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Abstract

Few if any Information Retrieval (IR) systemshave had to deal with Concurrency
Control (CC) on invertedfiles. In order to examinethe issuesinvolved in CC on
invertedfiles, the effectsof variousoperationge.g. Boolean)on the effectivenes®of
the IR systemare examinedusing the exampleof interleavedtransactionsSolutions
to the problems identified are examineddiscussinghe threemain CC mechanisms;
Locking, Optimistic CC and TimestampOrdering.The effectof delaysanddocument
availability are examined.The problem of stored setsis identified. The need for
further work in the area is identified.

1 Introduction

To datelnformation Retrieval(IR) systemswith invertedfiles have
not hadto dealwith ConcurrencyControl (CC), sincesearchinghastaken
priority overupdate Insertionsare usuallydoneoff-line anden-massavhen
no oneis usingthe systeme.g.overnight.Suchmethodsare not suitablefor
systemswhere information is receivedat more frequentintervals and 24
hour accesgo this informationis requirede.g.a News Service.The spread
of the Internetis likely to increasehe needfor systemghatdo fast update,
while servicingmultiple queriese.g. the Guardiannewspapehasrecently
goneon-line [1]. To the bestof our knowledgetherehasbeenno work on
using CC mechanismsn inverted files to addressthe issue. This paper
attemptsto define some of the problems by looking at the effects of
operationson queriesin the presenceof an incorrect or non-existentCC
mechanismwhile updating the inverted file, and outline some areasof
concernsuchasdelaysandavailability, and storedsets.We do not propose
any specificsolutionsat this stage.The structureof the paperis asfollows.
Section 2 describesthe assumptionsmade in this paper. The scope of
operationdor queriesandinsertionsis outlinedin section3. Section4 gives
a statemenbf the problemby looking at interleavedtransactionsSection5
describeghe effect of incorrector non-existentCC mechanism®on query
operations.Section6 discusseghe three main CC mechanismsjocking,
Optimistic CC and TimestampOrderingwithin the contextof the problem
statementand the effects describedin section5. Section7 discusseshe



issue of delaysand documentavailability and introducesthe conceptof
document availabilittsemanticsSection8 examineghe issueof storedsets.
A summary and conclusion are given in section 9.

2 Assumptions

Throughoutthis paperit is assumedhatno deletionsor updatesare
done on Inverted files, only readsand insertions. This is becauseText
Databasegendto be archival in nature,henceexhibit dynamicbehaviour
that is that of growth rather than slighictuationin sizeor decreasén size.
We also assumethat an Inverted file may be fragmentedand stored on
severaldifferent disks. The InvertedFile structureassumedn this paperis
as follows; an Index or Dictionary file which containslists of keywords
together with the number of hits and a pointer to afigtostings(document
identifiers) in which the keyword occurs;the Postingsfile or InvertedList
which contains a documentidentifier, a link to the documentin the
documentdile anda list of positionsfor a given keyword. The structureis
taken from [2] and revised to include position information.

3 Scope of operations

An insertionof atermresultsin oneof two things;i) anewterm,its
postinglist and positioninformationis addedto the Invertedfile; ii) for a
existingterm a postingis appendedo thatterm'spostingslist, the position
information is storedand the dictionary file entry is updated(number of
postings entrys incremented)A readdoneon a particulartermresultsin; i)
a messageo indicatethat thereare no occurrencesii) a postinglist (with
position informationif thatis required)is returnedfor n documentid's in
which that term occurs. The operation WRITE_TERM takes on the
semanticsof an insertion and the operationREAD_TERM takeson the
semanticof aread.The actionon bothREAD_TERMandWRITE_TERM
is to consult the dictionary file first, and then the postings file.



4 Statement of the problem

The general problem of concurrencycontrol arises becauseof
possible conflicts betweentransactionsoperatingat the sametime on a
databaseln the contextof IR this can bestbe illustrated by an example
involving a more or less simultaneousquery and addition of a new
documento the databaseConsiderthefollowing scenarian figure 1 where
an insertiontransactionis interleavedwith a query transactionthat access
the same data set. Our aim is to make these transaltuvethe sameeffect
asif they whereexecutedsequentiallyi.e. they are serially equivalent[5].
The Insertion and Query access the same terms.

TIME INSERTION QUERY
i WRITE_TERM(term1, docid)
i+1 postings = READ_TERM(term1)
i+2 postingss READ_TERM(term?2)
1+3 WRITE_TERM(term2, docid)

answer = posting8] postings
FIGURE 1 - Example scenario

The problemin this scenariois that the query hasdone a read beforethe
insertionhasfinisheda write. In DistributedSystemghis problemis known
as a dirty read, which is causedbecausehe READ_TERM operationon
term2in the query conflicts with the WRITE_TERM operationon term2in
the insertion. An easyanswerwould be to preventthe query from reading
until theinsertionis complete Howeverdifferentoperationd? will produce
different side effects, therefore a simple block may delay a query
unnecessarily.The following section describesthe effects of various
operations.

5 Operations and their effects

Examplesof effect of incorrector non-existeniCC mechanism®n
the operationsAND, OR, AND NOT, PLUS/DOT,ADJ, SAMES, LIMIT
and MIXED arediscussedelow. Explanationsof someof theseoperations
are given in appropriatesections.It should be noted that the operations
XOR, NAND, NOR andunary NOT areleft out sincethey are not usedin
operationalsystems.Theseoperationsand their semanticsare taken from
[3]. A comparison of the effects is given at the end of the section.



5.111=AND

The side effectfound whered = AND is thatthe querywill fail to
retrieve a relevantdocumentbecausehe postingslist for term2 doesnot
contain the identifier for the inserted document.To prevent this from
happeninghe query mustbe excludedfrom readinginformation for term2
until theinsertionhascompletedts action. The side effectis that of a false
dismissal.

5211 =0R

Thesideeffectwill dependonwhetherpositiondatais usedby later
operationslf no position datais involved, thereis no apparentside effect
where[J = OR sincethe documenidentifier for the insertedtermwill bein
the postingsfor term1. Thereforethereis little point in blocking the read
from term2, sincét hasno effecton theretrievalusingthatoperation.To do
so would delay the operationunnecessarilyand result in a reductionin
concurrency We will namethe side effect where an unnecessarylock is
made a false delay. However position information for term2 will not be
includedin any result set. Thereforeany later operationson the setsthat
involve proximity operationgnay causdfalsedismissal®.g.giventhe query
{information ADJ {science OR retrieval}} whereterml1= science andterm
2 =retrieval.

5.311=AND NOT
This operationis asymmetricthereforethe side effectis dependent

onthe orderof the reads.For examplegiventhe setsterm1={1,2,3,4} and
term2 = {1,2} before insertion;

INSERTION QUERY RESULT
SET
READ_TERM(term1) {1,2,3,4}
WRITE_TERM(term1, 5) {1,2,3,4,5}
WRITE_TERM(term2, 5) {1,2,5}
READ_TERM(term2) {1,2,5}

answer = {1,2,3,4} AND NOT {1,2,543,4}

Figure 2 - Example interleaving with AND NOT



A documentwith anid = 5 is insertedin the Invertedfile. The correct
documents are retrieved. The side effect could be a false delay simeadhe
operationsdo not conflict with the writes, because of the order in which
they were done. However if the order is changed;

INSERTION QUERY RESULT
SET
READ_TERM(term2) {1,2}
WRITE_TERM(term1, 5) {1,2,3,4,5}
WRITE_TERM(term2, 5) {1,2,5}
READ_TERM(term1) {1,2,3,4,5}
answer = {1,2,3,4,5}AND NOT {1,2} {3,4,5}

Figure 3 - Example interleaving with AND NOT; order reversed

The read and writes conflict becausehe id for document5 is insertedin
term2's set and not term1l's set. The side effect is a false drop.

5411 =PLUS 1] =DOT

Theseoperationsaregenericfunctionsfor termweightingasperthe
probabilistic or vector spacemodels(if you include normalisationin the
latter). Theresultof the PLUS operatoris a simplesum-of-weight43]. The
result of the DOT operatoris a dot-producti.e. the sum of productsof
postingandsetweights[3]. Thesideeffectwhered = PLUSor DOT is that
the weightfor term2will not be includedin postings which could havethe
results; i) loss of weight for term2 drops the total weight down to an
incorrect ranking or ii) the total weight for term2 drops below a stated
threshold(as in the vector spacemodel) and the documentis incorrectly
rejected. Therefore there are two side effects for the PLUS or DOT
operators; either a rank drop or a false dismissal.

5311 =ADJ

The ADJ operatoris usedto find two termsthatareadjacento each
other[3]. The discussiorof this operatoris basedon an orderedADJ. We
assumewith the operatorADJ thattermlandterm2havematchingposition
informationon theinsertion.Positioninformationmustbe in both setsfor a
giventermfor any meaningfulcomparisorto takeplace.Thereforesinceno
matchcanbe madewherethe positioninformationfor eithertermlor term2
is absent,the resulting side effect is a false dismissal. It should be



notedthat while the operationis asymmetrid.e. information ADJ retrieval
is differentfrom retrieval ADJ information the side effectis symmetrici.e.
no matter what term set is read in first, the result is still a false dismissal.

5.61] = SAMES

The SAMES operatoris usedto find termsthat occurin the same
sentencd3]. The assumptionon ADJ position information appliesto the
SAMES operator.Unlike ADJ, the operatorSAMES is symmetric.As with
ADJ no matchcanbe madewherethe positioninformationfor eitherterml
or term2 is absent, therefore the resulting side effect is a false dismissal.

S. 1L =LIMIT

In [3] it is suggested that term1 LIMIT term2 is restricted s®arch
on terml,limited to itemsthat satisfyterm2. Thereforein strictly Boolean
termsthe LIMIT operatoris identicalto AND; thereforethe side effect is
identicali.e. a falsedismissal While the operatoris not symmetric the side
effect is.

5.8 Mixed operations

A query may containmorethantwo termsand may useany of the
aboveoperationswheresuchis legal e.g.term1 ADJ (term2 OR term3)is
valid, butterm1 ADJ (term2 AND term3)is not. Whatis beingconsidered
hereis the interactionof binary operationsor nestingof binary operations.
The complexity of the side effectsfor thesenestedbinary operationscould
be considerableWe give an exampleinterleavingin figure 4 with a query;
retrieval AND (science AND NOT information). The setsfor eachof the
termsbeforethe interleavingare; retrieval = {1,2,3}; science = {1,2,3,4};
information = {3,4}.



INSERTION QUERY RESULT

SET
READ_TERM(retrieval) {1,2,3}
WRITE_TERM(retrieval,5) {1,2,3,5}
WRITE_TERM(science,5) {1,2,3,4,5}
READ_TERM(science) {1,2,3,4,5}
READ_TERM(information) {3,4}
WRITE_TERM(information,5) {3,4,5}
{1,2,3,4,5} AND NOT {3,4} {1,2,5}
{1,2,3} AND {1,2,5} {1,2

Figure 4 - Example interleaving with MIXED operations

Therearea numberof observationgo be madeon this interleaving;thefirst
beingthat the readon the query and write on the insertionconflict on the
term "information"; as a consequencethe next-to-lastresult is incorrect.
Howeverthis doesnot effectthefinal resultsincethe erroris maskedy the
AND operation.This is a by productof this particular query; other more
complicatedexamplesmay actually reintroducethe problem.We caninfer
thatthe interactionbetweerbinary operationsleterminesvhich side effects
occur, if any. The interleavingwill also have an effect, but is not just a
characteristicof mixed operationsWe cannotdecidewhat the side effects
will be by simply looking at the constituent binary operations.

5.9 Comparison of operator effects

Table 1 shows a comparisonof the effects on the operators
discussed above.

OPERATOR SYMMETRIC SDE EFFECT COMMENTS

AND YES False Dismissal. -

OR YES False Delay. For unnecessary blocks.

False Dismissal. For position data only.

AND NOT NO False Drop, False Delay. Depends on order of term
insertion.

PLUS, DOT | YES Rank Drop or False Dismissal Side effect depends on
threshold limit set (if any).

ADJ NO False Dismissal. Side Effect is symmetrical.

SAMES YES False Dismissal. -

LIMIT NO False Dismissal. Side Effect is symmetrical.

MIXED POSSIBLY Any or all. Side effects could be very
complex.

Table 1 - Comparison of operator effects



6 Concurrency control mechanisms

It shouldbe notedthatthe aboveare only a small numberof simple
scenariosBut it doesgive a flavour of someof the problemsthatmay occur
if anincorrector non-existentCC mechanisnis used.From the abovewe
candeducetwo very importantfacts. The first is that we needto vary the
exclusivenes®f blocks on term postingsaccordingto the operation.The
secondeadson from the first and suggestghat the query modelusedwill
haveimplicationsfor sideeffects.The conceptof isolationlevelsmuchused
in Database systems[4] is regarded as useful.

Isolationis definedasthe degreeof interferencea transactioncan
tolerate[4]. We can define an isolation level for querieswhich in which
non-conflicting situationsoccur e.g. readscan be allowed on OR's thus
preventingthe falsedelaysideeffect. A further pointis thatblocksonterms
that are popular(i.e. thereis a high rate of retrieval on them)are likely to
causebottlenecks.Thereforethe blocking granularity (the size of object
being blocked) used for the postings file will be crucial not only in
determining the retrieval performance, query throughput and system
utilisation, but the CC mechanisnperformanceaswell. If the granularityis
too large then unnecessanblocks will be made causing delays. The
following discusghe threemain CC techniquesisedin DistributedSystems
[5] in the light of the above.The mechanismsre; locking, optimistic CC
and timestamp ordering.

6.1 Locking

The Lock methodis the most common form of CC. The method
works by setting a lock on a dataitem that blocks out other conflicting
operationsWhat you tendto find is that concurrentreadsare allowed but
only one write is allowed at any given momentand a read may not be
allowedwhile a write is beingserviced.This is knownasthe manyreaders,
single writer problem. Having readswhich lock out eachotheris far too
exclusiveandreducesconcurrencyThe main advantagef the lock method
is that it is better in environmentswhere operationsare predominately
updatesThe maindisadvantagés deadlocksoccur (seebelow) which need
to be resolved,particularif more than one fragmentof an Invertedfile is
accessed.



The operationof Locks is simple. In the caseof the scenarioin
section4 term1lis blockedby the insertionpreventingthe readon termlin
the query. The query is blocked termluntil theinsertionreleaseshelock
on boththeaccessetkrmsin onego; the querycanthenretrievebothterms
asnormalwith no conflict. Howeverfor the situationwith OR'sthis causes
false delays.We remedythis problem by settinga level of isolation that
allows querieswith the operationOR to proceedwithout attemptingto seta
lock. A lock is releasedwhen the transactionhas finished with that
particularterm.If alock is setfor a dataitem thatalreadyhasalock heldon
it , it delays that request until the lock is released.

How do we resolve deadlocksin Inverted files? Consider the
following scenario in figure 5;

TIME INSERTION; INSERTION,
i WRITE_TERM(term1, docig
i+1 WRITE_TERM(term2, docig)
i+2 WRITE_TERM(term1, docig
1+3 WRITE_TERM(term2, docig

Figure 5 - Example deadlock

Insertion requestsa lock on termlandInsertion requestsa lock on term2.
The problemoccurswhenlnsertion requestsa lock on termlandlinsertion

requestsa lock on term2. Both are now deadlockedand the dataitems are
inaccessibleintil oneor the otherof theinsertionsis aborted(andre-started
at a later time). Thereare a numberof waysto decidewhich insertionto

abort; i) abort the youngestinsertionto allow the older one to commit
straightaway; ii) choosean insertionthat usesup the leastmachinecycles
and abort that. In the caseof distributed deadlockserversneedto reach
someform of distributedagreemenbn which insertion should be aborted.
Further considerationis neededfor the Lock methodincluding the use of

hierarchic Locks and Lock promotion, particularly for MIXED query
operations.

6.2 Optimistic CC

The Optimistic CC methodtakesa different view of blocking; it
avoids it all together. Isolation levels are therefore not needed. An
Optimistic strategyis usedwhich allowstransactiongo proceedrrespective
of the effectunlessa conflict is found. It shouldbe notedthatthe othertwo



methods,locks and timestampsuse a pessimisticstrategy. The method
works by keepinga tentativeversionof a dataitem, while the transactioris

being processed. The use of tentative versions allows the transaction to abort

without the needto rollback the effect of a given operation.Therearethree
phasedo Optimistic CC; i) ReadPhaseDataitemsarereadin from disk
and are put in tentative versions. This phaseis never interrupted. The
various operationssuch as writing are done on the tentative versions.ii)
Validation Phase;After the Read Phaseis complete the transactionis
compared with other transactionsand if any conflicts are found, a
transactionis aborted. Otherwise the transactionproceedsto the Write
Phaseiii) Write Phase;Readonly transactionscan commit immediately
while transactionswith writes in them make their tentative versions
permanent.There are two types of Validation; forward and backward.
Forward Validation checksthe current transactionwith later transactions
andworks by comparingthe write setof thattransactiorwith the readsetof
later overlapping transactions.Backward Validation checks the current
transactiorwith earliertransactionandworks by comparingthe readsetof
thattransactiorto the write setof earlieroverlappingtransactionsThe main
advantagef the methodis thatit is fastin the presencef few conflicts, but
the disadvantagés thata substantiabody of work may needto be repeated
if therearemanyconflicts andstarvation(non-serviceof a transactionymay
occurwith sometransactionsthis could havean effecton systemutilisation
and throughput. No deadlocks occur with the method.

Non conflict operationg(OR's) do not needto be validatedagainst
any other transaction.With Backward Validation a query or insertion is
checkedagainstearlier insertions;if any overlapsare found the query or
insertionis aborted With ForwardValidationwe comparean insertionwith
later queriesor insertionsandeitherabortthe transactiorbeingvalidatedor
the later transactionWe can seethat in Forward Validation we havethe
option to either abort the transactionor a later one; with Backward
Validation we only haveone choice,to abortthe currenttransactionsince
earliertransactionhavealreadycommitted HoweverForwardValidationis
more complexthan Backwardsinceit hasto accountfor new transactions
startingwhilst still in the validation process.The practicality of usingthe
methodon the InvertedFile CC mechanisnwill dependon the updaterate
i.e. the higherthe updaterate,the more chanceof conflict andthe lessthe
methodis useful. For situationswhere insertionsare rare, Optimistic CC
could be useful.



6.3 Timestamp ordering

With this methoda transactionis assigneda timestampwhenit is
initiated. Thetimestampcantakeon a physicalor logical value. The method
works by comparingtimestampsandif thereare conflictsthena transaction
is aborted.Each operationis validatedas it is executed.There are three
simplerulesfor transactionconflicts; i) To be able to write, a transaction
must have the maximum read timestamp to prevent conflict on reads of other
transactionsiji) To be ableto write, a transactiormusthavethe maximum
write timestampto preventconflicts on writes of other transactionsjii) a
transactiorcanonly reada dataitem wherethe timestamphasa later value
thanthe committedversionto preventconflicts on reads.We canallow for
anisolationlevel in the eventof a non-conflictingoperation by ignoring
timestampcomparison.The main advantageof the methodis that is better
for environmentswvherereadsoutnumberwrites. The main disadvantagés
the timestampsdeterminethe order of serialisationstatically, accordingto
the value assigned.

In IR systemghe methodis simple andwould works asfollows. A
timestampis comparedonly if the isolation level requiresit. Operations
where conflicts could occur havetheir timestampscheckedas per the rules
above A problemcould occurif aninsertionhasanoldertimestampthana
query.Becauseof rule i) we havea conflict andthereforehaveto abortthe
insertion. As with Optimistic CC this could be problematicin certain
applications.

6.4 Comparison of CC methods

From the abovewe havea numberof choicesfor CC. The target
applicationwill determinewhich of the threewould be suitable.If thereare
more queriesthan insertions,then we would suggestthat the Timestamp
orderingmethodbe used.If insertionsare more frequentthan queries,then
we suggest that the Locking method be usetthelfearefew insertionsthen
the optimistic CC method could be useful. It is possibleto use a more
analytical approachto estimatethe actual delays and overheadsof each
mechanisnthat would provide a more accuratecomparisonput this is not
attemptechere. Suchwould includethe costof lock overheadstransaction
rollback etc.



7 Delays and availability

The availability of documentswill dependon the applicationbeing
considerede.g. a News Service or an On-Line Public Access (OPAC)
system.The availability semanticsvould determinewhat CC mechanisnto
use.We could perhapslimit availability of documentgo the log-on time,
whereany documentare unavailabldf theyareinsertedduringthe session.
In sucha caseno CC mechanismwould be neededsincedocumentsould
be insertedovernight. This would not be suitablefor a News Information
Serviceapplicationwherenewsfrom aroundthe world is neededassoonas
possible We term thesesemanticsas Log-On availability semanticsif we
takethe semanticghat do not makedocumentsavailableuntil the lastwrite
in the insertionis complete thenmany of the mechanismslescribedabove
would not be neededsincea false dismissalwould not be deemedo have
occurred.Falsedismissalscannotoccur with suchsemanticsWe will call
suchsemanticd ate Availability. Howeverother side effectscannotbe so
easilyignored.To allow queriesandinsertionsto go aheadwithout blocking
could lead to false dropsor ranksdrops. Thereforesomeblocking will be
neededn Late Availability semanticsThis hasthe unfortunateside effect
of delayingsomequeriesfor a period, whensuchblocksare neededIf we
take semanticghat make documentsavailablewhen the first write in the
insertionis completeda full setof the mechanismslescribedabovewould
be required.We will call suchsemanticsEarly Availability. Wherequeries
sharetermswith insertionsand a timestampsay heedsto be registeredall
querieswill needto bedelayed.Thisis clearlyundesirableBy its naturethe
InvertedFile technologygives priority to queries.This is becausdnverted
File searchis comparatively cheap while Inverted File updateis very
expensive. Searching speed is the reason that Inverted Filebdwraghe
dominanttechnologyin IR. Thereforethe assumptiongnadein this paper
may not be sustainabldor many applications Howevercertainside effects
such as rank drops falsedropswould be very undesirablén anIR system.
To preventthesesomedelaysmaybe neededlt is a questionof determining
how far searchis offset againstinsertion. This can be more accurately
determined using an analytical model.

Another important factor that could have a dramatic impact on
performance is unnecessaryprocessing. It could occur with Early
Avalilability semanticsbecauseof the possibility of starvationof queries,
which may be abortedandre-starteca numberof timesif onetermor group
of termsarebeingupdatedconstantlyfor atime period(e.g.a spurtof News



on a particular subject).It could occur with Late Availability semantics
where a term1 say is read before an insertionis completeand hasto be
comparedwith a numberof otherterm'sinformation. Where postingslists
are large this processing could be prohibitive.

Fromthe aboveit canbe seenthatwe havea numberof conflicting
requirementsWe want to make documentsavailableas soon as possible,
without delayingqueriesunduly. We do not wantto procesdnformationfor
a query that is not relevant, but on the other hand we do not want the
occurrenceof multiple aborts. Such choicescome about becauseof the
"black and white" natureof Late and Early Availability semanticswhich
takeratheran extremeviewpointon documentavailability. We needto find
anotherform of availability semanticsthat doesnot introduce too many
unnecessaryglelaysand doesnot do too much unnecessaryprocessing.lt
shouldbe notedthatwe areunlikely to be ableto find a systemof semantics
in which no delays occur and unnecessary processing is never done.

8 Stored sets

Many practical IR systemsstore setsduring the courseof a user
session.The setscould either be resultsetsor the completesetsfor all the
terms in the query and any intermediate result 3¢issemay or maynotbe
storedon disk for future use. The problem occurs becausethe setswill
becomeoutdatedbecauseof insertions,thereforewe cannotrely on the
accuracyof storedsetsin the presenceof documentupdates Dependingof
the requireddocumentavailability semanticave may needto updatethese
stored sets to take account of new information.

9 Summary and conclusion

Operatorsandthe possibleside effectsfound in the presenceof an
incorrector non-existentCC mechanismshave beenidentified. The three
main CC mechanismglock, Optimistic CC and TimestampOrdering) are
usedto showhow the side effectsfrom theseoperationscanbe avoided,in
particular theeffecton documentavailability. Threesemanticgor document
availability have been introduced i.e. Log-On, Late and Early. Late
Avalilability or Log-On semanticswould be suitablefor many IR systems
e.g. OPACS. We do not seethe Early Availability semanticsas being
practical at this point. The problem of Stored Setdentified. Furtherwork
is neededat somestageto identify the complexity of the side effectsfound
with



MIXED operationsandhow CC mechanismsreto be usedin conjunction
with InvertedFiles. We hopeto encouragesomediscussionon the subject
thatwill addresssomeor all of the problemsstatedabove,in particularthe
investigationof differenttypesof documentavailability semanticsWe also
intendto do somefurther researcton CC in invertedfiles at somestage by
devisingan analyticalmodelin orderto examinethe useof the threemain
CC mechanisms discussed in this paper.
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