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Figure 9. Boeing’s natural language understanding technology.
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Figure 70. Boeing’s integrated speech and gesture system architecture.
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these prototypes’ limited domain functionality, add more discourse capabili-
ties as well as natural language generation (NLG), incorporate earlier error re-
pair, add a stylus, test different speech recognizers, and conduct formal
usability testing with the second system prototype now under construction.
The same basic architecture also is being adapted for use in an application in-
volving human-robot cooperation, which potentially could be used to sup-
port future space station work. This will involve modifying the architecture
depicted in Figure 10 to expand the integration component into a full dis-
course integration system that will implement a model of agent communica-
tion semantics (e.g., see Holmback, Greaves, & Bradshaw, 1999). For this
purpose, a full NLG system and speech synthesizer are being added, which
will facilitate more complex spoken interaction between the user and system.
In addition, the VR components will be replaced with the vision and gesture
components of a mobile robotic platform. One overriding goal of our system’s
design is to support sufficient modularity that the NLU, NLG, and discourse
integration components can be integrated with other future applications that
require a multimodal interface.

4.4. NCR’s Field Medic Information System

The Field Medic Information System prototype was developed by NCR
Corporation in collaboration with the Trauma Care Information Manage-
ment System Consortium (Holzman, 1999). The system permits medical per-
sonnel (e.g., ambulance crews) to document patient care as it occurs in the
field, including the entry of information about means of injury, patient assess-
ment, treatment, triage and evacuation priority, and patient profile (e.g., iden-
tification, age, gender). This information then is forwarded electronically to a
hospital in preparation for the patient’s arrival. The system was designed to ad-
dress field medics’ current difficulty using paper forms to document patient
care rapidly and accurately, especially under emergency circumstances when
their eyes and hands must be devoted to assessing and treating the patient.
More than 100 members of the medical community participated in knowl-
edge engineering and system evaluation sessions that led to the current Field
Medic Information System prototype. The system is comprised of two major
hardware components—the Field Medic Associate (FMA) and the Field
Medic Coordinator (FMC).

The FMA is a flexible computer worn around the waist or in a vest, which uses
a headset with earphones and a noise-reducing microphone for entering speech,
asillustrated in the bottom of Figure 11. As the medic speaks into the microphone,
the FMA recognizes this input as data associated with specific fields in an elec-
tronic patient record. When the medic speaks to the patient record, the system
confirms with a “ping” sound as audio feedback whenever the recognizer judges
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Figure 71. The NCR Field Medic Associate’s (FMA) flexible hardware components
(top); FMA inserted into medic’s vest while he speaks during field use (bottom).

that speech input is consistent with its vocabulary and syntax, but with a “click” if
not recognized as a valid entry. The user also can query the electronic record, for
example by saying “Play back record,” which produces synthesized speech read-
out of the record. In the future, the FMA’s interface will permit querying and edit-
ing specific fields. For example, the medic will be able to request “Play back triage
priority” and then say “Delete” to edit that part of the record.

The FMA uses a speaker-independent speech recognition system. Its vocab-
ulary and grammar were derived from several medical sources, including words
and phrases appearing on medical forms, spontaneous spoken reports made by
medical personnel during field training exercises and actual medical incidents,
and extensive interviews with military and civilian medical personnel. In addi-
tion, potential users field tested the system with medical scenarios, and the sys-
tem was iterated to accommodate any words or phrases that were not known
already. The resulting system has a 425-word vocabulary and the ability to ac-
commodate approximately 8,700 phrases. Many of these phrases are alterna-
tive means of expressing the same information (e.g., “abrasion left lower arm”
and “abrasion lower left arm”), resulting in the same input to the electronic pa-
tient record. Civilian and military medical users reviewed the vocabulary and
grammar, as well as sample scenario scripts that illustrated their application.
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They judged the vocabulary and grammar to be sufficiently large and flexible to
permit them to complete a field patient form orally for virtually any emergency
medical situation, and with little or no training on the speech system. The next
step will be to field test the system during actual medical incidents.

The current FMA speech recognition system permits neither entry of the
patient’s name, which would be out of vocabulary, nor free-form entry of de-
scriptive information such as patient complaints. However, it supports patient
identification via numbers (e.g., Social Security or other number), and the
FMA and FMC can read identification and medical history from a smart card
carried by the patient. The FMA architecture also accommodates digital re-
cording, but not recognition of free-form input.

The FMC is a handheld tablet computer. It displays the patient record illus-
trated in Figure 12 and permits the medic to modify it, either through the same
speech-audio user interface incorporated in the FMA, or by a series of quick
pen taps to select items on lists that describe the patient’s condition and treat-
ment. Medics also can make free-form notations on the record using pen input
to transmit electronic ink. Alternatively, they can quickly create speech anno-
tations, which are associated with specific fields or graphics of the human
body, by simply speaking while holding their pen on that area (e.g., tapping on
neck graphic while speaking a description of the injury). As confirmation, a
tick mark appears in the location of the patient record that has received a voice
annotation. Hospital personnel to whom the record is forwarded then can tap
on that mark to hear the annotation playback. The FMC also has a touch
screen with a pop-up keyboard for typing information (e.g., patient name and
complaints) into fields that otherwise cannot be completed via selection from
predefined lists.

The FMC can share data with the FMA via a wireless local area network
(LAN) that operates over distances of hundreds of meters, and it also can receive
data over the LAN from patient physiological monitors. A single FMC can si-
multaneously track patient data transmitted from multiple FMAs (thus the term
field medic coordinator) and relay those records to a hospital via cellular tele-
phone, satellite, or radio while maintaining availability for local field use.

Typically, medics will use speech input with the FMA while initially assess-
ing and stabilizing a patient, at a point when they need to keep their eyes and
hands free. Once the patient is stabilized and on the ambulance, medics then
have more time to work with the pen-based visual interface of the FMC. Like
the FMA, the FMC is not designed to recognize speech and pen input signals
simultaneously, and it does not entail a fusion-based architecture. Rather, the
speech and pen input modes are provided as alfernativeinput modes in this ap-
plication, with spoken input recognized by the FMA, and either speech or pen
selection recognized by the FMC. Both speech and pen input are particularly
compatible with the mobile field use needed for this application domain.
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Figure 12. The NCR Field Medic Coordinator’s visual interface.
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4.5. BBN’s Portable Voice Assistant

The PVAisapen-voice multimodalinterface that enables the userto choose
the most efficient input mode for accessing and entering data on the World
Wide Web (Bers, Miller, & Makhoul, 1998). It is available over a wireless net-
work using a handheld device for the user to browse catalogues, order items,
and complete HTML forms. The first prototype application developed using
the PVA architecture is an online vehicle repair manual and parts-ordering sys-
tem, for which the intended users are army personnel repairing field equip-
ment. For mobile applications such as this, in which the user’s visual attention
and hands are occupied, speech input and output are particularly attractive.

Figure 13 illustrates the PV A interface, with the Web page divided into two
frames. The small upper frame has GUI buttons for controlling the speech
recognizer, and it displays the system’s status. The lower frame displays dia-
grams from the parts catalog or order form. The PVA uses BBN’s Hark speech
recognizer, which is a speaker-independent continuous recognition system
with an application vocabulary size of about 200 words. The default
click-to-talk mode is well suited for noisy environments, although during qui-
eter usage an open-microphone, continuous-recognition mode permits the
user to speak multiple commands without touching the screen. For handwrit-
ing recognition, Communications Intelligence Corporation’s software was
used. This system handles selection gestures on the graphic images, as well as
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Figure 13. The BBN Portable Voice Assistant interface illustrating a diagram from the
repair manual, with the system’s display and spoken-language processing status con-
firmed at the top. Netscape Communicator browser window © 2000 Netscape Commu-
nications Corporation. Used with permission. Netscape Communications has not au-
thorized, sponsored, endorsed, or approved this publication and is not responsible for
its content.
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handwriting recognition in the fields of the order form. The platform is a
Fujitsu Stylistic 1200 pen-based PC, with Windows 95 and a RangeLan2 PC
card for wireless network connectivity.

The PVA can interpret simultaneous pen-voice input so, for example, the
user can say “Show me that part” while pointing at a screw on the display. To en-
sure proper synchronization, the PVA time stamps both speech and pen input
events and integrates them to form a frame-based description of the user’s re-
quest, as illustrated in Figure 14. The speech thread generates events in response
to output from the speech recognizer, and the pen thread generates selection
events that are stored in a time-sorted buffer where they can be retrieved by the
integrator thread. For this example, the integrator simply would look for a pen
event that occurred closest in time to the spoken deictic event “that.” This design
allows for asynchronous processing of speech and pen-based input, while still
processing them as coordinated multimodal pieces.

The PVA also can resolve references to an object via pen or speech input
alone. To eliminate ambiguity, each of the approximately 50 parts known to
the system has a unique identity, and objects are tagged in the parts diagrams
when the application is configured. All words referring to parts are similarly
tagged with this identity in the speech grammar. At runtime, this identity is in-
cluded in the speech and pen input events when the object’s name is spoken or
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Figure 14. Data flow through the Portable Voice Assistant applet’s three processing
threads.
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the user’s pen selects the image. This common representation permits unam-
biguous reference resolution through either modality. One advantage of this
arrangement, for example, is that if the user speaks an out-of-vocabulary part
name and system recognition fails, then she can recover by simply pointing at
the part with her pen.

In a future version of this prototype designed for general deployment, the
speech vocabulary size ideally would be increased to handle more than 50 part
names and cover more variability in how real users refer to these parts. Vocab-
ulary size should be guided in the future by user data collected during simula-
tion and system testing. Although the size of these prototypes’ vocabulary is
modest, the basic client-server architecture used for distributing speech rec-
ognition (see Figure 15) permits scaling to very large vocabularies.

Our experience using the PVA indicates that a visually oriented
Web-browsing and ordering application is very well suited to a multimodal in-
terface. In addition, multimodal interaction is optimal during dynamically
changing mobile environments, because the user can flexibly adapt her inter-
action in response to task and environmental demands. Future field applica-
tions of this system could include point-of-sale purchase records, medical
diagnostics, and in-car navigation systems.

4.6. Limitations of Current Speech and Gesture
Multimodal Systems

All of the multimodal speech and gesture systems outlined earlier have
been built since the mid-1990s, and they still are research-level systems. How-
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Figure 15. BBN’s networked architecture for the Portable Voice Assistant, with speech
recognition processing split up such that only feature extraction takes place on the
handheld.
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ever, in some cases they have developed well beyond the prototype stage and
are beginning to be integrated with a variety of other software at academic and
federal sites (Cohen et al., 1999). Therefore, although the field is developing
rapidly, there are not yet commercially available systems of this type. To reach
this goal, more general, robust, and scalable multimodal architectures will be
needed, which are just now beginning to emerge. In addition, substantially
more evaluation will be needed to guide the iterative development and opti-
mization of these systems.

In addition, although it is well known that users have a strong preference to
interact multimodally, and multimodal interaction offers many performance
advantages that have been outlined in Section 2, not all system design is neces-
sarily best approached with a multimodal interface. Empirical work has docu-
mented that the largest performance gains for multimodal pen-voice systems
occur in visual-spatial domains (Oviatt, 1997). If an application is developed
that has little or no spatial component, then it is far less likely that users will
communicate multimodally. In such a case, a unimodal interface may be ap-
propriate. Finally, although a multimodal pen-voice combination is an attrac-
tive interface choice for next-generation systems due to the mobility,
transparency, and expressive power of these particular input modes, nonethe-
less other modality combinations also need to be explored and will be pre-
ferred by users for certain applications. Section 5 presents several of the major
research directions that need further work before new multimodal systems can
be developed fully and eventually commercialized.
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5. FUTURE RESEARCH DIRECTIONS FOR
MULTIMODAL INTERFACES

Advancing the state of the art of multimodal speech and gesture systems has
depended on hardware advances in new media, the construction of new con-
cepts for multimodal prototype systems, substantial empirically oriented re-
search with human participants, and the development of appropriate metrics
and techniques for evaluating alternative multimodal system designs. How-
ever, to develop successful and varied multimodal systems of the future, ones
with better performance characteristics than unimodal interfaces or GUIS,
many fundamental scientific issues and multidisciplinary research challenges
remain to be addressed. In this section, we discuss several of these key re-
search challenges.

5.1. Cognitive Theory and Empirical Science
Underpinnings

First, a better understanding will be required of the unique linguistic and per-
formance characteristics of natural communication modalities, such as human
speech, gesture, gaze patterns, and facial expressions. Related cognitive science
literature is available on the performance characteristics and organization of
each of these human systems from psychology, linguistics, neuroscience, and
elsewhere. Psychological research also has provided relevant empirical results
and theoretical grounding on how humans deploy their attention and coordi-
nate two or more modes during the execution of complex tasks, especially in
cases where one mode is visual and the other auditory (see Wickens, Sandry, &
Vidulich, 1983; Wickens, Vidulich, & Sandry-Garza, 1984, on Multiple Re-
source Theory). With respect to speech and gesture, linguistic and psychologi-
cal literatures also have examined how people coordinate their
spoken-language and natural manual gesturing during interpersonal communi-
cation (Kendon, 1980; Levelt, Richardson, & Heu, 1985; McNeill, 1992).

In contrast, limited literature is available on how different communication
modalities or combined modes are organized specifically during hu-
man-computer interaction. For example, only recently have detailed empiri-
cal results been summarized on how people integrate and synchronize speech
and pen input during human-computer interaction (Oviatt et al., 1997). These
findings were critical in establishing the temporal constraints and other key ar-
chitectural features for building the QuickSet multimodal system (described in
Section 4.1). Recent work also has revealed many unique linguistic features of
multimodal language, compared with spoken or keyboard interaction (Oviatt,
1999b; Oviatt & Kuhn, 1998), and this information has been used to establish
basic NLP techniques specifically for multimodal systems.
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In the future, the relevant cognitive science literatures should be utilized
more extensively as a basis for (a) hypothesizing about and examining
multimodal human-computer communication, (b) spearheading parallel em-
pirical work on other promising modality combinations besides speech and
gesture (e.g., speech and gaze tracking), and (c) proposing innovative new sys-
tem designs that are consistent with human information and sensory-process-
ing advantages. Further empirical work is needed to generate the necessary
foundation of predictive information for guiding the design of new
multimodal systems. Finally, to advance multimodal systems, further cogni-
tive and neuroscience theory is needed that specifically addresses issues such
as (a) the behavioral features and automaticity of human communication
modes, (b) how the perception and production of one mode is altered by the
presence of a second mode (as in the seminal work by McGurk & MacDonald,
1976), and (c) basic intermodal coordination and synchronization issues.

5.2. New Multimodal Interface Concepts

Although the main multimodal subliteratures have focused on either
speech or pen input and speech and lip movements (Rubin et al., 1998; Stork
& Hennecke, 1995), recognition of other human input modes also is beginning
to mature and be integrated into new types of multimodal systems. In particu-
lar, there is growing interest in designing multimodal interfaces that incorpo-
rate vision-based technologies, such as tracking and interpretation of gaze,
head position, body location and posture, facial expressions, and manual ges-
turing. These kinds of vision-based technology, recently referred to as “per-
ceptual user interfaces” (Turk & Robertson, 2000), unobtrusively monitor user
behavior. That is, they involve passivehuman input that requires no explicit user
command to the computer at all. This contrasts with active input modes (e.g.,
speech, pen-based gestures, or other manual input), which the user intends as a
command issued to the system. Although passive modes may be less obtrusive, ac-
tive modes generally are more reliable indicators of user intent.

As vision-based technology and perceptual interfaces mature, one future
direction for multimodal interface design is the development of a blended inter-
face style that combines a passive and active mode. A blended multimodal in-
terface can be temporally cascaded such that advance information arriving
from the passively tracked mode (e.g., eye gaze) is used to improve the
multimodal system’s prediction and interpretation of the active mode that fol-
lows (e.g., manual or speech input). An example of a cascaded passive-active
interface is the IBM MAGIC system. MAGIC passively tracks a user’s gaze at
atext field (i.e., right, left, above, or below the cursor location) and uses this in-
formation to predict the direction of cursor movement and to modulate a man-
ual track pointer’s physical resistance (Zhai, Morimoto, & Ihde, 1999). This
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