
Query Processing for SQL Updates

César A. Galindo-Legaria
cesarg@microsoft.com

Stefano Stefani
stefanis@microsoft.com

Microsoft Corp.,
One Microsoft Way,

Redmond, WA 98052

Florian Waas
florianw@microsoft.com

ABSTRACT
A rich setof conceptsand techniqueshasbeendevelopedin the
context of queryprocessingfor the efficient androbust execution
of queries.So far, this work hasmostly focusedon issuesrelated
to data-retrieval queries,with a strongbackingon relationalalge-
bra.However, updateoperationscanalsoexhibit anumberof query
processingissues,dependingon the complexity of the operations
andthevolumeof datato process.Suchissuesincludelookupand
matchingof values,navigational vs. set-orientedalgorithmsand
trade-offs betweenplansthatdo serialor randomI/Os.

In thispaperwepresentanoverview of thebasictechniquesused
to supportSQL DML (DataManipulationLanguage)in Microsoft
SQL Server. Our focusis on the integrationof updateoperations
into thequeryprocessor, thequeryexecutionprimitivesrequiredto
supportupdates,andtheupdate-specificconsiderationsto analyze
andexecuteupdateplans.Full integrationof updateprocessingin
the queryprocessorprovidesa robustandflexible framework and
leveragesexistingqueryprocessingtechniques.

1. INTRODUCTION
Dataupdateoperationsareanecessarypartof customerapplica-

tions,andtheir efficient processingis asimportantasthatof data-
retrieval operations.Whendatais inserted,deletedor modifiedin
a database,the DBMS (DatabaseManagementSystem)needsto
validatethechangesagainstdeclaredconstraintsandmaintainthe
underlyingstoragestructuresto preserve a consistentandcorrect
representationof thedata.

Someaspectsof updateprocessinghavebeenthoroughlystudied
anddocumentedin thepast.Transactionsandconcurrency control
issues[1] areexampleswhereformal models,algorithms,andper-
formanceanalyseshave beendevelopedover time andcontribute
to our understandingof theproblemspace.It hasalsoled to suc-
cessfulandrobustcommercialimplementations.

Dependingon thecomplexity of theoperationsandthevolume
of datato process,standardqueryprocessingissuesalso surface
during theexecutionof updates.Theseissuesincludelookupand
matchingof values,navigational vs. set-orientedalgorithmsand
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tradeoffs betweenplansthatdo serialor randomI/Os. This moti-
vatestheintegrationof updateprocessingin thegeneralframework
of query processing.To be successful,this integration needsto
modelupdateprocessingin asuitablewayandconsiderthespecial
requirementsof updates.Oneof thefew papersin this areais [2],
which dealswith deleteoperations,but thereis little documented
on the integrationof updateswith queryprocessing,to thebestof
ourknowledge.

In this paper, we presentanoverview of thebasicconceptsused
to supportSQL DataManipulationLanguage(DML) by thequery
processorin MicrosoftSQLServer. Wefocusonthequeryprocess-
ing aspectsof theproblem,how datais modeled,primitive opera-
torsanddifferentexecutionplans.Therearea numberof otheras-
pectsrequiredin a completeimplementation,notablyconcurrency
controlandlocking,andalgorithmsfor themanipulationof B-trees.
Thosesubjectsareoutsideof thescopeof thepresentpaper.

2. SQL UPDATES
The conceptspresentedin this papercanbe appliedto a num-

ber of datamodificationscenarios,but we focuson the basicop-
erationsandfunctionality provided by SQL. This functionality is
briefly reviewed in this section. Examplesthroughoutthe paper
usethewell-known TPC-Hschema[4].

Thebasicdata-modificationstatementsprovidedby SQLareIN-
SERT, DELETE, andUPDATE. Their target is a single table,al-
thoughmultiple tablesmaybemodifiedasa resultof thechanges,
aswe shallseelater. INSERT takesa collectionof rows computed
usinganarbitrarySQL queryandaddsthoserows to thetarget ta-
ble. DELETE andUPDATE usea WHERE condition to qualify
the rows of interest,eitherto be removed from the tableor to as-
signvaluesto their columns.It is valid to usesubqueriesin either
thequalifyingpredicateor theassignmentvalues,somultipletables
andarbitrarily complex queriesareoftenpartof datamodification
statements.

Thefollowing simplequeriesshow deletionandupdateof a row
in theORDERStable:

DELETE ORDERS
WHERE O ORDERKEY = 3271

UPDATE ORDERS
SET O PRIORITY = URGENT
WHERE O ORDERKEY = 3271

Updateoperationsneedto be validatedagainstdeclaredcon-
straints.Severalformsof constraintsaresupportedby SQL.

Check constraints are predicatesthat enforcethe domainof a
column,or relationshipsbetweencolumnsof asingletable.For ex-
ample,a constraintcanbeO ORDERSTATUSIN (“O”, “F”, “P”).



When insertinga row or updatingcolumnvalues,the DBMS re-
jects the operationif the column valuesfail to satisfy the check
constraint.A commonspecialcaseof this form of constraintis to
declarea columnNOT NULL.

Referential integrity (RI) constraintsestablisha relationshipbe-
tween tables, 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 referencedkey, and the column O CUSTKEY of OR-
DERSis calledtheforeignkey.

Finally, uniquenessconstraints indicate that the value of one
of morecolumnscannothave duplicateswithin the table,suchas
C CUSTKEY in CUSTOMER.

In additionto validation,updateoperationsneedto maintainthe
underlyingstoragestructures.From a query processingpoint of
view, maintenanceconsistsof finding all theunderlyingstructures
that representthe logical dataandissuingthenecessarymodifica-
tionsto keepthemconsistentandaccuratefor thedatarepresented.
In practice,thismeansupdatingall necessaryindicesandmaterial-
izedviews thatdependon thechangeddata. Due to spacelimita-
tions,we will focuson index maintenanceissuesin thispaper.

CascadingRI constraintscombinevalidationwith maintenance
of structures. They specify, for example, that if the value of
C CUSTKEY is changedthen the systemneedsto automatically
changethe valueof the referencingO CUSTKEY to preserve the
constraint.This is oneexamplewheremultiple tablesaremodified
asa resultof anupdatestatement,eventhoughits targetis a single
basetable.

3. MODELING UPDATES IN QUERY PRO-
CESSING

The query processorof Microsoft SQL Server is basedon an
algebraic,extensiblemodelthatsupportstheadditionof new oper-
atorsasnecessary. Both in queryoptimizationandin queryexecu-
tion, theframework providesa contractfor operatorsandmanipu-
latestreesof thoseoperators.Thisgeneralphilosophyis formulated
in [3] andit servesasthebackgroundfor thework describedhere.

Thefollowing conceptsmakeupthebackboneof ourupdatepro-
cessingapproach:

Delta stream. A delta streamis a collection of rows encoding
changesto a particularbasetable. This is simply a relation
with a well-definedschemaandassuchit canbeprocessed
by any relationaloperator. Two different relationalencod-
ingsof deltastreamswill bedetailedlater.

Application of a delta stream. A side-effecting operator called
StreamUpdateissuesa data-modificationcommandto the
storageenginefor eachof its input rows. Typically, an up-
dateplan will containseveral instancesof StreamUpdateto
maintainthevariousphysicalstructures.

Mappingupdatesto arelationalprocessingsettingin thiswayal-
lows leveragingall theexistingrelationaltechnologyandexecution
infrastructure.This is accomplishedusinga relationalexpression
madeup of standardoperations,optimizedassuchandexecuted
usingall availableexecutionalgorithms.

For theoptimizer, a conceptthatneedsto beincorporatedis that
it handlesa side-effectingoperator. Unlike regularrelationaloper-
ators,which arepurely functionalandside-effect free,StreamUp-
dateneedsto beexecutedto completionandexactlyonce.

−Stream∆primary

−Stream∆secondary

Read−Query

T

UPD(T) primary application

optional

UPD(S) secondary application

Figure 1: General form for updateplan.

Figure1 shows a generaltemplatefor theexecutionplanof up-
datestatements.It comprisestwo components.The first is read-
only andresponsiblefor deliveringa deltastreamthatspecifiesthe
changesto be appliedto the target table. The secondcomponent
consumesthedeltastream,applyingthechangesto thebasetable,
andthenperformsall theactionsthattheDML statementimplicitly
fires. The list of actionsto performis determinedby enumerating
all the active dependenciesagainstthe target table and deciding
whichof thesearerequiredby thecurrentstatement.

4. INDEX MAINTEN ANCE

4.1 Indices in Micr osoft SQL Server
In Microsoft SQL Server, eachbasetablehasa “primary access

path” storingthe tablecontents.Suchprimary pathcanbe either
a clustered 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,
a row is uniquelyidentifiedby a physicallocatorcalledRID. In a
clusteredindex, arow canbeuniquelyidentifiedwith thevaluesfor
theindex keys, if theindex is unique.If theclusteredindex is non-
unique,anextra, hiddencolumnis addedto theindex keys, called
uniquifier. The uniquifier columnis usedto distinguishbetween
two rows with identicalclusteredindex keys, andis automatically
assignedby thestorageenginewhenpopulatingor maintainingthe
B-tree.

Secondaryindices,alsocallednon-clusteredindicesin Microsoft
SQL Server, canalsobe createdfor the basetableand they also
correspondto B-trees. Theseindicesneedto carry, togetherwith
their index keys, also the locator of the primary accesspath, to
make basetablelookupspossible.Thephysicalkeys of any B-tree
needto beunique,which canbeachievedby addingthelocatorto
thedeclaredkey of non-uniquenon-clusteredindices.

Non-clusteredindicescanoptionallyhave includedcolumns. An
includednon-key columnis storedat the leaf level of the B-tree,
without beingaddedto thecolumnsthe index is sortedon. At the
level of datastructures,this is actuallythebehavior of theclustered
index for all thetablecolumnsnot belongingto theclusteringkey,
andit is anoptionavailablefor non-clusteredindicesaswell. The
index cannotbeusedto implementseeksagainstthe includedcol-
umn. It makeshowever possibleto constructqueryplansbasedon
the index that do not requireextra basetable lookupsin order to



retrieve thecolumnvalue. In termsof updateprocessing,included
columnscanbeupdated“in place,” sincethereis no needto move
therow if key valuesarenotchanged.

Both clusteredandnon-clusteredindicescancontaincomputed
columns. A computedcolumn is one whosevalue is definedas
the result of a scalarexpressionover other columnsof the same
table.An examplecouldbetheyearof adatefield,or thedifference
betweenCommitDateandShipDate. A computedcolumn is not
directly assignable,asits valueis implicitly modifiedby settingor
changingthecolumnsit is definedagainst.

Anotheroption for indicesis uniqueness. Whenthe keys of an
index aredeclaredasunique,thestorageenginewill rejectthrough
anexceptiontheinsertionof new entriesidenticalto existing ones
in the B-tree. This causesthe statementto be aborted. Sincean
updateto thekeysof anindex is internallyimplementedasadelete
followedby aninsert,thetechniquealsoworksfor updates.

4.2 Primary Application of a Delta Stream
As shown in Figure1, the readquerycomponentof the update

planprovidesa descriptionof thechangesto apply. In thecaseof
delete,thedeltastreamcontainsthelocatorsof rowsto remove; for
insertit containscolumnvaluesfor rows to insert;andfor update
it containsthelocatorof therows to modify andthenew valuesto
assign.TheStreamUpdateoperatoris setupatcompilationtime to
know theformatof its input deltastream.It issuestheappropriate
commandsto the storageenginelayer to locate,modify, insertor
deleterows of thetable.

Somecolumn valuesrequiredfor non-clusteredindex mainte-
nanceareobtainedonly aftertheprimaryaccesspathhasbeenup-
dated.For example,if the tableis organizedasa heap,thelocator
(i.e., RID) of a new row will only beavailableafter therow is in-
serted. After the primary updateapplicationwe can get a delta
streamwhoserows have a completesetof columnsfor all theold
andnew values.

The way to exposeold valuesfor columnsmodifiedby an up-
dateis througha pre-copyof suchvalues,occurringafter locating
the basetablerow, but beforeapplyingthe update.The pre-copy
operationcanbe expensive, especiallyfor columnsof large size,
andit is performedonly if thevaluesarerequiredeitherfor main-
tenanceof non-clusteredindicesor materializedviews.

Oncewecometo maintenanceof anon-clusteredindex, thedelta
tableprovided by the primary updateapplicationcontainsall the
necessaryinformation: keys to locatea row to deleteor modify,
andvaluesto setor insert.

4.3 Multiple Index Maintenance
Dependencyanalysisis afirst stepto generateupdateplans.This

consistsof identifying the indicesaffectedby the DML statement
being processed.Insert and deletestatementsneedto be propa-
gatedto all the indices,while updatesareoptimizedto only main-
tain the non-clusteredindicesthat carry columnsbeingmodified.
Sincenon-clusteredindicesstorethe basetable locators,updates
affecting any locatorcolumnswill requirethe maintenanceof all
the indices. If an index storesa computedcolumn,thequerypro-
cessorgathersthelist of regularcolumnsit dependson,andif any
of themis beingupdated,thecomputedcolumnwill beassumedto
bechanging.

Microsoft SQL Server has two different ways of maintaining
non-clusteredindices,per-rowandper-index. With aper-row main-
tenanceplan, a singleexecutionoperatorappliesthe changesfor
eachrow of thedeltastreamto boththebasetableandall thenon-
clusteredindices. Changesarepropagatedfrom the basetableto
thenon-clusteredindicesona row by row basis.
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Figure2: Updateplan with per-index maintenance.

In a per-index plan, a non-clusteredindex is maintainedby a
differentupdateoperator. This allows the index to be maintained
separatelyfrom theothers,andafter all thechangeshave beenap-
pliedto thebasetableor clusteredindex. In insertanddeleteplans,
the per-index sub-plansare fed by the delta streamdeliveredby
the basetable maintenanceoperator. When more than one non-
clusteredindex is maintainedin a per-index basis,thedeltastream
will bestoredin atemporarydataspool,andreadby eachof thein-
dex maintenancesub-plans.Thisallowsmaintainingoneindex ata
time, ratherthanonerow pereachindex at a time. Figure2 shows
anupdateplanthatdoesper-index maintenanceof two indices.The
computeoperatordefinesthevaluesto beassignedin eachrow of
theupdate.

Themainmotivationbehindper-index plansis thatmaintaining
oneindex atatimecanyield betterdatalocality becausethereis no
needto switchbackandforth betweenpagesbelongingto different
indices.Datalocality canbedramaticallyimprovedby sortingthe
streamthat feedsan index maintenanceplan on the index keys,
beforethechangesareapplied. It is possibleto sort thestreamto
applydifferently for eachindex andthis way achieve muchbetter
I/O behavior, which is unfeasiblein a per-row plan. Thedecision
whetherto sortthestreamis madein a cost-basedfashion.

Sortingon index keys guaranteesindex pagesto be touchedat
mostonce—aslong asthe index key itself is not beingmodified.
Otherwise,if the index key is changing,this will result in a row
being moved within the B-tree and thereforere-introducessome
randomI/O behavior. Wetransformthedeltastreaminto adifferent
representationto overcomethis problem.

Thestandardupdatedeltastreamcontainsboth theold andnew
valuesof the table columns. It is transformedinto a split delta
streamby splitting eachrow into two, onecontainingtheold val-
ues,theotherthenew values.This is doneby a split operator. An



additionalactioncolumnis introducedin thestreamaspartof split-
ting. The purposeof the actioncolumnis to distinguishbetween
rows carryingold andnew values.Per-index updateoperatorsare
fed a streamthathasgonethroughthesplit operation.They apply
changesto thenon-clusteredindex asseriesof deletesandinserts,
ratherthan with direct updates. The value of the action column
indicates,for eachrow, whetherthecurrentoperationshouldbea
deleteor aninsert.Theformatof thedeltastreamsandtheposition
of thesplit operatoris shown in Figure2.

Sortingthesplit deltastreamon theindex keys first andthenthe
action column guaranteesoptimal datalocality for updates. Lo-
catinga row andmoving it to the new locationareperformedin
optimal sequence.Also, this strategy resolves a potentialprob-
lem with spuriousuniquekey violations. For example,if thereis
a uniqueindex on columnA andanupdateis madeof theform A
= A + 1, thenupdatingsomerows may causea temporaryviola-
tion of uniqueness.However theupdatedescribesa changethat is
consistentwith the uniquenessconstraint. Sincewe sort on keys
plusactioncolumn,no spuriousuniquekey violationswould ever
occurat thestorageenginelevel, becauseanindex key will always
bedeletedbeforebeinginsertedback.

TheStreamUpdateoperatoris setupatcompilationtimeto know
theformatof its input deltastream,eithera standarddeltatableor
a split format.

4.4 Choosingan UpdatePlan
Thequeryprocessordecideswhetherto performper-row or per-

index maintenanceonanindex by index basis.It is possibleto have
differentindicesmaintainedin differentwaysinsidethesameplan.
Thereareseveralfactorsto considerwhentakingthedecision.

� Per-row plans have someinternal limitations. For exam-
ple, in thecurrentimplementationthey cannotupdatea non-
clusteredindex of acomputedcolumn,astherequiredscalar
computationis performedby a separateoperator. This will
sometimesforce the queryprocessorto opt for a per-index
solutionfor aparticularindex. In mostof thecommoncases,
however, bothsolutionsareavailable.

� A per-index maintenanceplanrequiresmoreoperatorsin the
queryplan, causingoverheadduring queryexecution. The
compilationtime is longer, andtheplanrequiresmoremem-
ory.

� Whenmorethanonenonclusteredindex is maintainedin a
per-index basis,spoolinganintermediateresultis requiredin
theplanto storethedeltastream.Spoolshave a population
costthatdependsonthenumberandsizeof thecolumns,and
the numberof rows. Thereis alsoa costrelatedto reading
from a worktable,but it is usuallysmallerthanthatof popu-
lating it.

� Therearescenarioswhereaspoolhasto beintroducedabove
the basetableupdatefor reasonsthat areunrelatedto non-
clusteredindex maintenance.Examplesthat will be cov-
eredlaterarecheckingself-referentialintegrity andmainte-
nanceof materializedviews. In thesecases,the populating
of the spool can be usually consideredas a given, even if
addingper-index maintenanceto the query plan might re-
quire storing extra columnsas part of the spool operation.
Suchcolumnsareindex keysandtypically of smallsize.

� Per-index planscan be combinedwith referentialintegrity
validations,aswe show later.

We have described“wide” index maintenanceplans,wherethe
deltastreamis spooledand thenconsumedby multiple branches
that updateeachindex. We also considered“stacked” per-index
maintenance,wherethe deltastreamis piped througha seriesof
sortsfollowed by index updates.We do not usethis becausethe
lower sort operationsarerequiredto copy all thecolumnsneeded
by all later index operations.Instead,to keepthe sizeof the sort
buffersassmallaspossible,per-index plansareorganizedsuchthat
eachindex maintenancesub-treereadsfrom thecommonspooland
processesonly thecolumnsrequiredby theparticularindex.

Choosingbetweenper-index andper-row dependson thestruc-
tureof thetable,its currentsize,thetypeof DML operationbeing
performed,thenumberof rows it will affect, andtheotheractions
thatneedto take placetogetherwith index maintenance,e.g.,for-
eignkey validations.Per-row plansareclearlythepreferredchoice
for DML statementsaffecting a limited amountof rows, as they
introducelessoverhead,both in compilationand execution. As
the amountof data to be maintainedgrows, per-index plansbe-
comemoreappealing,andscalefar betterasthe executionof the
querytakesa big toll on the system. Insertionsinto emptyor al-
most empty tablesshouldalways be performedper-index. With
only very few exceptionswherechoosingtheper-index strategy is
mandatory, bothareequallyfunctional,andthequeryprocessoris
allowedto take a choicepurelybasedonperformance,onanindex
by index basis.

4.5 CacheEffects
A straightforward way of optimizing DML queriescould be to

separatelyprocesstheread-onlypartof theplan,asif it wasastan-
daloneselectquery. Not acknowledging the context in which the
read-onlyportion is beingprocessedcould however lead to poor
queryplans. Oneof the reasonsis that the pagesthat are loaded
into memorywhenreadinga basetableor a non-clusteredindex
may or may not be re-usedlater by the operatorsthat apply the
changesin the plan. An updateplan always hasto maintainthe
basetable,but will only propagatethe changesto the indicesaf-
fectedby the statement.Readingfrom an index that is later on
modifiedcouldmake its maintenancemoreefficient, astheopera-
tion will havebetterchancesof findingthedatapagesit hasto work
with alreadycached.This is especiallytruewith thebasetable,as
it is alwaysmaintainedfirst. Obviously readingfrom a particular
non-clusteredindex couldallow veryefficient seeksin presenceof
a selective predicatein theupdatestatement,andthis couldeasily
overshadow thebenefitsof populatingthecache.If, however, there
aredifferentalternativesto considerfrom, andnoneof themallows
considerablybetterseeks,taking into accountthe cachewarm-up
factorcouldleadto a differentplanchoice,especiallyif oneof the
alternativesis thebasetable.

5. CONSTRAINT VALID ATION

5.1 Single-tableconstraints
We have statedearlier that uniqueandprimary key constraints

areenforcedby thestorageengineuponinsertioninto B-trees.The
oneissuethequeryprocessorneedsto addressis to avoid spurious
uniquenessviolations. We describedthe problemandits solution
earlierin thediscussionaboutindex maintenance.

Check constraintsare definedas a Booleanscalarexpression
over a setof oneor morecolumnsin the table. If the expression
doesnot evaluateto TRUE, an exceptionis raised,the statement
abortedandthetransactionis rolledback.They applyto insertand
updatestatements.An example is (ShipDate

���
ReceiptDate).
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Figure3: Updateplan with constraint checking.

Checkconstraintsareenforcedby thequeryprocessorwith thefol-
lowing two stepprocess:

1. Checkconstraintsaffectedby the statementare identified,
analyzingdependencieswith an approachsimilar to index
maintenance.For insertstatements,all checkconstraintsde-
fined on the table are enforced. For updatestatements,a
list of the columnsreferencedinsideeachconstraintis col-
lected. A constraintwill be enforcedonly if at leastoneof
thecolumnsis beingmodified.

2. For eachconstraintto beenforcedthequeryprocessoradds
to thequeryplana genericoperatorwhich evaluatesa scalar
expressionfor eachinput row it receives.It throwsanexcep-
tion if the value computesto FALSE. This exceptionrolls
backthe transactionundoingany modificationsexecutedup
to thatpoint. Theoperatoris addedto thequerytreeabove
thebasetableupdate,i.e., checkconstraintsareenforcedaf-
ter therow hasbeeninsertedor updatedin thebasetable.

A genericplanfor checkingconstraintsis shown in Figure3.

5.2 Referential Integrity Constraints
A foreign key constraintestablishesa one-to-many relationship

betweentwo tables,respectively calledreferencedandforeign (or
referencing)side. The relationshipinvolves a uniquekey on the
referencedside,andamatchingsetof columnsontheforeignside.
Thesystemenforcesandguaranteesthat for eachrow in therefer-
encingtable,oneandonly onerow exists in the referencedtable
with the samevaluesfor the setof columnsinvolved in the con-
straint.An exampleis therelationshipbetweentheCUSTOMERS
and ORDERS tables, through the C CUSTKEY/O CUSTKEY
columns. Unlike the previous constraints,foreign key validations
canalsotakeplacewhenprocessingdeletestatements.Foreignkey
constraintsarehandledby thequeryprocessorin a fashionsimilar
to theoneappliedto checkconstraints:

1. First, the list of constraintsto beenforcedis identified. The
casesare:

� Insert to the foreign table. It must be verified that a
matchingkey existsin thereferencedtable.

� Updateto acolumninvolvedin theconstraintin thefor-
eigntable. Thenew valuemustexist in thereferenced
table.

� Deleteto thereferencedtable.No matchingforeignkey
mustexist in thereferencingtable.
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Figure4: Checking referential integrity constraint.

� Updateto a column involved in the constraintin the
referencedtable. The old value mustnot exist in the
referencingtable.

2. For eachconstraintto beenforced,thequeryprocessoradds
a sub-treeto the queryplan, which outer-joins the columns
readfrom the basetablerow with the other table involved.
When the DML statementaffects the referencingside, the
setof new valuesof thesecolumnsis used,andit is enforced
thatonerow existson theothersideof thejoin. Conversely,
whentheupdatetarget is thereferencedside,theold values
from the basetable row areused,and it is verified that no
row ontheforeignsidesatisfiesthejoin predicate.Errorsare
thrown throughthesameoperatorusedfor checkconstraints.
Referentialintegrity constraintsverificationsub-treesareput
above thebasetableupdatein thequeryplan.

Figure4 shows a plan to verify referentialintegrity constraints.
An outer-join is usedto lookupthematchingrow in theothertable
sothatverifying thereferencebecomescheckingfor nulls.

Runningtheverificationjoins after having updated,andconse-
quentlyexclusively locked, the basetablerow of the targetof the
DML statementallowsbetterhandlingof concurrency issues.Veri-
fying theconstraintafterupdatingthereferencedsidehas,however,
alsoa performancedrawback. Thejoin hasto beperformedusing
the pre-updatevaluesof the columns,to ensurethat thereareno
outstandingrows in the referencingside pointing to the old key.
This forcesthequeryprocessorto save off a copy of theold value
of the key columnsbeingmodifiedbeforethe updatetakesplace.
The columnsto be pre-copiedare,however, part of a uniquekey,
andthisguaranteesthattheirsizeneverexceedsacertainthreshold.

The join that getsaddedfor referentialintegrity verification is
optimizedjust like any otherby thequeryprocessor. If the join is
againstthereferencedtable,theuniqueindex thatmustexist over
thekeys involvedin theconstraintis perfectlysuitedto implement
the plan. Thereis, however, no requirementof any kind on the
referencingside. This meansthata deleteor updateto thekeys to
thereferencedtablemight resultin a join requiringafull tablescan
of the foreign table. It is a gooddatabasedesignpracticeto build
anon-uniqueindex ontheforeigncolumnsof thereferencingtable
if suchDML operationsareplannedon thereferencedside.

Referentialintegrity constraintsfor which the referencedand
foreign tablescoincidearecalledself-referential.An exampleis
an EMPLOYEES table, where the ManagerIdcolumn points to
theEmployeeId. In orderto properlyvalidateself-referentialcon-



straints,it is necessaryto first completethe entiresetof changes
requiredby theDML statement,andthenstarttheverificationpro-
cess,asthis shouldnot bebasedon transient,temporarydata.The
separationbetweenthephasesis implementedby saving thedelta
streamdeliveredby thebasetableupdateto atemporaryspool,and
readingfrom it in order to performthe validation. This solution
is perfectly functional for all casesof referentialintegrity, but is
only usedby Microsoft SQL Server in presenceof self-referential
constraints,aspopulatingandreadingfrom theworktableis anex-
pensive operation.

Whena non-clusteredindex over thecolumnsinvolved in a ref-
erentialconstraintis maintainedwith a per-index plan, the query
processorwill tie constraintvalidationandindex maintenanceto-
gether. Theconstraintvalidationsub-treewill notbeplacedon top
of thebasetablemaintenanceoperatorasusual,but ratherabovethe
branchpropagatingthechangesto thenon-clusteredindex. In most
cases,thepresenceof anindex over thesamecolumnsis expected
on theothersideof theconstraint,andit is a requirementto have
a uniqueindex on the referencedtable. If suchindex on theother
sideof theconstraintvalidationjoin exists, it representsanexcel-
lentcandidatefor anindex-lookupplan.Sortingthedeltastreamto
improve theperformanceof index maintenancewill thenalsoyield
optimal datalocality whenseekinginto the index. For example,
whenoptimizinga deletestatementagainsttheCUSTOMERSta-
ble, a per-index strategy could be chosenby the queryoptimizer
for themaintenanceof theuniqueindex over C CUSTKEY. If the
streamis sortedon C CUSTKEY beforedeletingfrom the index,
suchsort will also guaranteeoptimal datalocality when seeking
into anon-uniqueindex onthesamecolumnof theORDERStable,
to verify thatno row exists for thatparticularkey value. A further
improvementis thenintroducedwhenthetargetof theDML state-
mentis theforeigntable.Theindex to bemaintainedwill typically
not be unique,being a foreign key usually a representationof a
one-to-many relationship,andit is possiblethat thesamevalueof
the key will beprocessedmultiple times. If the streamis ordered
on suchkeys, it is efficient to discardtheduplicateswith a stream-
ing distinct operation,so the join is only performedover distinct
values.For example,if bulk insertinga million ordersfor a certain
customer, it is not necessaryto validatethe existenceof the cus-
tomermorethanonce.In general,distinctingthestreambeforethe
join with the referencedtablecould be a non-effective choice,if
this requiresintroducinga sort in theplan,andtherearenot many
frequentvaluesfor the foreign key. However, if the streamis al-
readysortedon thosekeys for index maintenancepurposes,thenit
is possibleto eliminatetheredundantvalueswith little overhead.

5.3 CascadingActions
Cascadingreferentialintegrity constraintsallow definingactions

otherthanjust verifying correctnesswhenprocessinga deleteor a
key updateagainsta referencedtable. It is possibleto instructthe
systemto eitherpropagatethe changeto the foreign table,or set
the foreign keys to NULL or their default value. An exampleis
automaticallydeletingall theorderspertainingto acustomerif this
customergetsdeleted.

Theplan to implementcascadingactionsis similar to onebuilt
for referentialintegrity validationpurposesbut wheretheoperator
that performsthe verificationis replacedwith an updateor delete
to theforeigntable.Theplanfor this fits thegeneralpatternof de-
riving a deltatablefrom another, thenapplyingthe changes.The
updateschemeis reusedrecursively sothatthecascadedoperation
over the foreign table can in turn drive index and indexed view
maintenance,constraintvalidationsand further cascadedactions.
In general,anupdateto foreignkey columnsof a referencingtable
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Figure5: Cascadingupdatesthr ough foreign keys.

requirestheverificationof theconstraint,but this is not necessary
in casetheupdateis dueto a cascadingactionthroughthisparticu-
lar foreignkey constraint.For example,if propagatinga changeto
theC CUSTKEYcolumnfrom theCUSTOMERSto theORDERS
table,it isnotnecessarytoverify thatthenew key existsin therefer-
encedtable,becausethis is implicitly guaranteedby theoperation.
It is however necessaryto performtheverificationwhensettingthe
foreignkeys to theirdefault,becausethereis noguaranteethatthis
valueexistson thereferencedtable.

Figure5 shows a plan to cascadea primarykey updateinto the
referencingtable.

6. CONCLUSION
Efficient execution of updateoperationsis important for cus-

tomerapplications,anddependingontheircomplexity andthevol-
umeof datato processthey exhibit standardqueryprocessingis-
sues. Mapping updatesto a relationalprocessingsettingallows
leveragingexisting relationaltechnologyandinfrastructurein both
queryoptimizationandexecution. This leadsto re-useof compo-
nents,andprovides robustnessof implementationandbetterper-
formance.

Motivatedby this, Microsoft SQL Server integratesprocessing
of updatesinto its queryprocessorframework. In this paperwe
presentedabrief overview of thebasicconceptsfor thisintegration.
We discussedimplementationissuesandshowed queryplansthat
performtableupdates,constraintverification,andmaintenanceof
derivedphysicalstructures.
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