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research and methodologies.  This paper is not
intended as a survey of the field (cf. [29]), but
rather as an example. Numerous other groups, at
CMU, DFKI, lllinois, Rutgers, SRI, and elsewhere
are also engaged in such research, and the reader is
urged to consult their work.

Abstract”

Al research has often been driven by popular
visions — HAL 2001, Asimov’'s Robot, Star
Trek — and by critical application areas —
medical expert systems, spoken dialogue sys-
tems, etc. These visions and applications serve
to inspire and guide researchers, posing chal-
lenges, illustrating technical weaknesses, and
generally channeling creative energy. Without
doubt, the widely held vision of the autono-
mous robot, has exerted a substantial integra-
tive force, such that numerous disciplines,
ranging from mechanical engineering to cogni-
tive science, can see how their intellectual en-

The paper first considers problems of building
principled multimodal systems that fuse informa-
tion at the semantic level. Issues to be addressed
include deciding on relevant principles, observing
users, and building an appropriate software archi-
tecture. Then, | provide two examples, QuickSet, a
multimodal pen/voice system for interacting with

deavors can contribute to the overall endeavor.
In this brief position paper, and in the accom-
panying talk, | would like to propose that the
next generation of intelligent multimodal user
interfaces can offer a similar intellectual focus
for Al researchers. After providing a brief
overview of our work in this area and two ex-
amples, | would like to suggest the potential
impact that such interfaces could have in the

map-based applications, and Rasa, a tangible mul-
timodal system that enables users to employ paper-
based interfaces. In each case, evaluations of the
systems by the intended user population have taken
place and are summarized. Finally, | describe the
kinds of multidisciplinary methodologies that were
used in building these systems.

Multimodal Interaction

Multimodal interfaces are those that allow the user
to employ a substantial range of human sensory
Introduction capabilities to obtain and interact with desired in-
In this position paper, | would like to illustrate re- formation, and to perform tasks. For instance, such
cent work in intelligent user interfaces, specifically interfaces typically enable a user to employ some
the subfield called multimodal interfaces, and arguesubset of speech, gaze, body movements, pen
that multimodal interfaces should occupy a similarStrokes, haptics, etc. Multiple modes are advanta-
place in the Al research endeavor as autonomoug€ous for a variety of reasons, including: robust-
robotics. Along the way, | will describe the kinds N€SS, flexibility, abl_Ilty to correct p_QrS|stent errors
of skills that were needed to build two multimodal in 0ne mode by using another, ability to avoid ex-
systems in our laboratory, the QuickSet and RasRected errors by switching modes, expressivenes,
systems. As you will see, Al and Computer Sci-and speed [3, 25, 27, 29]. Such systems are also
ence methodologies played a central role, but ar@PPropriate to ubiquitous computing environments,
informed by cognitive science and ethnographicSmall devices, and very large devices.

relatively near-term.
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modalities, interfaces can be designed that caim better overall speech recognition, especially in
dramatically simplify human input, leading to noisy environments [23, 29].

more robust performance [5, 28]. In addition to

inspiring new interface designs, such a principleln order to fuse information at the level of meaning,
can be applied at run time, whereby joint use ofmany groups have adopted unification of typed
communication modes can compensate for errors ifeature structures as the main symbolic information
the individual modalities. For instance, joint use offusion process [8, 11, 24]. Typed feature structures
spoken language and pen-based gesture, or speeate directed-acyclic attribute-value graphs, whose
and lip recognition, can produce better overall rec-attributes are arranged in a type hierarchy. Such
ognition rates than relying on the individual modesdata structures are commonly used in computa-

alone [23, 26, 29]. tional linguistics to represent lexical, grammatical,
and semantic information [1, 13, 22]. In the case of
Proactive Empirical Research multimodal interaction, the meanings of the signals

Before building a complete multimodal system, it isin €ach mode would be represented in such struc-
important to understand how people would in facttures. Modality fusion occurs when the structures
interact multimodally. A series of proactive em- are unified [1, 11], subject to various constraints
pirical studies was undertaken that investigated25]. Feature structure unification, a generalization
multimodal interaction in a variety of domains. Of term unification in logic programming coupled
Using high-fidelity Wizard of Oz simulations as With type reasoning, is appropriate as a fusion op-
well as actual system prototypes, it was discovere@ration because it combines complementary and
that by structuring an interface gragdily, users’ redundant information, but' rules out inconsistent
inputs could be channeled towards a linguisticallyinformation. In tests of QuickSet's mutual disam-
Simp|er Sty|e' one that led to reduced parse ambigrplg.l,'lathn Of. modalities based on feature .StrUCtUre
ity, bigram perplexity, and utterance disﬂuenciesqulcatlon, it was found that multlmOQaI interac-
[2, 30], up to 2-8 fold. A number of these tech- fion led to a 20-40% error rate r'educt|on over uni-
niques have recently been implemented in Micro-modal spoken language processing [26].
soft's MiPad prototype, and the predictions have
been borne out [10]. Fusion Architecture

Because machine perception is errorful, the soft-
Interface simulations investigating multimodal ware architecture needs to be designed from the
pen/voice interactions with map-based systemground up to handle error&iven that recognizers
have also found that multimodal input is Simpler produce a |arge number of hypotheseS, with even a
than unimodal SpeeCh. In particular, multimodal modest nhumber of interpretations per mode1 exam-
speech and pen input to map-based applications ifing their cross-product quickly can become ex-
briefer, less syntactically complex, has fewer dis-pensive. Thus, there needs to be rapid filtering of
fluencies, leads to fewer user errors, and is prethose combinations that could not possibly unify
ferred over unimodal speech [25]. Furthermore,[14, 33], a statistical assessment of the joint prob-
people adopt one of two styles of multimodal inte- apilities of the remaining cross-modal recognition
gration -- they gesture first, then speak (typicallyhypotheses, and finally a unification process to
within 4 seconds), or they speak and gesture tocombine the fine structure of the interpretations. A
gether, but do not speak first, gesture later [25]hybrid symbolic/statistical process that can handle
Such results led directly to interface dESignS and t%n arbitrary number of modesl with a Variety of
thresholds used in our QuickSet system [6]. Furspatial and temporal relationships (e.g, some pre-
thermore, the empirical simulation-based resultscede others, some co-occur, etc.) needs to be de-
were again borne out with QuickSet user testing.  veloped to arrive at the best overall interpretation

of the inputs [31, 34]. Here, statistical speech and
Fusion natural language processing, machine learning,
The core of any multimodal system is its methodpattern recognition, and sensor fusion techniques
for fusing information derived from each mode. play a crucial role.
Depending on the characteristics of the data, infor-
mation can be fused “early,” at the level of signalDjstributed Software Architecture
features, and/or “late” at the level of meaning. AnThe System’s ab|||ty to handle para||e| asynchro-
example of the former is audio-visual fusion, inngus input is critical to its usability. This charac-
which information about lip movement (in terms of teristic is a significant departure from the design of

so-called “visemes”) and about the spoken wordgurrent graphical user interface software, which
(in terms of phonemes) can be combined, resulting



Figure 1: Left: QuickSet operating on a handheld PC; Right: Collaborating QuickSebperating on a 50”
plasma display with touch overlay. User is speaking through a wireless microphone while drawing.

assumes that its input is certain and sequéntialmodal integration, a map-based user interface, a
To address these needs, we have employed a multiatabase system, and an application bridgmm-

agent architecture [4, 15, 18] that offers fault-tinuous speech and continuous gesture are proc-
tolerant, distributed, asynchronous operations, wittessed in parallel, with n-best recognition results

a facilitated or direct communication model. from each mode represented as typed feature struc-
tures. After parsing, the resulting interpretations
Example 1: QuickSet are collected by the multimodal integrator. The

integrator operates as a multimodal chart parser
IL|12]’ storing partial feature structure interpretations
in a multimodal chart, which is operated upon by
rules, and subjected to constraints. The basic fusion
operation is unification of feature structuf&g].

QuickSet is a collaborative handheld multimodal
system based on a multiagent architecture, whic
controls numerous applications, including commu-
nity fire and flood control, military simulators
(ModSAF), exercise initialization (ExInit), and

virtual terrain environments (the Naval Research. . modality agents communicate through a cen-

Laboratory's Dragon Il and SPAWAR's Com- tral facilitator via a common language, currently the

m@”dV.“)- The system enables users to Cr?atﬁqteragent Communication Language for the Open
point, line, and area entities ona PC screen, us'ng,&gent Architecture [4, 18]. The presence of the
variety of form factors ranging from handheld or facilitator enables agents to connect,disconnect,

weara_ble devices to .waII—S|zed displays, simply byand reconnect without restarting the system. How-
speaking and sketching. For example, the user c

a >
create and position an M1A1 company at a givengver‘ as a central component, the facilitator can be

location and with a qiven orientation and posture® bottleneck to high bandwidth information trans-
by savina: “M1AL cgm anv facing one tvvg 7610 fer, and potentially a single point of failure. To
y saying: pany 9 overcome these problems, we have developed a

; ’ grap rchitecture, which offers direct as well as facili-

szisrgzj IS;(iatn;ﬁC:b(r(nglels)e\rNgrUIdaIZ?t\ée dt(r)alotcr‘;iéeictct]r?oﬁc_gated communication, and supports fault-tolerant
e P » drag . ._operation based on the theory of teamwork [7, 15,
the screen, and fill in various parameters in a dia;

loque box. Likewise. by speaking and sketchin 16]. Importantly, the agents can reside on a variety
thge user cén create Ii,negr apnd are% features Sucﬂ’ofsdifferent types of machines, located anywhere on

. . e PR 2 Internet. If appropriately time-synchronized,
unit boundaries, objectives, routes, fortifications,

air corridors. no do/slow ao areas. drop zones. su distributed agents can participate in analyzing us-
' 10 9 9 ' P ' “7Ters’ multimodal inputs. In particular, handheld sys-
ply routes, cultural features, etc.

tems, such as PDAs, can run the interface, but off-

. . load computationally intensive multimodal process-
QuickSet Architecture _ing to servers operating elsewhere.
QuickSet consists of a set of software agents, in-

cluding speech recognition, natural language ProCeyaluation

essing, text-to-speech, gesture recognition, multiy, i o dal interaction with QuickSet was recently

compared with interaction via a standard graphical
user interface (GUI) for the task of placing entities

! To see this, try moving the mouse on your keyboard
while typing.



on a map [3]. It was found that multimodal interac-employing paper rather than computetfowever,

tion led to a 4-9 fold increase in the speed withthe officers are not simply trying to be difficult or
which military users could create entities, lines andoverly conservative in rejecting digital systems.
areas of various types. Although there were ndRather, the systems they have received are missing
more errors with multimodal interaction than with qualities that they value highly. The users tell us
the GUI, the time to correct multimodal errors wasthat they continue to use paper maps because they
again 4-fold faster than the time needed to correchave extremely high resolution, are malleable,
GUI errors. Furthermore, all the users preferredcheap, lightweight, and can be rolled up and taken
interacting multimodally to using the GUI. This is anywhere. Importantlypaper does not failand it

just one study, comparing one GUI with multimo- supports face-to-face collaboration among the staff
dal interaction, but it is indicative of the potential members. For example, Figure 4 illustrates the

this style of interface can offer. kinds of collaboration officers engage in with paper
maps, which are simply unsupported by present day
Paper too? computer systems.

One virtue of employing a distributed multiagent
architecture as the core software architecture is
that it supports a variety of platforms and hardware
configurations. In particular, it is appropriate for
paper-based environments.

To understand why paper is important, consider the
scene below (Figure 2) from a US Army Division
command post taken at a frenetic time during an
exercise. On the computer screens shown here, and
on the 17 other screens arrayed around the room,
are military command and control systems. Here
is a quiz: What's missing from this picture?

Figure 2: Scene from a US Army Division
command post during an exercisgphoto courtesy

of William Scherlis). Figure 3: Officers tracking units with paper

maps and Post-it notes in preference to com-

Indeed,no oneis using these or any of the other 17 puter systems(Photo courtesy of William Scherlis)

systems. What the officers are in fact doing can be

found in the next photo (Figure 3). They are stand-

ing on chairs, plotting the positions of miIitary units The_y are not aloneT in this preference_. It ha_s been obst_e_r\_/ed that

using an 8ot by E-foot paper map and Posti{7Eie?bersenne, 1 emergency anc menshe are i, s

notes. You will notice thahey have turned their opjects, such as paper and pencil, rather than use a computer [9,

backs on computer science and technology. 17]. What is common among all these environments is their
life-and-death nature, and the users’ absolute requirement for

In general, it is fair to say that despite the best efSafety and robustness.

forts of researchers and numerous well-funded de-

velopment efforts, many military users persist in




continues when the system or computer communi-
cations fail, and the effort to synchronize them
when the system is brought on line is well within
users’ tolerance. Clearly, given the situation shown
in Figure 3, we would hypothesize that it would
offer superior usability to the existing command-
and-control systemsThis hypothesis will be tested
in field experiments.

Concluding Remarks
With this very brief paper, | hope to have called
attention through the QuickSet and Rasa examples
to the potential for a variety of subfields within Al
and computer science (e.g., speech, natural lan-
guage, vision, distributed systems, machine learn-
) . . ing, knowledge-representation and reasoning, hu-
Figure 4: Multiuser collaboration around a  man_computer interaction), in collaboration with
command post map. numerous other disciplines (cognitive science, eth-
) , nography, linguistics, pattern recognition, sensor
Thus, for a variety of factors, officers (as well asfygjon, etc.), to contribute to radically changing the
medical and air traffic control personnel) prefer ,yman-computer interface. In the development and
paper to digital systemalVe believe there is no gyaluation of QuickSet, we see a direct progression
reason they cannot have the benefits of both from proactive empirical research, to system devel-
) opment, and finally to formal laboratory and field
To provide such advantages, we have adapted theser testing. For Rasa, our taking an ethnographic
QuickSet system to use paper-based interfaceperspective and observing the actual “work prac-
thereby enabling officers to employ their highly tice,” enabled us to identify both problems and
practiced mode of operation when using digitalgpportunities for technology. In a very real sense,
systems [19-21]. The new Rasa system, developegeither of these systems could have been developed
for David McGee’s Ph.D. thesis, provides both setsyithout multidisciplinary collaboration. No one
of benefits without substantial task overhead inmethodo|ogy was emp|0yed, nor could it have
virtue of its understanding the symbology drawn onpeen. The research within each “core” discipline

the paper maps and Post-it notes, as well as itgas focused by the multidisciplinary goals to pro-
understanding of the spoken language used in creadyce a synergistic whole.

ing and naming units. Essentially, both paper maps

and Post-it notes rest on touch or pen-sensitiveyther domains ripe for multimodal interaction in-
digitizers. Digital ink used in drawing symbols on a clude in-home access to digital information, mobile
Post-it note is routed to the QuickSet symbologycomputing, geographic information systems (GIS),
recognizer, which creates an n-best list of hypothecomputer-aided design (CAD), games. Overall,
sized units that the user drew. Accompanyingmultimodal interaction can benefit society by en-
speech is recognized and parsed, and the fused iwrging the base of users to children, users with
terpretation then waits at the integrator for a locadisabilities, or users whose physical situations of
tion feature to arrive. The act of placing the notecomputer usage are changing. A concentrated ef-
on the map, which is overlaid on a touch-sensitivefort to research and develop such systems can have
digitizer, then supplies the desired location. It isenormous scientific and technological payoffs, and
most important to note that in this tangible multi- would be a worthy complement to the other focal
modal system, the physical artifacts, i.e., the papesireas of Al research.

map and Post-ltshbecomethe computational inter-

face. For example, moving a Post-it note on theAcknowIedgements

map moves it in the digital system. In response

Rasa projecis system updates onto the paper ma%ﬂi&‘é ths fesearch poseible. nluding (oot no i
R_asa.car_] also provide data to other displays aNfled to): Josh Clow, Marcus Huber, Michael Johns-
visualizations ton, Sanjeev Kumar, David McGee, James

) - Pittman, Sharon Oviatt, Ira Smith, Matt Wesson,
The system has been evaluated with military usersand Lizhong Wu.

and has been found to be as fast as paper, and is
preferred to paper [21]. Moreover, users’ work
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