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Abstract

This article isconcerned with theisability and implementation ofmultimodal user interfaces. We

show howthe usability of suctsystemscan be characterized in terms of the relatithiey areable to
maintain between the modalities they support. Equivalenceassignment, redundancy, and
complementarity of modalities form an interesting set of relations relevant to usability assessment and
software design. We use the notion of compatibility between user prefeesmt®sstem properties to

show howthe CARE propertiesnteract with user modelling to prediesability during the design of

a system. Inaddition we demonstrateow experimental evaluations can based onthe CARE
properties. Wehen deparfrom theHCI perspective to considéne implications of such properties

on software desigand techniques: we present PAC-Amodeus, a software architecture model, in
conjunction with a generic fusion mechanism.

Keywords: Multimodal user interfaces, properties, usability, softwearehitecture softwaredesign, CARE
properties, PAC-Amodeus.

1. INTRODUCTION

The combined use of multiple interaction techniques such as spe®tigesture opens a new world of
experience. Although the potentir innovation ishigh, the current understandiradpout how to design,
build, and evaluate multimodal user interfaces is still primitive.

Within the ESPRIT Basic Research Amodeus project, we have developed scientifithedolelpdesigners

and implementers to reason about multimodality from btte systemand theuser's perspectives. For
example, the MSM framework makes explicit the notion of multiple grains of paralleligrallessthe fusion
andfission of information at varioukevels of abstraction [Couteé®3]. Parallelism andusion are notnovel
aspects of interaction buhe complexity engendered by multimodality makes thpkenomena first class
issues. In particular, they convey new properties that can be used to characterize multimodal user interfaces.

In this article, weproposethe CARE properties as a simple framework for reasoning about multimodal
interaction from both the usand thesystem perspectivethe Complementarity, AssignmerRedundancy,
and Equivalencehat may occur betweethe interaction techniques available in a multimodal user interface.
The TYCOON framework offersanother approach to the analysis of multimosigdtems[Martin 95]. In
TYCOON, a modality is modelled as a computational prosasélar to the interactor-based modelling
techniquedeveloped in Amodey®aterno 94Duke 94]. Multimodality is discussed in terms of varidyzes

of composition between modality processédthough TYCOON is a useful computational model for
reasoning about software design, it is not primarily driven by end-user concerns.

Figure 1 summarizes our scientific approach. T#RE properties whoséormal definition is provided in
Section 2, serve as a common framework for reasoning about theamshgebility of multimodal interaction
techniques as well as folesigning softwareThe user-centereBARE propertiesare discussed in Section 4
along two complementary perspectives: the predictive theory-based apanubtiteexperimental observation

of the user. The implications of theARE properties on systemlesign are presented Bection 5. The
discussion will be illustrated with MATIS [Nigay 94], a multimodal interactsystem developed in
collaboration with colleagues at Carnegie Mellon University. The main features of MATIS are presented in the
following section.
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Figure 1: The CARE properties as a framework for reasoning about multimodality in
software design and usability testing.

2. THE CASE EXAMPLE: MATIS

MATIS (Multimodal Airline Travel InformationSystem) allows a user to retrieirdormation about flight
schedules using speech, direct manipulatk@yboardand mouse, or a combination of these techniques
[Nigay 94]. Speechinput is processed bysphinx, a continuous speaker independent recognition engine
developed aCarnegie Mellon University [Lunati 91]. MATIS supports both individaadt synergistic use of
multiple input modalities [Njay 94]. For examplejsing one single modality, the ussgnsay “show me the
USAIr flights from Boston to Denver” atan fill in aform using thekeyboard When exploitingsynergy, the
user caralso combine speeadndgesture as in “show mihe USAIr flights fromBoston tothis city” along

with the selection of "Denver" witlthe mouse. MATIS doesiot impose anylominant modalityall of the
modalities have the sanpewer of expression for specifying a requestl theuser carfreely switchbetween
them.

In addition, thesystem is also able ®upport multithreading: a MATIS usern disengagéom a partially
formulated request, start a new one, and later in the interaction process, return to the pending request. Figure 2
illustrates thidacility: two requests (bottom left dhe screen) are currently being formulated. To make an old
request active, the usbkas toselect the correspondingindow. The request wilcome tothe frontand will

constitute the new current context of interaction.

Although our earlier studiefocused oninput user interfaces such as tMATIS system, we wish to
demonstrate the relevance of our results to the design of multimodal output interfacE\REgroperties

that we describe in the following section embeds input as well as output interfaces.
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Figure 2: A snapshot from the MATIS application.



3. THE CARE PROPERTIES

3.1. Concepts

The formal expression of the ARE properties relies othe notions of state, goal, modalignd temporal
relationships.

* A stateis a vector obbservables, that is, set of properties thatan be measured at a
particular time to characterise a situation.

* A goalis a state that an agent intends to reach.

* A sequence of successive steps (or states) is callateaaction trajectory

* Anagent e.g., a user, or th®ystem, or a component thfe system, is an entity capable of
initiating the performance of actions.

* A modalityis an interaction method that an agent can use to reach a goabdeb the
expressivepower of amodality m, that is, its capacity to allow agent to reach state s'
from state s in one step, we use the fundBeach(s, m, s')

This generic definition of anodality can be interpreted at differefgvels of refinement. For example, a
modality could be specified igeneral terms as ‘using speech’, or mgpecifically asusing a microphone’.
Both of these interpretations are valid.

A temporal relationshigharacterises these ovetime of a set of modalities. These of these modalities may
occur simultaneously or in sequence withitemporalwindow that is, a time intervallternatively, only one
modality from a set may be used. IRtk(s, m, s"be a predicatéhat expresseshe use ofm among a set of
modalities to reach' froms.

Modalities of a set Mareused simultaneously (or in parallel)vjthin a temporalvindow, theyhappen to be
active atthe same timelet Active (m, t) be a predicate to exprettsat modality m is being used atome
instantt.

The simultaneous use of modalities of a set M over a finite temporal window tw can be formally defined as:

Parallel (M, tw) @ (Card (M) > 1) Y (Duration(tw) _ ) Y ($tEtw - "mEM - Active (m, t))
whereCard (M) is the number of modalities in set M, dbdration(tw)is the duration of the time intervia.

Sequential events may have to oceithin a temporalvindow to beinterpreted as temporally relatediliey

occur outside this windovihenthey may benterpreted differently. Modalities Mreused sequentiallwithin

a temporal window tw if there is at most one modality active at a time, and if all of the modalities in the set are
used within tw:

Sequential (M, tw) @ (Card (M) >1) Y (Duration (tw)_¢) Y ("t@Etw - ("m, m'EM - Active(m, t) b -Active(m’, t))
Y ("mEM - $tEtw - Active(m, t))

Temporalwindows forparallelism andequentiality need not have identical durations. The important point is
that they both express eonstraint on thgace ofthe interaction. For example, using multiple modalities
simultaneously may bappropriate fotthe user butnay require extra processing resources fritra system

side or imply a specific software architecture as showthéifollowing section.The absence of temporal
constraints is treated by considering the duration of the temporal window as infinite.

Figure 3 showshe relationship®etweenthe concepts used in CARE: agent having reached state s, may
have (or has) the goal g to reach state s' by means of thenmuig set of modalities ¥{m1, m2 ... mn}.
These modalities are linked by temporal relationship TR (TR::=||Y48tlparallelism, sequentiality, and
selection of one interaction techniquespectively), and constrained by a temporavindow TW
(TW::=<interval>%¢). The symbol T at the upper left denotes the CARE property (T::=C¥2A%2RY:E).
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Figure 3: A notation for expressing CARE properties.

The CARE properties, which characterise fdypes ofrelationshipsbetween stateand modalities, can be
defined and illustrated with MATIS [Nigay 94]. Our discussion will concentrate on input (i.e., from the user to
the system) although the definitions hold for output as well.

3.2. CARE properties: Formal Definition
Equivalence: Modalities of set Mareequivalentfor reaching s' from s, if it isecessarandsufficient to use

anyoneof the modalities. M is assumed to contain at least two modalities. More formally:
|Equivalence (s, M, s") & (Card(M) >1) Y ("m (E M Reach (s, m, ") |

Equivalence expresséise availability ofchoice betweemultiple modalities butloesnot impose any form of
temporal constraint on them. Figureshows an example of equivalence between several modalities for
specifying “Pittsburgh” ashe destination of a tridJsers have a choice of speaking or typihg sentence
“Flights to Pittsburgh”, or keying “Pittsburgh” ithe destination slot of the request form. Alternativéigy

may interact with the Tool window and pick up “Pittsburgh” as a destination from the menu of known cities.

Assignment: Modality m isassignedn state s to reach s', if no othrapdality is used to reach s' from s. In
contrast to equivalence, assignment expretssesbsence of choiceither there is nohoice atall to get from
one state to another, or there ishmice buthe agentalways opts fothe samenodality to get between these
two states. Thus we can define two types of assignment:

StrictAssignment (s, m, s') @ Reach (s, m, s") Y (" m'@E M. Reach(s, m',s") P m'=m)
AgentAssignment (s, m, M, s') &
(Card(M) >1) Y ("m' E M. (Reach (s, m', s") Y (Pick (s, m', s")) P m'=m))

In the case of an agent assignment, it is interesting to arthly$eteraction trajectories to explandjustify

its occurrence. In MATISwindow management is performed by direct manipulatioy. In particular,
speech cannot be used as an alternative. Therdéfiersystem imposes strict assignment upon the user for
window basedasks. Conversely, a useho always uses speech to spe¢ifp destinationsvould turn the
Equivalence offered bthe systeminto an Agent Assignment. Thissue will be developeflirther in Section

4. Equivalenceand assignmeriioth measure thehoice available at sonmoint in the interactiortrajectory.
Redundancyndcomplementarity go one step further by consideringctimbined use of multiple modalities
under temporal constraints.

<= "Flights to Pittsburgh” 1
K "Flights to Pittsburgh” in NL Window
K "Pittsburgh” in Destination Slot

E| "Pittsburgh" in Tool Window

O, 2O,
specify destination

Figure 4: Examples of equivalence in MATIS. The “lip” symbol denotes speech, K represents
the use of the keyboard, and the mouse symbol, a mouse selection.




Redundancy: Modalities of a set Mareusedredundantlyto reach state s' from state sthéy havethe same
expressive power (thegre equivalentand if all of them areisedwithin the same temporatindow, tw. In
other words, the agent shows repetitive behaviour without increasing its expressive power:

Redundancy (s, M, s', tw) &
Equivalence (s, M, s') Y (Sequential (M, tw) / Parallel (M, tw))

Redundancycan comprisetwo distinct temporal relationships — sequentialityd parallelism -which may
have different implications for usabilitand software implementation. In particular, parallelism puts
restrictions on théypes ofmodalitiesthat can baised simultaneously: modalitiésat compete forthe same
system othumanresources cannot be activatedparallel. The agent can thenly act sequentially if it can
comply with the temporal constraints (i.e., it must gaickly for the multiple inputs to be treated aghéy
were parallel).

For example, the MATIS system is able to support parallel-redundancy between speanldatysone of the
other equivalent modalities presented in Figure 4. As shown in Figure 5, redundant typing invhres ol
and in the destinatioslot competes fothe samesystemand humarresources. Therefore thetseo methods
must be used sequentially (unlgss keyboardsand two users were availablegnd within thetemporal
window tw, which in turn must be kept within tw'. When the usgmesnot satisfy the temporal constraint,
MATIS creates a new requasitiated with the extra “redundant” information. Thigstem decision may not
be in accordance with the user’'s expectation or intention.

El = "Flights to Pittsburgh” I
E| "Pittsburgh" in Tool Window

EI K' "Flights to Pittsburgh” in NL Window :
K" "pittsburgh" in Destination Slot tw lew
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Figure 5: Example of redundancy in MATIS.

According to our formal definition, redundancy requires equivalence but equivabahcestipulates the
existence, not the activation, of multiple method$is asymmetryhas implicationsfor the system’s
robustness. Suppose for examghat auser is sending the same content concurrently via the equivalent
modalities mand m'. If thesystem doesot support redundandgr m and m’', either it izinable to sense m

while sensingnm’, or itsenses both dhem andmay get confused. Therefore, software designarst have a

clear architectural model as well as the appropriate software mechanisms to handle these issues appropriately.

Complementarity: Modalities of a set M must be used it@nplementaryay toreach state s' from state s
within a temporalvindow, if all of them must beised to reach s' fromise., none of them taken individually
can cover the target state. Texpressthis adequately, we need to extettte notion of reachability to

encompass sets of modalities: REACH(s,M,s") mehas state s' can be reachéwm state s using the

modalities in set M.

Complementarity (s, M, s', tw)
a (Card(M) >1) Y (Duration(tw)_s) Y ("M'@M (MM b -REACH (s, M', s"))) Y REACH (s, M, s")Y
(Sequential (M, tw) / Parallel (M, tw))

Deictic expressions, characterised by cross-modality referem@egxamples of complementarity. sisown
in Figure 6, a MATIS usecantype or speakhe sentence “flights tthis city” (or simply “flights to”) and
select a cityname on the screeRere,the sentencspecifiesthe focus ofinterest (i.e., the destination of the
trip) while themouse selection denotes a location. Thegemodalities complement each otleerd must be
combined to reachhe intended goal. As with redundancy, complementarigy occur inparallel or
sequentially within a temporabindow. In contrast to redundancy, whidwesnot favour any modality,



complementarity may bdriven by a dominant modality, which requires tige of others. Typically, in
MATIS, deictic references in speech require the use of the mouse to point to a screen object.

Cross modality references may draw upon both complemendaitsedundancy. For example, a MATIS user

may say'flights to thiscity” while typing “Pittsburgh” inthe destination slot of the request formthis case,

from the system’s perspective, the speech act denotes the topic of interest while the typing action specifies both
thetopic and itsvalue. Thespeech act, which isovered bythe typing act in the destination slot, should be
ignored by thesystem(i.e., thesystemshould not waitor the resolution of theleictic reference)Again, the

CARE properties have implications for system implementation.

Another source of complexity for software designers is that distinct actions prosliticedthe same temporal
window through different modalities are naecessarily complementary. this case, fusion must not be
performed. For example, a MATIS user neay“Flights to Pittsburgh” while selecting an irrelevatject on
the screen. Irsection 5, we describe how these issuas be supportedonsistentlythrough areusable
software mechanism.

= Lk
El E <= "Flights to" 1
<2 "Flights to this city’
K "Flights to"
K "Flights to this city

"Pittsburgh” on screen
tw

Figure 6: Examples of complementarity in MATIS. Complementarity can be parallel or
sequential.

Our formal definitions of the CARE properties provide conceptual foundations for reasoning about multimodal
interaction. To put them to work, we need to discuss issues such as coverage and refinement.

Coverage of a modality Coveragéhas to do with theet of states for which jgarticular property holds. For
example, in MATIS, the situationdescribed in Figures 4 to 6 hold for any goal related to request
specification. Coverage of a property over statesbeused as a metric for assessing consisteflog CARE
properties, which include the notions miodality and goal, canalso be instantiated at multiplevels of
refinement.

Modality refinement. Modality refinement interms ofdevicesand interactionlanguages is discussed in
[Nigay 95]. To summarize,

* a physical devices an artefact of thaeystem that acquires (input device) aelivers
(output device) informtion. Examples of devices MATIS includethe keyboard, mouse,
microphone and screen.

* An interaction languagedefines aset of well-formed expressioné.e., aconventional
assembly of symbols) that convey meaniiige generation of aymbol, or aset of
symbols,results from actions ophysical devices. In MATIS,examples of interaction
languages include pseudo-natural language and direct manipulation.

We define annteraction technique(or a modality) as the coupling of a physical device d with
an interaction language L: <d, L>.

Considering MATIS,
» speech input is described as the couple <microphone, pseudo natural language NL>,
where NL is defined by a specific grammar,



» written natural language input defined as <kgboard, pseudo natural language NL> (a
MATIS user can also type in NL sentences in a dedicated windows),

» graphic input is described in terms of <mouse, direct manipulation>, and

» graphicoutput corresponds to tlewuple <screen, tables>. (Flight schedutgsirned by
MATIS are always presented in a tabular format.)

From these definitions, it ishen possible to reason at finer grain of concernsand consider the
Complementarity, Assignation, Redundarayd Equivalence between physical devices as welbetsveen
interaction languages. For example in MATIS, NL senteceaesbeproduced using eithéhe microphone or
the keyboard.The microphoneand thekeyboardare functionally equivalent regarding the goal "producing a
NL sentence". Thus, in a noisy environment, the Matis user can easily switch to the keyboard.

Goal refinement Typically, goalsarerecursively decomposedto subgoals. In our modelling techniqtileis
decanposition is expressed as a refinement of interaction trajectories. Dependinglevethaf refinement,

interaction trajectories can be viewed either as a one step encapsulation or as a sequence of steps. For example,
in Figure 7 the intended goal is to reach a state where both the depadutiee destination of the trip are
specified.This goalmay be seen assingle chunk or as an encapsulatiortvad subgoals: specifgdeparture

and specify destination.
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Figure 7: CARE and goal refinement.

The usemay use one modality, sayitige sentence “Flights frofBoston toPittsburgh”, or typing it into the
speech recognition window, or doing both redundantly (esAlternativelythey could specifghe departure
using any methodescribed in Figures 4 toahd therspecifythe destinatiorfcase b). In cas@), the user’s
actions must be performed withsometime interval and thesystem provides feedback onttee temporal
window haselapsed. In (b), theystem provides feedback feach subgoal. Considerinige description in
Figure 5 at anigh level, methods (adnd(b) arefunctionally equivalent. At a finegrain ofanalysis however,
(a) and (b) differ in the interaction trajectory. As such, they may not be perceived as equivalent.

In summary, th&€ARE propertiesan beused at multiple levels of goal refinement. Desigrarsexploit the
recursivenature ofCARE to reason about multimodality tite appropriatéevel. For example, ithe early
stage of thdife cycle, one mayeason at a coarggain toflesh out the most salient requiremeatsout
multimodality. Once theystem isdesigned, one may need to igpto more details to make sound predictive
assessments as shown in foklowing section. Oncéhe system ismplemented gffective use othe system
can be observed and interaction traces may be analyzed at fairly low level of details.

4. CARE AND USER-CARE PROPERTIES

The CARE properties othe computesystem have aounterpart in corresponding properties of the user: the
CARE-like or User-CARE properties.

4.1. User-CARE properties

The user properties are concerned with¢heice between different modalities foommunicating with the
computer. As aboveur discussion will be confined to tleboice of modality for communication the input
direction,that is,from the user to theystem. Because tifie user’s circumstances — includingr task, her
background, her trainingner knowledge and thephysicalandinteractive behaviour of the computer interface



— the usemay well have preferences as to hslwe communicates with the computer. A familiar example is
that if theuser is engaged in a task whistcupiesher handsshemay prefer to use speech. We refer to such
preferences by the user, affecting her choice of input modalitiespasferences

Certain patterns of {greferencesre worth identifying. (a) Ibnly one modality is acceptablettee user, or if

she has a strongreference for on@articular modalitythen wehave a case of ddssignment. (b) If there

exists a subset the possible modalities which she prefersatbothers,but betweerwhich she is indifferent,

then wehave a case of U-equivalence. (cjhé user prefers temploy two ormore means of communication

to convey the same information, then we have a case of U-redundancy. (d) If the user’s preference is to use one
modality for one aspect dhe task and anothamodality for another aspectthen wehave a case of
U-complementarity. The crucial requirement on the design ofsylstem isthat its properties must be
compatible withthe user's U-preferences. We regardyatemdesign as beingompatiblewith the user’s

needs provided there exists at least one modality which is acceptable to both system and user.

Compatibility may be assessewsing predictive evaluation techniques or using experimental approaches
grounded on users observation. Predictive techniques such as discount usability testing [Nielsen 89], draw
upon a largebody of HCI heuristics. Currently, heuristics frameworks do ooter multimodal interaction
properly. Alternatively, predictive evaluation may be based on a theory of cognition such as GOMS. In
section, we outline an early work on predictive assessosng the ICSand PUM theory-basednodelling
techniques developed within the Amodeus project (section 4.2).

As a complementary means of assessingitladilityandusage of multimodality, we have developed NEIMO,

a genericand flexible multiworkstation usability lab, tmbserve and analyze multimodal interaction
experimentally [Salber 93] (Section 4.3).

4.2. Predictive assessment

In [Coutaz 95] thassue of compatibility is addressed by considethey requirementfor each ofthe CARE
properties to be compatible with eachtbé U-CARE propertiesOne approach is to consider what a user
needs to know about a system in order to develop any of the U-preferences described above.

A technique such as Programmable User Modelling [Blandforac&3]beused to assedke likelihoodthat a
user will be able to acquitde particulaknowledge needed to develtpe appropriaté)-preference. Another
approach is to consider tleagnitive resources a user will require in order to usehmose between the
modalities included in the various U-preference sets. To do so a geagrdtive architecture such as ICS
[Barnard 93] can be used. In [Coutaz 95] we furtbevelopthe notion ofcompatibility between user
preferencesnd system properties to show hdive CARE propertiesnteract with user modelling to predict
usability at the design stage of the software development.

4.3. Experimental assessment: the NEIMO usability lab

4.3.1. Principles

As shown in Figure 8, using the NEIMO platfoinvolves a two-step procesfie experimentatiosession

followed by an analysis phase. In phase 1, a subject executes a set of scenarios on a dedicated workstation. In a
different roomhumanfactor expert®bservehe subject, makannotations, or simulate the missing functions

of the system(e.g., speech recognition) usitigeir own workstation. Meanwhile, behaviordataabout the

subject as well agxperimenters' annotations amecorded automatically. NEIMO captures information at
various levels of abstraction from keystroke level such as mouse evehdépeech acts, thigh level tasks

such as sending a fax.

In its current version, the NEIMO platform includes 4 Apple Macintosh Quadragected b¥thernet. The
user interfaces fahe subjectand thewizards workstations angrototypedwith HyperCard. Apple Events are
used asthe standard communication mechanisut a specific toolhas been developed for efficient
transmission ofideo overEthernet. (Sound is notet transferredover the network.) Behavioral data are
recorded using the QuickTime format.

In phase 2, behavioral data arged by specialists to ass#ise usability ofthe system. Inthe context of our
research, the motivation is to elicit the usage of modalities according to the CARE framework.



Most usability platformsare not computer-supported. NEIMO, whichaisle todigitally record behaviorat
various levels of abstraction, opetihe way tothe development of automated analysis tablat alleviate the
time-consuming manual analysis of a large body of data such as repetitive pattern of behavior.

In addition to observatioand annotationNEIMO supports Wizard of Oz experimenkdost existingWizard

of Oz systems support the observation of one modality only or are limited by technical constraints. NEIMO has
been designed from scratch to suppucltimodality A significant amount oeffort hasbeen dedicated to
implementation issues to satisfy performance requirements.

NEIMO is multiworkstation generic and flexiblel) It supports any number of wizards; 2) It is organized
around a reusabland extensible kernel of commoservices onto which specific user interfaces be
plugged; 3) Workstations areonfigurable atstart up time: wizardsoles (e.g., speech recognition,
annotations, etc.) can be freely allocated among the workstations. In addition, data captusetap bethe
appropriate level of abstraction.

Phase 1
Room1 Room 2

Speech
wizard

Subject Annotation
I wizard

Task domain
wizard

Be

Phase 2 Legend
Ethernet link

Be
Analyst ‘— O Workstation

Figure 8: Configuration of the NEIMO platform.

4.3.2. lllustration

Figures 9and 10showthe screens of the speech-wizarti of the annotator twbserve a subjegerforming
telecommunication tasks (e.g., sending adag Vphoning) in anultimodal interaction setting (i.espeech
anddirect manipulation). The speech-wizard translates multimodal commands such dkisGadlson" into

actions understandable by thgstem. To accomplisthis, he can hear theubjecttalking and a miniature
reproduction of thesubject's screen allowiee speech-wizard to track the usensuseandkeyboard actions.

If the subject makes a linguistic mistake such as uttering a wrong command name, the speech-wizard sends an
error messagehrough adedicated tool. As shown in Figure &ror messagesre predefine@nd organized

into categories (lexical&syntactiand domain-dependent errors), aray be customized othe fly. In the

normal case, the speech-wizard simulates shbject's actionsising direct manipulation on the miniature
screen.
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Figure 9: The screen of the Speech-Wizard. On the top left, a miniature of the subject's
screen; on the bottom left, the CARE window shows the CARE properties that are currently
authorized for the tasks of the experiment; on the right, the error messages tool.

The annotation-wizardwho can observe the subject's behaviourthrough his own workstation
(sound+miniature screen), can record comments describingutiect's hesitationg(see Figurel0). This
information, which complements tiseibject's wrong mouse clicks, will be pointed outhrxy analysigool in
the next phase.

Frrmsuet

R

Frstname [Fric |
76 44 55 97

Annotation e

18:27:17 ( Erose )

Mirror affordance )

[ [
Ctrl Up/Down to edit another annotation

Task Name F3m F4|  Directory

F3 Fax F& FaxIn

Fax

Phones CA&RE

F7[ roder | FB[ Faxour

5% Tt save
Speech

Directory C&RE Folder|

Faxin/Oout € A R E

scenario 1 on

Messages dlerreurs

Figure 10 The screen of the annotation-wizard. On the top left, the miniature of the subject's
screen; on the right, the form to create annotations. In this example, the problem is concerned
with the lexical level of the interaction, it is related to the telephone task and is not blocking.
The annotator can complement the "standard" attributes with specific comments: here, a
problem of affordance with the mirror facility.

In its current form, the analystsol provides quantitativelata such as the duration of scenariosval as
statistical information through the facilitipsovided by a spreadsheet progranddésnot yet support editing
facilities nor the rendering of multimodakage. It does however repldne set of scenarios (just likeVCR)
andprovides browsing facilities such as rewindthg "VCR to the previous lexical error(See Figurell). In



addition, the tool shows a PERT diagram that makes tasks interleaving explicit. The diagram is enhanced with
clickable "bubbles" that reveal the annotations recorded on the fly by the annotation-wizard.
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Figure 11 The screen of the analysis tool using the VCR metaphor. In the top left, the replay
window that reproduces the subject's screen. On the top right, VCR buttons to control the
navigation. At the bottom, the list of scenarios and for each scenario, a PERT diagram
displayed on a perspective wall [Mackinlay 91] of the tasks executed during the scenario. A

search window is currently opened to position the "VCR" on the next lexical error.

4.3.3. Perspectives

In the nearfuture, we will conduct full-fledged experiments to stuthg relevance of multimodality for
telecommunication tasks (preliminary results for drawing tasksvthat in deictic expressions, pointing is
often performed firsfCatinis 95]). We also need to find the balahetweendigital and analogecording in
order to conciliate precision, volume of record#sta, andpotentiality for automatic evaluation. Having
primarily developed NEIMO forcapturing behavior, we neatbw to augment our analysi®ol with new
computation and visualization facilities.

Having analysed the CARE properties in the light of user-centered concerns, we now discuss their implications
on software design.

5. CARE AND SYSTEM-CARE PROPERTIES

Our technical solutiofor supportingthe CARE properties draws upon our software architecture model: PAC-
Amodeus [Nigay 93].

5.1. The PAC-Amodeus model

PAC-Amodeus isntended as a guide for developisgftware architectures at a conceptual level. It is a blend
of the componentadvocated byhe Archmodel [UIMS92] and thePAC refiningprocess expressed in terms
of agents [Coutaz 87]. As shown in figure 12, the Dialogue Controller of therAodel is decomposedto a

set of cooperative PAC agents. The refinement of the Dialogue Controller in terms of PAChagentdtiple
advantages including explicit support for concurreany datgusion. Data fusiomccurswithin the Dialogue
Controller to build commands athagh level of abstraction. liparticular, it is triggered whetwo modalities

are used in a complementary way. A complete description of PAC-Amodeus can be found in [Nigay 93].
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Figure 12: The PAC-Amodeus software components and their relationship with data fusion.

The fusion engineuses a uniform representation model to perform fusiea: melting pot. As shown in
Figures 12and 13, a meltingot is a 2-D structure. On the vertical axis, the "structural pamtxlel the
structure of the taskbjectsthat theDialogue Controller is able toandle. Events generated by user's actions
are abstracted and mapped onto these structural parteoihieevel Interaction andPresentation Techniques
componentsre in charge of thiprocess. Eventare time-stamped: a mappedent defines a new column on
the horizontal temporal axis. The structudacomposition of a melting pot described in a declarative way
outside the fusion engine. As a result, the fusion mechanism is domain independent: sthatelgson the
domain are not “code-wired”. They are used as parameters for the fusion engine.

Using MATIS as an illustration, Figure Ehows how redundan@nd complementarity are handled by the
fusion mechanism. ltthe redundancy example, the ubkas uttered theentence “Flights to Boston” while
selecting “Boston” wittthe mouse inthe menu of known cities. Trepeech act ifranslated into théottom
left melting pot: at timejt the slot‘to” is filled in with the value “Boston”.The melting pot next on theght
results from thenouse selectiomhe fusion engine combines thetyeo melting pots into aew one (top left).
A similar reasoning applies to complementarity.

Structural parts Structural parts
y y
PI
Bop Bog
» Time » Time
Structural /VSEctu\raf* Structural /sm
partd partd partd part$
PI
Bop Bop Bo
T Tim T » Time T Tim T ™ Time
Redundancy Complementarity
<Uttered sentence "Flights from Boston"<Uttered sentence "Flights from Pittsburgh to this city"
while selecting Boston> while selecting Boston>

Figure 13: The effect of redundancy and complementarity on the fusion mechanism.

5.2. The fusion mechanism

As demonstratedbove,our fusion mechanism is a reusable domain indeperalgatithm. This algorithm
adopts an “eager” strategy: it always magempts to combinmput data. This approach has the advantage
of providing the user with immediafeedback befor¢he functionalcore is accessedhe drawback is the
possible occurrence of incorrect fusions whiahst be undone. Incorrect fusion occurs duéhedifferent
time scales required to process data specified through different modalities. As a resatjuénee ahelting



pots is not necessarily identical tioe user's actionsequence. For example, in MATIS melting ptist
correspond to direct manipulation expressions are built fdstathose from voiceditterances. We wilkhow
how our engine deal with undesirable fusions.

The criteriafor triggering fusion are threefold: the logical structure of commands, tiamg context. When
triggered, the engine applies thrgges of fusions irthe following order: microfusion, macrofusion, and
contextual fusion.

« Microfusion is performed whemput data is structurallgomplementaryandvery close ovetime: i.e.,
microfusion combinesinputs if they have been produced iparallel or in pseudo-parallelism.
(Intersection of time intervals.)

» Macrofusionis performed according to the same criteria as microfusioedmabinesdata thatelong
to a given temporal window. (Temporal proximity.) Macrofusion implies proximity of time intervals as
opposed to microfusion which implies the intersection of time intervals.

» Contextual fusions performed according to the structure of the data toobgbinedand the current
context. For example in MATIS, the context corresponds to the current request. Corfigsitwal
combines new input data with the current request if their respective structures are compatible.

Having presented the driving principles of flasion mechanism, weow focus orthe technical details. Our
fusion algorithmhasbeen implemented in @dembedded in a PAC-Amodeus architecture for MATIS. We
first introduce the metrics associated with each melting pothéfe explairhow microfusion is implemented

and show howthe fusion mechanism supports redundaryd complementarity. Finally, we present the
management of the set of melting pots and the exchanges of melting pots within the hierarchy of PAC agents.

5.2.1. Metrics for a melting pot

Figure 14 portrays the metrics that describe a melting pot m

mi = (PL, P2, Bs---, )t Mj is comprised of n structures p1, p2, ...pn.
infojj: piece of information stored in the structural paiofom;.

Tinfojj: time-stamp of infg.

Tmay: time-stamp of the most recent piece of information stored.in m
Tminj: time-stamp of the oldest piece of information storedjin m
Temp_win: duration of the temporal window forim

Dt: Remaining life span for m

A melting pot encapsulates a set of structural partga...mn. The content of a structural part ip@ce of
information that igime-stamped. Time stamps atefined bythe LLIC when processing user's events. The

system computethe boundaries (Tmaand Tmin) of a meltingpot from the time stamps of its informational
units :

So, for m = (p1, P2,--- , -+, M), TMag = Max(Tinfojj) and Tmin = Min(Tinfojj)

The temporalvindow of amelting pot defineshe temporal proximity (+/- Dt) dfvo adjacent meltingots:
When Dt reaches a threshold (i.e., a pre-specified critical vafue)engine undertakes a macrofusion.
Temporal windows are used to trigger macrotemporal fusion.

So, form = (p1, P2,--- , Bs---» ), Temp_win = [Tminj-Dt, Tmax+Dt]

The last metrics used to manage a melting pot is the notion of life spgn, Exp



Expi = Tmax + Dt = Max(Tinfgj) + Dt. This notion isuseful to remove anelting pot from the set of
candidates for fusion.

5.2.2. The mechanism
The fusion mechanism is driven by a set of rules.

Rule 1 deals with microfusiolBecausehe strategy is “eager”, microfusion is first attempaed triggered on
the arrival of anewmelting pot. Since it models a user’s actiorinstant t, this meltingpot is composed of

one column only. Rule 1 makes it explitie occurrence of microfusion: the content of theewmelting pot
(colpt) is complementary with a colur{nolit) of an existing melting pot (jhand if thetime-stamps of this

column is close enough to(ke., within Dmicrot), then microfusion is performed.

Rule 1Microfusion

Given:
» colit = (p1, P2, , B,---, ): ONe column at time t of an existing
melting pot nj.

e coliy =(p'L, p'2, ..., Pj, ..., p'n): a one column melting pptproduced at time t'
i

colit and col¢ are combined if:

* they are complementary: Complementaryjfcatoly ) is satisfied if:
"k E[1..n]: $infee L - ($infoy )

* their time stamps are temporaly close in the following way:
Close (caf, coliy) is satisfied if: t' E [t-AEmicrot, t+Amicrot]

Microfusion may involvaindoing a previous fusiofhis exception case is illustrated in Figure thatshows
the fusions performed ithe context of théollowing example:ithe user haslready specifiedhe destination
slot (i.e., Denver) asvell asthe departure slot (i.eBoston) ofthe current request. The result of this
specification is modelled in Figure 15 the melting pot m_ The user then utters tlsentence "Flights from
Pittsburgh" while selecting "TWA" usinthe mouse. Because mouse clicki® processed fastéhan speech
input, themouse selection is first received the Dialogue Controller. Themouse click is modelled as the
melting pot n» which contains [TWA]. Thaew comingmelting pot m2 is combined with m1 by contextual
fusion. The result ofhis contextuafusion is represented in Figure 15 ag'mvhich contains [BOS, DEN,
TWA]. Meanwhile, melting pot | which corresponds to the sentence "Flights from Pittsburgh&cisived
by the Dialogue Controller. The current set of candidie$usion is now{m1, m2, m3}. Becausdhe time
intervals of np [TWA] and m3 [PIT] overlap, theyare combined by microtemporal fusiand m2becomes
[PIT, TWA] (rule 1 applies). Theprevious
contextual fusion [BOS, DEN, TWA] is

L h . Structural parts
undone. Thiggives birth to two melting pots P

andfrom nowon, the user haslaborated two A
requests.
Structure p4 Infg4
Structure p3 Infoi,
Structure p2) |ﬂf0|2
Structure p1 Info;q
T T BT o2 w3 o4|es T me
| |= Tmin i I= Tma>1
|< | Temp_win: Temporal windpw 'l
1 2t ! 4
——

Ex;?: Life span

Figure 14: Metrics used to define melting po{.m
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Figure 15: Interacting with MATIS:

(a) undoing fusion due to microtemporal fusion. (b) an example of redundancy.
Beforeapplying the rule on Microfusion, the mechanishecks for redundanaysingRule 2. Redundancy is
defined as two close columns that contains the same information. Figure 15 gives an example of redundancy.

Rule 2Redundancy

Given:
* colit = (p1, P2,--- , B,---, ): ONe column at time t of an existing melting m
s coliy =(p'L, p'2, ..., Pj, ..., p'n): one column at time t' of a new melting
pot '
i i

colit and cofy are redundant if:

» they contain the same information in the same slots:

Redundant (cql, colt') is satisfied if: "k [1..n]

$info, L $infopy L info;, = infoj

L"KE[1..n]: = ($infge) L - ($infoy )

» their time stamps are temporaly close: Closgt(ombl't') is satisfied if:

t' E [t-Amicrot, t+Amicrot]

Macrofusion is driven by rulesimilar tothose used for microfusion where Amicrot is replaced by temporal
windows. Whereas timbas a primaryole in micro-and macro- fusions, it is nonvolved in contextual
fusion as illustrated in Figure 15. Aescribed above, contextual fusiorthe last step in thiision process.
The driving elemenfor contextual fusion ighe notion of context. In MATIS, contextse in aone-to-one
correspondence with requests. There is one context per remstspecificationand the currentequest
denotes the current context. (The user may elaborate multiple requests in an intaréga\Mthen a melting
pot is completgall of its informational units havieeen receivednd itslife spanexpectancy Expexpires, it

is removed fronthe set of candidatder fusion. Amelting potremoved fronthe fusion pool issent to a PAC
agent of the Dialogue Controlléor further processingRule 3 expresses these conditions formally.;Egp

used formaking surethat incorrect fusions have nditeen performed: when raelting pot is complete, the
engine keeps it for a while in the pool of candidates in case the next new melting pots trigger "undo" fusions.



Rule 3Conditions to remove a melting pot from the list of candidates for fusion:
Melting pot m = (p1, P2, .-, §, ---, ) is removed if:
* mj is complete: "p&E nmj, $ infoij
+ and its span life is over: current date = Exp

We have shown the generitature of thefusion mechanism usinghe criteria of time and structural
complementarity. Each melting pptocessed byhe fusion mechanisnmay have anynumber of structures

(e.g., lines) that are filled independently. TP&C-Amodeus modedlong with thefusion mechanism define a
reusable platform for implementingput multimodal interfaces. Ouwatural nexstep is to study systerisat

support multiple languages and devices for output. This may lead devk®pment of a "fission" mechanism

as introduced in MSM [Coutaz 93]. Such a fission mechanism can be based on the melting pot representation:
By considering the example of Figure ABd by inverting thelirection of the arrows, we can sketobw the

fission mechanisnsanwork to support complementarigndredundancy in output interfaces. Several melting
potsare deduced from a single orend each derived melting pot is madergavable bythe user through
different output interaction techniques.

6. SUMMARY

We have formally defined a set of propertigse CARE properties, useful ithree complementanyways. The
CARE properties can be exploited:
1) to predictively assesthe usability and usage of multimodal user interfaces usitigpory-based
cognitive models such as PUM and ICS,
2) to structure usability testing experiments as in the NEIMO usability lab,
3) to constrain software architecture modelling of interactive systems.

We have developed genericand extensible platform, NEIMOthat captures behavior at various levels of
abstractionand wehave designed a softwaagchitectural model, PAC-Amodeus, augmented wiflasion
mechanism to support the CARE properties.
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