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ABSTRACT

Multimodalsignalprocessinghasbecomeanimportanttopicof re-
searchfor overcomingcertainproblemsof audio-onlyspeechpro-
cessing.Audio-visualspeechrecognitionisoneareawith greatpo-
tential.Dif �culties dueto backgroundnoiseandmultiplespeakers
aresigni�cantly reducedby theadditionalinformationprovidedby
extra visual features.Despitea few efforts to createdatabasesin
this area,nonehasemergedasa standardfor comparisonfor sev-
eralpossiblereasons.This paperseeksto introducea new audio-
visualdatabasethatis �e xible andfairly comprehensive,yeteasily
availableto researchersononeDVD.

TheCUAVE databaseis aspeaker-independentcorpusof over
7,000utterancesof both connectedand isolateddigits. It is de-
signedto meetseveral goalsthatarediscussedin this paper. The
mostnotableareavailability of thedatabase,�e xibility for useof
the audio-visualdata,and realistic considerationsin the record-
ings(suchasspeaker movement).Anotherimportantfocusof the
databaseis theinclusionof pairsof simultaneousspeakers,the�rst
documenteddatabaseof this kind. Theoverall goalof this project
is to facilitatemorewidespreadaudio-visualresearchthroughan
easilyavailabledatabase.For informationon obtainingCUAVE,
pleasevisit ourwebpage(http://ece.clemson.edu/speech).

1. INTR ODUCTION

Overthepastdecade,multimodalsignalprocessinghasbeenanin-
creasingareaof interestfor researchers.Thepower of computing
hasincreasedto thelevel whereseparatemodalitiessuchasaudio
andvideocanbeusedin a complementarymethodto improve de-
siredresults.Audio-visualspeechprocessinghasshown greatpo-
tential,particularlyin areassuchasspeechrecognitionandspeaker
authentication.For speechrecognitiontheadditionof information
from lipreadingor other featureshelpsmake up for information
lost due to corruptingin�uences. Becauseof this, audio-visual
speechrecognitioncanoutperformaudio-onlyrecognizersin en-
vironmentswheretherearebackgroundnoisesor otherspeakers.
Researchershave demonstratedthe relationshipbetweenlipread-
ing andhumanunderstanding[1, 2] aswell asproducedperfor-
manceincreaseswith multimodalsystems[3, 4, 5, 6].

Becauseof therelative novelty of theresearchareaaswell as
dif�culties associatedwith thehigh volumesof datanecessaryfor
simultaneousvideoandaudio,thecreationof audio-visualdatabases
hasbeenlimited. Becauseof this,mostresearchersin theareahave

hadto recordtheir own data. In orderto allow for bettercompar-
ison and for researchersto enter the areaof study more easily,
availabledatabasesarenecessarythat meetcertaincriteria. This
paperpresentstheClemsonUniversityAudio VisualExperiments
(CUAVE) databasethat hasbeendesignedto help meetsomeof
thesecriteria. It is a speaker independentdatabaseof isolatedand
connecteddigitsof highqualityvideoandaudioof arepresentative
groupof speakersandis easilyavailableon oneDVD. Section2
of thispaperdiscussesabrief survey of audio-visualdatabasesand
presentsmotivation for a new database.Next, Section3 presents
designgoalsof theCUAVE databaseandspeci�csof thedatacol-
lection andcorpusformat. Section4 presentssomeof our work
in audio-visualspeechrecognitionaswell assomepreliminaryre-
sultsanddiscussionaboutthedatabase.Finally, Section5 closes
with someobservationsand suggestionsaboutpossibleareasof
researchin audio-visualspeechprocessing.

2. AUDIO-VISUAL DATABASESAND RESEARCH
CRITERIA

Therehasbeensomeeffort in creatingdatabasesfor the audio-
visualresearchcommunity. Tulips1is atwelvesubjectdatabaseof
the �rst four Englishdigits recordedin 8-bit grayscaleat 100x75
resolution[7]. AVLettersincludesthe Englishalphabetrecorded
threetimes by ten talkers in 25 fps grayscale[8]. DAVID is a
larger databaseincluding variousrecordingsof thirty-onespeak-
ersover � vesessionsincludingdigts,alphabets,vowel-consonant-
vowel syllableutterances,andsomevideoconferencecommands
distributed on multiple SVHS tapes[9]. It is recordedin color
andhassomelip highlighting. TheM2VTS databaseandtheex-
pandedXM2VTSDB aregearedmoretoward personauthentica-
tion andinclude37and295speakers,respectively, includinghead
rotationshots,two sequencesof digits, andonesentencefor each
speaker [10]. The M2VTS databaseis available on HI-8 tapes,
andXM2VTSDB is availableontwenty1-hourMiniDV cassettes.
Therehave alsobeensomeproprietaryefforts by AT&T andby
IBM [11, 6]. TheAT&T databasewasto includeconnecteddigits
andisolatedconsonant-vowel-consonantwords. Therewerealso
plans for large-vocabulary continuoussentences.The database
wasnever �nished nor released,however. Front-endfeaturesfrom
the IBM databasearebecomingavailable,but therearecurrently
no plansto releasethevideos[11].

Large-vocabulary, continuousspeechrecognitionis an ulti-
mategoalof research.Becauseaudio-visualspeechprocessingis



Fig. 1. Samplespeakersfrom thedatabase.

a fairly youngdiscipline,though,therearemany importanttech-
niquesopento researchthat can be performedmore easily and
rapidly on a medium-sizedtask. To meet the needfor a more
widespreadtestbedfor audio-visualdevelopmentandtesting,CUAVE
wasproducedasaspeaker independentdatabaseconsistingof iso-
lated and connecteddigits in different situations. It is �e xible,
representative,andeasilyavailable.Section3 discussesthedesign
goals,collectionmethods,andformatof thecorpus.

3. DESIGN GOALS AND CORPUSFORMAT

The major designcriteria wereto createa �e xible, realistic,eas-
ily distributabledatabasethat allows for representative andfairly
comprehensive testing.BecauseDVD readersfor computershave
becomeveryeconomicalrecently, thechoicewastodesignCUAVE
to �t on oneDVD-datadiscthatcouldbemadeavailablethrough
contactinformation listed on our website. Aside from being a
speaker independentcollection of isolatedand connecteddigits
(zero throughnine), CUAVE is designedto enhanceresearchin
two importantareas:audio-visualspeechrecognitionthatis robust
to speaker movementandalsorecognitionthat is capableof dis-
tinguishingmultiple simultaneousspeakers. Thedatabaseis also
fully, manuallylabeledto improve training and testingmethods.
Thissectiondiscussesthecollectionandformattingof thedatabase
performedto meettheaforementionedgoals.

Thedatabaseconsistsof two majorsections,oneof individual
speakersandoneof speaker pairs.Thepartwith individualspeak-
ersconsistsof 36 speakers. The selectionof individualswasnot
tightly controlled,but waschosensothatthereis anevenrepresen-
tationof maleandfemalespeakers,a rarity in databases,andalso
sothatdifferentskintonesandaccentsarepresent,aswell asother
visual featuressuchasglasses,facialhair, andhats.SeeFigure1
for a sampleof imagesfrom someof thespeakers.

Fig. 2. Samplespeaker pair from thedatabase.

Eachspeaker was framedincluding the shouldersand head
andrecordedspeakingdigits in several differentstyles. Initially,
50 isolateddigits are spoken while standingnaturally still (not
forced).This is for generaltrainingandtestingwithout very dif�-
cult conditions.Videois full color with no aidsgivenfor face/lip
segmentation. Secondly, eachindividual speaker was asked to
move side-to-side,back-and-forth,or tilt the headwhile speak-
ing 30 isolateddigits. This is animportantpartof thedatabaseto
allow for testingof af�ne-invariantvisual features.In additionto
this isolatedsection,thereis alsoa connected-digitsectionwith
movementaswell. Sofar, muchresearchhasbeenlimited to low
resolution,pre-segmentedvideoof only the lip region. Including
thespeaker's upperbodyandsegmentswith movementwill allow
for more realistic testing. The third and fourth partsspoken by
eachindividual include20 isolateddigits with bothpro�le views,
and then60 connecteddigits facingthe cameraagain. The �nal
60 connecteddigits includetelephone-number-like sequences,30
while standingstill and30 while moving.

The secondmajor sectionof the databaseincludes20 pairs
of speakers. Its goal is to allow for testingof multispeaker solu-
tions. Theseincludedistinguishinga singlespeaker from others
aswell astheability to simultaneouslyrecognizespeechfrom two
talkers. This is obviously a dif�cult task,particularywith audio
informationonly. Video featurescorrelatedwith speechfeatures
shouldallow solutionsto thisproblem.In addition,techniquescan
be testedherethat will help with the dif�cult problemof speech
babble. (One suchapplicationcould be a shopping-mallkiosk
thatdistinguishesa userfrom othershoppersnearbywhile giving
voice-guidedinformation.)Thetwo speakersin thegroupsection
are labeledpersonsA andB. PersonA speaksa connected-digit
sequence,followed by speaker B and vice-versaa secondtime.
For the third sequence,both speaker A andB overlapeachother
while speakingeachpersonsseparatedigit sequence.SeeFigure2
for animagefrom oneof thespeaker-pair videos.

Thedatabasewasrecordedin anisolatedsoundboothatares-
olution of 720x480with the NTSC standardof 29.97fps, using
a 1-megapixel-CCD,MiniDV camera.Severalmicrophoneswere
tested.An on-cameramicrophoneproducedthe bestresults:au-
dio thatwasclearfrom clicking or poppingdueto speaker move-
mentandvideo wherethe microphonedid not block the view of
the speaker. Thevideo is full color with no visual aidsfor lip or
facial-featuresegmentation.Lighting wascontrolled,anda green
backgroundwasusedto allow chroma-keying of differentback-
grounds. This serves two purposes.If desired,the greenback-



Fig. 3. Exampleof variedvideobackgroundsfor speakers.

groundcanbe usedasan aid in segmentingthe faceregion, but
moreimportantly, it canbe usedto addvideo backgroundsfrom
differentscenes,suchasamall, or amoving car, etc.SeeFigure3.
In this manner, not only canaudionoisebeaddedfor testing,but
video“noise” suchasotherspeakers' facesor moving objectsmay
beaddedaswell thatwill allow for testingof robust featureseg-
mentationandtrackingalgorithms. We plan to includestandard
videobackgrounds(suchasrecordedin ashoppingmall, crowded
room,or moving automobile)in anupcomingrelease.

Nearlythreehoursof datafromabout50speakerswererecorded
ontoMiniDV tapesandbroughtinto thecomputerusingtheIEEE
1394interface.Therecordingswereeditedinto theselectionof 36
representativespeakers(17femaleand19male)and20pairs.Dis-
ruptive mistakeswere removed, but occasionalvocalizedpauses
andmistakesin speechwerekept for realistictestpurposes.The
datawasthencompressedinto individual MPEG-2�les for each
speaker andgroup. It hasbeenshown that this doesnot signi�-
cantly affect the collectionof visual featuresfor lipreading[12].
The MPEG-2�les areencodedat a data-rateof 5,000kbpswith
multiplexed16-bit,stereoaudioata44kHz samplingrate.An ac-
companying setof downsampled“wav” formataudio�les checked
for synchronizationareincludedat a 16-bit,monorateof 16 kHz.
Thedatais fully-labeledmanuallyat themillisecondlevel. HTK-
compatiblelabel �les are includedwith the database[13]. The
data-rateand�nal selectionof speakersandgroupswaschosenso
thatamedium-sizeddatabaseof high-quality, digital videoandau-
dio, aswell aslabeldata(andpossiblysomedatabasetools)could
bereleasedon one4.7 GB DVD. This helpswith thedif�culty of
distributingandworkingwith theunrulyvolumeof dataassociated
with audio-visualdatabases.Thenext sectiondiscussessomework
in preparationof collectingthedatabaseandpreliminarywork on
theactualcorpus.

4. PRELIMIN ARY WORK RELATED TO CUAVE

Beforerecordingthedatabase,we conductedresearchin thearea
of visual featuresanddatafusion relatedto audio-visualspeech
recognitionusinga singlespeaker for a 10-word isolatedspeech
task[14] [15]. Theaudio-visualrecognizerusedwasalate-integration
systemwith separateaudioandvisualHMM-basedspeechrecog-
nizers.TheaudiorecognizerusedsixteenMel-frequency discrete

audio% video% av %
clean 100 87 100
18 db 96.5 87 99.3
12 db 80.9 87 96.9
6 db 52.6 87 92.9
0 db 29.1 87 89.8
-6 db 21.0 87 88.4

Table 1. RecognitionRatesAveragedOver Noisesfor a Single
Speaker

waveletcoef�cients extractedfrom speechsampledat16kHz [16].
Thevideorecognizerusedred-greenplanedivisionandthreshold-
ing beforeedge-detectionof the lip boundaries[17]. Geometric
featuresbasedon the oral cavity andaf�ne-invariantFourier de-
scriptorswerepassedto the visual recognizer[14]. (We believe
that thenew databasewill provide a goodtestbedfor further re-
searchonaf�ne-invariantmethods.)Speechnoisewasaddedfrom
the NOISEX database[18] at variousSNRs,andthe systemwas
trainedon cleanspeechandtestedundernoisyconditions.Initial
resultsfor thesinglespeaker weregoodandled us to choosethe
databasedesigngoalsmentionedin Section3. SeeTable4 for a
summaryof theseresults.(Here,the�eld-of-view wascroppedto
lips-only to easepreliminarywork).

Wehavebeguninitial workusingthecompletedCUAVE database
andincludesomebaselineresultshere.Our �rst experimentshave
beenon the audioof the 36-speaker isolateddigit task. The 36
speakersweredividedarbitrarily into a setof 18 trainingspeakers
and18 differenttesttalkersfor a completelyspeaker independent
grouping. With a simple,MFCC-basedHMM recognizerimple-
mentedin HTK using8-statemodelsandonly onemixture,weob-
tained92%correctrecognitionwith anaccuracy of 87%(slightly
lowerduemostlyto insertionsbetweenactualspokendigits). With
sometuning andthe additionof moremixtures,recognitionnear
100%shouldbe attainable. The next taskareasfor baselinere-
sultsconsistof visual-featureextraction,lipreading,anddatafu-
sion.Weplanto begin testingwith theaf�ne-invariantFourierde-
scriptorvisual featuresusedin our earlierwork [14] andpossibly
expandfor comparisonto othertechniquessuchasprincipalcom-
ponentsanalysis,snakes,or B-splines.An arbitrarythresholding
of red/greendivision usedto initially segmentthe lips in our ear-
lier work is notsuf�cient for adatabaseof many speakers.For this
reason,we have manuallysegmentedthe faceandlip regionsfor
all 36 speakers,suchasdemonstratedin Figure4, to obtainGaus-
sianapproximationsof thefaceandlip color distributions. These
haveshown promisinginitial resultsfor face/lipsegmentationover
thewholedatabase.We areperformingMPEG-2decodingunder
Linux alongwith an implementationof our visual featureextrac-
tion routines.Basedon developmentalresults,we believe thatour
�nal algorithmswill executein nearrealtime,includingthedecod-
ing. In upcomingreleasesof the database,we plan to make the
colordistribution informationavailable,aswell assourcecodefor
MPEG-2-basedtoolsto facilitateuseof theincludedvideos.

5. CONCLUSIONS AND RESEARCH SUGGESTIONS

Thispaperpresentsa�e xible,speaker-indpendentaudio-visualspeech
corpusthat is easilyavailable on one DVD-datadisc. The goal
of the CUAVE databaseis to faciliate multimodal researchand



Fig. 4. Manuallysegmentedfaceandlips for distribution training.

to provide a basisfor comparison,aswell asto provide testdata
for af�ne-invariant featuremethodsandmultiple-speaker testing.
Our website,listed in the title section,containssampledataand
includescurrentcontactinformation for obtainingthe database.
Hopefully, thedatabasemaybeusedtoprogressaudio-visualspeech
recognitionmethods.As it is a representative, medium-sizeddig-
its task,it mayalsobeusedfor testingin otherareasaswell, such
asspeaker recognition,lip synchronization,etc.

Thereare several areasthat are wide-openfor audio-visual
speechrecognitionresearchthat may be testedon this database.
A very importantareais visual-featureextraction. A variety of
speakers andspeaker movementhasbeenincludedfor this end.
Also, datafusionis animportantareaof research.Improvedtech-
niquesfor multimodal,multistreamHMMs couldalsoprovide im-
portantstrides,particularlyin continuousaudio-visualspeechrecog-
nition. Finally, the ability to distinguishandseparatespeakers is
importantfor powerful interfacesthatmaybedesiredwheremul-
tiple speakersarepresent,suchasin public areasor automobiles
with passengers.Hopefully, the CUAVE databasewill facilitate
morewidespreadresearchin theseareas.

6. REFERENCES

[1] D. W. Massaro,PerceivingTalkingFaces:FromSpeech Per-
ceptionto a Behavioral Principle, Cambridge,MA: MIT
Press,1997.

[2] Q. Summer�eld, “Lipreading andaudio-visualspeechper-
ception,” Phil. Trans.R.Soc., vol. 335,1992.

[3] E. Petajan,B. Bischoff, D. Bodoff, and N. Brooke, “An
improved automaticlipreading systemto enhancespeech
recognition,” in ACM SIGGHI,pp.19-25, 1988.

[4] P. L. Silsbeeand A. C. Bovik, “Computer lipreadingfor
improved accuracy in automaticspeechrecognition,” IEEE
TransactionsonSpeech, andAudioProcessing, vol. 4, no.5,
1996.

[5] P. Teissier, J. Robert-Ribes,J. Schwartz, and A. Guérin-
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