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WHAT ARE MULTIMODAL SYSTEMS,
AND WHY ARE WE BUILDING THEM?

Multimaodal systems process two or more combined user input
modes—such as speech, pen, touch, manual gestures, gaze, and
head and body movements—in a coordinated manner with
multimedia system output. This class of systems represents a
new direction for computing, and a paradigm shift away from
conventional WIMP interfaces. Since the appearance of Bolt’s
(1980) “Put That There” demonstration system, which processed
speech in parallel with touch-pad pointing, a variety of new
multimodal systems has emerged. This new class of interfaces
aims to recognize naturally occurring forms of human language
and behavior, which incorporate at least one recognition-hased
technology (e.g., speech, pen, vision). The development of novel
multimodal systems has been enabled by the myriad input and
output technologies currently becoming available, including new
devices and improvements in recognition-based technologies.
This chapter will review the main types of multimodal interfaces,
their advantages and cognitive science underpinnings, primary
features and architectural characteristics, and general research in
the field of multimodal interaction and interface design.

The growing interest in multimodal interface design is
inspired largely by the goal of supporting more transparent,
flexible, efficient, and powerfully expressive means of human-
computer interaction. Multimodal interfaces are expected to
be easier to learn and use, and are preferred by users for many
applications. They have the potential to expand computing to
more challenging applications, to be used by a broader spec-
trum of everyday people, and to accommodate more adverse
usage conditions than in the past. Such systems also have the
potential to function in a more robust and stable manner than
unimodal recognition systems involving a single recognition-
based technology, such as speech, pen, or vision,

The advent of multimodal interfaces based on recognition of
human speech, gazes, gestures, and other natural behaviors rep-
resents only the beginning of a progression toward computa-
tional interfaces capable of relatively humanlike sensory percep-
tion. Such interfaces eventually will interpret continuous input
from a large number of different visual, auditory, and tactile in-
put modes, which will be recognized as users engage in everyday
activities. The same system will track and incorporate information
from multiple sensors on the user’s interface and surrounding
physical envirenment in order to support intelligent adaptation to
the user, task, and usage environment. Future adaptive mult-
modal-multsensor interfaces have the potential to support new
functionality, to achieve unparalleled robustness, and to perform
fAlexibly as a multifunctional and personalized mobile system.

WHAT TYPES OF MULTIMODAL INTERFACES
EXIST, AND WHAT IS THEIR HISTORY
AND CURRENT STATUS?

Multimodal systems have developed rapidly during the past
decade, with steady progress toward building more general and
robust systems, as well as more transparent human interfaces

than ever before (Benoit, Martin, Pelachaud, Schomaker, &
Suhm, 2000; Oviatt et al., 2000). Major developments have oc-
curred in the hardware and software needed to support key
component technologies incorporated within multimodal sys-
temns, as well as in techniques for integrating parallel input
streams. Multimodal systems also have diversified to include
new modality combinations, including speech and pen input,
speech and lip movements, speech and manual gesturing, and
gaze tracking and manual input (Benoit & Le Goff, 1998, Cohen
et al., 1997; Stork & Hennecke, 1995, Turk & Robertson, 2000;
Zhai, Morimoto, & lhde, 1999}. In addition, the array of mult-
madal applications has expanded extremely rapidly in recent
years. Among other areas, it presently includes multimodal
map-hased systems for mobile and in-vehicle use; multimodal
browsers; multimodal interfaces to virtual reality systems for
simulation and training; multimodal person-identification/veri-
fication systems for security purposes; multimodal medical, ed-
ucational, military, and web-based transaction systems; and
multimodal access and management of personal information on
handhelds and cell phones (Cohen & McGee, 2004; Tyengar,
Nock, & Neti, 2003; McGee, 2003; Neti, lyengar, Potamianos, &
Senior, 2000; Oviate, 2003; Oviatt, Flickner, & Darrell, 2004; Ovi-
att & Lunsford, 2005; Oviate et al., 2000; Pankanti, Bolle, & Jain,
2000; Reithinger et al., 2003).

In one of the earliest multimodal concept demonstrations,
Bolt had users sit in front of a projection of “Dataland” in “the
Media Room” (Negroponte, 1978). Using the “Put That There”
interface (Bolt, 1980), they could use speech and pointing on an
armrest-mounted touchpad to create and move objects on a
2D large-screen display. For example, the user could issue a
command, such as “Create a blue square there,” with the in-
tended location of “there” indicated by a 2D cursor mark on
the screen. Semantic processing was based on the user’s spo-
ken input, and the meaning of the deictic “there” was resolved
by processing the x/y coordinate indicated by the cursor at the
time “there” was uttered, Since Bolt's early prototype, consid-
erable strides have been made in developing a wide variety of
different types of multimodal systems.

Among the earliest and most rudimentary multimodal systems
were ones that supported speech input along with a standard
keyboard and mouse interface. Conceptually, these multimodal
interfaces represented the least departure from traditional
graphical user interfaces (GUIs). Their initial focus was on pro-
viding richer natural language processing to support greater ex-
pressive power for the user when manipulating complex visuals
and engaging in information extraction. As speech recognition
technology matured during the late 1980s and 1990s, these sys-
tems added spoken input as an alternative to text entry via the
keyboard. As such, they represent early involvement of the nat-
ural language and speech communities in developing the tech-
nologies needed to support new multimodal interfaces. Among
the many examples of this type of multimodal interface are
CUBRICON, Georal, Galaxy, XTRA, Shoptalk, and Miltalk (Cohen
et al., 1989; Kobsa et al., 1986; Neal & Shapiro, 1991; Seneff, God-
deau, Pao, & Polifroni, 1996; Siroux, Guyomard, Muiton, & Re-
mondeau, 1995; Wahlster, 1991).

Several of these early systems were multimodal-multimedia
map systems (o which a user could speak or type and point with
4 mouse to extract toutist information or engage in military sit-
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uation assessment (Cohen et al., 1989; Neal & Shapira, 1991;
Seneff et al., 1996; Siroux et al., 1995). For example, using the
CUBRICON system a user could point to an ohject on a map and
ask, “Ts this <point> an air base?” CUBRICON was an expert
system with extensive domain knowledge, as well as natural lan-
guage processing capabilities that included referent identifica-
tion and dialogue tracking (Neal & Shapiro, 1991). Wich the
Georal system, a user could query a tourst-information system
to plan travel routes using spoken input and pointing via a
touch-sensitive screen (Siroux et al., 1995). In contrast, the
Shoptalk system permitted users to interact with complex graph-
ies representing factory production flow for chip manufacturing
(Cohen etal., 1989). Using Shoptalk, a user could point to a spe-
cific machine in the production layout and issue the command:
“Show me all the times when this machine was down.” After the
system delivered its answer as a list of time ranges, the user
could click on one to ask the follow-up question: “What chips
were waiting in its queue then, and were any of them hor lots?”
Multimedia system feedback was available in the form of a text
answer, or the user could click on the machine in question to
view an exploded diagram of the machine queue’s contents dur-
ing that time interval.

More recent multimodal systems have moved away from
processing simple mouse or touchpad pointing, and have be-
gun designing systems based on two parallel input streams that
each are capable of conveying rich semantic information. These
muitimodal systems recognize two natural forms of human lan-
guage and behavior, for which two recognition-based technolo-
gies are incorporated within a more powerful bimodal user in-
terface. To date, systems that combine either speech and pen
input (Oviatt & Cohen, 2000) or speech and lip movements
(Benoit et al., 2000; Stork & Hennecke, 1995; Rubin, Vatikiotis-
Bateson, & Benoit, 1998; Potamianos, Neti, Gravier, & Garg,
2003) constitute the two most mature areas within the field of
multimodal research. In these cases, the keyboard and mouse
have been abandoned. For speech and pen systems, spoken lan-
guage sometimes is processed along with complex pen-based
gestural input involving hundreds of different symbolic inter-
pretations beyond pointing? (Oviatt et al., 2000). For speech
and lip maovement systems, spoken language is processed along
with corresponding human lip movements during the natural
audio-visual experience of spoken interaction. In both of these
sub-literatures, considerable work has been directed toward
quantitative modeling of the integration and synchronization
characteristics of the two rich inpur modes being processed,
and innovative time-sensitive architectures have been devel-
oped to process these patterns in a robust manner.

Multimodal systems that recognize speech and pen-based
gestures first were designed and studied in the early 1990s (Ovi-
att, Cohen, Fong, & Frank, 1992), with the original QuickSet sys-
tem prototype built in 1994, The QuickSet system is an agent-
based collaborative multimodal system that runs on a hand-held
PC (Cohen et al., 1997). With QuickSet, for example, a user can
issue a multimodal command such as “Airstrips . . . facing this
way <draws arrow>, and facing this way <draws arrow>,"
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using combined speech and pen input to place the correct
number, length, and orientation {e.g_, SW, NE) of aircraft landing
strips on a map. Other research-level systems of this type were
built in the late 1990s. Examples include the Human-centric
Word Processor, Portable Voice Assistant, QuickDoc and MVIEWS
(Bers, Miller, & Makhoul, 1998; Cheyer, 1998; Qviatt et al., 2000,
Waibel, Suhm, Vo, & Yang, 1997). These systems represent a va-
riety of different system features, applications, information fu-
sion, and linguistic processing techniques. For illustration
purposes, a comparison of five different speech and gesture sys-
tems is summarized in Fig. 21.1. In most cases, these multi-
modal systems jointly interpreted speech and pen input based
on a frame-based method of information fusion and a late se-
mantic fusion approach, although QuickSet used a statistically-
ranked unification process and a hybrid symbolic/statistical ar-
chitecture (Wu, Oviatt, & Cohen, 1999). Other recent systems
also have adopted unification-based multimodal fusion and a
hybrid architectural approach for processing multimodal input
(Bangalore & Johnston, 2000; Denecke & Yang, 2000; Pfleger,
2004; Wahlster, 2001) and even multimodal ouiput (Kopp, Tep-
per, & Cassell, 2004).

Multimodal systems that process speech and continuous 3D
manual gesturing are emerging rapidly, although these systems
remain less mature than ones that process 2D pen input (En-
carnacao & Hettinger, 2003; Flanagan & Huang, 2003; Sharma,
Pavlovic, & Huang, 1998; Pavlovic, Sharma, & Huang, 1997).
This primarily is because of the significant challenges associated
with segmenting and interpreting continuous manual move-
ments, compared with a stream of x/ ink coordinates. Because
of this difference, multimodal speech and pen systems have ad-
vanced more rapidly in their architectures, and have progressed
further toward commercialization of applications. However, a
significant cognitive science literature is available for guiding the
design of emerging speech and 3D-gesture prototypes (Con-
don, 1988; Kendon, 1980; McNeill, 1992), which will be dis-
cussed further later in this chapter. Among the earlier systems
to begin processing manual pointing or 3D gestures combined
with speech were developed by Koons and colleagues (Koons,
Sparrell, & Thorisson, 1993), Sharma and colleagues (Sharma
et al., 1996), Poddar and colleagues (Poddar, Sethi, Ozyildiz, &
Sharma, 1998), and by Duncan and colleagues (Duncan, Brown,
Esposito, Holmback, & Xue, 1999).

Historically, multimodal speech and lip movement research
has been driven by cognitive science interest in intersensory
audio-visual perception and the coordination of speech output
with lip and facial movements (Benoit & Le Goff, 1998; Bernstein
& Benoit, 1996; Cohen & Massaro, 1993; Massaro & Stork, 1998;
McGrath & Summerfield, 1985; McGurk & MacDonald, 1976;
McLeod & Summerfield, 1987; Robert-Ribes, Schwartz, Laltou-
ache, & Escudier, 1998; Sumby & Pollack, 1954; Summerfield,
1992; Vatikiotis-Bateson, Munhall, Hirayama, Lee, & Terzopou-
los, 1996). Among the many contributions of this literature has
been a detailed classification of human lip movernents (visemes)
and the viseme-phoneme mappings that occur during articu-
tated speech. Existing systems that have processed combined

"However, other recent pen/voice multimodal systems that cmpﬁasize mobile processing, such as MiPad and the Field Medic Information System

(Holzman, 1999; Huang et al., 2000), still limit pen input o pointing.
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speech and lip movements include the classic work by Petajan
{1984), Brooke and Petajan (1986), and others (Adjoudani &
Benoit, 1995; Bregler & Konig, 1994; Silsbee & Su, 1996; Tom-
linson, Russell, & Brooke, 1996). Additional examples of speech
and lip movement systems, applications, and relevant cognitive
science research have hbeen detailed elsewhere (Benoit et al.,
2000). Researchers in this area have been actively exploring
adaptive techniques for improving system robustness, especially
in noisy environmental contexts (Dupont & Luettin, 2000;
Meier, Hiirst, & Duchnowski, 1996; Potamianos, Neti, Gravier, &
Garg, 2003; Rogozan & Deglise, 1998), which is an important fu-
ture research direction. Although this literature has not empha-
sized the development of applications, nonetheless its quanti-
tative modeling of synchronized phoneme/viseme patterns has
been vsed to build animated characters that generate text-to-
speech output and coordinated lip movements. These new ani-
mated characters are being used as an interface design vehicle
for facilitating users” multimodal interaction with next-generation
conversational interfaces (Cassell, Sullivan, Prevost, & Churchill,
2000; Cohen & Massaro, 1993).

While the main multimodal literatures to date have focused
on either speech and pen input or speech and lip movements,
recognition of other modes also is maturing and beginning to
be integrated into new kinds of multimodal systems. In partic-
ular, there is growing interest in designing multimodal inter-
faces that incorporate vision-based technologies, such as inter-
pretation of gaze, facial expressions, head nodding, gesturing,
and large body movements (Flanagan & Huang, 2003; Morency,
Sidner, Lee, & Darrell, 2005; Morimoto, Koons, Amir, Flickner, &
Zhai, 1999; Pavlovic, Berry, & Huang, 1997, Turk & Robertson,
2000; Zhai et al.,, 1999). These technologies unobtrusively or
passively monitor user behavior and need not require explicit
user commands to a “computer.” That contrasts with active
input modes, such as speech or pen, which the user deploys
intentionally as a command issued to the system (see Fig. 21.2).
While passive modes may be “attentive” and less obtrusive, ac-
tive mades generally are more reliable indicators of user intent.

As vision-based technologies mature, one important future
direction will be the development of blended multimodal in-
terfaces that combine both passive and active modes. These in-
terfaces typically will be temporally cascaded, so one goal in de-
signing new prototypes will be to determine optimal processing
strategies for using advance information from the first mode
(e.g., gaze) to constrain accurate interpretation of the follow-
ing modes (e.g., gesture, speech). This kind of blended multi-
modal interface potentially can provide users with greater trans-
parency and control, while also supporting improved robustness
and broader application functionality (Oviatt & Cohen, 2000;
Zhai et al., 1999). As this collection of technologies matures,
there also is strong interest in designing new types of pervasive
and mobile interfaces, including ones capable of adaptive pro-
cessing to the user and environmental context.

As multimodal interfaces gradually evolve toward supporting
more advanced recognition of users’ natural activities in con-
text, they will expand beyond rudimentary bimodal systems to
ones that incorporate three or more input modes, qualitatively
different modes, and more sophisticated models of multimodal
interaction. This trend already has been initiated within bio-
metrics research, which has combined recognition of muttiple
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behavioral input modes (e.g., voice, handwriting) with physio-
logical ones (¢.g., retinal scans, fingerprints) to achieve reliable
person identification and verification in challenging field con-
ditions (Choudhury, Clarkson, Jebara, & Pentland, 1999; Jain
et al., 1999; Jain & Ross, 2002; Pankanti et al., 2000).

Apart from these developments within research-level sys-
temns, multimodal interfaces also are being commercialized as
products, especially in areas like personal information access
and management on handhelds and cell phones. Microsoft’s
handheld Mipad for personal information management, and
Kirusa's cell phone interface for directory assistance, messaging,
and 50 on, are just two examples of the many mobile commer-
cial products that are being developed with multimodal inter-
faces. Both include spoken language processing and a stylus for
tapping on fields to constrain and guide the natural fanguage
processing. In some cases, keyboard input is supported as a
third option, as well as multimedia output in the form of visual-
izations and text-to-speech. Another visible growth area for mul-
timodal interfaces involves in-vehicle control of navigation,
communication, and entertainment systems, which has emerged
in both domestic and import cars. Mobile map-based systems
and systems for safety-critical medical and military applications
also are being commercialized by companies like Natural Inter-
action Systems {e.g., Rasa, NISMap, and NISChart applications),
which places an emphasis on developing tangible multimodal
interfaces that preserve users’ existing work practice, minimize
cognitive load, and provide backups in case of system failure
(Cohen & McGee, 2004; McGee, 2003).

WHAT ARE THE GOALS AND ADVANTAGES
OF MULTIMODAL INTERFACE DESIGN?

Over the past decade, numerous advantages of multimodal in-
terface design have been documented, Unlike a rraditional key-
board-and-mouse interface or a unimodal recognition-based
interface, multimodal interfaces permit flexible use of input
modes. This includes the choice of which modality to use for
conveying different types of information, to use combined input
modes, or to alternate between modes at any time. Since indi-
vidual input modalities are well suited in some situations, and
less ideal or even inappropriate in others, modality choice is an
important design issue in a multimodal system. As systems be-
come more complex and multifunctional, a single modality sim-
ply does not permit all users to interact effectively across all
tasks and environments,

Since there are large individual differences in ability and pref-
erence to use different modes of communication, a multimodal
interface permits diverse user groups to exercise selection and
control over how they interact with the computer (Fell er al.,
1994; Karshmer & Blatiner, 1998). In this respect, multimodal
interfaces have the potential to accommodate a broader range
of users than traditional interfaces, including users of different
ages, skill levels, native language status, cognitive styles, sensory
impairments, and other temporary illnesses or permanent
handicaps. For example, a visually impaired user or one with
repetitive stress injury may prefer speech input and texi-to-
speech output. In contrast, a user with a hearing impairment
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Multimodal interfaces process two or more combined user input modes— such as speech, pen,
touch, manual gestures, gaze, and head and body movements— in a coordinated manner with multimedia
system output, They are a new class of interfaces that aim to recognize naturally occurring forms of
human language and behavior, and which incorporate one or more recognition-based technologies (e.g..
speech, pen, vision).

Active input modes are ones that are deployed by the user intentionally as an explicit command to a
computer system {e.g., speech).

Passive input modes refer to naturally occurring user behavior or actions that are recognized by a
computer {e.g., facial expressions, manual gestures). They involve user input that is unobtrusively and
passively monitored, without requiring any explicit command to a computer.

Blended multimodal interfaces are ones that incorporate system recognition of at least one
passive and one active input mode. (.g., speech and lip movement systems).

Temporally-cascaded multimodal interfaces arc ones that process two or more user modalities
that tend to be sequenced in a particular temporal erder (e.g., gaze, gesture, speech), such that partial
information supplied by recognition of an earlier mode (e.g., gaze) is available to constrain interpretation
of a later mode (e.g., speech). Such interfaces may combine only active input modes, only passive ones,
or they may be blended.

Mutual disambiguation involves disambiguation of signal or semantic-level information in one
error-prone input mode from partial information supplied by another. Mutual disambi guation can occur in
a multimodal architecture with two or more semantically rich recognition-based input modes. It leads to
recovery from unimodal recognition errors within a multimodal architecture, with the net effect of
suppressing errors experienced by the user.

Simultaneous integrator refers to a user who habitually presents two input signals (¢.g., speech,
pen) in a temporally overlapped manner when communicating multimodal commands to a system

Sequential integrator refers to a user who habitually separates their multimodal signals, presenting
one before the other with a brief pause intervening

Muitimodal hypertiming refers to the fact that both sequential and simultaneous integrators will
further accentuate their basic multimodal integration pattern when under duress (e.g., as task difficulty or
system recognition errors increase)

Visemes refers to the detailed classification of visible lip movements that correspond with consonants
and vowels during articulated speech. A viseme-phoneme mapping refers to the cotrespondence between
visible lip movements and audible phonemes during continuous speech.

Feature-level fusion is a method for fusing low-leve! feature information from parallel input signals
within a multimodal architecture, which has been applied to processing closely synchronized input such
as speech and lip movements.

Semantic-level fusion is a method for integrating semantic information derived from parallel input
modes in a multimodal architecture, which has been used for processing speech and gesture input.

FIGURE 21.2. Multimodal interface terminology.

or accented speech may prefer touch, gesture, or pen input.
The natural alternation between modes that is permitted by a
multimodal interface also can be effective in preventing overuse
and physical damage to any single modality, especially during
extended periods of computer use (Markinson?, personal com-
munication, 1993).

Multimodal interfaces also provide the adaptability that is
needed to accommaodate the continuously changing conditions
of mobile use. In particular, systems involving speech, pen, or
touch input are suitable for mobile tasks and, when combined,
users can shift among these modalities frorn moment to mo-

ment as environmental conditions change (Holzman, 1999; Ovi-
att, 2000k, 2000c). There is 2 sense in which mobility can induce
a state of temporary disability, such that a person is unable to
use a particular input mode for some period. For example, the
user of an in-vehicle application may frequently be unable to use
manual or gaze input, although speech is relatively more avail-
able. In this respect, a multimodal interface permits the modal-
ity choice and switching that is needed during the changing en-
vironmental circumstances of actual field and mobile use.

A large body of data documents that multimodal interfaces
satisfy higher levels of user preference when interacting with

R. Markinson, University of California at San Francisco Medical School, 1993.




simulated or real computer systems. Users have a strong pref-
erence toward interacting multirnodally, rather than unimodally,
across a wide variety of different application domains, although
this preference is most pronounced in spatial domains (Haupt-
mann, 1989; Oviatt, 1997). For example, 95% 1o 100% of users
preferred to interact multimodally when they were free to use
either speech or pen input in a map-based spatial domain (Ovi-

" att, 1997). During pen/voice multimodal interaction, users pre-
ferred speech input for describing objects and events, sets and
subsets of objects, out-of-view objects, conjoined information,
and past and future termporal states, and for issuing commands
for actions or iterative actions (Cohen & Oviatt, 1995; Oviatt &
Cohen, 1991). However, their preference for pen input in-
creased when conveying digits, symbols, graphic content, and
especially when conveying the location and form of spatially ori-
ented information on a dense graphic display such as a map
(Oviatt & Olsen, 1994; Oviatt, 1997; Suhm, 1998). Likewise, 71%
of users combined speech and manual gestures multimodally,
rather than using one input mode, when manipulating graphic
objects on a CRT screen (Hauptmann, 1989).

During the early design of multimodal systems, it was as-
sumed that efficiency gains would be the main advantage of de-
signing an interface multimodally, and that this advantage would
derive from the ability to process input modes in parallel. It is
true that multimodal interfaces sometimes support improved
efficiency, especially when manipulating graphicat information.
In simulation research comparing speech-only with multimaodal
pen/voice interaction, empirical work demonstrated that multi-
modal interaction yielded 10% faster task-completion time dur-
ing visual-spatial tasks, but no significant efficiency advantage
in verbal or quantitative task domains (Oviatt, 1997; Oviatt, Co-
hen, & Wang, 1994). Likewise, users’ efficiency improved when
they combined speech and gestures multimodally to manipu-
late 3D objects, compared with unimodal input (Hauptmann,
1989). In another early study, multimodal speech-and-mouse in-
put improved efficiency in a line-art drawing rask (Leatherby &
Pausch, 1992). Finally, in a study that compared task-completion
times for a graphical interface versus a multimodal pen/voice in-
terface, military domain experts averaged four times faster at
setting up complex simulation scenarios on a map when they
were able to interact multimodally (Cohen, McGee, & Clow,
2000). This latter study was based on testing of a fully functional
multimodal system, and it included time required to correct
recognition errors.

One particularly advantageous feature of multimodal inter-
face design is its superior error handling, both in terms of er-
ror avoidance and graceful recovery from errors (Oviatt & van
Gent, 1996; Oviatt, Bernard, & Levow, 1999; Oviatt, 1999a; Rud-
nicky & Hauptmann, 1992; Suhm, 1998; Tomlinson et al., 1996).
‘There are user-centered and system-centered reasons why mul-
timodal systems facilitate error recovery, when compared with
unimodal recognition-based interfaces. For example, in a multi-
modal speech and pen-based gesture interface users will select
the input mode that they judge to be less error prone for par-
ticular lexical content, which tends to lead 1o error avoidance
(Oviatt & van Gent, 1996). They may prefer speedy speech input,
but will switch to pen input to communicate a foreign surname.
Secondly, users’ language often is simplified when interacting
multimodally, which can substantially reduce the complexity of
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natural language processing and thereby reduce recognition
ercors, as described later in rthis chapter (OQviatt & Kuhn, 1998).
In one study, users’ multimodal utterances were documented to
be briefer, to contain fewer complex locative descriptions, and
50% fewer spoken disfluencies, when compared with a speech-
only interface. Thirdly, users have a strong tendency to switch
modes after system recognition errors, which facilitates error re-
cavery. This error resolution occurs because the confusion ma-
trices differ for any given lexical content for the different recog-
nition technologies involved in processing (Oviatt et al., 1999;
Owiatt, 2002).

In addition to these user-centered reasons for better error
avoidance and resolution, there also are system-centered rea-
sons for superior error handling. A well-designed multimodal
architecture with two semantically rich input modes can support
mutual disambiguation of input signals. For example, if a user
says “ditches” but the speech recognizer confirms the singular
“ditch™ as its best guess, then parallel recognition of several
graphic marks can result in recovery of the correct plural inter-
pretation. This recovery can occur in a multimodal architecture
even though the speech recognizer initially ranks the plural in-
terpretation “ditches” as a less preferred choice on its n-best list.
Mutual disambiguation involves recovery from unimodal recog-
nition errors within a muitimodal architecture, because semantic
information from each input mode supplies partial disambigua-
tion of the other mode, thereby leading to more stable and ro-
bust overall system performance (Oviatt, 1999a, 2000a, 2002).
Another example of mutual disambiguation is shown in Fig. 21.3.
To achieve optimal error handling, a multimodal interface ideally
should be designed to include complementary input modes, and
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FIGURE 21.3.

Multimodal command to "pan” the map, which il-
lustrates mutual disambiguation occurring between incoming
speech and gesture information, such that lexical hypotheses
were pulled up on both n-best lists to produce a correct final
multimodal interpretation.
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the alternative input medes should provide duplicate functional-
ity such thar users can accomplish their goals using either mode.

In two recent studies involving over 4,600 multimodal com-
mands, a multimodal architecture was found to support mu-
tual disambiguation and error suppression ranging berween
19% and 41% (Oviatt, 1999a, 2000a, 2002), Improved robustness
also was greater for “challenging” user groups (accented vs. na-
tive speakers) and usage contexts (mobile vs, stationary use),
These resulis indicate that a well-designed multimodal system
not only can perform more robustly than a unimodal system,
but also in a more stable way across varied real-world users and
usage contexts. Finally, during audio-visual perception of speech
and lip movements, improved speech recognition also has been
demonstrated for hoth human listeners (Mcleod & Summer-
field, 1987) and multimodal systems (Adjoudani & Benoit, 1995;
Tomlinson et al., 1996).

Another recent focus has been on the advantages of multi-
modal interface design for minimizing users’ cognitive [oad. As
task complexity increases, there is evidence that users self-
manage their working memory limits by distributing informa-
tion across multiple modalities, which in turn enhances their
task performance during both perception and production
(Calvert, Spence, & Stein, 2004; Mousavi, Low, & Sweller, 1995;
Oviatt, 1997; Oviait, Coulston, & Lunsford, 2004; Tang, McLach-
lan, Lowe, Saka, & MacLean, 200%). These predictions and find-
ings are based on Wickens and colleagues’ cognitive resource
theory and Baddeley’s theory of working memory (Baddeley,
1992; Wickens, Sandry, & Vidulich, 1983). The latter maintains
that short-term or working memory consists of multiple inde-
pendent processors associated with different modes. This in-
cludes a visual-spatial “sketch pad” that maintains visual materi-
als such as pictures and diagrams in one area of working
memory, and a separate phonological loop that stores auditory-
verbal information. Although these two processors are believed
to be coordinated by a central executive, in terms of lower-level
modality processing they are viewed as functioning largely in-
dependently, which is what enables the effective size of working
memory o expand when people use multiple mocalities during
tasks (Baddeley, 1992). So with respect to management of cog-
nitive load, the inherent flexibility of multimodal interfaces is
well suited to accommodating the high and changing load con
ditions typical of reafistic mobile use.

WHAT METHODS AND INFORMATION
HAVE BEEN USED TO DESIGN NOVEL
MULTIMODAL INTERFACES?

The design of new multimodal systems has been inspired and
organized largely by two things. First, the cognitive science lit-
erature on intersensory perception and intermodal coordina-
tion during production is beginning to provide a foundation of
information for user modeling, as well as information on what
systems must recognize and how multimodal architectures
should be organized. For example, the cognitive science litera-
ture has provided knowledge of the natural integration paterns
that typify people’s lip and facial movements with speech output
(Benoit, Guiard-Marigny, Le Goff, & Adjoudani, 1996; Ekman,

1992; Ekman & Friesen, 1978; Fridlund, 1994; Hadar, Steiner,
Grant, & Rose, 1983, Massaro & Cohen, 1990; Stork & Hen-
necke, 1995; Vatikiotis-Bateson et al., 1996), and their coordi-
nated use of manual or pen-based gestures with speech
(Kendon, 1980; McNeill, 1992; Oviau, DeAngeli, & Kuhn, 1997).
Given the complex nature of users’ multimodal interaction, cog-
nitive science has played and will continue to play an essential
role in guiding the design of robust multimodat systems. In this
respect, a multidisciplinary perspective will be more central to
successful multimodal system design than it has been for tradi-
tional GUI design. The cognitive science underpinnings of mul-
timodal system design are desceibed later in this chapter.

Secondly, high-fidelity automatic simulations also have
played a critical role in prototyping new types of multimodal Sys-
tems (Dahlbiick, Jéonsson, & Ahrenberg, 1992; Oviatt et al.,
1992). When a new multimodal system is in the planning stages,
design skerches and low-fidelity mock-ups may initially be used
to visualize the new system and plan the sequential flow of
human-computer interaction. These tentative design plans then
are rapidly transitioned into a higher-fidelity simulation of the
multimodal system, which is available for proactive and situ-
ated data collection with the intended user population. High-
fidelity simulations have been the preferred method for design-
ing and evaluating new multimodal systemns, and extensive data
collection with such tools preferably is completed before a fully
functional system ever is built.

During high-fidelity simulation testing, a user interacts with
what she believes is a fully functional multimodal system al-
though the interface is actually a simulated front-end designed to
appear and respond as the fully functional system would. During
the interaction, a programmer assistant at a remote location pro-
vides the simulated system responses. As the user interacts with
the front end, the programmer tracks her multimodal input and
provides system responses as quickly and accurately as possi-
ble. To support this role, the programmer makes use of auto-
mated simulation software that is designed to support interactive
speed, realism with respect to the targeted system, and other im-
portant characteristics. For example, with these automated tools,
the programmer may be able to make a single selection on a
workstation field to rapidly send simulated system responses to
the user during a data-collection session.

High-fidelity simulations have been the preferred method for
prototyping multimodal systems for several reasons. Simulations
are relatively easy and inexpensive to adapt, compared with
building and iterating a complete system. They also permit re-
searchers to alter a planned system’s characteristics in major
ways (e.g., input and output modes available), and to study the
impact of different interface features in a systematic and scientific
manner (¢.g., type and base-rate of system errors). In compari-
son, a particular system with its fixed characteristics is a less flex-
ible and suitable research tool, and the assessment of any single
systemn basically amounts to an individual case study. Using sim-
ulation techniques, rapid adaptation and investigation of planned
system features permit researchers to gain a broader and more
principled perspective on the potential of newly emerging tech-
nologies. In a practical sense, simulation research can assist in the
evaluation of critical performance tradeoffs and in making deci-
sions about alternarive system designs, which designers must do
as they strive to create more usable multimodal systems.




To support the further development and commercialization of
multimadal systems, additional infrastructure that will be needed
in the future includes (2) simulation tools for rapidly building and
reconfiguring multimodal interfaces, (b) automated tools for col-
lecting and analyzing multimodal corpora, and (¢) automated
tools for iterating new multimodal systems to improve their per-
formance (see Oviatt et al., 2000, for further discussion).

WHAT ARE THE COGNITIVE SCIENCE
UNDERPINNINGS OF MULTIMODAL
INTERFACE DESIGN?

This section discusses the growing cognitive science literature
that provides the empirical underpinnings needed to design
next-generation multimodal interfaces. The ability to develop
multimodal systems depends on knowledge of the natural inte-
gration patterns that typify people's combined use of different
input modes, In particular, the design of new multimodal sys-
tems depends on intimate knowledge of the properties of dif-
ferent modes and the information content they carry, the unique
characteristics of multimodal language and its processability, and
the integration and synchronization characteristics of users” multi-
modal interaction. It also relies on accurate prediction of when
users are likely to interact multimodally, and how alike different
users are in their specific integration patterns. The relevant cog-
nitive science literature on these topics is very extensive, espe-
cially when consideration is given to all of the underlying sensory
perception and production capabilities involved in different in-
put modes currently being incorporated in new multimodal in-
terfaces. As a result, this section will be limited to introducing the
main cognitive science themes and findings that are relevant 1o
the more common types of multimodal system, '
This cognitive science foundation also has played a key role
in identifying computationat “myths” about multimodal inter-
action, and replacing these misconceptions with contrary em-
pirical evidence. Figure 21.4 summarizes 10 common myths

Ten Myths of Multimodal Interaction

Myth #1: I you build a multimodal system, users will interact multimodaily

Myth #2: Speech & pointing is the domii itimodal integration paltern
Myth #3: Multimodal input involves simultaneous signals
Myth R4: Speech is the primary input mode in any multimodal system that includes it

Myth #5: Multimodal language does not differ 1 ically from unimodal &

Myth #6: Multimodal integration involves redundancy af content between modes

combine multimodall)

Myth #7: Individugl error-prone recogniti hnolog
greater unreliability

to produce even
Myth #8: Ail users” multimodal commands are integrated in a uniform way

Myth #9: Different input modes are capable of wansmitting comparabie content

Myth #10: Exhanced efficiency is the main edvantage of multimodal systems

(taken from Cwiatt, 1999b)

FIGURE 21.4. Ten myths of multimodal interaction: Separating
myth from empirical reality.
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about multimodal interaction, which are addressed and dis-
cussed in more detail elsewhere (Oviatt, 1999b). As such, the lit-
erature summarized in this section aims to provide a more ac-
curate foundation for guiding the design of next-generation
multimodal systems.

When Do Users Interact Multimodally?

During natural interpersonal communication, people are always
interacting multimodally. Of course, in this case the number of
information sources or modalities that an interlocutor has avail-
able to monitor is essentially unlimited. However, all mulu-
modal systems are constrained in the number and type of in-
put modes they can recognize. Also, a user can compose active
input during human-computer interaction that either is deliv-
ered multimodally or that is delivered entirely using just one
maode. That is, although users in general may have a strong pref-
erence (o interact multimodally rather than unimodally, this is
no guarantee that they will issue every command tc a system
multimodally, given the particular type of multimodal interface
available. Therefore, the first nontrivial question that arises dur-
ing system processing is whether a user is communicating uni-
madally or multimodally.

In the case of speech- and pen-based multimodal systems,
users typically mix unimodal and multimodal expressions. In
one study involving a visual-spatial domain, users’ commands
were expressed multimodally 20% of the time, with others just
spoken or written {Oviatt et al., 1997). In contrast, in other spa-
tial domains, the ratio of users’ multimodal interaction often is
65% to 70% (Oviatt, 1999b; Oviatt et al., 2004). Predicting
whether a user will express a command multimodally also de-
pends on the type of action she is performing. In particular,
users usually express commands multimodally when describ-
ing spatial information about the location, number, size, orien-
tation, or shape of an object. In one study, users issued multi-
modal commands 86% of the time when they had to add, move,
modify, or calculate the distance between objects on a map ina
way that required specifying spatial locations {Oviatt et al.,
1997). They also were moderately likely to interact muttimodally
when selecting an object from a larger array, for example, when
deleting a particular object from the map. However, when per-
forming general actions without any spatial component, such as
printing a map, users expressed themselves multimodally less
than 1% of the time. These data emphasize that future multi-
modal systems will need to distinguish between instances in
which users are and are not communicating muitimodally, so
that accurate decisions can be made about when parallel input
streams should be interpreted jointly versus individually. They
also suggest that knowledge of the type of actions to be in-
cluded in an application, such as whether the application entails
manipulating spatial information, should influence the basic de-
cision of whether to build 2 multimodal interface at all.

Findings from a more recent study reveal that multimodal in-
terface users spontaneously respond to dynamic changes in
their own cognitive load by shifting to multimodal communica-
tion as load increases with task difficulty and communicative
complexity (Oviatt, Coulston, & Lunsford, 2004). Given a flexi-
ble multimodal interface, users’ ratio of multimodal (versus
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unimodal} interaction increased substantially from 18.6% when
referring to established dialogue context to 77.1% when re-
quired to establish a new context, a +315% relative increase.
Likewise, the ratio of users’ multimodal interaction increased
significantly as the tasks became more difficult, from 59.2% dur-
ing low difficulty tasks, to 65.5% at moderate difficulty, 68.2% at
high, and 75.0% at very high difficulty, an overall relative in-
crease of +27%. These adaptations in muitimodal interaction
levels reflect users’ efforts to self-manage limitations in their
working memory as discourse-level demands and task com-
plexity increased. As discussed earlier, users accomplished this
by distributing communicative information across multiple
modalities in a manner compatible with a cognitive load theory
of multimodal interaction. This interpretation is consistent with
Baddeley’s theory of working memory (Baddeley, 1992), as well
as the growing literatures within education (Mousavi, Low, &
Sweller, 1993; Sweller, 1988), linguistics (Almor, 1999), and
multisensory perception (Calvert, Spence, & Stein, 2004; Ernst
& Bulthoff, 2004). Recent work on visual and haptic processing
under workload also indicates that presentation of haptic feed-
back during a complex task can augment users’ ability to han-
dle visual information overload (Tang, McLachlan, Lowe, Saka, &
MacLean, 2005).

In a multimodal interface that processes passive or blended
input modes, there always is at least one passively tracked in-
put source providing continuous information (e.g., gaze track-
ing, head position). In these cases, all user input would by defi-
nition be classified as multimodal, and the primary problem
would become segmentation and interpretation of each con-
tinuous input stream into meaningful actions of significance to
the application. In the case of blended multimodal interfaces
(e.g., gaze tracking and mouse input), it still may be opportune
to distinguish active forms of user input that might be more ac-
curately or expeditiously handled as unimodal events.

What Are the Integration and Synchronization
Characteristics of Users” Multimodal Input?

The past literature on multimodal systems has focused largely
on simple selection of objects or locations in a display, rather
than considering the broader range of multimodal integrarion
patterns, Since the development of Bolt’s (1980) “Put That
There” system, speak-and-point has been viewed as the proto-
typical form of multimodal integration. In Bolt's system, seman-
tic processing was based on spoken input, but the meaning of
a deictic term such as “that” was resolved by processing the x/y
coordinate indicated by pointing at an object. Since that time,
other multimodal systems also have attempted to resolve deic-
uc expressions using a similar approach—for example, using
gaze location instead of manual pointing (Koons et al., 1993).
Unfortunately, this concept of multimodal interaction as
point-and-speak makes only limited vuse of new input modes
for selection of objects—just as the mouse does. In this respect,
it represents the persistence of an old mouse-criented meta-
phor. In contrast, modes that transmit written input, manual
gesturing, and facial expressions are capable of generating sym-
bolic information that is much more richly expressive than sim-
ple pointing or selection. In fact, studies of users’ integrated

pen/voice input indicate that a speak-and-point pattern only
comprises 14% of all spontaneous multimodal utterances (Ovi-
att et al., 1997). Instead, pen input more often is used to create
graphics, symbols and signs, gestural marks, digits, and lexical
content. During interpersonal multimodal communication, lin-
guistic analysis of spontaneous manual gesturing also indicates
that simple pointing accounts for less than 20% of all gestures
(McNeill, 1992). Together, these cognitive science and user-
modeling data highlight the fact that any multimodal system de-
signed exclusively to process speak-and-point will fail to provide
users with much useful functionality. For this reason, specialized
algorithms for processing deictic-point relations will have only
limited practical use in the design of future multimodal systems.
It is clear that a broader set of multimodal integration issues
needs to be addressed in future work. Future research also
should explore typical integration patterns between other
promising modality combinations, such as speech and gaze.

It also is commonly assumed that any signals involved in a
multimodal construction will co-occur temporally. The pre-
sumpticn is that this temporal overlap then determines which
signals to combine during system processing. In the case of
speech and manual gestures, successful processing of the deic-
tic term “that square” in Bolt’s criginal system relied on inter-
pretation of pointing when the word “that” was spoken in or-
der to extract the intended referent. However, one empirical
study indicated that users often do not speak deictic terms at all,
and when they do, the deictic frequently is not overlapped in
time with their pointing. In fact, it has been estimated that as
few as 25% of users’ commands actually contain a spoken deic-
tic that overlaps with the pointing needed to disambiguate its
meaning (Oviatt et al., 1997).

Bevond the issue of deixis, a series of studies has shown that
users’ input frequently does not overlap at all during multi-
modal commands to a computer (Oviatt, 1999b; Qviatt et al.,
2003; Oviatt et al., 2005; Xiao, Girand, & Oviatt, 2002; Xiao,
Lunsford, Coulston, Wesson, & Oviatt, 2003). In fact, there are
two distinct types of user with respect to integration patterns:
simultaneous integrators and sequential ones. A user who ha-
bitually integrates her speech and pen input in a simudtareous
manner overlaps them temporally, whereas a sequential inte-
grator finishes cne mode before beginning the second, as sum-
marized in Fig. 21.2. These two types of user integration pat-
terns occur across the lifespan from children through the
elderly (Oviatt et al., 2005; Xiao et al., 2002; Xiao et al., 2003).
They also can be detected almost immediately during multi-
modal interaction, usually on the very firs¢ input. Users’ habitual
integration pattern remains strikingly highly consistent during a
session, as well as resistant 1o change following explicit instruc-
tions or attempts at training (Oviatt et al., 2003; Oviatt et al.,
2003). This bimodal distribution of user integration patterns has
been observed in different task domains (e.g., map-based real
estate selection, crisis management, educational applications
with animated characters), and also when using different types
of interface (e.g., conversational, command style) (Ovia,
1999b; Xiao et al., 2002; Xiao et al., 2003). In short, empirical
studies have demonstrated that this bimodal distinction be-
tween users in their fundamental integration pattern general-
izes widely across different age groups, task domains, and types
of interface.




One interesting discovery in recent work is the phenome-
non of multimodal bypertiming, which refers to the fact that
both sequential and simultaneous integrators will entrench fur-
ther or accentuate their habitual multimodal integration pat-
tern {e.g., increasing their intermodal /ag during sequential in-
tegrations, or overiap during simultaneous integrations, as
summarized in 21.2) during system error handling or when
completing increasingly difficult tasks. In fact, users will pro-
gressively increase their degree of entrenchment by 18% as sys-
tem errors increase, and by 59% as task difficulty increases
(Oviatt et al., 2003). As such, changes in the degree of users'
multimodal hypertiming provide a potentially sensitive means
of evaluating their cognitive load during real-time interactive
exchanges. In the context of system error handling, the phe-
nomenon of multimodal hypertiming basically replaces the
hyperarticulation that is typically observed in users during error-
prone speech-only interactions,

Given the bimodal distuibution of user integration patterns,
adaptive temporal thresholds potentially could support more
tailored and flexible approaches to fusion. Ideally, an adaptive
multimodal system would detect, automatically learn, and adapt
to a user’s dominant multimodal integration pattern, which
could result in substantial improvements in system processing
speed, accuracy of interpretation, and synchronous interchange
with the user. For example, it has been estimated that system
delays could be reduced to approximately 40% to 50% of what
they currently are by adopting user-defined thresholds (Qviatt
et al,, 2005). Recent research has begun comparing different
learning-based models for adapting a multimodal system’s tem-
poral thresholds to an individual user in real time (Huang & Ovi-
att, in press).

Unfortunately, users’ multimodal integration patterns have
not been studied as extensively or systematically for other in-
put modes, such as speech and manual gesturing, Linguistics re-
search on interpersonal communication patterns has revealed
that both spontaneous gesturing and signed language often pre-
cede their spoken lexical analogues during human communica-
tion (Kendon, 1980; Naughton, 1996), when considering word-
level integration pattern, In fact, the degree to which gesturing
precedes speech is greater in topic-prominent languages such
as Chinese than it is in subject-prominent ones like Spanish or
English (McNeill, 1992). Even in the speech and lip-movement
literature, close but not perfect temporal synchrony is typical,
with lip movements occurring a fraction of a second before the
corresponding auditory signal (Abry, Lallouache, & Cathiard,
1996; Benoit, 2000), However, when considering the whole user
utterance: as the unit of analysis, some other studies of speech
and manual gesturing have found a higher rate of simultaneity
for these modes (Epps, Oviatt, & Chen, 2004). Learning-based
approaches that are capable of accurately identifying and adapt-
ing to different multimodal integration patterns, whether due 1o
differences among users, modality combinations, or applica-
tions and usage contexts, will be required in order to general-

ize and speed up multimodal system development in the future.

In short, although two input modes may be highly inter-
dependent and synchronized during multimodal interaction,
synchrony does not imply simultaneity. The empiricat evidence
reveals that multimodal signals often do not co-occur temporally
at all during human-computer or natural human communica-

21. Multimodai Interfaces  * 423

tion. Therefore, multimodat system designers cannot necessar-
ily count on conveniently overlapped signals in order to achieve
successful processing in the multimodal architectures they
build. Future research needs to explore the integration patterns
and temporal cascading that can occur among three or more
input modes—such as gaze, gesture, and speech—so that more
advanced multimodal systems can be designed and prototyped.

In the design of new multimadal architectures, it is important
to note that data on the order of input modes and average time
lags between input modes has been used to determine the like-
lihood that an utterance is multimodal versus unimodal, and to
establish tempaoral thresholds for fusion of input. In the future,
weighted likelihoods associated with different utterance seg-
mentations, for example, that an input stream containing
speech, writing, speech should be segmented into [S/W §] rather
than [S W/S], and with intermodal time lag distributions, will be
used to optimize correct recognition of multimodal user inpur
(Oviatt, 1999b). In the design of future time-critical multimodal
architectures, data on users’ integration and synchronization pat-
terns will need to be collected for other mode combinations dur-
ing realistic interactive tasks, so that temporal thresholds can be
established for performing multimodal fusion.

What Individual Differences Exist in Multimadal
Interaction, and What Are the Implications
for Designing Systems for Universal Access?

There are large individual differences in users’ multimodal in-
teraction patterns, beginning with their overall preference to in-
teract unimodally versus multimodally, and which mode they
generally prefer (e.g., speaking versus writing) (Oviart et al.,
2004). As outlined above, there likewise are striking differences
among users in adopting either a sequential or simultaneous
multimodal integration pattern. Recent research has revealed
that these two patterns are associated with behavioral and lin-
guistic differences between the groups (Oviatt et al., 2005).
Whereas in an interactive task context their performance speed
was comparable, sequential integrators were far less error-prone
and excelled during new or complex tasks. Although their
speech rate was no slower, sequential integrators also had more
precise articulation (e.g., less disfluency). Finally, sequential in-
tegrators were more likely to adopt terse and direct command-
style language, with a smaller and less varied vocabulary, which
appeared focused on achieving error-free communication.
These user differences in interaction patterns have been inter-
preted as deriving from fundamental differences among users in
their reflective-impuisive cognitive style (Oviatt et al., 2003).
Based on this work, one goal of future multimodal interface de-
sign will be to support the poorer attention span and higher er-
ror rate of impulsive users—especially for mobile in-vehicle, mil-
itary, and similar application contexts in which the cost of
committing errors is unacceptably high.

Apart from these individual differences, cultural differences
also have been documented between users in modality integra-
tion patterns. For example, substantial individual differences have
been reported in the temporal synchrony berween speech and
lip movements (Kricos, 1996) and, in addition, lip movements
during speech production are known to be less exaggerated
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among Japanese speakers than Americans (Sekiyarna & Tohkura,
1991). In fact, extensive inter-language differences have heen
observed in the information available from lip movements dur-
ing audio-visual speech (Fuster-Duran, 1996). These findings
have implications for the degree to which disambiguation of
speech can be achieved through lip movement information in
noisy environments or for different user populations. Finally,
nonnative speakers, the hearing impaired, and elderly listeners
all are more influenced by visual lip movement than auditory
cues when processing speech (Fuster-Duran, 1996; Massaro,
1996). These results have implications for the design and ex-
pected value of audio-visual multimedia output for different
user groups in animated character interfaces. With respect to
support for universal access, recent work also has shown the ad-
vantage of combined audio-visual processing for recognition of
impaired speech (Potamianos & Neti, 2001).

Finally, gender, age, and other individual differences are
common in gaze patterns, as well as speech and gaze integra-
tion (Argyle, 1972). As multimodal interfaces incorporating gaze
become more marture, further research wiil need to explore
these gender and age-specific patterns, and to build appropri-
ately adapted processing strategies. In summary, considerably
more research is needed on multimodal integration and syn-
chronization patterns for new mode combinations, as well as for
diverse and disabled users for whom multimodal interfaces may
be especially suitable for ensuring universal access.

Is Complementarity or Redundancy
the Main Organizational Theme
That Guides Multimodal Integration?

It frequently is claimed that the propositional content conveyed
by different modes during multimodal communication contains
a high degree of redundancy. However, the dominant theme in
users’ narural organization of multimodal input actually is com-
plementarity of content, not redundancy. For example, speech
and pen input consistently contribute different and comple-
mentary semantic information, with the subject, verb, and object
of a sentence typically spoken, and locative information written
(Oviatt et al., 1997). In fact, a major complementarity between
speech and manually oriented pen input involves visual-spatial
semantic content, which is one reason these modes are an op-
portune combination for visual-spatial applications. Whereas
spatial information is uniquely and clearly indicated via pen in-
put, the strong descriptive capabilities of speech are better
suited for specifying temporal and other nonspatial information.
Even during multimodal correction of system errors, when users
are highly motivated 1o clarify and reinforce their information de-
livery, speech and pen input express redundant information less
than 1% of the time. Finally, during interpersonal communication
linguists also have documented that spontaneous speech and
manual gesturing involve complementary rather than duplicate
information between modes (McNeill, 1992).

Other examples of primary multimodal complementarities
during interpersonal and human-computer communication
have been described in past research (MeGurk & MacDonald,

1976; Oviatt & Qlsen, 1994; Wickens et al., 1983). For example,
in the literature on multimodal speech and lip movements, nat-
ural feature-level complementarities have been identified be-
tween visemes and phonemes for vowel articulation, with vowel
rounding better conveyed visually, and vowel height and back-
ness better revealed auditorally (Massara & Stork, 1998; Robert-
Ribes et al., 1998).

In short, actual data highlight the importance of comple-
mentarity as 4 major organizational theme during multimodal
communication. The designers of next-generation multimodal
systems therefore should not expect to rely on duplicated in-
formation when processing multimodal language, although in
certain contexts (such as teaching) a greater percentage of du-
plicate content than usual may be expected to exist. In multi-
modal systems involving both speech and pen-hased gestures
and speech and lip movements, one explicit goal has been to in-
tegrate complementary modalities in a manner that vields a syn-
ergistic blend, such that each mode can be capitalized upon and
used to overcome weaknesses in the other mode (Cohen et al,,
1989). This approach to system design has promoted the phi-
losophy of using modes and component technologies to their
natural advantage, and of combining them in a manner that per-
mits mutual disambiguation. One advantage of achieving such
a blend is that the resulting multimodal architecrure can func-
tion more robustly than an individual recognition-hased tech-
nology or a multimodal system based on input modes lacking
natural complementarities.

What Are the Primary Features of Multimodal Language?

Communication channels can be tremendously influential in
shaping the language transmitted within them. From past re-
search, there now is cumulative evidence that many linguistic
features of multimodal language are qualitatively very different
from that of spoken or formal textual language. In fact, it can dif-
fer in features as basic as brevity, semantic content, syntactic
complexity, word order, disfluency rate, degree of ambiguity,
referring expressions, specification of determiners, anaphora,
deixis, and linguistic indirectness. In many respects, multimodal
language is simpler linguistically than spoken language. In par-
ticular, comparisons have revealed that the same user complet-
ing the same map-based task communicates significantly fewer
words, briefer sentences, and fewer complex sparial descrip-
tions and disfluencies when interacting multimodally, compared
with using speech alone (Oviatt, 1997). One implication of these
findings is that multimodal interface design has the potential
to support more robust future systems than a unimodal design
approach. The following is an example of a typical user’s spoken
input while atternpting to designate an open space using a map
system: “Add an open space on the north lake to b—include
the north lake part of the road and north.” In contrast, the same
user accomplished the same task multimodally by encircling a
specific area and saying, “Open space.”

In previous research, hard-to-process, disfluent language has
been observed to decrease by 50% during multimodal interaction
with a map, compared with a more restricted speech-only inter-




action (Oviatt, 1997). This drop occurs mainly because people
have difficulty speaking spatial information, which precipitates
disfluencies. It a flexible multimodal interface, they instead use
pen input to convey spatial information, thereby avoiding the
need to speak it. Further research is needed to establish
whether other forms of flexible multimodal communication also
generally ease users’ cognitive load, which may be reflected in
a reduced rate of disfluencies.

During multimodal pen/voice communication, the linguistic
indirection that is typical of spoken language frequently is re-
placed with more direct commands (Oviatt & Kuhn, 1998). In
the following example, a study participant made a disfluent in-
direct request using speech input while requesting a map-based
distance calculation: “What is the distance between the Victo-
rian Museum and the, uh, the house on the east side of Wood-
pecker Lane?” When requesting distance information multi-
modally, the same user encircled the house and museum while
speaking the following brief direct command: “Show distance
between here and here.” In this research, the briefer and more
direct multimodal pen/voice language also contained substan-
tially fewer referring expressions, with a selective reduction in
co-referring expressions that instead were transformed into de-
ictic expressions. This latter reduction in coreference would
simplify natural language processing by easing the need for
anaphoric tracking and resolution in a multimodal interface.
Also consistent with fewer referring expressions, explicit speci-
fication of definite and indefinite reference is less common in
multimodal language (Oviatt & Kuhn, 1998). Current natural
language processing algorithms typically rely heavily on the
specification of determiners in definite and indefinite references
in order to represent and resolve noun-phrase reference. One
unfortunate byproduct of the lack of such specifications is that
current language processing algorithms are unprepared for the
frequent occurrence of elision and deixis in multimodal human-
computer interaction.

In other respects, multimodal language clearly is different
from spoken language, although not necessarily simpler. For ex-
ample, users’ multimodal pen/voice language departs from the
canonical English word order of SV-0O-LOC (e.g., Subject-Verb-
Object-Locative constituent), which is observed in spoken lan-
guage and formal textual language. Instead, users’ multimodal
constituents shift to a LOC-5V-O word order. A recent study re-
ported that 95% of locative constituents were in sentence-initial
position during multimodal interaction. However, for the same
users completing the same tasks while speaking, 96% of loca-
tives were in sentence-final position (Oviatt et al., 1997). It is
likely that broader analysis of multimodal communication pat-
terns, which could involve gaze and manual gesturing to indi-
cate location rather than pen-based pointing, would reveal a
similar reversal in word order.

One implication of these many differences is that new mul-
timodal corpora, statistical language models, and natural lan-
guage-processing algorithms will need to be established before
multimodal language can be processed optimally. Future re-
search and corpus-collection efforts also will be needed on dif-
ferent types of multimodal communication, and in other appli-
cation domains, 50 that the generality of previously identified
muliimodal language differences can be explored.
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WHAT ARE THE BASIC WAYS IN WHICH
MULTIMODAL INTERFACES DIFFER FROM
GRAPHICAL USER INTERFACES?

Multimodal research groups currently are rethinking and re-
designing basic user interface architectures because a whole
new range of architectural requirements has been posed. First,
graphical user interfaces typically assume that a single event
stream controls the underlying event loop, with any processing
sequential in nature. For example, most GUIs ignore typed in-
put when a mouse button is depressed. In contrast, multimodal
interfaces typically can process continuous and simultaneous in-
put from parallel incoming streams. Secondly, GUIs assume that
the basic interface actions, such as selection of an item, are
atomic and unambiguous evenrs. In contrast, multimodal sys-
tems process inpui modes using recognition-based technolo-
gies, which are designed to handle uncertainty and entail prob-
ahilistic methods of processing. Thirdly, GUIs often are built o
be separable from the application software that they control,
although the interface components usually reside centrally on
one machine. In contrast, recognition-based user interfaces typ-
ically have larger computational and memory requirements,
which often makes it desirable to distribute the interface over a
network so that separate machines can handle different recog-
nizers or databases. For example, cell phones and networked
PDAs may extract features from speech input, but transmit them
to a recognizer that resides on a server. Finally, multimodal in-
terfaces that process two or more recognition-based input
streams require time stamping of input, and the development of
temporal constraints on mode fusion operations. In this regard,
they involve uniquely time-sensitive architectures.

WHAT BASIC ARCHITECTURES AND
PROCESSING TECHNIQUES HAVE BEEN
USED TO DESIGN MULTIMODAL SYSTEMS?

Many early multimodal interfaces that handled combined speech
and gesture, such as Bolt’s “Put That There” system (Bolt, 1980),
have been based on a control structure in which multimodal
integration occurs during the process of parsing spoken lan-
guage. As discussed earlier, when the user speaks a deictic ex-
pression such as “here” or “this,” the system searches for a syn-
chronized gestural act that designates the spoken referent.
While such an approach is viable for processing a point-and-
speak multimodal integration pattern, as discussed earlier, mul-
timodal systems must be able to process richer input than just
pointing, including gestures, symbols, graphic marks, lip move-
ments, meaningful facial expressions, and so forth. To support
more broadly functional multimodal systems, general process-
ing architectures have been developed since Bolt’s time. Some
of these recent architectures handle a variety of multimodal in-
tegration patterns, as well as the interpretation of both uni-
modal and combined multimodal input. This kind of architec-
ture can support the development of multimodal systems in
which modalities are processed individually as input alternatives
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to one another, or those in which two or more modes are pro-
cessed as combined multimodal input.

For multimodal systems designed to handle joint process-
ing of input signals, there are two main subtypes of multimodal
architecture. One subtype integrates signals at the feature level
(e.g., “early fusion™). The other integrates information at a se-
mariic level (e.g., “late fusion™). Examples of systems based on
an early feature-fusion processing approach include those de-
veloped by Bregler and colleagues (Bregler, Manke, Hild, &
Waibel, 1993), Vo and colleagues (Vo et al., 1995), and Pavlovic
and colleagues (Pavlovic, Sharma, & Huang, 1997, Pavlovic &
Huang, 1998). In feature-fusion architecture, the signal-level
recognition process in one mode influences the course of
recognition in the other. Feature fusion is considered more ap-
propriate for closely temporally synchronized input modalities,
such as speech and lip movements (Stork & Hennecke, 1995;
Rubin et al., 1998).

In contrast, multimodal systems using the late semantic fu-
sion approach have heen applied to processing multimodal
speech and pen input or manual gesturing, for which the input
modes are less coupled temporally. These input modes provide
different but complementary information that typically is inte-
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are ranked according to their probability estimates on an n-best
list. The best-ranked multimodal interpretation then is sent to
the application invocation and control component, which trans-
forms this information into a series of commands to one or more
back-end application systems. System feedback typically includes
multimedia output, which may incorporate text-to-speech and
non-speech audio; graphics and animation; and so forth. For ex-
amples of feature-based multimodal processing flow and archi-
tectures, especially as applied to multimodal speech and lip
movement systems, see Benoit et al. (2000).

There are many ways to realize this information processing
flow as architecture. One common infrastructure that has been
adopted by the multimodal research community involves mizelti-
agent architectures, such as the Open Agent Architecture (Co-
hen, Cheyer, Wang, & Baeg, 1994; Martin, Cheyer, & Moran,
1999) and Adaptive Agent Architecture (Kumar & Cohen, 2000).
In a multi-agent architecture, the many components needed to
support the multimodal system (e.g., speech recognition, ges-
ture recognition, natural language processing, multimodal in-
tegration) may be written in different programming languages,
on different machines, and with different operating systems.
Agent communication languages are being developed that can
handle asynchronous delivery, riggered responses, multi-casting,
and other concepts from distributed systems, and that are fault-
tolerant (Kumar & Cohen, 2000). Using a multi-agent architec-
ture, for example, speech and gestures can arrive in parallel or
asynchronously via individual modality agents, with the results
recognized and passed to a facilitator. These results, typically
an n-best list of conjectured lexical items and related time-stamp
information, then are routed to appropriate agents for further
language processing. Next, sets of meaning fragments derived
from the speech and pen signals arrive at the multimodal inte-
grator. This agent decides whether and how long to wait for
recognition results from orher modalities, based on the system’s
temporal thresholds. It fuses the meaning fragments into a
semantically- and temporally-comparible whole interpretation
before passing the results back to the facilitator. Ar this point,
the system’s final multimodal interpretation is confirmed by the
interface, delivered as multimedia feedback to the user, and ex-
ecuted by any relevant applications. In summary, multi-agent ar-
chitectures provide essential infrastructure for coordinating the
many complex modules needed to implement multimodal sys-
temn processing, and they permit doing so in a distributed man-
ner that is compatible with the trend toward mobile computing.

The core of multimodal systems based on semantic fusion in-
volves algorithms that integrate common meaning representa-
tions derived from speech, gesture, and other modalities into a
combined final interpretation. The semantic fusion operation
requires a common meaning-representation framework for all
modalities, and a well-defined operation for combining parrial
meanings thac arrive from different signals. To fuse information
from different modalities, various research groups have inde-
pendently converged on a strategy of recursively marching and
merging attribute/value data structures, although using a variety
of different algorithms (Vo & Wood, 1996; Cheyer & Julia, 1995;
Pavlavic & Huang, 1998; Shaikh et al., 1997). This approach is
considered a frame-based integration technique. An alternative
logic-based approach derived from computational linguistics
(Carpenter, 1990, 1992; Calder, 1987) involves the use of fyped
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Sfeature structures and unification-based integration, which is
a more general and well-understood approach. Unification-
based integration techniques also have been applied to multi-
modal system design (Cohen et al., 1997, Johnston et al., 1997;
W et al., 1999). Feature-structure unification is considered well
suited to multimodal integration, because unification can com-
bine complementary or redundant input from both modes, but
it rules out contradictory input. Given this foundation for multi-
modal integration, more research still is needed on the devel-
opment of canonical meaning representations that are common
among different input modes which wilt need 10 be represented
in new types of muitimodal systems.

When statistical processing techniques are combined with a
symbolic unification-based approach that merges feature struc-
tures, then the multimedal architecture that results is a bybrid
symbolic/statistical one. Hybrid architectures represent one
major new direction for multimodal system development. Mui-
timodal architectures also can be hybrids in the sensec of com-
bining Hidden Markov Models (HMMs) and Neural Networks
(NNs), New hybrid architectures potentially are capable of
achieving very robust functioning, compared with either an
early- or late-fusion approach alone. For example, the Members-
Teams-Committee (MTC) hierarchical recognition technique,
which is a hybrid symbolic/statistical mulrimodal integration
framework trained over a labeled multimodal corpus, recently
achieved 95.26% correct recognition performance, or within
1.4% of the theoretical system upper bound (Wu et al., 1999).
Other architectural approaches and contributions to processing
multimodal information have been summarized elsewhere
(Oliver & Horvitz, 2005; Potamianos et al., 2003).

WHAT ARE THE MAIN FUTURE DIRECTIONS
FOR MULTIMODAL INTERFACE DESIGN?

The computer science community is just beginning to under-
stand how to design innovative, well integrated, and robust
multimodal systems. To date, most multimodal systems remain
bimodal, and recognition technologies related to several human
senses (e.g., haptics, smell, taste) have yet to be well repre-
sented within multimodal interfaces. The design and develop-
ment of new types of systems that include such modes will not
be achievable through intuition. Rather, it will depend on
knowledge of the natural integration patterns that typify peo-
ple’s combined use of various input modes. This means that the
successful design of multimodal systems will continue to re-
quire guidance from cognitive science on the coordinated hu-
man perception and production of natural modalities. In this
respect, multimodal systems only can flourish through multi-
disciplinary cooperation, as well as teamwork among those rep-
resenting expertise in the component technologies.

Most of the systems outlined in this chapter have been built
during the past 15 years, and they are research-level systems.
However, in some cases they have developed well beyond the
prototype stage, and are being integrated with other software at
academic and federal sites, or appearing as newly shipped prod-
ucts. To achieve wider commercialization of multimodal inter-
faces, such systems will need to develop more powerful and




428 ¢ OVIATT

general methods of natural language and dialogue processing,
and temporal modeling and processing of incoming signals. In
addition, multimodal datasets and tools are very much needed
to build applications more rapidly in a wide range of domains, in-
cluding for newly emerging collaborative multimodal applica-
tions such as meeting support and education (Barthelmess,
Kaiser, Huang, & Demirdjian, 2005; Cohen & McGee, 2004; Dan-
ninger et al., 2005; Gatica-Perez, Lathoud, Odobez, & McCowan,
2005; McGee, 2003; Pentland, 2005). The many mobile multi-
modal interfaces currently being built also will require active
adaptation to the user, task, ongoing dialogue, and environmen-
tal context, which is another very active area of recent work
(Gorniak & Roy, 2005; Gupta, 2004; Huang & Oviatt, 2005; Jain &
Ross, 2002; Potamianos et al., 2003; Xiao et al., 2003). To facilitate
the speed and generality of multimodal interface adapiation to
these important variables, future work will need to integrate new
machine learning technigques that are now being developed to
handle asynchronous and heterogeneous data (Bengio, 2004;
McCowan et al., 2005). Finally, in the future a coherent theoreti-
cal framework needs to be developed to account for multimodal
interaction patterns. This will be invaluable for proactively guid-
ing the design of new multimodal interfaces to be compatible
with human capabilities and limitations. Current work in cogni-
tive neuroscience and multisensory perception are beginning
to provide an empirical and theoretical basis for this future in-
terface design (Calvert er al., 2004; Ernst & Bulthoff, 2004).

In conclusion, multimodal interfaces are just beginning to
model human-like sensory perception. They are recognizing
and identifying actions, language, and people that have been
seen, heard, or in other ways experienced in the past. They lit-
erally reflect and acknowledge the existence of human users,
empower thern in new ways, and create for them a “voice.” They
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