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Abstract

This paperintroducesthe conceptof letting an RDBMS
Optimizeroptimizeits ownernvironment.In our project, we
haveusedthe DB2 Optimizerto tackle the index selection
problem,a variation of the knapad problem. This paper
will discussour implementatiorof index recommendation,
theuserinterface andprovide measuement®nthequality
of therecommendethdexes.

1. Introduction

Theperformancef queriesn arelationaldatabasenan-
agemensystem(RDBMS) hasalwaysbeenvery sensitve
to theindexesthat exist on the tablesin a databaseTradi-
tional B+-treeindexescanspeedhe executionof aqueryin
oneor moreof thefollowing ways:

o Applying predicatesi.e. by limiting the datathatmust
beaccessetb only thoserows thatsatisfythosepred-
icates;

e Orderingrows,i.e. to applyORDERBY, GROUPBY,
or DISTINCT clauses,or to meige-join a table with
anothettable;

e Providing index-only accessi.e. to save having to ac-
cessdatapagesby providing all the columnsneeded
by aquery;

e Enforcinguniquenessi.e. by restrictingthe index to
onerow identifier perkey value.

Specializedindexes may provide other advantageousas-
pectsto query execution,suchas statisticson the number
of keys.

Sincethe adwentof relationalDBMSs, researcherbave
attemptedto automatethe designof databasesincluding

the selectionof indexesthat would bestsere a particular
workloadof queries.An index may have multiple columns
askey columns,andthe orderingof thosecolumnsis sig-
nificant. GiventhatrealapplicationssuchasSAP canhave
tensof thousandf tables,eachtable can have hundreds
of columns,anda typical workload canhave thousandof
gueriesthe numberof possibleindexesto consideris stag-
gering.Findingthe setof indexesthat optimizea workload
of comple, multi-table querieshaving varyingimportance
andsubjectto resourceconstraintsjs a dauntingcombina-
toricschallenge.

Initially these designtools were completely separate
from the DBMS engineitself. They independentlypro-
posedcandidatendexesandattemptedo evaluatethe cost
andbenefitof eachsetof candidateéndexes. A major ad-
vancein the designtools wasthe useof the engines opti-
mizerto evaluatethe costof queries,given a setof candi-
dateindexes[FST 88]. This advancepreventedduplication
of theoptimizer'scostmodelin thedesigntool, andensured
consisteng with the optimizer’s choiceof index whenthe
recommendeihdexesweresubsequentlgreated.

This paperpresentsvhat was doneasthe next logical
step:Have theengines optimizerrecommendaandidaten-
dexes,aswell asevaluatetheir benefitandcost. The DB2
Advisor, new in IBM’s DB2 Universal DatabasgUDB)
V6.1, utilizes a componentin the optimizer that recom-
mendscandidateindexes basedupon an analysisof each
guery andthenevaluateghoseindexes,all in onecall to the
engine!This approactsignificantlyimprovesthe quality of
theindexesthatareconsideredandspeedsheevaluationof
alternatvesby reducingthe numberof callsto the engine.
By modelingtheindex selectiorproblemasa variantof the
well-known KnapsackProblem[GN 72], the DB2 Advisor
is alsoableto optimizelarge workloadsof queriesin area-
sonableamountof time.

Theremaindenof this papeiis structuredasfollows. Sec-
tion 2 describeshe overallarchitectureof the DB2 Advisor



andits userinterface. Section3 detailshow the optimizer
throughthe recommendatioralgorithm is able to recom-
mendthe bestindexesfor a givenquery Sectiond presents
the algorithmto extend this conceptbeyond just a single
statementt a time to a workload of SQL statementsand
subjectto resourceconstraintgsuchasdisk space). Sec-
tion 5 contrastdDB2 Advisor with previouswork onindex
recommendationIn Section6, we give somepreliminary
performanceneasurementdyoth of the time for the algo-
rithm to run andof the resultingexecutiontime for work-
loadsbenefittingfrom the Advisor’s advice. Section7 dis-
cussesuture work.

2. Architecture

At the highestlevel, the DB2 Advisor works asa black-
box index-recommendatioengine.The black-boxhastwo
inputs: asetof SQL statement&nown astheworkload,and
statisticsdescribingthe target database Thereis only one
output;therecommendethdexes.

Architecturally the DB2 Advisor consistsof:

Index SmartGuide A graphicaluserinterface

db2advis A command-linedriven utility for recommend-
ing indexes

Optimizer Extension$ave beenwritteninto theDB2 Op-
timizer for the recommendatiomf indexesaswell as
their evaluation

Advisetables Thesenew tablesarecreatedor thepurpose
of advising,andthey areusedasa communicatiornve-
hicle betweerdb2advisandthe Optimizer

The preferredmethod of invoking the Index Advisor
is throughthe GraphicalUser Interface called the Index
SmartGuide.We have includedheretwo screensnapshots
of the Index SmartGuide.The screensnapshotn Figure2
shawvs how the usercanspecifya workload of statements.
TheSmartGuideautomaticallysearchefor SQL statements
andtheir frequengy of executionin the SQL cacheandim-
portsthem. Effectively, the DB2 dynamicSQL cachestores
recently-xecutedSQL statementsThe Index SmartGuide
alsoimportsSQL statementfrom statically-compiledSQL
statementsywhich areknown aspackagesn DB2 terminol-
ogy. Othersourcesof SQL statementsnclude the Query
Patroller load schedulingproduct, and recently explained
SQL statements.Lastly, statementsan be enteredman-
ually or using cut-and-paste.The workloadis storedin a
userownedtable,calledADVISE_WORKLOAD.

In otherwindows of the SmartGuidgseethe tabsat the
top), the usermay optionally specifyconstraintoon the es-
timateddisk to be consumedy all indexesrecommended,
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Figure 1. Architecture of DB2 Advisor

or onthemaximumtime for DB2 Advisorto spendmprov-
ing its recommendationd-or example the usercanrequire
DB2 Advisor to work for no morethan5 minutes,andto
recommendhatall indexesconsumeno morethan5 Giga-
bytes.

The SmartGuidethen calls the db2advisutility, an ap-
plication program that containsthe major optimization
logic of DB2 Advisor. For eachstatementin the AD-
VISE_ZWORKLOAD table,it invokesthe DB2 UDB Opti-
mizerin oneof two new EXPLAIN modeghateitherREC-
OMMEND_INDEXES or EVALUATE_INDEXES. The
Optimizerstoresheindexesit recommend# anotheuser
ownedtable,calledADVISE_INDEX. The screersnapshot
in Figure3 shows theindex recommendedly db2advisfor
the workloadof Figure2. By clicking onthe "Show work-
load details”button, the usercanseehow muchtherecom-
mendedndexeswill benefiteachstatemenin theworkload.

Alternatively, the usermay invoke the db2advisutility
directly from the commandline, providing options for
specifyingthe databasethe workload of SQL statements,
the constraints, and various other options. Example
1 shaws the invocation of db2advisfor a single SQL
statementin the "sample” database. In less than two
seconds,DB2 Advisor determinesthe best indexes to
create and the estimatedimprovementin the execution
timeif they werecreatedaswell astheDDL to createhem.

EXAMPLE 1:
$ db2advis -d sanple -s "select * from
t1,t2 where tl.cl = t2.c2"

execution started at tinmestanp 1999-07-
06-19. 02. 32. 617867
Calculating initial

cost (wi thout recomm
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Figure 2. Specifying a

mended i ndexes) [82.237053] tinerons

Initial set of proposed indexes is ready.
Found maxi mum set of [2] recomrended in-
dexes

Cost of workload with all indexes included
[ 25.879040] timerons

total disk space needed for initial set [2]
VB

total disk space constrained to [-1] MB

2 indexes in current solution

[ 82.2371] tinmerons (wthout indexes)

[ 25.8790] timerons (with current sol u-
tion)

[968. 53] inprovenent

Trying variations of the solution set.

execution finished at tinestanp 1999-07-
06-19. 02. 34. 154307

LI ST OF RECOMMVENDED | NDEXES

index[1], 1MB

CREATE | NDEX W Z0 ON "VALENTIN'."T2" ("C2"
ASO) ;

index[2], 1MB

CREATE | NDEX W Z2 ON "VALENTIN'."T1" ("Cl"
ASC)

workload of statements

I ndex Advisor tool is finished

The algorithmfor the index-recommendatioenginein
db2advisis coveredin the next two sections.Thefirst sec-
tion will discusghe simplecaseof recommendingndexes
for asingleSQL statementThesubsequergectionextends
thealgorithmto accommodatéor a workloadof queries.

3. Single query optimization

The algorithm for recommendingndexesis an exten-
sionof the existing procesdor optimizingan SQL queryin
the DB2 Compiler The old procesds augmentedvith the
injection of a multitude of "virtual indexes” - hundredsof
indexes whose metadatahas beentemporarily introduced
into the schemaonly for the durationof the optimization
process.

To illustrate the approachsupposehat all possiblein-
dexes were temporarily injected into the schemamodel.
The DB2 Compilerwould thenbe facedwith its usualop-
timization processexceptthat therewould be a lot more
indexesin the schemao consider Whenthe optimization
proceshascompletedthe DB2 Compilerproducegheop-
timal QueryAccessPlan. If this plancontainsoneor more
virtual indexes,thenthesendexesaretherecommendeh-
dexes. Effectively, we let the optimizer choosewhich in-
dexesit likes.
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Figure 3. View the recommended indexes

In practice thereareproblemswith this approach.The
mostimmediateissueis thattheenumeratiorof all possible
indexesproducesa working setwhich is too big. In DB2,
atablewith n columnscansupporta very large numberof
indexes,asshovn by Formulal.

Formula 1 (Number of Possible Indexes) Given a table
with n columns how manydifferentindexescan exist con-
taining k columnswhere k <= n? Therearen choicesfor

thefirst columnin theindex. For the secondcolumn,there
aren — 1 remainingchoices.Asmore columnsare added,
thetotal numberbecomegn)(n — 1)(n — 2)...(n — k + 1)

or n!/(n — k)!. Theefore the total numberof indexesthat
canbecreatedon a tablewith n columnsis

- n!
Z (n—k)!

>
—_

However, in DB2 UDB, each columnof an index may
individually be definedas either ascendingor descending
Theefore, for a givenk, the spaceof possibleindexesis
multiplied by 2%, Asa result,weadjustour firstformulato
become:

"L (2F)n!
1; (n—k)!

Thereforejn practice therehasto bealimit onthenum-
berof virtual indexesenumeratedThe DB2 Advisor limits

the numberof virtual indexesby usingthe DB2 Optimizer
itself to suggesindexesintelligently, baseduponits knowl-
edgeof how it wantsto evaluatea given query We call
this approachthe "Smart column Enumerationfor Index
Scans”(SAEFIS) enumeratioralgorithm. This algorithm
analyzesthe statemenfredicatesand clausesto produce
setsof columnsthat might be exploitedin a virtual index.
Thereare5 suchsets:

EQ columnsthatappeain EQUAL predicates

O columnsthat appearin the INTERESTING ORDERS
list. This includescolumnsfrom ORDER BY and
GROUPBY clausesor join predicates.

RANGE columnsthatappeain rangepredicates

SARG columnsthat appearin ary predicatesbut nested
subquerie®r thoseinvolving alarge object(LOB).

REF Remainingcolumnsreferencedn the SQL statement.

Thenvariouscombinationf (subset®f) thesesetsare
formed,in order, eliminatingary duplicatecolumns:

1. EQ+0

2. EQ+ O+ RANGE

3. EQ+ O + RANGE + SARG
4. EQ+ O+ RANGE + REF



5. 0+ EQ

6. O+ EQ+ RANGE

7. O+ EQ+ RANGE + SARG
8. O+ EQ+ RANGE + REF

As a safetynet to make surethe simplestindexes are
notmissedandto evaluatehow well the SAEFISapproach
works, we have alsoimplementedanalgorithmto enumer
ateall possibleindexes, stoppingafter a certainmaximum
numberof indexesis reachedWe call this the"Brute Force
and Ignorance” (BFI) enumerationalgorithm. Thereare
severalwaysto implementhis enumerationWe havetaken
a simplerecursie algorithmandextendedit to accommo-
datefor ascending/descendimglumns.

Hereis a pseudo-code&ersionof thefinal recommenda-
tion algorithm:

ALGORITHM 1:
RECOMMEND.INDEXES(Statemen§)

1. Enable’RECOMMEND INDEXES” mode
2. Enterthe DB2 Optimizer

3. Inject the schemawith virtual indexesusing SAEFIS
andgenerateheir statistics

4. Inject the schemawith virtual indexesusing BFI and
generateheir statistics

5. Constructthe bestplanfor S by callingthe DB2 Opti-
mizer

6. Scantheoptimalplan,searchindor virtual indexes

7. Submit theseindexes back to the user as "recom-
mended”.

The essencef this algorithmis thatthe DB2 Optimizer
bothsuggesteandidaténdexesandmalkesthe decisionon
whichindexesperformbest.Importantly bothstepshappen
in asinglecall to theDB2 UDB engine.This approactas
mary advantagesThefirst advantagds thatthe efficiency
of the recommendatiomprocesss maximizedby entering
the DB2 Optimizer (andhencethe DB2 Engine)just once
persinglequery Thesecondhdwantages thatnosecondary
or externaloptimizeris neededegitherto suggestandidate
indexesor to evaluatetheir cost. This reducesthe main-
tenanceof codethatis redundantof the Optimizer's cost
equations. Instead,by having the Optimizeritself simply
inject likely-looking virtual indexes, and estimatingtheir
statisticswe have easilyextendedthe DB2 Optimizerfrom
an SQL Optimizerinto an index selectionoptimizer The
lastadvantageis thatthe DB2 Optimizerdoesnot needto
be significantlymodified. Oncethe virtual indexesarein-
jected, the Optimizer continuesworking asit always has

by enumeratingplans,join orderings,andaccessnethods.
Only a smallamountof codewaswritten in orderto enu-
meratevirtual indexesandinjecttheminto the schema.
Note that Algorithm 1 could be usedas a subroutine
within ary existing Index Recommendatioalgorithm, not
justouralgorithm,whichis detailedin Sectiord below. For
example,it couldbepluggedn asamethodfor enumerating
indexesin Daniel Zilio’ s Branch-and-Bounthasedmethod
[Zilio 98] or in Whangs Drop-basednethod/Whang85].

3.1. Index Statistics

Oncetheindex columnsare defined,the optimizer still
requiresstatistical information about each virtual index.
Without proper statistics,the optimizer will be unableto
evaluatethe costof scanningan index, fetching selected
rows from anindex, or updatinganindex.

The statisticsfor virtual indexesaregeneratedasedon
the correspondingableandcolumnstatistics deducingin-
formation on index cardinalities,B+-Tree levels, and the
numberof leaf pagesandnon-leafpages.Someproperties
cannotbe deducedeasily suchas clusteringand unique-
ness. For theseproperties,we assignpessimisticvalues.
For example,we assuméhattherewill beno clusteringon
thetablepertheindex order This behaiour allows the op-
timizer to be cautiousasit usesvirtual indexes,andavoid
costingtheseindexes at performancdevels which cannot
beguaranteed.

The statisticsfor eachvirtual indexesarederivedasfol-
lows:

Index Key Width, KW: the sum of the averagewidth of
eachcolumnin theindex definition.

Index Clustering: none(worst-casevalue).
Index Density: none(worst-casevalue).
Percent Free: DB2 default, 15%.

Cardinality of an index with k£ columns, FK CARD:
FKCARD = min{CARD,[[f_, COLCARD;}
where

CARD: cardinalityof thetable

COLCARD;: cardinality(i.e. numberof distinctval-
ues)of theith columnof theindex

Number of Leaf Pages, NL: calculated from the index
cardinality page size, overheadsfor eachkey and
page,assumingeachpageis fully packed with keys,
usingthefollowing formula:

_ PSIZE—POH
KPP = KW+KOH

_ FULLKEYCARD
NL = KPP



where:
KPP: keysperpage

PSIZE: pagesize (can be 4096 or 8192 bytesin DB2
UDB)

POH: pageheadewoverheadn aleaf page

KOH: key overhead.

Total Number of Non-L eaf Pages, TNL: calculatedrom
numberof leaf pageskey size,andpageoverheadas
a recursve function. The recursionstartsat the leaf
level, andcomputeghe numberof pagesateachlevel,
continuinguntil the numberof pageshasreachedne
(representingherootnode):
EPNL = PSIZE—-NLPOH

KW+NLEOH
NLy = FULLKEYCARD
NL(,_
NLn) = 5prt
NLEVELS =n
TNL=>Y NLg
=1
where:

EPNL numberof entriespernon-leafpage
NLPOH pageheadeimverheadn anon-leafpage
NLEOH overheadf anentryin anon-leafpage
NL (;; numberof non-leafpagesn level

NLEVELS numberof levelsin theindex

4. Workload Optimization

In thissectionwe will presentheextensiongo thealgo-
rithm that permitthe DB2 Advisor to recommendndexes
for aworkloadof statements.

Ideally, we would optimize the recommendatiomf in-
dexesfor aworkloadof statement@ asingleinvocationof
theDB2 Optimizer Thereis amethodof usinganoptimizer
to work on several statementd$n oneinvocation,which is
calledMassQuery Optimization(MQO). Today however,
no commercialRelationalDatabasgroductsupportsMass
Query Optimization,andthereforethis was not an option
for the DB2 Advisor.

As seenbeforein Figure 1, the DB2 Advisor hasasa
componeng utility calleddb2advis.In this utility, we have
addedan index-selectionalgorithmwhich usesthe results
of thesingle-queryecommendationasa startingpointand

searchegor the optimal combinationof indexesfor a full
workload.

The workload optimization algorithm contained in
db2advismodelsthe index selectionproblemasan appli-
cation of the classicKnapsackProblem,a specialtype of
0-1 integer programming[GN 72]. Eachindex is anitem
thatmay or may not be putinto the knapsackasindicated
by a variablefor thatindex thatcanbe O or 1 (a partof an
index is useless)Eachindex alsohasanassociatedbenefit
andsize.Thebenefitfor anindex is definedastheimprove-
mentin estimatedexecutiontime thatanindex contributes
to all queriesthat exploit it, timesthe frequeng thateach
gueryoccursin theworkload. Thesizeis justthe estimated
sizeof theentireindex, in bytes. The knapsackasa fixed
maximumsizefor all itemsin the solution. The objective
is to maximizethe benefitof all itemsin the knapsack.If
theintegrality constrainis relaxed, it is well known thatthe
optimalsolutionacceptgheentitiesinto theknapsackn or-
derof decreasingatio of benefitto size,until the knapsack
is full.

Thereare,however, afew complicationsn our straight-
forward applicationof the KnapsackProblem. First of all,
we have relaxedintegrality, but in reality it malkesno sense
to have a fraction of an index. Secondly negative bene-
fit accruedor updatingeachindex in UPDATE, INSERT,
and DELETE statementdo that index's table. But at the
time we computethe benefitfor suchstatementsye don't
yetknow all theindexesthatmightbe createcoy RECOM-
MEND_INDEX. Thirdly, we have attributedall the benefit
resultingfrom a setof indexesto everyindex in aquery In
reality, the benefitof eachindex is afunctionof whatother
indexesexist (i.e. thebenefitof index A candiffer whenin-
dex B is presenbr absent)andattributing all the benefitto
every index of thequeryis double-countingThis relatesto
the concepibof "separability”,discussedn the next section.
To adjustfor all of thesecomplicationsyve refinetheinitial
solution found by the Knapsackorderin a routine called
TRY _VARIATION, which createsa variantof the solution
by randomlyswappingasmallsetof indexesin thesolution
for a small setof indexesnot in the solution. The work-
load is thenre-EXPLAINedwith this variantsetof virtual
indexesin the EVALUATE_INDEXES EXPLAIN mode.If
the variantsolutionis cheaperoverall, it becomeghe cur-
rentsolution. TRY _VARIATION continuesuntil the users
time budgethasbeenexhausted.

Algorithm 2 describeshe algorithm of db2advisfor a
workloadW of SQL statements:

ALGORITHM 2:

1. GetWorkloadW, includingthe frequeng of execution
of eachstatement.

2.R=0

3. For eachStatemenSin W,



(@) EXPLAIN S with existing indexes, returning
S.costwith_existing.indexes.

4. For eachStatemenSin W,

(2) EXPLAIN S in RECOMMEND.INDEX mode,
i.e. with virtual indexes

(b) R=RU RECOMMEND_INDEXES(S)
5. Foreachindex 1 in R

(a) lL.benefit = S.costwith_existing_indexes -
S.costwith_virtual_indexes

(b) l.size= bytesin index
6. Sortindexesin R by decreasindpenefit-to-costatio.

7. Combine ary index subsumedby an index with a
higherratiowith thatindex.

8. Acceptindexesfrom setR until disk constraintis ex-
hausted.

9. while (time did not expire) repeat
(2) TRY_VARIATION

As statedbefore thefinal stepcanbeallowedto process
for ary lengthof time. This allows for flexibility in various
casesWhereafeasiblesolutionis neededjuickly, thealgo-
rithm canbe givenlessprocessindime; whenobtainingan
optimal solutionis paramountthe algorithmcanbe given
moreprocessindime.

5. Comparison with Previous Work

Many paperdave beenwrittenonthis subject.TheDB2
Advisoris uniquebecausé canrecommendndexesfor an
SQL statementvithin a singlecall to the RDBMS engine,
usingthe DB2 Optimizerfor the optimization.

Early designsfor index recommendationsstarted in
the eighties [ISR 83], [BPS9(], [FON92], [CFM 95,
[GHRU 97], [CBC 93], [Whang85]. Theseearly papers
hadseveralshortcomingsFirst, they wererestrictedby ex-
isting technology For example,noneof thesepapersused
anoptimizerfor costestimatesOnepossiblereasoris that
theexisting optimizerswould not externalizetheir costesti-
mates.Thesepaperglid, however, identify the natureof the
problemasa variationon the classicKnapsackProblem.

Secondlywith the exceptionof [GHRU 97], all of these
papersconcernedhemselesonly with single-columnin-
dexes.[Whang85] hadaninterestingaddition,proposinga
DROP optimizationalgorithmfor theindex selectionprob-
lem, asopposedo arule-basedptimization.

Anotherweaknessn theseearly algorithmswasthe as-
sumptionof separability [Whang85] madethe casethatin-
dex selectionfor eachrelationcanbe madeindependently
of otherrelations. This assumptiorgreatly simplifies the
selectionproblem,but is this assumptiorcorrect? In fact,
it is incorrectin mary commoncases.For example,in the
caseof a nested-loogoin betweentwo relationsR and S,
the presenceof anindex on relation R reduceghe poten-
tial needfor anindex onrelationS, andvice-versa,solong
asoneof the two relationshasan index sothatit canap-
ply thejoin predicateon the innerrelation. Obviously, this
assumptions flawed.

Later solutionshave usedthe RDBMS enginefor eval-
uatingsolutionsets but never for recommendingandidate
indexes. The recommendatioprocessalways occursin a
module externalto the RDBMS engine. Theselatter de-
signsinclude[FST 88], [CN 984, and[Zilio 98].

[Zilio 98] recognizedthe strong interdependencde-
tweenindexesandpartitioningkeys. Zilio’ simplementation
recommendegbartitioning keys as well asindexes. Zilio
used a branch-and-boundptimization algorithm, which
typically takeslongerto find the optimal solutionthanthe
benefit-to-sizeatio orderingof db2aduvis.

[CN 98K wasimplementedn a commercialRDBMS,
Microsoft SQL Sener. Chauduri& Narasayyahave made
an essentialcontribution by combiningthe advantagesof
single-columnrecommendatiorwith multi-column opti-
mizationalgorithms.By consideringndex candidatesvith
asmallnumberof columns they aremorelik ely to optimize
for several queriesusingthe samecandidateindexes, and
still squeezénto smalldisk-constraint®r smallknapsacks.
Taking this into accounttheir designstartsby considering
single-columnindexesfirst, andworking on wider indexes
astime permits. Their goal wasto reducethe numberof
optimizerinvocations.

However, the sameadwantageof reducingthe numberof
optimizercalls canbe achiesedby placingthe enumeration
algorithminside the optimizer Thatis the key to our im-
plementationandwe believe it to be the bettertechnique.
The differenceis most dramaticon a single-querybasis,
whereour algorithmrecommends$ndexesin a single opti-
mizerinvocation.Anotheradvantageof this algorithmover
[CN 98 is therecommendationf wider indexes,intrinsic
in the SAEFIS algorithm. The SAEFIS enumeratiorcon-
sidersthethreemostlik ely usesof theindex scanandcom-
binationsthereof. Yet anotheradvantageis that the enu-
merationoriginatesinside the DB2 engine,leveragingthe
existing optimizer, andthusreducingmaintenanceostsof
two distinctoptimizers.



6. Performance M easurements

There are several performanceaspectshat needto be
addressetty DB2 Advisor. Thefirst concernis the quality
of therecommendethdexes.How goodarethey? Thisis a
difficult questiorto answeybut we have obseredtwo cases
wherethe DB2 Advisor hasbeenused.

Thefirst suchcasewaswith the TPCDworkload,anin-
dustrybenchmarkor decisionsupport. RunningDB2 Ad-
visor on the TPCD V1 workloadshoved that,in 14 out of
the 17 queries DB2 Advisor recommendedéhdexeswhich
performedoptimally, or asnearto optimal asis known to
theDB2 TPCDteam.In theremaining3 queriesthe DB2
Advisor missedsomekey indexes. The reasonfor this is
that theseindexeshadto be definedas UNIQUE in order
to take adwvantageof the improvement. But unfortunately
we placedtherestrictiononthe DB2 Advisor notto recom-
mendUNIQUE indexes,becauseiniquenesss application-
dependanandcannotnecessarilyoe deducedrom the ex-
isting data.

In anothercasethe DB2 Advisor wasfacedwith avery
complex machine-generateguerythatranin over48hours.
After the creationof threeindexes recommendedy the
DB2 Advisor, theelapsedime reducedo 11 minutes.This
shaws the dramaticeffect that automaticrecommendation
canhave in thosecasesvherea humaneye is not available
to analyzetheincomingSQL, or thequeryis too complex.

Another aspectof operatingperformances the execu-
tion time of DB2 Advisor. Becausehe DB2 Advisor can
beinterruptedatary time, thenhow muchtime shouldit be
allowedto execute beforethe recommendationare’good
enough”?

In orderto answerthis question,we exercisedthe DB2
Advisoragainsa 1GB TPCDdatabaseyith 6 levelsof disk
constraintsTheresultsappeain Figure4 andFigure5. As
theresultsin Figure4 indicate within 90 secondsall levels
of constraintshad madea contribution to performanceof
50%to 88%. Thisis reflectedn theabruptdropthatoccurs
betweens0 and 90 seconds.This improvementshavs that
much of the benefitof new indexesis achiezed soonafter
the initial optimizer pass,as seenin stepsl through8 of
Algorithm 2.

The benefitsof allowing small permutationf that ini-
tial solutionin step9 of Algorithm 2 is seenin Figure5,
the detailedimprovementchart. In this example,optimal
indexeswerefoundafter 6 minutesbut thetime to achieve
optimality is very dependentponthe size and compleity
of theworkload.

7. Future Work

Oneof the strongesfeaturesof our algorithmrelatesto
futurework. Oneof the future directionsfor this projectis
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to extendthis algorithmto therecommendatioonf material-
ized views andindexes on materializedviews. Currently

the selectionof materializedviews in DB2 is performed
mostly at the Query ReWrite level - not in the Optimizer

This meansthat the re-routing decisionsare madeusing
rules,ratherthanallowing the Optimizerto evaluateseveral
alternatvesaccordingto estimatedtost. However, thereare
efforts undervay to allow morere-routingdecisionsto be
madein the Optimizer, aswell aseffortsto addMassQuery
Optimizationto the DB2 Optimizer This will provide the

opportunityfor moreadwancedadvisingthatgoeswell be-

yondindexes.

Anotherfuturedirectionis to usethis methodfor therec-
ommendatiorof partitioningkeysin a paralleldatabasen-
vironment.It is possibleto plug alternatve partioningkeys
into the DB2 Optimizer and then evaluatethem using an
outsideenginesuchasDaniel Zilio’ s PhysicalDesignrec-
ommendatiortool [Zilio 98]. At the heartof this technol-
ogy s theefficiency of usingtheinternaloptimizerasmuch
aspossible.This avoids doing excessve callsin andout of
theRDBMS, andavoidshaving to duplicatetheoptimizer's
intelligenceoutsidetheengine.

We arelooking at expandingthe conceptto includethe
suggestionof all database-relatedonfiguration: Includ-
ing datalayout, datapropertiessuchasreferentialintegrity
and constraints,partitioning keys, clustering, reomganiza-
tion, andstatisticscollection.

Currently this technologygreatly simplifiesthe process
of selectinga setof indexes. But thelong-termgoal of this
technologyis thata DBA will not evenknow what anin-
dex is, or whatit is usedfor, and canconcentraten their
primaryconcern:he creationanduseof data.

8. Conclusion

The DB2 Advisor is uniquein its useof a query opti-
mizerfor both suggestingndevaluatingpotentialindexes.
Usinginformationthatit mustderivefor optimizingaquery
arnyway, the Optimizercanreadilysuggesmuchbettercan-
didatesfor new indexesthan can an external routine that
mustrepeatedlyinvoke the optimizerasit blindly iterates
throughthenumerougossiblecombination®f columnsfor
potentialindexes. The DB2 Advisor suggestsnulti-column
virtual indexesby combiningcolumnsfrom predicatesor-
ders,andindex-only accessgstimategheir attributes;and
thenevaluateghemagainsbther, existingindexesusingits
usualqueryoptimizationlogic. Virtual indexesthatarecho-
senby theoptimizerarerecommendetb theuser

For workloadsof multiple queries this RECOMMEND
INDEX modeis alsousedto determinethe benefitof each
suchrecommendethdex, by comparingthe estimatedcost
for eachquerywith andwithout thesevirtual indexes. The
costis simply thesizeof theindex in bytes.Treatingthein-

dex selectionproblemasan applicationof the well-known
KnapsackProblem, the db2advisutility selectsthosein-
dexes with the largest benefit-to-costratio, which is the
optimal solutionwhenthe integrality constraintis relaxed.
Selectioncontinuesuntil the cumulatve sizeof all indexes
choserexceedghe disk constraint. The solutionis refined
by iteratively swappinga few indexesthatarein the solu-
tion with thosethatarenot, to accountor the relaxationof
integrality.

Both single-queryandworkloadindex selectionby DB2
Advisor have beenimplementedn IBM’s DB2 Universal
DataBaseVersion6.1. Performancevaluationhasverified
thatit both finds indexeswhich significantly improve the
executionof complex queriesandthattheutility findsthese
indexesin atime proportionalto the numberof queries put
cancontinueto iteratively improve its recommendations.

We believe thatexploiting a queryoptimizerin this way
hastremendousotential for efficiently automatingother
aspectof databasealesign. After all, the costmodel of a
guery optimizeris a sophisticatednathematicamodel of
how a querywould perform,giventhe schemaandphysical
attributesof thedatabaselt thereforeprovidesanidealway
to evaluatetheimpactof variationsin the schemaand/orits
attributes.We areinvestigatingadditionalwaysfor the DB2
Advisor to exploit the DB2 queryoptimizerto recommend
andevaluatealternatve databaselesigns.
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