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particular multimodal interface aims to decrease the user's manual fatigue and 
increase input efficiency. 

This type of hybrid multimodal interface potentially can perform more reli­
ably than a pure passive-tracking system, because the active input mode is 
available to clarify ambiguous user intentions. Early information from the pas­
sive mode also can provide predictive power that enhances system robustness 
and delivers usability advantages, compared with an active mode alone. In the 
future, this kind of blended multimodal interface may provide the user with 
greater transparency, better control, and an improved usability experience, 
while also supporting broader application functionality. 

Finally, as new types of multimodal systems proliferate in the future, they 
also are increasingly likely to include more than two input modes. This trend 
already has been initiated within the field of biometrics research, which has 
combined multiple behavioral modes (e.g., voice and handwriting recogni­
tion) with physiological ones (e.g., fingerprints, retinal scans) using sensor fu­
sion technologies (Pankanti, Bolle, &Jain, 2000). The driving goal behind this 
trend to add modes has been improvement of the reliability of person identifi­
cation and verification tasks within a wider range of realistic usage conditions. 
As research progresses in the demanding area of biometric security applica­
tions, future work will be needed to transfer the more promising new tech­
niques and architectures to other types of interactive multimodal systems. 

5.3. Multimodal Language and Dialogue Processing 

To provide a scientific foundation for developing multimodal speech and 
gesture dialogue systems, a general theory of conversation;tl interaction will be 
needed, as will relatively media-independent representations of intent, seman­
tic content, and context. The generally accepted media-independent level for 
formulating the basic principles governing dialogue interaction is communicative 
inten~ which often is represented in terms of speech acts (Searle, 1969). The 
same underlying speech act representations are used in dialogue systems for 
recognition and production, using techniques from planning (Appelt, 1985; Co­
hen & Perrault, 1979), plan recognition (Allen & Perrault, 1980; Carberry, 
1990), formal logic and automated reasoning (Cohen & Levesque, 1990; 
Perrault, 1990; Sadek, 1991), and statistical language modeling (Reithinger & 
Klesen, 1997). Although general purpose representations and theories have 
been available for a number of years, only recently has a real-time, speech-only 
dialogue system been developed that operates at the level of the speech act 
(Bretier & Sadek, 1997) and for which the basic representations and processing 
techniques are common between input and output. Regarding multimodal out­
put, the same types of speech act representations and planning processes have 
been developed to coordinate the presentation of text and graphics (Feiner & 
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McKeown, 1991; Wahlster, Andre, Finkler, Profitlich, & Rist, 1993). Future re­
search will need to address the development of complete multimoda,l dialogue 
systems that incorporate a level of intent representation suitable for nonspeech 
modalities such as gesture. Furthermore, there needs to be agreement among re­
searchers on a speech act vocabulary that is sufficient for fostering commu­
nity-wide comparisons and incremental progress. 

Regarding media-independent representations of the content of these 
speech acts, there has been de facto agreement on feature-frame structures, 
coupled with rules and temporal constraints, to represent multi.modal input. 
Likewise, similar structures and procedures have been developed for planning 
and coordinating multi.modal output (Feiner & McKeown, 1991). Future re­
search will need to synthesize these approaches, employing common repre­
sentations of temporal information (Allen, 1984). Furthermore, research is 
needed to develop general media-independent theories of information pre­
sentation, both cognitive and formal, that can be realized directly as architec­
tural principles and functioning software. For example, unified theories will be 
critical in guiding animated character displays that involve nonverbal gestures 
and facial expressions as communicative output (Andre, Rist, & Muller, 1999; 
Cassell & Stone, 1999; Cassell, Sullivan, Prevost, & Churchill, 2000; Lester, 
Voerman, Towns, & Callaway, 1999). 

The glue between input and output is the representation and use of con­
text. Unlike GUis that are designed to be context independent, systems 
based on natural language have long been designed to represent and use con­
text, for example, to interpret pronouns. More generally, context will need 
to be derived from the user's prior multimodalinteractions, and the system's 
multimedia presentations. The latter includes the visual context of what is on 
the screen and, for future systems that employ camera input, the user's physi­
cal context. Unfortunately, most multimedia systems simply present infor­
mation without representing its context. Future systems that synthesi<ft 
multimedia ( e.g., Feiner & McKeown, 1991; Roth, Mattis, & Mesnard, 1991) 
will be needed to capture visual context adequately. Precisely what to save 
from prior multimodal interaction, and how to deploy these contextual rep­
resentations to best ensure correct multimodal interpretations, is a crucial 
subject of future research. 

Finally, to arrive at multi.modal interpretations, future multi.modal dialogue 
systems should be developed within a statistical framework (Horvitz, 1999) 
that permits probabilistic reasoning about the task, the context, and typical 
user intentions, together with statistical language modeling. Given this frame­
work, a complete multi.modal dialogue system perhaps could be trained on an 
annotated corpus of interactions that provides the basis for correlating speech, 
gesture, natural language, context (linguistic and visual), task scenario, and 
user intent. To accomplish this, large-scale multi.modal corpora need to be de-
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veloped and annotated. In addition, statistical interpretation algorithms, such 
as MTC, will need to be extended and tested on these new corpora. 

5.4. Error-Handling Techniques 

Fragile error handling currently remains the number one interface problem 
for recognition-based technologies like speech and pen (Karat et al., 1999; 
Oviatt, 2000b; Rhyne & Wolf, 1993; Roe & Wilpon, 1994). However, as dis­
cussed in Section 2, multimodal interface designs that combine two input 
modes tend to have superior error-handling characteristics (Oviatt, 1999a, 
2000b; Oviatt et al., 1999; Oviatt & van Gent, 1996; Rudnicky & Hauptmann, 
1992; Suhm, 1998; Suhm, Myers, & Waibel, 1996). Future research needs to 
continue to investigate strategies for developing graceful error handling in 
multimodal systems. In particular, research should explore issues such as (a) 
methods for designing multimodal architectures that support higher levels of 
mutual disambiguation between signals, {b) the impact of incorporating a third 
input mode on error avoidance and system stability, {c) the impact of new lan­
guage and dialogue-processing techniques on error avoidance and resolution, 
and {d) adaptive architectures that reduce errors and stabilize system perfor­
mance in noisy mobile environments and other challenging contexts. Even­
tually, improved error avoidance and correction techniques also need to 
become available to application developers in the form of toolkits 01 o, 1998). 

5.5. Adaptive Multimodal Architectures 

The future research agenda for developing adaptive multimodal speech 
and gesture architectures subsumes the problems of what and when to adapt, 
as well as how to adapt multimodal systems so that their robustness can be en­
hanced. Adaptive multimodal architectures will increase the ease with which 
users can interact with a system by continually adjusting to a user and his or 
her surroundings. Two primary candidates for system adaptation are user-cen­
tered and environmental parameters. 

With respect to user-centered parameters, previous empirical work on 
multimodal pen-voice integration has revealed two main types of user-ones 
who habitually deliver speech and pen signals in an overlapped or simultaneous 
manner, and others who synchronize signals sequentially with pen input preced­
ing speech by up to 4 sec (Oviatt, 1999b). Any given user's habitual integration 
pattern is apparent at the beginning of the user' system interaction. As a result, fu­
ture multimodal systems that are capable of distinguishing these two types of user, 
and adjusting the system's temporal thresholds for integrating signals accordingly, 
potentially could achieve greater recognition accuracy and interactive speed. 
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With respect to environmental parameters for adapting multimodal 
pen-voice systems, background noise and speech signal-to-noise ratio (SNR) 
are two widely used audio dimensions that have an impact on system recogni­
tion rates. To design robust mobile pen-voice systems for field use, future re­
search will need to experiment with adaptive processing that tracks the 
background noise level and dynamically adjusts the system's weightings for 
speech and gesture input from the less to more reliable input mode (Rogozan & 
Deleglise, 1998). In addition, future research needs to establish an analogue to 
SNR for calibrating noisy pen input and its impact on gesture recognition rates, 
which could be especially consequential during movement, fatigue, or de­
vice-induced jitter. In general, the quality of speech and pen input signals can be 
estimated by relative recognition uncertainty, which some system recognizers 
produce along with posterior probabilities. The MTC approach outlined in Sec­
tion 3.4 estimates signal-level uncertainty and potentially could be used to pro­
vide a base architecture for developing successful adaptive processing. 

Most existing adaptive multimodal architectures were developed for audio­
visual recognition of speech and lip movements. These architectures have re­
lied on two general types of models, ones that use parameter-based adaptive 
weights, and others based on black-box adaptivity. For models based on parame­
ter-based weightings, the system calibrates an individual modality's weighting 
( e.g., speech) as directly proportional to the magnitude of the relevant environ­
mental parameter (e.g., strength of SNR [Meier, Hurst, & Duchnowski, 1996] 
or probability dispersion weights [Adjoudani & Benoit, 1996]). That is, if SNR 
is a low value, then the reliability of the speech signal interpretation would be 
regarded as weak and this mode would be relatively underweighted compared 
with gesture input. In addition, different types of multimodal commands can 
be assigned different weights, just as modalities can (Wu et al., 1999). For 
black-box models (e.g., NNs), the relation between variables and modality 
weights is built through supervised learning (Sejnowski, Yuhas, Goldstein, & 
Jenkins, 1990; Waibel, Vo, Duchnowski, & Manke, 1995). This learned rela­
tion is completely dependent on training data and may be highly nonlinear. A 
major area in need of further investigation is the application of these adaptive 
processing methods specifically to pen-voice multimodal input. 

5.6. Multidevice, Multiuser Ubiquitous Computing 

Most of today's multimodal applications have been built around a single 
device or closely coupled complex of devices. As we move toward an era of 
ubiquitous computing, people will find themselves in environments in which 
they are not dealing with a "computer" per se. Rather, they will be moving 
among a variety of complementary devices, each appropriate for a particular 
task. For example, in an "interactive room" (Coen, 1998; Pentland, 1996) 
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there may be display devices of all sizes (e.g., handheld to wall-screen) and ori­
entations {e.g., wall, table). They could be controlled with pointing devices 
that are direct or indirect (e.g., pen vs. trackball), in contact or distant (e.g., pen 
vs. laser pointer), or specialized for different kinds of manipulation (e.g., 
gloves) . Cameras and microphones will create a perceptual space in which what 
people say and do is gathered as input signals to be interpreted within the envi­
ronment's overall computing context. 

In future interactive environments such as this, multimodal interaction styles 
will predominate. One important future research goal will be to understand the 
nature of multi.modal interaction within such a computing context. Another will 
be to create scalable and reusable architectures that cope effectively with the di­
versity of these input modes and signals-each with its unique characteristics in­
volving response latency, recognition certainty, adaptability to the user, and so 
forth. This will include developing standard ways to indicate multiple alterna­
tives for an input signal, and easy configuration-reconfiguration of components 
for interpreting input based on multiple data sources. In comparison with this 
vision, today's multimodal speech and gesture systems {e.g. outlined in Section 
4) eventually will be viewed as just the first step in a longer term evolution away 
from systems based on specialized code and devices. 

As multi.modal interaction transforms into larger physical spaces and ubiq­
uitous forms, multiple users often will be interacting together-pointing to a 
shared display surface, gesturing simultaneously, and talking in a natural style 
that includes interruptions, disfluencies, overlapped speech, and so forth. To 
date, the research in computer-supported collaborative work involving issues 
like tum taking and dialogue control has dealt primarily with individual com­
munication modes, usually textual in nature. Such work will need to be ex­
tended to handle natural multimodal interactions, including the technological 
issues, but also understanding how groups of people will communicate and co­
ordinate when using combined speech and gesture to accomplish daily com­
puting tasks. H multi.modal spaces of this kind are to become commonly 
accepted, they also will have to minimize the amount or size of gear that a user 
wears or carries. This will require greater dependence on ambient environ­
mental devices, such as wide-field cameras and directional microphone arrays 
(Flanagan, Berkeley, Elko, West, & Sondhi, 1991). It also will require the de­
velopment of methods for tracking and recognizing an individual user's con­
tributions to the overall signal environment. Among other things, this will 
necessitate basic changes in the way that operating systems deal with input, be­
cause today's systems generally implicitly assume that a particular device pro­
vides input from a single individual at a given moment. In sum, the prospect of 
future multi.device, multiuser ubiquitous computing presents a wide array of 
long-term research challenges. 
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5.7. Multimodal Research Infrastructure 

For the fledgling multimodal research community to develop high-perfor­
mance multimodal systems and eventually commercialize them, considerable 
research will be needed to develop appropriate infrastructure, including (a) 
semiautomatic simulation methods for empirical data collection and 
prototyping new systems, (b) automated tools for collecting and analyzing 
multimodal corpora during realistic usage contexts, (c) novel metrics for eval­
uating multimodal systems, and ( d) automated corpus collection and analysis 
tools for iterating new multimodal systems to steadily expand and improve 
their performance. Before multimodal systems can proliferate, the community 
also will need ( e) software tools that support the rapid creation of next-genera­
tion multimodal applications. 

Tools for Multi.modal System Design, Iteration, 
and Corpus Collection 

Multimodal systems still are very new and hard to build. Among other things, 
advancing this research area will require proactive research and situated data col­
lection to achieve high-qualitymultimodal system design. More specifically, soft­
ware support is needed for developing semiautomatic simulation techniques, 
which are the preferred method for designingmultimodal prototypes for systems 
still in the planning stages ( Cheyer,Julia, & Martin, 1998; Oviatt, 1996; Oviatt et 
al., 1992). In a simulation environment, the user believes that she is interacting 
with a fully functional system, while a trained programmer assistant actually pro­
vides simulated system responses from a remote location. Simulation software is 
designed to support a subject-paced rapid interaction with the simulated system. 
It also is designed to be rapidly adaptable, so that alternative interface designs 
and system features can be investigated fully and easily. Simulation-based re­
search can help designers to evaluate critical performance trade offs and make de­
cisions about a system's design, which is necessary for creating usable 
multimodal systems that have valuable functionality. 

In the future, simulation tools will need to be developed that permit research­
ers to explore new input modes and interface designs appropriate for a wide spec­
trum of different multimodal systems. There also is a special need for longitudinal 
user studies, especially on multimodal interfaces that incorporate novel me­
dia-ones with which users have limited familiarity. In addition, because there is 
strong interest in designing multimodal systems for use in natural field environ­
ments and while users are mobile, simulation and other data-collection tools are 
especially needed for supporting situated data collection in such contexts (e.g., 
in-vehicle and emergency medical applications; see Holzman, 1999). New tools 
are just beginning to be developed for this purpose (Oviatt & Pothering, 1998). 
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In the area of spoken-language processing, the availability of significant cor­
pora of transcribed and annotated training data has been a critical resource en­
abling the remarkably rapid progress in spoken-language understanding during 
the past decade (Cole et al., 1995). Unfortunately, the unavailability of common 
maltimodal corpora currently is a problem that has been impeding progress on 
the development of new methods for multimodal language processing (i.e., in­
cluding linguistic and statistical techniques), as well as techniques for multimodal 
signal fusion and adaptive processing. More widespread availability of 
multimodal corpora also is critically needed to develop appropriate methods for 
evaluating and iterating the overall performance of new multimodal architec­
tures. The collection and analysis of large multimodal corpora could be expedited 
greatly by the development of automated multimodal data loggers. A few such 
multimodal data loggers are beginning to appearforrecording, searching, analyz­
ing, and generating automatic summaries about the signal-level and linguistic f ea­
tures of users' multimodal utterances as well as system recognition results on 
multimodal input (Clow & Oviatt, 1998).15 

Tools for Multimodal Software Development 

Multimodal systems are more complex than unimodal ones, making sys­
tem design and implementation more difficult. Moreover, recognizers for var­
ious modalities can be difficult to acquire and to integrate because toolkit-level 
support is limited at best, and integration of recognizers in new applications re­
quires significant expertise. There presently are no software tools to assist ap­
plication designers with building multimodal applications. Only recently have 
programming toolkits become available for recognizing natural unimodal in­
put such as speech (Huang et al., 1995; Kempf, 1994; Sun Microsystems, 
1998). These new single-mode toolkits usually are intended for use by recogni­
tion technology specialists or advanced programmers. However, an example 
of an exception to this is the CSLUrp interactive builder for speech applica­
tions (Sutton & Cole, 1997), which aims to provide tools for nonspecialists, al­
though it is limited to speech-only transaction interfaces. 

In the future, developers will need prototyping tools for designing 
multimodal interfaces that combine two or more natural modes, possibly in 
conjunction with conventional direct manipulation. These tools ideally should 
be multimodal themselves, as well as incorporating programming by demon­
stration (Cypher, 1993) so that designers with limited programming experience 
can prototype multimodal designs rapidly. For example, using programming 
by demonstration techniques, a designer potentially could specify speech and 

15. Also see MITRE's logger at http://www.mitre.org/research/logger/ 
release/1.0/html/logger.html 
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gesture input operations for a "Wizard of Oz" simulation, which could enable 
the simulation system to infer the user's multimodal behavior during testing, 
thereby reducing the human wizard's workload significantly. • 

Prototyping tools also should support the informal, iterative techniques that 
designers currently use in the early stages of design-from sketching visual in­
terface elements using a system like SILK (Landay, 1996; Landay & Myers, 
1995, 1996), to storyboarding, to high-fidelity "Wizard of Oz" simulation tech­
niques originally developed for spoken-language (Kelley, 1984) and more re­
cently for multimodal systems (Cheyer et al., 1998; Oviatt et al., 1992). These 
multimodal prototyping tools also should give designers the flexibility to fill in 
design details as choices are made (Wagner, 1990) and test the designs interac­
tively. For example, interactive tools should permit the designer to demon­
strate "Wizard of Oz" sequences that simulate the intended behavior of the 
recognizer, as the SUEDE system is intended to do for spoken language 
(Klemmer, Sinha, Chen, Landay, & Aboobaker, 2000). Together, software 
tools that support prototyping techniques such as interactive sketching, pro­
gramming by demonstration, and high-fidelity simulations can be used to de­
sign multimodal systems far more rapidly, which will be necessary for this new 
generation of interfaces to proliferate. 

6. CONCLUSIONS 

Multimodal systems that process users' speech and pen-based gestural input 
have become a vital and expanding field, especially within the past 5 to 8 years, 
with demonstrated advances in a growing number of research and application 
areas. Among the benefits of multimodal interface design are general facilita­
tion of the ease, flexibility, and power of computing, support for more challeng­
ing applications and forms of computing than in the past, the expanded use of 
computing while mobile and in natural field settings, and a potentiallymajorin­
crease in the accessibility of computers to a wider and more diverse range of us­
ers. In particular, because multimodal systems support relatively natural 
interaction without special training, they will make computing and information 
services available to field workers, business and service people, students, trav­
elers and other mobile users, children, the elderly, permanently and tempo­
rarily disabled users, and computer-illiterate and casual users. 

In this article, we summarized the prevailing and emerging architectural 
approaches available for interpreting dual input signals in a robust manner, in­
cluding early and late semantic fusion approaches, as well as a new hybrid 
symbolic-statistical architecture for processing pen-voice input. We also de­
scribed a diverse collection of state-of-the-art multimodal systems that are ca­
pable of processing users' spoken and gestural input-ranging from map-based 
and VR systems for engaging in simulations and training to field medic sys-
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terns for mobile use in noisy environments, to Web-based transactions and 
standard text-editing applications that will reshape daily computing tasks. We 
indicated that many key research challenges remain to be addressed before 
successful multimodal systems can be realized fully. Among these challenges 
are the development of cognitive theories of multimodal interaction, as well as 
more effective natural language, dialogue processing, semantic integration, 
and error-handling techniques. Although the rapid maturation of SLT has 
contributed directly to recent advances in multimodal systems, further strides 
will be needed in other component technologies and hardware before existing 
multimodal systems can be diversified and optimized fully. In addition, new 
and more sophisticated architectures will be needed for handling media-inde­
pendent representations; designing more robust and adaptive multimodal sys­
tems; and supporting multidevice, multiuser use. Before this new class of 
systems can proliferate, multimodal ·toolkits also will be needed to support 
software development, as will simulation-based methods for corpus collec­
tion, analysis, and effective system iteration. 

Finally, some of the requirements for advancing innovative multimodal 
systems are not intellectual ones, but rather social, political, and educational in 
nature. The development of state-of-the-art multimodal systems of the kind 
described in this article also requires multidisciplinary expertise in a variety of 
areas, such as speech and hearing science, perception and graphics, linguistics, 
psychology, signal processing, pattern recognition, statistics, engineering, and 
computer science. The multidisciplinary nature of this research makes it un­
likely that a single group can conduct meaningful research across the entire 
spectrum. As a result, collaborative research and "community building" 
among multimodal researchers will be critically needed to forge the necessary 
relations among those representing different component technologies and key 
disciplines. In addition to cross-fertilization of ideas and perspectives among 
these diverse groups, there also is a critical need for cross-training of students 
and junior researchers. Like spoken-language systems, multimodal technol­
ogy does not fit neatly into a traditional academic departmental framework. 
To make the appropriate educational opportunities and resources available to 
future students, new academic programs certainly will need to be formulated 
that encourage and reward researchers who successfully reach across the 
boundaries of their narrowly defined fields. 

NOTES 

Backgr<n1,nd. This article is based partly on discussions held at a CHl'99 Work­
shop meeting in Pittsburgh, Pennsylvania during May 1999. The workshop,"De­
signing the User Interface for Pen and Speech Multimedia Applications," was 
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