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SUMMAR Y

This article describ es SwingStates , a Java to olkit designed to facilitate the dev elopmen t of
graphical user in terfaces and bring adv anced in teraction tec hniques to the Java platform.
SwingStates is based on the use of �nite-state mac hines speci�ed directly in Java to
describ e the behavior of in teractiv e systems. State mac hines can be used to rede�ne
the behavior of existing Swing widgets or, in com bination with a new canvas widget
that features a ric h graphical mo del, to create brand new widgets. SwingStates also
supp orts arbitrary input devices to implemen t novel in teraction tec hniques based, for
example, on bi-man ual or pressure-sensitiv e input. W e have used SwingStates in several
Master's lev el classes over the past t wo years and have dev elop ed a benchmark approac h
to evaluate the to olkit in this con text. The results demonstrate that SwingStates can be
used by non-exp ert dev elop ers with little training to successfully implemen t adv anced
in teraction tec hniques.

key words: human-computer interaction, graphical user interfaces, user interface toolkits, �nite
state machines, Java Swing

1. INTR ODUCTION

In many application areas,software systemshave evolved from purely sequential systemsto
reactivesystems:their behavior is controlled by events that canarriveat any time. For example,
user interfacesreact to events sent by the mouseand keyboard when the user operates them.
Distributed systemsreact to events notifying the arrival of packets from the network. Even
standalone applications may use events for inter-thread communication or simply to signal
that a timer has expired.
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2 C.A. AND M.B-L.

State machines are a well-known formalism for describing such event-driv en systems: by
identifying distinct statesand the system'sreactionsto the variouspossibleevents in each state,
they provide a simple yet powerful model for modeling the behavior of reactive and interactive
systems.Indeed, state machines are widely used in the design stagesof a computer system.
For example, the well-known Uni�ed Modeling Language (UML) [1] usesstate machines to
describe the dynamic behavior of individual objects, usecasesor entire systems.

Surprisingly however, state machinesare not integrated as a native programming construct
of general-purposeprogramming languagessuch asJava or C++. As a result, developersresort
to workarounds in order to implement state machines.The most frequent pattern is the useof
event handlers, called listeners in Java. First, the programmer speci�es a callback function (or
method) that will be called when the event occurs.Second,the programmer binds this callback
function or method to a speci�c event type, e.g.a mouseclick. Sincethis programming pattern
doesnot explicitly represent states, the code of the callback typically contains a seriesof tests
on application's global variables in order to trigger the correct behavior. For example, in a
user interface, the e�ect of a mouseclick will be di�eren t if the cursor is on a menu item or in
a drawing area and, in a drawing area, it will depend on which tool is currently selected.

The �rst main contribution of the SwingStates toolkit described in this paper is to use
the native Java syntax to describe arbitrary state machines, almost as if they were a native
languageconstruct. Our goal was to make SwingStateswidely available and appealing to the
large communit y of Java developers.Therefore we did not want to customizethe language,use
a preprocessoror other external tools to specify state machines. Instead, we wanted developers
to usethe tools they are familiar with (editor, debugger,IDE, etc.) while taking advantage of
the 
exibilit y of state machines.

User interfacesare arguably the most widespreadtype of event-driv en application and the
one that su�ers the most from the lack of higher-level abstractions to specify event-based
behaviors. All widely used user interface toolkits such as Gtk [2], Java Swing and the native
toolkits of MacOSX and Windows are basedon the notion of widget. A widget is an interactive
component that represents a button, a menu, a scrollbar, a dialog box, etc. Building a user
interface consistsof assembling those prede�ned widgets and linking them to the rest of the
application through event handlers (listeners in Java). While widgets typically provide a �rst
level of event dispatching based on the position of the cursor, i.e., a mouse click event is
dispatched to whatever widget is under the cursor, the use of callbacks neverthelesscreates
what Myers calls a \spaghetti" of callbacks [3] with intricate dependencies.With typical real-
life applications containing hundreds of widgets and thousands of event handlers, this makes
the code brittle and hard to maintain.

Moreover, the widget sets of these user interface toolkits are closed: it is very di�cult to
create new widget types that would be more adequate for particular interactions. This is
unfortunate becausethe human-computer interaction research communit y has a long history
of creating novel and e�ectiv e interaction techniques (see the proceedingsof the ACM CHI
and ACM UIST seriesof conferencesfor instance). For example, circular menus (also known
aspie menus) have beenknown for many yearsto be a lot more e�cien t than linear menus [4].
Yet few user interface toolkits feature them. So current user interface toolkits are actually an
impediment to the dissemination of advanced interaction techniques that would improve the
usability of applications usedby millions of users.
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THE SWINGST ATES TOOLKIT 3
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Figure 1. A graphical depiction of the state machine for a co�ee maker

The secondmain contribution of the SwingStatestoolkit is to extend the Java Swing widget
toolkit with state machinesand a new canvaswidget. The new canvaswidget is basedon a rich
structured graphical model and is designedto help create new advancedwidgets such as the
circular menus mentioned above. State machines are used for programming user interactions
and replacelisteners. They can be usedwith existing widgets to reprogram their behavior, as
well as with the new canvas widget to program complex interactions.

The rest of this article presents SwingStatesin detail. We describe our integration of state
machines into the Java environment and illustrate how state machines di�er from traditional
event handlers for programming event-based applications. We then present the new canvas
widget and the use of state machines both to create new widgets and to reprogram existing
Swingwidgets.Wecompletethis tour of SwingStatesby describingits support for non-standard
input devices, including bi-manual input. One well-known shortcoming of state machines is
the potential explosion of the number of states and transitions. We explain how to control
this explosionby combining multiple state machines in various way. Finally, we report on our
evaluation of SwingStatesby showing how it followsa set of designprinciples and by describing
our experiencewith using SwingStatesfor teaching and conducting a set of benchmarks on
advancedinteraction techniques.

2. PR OGRAMMING STATE MA CHINES IN JA VA

This section describesthe type of state machinesusedin SwingStatesand its implementation.
In particular, we show how we took advantage of Java inner classesto integrate state machines
as a control structure in the Java language.

SwingStates implements event-driv en �nite-state machines, simply called state machines
from hereon. A state machine is a model of computation consisting of a set of states, an event
alphabet, and a set of transitions labeled with events. Exactly one state, called the current
state, is active at any one time. Initially , the initial state is the current state. Figure 1 shows
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4 C.A. AND M.B-L.

a graphical representation of a state machine that models the behavior of a co�ee maker.
States are depicted by circles and transitions by arrows. There are four states: off , heating ,
ready and busy. The initial state (labeled by an L-shaped arrow) is off . Each transition
connectsan input state to an output state and may have an associated guard and action. A
transition is active only when its input state is the current state and its guard evaluates to
true (a guard that is omitted evaluates to true). For example, making co�ee is allowed only
when in the ready state and the water container is not empty. Each transition may have a
transition action, which is executedwhen the transition is �r ed. For example, making co�ee
(event coffee from state ready ) opens the water tap. A state may have an enter action and
a leave action. Enter and leave actions are executedwhen a state becomesactive or inactive.
For example, entering the ready state turns the green light on while leaving it turns it o�.
The transitions that lead to a given state are called its input transitions while thosethat leave
a state are called its output transitions.

When an event occurs, the �rst y output transition of the active state that is labeled with
that event and whoseguard evaluates to true is �r ed. If no such transition exists, the event is
simply ignored. Firing a transition executesthree actions in the following order:

(i) the leave action of the current state;
(ii) the transition action associated with the transition being �red;
(iii) the enter action of the transition's output state.

Once a transition is �red, its output state becomesthe new current state.
Our goal was to seamlesslyintegrate state machines into Java programs in order to build on

the developers' existing skills in using the Java languageand its comprehensive set of tools.
While a graphical format is very appealing for describing state machinesand is often usedfor
teaching and designing state machines, it did not meet our goals. Graphical editors such as
StateWORKS [5] require speci�c tools to execute,debug and store state machines. They also
require to specify the body of the actions separatelyfrom the state machine itself. This results
in a poor integration with the programmers' work
o w and requires signi�can t training to use
these new tools. An alternativ e to graphical editors is a dedicated text format for specifying
state machines. For example, with the State Machine Compiler [6], developers must de�ne
state machines using a custom text format and actions must be written in Java in a separate
�le. State Chart XML [7] usesa similar approach, except that the text format is XML. As with
graphical editors, using a text format requires at least a speci�c tool for translating a state
machine into an executableform (either in sourceor object form). Forcing developersto juggle
with two languages,such as Java for the actions and XML for the state machine, complicates
their tasks and is error prone. Debuggingalso becomesa problem: either the developer has to
deal with the translated form of the state machine to identify errors, or extra debuggingtools
must be provided.

Our solution wasto useplain Java to specify state machines.Figure 2 shows the SwingStates
code for the state machine in �gure 1. The complete state machine is described by a single

y transitions are naturally ordered in textual representations of state machines, however this order is not speci�ed
in graphical representations such as Figure 1.

Copyrigh t c
 2007 John Wiley & Sons, Ltd. Softw. Pract. Exper. 2007; 00 :1{7
Prepared using speauth.cls



THE SWINGST ATES TOOLKIT 5

1 StateMachine coffeeMaker = new StateMachine() {

2 public State off = new State() {
3 Transition switchOn = new Event("switch on", ">> heating") { };
4 Transition switchOff = new Event("switch off", ">> off") { };
5 };

6 public State heating = new State() {
7 public void enter() {
8 // switch on red light
9 }
10 Transition waterHot = new Event("water hot", ">> ready") { };
11 Transition switchOff = new Event("switch off", ">> off") { };
12 public void leave() {
13 // switch off red light
14 }
15 };

16 public State ready = new State() {
17 public void enter() {
18 // switch on green light
19 }
20 Transition coffeeOn = new Event("coffee on", ">> busy") {
21 public boolean guard() { return ! containerEmpty(); }
22 public void action() { openWaterTap() }
23 };
24 Transition switchOff = new Event("switch off", ">> off") { };
25 public void leave() {
26 // switch off green light
27 }
28 };

29 public State busy = new State() {
30 Transition coffeeOff = new Event("coffee off", ">> ready") {
31 public void action() { closeWaterTap() }
32 };
33 Transition switchOff = new Event("switch off", ">> off") { };
34 };

35 };

Figure 2. The co�ee maker state machine in SwingStates
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6 C.A. AND M.B-L.

block of Java code that can readily be run and debugged.As with most dedicatedtext formats,
a state machine is described in SwingStatesby a set of states and each state is described by
the set of its output transitions. In SwingStates however, states and transitions are Java
objects, declaredusing anonymous inner classesz. In our example,we seethat coffeeMaker is
initialized with an instance of an anonymous subclassof StateMachine (line 1) that contains
four variables representing its states:off (lines 2-5), heating (lines 6-15), ready (lines 16-28)
and busy (lines 29-34). By convention, the �rst state of a state machine is its initial state.

Each state is itself an instance of an anonymous subclassof State . States can override the
enter and leave methods in order to specify the state's enter and leave actions. For example,
lines 17-19 and 25-27 specify that the green light is turned on/o� when entering/lea ving
the state ready . States declare their output transitions using anonymous inner classes.
For example, in state ready , the variable coffeeOn (line20) is initialized with an object
representing the transition for the coffee on event. Transitions are speci�ed as follows:

Transition <trans> = new <event>(<params. .. >, <ostate>) f ... g
where:

� <trans> is the name of the variable holding the transition;
� <event> is the name of a subclass of Transition that represents the class of event

labeling this transition. Here we useEvent, a transition that can be triggered by simple
events labeled by text strings;

� <params>is a (possibly empty) list of parameterscharacterizing the event. Here, we use
the label of the event we want to match, i.e., "coffee on" ;

� <ostate> is the nameof the output state of the transition (if omitted, the output state is
the sameas the input state, i.e. the state in which the transition is declared). Note that
the output state is speci�ed using a text string rather than the nameof the output state
itself. This is a consequenceof Java's rules for initializing variables: when a transition
object is instantiated, such as coffeeOn on line 20, the parent object is not yet created
and its variables, in particular those holding states such as off or busy, are still null .
Our solution is to specify output statesby a string holding the nameof the state variable
and to resolve thesestrings to the corresponding states using Java's re
ection packagex

the �rst time the state machine is used,i.e. only once.Leading non-alphabetic characters
are ignored, which allows developers to make output states stand out in their code (we
use" >> " in our examples).

Transitions, i.e. the anonymous inner classesthat specify transitions, can override two
methods: guard to specify a boolean guard (e.g., line 21 for testing that there is water in the
container) and action to specify the transition action (e.g., line 22 for opening the water tap).

z in Java, an inner class is a class declared within another class. An instance of an inner class only exists within
the scope of an instance of the parent class, and the inner class instance has access to the parent object's
methods and variables. If A is the name of a class, the construct new A() f ... g creates a new anonymous
subclass of A and a single instance of that anonymous subclass. The anonymous subclass can specify arbitrary
methods and variables within the curly braces, as with a normal class.
x a side e�ect of this solution is that states must be declared as public , otherwise they are not visible to the
re
ection API.
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THE SWINGST ATES TOOLKIT 7

Of course,transitions, aswell asstatesand state machines,can specify additional methods and
variablesfor their own use.For example,the coffeeMaker state machine could store its current
temperature in a variable. The natural nesting of scopesprovided by anonymous inner classes
meansthat any state and any transition could accessthe temperature. Similarly, a method or
variable declaredwithin a state can only be accessedfrom inside that state, including from its
transitions.

Transitions are triggered by sendingevents to the state machine. In our example,the \ switch
on" event can be sent to the co�ee maker as follows:

coffeeMaker.proce ssEvent ( new VirtualEvent ("switc h on") );
VirtualEvent is a subclassof Java's standard EventObject that contains the event's label to
be matched with an Event transitions, e.g., line 3 in Figure 2.

In summary, anonymousinner classesprovide a natural syntax wherestatesarenestedwithin
state machines, transitions are nested within their input states and guards and actions are
speci�ed by overriding methods.State machinesarespeci�ed in plain Java sothat programmers
can use their usual tools. For example, debuggingcan be done by setting a breakpoint on an
enter method to break whenthe corresponding state becomescurrent. Note that this approach
does not preclude the use of speci�c tools. For example, SwingStatesprovides facilities for
graphically displaying state machines at run-time (see �gure 20 for an example). However,
such tools are not mandatory and our experienceshows that the Java syntax is easily adopted
even by novice programmers(seesection 8).

SwingStatesimplements di�eren t kinds of state machines. The simplest and most general
kind, StateMachine , featurestwo typesof basicevents: events identi�ed by a text string, aswe
have seenabove, and Timeout events that are �red after a delay speci�ed by the programmer.
The other kinds of state machines are tailored to programming user interfaceswith the Java
Swing toolkit and are described in the following sections.

3. PR OGRAMMING USER INTERF A CES WITH STATE MA CHINES

While SwingStatescan be used to program any general state machine, it has beenespecially
designedto facilitate the implementation of interaction techniques and user interfaces. This
sectionreviewsthe state-of-the-art in state machinesfor describinginteraction and then argues
for the useof state machines in user interface toolkits.

Since Newman's seminal work [8], state machines have often been used to describe user
interaction (see [9] and [10] for early examples) but rarely to actually directly program it
[11]. For example, Buxton [12] intro duced the 3-state model to describe typical press-drag-
releaseinteractions and Hinckley et al. [13] extended this model to describe more complex
bi-manual interactions. While they both usestate machines to model interaction, neither use
them for their implementation. In 1990,Myers intro duced Interactors [14], which are objects
that intercept events and translate them into operations on a target item. The Garnet [15]
and Amulet [16] toolkits implement Interactors as press-drag-releasestate machines but only
provide developerswith a small set of prede�ned behaviors, such asa moveand grow interactor
that translatesor scalesobjects. Unfortunately , many interactions cannot bedescribedby these
simple prede�ned state machines. For example, displaying a tooltip or opening a folder using
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8 C.A. AND M.B-L.

a spring-loaded interaction as with Mac OS X require more complex state machines that use
time as input.

Jacob et al. [17] proposed a model and a language based on state machines to capture
the formal structure of post-WIMP interactions. Using this model requires a dedicated
environment: the developer speci�es the machines using a visual editor and enters the actions
as C++ code by clicking on the relevant machine parts. The hybrid representation is then
translated into an executableC++ program. HsmTk [18] is a more recent C++ toolkit that
also usesstate machines to program interaction. It usesthe W3C ScalableVector Graphics
format (SVG) to describe the graphical rendering of interactive objects and a textual format
for the hierarchical state machinesthat describe their behavior. HsmTk usesa preprocessorto
translate state machines and rendering code into C++. In both cases,the lack of integration
with existing userinterfacetools and the requirement to usespeci�c tools and formats seriously
hinder the adoption of thesesystemsby developers.

Developers of user interfaces instead have adopted widely available toolkits such as Java
Swing, Gtk [2], Qt [19] or the native tools provided by Mac OS X and Microsoft Windows.
Programming interaction techniques with these toolkits consists in assembling standard
widgets such as buttons, checkboxes or linear menus and linking them to the rest of the
application through callbacks or listeners.Such interactiveapplications arenotoriously di�cult
to debug and maintain due to the di�cult y of following the 
o w of control [3]. Moreover,
creating new widget classesis di�cult becauseit requires an intimate knowledgeof the inner
workings of the toolkit. As a result, developers usually stick to the prede�ned widget set and
applications rarely feature novel interaction techniques.

We claim that using state machines instead of event handlers (callbacks or listeners) leads
to cleanerand easierto maintain user interface code and can facilitate the implementation of
novel and advanced interaction techniques in mainstream applications. The main reasonfor
the \spaghetti of callbacks" [3] is the fact that a single interaction is spread among several
handlers and that a single handler may contain code from several interactions. For example,
consider a press-drag-releaseinteraction that moves an object if started on that object and
movesthe whole window content (called panning) otherwise. This requires three handlers for
the press,drag and releaseevents. Each event must be declaredand bound to its event type.
The body of each handler must test whether it is moving an object or panning the window,
requiring a global variable to coordinate state among the handlers. With a state machine, we
needthree states:an initial state that awaits for a pressand determineswhether it is a move or
a pan, a state that will be active while moving an object, and a state that will be active while
panning the window. Each state only speci�es the events it is interested in, and the whole
speci�cation is localized in a single piece of code. Figure 3 comparesthese two approaches.
While the code length is similar, it is important to realize that the logic of the interaction is
better represented in the state machine. For example,adding a constrainedmovewhen the user
holds the Shift key down translates into adding a state to the state machine while it requires
changing all three handlers and adding a global variable to the event handler approach.

Indeed, the developer must follow a di�eren t cognitiveprocesswhenprogramming with state
machinesvs. event handlers.Event handlersrequire an event-centered approach: for each event
type, the developer must ask herself \What are the di�eren t casesin which the interface must
handle this event and how?" Adding or modifying interactions typically a�ects several handlers
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THE SWINGST ATES TOOLKIT 9

Shape dragged = null;
boolean moveShape = false;

MouseListener listener = new MouseAdapter () {
   public void mousePressed(MouseEvent evt) {
      if(evt.getButton() == BUTTON1) return;
      dragged = pick(component, evt.getPoint());
      moveShape = (dragged != null);
      if(moveShape) {
         dragged.hilite();
      }
   }

   public void mouseReleased(MouseEvent evt) {
      if(evt.getButton() == BUTTON1) return;
      if(moveShape) 
           dragged.unhilite();
      dragged = null;
   }
}

component.addMouseListener(listener);
[...]

MouseMotionListener motionListener =  new MouseMotionAdapter () {
   public void mouseDragged(MouseEvent evt) {
      if(evt.getButton() == BUTTON1) return;
      if(moveShape)
           background.move();
      else
           dragged.move();
   }
}

component.addMouseMotionListener(motionlistener);

    StateMachine machine = new StateMachine() {  
      Shape dragged;

      public State start  = new State() {
          Transition t1 = new Press(BUTTON1, "--> move_shape") {
               public boolean guard() {
                  dragged = pick(component, evt.getPoint());
                  return dragged != null;
               }
          } 
           Transition t2 = new Press(BUTTON1, "--> move_bg") { }
      }

      public State move_shape = new State() {
          public void enter() { dragged.hilite(); }
          Transition t1 = new Drag(BUTTON1) {
              public void action() {
                 dragged.move();
              }
          }
          Transition t2 = new Release(BUTTON1, "--> start") { }  
          public void leave() { dragged.unhilite(); }       
      }
    
      public State move_bg = new State() {
          Transition t1 = new Drag(BUTTON1) {
              public void action() {
                 background.move();
              }
          }
          Transition t2 = new Release(BUTTON1, "--> start ") { }
      }
  }

   machine.attachTo(component);

Figure 3. Code for a \drag" interaction with event handlers (left) and with a state machine (righ t)

and requiresnew global variables, soevent handlersare more compact for interfacesthat have
only a few statesor for interfaceswhosebehavior is very similar amongstates.State machines
require a state-centered approach instead: for each state, the developer must askherself\Whic h
events are relevant to this state, i.e., which events causea signi�can t change,and which states
(existing or new) do they lead to?". Adding or modifying interactions typically result in fairly
localized changes,although it may be di�cult to control the growing number of states.

The potential advantages of using state machines to program interactions (as opposed to
just describing them) and the fact that Java developers are used to the Swing user interface
toolkit has led us to SwingStates: the �rst user interface toolkit to use state machines for
programming interaction directly in Java. Other advancedJava toolkits, such as Piccolo [20]
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10 C.A. AND M.B-L.

and ZoomableVisual Transformation Machine (ZVTM) [21] for zoomableinterfacesor InfoVis
[22] and Prefuse [23] for Information Visualization replace rather than extend Swing while
keepingan event-basedmodel for handling input. A notable exception is SubArctic [24], which
builds on AWT (the predecessorof Swing) and Java2D, but managesinput through a 
exible
mechanism basedon agents and dispatch event policies.

The following sectionsdescribe the two main usesof SwingStates:

� developing new widgets: SwingStatesfeatures (i) a canvas, which is a Swing widget (a
subclass of JComponent) with a rich graphical model, and (ii) state machines with a
comprehensive set of transitions dedicated to this canvas;

� customizing existing widgets: SwingStatesfeatures (i) state machines that can be used
to replaceor extend the listeners of any Swing widget and (ii) state machines that can
be usedto de�ne interactions acrossseveral widgets.

4. PR OGRAMMING NEW WIDGETS WITH THE SWINGST ATES CANV AS

Most user interface toolkits, including Swing, make it di�cult for developers to create
new widget classes.Consequently , interactive applications do not take advantage of novel
interaction techniques such as the control menus [25] that we use as example in this section.
SwingStatesfeaturesa canvaswidget class,Canvas, designedspeci�cally to createnew widgets.
A canvas contains a set of shapesde�ned by geometrical and graphical attributes, as well as
attributes dedicated to interaction. Interaction with the canvasand its shapesis de�ned using
a special classof state machines, CStateMachine, that contains transitions for input events
that take into account theseinteraction attributes. The rest of this sectionpresents the canvas'
graphical model and shows how to de�ne interactions with the canvas' content.

4.1. Graphical mo del

A SwingStatescanvas contains a set of graphical objects called shapes stored in a display
list. Unlike other Java canvasessuch as AWT's Canvasand Swing's JPanel where developers
have to paint the content of the canvas directly using the Java2D API for 2D graphics, the
SwingStatescanvas is declarative: its on-screendisplay is updated automatically when the
content of its display list is changed,e.g. when adding or removing shapesor when changing
their attributes. This is a similar approach to the scenegraphsoften usedin 3D graphics,such
as Inventor [26].

Each shape in a canvas is a specialization of the CShapeclass.All shapeshave a geometry,
de�ned by a Java2D Shape and an a�ne transformation, and visual attributes, de�ned by
Java2D Paint (�ll and border color) and Stroke (border style). SwingStates comes with
six prede�ned shape classes(�gure 4): CRectangle, CEllipse , CSegment, CText, CImage
and CWidget. CWidget is a special class that allows any Swing widget to be treated and
manipulated like a shape while keeping it interactive. For example, a JButton can be scaled
and rotated and still be clicked. All shapeshave setters,e.g.setPaint(Paint) for any CShape
or setText(String) for CText, that trigger a redisplay of the canvas to keepthe internal and
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THE SWINGST ATES TOOLKIT 11

CShape {
 protected Shape shape;
 protected Paint  fillPaint;
 protected Paint  outlinePaint;
 protected Strok e stroke;
        protected AffineTransform transform;
 ...
}

CRectangularShape hello

Class   : class belonging to Java2D library

Figure 4. SwingStates' prede�ned canvas shapes

visual states consistent. While the prede�ned shape classescover most needs,developers can
create their own shapesby extending CShapeor any of the prede�ned shape classes.

The shapes in the canvas are displayed in the order of the display list, i.e. the last shape
in the list is on top of the others. Shapes can be added or removed from the display list and
their order in the list can be changed. Shapes can also be hidden and then shown without
removing and re-adding them to the list by using the drawable attribute. This is useful to
improve performanceand simplify programming for interfacesthat show shapes temporarily,
such as a popup menu.

By default, the coordinates of a shape are relative to the canvas' upper-left corner. These
coordinates can be transformed by an a�ne transform that combines scaling, translation and
rotation. The transformation can be relative, i.e. it is combined with the current shape's
transform, or absolute, i.e. it replaces it. By default, the center of the scale and rotation
transforms is the center of the transformed shape but developers can set it to any point. The
coordinates of a shape can also be relative to those of another shape, called its parent. In this
case,the shape's transform is combined with its parent's. As a result, applying a transform
to a shape a�ects all its descendants. Finally, a shape s can be clipped by another shape c so
that only the parts of s that intersect c are displayed. As in the GmlCanvas toolkit [27], these
two relationships amongshapes(hierarchy and clipping) are independent from each other and
from the order in the display list. For example, a parent shape can also be a clipping shape,
and a parent shape can be displayed above or below its child. Such independenceprovides a
lot of 
exibilit y to describe complex displays and interact with them.

As an example,we describe the implementation of a control menu. A control menu [25] is a
circular menu that works as follows: the user invokes the menu by pressinga mousebutton,
selectsa menu item by crossingit and then continuesto drag the mouseto control a parameter
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12 C.A. AND M.B-L.

Figure 5. Setting rotation angle using a control menu

of the selectedcommand. For example, �gure 5 shows an interaction to set the rotation angle
of a shape: (i) the user invokesthe menu by pressingthe mousebutton ; (ii) the uservisits the
\rotate" item ; (iii and iv) the user controls the rotation angle by dragging the mouseafter
having crossedthe item: dragging towards the left increasesthe angle while dragging towards
the right decreasesit. Figure 6 shows the relationships among the shapes to implement a
control menu. Note that the parent of all the menu shapes is the last shape in the display
list. Displaying the control menu at a given location therefore simply consists of applying
an absolute translation to this shape. Showing and hiding the whole menu however requires
another feature called tags.

Each shape in a canvascan be tagged. A tag is a collection of objects that can be enumerated
using an iterator. Each object can have several tags and a given tag can be attached to several
objects. Tagsare typically usedto represent groupsof shapesand to manipulate all the shapes
in a group at once.To that e�ect, the CTagclassde�nes most of the methods of the CShape
classsothat developerscan manipulate all objects with a given tag asif it werea singleobject.
For example, the instruction below translates all the shapes tagged by aTag:

aTag.translateBy( 10, 20);
SwingStates' tagswereinspired by the Tk toolkit [28]. In Tk, a tag is simply a text string that

can be attached to one or more graphical shapes.The Tk canvas includes a set of commands
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is child of
is clip of
is displayed below

Figure 6. Relations between shapes in a control menu

that take a tag name as parameter to modify all the objects that have this tag at once.
While Tk tags are implemented as simple lists associated to the tag's name, SwingStates'
tags are full-
edge objects and therefore are more powerful. SwingStatesfeatures two typesof
tags: extensional tags, which are explicitly added to or removed from a shape, as in Tk, and
intentional tags, which are speci�ed by a predicate that tests whether or not a shape has this
tag. Extensional tags can be active: each time an extensional tag is added to or removed from
a shape, the tag's added(CShape)or removed(CShape)method is called.

For example, to implement a selection mechanism, we de�ne a tag selected that we add
to selectedshapes. In order to provide a visual feedback of selectedobjects to the user, we
override the added(CShape) and removed(CShape)methods so that selectedshapes have a
2-pixels outline while non selectedshapeshave a 1-pixel outline:

CExtensionalTag selected = new CExtensionalTag(canvas) {
public void added(CShapes) {

s.setStroke(new BasicStroke(2));
}
public void removed(CShapes) {

s.setStroke(new BasicStroke(1));
}

};
...
// create three objects, select two of them and translate them:
CRectangle rect = canvas.newRectangle(100, 100, 50, 150);
CEllipse circle = canvas.newEllipse (300, 300, 350, 350);
CText text = canvas.newText(250, 250, "Hello world", new Font("verdana", Font.PLAIN, 12));
rect.addTag(selected);
text.addTag(selected);
selected.translateBy(10, 20);
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14 C.A. AND M.B-L.

Intentional tags are used to de�ne a set of shapes according to a given criterion. Each
time an intentional tag is used, the set of tagged shapes is recomputed. Becausethis can be
computationally expensive, e.g.,when the canvashas many shapes,intentional tags should be
usedwisely. The following exampleshows an intentional tag that turns all the red shapesof a
canvas into greenshapes:

CIntentionalTag redShapes = new CIntentionalTag(canvas) {
public boolean criterion(CShape s) {

return s.getFillPaint() == Color.RED;
}

};
...
redShapes.setFillPaint(Color. GREEN);

4.2. State machines for the SwingStates canvas

CStateMachine is a class of state machines dedicated to programming interaction
with the canvas and its shapes. It provides a set of transition classes of the form
<EventType><?Contex t> to handle standard input events in di�eren t contexts. For example,
a Press transition is triggered by a mouse press anywhere in the canvas, while a
PressOnShapetransition is triggered by a mousepressonly if the cursor is on a shape, and
a PressOnTag(CTag) transition is triggered by a mousepressonly if the cursor is on a shape
that has the given tag. The di�eren t contexts that are recognizedby SwingStatescan be seen
as prede�ned guards for the basic input event transitions. The implementation however is
more complicated: when a state machine is attached to a canvasand its current state contains
*OnShapeor *OnTagtransitions � , the canvas performs picking, i.e. it determineswhich shape
is under the cursor and makesthis shape available to the state machine. Note that a shape can
be madenon pickable if it is to be displayed but ignored for picking. The canvasstate machine
also implements a priorit y amongthe contexts so that an *OnTagtransition, e.g.,PressOnTag,
haspriorit y over an *OnShapetransition, e.g.,PressOnShape, which haspriorit y over a simple
input event transition, e.g., Press.

The codein �gure 7 implements the state machine that runs our control menu. State menuOff
(line 1) usesa PressOnShapetransition (line 5) to display a menu of shape creation commands
and a Press transition (line 8) to display a menu of application commands.State menuOn(line
12) becomesactive once the mousebutton is pressedand stays active until either the mouse
button is released(line 13) or an item is selected(line 17). If the mouseenters a menu item (line
14), this item becomesthe current oneand if it then leavesthe whole menu, the machine enters
state control . In this state, the user controls a parameter of the current command (line 21)
until shereleasesthe mousebutton (line 23). To detect when the mousecursor enters a menu
item and to get its associated command, we usean extensional tag of classControlMenuItem
that stores the associated command as a �eld:

� We use the notation *<context> to specify any input event (Press, Release, Move, Drag, Wheel, Enter , Leave)
in the given context. Similarly , we will use <event>* to specify the given input event in any context (OnShape,
OnTag).
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1 CStateMachine interactionControlMenu = new CStateMachine() {

2 CommandselectedCommand;

3 public State menuOff = new State() {
4 public void enter() { hideMenu(); }

5 Transition invokeOnShape = new PressOnShape(BUTTON1,">> menuOn") {
6 public void action() { showMenuShape(getPoint()); }
7 };

8 Transition invoke = new Press(BUTTON1,">> menuOn") {
9 public void action() { showMenuBackground(getPoint()); }
10 };
11 };

12 public State menuOn= new State() {

13 Transition stop = new Release(BUTTON1,">> menuOff") { };

14 Transition enterItem = new EnterOnTag(ControlMenuItem.cla ss) {
15 public void action() { selectedCommand= ((ControlMenuItem)getTag()). getCommand(); }
16 };

17 Transition selectCommand= new EnterOnTag("background", ">> control") { };

18 };

19 public State control = new State() {

20 Transition control = new Drag(BUTTON1){
21 // apply selectedCommandwith a parameter computed according to the cursor location
22 };

23 Transition stop = new Release(BUTTON1,">> menuOff") {
24 public void action() { canvas.getTag("background"). setPickab le(f alse) ; }
25 };

26 };

27 };

Figure 7. State machine for a control menu
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16 C.A. AND M.B-L.

Figure 8. Fading out a menu (labels start to fade out only once the item backgrounds are completely
transparent.)

class ControlMenuItem extends CExtensionalTag {
private Commandcommand;
public ControlMenuItem(Commandcommand){

super();
this.command = command;

}
public CommandgetCommand() { return command;}

}

Each menu item has a di�eren t tag that holds its command, however all these tags belong
to the sameclass.The transition EnterOnTag(Contro lMenuIt em.cl ass) (line 14) is triggered
when the mousecursor enters a shape with a tag of this classand its action can retrieve the
associated command (line 15){ .

This example usesan invisible object to distinguish between the cursor leaving the menu
item to select it (i.e., the mousecursor leaves the whole menu) from the cursor leaving the
menu item to select another item (i.e., the mousecursor leaves the current item but enters
a new one): When displaying the menu (lines 6 and 9), we add a shape just below the menu
that is larger than the whole menu. We make this shape non visible but pickable and we tag
it with the string \background". When the mousecursor enters this shape (line 17), it means
that the cursor has left the whole menu. When the user releasesthe mousebutton, we make
this shape non pickable so as not to interfere with other graphical shapes(line 18).

4.3. Animation

The SwingStatescanvas and state machines support animation. Any shape, any tag and even
the whole canvas can be animated using mechanisms similar to those found in other toolkits
that support animation, such as ZVTM [21] or Piccolo [20]. An animation is an object that
can be started, suspended,resumedand stopped. It hasa duration T, a number of laps N and
a delay d. While the animation is running, a parameter t goesfrom 0 to 1 over T milliseconds
during odd laps, and from 1 down to 0 during even laps. The parameter t evolvesaccordingto

{ Note that one could also specialize the shape representing the item to hold the command, but this would be
less generic. With the tag approach, any shape can be a menu item.
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THE SWINGST ATES TOOLKIT 17

either a linear or a sigmoid function of absolute time (the latter implements the typical slow
in-slow out of cartoon animations [29]). Every d milliseconds, the animation's step method
is called to update the shapes it controls and trigger a redisplay of the canvas. SwingStates
includesa set of prede�ned animations to changethe style and geometricalattributes of shapes
and tags, such as changing the transparency level to make an object fade in or out.

The main originalit y of SwingStatesanimations is their integration with state machinesand
with the tagging mechanism.The combination of thesetwo featureshelp managethe scheduling
of animations. For example, in order to make an object shrink while another object changes
its color, the developer can use two animations with the same duration, tag them with the
sameanimation tag (a subclassof regular extensional tags) and call the tag's start method
to start both animations simultaneously. Animations trigger events when started, suspended,
resumedand stopped. These events can be handled in state machines using transitions such
as AnimationStarted that take an animation or an animation tag as parameter.

For example, we may want to improve the graphical transitions in our control menu by
fading the menu out when the user releasesthe mousebutton rather than instantly hiding it
(Figure 8). Also, becauseusersare faster at visually searching for an item when they know
the menu layout, we want to make item labels more remanent than the menu background
which clutters the user's working area and does not contain useful information. We use two
animations that continuously increasetransparency (�gure 9): animBg(line 1) for making the
item backgroundsdisappear, followedby animLabels (line 2) for making item labelsdisappear.
animBgis started by the state machine that runs the control menu each time an item hasbeen
selected.In order to start animLabels only onceanimBghas stopped, we usea separatestate
machine (lines 3-24) that runs in parallel with the control menu state machine (section 7 will
elaborate on the various ways to combine multiples state machines).

When animBgis started, this machine goesfrom state idle to state bgDisappearing (line
4-6). Then, when animBgends (line 8), animLabels is started (line 11) and the current state
becomeslabelsDisappear ing until animLabels ends (line 19). We also force the current
animation to stop if the user invokesthe menu again by pressingthe mousebutton while the
menu is still fading out (lines 14-16and 20-22).

This section described how to useSwingStates' canvas and state machines to implement a
control menu, a widget that current userinterfacetoolkits do not feature. The canvas' graphical
model made it easyto describe the visual aspect of the menu while the useof tags and state
machines resulted in a compact and easy to follow description of the interaction. By using a
separatestate machine for animation, we kept the descriptions simple and modular. The next
section describes how SwingStatescan also be used to rede�ne the interaction with existing
Swing widgets, therefore providing developers with a complete tool for leveraging advanced
interaction techniques in existing as well as new Java Swing applications.

5. ENHANCING INTERA CTION WITH EXISTING WIDGETS

While some interaction techniques require novel widgets, as shown with the control menu
in the previous section, many can be implemented on top of existing widgets. For example,
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18 C.A. AND M.B-L.

1 AnimationTransparency animBg = new AnimationTransparency(0);
2 AnimationTransparency animLabels = new AnimationTransparency(0);
...
3 new CStateMachine(canvas) {
4 public State idle = new State() {
5 Transition t = new AnimationStarted(animBg, ">> bgDisappearing") { };
6 };
7 public State bgDisappearing = new State() {
8 Transition t = new AnimationStopped(animBg, ">> labelsDisappearing") {
9 public void action() {
10 // all labels are tagged with tagLabels so they can be animated at once
11 tagLabels.animate(animLabel s);
12 }
13 };
14 Transition invokeMenu = new Press(BUTTON1,">> idle") {
15 public void action() { animBg.stop(); }
16 };
17 };
18 public State labelsDisappearing = new State() {
19 Transition t = new AnimationStopped(animLabels, ">> idle") { };
20 Transition invokeMenu = new Press(BUTTON1,">> idle") {
21 public void action() { animLabels.stop(); }
22 };
23 };
24 };

Figure 9. State machine for fade-out animation of a menu

OrthoZoom [30] is a navigation technique that turns a traditional scrollbar into a powerful
multi-scale navigation tool for very large documents: dragging the cursor along the colinear
dimension of the scrollbar, i.e. vertically in a vertical scrollbar, pans the document as with a
regular scrollbar while dragging the cursor along the orthogonal dimension, i.e. horizontally in
a vertical scrollbar, scalesthe whole document up or down to move faster or slower (Figure 10).
As another example, CrossY [31] augments traditional widgets so they can be manipulated
using crossing interactions instead of clicking. In CrossY, crossing a checkbox selects or
deselectsit, crossinga scrollbar one time or several times in a row makesthe document move
by a single step or by entire pages,etc.

SwingStatesallows developers to reuseexisting Swing widgets and rede�ne their interaction
with a state machine without having to reimplement the widgets' rendering. First, SwingStates
features a class of state machine that replaces Swing's event handlers for processing the
standard mouse,keyboard and timer events. Second,SwingStatesfeatures a special classof
state machinesand component tags to de�ne interactions over a set of heterogeneouswidgets.

JStateMachine is a classof state machines designedto specify the interaction within and
across existing Swing widgets. It contains transitions su�xed by *OnComponentto handle
events on a given Swing widget and transitions su�xed by *OnTag to handle events on a
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Figure 10. OrthoZo om Scroller: moving the cursor to the left (i)(ii)(iii) zooms out, as shown by the
range of numbers and the size of the scrollbar thumb. The user may then move the cursor down (iv)
to move quickly to the end of the range and then to the right (v) (vi) in order to zoom in and adjust

the destination position

taggedwidget. Similarly to the graphical shapesof a canvas, the widgets in a Swing container
can be tagged. In particular, when a JStateMachine is attached to a widget, this widget is
automatically taggedby the nameof its class,e.g.a button hasthe tag \ja vax.swing.JButton"
and a checkbox has the tag \ja vax.swing.JCheckBox".

The example in �gure 11 turns a regular scrollbar into an OrthoZoom scroller that controls
the content of a canvas.The state machine is attached to the panel that contains the scrollbar
and canvas because,unlike a regular scrollbar, OrthoZoom uses the area of the controlled
widget for the interaction. Pressingthe mousebutton on the scrollbar (line 6) starts a regular
scrolling interaction while the cursor stays within the scrollbar (lines 14{18) and until the
mouse button is released(line 19). If the cursor is dragged over to the canvas (lines 9{13),
the document is scaled by a zoom factor that depends on the horizontal distance between
the cursor and the right edge of the canvas and is then scrolled (see [30] for the mapping
function). The state machine also implements rate-scrolling [30]: when the mousecursor leaves
the canvas during a scrolling interaction (line 20), we arm a repeating timer (line 22) to scroll
continuously (lines 32-36) until the mousecursor reenters the canvas (lines 27{31).

More complex interactions can be implemented by using a feature of Swing called the
glasspane. The glasspaneis an overlay plane that 
oats above the widgets in a window and
that cancontain arbitrary Swingcomponents. SwingStatescan createa canvasin the glasspane
of a window; by attaching a state machine to that canvas, a wide range of novel interaction
techniquescan be implemented.

Figure 12 illustrates the crossing interaction described at the beginning of this section:
checkboxescan be selectedand buttons can be activated by crossingthem instead of clicking
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1 JStateMachine jsm = new JStateMachine() {

2 public State start = new State() {
3 public void enter() {
4 // scale view to 1
5 };
6 Transition startControl = new PressOnTag("javax.swing.JSc rollB ar", BUTTON1,">> control") { };
7 };

8 public State control = new State() {
9 Transition orthoZoom = new DragOnTag("fr.lri.swingstates. canvas.Canvas" , BUTTON1){
10 public void action() {
11 // zoom and pan
12 }
13 };
14 Transition simplePan = new DragOnTag("javax.swing.JScroll Bar", BUTTON1){
15 public void action() {
16 // simple panning
17 }
18 };
19 Transition stopControl = new Release(BUTTON1,">> start") { };
20 Transition startRateScrolling = new Leave(">> rateScroll") {
21 public void action() {
22 armTimer(40, true);
23 }
24 };
25 };

26 public State rateScroll = new State() {
27 Transition stopRateScrolling = new Enter(">> control") {
28 public void action() {
29 disarmTimer();
30 }
31 };
32 Transition timeOut = new TimeOut() {
33 public void action() {
34 // rate scrolling: one scroll step
35 }
36 };
37 Transition stopControl = new Release(BUTTON1,">> start") { };
38 };

39 };
...
40 // frame is a window containing a Canvas and a vertical scrollbar
41 jsm.attachTo(frame);

Figure 11. State machine for an OrthoZo om Scroller
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Figure 12. Crossing interaction with checkboxes and buttons

themk . Note that an ink trail is left behind the cursor, which disappears when the mouse
button (or pen) is released.This provides feedback to the user.

This interaction can easily be implemented with two state machines running in parallel.
One state machine is attached to the glasspane.It displays the ink trail and erasesit when the
mousebutton is released.The secondstate machine is attached to the frame covered by the
glasspane.It detects enter/lea ve sequencesof events on buttons and checkboxes and selects
the checkbox or invokesthe button as soon as the cursor �nishes crossingthe widget with the
mousebutton depressed.

In summary, SwingStates is designed to work with existing widgets when a complete
rede�nition is not necessary. Rede�ning the behavior of existing Swingwidgetssavestime when
comparedwith creating new widgets from scratch. It alsohelpsrepurposeexisting applications
by keepingtheir visual appearancewhile changing the interaction, for exampleto improvetheir
usability when used with di�eren t input devicessuch as a pen. The following section pushes
this approach further by allowing SwingStatesapplications to use any input device, not just
the prede�ned mouse(or pen) and keyboard.

6. SUPPOR TING GENERALIZED INPUT

Figure 13 summarizesthe set of transitions supported by SwingStates. It covers interaction
with the keyboard and mouse,animations, and timers. While this represents a largevocabulary,
this is still insu�cien t for someadvancedinteraction techniquesthat usenon-standard devices.
For example,Zliding [32] is a stylus-basedmulti-scale navigation technique that usespressure
to control zooming and movements to control panning. Swing is limited to standard mouseand
keyboard events and therefore, even when using a pressure-sensitive pen, pressureinformation
is not available.

k This interaction technique is particularly well suited to pen-based devices such as PDAs and Tablet PCs,
although it does work with a mouse as well.
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Figure 13. Classesof transitions available in SwingStates

Moreover, all devicesthat resemble a mouse are merged together, as are all devicesthat
resemble a keyboard. So for example, on a laptop computer that has both a trackpad and
a mouse,both devicescontrol the single on-screencursor and Swing reports the activit y of
this cursor rather than that of the actual input devices� . As a result, interface designers
cannot implement bi-manual techniquessuch as toolglassesor bi-manual palettes (Figure 14).
Thesetechniquesuseone pointing deviceper hand in order to perform actions in parallel and
have beenshown to be more e�cien t than standard, unimanual palettes [33]. For example, a
toolglass[34] is a semi-transparent palette that can be moved with a mouseor trackball held
in the non-dominant hand while the cursor is still controlled by a mouseheld in the dominant
hand. To apply a tool at a given position, the user movesboth the palette and cursor to this
position and clicks with the cursor through the palette to apply the appropriate tool. A bi-

� This includes the fact that even though the mouse or trackball can be scrolled arbitrarily far away in any
direction, the reported events have their x and y coordinates clamped to the screen physical dimensions.
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Figure 14. Toolglass and bi-manual palette

manual palette is another variant of a standard palette that usestwo cursors,one for selecting
tools with the non-dominant hand and one for applying the selectedtool in the working area
with the dominant hand. This technique minimizes mousemovements by avoiding round trips
from the palette to the working area (the non-dominant cursor stays in the palette area while
the dominant cursor stays in the working area).

The rest of this section describeshow SwingStatessupports such advanced interactions. It
�rst describesthe generalinput devicemodel and its low-level events, and then the higher-level
event model and its useto program a bi-manual palette.
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6.1. Device mo del and low-lev el events

Handling non-standard input devicesin Java requires accessto low-level system information.
In order to keepSwingStatesas portable as possible,we usethe JInput library [35], which is
implemented on many hardware platforms. JInput describesinput devicesin terms of physical
devicescalled controllers, each composedof a set of axes that describe its state. For example,
a regular mouse is a controller, e.g., \USB Mouse", with two axes for its two buttons, e.g.,
\USB Mouse.left" and \USB Mouse.right", and two axes for the mousedisplacements, e.g.,
\USB Mouse.x" and \USB Mouse.y". JInput can query which controllers are available and
the current value of each axis.

We usean input managerthat we �rst developed in the context of the TouchStoneplatform
[36]. This component queriesthe valuesof the axesof all known devicesevery delay milliseconds
and generatesan event each time an axis has changed�� . Theseevents can be handled in state
machines with AxesEvent transitions.

Handling such low-level events however is cumbersome. For example, tracking a mouse
requires listening to three axes (\USB Mouse.x", \USB Mouse.y" and "USB Mouse.left"),
testing the value of "USB Mouse.left" to determine whether the mousebutton was pressedor
released,and duplicating transitions for \USB Mouse.x" and \USB Mouse.y" to track mouse
motion. For this reason,we provide a higher-level model for handling events.

6.2. Handling high-lev el events

In order to support input events at a similar level of abstraction as Swing, e.g., a click at
a given 2D location, while supporting multiple devicesand distinguishing them, SwingStates
features the GMouseclass.GMouseis in fact a state machine that consumeslow-level events
generatedby the axesof a given JInput mousecontroller and �res higher-level PickerEvent
events to the Swing component that is attached to it. A PickerEvent is a specialization of
the standard java.awt.MouseE vent classusedby Swing that has an extra GMouse�eld.

The GMousestate machine implements the semantics of mouseevents. For example,it detects
a click asa button pressquickly followed by a button releaseand sendsthe appropriate Press,
Releaseand Click events; it integrates the relative displacements provided by the mouseinto
an absolute position within the component and clamps it to the component size; etc. Since
the events �red by GMouseare subclassesof standard Swing input events, they can be handled
by regular Swing components and SwingStatesstate machines as if they were regular input
events, therefore providing upward compatibilit y.

The real value of GMousehowever is that it can be usedto implement bi-manual interaction
techniques. For example, the machine in �gure 15 usesa SwingStatescanvas to implement a
bi-manual palette for a laptop equipped with a trackpad and a USB mouse.Each tool in the
palette has a tag named \to ol" while the shapesthat can be edited have a tag called \shape".
The canvas also contains a black cursor associated with the trackpad (lines 1 and 3), usedto

�� The fact that JInput requires polling is a potential performance problem, although it has not been an issue
for us until now.
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1 CImage blackCursor = canvas.newImage("blackCurso r.gif ");
2 CImage whiteCursor = canvas.newImage("whiteCurso r.gif ");
// CanvasMouseis a subclass of GMousethat controls a canvas shape, here a cursor
3 CanvasMouseshapePicker = new CanvasMouse("USBMouse", canvas, blackCursor);
4 CanvasMousecolorPicker = new CanvasMouse("Trackpad", canvas, whiteCursor);

5 new CStateMachine(canvas) {
6 Color colorSelected = null;

7 public State s = new SelectionState() {
8 Transition changeColor = new PressOnTag(colorPicker, "tool", BUTTON1,">> on") {
9 public void action() {
10 colorSelected = (Color)getShape().getFillPain t();
11 }
12 };

13 Transition applyColor = new PressOnTag(shapePicker, "shape", BUTTON1){
14 public boolean guard() { return colorSelected!= null }
15 public void action() {
16 getShape().setFillPaint(col orSelecte d);
17 }
18 };
19 };

20 };

Figure 15. State machine for a bi-manual palette

select tools in the palette, and a white cursor associated with the USB mouse to apply the
current tool (lines 2 and 4). The PressOnTagtransitions take an optional �rst argument that
speci�es the input device that sent the event. Pressing the trackpad button when the black
cursor is over a color tool in the palette changesthe current color (lines 8{12) while pressing
the mousebutton when the white cursor is over a shape �lls this shape with the current color
(lines 13{18).

6.3. In tegration in to standard in terfaces

Since PickerEvent events are standard Swing events, this generalized input scheme works
with any standard mouselistener as well as with the state machines presented in this article.
There are still a few problems however with the seamlessintegration of generalizedinput into
SwingStates. This part of the toolkit is therefore still experimental.

The main problem is the proper management of the cursor(s). Although we integrate the
relative x and y displacements provided by the mousecontroller into absolute values, these
absolute values do not match the system cursor location because(i) the system cursor is
controlled by all pointing devicesand (ii) its position is modi�ed by system properties such

Copyrigh t c
 2007 John Wiley & Sons, Ltd. Softw. Pract. Exper. 2007; 00 :1{7
Prepared using speauth.cls



26 C.A. AND M.B-L.

as cursor acceleration.An alternativ e would be for SwingStatesto hide the systemcursor and
manageits own cursors, e.g. in a canvas associated to the glasspane.However the user must
also be able to use the system cursor outside SwingStates-controlled widgets. Using Swing's
notion of focus, we can track when the system cursor enters a widget that usesgeneralized
input, hide the system cursor, constrain it to stay inside the widget (we usejava.awt.Robot
for that purpose), and display our cursor. But this is unduly complicated and doesnot work
reliably on all platformsyy.

The work presented in this section is a �rst step to integrate generalizedinput into a full-

edge Java user interface toolkit. To the best of our knowledge,this hasnot beendonebefore.
However, wearestill investigating how to makesuch an integration completely seamless,robust
and independent of the runtime platform.

7. OVER COMING THE LIMIT ATIONS OF STATE MA CHINES

State machinesarea simple formalism that is easyto understandand well adaptedto describing
interaction [9, 37]. Their main limitation however is the lack of scalability: as the system
becomeslarger and more complex, the number of states and the number of transitions grows,
sometimesexponentially , and they becomehard to maintain. This problem is well-known and
a number of solutions have beenpresented to solve it, such as the early Recursive Transition
Networks (RTN) [38]. Most solutions consist of adding modularit y and a notion of hierarchy
to state machines. The most well-known and succesfulsuch extension is Harel's StateCharts
[39], which intro duce a hierarchy of states (a state can contain a state machine) and precisely
de�nes the semantics of this construct. StateCharts wereusedin the StateMaster UserInterface
Management System[40], and a variant of them speci�cally tailored to designinguserinterfaces
was used in the more recent HsmTk toolkit [18]. StateCharts however are signi�can tly more
complicated and hard to learn than plain state machines, and our experience is that user
interface designersand developers have di�culties exploiting their power. Other approaches
include Petri Nets [41], which have also been used to specify user interfaces, for example in
the PetShop system [42]. Here too, the learning curve is steep,making the adoption of such a
model by developers di�cult.

Our experiencein using state machines to describe interaction techniques is that the state
explosionis not an issuewhen the state machine describesa single interaction, but it becomes
a problem when combining the state machines for several techniquesinto a singleoneor when
adding visual feedback, such as animations, acrossdi�eren t techniques. Our solution is to
support a form of modularit y where multiple state machinescan be active simultaneously and
can run independently while communicating with each other.

yy Some platforms require special privileges or extensions to control the position of the system cursor, which is
understandable as it can be used for phishing attacks.
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Figure 16. Communication between state machines

7.1. SwingStates ' mo del of comm unicating state machines

With SwingStates, any number of state machines can run simulateneously. A state machine
can be active, i.e., handling the events it receives,or inactive, i.e., ignoring events. It can send
events to other state machines (including itself ) and, of course,it can handle events received
from other state machines. The execution model is strictly sequential, i.e., we do not rely on
each state machine running in a di�eren t thread for example.

This modularit y o�ers a high power of expression.In the rest of this section, we illustrate
three typical constructs or patterns that we have identi�ed and used successfullyto address
situations typically found in user interfaces:Stacked state machines, shared transitions, and
parallel state machines.

Note that SwingStatescan be usedto nest a state machine inside the state of another state
machine, therefore reproducing the basic hierarchical construct of StateCharts. We do not
describe this pattern here becausewe have not found compelling examplesyet of its use in
user interfaces.

7.2. Stacking state machines

A user interface can often be seenas a system that transforms low-level input events such
as clicks and drags into high-level commandssuch as \cut", \copy", or \paste". As we have
seenin section 6, low-level input events can actually be generatedby an even lower-level state
machine processingdevice events. At the command level, commandssuch as \cut", \copy",
and \paste" may be processedby a high-level state machine that ignoresa paste command if
the selection is empty, i.e. unlessa cut or copy has beenperformed before.

We call this arrangement stacking becauseeach state machine works at a di�eren t level of
abstraction: device events, input events, command events. This separation of concernhas the
addedadvantage that a state machine can easilybe replacedby another oneor work in parallel
with other onesas described later in this section.
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CStateMachine sm1 = new CStateMachine() {
Gesture g = new Gesture();
CPolyLine ink = canvas.newPolyL ine () .se tDrawable (fa ls e);

public State default = new State() {
Transition beginGesture = new Press(BUTTON1,"--> gesturing") {

public void action() {
g.reset(getPoin t() );
ink.reset(getPo int () ). set Drawabl e(t ru e) ;

}
};

};

public State gesturing = new State() {
Transition draw = new Drag(BUTTON1){

public void action() {
g.addPoint(getP oin t( )) ;
ink. addPoint(getPoi nt ()) .

}
};
Transition endGesture = new Release(BUTTON1){

public void action() {
String commandName= classifier.classi fy( g) ;
fireEvent(new VirtualEvent(com mandName) );
ink.setDrawable (fa ls e) ;

}
};

};

};

Figure 17. A machine transforming mouseevents into command names.The machine recordsa gesture,
draws gesture ink and �res events with the commands recognizedby the gesture classi�er.
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StateMachine sm2 = new CStateMachine() {
public State clipboardEmpty = new State() {

Transition copy = new Event("copy", "--> clipboardFull") { };
};
public State clipboardFull = new State() {

[...]
};

};
sm1.addStateMachin eLis ten er (sm2) ;

Figure 18. A state machine that listens to high-level command events �red by state machine sm1of
Figure 17

For example, it is often good practice for a user interface to o�er di�eren t modalities for
entering the same commands: one may use a graphical menu with the list of commands, a
gesture recognition system where each command is speci�ed by the shape of a mousestroke,
or a voice recognition system with one word per command. As shown in �gure 16, a di�eren t
state machine can be usedto implement each of the modalities, without the higher-level of the
application even knowing how the command was entered. We illustrate here the stacking of a
gesturerecognition machine and a command handling machine.

SwingStates supports gesture recognition to facilitate the development of pen-based
interfaces.It implements Rubine's algorithm for classifyinga gestureamonga �nite vocabulary
of gestureclasses[43]. To build the gesturevocabulary, the developer usesSwingStates' training
application to enter the nameof each gestureclassesand to draw examplesfor each class.The
classi�er learns the vocabulary from theseexamplesand storesits data in a �le that is loaded
by the application at run-time. Adding gesture recognition to an application only requires a
few line of code that are typically added to a state machine that draws the ink, as shown in
Figure 17.

State machines can communicate with their environments (and with other state
machines) using a simple noti�cation mechanism: each state machine holds a list of
StateMachineList ener objects that are noti�ed each time this machine �res an event.
StateMachineList ener is a simple interface that is implemented, in particular, by state
machines: when a state machine receivesa noti�cation, it simply processesthe corresponding
event. Figure 18 illustrates stacking: The state machine sm2 processesthe events, such as
\copy", �red by fireEvent in sm1. As illustrated by Figure 16, machine sm1 for gesture
recognition could bereplacedor completedby a machine for voicerecognition and/or a machine
implementing a traditional menu interaction as soon as they �re events understood by sm2.
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class ControlState extends State {
Transition stopControl = new Release(BUTTON1,">> start") { };

}

State control = new ControlState() {
Transition orthoZoom =

new DragOnTag("fr.lri.swingstates.c anvas.Canvas" , BUTTON1){...};
Transition simplePan = new DragOnTag("javax.swing.JScrollB ar", BUTTON1){...};
Transition startRateScrolling = new Leave(">> rateScroll") {...};

};

State rateScroll = new ControlState() {
Transition stopRateScrolling = new Enter(">> control") {...};
Transition timeOut = new TimeOut() {...};

};

Figure 19. Two states share a common transition to implement a control menu

7.3. Sharing transitions among states

When a transition is active in several states, this transition must be duplicated in each of the
states in a conventional state machine. For example, in �gure 11, the stopControl transition
is duplicated in states control and rateScroll (lines 19 and 37). A hierarchical model such
as StateCharts can solve this problem by grouping these two states inside a super-state and
adding the stopControl transition to that super-state, but we �nd this solution cumbersome.

SwingStatesprovides an alternativ e solution, basedon inheritance. Since State is a Java
class,it can be specializedlike any other class.If the specialization contains transitions, these
transitions will be shared by all instances of the specialized classes.In our example, the
developer de�nes a new class, called ControlState , that inherits from State and contains
the stopControl transition. Then, control and rateScroll are declared as ControlState
instead of State and implement their speci�c transitions, as illustrated in Figure 19.

7.4. Running state machines in parallel

The exponential growth in the number of states of a state machine typically occurs when
combining two state machines, i.e. when each state of one machine must be combined with
each state of the other, resulting in a total number of states that is the product of the number
of states of each machine. We have found that running the two state machines in parallel,
together with somesimple communication among them, solves the explosion problem in all
practical cases.

Consider for example an interface that usesboth a linear menu and a marking menu [44]
(a variant of the circular menu described earlier), and that highlights the background of
the menu items when the mouse cursor is over it. Rather than trying to combine all three
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Figure 20. State machines in parallel: (i) machine for linear menu, (ii) machine for marking menu and
(iii) machine for highlighting any menu item

interactions into a single state machine, it is much easier, both conceptually and from a
programming perspective, to use three state machines (�gure 20). The two state machines
at the top implement menu selection (linear menu on the left, marking menu on the right),
while the state machine at the bottom implements highlighting of any menu item. The three
state machines work as follows:

� A linear menu is invoked by pressingthe left mousebutton. Once invoked, releasingthe
mousebutton on an item selectsthis item; releasingit out of the menu simply hides it.

� A marking menu is a circular menu which is invoked by pressingthe right mousebutton.
The menu is shown only after a given delay. Releasingthe mousebutton selectsthe last
visited item, even if the menu was not visible (the user does not need to releasethe
mouseinside the item itself ).

� Highlighting simply tracks whether the mouseis inside a visible item or not, and changes
the item background color accordingly.

Copyrigh t c
 2007 John Wiley & Sons, Ltd. Softw. Pract. Exper. 2007; 00 :1{7
Prepared using speauth.cls



32 C.A. AND M.B-L.

When running the system, one of the menus state machine will run in parallel with the
highlighting state machine: in the sameway asmultiple AWT/Swing listenersof the sametype
can be attached to the samegraphical component, multiple state machines can be attached
to the same component, e.g., a SwingStatescanvas, so that events occuring on this canvas
are dispatched to all the attached machines by the standard AWT dispatch thread. While
the state explosion in this example would be manageableif we were to combine the state
machines together becausethere are so few states, it doesillustrate the advantage of handling
di�eren t interaction featuresin separatestate machines.The modular designmakesit easy, in
particular, to add a new type of menu, such as the control menu seenbefore, to change the
kind of highlighting, e.g., to useanimation, or to add a new feature, e.g., tooltips that provide
additional information on the item under the cursor.

Parallelism is powerful but can of course lead to concurrent actions on the same object,
even though the serialization of event handling eliminates \true" concurrency. Instead of
constraining the possible combinations, SwingStates provides a tool that visualizes state
machines as they run to help developers debug their programs (see Figure 20). This tool
usesthe StateMachineEvent Li st ener interface to listen to the internal activit y of a given
machine. Any object that implements this interface can be attached to a machine and be
noti�ed each time the machine is suspended,resumed,reset or triggers a transition, providing
yet another way for state machine to control each other.

8. EV ALUA TING SWINGST ATES

Evaluating a user interface toolkit is a well-known problem with no single satisfying answer
[45]. The ultimate measureof successis to be widely adopted by developers, but of course
this takes years before a fair assessment can be made. In the meantime, one could conduct
usability studies with developers to gather their feedback about the toolkit, but there is no
agreedupon set of tasks for evaluating such development tools. One could also report only on
purely technical evaluation criteria such as the sizeand memory footprin t of the toolkit or its
performance,but theserequire standardized benchmark to be meaningful.

On a technical level, SwingStates contains about 10.000 lines of Java source
lines (not counting comments and documentation), and the object library (jar
�le) is 272 Kb. The library together with the examples from the on-line tutorial
(http://swingstate s. sf. net/ tut or ial / ) is 616 Kb. We have not experienced so far any
perceivable performance degradation due to the use of state machines when compared with
pure Swing applications. The canvas heavily relies on Java2D which unfortunately does not
take advantage of the advanced capabilities of today's graphics hardware and therefore can
have performance problems when managing a large number of shapes. The canvas was not
designedfor such situations however and there is plenty of room for optimization using well-
known techniquesfrom 2D and 3D interactive graphics.Overall, SwingStateshasproved to be
both e�cien t and lightweight at the technical level.
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The rest of this section presents a more thorough evaluation of SwingStates from two
perspectives: a software engineering perspective based on design principles, and a user
perspective basedon our experiencein using SwingStatesfor teaching.

8.1. Applying design principles

During the designof SwingStates, we useda small number of designprinciples from software
engineeringand human-computer interaction to guide our choices.Our goal wasto follow Alan
Kay's famous quote: \ Simple things shouldbe simple, complex things shouldbe possible".

First, we wanted to keepthe existing simplicit y and power of Java and Swing by building on
them rather than �gh ting against them. This provided the main incentiv e for describing state
machinesdirectly in Java asopposedto graphically or with a dedicatedlanguage.Similar to the
useof operator overloading in the Ubit toolkit [46] to create an expressive syntax for building
widgets, SwingStatesusesJava anonymous inner classesto provide a natural syntax for state
machines.The only drawback is the fact that the output state of a transition must be speci�ed
by a text string rather than the name of the state. The advantageshowever vastly outweighs
this drawback: state machinestakeadvantageof Java scopingrulesand inheritance. Integration
with Java and Swing also led us to rely on Java2D for the canvas graphics, to implement the
canvasasa Swing widget, and to allow state machinesto work with unmodi�ed Swing widgets.
Overall, these features greatly facilitate the adoption of SwingStatesby Java developers, as
they leveragestheir knowledgeof the languageand the toolkit.

Second,we used two design principles called rei�cation and polymorphism [47]: rei�c ation
consists in turning abstract concepts into concrete objects while polymorphism consists in
designingfunctions, objects and methods so that they can be usedin di�eren t contexts. These
concepts are deeply rooted in object-oriented design and languages:rei�cation corresponds
to representing concepts as classes and objects, while polymorphism includes ad hoc
polymorphism, where two classescan de�ne methods with the samename so that the same
method can be applied to objects of di�eren t classes,and inclusion polymorphism, where
a subclass can rede�ne a method from its superclass. Rei�cation and polymorphism are
also powerful tools for designing user interfaces. For example, tools in tool palettes reify
abstract commandssuch as \c hange color" or \cut-cop y-paste'; a scrollbar rei�es the notion
of navigating a large document, etc. Many commands and objects in user interfaces are
polymorphic, such as \op en", which can open a folder or launch an application, or the
clipboard, which can hold data of any type (text, image, sound, etc.).

State machinesarea perfect exampleof rei�cation: they reify the notion of interaction, which
is otherwise represented by a disconnectedset of event handlers.Other user interface toolkits,
such as Interactors [14] and SubArctic's dispatch agents [24], alsoexternalize the management
of interaction into separate objects. SwingStates however turns interactions into �rst-class
objects that can be freely manipulated: multiple state machines can run simultaneously, a
state machine can transparently replaceanother one, etc.

The canvas also illustrates the use of rei�cation since the content of the canvas is a set of
objects (the shapes), each with their own geometrical and graphical attributes. By contrast,
other canvasessuch as the original AWT canvas or Swing's JPanel simply provide a drawing
area and a set of painting methods. The notion of 2D structured graphics as implemented
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in SwingStatesis not new, of course: the Tk canvas, for example, takes the sameapproach.
SwingStateshowever pushesthe useof rei�cation and polymorphism further than Tk with its
implementation of tags.

SwingStatestags reify the conceptof a group and generalizeit: groupsmay overlap, and they
can be de�ned by intension rather than by extension. Tagscan also have their own behavior
and properties. Finally, by applying the principle of polymorphism to shapes, tags and the
whole canvas,most of the methods applicable to a shape (or a widget) are also applicable to a
shape tag (or a widget tag) and to the canvas itself, which corresponds to the group of all its
shapes. In addition, a state machine can be attached to a single shape or a single tag rather
than the whole canvas so that developers can program a speci�c interaction fo a shape or
group of shapes.Altogether, thesefeatures drastically simplify the programming of advanced
interfacesby providing developers with a high power of expression.

As a �nal touch, all the modi�er methods in SwingStatesreturn the object that they have
just modi�ed so that their result can be directly used for invoking another method of that
object. This makesprograms more concise.For example, the �v e lines below (one assignment
and four method calls):

CShapee = new CEllipse(10,10,20,30);
e.rotateTo(Math.PI/4);
e.setFillPaint(Color.red);
e.setOutlined(false);
e.addTo(canvas);

are replaced by a single instruction (note that the Canvas methods of the form new* act as
constructors and return the newly created object instead of the canvas itself ):

CShapee = canvas.newEllipse(10,10,20, 30)
.rotateTo(Math.PI/4).setFillP aint( Color.red ).se tOut lined (fal se);

Note that Swing unfortunately does not use this idiom, which makes the initialization code
quite verbosewhen instantiating widgets.

8.2. Benc hmarking using advanced in teraction techniques

Using benchmarks is a well-known evaluation processin computer sciencein general and in
someareasof Human-Computer Interaction (HCI) such asinformation visualization [48], but it
hasnot beenusedto evaluate user interface toolkits. In this section,we report on a benchmark
that we have created for that purpose.The benchmark consistsof a set of advancedgraphical
interaction techniquespublished in the HCI literature over the past ten years,which represent
the state-of-the-art in the �eld. We have usedthis benchmark with Master's level students as
part of an HCI coursefor the past few years,asking them to implement thesetechniqueswith
several toolkits. We believe that this benchmark helps evaluate two aspects of a user interface
toolkit: the technical capabilities of the toolkit for implementing advanceduser interfaces,and
its ease-of-useby non-expert developers.

For the past �v e years,we have taught a Master's level HCI courseat Universit�e Paris-Sud
that includesa project wherestudents, working in pairs, implement oneof a set of interaction
techniques basedon its description in a research article. Over the years, students have used
a wide range of toolkits, including Tcl/Tk, GTk, Swing, even Visual Basic. The results have
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Table I. Interaction techniques of our experiment
with secondyear master students

Interaction technique Number of groups

Marking Menu [44] 2 groups
Flow Menu [49] 1 group
Gesture-basedinterface [50] 2 groups
Side Views [51] 2 groups
Local tools [52] 2 groups
Alignment stick [53] 2 groups
Pushpins, rulers and pens [54] 2 groups
Magnetic guidelines [55] 1 group

been disappointing for us and frustrating for the students: they were spending a lot of time
on the project but in many casesthey were not able to implement the technique properly,
sometimesnot at all.

For the past two years(2005-2006and 2006-2007),wehaveusedSwingStatesfor this project,
with roughly the sameset of interaction techniquesas in previous years.Table I lists the eight
techniques that we o�ered in 2005together with the research article that the students had to
read to understand and implement the technique and the number of groups that chosethat
technique. Most (but not all) students knew Java and had someexperiencewith Swing. We
presented SwingStatesin a one-hour lecture classand gave the students accessto the on-line
documentation and a wiki site containing a tutorial and somesamplecode. We did not have
hands-on training with the students. This was a deliberate choice on our part to make the
conditions as similar to previous yearsas possible.

The results were well beyond our expectations. Unlike in previous years when students
were using other toolkits, all groups completed their projects in time with very little or no
help at all from us, demonstrating the power and simplicit y of the canvas and state machines
to implement advanced interactions. Figure 21 shows three examples from the 2005 class:
alignment stick, local toolsand magneticguidelines.By examining the sourcecode,weobserved
that students understood the conceptsand possibilities of SwingStatesand put them to good
use.For example,even though we had not mentioned the possibility of using several machines
during the presentation, the group for the project \Pushpins, rulers and pens" used two
machines running in parallel, one for the rulers and one for the pens. The mean length of
the programs was 750 lines of sourcecode, including the state machines (250 lines on average
per machine). The state machines had between 2 and 9 states and 8 to 32 transitions. Only
one group (SideViews) extended the CShapeclass to managean history of transformations.
All groupsusedtags to group objects, e.g., the tools in a tool palette, and for interaction, e.g.,
to distinguish tools from other application objects. Somegroups however did not understand
how the *OnTagtransitions worked and used*OnShapetransitions instead with a guard that
checks the shape's tag. The version of SwingStatesthat we usedthat year [56] did not feature
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Figure 21. Examples of projects implemented by secondyear master students
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intentional tags. Some groups reported di�culties, such as manipulating an object and its
descendants, that can now be solved with intentional tags.

Since this 2005 experiment, we now use SwingStatesas well in a �rst year Master's level
class \In tro duction to HCI". This class is more applied, as students have many TA sessions
with hands-on programming. We teach Java2D and Swing in the �rst part of the classand
the students' program a graphical editor for creating and manipulating geometrical shapes.
We intro duce SwingStatesin the secondpart of the class,and the students program the same
graphical editor with SwingStates. While this wasnot a fully controlled experiment (we should
have had somestudents start with SwingStatesand then useJava2D and Swing, but this was
not practical in the context of a class), the results are instructiv e: the SwingStatesprograms
weresigni�can tly shorter, and even though it was not a gradedexercise,a number of students
implemented additional tools in the SwingStates version of their editor. Two of the three
teaching assistants did not have prior experience with SwingStates, but we did not detect
signi�can t di�erences in the quality of the student projects from their respective groups (the
gradedproject consistedin developing an iconic �le explorer similar to the Mac OS X Finder).

In summary, these evaluations showed that developers can implement state-of-the-art
interaction techniquesusing SwingStates, i.e. that at least some\complex" things are possible.
It also showed that students (and TAs) with some basic Java experience can easily adopt
SwingStates, i.e. that the learning curve is gentle.

9. CONCLUSION

SwingStates(http://swingstat es.sf .n et / ) is a novel way to usestate machinesto program
advanced interaction techniques with the popular Java Swing toolkit. The tight integration
betweenthe state machines, the Java programming languageand the Swing toolkit combines
power and simplicit y, eliciting a programming style where multiple state machines can work
independently or in combination to create rich interactions. SwingStatescan be usedboth to
modify existing Swing widgets and to createnew widgets by extending its Canvas. SwingStates
also supports arbitrary input devicesto implement state-of-the-art techniques such as those
based on bi-manual and pressure-sensitive input. The design of SwingStateswas guided by
a few design principles that provide both simplicit y (\simple things are simple") and power
(\complex things arepossible"). Wehaveuseda benchmark approach to assesstheseproperties
on SwingStates, and we usedthe toolkit successfullywith Master's level students for teaching
as well as within our group to explore novel interaction techniques.

Our plans for future work include supporting the dissemination of SwingStates and
encouraging its use for teaching, research and development. We also want to improve the
support for generalizedinput and consider an OpenGL-basedcanvas that would provide the
level of performancenecessaryto data-intensive applications such asinformation visualization.
We are interested in exploring higher-level constructs to combine state machines, as well as
supporting distributed interfaceswheremultiple computerscooperate to deliver an interactive
experience,such as Rekimoto's pick-and-drop [57], where data is transfered from a PDA to
a wall display simply by picking and dropping it with a pen. Finally, while SwingStates is
tightly linked to Java and Swing, we are interested in applying a similar approach basedon
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state machines to other contexts such as DHTML/Ja vascript/AJAX for the development of
Web applications.
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