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ABSTRACT

A rich setof conceptsandtechniqueshasbeendevelopedin the
contet of query processingor the efficient androbust execution
of queries.Sofar, this work hasmostly focusedon issuesrelated
to data-retrigal queries,with a strongbackingon relationalalge-
bra. However, updateoperationsanalsoexhibit anumberof query
processingssues,dependingon the compleity of the operations
andthevolumeof datato processSuchissuesncludelookupand
matchingof values,navigationalvs. set-orientedalgorithmsand
trade-ofs betweerplansthatdo serialor randoml/Os.

In thispapemwe presenanoverview of thebasictechniquesised
to supportSQL DML (DataManipulationLanguage)n Microsoft
SQL Sener. Our focusis on the integrationof updateoperations
into thequeryprocessqrthe queryexecutionprimitivesrequiredto
supportupdatesandthe update-specificonsiderationso analyze
andexecuteupdateplans. Full integrationof updateprocessingn
the query processoprovidesa robust andflexible framewvork and
leveragesxisting queryprocessindechniques.

1. INTRODUCTION

Dataupdateoperationsarea necessarpartof customempplica-
tions, andtheir efficient processings asimportantasthatof data-
retrieval operations.Whendatais inserted deletedor modifiedin
a databasethe DBMS (DatabaseManagemenSystem)needsto
validatethe changesgainstdeclaredconstraintsand maintainthe
underlyingstoragestructuresto presere a consisteniand correct
representatioof the data.

Someaspect®f updateprocessindhave beenthoroughlystudied
anddocumentedn the past. Transactiongindconcurreng control
issueq1] areexampleswvhereformal models.algorithms,andper
formanceanalyseshave beendevelopedover time and contritute
to our understandin@f the problemspace.It hasalsoled to suc-
cessfulandrobustcommerciaimplementations.

Dependingon the compleity of the operationsandthe volume
of datato processstandardquery processingssuesalso surface
during the executionof updates.Theseissuesincludelookup and
matchingof values, navigational vs. set-orientedalgorithmsand
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tradeofs betweerplansthat do serialor randoml/Os. This moti-
vatestheintegrationof updateprocessingn thegeneraframewvork
of query processing. To be successfulthis integration needsto
modelupdateprocessingn asuitableway andconsidetthe special
requirement®f updates.Oneof the few papersn this areais [2],
which dealswith deleteoperationshut thereis little documented
on theintegrationof updateswith queryprocessingto the bestof
ourknowledge.

In this paperwe presentanoverview of the basicconceptsised
to supportSQL DataManipulationLanguaggDML) by thequery
processoin Microsoft SQL Sener. Wefocusonthequeryprocess-
ing aspectof the problem,how datais modeled primitive opera-
torsanddifferentexecutionplans. Therearea numberof otheras-
pectsrequiredin a completeimplementationnotablyconcurreng
controlandlocking,andalgorithmsfor themanipulatiorof B-trees.
Thosesubjectsareoutsideof the scopeof the presenpaper

2. SQL UPDATES

The conceptpresentedn this papercanbe appliedto a num-
ber of datamodificationscenarioshut we focuson the basicop-
erationsand functionality provided by SQL. This functionality is
briefly reviewed in this section. Examplesthroughoutthe paper
usethewell-known TPC-Hschemd4].

Thebasicdata-modificatiorstatementgrovidedby SQL arelN-
SERT DELETE and UPDATE. Their tamgetis a single table, al-
thoughmultiple tablesmay be modifiedasa resultof the changes,
aswe shallseelater INSERT takesa collectionof rows computed
usinganarbitrary SQL queryandaddsthoserows to the targetta-
ble. DELETE and UPDATE usea WHERE conditionto qualify
the rows of interest,eitherto be removed from the tableor to as-
signvaluesto their columns.|t is valid to usesubqueriesn either
thequalifying predicateor theassignmentalues somultipletables
andarbitrarily complex queriesareoften partof datamodification
statements.

Thefollowing simplequeriesshav deletionandupdateof arow
in theORDERStable:

DELETE ORDERS
VWHERE O.ORDERKEY = 3271

UPDATE ORDERS
SET OPRIORITY = URCGENT
VHERE OORDERKEY = 3271

Update operationsneedto be validated againstdeclaredcon-
straints.Severalformsof constraintsaresupportedy SQL.

Ched constaints are predicateshat enforcethe domainof a
column,or relationshipdbetweercolumnsof a singletable. For ex-
ample,aconstraintanbe O_.ORDERSRTUSIN (“O”, “F", “P").



Wheninsertinga row or updatingcolumnvalues,the DBMS re-
jects the operationif the columnvaluesfail to satisfy the check
constraint. A commonspecialcaseof this form of constraintis to
declareacolumnNOT NULL.

Refeential integrity (RI) constrints establisha relationshipbe-
tweentables,indicating that the valuesappearingin one of the
tablesmust be found in the key of anothertable. For example,
the valuesof column O_CUSTKEY in ORDERSmust be found
in C_.CUSTKEY of CUSTOMER. The column C_CUSTKEY is
called the referenceckey, andthe column O_CUSTKEY of OR-
DERS:is calledtheforeignkey.

Finally, uniqguenessonstrints indicate that the value of one
of more columnscannothave duplicateswithin the table,suchas
C_CUSTKEY in CUSTOMER.

In additionto validation,updateoperationsneedto maintainthe
underlying storagestructures. From a query processingpoint of
view, maintenanceonsistsf finding all the underlyingstructures
thatrepresenthelogical dataandissuingthe necessarynodifica-
tionsto keepthemconsistenandaccuratdor thedatarepresented.
In practice this meanaupdatingall necessarindicesandmaterial-
ized views thatdependon the changediata. Due to spacelimita-
tions,we will focusonindex maintenancéssuesn this paper

CascadindRl constraintssombinevalidationwith maintenance
of structures. They specify for example, that if the value of
C_CUSTKEY is changedhenthe systemneedsto automatically
changethe value of the referencingD_.CUSTKEY to presere the
constraint.This is oneexamplewheremultiple tablesaremodified
asaresultof anupdatestatementeventhoughits tamgetis a single
basetable.

3. MODELING UPDATESIN QUERY PRO-
CESSING

The query processormf Microsoft SQL Sener is basedon an
algebraicextensiblemodelthatsupportshe additionof new oper
atorsasnecessaryBothin queryoptimizationandin queryexecu-
tion, the frameavork providesa contractfor operatorandmanipu-
latestreesof thoseoperatorsThisgeneraphilosophyis formulated
in [3] andit senesasthebackgroundor thework describechere.

Thefollowing conceptsnake up thebackbonef ourupdatepro-
cessingapproach:

Delta stream. A delta streamis a collection of rows encoding
changedo a particularbasetable. This is simply a relation
with a well-definedschemaandassuchit canbe processed
by ary relationaloperator Two differentrelationalencod-
ingsof deltastreamswill bedetailedlater.

Application of a delta stream. A side-efecting operator called
StreamUpdatessuesa data-modificationcommandto the
storageenginefor eachof its input rows. Typically, anup-
dateplanwill containseveralinstanceof StreamUpdatéo
maintainthe variousphysicalstructures.

Mappingupdatego arelationalprocessingettingin thisway al-
lows leveragingall theexisting relationaltechnologyandexecution
infrastructure. This is accomplishedising a relationalexpression
madeup of standardoperationsoptimizedas suchand executed
usingall availableexecutionalgorithms.

For the optimizer a conceptthatneedso beincorporateds that
it handlesa side-efecting operator Unlike regularrelationaloper
ators,which are purely functionalandside-efect free, StreamUp-
dateneedgo be executedto completionandexactly once.

UPD(S) secondary application

optional — secondary A-Stream
UPD(T)  primary application
primary A-Stream
Read-Query

T

Figure 1: Generalform for update plan.

Figure 1l shawvs a generaltemplatefor the executionplan of up-
datestatementsIt compriseswo components.The first is read-
only andresponsibldor deliveringa deltastreamthatspecifieshe
changego be appliedto the tamet table. The secondcomponent
consumeshe deltastream applyingthe changedo the basetable,
andthenperformsall theactionsthatthe DML statemenimplicitly
fires. Thelist of actionsto performis determinedy enumerating
all the active dependenciesgainstthe target table and deciding
which of thesearerequiredby the currentstatement.

4. INDEX MAINTEN ANCE
4.1 Indicesin Micr osoft SQL Serwer

In Microsoft SQL Sener, eachbasetablehasa “primary access
path” storing the table contents. Suchprimary path canbe either
a clusteed index, if organizedas a B-tree, or a heapotherwise.
In eithercase thereis alwaysa locator consistingof oneor more
columnswhosevalueuniquelyidentifiesarow within thetableand
canbeusedto locateit efficiently. A heapis not ordered:however,
arow is uniquelyidentifiedby a physicallocatorcalledRID. In a
clusteredndex, arow canbeuniquelyidentifiedwith thevaluesfor
theindex keys, if theindex is unique.If theclusteredndex is non-
unique,anextra, hiddencolumnis addedto the index keys, called
uniquifier. The uniquifier columnis usedto distinguishbetween
two rows with identical clusteredndex keys, andis automatically
assignedy the storagesnginewhenpopulatingor maintainingthe
B-tree.

Secondaryndices,alsocallednon-clusteedindicesin Microsoft
SQL Sener, canalsobe createdfor the basetable andthey also
correspondo B-trees. Theseindicesneedto carry, togetherwith
their index keys, also the locator of the primary accesgpath, to
male basetablelookupspossible. The physicalkeys of ary B-tree
needto be unique,which canbe achiered by addingthelocatorto
thedeclaredkey of non-uniquenon-clusteredndices.

Non-clusteredndicescanoptionallyhave includedcolumns An
includednon-key columnis storedat the leaf level of the B-tree,
without beingaddedto the columnsthe index is sortedon. At the
level of datastructuresthisis actuallythebehaior of theclustered
index for all thetablecolumnsnot belongingto the clusteringkey,
andit is anoptionavailablefor non-clusteredndicesaswell. The
index cannotbe usedto implementseeksagainstheincludedcol-
umn. It makeshowever possibleto constructgueryplansbasedon
the index that do not requireextra basetable lookupsin orderto



retrieve the columnvalue. In termsof updateprocessingincluded
columnscanbeupdatedin place; sincethereis no needto move
therow if key valuesarenotchanged.

Both clusteredand non-clusteredndicescancontaincomputed
columns A computedcolumnis onewhosevalueis definedas
the resultof a scalarexpressionover other columnsof the same
table.An examplecouldbetheyearof adatefield, or thedifference
betweenCommitDateand ShipDate. A computedcolumnis not
directly assignableasits valueis implicitly modifiedby settingor
changingthe columnsit is definedagainst.

Anotheroption for indicesis uniqguenessWhenthe keys of an
index aredeclaredasunique thestoragesnginewill rejectthrough
an exceptionthe insertionof new entriesidenticalto existing ones
in the B-tree. This causeghe statemento be aborted. Sincean
updateto the keys of anindex is internallyimplementedasa delete
followed by aninsert,thetechniquealsoworksfor updates.

4.2 Primary Application of a Delta Stream

As shawn in Figure 1, the readquerycomponenbf the update
plan providesa descriptionof the changedo apply In the caseof
delete thedeltastreamcontainghelocatorsof rowsto remove; for
insertit containscolumnvaluesfor rows to insert; andfor update
it containsthe locatorof the rows to modify andthe new valuesto
assign.The StreamUpdateperatoris setup atcompilationtime to
know the formatof its input deltastream.It issueshe appropriate
commanddo the storageenginelayer to locate,modify, insertor
deleterows of thetable.

Somecolumnvaluesrequiredfor non-clusteredndex mainte-
nanceareobtainedonly afterthe primaryaccesgathhasbeenup-
dated.For example,if thetableis organizedasa heap,thelocator
(i.e., RID) of anew row will only be availableaftertherow is in-
serted. After the primary updateapplicationwe can get a delta
streamwhoserows have a completesetof columnsfor all the old
andnew values.

The way to exposeold valuesfor columnsmodified by an up-
dateis througha pre-copyof suchvalues,occurringafterlocating
the basetablerow, but beforeapplyingthe update. The pre-copy
operationcan be expensve, especiallyfor columnsof large size,
andit is performedonly if the valuesarerequiredeitherfor main-
tenanceof non-clusteredndicesor materializedviews.

Oncewe cometo maintenancef anon-clustereéhdex, thedelta
table provided by the primary updateapplicationcontainsall the
necessarynformation: keys to locatea row to deleteor modify,
andvaluesto setor insert.

4.3 Multiple Index Maintenance

Dependencgnalysisis afirst stepto generateipdateplans.This
consistsof identifying the indicesaffectedby the DML statement
being processed.Insert and deletestatementsieedto be propa-
gatedto all theindices,while updatesareoptimizedto only main-
tain the non-clusteredndicesthat carry columnsbeing modified.
Sincenon-clusteredndicesstorethe basetable locators,updates
affecting ary locator columnswill requirethe maintenancef all
theindices. If anindex storesa computedcolumn,the querypro-
cessomatherghelist of regularcolumnsit depend®on, andif ary
of themis beingupdatedthe computedccolumnwill beassumedo
be changing.

Microsoft SQL Sener hastwo different ways of maintaining
non-clusteredhdices per-rowandperindex. With aperrow main-
tenanceplan, a single executionoperatorappliesthe changesor
eachrow of the deltastreanto boththe basetableandall thenon-
clusteredindices. Changesare propagatedrom the basetableto
thenon-clusteredndiceson arow by row basis.
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Figure2: Update plan with per-index maintenance.

In a perindex plan, a non-clusteredndex is maintainedby a
differentupdateoperator This allows the index to be maintained
separatelyrom the others,andafter all the changeshave beenap-
pliedto thebasetableor clusteredndex. In insertanddeleteplans,
the perindex sub-plansare fed by the delta streamdelivered by
the basetable maintenanceoperator When more than one non-
clusteredndex is maintainedn a perindex basis the deltastream
will bestoredin atemporarydataspool,andreadby eachof thein-
dex maintenancsub-plansThis allows maintainingoneindex ata
time, ratherthanonerow pereachindex atatime. Figure2 shavs
anupdateplanthatdoesperindex maintenancef twoindices.The
computeoperatordefinesthe valuesto be assignedn eachrow of
theupdate.

The main motivation behindperindex plansis thatmaintaining
oneindex atatime canyield betterdatalocality becausé¢hereis no
needto switchbackandforth betweerpagedelongingto different
indices. Datalocality canbe dramaticallyimproved by sortingthe
streamthat feedsan index maintenanceplan on the index keys,
beforethe changesareapplied. It is possibleto sortthe streamto
apply differently for eachindex andthis way achieze muchbetter
1/0 behaior, which is unfeasiblein a perrow plan. The decision
whetherto sortthe streamis madein a cost-basedashion.

Sortingon index keys guaranteeindex pagesto be touchedat
mostonce—adong asthe index key itself is not beingmodified.
Otherwise,if the index key is changing,this will resultin a row
being moved within the B-tree and thereforere-introducessome
randoml/O behaior. Wetransformthedeltastreaminto adifferent
representatioto overcomethis problem.

The standardupdatedeltastreamcontainsboth the old andnew
valuesof the table columns. It is transformedinto a split delta
streamby splitting eachrow into two, onecontainingthe old val-
ues,theotherthe new values.This is doneby a split opesator. An



additionalactioncolumnis introducedn thestreamaspartof split-

ting. The purposeof the actioncolumnis to distinguishbetween
rows carryingold andnew values. Perindex updateoperatorsare
fed a streamthathasgonethroughthe split operation.They apply
changedo the non-clusteredndex asseriesof deletesandinserts,
ratherthanwith direct updates. The value of the action column
indicates for eachrow, whetherthe currentoperationshouldbe a

deleteor aninsert. Theformatof thedeltastreamsandthe position
of the split operatoiis shawvn in Figure2.

Sortingthe split deltastreamon theindex keys first andthenthe
action column guarantee®ptimal datalocality for updates. Lo-
catinga row andmoving it to the new location are performedin
optimal sequence.Also, this stratgy resoles a potential prob-
lem with spuriousuniquekey violations. For example,if thereis
auniqueindex on columnA andanupdateis madeof theform A
= A + 1, thenupdatingsomerows may causea temporaryviola-
tion of uniguenessHowever the updatedescribes changethatis
consistentwith the uniquenesgonstraint. Sincewe sort on keys
plus actioncolumn, no spuriousuniquekey violationswould ever
occuratthe storageenginelevel, becausanindex key will always
be deletedbeforebeinginsertedback.

TheStreamUpdateperatoiis setupatcompilationtime to know
theformatof its input deltastream eithera standardieltatableor
asplit format.

4.4 Choosingan Update Plan

Thequeryprocessodecidesvhetherto performperrow or per
index maintenancenanindex by index basis.It is possibleto have
differentindicesmaintainedn differentwaysinsidethe sameplan.
Thereareseveralfactorsto considemwhentakingthe decision.

e Perrow planshave someinternal limitations. For exam-
ple,in thecurrentimplementatiorthey cannotupdatea non-
clusteredndex of acomputeccolumn,astherequiredscalar
computationis performedby a separateperator This will
sometimedorce the query processoto opt for a perindex
solutionfor aparticularindex. In mostof thecommoncases,
however, bothsolutionsareavailable.

e A perindex maintenanc@lanrequiresmoreoperatorsn the
query plan, causingoverheadduring query execution. The
compilationtimeis longer andthe planrequiresmoremem-
ory.

e \Whenmorethanonenonclusteredndex is maintainedn a
perindex basis,spoolinganintermediateesultis requiredin
the planto storethe deltastream.Spoolshave a population
costthatdepend®nthe numberandsizeof thecolumnsand
the numberof rows. Thereis alsoa costrelatedto reading
from aworktable,but it is usuallysmallerthanthatof popu-
lating it.

e Therearescenariosvhereaspoolhasto beintroducedabore
the basetable updatefor reasonghat are unrelatedto non-
clusteredindex maintenance. Examplesthat will be cov-
eredlater arecheckingself-referentiaintegrity and mainte-
nanceof materializedviews. In thesecasesthe populating
of the spool can be usually consideredas a given, even if
addingperindex maintenanceo the query plan might re-
quire storing extra columnsas part of the spool operation.
Suchcolumnsareindex keys andtypically of smallsize.

e Perindex planscanbe combinedwith referentialintegrity
validations,aswe shaw later.

We have described'wide” index maintenancelans,wherethe
deltastreamis spooledand then consumedoy multiple branches
that updateeachindex. We also considered'stacked” perindex
maintenancewherethe delta streamis pipedthrougha seriesof
sortsfollowed by index updates.We do not usethis becausehe
lower sort operationsarerequiredto copy all the columnsneeded
by all laterindex operations.Instead to keepthe size of the sort
buffersassmallaspossible perindex plansareorganizedsuchthat
eachindex maintenancsub-tregeadsrom thecommonspooland
processesnly the columnsrequiredby the particularindex.

Choosingbetweenperindex andperrow dependn the struc-
ture of thetable, its currentsize,the type of DML operationbeing
performedthe numberof rows it will affect, andthe otheractions
thatneedto take placetogetherwith index maintenancee.g.,for-
eignkey validations.Perrow plansareclearlythe preferredchoice
for DML statementsaffecting a limited amountof rows, as they
introducelessoverhead,both in compilationand execution. As
the amountof datato be maintainedgrows, perindex plansbe-
comemore appealingandscalefar betterasthe executionof the
querytakesa big toll on the system. Insertionsinto emptyor al-
most empty tablesshould always be performedperindex. With
only very few exceptionswherechoosingthe perindex stratgy is
mandatoryboth areequallyfunctional,andthe queryprocessors
allowedto take a choicepurelybasedon performancepn anindex
by index basis.

45 CacheEffects

A straightforvard way of optimizing DML queriescould be to
separatelyprocesgheread-onlypartof the plan,asif it wasastan-
daloneselectquery Not acknavledgingthe contet in which the
read-onlyportion is being processeatould however lead to poor
query plans. One of the reasongs that the pagesthat areloaded
into memorywhenreadinga basetable or a non-clusteredndex
may or may not be re-usedlater by the operatorsthat apply the
changesn the plan. An updateplan always hasto maintainthe
basetable, but will only propagatehe changedo the indicesaf-
fectedby the statement. Readingfrom an index thatis later on
modifiedcould malke its maintenancenore efficient, asthe opera-
tionwill have betterchance®f findingthedatapagest hasto work
with alreadycached.This is especiallytrue with the basetable,as
it is alwaysmaintainedfirst. Obviously readingfrom a particular
non-clusteredndex couldallow very efficient seeksn presencef
a selectve predicatein the updatestatementandthis could easily
overshadw thebenefitsof populatingthecache If, however, there
aredifferentalternatvesto considerfrom, andnoneof themallows
considerablybetterseeks taking into accountthe cachewarm-up
factorcouldleadto a differentplan choice,especiallyif oneof the
alternatvesis the basetable.

5. CONSTRAINT VALID ATION

5.1 Single-tableconstraints

We have statedearlierthat uniqueand primary key constraints
areenforcedby the storageengineuponinsertioninto B-trees.The
oneissuethe queryprocessoneedso addresss to avoid spurious
uniquenesyiolations. We describedhe problemandits solution
earlierin thediscussioraboutindex maintenance.

Check constraintsare definedas a Booleanscalarexpression
over a setof oneor morecolumnsin the table. If the expression
doesnot evaluateto TRUE, an exceptionis raised,the statement
abortedandthetransactioris rolled back. They applyto insertand
updatestatements.An exampleis (ShipDate<= ReceiptDate).
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Figure 3: Update plan with constraint checking

Checkconstraintareenforcedby thequeryprocessowith thefol-
lowing two stepprocess:

1. Checkconstraintsaffected by the statementare identified,
analyzingdependenciewith an approachsimilar to index
maintenanceFor insertstatementsall checkconstraintsle-
fined on the table are enforced. For updatestatementsa
list of the columnsreferencednside eachconstraintis col-
lected. A constraintwill be enforcedonly if at leastone of
the columnsis beingmodified.

2. For eachconstraintto be enforcedthe queryprocessoadds
to the queryplanagenericoperatomwhich evaluatesa scalar
expressiorfor eachinputrow it receves. It throws anexcep-
tion if the value computesto FALSE. This exceptionrolls
backthetransactiorundoingary modificationsexecutedup
to thatpoint. The operatoris addedto the querytreeabove
thebasetableupdatej.e., checkconstraintareenforcedaf-
tertherow hasbeeninsertedor updatedn the basetable.

A genericplanfor checkingconstraintss shavn in Figure3.

5.2 Referential Integrity Constraints

A foreign key constraintestablishes one-to-maw relationship
betweentwo tables,respectiely calledreferencedandforeign (or
referencing)side. The relationshipinvolves a uniquekey on the
referencedide,andamatchingsetof columnsontheforeignside.
The systemenforcesandguaranteethatfor eachrow in therefer
encingtable,oneandonly onerow existsin the referencedable
with the samevaluesfor the setof columnsinvolved in the con-
straint. An exampleis therelationshipbetweerthe CUSTOMERS
and ORDERS tables, through the C_.CUSTKEY/O.CUSTKEY
columns. Unlike the previous constraintsforeign key validations
canalsotake placewhenprocessingleletestatementsForeignkey
constraintarehandledby the queryprocessoin afashionsimilar
to the oneappliedto checkconstraints:

1. First, thelist of constraintdo be enforcedis identified. The
casesre:

e Insertto the foreign table. It mustbe verified that a
matchingkey existsin thereferencedable.

e Updateto acolumninvolvedin theconstrainin thefor-
eigntable. The new valuemustexist in the referenced
table.

e Deleteto thereferencedable.No matchingforeignkey
mustexist in thereferencingable.
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Figure 4: Checkingreferential integrity constraint.

e Updateto a columninvolved in the constraintin the
referencedable. The old value mustnot exist in the
referencingable.

2. For eachconstrainto be enforcedthe queryprocessoadds
a sub-treeto the queryplan, which outerjoins the columns
readfrom the basetablerow with the othertableinvolved.
Whenthe DML statementffects the referencingside, the
setof new valuesof thesecolumnsis used,andit is enforced
thatonerow existson the othersideof thejoin. Corversely
whenthe updatetargetis the referencedide, the old values
from the basetablerow areused,andit is verified that no
row ontheforeignsidesatisfieshejoin predicate Errorsare
thrown throughthe sameoperatousedfor checkconstraints.
Referentiaintegrity constraintsserificationsub-treesreput
above thebasetableupdatein the queryplan.

Figure4 shavs a planto verify referentialintegrity constraints.
An outerjoin is usedto lookupthe matchingrow in the othertable
sothatverifying thereferencebecomesheckingfor nulls.

Runningthe verificationjoins after having updated and conse-
quentlyexclusively locked, the basetablerow of the target of the
DML statemenallows betterhandlingof concurreng issuesVeri-
fying theconstrainafterupdatingthereferencedidehas,however,
alsoa performancaravback. Thejoin hasto be performedusing
the pre-updatevaluesof the columns,to ensurethat thereare no
outstandingrows in the referencingside pointing to the old key.
This forcesthe queryprocessoto save off a copy of theold value
of the key columnsbeingmodified beforethe updatetakesplace.
The columnsto be pre-copiedare,hawever, partof a uniquekey,
andthis guaranteethattheir sizenever exceedsa certainthreshold.

The join that getsaddedfor referentialintegrity verificationis
optimizedjust like ary otherby the queryprocessorlf thejoin is
againstthereferencedable,the uniqueindex thatmustexist over
thekeysinvolvedin the constraintis perfectlysuitedto implement
the plan. Thereis, howvever, no requirementof ary kind on the
referencingside. This meanghata deleteor updateto the keys to
thereferencedablemightresultin ajoin requiringafull tablescan
of the foreigntable. It is a gooddatabase&esignpracticeto build
anon-uniquandex ontheforeigncolumnsof thereferencingable
if suchDML operationsareplannedon thereferencedside.

Referentialintegrity constraintsfor which the referencedand
foreign tablescoincide are called self-referential. An exampleis
an EMPLOYEES table, where the Managerldcolumn points to
the Employeeld. In orderto properlyvalidateself-referentiaton-



straints,it is necessaryo first completethe entire setof changes
requiredby the DML statementandthenstartthe verificationpro-
cessasthis shouldnot be basedon transienttemporarydata. The
separatiorbetweerthe phasess implementedoy saving the delta
streamdeliveredby thebasetableupdateto atemporaryspool,and
readingfrom it in orderto performthe validation. This solution
is perfectly functional for all casesof referentialintegrity, but is
only usedby Microsoft SQL Sener in presencef self-referential
constraintsaspopulatingandreadingfrom the worktableis an ex-
pensve operation.

Whena non-clusteredndex over the columnsinvolvedin aref-
erentialconstraintis maintainedwith a perindex plan, the query
processowill tie constraintvalidationandindex maintenancéo-
gether The constraintvalidationsub-treewill notbe placedontop
of thebasaablemaintenanceperatorlasusual butratherabore the
branchpropagatinghechangego thenon-clusteredndex. In most
casesthe presencef anindex over the samecolumnsis expected
on the otherside of the constraintandit is a requiremento have
auniqueindex on thereferencedable. If suchindex on the other
sideof the constraintvalidationjoin exists, it representsin excel-
lentcandidatdor anindex-lookupplan. Sortingthe deltastreanto
improve the performancef index maintenancevill thenalsoyield
optimal datalocality when seekinginto the index. For example,
whenoptimizing a deletestatementgainsthe CUSTOMERSta-
ble, a perindex stratgy could be chosenby the query optimizer
for the maintenancef the uniqueindex over C_CCUSTKEY. If the
streamis sortedon C_.CUSTKEY beforedeletingfrom the index,
suchsort will also guaranteeoptimal datalocality when seeking
into anon-uniquendex onthesamecolumnof the ORDERStable,
to verify thatno row existsfor thatparticularkey value. A further
improvementis thenintroducedwhenthe targetof the DML state-
mentis theforeigntable. Theindex to be maintainedwill typically
not be unique, being a foreign key usually a representatiorof a
one-to-maw relationship,andit is possiblethatthe samevalue of
the key will be processednultiple times. If the streamis ordered
on suchkeys, it is efficient to discardthe duplicateswith a stream-
ing distinct operation,so the join is only performedover distinct
values.For example,if bulk insertingamillion ordersfor a certain
customerit is not necessaryo validatethe existenceof the cus-
tomermorethanonce.In generaldistinctingthe streambeforethe
join with the referencedable could be a non-efective choice, if
this requiresintroducinga sortin the plan,andtherearenot mary
frequentvaluesfor the foreign key. However, if the streamis al-
readysortedon thosekeys for index maintenanc@urposesthenit
is possibleto eliminatetheredundantalueswith little overhead.

5.3 CascadingActions

Cascadingeferentialintegrity constraintsallow definingactions
otherthanjust verifying correctnessvhenprocessing deleteor a
key updateagainsta referencedable. It is possibleto instructthe
systemto eitherpropagatethe changeto the foreign table, or set
the foreign keys to NULL or their default value. An exampleis
automaticallydeletingall the orderspertainingto a customeif this
customeigetsdeleted.

The planto implementcascadingactionsis similar to one built
for referentialintegrity validationpurposesut wherethe operator
that performsthe verificationis replacedwith an updateor delete
to theforeigntable. The planfor this fits the generabpatternof de-
riving a deltatablefrom another thenapplyingthe changes.The
updateschemas reusedecursvely sothatthe cascade@peration
over the foreign table canin turn drive index and indexed view
maintenanceconstraintvalidationsand further cascadedctions.
In generalanupdateto foreignkey columnsof areferencingable
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Figure5: Cascadingupdatesthr oughforeignkeys.

requiresthe verificationof the constraintbut this is not necessary
in casethe updateis dueto a cascadin@ctionthroughthis particu-
lar foreignkey constraint.For example,if propagatinga changeto
the C_CUSTKEY columnfrom the CUSTOMERSto theORDERS
table,it is notnecessarto verify thatthenew key existsin therefer
encedtable,becausehisis implicitly guaranteedby the operation.
It is however necessaryo performtheverificationwhensettingthe
foreignkeys to their default, becaus¢hereis no guarante¢hatthis
valueexistsonthereferencedable.

Figure5 shavs a planto cascade primary key updateinto the
referencingable.

6. CONCLUSION

Efficient execution of updateoperationsis importantfor cus-
tomerapplicationsanddependingn their compleity andthevol-
ume of datato procesghey exhibit standardquery processings-
sues. Mapping updatesto a relational processingsetting allows
leveragingexisting relationaltechnologyandinfrastructuren both
queryoptimizationandexecution. This leadsto re-useof compo-
nents,and provides robustnessof implementatiorand betterper
formance.

Motivatedby this, Microsoft SQL Sener integratesprocessing
of updatesinto its query processoiframeavork. In this paperwe
presente@brief overview of thebasicconceptdor thisintegration.
We discussedmplementatiorissuesand shaved queryplansthat
performtable updatesconstraintverification,and maintenancef
derived physicalstructures.
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