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Abstract. Pro ducing in teractiv e applications is a m ultidisciplinary soft-

w are comp osition activit y . This, and the nature of user in terface co de,

puts particular requiremen ts on comp onen t comp osition framew orks. W e

describ e a comp onen t mo del that relies on a hierarc hical tree of hetero-

geneous elemen ts comm unicating through ev en ts and data �o ws. This

mo del allo ws to assem ble, reuse and apply late binding tec hniques to

comp onen ts as div erse as data managemen t, algorithms, in teraction wid-

gets, graphical ob jects, or sp eec h recognition rules at all lev els of gran-

ularit y . W e describ e implemen tations of the mo del and example uses.

Finally , w e outline researc h directions for making the mo del more com-

plete and compatible with mainstream soft w are mo dels.

1 In tro duction

Graphic designers and usabilit y exp erts are increasingly in v olv ed in the design

of applications, esp ecially when the user in terface go es b ey ond traditional wid-

gets. Un til recen tly , they did it b y pro ducing sp eci�cations that programmers

tried to follo w. This pro cess w as not optimal: w ork w as duplicated, mistak es or

tec hnical constrain ts altered the original design, and it forced a sequen tial w ork-

�o w b et w een actors. It also imp eded the redesign of applications. If a medical

imaging compan y acquired a solution for analysing images, w an ted to merge it

with their image capture solution, and had consistency problems b et w een the

t w o user in terfaces, they had to reprogram ma jor parts of the soft w are.

An emerging alternativ e pro cess is the m ultidisciplinary pro duction of soft-

w are [1]. Graphic designers pro duce the visual parts, in teraction designers pro-

duce in teractiv e b eha viours, and programmers only pro duce the functional core

(data managemen t and algorithms) and the o v erall application structure. This

reduces the global amoun t of w ork, eliminates programmer-induced mistak es as

w ell as incompatibilities, and allo ws for concurren t engineering: all actors can

w ork in parallel and assem ble their w ork just b efore deliv ering.

In this article w e prop ose a comp onen t mo del to supp ort this new pro cess.

The main con tributions are:

� an analysis of ho w this pro cess and the nature of in teractiv e soft w are call for

a soft w are comp osition mo del, applicable to all t yp es of user in terfaces and

to the functional core at all gran ularities of co de;



� the description of a hierarc hical comp onen t mo del using ev en ts and data

�o ws for comm unications among comp onen ts, aimed at addressing the cor-

resp onding requiremen ts.

Con trasting with most mo dels that describ e graphical in teractiv e comp onen ts,

our mo del is aimed at describing all parts of an application, including non-visual

in teraction as w ell as the parts that do not b elong to the user in terface. W e

examplify the use of this mo del through sev eral dev elopmen t scenarios, in v olving

v arious degrees of in teraction. Finally , w e outline some researc h directions.

2 Motiv ation: assem bling in teractiv e soft w are

In teractiv e soft w are is hard to dev elop [2]. This is in part b ecause the user in ter-

face p er se, whic h accoun ts for half of the size of in teractiv e applications, ob eys

di�eren t principles than the other half. It has external con trol, deals with state

rather than computation, and hea vily uses references b ecause its ob jects ha v e

m ultiple in terdep endencies. With imp erativ e or functional languages, its ob ject

b eha viours tend to b e split across m ultiple functions. The arc hitecture patterns

used for in teractiv e comp onen ts ev en giv e them concurren t seman tics [3].

But most of all, the w a y in teractiv e soft w are is designed and pro duced p oses a

soft w are comp osition problem that m ust b e addressed. If soft w are comp osition is

ab out assem bling comp onen ts that ha v e not b e planned and designed together,

then building an in teractiv e application is a con tin uous soft w are comp osition

activit y: from the b eginning, unplanned reorganisation is the rule rather than

the exception. Moreo v er, it deals with elemen ts pro duced b y actors with v aried

bac kgrounds and metho ds at an y lev el of gran ularit y and an y degree of lo calit y .

2.1 V aried stak eholders

In teractiv e soft w are requires skills from usabilit y exp erts, domain exp erts, users,

programmers, in teraction designers and graphical designers. Their con tribution

can b e v ery concrete in the actual pro duction of soft w are, whether during the

dev elopmen t or later during application 'rev amping' or customisation:

� domain exp erts de�ne sequences of user tasks (game lev els, for instance);

� graphical designers de�ne all the graphics and the geometrical la y out;

� natural language grammar designers, sound designers or other sp ecialists

ma y also pro duce parts of the application;

� usabilit y exp erts or in teraction designers ma y de�ne the �ne b eha viour of

in teractiv e comp onen ts: should buttons highligh t when one en ters them from

the side or only when pressing directly?

� users or supp ort sta� ma y rede�ne the la y out or alternate input con�gura-

tions to suit their sp ecial needs.

All of these are the o wners of concerns that should legitimately form individ-

ual comp onen ts. All ha v e their o wn abstractions and to ols to manipulate them,

but in the end their pro ductions m ust b e assem bled and run together.



2.2 Planning issues

The ab o v e actors do not follo w the traditional sc hedules of soft w are dev elopmen t.

As already men tioned, their tasks are b est ac hiev ed in parallel. More, the design

is iterativ e: b ecause user needs are di�cult to elicit, iterativ e pro cesses based on

protot yping and ev aluation ha v e b een devised. The iterations ma y con tin ue and

imp ortan t design decisions ma y b e dela y ed while the rest of the soft w are is b eing

dev elop ed: from the b eginning, the application is in an unplanned customisation

phase. This creates di�culties in large pro jects suc h as air tra�c con trol systems:

one b oth has to dela y in terface design issues and c ho ose an arc hitecture v ery

early , whic h often leads to arc hitecture con�icts later in the pro ject. Only a

comp onen t mo del suiting all t yp es of user in terfaces w ould alleviate this problem.

In teractiv e soft w are also has the classical issues of application redesign: graph-

ics instead of text dialogue, p ost-WIMP
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, in terfaces instead of widgets, or fusion

of sev eral applications under a uni�ed in terface. The adaptation to v arying plat-

forms (screen size, input devices) also requires a redesign or ev en a dynamic

adaptation of the visual la y out, the dialogue sequence, or ev en the in teraction

st yle (a button do es not w ork the same with a mouse or a touc h screen). This

will culminate with the ubiquitous computing paradigm, when applications will

disco v er their execution con text at run time. In summary , soft w are comp osition

o ccurs at an y time from initial dev elopmen t to run-time.

2.3 Comp onen t gran ularit y

The comp onen ts that are assem bled or in terc hanged can ha v e v ery di�eren t size

and complexit y . A t the largest scale is the in tegration of t w o applications in to

one: an email application and a W eb bro wser, for instance. A t a smaller scale, a

giv en widget m ust sometimes b e replaced: c hanging a classic rectangular men u

in fa v our of a pie-shap ed one that w orks b etter on tabletop user in terfaces, for

instance. In some cases the replacemen t is at an ev en smaller scale: switc hing

from a mouse in terface to a touc h screen in terface just requires to c hange a

part of the in ternals of some in teractors

2

. F or in teraction designers this is b est

seen as a c hange of sub-in teractor sized comp onen ts from their o wn library of

comp onen ts: in buttons for instance, replacing the b eha viour that reacts only

to clic ks initiated on the graphical ob ject ('mouse-orien ted' b eha viour) with one

that allo ws to start b eside then en ter ('touc h-screen-orien ted' b eha viour).

F urthermore, these v arious gran ularities cannot b e handled indep enden tly:

one often has to replace a comp onen t b y another of a v ery di�eren t size. Consider

a desktop metaphor in whic h applications are sho wn as pages in a b o ok. When

turning the pages, y ou see an image on eac h page; but as so on as a page is �at,

the image is replaced with the actual running application. As another example,

when adding animation to user in terfaces so that visual c hanges are not to o

sudden, one has to replace assignmen ts of n umerical v alues b y whole animation

1

in terfaces that do not rely on the Windo ws-Icons-Mouse-P oin ting paradigm

2

comp onen ts that deal with a giv en in teraction: a widget, a drag and drop sequence,

a sp eec h-enabled dialogue b o x



sequences: instead of jumping to its p osition, the temp erature dial of a co oler

will mak e a con tin uous mo v emen t. And the target itself can b e a constan t, or

can b e obtained b y activ ating a sp eec h grammar rule, or through a 'wizard'

application that helps the user mak e the c hoice.

2.4 Crosscutting concerns

Not all c hanges are as lo cal as the ones ab o v e. When 're-skinning' a user in terface,

they only c hange the graphics but all the visual comp onen ts in the application are

mo di�ed. Man y facets of user in terfaces are �crosscutting concerns� in the sense

of asp ect-orien ted programming: graphical st yle, geometrical la y out, animation,

drag and drop managemen t, lo calisation, time constan ts, etc. Spaghetti of co de

is still the norm to da y in most reasonable-size in teractiv e applications b ecause

of this. F or instance, building drag and drop b eha viour as a comp onen t rather

than a blac k b o x or a series of co de fragmen ts is still a c hallenge.

3 Requiremen ts on comp onen t mo dels

The situation describ ed ab o v e generates requiremen ts on the comp onen t mo del

used for organising applications. Some are not new and ha v e b een adressed

individually in the past. But the new m ultidisciplinary pro cesses and p ost-WIMP

in teraction exacerbate them and mak e it imp ortan t to address them collectiv ely .

Uni�e d fr amework. Because of the planning issues describ ed ab o v e, it is desirable

to ha v e a unique mo del for all comp onen ts in an application, so as not to limit

ho w and when comp onen ts can b e in terc hanged and connected. This applies to

comp onen ts in the user in terface as w ell as the functional core: for instance, an

animated ob ject suc h as a scrollbar index can b e connected to the mouse, to a

clo c k, or to the �le-loading comp onen t at di�eren t times. P ost-WIMP in terface

designers rely hea vily on this, whereas most user in terface comp onen t mo dels

apply only to graphical in teractiv e comp onen ts, and to their sub-comp onen ts as

long as they are themselv es graphical in teractiv e comp onen ts. This only co v ers

v ery few comp osition scenarios, and forces programmers to use sev eral soft w are

comp osition mo dels in the same application.

Heter o geneity supp ort. An in teractiv e application is a heterogeneous system b y

itself. Not only do dev elop ers come from di�eren t bac kgrounds, not only do

they manipulate v ery di�eren t en tities, but their preferred computation mo dels

are also v ery di�eren t. Some in teraction st yles are b est de�ned through state

mac hines; others are easier with data �o ws. Graphics are often seen as pure

declarativ e ob jects. Some dialogue sequences are purely linear (lev els in a game,

steps in a wizard) but concurrency is alw a ys presen t, if only to pro vide animated

feedbac k. Gesture recognition and similar algorithms, lik e computations, are w ell

describ ed with functional programming, while input handling calls for reactiv e

programming [5]. Within the prop osed mo del, it m ust b e p ossible to build com-

p onen ts as di�eren t as graphical ob jects, computations, in teractiv e b eha viours

or sp eec h grammar rules, b y taking an y of these p oin ts of views.



Multiple gr anularities. Heterogeneit y also exists in the gran ularit y of comp o-

nen ts, as iden ti�ed in the previous section. The mo del m ust therefore ha v e a

comp onen t concept that is the same at all scales, from basic instructions to

whole applications, lik e do es functional programming.

Mo dularity. Not all user in terfaces are only graphical. Some ha v e sound, sp eec h

recognition, or video capture. Some ev en c hange o v er time: an application can

act as a v oice serv er when y ou are a w a y from the o�ce and launc h a graphical

in terface when y ou use y our computer. It is imp ortan t that the parts of the

framew ork that manage these mo dalities are as mo dular as dynamic libraries

are to da y , and that dev elop ers can c ho ose to use them or not.

Behaviour che cking. The mo del m ust pro vide supp ort for c hec king comp onen t

comp osition, b ecause in teractiv e soft w are also has the issues of traditional soft-

w are. It is particularly imp ortan t to c hec k the compatibilit y of comp onen t b e-

ha viours, and not only data t yp es [6].

De clar ativeness. Some stak eholders in the dev elopmen t use purely graphical

to ols. If they are to con tribute e�cien tly , they m ust b e allo w ed to mo dify appli-

cations without the help of programmers. Therefore the mo del m ust supp ort a

declarativ e st yle of comp osition, that is a st yle in whic h the existence of a giv en

comp onen t at a giv en lo cation fully determines its seman tics.

External c ontr ol �ows. In user in terfaces, what triggers an action is not a con-

trol �o w from the main program but an external condition: user's action, clo c k

signal, etc. F unction calls do not prop erly supp ort this b ecause they require that

the source of the con trol �o w has information ab out the recipien t and th us is

dev elop ed after it. It usually is dev elopp ed b efore: device driv ers and in teractiv e

comp onen ts predate applications. F unction references and callbac ks, or the use

of late binding for that purp ose are w ork arounds that sometimes induce pro-

grammers in to mistak es [3]. Ev en ts are more useful than functions, esp ecially

with p ost-WIMP user in terfaces.

Concurr ency. Some in teractiv e comp onen ts require concurren t seman tics, for

instance when t w o users manipulate t w o men us on a tabletop in terface. Concur-

rency also sho ws more subtly when t w o programmers subscrib e t w o comp onen ts

to the same ev en t without kno wing ab out the other, and a third programmer

com bines their comp onen ts and exp ects them to resp ect some sequencing prop-

erties. Not only do es the mo del need to supp ort concurrency , it also needs to

pro vide w a ys of reasoning ab out it and expressing ordering constrain ts.

4 The I* comp onen t mo del

T o address the ab o v e requiremen ts w e prop ose a hierarc hical comp onen t mo del

named I*, that com bines features of computer graphics scene graphs, in teractiv e



soft w are mo dels, and comp onen t mo dels. Successiv e v ersions of it ha v e b een

implemen ted in the In tuiKit mo del-orien ted programming framew ork and used

in an industrial con text since 2003. Its ma jor features are its tree of elemen ts,

its ev en t-based comm unication mo del, and its mo dular execution mo del.

4.1 The elemen t tree

In the I* mo del, an application is a tree of elements . An elemen t is made of:

� a set of named pr op erties , that store its state;

� a set of named c hildren elemen ts;

� an in terface that exp orts the names of certain c hildren, prop erties and events ,

and manages in ternal op erations on c hildren elemen t and prop erties.

Some elemen ts, called atomic, are built using the host language and their

in ternals are not accessible within the mo del. All others, called c omp onents , are

built b y assem bling elemen ts, creating prop erties and de�ning in terfaces. The I*

mo del consists of the description of elemen ts and op erations on them, of a set

of atomic elemen ts that describ e con trol, and of their execution seman tics.

Applic ation structur e. The tree of elemen ts not only represen ts the arc hitecture

of the application, but also the logical structure of its in terface. It pro vides a

reference framew ork for all actors of the dev elopmen t. F or instance, a classical

image editing program is made of a palette comp onen t, a men u bar comp onen t,

a dra wing area comp onen t, and a few p op-up dialogue b o x comp onen ts. The

palette con tains buttons, and so on recursiv ely . All in teractors are comp onen ts,

and their c hildren are comp onen ts (smaller in teractors) or atomic elemen ts.

A tomic elements. In most user in terface mo dels, in teractors are atomic. Here,

atomic elemen ts are smaller and more heterogeneous: computations, graphical

ob jects, sp eec h rules, state mac hines, ev en t noti�cations, prop ert y assignmen ts.

The mo del allo ws a mapping from ob ject-orien ted classes to atomic elemen ts, so

as to facilitate in tegration with the host language. T o build an atomic elemen t

one tak es a class and turns an instance of it in to an elemen t, selecting some class

mem b ers as exp orted prop erties and some metho ds as exp orted c hildren.

Graphical ob jects and graphical con text ob jects (brushes, gradien ts, etc) are

atomic elemen ts. F or instance, a rectangle is an elemen t, and th us forms a le-

gitimate application; running it actually displa ys a rectangle on the screen. The

co de b elo w sho ws ho w this is done with the In tuiKit P erl programming in terface:

my $r = new GUI::Rectangle ( -x => 0, -y => 0, -width => 100, -hei ght => 100);

$r->run;

The same principle applies to other in teraction media; for instance, the In-

tuiKit en vironmen t also implemen ts elemen ts that represen t 3D sounds and

sp eec h grammar rules. One of the classical tec hniques for describing the b e-

ha viour of in teractors is the use of �nite state mac hines. These, as w ell as data-

�o w connections for con tin uous b eha viours and algorithms that recognise ges-

tures from tra jectories, are also implemen ted as atomic elemen ts.



Finally , an in teractiv e application also con tains computation co de and ap-

plication domain ob jects. These to o are elemen ts, and are curren tly most often

implemen ted as atomic elemen ts b y application programmers.

Element aggr e gation. Comp onen ts are built b y assem bling other elemen ts. Some-

times mere juxtap osition is enough, for instance when building a m ultimo dal

dialogue b o x b y assem bling a rectangular frame, t w o buttons (Y es and No), and

a sp eec h grammar rule that recognises �y es� and �no�. More usually , elemen ts

need to b e in terconnected so as to exc hange ev en ts or v alues, for instance when

coupling a writing zone, a gesture recognition elemen t, and a text elemen t that

sho ws what has b een recognised; w e will later see ho w ev en t and data-�o w prop-

agation are describ ed through sp ecialised atomic elemen ts.

But in some cases the c hildren elemen ts are to o �ne grain to ha v e a signi�can t

seman tics as suc h, and m ust b e com bined tigh tly to pro duce a signi�can t e�ect:

the state of a state mac hine has a meaning only if it is also the state of a

p erceptible elemen t. By extending the mo del to sub-in teractor elemen ts, w e ha v e

lost the natural sharing of data b et w een the t w o parts of an in teractor. Using

ev en t comm unication w ould b e a solution, but at the cost of a p o orly justi�ed

memory o v erhead. T o a v oid it, a tigh t aggregation mec hanism called prop ert y

mer ging is prop osed, and managed in the paren t comp onen t's in terface. The

result is that a memory slot for one prop ert y only is used, and this prop ert y is

accessible under di�eren t names from the c hildren elemen ts. Con trol propagation

when the prop ert y c hanges o ccurs as a sp ecial case of data-�o w.

F or instance, here is ho w one w ould describ e a button made of arbitrary

graphics for eac h of its t w o states, with an elemen t of t yp e Switch that uses its

br anch prop ert y to c ho ose whic h of its c hildren is activ e at a giv en time:

$btn = new Component;

$sw = new Switch (-parent => $btn);

$on = load Element (-parent => $sw, -name => 'on', -file => 'on .svg');

$off = load Element (-parent => $sw, -name => 'off', -file => ' off.svg');

$fsm = load Element (-parent => $btn, -file => 'behaviour.xm l');

$btn->merge (-names => [$fsm->state, $sw->branch]);

$b->run;

Because it allo ws to dela y the asso ciation of graphics (or an y other p ercep-

tiv e c hannel) and b eha viour, merging is useful for managing heterogeneit y in a

group of dev elop ers. Once a con v en tion has b een established ab out the names of

elemen ts and their prop erties, a programmer can build a comp onen t in whic h he

or she just names the c hildren and sp eci�es the merged prop erties, an in teraction

designer builds a state mac hine that describ es ho w the user's input is managed,

and a graphic designer builds a set of graphical ob jects; the �nal comp onen t is

assem bled in a compilation or linking phase, just prior to executing the program.

Information hiding The names giv en to c hildren elemen ts and prop erties are

visible to all c hildren of a comp onen t, as w ell as the ev en ts de�ned b y c hildren.

F rom this in ternal sym b ol table is built an external one, b y deciding what names



are visible; during that op eration, renaming is also allo w ed. Note that merging

is also a manipulation of sym b ol tables within the comp onen t's in terface.

Name hiding is for classical soft w are engineering purp oses. Renaming is for

in teractiv e soft w are arc hitecture purp oses. In teractiv e comp onen ts are de�ned in

terms of in teraction concepts; names suc h as 'button', 'icon', 'clic k', 'press', or

'drag' are used. A t some p oin t, they need to b e connected to the functional core

that uses names suc h as '�le', 'application', 'launc h', or 'ship', 'pro�le', 'matc h'.

This connection implies t w o op erations. First, one needs to matc h concepts;

for instance, a ship is represen ted as an icon, a pro�le as a button, and the

'matc h' op eration is asso ciated to the 'press' ev en t. Then, b ecause the names are

di�eren t, one needs to translate them. This is called functional core adaptation;

in ob ject-orien ted framew orks, it is implemen ted with classes whose only role is

to glue ob jects of incompatible t yp es together. Here, renaming mak es functional

core adaptation a framew ork-lev el feature, optimised out at compile time.

Another p eculiarit y is that there are di�eren t publics to hide information

from. Application programmers do not need to see the implemen tation details of

a button, but designers who customise an application do need it; symmetrically

they do not care ab out the external in terface of the button. This is curren tly

handled at the implemen tation lev el only: name hiding applies to all program-

ming in terfaces to the I* tree languages suc h as P erl, C++ or Ja v a, and not to

in terfaces in languages for designers suc h as CSS.

4.2 Comm unication and con trol

The prev alen t execution mo del in user in terfaces, and particularly p ost-WIMP

user in terfaces, is the reactiv e mo del. This mo del usually co exists with the pro-

cedural mo del brough t b y the programming language. T o satisfy the uniform

framew ork requiremen t, I* solely relies on ev en t comm unication and a v arian t:

data-�o w comm unication.

Events. Some elemen ts in the tree are able to emit ev en ts when certain conditions

are met. A clo c k emits ev en ts at regular in terv als, a graphical ob ject emits ev en ts

when it is clic k ed on with the mouse, a �nite state mac hine when it c hanges

state, an animation when it ends, a button when its state mac hine c hanges

state. F unctional core elemen ts can also b e sources: a plane emits an ev en t when

it c hanges altitude or p osition, a �le when it c hanges size, and so on. Ev en t

subscriptions are represen ted as Bindings , that is atomic elemen ts that asso ciate

actions to conditions. A Binding is de�ned with:

� a reference to a sour c e , that is a prop ert y or an elemen t that ma y emit ev en ts;

� an event sp e ci�c ation , that is a source-sp eci�c expression that describ es what

ev en ts are selected;

� a reference to an action , that is an elemen t that is executed when a matc hing

ev en t is emitted.

F or instance, this creates a rectangle whenev er a m ultitouc h surface is touc hed:



my $table = find Element (-uri => 'input:/intuiface');

my $b = new Binding (-source => $table->pointers,

-spec => 'add',

-action => "GUI::Rectangle (-x => %X, -y => %Y)");

A �nite state mac hine is an atomic elemen t made of a set of bindings that

are only activ e when the mac hine is in a giv en state. A tomic actions named

Noti�cation allo w comp onen t builders to emit their o wn ev en ts. Others named

Assignmen t set the v alues of prop erties. Callbac k functions in the host language

can b e encapsulated as actions named Nativ eCo de.

The Binding elemen ts mak e b eha viour declarativ e: one creates a con trol �o w

just b y adding the appropriate Binding. It also helps to create state-dep enden t

b eha viours, b y making bindings or state mac hines activ e or not dep ending on

a state, without ha ving to in tro duce hierarc hical state mac hines or Statec harts:

hierarc h y is represen ted b y the I* tree.

Data-�ow. Data-�o w is a sp ecial case of ev en t comm unication. Prop erties are

ev en t sources, and atomic elemen ts called Conne ctors are Bindings de�ned from

t w o prop erties: they trigger an implicit action that copies the v alue of the �rst

prop ert y in to the second when it c hanges. F or instance with the follo wing co de

a rectangle follo ws the �nger on a touc hscreen.

my $t = find Element (-uri => 'input:/touchscreen');

my $r = new GUI::Rectangle (-width => 10, -height => 10);

my $xc = new Connector (-in => $t->X, -out => $r->x);

my $yc = new Connector (-in => $t->Y, -out => $r->y);

A tomic elemen ts named W atchers are used within elemen ts to bind actions to

c hanges of their o wn prop erties. This allo ws to build data-�o w bric ks suc h as

those describ ed in [4] or [7], and pro duces the con trol �o ws asso ciated to merging.

This de�nition of data-�o w do es not only pro vide a declarativ e w a y of build-

ing b eha viours. It also allo ws to de�ne a consisten t sc heduling for ev en t and

data-�o w propagation, so that mixing them leads to predictable results. Imple-

men tations of I* include a sc heduling algorithm based on prop erties, comparable

to those used in sync hronous programming.

5 Implemen ting elemen t seman tics

W e ha v e built t w o implemen tations of the I* mo del named In tuiKit P erl and

In tuiKit C++. W e no w describ e what seman tics they giv e to elemen ts and ho w

their arc hitecture helps ful�ll the initial requiremen ts.

5.1 A mo del-based implemen tation

F or eac h t yp e of elemen ts, an XML format has b een de�ned. F or instance, the

SV G format is used for graphics. In tuiKit includes parsers for these formats, in

addition to a programming in terface for instan tiating elemen ts, cloning them, or



creating comp onen ts. Dev elop ers can th us build the application tree b y loading

XML �les, instan tiating elemen ts from co de, or b oth.

Using XML �les has allo w ed to use In tuiKit in a researc h pro ject as the �-

nal execution engine in a mo del transformation c hain. It also helps manage the

heterogeneit y of actors and the planning issues: graphic designers use their o wn

to ols to build graphics and exp ort them as SV G. Programmers or in teraction

designers can build the rest of the application in co de or XML. Then one can

c ho ose to load the XML �les at run time, th us dela ying in tegration to the last

min ute, or to generate co de from them. Using XML also allo ws to migrate appli-

cation parts from one In tuiKit implemen tation to another. The t ypical in tended

use for this is to carry out iterativ e protot yping with the P erl implemen tation,

then exp ort the graphics, b eha viours, and structure of the application tree in

XML and reuse them in the �nal C++ dev elopmen t.

The manipulation of part of the tree as data �les in tro duces preliminary

phases in the execution of applications: the loading or instan tiation of elemen ts,

then their linking, prior to executing the tree. So as to mak e the programming

in terfaces for instan tiating elemen ts compatible with elemen t creation in graph-

ical editors, instan tiation has b een de�ned along the lines of protot yp e-orien ted

languages: elemen ts can b e copied from others, then mo di�ed.

5.2 Mo dules and rendering engines

F ollo wing the construction of the tree, In tuiKit tak es c harge of executing ('run-

ning') it. The asso ciated seman tics is that eac h elemen t represen ts an instruction

for a part of the execution en vironmen t named a mo dule: graphical ob jects are

rendered b y a graphical engine, sp eec h grammar rules are managed b y a sp eec h

engine, bindings, actions and other b eha viour-orien ted elemen ts are executed b y

the core mo dule. This addresses the mo dularit y requiremen t: eac h mo dule is in

c harge of a set of elemen t t yp es.

Eac h mo dule de�nes an XML namespace and implemen ts the asso ciated

parser, pro vides a programming in terface for instan tiating the elemen ts it de�nes,

and includes a rendering engine for them. Lea ving aside user-de�ned mo dules

that con tain user-assem bled comp onen ts suc h as WIMP in teractors (buttons,

men us, dialogue b o xes) or dials for co c kpits, most mo dules in tro duce atomic

elemen ts. The core mo dule pro vides the cen tral concepts of the mo del and a

few t yp es of con trol elemen ts: bindings, connectors, state mac hines. Other mo d-

ules are used only when required: a GUI mo dule for graphical ob jects and basic

WIMP ob jects suc h as windo ws, mouse and cursors; an input mo dule for at ypical

input devices; an animation mo dule for animation tra jectories; a sp eec h recog-

nition mo dule for grammar rules. Suc h mo dules are implemen ted b y reusing an

existing rendering engine, either as a library or a serv er, and encapsulating its

primitiv es in to the execution metho ds of atomic elemen ts.

Using mo dules pro vides supp ort for the managemen t of crosscutting concerns

while preserving declarativ eness: to enric h a comp onen t with a new media, one

just needs to add a c hild elemen t from the corresp onding mo dule. All other

complexit y is hidden in the mo dule in ternals. F urthermore, mo dules in teract



nicely with the application arc hitecture, creating a t w o-dimensional structure:

one dimension is the set of mo dules, the other is the application tree that driv es

the rendering in all mo dules. In our view, this is the k ey for pro viding an clear

arc hitecture for m ultimo dal applications.

W e ha v e encoun tered t w o t yp es of rendering engines with that regard. Some,

suc h as Op enGL, do not store the ob jects they render and need to b e called

p erio dically . In this case, the I* tree serv es not only as the application structure

but also as the basis for rendering: once the tree is run, the graphical mo dule

p erio dically tra v erses the tree, up dates its rendering con text or the engine's,

and has graphical ob jects rendered b y the engine as it encoun ters them. In other

w ords, the restriction of the tree to con tainers and graphical elemen ts has the

seman tics of a graphical scene graph. Other rendering engines do manage their

o wn in ternal structure. In that case the tree is only tra v ersed once to create this

structure, and the engine is then noti�ed of c hanges in the tree that concern it;

the engine acts as a serv er, and one can in terpret this as an extension of ev en t

comm unication to the rendering itself.

6 Example applications

In tuiLab and their partners ha v e used In tuiKit during �v e y ears for dev eloping

dozens of in teractiv e applications as div erse as car dash b oard and m ultimedia

displa ys, air tra�c con trol to ols, geographical information systems on tabletops,

m ultimo dal information query systems or lotto kiosks. W e describ e here some

example uses that demonstrate the robustness of the I* mo del.

Fig. 1. An set of tabs for a car m ultimedia system

6.1 Skinning a visual comp onen t

Figure 1 sho ws the tree structure of a comp onen t that w as built for a car m ul-

timedia system. It has a static bac kground, four tabs that represen t four parts

of an application, a Switc h elemen t, and a �nite state mac hine. The transitions

of the state mac hine are b ound to ev en ts from a set of k eys lo cated near the

steering wheel, and its state is merged with that of the Switc h. Dep ending on

the SV G �le used for the graphical elemen ts, the result lo oks as in Figure 2a or

Figure 2b.



Fig. 2. a. With one graphics �le b. and another

6.2 Building a m ultimo dal dialogue b o x

The follo wing co de sho ws ho w one builds a simple m ultimo dal Y es/No dialogue

b o x from atomic elemen ts: a rectangular frame; t w o rectangles and bindings on

them that emit Y (resp. N) ev en ts when they are pressed on; a sp eec h grammar;

t w o bindings on the recognition of w ords b y the grammar. F or concision the

paren t comp onen t do es not app ear here, nor the argumen ts that create the

elemen ts within this paren t.

my $r = new GUI::Rectangle (-x => 0, -y => 0, -width => 200, -hei ght => 100);

my $y = new GUI::Rectangle (-x => 20, -y => 30, -width => 60, -he ight => 40);

new Binding (-source => $y, -spec => 'ButtonPress', -action => "notify('Y')");

my $n = new GUI::Rectangle (-x => 120, -y => 30, -width => 60, -h eight => 40);

new Binding (-source => $n, -spec => 'ButtonPress', -action => "notify('N')");

my $g = new Speech::Grammar (-grammar => 'yes-no');

new Binding (-source => $g, -spec => [command => 'yes'], -act ion => "notify('Y')");

new Binding (-source => $g, -spec => [command => 'no'], -acti on => "notify('N')");

The same ev en ts are emitted b y this dialogue b o x whether the mouse or v oice

is used. The sp eec h grammar, since it is a c hild elemen t of the dialogue b o x, is

only activ e when the b o x is activ e; the same holds for the rectangles and the

bindings of course.

6.3 Application design and dev elopmen t

Figure 3 illustrates the use of In tuiKit in a phase of the m ultidisciplinary pro cess

describ ed in the in tro duction of this article. The illustrated air tra�c con trol

pro ject in v olv ed �virtual pap er�: ob jects that felt lik e pap er strips through a

com bination of visual e�ects, animation and gesture recognition. A �rst phase

of iterativ e design yielded a pap er protot yp e that outlined the structure and the

b eha viour of the application. Designers and programmers used this protot yp e

to de�ne an I* tree and giv e names to elemen ts to b e pro duced b y designers.

Then eac h started to program, dra w or otherwise build their elemen ts and giv e

them the appropriate names. F or test purp oses, someone in the group quic kly

pro duced v ery crude graphics, ga v e them the agreed names and sa v ed them in a



SV G �le. This allo w ed programmers to test their w ork b y loading these elemen ts

from the SV G �le (left). When the �nal data managemen t, b eha viour, animation

and graphical elemen ts w ere ready , the programmers just had to put XML �les

deliv ered b y designers at the righ t place, and test the application (righ t). This

application later had sev eral sets of graphics for di�eren t customers in Europ e.

Measuremen ts carried out on this case study (comparison with a pro ject of

similar size and complexit y , b y the same team, using a linear pro cess) sho w ed

a reduction of pro ject duration b y ab out 50%, exp enses b y ab out 30%, and a

dramatic decrease of co ordination costs (estimated n um b er of phone calls) [1].

Fig. 3. A TC application b efore and after �nal in tegration

6.4 T ransferring more tasks to designers

In the ab o v e example, graphic designers only pro duced graphics. Ho w ev er, some

are willing to tak e more tasks from programmers, and particularly visual la y out

and its adaptation to size c hanges. W e ha v e designed artistic resizing [9], a tec h-

nique where graphic designers pro vide examples of graphical ob jects at di�eren t

sizes, and the system in terp olates their app earance for an y c hosen size.

Implemen ting the artistic resizing algorithm with In tuiKit w as a simple appli-

cation of the I* mo del: w e built a new atomic elemen t that has prop erties width

and height , implemen ts the artistic resizing algorithm, is de�ned b y passing

it the examples as c hildren elemen ts, and then b eha v es as a single graphical

elemen t. This new elemen t can then b e placed in the tree wherev er a resiz-

able graphic elemen t is desired, and its prop erties connected to the size of the

a v ailable windo w. F rom then on, the graphical ob ject adapts to the size of the

windo w, resp ecting the designer's non-linear transformations.

6.5 Input managemen t

One of the future c hallenges for in teractiv e soft w are is that when building an

application, dev elop ers will not ha v e a precise idea of what input devices will b e

a v ailable at run time. W e ha v e b een able to build an In tuiKit mo dule to address

this problem, b y sligh tly extending the seman tics of the I* mo del.



Input devices are ev en t sources and hence candidate tree elemen ts, but they

are out of con trol of dev elop ers. It mak es sense to decide that the application

tree is just an elemen t of a larger I* tree that con tains the computer devices.

Therefore, w e just had to create a new elemen t set and elemen t disco v ery func-

tions to allo w programmers to test and use input devices [8]. Using a tec hnique

used for comm unicating dynamic data creation from the functional core to the

user in terface, the hot-plugging of devices is rep orted as an ev en t b y the set of

input devices, whic h is an automatically managed comp onen t that con tains all

input device elemen ts. In that con text, m ultimo dal fusion, that is the com bi-

nation of inputs from di�eren t sources, b ecomes a matter of creating elemen ts

that subscrib e to di�eren t sources and implemen t one com bination p olicy or the

other: time windo ws, for instance.

7 Researc h directions

The I* mo del and its implemen tations ha v e allo w ed us to turn inno v ation in user

in terfaces in to a more industrial activit y . But questions remain to b e addressed,

to giv e the mo del more solid foundations and to co v er issues curren tly not ad-

dressed. First of all, the con trol structures describ ed ab o v e are insu�cien t for

building all of the functional core; this forces dev elop ers to build it as a set of

atomic elemen ts, and breaks the requiremen t for a uniform mo del. Similarly ,

one needs to devise a data-passing sc heme that mak es the implemen tation of

data-�o w elemen ts as easy as functions in a functional framew ork, as w ell as a

t yping system for con trolling bindings and connections. W e ma y also need to

prop ose a �service call� comm unication system on top of ev en t comm unication,

for the few cases where the caller is de�ned after the callee.

In another direction, de�ning a formal seman tics for the I* tree and its com-

m unications w ould pro vide dev elop ers with an unm biguous understanding of ho w

their comp onen ts b eha v e, and help compare with more general framew orks. It

could also serv e as the basis for compiling comp onen ts rather than just in terpret-

ing them: whereas during execution In tuiKit, ev en in P erl, compares fa v ourably

with all ric h graphics framew orks, in terpretation times are not satisfactory .

Finally , a strong similitude app ears b et w een elemen ts and pro cesses in re-

activ e systems or other concurren t mo dels, but the consequences of c ho osing a

giv en seman tics need to b e explored. In particular, w e m ust understand what

lev el of con trol programmers and designers need o v er the sequencing of their

actions, and ho w it �ts in the a v ailable mo dels of concurrency .

8 Related w ork

Man y comp osition scenarios and requiremen ts ha v e b een studied b y user in-

terface soft w are sp ecialists. The prop osed solutions either ha v e b een high lev el

guidelines or patterns fo cused on a giv en requiremen t: for instance MV C or

P A C [10] for separing the in terface from the functional core; the use of activ e



v alues (exampli�ed recen tly b y Co coa's bindings) then data �o ws or one w a y con-

strain ts for describing user input, la y out or animation [4, 11]; hierarc hies of visual

comp onen ts as in Self [12]; the Ja v a source/listener and Qt signal/slot patterns

for ev en t comm unication. Most suc h patterns implemen t a reactiv e comp osition

mo del on top of an existing function-orien ted language (using inheritance, for in-

stance), th us not addressing the uniform framew ork requiremen t. None of these

ha v e explored the heterogeneit y requiremen t.

Recen t pro ducts supp ort the new dev elopmen t pro cesses. Flash allo ws graph-

ical designers to build complete applications; programmers can extend these us-

ing a dedicated language or ev en a mainstream language. Other solutions for

W eb applications, suc h as SV G+Ja v ascript or Microsoft Silv erligh t, tak e a sim-

ilar h ybrid approac h. Ho w ev er, suc h solutions are v ery sp eci�c to graphics, and

do not prop ose a uni�ed framew ork for complex applications: Flash has limited

encapsulation features and the others fall in the h ybrid mo del category .

Solutions for programming user in terfaces ha v e b een prop osed for nearly ev-

ery programming paradigm: ob ject-orien ted programming of course, but also

reactiv e programming [13], functional programming [5], etc. Man y of these ap-

proac hes, with the notable exception of reactiv e programming and the Smalltalk

language [14], consist in pro viding patterns that extend or alter the seman tics

of the original framew ork to supp ort in teractiv e comp onen ts.

With the adv en t of large heterogeneous systems [15], researc h on soft w are ar-

c hitecture and soft w are comp osition addresses requiremen ts that are v ery similar

to ours. The I* tree can b e compared to the hierarc h y of comp onen ts in the F rac-

tal framew ork [16]; comp onen t in terfaces, including the exp erimen tal b eha viour

insp ection features, and some asp ects of in ternal con trol in I* comp onen ts not

describ ed here can b e compared to F ractal mem branes. The main di�erence is

probably that F ractal is service-orien ted while I* is ev en t-orien ted. Asp ect pro-

gramming [17] also shares requiremen ts with I*, particularly mo dularit y (for han-

dling cross-cutting concerns) and external con trol. One can in terpret p oin t-cuts

and advices as the I* binding of actions to particular sources, with a particular

ev en t sp eci�cation language. The main di�erence is that this ev en t comm uni-

cation is the main con trol construction in I* whereas asp ect programming uses

it only for particular soft w are engineering cases. I* can also b e considered as

an arc hitecture description language, but one that w ould aim at describing the

in ternal arc hitecture of comp onen ts as w ell, do wn to the lev el of instructions.

9 Conclusion

W e ha v e analysed in this article ho w the new m ultidisciplinary pro cesses used

for in teractiv e soft w are in�uence soft w are arc hitecture and comp osition. They

create a need for a comp onen t mo del that uni�es the heterogeneous concepts

used b y the v arious stak eholders, that com bines with the more traditional re-

quiremen ts of user in terface soft w are. W e ha v e describ ed the main features of

the I* comp onen t mo del that addresses these issues. In particular, the abilit y to

apply late binding tec hniques to heterogeneous comp onen ts suc h as b eha viours,



graphical ob jects, sp eec h rules or computations allo ws to implemen t concurren t

dev elopmen t pro cesses. One of the main c hallenges no w is to compare our mo del

with more mainstream results in soft w are engineering. Understanding the links

b et w een in teractiv e soft w are and other heterogeneous systems ma y pro v e fer-

tile, as w ell as comparing I* with formal mo dels for describing concurrency . In

the long term, our ob jectiv e is to reconcile user in terface design with soft w are

engineering theories, practices and to ols.
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