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Dynamicvs. Non-DynamicInformation Retrieval

Traditional (non-dynamic) text retrieval systems
Take static text collection.
Build an index for the collection.
Run a million queriesthrough your system.

Dynamic text retrieval systems
Build an index for a text collection.
Processa few queries.
Add somenew documents,removesomeold ones.
Processa few more queries.
Repeat.

How can we e�ciently keepthe indexup-to-date?
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Strictly Growing Text Collections

Our contribution is limited to strictly growing text collections(no
modi�cations to existingdocuments,no documentdeletions).

However,existingindexmaintenancestrategiesthat dealwith
documentdeletionsare compatiblewith the methods we present.

Examples of strictly growing text collections

FBI Carnivore. (R.I.P.)

Parliament proceedings.

On-line libraries.

My email folder.

Stefan B•uttcher � University of Waterlo o A Hybrid Approach to Index Maintenance



Intro duction and Motivation
Inverted Files

Index Maintenance Strategies
Hybrid Index Maintenance

Experimental Results
Summary

Index Structure: Inverted Files
Inverted Files in Detail
Inverted Lists in Detail

Inverted Files

Stefan B•uttcher � University of Waterlo o A Hybrid Approach to Index Maintenance



Intro duction and Motivation
Inverted Files

Index Maintenance Strategies
Hybrid Index Maintenance

Experimental Results
Summary

Index Structure: Inverted Files
Inverted Files in Detail
Inverted Lists in Detail

IndexStructure: InvertedFiles

An inverted�le realizesa mappingfrom eachterm in a text
collectionto all its occurrences(invertedlist or posting list).

In all our experiments,inverted�les contain full positional
information (no document-levelor frequencyindices);terms are
stored in the index in unstemmedform, sorted lexicographically.

Unlike most other systems,we do not maintain an explicit
vocabulary containingthe exacton-disklocationsof all posting
lists (This is an important performanceaspect: The GOV2 text
collection,dependingon the exact tokenizationmethod, contains
between40 and 80 million distinct terms).

But without a vocabulary, how can the posting list for a giventerm
be found in the index?
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InvertedFilesin Detail

The inverted�le is dividedinto clustersof posting lists:

term
descriptor

posting
list

term
descriptor

posting
list

term
descriptor

term
descriptor

posting
list

posting
list

term
descriptor

posting
list

Cluster 1 Cluster 2 Cluster 3

For eachcluster,only the descriptor for the �rst term makesit into
the vocabulary and is loadedinto memory. Eachclustercontains
about 64 KB of data, eachdescriptor consumes28 bytes. Sizeof
the vocabulary: � 0:05% of the total indexsize.

) Very smallmemory footprint; comesat the cost of a tiny
performancelossat querytime (disk seekplus reading64 KB
insteadof disk seekonly).
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InvertedLists in Detail

Eachinvertedlist consistsof a number of list segments:

term
descriptor

posting
list

term
descriptor

segment
descriptor

term
descriptor

posting
list

compressed
postings

segment
descriptor

compressed
postings

segment
descriptor

compressed
postings

Eachsegmentcontainsat most 216 postingsand is stored in
compressedform, to decreasedisk I/O.

During queryprocessing,all posting list segmentsfor eachquery
term are loadedinto memory and decompressedas needed.
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Bu�ering Updatesin Memory

Virtually everyindexmaintenancestrategyfor growing text
collectionsfollows the samegeneralpattern:

Bu�er data from incomingdocumentsin memory, building an
in-memory inverted�le.

Oncethe sizeof the in-memory indexreachesa certain
threshold,all data are transferredfrom memory to disk and
somehow combinedwith existingon-diskindexdata.

Indexmaintenancestrategiesonly di�er in their implementationof
\somehow".

The in-memory indexcan easilybe organizedin sucha way that it
can be queried,resultingin a fully dynamicsearch system.
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In-PlaceUpdate

Idea: Leavegapsin the on-diskindex for future postings;relocate
posting lists if not enoughfree spaceat current position.

term
descriptor

posting
list

term
descriptor

term
descriptor

posting
list

posting
list

free
space

free
space

free
space

free
space

Two problemswith in-placeupdate:

Relocationsdestroy the lexicographicalorderingof on-disk
posting lists. ) An explicit vocabulary is needed.

Relocationsimply disk seeks.For an indexcontaining50
million terms, relocating only 0.1%of the posting lists requires
around 100,000disk seeks(about 16 minutes). ) Slow!
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Merge-BasedUpdate: ImmediateMerge

Merge-basedindexmaintenancestrategiesdo not leavefree space
in the inverted�le. Whenevermain memory is exhausted,a new
on-diskinverted�le is createdby mergingthe existingonewith the
in-memory data (di�erent colors representdi�erent terms):

in-memory index

old on-disk index

new on-disk index

ImmediateMergeis more e�cient than most in-placeupdate
strategiesbecauseof its largely sequentialdisk accesspattern.
Almost no disk seeksare necessary.
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Merge-BasedUpdate: ImmediateMerge

The time complexity of the n-th mergeoperation is linear in the
current sizeof the on-diskindex: �( n � M).

Time complexity
of merge operation

Documents indexed

The total indexmaintenanceoverheadis �
�

C2

M

�
, whereC is the

sizeof the collectionand M the sizeof the in-memory bu�ers.
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Merge-BasedUpdate: Logarithmic Merge

With Logarithmic Merge,the search enginemay maintain more
than oneon-diskindexat the sametime. Everyon-diskinverted
�le getsa label, its generationnumber:

An inverted�le that is createddirectly from in-memory data
is of generation0.

An inverted�le that is createdby mergingtwo inverted�les
of generationn is of generationn + 1.

Wheneverthere is a collision(two inverted�les of the same
generation),inverted�les of the samegenerationare mergeduntil
there are no more suchcollisions.
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Merge-BasedUpdate: Logarithmic Merge

The averagetime complexity of the n-th mergeoperation is
sub-linear in the current sizeof the on-diskindex.

Time complexity
of merge operation

Documents indexed

The total indexmaintenanceoverheadis �
�
C log C

M

�
, whereC is

the sizeof the collectionand M the sizeof the in-memory bu�ers.
However: Additional disk seeksat querytime.
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Deferringthe Update to the File System:HansReiser

HansReiser,designerof the Reiser4�le system:

Storage Layers Above the FS:
A Sure Symptom The FS Developer Has Failed
The very existenceof a storagelayer above the �lesystem
meansthat the �lesystem team at an OS vendor failed to
listen to someone,and that someonewas forced to go
and implementsomethingon their own.

(http://www.namesys.com/whitepaper.html)

We tried to �nd out whetherhis bold performanceclaimsare
realisticor not.
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Performanceof File-System-BasedIndexMaintenance

We built an indexfor TREC disks4+5 (528,000documents,
around 2 GB of text), comparing the performanceof Reiser4as a
storagelayer (1 posting list per �le) with that of ImmediateMerge.

Size of in-memory bu�ers: 256 MB
Method Indexingtime Indexsize Num. of �les
Reiser4 22 minutes 1.7 GB 1.2 million
ImmediateMerge 13 minutes 1.2 GB 9

Size of in-memory bu�ers: 128 MB
Method Indexingtime Indexsize Num. of �les
Reiser4 40 minutes 1.7 GB 1.2 million
ImmediateMerge 17 minutes 1.2 GB 9
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In-PlaceversusMerge-BasedUpdate

Advantagesand disadvantagesof in-placeand and merge-based
update strategies:

In-place update is very good at dealingwith long posting
lists, but lousyat dealingwith lots of short lists: Many
relocations,many disk seeks.As long as we haveonly few
lists, we are �ne, though.

Merge-based update is very good at dealingwith lots of
short posting lists (no extra disk seeks,becauseof sequential
disk access),but lousyat dealingwith very long lists, as they
haveto be copiedoverand overagain. Logarithmic Merge
reducesthe copy overhead,but the generalproblemremains
the same.
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SomeStatisticsfrom GOV2

The GOV2 text collectionis the result of a webcrawl of the .gov
domainand it usedin the TREC Terabyte track.

Total sizeof collection: 426 GB.

Number of documents:25:2 � 106.

Number of tokens: 41:7 � 109.

Number of distinct terms (after stemming):
47:3 � 106 (e.g., \tha rapiwattananon", \gagtggctagaga").

Number of long posting lists (> 106 entries):
3,132(0.0066%).

Number of postingsin long lists (> 106 entries):
37:6 � 109 (79.5%).
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CombiningIn-PlaceandMerge-BasedUpdate

Idea: Take the best from both worlds. Usein-placeupdate for
long lists and merge-basedupdate for short lists.

Becauseimplementinga decentin-placeupdate strategyis rather
di�cult and we wanted to get our resultsquickly, we choseto
implementthe in-placepart by deferringit to the �le system
(Thanks, Hans!).

As a �le system,we usedext3, primarily becauseReiser4is not
o�cially part of the Linux kernelyet (Sorry, Hans!).
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De�nition of Hybrid IndexMaintenance

Before the systemis started, a parameterT (the thresholdvalue)
needsto be chosen.

Hybrid indexmaintenancebehaveslike merge-basedindex
maintenance.Only di�erence: Whenever,during a merge
operation, a posting list is encounteredthat containsmore than T
postings,it is de�ned to be long and movedto the in-placepart of
the on-diskindex. From that point on, it is always updated
in-place.

Everylong list hasits own �le in the �le system.

Hybrid indexmaintenancecan be combinedwith every
merge-basedstrategy(ImmediateMerge,Logarithmic Merge,...).
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On-DiskIndexLayout

Short lists (< T postings) Long lists (> T postings)
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merge-maintained in-place-maintained

�

Mergepart: Few, larger inverted�les (eachcontainingmany
di�erent terms).

In-placepart: Many, smallerinverted�les (eachcontaining
onesingleterm).
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Partial Flush

The main motivation behindhybrid indexmaintenanceis to avoid
copying thesevery long posting lists during mergeoperations,
without introducingtoo many additional disk seeks.

The best way to achievethis is to not perform mergeoperations.
Or at leastdelay them.

Partial 
ush: Whenevermain memory is exhausted,only transfer
postingsfor terms with long posting lists to disk (i.e., only perform
in-placeupdates,but no merging). Only start a mergeoperation if
postingsfor long lists contribute lessthan 15% to the memory
consumption.

This reducesthe number of mergeoperationsby a factor 2-3.
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ExperimentalSetup

All experimentswereconductedon a singlePC basedon an AMD
Athlon64 3500+ CPU (2.2 GHz) with 2 GB of RAM.

The indexwas stored on a 7,200-rpmSATA hard drive. The text
collectionwas readfrom a RAID-0 built on top of 2 disks.

The commandsequenceusedin all experimentswas a mixed
update/search sequence,simulatinga dynamicsearch environment
(about 1 search queryper 18,000document insertions).

The underlyingtext collectionwas GOV2. The querieswere
randomlyselectedfrom the TREC Terabyte ad-hoc topics (2004
and 2005).
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Non-Hybrid Strategies

IndexingGOV2 with 1024MB for the in-memory index;processing
search queriesin parallel.

No Merge Imm. Merge Log. Merge
Total indexingtime 4h01m 40h14m 7h14m
Indexingthroughput 106.1GB/h 10.6 GB/h 59.0 GB/h
Averagetime per query 5.028sec 2.840sec 3.011sec

No Mergeis a dynamicizedversionof o�-line indexconstruction
(on-disk inverted�les are only mergedat the very end).
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Hybrid IndexMaintenancePerformance

Total time to build an index for GOV2:
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(a) Dynamic indexing performance (hybrid with imm. merge)

In-Place + Imm. Merge (without partial flush)
In-Place + Imm. Merge (with partial flush)
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(b) Dynamic indexing performance (hybrid with log. merge)

In-Place + Log. Merge (without partial flush)
In-Place + Log. Merge (with partial flush)

Hybrid indexmaintenanceincreasesthe overall indexmaintenance
performanceof both ImmediateMergeand Logarithmic Merge.
With partial 
ush enabled,the savingsare evengreater.
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Hybrid QueryProcessingPerformance

Average search engine response time per query:
(run BM25, report top 20 documents;performanceasof Oct 2005)
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Query processing performance

In-Place + Log. Merge (with partial flush)
In-Place + Imm. Merge (with partial flush)

For ImmediateMerge,T = 1 (the non-hybrid basestrategy)
achievesthe highestquerythroughput (no disk seeks).For
Logarithmic merge,the hybridization resultsin better query
performance(reducingdisk seeks).
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Summary

We haveproposeda hybrid indexmaintenancestrategy, based
on a distinction betweenshort and long posting lists.

Short lists are maintainedaccording to a mergestrategy.

Long lists are maintainedin-place,by deferringthe update to
the �le system.

Hybrid indexmaintenanceimprovesindexingperformance(by
more than 300%in the caseof ImmediateMerge;by about
20% in the caseof Logarithmic Merge).

Queryprocessingperformancestays about the sameor even
improvesa bit (in the caseof Logarithmic Merge).
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Advertising

This is all part of the Wumpussearch engine(in a similar
form { seepapersand/or code for details).

Freecode (GPL) and free papers(not GPL) are availableat:
http://www.wumpus-search.org/
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The End

Thank You!
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