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mu.eduAlexander Rudni
kyCarnegie Mellon UniversityPittsburgh, PA, 15213air�
s.
mu.eduAbstra
t LARRI (Language-based Agent for Retrieval of Repair Information)is a dialog-based system for support of maintenan
e and repair do-mains, 
hara
terized by large amounts of do
umentation and by pro-
edural information. LARRI is based on an ar
hite
ture developed byCarnegie Mellon University for the DARPA Communi
ator programand is integrated with a wearable 
omputer system developed by theWearable Computing group at Carnegie Mellon University. LARRIadapts a dialog-management ar
hite
ture developed and optimized fora telephone-based problem solving task (travel planning), and appliesit to a very di�erent domain|air
raft maintenan
e. The system wastaken on a �eld trial on two o

asions where it was used by profes-sional air
raft me
hani
s. We found that our ar
hite
ture, AGENDA,extended readily to a multi-modal and multi-media framework. At thesame time we found that assumptions that were reasonable in a servi
esdomain turn out to be inappropriate for a maintenan
e domain. Apartfrom the need to manage integration between input modes and outputmodalities, we found that the system needed to support multiple 
at-egories of tasks and that a di�erent balan
e between user and systemgoals was required. A signi�
ant problem in the maintenan
e domainis the need to assimilate and make available for language pro
essingappropriate domain information.Keywords: Multi-modal systems, maintenan
e and repair domain, task representa-tion, �eld trials 1



2Introdu
tionLARRI (the Language-based Agent for Retrieval of Repair Informa-tion) is a dialog-based system for support of maintenan
e and repaira
tivities for air
raft me
hani
s. LARRI is based on an ar
hite
ture de-veloped by Carnegie Mellon University for the DARPA Communi
atorprogram and is integrated with a wearable 
omputer system obtainedfrom the Wearable Computing group at CMU (see, e.g., Smailagi
 et al.,2001).LARRI is interesting in that it takes a dialog-management ar
hite
-ture developed and optimized for a telephone-based problem-solving task(travel planning), and applies it to a very di�erent domain - air
raftmaintenan
e. On the positive side, we found that our ar
hite
ture,AGENDA (Rudni
ky et al., 2000;Xu and Rudni
ky, 2000), extendedreadily to a multi-modal and multi-media framework. At the same timewe found that 
ertain assumptions built into the system that were rea-sonable in a servi
es domain turn out to be inappropriate for a main-tenan
e domain. For example, the time-s
ale of a
tivity in the mainte-nan
e domain is signi�
antly di�erent. In the travel-planning s
enariothe primary goal is to help the user rapidly �nd a satisfa
tory solution.In the maintenan
e domain, rapid and a

urate solution is no longer themain goal; rather, a

urate task exe
ution and easy a

ess to relevantmaintenan
e-related information are the main goals. Moreover the sys-tem needs to provide two di�erent usage modes: browsing and guidan
e.In the former, the user expe
ts to be able to sear
h for information andexamine pro
edures; in the latter, the user and the system need to 
oop-eratively 
arry out the step sequen
e asso
iated with a given pro
edure.In both 
ases the underlying domain knowledge is the same, implying aneed for a 
learer separation between task and dialog representations.We 
ontinue by des
ribing LARRI's 
apabilities and fun
tionality,based on a sample intera
tion with the system. Subsequently, Se
tion 2presents the ar
hite
tural and implementational details behind the var-ious system 
omponents. In Se
tion 3 we des
ribe a �eld study with USNavy F/A-18 me
hani
s, and dis
uss our 
urrent and planned future ef-forts for improving the LARRI system, in light of the feedba
k obtainedduring these �eld trials. Finally, Se
tion 4 
on
ludes the paper.1. LARRI: System des
riptionLARRI (Language-based Agent for Retrieval of Repair Information)is a multi-modal system for support of maintenan
e and repair a
tivitiesfor air
raft me
hani
s. The system implements a Level 4/5 IETM (In-tera
tive Ele
troni
 Te
hni
al Manual) (iet, 2000), that is, semanti
ally-



LARRI: A Language-based Maintenan
e and Repair Assistant 3annotated do
umentation. While the use of su
h do
umentation is not
urrently widespread, it represents the next step in the evolution ofdo
umentation for 
omplex systems, parti
ularly military ones. LARRIexplores the potential integration between language-based interfa
es andsu
h materials.LARRI integrates a graphi
al user interfa
e for easy visualization ofdense te
hni
al information (i.e. instru
tions, video-streams, anima-tions, annotations) with a spoken dialog system that fa
ilitates informa-tion a

ess and o�ers task guidan
e and mentoring in this environment.The graphi
al interfa
e (illustrated in Figure 1) is a

essible via a head-worn display 
onne
ted to a wearable 
lient 
omputer. A rotary mouse(dial) provides dire
t a

ess to the GUI elements.The natural language spoken-dialog 
omponent enhan
es GUI fun
-tionality (whi
h provides only for simple sele
tion), with support fornatural language 
ommands and for dire
t information a

ess. The pre-ponderan
e of hands- and eyes-busy situations in this domain makesnatural language dialog a very attra
tive intera
tion modality. Commu-

Figure 1. LARRI's Graphi
al User Interfa
e



4 1 L: Hi, this is LARRI. State your name please Login phase2 U: Hi, my name is John Doe Pro�le retrieval3 L: Hello John Doe. Before you start on yours
heduled work, we need you to finish anurgent task4 U: OK5 L: Let's reprioritize your s
hedule: first you Task listwill perform the INS Ground Initiated BIT negotiationTest on plane 301. You last performed thistask 3 months ago. Is that 
orre
t ?6 U: Yes, that's right7 L: Then you will do the BXF radar 
he
k on plane304. You last performed this task 2 weeks ago.Is that 
orre
t ?8 U: AÆrmative9 L: When you are ready to start working on the INSBit Test, please say ready to work10 U: Ready to work... ... ... System presents... ... ... task summary11 L: Step A: On RDDI press and release the Task guidan
eMENU pushbutton swit
h until HSI pushbutton (Step exe
ution)swit
h option appears12 U: Done13 L: Does the RDDI menu display the HSI ? Out
omeveri�
ation14 U: AÆrmative15 L: Step B: Now press the HSI pushbutton swit
h16 U: Ok. RDDI displays the HSI17 L: Ok. Step C: Press the DATA pushbutton swit
h18 U: <long timeout>19 L: Did you push the DATA pushbutton ? State
lari�
ation20 U: Yes, I just did21 L: Does the RDDI display DATA option display with Out
ome verif.the WYPT option boxed ?22 U: Yes23 L: Ok. Step D: Sele
t WYPT 024 U: Okay. WPT is 0 and the latitude is lo
al25 L: Good. Skipping to step J. On RDDI press Bran
h onand release MENU pushbutton swit
h until BIT out
omepushbutton swit
h option appears.26 L: ... ... ... Figure 2. A sample intera
tion with LARRI
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e and Repair Assistant 5ni
ation be
omes possible in parallel with manual work, and unwieldyinterfa
e devi
es (su
h as keyboards) 
an be eliminated. The use of natu-ral language also provides opportunities for in
reased eÆ
ien
y and 
exi-bility: the user 
an intera
t with the system both on a simple 
ommandlevel (manipulating the GUI or simply stepping through a pro
edure)and on a goal-oriented level (where the user des
ribes desired end-statesand the system translates these into the 
orresponding 
ommand se-quen
es). Furthermore, eviden
e from areas su
h as intelligent trainingand tutoring systems indi
ates that the use of spee
h and sound to 
on-vey information improves learner/user performan
e (Goodman, 1993).Figure 2 illustrates a sample intera
tion with LARRI. Both the user(U:) and system utteran
es (L:) are presented, together with annota-tions on the right-hand side des
ribing some spe
i�
 system behaviorsasso
iated with those turns.The LARRI s
enario 
onsists of a login phase, followed by the aidedexe
ution of several tasks and �nally a logout phase. On
e the user iden-ti�es himself, LARRI will retrieve the user's pro�le and 
urrent s
hedulefrom a ba
kend agent (turns 1-2). Subsequently the s
hedule is displayedand LARRI engages in a negotiation/
on�rmation dialog to establish thetasks for the 
urrent session (turns 3-8). On
e the login phase is 
om-pleted, the system retrieves from the ba
kend the set of maintenan
etasks assigned to the user, and presents a brief summary of the state ofthe 
urrent task (in 
ase it was left in
omplete).The typi
al maintenan
e task 
onsists of a sequen
e of steps, whi
hare to be performed by the air
raft maintainer in a 
ertain order. Thelarge majority of the steps (basi
 steps) 
ontain a set of instru
tions,optionally followed by a set of veri�
ation questions in whi
h the possibleout
omes of the step are dis
ussed. The various out
omes of a step
an lead to di�erent bran
hes, either within the same task, or into anew (sub)task. Basi
 steps 
an also in
lude animations or short videosequen
es whi
h are to be displayed to the user, or various annotationsintrodu
ed by previous maintainers whi
h are available upon request.A se
ondary, and less frequent 
lass of steps are notes, warnings and
autions. These are also visually present, and 
an be read to the usereither at the system's own initiative or at the user's request (dependingon the severity of the situation). Overall, maintenan
e tasks �t well intothe AGENDA ar
hite
ture, whi
h uses a dynami
ally modi�able treestru
ture to represent the user's task.Turns 11-26 in Figure 2 illustrate LARRI's behavior in guidan
e mode.However, the maintainer 
an also perform random a

ess to the do
u-mentation/task, either by dire
tly a

essing the GUI elements with the



6dial or by issuing a set of spoken language 
ommands su
h as \goto step15", et
.On
e a maintenan
e task has been 
ompleted, the system providesagain a brief summary of the 
ompleted a
tivity, updates the 
orrespond-ing information on the ba
k-end side, and moves to the next s
heduledtask. Finally, upon 
ompletion of all the s
heduled tasks, the user islogged out of the system and the session is 
on
luded.2. LARRI: An ar
hite
tural viewLARRI is implemented as a distributed 
lient-server ar
hite
ture,shown in Figure 3. When tested in the �eld the system runs on three sep-arate 
omputers, one worn by the user and two stationary servers. Fordevelopment purposes, the system runs on a single desktop 
omputer.The wearable platform hosts 
lients for audio input and output, and thegraphi
al user interfa
e. Other 
omponents (i.e. spee
h re
ognition, dia-log management, language generation and synthesis, task-spe
i�
 agents,et
.) run on the server side. Communi
ation between 
omponents is a
-
omplished over an 802.11b link, using (TCP/IP) so
ket 
onne
tions.

Figure 3. LARRI's Galaxy-based Ar
hite
tureThe wearable 
omputer is worn in a belt that enables parti
ipantsto move the lo
ation of the 
omputer to a 
omfortable area along theirtorso. It 
onsists of a Pentium 233 MMX pro
essor, with 64 MB RAM
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e and Repair Assistant 7and a 680 MB hard drive, equivalent to an IBM ThinkPad 560X, butweighing 400 grams and measuring 26 x 80 x 120 mm. The head-worndisplay, developed at IBM's Watson Resear
h Center, has a small liquid
rystal 
hip with an image transmitted by a prism and redire
ted to theuser's eye. With the magnifying opti
s 
ontained in this devi
e, it ap-pears to users that they are reading a full-sized desktop 
omputer s
reenwith VGA resolution. LARRI uses a Gentex 100902 noise-
an
eling mi-
rophone, whi
h is boom-mounted on a 
ranial [helmet℄ worn by theme
hani
. The Gentex provides a high level of a
ousti
 noise 
an
ella-tion and allows the system to operate in the hangar environment (wherethe ambient noise is 85-95 dBA). Spee
h is a
quired using a Telex H-551USB digitizer and is sampled at 11.025 kHz and 16 bits.LARRI makes use of the Galaxy (Sene� et al., 1998) ar
hite
ture.The system is 
omposed of a series of modules, implemented as parallelpro
esses (i.e. spee
h re
ognition, understanding, synthesis, dialog man-agement, et
.) that intera
t with ea
h other by passing messages througha 
entral programmable traÆ
-router|the Galaxy hub (see Figure 3).Spee
h re
ognition is performed via the SPHINX II (Huang et al.,1993) de
oder, using semi-
ontinuous HMMs. A
ousti
 models weretrained using the WSJ0 
orpus, and a 
lass-based, trigram languagemodel was 
onstru
ted and used for re
ognition. The 
urrent vo
ab-ulary, 
overing the INS BIT Test pro
edure and general system 
om-mands, 
ontains 408 words. A semanti
 grammar was written for theINS BIT Test domain and is used by the Phoenix robust parser to 
reatea semanti
 representation of user input, whi
h is then forwarded to theDialog Manager. Similarly, the events from the graphi
al User Interfa
eare semanti
ized, integrated with the spoken input and passed to theDialog Manager.The Dialog Management 
omponent is based on the AGENDA ar-
hite
ture (Xu and Rudni
ky, 2000), and makes use of 23 handlers tomanage task and dis
ourse phenomena. On the ba
k-end side, the Dia-log Manager 
ommuni
ates with 4 separate domain agents that handleuser pro�les, the task library, and task instantiation and assignmentinformation.Currently, the maintenan
e tasks and pro
edures are des
ribed interms of a spe
ial-purpose de
larative language (TML, Task MarkupLanguage). This language is used both for de�ning task types (i.e. thestru
ture of 
ertain tasks, in terms of phases, steps, and the relation-ships between them), as well as task instan
es, whi
h in
lude additionalinformation pertaining to a spe
i�
 task instantiation (i.e. the 
omple-tion status of ea
h phase/step, how mu
h time ea
h step took, variousmaintainer annotations, et
). The three task domain agents retrieve this



8representation from a database, and then provide it to the dialog man-ager whi
h uses it to 
onstru
t the appropriate dialog handlers. The twoforms of representation 
an be seen to 
orrespond to the use of the datafor browsing and for guidan
e purposes. For illustrative purposes, weshow in Figure 4 an ex
erpt from an a
tual task instan
e, as representedby this formalism.fstep id 0003step gui id INS.1.5step name 
step type basi
 stepinstru
tions On GND PWR 
ontrol panel assembly, set andhold 1 and 2 swit
hes to B on for 3 se
ondsestimated time 30default exe
ute pointer next stepout
omes array : 1f fout
ome nr 1out
ome gui id INS.1.5out
ome Swit
hes lat
h and remain on.exe
ute pointer yes next stepexe
ute pointer no task 00009result 1ggstart time 010912-20:13:10end time 010912-20:14:02
ompleted 1gFigure 4. An ex
erpt from a task instan
e representation: the itali
ized materialshows the instan
e-spe
i�
 elements added to the basi
 type when it is instantiated forpurposes of guiding the user through a pro
edure. Note the use of an estimated timeparameter that allows the system to trigger reprompts at the appropriate time (whenin guidan
e mode).LARRI uses the ROSETTA natural language generation module, butonly in template-based mode, using both general prompts and promptsbased on material in the task representation (e.g., instru
tions in Fig-ure 4). Synthesis is performed using a Festival-based unit-sele
tion syn-thesizer (Bla
k and Lenzo, 2000). A limited domain voi
e was 
reatedespe
ially for this task, with a fallba
k on a diphone voi
e.



LARRI: A Language-based Maintenan
e and Repair Assistant 93. Experiments and Results3.1 Field evaluationTo better understand how the various elements of the system performunder realisti
 
onditions, we evaluated LARRI on two separate o

a-sions, on
e in July 2001 and on
e in De
ember 2001. The evaluationstook pla
e at the Naval Strike Air
raft Test Squadron, Pautuxent RiverNaval Air Station, Maryland, with the parti
ipation of AE (AviationEle
tri
al) te
hni
ians, all Navy personnel. The evaluation built on pre-vious work with a non-spee
h version of the system (Siegel et al., 2000),thus task materials as well as a well-de�ned and tested experimental pro-to
ol were available and were in
orporated into the 
urrent evaluation(with modi�
ations to take into a

ount the use of a spee
h system).The materials used were modeled on level 4/5 IETMs (Intera
tive Ele
-troni
 Te
hni
al Manuals) and the task used was the Inertial NavigationSystem (INS) Built In Test (BIT) for the F/A-18C/D �ghter plane. Wesele
ted this parti
ular task be
ause of the availability of appropriateIETM material and existing task analysis information. Sin
e this wasa heuristi
 evaluation of a proof-of-
on
ept prototype our fo
us was onunderstanding the experien
e of the me
hani
s. Thus ea
h me
hani
 per-formed the task on
e and was then interviewed about their experien
e.The testing pro
edure in
luded a period of instru
tion, to familiarize theme
hani
 with the wearable equipment and with the 
hara
teristi
s ofthe spee
h system, followed by a
tual performan
e of the task (whi
htook pla
e in the 
o
kpit of an F/A-18C air
raft). Five maintainers par-ti
ipated. Three of the �ve me
hani
s were able to 
omplete the taskbut gave the system divergent ratings, either very high or very low (arange of 1 to 4 on a 5-point s
ale). We attribute this out
ome to prob-lems in both interfa
e design and in operational diÆ
ulties in the hangarenvironment, spe
i�
ally the intera
tion between the 
omputational re-quirements of the prototype and the diÆ
ulty of operating a wirelessnetwork in an environment high in RF noise (involving unpredi
tableoutages in 
onne
tivity). Nevertheless both �eld evaluations providedvaluable information that was used for system improvement.While users 
ommented favorably on the language-based interfa
e,analysis of the sessions and user 
omments identi�ed several issues.These in
lude: better feedba
k on system state; a more 
exible bal-an
e between the spoken and graphi
al outputs and improvements tothe GUI design. In the next subse
tion, we dis
uss these issues in moredetail, and present our 
urrent and future planned e�orts addressingthem.



103.2 Lessons learned and future plansDuring the �eld trials, several problems were 
aused by a la
k ofproper feedba
k on (spee
h) system state. The user's fo
us is on thetask, but he requires 
lear yet unobtrusive indi
ation of whether spee
hinput is being pro
essed and understood 
orre
tly. Although the ini-tial design in
luded a VU meter and status indi
ators (see Figure 1),the experiments revealed that a more 
omprehensive state feedba
k isneeded, both at the signal level (line quality, signal integrity, 
lipping,et
), and at the understanding level (re
ognition su

ess). A su

ess-ful feedba
k system would both 
ommuni
ate that a problem exists andwould provide an intuitive guide to how it might be remedied.A se
ond important observation 
on
erns 
reating an optimal bal-an
e between spoken and graphi
al output. Sin
e a graphi
 display isavailable, the role of spee
h output 
hanges 
orrespondingly: spee
his no longer the prin
ipal medium for transmitting information to theuser. While one solution is to stati
ally assign message types to out-put medium, we believe integration will be more valuable. The 
urrentsystem uses paraphrase and meta-
omments to augment s
reen-basedinformation.A related, task-level observation is that the most experien
ed main-tainers were a
tually slowed down by the system taking the time to gothrough the veri�
ation questions for ea
h step. This underlined the im-portan
e of tailoring the system spee
h output to the situation at hand,and to the user's level of expertise. Users familiar with the task will notneed to have it read to them step-by-step, while inexperien
ed me
han-i
s 
ould bene�t from this redundant presentation. As a �rst solutionto this issue, we added a "terse" vs. "verbose" mode for the system.Swit
hing between the modes is a
hieved at the user's request, with theinitial settings (re
e
ting the user's level of expertise) 
ontained in theuser pro�le. A more sophisti
ated model 
ould take into a

ount otherfa
tors su
h as the dynami
s of the intera
tion and the user's historywith the 
urrent task.Based on the feedba
k and observations from the �eld trials, we havedesigned a new graphi
al user interfa
e, whi
h provides several improve-ments over the original one. Changes in
lude: better system state feed-ba
k, popup help windows (i.e. on misunderstandings, a list of possible
ommands a

eptable to the system at that point 
an be popped up onthe s
reen to prime the user), better distin
tion between steps and ver-i�
ation questions, and in general a 
leaner design whi
h 
onveys more
learly the user's 
urrent position and fo
us in the task.



LARRI: A Language-based Maintenan
e and Repair Assistant 11From a pra
ti
al perspe
tive, a 
riti
al issue en
ountered in the main-tenan
e domain is the problem of preparing sour
e materials for use ina language-based interfa
e. Do
umentation for the F/A-18 system, onpaper, involves many thousands of pages of text, as well as diagramsand other graphi
al materials. Moreover, this do
umentation is revisedon a regular basis. None of this material, understandably, is 
urrentlyprepared with a view to being a

essible through a spoken-language in-terfa
e. The unresolved problem is how to automati
ally prepare su
hmaterials for (intelligent) spoken-language based a

ess. This is not aproblem that is adequately addressed by 
urrent toolkit approa
hes tospoken language interfa
e development (whi
h at best simplify the pro-totyping of small 
losed-domain appli
ations) but one that ne
essarilyneeds to be addressed for large and 
onstantly mutating domains su
has air
raft maintenan
e.Currently, we use a de
larative language (TML, Task Markup Lan-guage) for maintenan
e tasks, from whi
h dialog handlers for the Agendadialog manager are generated dynami
ally, as needed. Nevertheless,both the semanti
 grammar for the Phoenix parser, and the system'sprompts 
overing the INS BIT Test had to be hand
rafted. Given thatIETMs for new systems are 
reated in XML form, we anti
ipate using anXSLT program to render the IETM into the 
orresponding TML; how-ever the pro
ess needs to in addition automati
ally generate a grammarfor the parser as well as appropriate prompts for generation. To drive there
ognition system we also need to generate a 
orresponding languagemodel and pronun
iation di
tionary. Our previous experien
e with de-signing su
h a pro
ess (for a movie information servi
e that provided
urrent information) indi
ates that a fully automati
 pro
ess is diÆ
ultto 
reate. Yet su
h a pro
ess would be essentially given the impra
-ti
ality of manually 
reating and maintaining the requisite knowledgebase.4. Con
lusionWe have des
ribed a language-based system for a 
omplex mainte-nan
e and repair domain. This domain di�ers signi�
antly from servi
e-oriented domains su
h as travel planning in several respe
ts. First, thenature of the a
tivity violates 
ommon assumptions made in servi
es do-mains in that pre
ision and 
ompletion are the primary goals, and simplespeed of exe
ution is less important. The 
riterion for su

ess is jointlydetermined by the system and the user rather than by the user only(who, for example, is the only judge of whether a parti
ular itineraryis satisfa
tory). The maintenan
e domain involves multiple 
ategories



12of intera
tion su
h as guidan
e and browsing, that imply di�erent rela-tionships with essentially the same domain information (thus task anddomain representations need to be expli
itly di�erentiated, even whenthe domain information e�e
tively des
ribes a task). As well, users maybe engaged in several 
omparable maintenan
e a
tivities, meaning thatthe system needs to tra
k individual tasks and be able to manage theuser's 
hange of fo
us between them.Se
ond, the nature of the interfa
e is no longer uni-modal and thesystem must provide for both gestural input and graphi
 output. In ourparti
ular domain, whi
h is hands-busy, manual input does not appearto be a major fa
tor in the interfa
e. In parti
ular, voi
e provides amore appropriate and 
exible input for navigation, for data entry andfor information a

ess. Nevertheless in situations of ex
ess noise, gesturebe
omes the only viable input. On output, we have found, unsurpris-ingly, that spee
h and graphi
 outputs need to be 
oordinated and that
are must be taken to avoid unne
essary redundan
y between the two
hannels. At the same time the user needs to be given 
ontrol over thedetails of how outputs are distributed over modalities. For example, inan eyes-busy situation a verbal rendering of s
reen 
ontent is essentialbut 
annot be anti
ipated a priori.Finally, the maintenan
e and repair domain stresses the importan
eof automating the assimilation of domain information into a form that
an be used by a language-based system. In many dialog systems thisknowledge is hand
rafted; this is possible be
ause the size or 
omplex-ity of the domain is manageable. We believe that e�e
tive interfa
es tomaintenan
e do
umentation require the extra
tion of substantive stru
-ture relevant to the tasks performed; the 
hallenge is to extra
t thisinformation automati
ally without the aid of 
omplex world models.5. A
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