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Abstract

A relationis an unordered collectionof recods. Often,
however, there is an underlyingorder (e.g., a sequencef
stok prices),anduses wantto posequerieshatreflectthis
order(e.g., findaweeklymovingaverage). SQLprovidesno
supportfor posingsud queries.In this paper weshowhow
arich classof queriesreflectingsort order canbenaturally
expressedand efficientlyexecutedwith simpleextensiongo
SQL.

1. Introduction

Ordereddata,or sequencesanbefoundin awiderange
of commercialstatisticalandscientificapplicationsThese
applicationsrequire DBMS supportto store, manipulate,
andquerysequencesfficiently, and suchsupportis miss-
ing in RDBMSssincetherelationalmodelprovidessetsof
tuplesasits only datastructure.SQL [2], the mostwidely
usedquerylanguagefor relationalsystemss incapableof
answeringsomecommonqueriegposedoy commerciabnd
scientificapplicationssuchasmoving aggreates.

Oneapproaclhthatis beingexploredin mary commer
cial systemss supportfor sequenceasanen ADT. Users
canstorea sequencén a field of a tuple, and manipulate
it usingassociateg@ystem-definethethodssuchasmoving
averages.In earlierwork [8], we arguedthatthe ADT ap-
proachwasinadequatéor supportingoulk datatypes(such
as sequencespver which usersmight want to ask a rich
classof queries. The approachiimits both the easewith
which queriescanbe formulated,andthe degreeof query
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optimizationthat canbe achieved. We proposedhe con-
ceptof anenhancedADT (EADT) to handlesuchbulk data
types,anddemonstratethe benefitsof this approach.

In this paperwe considetanotherapproactio extending
relationalDBMSswith supportfor sequenceéata,basedn
treatingsequenceassortedrelations,with featuresin the
guerylanguagehat exploit the sortordetr Our extensions
to SQL allow a combinationof unorderedand (logically)
orderedrelationsto be queriednaturally and permit effi-
cientevaluationwith minimal extensiondo atraditionalre-
lational optimizerandevaluationengine.In comparisorto
the ADT approacharicherclassof queriescanbenaturally
expressedand efficiently evaluated. In comparisorto the
EADT approachqueriesinvolving a mixture of relations
andsequenceareeasierto express andthefull machinery
of EADTs neednotbeimplemented(Although,the EADT
approachoffers more generalityin that supportfor other
datatypeswith rich querycapabilitiescanbe addedeasily)

We presentan extensionto SQL to illustrate our ideas;
thisis called SortedRelationalQueryLanguage, or SRQL
(pronouncedcircle™). We emphasizéow afew simpleex-
tensionsallow sortorderto be effectively exploitedat both
the languageand optimization/@aluationlevels. We have
implementedSRQL as part of the datatransformatioren-
gineof the DEVise system[5], which alsosupportgpower-
ful visualizationfeatures(In this paperwe will notdiscuss
ary aspectof DEViseotherthanSRQL.)

Themaincontritutionsof this paperare:

e The approachto modellingsequencess sortedrela-
tions,ratherthanasADTSs, asis commonlybeingdone
in Object-RelationaDBMSsor ORDBMSs(e.g.,[3]),
or asEADTSs. This leadsto easierqueryingof a com-
binationof relationsandsequencesgsndenablegnore
integratedoptimizationandevaluation.

e An algebraover sequencethat extendsrelationalal-
gebrato addressortorder

e The extensionof SQL to query sortedrelationsin
SRQL.We extendtheearlierresultsof SEQUIN [8, 9]



significantly and defineSRQL semanticsn termsof
ouralgebra.

e An implementationdemonstratinghat efficient and
scalablegueryevaluationis feasiblefor SRQL.

The restof this paperis organizedasfollows. In Sec-
tion 2, we provide the motivationfor our work by consider
ing queriesthatillustratethe deficiencieof SQL in query-
ing sequenced/Ne describeheextensionof relationalalge-
brato asequencealgebran Section3, andwe introducethe
SRQL languageasan extensionof SQL in Section4. Per
formanceresultsof our initial SRQL implementationare
presentedn Section5. We talk of relatedwork, especially
with respecto ORDBMSs, TSQL [10] andRISQL [7] in
Section6. Section7 concludeghepaper

2. Motivation

Sequencelatais encountereth awide varietyof scien-
tific andcommerciabpplicationse.g.,experimentatraces,
processevolution, satellite obsenations over time, stock
market prices,and salaryhistories. Thereis alsogreatin-
terestin maintaininga history of a users queries,or a log
of thechangesnadeto adatabaseandanalyzingsuchtrace
datato identify interestingpatternsof usage. Giventhese
trends,the ability to analyzelarge sequencess becoming
increasinglyimportantandDBMS vendorsarebeginningto
addsuchcapabilities. The work reportedherepresentsan
attractve alternatve to the two main existing approaches,
whicharebasecon ADTs andEADTS.

Thefollowing simplequeriesilustratethe usefulnessf
sequenceuerysupport:

1. Find the leadingweekly moving averageof the Dow
Joneslindustrial Average, given a table DJIA(date
close)

2. Find the trailing weekly moving average(i.e., the av-
eragefor the pastweek,for eachdate)for eachstock,
givenatableStods(date symbolclose) Orderthere-
sultingsequenceby stockname date.(Theresultcan
bethoughtof asarelationwith fieldssymboldate av-
erage, sortedon the compositekey (symbol date))

3. Foreachdayin '97, find thetencheapesstocks.
4. Foreachdayin '97, find thetenmostexpensve stocks.

5. Computethe percentchangeof each stock during
1997,andthenfind stocksthatwerein the top 5%.

6. Find the of datesof stockswherethe leadingweekly
averageis greaterthan 1.2 timesthe trailing weekly
averagegiventhe Stockstable.

7. For eachweek, find the stockin which a given cus-
tomer (sayJoe)hadthe mostinvested.In additionto
the Stockstable,atableTrans(customesymbol date
shaes)recordsthe changein sharedor a given cus-
tomer symbol,anddate.

Thesequeriesillustratetherich classof queriesonecan
askover sequencesOf course,a wider variety of aggre-
gateoperationsouldbeincluded,andvariouskindsof date
arithmeticand calendarsupportcould be added(e.g., un-
derstandindeapyears,the differencebetweena sequence
of week-daysand a sequencef integers), but thesewill
not be our focus. We focuson how sequentialiteadsto
novel querypatternsandhow to expressandoptimizesuch
gueriesn arelationalsetting.

Noneof theabore queriescanbe expressedn SQL-92.
Some(e.g.,thefirst) but not all canbe expressedy some
SQL extensionsin currentproductssuch as Red Brick’s
RISQL.In particular queriessuchasthe secondwhichin-
volvesnestedsequences)r the last (which involvescom-
bining sortedandunsortedables)arenot supportedin Ap-
pendixA we give SRQL versionsof thesequeries.

Ourapproachs alsorelevantto temporaldatabasguery
languagesbut additionalwork is requiredto addresgem-
poralissuessuchascalendarandtime intenals.

3. Extensionsto Relational Algebra

To manipulatesortedrelations,we extendrelationalal-
gebra(plusgroup-byandNULLsasin SQL) with four nen
operators:Sequencé®), Shift (§), ShiftAll (A), andWin-
dowAggregate(w). Only ¥ is a necessangxtension;the
restcanthen be definedusing ¥, relationalalgebra(plus
group-byandNULLS). We definethe semanticof SRQL
gueriesin termsof this “sequencealgebra”’in Section4.
Thealgebrarepresentthelogical operatorstheimplemen-
tationis freeto definemoreefficientphysicaloperatorglik e
join).

For consisteng with SQL, we considerarelationto bea
multisetof tuplesratherthana setof tuples. Like SQL, we
usean operator‘Distinct” to remove duplicates,and sup-
portoperatorghatdistinguishbetweergroupsof tuplesin a
relationthatarepartitioned(but notnecessariljully sorted)
by valueof the groupingattributes.

3.1. Sequences as Sorted Relations

We begin by definingour notionof sequencesyhichare
essentialljjust sortedrelations.A simplesequencés are-
lation thatis (logically, thoughnot necessarilyphysically)
sortedon a key thatis a concatenatiomf attributes,which
we call thesequencingttributes



A compositesequencés a relationthatis first grouped
onasetof attributes,calledgroupingattributes andthense-
guencedy a concatenatiof sequencingttributeswithin
eachpartitiondefinedby identicalgroupvalues.Thevalue
of the groupingattributesin ary tuple of the relation is
calledthe group value likewise, the value of the sequenc-
ing attributesis calledthesequence&alue In theremainder
of the paper we usethe term sequencéo referto eithera
simpleor compositesequence.

To be precise,a sequences a relation plus a set of
groupingattributesanda list of sequencingttributes. The
groupingand sequencingttributes (which are allowed to
be emptysets)induceanorderingoverthetuples.For each
tuple,we canthereforetalk of the ordinalnumberof thetu-
ple in the sequencéwithin the groupof the tuple). Within
eachgroup, all integersbetweenthe first and last ordinal
for the groupareassignedo sometuple of the group(i.e.,
theordinalnumberings densé. For corvenienceyve treat
the ordinalnumberof atuple asa specialinteger attribute,
ordinal, but the readershouldnotethatthis attribute is not
actuallystored.!

3.2. Sequence Algebra

Thealgebraoperate®nsequencesf whichunsortede-
lationsarejusta specialcasehaving emptysetsof grouping
and sequencingattributes. Thus, we begin with the basic
relationaloperatorgdefinedon multisets,asin the algebra
underlyingSQL, e.g.,[6, 4], andextendthemto work on
sequencesselect(a), project(r), cross-producfx), union
(U), andset-diferencg—). To extendthem,we mustdefine
how the outputis groupedandsequencedye do this sim-
ply by definingthe groupingsetandsequencingjists to be
emptyfor theresultof eachof theabove operatorsObsene
thattheordinal “attribute” of theinputrelationsis not prop-
agatedo theresult! Themostimportantpointto noteis that
weallow the selectoperator to specifyselectionconditions
overtheordinalattribute of its input.

In contrasto relationalalgebrawe needo treatjoin (<)
asa primitive operatortbecausave wantto be ableto refer
to the ordinal attributesof the input tablesin the join con-
dition, andour versionof cross-productioesnot propagate
thesespecialattributes.We alsoincludeleft-outerjoin (»<),
which is the sameasjoin, exceptthatit guaranteethatall
tuplesfrom its left input appeatin the output. Any left tu-
ple thatdoesnotmatcharight tupleis matchedvith NULL
valuesfor theright tuple. Thejoin operatorsn SRQL,like
the otherextendedrelationaloperatorsaredefinedto have
emptygroupingsetsandsequencingdjsts.

In the restof this section,we presenthe operatorghat
directly addressortordet The essentiahew operatoy Se-
guence(¥), createsa sequence.No additionaloperators

lwe sometimesbbreiate the ordinalattribute asord.

arenecessarybut it is corvenientto introduceshift opera-
torsthatalign tuplesof a sequencdasedon the sequence
order andan operatorfor applyingaggregatefunctionsto
sequencesTheseadditionaloperatorsare definedin terms
of the core SRQL algebra,which consistsof the extended
relationaloperatorandthe ¥ operator

3.3. Creating a Sequence

Ourfundamentaéxtensionof relationalalgebraconsists
of the Sequenceperator(¥), which (re)sequencess input
table by changingthe groupingand sequencingattributes;
this hasthe effect of appropriatelychangingthe ordinal as-
sociatedwith eachtuple. Let R beatable,g be the group-
ing attributes,ands bethe sequencingttributes. ¥, ,(R)
partitions R basedon g into a setof partitions,P; ... P,,
andtheneachp; is sortedbasedon s. Whengrouping,all
NULL valuesin a groupingattribute are consideredequal
(asin SQL), but if any sequencingattribute is NULL, the
tupleis discarded.

We now describenow eachtuplein apartition P; is given
anordinal value; again,we emphasizehatthis is concep-
tual. The ordinal attribute canbe usedby selectionopera-
tions, but is not preseredby otherrelationaloperatorsAll
tupleswith the first sequencevalue that appearsn P; are
assignedardinalvaluel, thetupleswith the next sequence
valueareassignedheordinal2, andsoon. Thelastordinal
assignedo eachpatrtition P; is calledLAST;. In this way,
eachdistinctvalueof the sequencingttributesis assigned
auniqueordinalvaluebetweenl andLAST;, andevery or-
dinalin thisrangeis assignedo sometuple.

For example,considera table R(g, t,z). The resultof
U, (R)is:
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3.4. Shifting a Sequence

3.4.1. ShiftAll Operator

A basicsequenceperationis to align the tuplesof the se-
guencewith othertuplesat somerelative or fixed offsetin
the sequence.For example,we can pair eachtuple with



the next tuplein the sequencegr with thefirst tuplein the
sequence.

The ShiftAll operatorA;(R) takesa sequenceR anda
relative ordinal valuei andjoins eachtuple ¢ of R with all
thetuplesof R in the samegroupast thathave anordinal
value= ordinal{) + <. If notuplewith theappropriaterdi-
nalis foundin thegroupof ¢ (i.e.,shiftingto anordinalless
thanoneor greatetthanLAST), thent is pairedwith NULL
values.In otherwords:

Al(R) = \I’R,g,R.S(R R.g:’ﬁz,g/\ R2)
R.ord+i=Rs.ord

whereg is the groupingattributes, s is the sequencingat-
tributes, R, is a copy of R, and »< standsfor left outer
join.

We extend A sothatit cantake fixedaswell asrelative
ordinals: when a fixed ordinal f is used(e.g., FIRST, to
denotethe first tuple), the expressionord + ¢ usedin the
outerjoin is replaceddy f. Thisresultsin eachtuplebeing
pairedwith all thetuplesatthe givenfixedordinalposition.
We do not definethe syntaxhere,but SRQL doesinclude
suchconstructs.

In general,we are interestedn matchinga tuple with
tuplesatseveraldifferentordinals,sowe extendA totake a
setof (fixedor relative) ordinals.Let Ry, . .. , Ry becopies
of thesequenc®. Now A is definedas:

A{zl,,zk}(R) =
‘I!R.g,R.s(- e \I’R.g,R.s(R z’? Rl) . 5<] Rk)

k

whereeach(); is a predicateof theform:
(R.g = Rj.g) A (R.ord +ij = R;.ord)

Taking R(g,t,z,ord) from the example above,

AZ123(R) is:
g|t|x|ord t_1 T_1 tia Tyo
34| al 1 | NULL | NULL 8 b
3/6|b| 2 4 a NULL | NULL
3/6|c| 2 4 a NULL | NULL
3/8|b| 3 6 b NULL | NULL
3/8|b| 3 6 c NULL | NULL
2|1|a| 1 | NULL | NULL 5 d
2(1|b| 1 | NULL | NULL 5 d
213|c| 2 1 a 9 e
213|c| 2 1 b 9 e
2(3|c| 2 1 a 9 f
2(3|c| 2 1 b 9 f
2(5|d]| 3 3 c NULL | NULL
29| e| 4 5 d NULL | NULL
29| f| 4 5 d NULL | NULL

3.4.2. Shift Operator

Sometimeswe only want to match a tuple with the se-
guencevalue at someoffsetin the sequenceratherthan
the whole tuple. When this is the case,the Shift opera-
tor, §, canbe usedto avoid the “cross-produceffect” of A
causedby duplicatesequencevalues(e.qg., tuple (2,3,c,2)
in the exampleabove). § is similar to A, exceptthat it
removesduplicatesequencevaluesbeforejoining. Let R
be a sequenceavith groupingattributesg and sequencing
attributes s. Let T4,... ,Tx be copiesof the sequence
¥, s(Distinct(m, s (R))). We defined as:

5{i1,...,ik}(R) =
VpoRrs(---Prgrs(R Zﬁ T1) ... 54 T)

k
whereeachC; is a predicateof theform:
R.g=T;.9NR.ord +i; =Tj.ord

Like A, we canextends to take bothfixed andrelative or-
dinals.
Usingtheexampleabore,d;_; 21 (R) =

glt|x|ord| t_; tio
3(4|al 1 | NULL 8
3(6|b| 2 4 NULL
3(6|c| 2 4 NULL
3(8|b| 3 6 NULL
2(1|al 1 | NULL 5
211|b| 1 | NULL 5
2(3|c| 2 1 9
2|5|d| 3 3 NULL
219|el| 4 5 NULL
219 f| 4 5 NULL

We notethe following propertiesof ShiftAll and Shift.
In whatfollows, R is a sequencevith groupingattributesg
andsequencingttributess.

1. Shift with multiple offsets can be expressedas the
compositiornof multiple Shift operators:

d1i 53 (R) = 0:(6;(R)) = d;(0:(R))

2. Shift with two offsetsis not the sameasthe join (or
outerjoin) of thetwo shiftedsequences.

Sy (R) £ 6:(F) pa 65(R)

ord=ord

3. ShiftAll with multiple offsetsis not the sameasthe
compositionof multiple ShiftAll operators:

Afi iy (R) # Aj(Ai(R))



4. ShiftAll with two offsetsis notthe sameasthejoin (or
outerjoin) of thetwo shiftedsequences:

Mg (R) # A(R) b Ay(R)

ord=ord

5. ShiftandShiftAll canbeinterchanged:
Ar(6(R)) = 65(A1(R))

6. Shift simply addsattributesto a sequence:
Uy,s(mr(0i(R))) = R

7. ShiftAll notonly addsattributesto asequenceyut can
alsoduplicatetuplesin thesequence:

Distinct{wgr(A;(R))) = Distinct(R)

3.5. Aggregate Oper ations

Whenapplyingan aggreyatefunction on a sequencea
differentaggreyatevaluecanresultfrom eachordinalvalue
of thesequencekor eachordinal,a sectionof thesequence,
calleda window is created,andthe aggreyatefunctionis
appliedto the window. For example,whencomputinga
trailing weekly moving averageof daily stock prices,the
window is the currentday plusthe previoussix days.

Becauseachordinalvalueof the sequenceanhave its
own window, we do not collapsegroupswhenaggreyating.
Instead the aggre@yateresultis simply appendedo the tu-
ple. Aggregatingin this mannerallows usto usea different
window for eachaggreatefunction thatis appliedto the
sequence.

The WindowAggregate operatoy w, allows a different
window to be definedfor eachtuplet of a sequencer. It
usesa selectionpredicatep(t), which canreferto thevalue
of theordinal attributein thecurrenttuplet to selectasub-
setof t's groupin R. Theresultof the WindowAggregate
operatorhasthe samegroupingsetand sequencindist as
its input, and containsonetuple perinput tuple. For each
inputtuplet, the outputcontainghetuple:

< t7 Agg (Trm (Ut.gZR.g/\p(t) (R))) >

whereAgg is anaggrejateoperator(e.g.,MIN, MAX, SUM,
COUNT AVG), z is anattributeof R, andg is thegrouping
attributesof R. 2 3

Usingourrunningexample w(R, true, MAX z) is:

2We notethatthe WindowAggregateoperatorcanbe definedusingthe
otheroperatorsbut will notdiscusghis further

3Thereis alsoa value-basedersionof WindowAggregatewherep(t)
is allowedto referenceahe sequencingttributes.

MAX(X)
C
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If weletT bethisresult,noticethatthe SQL query:

SELECT g, MAX( x)
FROM R
GROUP BY g

is equalto Distinct(my ar ax (2)(T))-

w is similar to, yetdistinctfrom, the ® operatordefined
by Chatziantonio@andRossin [1]. The® operatomwasalso
introducedo defineaggreyationwindows, althoughfor dif-
ferentmotivatingproblems We definedwv becausé allows
amorenaturaltreatmenbf SRQL.

As describedn Sectiond.3,SRQL currentlyrestrictsthe
useof w to ensuresfficient evaluation.We areinvestigating
waysto efficiently incorporateadditionalfunctionalityof w.

4. The SRQL Language

The SRQL languageenhancesSQL to supportqueries
that reflectsort order Using the operatorsdefinedin the
previoussectionwe cannow definethe syntaxandseman-
tics of SRQL. An implementationof SRQL is allowed to
executethequeryin ary manneraslong asthesemanticss
presered.

4.1. Shift Operators

SRQLallowstablesto beorderedn the FROM clauseso
thatwe canmatchtuplesof the sequencevith othertuples
atsomerelative or fixedoffsetin thesequenceThe SHIFT
functiontakesa (sequencefuplevariableandanoffsetand
providesaccesdo the sequencingttributesat that offset.
Similarly, the SHIFTALL function providesaccesgo all of
the attributes,not justthe sequencingttributes. For exam-
ple:

SELECT S.t, S.x, SHI FTALL(S,-1).x,
SHIFT(S, 1) . t
FROM R GROUP BY g SEQUENCE BY t as S

returnseachtuple of S matchedwith all of the z values
immediatelybeforethe tuple in S, andthe singlet value
thatoccursimmediatelyafterthetuple. If noz or¢ valueis



found,aNULL valueis used.If S doesnot have duplicate
(9,t) values thenonly onex valuewill occurimmediately
beforethetuple.

To evaluatequerieswith SHIFT andSHIFTALL, the off-
setsfrom all of the SHIFT callsfor asequencaregathered
into a set, andthe offsetsfrom the SHIFTALL calls are
gatherednto asetJ. Thedefinitionof thesequencés then
replacedwith callsto § and A onthatdefinition;theabove
gueryis equialentto the expression:

Tte,z—1,t41 (D=1} (07411 (¥t (R)))

SRQLhastwo specialvalues FIRSTandLAST, thatcan
be usedwith SHIFT and SHIFTALL to getfixed ordinals.
For example,SHIFTALL(S,LAST-3).x getsall x valuesas-
sociatedhefourthto lastordinal. The only typesof offsets
allowedare+i, FIRST+i, andLAST—i, wherei is aninte-
gerconstant.

4.2. Joining Sequences

Toillustratethe power of shifting, considetthefollowing
guery:For eachvolcanoeruptionwherethethe mostrecent
earthquak that was greaterthan 7.0 on the Richter scale,
whatwasthe nameof theearthquak?

Volcano Earthquak
time | name|| time | name| magnitude
3 vl 1 el 8
4 v2 2 e2 2
5 v3 5 e3 8
8 v4 6 e4 9
9 v5 7 e5 8

SELECT V. nane, E. nane
FROM Vol cano AS V,
Eart hquake SEQUENCE BY tine AS E
WHERE E.tinme <= V.tine
AND (SHIFT(E,1).time > V.tine
OR SH FT(E,1).tinme I'S NULL)
AND E. nmagni tude > 7

Theresultis:

V.name| E.name
v3 e3
v4 e5
v e5

Now considemsimilarquery:For eachearthquakthatwas
greatethan7.0ontheRichterscale whatwasthenext non-
concurrent/olcanoeruption?

SELECT V. nane, E.nane
FROM Vol cano SEQUENCE BY tinme AS V,

Eart hquake AS E

VWHERE V.time > E. tinme
AND (SHI FT(V,-1).tine <= E. tinme
OR SH FT(V,-1).time |I'S NULL)

AND E. magni tude > 7

Theresultis:
V.name| E.name
vl el
v4 e3
v4 e4
v4 e5

Sincewe expectthis type of sequencgoin to be com-
mon, we createdfour predicateoperatorsthat expressit
moresuccinctly A.s SUCCEEDSB.z meangoin a B tu-
ple with the A tuple (or tuplesif A hasduplicatesequence
values)having the minimumaA.s valuethatis greaterthan
B.z. A mustbe sequencedy s. Similarly, A.s PRE-
CEDESB:.z saysto join atupleof B with thetuple(s)of A
thathave themaximumvalueof A.s whichis lessthanB.z.
SUCCEEDS=andPRECEDES=allow A.s to be equalto
B.z. Usingthesepredicatestheabove querieshecome:

SELECT E. nane, V.tinme
FROM Vol cano AS V
Eart hquake SEQUENCE BY tine AS E
VWHERE E. time PRECEDES= V.tine
AND E. nagni tude > 7

SELECT E. nane, V.tinme
FROM Vol cano SEQUENCE BY time AS V,
Eart hquake AS E
WHERE V. time SUCCEEDS E.tine
AND E. nagni tude > 7

4.3. Aggregation

Moving aggreyation operatorsare usedfor calculating
anaggreatefunction (e.g.,average) repeatedlyon subsec-
tionsof asequencécalledwindows). For example,a 2-day
moving averageof expenseoveraweekwill produceallist
of values startingwith theaverageof expense®nMon and
Tue,followedby the averageof expensesn Tue andWed,
andsoon. The aggreyateis calculatedover thewindow as
thewindow slidesdown thesequence.

Moving aggr@atescanbe catejorizedasposition-based
or value-based. The position basedoperatorsignore the
actual distancebetweenthe sequencingvalues. For ex-
ample,a positionalwindow of (-3,0) includesthe records
correspondingto the three previous sequencevaluesin
the sequencelus the currentsequencevalue. The value-
basednoving aggreyatestake into accounthe actualvalue
of the position when calculating the window. Thus a



value window of (-3,0) would include only thoserecords
whosesequencingttributevaluefallswithin therange(cur
rentvalue-3, currentvalue).

Each of the normal aggreate functions (MAX, MIN,
SUM, COUNT AVG) canbe usedasa window aggreate
function. The window of aggreyationis specifiedin the
OVER clause. The offsetsto the OVER clausefollow the
samerulesasthe SHIFT operatoy and allow one or both
of the endsof the window to be fixed by using FIRST
or LAST The correspondingaluebasedwindows usethe
OVER VALUES clause. A moving aggreation with no
OVERCclauseis the sameasthe correspondinghormalag-
gregationoverthe entiresequencéi.e., the defaultwindow
is definedto beall tuplesin the samegroup).

Hereis anexamplethatillustrateshedifferencebetween
thetwo classe®f moving aggreyateoperators:

Example
num | vol
1 100
2 | 200
3 90
5 120
7 50
8 120

The positionalmaoving averageis given by the following
query:

SELECT num AVGE vol) OVER 0 TO 1
FROM Exanpl e
SEQUENCE BY num

Theequialentalgebraexpressioris:

W(¥ 1}, num (Ezample),
ord >=t.ord + 0\ ord <= t.ord + 1,
AVG, vol)

andresultsin:

m | AVG(vol)
150
145
105
85
85
120

0O~NUlIWN RS

Similarly, the value basedmoving averageis given by the
following query:

SELECT num

AVGE vol ) OVER VALUES 0 TO 1
FROM Exanpl e
SEQUENCE BY num

Theequialentalgebraexpressioris:

w(w{},num(Ez-ample);
num >= t.num + 0 A num <= t.num + 1,
AVG, vol)

andresultsin:

m | AVG(vol)
150
145
90
120
85
120

oO~NOTWN RS

Considetherecordat position3 of theinputsequenceThe
positionbasedmoving averagelooks aheadonestepin the
givensequencéat therecordat position5) to calculatethe
averageof 90 and 120. However, the value basedmoving
averagelooks aheadone positionin the domainof the se-
guencingattributeto calculateheaverageof thevaluescor-
respondingo positions3 and4 which is just 90, because
recordscorrespondingo non-&istentpositionsarenotcon-
sideredn theaggreation.

Note thatwe have definedaggreationon a sequencéo
always producethe samenumberof tuplesasthe original
sequence.In otherwords, sequenceggregatesonly add
attributesto the sequenceandthe entireoriginal tuple can
beplacedin the SELECTclause.

4.3.1. Aggregateson Composite Sequences

GROUPBY andSEQJENCEBY maybe combinedto cre-
ate a compositesequencavhich may be thoughtof asa
setof sequencesConsiderthe following examplerelation
Sales(poduct,batc, volume)andsupposeve needto find
the 2-batchmoving averageof volumessoldfor eachprod-
uct. Thismaybeexpressedn SRQLas:

SELECT product, batch,
AVE vol une) OVER 0 TO 1
FROM Sal es
GROUP BY pr oduct
SEQUENCE BY bat ch

Theequialentalgebraexpressioris:

w(\]?product,batch(sales),
(ord >= t.ord 4+ 0) A (ord <= t.ord + 1),
AVG, volume)

andresultsin:



product | batch| volume || AVG(volume)
bolts 1 10 15
bolts 2 20 55
bolts 5 90 90
nails 43 50 75
nails 44 100 80
nails 45 60 60
tacks 24 100 90
tacks 25 80 70
tacks 26 60 50
tacks 27 40 40

Clearlytheboltshave donewell with eachsuccessie batch
while tackshavelosttheirground,andthepicturewith nails
is notsoclear!

4.3.2. Variants of Aggregation

Anothervariantof the aggreyateoperationds cumulative
functions. Thesecalculate“running” sums,averagesetc.
over the entire sequence Cumulatie functionsare speci-
fied usingthe CUMULATIVE keyword aheadbf the appro-
priateaggreyationfunction. WhenCUMULATIVE is speci-
fiedwith GROUP BY, thefunctiononly accumulatesvithin
eachpatrtition.

Cumulatve aggreyatesntroduceanumberof interesting
syntacticshort-cuts:

1. CUMULATIVE is an just an abbreviation for OVER
FIRSTTO 0, andtraditional(non-maoving) aggreyates
areequialentto OVERFIRSTTO LAST

2. We defineRANK()asCUMULATIVE COUNT (*).

3. We definePERCENTILE(asRANK()/ COUNT(*) *
100.

4. We defineQUARTILE()as[PERCENTILE()25].

4.3.3. A Note on Duplicates

Sincea sequencas just a sortedrelation, duplicatesstill
needto behandled.Eachpositionin thesequencés treated
asa setof oneor morerecords. All operationsdescribed
above hold in the presencef duplicates.Hencea window
of (0,0) is well definedfor all moving aggreates;it is es-
sentiallya window on the setof valuesfor eachposition.
For example,"COUNT(*) OVERO TO 0" givesa countof
thenumberof duplicatedor eachpositionin thesequence.

4.3.4. WITH, WHERE, and HAVING

Weintroduceanew clausetheWITH clause andextendthe
HAVING clauseto dealwith sequencesThe WITH clause
specifiegheselectiorconditionto beappliedto eachrecord

within a windowbeforethe aggreyationis done. Whenus-
ing positionbasedaggrayates.this is differentfrom spec-
ifying a selectionconditionin the WHERECclause: If the
selectionconditionis specifiedin the WHEREclause then
certainrecordsmay be eliminatedand hencethe window
for the neighboringrecordswould change.Whenwe need
thewindow to cover the original setof recordsandthe se-
lectionto beappliedwithin thiswindow the WITH clauses
required.

Thefollowing exampleillustrateshedifferencebetween
WITH andWHERE Considerthe sequencé&ales(dayvol-
ume profits) and supposeve needto find the 2-day mov-
ing averageof the profits madesuchthat only the salesof
volumegreaterthan100 are significant(the restshouldbe
omittedfrom the aggreyation):

SELECT day,
FROM Sal es
SEQUENCE BY day

W TH vol une > 100

AV@ profits) OVER 0 TO 1

Theequialentalgebraexpressioris:

w(¥ ), day(Sales),
(ord >= t.ord + 0) A (ord <= t.ord + 1)
A (volume > 100), AVG, profits)

day | volume | profits || AVG(profits)
Monl 100 10 20
Tuel 200 20 20
Wed1 90 30 40

Fril 110 40 40
Mon2 50 10 20
Tue2 120 20 20

Supposewe replacethe WITH clausein the above query
with asimilar WHEREclause:

SELECT day,
FROM Sal es
VWHERE vol ume > 100
SEQUENCE BY day

AV@ profits) OVER 0 TO 1

This changeghe window of aggreationand hencethe
result,shovn below, correspond$o the query: For all days
with volumegreaterthan 100, find the 2-daymoving aver
ageof the profitsmade.

day | volume | profits | AVG(profits)
Tuel| 200 20 30

Fril 110 40 30
Tue2| 120 20 20

Next, we considerthe HAVING clause.Justasin SQL,
predicatesn the HAVING clauseareevaluatedafteraggre-
gationis complete,andare appliedto the table computed



usingthe grouping,sequencingnd aggrejationsteps. Of
courseunlike SQL, theremay be sereral tuplesper group
if the SEQJENCEBY clauseis used. Let us replacethe
WITH clausefrom above with a similar HAVING clause:

SELECT day, AVE profits) OVER 0 TO 1
FROM Sal es

SEQUENCE BY day

HAVI NG vol une > 100

Now the window of aggreationis the sameasin the
first query but all tuplesareincludedin the moving aver-
age,andthosetuplesthathave volume < 100areremoved
afteraggreyation. This correspondso the query: Find the
2-daymoving averageof the profits madeandreportthose
thathadvolume > 100. Notethatjustlike in SQL, aggre-
gatefunctions,whethemoving or not,canbe placedin the
HAVING clausebut notthe WHERECclause.

day | volume | profits | AVG(profits)
Tuel| 200 20 25

Fril 110 40 25
Tue2| 120 20 20

4.4. Summary of Evaluation

In generala SRQL queryblock lookslik e this:

SELECT <expr list>

FROM <t abl e/ sequence |ist>
WHERE <pr edi cat e>

GROUP BY <expr list>
SEQUENCE BY <expr list>

W TH <pr edi cat e>

HAVI NG <pr edi cat e>

ORDER BY <expr |ist>

andtheorderof evaluationis:
1. SHIFTandSHIFTALL aremovedto theFROM clause.

2. All expressionsn the FROM clauseareevaluated;n-
cludingsequencin@ndshifting.

3. If thereis no SEQJENCEBY clausethenproceedas
in SQL; otherwisecontinue.

4. Take the cross-producof all the tablesin the FROM
clause.

5. TheWHEREclauseis evaluated.

6. TheGROUPBY andSEQJENCEBY clausesareused
to defineasequence.

7. For eachtuple (and each aggreyate), a window is
formedusingthe GROUPBY, SEQJENCEBY, OVER
OVERVALUES andWITH clausesThenthewindow
is aggreated.

8. TheHAVING clauses evaluated.

5. Performance of SRQL

In this sectionwe presentheresultsof ourimplementa-
tion of SRQL,whichis still anongoingeffort. Theguiding
principle behindthe designof SRQLwasthatthelanguage
mustbe implementablevith minimal extensiongo a stan-
dardrelationalDBMS at both the query optimizationand
gueryevaluationlevels.

The resultswe presenthereare illustrative of SRQLSs
capabilitiesratherthanathoroughperformancevaluation.
In particular we do not provide acomparisorof ourimple-
mentationwith other systemssuchas RISQL, but merely
aim to illustrate that our proposedanguageextensionsin
SRQL may be efficiently implemented.In mostcasesthe
costof the queryis dominatedby the costof scanningor
sortingtherelation. Theoptimizerusescataloginformation
(or otherinformationfrom its executionplan)to determine
whetherthe relationis alreadysorted,whetherthereis an
index on the sequencingttribute, or whetherthe relation
needdo besorted.

Many moving aggreyatescan be computedincremen-
tally usinga small cacheof tuples. Considerthe following
qguerywith awindow of sizethree:

SELECT age, AV salary) OVER 0 TO 2
FROM EMPLOYEE
SEQUENCE BY age

Initially, tuples covering three distinct valuesin the se-
guencindfield arescannedn andaddedo thecachgwhich
is essentiallya queue). The averageof the tuplesin the
cacheis calculatedandoutputalongwith the first value of
the sequencingattribute. Next, the window is slid down
by onevalue: all tuplesof the next valuearereadinto the
cacheandall tuplesof thefirst valuein thecachearethrown
out.

To demonstratéhatmoving aggrejatescanbeefficiently
computedusingthis cachingtechnique we timed the exe-
cutionof anumberof queries.Eachof thequeriesareposed
on the relation“Salesthat hasthreerelevantfields (batch:
Integer, price: Integer, date: Date) andsevenintegerfields
thatarenot referencedn the queries.We considerthe fol-
lowing queries:

Scan: SELECT * FROM Sal es
Projection: SELECT price FROM Sal es

Selection 1.
SELECT * FROM Sal es
VHERE price > 100

Sort:
SELECT * FROM Sal es
ORDER BY price



Aqggregate:
SELECT AV price) FROM Sal es

Multiple Aggr egate:
SELECT AVE price), SUM cost)
FROM Sal es

Grouping:
SELECT batch, SUM price)
FROM Sal es GROUP BY bat ch

Moving Aggregate:
SELECT bat ch,
SUM price) OVER 0 TO 2
FROM Sal es SEQUENCE BY batch

Multiple M oving Aggr egates:
SELECT bat ch,
SUM price) OVER 0 TO 2,
AV@ cost) OVER 0 TO 2
FROM Sal es SEQUENCE BY batch

Composite Sequence:
SELECT batch, date,
AVE price) OVER 0 TO 2
FROM Sal es
GROUP BY bat ch SEQUENCE BY dat e

Duplicate Count:
SELECT bat ch,
COUNT(cost) OVER O TO O
FROM Sal es SEQUENCE BY batch

Selection 2:
SELECT batch, SUMprice) OVER 0 TO 2
FROM Sal es WHERE price > 100
SEQUENCE BY bat ch

Thesequerieswere run againstthreetablesof sizes1MB,
10MB and 100MB (40,000 tuples, 400,000tuples, and
4,000,000tuplesrespectiely). We allocatedmemoryfor
100,000tuplesduring the in-memorysorting phaseof the
externalsort. Selectvity of the predicateprice > 100 is
1/20. All thefields of the relationSalesareuniformly dis-
tributed with 20 duplicatevaluesfor eachattribute. The
resultsof our experimentsareshown in the following table
(all valuesarein seconds).

Query 1MB | 10MB | 100MB
Scan 1.05| 8.86| 79.58
Projection 0.81 6.65| 68.95
Selectionl 094| 7.31| 69.05
Sort 3.70| 31.98| 318.65
Aggregate 0.93 6.83 71.16
Multiple Aggregate 0.74 6.98| 71.60
Grouping 1.65 6.99| 7232
Moving Aggregate 0.84| 8.70| 8222
Mult. Moving Aggregate| 0.94| 9.18| 92.87
CompositeSequence 1.25| 11.02| 110.26
DuplicateCount 0.99 7.41| 74.30
Selectior2 0.87| 6.84| 70.58

Fromtheseresults,the following key obsenationsmay be
made:

e The smalleroutputsize of a projectionmakesit cost
lessthana scan. For the samereasongroupingtakes
lesstime thana sort.

e Thecostof moving aggreatess just the costof sort-
ing andscanningwithout the overheadof writing the
entirerelationout. If thetableis storedin sortedorder,
thesortingphasamay be omitted,whichis thecasen
our experiments.

e Calculatingmultiple (moving) aggreatesin the same
guerydoesnot have a significanteffect on the perfor
mancesincethey are evaluatedduring the samepass
overthesequence.

o Compositesequencesnay be evaluatedat a slightly
higher cost than grouping. Once the relation is
groupedthe moving aggraeyatefor eachgroupis com-
putedin asinglepassovertherelation.

e Our implementationexhibits scalable performance
across largerangeof datasetsizes.

e Asonemightexpect,pushingdown selectionsgs ause-
ful stratgy for sequenceueriegoo.

Thesenumbersarenotintendedo bea comprehensie per
formanceevaluation of SRQL. Rather they demonstrate
thatSRQLis implementedn anefficientandscalableman-
ner, and shawv that query costis comparableo the costs
of scanningand sorting for the (broadclassof) sequence
guerieswherewe would expectthis to bethe case.We ex-
pectthe behavior of theremainingSRQL operatorghatwe
have not presentedesultsfor (in particular queriesnvolv-
ing joins) to follow the samepattern.For moredetailedex-
perimentakesultswe referyouto therelatedwork on SEQ
presentedh [9].



6. Related Work

Object-relational(O-R) systemshandle sequencedy
consideringhemasanotherADT. Sequencearestoredas
objectsin the databaseand methodsare provided for per
forming operationson sequencesWhile this approachs
attractve for providing extensibility, the treatmentof se-
guencesn this fashionmay not be optimal. In particular
sinceeachinvocationof a methodfor the sequenc@&DT is
typically executedindependenthyof othermethodsgcertain
gueriesrequiringinteractionof thesemethodsmay not be
optimized. This point was experimentallydemonstrateth
the SEQsystem9].

SEQ extendedthe ADT approachof O-R systemsby
treatingthe sequencdype as an enhancedADT (EADT)
with its own queryoptimizerand evaluator This allowed
the SEQ optimizer to considerinteractionsof different
methodgandpropertiesuchasassociatiity andcommuta-
tivity of sequenceperatorsyvhenfinding anoptimalplan.

SRQLis basedntheSEQsystemsquerylanguagéSE-
QUIN). However, unlike SEQ,which dealswith arbitrary
EADTs,SRQLconsider®nly relationsandsequencesthe
motivationfor thedesignof SRQLIis to identify simplelan-
guageextensiongo SQL that cansupportquerieson mix-
tures of sequencesnd relations,and that can be imple-
mentedwith minimal extensiondo corventionaRDBMSs.

RedBrick System$ RISQL (RedBrick IntelligentSQL)
hasan approachsimilar to our own in extendingSQL to
handlesequencelata. However, basedon the limited in-
formation availableto us#, SRQL is overall a richer lan-
guageand our approachto optimizationis more compre-
hensve. On the otherhand,RISQL containsa large num-
ber of statisticalfunctionsfor businessapplicationswhich
arepresentlijackingin SRQL.In particular RISQL seems
to focus on extending SQL to handlemore easily certain
gueriesarisingin businessdatabasesvhereasSRQL does
not make arny suchassumptioraboutthe domainof the ap-
plication.

TSQL [10Q] is an extensionof SQL to handletemporal
databasesWhile our work on sequencess applicableto
temporalsequencesye have not directly addresseissues
of temporality

7. Conclusion

We have presentedan approachto handling sequence
gueriesby consideringa sortedrelationasa sequencand
extendingSQL with featuresto exploit the sortorder We
have shavn that it is possibleto expressa large classof
sequencejueriesvery naturally using SRQL. Moreover,

4Thereis nopublisheddescriptiorof RISQL,andour knowledgeof the
languagds basedn the white paperon RedBrick’'s homepageqd7], and
ondiscussionsvith Donovan Schneideat RedBrick.

we have demonstratedhat it is possibleto evaluatethese
gueriesvery efficiently with afew simpleextensiongo the
standardrelationalquery optimizerand evaluationengine.
Theperformanceaumbergresentedh this paperarebased
uponanimplementatiorof SRQLin theDEVisesystenbe-
ing developedat UW-Madison.
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A. Motivation Queries Expressed in SRQL

1. Find the leadingweekly moving averageof the Dow
Joneslindustrial Average, given a table DJIA(date

close)
SELECT date, AVE close) OVER 0 TO 6
FROM DJI A

SEQUENCE BY date

2. Find the trailing weekly moving average(i.e., the av-
eragefor the pastweek,for eachdate)for eachstock,
givenatableStods(date symbolclose) Orderthere-
sultingsequenceby stockname date.(Theresultcan
bethoughtof asarelationwith fieldssymboldate av-
erage, sortedon the compositekey (symbol date))



SELECT synbol , date,
AV@ cl ose) OVER -6 TO O
FROM St ocks
GROUP BY synbol
SEQUENCE BY dat e
ORDER BY synbol, date

. Foreachdayin '97, find thetencheapesstocks.

SELECT synbol, date, RANK()
FROM St ocks

GROUP BY dat e SEQUENCE BY cl ose
HAVI NG RANK() <= 10

. Foreachdayin '97, find thetenmostexpensve stocks.

SELECT synbol, date, RANK()
FROM St ocks

GROUP BY dat e SEQUENCE BY cl ose
HAVI NG RANK() > LAST() - 10

. Computethe percentchangeof each stock during
1997,andthenfind stocksthatwerein the top 5%.

CREATE VI EW Change AS
SELECT S. synbol ,
SHI FTALL(S, LAST) . change /
SHI FTALL(S, FI RST) . change - 1
as pct_change
FROM ( SELECT * FROM St ocks
WHERE year (date) = 1997)
GROUP BY synbol
SEQUENCE BY date AS S
VWHERE ORDI NAL(S) = FIRST(S);

SELECT synbol , PERCENTI LE() as pct
FROM Change

SEQUENCE BY pct _change

HAVI NG pct < 5;

. Find the of datesof stockswherethe leadingweekly
averageis greaterthan 1.2 timesthe trailing weekly
averagegiventhe Stockstable.

SELECT symbol , date

FROM St ocks

GROUP BY synbol SEQUENCE BY dat e

HAVI NG AVGE cl ose) OVER 0 TO 6 >
1.2 * AVG(close) OVER -6 TO O

. For eachweek, find the stockin which a given cus-
tomer(sayJoe)hadthe mostinvested.In additionto
the Stockstable,atableTrans(customesymbol date
shaes)recordsthe changein sharesfor a given cus-
tomer symbol,anddate.

CREATE VI EW Shares AS

SELECT custoner, synbol, date
CUMULATI VE SUM shares) AS shares

FROM Tr ans

GROUP BY custoner, synbol

SEQUENCE BY dat €;

CREATE VI EW I nvested AS
SELECT C. custoner, C synbol, C. date
C.shares * S.close as val ue
FROM Shar es SEQUENCE BY date AS C,
Stocks AS S
VWHERE C. dat e PRECEDES= S. dat €;

SELECT WEEK(date), synbol, value
FROM | nvest ed

WHERE cust oner = "Joe"

GROUP BY WEEK(date) SEQUENCE BY NULL
HAVI NG val ue = MAX(val ue);



