Boats) acReservesasSailors
This query involves a series of two joins. First we choose (tuples describing) red
boats. ThenwejointhissetwithReserves(naturaljoin,withequalityspecifiedonthebid

column)toidentifyreservationsofredboats.Nextwejointheresultingintermediate
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relation with Sailors (natural join, with equality specified on the sid column) to retrieve the
names of sailors who have made reservations of red boats. Finally, we project the sailors’
names. The answer, when evaluated on the instancesB1,R2 andS3, contains the names
Dustin, Horatio, and Lubber.An equivalent expression is:

TTsname(TTsid((TTbidOcolor="red Boats) a=>Reserves) ac-Sailors)

Thereaderisinvitedtorewritebothofthesequeriesbyusingptomaketheinterme- diate relations
explicitand tocompare the schemas of the intermediate relations.
Thesecondexpressiongeneratesintermediaterelationswithfewerfields(andistherefore
likelytoresultinintermediaterelationinstanceswithfewertuples,aswell).Arela-
tionalqueryoptimizerwouldtrytoarriveatthesecondexpressionifitisgiventhe first.
(Q3)FindthecolorsofboatsreservedbyL ubber.

TTcolor((Osname="Lubber Sailors)acReservesasBoats)
This queryis verysimilar to thequeryweused tocomputesailorswhoreservedred

boats.OninstancesB1,R2,andS3,thequerywillreturnthecolorsgrenandred.

(Q4)Findthenamesofsailorswhohavereservedatleastoneboat.

TTsname(SailorsacReserves)

(Q5)Findthenamesofsailorswhohavereservedaredoragreenboat.
o(T empboats, (0color="red Boats) U (ocolor=green’ Boats))
msname(Tempboats ac>Reserves acSailors)

We identify the set of all boats that are either redor green (Tempboats, whichcontains boats
with thebids 102, 103, and 104 on instancesB1,R2, andS3). Then we join with Reserves to
identify sids of sailors who have reserved one of these boats; this gives us sids 22, 31, 64,
and 74 over our example instances. Finally, we join (an intermediate relation containing this
set of sids) with Sailors to find the names of Sailors with thesesids. This
givesusthenamesDustin,Horatio,andLubberontheinstancesB1,R2,andS3. Another equivalent

definition is the following:

p(Tempboats, (0color="red vVcolor=green Boats))
msname(T€mpboats acReserves ac Sailors)
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(Q6)Findthenamesofsailors whohavereservedaredandagreenboat
o(T empboats2, (0clr=red Boats) N (ocolor=green
Boats))msname(Tempboats2a>Reservesac-Sailors)

However,thissolutionisincorrect—itinsteadtriestocomputesailorswhohavere-
servedaboatthatisbothredandgreen.(SincebidisakeyforBoats,aboatcanbe
onlyonecolor;thisquerywillalwaysreturnanemptyanswerset.) Thecorrect approach is to find
sailors who have reserved a red boat, then sailors who have reserved a green boat, and
thentakethe intersectionofthese two sets:

p(Tempred, sid((Ocolor="red Boats)acReserves))

p(T empgreen, Tsid((Ocolor='green’ Boats)asReserves))

msname(( Tempred N Tempgreen) ac Sailors)

The two temporaryrelations computethe sidsof sailors, and their intersection identifies
sailors who have reserved both red and green boats. On instances B1, R2, and S3, the
sids of sailors who have reserved a red boat are 22, 31, and 64. The sids of sailors who
have reserved a green boat are 22, 31, and 74. Thus, sailors 22 and 31 have reserved
both ared boatand a greenboat; their names are Dustinand Lubber.
ThisformulationofQueryQ6caneasilybeadaptedtofindsailorswhohavereserved red
orgreenboats(QueryQ5);justreplaceN byu:

p(Tempred, msid((Ocolor=red Boats) ac>Reserves))

o(T empgreen, 1sid((Ocolor='green’ Boats)as-Reserves))
msname((Tempred UTempgreen) acSailors)

In the above formulations of Queries Q5 and Q6, the fact that sid (the field over which
we compute union or intersection) is a key for Sailors is very important. Consider the

following attempt to answer Query Q6:

p(Tempred, msname((Ocolor="red Boats) aReservesasSailors))

o(T empgreen, sname((Ocolor='green’  Boats) acReserves ac
Sailors)) TempredNTempgreen

Thisattemptisincorrectforarathersubtlereason. Twodistinctsailorswiththe

samename,suchasHoratioinourexampleinstances,mayhavereservedredand
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greenboats,respectively.Inthiscase,thenameHoratiowill(incorrectly)beincluded
intheanswereventhoughnooneindividualcalledHoratiohasreservedaredboatand a green boat.
The cause of this error is thatsnameis being used to identify sailors(while doing the
intersection) in this version of the query, butsname is not a key.

(Q7) Find the names of sailors who have reserved at least two
boats.o(Reservations, Tsidsname,bid(Sailors ac Reserves))
p(Reservationpairs(1 —sidl,2 —snamel,3—bidl,4 —sid2, 5 —
sname2,6 — bid2),Reservations x Reservations)

TTsname10(sid1=sid2)( (bid1=bid2)RESErvationpairs

First we compute tuples of the form<{sid,sname,bid), where sailorsidhas made a

reservationforboatbid;thissetoftuplesisthetemporaryrelationReservations. Next we find
all pairs of Reservations tuples where the same sailor has made both
reservationsandtheboatsinvolvedaredistinct.Hereisthecentralidea:Inorder to show that a
sailor has reserved two boats, we must find two Reservations tuples
involvingthesamesailorbutdistinctboats.OverinstancesB1,R2,andS3,the sailors withsids
22, 31, and 64 have each reserved at least two boats.Finally, we project the names of

such sailors to obtain the answer, containing the names Dustin, Horatio, and Lubber.

Noticethatweincluded sidinReservationsbecauseit isthekeyfieldidentifyingsailors, and we
need it to check that two Reservations tuples involve the same sailor. As noted in the

previous example, we can’t use sname for this purpose.

(Q8)Findthesidsofsailorswithageover20whohavenotreservedaredboat.

TTsid(Oage>20Sailors) —1Tsid((Ocolor=red Boats) a>Reservesacs Sailors)
Thisqueryillustratestheuseoftheset-
differenceoperator.Again,weusethefactthatsidisthekeyforSailors.Wefirstidentifysailorsagedo
ver20(overinstancesB1,
R2,andS3,sids22,29,31,32,58,64,74,85,and95)andthendiscardthosewhohave
reservedaredboat(sids22,31,and64),toobtaintheanswer(sids29,32,58,74,
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85,and95).Ifwewanttocomputethenamesofsuchsailors,wemustfirstcompute

theirsids(asshownabove),andthenjoinwithSailorsandprojectthesnamevalues.

(Q9)Findthenamesofsailorswhohavereservedallboats.

Theuseofthewordall(orevery)isagoodindicationthatthedivisionoperationmight be applicable:

p(Tempsids,(1Tsid bidReserves)/(midBoats))
TTsname(Tempsidsac>Sailors)

The intermediate relation Tempsids is defined using division, and computes the set
ofsidsofsailors who have reserved every boat (over instancesB1, R2, andS3, this is just sid
22). Notice how we define the two relations that the division operator (/) is applied to—the
first  relationhastheschema(sid,bid)andthesecondhastheschema(bid).Divisionthen  returns

allsids such that there is a tuple<sid,bid) in the first relation for eachbidin the second. Joining

Tempsids with Sailors is necessary to associate nameswith the selected sids; for sailor 22,
the name is Dustin.

(Q10)FindthenamesofsailorswhohavereservedallboatscalledInterlake.

p(Tempsids, (Tsid vidReserves)/ (vid(Obname=interlake Boats))) msname(Tempsids o>

Sailors)

Theonlydifferencewithrespecttothepreviousqueryisthatnowweapplyaselection to Boats, to
ensure that we compute onlybids of boats namedinterlakein defining the second argument to
the division operator. Over instancesB1,R2, andS3, Tempsids evaluates to sids 22 and 64,

and the answer contains their names, Dustin and Horatio.

RELATIONALCALCULUS

Relational calculus is an alternative to relational algebra. In contrast to the algebra,
whichisprocedural,thecalculusisnonprocedural,ordeclarative,inthatitallows us to
describe the set of answers without being explicit about how they should be
computed.Relational calculus has had a big influence on the design of commercial

querylanguagessuchasSQLand,especially,Query-by-Example(QBE).

The variant of the calculus that we present in detail is called the tuple relational

calculus(TRC).VariablesinTRCtakeontuplesasvalues.Inanothervariant, called
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thedomainrelationalcalculus(DRC),thevariablesrangeoverfieldvalues. TRChas had moreofan
influence on SQL, while DRC hasstrongly influenced QBE.

TupleRelationalCalculus

Atuplevariableisavariablethattakesontuplesofaparticularrelationschemaas  values.That s,
every value assigned to a given tuple variable has the same numberand
typeoffields.Atuplerelationalcalculusqueryhastheform{T|p(T)},whereTisa

tuplevariableandp(T) denotesaformulathatdescribesT ; wewillshortlydefine formulas and

queries rigorously. The result of this query is the set of all tuplest for which the formula p(T

) evaluates to true with T =t. The language for writing formulas p(T ) is thus at the heart of
TRC and is essentially a simple subset of first-order logic. As a simple example, consider
the following query.
(Ql1l)Findallsailorswitharatingabove?.

{SISESailors"S.rating>7}
When this query is evaluated on an instance of the Sailors relation, the tuple variableS is
instantiated successively with each tuple, and the testS.rating>7is applied. The answer
contains those instances ofSthat pass this test. On instanceS3 of Sailors, the answer contains
Sailors tuples with sid 31, 32, 58, 71, and 74.

Syntaxof TRC Queries

Wenowdefinetheseconceptsformally,beginningwiththenotionofaformula.LetRel
bearelationname,R  andS  betuplevariables,a  anattributeofR,andb  anattribute
ofS.Letopdenoteanoperatorintheset{<,>,=,<,2,=}. Anatomicformula isone of the
following:

a. RERel

b. R.aopS.b

c. R.aopconstant,orconstantopR.a

A formula is recursively defined to be one of the following, wherep andq are them- selves
formulas, and p(R) denotes a formula in which the variable R appears:
anyatomicformula
<p,pVa,p”a,orp=-q
JR(p(R)),whereRisatuplevariable
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VR(p(R)),whereRisatuplevariable

WeobservethateveryvariableinaTRCformulaappearsinasubformulathatis atomic, and every
relation schema specifies a domain for each field; this observation
ensuresthateachvariableinaTRCformulahasawell-defineddomainfromwhich values for the
variable are drawn. That is, each variable has a well-definedtype, in the
programminglanguagesense.Informally,anatomicformulaR€eRelgivesRthe type of tuples
inRel, and comparisons such asR.a opS.b andR.a opconstant induce type
restrictionsonthefieldR.a.lfavariableRdoesnotappearinanatomicformulaof
theformRERel(i.e.,itappearsonlyinatomicformulasthatarecomparisons),we
willfollowtheconventionthatthetypeofRisatuplewhosefieldsincludeall(and only) fields of R
that appear in the formula.

We will not define types of variables formally, but the type of a variable should be clear in
mostcases,andtheimportantpointtonoteisthatcomparisonsofvalueshaving  different  types
should always fail. (In discussions of relational calculus, the simplifying assumption is often
made that there is a single domain of constants and that this is the domain associated with

each field of each relation.)

A TRC query is defined to be expression of the form {T |p(T)}, where Tis the only free

variable in the formula p.

Semanticsof TRC Queries

WhatdoesaTRCquerymean?Moreprecisely,whatisthesetofanswertuplesfora

givenTRCquery?TheanswertoaTRCquery{T|p(T)},aswenotedearlier,isthe
setofalltuplestforwhichtheformulap(T)evaluatestotruewithvariableTassigned  the  tuple
valuet. To complete this definition, we must state which assignments of tuple values to the
free variables in a formula make the formula evaluate to true.
Aqueryisevaluatedonagiveninstanceofthedatabase.Leteachfreevariableina

formulaFbeboundtoatuplevalue.Forthegivenassignmentoftuplestovariables,
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withrespecttothegivendatabaseinstance,Fevaluatesto(orsimply‘is’)trueifone of the following
holds:

F isanatomicformulaR e Rel,andRisassignedatupleintheinstance of relation
Rel.

F is a comparisonR.a opS.b,R.a opconstant, orconstant opR.a,andthe tuples
assigned to R and S have field values R.a and S.b that make the comparison true.

F is of the form-p, andp is nottrue; or of the formp ” q, and bothp andq are true; or

of the form p V q, and one of them istrue, or of the form p =q andq is true

whenever4p is true.

F is of the form IR(p(R)), and there is some assignment of tuples to the free

variablesinp(R),includingthevariableR,>thatmakestheformulap(R)true.

FisoftheformVR(p(R)),andthereissomeassignmentoftuplestothe
freevariablesinp(R)thatmakestheformulap(R)truenomatterwhat  tuple s

assigned to R.
Examplesof TRC Queries

Wenowillustratethecalculusthroughseveralexamples,usingtheinstancesBlof Boats,R2  of
Reserves, andS3 of Sailors shown in Figures 4.15, 4.16,and 4.17.\We will use parentheses as

needed to make our formulas unambiguous. Often, a  formulap(R)
includesaconditionR e Rel,andthemeaningof  thephrasessometupleRandforall  tuplesRis
intuitive.  We  will use the notationdReRel(p(R)) fordR(ReRelAp(R)).
Similarly,weusethenotation VR e Rel(p(R))forVR(R eRel=p(R)).

(Q12)Findthenamesandagesofsailorswitharatingabove?.

{P|3SeSailors(S.rating>7AP.name=S.snameAP.age=S.age)}
This query illustrates a useful convention:P is considered to be a tuple variable with
exactlytwofields,whicharecallednameandage,becausethesearetheonlyfieldsof
PthatarementionedandPdoesnotrangeoveranyoftherelationsinthequery;
thatis,thereisnosubformulaoftheformP e Relname. Theresultofthisqueryis

arelationwithtwofields,nameandage. TheatomicformulasP.name=S.sname
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andP.age= S.agegivevaluestothefieldsofananswertupleP. OninstancesB1, R2, andS3,

theansweristhesetoftuples{Lubber, 55.5), {Andy, 25.5), {Rusty, 35.0),
(Zorba,16.0, ,and{Horatio,35.0).

(Q13)Findthesailorname,boatid,andreservationdateforeachreservation

{P|3ReReserves JSeSailors
(R.sid=S.sidAP.bid=R.bidAP.day=R.dayAP.sname=S.sname)}

ForeachReservestuple,welookforatupleinSailorswiththesamesid.Givenapair of such tuples,
we construct an answer tupleP with fields sname, bid, and day bycopying the corresponding
fields from these two tuples. This query illustrates how we can combine
valuesfromdifferentrelationsineachanswertuple. Theanswertothisqueryon instances B1, R2,
and S3 is shown in Figure 4.20.

sname | bid | day
Dustin | 10 | 10/10/98
Dustin | 102| 10/10/98
Dustin | 103| 10/8/98
Dustin | 104 | 10/7/98
Lubber| 102| 11/10/98
Lubber| 103| 11/6/98
Lubber| 104| 11/12/98
Horati | 101 9/5/98
Horati | 102| 9/8/98
Horati | 103| 9/8/98

Figure4.20  AnswertoQueryQ13
(Q1)Findthenamesofsailorswhohavereservedboat103.

{P | 3S eSailors 3R eReserves(R.sid= S.sidAR.bid=103AP.sname= S.sname)}
Thisquerycanbereadasfollows:“Retrieveallsailortuplesforwhich

thereexistsatupleinReserves,havingthesamevalueinthesidfield,and

withbid=103.”Thatis,foreachsailortuple,welookforatuplein

Reservesthatshowsthatthissailorhasreservedboat103.Theanswertuple

Pcontainsjustone field,sname
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(Q2)Findthenamesofsailorswhohavereservedaredboat.

{P|3SeSailors JReReserves(R.sid=S.sidAP.sname=
S.snameA3B eBoats(B.bid=R.bidAB.color=red))}

Thisquerycanbereadasfollows:“RetrieveallsailortuplesSforwhichthereexist

tuplesRinReservesandBinBoatssuchthatS.sid=R.sid,R.bid=B.bid,and  B.color =red.”

Another way to write this query, which corresponds more closely to this reading, is as
follows:

(Q7)Findthenamesofsailorswhohavereservedatleasttwoboats.
{P|3SeSailorsdR1eReservesiR2eReserves(S.sid=R1.sid
AR1.sid=R2.sidAR1.bid#R2.bidAP.sname=S.sname)}

Contrastthisquerywiththealgebraversionandseehowmuchsimplerthecalculus ~ version is.In
part, this difference is due to the cumbersomerenaming of fields in the algebra version, but

the calculus version really is simpler.

(Q9)Findthenamesofsailorswhohavereservedallboats.

{P|3SeSailors VBeBoats
(AReReserves(S.sid=R.sidAR.bid=B.bidAP.sname=S.sname))}

This query was expressed using the division operator in relational algebra.Noticehow easily
it is expressed in the calculus. The calculus query directly reflects how we might express the
query in English: “Find sailorsS such that for all boats B there is a Reserves tuple showing
that sailor S has reserved boat B.”

(Q14)Findsailorswhohavereservedallredboats.

{S|SeSailorse VBeBoats
(B.color=red=(3R€EReserves(S.sid= R.sid AR.bid= B.bid)))}

This query can be read as follows:For each candidate (sailor), if a boat is red, the
sailor must have reserved it.That is, for a candidate sailor, a boat being red must imply
the sailor having reserved it. Observe that since we can return an entire sailor tuple as
the answer instead of just the sailor’s name, we have avoided introducing a new free
variable (e.g., the variablePin the previous example) to hold the answer

values.OninstancesB1,R2,andS3,theanswercontainstheSailorstupleswithsids22
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and31.Wecanwritethisquerywithoutusingimplication,byobservingthatan
expressionoftheformp=>qislogicallyequivalentto -pAq:

{S|SeSailorse VBeBoats
(B.color#red U(IReReserves(S.sid= R.sid AR.bid=B.bid)))}

Thisqueryshouldbereadasfollows:“FindsailorsSsuchthatforallboatsB,either the boatis notred

or aReserves tupleshows that sailorS has reserved boat B.”
DomainRelationalCalculus

A domain variable is a variable that ranges over the values in the domain of some
attribute (e.g.,thevariablecanbeassignedanintegerifitappearsinanattribute

whosedomainisthesetofintegers). ADRCquery hastheform{{x1,x2, . . . , xn)| p({x1,X2,..

., Xn» )}, whereeachxiiseitheradomainvariableoraconstantand p({x1,X2,.. ., Xn)) denotes a

DRC formula whose only free variables are thevari-ables amongthexi, 1< i <

n.Theresultofthisqueryisthesetofalltuples {x1, Xa,..

. Xny forwhichtheformulaevaluatestotrue.

A DRC formula is defined in a manner that is very similar to the definition of a TRC
formula. Themaindifferenceisthatthevariablesarenowdomainvariables.Letop ~ denote  an
operator in the set {<, >, =, <, 2, =} and let X and Y be domain variables. An atomic

formula in DRC is one of the following:

{X1,X2,....xn) € Rel, where Rel is a relation with n attributes; each xi, 1 < i < n is either a

variable or a constant.
XopY

Xopconstant,orconstantopX

Aformula isrecursivelydefinedtobeoneofthefollowing,wherepandqarethem- selves formulas,

andp(X) denotesa formula in which the variableX appears:
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anyatomicformula
“p,pVa,pAg,orp=q
IX(p(X)),whereXisadomainvariable
VX(p(X)),whereXisadomainvariable
ExamplesofDRC Queries

WenowillustrateDRCthroughseveralexamples. Thereaderisinvitedtocompare these with the
TRC versions.

(Q1ll)Findallsailorswith aratingabove7.
{{LN, T, A [<I,N, T, A) eSailorsaT>7}

Thisdiffersfromthe TRCversioningivingeachattributea(variable)name.The condition{l, N, T,

A) eSailorsensures that the domain variables|,N, T, and

Aarerestrictedtobefieldsofthesametuple. IncomparisonwiththeTRCquery, wecan say T >7

instead of S.rating >7, but we must specify the tuple <I, N, T, A)in the result, rather than

just S.

(Q1)Findthenamesofsailorswhohavereservedboat103.
{{N) 131, TA(I, N, T, A) eSailors

A3Ir, Br, D(CIr, Br, D) eReservesalr= IABr=103))}
(Q2)Findthenamesofsailorswhohavereservedaredboat.

{{N) 31, T, A({I,N, T, A) €Sailors
A31,Br,D) e Reservesa3{Br,BN, red) Boats)}
(Q7)Findthenamesofsailorswhohavereservedatleasttwoboats.

gl\y A1, T, AL, N, T, A) eSailorsA3Brl, Br2, D1, D2(I, Brl, D1) eReservesa{l, Br2,
2) €ReservesABrl =Br2)

Notice how the repeated use of variable lensures that the same sailor has reserved both

the boats in question.

(Q9)Findthenamesofsailorswhohavereservedallboats.
{(N) 3, T, A({I,N, T, A) eSailorsa
3B, BN, C(~({B, BN, C) eBoats) A
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(34Ir, Br, D) eReserves(I= IrABr= B))))}

Thisquerycanbereadasfollows:“FindallvaluesofNsuchthatthereissometuple
{I,N,T,A) inSailorssatisfyingthefollowingcondition:forevery {B,BN,C) ,either
thisisnotatupleinBoatsorthereissometuple{Ir,Br,D) inReservesthatproves

thatSailorlhasreservedboatB.”TheVquantifierallowsthedomainvariablesB,
BN,andCtorangeoverallvaluesintheirrespectiveattributedomains,andthe pattern

‘=({B,BN,C) eBoats)V ’isnecessarytorestrictattentiontothosevalues

thatappearintuplesofBoats.

THEFORMOFABASICSQLQUERY

This section presents the syntax of a simple SQL query and explains its meaning
through aconceptual evaluation strategy. A conceptual evaluation strategy is a way to
evaluate the query that is intended to be easy to understand, rather than efficient. A

DBMSwouldtypicallyexecuteaqueryinadifferentandmoreefficientway.

Sid | sname | rating | age sid | bid | day

22 | Dustin |7 45.0 22 | 101 | 10/10/98
29 | Brutus |1 33.0 22 | 102 | 10/10/98
31 | Lubber | 8 55.5 22 | 103 | 10/8/98
32 | Andy 8 25.5 22 | 104 | 10/7/98
58 | Rusty |10 35.0 31 | 102 | 11/10/98
64 | Horatio | 7 35.0 31 | 103 | 11/6/98
71 | Zorba |10 16.0 31 | 104 | 11/12/98
74 | Horatio | 9 35.0 64 | 101 | 9/5/98
85 | Arnt 3 25.5 64 | 102 | 9/8/98
95 | Bob 3 63.5 74 | 103 | 9/8/98

Figure5.1AnInstanceS3ofSailors Figure5.2AnInstanceR20fReserves

bid | bname color
101| Interlake | blue
102| Interlake | red
103| Clipper | green
104| Marine red
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Figureb.3 AninstanceBlofBoats

Thebasicformofan SQLqueryis asfollows:
SELECT[DISTINCT]select-listFROM from-listWHERE qualification

Such a query intuitively corresponds to a relational algebra expression involving selec-tions,
projections, and cross-products. Every query must have aSELECTclause, which
specifiescolumnstoberetainedintheresult,andaF ROMclause,whichspecifiesa Cross-
productoftables. Theoptional WHERE-clausespecifiesselectionconditionson the tables
mentioned in the FROM clause. Let us consider a simple query.

(Q15)Findthenamesandagesofallsailors.

SELECTDISTINCTS.sname,S.ageFROM SailorsS

Theanswerisasetofrows,  eachofwhichisapair{sname,  age).  Iftwoormoresailors  have

thesamenameandage, theanswerstill containsjustonepairwith thatnameandage.
Thisqueryisequivalenttoapplyingtheprojectionoperatorofrelationalalgebra.

The answer to this query with and without the keywordDISTINCT on instanceS3 of
Sailors is shown in Figures5.4and5.5.Theonly differenceisthatthe tuple for Horatio
appears twice ifDISTINCTis omitted; this is because there are two sailors called

Horatio and age 35.

Snameage
sname age Dustin | 45.0
Dustin | 45.0 Brutus | 33.0
Brutus | 33.0 Lubber | 55.5
Lubber | 55.5 Andy 25.5
Andy 25.5 Rusty | 35.0
Rusty 35.0 Horatio | 35.0
Horatio | 35.0 Zorba | 16.0
Zorba 16.0 Horatio | 35.0
Art 25.5 Art 25.5
Bob 63.5 Bob 63.5

Figure5.4AnswertoQ15 Figure5.5AnswertoQ15withoutDISTINCT

(Qll)Findallsailorswitharatingabove?.
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SELECTS.sid, S.sname, S.rating, S.age FROMSailors ASSWHERES.rating >7
WenowconsiderthesyntaxofabasicSQLqueryinmoredetail.
e The from-list in theFROMclause is a list of table names. A table name can be

followed by a range variable; a range variable is particularly useful when the same
tablenameappearsmorethan onceinthe from-list.

The select-list is a list of (expressions involving) column names of tables named in the
from-list. Column names can be prefixed by a range variable.

ThequalificationintheWHEREclauseisabooleancombination(i.e.,anexpres- sion using the
logical  connectivesAND,OR, andNOT) of conditions of the form

expressionopexpression,whereopisoneofthecomparisonoperators{<,<=,=

,<>,>= >} 2Anexpressionisacolumnname,aconstant,oran(arithmeticor string) expression.

TheDISTINCTkeywordisoptional.ltindicatesthatthetablecomputedasan answer to this

query should not contain duplicates, that is, two copies of the same row. The default is

that duplicates are not eliminated.
thesyntaxofabasicSQLquery,theydon’ttellusthemeaningofaquery. Theanswerto a query is
itself a relation which is amultisetof rows in SQL whose contents can be understood by

considering the following conceptual evaluation strategy:

1. Computethecross-productofthe tablesinthefrom-list.

2. Deletethose rowsin thecross-productthatfailthe qualificationconditions.
3. Deleteallcolumnsthatdonotappearintheselect-list.

4. IfDISTINCTisspecified,eliminateduplicaterows.

(Q1)Findthenamesofsailorswhohavereservedboatnumber103.

It can be expressed in SQL as follows.SELECTS.snameFROM Sailors S, Reserves R
WHERES.sid=R.sid ANDR.bid=103Let us compute the answer to this query on the

instancesR3o0fReservesandS4ofSailorsshowninFigures5.6and5.7,sincethe
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computation on our usual example instances (R2 and S3) would be unnecessarily
tedious.

sid rati | age

22 7 45.0
31 8 55.5
58 10 35.0

sid | bid day
22 | 101 10710796
58 [ 103 11712796

Figure5.6InstanceR3ofReserves Figure5.7InstanceS4ofSailors

Thefirststepistoconstructthecross-productS4x R3, whichisshowninFigure5.8.

sid | sname| rating| age | sid| bid | day

22 | Dusti | 7 45.0| 22 | 101| 10/10/96
22 | Dusti | 7 45.0| 58 | 103| 11/12/96
31 | Lubbe| 8 55.5| 22 | 101| 10/10/96
31 | Lubbe| 8 55.5| 58 | 103| 11/12/96
58 | Rusty | 10 35.0| 22 | 101| 10/10/96
58 | Rusty | 10 35.0| 58 | 103| 11/12/96

Figure5.8 S4xR3
ThesecondstepistoapplythequalificationS.sid=R.sidANDR.bid=103.(Notethat
thefirstpartofthisqualificationrequiresajoinoperation.) Thisstepeliminatesall but the last row

from the instance shown in Figure 5.8. The third step is to eliminate unwantedcolumns;

onlysnameappearsin theSELECTclause.Thisstepleavesuswith

theresultshowninFigure5.9,whichisatablewithasinglecolumnand,asithappens, just one row.

Shame

rusty

Figure5.9AnswertoQueryQlonR3andS4

ExamplesofBasicSQL Queries

QueryQ1,whichwediscussedintheprevioussection,canalsobeexpressedasfollows:

SELECTsnameFROMSailorsS,ReservesRWHERES.sid=R.sidANDbid=1030nlythe
occurrences ofsidhave to be qualified, since this column appears in both the Sailors and

Reserves tables. An equivalent way to write this query is:
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SELECTsnameFROM Sailors,ReservesWHERESailors.sid=Reserves.sidANDbid=103

(Ql6)Findthesidsofsailorswhohavereservedaredboat.

SELECT R.sidFROM BoatsB,ReservesRWHEREB.bid=R.bidANDB.color=‘red’

This query contains a join of two tables, followed by a selection on the color of boats.We
can think of B and R as rows in the corresponding tablesthat ‘prove’that a sailor with sid
R.sid reserved a red boat B.bid. On our example instances R2 and S3.

(Q2)Findthenamesofsailorswhohavereservedaredboat.

SELECT S.snameFROM SailorsS,ReservesR,BoatsBWHERE S.sid=R.sid
ANDR.bid= B.hidANDB.color= ‘red’

Thisquerycontainsajoinofthreetablesfollowedbyaselectiononthecolorofboats. The joinwith Sailors
allowsus tofind the name of thesailorwho,according toReservestupleR, has reserved a red boat
described by tuple B.

(Q3)FindthecolorsofboatsreservedbyLubber.

SELECTB.colorFROM Sailors S,ReservesR,BoatsBWHERES.sid=R.sid
ANDR.bid=B.bidANDS.sname=Lubber’

Thisqueryisverysimilartothepreviousone.Noticethatingeneraltheremaybe more than one
sailor called Lubber (since sname is not a key for Sailors); this query is still
correctinthatitwillreturnthecolorsofboatsreservedbysomelLubber,ifthereare  several sailors
called Lubber

(Q4)Findthenamesofsailorswhohavereservedatleastoneboat.

SELECTS.snameFROM  SailorsS,ReservesRWHERES.sid =R.sid
The join of Sailors and Reserves ensures that for each selectedsname, the sailor
hasmadesomereservation.(Ifasailorhasnotmadeareservation,thesecondstepinthe
conceptual evaluation strategy would eliminate all rows in the cross-product that involve

this sailor.)

ExpressionsandStringsintheSELECTCommand

SQLsupportsamoregeneralversionoftheselect-listthanjustalistofcolumns.Each iteminaselect-

listcanbeoftheformexpressionAScolumnname,whereexpression
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is any arithmetic or string expression over column names (possibly prefixed by range
variables) and constants.

(Q17)Computeincrementsfortheratingsofpersonswhohavesailedtwodifferent boats on the

same day.

SELECT S.sname, S.rating+1 AS rating FROM  SailorsS,ReservesR1,ReservesR2
WHERES.sid = R1.sid AND S.sid = R2.sid AND R1.day = R2.day AND R1.bid
<>R2.bid

Also,eachiteminaqualificationcanbeasgeneralasexpressionl=expression2.

SELECT S1.sname AS namel, S2.sname AS name2 FROM  SailorsS1,Sailors
S2WHERE2*S1.rating= S2.rating-1.

(Q18)FindtheagesofsailorswhosenamebeginsandendswithBandhasatleast three characters.
SELECT S.age FROM SailorsSWHERES.snameLIKE‘B%B’
The only such sailor is Bob, and his age is 63.5.

UNION,INTERSECT,ANDEXCEPT

SQL provides threeset-manipulation constructs thatextend the basicquery formpre- sented
earlier. Since the answer to a query is a multiset of rows, it is natural to consider the
useofoperationssuchasunion,intersection,anddifference.SQLsupportsthese  operationsunder
thenames  UNION, INTERSECT, and EXCEPT.“SQLalso  providesother  set

operations:IN(tocheck if an element is in a given set),op ANY,op ALL(tocom-parea

valuewiththeelementsinagivenset,usingcomparisonoperatorop),andEXISTS (to check if a

set is empty).INand EXISTScan be prefixed byNOT, with the obvious modificationto their
meaning.We coverUNION, INTERSECT, and EXCEPT in this section.

Considerthefollowingquery:

(Q5)Findthenamesofsailorswhohavereservedaredoragreenboat.

SELECTS.snameFROM SailorsS,ReservesR,BoatsBWHERES.sid= R.sid
ANDR.bid=B.bidAND(B.color=‘red’ORB.color=‘green’)
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This query is easily expressed using the OR connective in the WHERE clause. However, the
following query, which is identical except for the use of ‘and’ rather than ‘or’ inthe
English version, turns out to be much more difficult:

(Q6)Findthenamesofsailorswhohavereservedbotharedandagreenboat.

IfweweretojustreplacetheuseofORinthepreviousquerybyAND,inanalogyto
theEnglishstatementsofthetwoqueries,wewouldretrievethenamesofsailorswho
havereservedaboatthatisbothredandgreen. Theintegrityconstraintthatbidisa key for Boats tells
us that the same boat cannot have two colors, and so the variant of the previous query
withAND in place of OR will always return an empty answer set. Acorrect statement of
QueryQ6 using AND is the following:

SELECT S.sname FROM Sailors S, Reserves R1, Boats B1, Reserves R2, Boats

B2 WHERES.sid = R1.sid AND R1.bid = B1.bid AND S.sid = R2.sidAND R2.bid

= B2.bid AND B1.color=‘red” AND B2.color = ‘green’
WecanthinkofR1andB lasrowsthatprovethatsailorS.sidhasreservedaredboat.
R2andB2similarlyprovethatthesamesailorhasreservedagreenboat.S.snameis not included in
the result unless five such rows S, R1, B1, R2, and B2 are found.The OR query (Query Q5)

can be rewritten as follows:

SELECTS.sname

FROM SailorsS,Reserves R,BoatsB

WHERE S.sid=R.sidANDR.bid=B.bidANDB.color=‘red’
UNION

SELECTS2.sname

FROM Sailors S2,Boats B2,ReservesR2
WHERES2.sid=R2.sidANDR2.bid=B2.bidAND B2.color=‘green’

Thisquerysaysthatwewanttheunionofthesetofsailorswhohavereservedred

boatsandthesetofsailorswhohavereservedgreenboats.Incompletesymmetry, the

query(Query Q6) can be rewritten as follows:

SELECTS.sname

FROM SailorsS,ReservesR,BoatsB

WHERE S.sid=R.sidANDR.bid=B.bidANDB.color=‘red’
INTERSECT

SELECTS2.sname
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FROM Sailors S2,Boats B2,ReservesR2
WHERES2.sid=R2.sidANDR2.bid=B2.bidAND B2.color=‘green’

(Q19)Findthesidsofallsailorswhohavereservedredboatsbutnotgreenboats.

SELECTSsidFROM  SailorsS,ReservesR,BoatsB

WHERE S.sid = R.sidAND R.bid = B.bidAND B.color = ‘red’

EXCEPTSELECTS2.sidFROM Sailors S2, Reserves R2, Boats B2

WHERES2.sid = R2.sidAND R2.bid = B2.bid AND B2.color = ‘green’
Sailors22,64,and31havereservedredboats.Sailors22,74,and31havereserved green boats. Thus,

the answer contains just thesid 64.

Indeed,sincetheReservesrelationcontainssidinformation,thereisnoneedtolookat the Sailors
relation, and we can use the following simpler query:

SELECT R.sid FROM Boats B, Reserves R
WHERER.bid=B.bidANDB.color=‘red’
EXCEPTSELECTR2.sidFROM BoatsB2,
ReservesR2WHERE R2.bid=B2.bidAND
B2.color=‘green’
Note thatUNION,INTERSECT, andEXCEPTcan be used onanytwo tables that are union-

compatible,thatis,havethesamenumberofcolumnsandthecolumns,taken in order, have the

same types. For example, we can write the following query:

(Q20)FindallsidsofsailorswhohavearatingoflOorhavereservedboat104.

SELECTS.sidFROM  SailorsSWHERES.rating=10

UNION
SELECTR.ssid FROM  ReservesRWHERER.bid=104

Thefirstpartoftheunionreturnsthesids58and71.Thesecondpartreturns22

and31.Theansweris,therefore,thesetofsids22,31,58,and71.Afinalpoint to note
aboutUNION,INTERSECT, andEXCEPTfollows. In contrast to the default that duplicates
are not eliminated unlessDISTINCTis specified in the basic query form, the default

forUNIONqueries is that duplicatesareeliminated! To retain duplicates,UNION

ALLmustbeused;ifso,thenumberofcopiesofarowintheresultism+n,where ~ mandnare  the

numbers of times that the row appears in the two parts of the union.
Similarly,oneversionofINTERSECTretainsduplicatesthenumberofcopiesofarow
intheresultismin(m,n)—andoneversionofEXCEPTalsoretainsduplicates—the
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numberofcopiesofarowintheresultism—n,wheremcorrespondstothefirst relation.

NESTEDQUERIES

A nested query is a querythat has another query embedded within it; the embedded

query is called a subquery.

IntroductiontoNested Queries
Asanexample,letusrewritethefollowingquery,whichwediscussedearlier,usinganested subquery:
(Q1)Findthenamesofsailorswhohavereservedboat103.

SELECTS.sname

FROM SailorsS

WHERES.sidIN(SELECTR.sid
FROM ReservesR
WHERER.bid=103)

Thenestedsubquerycomputesthe(multi)setofsidsforsailorswhohavereservedboat 103 (the set
contains 22, 31, and 74 on instances R2 andS3), and the top-level query
retrievesthenamesofsailorswhosesidisinthisset. ThelNoperatorallowsusto
testwhetheravalueisinagivensetofelements;anSQL queryisusedtogeneratethesettobetested.Not
icethatitisveryeasytomodifythisquerytofindallsailors who have notreserved boat 103—we
can just replace IN by NOT IN!

(Q2)Findthenamesofsailorswhohavereservedaredboat.

SELECT S.sname
FROM SailorsS
WHERES .sidIN( SELECTR.sid
FROM ReservesR
WHERER.bidIN(SELECTB.bid
FROM BoatsB
WHEREB.color=‘red’ )

Theinnermostsubqueryfindsthesetofbidsofredboats(102and104oninstance

B1).Thesubgueryonelevelabovefindsthesetofsidsofsailorswhohavereserved
oneoftheseboats.OninstancesB1,R2,andS3,thissetofsidscontains22,31,and64.
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The top-level query finds the names of sailors whosesidis in this set ofsids. For the example
instances, we get Dustin, Lubber, and Horatio.

(Q21)Findthenamesofsailorswhohavenotreservedaredboat.

SELECT S.sname
FROM SailorsS
WHERES.sidNOTIN(SELECTR:.sid
FROM ReservesR
WHERER.bidIN(SELECTB.bid
FROM BoatsB
WHEREB.color=‘red’ )

Thisquerycomputesthenamesofsailorswhosesidisnotintheset22,31,and64.
CorrelatedNestedQueries

In the nested queries that we have seen thus far, the inner subquery has been completely
independentoftheouterquery.Ingeneraltheinnersubquerycoulddependontherow
thatiscurrentlybeingexaminedintheouterquery(intermsofourconceptual evaluation strategy).

Let us rewrite the following query once more:

(Q1)Findthenamesofsailorswhohavereservedboatnumber103.

SELECTS.sname
FROM SailorsS
WHEREEXISTS(SELECT*
FROM ReservesR
WHERER.bid=103
ANDR:.sid=S.sid)

TheEXISTSoperatorisanothersetcomparisonoperator,suchasIN.Itallowsusto test whether a
set is nonempty. Thus, for each Sailor rowS, we test whether the set of Reserves rows R
such that R.bid = 103 AND S.sid = R.sid is nonempty. If so, sailor S has reserved boat 103,
and we retrieve the name. The subquery clearly depends on the current rowSand must be re-
evaluated for each row in Sailors. The occurrence ofSin the
subquery(intheformoftheliteralS.sid)iscalledacorrelation,andsuchqueriesare called

correlated queries.
Set-ComparisonOperators

We have alreadyseen theset-comparison operatorsEXISTS,IN, andUNIQUE, alongwith

theirnegatedversions.SQLalsosupportsopANYandopALL,whereopisoneofthe
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arithmetic comparison operators{<, <=, =, <>, >=, >}. (SOME is also available, but it is
just a synonym for ANY.)

(Q22)FindsailorswhoseratingisbetterthansomesailorcalledHoratio.

SELECT S.sid

FROM SailorsS

WHERES.rating>ANY( SELECTS2.rating
FROM SailorsS2
WHERES2.sname=‘Horatio’)

IfthereareseveralsailorscalledHoratio,thisqueryfindsallsailorswhoseratingis
betterthanthatofsomesailorcalledHoratio.OninstanceS3,thiscomputesthe
sids31,32,58,71,and74.WhatiftherewerenosailorcalledHoratio?Inthiscase
thecomparisonS.rating>ANY ...isdefinedtoreturnfalse,andtheabovequery returns an empty
answer set. To understand comparisons involvingANY, it is  useful
tothinkofthecomparisonbeingcarriedoutrepeatedly.Intheexampleabove, S.rating is
successively compared with each rating value that is an answer to the nested query.
Intuitively,thesubquerymustreturnarowthatmakesthecomparisontrue,inorder  for  S.rating

>ANY . .. toreturn true.

(Q23)FindsailorswhoseratingisbetterthaneverysailorcalledHoratio.

WecanobtainallsuchquerieswithasimplemodificationtoQueryQ22:justreplace
ANYwithALLin theWHERECclauseof theouterquery.OninstanceS3,wewouldget
thesids58and71.IftherewerenosailorcalledHoratio,thecomparisonS.rating

> ALL. . . is defined to returntrue!The query would then return the names of all
sailors.Again, it is useful to think of the comparison being carried out repeatedly.
Intuitively,thecomparisonmustbetrueforeveryreturnedrowinorderforS.rating

> ALL...toreturntrue.

AsanotherillustrationofALL,considerthefollowingquery:

(Q24)Findthesailorswiththehighestrating.

SELECT S.sid

FROM SailorsS

WHERES.rating>=ALL(SELECTS2.rating
FROM SailorsS2)
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The subquery computes the set of all rating values in Sailors.The outerWHEREcon-
ditionissatisfiedonlywhenS.ratingisgreaterthanorequaltoeachoftheserating
values,i.e.,whenitisthelargestratingvalue.Intheinstance S3,theconditionis
onlysatisfiedforrating10,andtheanswerincludesthesidsofsailorswiththisrating, i.e., 58 and 71.

Note thatINandNOT INareequivalentto=ANYand<>ALL,respectively.
MoreExamplesofNestedQueries

LetusrevisitaquerythatweconsideredearlierusingtheINTERSECT operator.
(Q6)Findthenamesofsailorswhohavereservedbotharedandagreenboat.

SELECTS.sname
FROM SailorsS,Reserves R,BoatsB
WHERE S.sid=R.sidANDR.bid=B.bidANDB.color=‘red’
ANDS.sidIN(SELECTS2.sid
FROM Sailors S2,Boats B2,ReservesR2
WHERES2.sid= R2.sidANDR2.bid=B2.bid
ANDB?2.color=‘green’ )
As it turns out, writing this query (Q6) usingINTERSECTismore complicated

becausewehavetousesidstoidentifysailors(whileintersecting)andhavetoreturnsailor names:

SELECT S3.sname

FROM SailorsS3

WHERES3.sidIN((SELECTR:.sid
FROM Boats B,ReservesR
WHERE  R.bid=B.bidANDB.color=‘red”)
INTERSECT
(SELECTR2.sid
FROM BoatsB2,ReservesR2
WHERER2.bid=B2.bidANDB2.color= ‘green’))

Ournextexampleillustrateshowthedivisionoperationinrelationalalgebracanbe expressed in
SQL.
(Q9)Findthenamesofsailorswhohavereservedallboats.

SELECTS.sname

FROM SailorsS

WHERENOTEXISTS((SELECTB.bid
FROM BoatsB)
EXCEPT
(SELECTR.bid
FROM ReservesR
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WHERER:.sid=S.sid))

Noticethatthisqueryiscorrelated—foreachsailorS,wecheck toseethatthesetof
boatsreservedbySincludesallboats.Analternativewaytodothisquerywithout
usingeXCEPTfollows:

SELECT S.sname
FROM SailorsS
WHERENOTEXISTS(SELECTB.bid
FROM BoatsB
WHERENOTEXISTS(SELECTR.bid
FROM ReservesR

WHERER .bid=B.bid
ANDR sid=S.sid))

Intuitively, for each sailor we check that there is no boat that has not been reservedby
this sailor.

AGGREGATE OPERATORS

Wenowconsiderapowerfulclassofconstructsforcomputingaggregate valuessuch
asMINandSUM. These features represent a significant extension of rela-tional algebra. SQL
supports five aggregate operations, which canbe applied on any column, say A, of a relation:

1. COUNT([DISTINCT]A):Thenumberof(unique)valuesinthe Acolumn.

2. SUM ([DISTINCT]A): Thesumofall(unique)valuesintheAcolumn.

3. AVG([DISTINCT]A):Theaverageofall(unique)valuesinthe Acolumn.

4. MAX(A): ThemaximumvalueintheA column.

5. MIN(A): TheminimumvalueintheAcolumn.

NotethatitdoesnotmakesensetospecifyDISTINCT inconjunctionwithMINorMAX
(althoughSQL-92doesnotprecludethis).
(Q25)Findtheaverageageofallsailors.

SELECTAVG(S.age)
FROM SailorsS

OninstanceS3,theaverageageis37.4.0fcourse,the WHEREclausecanbeusedto restrict the

sailors who are considered in computing the average age:

(Q26)Findtheaverageageofsailorswitharatingof10.
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SELECTAVG(S.age)

FROM  SailorsS

WHERES.rating=10
There are two such sailors, and their average age is 25.5.MIN(orMAX) can be usedinstead
ofAVG in the above queries to find the age of the youngest (oldest) sailor.

(Q27)Findthenameandageoftheoldestsailor.Considerthefollowingattemptto  answer  this
query:

SELECT S.sname, MAX (S.age)
FROM SailorsS

Theintentisforthisquerytoreturnnotonlythemaximumagebutalsothenameof the sailors having
that age.However, this query is illegal in SQL—if the SELECT clause uses an aggregate
operation, then it must useonlyaggregate operations unless the query contains aGROUP BY
clause!  (The intuition  behind  this  restriction  should  become  clear
whenwediscusstheGROUPBY clauseinSection5.5.1.) Thus,wecannotuseMAX(S.age) as well
as S.sname in the SELECT clause.We have to use a nested query to compute the desired
answer to Q27:

SELECTS.sname,S.age

FROM SailorsS

WHERE  S.age=(SELECTMAX(S2.age)
FROMSailorsS2)

Observethatwehaveusedtheresultofanaggregateoperationinthesubqueryas an argument to
a comparison operation. Strictly speaking, we are comparing an age value with the
result of the subquery, which is a relation. However, because of the
useoftheaggregateoperation,thesubqueryisguaranteedtoreturnasingletuplewitha  single
field, and SQL converts such a relation to a field value for the sake of the
comparison.The following equivalent query for Q27 is legal in the SQL-92 standard
butisnotsupportedinmanysystems:

SELECTS.sname,S.age

FROM SailorsS

WHERE(SELECTMAX(S2.age)
FROMSailorsS2)=S.age

We can count the number of sailors using COUNT. This example illustrates the use of * as an

argument toCOUNT, which isuseful when we want to countall rows.
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(Q28)Countthenumberofsailors.

SELECTCOUNT(*)
FROM SailorsS

Wecanthinkof*asshorthandforallthecolumns(inthecross-productofthefrom- list in the FROM
clause). Contrast this query with the following query, which computes the numberof
distinctsailornames. (Remember thatsnameis notakey!)

(Q30)Findthenamesofsailorswhoareolderthantheoldestsailorwitharatingof10.

SELECT S.sname

FROM SailorsS

WHERE S.age>(SELECTMAX(S2.age)
FROM SailorsS2
WHERES2.rating =10 )

On instance S3, the oldest sailor with rating 10 is sailor 58, names of older sailors are Bob,

Dustin, Horatio, andLubber.could alternatively be written as follows:
SELECTS.snameFROM  SailorsS
WHERES.age>ALL(SELECTS2.age

FROM SailorsS2
WHERES2.rating=10)

TheGROUPBYandHAVINGClauses

wewanttoapplyaggregateoperationstoeachofanumberofgroupsofrowsina relation, where the

number of groups depends on the relation instance (i.e., is not known in advance). For
example, consider the following query.
(Q31)Findtheageoftheyoungestsailorforeachratinglevel.
Ifweknowthatratingsareintegersintherange1to10,wecouldwritel0queriesof the form:

SELECTMIN(S.age)

FROM SailorsS

WHERES.rating=i

wherei=1, 2, . .., 10.Writing10such queriesis tedious.Moreimportantly,wemaynot know what
rating levels exist in advance.

Towritesuchqueries,weneedamajor extension tothebasicSQLqueryform,namely,theGROUP

BYclause. In fact,theextension alsoincludesan optional HAVING clause
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thatcanbeusedtospecifyqualificationsovergroups(forexample,wemayonly
beinterestedinratinglevels>6).ThegeneralformofanSQL querywiththeseextensions is:

SELECT[DISTINCT]select-list
FROM from-list
WHEREqualification

GROUP BY grouping-list
HAVING group-qualification

UsingtheGROUPBY clause,wecanwriteQ31lasfollows:

SELECT S.rating,MIN(S.age)
FROM  SailorsS
GROUPBYS.rating

Letusconsidersomeimportantpointsconcerningthenewclauses:

Theselect-list intheSELECT clauseconsistsof(1)a listofcolumnnamesand(2)alist
oftermshavingtheformaggop(column-name)ASnew-name.Theoptional AS new-
nametermgivesthiscolumnanameinthetablethatistheresultofthequery. Any of the aggregation
operators can be used for aggop.Every column that appears in (1) must also appear in
grouping-list. The reason is that each row in the result of the query
correspondstoonegroup,whichisacollectionofrowsthatagreeonthevaluesof columns in
grouping-list. If a column appears in list (1), but not in grouping-list, it is not clear

whatvalue should beassigned to it inananswerrow.

Theexpressionsappearinginthegroup-qualificationintheHAVINGclausemust
haveasinglevaluepergroup.TheintuitionisthattheHAVINGclausedetermineswhether
ananswerrowistobegeneratedforagivengroup.Therefore,acol- umn appearing in the
group-qualificationmust appear as the argument to anaggregation operator, or it must
also appear in grouping-list.

IftheGROUPBY clauseisomitted,theentiretableisregardedasasinglegroup.

Wewillexplainthesemanticsofsuchaquerythroughanexample.Considerthequery:

Q32)Findtheageoftheyoungestsailorwhoiseligibletovote(i.e.,isatleast18 years old) for each
rating level with at least two such sailors.

SELECT S.rating,MIN(S.age)ASminage
FROM  SailorsS
WHERES.age>=18
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GROUPBYS.rating
HAVING COUNT(*)>1
Extending the conceptual evaluation strategy presented in Section 5.2, we proceed as

follows. The first step is to construct the cross-product of tables in the from-list. Because
the only relation in the from-list in Query Q32 is Sailors, the result is just the instance
shown in Figure 5.10.

sid | sname | rating| age
22 | Dustin | 7 45.0
29 | Brutus | 1 33.0
31 | Lubber| 8 55.5
32| Andy | 8 25.5
58 | Rusty | 10 35.0
64 | Horati | 7 35.0
71 [Zorba | 10 16.0
74 |Horatio | 9 35.0
85 |Art 3 25.5
95 Bob 3 63.5

Figure5.10 Instance S3ofSailors
ThesecondstepistoapplythequalificationintheWHEREclause,S.age>=18.This step eliminates

the row<71, =zorba,10,16).The third step is to eliminate  unwanted

columns.OnlycolumnsmentionedintheSELECT clause,theGROUPBY clause,or
theHAVINGclause are necessary, which means we can eliminatesidandsnamein our

example.The result is shown in Figure 5.13.The fourth step is to sort the table

Rating | minage
3 25.5
7 35.0
8 25.5

Figure5.13FinalResultinSampleEvaluation
MoreExamplesofAggregateQueries

Q33)Foreachredboat,findthenumberofreservationsforthisboat.

SELECT B.bid, COUNT(*)ASsailorcountFROMBoatsB,ReservesR
WHERER.bid=B.bid ANDB.color=‘red’GROUPBYB.bid

OninstancesB1andR2, theanswertothisquerycontainsthetwotuples{102,3) and

104, 2) Itisinterestingtoobservethatthefollowingversionoftheabovequeryisillegal:
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SELECT B.bid, COUNT(*)ASsailorcountFROMBoatsB,ReservesR
WHERER.bid=B.bidGROUPBYB.bidHAVING B.color=‘red’

(Q34)Findtheaverageageofsailorsforeachratinglevelthathasatleasttwosailors.

SELECT S.rating,AVG(S.age)ASavgage
FROM  SailorsS

GROUPBYS.rating

HAVING COUNT(*)>1

After identifying groups based onrating,we retain only groups with atleast twosailors. The answer
to this query on instanceS3 is shown in Figure 5.14.

avgage avgage rating | avgage

3 44.5 3 45.5 3 45.5
7 40.0 7 40.0 7 40.0
8 40.5 8 40.5 8 40.5
10 25.5 10 35.0

Figure5.14 Q34Answer Figure5.15 Q35Answer Figure5.16 Q36Answer

SELECT S.rating,AVG(S.age)ASavgage

FROM  SailorsS

GROUPBYS.rating

HAVING1<(SELECTCOUNT(*)
FROMSailorsS2
WHERES.rating=S2.rating)

(Q35)Findtheaverageageofsailorswhoareofvotingage(i.e.,atleast18yearsold)for each rating level
that has at least two sailors.

SELECT S.rating,AVG(S.age)ASavgage

FROM Sailors S

WHERES.age>=18

GROUPBYS.rating

HAVING1<(SELECTCOUNT(*)
FROMSailorsS2WHERES.rating=S2.rating

(Q36)Findtheaverageageofsailorswhoareofvotingage(i.e.,atleast18yearsold) for each rating
level that has at least twosuch sailors.

SELECT S.rating,AVG(S.age)ASavgage
FROM Sailors S
WHERES.age>18
GROUPBYS.rating
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HAVING1<(SELECTCOUNT(*)
FROMSailorsS2
WHERES.rating=S2.ratingANDS2.age>=18)

TheaboveformulationofthequeryreflectsthefactthatitisavariantofQ35.The
answertoQ36oninstanceS3isshowninFigure5.16. Itdiffersfromtheanswerto
Q35inthatthereisnotupleforrating10,sincethereisonlyonetuplewithrating10 and age = 18.

SELECT S.rating,AVG(S.age)ASavgage

FROM SailorsS

WHERES.age>18

GROUPBYS.rating
HAVING COUNT(*)>1

This formulation of Q36 takes advantage of the fact that theWHERECclause is applied
beforegroupingisdone;thus,onlysailorswithage>18areleftwhengroupingis done.ltis
instructive toconsideryetanotherwayofwriting thisquery:

SELECTTemp.rating, Temp.avgage
FROM(SELECTS.rating,AVG(S.age)ASavgage,
COUNT(*)ASratingcount
FROM  SailorsSWHERES.age>18GROUPBYS.rating) ASTemp
WHERETemp.ratingcount>1

This alternative brings out several interesting points. First, theFROMclause can also
containanestedsubqueryaccordingtotheSQL -92standard.6Second,theHAVING

clauseisnotneededatall. AnyquerywithaHAVINGclausecanberewrittenwithout one, but many

queries are simpler to express with theHAVINGclause. Finally, when a subquery appears in
theFROMclause, using theASkeyword to give it a name is neces-
sary(sinceotherwisewecouldnotexpress,forinstance,theconditionTemp.ratingcount

> 1).

(Q37)Findthoseratingsforwhichtheaverageageofsailorsisthe minimumoverall ratings.

We use this query to illustrate that aggregate operations cannot be nested. One might

consider writing it as follows:

SELECT S.rating
FROM SailorsS
WHERE AVG(S.age)=( SELECT  MIN(AVG(S2.age))
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FROM SailorsS2
GROUPBYS2.rating)

A little thought shows that this query will not work even if the expressionMIN(AVG
(S2.age)),whichisillegal,wereallowed.Inthenestedquery,Sailorsispartitionedinto groups by

rating, and the average age is computed for each rating value. For eachgroup, applying MIN

to this average age value for the group will return the same value

A correct version of the above query follows. It essentially computes a temporary table
containing the average age for each rating value and then finds the rating(s) for which this

average age is the minimum.

SELECTTemp.rating, Temp.avgage
FROM(SELECT S.rating,AVG(S.age)ASavgage,

FROM SailorsS

GROUPBYS.rating)ASTemp
WHERETemp.avgage=(SELECTMIN(Temp.avgage) FROMTemp)

Theanswer tothisqueryon instance S3is<{10,25.5).Asanexercise, the reader shouldconsiderwhetherthe
following query computes the same answer, and if not, why:

SELECT Temp.rating,MIN(Temp.avgage)

FROM (SELECTS.rating, AVG(S.age)ASavgage,
FROM  SailorsSGROUPBYS.rating) ASTempGROUPBY
Temp.rating

NULLVALUES

wehaveassumedthatcolumnvaluesinarowarealwaysknown.Inpractice
columnvaluescanbeunknown.Forexample,whenasailor,sayDan,joinsayacht
club,hemaynotyethavearatingassigned.SincethedefinitionfortheSailorstable
hasaratingcolumn,whatrowshouldweinsertforDan?Whatisneededhereisa
specialvaluethatdenotesunknown.SupposetheSailortabledefinitionwasmodified to  also
include amaiden-namecolumn. However, only married women who take their husband’s last
name have a maiden name. For single women andfor men, themaiden-
namecolumnisinapplicable.Again,whatvaluedoweincludeinthiscolumnforthe row

representing Dan?
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SQLprovidesaspecialcolumnvaluecallednulltouseinsuchsituations.Weuse nullwhen the

column  value is eitherunknownorinapplicable.  Using our  Sailor  table

definition,wemightentertherow<{98,Dan,null,39) torepresentDan. Thepresence

ofnullvaluescomplicatesmanyissues,andweconsidertheimpactofnullvalueson SQL in this
section.

ComparisonsUsingNullValues

Consideracomparisonsuchasrating==8.IfthisisappliedtotherowforDan,is
thisconditiontrueorfalse?SinceDan’sratingisunknown,itisreasonabletosaythat
thiscomparisonshouldevaluatetothevalueunknown.Infact,thisisthecase for the
comparisonsrating>8 andrating<8 as well.Perhaps less obviously, if we compare
twonullvalues using<,>, =, and so on, the result is alwaysunknown.For
example,ifwehavenullintwodistinctrowsofthesailorrelation,anycomparison returns
unknown.

SQLalsoprovidesaspecialcomparisonoperatorISNULLtotestwhetheracolumnvalue is null; for
example, we can say rating IS NULL, which would evaluate to true on the row
representingDan.WecanalsosayratingiISNOTNULL,whichwouldevaluatetofalse on the row for

Dan.

LogicalConnectivesAND,OR,andNOT

Now, what about boolean expressions such asrating = 80R age<40 and rating
=8ANDage<40? Considering the row for Dan again, becauseage<40, the first
expressionevaluatesto true regardlessof the valueofrating,butwhat aboutthe second? We

can only say unknown.

But this example raises an important point—once we have null values, we must define
the logical operatorsAND,OR, andNOTusing athree-valuedlogic in which expressions
evaluatetotrue,false,orunknown.WeextendtheusualinterpretationsofAND, OR, andNOTto
cover the case when one of the arguments isunknownas follows. The expressionNOT
unknownis  defined to  beunknown.ORof two arguments evaluates to

trueifeitherargumentevaluatestotrue,andtounknownifoneargumentevaluates
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tofalseandtheotherevaluatestounknown.(Ifbothargumentsarefalse,ofcourse, itevaluatestofalse.)
ANDoftwoargumentsevaluatestofalseifeitherargument
evaluatestofalse,andtounknownifoneargumentevaluatestounknownandtheother evaluates to
true or unknown. (If both arguments are true, it evaluates to true.) INTRODUCTION TO
VIEWS
Aview isatablewhoserowsarenot explicitlystoredinthedatabase but arecomputedasneeded from a
view de nition. Consider the Students and Enrolled relations. Suppose that we are often
interested in nding the names and student identi ers of students who got a grade of B in some
course,together withthe cid forthe course. We cande ne a view forthispurpose. Using SQL-92

notation:

CREATEVIEWB-Students(name,sid,course)
ASSELECTS.sname,S.sid,E.cid
FROM  StudentsS,EnrolledE
WHERES.sid =E.sidANDE.grade="B"

The view B-Students has three elds called name, sid, and course with the same domains as the
elds sname and sid in Students and cid in Enrolled. (If the optional arguments name, sid, and
course are omitted from the CREATE VIEW statement, the column names sname, sid, and cid

are inherited.)

This view can be used just like a base table, or explicitly stored table, in de ning new queries or

views. Given the instances of Enrolled and Students shown in Figure 3.4, B-Students containsthe

tuples shown in Figure 3.18. Conceptually, whenever B-Students is used ina query, the view de
nition is rst evaluated to obtain the corresponding instance of B-Students, and then the rest of the

query is evaluated treating B-Students like any other relation referred to in the query.

course
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Jones | 53666 | History105

Guldu | 53832 [ Reggae203

Figure3.18AnInstanceoftheB-StudentsView

Updates onViews

The motivation behind the view mechanism is to tailor how users see the data. Users should not
have to worry about the view versus base table distinction. This goal is indeed achieved in the
case of queries on views; a view can be used just like any other relation in de ning a query.
However, it is natural to want to specify updates on views as well. Here, unfortunately, the
distinction between a view and a base table must be kept in mind. The SQL-92 standard allows
updates to be speci ed only on views that are de ned on a single base table using just selectionand
projection, with no use ofaggregateoperations. Suchviews are called updatable views. This de
nition is oversimpli ed, but it captures the spirit of the restrictions. An update on such a restricted
view can always be implemented by updating the underlying base table in an unambiguous way.

Considerthefollowing view:
CREATEVIEWGoodStudents(sid,gpa)
ASSELECTS.sid,S.gpa
FROM  Students S
WHERES.gpa>3.0
An importantobservation isthat an INSERTor UPDATE maychange the underlying base table so

that the resulting (i.e., inserted or modi ed) row is not in the view! For example, if we try to

insert arow h51234, 2.8iinto theview, thisrowcan be(padded with null values in theother elds of
Students and then) added to the underlying Students table, but it will not appear in the
GoodStudents view because it does not satisfy the view condition gpa >3:0. The SQL-92default
action is to allow this insertion, but we can disallow it by adding the clause WITH CHECK
OPTION to the de nition of the view.
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We caution the reader that when a view is de ned in terms of another view, the inter-action
between these view de nitions with respect to updates and the CHECK OPTION clause can be

complex; we will not go into the details.
NeedtoRestrict View Updates

therearesome fundamentalproblemswithupdates speciedonviews, andthere isgoodreasonto limit
the class of views that can be updated. Consider the Students relation and a new relation called
Clubs:

Clubs(cname:string,jyear:date,mname:string)

A tuple in Clubs denotes that the student called mname has been a member of the club cname

since the date jyear.*Suppose that we are often interested in nding the names and logins of

students with a gpa greater than 3 who belong to at least one club, along with the club name and

the datethey joined the club. We can de ne a view for this purpose:

CREATEVIEWActiveStudents(name,  login,club,since)

AS SELECT S.sname, S.login, C.cname, C.jyear
FROMStudentsS,ClubsC
WHERES.sname=C.mnameANDS.gpa>3

Consider theinstancesofStudentsand Clubsshownin Figures3.19 and 3.20.When

Jyear jyear

Sailing | 1996 | Dave Sailing | 1996 | Dave

Hiking | 1997 | Smith Hiking | 1997 | Smith

Rowing | 1998 | Smith Rowing | 1998 | Smith

Figure3.19AnInstanceCofClubs Figure3.20AnlnstanceS3ofStudents

evaluatedusingtheinstancesCandS3,ActiveStudentscontainstherowsshowninFigure 3.21.

name | login club since

Dave | dave@cs Sailing | 1996

Smith | smith@ee Hiking | 1997
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Smith | smith@ee Rowing | 1998

Smith | smith@math | Hiking | 1997

Smith | smith@math | Rowing | 1998

Figure3.21 InstanceofActiveStudents

Now suppose that we want to delete the row hSmith, smith@ee, Hiking, 1997i from Ac-
tiveStudents. How are we to do this? ActiveStudents rows are not stored explicitly but are
computed as needed from the Students and Clubs tables using the view de nition. So we must
change either Students or Clubs (or both) in such a waythat evaluating the view de nition on the
modi ed instance does not produce the row hSmith, smith@ee, Hiking, 1997.i This task can be
accomplished in one oftwo ways: by either deleting the row h53688, Smith, smith@ee, 18, 3.2i
from Students or deleting the row hHiking, 1997, Smithi from Clubs. But neither solution is
satisfactory. RemovingtheStudents rowhastheeectofalso deletingtherow hSmith, smith@ee,
Rowing, 1998i from the view ActiveStudents. Removing the Clubs row has the e ect of also
deleting the row hSmith, smith@math, Hiking, 1997i from the view ActiveStudents. Neither of
these side e ects is desirable. In fact, the only reasonable solution is to disallow such updates on

views.

DESTROYING/ALTERINGTABLESANDVIEWS

If we decide that we no longer need a base table and want to destroy it (i.e., delete all the rows
and remove the table de nition information), we can use the DROP TABLE command. For
example, DROP TABLE Students RESTRICT destroys the Students table unless some view or
integrity constraint refers to Students; if so, the command fails. If the keyword RESTRICT is
replaced by CASCADE, Students is dropped and any ref-erencing views or integrityconstraints
are (recursively) dropped as well; one of these two keywords must always be speci ed. A view
can be dropped using the DROP VIEW command, which is just like DROP TABLE.

ALTERTABLEmodiesthestructureofanexistingtable. Toaddacolumncalledmaiden-name
toStudents, forexample, wewouldusethefollowing command:

ALTERTABLEStudents
ADDCOLUMNmMmaiden-nameCHAR(10)
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The de nition of Students ismodi edtoadd this column,andall existingrows are padded with
nullvaluesinthiscolumn.ALTERTABLEcanalsobeusedtodeletecolumnsandtoaddor drop integrity
constraints on a table; we will not discuss these aspects of the commandbeyondremarking that
dropping columns is treated verysimilarly to dropping tables or view TRIGGERS

AtriggerisaprocedurethatisautomaticallyinvokedbytheDBMSinresponseto
specifiedchangestothedatabase,andistypicallyspecifiedbytheDBA.Adatabase that has a set of
associated triggers is called an active database. A trigger description contains three parts:

Event: A change to the database that activates the trigger.

Condition: Aqueryortestthatisrunwhenthetriggerisactivated.

Action: A procedure that is executed when the trigger is activated and its con-

dition is true.

A trigger can be thought of as a ‘daemon’ that monitors a database, and is executed
whenthedatabaseismodifiedinawaythatmatchestheeventspecification.An insert, delete or
update statement could activate a trigger, regardless of which user or application
invoked the activating statement; users may not even be aware that a trigger
wasexecutedasasideeffectoftheirprogram.

A condition in a trigger can be a true/false statement (e.g., all employee salaries are less

than$100,000)oraquery.Aqueryisinterpretedastrueiftheanswersetis nonempty, and false

if the query has no answers.If the condition part evaluates to true, the action associated

withthe triggeris executed.

Atriggeractioncanexaminetheanswerstothequeryintheconditionpartofthe
trigger,refertooldandnewvaluesoftuplesmodifiedbythestatementactivating
thetrigger,executenewqueries,andmakechangestothedatabase.Infact,an action can even
execute a series of data-definition commands (e.g., create new tables,change authorizations)

and transaction-oriented commands (e.g., commit), or call host- language procedures.
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An important issue is when the action part of a trigger executes in relation to the
statementthatactivatedthetrigger.Forexample,astatementthatinsertsrecords into  the
Students table may activate a trigger that is used to maintain statistics on how many
students younger than 18 are inserted at a time by a typical insert statement. Depending
on exactly what the trigger does, we may want its action to executebefore
changesaremadetotheStudentstable,orafter:atriggerthatinitializesavariable used to count
the number of qualifying insertions should be executed before, and a trigger that
executes once per qualifying inserted record and increments the variable should be
executed after each record is inserted (because we may want to examine the

valuesinthenewrecordtodeterminetheaction).

ExamplesofTriggersinSQL

The examples shown in Figure 5.19, written using Oracle 7 Server syntax for defining
triggers, illustrate the basic concepts behind triggers. (The SQL:1999 syntax for these
triggers is similar; we will see an example using SQL:1999 syntax shortly.) The trigger
calledinit countinitializes a counter variable before every execution of anINSERT
statementthataddstuplestotheStudentsrelation. Thetriggercalledincrcount  increments  the

counter for each inserted tuple that satisfies the conditionage <18.

CREATE TRIGGERInitcountBEFOREINSERT ONStudents [*Event*/
DECLARE
countINTEGER,;
BEGIN [*Action*/
count:=0;
END

CREATE TRIGGER incr count AFTER INSERT ON Students/* Event */
WHEN (new.age <18) /* Condition; ‘new’ is just-inserted tuple */
FOREACHROW
BEGIN /* Action; a procedure in Oracle’s PL/SQL syntax */

count := count + 1;
END

Figure 5.19 ExampleslllustratingTriggers
OneoftheexampletriggersinFigure5.19executesbeforetheactivatingstatement,andtheotherexa

mpleexecutesafter. Atriggercanalsobescheduledtoexecute

insteadoftheactivatingstatement,orindeferredfashion,attheendofthetransaction
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containing the activating statement, or inasynchronousfashion, as part of a separate

transaction.

- TheexampleinFigure5.19illustratesanotherpointabouttriggerexecution: Auser

mustbeabletospecifywhetheratriggeristobeexecutedoncepermodifiedrecordoronceperactivati

ngstatement.Iftheactiondependsonindividualchangedrecords, for example, we have to
examine _theagefield of  the inserted Students record to decide
whethertoincrementthecount,thetriggeringeventshouldbedefinedtooccurforeach modified
record; theFOR EACH ROWTclause is used to do this.Such a trigger is calledarow-
leveltrigger.Ontheotherhand,theinitcounttriggerisexecutedjustonceperINSERTstatement,reg
ardlessoftheaumberofrecordsinserted,becausewe  have  omitted theFOR  EACH
ROWphrase.Such a trigger is called a statement-level trigger.
InFigure5.19,thekeywordnewreferstothenewlyinsertedtuple. Ifanexistingtuple
weremodified,thekeywordsoldandnewcouldbeusedtorefertothevaluesbefore
andafterthemodification. TheSQL:1999draftalsoallowstheactionpartofatrigger
torefertothesetofchangedrecords,ratherthanjustonechangedrecordatatime.
Forexample,itwouldbeusefultobeabletorefertothesetofinsertedStudents
recordsinatriggerthatexecutesonceaftertheINSERTstatement;wecouldcountthe
numberofinsertedrecordswithage<18throughanSQLqueryoverthisset.Such a trigger is shown
in Figure 5.20 and is an alternative to the triggers shown in Figure5.19.
ThedefinitioninFigure5.20usesthesyntaxoftheSQL:1999draft,inordertoil -
lustratethesimilaritiesanddifferenceswithrespecttothesyntaxusedinatypical
currentDBMS. ThekeywordclauseNEWTABLEenablesustogiveatablename(In-
sertedTuples)tothesetofnewlyinsertedtuples. TheFOREACHSTATEMENTC clause
specifiesastatement-leveltriggerandcanbeomittedbecauseitisthedefault. This definition
doesnothaveaWHENCclause;ifsuch aclauseisincluded,itfollowstheFOR EACH STATEMENT
clause, just before the action specification.

The trigger is evaluated once for each SQL statement that inserts tuples into
Students,andinsertsasingletupleintoatablethatcontainsstatisticson

modificationstodatabasetables. Thefirsttwofieldsofthetuplecontainconstants
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(identifying the modified table, Students, and the kind of modifying statement, an
INSERT), and the third field is the number of inserted Students tuples withage<18.

(The trigger in Figure 5.19 only computes the count; an additional trigger is required to

insert the appropriate tuple into the statistics table.)

CREATETRIGGERsetcountAF TERINSERTONStudents/*
REFERENCINGNEWTABLEAS InsertedTuples
FOREACHSTATEMENT
INSERT [*Action*/
INTOStatisticsTable(ModifiedTable,ModificationType,Count)SELECT
‘Students’, ‘Insert’, COUNT*
FROM InsertedTuples |
WHERE l.age <18

Figure5.20 Set-Oriented Trigger
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SCHEMA REFINEMENT

We now present an overview of the problems that schema refinement is intended to
address and a refinement approach based on decompositions. Redundant storage of
information is the root cause of these problems. Although decomposition can eliminate
redundancy, it can lead to problems of its own and should be used with caution.

ProblemsCausedby Redundancy

Storing the same information redundantly, that is, in more than one place within a
database, can lead to several problems:

s Redundantstorage:Someinformationisstoredrepeatedly.

m  Updateanomalies:Ifonecopyofsuchrepeateddataisupdated,an
inconsistency is created unless all copies are similarly updated.

m Insertionanomalies:ltmaynotbepossible tostoresomeinformationunless some
other information is stored as well.

=  Deletionanomalies:ltmaynotbepossibletodeletesomeinformationwithout losing
some other information as well.

Consider a relation obtained by translating a variant of the Hourly_Emps entity set
from Chapter 2:

HourlyEmps(ssn,name,lot,rating,hourlywages,hoursworked)

Inthischapter wewillomitattributetypeinformationforbrevity, sinceourfocusis on the
grouping of attributes into relations. We will often abbreviate an attribute nameto a
single letter and refer to a relation schema by a string of letters, one per attribute.
For example, we will refer to the Hourly Emps schema as SNLRWH (W denotes the
hourly_wages attribute).

The keyfor Hourly Emps is ssn. In addition, suppose that the hourly wages attribute
is determined by the rating attribute. That is, for a given rating value, there is only
one permissible hourly wages value. This IC is an example of a functional
dependency. It leads to possible redundancy in the relation Hourly Emps, as
illustrated in Figure 15.1.

If the same value appears in the rating column of two tuples, the IC tells us that the
same value must appear in the hourly_wages column as well. This redundancy has
several negative consequences:



Ssn name Or_] raung NOUNy __Wages [ Nours_WoOrked
123-22-3666 | Attishoo 48 | 8 10 40
231-31-5368 | Smiley 22 |8 10 30
131-24-3650 | Smethurst | 35 [ 5 7 30
434-26-3751 | Guldu 35 1|5 7 32
612-67-4134 | Madayan | 35 | 8 10 40

AnlnstanceoftheHourlyEmpsRelation

m  Some information is stored multiple times. For example, the rating value 8 cor-
responds to the hourly wage 10, and this association is repeated three times. In
addition to wasting space by storing the same information many times,
redundancy leads to potential inconsistency. For example, the hourly wages in
the first tuple could be updated without making a similar change in the second
tuple,which is anexampleofan updateanomaly. Also, we cannotinsert atuple for
an employee unless we know the hourly wage for the employee's rating value,
which is an example of an insertion anomaly.

= [f we delete all tuples with a given rating value (e.g., we delete the tuples for
Smethurst and Guldu) we lose the association between that rating value and its
hourly_wage value (a deletion anomaly).

Let usconsider whethertheuse of nullvaluescanaddresssomeof theseproblems.
Clearly, null values cannot help eliminate redundant storage or update anomalies. It
appears that they can address insertion and deletion anomalies.

Ideally, we want schemas that do not permit redundancy, but at the very least we
want to be able to identify schemas that do allow redundancy. Even if we choose to
accept a schema with some of these drawbacks, perhaps owing to performance
considerations, we want to make an informed decision.



UseofDecompositions

Intuitively, redundancy arises when a relational schema forces an association between
attributes that is not natural. Functional dependencies (and, for that matter, other

ICs) can be used to identify such situations and to suggest refinements to the schema.
The essential idea is that many problems arising from redundancy can be addressed by
replacing a relation with a collection of “smaller' relations. Each of the smaller relations
contains a (strict) subset of the attributes of the original relation.We refer to this process
as decomposition of the larger relation into the smaller relations.

WecandealwiththeredundancyinHourlyEmpsbydecomposingitintotworelations:

HourlyEmps2(ssn,name,lot,rating,hoursworked)
Wages(rating, hourly wages)

TheinstancesoftheserelationscorrespondingtotheinstanceofHourlyEmps relation in
Figure 15.1 is shown in Figure 15.2.

[ssn name ot [rafing [ hourS Worked
123-22-3666 | Attishoo 48 | 8 40
231-31-5368 | Smiley 22 |8 30
131-24-3650 | Smethurst | 35 | 5 30
434-26-3751 | Guldu 35 (5 32
612-67-4134 | Madayan |35 | 8 40

rating | hourlywages
8 10
5 7

InstancesofHourlyEmps2andWages -

Note that we can easily record the hourly wage for any rating simply by adding a
tuple to Wages, even if no employee with that rating appears in the current instance
of Hourly_ Emps. Changing the wage associated with a rating involves updating a
single Wages tuple. This is more efficient than updating several tuples (as in the
originaldesign), and it also eliminates the potentialfor inconsistency. Notice thatthe
insertion and deletion anomalies have also been eliminated.



ProblemsRelatedto Decomposition

Unless we are careful, decomposing a relation schema can create more problems
than it solves. Two important questions must be asked repeatedly:

1. Doweneedtodecomposea relation?

2. Whatproblems(ifany)doesagivendecompositioncause?

Tohelpwiththefirstquestion,severalnormalformshavebeenproposedforrelations.

If a relation schema is in one of these normal forms, we know that certain kinds of
problems cannot arise. Considering the normal form of a given relation schema can
help us to decide whether or not to decompose it further. If we decide that a relation
schema must be decomposed further, we must choose a particular decomposition
(i.e., a particular collection of smaller relations to replace the given relation).

With respect to the second question, two properties of decompositions are of
particular interest. The lossless-join property enables us to recover any instance of
thedecom-posedrelationfrom correspondinginstancesofthesmallerrelations. The
dependency-preservation property enables us to enforce any constraint on the
original relation by simply enforcing some constraints on each of the smaller
relations. That is, we need not perform joins of the smaller relations to checkwhether
a constraint on the original relation is violated.

FUNCTIONALDEPENDENCIES

A functional dependency (FD) is a kind of IC that generalizes the concept of a key.
LetRbearelationschemaandletX andYbenonemptysetsofattributesinR.We

say that an instancer of R satisfies the FD X ! Y if the following holds for everypair
of tuples t1 and t2inr:

If t1:X=t2:X,thent1:Y=t2:Y.

We use the notation t1:X to refer to the projection of tuple t1 onto the attributes in X,
in a natural extension of our TRC notation (see Chapter 4) t:a for referring toattribute
a of tuple t. An FD X ! Y essentially says that if two tuples agree on the values in
attributes X, they must also agree on the values in attributes Y.

Figure 15.3 illustrates the meaning of the FD AB ! C by showing an instance that
satisfies this dependency. The first two tuples show that an FD is not the same as a
key constraint: Although the FD is not violated, AB is clearly not a key for the
relation. Thethirdandfourthtuplesillustratethatiftwotuplesdifferineitherthe A



field or the Bfield, theycan differ in the Cfield without violating the FD. On the other
hand, if we add a tuple hal; b1; c2; d1i to the instance shown in this figure, the
resulting instance would violate the FD; to see this violation, compare the first tuple
in the figure with the new tuple.

A B |]C|D
al|bl|cl]| dl
al|bl|cl]|d2
al|b2|c2| dl
a2 | bl |c3| dl

AnlinstancethatSatisfiesAB!C

Recall that a legal instance of a relation must satisfy all specified ICs, including all
specified FDs. As noted in Section 3.2, ICs must be identified and specified basedon
the semantics of the real-world enterprise being modeled. By looking at an instance
of a relation, we might be able to tell that a certain FD does not hold. However, we
can never deduce that an FD does hold by looking at one or more instances of the
relation because an FD, like other ICs, is a statement about all possible legal
instances of the relation.

A primary key constraint isa special case of an FD. The attributes in the key playthe
role of X, and the set of all attributes in the relation plays the role of Y. Note,
however, that the definition of an FD does not require that the set X be minimal; the
additional minimality condition must be met for X to be a key. If X ! Y holds, where

Y is the set of all attributes, and there is some subset V of X such that V 'Y holds,
then X is a super key; if V is a strict subset of X, then X is not a key.

In the rest of this chapter, we will see several examples of FDs that are not key
constraints.

REASONINGABOUTFUNCTIONAL DEPENDENCIES

The discussion up to this point has highlighted the need for techniques that allow us
to carefully examine and further re ne relations obtained through ER design (or, for
that matter, through other approaches to conceptual design). Before proceedingwith
the main task at hand, which is the discussion of such schema refinement
techniques, we digress to examine FDs in more detail because they play such a
central role in schema analysis and refinement.

Given a set of FDs over a relation schema R, there are typically several additional
FDs that hold over R whenever all of the given FDs hold. As an example, consider:



Workers(ssn,name,lot,did,since)

We know that ssn ! did holds, since ssn is the key, and FD did ! lot is given to hold.
Therefore, in any legal instance of Workers, if two tuples have the same ssn value,
they must have the same did value (from the first FD), and because they have the
same did value, they must also have the same lot value (fromthe second FD).Thus,
the FD ssn ! lot also holds on Workers.

We say that an FD f is implied by a given set F of FDs if f holds on every relation
instance that satisfies all dependencies in F, that is, f holds whenever all FDs in F
hold. Note that it is not sufficient for f to hold on some instance that satisfies all

dependencies in F; rather, f must hold on every instance that satisfies all
dependencies in F.

Closureof aSetofFDs

ThesetofaIIFD§impIiedbyagivensetFofFDsiscalIedtheclosureofFandis

denotedasF.Animportantquestionishowwecaninfer,orcompute,theclosure

of agivenset Fof FDs.Theansweris simpleand elegant. Thefollowing threerules,
called Armstrong's Axioms, can be applied repeatedly to infer all FDs implied by aset
F of FDs. We use X, Y, and Z to denote sets of attributes over a relation schema

R:

m  Reflexivity:IfXY,thenX!Y.

= Augmentation: If X!Y,then XZ!YZforanyZ. =
Transitivity: If X' Y and Y ! Z, then X ! Z.

,J&rmstrong'sAxioms are sound in that they generate only FDs in F whenappliedto
asetFofF Ds.Theyarecompleteinthatrepeatedapplicationoftheseruleswill

generateallFDsintheclosureF . (Wewillnotprove theseclaims.) It isconvenient
tousesomeadditionalruleswhilereasoningaboutF:

= Union:IfX!'YandX!Z, thenX!YZ.

m  Decomposition: IfX!YZ,thenX!YandX! Z.

These additional rules are not essential; their soundness can be proved using Arm-
strong's Axioms.

useamoreelaborateversionoftheContractsrelation:
Contracts(contractid,supplierid,projectid,deptid, partid,gty,value)
We denote the schema for Contracts as CSIJDPQV. The meaning of a tuple in this

relation is that the contract with contractid C is an agreement that supplier S (sup-
plierid)willsupplyQitemsofpartP(partid)toprojectJ(projectid)associatedwith



departmentD(deptid);thevalue Vofthiscontractisequaltovalue.

ThefollowinglCsareknowntohold:

1. ThecontractidCis akey:C!CSJDPQV.
2. Aprojectpurchasesagivenpart usingasinglecontract:JP! C.

3. Adepartmentpurchasesat mostonepartfrom asupplier: SDIP.
Several additional FDs hold in the closure of the set of given FDs:
From JP ! C, C ! CSIDPQV and transitivity, we infer JP | CSIDPQV.
From SD ! P and augmentation, we infer SDJ ! JP.

From SDJ ! JP, JP ! CSJDPQV and transitivity, we infer SDJ ! CSJDPQV. (Inci-
dentally, while it mayappear tempting to do so, we cannot conclude SD ! CSDPQV,
canceling J on both sides. FD inference is not like arithmetic multiplication!)

Wecan infer several additional FDs that are in the closure byusing augmentation or

decomposition.Forexample,fromC!CSJDPQV,usingdecompositionwecaninfer:

CIC, CIS,ClJ,CID,etc.

Finally,wehaveanumberoftrivialF Dsfrom thereflexivityrule.

NORMAL FORMS

Given a relation schema, we need to decide whether it is a good design or whether we
need to decompose it into smaller relations. Such a decision must be guided by an
understanding of what problems, if any, arise from the current schema. To provide such
guidance, several normal forms have been proposed. If a relation schema is in one of
these normal forms, we know that certain kinds of problems cannot arise.

The normal forms based on FDs are first normal form (1NF), second normal form
(2NF), third normal form (3NF), and Boyce-Codd normal form (BCNF). These forms
have increasingly restrictive requirements: Every relation in BCNF is also in 3NF,
everyrelation in 3NF is alsoin 2NF, and everyrelationin 2NF is in 1NF. Arelationis in
first normalform if every fieldcontains onlyatomic values, that is, notlists or sets. This
requirement is implicit inour de nitionof the relationalmodel. Althoughsomeof the
newer database systems are relaxing this requirement, in this chapter we will
assume that it always holds. 2NF is mainly of historical interest. 3NF and BCNF are



importantfromadatabasedesignstandpoint.

While studying normal forms, it is important to appreciate the role played by FDs.
Consider a relation schema R with attributes ABC. In the absence of any ICs, anyset
of ternary tuples is a legal instance and there is no potential for redundancy. On the
other hand, suppose that we have the FD A ! B. Now if several tuples have the same
A value, they must also have the same B value. This potential redundancycan be
predicted using the FD information. If more detailed ICs are specified, we may be
able to detect more subtle redundancies as well.

We will primarily discuss redundancy that is revealed by FD information. In Sec-tion
15.8, we discuss more sophisticated ICs called multivalued dependencies and join
dependencies and normal forms based on them.

15.5.1 Boyce-CoddNormalForm

Let R be a relation schema, X be a subset of the attributes of R, and let A be an
attribute of R. R is in Boyce-Codd normal form if for every FDX ! A that holds overR,
one of the following statements is true:

m  A2X;thatis,it is atrivialFD,or

m  Xis asuper key.

Note that if we are given a set F of FDs, according to this de nition, we

mustconsidereachdependench!AintheclosureF+todeterminewhetherRisin

BCNF. However, we can prove that it is sufficient to check whether the left side of
each dependency in F is a super key(bycomputing the attribute closure and seeing if
it includes all attributes of R).

Intuitively, in a BCNF relation the only nontrivial dependencies are those in which a
keydetermines some attribute(s). Thus, each tuple can be thought of as an entity or
relationship, identified bya keyand described bythe remaining attributes. Kent puts
this colorfully, if a little loosely: \Each attribute must describe [an entity orrelationship
identified by] the key, the whole key, and nothing but the key." If we use ovals to
denote attributes or sets of attributes and draw arcs to indicate FDs, a relation in
BCNF has the structure illustrated in Figure, considering just one key for simplicity.
(If there are several candidate keys, each candidate key can play the role of KEY in
the figure, with the other attributes being the ones not in the chosen candidate key.)
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FDsinaBCNF Relation

BCNF ensures that no redundancycan be detected using FD information alone. It is
thus the most desirable normal form (from the point of view of redundancy) if wetake
into account only FD information. This point is illustrated in Figure 15.8.

X 1Y
X |y1|a
X |y2|?

InstancelllustratingBCNF

This figure shows (two tuples in) an instance of a relation with three attributes X, Y,
and A. There are two tuples with the same value in the Xcolumn. Now suppose that
we know that this instance satisfies an FD X ! A. We can see that one of the tuples
has the value a in the A column.What can we infer about the value in the A column
in the second tuple? Using the FD, we can conclude that the second tuple also has
the value a in this column. (Note that this is really the only kind of inference we can
make about values in the fields of tuples by using FDs.)

But isn't this situation an example of redundancy? We appear to have stored the
value a twice. Can such a situation arise in a BCNF relation? No! If this relation is
inBCNF,becauseAisdistinctfromXitfollowsthatXmust beakey.(Otherwise, theFD

X I' A would violate BCNF.) If X is a key, then y{1 = y2, which means that the two tuples

are identical. Since a relation is defined to be a set of tuples, we cannot have two copies
of the same tuple and the situation shown in Figure 15.8 cannot arise.

Thus, if a relation is in BCNF, every field of every tuple records a piece ofinformation

that cannot be inferred (using only FDs) from the values in all other elds in (all tuples
of) the relation instance.

ThirdNormalForm

Let R be a relation schema, X be a subset of the attributes of R, and A be an
attribute of R. R is in third normal form if for everyFD X!A that holds over R, one of



thefollowingstatementsistrue:

s A2X;thatis,it is atrivialFD,or
m  Xis asuper key, or

m  Aispart ofsomekeyforR.

The de nition of 3NF is similar to that of BCNF, with the only difference being the
third condition. Every BCNF relation is also in 3NF. To understand the third
condition, recall that a key for a relation is a minimal set of attributes that uniquely
determines all other attributes. A must be part of a key (any key, if there areseveral).
It is not enough for Ato be part of a super key, because the latter condition is
satisfied by each and every attribute! Finding all keys of a relation schema is
knowntobe anNP-completeproblem,andsoistheproblem ofdeterminingwhether a
relation schema is in 3NF.

Partial dependencies are illustrated in Figure 15.9, and transitive dependencies are
illustrated in Figure. Note that in Figure 15.10, the set Xof attributes mayor maynot
have some attributes in common with KEY; the diagram should be interpreted as
indicating only that X is not a subset of KEY.

@ Casel:Anot inKEY

Figure15.9 PartialDependencies

AttributeA
AttributeA @ Case 2:Ais in KEY

TransitiveDependencies

Case 1:Anot in KEY

The motivation for 3NF is rather technical. By making an exception for certain de-
pendencies involving key attributes, we can ensure that every relation schema can
be decomposed into a collection of 3NF relations using only decompositions that
have certain desirable properties (Section 15.6). Such a guarantee does not existfor
BCNF relations; the 3NF definition weakens the BCNF requirements just enough
tomakethisguaranteepossible.Wemaythereforecompromisebysettlingfora



3NF design. As we shall see in Chapter 16, we may sometimes accept this
compromise (or even settle for a non-3NF schema) for other reasons as well.

DECOMPOSITIONS

As we have seen, a relation in BCNF is free of redundancy (to be precise,
redundancy that can be detected using FD information), and a relation schema in
3NF comes close. If a relation schema is not in one of these normal forms, the FDs
that cause a violation can give us insight into the potential problems. The main
technique for addressing such redundancy-related problems is decomposing a
relation schema into relation schemas with fewer attributes.

A decomposition of a relation schema R consists of replacing the relation schemaby
two (or more) relation schemas that each contain a subset of the attributes of R
andtogetherincludeallattributesin R.Intuitively, we wanttostoretheinformationin any
given instance of R by storing projections of the instance. This sectionexamines the
use of decompositions through several examples.

We begin with the Hourly Emps example from Section 15.3.1. This relation has at-
tributes SNLRWH and twoFDs: S ! SNLRWH and R ! W. Since R is not a key andW
is not part of any key, the second dependency causes a violation of 3NF.

The alternative design consisted of replacing Hourly. Emps with two relations having
attributes SNLRH and RW. S | SNLRH holds over SNLRH, and S is a key. R ! W holds
over RW, and R is a key for RW. The only other dependencies that hold over these
schemas are those obtained by augmentation. Thus both schemas are in BCNF.

Our decision to decompose SNLRWH into SNLRH and RW, rather than, say, SNLR
and LRWH, was not just a good guess. It was guided by the observation that the
dependency R ! W caused the violation of 3NF; the most natural way to deal withthis
violation is to remove the attribute W from this schema. To compensate for removing
W from the main schema, we can add a relation RW, because each R value is
associated with at most one W value according tothe FD R ' W.

A very important question must be asked at this point: If we replace a legal instance r of
relation schema SNLRWH with its projections on SNLRH (r1) and RW (r2), can we
recover r from r1 and r2? The decision to decompose SNLRWH into SNLRH and RW is
equivalent to saying that we will store instances rq{ and r2 instead of r. However



itistheinstancerthatcapturestheintendedentitiesorrelationships. lfwecannot

compute r from r1 and r2, our attempt to deal with redundancy has e ectively thrown
out the baby with the bathwater. We consider this issue in more detail below.

Lossless-JoinDecomposition

Let R be a relation schema and let F be a set of FDs over R. A decomposition of R
into two schemas with attribute sets X and Y is said to be a lossless-join
decompositionwithrespecttoFifforeveryinstancerofRthatsatisesthe

dependencies inF,x(r) ./y(r)=r.

ThisdenitioncaneasilybeextendedtocoveradecompositionofRintomorethan

two relations. It is easy tosee thatr x(r) ./ y(r) always holds. In general, though, the
other direction does not hold. If we take projections of a relation and recombine
them using natural join, we typically obtain some tuples that were not in the original
relation. This situation is illustrated in Figure 15.11.

S|P (D

s1|pl | dl
S TP D STP P 1D s2 | p2 | d2
s1|p1|dl s1| p1 p1 | di s3|pl | d3
s2 | p2 | d2 s2 | p2 p2 | d2 s1|pl|d3
s3| pl|d3 s3 | pl p1 | d3 s3 | pl | dl
Instancer SP(r) P D(1) sP(r)  ./pD(r)

InstanceslllustratingLossyDecompositions

By replacing the instance r shown in Figure 15.11 with the instances sp (r) and p
D(r), we lose some information. In particular, suppose that the tuples in r denote
relationships.Wecannolongertellthattherelationships(s1;p1;d3)and(s3;p1;

d1)donothold. ThedecompositionofschemaSPDintoSPandPDisthereforea

‘lossy' decomposition if the instance r shown in the figure is legal, that is, if this
instance could arise in the enterprise being modeled. (Observe the similarities
between this example and the Contracts relationship set in Section 2.5.3.)

All decompositions used to eliminate redundancy must be lossless. The following
simple test is very useful:

LetRbearelationandFbeasetofF DsthatholdoverR.The decompositionof
Rintorelationgr withattributesetsR1andR2islosslessif
andonlyifF containseithertheFDR1\R2!R1orthe FD R1\R2!R2.



Inotherwords,theattributescommonto R1andR2mustcontainakeyforeither R1or
R2. If a relation is decomposed into two relations, this test is a necessary and

sufficientconditionforthedecompositiontobelossless-join.2IfareIationis
decomposedintomore thantwo relations, anefficient (timepolynomial inthesize of the
dependency set) algorithm is available to test whether or not the decomposition is
lossless, but we will not discuss it.

Consider the Hourly Emps relation again. It has attributes SNLRWH, and the FD R !
W causes a violation of 3NF. We dealt with this violation by decomposing therelation
into SNLRH and RW. Since R is common to both decomposed relations,and R ! W
holds, this decomposition is lossless-join.

Thisexampleillustratesageneralobservation:

If anFD X!Yholdsovera relation Rand X\Yis empty, thedecomposition of R
into R — Yand XY is lossless.

X appears in both R =Y (since X\ Y is empty) and XY, and it is a key for XY. Thus,
the above observation follows from the test for a lossless-join decomposition.

Another important observation has to do with repeated decompositions. Suppose that a
relation R is decomposed into R1 and R2 through a lossless-join decomposition, andthat
R1 is decomposed into R11 and R12 through another lossless-join decomposition. Then
the decomposition of R into R11, R12, and R2 is lossless-join; by joining R11 and R12
we can recover R1, and by then joining R1 and R2, we can recover R.

Dependency-PreservingDecomposition

Consider the Contracts relation with attributes CSIDPQV from Section 15.4.1. The
given FDs are C ! CSJDPQV, JP ! C, and SD ! P. Because SD is not a key the
dependency SD ! P causes a violation of BCNF.

WecandecomposeContracts into tworelations with schemas CSJDQVand SDPto
address this violation; the decomposition is lossless-join. There is one subtle
problem, however. We can enforce the integrity constraintJP ! C easily when atuple
is inserted into Contracts by ensuring that no existing tuple has the same JP values
(as the inserted tuple) but different C values. Once we decompose Contracts into
CSJDQV and SDP, enforcing this constraint requires an expensive join of the two
relations whenever a tuple is inserted into CSIJDQV. We say that this decomposition
is not dependency-preserving.




Intuitively, a dependency-preserving decomposition allows us to enforce all FDs by ex-
amining a single relation instance on each insertion or modification of a tuple. (Note that
deletions cannot cause violation of FDs.) To de ne dependency-preserving de-
compositions precisely, we have to introduce the concept of a projection of FDs.

Let Rbearelationschema thatisdecomposedintotwoschemaswithattributesets
XandY,and letFbea setof FDs overR.Theprojectionof FonXis the setof

+
FDs in the closure F  (not just F !) that involve only attributes in X. We will denote

the projection of F on attributes X as Fx . Note that a dependency U ! V in F Yis in
Fx only if all the attributes in U and V are in X.

ThedecompositionofrelationschemaRwithFDsFintoschemaswithattributesets

Xaninsdependency—preservingif(Fx[Fy)+=F+.Thatis,ifwetakethe

dependencies in Fx and Fy and compute the closure of their union, we get back all
dependencies in the closure of F. Therefore, we need to enforce only the

+
dependenciesinFxandFy;allFDsinF arethensuretobesatisfied.Toenforce
Fx , we need to examine only relation X (on inserts to that relation). To enforce Fy ,
we need to examine only relation Y.

NORMALIZATION

Having covered the concepts needed to understand the role of normal forms andde-
compositions in database design, we now consider algorithms for converting
relations to BCNF or 3NF. If a relation schema is not in BCNF, it is possible toobtain
a lossless-join decomposition into a collection of BCNF relation schemas.
Unfortunately, there may not be any dependency-preserving decomposition into a
collection of BCNF relation schemas

DecompositionintoBCNF

Wenow present an algorithm for decomposing a relation schema R into a collection
of BCNF relation schemas:

1. Suppose that R is not in BCNF. Let X R, A be a single attribute in R, and X ! A
be an FD that causes a violation ofBCNF. DecomposeR into R —> A andX—>A.

2. If either R —>Aor X->Ais not in BCNF, decomposethem further byarecursive
application of this algorithm.

R —> A denotes the set of attributes other than A in R, and X->A denotes the union
of attributes in X and A. Since X ! A violates BCNF, it is not a trivial dependency;
further,Aisasingleattribute. Therefore, AisnotinX;thatis,X\Aisempty.Thus,



eachdecompositioncarriedoutinStepislossless-join.

The set of dependencies associated with R —> A and > XA is the projection of Fonto
their attributes. If one of the new relations is not in BCNF, we decompose it further in
Step. Since a decomposition results in relations with strictly fewer attributes, this
process will terminate, leaving us with a collection of relationschemas that are all in
BCNF.

Consider the Contracts relation with attributes CSIDPQV and key C. We are given FDs
JP I C and SD ! P. By using the dependency SD ! P to guide the decomposition, we get
the two schemas SDP and CSJDQV. SDP is in BCNF. Suppose that we also have the
constraint that each project deals with a single supplier: J ! S. This means that the
schema CSJDQV is not in BCNF. So we decompose it further into JS and CJDQV. C !
JDQV holds over CIDQV; the only other FDs that hold are those obtained from this FD
by augmentation, and therefore all FDs contain a key in the left side. Thus, each of the
schemas SDP, JS, and CJDQV is in BCNF, and this collection of schemas also
represents a lossless-join decomposition of CSIDQV.

The steps in this decomposition process can be visualized as a tree, as shown in
Figure. The root is the original relation CSIJDPQV, and the leaves are the BCNF
relations that are the result of the decomposition algorithm, namely, SDP, JS, and
CSDQV. Intuitively, each internal node is replaced by its children through a single
decomposition step that is guided by the FD shown just below the node.

CSIDPQV
SD =P
SDP CSIDQV
J-=S§
s cIDQV

DecompositionofCSIDQVintoSDP,JS,andCIDQV

RedundancyinBCNFRevisited

The decomposition of CSJDQV into SDP, JS, and CJDQV is not dependency-
preserving. Intuitively, dependency JP!Ccannot be enforcedwithout a join.One
waytodealwiththissituationistoaddarelationwithattributes CJP.Ineect,this solution
amounts to storing some information redundantly in order to make the
dependency enforcement cheaper.



This is a subtle point: Each of the schemasCJP, SDP, JS, and CJDQV is inBCNF,
yet there is some redundancy that can be predicted by FD information. In
particular, if we join the relation instances forSDP and CIJDQV and project ontothe
attributes CJP, we must get exactly the instance stored in the relation with schema
CJP. We saw in Section 15.5.1 that there is no such redundancy within a single
BCNF relation. The current example shows that redundancy can still occur across
relations, even though there is no redundancy within a relation.

MinimalCoverfora Setof FDs

Aminimalcoverforaset FofFDs is asetGof FDs suchthat:

1.Everydependencyin Gisof theformX!A, where Aisasingleattribute.

+ +
2.TheclosureF

isequaltotheclosureG.

3. If weobtainasetHof dependenciesfromGbydeletingoneormoredependencies,

* HSrbydeIetingattributes from

a@lependency in G, then F 6=

Intuitively, a minimal cover for a set F of FDs is an equivalent set of dependencies
that is minimal in two respects: (1) Every dependency is as small as possible; thatis,
each attribute on the left side is necessary and the right side is a single attributf.

(2)Everydependencyin it is requiredinorderfor theclosureto beequalto F. As an
example, let F be the set of dependencies:
AIB,ABCD!E,EF!G,EF!H, andACDF!EG.
First,letusrewrite ACDF!EGsothateveryrightsideisasingle attribute:
ACDF!Eand ACDF!G.
NextconsiderACDF!G.Thisdependencyisimpliedbythefollowing FDs:
A!B,ABCD!E,andEF!G.

Therefore,wecandeleteit.Similarly, wecan delete ACDF!E.NextconsiderABCD

I E. Since A ! B holds, we can replace it with ACD ! E. (At this point, the reader
should verify that each remaining FD is minimal and required.) Thus, a minimalcover
for F is the set:

AIB,ACD!E,EF!G,andEF!H.



The preceding example suggests a general algorithm for obtaining a minimal cover
of a set F of FDs:



1. Put the FDs in a standard form: Obtain a collection G of equivalent FDs with a
single attribute on the right side (using the decomposition axiom).

2. MinimizetheleftsideofeachFD:ForeachFDinG,check eachattributein
theleftsidetoseeifitcanbedeletedwhilepreservingequivalencetoF.

3. DeIeteredundantFDs:Checkeachremaining+FDinGtoseeifitcanbe
deletedwhilepreservingequivalencetoF.

Note that the order in which we consider FDs while applying these steps could produce
different minimal covers; there could be several minimal covers for a given set of FDs.

More important, it is necessary to minimize the left sides of FDs before checking for
redundant FDs. If these two steps are reversed, the nal set of FDs could still contain
some redundant FDs (i.e., not be a minimal cover), as the following example illustrates.
Let F be the set of dependencies, each of which is already in the standard form:

ABCDI!E,E!D,A!B,andACID.

Observe that none of these FDs is redundant; if we checked for redundant FDs rst,
wewouldgetthesamesetofF DsF.TheleftsideofABCD!Ecanbereplacedby

ACwhilepreservingequivalencetoF,andwewouldstophereifwecheckedfor
redundantFDsinFbeforeminimizingtheleftsides.However,thesetofF Dswe have is not a
minimal cover:

ACIE,E!D,AIB,and AC!D.

Fromtransitivity,thefirsttwoF Dsimply theIastFD,whichcanthereforebedeIeted

whilepreservingequivalencetoF .TheimportantpointtonoteisthatAC!D

becomes redundant only after we replace ABCD ! E with AC ! E. If we minimize left
sides of FDs first and then check for redundant FDs, we are left with the rst three
FDs in the preceding list, which is indeed a minimal cover for F.

Dependency-PreservingDecompositioninto3NF

Returning to the problem of obtaining a lossless-join, dependency-preserving
decom-positioninto3NFrelations,letRbearelationwithasetFofF Dsthatisa

suppose that each R;j is in 3NF and let Fj denote the projection of F onto the
attributes of R;. Do the following:

IdentifythesetNofdependencies inFthat arenotpreserved, that is,not included
in the closure of the union of Fis.



m  ForeachFD X!AinN,create arelationschema XA and add ittothedecom-
position of R.

Obviously,everydependencyinFispreservedifwereplaceRbytheRjsplusthe

schemas of the form XA added in this step. The Rjs are given to be in 3NF. We can
showthat each of the schemas XAis in 3NF asfollows:Since X!Ais in theminimal
cover F, Y ! A does not hold for any Y that is a strict subset of X. Therefore, X is a
key for XA. Further, if any other dependencies hold over XA, the right side can
involve only attributes in X because Ais a single attribute (because X! Ais an FD in a
minimal cover). Since X is a key for XA, none of these additional dependencies
causes a violation of 3NF (although they might cause a violation of BCNF).

As anoptimization, if theset Ncontains severalFDs withthesameleft side, say, X! A1;

X 1 A2;:::; X1 Ap, we can replace them with a single equivalent FD X ! A1::: Ap
Therefore, we produce one relation schema XA1 : : : Ap, instead of several schemas
XA1; :::; XAn, which is generally preferable.

ConsidertheContractsrelationwithattributesCSJDPQV andFDsJP!C,SD!P,andJ
IS.lfwedecomposeCSJIDPQVintoSDPandCSJDQV,thenSDPisinBCNF ,but
CSJDQVisnotevenin3NF.Sowedecomposeitfurtherinto JSandCJDQV.

The relation schemas SDP, JS, and CJDQV are in 3NF (in fact, in BCNF), and the
decomposition is lossless-join. However, the dependency JP ! C is not preserved. This
problem can be addressed by adding a relation schema CJP to the decomposition.

Thissetof FDsis notaminimalcover,andsowemustndone.WerstreplaceC
ICSJDPQVwiththeFDs:

c!s,clJ,C Ib,CIP,CIQ, andC! V.

TheFD CIPis impliedbyC!S,C!D,andSD!P; sowecan delete it.The

FD C! Sis implied by C!Jand J! S; so we can delete it. This leaves us with a
minimal cover:

ClJ,CIb, C!Q,C!' V,JP IC,SD! P, and J! S.

Using the algorithm for ensuring dependency-preservation, we obtain the relational schema
CJ, CD, CQ, CV, CJP, SDP, and JS.We can improve this schema by combining relations for
which C is the key into CDJPQV. In addition, we have SDP and JS in our decomposition.
Since one of these relations (CDJPQV) is a super key, we are done.

Comparing this decomposition with the one that we obtained earlier in this section,
we find that they are quite close, with the only difference being that one of them has
CDJPQV instead of CJP and CJDQV. In general, however, there could besignificant
differences.



Database designers typically use a conceptual design methodology (e.g., ER
design) to arrive at an initial database design. Given this, the approach of repeated
decompositions to rectify instances of redundancy is likely to be the most naturaluse
of FDs and normalization techniques. However, a designer can also considerthe
alternative designs suggested by the synthesis approach.

OTHERKINDSOFDEPENDENCIES*

FDs are probably the most common and important kind of constraint from the point of
view of database design. However, there are several other kinds of dependencies. In
particular, there is a well-developed theory for database design using multivalued
dependencies and join dependencies. By taking such dependencies into account, wecan
identify potential redundancy problems that cannot be detected using FDs alone.

This section illustrates the kinds of redundancy that can be detected using
multivalueddependencies. Ourmainobservation, however, isthatsimpleguidelines
(which can be checked using only FD reasoning) can tell us whether we even need
to worry about complex constraints such as multivalued and join dependencies. We
also comment on the role of inclusion dependencies in database design.

Multivalued Dependencies

Supposethatwehavearelationwithattributescourse,teacher,andbook,whichwe denote as
CTB. The meaning of a tuple is that teacher T can teach course C, and
bookBisarecommendedtextforthecourse.TherearenoF Ds;thekeyisCTB.
However,therecommendedtextsforacourseareindependentoftheinstructor. The
instance shown in Figure 15.13 illustrates this situation.

course teacher | book

Physics101| Green | Mechanics
Physics101| Green | Optics
Physics101| Brown | Mechanics
Physics101| Brown | Optics
Math301 Green | Mechanics
Math301 Green | Vectors
Math301 Green | Geometry

BCNFRelationwithRedundancyThatlsRevealedby MVDs

Therearethreepointstonotehere:

TherelationschemaCTBisinBCNF;thus we would notconsiderdecomposing



itfurtherifwelookedonlyattheF DsthatholdoverCTB.

m  There is redundancy. The fact that Green can teach Physics101 is recorded
once per recommended text for the course. Similarly, the fact that Optics is a
text for Physics101 is recorded once per potential teacher.

m  TheredundancycanbeeliminatedbydecomposingCTBintoCTandCB.

The redundancy in this example is due to the constraint that the texts for a course are
independent of the instructors, which cannot be expressed in terms of FDs. This con-
straint is an example of a multivalued dependency, or MVD. Ideally, we should modelthis
situation using two binary relationship sets, Instructors with attributes CT and Text with
attributes CB. Because these are two essentially independent relationships, modeling
them with a single ternary relationship set with attributes CTB is inappropriate. (See
Section 2.5.3 for a further discussion of ternary versus binary relationships.) Given the
subjectivity of ER design, however, we might create a ternary relationship. A careful
analysis of the MVD information would then reveal the problem.

Let R be a relation schema and let X and Y be subsets of the attributes of R.
Intuitively, the multivalued dependency X !! Y is said to hold over R if, in every legal

instance r of R, each X value is associated with a set of Y values and this set is
independent of the values in the other attributes.

Formally, if the MVD X!!Y holds over Rand Z= R- XY, the following must be true for
every legal instance r of R:

Ift12r,t22randtq: X=t2: X ,thentheremust besomet32rsuch that
t1:XY=t3:XYandt2:Z= t3:Z.

Figure illustrates this de nition. If we are given the first two tuples and told that the
MVD X!!'Y holds over this relation, we can infer that the relation instance must also
containthethirdtuple.Indeed,byinterchangingtherolesofthersttwotuples

treatingthefirsttupleastpandthesecondtupleast1|wecandeducethatthetuple
tgmustalsobeintherelationinstance.

b1 | c1 | [tupletq
b2 | c2 | [tuplet2
b1 | c2 | [tuplet3
by | c1 | |tupletq

SN RGN | FON FON | D24




lllustrationofMVDDefinition

ThistablesuggestsanotherwaytothinkaboutMVDs:IfX !'YholdsoverR,theny

Z ( x=x(R)) = v ( x=x(R)) z ( x=x(R)) in every legal instance of R, for any value x that
appearsinthe Xcolumnof R.Inother words,consider groupsoftuples in R withthe
sameX-value, foreach X-value.ln eachsuchgroup considerthe projectiononto the
attributes YZ. This projection must be equal to the cross-product of the projections
onto Y and Z. That is, for a given X-value, the Y-values and Z-values are
independent. (From this denition it is easyto see that X!'Ymust hold whenever X! Y
holds. If the FD X 'Y holds, there is exactly one Y-value for a given X-value, and the
conditions in the MVD de nition hold trivially. The converse does not hold, as Figure
15.14 illustrates.)

Returning to our CTB example, the constraint that course texts are independent of
instructors can be expressed as C !! T. In terms of the de nition of MVDs, this
constraint can be read as follows:

\If(thereisatupleshowingthat) Cistaughtbyteacher T, and
(there is a tuple showing that) C has book B as text,
then(thereisatupleshowingthat)Cistaught by TandhastextB.

Given a set of FDs and MVDs, in general we can infer that several additional FDs
and MVDs hold. A sound and complete set of inference rules consists of the three
Armstrong Axioms plus ve additional rules. Three of the additional rules involve only
MVDs:

m  MVD Complementation:IfX!'Y thenX!!/R-XY.
s MVD Augmentation:If X!!' YandWZ,then WX!IYZ. =
MVD Transitivity: If X! Y and Y !!Z, then X I(Z - Y).
As an example of the use of these rules, since we have C !! T over CTB, MVD

complementation allows us to infer that C I/ CT B — CT as well, that is, C !l B. The
remaining two rules relate FDs and MVDs:

m  Replication:IfX!Y,then X!! Y.
m  Coalescence:lf X!!Yandthereis a W suchthatW \Yis empty, W !Z,and Y Z, then
X1Z.

ObservethatreplicationstatesthateveryFDisalsoanMVD.



FourthNormalForm

Fourth normal form is a direct generalization of BCNF. LetR be a relation
schema,Xand Ybe nonemptysubsets of the attributes of R, and Fbe a set of
dependencies that includes both FDs and MVDs. R is said to be in fourth normal
form (4NF) if for every MVD X 1! Y that holds over R, one of the following statements
is true:

s YXorXY=R,or

= XisaSuperkey.

In reading this definition, it is important to understand that the de nition of a key has
not changed the key must uniquely determine all attributes through FDs alone.X 'Y
is a trivial MVD if Y X R or XY = R; such MVDs always hold.

The relation CTB is not in 4NF becauseC !! T is a nontrivial MVD and C is not akey.
We can eliminate the resulting redundancy by decomposing CTB into CT and CB;
each of these relations is then in 4NF.

To use MVD information fully, we must understand the theory of MVDs. However,
the following result due to Date and Fagin identifies conditions detected using only
FD information!|junder which we can safely ignore MVD information. That is, using
MVD information in addition to the FD information will not reveal any redundancy.
Therefore, if these conditions hold, we do not even need to identify all MVDs.

If arelationschemaisinBCNF,andat leastoneof its keysconsistsofa single
attribute, it is also in 4NF.

An important assumption is implicit in any application of the preceding result:The set
of FDs identified thus far is indeed the set of all FDs that hold over the relation. This
assumption is important because the result relies on the relation being inBCNF,
which in turn depends on the set of FDs that hold over the relation.

FigureshowsthreetuplesfromaninstanceofABCDthat satisfiesthegivenMVDB

IIC.FromthedefinitionofanMVD,giventuplest1andt,itfollows

C|A |D
c1 | a1 | di | [tupletq
c2 | a2 | d2 | |[tuplet2
c1 | a2 | d2 | |tuplet3

T|T|T||W

ThreeTuplesfromalLegallnstanceofABCD

that tuple t3 must also be included in the instance. Consider tuples t2 and t3. From



the givenFDA!BCDandthefactthatthesetupleshavethesameA-value,wecan



deduce that c1= c2. Thus, we see that the FDB ! C must hold overABCD whenever
the FDA ! BCD and the MVDB !! C hold. IfB ! C holds,the relation ABCD is not in
BCNF (unless additional FDs hold that make B a key)!

Join Dependencies
AjoindependencyisafurthergeneralizationofMVDs.Ajoindependency(JD)
decomposition of R.

An MVD X ' Y over a relation R can be expressed as the join dependency ./ XY,
X(R-Y)g. As an example, in the CTB relation, the MVD C ! T can be expressed as
the join dependency ./ fCT, CBg.

UnlikeFDsandMVDs, thereisnosetofsoundandcompleteinferencerulesforJDs.

FifthNormalForm

ArelationschemaRissaid tobeinfthnormalform(5NF)if foreveryJD

s Rj=Rforsomei, or

m  ThedDis implied bythesetof thoseFDs over Rin whichtheleftside is akey for R.

The second condition deserves some explanation, since we have not presented
inference rulesforFDsand JDstaken together. Intuitively,wemust be able to show

trivial JD if Rj = R for some i; such a JD always holds.

The following result, also due to Date and Fagin, identifies conditions again, detected
using only FD information under which we can safely ignore JD information.

If arelationschemaisin3NFandeachofitskeysconsistsofasingle attribute, it is
also in 5NF.

The conditions identified in this result are sufficient for a relation to be in 5NF, butnot
necessary. The result can be very useful in practice because it allows us to conclude
#hat a relation is in 5NF without ever identifying the MVDs and JDs that may hold
over the relation.



INTENTIONLOCKMODES

(DBMS|Unit-1V(PartB)|PreparedbyMVKamal,AssociateProfessor)

A more efficient way to gain this knowledge is to introduce a new class of lock
modes, called intention lock modes. If a node is locked in an intention mode,
explicit locking is done at a lower level of the tree (that is, at a finer granularity).

Intention locks are put on all the ancestors of a node before that node is locked
explicitly. Thus, a transaction does not need to search the entire tree to determine
whetheritcanlockanodesuccessfully. A transactionwishingtolockanode—say, Q—
must traverse a path in the tree from the root to Q. While traversing the tree, the
transaction locks the various nodes in an intention mode.

There is an intention mode associated with shared mode, and there is one with
exclusive mode. If a node is locked in intention-shared (IS) mode, explicit
locking is being done at a lower level of the tree, but with onlyshared-mode locks.
Similarly, if a node is locked in intention-exclusive (1X) mode, then explicit
locking is being done at a lower level, with exclusive-mode or shared-mode locks.
Finally, if a node is locked in shared and intention-exclusive (SIX) mode, the
subtree rooted by that node is locked explicitly in shared mode, and that explicit
locking is being done at a lower level with exclusive-mode locks. Thecompatibility
function for these lock modes is in Figure

IS IX < SIX X

15 true true true true false

IX true true false false talse

s true talse true false false
SIX true talse false false talse
X false false false false false

Figure:Compatibilitymatrix

Themultiple-granularitylockingprotocolusestheselockmodestoensure
serializability. It requires that a transaction Ti that attempts to lock a node Q must
follow these rules:



|

. TransactionTimustobservethelock-compatibilityfunctionofFigureabove.

. TransactionTimustlocktherootofthetreefirst,andcanlockitin anymode.

3. TransactionTicanlockanode QinSorlSmodeonlyif Ticurrentlyhasthe parent
of Q locked in either IX or IS mode.

4. TransactionTicanlockanode QinX,SIX,orlXmodeonlyif Ticurrently has the
parent of Q locked in either IX or SIX mode.

5. TransactionTicanlockanodeonlyif Tihasnotpreviouslyunlockedany node
(that is, Ti is two phase).

6. TransactionTicanunlockanodeQonlyifTicurrentlyhasnoneofthe children

of Q locked.

N

Locking: Top-DownandBottom-up

Observe that the multiple-granularity protocol requires that locks be acquired in
top-down (root-to-leaf) order, whereas locks must be released in bottom-up (leaf-
to-root) order.

Asanillustrationoftheprotocol,considerthetreeofFigure(above)andthese
transactions:

* Supposethattransaction T21 readsrecord raz2in file Fa.Then,T21 needs to lock
thedatabase,area Al,and FainlSmode(andin thatorder),andfinallyto lockra2 in S
mode.

« SupposethattransactionT22modifiesrecordra9infileFa. Then, T22needs
to lock the database, area Al, and file Fa (and in that order) in IX mode, andfinally
to lock ra9 in X mode.

« SupposethattransactionT23readsalltherecordsinfileFa. Then, T23needs
tolockthedatabaseandareaAl(andinthatorder)inlSmode,andfinallytolock
Fain Smode.

* Suppose that transaction T24 reads the entire database. It can do so after locking
the database in S mode.



Precedencegraph

Reference ‘encyclopedia’

A precedencegraph,also named conflictgraphand serializabilitygraph,isused in the context of
concurrency control in databases.

TheprecedencegraphforascheduleScontains:

. AnodeforeachcommittedtransactioninS
. AnarcfromT;toT;ifanactionofTiprecedesandconflictswithoneofT;'s actions.

Precedencegraphexample

Example1:
[ T1 T2 T3
R(B)
R(C) W(A)
_ | w(©)
P~ | k)
W(B)
W (D) W(A)

""-—_—-"'.

Example2

A precedence graph of the schedule D,with 3 transactions.As there is a cycle (of length
2;with two edges)through the committed transactions T1and T2,this schedule(history) is
not Conflict serializable.



https://en.wikipedia.org/wiki/Serializability
https://en.wikipedia.org/wiki/Schedule_(computer_science)#Conflicting_actions
https://en.wikipedia.org/wiki/Schedule_(computer_science)
https://en.wikipedia.org/wiki/Serializability#View_and_conflict_serializability

TestingSerializabilitywithPrecedenceGraph

Thedrawingsequencefortheprecedencegraph:-

1.

2.

ForeachtransactionT; participatinginscheduleS,createanodelabelledT; in the
precedence graph. So the precedence graph contains T+1, To, T3

For each case in S where T; executes a write_item(X) then T; executes a
read_item(X),createanedge(Ti -->T;)intheprecedencegraph.Thisoccurs
nowhere in the above example, as there is no read after write.

For each case in S where T; executes a read_item(X) then T; executes a
write_item(X),createanedge(T; -->T,)intheprecedencegraph.Thisresultsin a
directed edge from T+ to Ta.

For each case in S where T; executes a write_item(X) then T; executes a
write_item(X),createanedge(T; -->T,)intheprecedencegraph.Thisresultsin
directed edges from T2 to T4, T1to T3, and T2 to Ts.

The schedule S is conflict serializable if the precedence graph has no cycles.As
TsandTconstituteacycle,thenwecannotdeclareSasserializableornotand
serializability has to be checked using other methods.



ConcurrentExecutions
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ey ConcurrentExecutions

® Multipletransactionsareallowedtorunconcurrentlyinthe
system.Advantagesare:

Increasedprocessoranddiskutilization,leading to
better transaction throughput

E.g.onetransactioncanbeusingtheCPUwhile
another is reading from or writing to the disk

Reducedaverageresponsetimefortransactions:short
transactionsneednotwaitbehindlongones.

m Concurrency control schemes - mechanismsto achieve
isolation

That is, to control the interaction among the concurrent
transactionsinordertopreventthemfromdestroying the
consistency of the database

WillstudyinChapter15,afterstudying notionof
correctness of concurrent executions.
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ey Schedules

m Schedule-asequencesofinstructionsthatspecifythe

chronologicalorderinwhich instructionsofconcurrenttransactions
are executed

Ascheduleforasetoftransactions mustconsistofall
instructions of those transactions

Mustpreservetheorderinwhich theinstructionsappearin
each individual transaction.

®m Atransactionthatsuccessfullycompletesitsexecutionwillhavea
commitinstructionsasthelaststatement

Bydefaulttransactionassumedtoexecutecommitinstruction as
its last step

®m Atransactionthatfailstosuccessfullycompleteitsexecutionwill
have an abort instruction as the last statement

DatabaseSystemConcepts-6""Edition 14.3 ©Silberschatz,KorthandSudarshan



g Schedulel

=7

—_— pe—
X

. .

m LetTq transfer$50fromAtoB,andTatransfer10% ofthebalancefromAtoB.
®  Anexample ofaserialscheduleinwhichTisfollowedbyTo:

T, T,

read (A)

A=A-50

write (A)

read (B)

B:=B+50

write (B)

commit
read (A)
temp :=A*0.1
A:=A-temp
write (A)
read (B)
B =B+ temp
write (B)
commit
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Schedule2

®m AserialscheduleinwhichTzisfollowedbyT+:

T; T,

read (A)
temp :=A*0.1
A=A-temp
write (A)
read (B)
B =B +temp
write (B)
commit

read (A)

A=A-50

write (A)

read (B)

B:=B+50

write (B)

commit

DatabaseSystemConcepts-6""Edition 145 ©Silberschatz,KorthandSudarshan



Schedule3

m LetTiandT2bethetransactionsdefinedpreviously.Thefollowing
scheduleisnotaserialschedule,butitisequivalenttoSchedule.

T; T,

read (A)

A=A-50

write (A)
read (A)
temp :=A*0.1
A=A -temp
write (A)

read (B)

B:=B+50

write (B)

commit
read (B)
B := B+ temp
write (B)
commit

Note--Inschedules1,2and3,thesum A+Bl|jispreserved.
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Schedule4

m Thefollowingconcurrent scheduledoesnot preserve thesum

of A+ B|
T; T

read (A)

A=A-50
read (A)
temp =A% 0.1
A=A -temp
write (A)
read (B)

write (A)

read (B)

B:=B+50

write (B)

commit
B :=B+temp
write (B)
commit
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- Serializability

m Basic Assumption - Each transaction preserves database
consistency.

m Thus,serialexecutionofasetoftransactionspreserves
database consistency.

m A (possibly concurrent) schedule is serializable if it is
equivalent toaserialschedule.Differentformsofschedule
equivalence give rise to the notions of:

1. conflictserializability
2. viewserializability

DatabaseSystemConcepts-6""Edition 14.8 ©Silberschatz,KorthandSudarshan



Simplifiedviewoftransactions

m \Weignoreoperationsotherthanreadand writeinstructions

m We assume that transactions may perform arbitrary

computationsondatainlocalbuffersinbetween readsand
writes.

® Oursimplifiedschedulesconsistofonlyreadandwrite
instructions.
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Conflictinglnstructions

Let l;and |be two Instructions of transactions T;and T;
respectively.Instructions l;and liconflict if and only if there exists
someitem Qaccessed by both l;and |,and atleast oneof these
instructions wrote Q.

1. l=read(Q),l=read(Q). landl,don’tconflict.

2. l=read(Q),li= write(Q).Theyconflict.

3. l=write(Q),l=read(Q). Theyconflict

4. l=write(Q),l= write(Q).They conflict
Intuitively,aconflictbetween landlforcesa(logical)temporal
order between them.

If land l,are consecutive in a schedule and they do not

conflict,theirresults would remainthesameeveniftheyhad
been interchanged in the schedule.
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ConflictSerializability

m Ifaschedule Scan betransformed intoaschedule S'by a
series of swaps of non-conflicting instructions, we say

that S and S” are conflict equivalent.

m Wesay thatascheduleSisconflictserializableifitis
conflictequivalenttoaserialschedule
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ConflictSerializability(Cont.)

T; T,
read (A)
write (A)
read (A)
write (A)
read (B)
write (B)
read (B)
write (B)
Schedule3

DatabaseSystemConcepts-6""Edition

B Schedule3can be transformed into Schedule6-- aserial schedulewhere T>
follows T+1, by a series of swaps of non-conflicting instructions. Therefore,
Schedule 3 is conflict serializable.

T T,

read (A)

write (A)

read (B)

write (B)
read (A)
write (A)
read (B)
write (B)

Scheduleb

©Silberschatz,KorthandSudarshan



ConflictSerializability(Cont.)

m Exampleofaschedule thatisnot conflictserializable:

T3

Ty

read (Q)

write (Q)

write (Q)

m Weareunable toswap instructionsintheaboveschedule to
obtain either the serial schedule <T3, T4>, or the serial

schedule <Tg4, T3>.

DatabaseSystemConcepts-6""Edition
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- PrecedenceGraph

ConsidersomescheduleofasetoftransactionsT,,T,,..., T,

m Precedence graph— a direct graph where the vertices are
the transactions (names).

®m Wedrawan arcfromTtoTifthetwo transaction conflict, and
T.accessed the data item on which the conflict arose
earlier.

m Wemay labelthearcbythe item thatwasaccessed.
m Example
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g TestingforConflictSerializability

-

® Ascheduleisconflictserializableifandonlyifits

precedence graph is acyclic.
m To test for conflict serializability, we need to o
constructthe precedencegraph andtoinvokea
cycle-detection algorithm
m Cycle-detectionalgorithmsexistwhichtakeorder
n%time, where n is the number of vertices in the
graph. @

(Better algorithmstakeorder n+ewhere eis the
number of edges.)

m |If precedence graph is acyclic, the serializability
ordercanbeobtainedby atopologicalsortingof the
graph.

Thatis,alinearorderconsistentwiththe
partialorderofthegraph.

For example, a serializability order for the
schedule(a)would beone ofeither (b) or (c)

—_
g
~—

m Aserializability order of the transactions can be ®

obtainedbyfindingalinearorderconsistentwith the
partial order of the precedence graph. This process is

DatabaseSystemConcepts-6""Edijtion, 14.15 ©Silberschatz,KorthandSudarshan
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Precedencegraphof Scheduleland?

60 66
(b)

(a)

Precedence graph for (a) schedule 1 and (b) schedule 2.
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- Example(Serializability)

Wenow present a simpleand efficientmethod for determiningconflictserializability of
a schedule. Consider a schedule S. We construct a directed graph,

called a precedence graph, fromS. This graph consists of a pair G = (V, E),
whereVisa setof verticesand Eisaset of edges. Theset of verticesconsistsof all the
transactions participating in the schedule.

Thesetofedgesconsistsofalledges

Ti— Tjforwhichoneofthreeconditionsholds:

1. Tiexecuteswrite(Q)beforeTjexecutesread(Q).
2. Tiexecutesread(Q)beforeTjexecuteswrite(Q).
3. Tiexecuteswrite(Q)beforeTjexecuteswrite(Q).
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— - Cycle-detectionAlgorithms

m Totestforconflictserializability, we needtoconstructtheprecedence
graph and to invoke a cycle-detection algorithm.

m Cycle-detection algorithms,suchasthosebasedondepth-firstsearch,
require on the order of n2 operations, where n is the number of
vertices in the graph (that is, the number of transactions).
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r Example

m considertransactionT5,whichtransfers$10fromaccountBtoaccountA. Letschedule8 be as
definedinbelow figure,We claim that schedule 8 is not conflict equivalent to the serial
schedule <T1,T5>, since, in schedule 8, the write(B) instructionof T5 conflicts with the
read(B) instruction of T1. This creates an edge T5 — T1 in the precedence graph.
Similarly,we seethatthewrite(A)instructionofT 1conflictswiththereadinstructionofT5
creating an edge T1 — Tb. This shows that the precedencegraph has a cycle and

thatschedule8 isnot serializable.

T‘l TE
read(.A)
A=A—50
write(A)
read(E)
Figure:schedule8-> BE:=EB — 10
write(E)
read(E)
E:=FE 4+ 50
write(FE)
reacd(.A)
A=A+ 10
write(.A)

DatabaseSystemConcepts-6""Edition 14.19
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m Example

T I;

read(A)
write(A)

read(A)
commit

read(B)
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...! RecoverableSchedules

m Recoverable schedule —if a transaction Treads a data item
previouslywritten byatransaction T,, then the commitoperation of T,
must appear before the commit operation of T..

m Thefollowingscheduleisnotrecoverableif Tocommitsimmediately

aftertheread(A) operation.

T Ty
read (A)
write (A)
read (A)
commit
read (B)

m [fTs shouldabort, Towould haveread (and possiblyshown to theuser) an
inconsistent database state.Hence, database must ensure that

schedules are recoverable.

DatabaseSystemConcepts-6""Edition 14.21
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.! CascadingRollbacks

m Cascadingrollback-asingletransactionfailureleadstoa

seriesoftransactionrollbacks.Consider thefollowing schedule

wherenoneofthetransactionshasyetcommitted(sothe

scheduleisrecoverable)

Ty T3 Ty

read (A)
read (B)
write (A)

read (A)

write (A)

read (A)

abort

IfT ,,fails, T{1andT,,mustalsoberolledback.
m Canleadtotheundoingofasignificantamountofwork

DatabaseSystemConcepts-6""Edition
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- CascadelessSchedules

m Cascadelessschedules—for each pair of transactions Tjand T,
such that Treads a data item previously written by T;, the
commit operation of T,appears before the read operation ofT;.

m Everycascadelessscheduleisalsorecoverable

B ltisdesirable torestricttheschedules tothosethatare

cascadeless

m ExampleofaschedulethatisNOTcascadeless

Ty T3 T4
read (A)
read (B)
write (A)
read (A)
write (A)
read (A)
abort

DatabaseSystemConcepts-6""Edition
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ConcurrencyControl

Adatabasemustprovideamechanismthatwill ensurethatall
possible schedules are both:

Conflictserializable.
Recoverableandpreferablycascadeless

Apolicy inwhich onlyonetransactioncanexecuteatatime
generates serial schedules, but provides a poor degree of
concurrency

Concurrency-control schemes tradeoff between the amount of
concurrencytheyallow andtheamount ofoverheadthattheyincur

Testingaschedule forserializability afterithasexecuted isalittle too
late!

Testsforserializability helpusunderstandwhyaconcurrency
controlprotocoliscorrect

Goal- to develop concurrency control protocols that will assure
serializability.



WeakLevelsof Consistency

® Some applications are willing to live with weak levels of
consistency,allowingschedulesthatarenotserializable

E.g.,aread-only transactionthatwants togetanapproximate
total balance of all accounts

E.g.,databasestatisticscomputedforqueryoptimizationcan be
approximate (why?)

Suchtransactionsneednotbeserializablewith respectto
other transactions

®m Tradeoffaccuracyforperformance
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—4II

- LevelsofConsistencyinSQL

-

m Serializable—default

Repeatable read — only committed records to be read, repeated reads of
same record must return same value.However, a transaction may not be

serializable-itmayfindsomerecordsinsertedbyatransactionbutnot find
others.

®m Readcommitted—onlycommittedrecordscanberead,butsuccessive
readsofrecordmayreturndifferent(butcommitted)values.

®m Readuncommitted—evenuncommittedrecordsmayberead.
® Lowerdegreesofconsistencyusefulforgatheringapproximate
information about the database

m  Warning:somedatabasesystems donotensureserializableschedulesby
default

E.g.,Oracle andPostgreSQLbydefaultsupport alevelof consistency
called snapshot isolation (not part of the SQL standard)
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- TransactionDefinitionin SQL

m Datamanipulation language mustinclude aconstructfor
specifying the set of actions that comprise a transaction.

® [nSQL,atransactionbegins implicitly.
®m AtransactioninSQLendsby:

Commitworkcommits current transaction and beginsa
newone.

Rollbackworkcausescurrenttransactiontoabort.

® In almost all database systems, by default, every SQL
statementalsocommitsimplicitlyifitexecutessuccessfully

Implicitcommitcanbe turnedoffbyadatabasedirective
» E.g. indDBC,connection.setAutoCommit(false);
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OtherNotionsofSerializability
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ViewSerializability

B LetSand S’betwo scheduleswith the same setof transactions.S
andS areview equivalent ifthefollowingthreeconditionsaremet, for

each data item Q,

IfinscheduleS,transaction T ,readsthe initialvalueof Q, then in
schedule S’ also transaction T,must read the initial value of Q.

If in schedule S transaction T,executes read(Q), and that value
was produced by transaction Ti(if any), then inschedule S‘also
transaction T;must read the valueof Qthat was producedby the
same write(Q) operation of transaction T,

Thetransaction(ifany) that performs thefinalwrite(Q) operation in
schedule S must also perform the final write(Q) operation in

schedule S’

® Ascanbeseen,viewequivalenceisalsobasedpurelyonreadsand
writesalone.
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i ViewSerializability(Cont.)
® AscheduleSisview serializable ifitisviewequivalentto a serial
schedule.
®m Everyconflictserializablescheduleisalsoviewserializable.
m Belowisaschedulewhichisview-serializablebut notconflict
serializable.
T, Ty Ty
read (Q)
write (Q)
write (Q)
write (Q)
®  Whatserialscheduleisaboveequivalentto?
m Everyviewserializableschedulethatisnotconflictserializablehas
blindwrites.
DatabaseSystemConcepts-6""Edition 14.30
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-~ Testfor ViewSerializability

m Theprecedencegraphtestfor conflictserializabilitycannotbeused
directly to test for view serializability.

Extensiontotestfor viewserializabilityhas costexponentialinthe size
of the precedence graph.

m  Theproblemof checkingifascheduleisviewserializablefallsinthe class
of NP-complete problems.

Thus,existenceofanefficientalgorithmisextremelyunlikely.

® However,practicalalgorithmsthatjustchecksome sufficient
conditions for view serializability can still be used.
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MoreComplexNotionsofSerializability

® Theschedulebelowproducesthesameoutcomeastheserialschedule
<T14,Ts>yetisnotconflictequivalentorviewequivalenttoit.

T

T5

read (A)
A=A-50
write (A)

read (B)
B:=B+50
write (B)

read (B)
B:==B-10
write (B)

read (A)
A=A+10
write (A)

m [fwestartwithA=1000 andB= 2000, thefinalresultis960and2040
m Determiningsuchequivalencerequiresanalysisofoperationsother

than read and write.
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EndofConcurrencyControlTopic

Reference
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Serializability— By mvkamal

Before we can consider how the concurrency-control component ofthe database
systemcanensureserializability,weconsiderhowtodeterminewhenaschedule
isserializable.Certainly,serialschedulesareserializable,butifstepsofmultiple
transactions are interleaved, it is harder to determine whether a schedule is
serializable. Since transactions are programs, it is difficult to determine exactly
what operations a transaction performs and how operations of various transactions
interact.

Forthisreason,weshallnotconsiderthevarioustypesofoperationsthata transaction can
perform on a data item, but instead consider only two operations: read and write.
We assume that, between a read(Q) instruction and a write(Q) instruction on a data
item Q, a transaction may perform an arbitrary sequence of operations on the copy
of Q that is residing in the local buffer of the transaction.

In this model, the only significant operations of a transaction, from a scheduling
point of view, are its read and write instructions. Commit operations, though
relevant,arenotconsidereduntilSection14.7.Wethereforemayshowonly read and
write instructions in schedules, as we do for schedule 3 in Figure below.
Inthissection,wediscussdifferentformsofscheduleequivalence,butfocus on a
particular form called conflict serializability.

Let us consider a schedule S in which there are two consecutive instructions, | and
J, of transactions Ti and Tj , respectively (i _=j). If I and J refer to different data

items, then we can swap | and J without affecting the results of any instruction
in theschedule.However,ifl andJ refertothesamedataitemQ,then theorder of
thetwostepsmaymatter.Sincewearedealingwithonlyreadandwrite
instructions,therearefourcasesthatweneedto consider:

1. I=read(Q),J=read(Q).TheorderoflandJdoesnotmatter,sincethe same
value of Q is read by Ti and Tj , regardless of the order.

2. I=read(Q),J=write(Q).IflcomesbeforeJ,thenTidoesnotreadthevalue of Q that
Is written by Tj in instruction J . If J comes before I, then Ti reads
thevalueofQthatiswrittenbyTj. Thus,theorderoflandJmatters.

3. I=write(Q),J=read(Q).TheorderoflandJmattersforreasonssimilarto those of the
previous case.



4.1 = write(Q), J = write(Q). Since both instructions are write operations,
theorderoftheseinstructionsdoesnotaffecteither TiorTj.However,thevalue

obtained by the next read(Q) instruction of S is affected, since the result of onlythe
latter of the two write instructions is preserved in the database. If there is no other
write(Q) instruction after 1 and J in S, then the order of | and J directlyaffects the
final value of Q in the database state that results from schedule S.

I I
read(A)
write(A)
read(A)
write(A)
read(E)
write(B)
read(B)
write(E)

Fig:Schedule3—showingonlythereadandwriteinstructions.

We say that | and J if they are operations by different transactions on the
same data item, and at least one of these instructions is a write operation. To
illustrate the concept of conflicting instructions, we consider schedule 3in Figure
above. The write(A) instruction of T1 conflicts with the read(A) instruction of T2.
However, the write(A) instruction of T2 does not conflict with the read(B)
instruction of T1, because the two instructions access different data items.



TransactionCharacteristics
-PreparedbyMVKamal,AssociateProfessor,CSEDept

Every transaction has three characteristics: access mode, diagnostics size, and isolation level. The

diagnosticssizedeterminesthenumberoferrorconditionsthatcanberecorded.

IftheaccessmodeisREADONLY,thetransactionisnotallowedtomodifythedatabase.Thus,INSERT,

DELETE, UPDATE, and CREATE commands cannot be executed. If we have to execute one of these
commands,theaccessmodeshouldbesettoREADWRITE.FortransactionswithREADONLY access

mode,onlysharedlocksneedtobeobtained,therebyincreasingconcurrency.

The isolation level controls the extent to which a given transaction is exposed to the actions of other

transactions executing concurrently. By choosing one of four possible isolation level settings, a user can
obtaingreaterconcurrencyatthecostofincreasingthetransaction'sexposuretoothertransactions'

uncommittedchanges.

Isolation level choices are READ UNCOMMITTED, READ COMMITTED, REPEATABLE READ, and
SERIALIZABLE.TheeffectoftheselevelsissummarizedinFigure  givenbelow.Inthiscontext,dirtyread  and

unrepeatableread are defined as usual. Phantomis defined to be the possibility that a transaction

retrievesacollectionofobjects(inSQLterms,a collectionoftuples)twiceandseesdifferentresults,even though it
does not modify any of these tuples itself. The highest degree of isolation from the effects of other

Level DirtyRead Unrepeatable Read Phantom
READ UNCOMMITTED |Maybe Maybe Maybe
READ COMMITTED No Maybe Maybe
REPEATABLE READ No No Maybe
SERIALIZABLE No No No

Figure:TransactionlsolationLevelsinSQL-92

transactions is achieved by setting isolation level for a transaction T to SERIALIZABLE. This isolationlevel
ensures that T reads only the changes made by committed transactions, that no value read orwritten by T
is changed by any other transaction until T is complete, and that if T reads a set of values based on some
search condition, this set is not changed by other transactions until T is complete (i.e., T avoids the
phantom phenomenon).



In terms of a lock-based implementation, a SERIALIZABLE transaction obtains locks before reading or
writing objects, including locks on sets of objects that it requires to be unchanged (see Section 19.3.1),
and holds them until the end, according to Strict 2PL.

REPEATABLEREADensuresthatTreadsonlythechangesmadebycommittedtransactions, andthat no
value read or written by T is changed by any other transaction until T is complete. However, T could
experience the phantom phenomenon; for example, while T examines all Sailors records with rating=1,
another transaction might add a new such Sailors record, which is missed by T.

A REPEATABLE READ transaction uses the same locking protocol as a SERIALIZABLE transaction,

except that it does not do index locking, that is, it locks only individual objects, not sets of objects.

READCOMMITTEDensuresthatTreadsonlythechanges madebycommittedtransactions, andthatno value
written by T is changed by any other transaction until T is complete. However, a value read by T may well
be modified by another transaction while T is still in progress, and T is, of course, exposed tothe phantom
problem.

AREADCOMMITTEDtransaction obtains exclusive locks before writing objects and holds these locks
until the end. It also obtains shared locks before reading objects, but these locks are released
immediately; their only effect is to guarantee that the transaction that last modified the object is complete.
(ThisguaranteereliesonthefactthateverySQLtransactionobtainsexclusivelocksbeforewriting

objectsandholdsexclusivelocksuntiltheend.)

AREADUNCOMMITTEDtransactionTcanreadchangesmadetoanobjectbyanongoingtransaction;

obviously, the object can be changed further while T is in progress, and T is also vulnerable to the
phantom problem.

AREADUNCOMMITTEDtransaction does not obtain shared locks before reading objects. This mode
represents the greatest exposure to uncommitted changes of other transactions; so much so that SQL
prohibits such a transaction from making any changes itself - a READ UNCOMMITTED transaction is
requiredtohaveanaccessmodeofREADONLY .Sincesuchatransactionobtainsnolocksforreading

objects, and it is not allowed to write objects (and therefore never requests exclusive locks), it never

makes any lock requests.

TheSERIALIZABLE:isolation level is generally the safest and is recommended for most transactions.

Some transactions, however, can run with a lower isolation level, and the smaller number of locks
requested can contribute to improved system performance.



For example, a statistical query that finds the average sailor age can be run at the READ COMMITTED
level, or even the READ UNCOMMITTED level, because a few incorrect or missing values will not
significantly affect the result if the number of sailors is large. The isolation level and access mode can be
set using the SET TRANSACTION command. For example, the following command declares the current
transaction to be SERIALIZABLE and READ ONLY:
SETTRANSACTIONISOLATIONLEVELSERIALIZABLEREADONLY
Whenatransactionisstarted,thedefaultisSERIALIZABLEandREADWRITE.
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TRANSACTIONMANAGEMENT

WhatisaTransaction?
A transaction is an event which occurs on the database. Generally a transaction reads a value fromthe
database or writes a value to the database. If you have any concept of Operating Systems, thenwe can

say that a transaction is analogous to processes.

Although a transaction can both read and write on the database, there are some fundamental
differences between these two classes of operations. A read operation does not change the image of
the database in any way. But a write operation, whether performed with the intention of inserting,
updating or deleting data from the database, changes the image of the database. That is, we may say
that these transactions bring the database from an image which existed before the transaction
occurred (called the Before Image or BFIM) to an image which exists after the transaction occurred
(called the After Image or AFIM).

TheFourPropertiesof Transactions
Every transaction, for whatever purpose it is being used, has the following four properties.
Takingtheinitial letters ofthesefourpropertieswecollectivelycall them the ACIDProperties.

Herewetry to describe them and explain them.

Atomicity: Thismeansthateitheralloftheinstructionswithinthetransactionwillbereflectedinthe database,

or none of them will be reflected.

Say for example, we have two accounts A and B, each containing Rs 1000/-. We now start a
transaction to deposit Rs 100/- from account A to Account B.

ReadA,;

A =A- 100;

WriteA,;

Read B;

B=B+100;

WriteB;
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Fine, is not it? The transaction has 6 instructions to extract the amount from A and submit it to B.The
AFIM will show Rs 900/- in A and Rs 1100/- in B.

Now, suppose there is a power failure just after instruction 3 (Write A) has been complete. What
happens now? After the system recovers the AFIM will show Rs 900/- in A, but the same Rs 1000/-
in B. It would be said that Rs 100/- evaporated in thin air for the power failure. Clearly such a
situation is not acceptable.

The solution is to keep every value calculated by the instruction of the transaction not in any stable
storage (hard disc) but in a volatile storage (RAM), until the transaction completes its lastinstruction.
When we see that there has not been any error we do something known as a COMMIT operation. Its
job is to write every temporarily calculated value from the volatile storage on to the stable storage. In
this way, even if power fails at instruction 3, the post recovery image of the
databasewillshowaccountsAandBboth containingRs1000/-,asifthefailedtransactionhadnever occurred.

Consistency: If we execute a particular transaction in isolation or together with other transaction,
(i.e. presumably in a multi-programming environment), the transaction will yield the same expected

result.

To give better performance, every database management system supports the execution of multiple
transactions at the same time, using CPU Time Sharing. Concurrently executing transactions may
have to deal with the problem of sharable resources, i.e. resources that multiple transactions are
trying to read/write at the same time. For example, we may have a table or a record on which two
transaction are trying to read or write at the same time. Careful mechanisms are created in order to
prevent mismanagement of these sharable resources, so that there should not be any change in the
way a transaction performs. A transaction which deposits Rs 100/- to account A must deposit the
same amount whether it is acting alone or in conjunction with another transaction that may be trying

to deposit or withdraw some amount at the same time.

Isolation: In case multiple transactions are executing concurrently and trying to access a sharable
resource at the same time, the system should create an ordering in their execution so that theyshould

not create any anomaly in the value stored at the sharable resource.
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There are several ways to achieve this and the most popular one is using some kind of locking
mechanism. Again, if you have the concept of Operating Systems, then you should remember the
semaphores, how it is used by a process to make a resource busy before starting to use it, and how it
is used to release the resource after the usage is over. Other processes intending to access that same
resource must wait during this time. Locking is almost similar. It states that a transaction must first
lock the data item that it wishes to access, and release the lock when the accessing is no longer
required. Once a transaction locks the data item, other transactions wishing to access the same data

item must wait until the lock is released.

Durability: It states that once a transaction has been complete the changes it has made should be

permanent.

As we have seen in the explanation of the Atomicity property, the transaction, if completes
successfully, is committed. Once the COMMIT is done, the changes which the transaction has made
to the database are immediately written into permanent storage. So, after the transaction has been
committed successfully, there is no question of any loss of information even if the power fails.

Committing a transaction guarantees that the AFIM has been reached.

Thereareseveralways Atomicityand Durabilitycanbeimplemented.Oneofthemis called Shadow Copy.
In this scheme a database pointer is used to point to the BFIM of the database. During the
transaction, all the temporary changes are recorded into a Shadow Copy, which is an exact copy of
the original database plus the changes made by the transaction, which is the AFIM. Now, if the
transaction is required to COMMIT, then the database pointer is updated to point to the AFIM copy,
and the BFIM copy is discarded. On the other hand, if the transaction is not committed, then the
database pointer is not updated. It keeps pointing to the BFIM, and the AFIM is discarded. This is a

simple scheme, but takes a lot of memory space and time to implement.

If you study carefully, you can understand that Atomicity and Durability is essentially the samething,

just as Consistency and Isolation is essentially the same thing.

TransactionStates

Therearethe followingsixstatesinwhich atransaction mayexist:

Active:Theinitialstatewhenthetransactionhasjuststartedexecution.
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Partially Committed: At any given point of time if the transaction is executing properly,
then it is going towards it COMMIT POINT. The values generated during the execution are

all stored in volatile storage.

Failed: If the transaction fails for some reason. The temporary values are no longer required,
and the transaction is set to ROLLBACK. It means that any change made to the database by
this transaction up to the point of the failure must be undone. If the failed transaction has
withdrawn Rs. 100/- from account A, then the ROLLBACK operation should add Rs 100/-to

account A.

Aborted: When the ROLLBACK operation is over, the database reaches the BFIM. The

transaction is now said to have been aborted.

Committed: If no failure occurs then the transaction reaches the COMMIT POINT. All the
temporary values are written to the stable storage and the transaction is said to have been
committed.

Terminated:Either committedoraborted,thetransactionfinallyreachesthisstate.

Thewholeprocess can bedescribed usingthefollowing diagram:

PARTIALLYC
OMMITTED

EntryPoint

—

ABORTED
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ConcurrentExecution
Ascheduleisacollectionofmanytransactionswhichisimplementedasaunit.Dependingupon how these
transactions are arranged in within a schedule, a schedule can be of two types:

o Serial: Thetransactionsareexecutedoneafteranother,inanon-preemptive manner.

o Concurrent: Thetransactionsareexecuted inapreemptive,timeshared method.

In Serial schedule, there is no question of sharing a single data item among many transactions,
because not more than a single transaction is executing at any point of time. However, a serial
schedule is inefficient in the sense that the transactions suffer for having a longer waiting time and

response time, as well as low amount of resource utilization.

In concurrent schedule, CPU time is shared among two or more transactions in order to run them
concurrently. However, this creates the possibilitythat more than one transaction mayneed to access a
single data item for read/write purpose and the database could contain inconsistent value if such

accesses are not handled properly. Let us explain with the help of an example.

Let us consider there are two transactions T1 and T2, whose instruction sets are given as following.

T1 is the same as we have seen earlier, while T2 is a new transaction.

T1
ReadA,;
A =A- 100;
WriteA,;
Read B;
B=B+100;
WriteB;

T2
ReadA,;
Temp=A*0.1; Read
C,
C =C +Temp;
WriteC,;
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T2isanew transactionwhichdepositstoaccount C 10%ofthe amountinaccount A.

If we prepare a serial schedule, then either T1 will completely finish before T2 can begin, or T2 will
completely finish before T1 can begin. However, if we want to create a concurrent schedule, then
some Context Switching need to be made, so that some portion of T1 will be executed, then some
portion of T2 will be executed and so on. For example say we have prepared the followingconcurrent

schedule.
Tl T2

ReadA,;

A =A-100;

WriteA;
ReadA;
Temp=A*0.1; Read
G
C=C+Temp; Write
G

ReadB;

B=B+100;

WriteB;

No problem here. We have made some Context Switching in this Schedule, the first one after
executingthe third instruction of T1, and after executingthe last statementof T2. T1 first deducts Rs
100/- from A and writes the new value of Rs 900/- into A. T2 reads the value of A, calculates the
value of Temp to be Rs 90/- and adds the value to C. The remaining part of T1 is executed and Rs
100/- is added to B.

It is clear that a proper Context Switching is veryimportant in order to maintain the Consistencyand
Isolation properties of the transactions. But let us take another example where a wrong Context

Switching can bring about disaster. Consider the following example involving the same T1 and T2
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T1 12

ReadA;

A =A-100;
ReadA;
Temp=A*0.1; Read
C
C=C+Temp; Write
C

WriteA;

Read B;

B=B+100;

WriteB;

This schedule is wrong, because we have made the switching at the second instruction of T1. The
result is very confusing. If we consider accounts A and B both containing Rs 1000/- each, then the
resultofthisscheduleshouldhaveleftRs900/-in A,Rs1100/-in Band addRs90inC(asCshould beincreased
by10%oftheamount in A). But in this wrongschedule,the ContextSwitchingis being performed before
the new value of Rs 900/- has been updated in A. T2 reads the old value of A, which is still Rs
1000/-, and deposits Rs 100/- in C. C makes an unjust gain of Rs 10/- out of nowhere.

In theaboveexample,wedetectedtheerrorsimplebyexaminingthescheduleand applyingcommon sense.
But there must be some well formed rules regarding how to arrange instructions of the transactions to

create error free concurrent schedules. This brings us to our next topic, the concept of Serializability.

Serializability
When several concurrent transactions are trying to access the same data item, the instructions within
these concurrent transactions must be ordered in some way so as there are no problem in accessing

and releasing the shared data item. There are two aspects of serializability which are described here:
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Conflict Serializability

Two instructions of two different transactions may want to access the same data item in order to
perform a read/write operation. Conflict Serializability deals with detecting whether the instructions
are conflicting in any way, and specifying the order in which these two instructions will be executed
in case there is any conflict. A conflict arises if at least one (or both) of the instructions is a write
operation. The following rules are important in Conflict Serializability:

1. If two instructions of the two concurrent transactions are both for read operation, then theyare
not in conflict, and can be allowed to take place in any order.

2. If one of the instructions wants to perform a read operation and the other instruction wants to
perform a write operation, then they are in conflict, hence their ordering is important. If the
read instruction is performed first, then it reads the old value of the data item and after the
reading is over, the new value of the data item is written. It the write instruction is performed
first, then updates the data item with the new value and the read instruction reads the newly
updated value.

3. If both the transactions are for write operation, then they are in conflict but can be allowed to
take place in any order, because the transaction do not read the value updated by each other.
However, the value that persists in the data item after the schedule is over is the one written

by the instruction that performed the last write.

It may happen that we may want to execute the same set of transaction in a different schedule on
another day. Keeping in mind these rules, we may sometimes alter parts of one schedule (S1) to
create another schedule (S2) by swapping only the non-conflicting parts of the first schedule. The
conflictingparts cannot beswapped in this waybecausetheorderingofthe conflictinginstructions is
important and cannot be changed in any other schedule that is derived from the first. If these two
schedules are made of the same set of transactions, then both S1 and S2 would yield the same resultif
the conflict resolution rules are maintained while creating the new schedule. In that case the schedule

S1 and S2 would be called Conflict Equivalent.

View Serializability:

This is another type of serializability that can be derived by creating another schedule out of an
existing schedule, involving the same set of transactions. These two schedules would be called View
Serializable if the following rules are followed while creating the second schedule out of the

first.LetusconsiderthatthetransactionsT landT2arebeingserializedtocreatetwodifferentschedules
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S1 and S2 which we want to be View Equivalent and both T1 and T2 wants to access the same data

item.
1. IfinS1, T1 reads the initial value of the data item, then in S2 also, T1 should read the initial
value of that same data item.
2. IfinS1,T1writesavalueinthedataitemwhichisreadby T2,theninS2also, T1should write the value
in the data item before T2 reads it.
3. Ifin S1, T1 performs the final write operation on that data item, then in S2also, T1

shouldperform the final write operation on that data item.

Exceptin thesethreecases, anyalteration can bepossible whilecreatingS2 bymodifyingS1.

Theabovenotesaresubmittedby:
SabyasachiDe

MCA
sabyasachide@yahoo.com
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FailureClassification

» Transactionfailure:
»Logicalerrors:transactioncannotcompleteduetosomeinternalerrorcondition

»System errors: the databasesystem must terminatean active transactiondueto
anerrorcondition (e.g., deadlock)

» System crash: a power failure or other hardware or software failure causes the system
tocrash.

»Fail-stopassumption:non-volatilestoragecontentsareassumedtonotbe
corruptedasresultofasystemcrash

»Database systems have numerous integrity checks to prevent corruption of
diskdata

» Diskfailure:aheadcrashorsimilardiskfailuredestroysallorpartofdiskstorage

» Destruction is assumed to be detectable:disk drives use checksums to
detectfailures
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RecoveryAlgorithms

»  ConsidertransactionT thattransfers$50fromaccountAtoaccountB

» Twoupdates:subtractb0fromAandadd50toB
» TransactionTrequiresupdatestoAandBtobeoutputtothedatabase.

» Afailure may occur after one of these modificationshave been made but
beforeboth of them are made.

Modifying the database without ensuring that the transaction will
commitmayleavethedatabase inaninconsistentstate

Not modifying the database may result in lost updatesif failure occurs just
aftertransaction commits

» Recoveryalgorithmshavetwoparts

1. Actions taken during normal transaction processing to ensure enough
informationexiststorecoverfromfailures

2. Actionstakenafterafailuretorecoverthedatabasecontentstoastatethat
ensuresatomicity,consistencyanddurability
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StorageStructure

» Volatilestorage:
»doesnotsurvivesystemcrashes
»examples:mainmemory,cachememory

» Nonvolatilestorage:

»Survivessystemcrashes

»examples:disk,tape,flashmemory,
non-volatile(batterybackedup)RAM

» butmaystillfail,losing data
» Stablestorage:
»amythicalformofstoragethatsurvivesallfailures

»approximatedbymaintainingmultiplecopiesondistinctnonvolatilemedia

DatabaseManagementSystem(PPT)-MVKamal,AssociateProfessor



Stable-Storagelmplementation

» Maintainmultiplecopiesofeachblockonseparatedisks

» copiescanbeatremotesitestoprotectagainstdisasterssuchasfireorflooding.
» Failureduringdatatransfercanstillresultininconsistentcopies.

Blocktransfercanresultin

» Successful completion

» Partialfailure:destinationblockhasincorrectinformation

» Totalfailure:destinationblockwasneverupdated
»  Protectingstoragemediafromfailureduringdatatransfer(onesolution):

» Executeoutputoperationasfollows(assumingtwocopiesofeachblock):
1. Writetheinformationontothefirstphysicalblock.

2. When the first write successfully completes, write the same information onto the
second physical block.

Theoutputiscompletedonlyafterthesecondwritesuccessfullycompletes.
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Stable-Storagelmplementation(Cont.)

Protectingstoragemediafromfailureduringdatatransfer(cont.):
»  Copiesofablockmaydifferduetofailureduringoutputoperation. Torecoverfromfailure:
1. Firstfindinconsistentblocks:
1. Expensivesolution:Comparethetwocopiesofeverydiskblock.
2. Bettersolution:

e Recordin-progressdiskwritesonnon-volatilestorage(Non-volatileRAMor
specialareaofdisk).

Use this information during recoveryto find blocks that may be inconsistent,
andonly comparecopiesof these.

e UsedinhardwareRAIDsystems

2. If either copy of an inconsistent block is detected to have an error (bad checksum),
overwrite it by the other copy.If both have no error, but are different, overwrite the

secondblock by the first block.
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DataAccess

Physicalblocksarethoseblocksresidingonthedisk.
Systembufferblocksaretheblocksresidingtemporarilyinmainmemory.

Block movements between disk and main memory are initiated through
thefollowing two operations:

»input(B)transfersthephysicalblockBtomainmemory.

»output(B) transfers the buffer block B to the disk, and replaces
theappropriate physicalblockthere.

We assume, for simplicity, that each data item fits in, and is stored inside, a
singleblock.
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DataAccess(Cont.)

>

Each transaction T; has its private work-area in which local copies of all data
itemsaccessedand updated byitarekept.

» T;'slocalcopyofadataitemXisdenotedbyx:.

» BydenotesblockcontainingX

Transferring data items between system buffer blocks and its private work-area
done by:

»read(X)assignsthevalueofdataitemXtothelocalvariablex:.

»write(X)assignsthevalueoflocalvariable xtodataitem{X}inthebuffer block.

Transactions

»Must perform read(X) before accessing X for the first time (subsequentreadscan
be from local copy)

» Thewrite(X)canbeexecutedatanytimebeforethetransactioncommits

Notethatoutput(By)neednotimmediatelyfollowwrite(X).Systemcanperformthe
outputoperationwhenitdeemsfit.
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Exampleof DataAccess

buffer
X

input(A)

BufferBlockA ———

BufferBlockB / Y
/‘ output(B)

read(X)

X1
Y1

workarea
of T,

memory disk

Fig:Blockstorage operations
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Recoveryand Atomicity

» To ensure atomicity despite failures, we first output information describing
the modificationsto stablestoragewithoutmodifyingthedatabaseitself.
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LogandLogRecords

» Alogiskeptonstablestorage.

»The log is a sequenceof log records,which maintainsinformationaboutupdate
activities on the database.

» There are several types of log records. An updatelog record describes a single
databasewrite. It has these fields:

» Transactionldentifier
» Data-ltemldentifier
» OldValue

» NewValue
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Log-BasedRecovery

» WhentransactionT starts, itregistersitselfbywritingarecord
<T.start>tothelog

BeforeT,executeswrite(X),alogrecord

<T,X,V.,V,>
iswritten,whereViisthevalueofXbeforethewrite(theoldvalue),andVaisthe
valuetobewrittentoX(thenewvalue).

WhenT finishesitlaststatement,thelogrecord<T,commit>iswritten.
<Tiabort>.TransactionTihasaborted.
Twoapproachesusinglogs

» Immediatedatabasemodification

» Deferreddatabasemaodification
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DatabaseModification

The immediate-modification scheme allows updates of an uncommitted transaction
tobemadetothebuffer, orthediskitself, beforethetransaction commits

Updatelogrecordmustbewrittenbeforeadatabaseitemiswritten
» Weassumethatthelogrecordisoutputdirectlytostablestorage

Output of updatedblocks to disk storage can take place at any time before or
aftertransaction commit

Orderinwhichblocksareoutputcanbedifferentfromtheorderinwhichtheyarewritten.

The deferred-modification scheme performs updates to buffer/disk only at the time
oftransaction commit

» Simplifiessomeaspectsofrecovery
» Buthasoverheadofstoringlocalcopy
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TransactionCommit

» Atransaction is said to have committed when its commit log record is output
tostablestorage

»Allpreviouslogrecordsofthetransactionmusthavebeenoutputalready

» Writes performed by a transaction may still be in the buffer when the
transactioncommits,and may be output later
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ImmediateDatabase ModificationExample

Log Write Output

<Tostart>

<To,A,1000,950>
<T,,B,2000,2050>

<Tocommit>

<Tstart>
<T4,C,700,600>

<Tscommit>

T i |
» Note:B,denotesblockcontainingX.
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UndoandRedoOperations

» Undoofalogrecord<T,X,V,,V,>writestheoldvalueV,toX
» Redoofalogrecord<T;,X,V,,V,>writesthenewvalueV,toX

» UndoandRedoofTransactions

»undo(T;)restoresthevalueofalldataitemsupdatedby T totheiroldvalues,
goingbackwardsfromthelastlogrecordforT,

» EachtimeadataitemXisrestoredtoitsoldvalueVaspeciallogrecord
(calledredo-only)<T,X,V>iswrittenout

» Whenundoofatransactioniscomplete,alogrecord
<T.abort>iswrittenout(toindicatethattheundowascompleted)

»redo(T,)setsthevalueofalldataitemsupdatedby T tothenewvalues,going
forwardfromthefirstlogrecordforT,

»Nologgingisdoneinthiscase
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UndoandRedoOperations(Cont.)

» The undo and redo operations are used in several different
circumstances:

» Theundoisusedfortransactionrollbackduringnormal operation(in
case a transaction cannot complete its execution due to some
logical error).

» The undo and redo operations are used during recovery fromfailure.

» Weneed to deal with the case where during recovery from failure
another failureoccurspriortothesystemhaving fullyrecovered.
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Transactionrollback(duringnormaloperation)
» LetT,bethetransactiontoberolledback

» Scanlogbackwardsfromtheend,andforeachlogrecordofT.oftheform<T;,
Xi,V1,Vp>

»PerformtheundobywritinngtoXj,

»Writealogrecord<Ti,XJ-,V1>
»suchlogrecordsarecalledcompensationlogrecords

» Oncetherecord<T;start>isfoundstopthescanandwritethelogrecord<T,
abort>
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UndoandRedoonRecoveringfromFailure

» Whenrecoveringafterfailure:
» TransactionT,;needstobeundoneifthelog

»containstherecord<T start>,
»butdoesnotcontaineithertherecord<T.commit>or<Tabort>.
» TransactionT ,needstoberedoneifthelog
»containstherecords<T,start>
»andcontainstherecord<T,commit>or<T,abort>

» ltmayseemstrangetoredotransactionT,iftherecord<T.abort>recordisinthe
log. Toseewhythisworks,notethatif<T.abort>isinthelog,soaretheredo- only records
written by the undo operation.Thus, the end result will be to undoT,'s modificationsin
thiscase. Thisslightredundancysimplifiestherecoveryalgorithm
andenablesfasteroverallrecoverytime.

»such a redo redoes all the original actions including the steps that restored
oldvalue.Knownasrepeatinghistory
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ImmediateModificationRecoveryExample

Belowweshowthelogasitappearsatthreeinstancesoftime.

<T, start> <T, start> <T, start>

<T,, A, 1000, 950> <T,, A, 1000, 950> <T,, A, 1000, 950>

<Ty, B, 2000, 2050> <T,, B, 2000, 2050> <T,, B, 2000, 2050>
<T, commit> <T, commit>
<T, start> <T; start>
<T;, C, 700, 600> <T;, C, 700, 600>

<T; commit>
(a) (b) (c)

Recoveryactionsineachcaseaboveare:

(a) undo(To):Bisrestoredto2000andAto1000,andlogrecords
<T,,B,2000>,<T,,A,1000>,<T,,abort>arewrittenout

(b) redo(To)andundo(T+):AandBaresetto950and2050andCisrestoredto700.Log
records<T4,C,700>,<T4,abort>arewrittenout.

(c) redo (To) and redo (T1):Aand B are set to 950 and 2050

respectively. Then Cissetto600
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Checkpoints

» Redoing/undoingalltransactionsrecordedinthelogcanbeveryslow
» Processingtheentirelogistime-consumingifthesystemhasrunforalongtime

» We might unnecessarily redo transactions which have already output their
updatestothedatabase.

»  Streamlinerecoveryprocedurebyperiodicallyperformingcheckpointing

m Allupdatesarestoppedwhiledoingcheckpointing
1. Outputalllogrecordscurrentlyresidinginmainmemoryontostablestorage.
2. Outputallmodifiedbufferblockstothedisk.

3. Write a log record <checkpoint L> onto stable storage where L is a list of
alltransactionsactiveatthetimeofcheckpoint.
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Checkpoints(Cont.)

» During recovery we need to consider only the most recent transaction T,that
startedbeforethecheckpoint,andtransactions thatstartedafter T,.

Scanbackwardsfromendoflogtofindthemostrecent<checkpointL>record

Only transactions that are in L or started after the checkpoint need to be redone
orundone

Transactionsthatcommittedorabortedbeforethecheckpointalreadyhavealltheir
updatesoutputtostablestorage.

»  Someearlierpartofthelogmaybeneededforundooperations

» Continuescanningbackwardstillarecord<T;start>isfoundforeverytransactionT,
inL.

» Partsoflogpriortoearliest<T;start>recordabovearenotneededforrecovery,
andcanbeerasedwheneverdesired.
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ExampleofCheckpoints

checkpoint systemfailure

» Ticanbeignored(updatesalreadyoutputtodiskduetocheckpoint)
» TrandTsredone.

» Tsundone
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DiskCrash

»  Whathappensifthediskcrashesandthedataonitisgone?
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ConcurrencyControlandRecovery

Withconcurrenttransactions,alltransactionsshareasinglediskbufferandasinglelog

» Abufferblockcanhavedataitemsupdatedbyoneormoretransactions

We assume thatif a transaction T;has modified an item, no other transaction can modify
thesameitemuntilT;hascommittedoraborted

»i.e. the updatesof uncommitted transactions should not be visible to othertransactions

» Otherwisehowdoweperformundoif TiupdatesA,thenT.updatesAand
commits,andfinallyT:hastoabort?

»Can be ensuredby obtainingexclusive locks on updateditems andholdingthe locks
tillendoftransaction(stricttwo-phaselocking)

Logrecordsofdifferenttransactionsmaybeinterspersedinthelog.
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ExampleofData AccesswithConcurrenttransactions

buffer

BufferBlockA — INput(A)

X

BufferBlockB / Y
]‘ output(B)

read(X)
write(Y)

X2

X1
Y1

workarea workarea
of T, of T,

memory disk
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RecoveryAlgorithm

» Logging(duringnormaloperation):
» <Tstart>attransactionstart

»  <T;X;V,V,>foreachupdate,and
»<T,commit>attransactionend
» Transactionrollback(duringnormaloperation)

»LetT.bethetransactiontoberolledback

» Scanlogbackwardsfromtheend,andforeachlogrecordofToftheform<T, X;, V,V,>
» performtheundobywritingV; toX;,
»writealogrecord<T;, X;,V,>

»suchlogrecordsarecalledcompensationlogrecords

»Oncetherecord<T start>isfoundstopthescanandwritethelogrecord<T,
abort>
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RecoveryAlgorithm(Cont.)

» Recoveryfromfailure:Twophases

» Redo phase:replay updates of all transactions, whether they committed,
aborted,orareincomplete

» Undophase:undoallincompletetransactions

» Redophase:
1. Findlast<checkpointL>record,andsetundo-listtoL.

2. Scanforwardfromabove<checkpointL>record
1. Wheneverarecord<T;,X;,V;,V,>isfound,redoitbywritingV,toX;
2. Wheneveralogrecord<T start>isfound,add T toundo-list

3. Whenever a log record <T.commit> or <T,abort>is found, remove
Tfromundo-list
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RecoveryAlgorithm(Cont.)

» Undophase:
1. Scanlogbackwardsfromend

1. Whenever a log record <T;, X;,V;,V,>is found where Tiis in undo-list
performsameactionsasfortransactionrollback:

1. performundobywritingV,toX;.

2. writealogrecord<T; X;,V,>

Wheneveralogrecord<T;start>isfoundwhereTiisinundo-list,

1. Writealogrecord<T;abort>

2. RemoveT,fromundo-list

Stopwhenundo-listisempty

e i.e. <Tstart>hasbeenfoundforeverytransactioninundo-list
e Afterundophasecompletes,normaltransactionprocessingcancommence
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ExampleofRecovery

End of log
at crash!

Log records
added during
recovery

Y
newer

Start log records
found for all
transactions in
undo list

Beginning of log
<T, start>
<T,, B, 2000, 2050>
<T; start> T, rollback
<checkpoint {T,, T}> (during normal
<T,, C, 700, 600> operation)
<T, commit> begins
<T, start>
<T,, A, 500, 400> @o:ﬁgmg“j
<T, B, 2000>
~~<T, abort> rTg is incompletej Y

~ ——__atcrash Undo list: T,  Undo Pass
<T, A, 500> -

< T, abort> T, rolled back

Redo Pass

un undo pass
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LogRecordButfering

>

Log record buffering: log records are bufferedin main memory, instead of of being
output directlytostablestorage.

»Logrecordsareoutputtostablestoragewhenablockoflogrecordsinthebufferis
full,oralogforceoperationisexecuted.

Log force is performed to commit a transaction by forcing all its log records (including
thecommitrecord)tostablestorage.

Several log records can thus be output using a single outputoperation, reducing the
/Ocost.
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LogRecordBuftfering(Cont.)

» Therulesbelowmustbefollowediflogrecordsarebuffered:

»Logrecordsareoutputtostablestorageintheorderinwhichtheyarecreated.

» TransactionT.entersthecommitstateonlywhenthelogrecord
<T.commit>hasbeenoutputtostablestorage.

» Beforeablockofdatainmainmemoryisoutputtothedatabase,alllogrecords pertaining
todatainthatblockmusthavebeen output tostablestorage.

» Thisruleiscalledthewrite-aheadloggingorWALrule

» StrictlyspeakingWALonlyrequiresundoinformationtobeoutput
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DatabaseBuffering

» Databasemaintainsanin-memorybufferofdatablocks

» Whenanewblockisneeded,ifbufferisfullanexistingblockneedstoberemoved
frombuffer

» Iftheblockchosenforremovalhasbeenupdated,itmustbeoutputtodisk

The recovery algorithm supports the no-force policy: i.e., updated blocks need not
bewrittentodiskwhentransactioncommits

»forcepolicy:requiresupdatedblockstobewrittenatcommit

» Moreexpensivecommit

The recovery algorithm supports the steal policy:i.e., blocks containing updates
ofuncommittedtransactionscanbewrittentodisk,evenbeforethetransactioncommits
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DatabaseButfering(Cont.)

» If a block with uncommittedupdatesis output to disk, log records with undo information
fortheupdatesareoutputtothelogonstablestoragefirst

» (Writeaheadlogging)

No updatesshould be in progress on a block when it is outputto disk.Can be ensured as
follows.

» Before writing a data item, transaction acquires exclusive lock on block containing
thedataitem

» Lockcanbereleasedoncethewriteiscompleted.
» Suchlocksheldforshortdurationarecalledlatches.

Tooutputablocktodisk
1. Firstacquireanexclusivelatchontheblock

1. Ensuresnoupdatecanbeinprogressontheblock
2. Thenperformalogflush
3. Thenoutputtheblocktodisk
4.  Finallyreleasethelatchontheblock
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ButferManagement(Cont.)

» Databasebuffercanbeimplementedeither
»inanareaofrealmain-memoryreservedforthedatabase,or
»invirtualmemory

» Implementingbufferinreservedmain-memoryhasdrawbacks:

»Memory is partitioned before-hand between database buffer and
applications,limiting flexibility.

»Needs may change,andalthoughoperatingsystem knows best how memory
shouldbedividedupatanytime,itcannot changethepartitioning ofmemory.
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ButferManagement(Cont.)

» Database buffers are generallyimplementedin virtual memory in spite of some
drawbacks:

» When operating system needs to evict a page that has been modified, the page
iswritten to swap space on disk.

When database decides to write buffer page to disk, buffer page may be in
swapspace,andmayhavetobereadfromswapspaceondiskandoutputtothe
database ondisk,resultinginextral/O!

» Knownasdualpagingproblem.

ldeally when OS needs to evict a page from the buffer, it should pass control
todatabase, whichin turn should

1. QOutput the page to database instead of to swap space (making sure to
outputlogrecords first),ifitismodified

2. Releasethepagefromthebuffer,fortheOStouse

Dual paging can thus be avoided, but common operating systems do not
supportsuch functionality.
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FuzzyCheckpointing

» To avoid long interruption of normal processingduring checkpointing, allow
updatestohappen duringcheckpointing

» Fuzzycheckpointingisdoneasfollows:

1.

Temporarilystopallupdatesbytransactions

. Writea<checkpointL>logrecordandforcelogtostablestorage

NotelistMofmodifiedbufferblocks

Nowpermittransactionstoproceedwiththeiractions
OutputtodiskallmodifiedbufferblocksinlistM
blocksshouldnotbeupdatedwhilebeingoutput

P
P

Follow WAL.: all log records pertaining to a block must be output before
the block is output

Storeapointertothecheckpointrecordinafixedposition
last_checkpointondisk
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FuzzyCheckpointing(Cont.)

» Whenrecoveringusingafuzzycheckpoint,startscanfromthecheckpoint
recordpointedtobylast_checkpoint

»Log records beforelast_checkpoint have their updates reflected
indatabaseondisk,andneednotberedone.

» Incompletecheckpoints,wheresystemhadcrashedwhileperforming
checkpoint,arehandledsafely

last_checkpoint]
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Failurewith Lossof NonvolatileStorage

» Sofarweassumednolossofnon-volatilestorage
» Techniquesimilartocheckpointingusedtodealwithlossofnon-volatilestorage
» Periodicallydumptheentirecontentofthedatabasetostablestorage

»No transaction may be active during the dump procedure; a procedure
similartocheckpointingmusttakeplace

» Outputalllogrecordscurrentlyresidinginmainmemoryontostable
storage.

» Outputallbufferblocksontothedisk.
» Copythecontentsofthedatabasetostablestorage.
» Outputarecord<dump>tologonstablestorage.
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RecoveringfromFailureofNon-VolatileStorage

» Torecoverfromdiskfailure
»restoredatabasefrommostrecentdump.
» Consultthelogandredoalltransactionsthatcommittedafterthedump

» (Can be extended to allow transactions to be active during dump;
knownasfuzzydumporonlinedump

» Similartofuzzycheckpointing
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Recoverywith Early Lock

ReleaseandLogicalUndo
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RecoverywithEarlyL.ockRelease

»  Support for high-concurrency locking techniques, such as those used for B*-
treeconcurrency control, which release locks early

» Supports‘logicalundo”

» Recovery based on “repeating history”, whereby recovery executes exactly the
sameactions as normal processing
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LogicalUndoLogging

» OperationslikeB*-treeinsertionsanddeletionsreleaselocksearly.

» Theycannotbeundonebyrestoringoldvalues(physicalundo),sinceoncealock
isreleased,othertransactionsmayhaveupdatedtheB*-tree.

»Instead, insertions (resp. deletions)are undoneby executinga deletion(resp.
insertion)operation(knownaslogicalundo).

» Forsuchoperations,undologrecordsshouldcontaintheundooperationtobeexecuted
»Suchloggingiscalledliogicalundologging,incontrasttophysicalundologging
»Operationsarecalledlogicaloperations
» Otherexamples:
»deleteoftuple,toundoinsertoftuple

»allowsearlylockreleaseonspaceallocationinformation

»Subtractamountdeposited,toundodeposit
»allowsearlylockreleaseonbankbalance

DatabaseManagementSystem(PPT)-MVKamal,AssociateProfessor



Physical Redo

» Redo informationis logged physically (that is, new value for each write) even
foroperations with logical undo

»Logicalredoisverycomplicatedsincedatabasestateondiskmaynotbe“operation
consistent’whenrecoverystarts

» Physicalredologgingdoesnotconflictwithearlylockrelease
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OperationLogging

» Operationloggingisdoneasfollows:

1. Whenoperationstarts,log<T,,O;,0peration-begin>.HereO;isauniqueidentifier
oftheoperationinstance.

. While operationis executing, normal log records with physical redo and physical
undo information are logged.

. Whenoperationcompletes,<T;,O;,0peration-end,U>islogged,whereUcontains
informationneededtoperformalogicalundoinformation.

Example:insertof(key,record-id)pair(K5,RID7)intoindexI9

<T1,01,0operation-begin>

~N

<T1,X,10,K5> > Physical redoofstepsininsert

<T1,Y,45,RID7> -~
<T1,01,operation-end,(delete 19,K5,RID7)>
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OperationLogging(Cont.)

» lfcrash/rollbackoccursbeforeoperationcompletes:
»theoperation-endlogrecordisnotfound,and
»thephysicalundoinformationisusedtoundooperation.
» lfcrash/rollbackoccursaftertheoperationcompletes:
»theoperation-endlogrecordisfound,andinthiscase

»logicalundoisperformedusingU;thephysicalundoinformationfortheoperationis ignored.

» Redoofoperation(aftercrash)stillusesphysicalredoinformation.
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TransactionRollbackwithLogicalUndo

RollbackoftransactionT;isdoneasfollows:
»  Scanthelogbackwards
1. Ifalogrecord<T,X,V4,V,>isfound,performtheundoandlogaal<T,X,V>.
2, Ifa<Ti,Oj,operation-end,U>recordisfound
» RollbacktheoperationlogicallyusingtheundoinformationU.

» Updates performed during roll back are logged just like during normal
operation execution.

» Attheendoftheoperationrollback,insteadoflogginganoperation-end
record,generatearecord

<T;,0,,0peration-abort>.

» SkipallprecedinglogrecordsforT;untiltherecord
<T;,0,0peration-begin>isfound
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TransactionRollbackwithLogicalUndo(Cont.)

» Transactionrollback,scanningthelogbackwards(cont.):
3. Ifaredo-onlyrecordisfoundignoreit

4. Ifa<T;,0,,0peration-abort>recordisfound:

?  skipallprecedinglogrecordsforT,untiltherecord
<T;,0,,0peration-begin>isfound.

5. Stopthescanwhentherecord<T, start>isfound
6. Adda<T,abort> record to the log

Some points to note:

» Cases 3 and 4 above can occur only if the databasecrashes while atransaction is
beingrolled back.

Skipping of log records as in case 4 is important to prevent multiple rollback of the
sameoperation.
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TransactionRollbackwithL

» Transactionrollbackduringnormaloperation

Beginning of log

<T,start>

<T,, B, 2000, 2050>

<T,, O,, operation-begin>

<T,, C, 700, 600>

<T, O,, operation-end, (C, +100)>
<T, start>

<T,, O,, operation-begin>

T0 <T, C, 600, 400>
decides

to abort
<T,, C, 400, 500>

. T, releases lower-level lock
&Tﬁoz, operation-end, (C, +200)> on G o

operation O, ends, undo of
update to C will be physical

o

T, has completed operation O,

on C, releases lower-level
lock; physical undo cannot be
done anymore, logical undo
will add 100 to C %

. T
T, can update C since T, has
released lower-level lock on C_

[ Logical undo of O, adds 100

<T, O,, operation-abort>
<T, B, 2000>
<T,, abort>

<71, commit>

to C

_—l—-"-/

\\C O, undo complete j
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FailureRecoverywithLogicalUndo

Start log records
found for all

<T, start> transactions in
<T,, B, 2000, 2050> undo list

<T, commit>

<T, start>

<T,, B, 2050, 2100>

<T,, O, operation-begin>

<checkpoint {T,}> Redo Pass

<T,, C, 700, 400>

<T,, O, operation-end, (C, +300)>

<T, start>

<T,, Os operation-begin>

<T,, C, 400, 300> Y
Undo list: T,, T, Undo Pass

<T2, C, 400> e
<T, aborts Update of C was part of O, u@

Beginning of log

Records physically during recovery since
added <T;, G, 400, 700> O; did not complete
<T,, O, operation-abort>

<T,, B, 2050>
<T, abort>

during
recovery

Logical undo of O, adds 300 to@

\ Y
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TransactionRollback:AnotherExample

» Examplewithacompleteandanincompleteoperation
<T1,start>

<T1,01,0operation-begin>

<T1,X, 10,K5>

<T1,Y,45,RID7>
<T1,01,operation-end,(deletel9,K5,RID7)>
<T1,02,0peration-begin>

<T1,Z,45,70>
< T1Rollbackbeginshere

<T1,Z,45> <redo-onlylogrecordduringphysicalundo(ofincomplete O2)

<T1)Y,..,..>  <Normalredorecords forlogicalundoofO1

<T1,01,operation-abort><Whatifcrashoccurredimmediatelyafter this?
<T1,abort>
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RecoveryAlgorithmwithLogicalUndo

Basically same as earlier algorithm, except for changes described earlier
fortransaction rollback

1. (Redophase):Scanlogforwardfromlast<checkpointL>recordtillendoflog
1. Repeathistorybyphysicallyredoingallupdatesofalltransactions,
2. Createanundo-listduringthescanasfollows
» undo-listissettoLinitially
» Whenever<Tstart>isfoundTisaddedtoundo-list
» Whenever<T,commit>or<Tabort>isfound, Tisdeletedfromundo-list

This brings databaseto state as of crash, with committed as well as uncommitted
transactionshavingbeenredone.

Nowundo-list contains transactions that are incomplete, that is, have neither
committednor been fully rolled back.
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RecoverywithLogicalUndo/(Cont.)

Recoveryfromsystemcrash(cont.)

2. (Undophase):Scanlogbackwards,performingundoonlogrecordsoftransactions
foundinundo-list.

» Log records of transactions being rolled back are processed as described
earlier, as they are found

» Singlesharedscanforalltransactionsbeingundone

» When<Tstart>isfoundforatransactionT inundo-list,writea<T.abort>log
record.

» Stopscanwhen<Tstart>recordshavebeenfoundforall T;inundo-list

» Thisundoestheeffectsofincompletetransactions(thosewithneithercommitnor
abortlogrecords).Recoveryisnowcomplete.

DatabaseManagementSystem(PPT)-MVKamal,AssociateProfessor



ARIESRecoveryAlgorithm
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ARIES

» ARIESisastateoftheartrecoverymethod

» Incorporates numerous optimizations to reduce overheads during normal
processingand to speed up recovery

» The recovery algorithm we studied earlier is modeled after ARIES, but greatly
simplifiedbyremovingoptimizations

»  Unliketherecoveryalgorithmdescribedearlier, ARIES
1. Useslogsequencenumber(LSN)toidentifylogrecords

» Stores LSNs in pages to identify what updates have already been appliedto
adatabasepage

Physiologicalredo
Dirtypagetabletoavoidunnecessaryredosduringrecovery

Fuzzy checkpointing that only records information about dirty pages, and does
notrequiredirtypagestobewrittenoutatcheckpointtime

» Morecominguponeachoftheabove...
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ARIESOptimizations

» Physiologicalredo
» Affectedpageisphysicallyidentified,actionwithinpagecanbelogical
» Usedtoreduceloggingoverheads

» e.0.when arecord is deleted and all other records have to be moved to
fillhole

» Physiologicalredocanlogjusttherecorddeletion

» Physical redo would require logging of old and new values for much of
the page

» Requirespagetobeoutputtodiskatomically

» EasytoachievewithhardwareRAID,alsosupportedbysomedisksystems

» Incompletepageoutputcanbedetectedbychecksumtechniques,
» Butextraactionsarerequiredforrecovery
» Treatedasamediafailure
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ARIESData Structures

» ARIESusesseveraldatastructures
»Logsequencenumber(LSN)identifieseachlogrecord
» Mustbesequentiallyincreasing
» Typicallyanoffsetfrombeginningoflogfiletoallowfastaccess
» Easilyextendedtohandlemultiplelogfiles
»PageLSN

» Logrecordsofseveraldifferenttypes

»Dirtypagetable
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ARIESDataStructures: Page LSN

» Each page contains a PageL SN which is the LSN of the last log record whose effects
arereflected on the page

» Toupdateapage:
» X-latchthepage,andwritethelogrecord
» Updatethepage
» RecordtheLSNofthelogrecordinPageLSN
» Unlockpage
» Toflushpagetodisk, mustfirstS-latchpage
» Thuspagestateondiskisoperationconsistent
»Requiredtosupportphysiologicalredo
» PageLSNisusedduringrecoverytopreventrepeatedredo

» Thusensuringidempotence
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ARIESDataStructures:Log Record

» EachlogrecordcontainsLSNofpreviouslogrecordofthesametransaction

LSN | TransID | PrevLSN | RedoInfo | Undolnfo

» LSNinlogrecordmaybeimplicit

» Specialredo-onlylogrecordcalledcompensationlogrecord(CLR)usedtologactions
takenduringrecoverythatneverneedtobeundone

» Servestheroleofoperation-abortlogrecordsusedinearlierrecoveryalgorithm
»HasafieldUndoNextLSNtonotenext(earlier)recordtobeundone

»Recordsinbetweenwouldhavealreadybeenundone

»Requiredtoavoidrepeatedundoofalreadyundoneactions

TransID | UndoNextLSN | Redolnfo
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ARIESDataStructures:DirtyPage Table

» DirtyPageTable
» Listofpagesinthebufferthathavebeenupdated
» Contains,foreachsuchpage
»PageL SNofthe page

»RecLSN is an LSN such that log records beforethis LSN have already
beenapplied tothepage versionondisk

» Settocurrentendoflogwhenapageisinsertedintodirtypagetable (just
beforebeingupdated)

»Recordedincheckpoints,helpstominimizeredowork
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ARIESData Structures
PagelD| PageLSN |RecLSN

7567 2345 4894 | 7567 | 7564
7200 | 7565 | 7565

Page 4894 Page 9923 Dirty Page Table
7565

7567: <T45,4894.1, 40, 60>

Page 7200 7566: <T143 commit>

Database Buffer Log Buffer (PrevLSN and UndoNextLSN
fields not shown)

Stable data Stable log

— T
]

7565: <T,43,7200.2, 60, 80>

4566 4404

7564: <T,45,4894.1, 20, 40>
7563: <T145 beg|n>

w

Page 4894 Page 7200

2345
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ARIESDataStructures:CheckpointLog

» Checkpointlogrecord
» Contains:
» DirtyPageTableandlistofactivetransactions

»For each active transaction,LastLSN,the LSN of the last log record written
bythetransaction

» FixedpositionondisknotesLSNoflastcompleted checkpoint log
record

» Dirtypagesarenotwrittenoutatcheckpointtime
» Instead,theyareflushedoutcontinuously,inthebackground
» Checkpointisthusverylowoverhead

»canbedonefrequently
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ARIESRecoveryAlgorithm

ARIESrecoveryinvolvesthreepasses

» Analysispass:Determines
» Whichtransactionstoundo
» Whichpagesweredirty(diskversionnotuptodate)attimeofcrash
»RedoLSN:LSNfromwhichredoshouldstart

» Redopass:

» Repeatshistory,redoingallactionsfromRedoLSN

»RecLSN and PageLSNsare used to avoid redoing actions already reflected
onpage

» Undopass:
»Rollsbackallincompletetransactions
» Transactionswhoseabortwascompleteearlierarenotundone

»Key idea: no need to undo these transactions: earlier undo actions
werelogged, andareredoneasrequired
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AriesRecovery:3 Passes

» Analysis,redoandundopasses
» Analysisdetermineswhereredoshouldstart

» Undohastogobacktillstartofearliestincompletetransaction

Lastcheckpoint EndoflLog
l Time

—
Analysispass

Redopass

< Undo pass
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ARIESRecovery: Analysis

Analysispass
» Startsfromlastcompletecheckpointlogrecord
» ReadsDirtyPageTablefromlogrecord
» SetsRedoLSN=minofRecLSNsofallpagesinDirtyPageTable
»Incasenopagesaredirty,RedoLSN=checkpointrecord’sLSN
» Setsundo-list=listoftransactionsincheckpointlogrecord

»Reads LSN of last log record for each transaction in undo-listfrom checkpointlog
record

» Scansforwardfromcheckpoint

» ..Cont.onnextpage..
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ARIESRecovery:Analysis(Cont.)

Analysispass(cont.)

» Scansforwardfromcheckpoint
» Ifanylogrecordfoundfortransactionnotinundo-list,addstransactiontoundo-list
» Wheneveranupdatelogrecordisfound

»If page is not in DirtyPageTable,it is addedwith RecLSN set to LSN of
theupdatelogrecord

» Iftransactionendlogrecordfound,deletetransactionfromundo-list
» Keepstrackoflastlogrecordforeachtransactioninundo-list

» Maybeneededforlaterundo

» Atendofanalysispass:

» RedoLSNdetermineswheretostartredopass
»RecLSNforeachpageinDirtyPageTableusedtominimizeredowork

» Alltransactionsinundo-listneedtoberolledback
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ARIESRedoPass

Redo Pass: Repeats history by replaying every action not already reflected in the page
ondisk,asfollows:

»  ScansforwardfromRedoLSN.Wheneveranupdatelogrecordisfound:

1. If the page is not in DirtyPageTableor the LSN of the log record is less than the
RecLSNofthepageinDirtyPageTable,thenskipthelogrecord

Otherwisefetchthepagefromdisk.lfthePageL SNofthepagefetchedfromdiskis
lessthantheLSNofthelogrecord,redothelogrecord

NOTE: if either test is negative the effects of the log record have already appeared
onthepage.Firsttestavoidsevenfetchingthepagefromdisk!
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ARIESUndoActions

» Whenanundoisperformedforanupdatelogrecord

» GenerateaCLRcontainingtheundoactionperformed(actionsperformedduringundo
areloggedphysicalyorphysiologically).

»CLRfor recordnnotedasn’infigurebelow
» SetUndoNextLSNoftheCLRtothePrevLSNvalueoftheupdatelogrecord
»ArrowsindicateUndoNextLSNvalue
» ARIESsupportspartialrollback
» Usede.g.tohandledeadlocksbyrollingbackjustenoughtoreleasereqd.locks
»Figureindicatesforwardactionsafterpartialrollbacks
»records3and4initially,laterdand6,thenfullrollback

3 4 4 3
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ARIES:Undo Pass

Undopass:

» Performsbackwardscanonlogundoingalltransactioninundo-list
» Backwardscanoptimizedbyskippingunneededlogrecordsasfollows:

»Next LSN to be undonefor each transactionset to LSN of last log record
fortransactionfound byanalysispass.

» AteachsteppicklargestoftheseLSNstoundo,skipbacktoitandundoit
» Afterundoingalogrecord

»For ordinary log records, set next LSN to be undone for transaction
toPrevLSN noted in the log record

» Forcompensationlogrecords(CLRs)setnextLSNtobeundoto
UndoNextLSNnotedinthelogrecord

»All intervening records are skipped since they would have been
undonealready

» Undosperformedasdescribedearlier
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RecoveryActionsinARIES

PrevLSN
A End of log at crash | pointers

7571: <T146 cOMmit>
7570: <T 146, 2390.4, 50, 90>
7569: <T146 begin>

7568: checkpoint

Txn lastLSN
T145 | 7567

PagelD| PagelLSN | RecLSN
4894 7567 7564
7200 7565 7565

7567 <T145,4894.1, 40, 60> Analysis
pass

7566: <T1 43 commit>

7565: <T143,7200.2, 60>

7564: <T145,4894.1, 20, 40> Redo

7563: <T145 begin> pass
older | 7562: <T143,7200.2, 60, 80> ¢ | UndoNextLSN

W~
A‘
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OtherARIESFeatures

» Recoverylndependence

» Pagescanberecoveredindependentlyofothers

»E.g.ifsomediskpagesfailtheycanberecoveredfromabackupwhileotherpages
arebeingused

» Savepoints:

» Transactionscanrecordsavepointsandrollbacktoasavepoint

» Usefulforcomplextransactions

»Alsousedtorollbackjustenoughtoreleaselocksondeadlock
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Other ARIESFeatures(Cont.)

» Fine-grainedlocking:
»Indexconcurrencyalgorithmsthatpermittuplelevellockingonindicescanbeused

» These require logical undo, rather than physical undo, as in earlier
recoveryalgorithm

» Recoveryoptimizations:Forexample:
» Dirtypagetablecanbeusedtoprefetchpagesduringredo
» Outoforderredoispossible:

»redocanbepostponedonapagebeingfetchedfromdisk,and performed
whenpage isfetched.

»Meanwhileotherlogrecordscancontinuetobeprocessed
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RemoteBackup Systems
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RemoteBackupSystems

» Remote backup systems provide high availability by allowing transaction processing to
continueveniftheprimarysiteisdestroyed.

primary

S S S
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emoteBackupSystems (Cont.)

» Detectionoffailure:Backupsitemustdetectwhenprimarysitehasfailed

»todistinguishprimarysitefailurefromlinkfailuremaintainseveralcommunication
linksbetweentheprimaryandtheremotebackup.

»Heart-beatmessages
» Transferofcontrol:

» Totakeovercontrolbackupsitefirstperformrecoveryusingitscopyofthe
databaseandallthelongrecordsithasreceivedfromtheprimary.

» Thus, completed transactions are redone and incomplete transactions
arerolled back.

» Whenthebackupsitetakesoverprocessingitbecomesthenewprimary

» Totransfercontrolbacktooldprimarywhenitrecovers,oldprimarymustreceive
redologsfromtheoldbackupandapplyallupdateslocally.
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emoteBackupSystems (Cont.)

Time to recover: Toreducedelayintakeover,backupsite periodicallyprocesesthe redo log
records (in effect, performing recovery from previous databasestate),
performsacheckpoint,andcanthendeleteearlierpartsofthelog.

Hot-Spareconfigurationpermitsveryfasttakeover:

»Backup continuallyprocesses redo log record as they arrive, applyingthe
updateslocally.

» When failure of the primary is detectedthe backup rolls back
incompletetransactions,andisreadytoprocessnewtransactions.

» Alternativetoremotebackup:distributeddatabasewithreplicateddata
» Remotebackupisfasterandcheaper,butlesstoleranttofailure

» moreonthisinChapter19
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emoteBackupSystems

Ensuredurabilityofupdatesbydelayingtransactioncommituntilupdateisloggedat
backup;avoidthisdelaybypermittinglowerdegreesofdurability.

One-safe:commitassoonastransaction’scommitlogrecordiswrittenatprimary

» Problem:updatesmaynotarriveatbackupbeforeittakesover.

Two-very-safe: commit when transaction’s commit log record is written at primary and
backup

» Reducesavailabilitysincetransactionscannotcommitifeithersitefails.

Two-safe: proceedas in two-very-safe if both primary and backup are active. If only
theprimary is active, the transaction commits as soon as is commit log record is written at
theprimary.

» Betteravailabilitythantwo-very-safe;avoidsproblemoflosttransactionsinone-safe.
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EndofRecoverySystems(Unit-1V)
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