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Abstract

Tempoal joins are importantbut very costlyopemations.
While a tempoal join can involve the whole time (and/or
key) domain,we considerthe more geneial casewheie the
join is definedby sometime-ley rectanglefrom the whole
space(i.e., whenthe useris interestedin joining portions
of the —usuallylarge—tempoal data). In the mostrestric-
tive join, objects(within this rectangle)are joinedtogether
basedon key equalityandinterval intersection This paper
concentateson semi-restrictie joins, i.e., wheneitherthe
key equality (equi-join) or the interval intersection(time-
join) predicatesare used.Giventhelarge relationscreated
bytheeverincreasingtimedimensionyweassumehat eath
tempoal relation is indexed and examineefficientwaysto
processsemi-estrictivetempoal joins. Utilizing an index
is helpful sinceit directsthe join towards the objectsthat
are within the time-lkey rectangle A straightforwad ap-
proach is to performan unsynchronizegoin. Anindex se-
lection queryon ead relation identifiesall objectswithin
the time-ley rectanglewhich are then joined. Although
simple this approad ignoresthe data distribution in the
other relation. Instead,in a synchronizedoin, both in-

dicesare concurently traverised as the join is computed.

Syntironizedsemi-estrictivejoin algorithmscan be per-
formedutilizing traditionalindiceslike B+-treesor R-trees.
Thedrawbad of thisapproadis thattraditionalindicesdo
not achieve goodtempoal dataclustering Bettercluster
ing is achievedby tempoal indicesthroughrecoid copying
Neverthelessrecod copiescan greatly affect the correct-
nessand effectivenes®f join performance In this paper
we introducecorrect and efficient algorithmsfor perform-
ing semi-estrictivetempoal joins usingtempoal indices.
Anextensiveexperimentacomparisorshowshatthe newly
proposedalgorithmshavethe bestperformance While the
paperconcentateson usingthe Multiversion B+-tree our
algorithmsapply equallyto other efiicienttree-basedem-
poral indices.

*This work was partially supportedby NSF (11IS-9907477, EIA-
9983445)andthe Departmenbf Defense.

1 Intr oduction

A temporalrecordhasa key, someattributesandatime
interval during which the recordis valid. Temporaljoin
predicatesnay involve the key and/ortime space49]. Ex-
amplesinclude the T-Join (join two recordsif their inter-
valsintersect)the E-Join (join two recordsin theirkeysare
equal),andthe TE-Jin (keys areequalandintervalsinter-
sect).

Dueto large volumeof temporaldata,a usermaybein-
terestedin a portion ratherthan the whole time-key data
space. This portion is typically retrievable via a range-
interval selectiomuery. “find all recordswith keysin range
r and whoseintervals intersectinterval :". By intergrat-
ing therange-interal selectionconditioninto thejoin pred-
icate, we get the generl T-Join, E-Join and TE-Join (in
short,GT-, GE-andGTE-Joins) Notethatthe plain T-Join,
E-Joinand TE-Joinare then specialcasesvhenthe query
ranger is the whole key spaceandthe queryintenal i is
thewholetime space.

Temporaljoin researchhasfocusedon non-indeedal-
gorithmsfor plainjoins[9, 15, 18, 23, 19, 20, 26] andtyp-
ically involvesa sequentiakcanof both relations. This is
prohibitive for generaltemporaljoins. Instead,an index-
ing schemds beneficialsinceit canquickly directthejoin
towardsthe objectsof interest. With an index presentin
eachjoined relation, a straightforward approachis to per
form unsyntironizedjoins. Eachindex is first usedto iden-
tify the objectsof the relationthatis within the queryrect-
angle. Theretrieved objectsarethenjoined (usingexisting
algorithmsfor plain temporaljoins). A drawvbackof this
approachis thateachselectionis performedndependently
ignoring the dataselectvity of the otherrelation. Instead,
in asyndironizedjoin, the selectionandthejoin phasesre
integrated. Both indicesare traversedconcurrently taking
adwantageof the join selectvities andthusleadingto more
robustperformanceFor example,a synchronizedraversal
algorithmcanquickly identify thatno pairof recordsshould
bereported(if for exampleno recordfrom thefirst relation
qualifies)thusfinishingthejoin fast.

When consideringthe index usedon eachtemporalre-



lation, variouspossibilitiesexist. One approachis to use
traditionalindiceslike B+-treesand R-trees[5]. Suchin-
dicesare widely implementedand lead to straightforvward
synchronizedoins. However, suchjoins suffer from the
ineffectivenessof the B+-tree and (to a lesserextent) the
R-tree on clusteringtemporaldata. Temporaldatais in-
herently multidimensionalhaving typically long intervals
on the time dimension. Even the R-tree (andits mostef-
ficientvariation,the R*-tree [5]) areknown to be problem-
atic in clusteringlong intervals[12, 24]. Betterclustering
is achieved by temporalaccesamethodsthat createmary
copiesfor recordswith long time intenals [17, 3]. This
leadsto fastprocessingf range-interal selectionqueries,
but recordcopiescangreatlyaffect join processindfor ex-
ample,duplicatejoin results).

In [27], we have proposedefficient synchronizedoin al-
gorithmsthatutilize temporaindicesfor the GTE-Join(i.e.,
whenboththe key-equalityandinterval-intersectiorcondi-
tionsareapplied).As afollow-upto thatwork, in this paper
we addresghe semi-estrictiveGT-Joinand GE-Join. That
is, we look at temporaljoins when eitherthe key-equality
(GE-join) or the interval-intersection(GT-join) predicates
are used. Due to the inherentdifferenceamongthe join
conditionsof the threeproblems the GTE-Joinalgorithms
proposedn [27], eitherdonotapplyor needto be modified
soasto solve the GT- andGE-join problems.In the restof
thepaperwe usethe MultiversionB+-tree(MVBT) [3] asa
temporalindex. However, the proposedalgorithmscanbe
appliedto otherefficienttemporalaccessnethodq17, 25].

Themaincontributionsof this paperaresummarizede-
low:

e We proposesynchronizedtemporalindex basedjoin
algorithmsfor the GT-Join and GE-Join. Top-down
andsidavaystraversalalgorithmsarepresented.

e \We examine other approachesincluding the unsyn-
chronizedapproachthe B+-treeandR-treebasedsyn-
chronizedapproachesandan approactbasedon spa-
tial partitioning (using the TP-Index [21]). Results
from anextensve experimentakvaluationarealsopre-
sented.

Our experimentalstudy shows that the sidevays, link-
basedsynchronizedraversalis the mostrobustamongthe
examinedmethods.Dependingon the join characteristics,
othermethodsanbe competitve andshouldbe considered
by atemporaldatabas®ptimizer Therestof this paperis
organizedas follows. Section2 formally definesthe join
problemsthatwe address.Section3 reviews relatedwork.
Section4 proposeslgorithmsfor the GT-Join, while sec-
tion 5 addressethe GE-Join. Section6 shavs the experi-
mentalresultsover all comparedapproachesvhile section
7 concludeghe paper

2 Problem Definition

In the following, a key ranger is specifiedby its r.low
andr.high keys while atime interval i is describedoy its
i.start andi.end time instants. A rangeand an interval
createarectangle in the 2-dimensionakey-time space A
recordcontainsa key, atime interval andvariousattributes
thatmay changeover time. We assumehe First Temporal
Normal Form [22] which impliesthatno two recordsexist
in a given temporalrelation that have equalkeys andin-
tersectingntervals. A recordwith time interval ¢ is called
alive for all time instantsin . Moreover, we assumehe
transaction-timemodel[11] which implies that recordup-
datesarrivein increasingime order Whena datarecordis
insertedn arelationattime ¢, theendtime of its interval is
yetunknown andis thusinitiatedto now (a variablerepre-
sentingthe ever increasingcurrenttime). Recorddeletions
arelogical, i.e., recordsare marked as deletedand are re-
tainedin therelation. Hence,if arecordis deleted,ts end
time is changedrom now to its deletiontime. An attribute
updateto recordwith key k attimet is treatedby a(logical)
deletionof the old recordat ¢ andthe subsequeninsertion
of anew record-with key k, but updatedattributes—andan
interval startingatt.

Thetemporajoins examinedn this paperaredefinedas:

1. Geneal T-Join (GT-Join): giventemporalrelationsX,
Y, key rangesry, r2, andtime intenval 4, find all (x, y)
wherex € X andy € Y suchthat: (1) z.key € r1 and
z.interval intersects; (2) y.key € ro andzx.interval
intersectd; and(3) z.interval intersecty.interval.

2. Geneal E-Join (GE-Jin): given temporalrelations
X, Y, key ranger, and time intervals iy, i, find
all (z,y) wherex € X andy € Y suchthat: (1)
z.key € r andzx.interval intersectgy; (2) y.key € r
andz.interval intersects,; and(3) z.key = y.key.

Note thatin general the key ranges(respectiely, time
intervals) restrictingeachof the two relationsin the GT-
Join (respectiely, GE-Join)canbe different. An example
GT-Join queryis: “find employeesvhoselast namesstart
with ‘B’ and who co-worled during 1995with the employ-
eeswhoselast namesstart with ‘S’ ”. An example GE-
Joinqueryis: “findthe 1998I1BM employeesvhowere UC
Riversidestudentsn 1995”.

3 RelatedWork

In our previous work [27], we proposedsynchronized
join algorithmsbasedon temporalindicesfor the General
TE-Join: giventemporalrelationsX, Y, key ranger, and
timeinterval i, find all (z,vy) wherez € X andy € Y such
that: (1) z.key € r andz.interval intersects; (2) y.key €



r andz.interval intersects; and(3) z.key = y.key and
z.interval intersecty.interval. Exceptfor [27], research
on temporaljoins hasfocusedon non-indexed algorithms.
[18] assumedhatthe smallerrelationfits in memoryand
proposedseren nested-loog(plain) T-Join algorithms. [9]
provided sort-mege (plain) T-Joinand TE-Joinalgorithms
whenoneor bothrelationsaresorted.[15] assumedhatthe
relationsare sortedon the starttime of the recordintervals
and discussechow to merge themin a stream-pocessing
manner Eachiteration of the algorithm readsin buffer
onerecordwhosestarttime is the smallesamongnon-read
records.Thisrecordis joinedwith thein-buffer recordsand
thein-bufferrecordsvhichwill notjoin with furtherrecords
areremoved.[19] alsoassumedherelationsaresortedand
discussedhow to mergethem.

Besideghenested-loomndsort-megetemporaljoin al-
gorithms, partition-basedalgorithmshave also beenpro-
posed. In staticpartitioning[26], a recordis copiedto all
partitionsthat intersectits interval. A partition of records
in onerelationneeddo join with onepartition of the other
relation. In dynamicpartitioning[23], arecordis assigned
only to one partition (the last partition that intersectsthe
records interval). After a pair of partitionsis joined, the
recordsthatmay possiblyjoin with somerecordsin theun-
processeg@artitionsareretainedn thejoin buffer. [20] used
thisdynamicpartitioningalgorithmwhile utilizing the Time
Index[7] to determingheexactpartitioningintervalssothat
eachpartitionfits in memory [16] proposed (plain) T-Join
algorithmbasedon spatialpartitioning. Herearecordsin-
terval i is mappedo a point (i.start, i.end - i.start) in a
two-dimensionaspace Thesepointsarethenindexedby an
R-treelike method(the TP-Index [21]) which partitionsthe
space.However, a partitionin onerelationmay be joined
with mary partitionsin the otherrelation.

Whenan R-treeis usedasanindex, atemporaljoin can
beconsideredsa specialcaseof aspatialjoin. [4] presents
adepth-firstwhile [10] proposesbreath-firssynchronized
R-treejoin algorithm. [8] proposedoin algorithmsbased
on Geneaslization Trees [2] developeda plane-sweeping
algorithmthatunifiesthe index-basedandnon-inde based
approaches.The plane-sweepinghaseof the algorithm
needsto read recordsfrom the joining relationsin non-
decreasingorder regarding one dimension(and then the
streamprocessingof [15] can be applied). For the non-
indexed ervironment,aninitial sortingis sufficient. When
theR-treeindex exists, it is exploitedto directly extractthe
datain sortedorderaccordingto the plane-sweeglirection.
This algorithmis an extensionto the scalable sweeping-
basedspatialjoin (SSSJ]1] to the caseof indexedinputs.

4 Synchronized GT-Join Algorithms
4.1 GT-Join basedon Traditional Indices

A one-dimensionaindex like the B+-tree, clustersdata
primarily on a single attribute. Considerfirst a B+-tree
that clusterson the interval start time. Becauseof the
transaction-timeervironment, recordsare insertedin in-
creasingime order;thussuchanindex caneasilytake ad-
vantageof sequentiall/O. However, this schemewill be
clearlyinefficientfor the GT-Join. Givena queryinterval i,
arecordrec mayintersecti aslong asrec.start < i.end.
To answera GT-Joinquerywe have to scanthe B+-treefor
all suchrecords,althoughmostof themdo not intersect:
(sincethey arecompletelyto the left of ). Clusteringpri-
marily onrecordend timesis similarly inefficient.

Alternatively, we can utilize a B+-tree which clusters
by keys. Neverthelesssynchronizedoin algorithmis not
possiblein this case. Besidesthe range-interal selection
guery, thejoin conditionof the GT-Joinonly specifiesthat
the joining recordsmusthave intersectingintenals. Since
the B+-treesdo not clusterrecordson time attributes,the
range-interal selectiomquerywill give un-sortecbutput(in
the sensethat the selectionresultis not clusteredby time
attribute, either). This implies finding the recordsfirst and
thenjoin themin a separatg@hasgasin anunsynchronized
approach).

With a multidimensionalindex like the R-tree,records
are clusteredby both key andtime. Thena temporaljoin
can be addresseds a specialcaseof a spatialjoin. The
depth-first[4] and breath-first{10] R-treejoin algorithms
follow the SyntronizedTree Traversal (STT)scheme Ini-
tially the pair of root nodesis pushedinto the stack. To
processa pair of nodesthatis poppedirom the stack,every
recordin the first nodeis joined with every recordin the
seconchode(if they satisfya givencondition). Eventually
attheleaflevel, recordsn leafnodesarejoined. TheR-tree
join algorithmscanbe usedto solve the GT-Join, with the
following modifications:

e Theoriginal algorithms[4, 10] join two completeR-
trees.In our case we areinterestedn recordswithin
the queryrectangledefinedby ranger andinterval i.
Thuswhenever a pageis examined,only recordsthat
intersecthe queryrectangleareconsidered.

e We modify the condition for two tree nodesto join
with eachother The original R-treejoin algorithms
join two nodesaslong asthey intersectwith the goal
to eventually find pairs of leaf recordswhich inter-
sectwith eachother In our GT-Join case,we want
to find pairsof recordswhoseintervalsintersectithus
at higherlevels of the tree,we join two nodesaslong



asthey intersectin the time dimension,regardlessof
whetherthey intersectn thekey dimension.

The disadwantageof the R*-tree basedapproachegm-
anatesfrom their difficulty in storing the typically long
time-intenals. Suchintervals tendto increasethe size of
theirboundingrectanglesvhichintroducesverlappingand
in turn affectsthejoin performance.

4.2 GT-Join using Temporal Indices

Temporalindiceslikethe MVBT [3] achieve betterclus-
tering by introducingrecordcopies:long intervalsarebro-
ken into smaller onesthat are storedin multiple places.
Thusspecialcareis neededor the range-interal selection
query algorithmto avoid duplicates,i.e. reportingmulti-
ple copiesof the samerecord. [6] proposedtwo range-
interval selectionqueryalgorithms,a top-dovn anda side-
ways (link-based)one. We also presenta variation of the
link-basedapproachthe plane-sweeplgorithm.

4.2.1 Top-Down GT-Join

The ideaof the top-davn GT-Join algorithmusing MVBT
is to performthe depth-firstrange-interal selectionquery
on both MVBTs synchronously Note thatan MVBT can
be viewed as a forest of orderedtrees. The root node of
eachtreecorrespondso atime interval, wherefor ary root
noden; exceptthelastone,n;.end = n;1.start. Formore
detailsof the MVBT, we referto [3]. To join two relations
indexedby MVBTS, we join every pair of root nodes,one
from eachMVBT, whosetime intervalsinterseceachother
andintersectthe queryinterval <. To join eachsuchpairs
(n1,n2), we performSTT of thetwo treesrootedby n, and
no. Herethe conditionfor two pagesto join is that their
intervalsshouldintersect.

Similar to the above depth-firstjoin algorithm, we can
have a breadth-firsjoin algorithm,whichfinishesonelevel
of the MVBT beforegoing to the next level. Thesetwo
algorithmsare similar to the top-down algorithmsfor the
GTE-Join[27] (with theexceptionof thedifferentjoin con-
dition) and are omitted. Furthermore both the balancing
conditionoptimizationand the virtual heightoptimization
proposedherecanbeapplied.

4.2.2 Link-based GT-Join

Thelink-basedrange-interal selectioralgorithmof [6] uti-
lizes the conceptof predecess@& Eachleaf pageof the
MVBT correspondso a rectanglein the two-dimensional
key-time spaceif for two pagesA and B, their key ranges
overlapand A is right before B in the space(i.e. theend
of A’stime interval is equalto the start of B’s intenal),
thenA is apredecessoof B. Thelink-basedrange-interal

selectioralgorithmfirst findstheleaf pageswhichintersect
theright borderof the queryrectangleandthenfollows the
predecessdinks to find the otherleaf pageshatintersect
the queryrectangle. Oncetheseleaf pagesare identified,
thetaskto selectrecordsfrom themis trivial.

We proposea new link-basedalgorithmfor the GT-Join.
Thisis asimplersolutionthanthelink-basedapproactused
for the GTE-Join[27]. Theideaof the algorithmis to per
form the link-basedselectionalgorithm synchronouslyon
the two MVBTSs. First, it finds pairs of datapages: (1)
whoserectanglesntersectheright borderof thequeryrect-
angle; and (2) whoseintervals intersecteachother Then
it follows predecessarecordssynchronousliyto find other
pairsof datapagedntersectingwvith the queryrectangleand
whoseintenals intersect. To follow predecessorecords
synchronouslythe following proceduresare utilized: to
choosea pair of datapagedo join, usea priority queueto
chooseahe onewhoseend timeis thelatest.While a pair of
datapagesareexamined,if their start timesaredifferent,
the pagewith the smallerstart timeis joinedwith the pre-
decessorsf the otherpage;if their start timesareequal,
the predecessorsf onepagearejoinedwith the predeces-
sorsof theother

4.2.3 PlaneSweepGT-Join

The plane-sweejpin algorithmis similar to the link-based
join algorithmin that it also startswith finding the data
pagesintersectingwith the right borderof the queryrect-
angle,andit alsoproceeddy following predecessdinks
to find theotherdatapages.

The differenceis that insteadof keepingpairs of data
pagesin a single priority queue,we now keepa priority
gueueof individual pages. Furthermore,we maintaina
buffer of recordswhich may join with recordsto be iden-
tified later At eachstep,we locate the leaf pagewhich
hasthe largestend time and selectrecordsfrom the page
to buffer, and we insertthe predecessoref the leaf page
into the priority queue.Oncea recordis putinto the buffer,
we join it with the in-buffer recordsof the otherrelation.
Also, asleaf pagesaretakenout from the queuewe locate
garbagerecods(whosestart is largerthanthelargestend
time of ary pagein the queue)which areremovedfrom the
buffer.

5 Synchronized GE-Join Algorithms
5.1 GE-Join basedon Traditional Indices

Usingthe B+-treeto clusterby time attributesis not effi-
cientfor the samereasorasdiscussedn sectiond.1. How-
ever, unlike the GT-Joincasejt is possibleto performsyn-
chronizedGE-Joinbasedon B+-treeindiceswhich cluster



by keys. Sincetree leaf pagesare linked and recordsin

themareorderedthejoin algorithmstartswith theleafpage
in eachtreethatcontainsr.low, andproceeddy perform-
ing a sort-megejoin until leaf pageswith keys largerthan
r.high aremet. The major shortcomingof this simplejoin

algorithmis thatit mayencountemary recordsthatdo not
participatein the join sincetheir intervals do not intersect
thequeryinterval.

If the relationsare indexed by R-trees,we canusethe
modifiedR-treejoin algorithms.The modificationfrom the
original version[4, 10Q] is similar to our discussionn the
GT-Join case(section4.1). The differenceis thatin order
for two treenodedo join, insteadof requiringthemto inter-
sectin thetime dimensionwe now requirethemto intersect
in thekey dimension.

5.2 GE-Join using Temporal Indices

5.2.1 Top-Down GE-Join

Again, we canhave depth-firstand breadth-firsjoin algo-
rithms basedon the MVBT. The algorithmsare similar to
thetop-down approachof the GT-Joinandareomitted. The
differencds thatto join two pagesinsteadof usingthecon-
dition that they shouldintersectin thetime dimension,we
now requirethatthey shouldintersecin thekey dimension.

5.2.2 Link-based GE-Join

The link-basedGE-Joinalgorithmis completelydifferent
from the link-basedGT-Join algorithm. The reasonis that
now two leaf pagegoin evenif their intervalsdo notinter-

sect(aslong astheir key rangesverlap). Considerthe leaf
pagesn a MVBT thatintersectthe queryrectangle.They

form a setof linked lists wherethe ‘next’ pointerbetween
eachpair of nodesis a predecessolink betweentwo leaf
pagesandthe‘head’ of eachlinkedlist is aleaf pagewhich

intersectghe right borderof the queryrectangle.Consider
thejoining of two suchlinked lists, onefrom eachjoining

MVBT. Every nodein onelinkedlist shouldbe joined ex-

actly oncewith every nodein the other We proceedwith

discussinganalgorithmto join two linkedlists andthenre-

late the link-basedGE-Joinproblemwith it. The idea of

joining linked lists is to join every nodein linked list A

with the whole linked list B. More formally, we give the

algorithmasfollows.

Algorithm LinkedListJoin( Linked-listA4, B')
1. Push(Stack, [A.head, B.head] );
2. while( notIsEmpty(Stack) ) do
3. [a, b] = Pop(Stack);
4. Joina with b;
5. Push(Stack, [a, b.next] ) if (b.next ZNULL );

6. Push(Stack, [a.next, b] ) if (a.next #NULL and
b = B.head);

7. endwhile

Considereachleaf pagefrom the first MVBT which in-
tersectghe right borderof the queryrectangle.By follow-
ing the predecessdinks from it until the left borderof the
gueryrectanglds reachedye geta sequencef nodes.We
considersucha sequenceasallinkedlist. Similarly, we can
geta linkedlist from the secondMVBT. We thuscanjoin
thetwo lists usingthe above algorithm. If we considerev-
ery possibldinkedlist, we canfind every pair of leaf pages
whosekey rangesoverlap. Theissuewhich remaings how
to avoid duplicates. This importantissuearisesdueto the
fact that a leaf pagein the MVBT may have more than
predecessorsCorrespondinglydifferent linked-lists may
sharenodes. We needto make surethat the samepair of
nodesarenotjoined multiple times.

key

key
page 1 page 0
- pd1 _ | pa1 page 1
1 pd2 5 — | pd2
[ J page time page 2 time
(a) ThePD condition (b) Caseto releasehe PD condition

Figure 1. The PD condition and when it should
be released.

To avoid duplicateswe borrow from [6] the conceptof
refeencepoint and predecessocondition (PD). The ref-
erencepoint is definedasthe lower left intersectionof the
gueryrectangleandthe predecessopagerectangle. Then
thepredecessocondition(PD) is definedas: “givenrecord
e, apredecessarecordpd in pageé) andaqueryrectangle
rect, the predecessarecordis visited only if its reference
point with respecto rect falls in the key rangeof e”. For
example,in figure 1a, a predecessorecordpd; in pagel
anda predecessorecordpd, in page2 point to the same
page. Sincethe specifiedintersectionpoint (the black dot)
liesin the key rangeof page2 andnot pagel, only pds is
followed.

However, to applythe PD conditionwithout furthercon-
siderationwill resultin lossof join results. Figure 1b re-
vealsthescenario Supposeagesl and2 belongto thefirst
MVBT andpage0 belongsto the secondMVBT. Assume
thequeryrectanglés thewholekey-time space Obviously,
the GE-Joinalgorithmshouldjoin page0 with pagel and
with pagel’s predecessopage(their key rangesoverlap).
However, the PD conditionspecifiegshatpagel’s predeces-
sorpagewill only bevisitedwhile examiningpage2. Since



page2 doesnotjoin with page0 atall (their key rangesdo
not overlap),applyingthe PD conditionin this caseresults
in loseof joining page0 with pagel’s predecessotn gen-
eral,whenjoining leaf A with leaf B from theotherMVBT,
if A’slow key is no lessthan B’s low key, we shouldjoin
A with B’s predecessgpageregardlessof whetherthe PD
conditionis true (i.e. the PD conditionis releasedn this
case).

5.2.3 Pipelined Sort-Merge GE-Join

Unlike the GT-Joincasejf we performthe planesweepal-
gorithm for the GE-Join,it would be very inefficient. The
reasonis thatthe planesweepschemesweepson the time
dimension(from right to left), while the GE-Joincondition
doesnotrequirethejoining recordsto have intersectingn-
tervals. For the previous GT-Join case dueto the fact that
joining recordsmusthave intersectingntervals,we canre-
moverecordsfrom memorybuffer aslong asthe sweedine
is moved to the left of their start time. In our GE-Join
case however, recordsjoin aslong astheir keys areequal,
irrelavent to whethertheir time intervals intersector not.
Thuswe have to maintainall recordsin buffer.

Instead, we consider the following sort-mege with
pipelining technique. It can be thought of as a semi-
synchronizedpproachTheideais asfollows.

1. Performrange-interal selectiomqueriesonthefirstre-
lation, sorttheresults,andthenfill the memorybuffer
with the sortedselectionresult. If the selectionresult
is larger thanthe memorybuffer, part of it shouldbe
kepton disk. It is trivial to calculatethe key rangeof
theon-diskrecords.

2. As therange-interal selectionqueryis performedon
the secondrelation, for eachresultthat is generated,
join it with thein-memoryrecordsfrom the first rela-
tion. Then,the recordcansimply be discardedf its
key doesnot belongto the key rangeof the on-disk
recordsfrom thefirst relation. Otherwise retainit.

3. After theselectionqueryon the secondelationis per
formed,join theon-diskrecordsrom relationonewith
theretainedrecordsfrom relationtwo.

6 PerformanceAnalysis
6.1 Implemented Algorithms

Table1 lists the algorithmswe implemented.For each
algorithm, the index structureusedcan be seenfrom the
notation. The plane sweepalgorithm basedon MVBT is
only implementedor the GT-Join,while thepipelinedsort-
meirge join andthe B+-treejoin are only implementedor

the GE-Join. Thereasonsrediscussedn sectionst and>.
We alsoimplementedh spatially partitionedGT-Join using
theapproachn [16]. For eachimplementedalgorithm,we
mentionthe sectionwherethe algorithmis discussed.

6.2 Experimental Setup

The algorithmswereimplementedn C and C++ using
GNU compilers. The programswere run on a Sun En-
terprise250 Sener machinewith two UltraSFARC-II pro-
cessorsusing Solaris 2.8. To comparethe performance
of the variousalgorithmswe usedthe estimatedrunning
time. This estimateis commonlyobtainedby multiplying
the numberof I/O’s by the averagedisk block readaccess
time, andthenaddingthe measuredCPU time. We mea-
suredthe CPU costby addingthe amountof time spentin
user andsystem modeasreturnedby the getrusage sys-
temcall. A randomaccessvascountedasbmson average.
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Figure 2. Performance of GT-Join, varying the
R/l ratio.

For every index, an LRU buffering was used. For the
R*-treejoins, besideausinga LRU buffer, for eachtreewe
alsohbufferedall the nodesalongthe pathfrom the root to
themostrecentlyaccessedode.For the breadth-firsjoins,



Notation: GT-Join: | GE-Join: Meaning:
mubt_df 421 5.2.1 Depth-firsttraversal
mubt_bf 421 5.2.1 Breadth-firstraversal
mubt_link 422 522 Link-basedraversal
mubt_ps 4.2.3 Plane-sweepraversal
mubt_sm 5.2.3 Pipelinedsort-megejoin
b+ 5.1 Synchronizedfind the startpoint usingindex andsort-mege on leaf pages
r*_df 4.1 5.1 Depth-firsttraversalusingR* -tree
r*.bf 4.1 5.1 Breadth-firstraversalusingR*-tree
spj 3 Spatiallypartitionedjoin [16]

Table 1. Implemented Algorithms.

we used15% of the memorybuffer for storingandsorting
theintermediatgoin results.

We createdandjoined two datasetsa uni-S anda uni-
SM dataset.They werewerefirst createdusingthe TimelT
software [13] and then transformedto add record keys.
Eachdatasethas 10 million records. Eachactualrecord
is 128 byteslong. The key, start andend attributesare
each4 byteslong. A datasetontains50,000uniquekeys
where eachkey hason average200 intervals. The uni-S
datasetontainsonly shortintervals (lengthabout1/10000
of the time space)while the uni-SM datasetontains25%
medium(lengthabout1/1000of the time space)intervals
and75% shortintenals. Herethetime spaceis from 1 to
20million.

Eachexperimentreportsthe averageresponseover 10
randomly generatedjuery rectangleswith fixed rectangle
shapeandsize. The shapeof a queryrectanglds described
by the R/I ratio, where R is the length of the query key
rangedivided by the length of the key spaceand I is the
length of the querytime interval divided by the length of
thetime space Thequeryrectanglesize(QRS)is described
by the percentagef the queryareain the whole key-time
space.Unlessotherwisestated the default parametersve
usedare: buffer size = 10MB, pagesize = 8KB, QRS =
0.1%andR/l ratio= 1.

6.3 Join Performance

Figure 2 compareghe GT-Join performance.For both
cases,the Link-basedand the plane sweepMVBT algo-
rithmshave very similar performancémuchfasterthanthe
competitors). The breadth-firstand the depth-firstMVBT
basedapproacheslo not performwell sincethey join two
mary index pages. The R-treebasedjoin algorithmsare
muchslower. Thedifferencein clusteringtemporaldatais
apparent.The SPJperformsthe worsesincea partitionin
onerelationneedso be joinedwith mary partitionsin the

otherrelation. Also, the performanceof SPJdeteriorates
asthe R/l ratio reduces.This is becauseghe queryrectan-
gle coverslesskey spacewhile the SPJjoins the whole key
space.
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Figure 3. Performance of GE-Join, varying the
R/l ratio.

For the GE-Joinquery (figure 3), thelink-basedMVBT
algorithmperformsthe best. (Recallthat the plane-sweep
MVBT algorithmis very inefficient for GE-Join— seesec-



tion 5.2.3). Interestingly we obsene thatwhenthe R/ ra-

tio is small, the pipelinedsort-mege MVBT algorithmbe-
comesa competitor The reasonis thatit doesnot needto

reada pagefrom the indicesmorethanonce,while all the
synchronizedalgorithmsdo. Whenthe R/I ratio is small,
the queryrectangleintersectamary pagesfrom eachrela-
tion with similar key ranges.Sincethetime attributeis not

involvedin thejoin predicatemostof thesepageswill join.

Thusthe problemfor the synchronizedlgorithmsworsens
asthe R/I ratio getssmaller The performanceof the other
algorithmsis drasticallyaffectedby the R/l ratio. The B+-

treealgorithmperformsrelatively betterasthe R/I ratio re-

ducesButit is still notasgoodasthelink-basedone.

7 Conclusions

We studiedthe problemof efficiently processingsemi-
restrictve temporaljoins (GT- and GE-join) whenindices
areavailable. We arguedthattraditionalindexing schemes,
like aB+-treeor anR*-treedo notleadto efficientjoin pro-
cessingdueto their ineffectivenesdn clusteringtemporal
data. Insteadwe useda temporalindex andwe proposed
varioussynchronizedoin algorithms.While we have con-
centratedon usingthe MVBT, our findingsapply to other
temporalindicesas well. Our experimentalresultsveri-
fied thattemporalindex basedoins aremoreefficientthan
the B+-treeandR*-tree basedoins. In particular for both
the GT-Join and GE-Join, the newly proposedink-based
join algorithmhasthe mostrobust performancelt shaved
multi-fold improvementover the B+-tree/R*-tregoins.
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