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Abstract

ThispaperdescribesMOKUSEI, anend-to-endJapaneseversion
of ourJUPITER weatherinformationsystem.MOKUSEI delivers
weatherinformationover the phonethroughnaturalconversa-
tion with theuser. For themostpart, MOKUSEI usesthesame
componentsfor recognition,understanding,andgenerationthat
JUPITER uses,andthedatabaseandthesemanticframesfor the
weatherinformationcontentarealsoshared.However, MOKU-
SEI motivatedus to redesignour GENESIS generationsystem,
in order to improve the quality of translationsof weatherre-
portsinto Japanese.We alsohadto developnew waysto tran-
scribeuserutterancesthroughmorphologicalanalysis.MOKU-
SEI is fully functionalandhasalreadybeenusedfor datacol-
lectionwith about700naive users.Thesedatahave beenused
for improvementandevaluationof MOKUSEI. This paperalso
presentsthe resultof evaluatingthe currentversionof MOKU-
SEI.

1. Introduction
For morethana decade,theSpokenLanguageSystemsGroup
has beenconductingresearchleading to the developmentof
conversationalsystemsthat enableusersto accessand man-
age information using spoken dialogue. While most of our
systemshave beendevelopedfor English,multilinguality has
always beenan importanttopic on our researchagenda.Our
approachto developingmultilingual conversationalsystemsis
predicatedontheassumptionthatit is possibleto extractacom-
monlanguage-independentsemanticrepresentationfrom thein-
put, similar to the interlingua approachto machinetransla-
tion [1]. Whethersuchan approachcan be effective for un-
constrainedmachinetranslationremainsto be seen.However,
wesuspectthattheprobabilityof successis highfor spokenlan-
guagesystemsoperatingin restricteddomains,sincethe input
querieswill be goal-orientedand thereforemore constrained.
Thus far, we have appliedthis formalism successfullyacross
severallanguagesanddomains[2, 3].

In 1997,we introducedthe JUPITER weatherinformation
systemin English[4]. JUPITER hasbeenavailableto thepub-
lic via a toll-free numberin theUnitedStatessinceMay 1997.
Over the threeyearperiodsinceits introduction,we have col-
lectedover 400,000utterancesfrom over 58,000calls, which
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provide a rich corpusfor trainingandrefinementof systemca-
pabilities. Since JUPITER is our most matureconversational
systemto date,it hasbecometheplatformfor our multilingual
spoken languageresearcheffort. This paperdescribesMOKU-
SEI1, aconversationalsystemthatprovidesweatherinformation
in Japaneseover the telephone.MOKUSEI employs the same
GalaxyCommunicatorarchitecture[5] asits Englishpredeces-
sor. It alsoutilizesmany of thesamehumanlanguagetechnol-
ogy(HLT) components,althoughsomemodificationswerenec-
essaryto accountfor differencesbetweenEnglishandJapanese.
Thispaperdescribesoursystemdevelopmenteffort andtheper-
formanceevaluationresults. Due to spacelimitations, readers
arereferredto our otherpublicationsfor a backgrounddescrip-
tion of JUPITER. A detailedexplanationof the initial develop-
menteffort canbefoundin our earlierreport[6].

2. System Architecture
Theoverall systemconsistsof a numberof specializedservers
thatcommunicatewith oneanothervia acentralprogrammable
hub, using the Galaxy Communicatorarchitecture[5]. In a
telephone-basedconfiguration, an audio server capturesthe
user’s speechandtransmitsthewaveformto thespeechrecog-
nizer. The languageunderstandingcomponentparsesthe rec-
ognizer’s word graphanddeliversa semanticframe,encoding
the meaningof theutterance,to thediscourseresolutioncom-
ponent. The resulting“frame-in-context” is transformedinto
a flattenedE-form (electronicform) by the generationserver.
This E-form is deliveredto thedialoguemanager, andprovides
thesettingsof thedialoguestate.

Thedialoguemanagerconsultsa dialoguecontrol tableto
decidewhich operationsto perform,and typically engagesin
a module-to-modulesub-dialogueto retrieve tablesfrom the
database. It preparesa responseframe, containingweather
reportsrepresentedas semanticframes,which is sent to the
generationcomponentfor translationinto the target language2.
The speechsynthesizerthentranslatesthe responsetext into a
speechwaveform, which it sendsto the audioserver. Finally,
theaudioserver relaysthespokenresponseto theuserover the
telephone.A detailedrecordof the entiredialogue,including
stateinformation,is loggedalongwith userutterancesfor later
examinationandreprocessing.

To develop a multilingual capability for our spoken lan-
guagesystems,we have adoptedthe strategy of requiringthat

1MOKUSEI is theJapanesenamefor theplanetJupiter.
2Our English JUPITER systemtranslatesweatherreportsfrom En-

glish backinto English.
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eachcomponentin thesystembeaslanguageneutralaspossi-
ble. The dialoguemanagement,discourseresolution,and the
applicationback-endareall structuredsoasto be independent
of the input or output language.In fact, the input andoutput
languagesarecompletelyindependentof eachotherso that a
usercouldspeakin onelanguageandhave thesystemrespond
in another. In addition,sincecontextual informationis stored
in a languageindependentform, linguistic referencesto objects
in focuscanbe generatedbasedon theoutputlanguageof the
currentquery. This meansthat a usercancarry on a dialogue
in mixedlanguages,with thesystemproducingtheappropriate
responsesto eachquery.

2.1. Speech Recognition

Speechrecognitionfor the MOKUSEI systemis performedus-
ing the SUMMIT speechrecognitionsystem[7]. Currentlythe
recognizerusesa vocabulary of 1,151 words relevant to the
weatherdomain. A majority of thesewordsarenamesof ge-
ographiclocationsandwordsdescribingvariousweathercon-
ditions. A phoneticpronunciationfor eachword hasbeencre-
atedusinga standardsetof Japanesephoneticunits. For lan-
guagemodeling,we developeda class� -gramhaving a setof
56genericwordclassescreatedby hand.

To accountfor phonologicalvariations,a setof phonolog-
ical rules is appliedto the basicpronunciationsof eachword.
Theoutputis a graphof possiblealternatepronunciations.For
example,onesetof phonologicalrulesaccountsfor thedeletion
of /
�
/ and/ � /, which is commonin Japanese.An exampleof

this is thewordsequencedesukabeingpronouncedas/ �����	�
 /.
For the initial version of the MOKUSEI recognizer, the

acousticmodelsweretrainedentirely from Englishutterances.
Thesemodelswereusedto createforcedtranscriptionsof the
early setsof Japanesedatathat were collected. As Japanese
databecameavailable,the acousticmodelswereretrainedus-
ing acombinationof EnglishandJapaneseutterances.As more
Japanesedatawerecollected,the dependenceon Englishdata
for trainingwaseventuallyeliminated.

The MOKUSEI recognizerwascreatedin a straightforward
mannerusing the standardtools of the SUMMIT recognizer.
SUMMIT did not require any design adjustmentsto handle
Japanese.Significanteffort wasrequiredonly to createthevo-
cabulary list, pronunciations,andphonologicalrules,asthese
elementscouldnotbebootstrappedfrom theirequivalentcoun-
terpartsin theEnglishsystem.

2.2. Natural Language Understanding

Oncethe recognizerhasproposeda word graphof promising
candidates,the graphis parsedby the naturallanguageunder-
standing(NLU) componentto producea semanticframe. For
all of our researchin NLU, we have madeuse of the TINA

system[8], first developedto accommodatedatabasequerydo-
mainsin English.TINA is a top-down parserwhichsupportsan
automaticallytrainableprobabilitymodelanda “trace” mecha-
nismto handlemovement,which is prevalentin Englishques-
tions(compare“Is this restauranton Main Street?” with “What
streetis this restauranton � trace� ?”).

Wewereatfirst concernedthatatop-down parsermightnot
beanappropriatechoicefor Japanese,which is a left-recursive
language.Theproblemis thatthesystemmustproposetheen-
tire parsecolumnabove thefirst wordbeforeit hasseentherest
of thesentence.For example,the threesentencesin Fig. 1 all
begin with thesameword,but have significantlydifferentparse

(Nihon wa) doodesuka?
((Nihonno) tenkiwa)) doodesuka?
(((Nihonno) Tokyo no) tenki wa) doodesuka?

Figure 1: Three sentencesbeginning with the word “Nihon,”
with differing rolesandparsedepthsfor this word.

o bject-1

Nihon     no <trace> Tokyo    no <trace> t
�
enki    wa  <trace>     d

�
oo desu ka

s� ubject
w� a o bject-3

p� redicate

o bject-2
no o bject-1

o bject-3
n� o o bject-2

Figure2: Illustrationof useof “tr ace” mechanismto efficiently
parseleft-recursivestructuresin Japanese.

structures,as indicatedby the bracketing. A computationally
expensivesolutionis to proposeall possibleparsestructuresand
let thelaterevidenceeliminateinappropriateones.

We found that a muchbettersolutionto this problemwas
availablethroughTINA ’stracemechanism.Usingthisapproach
eachnew contentwordis parsedfirst in ashallow parsetree,and
thenlatermovedto a positionjust after thesubsequentparticle
that definesits role. The uppercolumnsof the parsetreeare
not constructeduntil after theappropriaterole hasbeenidenti-
fied. This hasthe intendedeffect of reorderingthe constructs
to appearright-recursive. This processis illustratedin Fig. 2.
Thechangereducedcomputationalrequirementsby two orders
of magnitude.

2.3. Natural Language Generation

To translateweatherreports into Japanese,we madeuse of
our GENESIS-I I generationsystem[9]. GENESIS-I I generates
text in the target languagefrom a semanticframe,obtainedby
parsingthe weatherforecastusing TINA. Generationis con-
trolled by a messagefile thatrecursively describestheordering
of nestedconstituentsin thesemanticframe.A vocabulary file
providesthemappingsfrom thesemantictagsto theappropriate
targetlanguagesurfacerealization.

Often, a literal translation,even properlyreordered,is in-
appropriate,asillustratedin Fig. 3, with thesemanticframefor
theoriginal sentenceshown in Fig. 4. Notice thatfluent trans-
lation requiresa majorreorganizationof thesentencestructure.
In particular, theword “rain” (“ame”) needsto appearbetween
the IN TIME predicate(“gozenchuu”)and the word “possibil-
ity” (“kanoosee”),which is impossibleif eachframeis required
to generateits entirestringasa singleunit.

In partbecauseoriginalGENESISsystemwasunableto han-
dle this kind of the situation,we have beenmotivatedto re-
designour generationsystem.TheresultingGENESIS-I I is sig-
nificantly more flexible and intuitive. It provides a powerful
“pull” mechanismthatovercomestheaboveproblem.Any con-
stituentcanpregenerateby nameany otherconstituentamong
its grandchildren(<--), or even among its however deeply
nesteddescendants(<==). In our example, the weaker pull
(<--) is sufficient, and is accomplishedthrough the follow-
ing rule: precip act <-- in time ... :name... probability
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rain (possible(in themorning)) [Englishoriginal]
((morningin) possible)rain [Japaneseordering]
((gozenchuuni) kanoona)ame [nonsense]
gozenchuu(((ameno)kanooseega) [fluent]
arimasu)

morning(((rainof) possibility)SBJ [Englishequivalent]
exist)

Figure3: An exampleweatherphrasewhoseliteral translation
is nonsensical,along with the appropriate translationthat is
producedbyour system.

{c weather_event
topic:
{q precip_act name: "rain"

pred:
{p possibility

qualifier: "possible"
pred:
{p in_time

topic:
{q time_of_day

name: "morning"
quantifier: "def"} } } } }

Figure4: Semanticframefor thesentence, “r ain possiblein the
morning,” showingtheembeddedIN TIME predicate.

resultingin the fluent translationshown in Fig. 3. GENESIS-
I I hasanothernew selectorfeature,describedelsewhere [6],
which allows context-dependentword selection.This is essen-
tial for generatingnaturalJapanesesentences.

2.4. Dialogue Management and Synthesis

The dialogue managerof MOKUSEI is identical to that of
JUPITER except that we hadit default to the Celsiusscalefor
temperatureswhen the languageis Japanese.This requiresa
mechanismto interpretfrequentreferencesto rangesof temper-
ature,suchas“high upper60s”. Aside from this onefeature,
thedialoguemanagerdoesnot needto know eithertheinput or
output languages.It preparesa responseasa semanticframe,
whichlatergetstranslatedinto text in thetargetlanguageby the
generationsystem.

For Japanesesynthesis,we madeuseof FLUET, a software
synthesizerprovidedby NTT CyberSpaceLabs.[10]. Wecom-
piledit with awrapperto allow it to communicatewith theother
serversvia thestandardizedprotocol.

2.5. Content Processing

JUPITER updatesits weatherdatabasethreetimesa day from
four Websites,andupdatesinformationaboutcurrenttempera-
ture,humidity, andpressurecontinuouslyfrom its satellitefeed.
The updateinvolves several steps. After the new weatherre-
portsareretrieved from the Websites,they areall parsedinto
semanticframesusingour TINA NLU system.The framesare
thenexaminedautomaticallyfor semanticcontent,andindexed
underall weathercategoriesthatareapplicable.Finally, there-
lationaldatabasetablesareupdated.

The databasefor MOKUSEI is nearly identical to the one
usedby JUPITER. However, sinceJUPITER knew of only six
major cities in Japan,we expandedthe numberof Japanese
citiesto 144for MOKUSEI. Wealsoprovidedinformationabout

theprefectureandregionfor eachcity in ageographytable.The
weatherinformationfor theexpandedJapanesesetis obtained
from both a Web site and a commercialweatherinformation
distributionservice.

3. Data Collection and Evaluation
3.1. Data Collection

Datacollectionis avital partof conversationalsystemdevelop-
ment.Oncea preliminaryversionof every componentis avail-
able,userscantalk to thesystemto obtaininformation. Later
perusalof the resultinglog file revealsproblemsthat canthen
berepairedby systemdevelopers.Theusers’queriesaretran-
scribed,andthetext is usedto guideexpansionof thegrammar
rules for the NLU component,aswell as the languagemodel
for recognition. The acousticmodelscan be retrainedon the
collectedwaveforms.Thesoftwareandhardwarefor datacol-
lectionresideat bothMIT andNTT’sAtsugiR&D Center.

To date,we have collectedover 713calls from naive users
of the systemresultingin 10,480utterances.Thesedatawere
collectedwith MOKUSEI runningat MIT. Mostcallswerefrom
Japan,andabout500of thecalls weremadeby hiredsubjects
who wereasked to talk to MOKUSEI for five minutes. When
thesedatawerecollected,MOKUSEI ’s performancewassome-
whatlimited becauseof thelack of trainingdata.

3.2. Transcription

When we tried to utilize the collecteddata for training the
acousticmodels,thelanguagemodelfor thespeechrecognizer,
andtheTINA grammar, wefoundthatit wascrucialto maintain
consistency of word boundariesfor transcriptions.At first, we
transcribedeachuserutteranceasa sequenceof words,eachof
which is written asa phonemesequence,asin “rosangzhjerusu
notengkio oshiete(tell metheweatherin LosAngeles).” Since
thereis no standardfor word boundaries(i.e., tokenization)in
Japanese,we establishedour own standard.

As the amountof datagrew, it becamedifficult to man-
ually maintain consistentword boundariesin transcriptions.
We consideredtwo approachesto this problem. One was
to useJapanesemorphologicalanalyzerswhich take Japanese
text written in kanji-kanasequences3 asinput andoutputmor-
phemes.This methodis often usedto build � -gramlanguage
modelsfor Japanesedictationsystemsfrom text corporasuchas
newspaperarticles[11]. To utilize thismethod,utterancesneed
to be transcribedin kanji-kanasequences.The problemwith
this approachis that,becausethereis no standardfor Japanese
orthography, therearemany possiblekanji-kanasequencesfor
thesameutterancethataresemanticallyequivalent.Thiscauses
problemswhenwetry to usethesetranscriptionsto developthe
recognitionvocabulary andgrammarfor languageunderstand-
ing.

We thereforetook anotherapproach,whereuserutterances
were transcribedphonemically, but automaticallysegmented
into bunsetsu. A bunsetsuis anintonationalphraseconsistingof
a contentword anda number(zeroor more)of functionwords.
Althoughbunsetsuboundarieshavenotbeenstandardized,they
canbedeterminedfar moreconsistentlythanword boundaries.
We use the TINA parserto analyzemorphology, segmenting
eachbunsetsuphonemesequenceinto consistentwords,as il-
lustratedin Fig. 5. In this process,variationsin pronunciation,
suchasboth ‘rosangzhjerusu’and‘rosangzerusu’for Los An-

3A kanji is a Chinesecharacterandakanais aphonogram.
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transcription: getsujoobinotookjoonotengkio
shiritaingdesukedo

segmentedsentence: getsujoo bi no tookjoo no
tengkio shiri tai ng desukedo
(I want to know the weatherin
Tokyo for Monday)

Figure5: An exampleof a transcriptionand its morphological
analysis.

geles,arereducedto a commonword. Formerly this wasdone
manually, sometimesleadingto inconsistencies.Themorpho-
logical analyzercorrectlysegmentsabout95% of bunsetsuin
naive andexpertuserutterances.

Thegrammarfor this morphologicalanalyzerformsa part
of the grammarfor sentenceparsing,which guaranteescon-
sistency. We alsohave a programthat checksconsistency be-
tweenthemorphologicalanalyzerandthe recognitionvocabu-
lary. Using thesemethods,thequality of the transcriptionwas
improved,resultingin improvementin theacousticmodel.

3.3. Performance Evaluation

Using thecollecteddata,we evaluatedMOKUSEI. We split the
naive userutterancesinto a training set,which comprises542
dialoguesand8,038utterances,anda testsetof 168dialogues
and2,442utterances.Onaveragethereare2.6moraeperword.

The acousticmodelfor the speechrecognizerwastrained
from the training setaugmentedwith 1,900readspeechutter-
ancesand2,592expertuserutterances.Thecurrentrecognizer
hasanactive vocabulary of 1,151wordswith a trigramtestset
perplexity of 13.0.Thetrigramwastrainedonly from thetrain-
ing set naive userutterances.On the in-vocabulary test data
of 1,745utterancescontainingno artifacts,theword error rate
is 8.5% with a sentenceerror rate of 33.1% (averageof 5.8
words/sentences).On the completetestset the word andsen-
tenceerror ratesincreasedto 19.0%and 45.9%,respectively.
Theseresultsare similar to the performancewe obtainedfor
ourEnglishweathersystem[4].

Thegrammarfor sentenceparsingcurrentlyhasmorethan
500categoriesandnearly2,000vocabulary entries.It hasbeen
refinedso that it coversmoreof thecollectednaive userutter-
anceswhile avoidingadecreasein parsingspeed.It now covers
morethan75%of thenaive userutterancesthatdo not include
artifacts.

Overall userutteranceunderstandingwasevaluatedusing
our evaluationframework [12], which evaluatesunderstanding
by comparingkey-value pairsobtainedboth from recognition
resultsandtranscriptions.For the 1,515utterancesin the test
setwhosetranscriptionsareparsable,concepterrorrate,which
correspondsto worderrorrate,is 12.0%.

For generation,wehavecreatedabout400generationrules,
alongwith a generationvocabulary of about3,000entries.The
spoken responsesfor the manually transcribedtest set utter-
ancesweremanuallychecked,andmorethan90%of themcan
beconsideredfluent.

4. Summary
This paperdescribesMOKUSEI, a weatherinformationsystem
thatenablesJapanesespeakersto obtainrealweatherinforma-
tion for cities worldwide by conversingwith the system. We

have expandedthecapabilitiesof our GENESIS generationsys-
temsuchthat it is now possibleto generatehigh quality trans-
lations of the English weatherreports. We have also incor-
poratedmorphologicalanalysisof userutterancetranscriptions
into bunsetsusequencesto maintainword boundaryconsisten-
cies. The performanceof the currentversionis goodenough
to allow naive usersto useit, althoughwe believe that ongo-
ing datacollectionusing MOKUSEI both at MIT andin Japan
will lead to betterperformance.Togetherwith MUXING, the
Mandarin Chineseversion of JUPITER [3], MOKUSEI shows
thatJUPITER anditsunderlyingGALAXY architectureareviable
frameworksfor multilingual conversationalsystemresearch.
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