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Chapter 1

In tro duction

One of the most promising asp ects of the Ja v a programming language has alw a ys

b een the fact that it b ecame easy to create p ortable graphical applications with

it. Though the �rst release w as not y et fully usable in this regard (mainly due to

in�exible ev en t handling and p ortabilit y issues) and su�ered from a v ery limited

set of user in terface comp onen ts, the situation impro v ed dramatically with the

release of the Ja v a Dev elopmen t Kit (JDK) 1.2 and esp ecially the Swing to olkit.

T o da y's most widely used graphical user in terface (GUI) to olkit for Ja v a remains

the Swing API, whic h originated at Netscap e as part of the Java F oundation

Classes pro ject and w as added to the o�cial Ja v a distribution with JDK 1.2. It

help ed to o v ercome man y of the limitations and problems presen t in the formerly

used A bstr act Windowing T o olkit (A WT) implemen tation (this w as the only graph-

ics to olkit a v ailable un til then). In this resp ect, the release of JDK 1.2 and the

Swing to olkit that came with it can generally b e considered a success, and made

GUI programming in Ja v a a lot easier to manage.

But there is another asp ect of user in terface programming that is often o v erlo ok ed:

There is a gro wing trend during the past y ears to no longer accept � ev en tem-

p orarily � unresp onsiv e user in terfaces. In the �rst y ears of the W orld Wide W eb ,

p eople w ere happ y when a bro wser rendered a requested w eb page at all. Conse-

quen tly , the �rst w eb bro wsers (quite naturally) c ho ose the easy w a y of loading a

page completely b efore displa ying an y con ten t to the user. Net w orks w ere slo w er

than to da y and users w ere used to the fact that net w ork op erations tak e time.

This situation c hanged dramatically , ho w ev er, with the �rst release of the Netsc ap e

Navigator application. It featured what is kno wn to da y as �incremen tal render-

ing�: Up dating the application windo w to con tinously re�ect the amoun t of data

already receiv ed from the serv er. It lo ok ed almost rev olutionary at the time, and

impro v ed the user's p erception of the application's resp onsiv eness dramatically .

Netscap e w as an instan t success. No w, more than a decade later, users often ex-

6



p ect op erations that tak e time to not blo c k the program's user in terface, ev en for

applications that ha v e nothing to do with net w orking.

T o da y , incremen tal displa y has b ecome more and more commonplace: all w eb

bro wsers ha v e it (ev er since the da ys of Netscap e), man y image view ers, �le man-

agers, ev en some text editors do incremen tal loading of long do cumen ts. But to

do this, there needs to b e some w a y to run the task that loads or generates the

con ten t to displa y in parallel with the program's user in terface. They should not

blo c k eac h other without a go o d reason to do so. And the only a v ailable answ er

to this problem in Ja v a is: m ulti-threading.

1.1 Ov erview

This thesis will lo ok the question of ho w this requiremen t for impro v ed application

resp onsiv eness is re�ected in the general structure of an application, ho w w ell the

common user in terface to olkits for Ja v a can deal with this, and what could b e done

to impro v e on this.

The old Abstract Windo wing T o olkit, whic h has b een part of Ja v a since the early

da ys of JDK 1.0, in fact initially supp orted thread-safe access to GUI comp onen ts.

Ho w ev er, the new er Swing to olkit do es not, and the same is true for most of the

other graphics to olkits that emerged for Ja v a o v er time (the curren tly most widely

used third-part y to olkit is the Standar d Widget T o olkit that w as dev elop ed as part

of the Eclipse IDE pro ject).

Notably , supp ort for �exible m ulti-threaded programming is sorely lac king in the

widely used user in terface libraries for Ja v a. In particular, the rather natural idea

of assigning the resp onsibilit y for managing logically separate parts of a program's

user in terface to separate threads is not easy to tac kle, if at all. As a result, the

program's resp onsiv eness dep ends directly on the amoun t of e�ort in v ested b y the

programmer to w ork around this.

Just imagine w orking to da y with a w eb bro wser that blo c ks all forms of user

in teraction with an y of its windo ws while a new w eb page is b eing loaded in a

completely unrelated windo w. W orking with suc h a program w ould b e nearly

un b earable, y et ev en to da y's user in terface to olkits for Ja v a are still designed with

suc h a usage mo del in mind. If a program is supp osed to actually b e resp onsiv e

while long-running tasks are p erformed �in the bac kground�, a lot of extra care

and e�ort needs to b e in v ested on the side of the programmer.

Some of these problems are inheren t in the arc hitecture of these to olkits (lik e

using a single dedicated ev en t thread that should never b e blo c k ed), others can

b e w ork ed around with some extra e�ort b y the programmer, e.g. b y routing an y
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up dates to graphical comp onen ts through the ev en t thread. All of this will b e

discussed in more detail later on.

1.2 Ob jectiv es

This thesis will presen t a di�eren t approac h to access GUI comp onen ts from Ja v a

in a w a y that is inheren tly thread-safe, easily p ortable and y et v ery e�cien t due to

the fact that user in terface con trols can b e implemen ted in nativ e C or C++ co de.

It is based on the idea of separating the actual implemen tation of the con trols

from the Ja v a based application programming in terface (API) for accessing these

con trols and using a message-based mo del for comm unicating b et w een user threads

and the GUI comp onen ts themselv es.

This implies b oth encapsulating metho d calls directed to the con trols (commonly

referred to as r e quests ) as w ell as encapsulating the �o w of ev en ts. The com-

m unication b et w een the di�eren t threads is realized b y using bu�ered c hannels

(in ter-thread message passing mec hanisms), a concept that originated in C.A.R.

Hoare's famous pap er on Communic ating Se quential Pr o c esses [12 ] (later extended

b y Rosco e in [22]) and has already b een successfully applied for example in the

A lef programming language [28] on the Plan 9 op erating system as w ell as in

Limb o for the Inferno op erating system (as describ ed in [13 ] and [6 ]).

This nicely solv es the problem of m ulti-threaded access b y implicitly serializing

these messages (whic h is generally required b y the underlying nativ e GUI library

used b y Ja v a), allo wing concurren t access to the visual comp onen ts from an y

thread. By passing ev en ts from the user in terface to the application via c han-

nels as w ell, ev en ts can b e forw arded b et w een threads and there is no longer an y

notion of a single ev en t handler thread. Eac h thread can indep enden tly listen to

ev en ts from con trols assigned to this thread.

Moreo v er, this approac h allo ws a separation b et w een the Ja v a program and the

user in terface library in to t w o separate pro cesses, e�ectiv ely resulting in a to olkit

�serv er� pro cess. If the messages can b e transp orted across a net w ork, the serv er

comp onen t can ev en b e run on a completely di�eren t system, e.g. running the

application itself on a Windo ws mac hine and displa ying the user in terface on an

Apple Macin tosh. This separation also mak es it p ossible to easily replace the

underlying GUI to olkit � without recompiling the application � b y simply running

it with a di�eren t to olkit serv er comp onen t for the program.

1

T o demonstrate that this approac h w orks and to ev aluate the p erformance impact,

this thesis also includes a protot yp e implemen tation based on the GTK to olkit

1

Though it cannot b e c hanged while the program is running.
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library , whic h is a nativ e GUI library implemen ted in the C programming language

and part of the Gnome desktop pro ject. This is discussed in more detail in c hapter

5. While this protot yp e implemen tation is mostly based on the GTK to olkit, the

c hoice is really arbitrary: The general approac h is suitable for other to olkit libraries

as w ell. As a (somewhat extreme) example, an alternativ e bac k end is also included

that is built in Ja v a itself, based on the Swing comp onen ts.

1.3 Structure of the Thesis

The compact summary giv en here pro vides a short o v erview of the c hapters that

follo w:

The next c hapter starts with an in tro duction to the general concepts of ev en t

handling in graphical user in terfaces, fo cused primarily on Ja v a, but largely appli-

cable to other programming languages as w ell. It explains the terminology used

throughout the later parts of the thesis, describ es what sets graphical applications

apart from traditional command line programs and presen ts the problems that

arise from this, with a sp ecial fo cus on asp ects related to m ulti-threading.

Chapter 3 presen ts the broader con text for the w ork describ ed in this thesis: A

surv ey and critical assessmen t of man y di�eren t existing graphical to olkit libraries

and their approac h to (or in some cases, their failure to approac h) the issues

brough t up in c hapter 2. Again, it fo cuses on the v arious to olkit libraries designed

for the Ja v a platform, since all of these ha v e to deal with similar requiremen ts and

premises. Ho w ev er, to olkits dev elop ed for other systems lik e Microsoft Windo ws

and Lucen t's Inferno system ha v e also b een included.

F ollo wing this, c hapter 4 con tains an analysis of the issues presen ted in c hapter

2 and discusses p ossible w a ys to impro v e up on the limitations seemingly inheren t

in the w a y that the traditional graphical comp onen t libraries organize the ev en t

handling pro cess. Here, a message-based approac h to ev en t handling and request

pro cessing in general is prop osed and it is sho wn ho w this can solv e the issues

raised.

The next c hapter describ es in detail the protot yp e implemen tation of the approac h

presen ted in c hapter 4. It also discusses implemen tation considerations and their

consequences where appropriate (most of the time there simply is not just �one

true w a y� to solv e a problem).

This is follo w ed in c hapter 6 b y a critical ev aluation of the message-based approac h

itself, its applicabilit y in a larger soft w are system, the requiremen ts it imp oses on

the underlying implemen tation and the limitations and tradeo�s in v olv ed, esp e-

cially concerning p erformance. A p erformance comparison for a simpli�ed test
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case is included here as w ell, though not ev ery asp ect can b e measured ob jec-

tiv ely , in particular when areas of usabilit y lik e p erceiv ed resp onsiv eness or ease

of implemen tation are considered.

Chapter 7 is a collection of some ideas for p ossible further impro v emen ts, b oth

up on the design of the message-based approac h and esp ecially the implemen tation

of the protot yp e presen ted in c hapter 5. In this con text, it discusses di�eren t w a ys

to further enhance the p erformance and usabilit y of the protot yp e.

The thesis ends with a concise summary of the imp ortan t con tributions and a short

conclusion and list of ac kno wledgemen ts in c hapter 8.
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Chapter 2

Bac kground and Motiv ation

This c hapter starts b y giving some bac kground and con text for the w ork presen ted

in this thesis, fo cusing in particular on the topics of user in terface to olkit design,

general concepts for ev en t handling mec hanisms and threading issues in graphical

applications. Man y of the concepts in tro duced here will b e touc hed up on in more

detail in the follo wing c hapters, but it is necessary to get a basic understanding

�rst. Although � as already stated in the in tro duction � the primary in terest is

in Ja v a based to olkits, most of what app ears in this c hapter is in fact relev an t to

graphical to olkits in general, indep enden t of the particular programming language

and underlying platform in v olv ed.

2.1 Concepts of User In terface T o olkits

The follo wing sections pro vide an o v erview of the terminology and the fundamen-

tal concepts used across all user in terface to olkits, namely the idea of comp onen ts,

ev en ts and ev en t handling. A general understanding of ob ject-orien ted program-

ming concepts is assumed here (in terfaces, classes, ob jects, metho ds, inheritance).

2.1.1 Graphical Comp onen ts

T o facilitate co de reuse, it has b ecome commonplace to use standard comp onen t

libraries to construct a program's user in terface. These libraries are often pro vided

as part of the desktop en vironmen t (e.g. Microsoft Windo ws, BeOS, Unix/X11) or

a particular programming language run time, as is the case with in Ja v a or T cl/Tk.

Sometimes, an application also con tains sp ecialized in terface comp onen ts created

for use in just that application, but this is b ecoming less common no w ada ys, mostly
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b ecause more and more functionalit y is in tegrated in to the to olkits in the form of

ready to use comp onen ts.

These reusable, basic building blo c ks that mak e up an y user in terface are called

c omp onents . Some other terms for these are also in use on sp eci�c platforms:

The Microsoft Windo ws API calls these ob jects c ontr ols to indicate that the user

utilizes them to in teract with the application. On the X Windo w System the term

widget is in common use (it is said to b e deriv ed from �windo w gadget�), mainly

due to historical reasons

1

. All of these refer to the same principle: A con�gurable

user in terface elemen t designed for some kind of in teraction with the user. In this

thesis, the term �comp onen t� will b e used throughout, since this name is univ ersally

understo o d, and it is also the name commonly found in Ja v a.

It is generally considered a bad idea to in v en t one's o wn GUI comp onen ts when

similar ones already exist in a readily a v ailable library on the platform. This

is to enforce a common lo ok and feel across applications as w ell as a common

b eha viour across the desktop: There are so-called �st yle guides� that de�ne ho w

user in terface comp onen ts should b eha v e. T o mak e the comp onen ts are widely

usable as p ossible, it is desirable that they are highly con�gurable, b oth in visual

app earance (including con ten t, text and bac kground colours, text la y out, images

etc.) and their b eha viour on user in teraction. This refers to what happ ens when

clic king, dragging or editing the comp onen t.

Figure 2.1 on the follo wing page sho ws a t ypical collection of user in terface com-

p onen t classes and their relationship in the class hierarc h y . This example actu-

ally sho ws just a few selected classes tak en from the GTK to olkit library (de-

scrib ed in detail in [3]) for illustration. The basic comp onen t class of this library

is GtkWidget , the base class GObject visible at the top of the class diagram is the

(non-graphical) ro ot class of the GTK ob ject system.

Among the comp onen t classes there is a sp ecial class of comp onen ts that acts as

a con tainer for other comp onen ts � b oth visually and conceptually , th us enabling

man y comp onen ts to share the visual space allo cated to the con tainer they liv e in.

These are generally kno wn as p anels or c ontainers in Ja v a, though the terminology

ma y v ary in other to olkits. Since a con tainer can hold other con tainers as w ell,

con tainers are used to tie the individual comp onen ts of the user in terface together

in the form of a c omp onent hier ar chy . As a result, the structure of the user

in terface of a program can b e describ ed as a n um b er of comp onen t trees, one for

eac h application windo w.

1

Xt, the �rst to olkit on the X Windo w System bac k in 1987, used this term
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Figure 2.1: Excerpt from the GTK to olkit class hierarc h y

2.1.2 Windo ws and Dialogs

A windo w is actually just a sp ecial case of a graphical con tainer: One that has

b een assigned a sp eci�c area of the ph ysical screen for displa y . It is therefore

alw a ys necessary for a graphical application to ha v e at least on windo w (or ma yb e

one of its more sp ecialized sub classes) to hold the other user in terface comp onen ts.

A comp onen t generally needs to b e inside a windo w's comp onen t hierarc h y to b e

visible on the screen

2

.

Windo ws are also sp ecial in that they cannot b e placed inside other windo ws, whic h

is wh y ob jects lik e windo ws and dialogs are referred to as �top-lev el� con tainers

in Ja v a: Eac h windo w represen ts the ro ot ob ject of its o wn comp onen t hierar-

c h y . F urthermore, these hierarc hies are disjoin t: An y giv en comp onen t cannot b e

presen t in t w o windo ws at the same time.

Again, a dialog is a sp ecial kind of windo w that is designed to b e short-liv ed

and is used to either gather information from the user or to pro vide additional

information ab out the con ten ts of one of the application's main windo ws. Dialogs

are t ypically attac hed to another windo w to indicate this relationship and will then

for example b e minimized together with the windo w they b elong to.

2

Early to olkits for the X windo w system had the concept of eac h comp onen t itself also b eing

a windo w, so isolated comp onen ts w ere indeed p ossible, but this idea has not caugh t on and is

no longer found in new er to olkit libraries.
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Due to the short-liv ed nature of a dialog, it is sometimes used as a so-called mo dal

dialog, whic h means that all user in teraction with the program is fo cused on and

restricted to this dialog while the dialog is on the screen. Mo dal dialogs are often

used when the program cannot usefully pro ceed without further information from

the user, for example when op ening a do cumen t in a w ord pro cessor it is necessary

to select a �le b efore an ything useful can b e done in the do cumen t windo w. A

thorough discussion of the usabilit y asp ects of mo dal dialogs is b ey ond the scop e

of this thesis, ho w ev er. More ab out that topic can b e found in [10].

2.1.3 Ev en ts

T raditional command line programs are mostly input driv en: They read data from

a �le, so c k et or other input source(s), pro cess this data in some w a y and pro duce

output to a console, �le, or other destination. This is all �ne when there is only one

p ossible source of input at a time, lik e when reading text from a �le or from a user

t yping at the console, but this mo del is not applicable to the w a y user in teraction

w orks in a visual en vironmen t:

Here, the user has man y di�eren t w a ys of in teracting with the program via the

comp onen ts describ ed in the previous sections. Suc h comp onen ts can range from

simple buttons and men us to complex ob jects lik e tree views of structured data,

and there is most of the time v ery little restriction on what the user ma y do next.

As a consequence, the program e�ectiv ely has to �monitor� all p ossible sources of

user in teraction at the same time. This transforms the fundamen tal structure of

a program in to a mo del where it merely r e acts to what the user do es.

An y suc h kind of in teraction b y the user with the program is called an event . When

lo oking at the program from this p ersp ectiv e, practically all of the actions whic h

the program can p erform are implemen ted in the form of event hand lers , that

is co de fragmen ts whic h are executed in resp onse to an ev en t that o ccurred. The

most common examples of ev en ts are: A k ey is pressed or released on the k eyb oard,

the mouse has b een mo v ed, one of the mouse buttons has b een pressed (p ossibly

on a comp onen t) or ev en some com bination of these lik e dragging the mouse with

a pressed button for scrolling. Note that not all ev en ts are user-initiated, ho w ev er:

A program ma y c ho ose to generate ev en ts itself, whic h is sometimes used for simple

in ter-pro cess comm unication among di�eren t applications on the same screen, and

soft w are timers can b e used to automatically generate ev en ts at regular in terv als.

A t the lev el of the user in terface to olkits, ev en ts are generally represen ted as in-

dividual ob jects, where the di�eren t kinds of ev en ts carry di�eren t information.

There is a broad distinction b et w een t w o categories of ev en ts:

� �primitiv e ev en ts�
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Suc h ev en ts generally re�ect some kind of ph ysical action b y the user lik e k ey

presses or mouse mo v emen ts. They merely tell that an action has o ccurred

and carry no seman tic information ab out the actual in ten tion of the user, e.g.

whether a clic k w as designed to select a piece of text or initiate some other

action. So the same kind of primitiv e ev en t can b e in terpreted di�eren tly for

di�eren t comp onen ts.

� �seman tic ev en ts�

A comp onen t can decide to asso ciate a particular meaning with a sp eci�c

sequence of ev en ts. F or example, a list b o x ma y in terpret a clic k on to an

item as a �selection� ev en t, while or a button will recognize the sequence of

mouse clic k and mouse release (while the mouse p oin ter is still on the button)

as an �action� ev en t. Suc h ev en ts that are generated b y a comp onen t itself

are called semantic events . In fact, most of the ev en ts in teresting to an

application programmer fall in to this category .

2.1.4 Ev en t Handlers

As describ ed ab o v e, ev en ts are essen tially an async hronous w a y for the user in-

terface comp onen ts to signal to the application that something notew orth y has

o ccurred. Deciding what (if an ything) to do in resp onse to this information is

then the job of the application, and the parts of the program that do this are

called the event hand lers . On a conceptual lev el, an ev en t handler is simply an

application of the Observer design pattern describ ed in [7].

Th us, a t ypical graphical application consists of t w o parts:

� A main program that creates and sets up the initial state of the user in terface

and binds the program's ev en t handlers to the appropriate comp onen ts in

the in terface. The last action done b y the main program is t ypically to start

the main ev en t lo op (if this is explicit in the co de), at whic h p oin t the user

is free to in teract with the program.

� A set of ev en t handlers, whic h are in v ok ed at the appropriate time in resp onse

to user actions. This is b y far the largest part of the application, since nearly

all actions that a program will do fall in to this category .

Ev en t handlers generally do not ha v e result v alues and the order in whic h m ultiple

ev en t handlers are called that are registered for the same ev en t t yp e on the same

comp onen t should not b e relied on. The p oin t where there are the greatest di�er-

ences b et w een di�eren t user in terface to olkits is the design decision of whic h t yp e

signatures to use for ev en t handlers. As is discussed in [7 ], the Observer pattern

can generally b e implemen ted in a push vs. a pul l mo del: In the push mo del the

observ ed ob ject (the �sub ject�) sends all its relev an t state to the observ er up on a
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noti�cation, regardless of whether this information is actually needed or not. In

the pul l mo del the observ er only gets the reference to the observ ed ob ject and has

to request (�pull�) the sp eci�c information it needs from the sub ject.

Both of these strategies ha v e their adv an tages and disadv an tages, of course, and

b oth are in real use. Ja v a and GTK are examples of the �rst strategy , whic h is

visible from the fact that the t yp e signatures of the ev en t handlers are alw a ys v ery

sp eci�c to the kind of ev en t they are in tended to handle: A handler for mouse

ev en ts will get the curren t mouse p osition for example, whereas a handler for list

selection ev en ts will b e passed the index of the selected item in the list (whic h

is actually state information forw arded from the list mo del). On the other hand,

Mac OS X is an example of the second strategy , where the only information passed

to an y kind of ev en t handler is a reference to the sending ob ject (the source of the

ev en t). If further information is required, it needs to b e queried on demand.

Using a more sp eci�c t yp e signature for the ev en t handler allo ws all the state of

the sending ob ject to b e transmitted easily , but at the cost of making the handler

less reusable in other places of the co de. Imagine for example the case of closing

a dialog windo w in resp onse to either pressing a button inside the dialog, closing

the windo w via the windo w manager (a windo w manager handles the windo w

placemen t and decoration on the desktop and normally pro vides a close button

as part of the windo w b order) or pressing the Esc ap e k ey on the k eyb oard. In

this simple example, three di�eren t kinds of ev en ts are in v olv ed: A mouse ev en t,

a windo w ev en t and a k ey ev en t.

When using a push mo del with sp eci�c parameters for eac h ev en t handler (lik e it

is done in Ja v a for example), it is imp ossible to write a single handler for all of

these b ecause of t yp e con�icts: Three di�eren t metho ds con taining essen tially the

same co de w ould ha v e to implemen ted. T o a v oid this co de duplication, one can of

course mo v e the co de to close the dialog to a separate metho d and simply call this

from eac h of the handlers, but the basic problem remains. So, one has to �nd a

balance b et w een to o man y or to o sp eci�c t yp e signatures for ev en t handlers and

the minimal amoun t (one argumen t, either the ev en t ob ject itself or the sending

ob ject).

Finally , there is y et another asp ect to consider: If the application is designed

according to the Mo del-View-Contr ol ler pattern, most of the state information

relev an t to the ev en t handler (the con troller part in MV C) should not b e kno wn

to the GUI comp onen t that is sending the ev en t an yw a y and instead needs to b e

queried from the mo del part.
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2.1.5 Main Lo ops

So, what is the application actually doing while it is w aiting for the user to trigger

the next ev en t? T o understand this, a more detailed lo ok at the ev en t handling

pro cess is needed:

Ev en ts are generated at the user in terface lev el, either through the windo wing

system or sometimes b y the comp onen ts themselv es, and are then placed inside

the application's event queue , a to olkit sp eci�c data structure that con tains a list

of all the ev en ts that still need to b e handled b y the program. A t the core of eac h

application resides a cen tral piece of co de � the application's main event lo op �

whose sole purp ose is to monitor this ev en t queue for an y new, unhandled ev en ts.

Its job is to classify these ev en ts if appropriate and to dispatc hes eac h ev en t in

turn to the corresp onding ev en t handler(s) registered for this ev en t t yp e. Due

to the fact that this co de is fairly generic, man y user in terface to olkits c ho ose to

either hide this ev en t lo op completely from the user (Ja v a do es this for example)

or they include a complete implemen tation as part of the to olkit library . Most

MS Windo ws and Unix/X11 to olkits do this, as w ell as the Co coa Application Kit

library on Mac OS X

3

.

It is imp ortan t to remem b er that since ev en ts are alw a ys pro cessed sequen tially b y

the main lo op and handling an ev en t can tak e an unpredictable amoun t of time, a

n um b er of still unhandled ev en ts can pile up in the ev en t queue. This should b e

a v oided ho w ev er, b ecause it leads to the e�ect that the user in terface �lags b ehind�

in terms of user p erception. So the rule of th um b is that ev en t handlers should

alw a ys �nish quic kly in order to not dela y the pro cessing of further ev en ts.

Some to olkits also allo w the programmer to ho ok pieces of co de in to the main lo op,

whic h are then executed whenev er there are curren tly no ev en ts to pro cess. The

t ypical structure of suc h a main lo op is illustrated using pseudo-co de notation in

�gure 2.2 on the next page. The function DispatchEvent() w ould b e resp onsible

here for iden tifying whic h comp onen t a particular ev en t originated from, fetc hing

the list of registered ev en t handlers for the giv en t yp e of ev en t from the comp onen t

and calling eac h handler found in this w a y in turn.

2.2 Threads and Sync hronization

Threads in the con text of application programming refer to indep enden t �o ws of

con trol inside one pro cess. Lik e m ultiple pro cesses than can run sim ultaneously on

one computer, m ultiple threads can run in parallel inside one instance of the Ja v a

virtual mac hine. Eac h thread can execute its o wn co de, but all threads share the

3

The Mac OS X API uses the term �Run Lo op� for this concept.
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EventQueue queue;

Event event;

while (1) {

while (IsEventPending(queue)) {

event = GetNextEvent(queue);

DispatchEvent(event);

}

}

Figure 2.2: T ypical structure of a main lo op (pseudo co de)

same pro cess memory , that is they can access data from and share data with other

threads in the same pro cess. The idea b ehind this is that indep enden t op erations

can often b e p erformed in parallel (whic h can also b e more e�cien t on the prop er

hardw are), and the general program structure ma y b e simpler.

The Ja v a programming language has had the concept of threads and the corre-

sp onding sync hronization primitiv es in tegrated as a core language feature righ t

from the �rst public release. Ho w ev er, Ja v a is p ortable to a wide range of plat-

forms and devices, not all of whic h can supp ort nativ e threading, where nativ e

here means �pro vided b y the op erating system that the Ja v a virtual mac hine runs

up on� (this is also kno wn as pr e emptive thr e ading ). If there is no thread supp ort at

this lev el, the Ja v a virtual mac hine will pro vide its o wn sim ulated thread supp ort

(also kno wn as c o op er ative thr e ading or �green threads� in Ja v a). This is mostly

transparen t to the application, apart from the fact that in the latter case, thread

sc heduling only tak es place during a few, selected op erations lik e yield , wait and

synchr onize d . Another restriction of c o op er ative thr e ading needs to b e considered

when using the Ja v a Nativ e In terface [14]: If one thread executes a nativ e metho d,

all other threads will b e blo c k ed un til the nativ e metho d returns.

It is imp ortan t to realize that w orking with m ultiple threads on common data

without prop er sync hronization is asking for trouble: If a data ob ject is examined

b y one thread while another thread is mo difying it at the same time, the informa-

tion seen b y the examining thread is non-deterministic and therefore unde�ned.

Similar problems ensue when m ultiple threads sim ultaneously try to mo dify the

same data ob ject. The only general solution to this problem is to serialize the

access to the data (i.e. prev en t concurren t access), and this is done using thr e ad

synchr onization : De�ning c hec kp oin ts in the co de that are used to dela y execution

of a thread un til a sp eci�c condition is true.

Thread sync hronization in Ja v a is handled t ypically b y using the so-called Mon-

itors

4

pro vided as part of the language syn tax: A monitor is an arbitrary Ja v a

4

These are also kno wn as L o cks to emphasize the m utual exclusion b eha viour.
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ob ject con trolling access to a critical region of co de that ma y only b e executed b y

one thread at a time. V arious other sync hronization primitiv es ful�lling the same

purp ose can b e em ulated in Ja v a using Monitors, notably Semaphor es (originally

describ ed b y Edsger Dijkstra in [5 ]) and Channels as prop osed in CSP [12], whic h

are used extensiv ely in the approac h describ ed in this thesis.

2.3 Threads in User In terfaces

When w orking with GUI to olkits for di�eren t programming languages, it b ecomes

apparen t that most try to a v oid dealing with m ulti-threading in the �rst place.

Ev en in case of programming languages lik e Ja v a that in trinsically supp ort the

notion of threads (or parallel pro cessing in general, for that matter) it is still

relativ ely uncommon to �nd a design for a user in terface to olkit that supp orts a

decen t degree of m ulti-threading. So one has to ask: Wh y is this? What is it that

mak es this problem hard? There are sev eral answ ers to this question that will b e

discussed in this section.

� There is no nativ e cross-platform thread API

The ma jorit y of the GUI to olkits a v ailable are implemen ted in C or C++,

including the to olkits accessible from other programming languages lik e Ja v a,

P erl, Python or C#. Alas, there still is no cross-platform thread API for

C/C++ y et, whic h mak es it di�cult to supp ort m ulti-threading in a p ortable

GUI to olkit. There is no w a POSIX thread API, but this is not y et a v ailable

on Windo ws

5

and only v ery recen tly on Mac OS X, b oth of whic h ha v e their

o wn nativ e threading APIs. F urthermore, man y of the standard system

libraries are not thread-safe, whic h in turn mak es it di�cult to dev elop a

truly thread-safe nativ e GUI to olkit.

� Multi-threaded programming is hard

An y program that in v olv es the use of m ultiple threads of execution to solv e

a giv en task will ha v e to deal with the problems of in teraction b et w een the

threads and with their access to common data. Since the �o w of execution

is no longer linear, the program b eha viour ma y no longer b e deterministic,

whic h ma y b e the cause of subtle bugs or misb eha viour. All programming

languages that supp ort m ulti-threading also pro vide some kind of sync hro-

nization primitiv es (lo c ks, semaphores, m utexes, c hannels etc.) that can b e

used to sync hronize the execution of the di�eren t threads as describ ed b e-

fore. This is most often used to con trol access to data shared b et w een the

threads.

5

There is actually a pro ject that tries to implemen t POSIX threads on top of the Win32 API.
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But applying these mec hanisms correctly is hard, and ev en sync hronization

examples in text b o oks on the matter get this wrong sometimes. This led to

the observ ation b y John Ousterhout (the designer of the Tk T o olkit for the

T cl scripting language) that �Threads Are A Bad Idea (for most purp oses)�

in his 1996 USENIX presen tation [21], where he prop oses to a v oid the use of

concurrency as m uc h as p ossible (in fa v our of ev en ts) and simply try to liv e

with the restrictions placed on the ev en t handling b y using a single ev en t

lo op. He concludes with the remark that �Threads [are] m uc h harder to

program than ev en ts; for exp erts only .�. Or, to quote t w o of the designers of

the Swing to olkit for Ja v a:

Comp onen t dev elop ers do not ha v e to ha v e an in-depth under-

standing of threads programming: T o olkits lik e ViewP oin t and

T restle, in whic h all comp onen ts m ust fully supp ort m ulti-threaded

access, can b e di�cult to extend, particularly for dev elop ers who

are not exp ert at threads programming. Man y of the to olkits de-

v elop ed more recen tly , suc h as SubArctic and IF C, ha v e designs

similar to Swing's.

� Hans Muller and Kath y W alrath in �Threads and Swing� [19]

So it is only logical to w an t to a v oid these pitfalls whenev er p ossible. Man y

problems that can b e solv ed more elegan tly using m ultiple threads can also b e

solv ed using just a single thread if the programming language supp orts some

form of async hronous I/O, whic h w ould allo w the program to treat p end-

ing input as just another kind of ev en t. In terestingly , this has long b een a

problem for Ja v a, whic h did not supp ort the idea of I/O m ultiplexing (equiv-

alen t to the select() system call on Unix or WaitForMultipleObjects()

on Win32) or async hronous I/O b efore the inclusion of the java.nio pac k age

in Ja v a 1.4.

� Multi-threaded programming in v olv es a p erformance tradeo�

A graphical comp onen t library cannot easily detect whether a program is

m ulti-threaded or not, so if it supp orts m ulti-threaded access at all, it has

to assume that all metho d calls ha v e to b e correctly sync hronized, unless

there is a w a y for the programmer to explicitly indicate the use of threads

to the library . As a consequence, this in tro duces some extra o v erhead for a

thread-safe comp onen t library ev en for programs not using m ultiple threads

at all.

Designing a GUI to olkit for m ulti-threading therefore alw a ys in v olv es facing

this tradeo� b et w een p erformance and ease of programming. And if the

programming language and the system libraries do not already supp ort m ulti-

threading, this tradeo� is decided in fa v our of p erformance more often than
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not. Again, this has b een one of the design decisions that led to the fact

that Swing do es not supp ort concurren t access to its GUI comp onen ts, y et

in this case despite the fact that Ja v a pro vides a w ell-designed thread API

to the programmer.

2.4 Motiv ation

The next topic that will b e lo ok ed at here is the amoun t of limitations placed on

an application b y a lac k of thread supp ort in the user in terface to olkit and what

can b e impro v ed in this area to deliv er a b etter user exp erience as w ell as impro v ed

�exibilit y to the programmer.

T raditionally , the general rule is that an application's ev en t handlers are executed

sync hronously , whic h means that no new ev en ts are dispatc hed while an ev en t

handler is still running. This mak es programming ev en t handlers easier, since there

is no need to e.g. mak e them reen tran t. Also, all ev en t handlers will t ypically b e

run in the same (dedicated) thread, if the program is m ulti-threaded at all (this is

explained in more detail in the next c hapter starting on page 25). As a consequence,

an y ev en t handler will �blo c k� the program's execution for the time it is running,

making the user in terface unresp onsiv e during this time. This is not a problem

when eac h ev en t handler do es not need to do a lot of w ork, but this is not alw a ys

the case and generally cannot b e guaran teed. Some actions lik e loading complex

do cumen ts � p ossibly ev en across a slo w net w ork connection � simply will tak e

time. So there has to b e some w a y to k eep the user in terface resp onsiv e while still

supp orting suc h longer running ev en t handlers.

Another imp ortan t p oin t is that man y of to da y's programs are mo delled according

to the so-called �m ulti-do cumen t arc hitecture� that allo ws the user to manipulate

sev eral di�eren t do cumen ts (lik e images, text �les, w eb pages etc.) in separate

windo ws or p ossibly sub-windo ws of the same application. A natural assumption

to mak e here w ould b e that user in teractions with separate do cumen ts in the same

application do not in terfere with eac h other, ev en while p erforming a long-running

op eration on one of the program's do cumen ts. One example of this w ould b e run-

ning a complex �lter on an image in an image editing application lik e Photoshop.

The user ma y w an t to w ork on a second do cumen t while a �lter is running, or ev en

run separate �lters at the same time on di�eren t do cumen ts.

When lo oking at the ab o v e mo del for ev en t handling it b ecomes immediately clear

that this is not going to w ork in suc h a w a y: If there is only one main lo op

and all ev en ts are pro cessed sync hronously , running a �lter will blo c k the program

completely un til this �lter run is completed. In particular, the user in terface w ould

app ear to b e �frozen� (i.e. completely unresp onsiv e to the user), a�ecting all of
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the program's windo ws.

Suc h b eha viour is of course not acceptable to the user, esp ecially giv en that there

w ould not ev en b e a w a y to ab ort the op eration b ecause no new ev en t to initiate

that could b e pro cessed either while the ev en t handler is still running. So in

practice, one of t w o approac hes is used to a v oid this e�ect:

� Push long-running actions in to idle handlers

One common w a y to a v oid blo c king the ev en t thread is to defer an y long-

running actions to so called id le hand lers or use timers to execute them

completely async hronously . An idle handler is a function that is automati-

cally called b y the main ev en t lo op whenev er there are curren tly no ev en ts to

pro cess (just lik e an ev en t handler, but without an ev en t). The general idea

here is that the time whic h the program is sp ending while w aiting for user

input can b e used for p erforming some �bac kground� tasks, without creating

a new thread for this purp ose. Supp orting suc h a mo del requires a sligh t

mo di�cation to the standard main ev en t lo op:

� If there are p ending user ev en ts w aiting to b e pro cessed or the list of

idle handlers is empt y , the ev en t handling is p erformed normally . The

corresp onding ev en t handlers will b e in v ok ed for all p ending ev en ts.

� Otherwise, the program will in v ok e eac h registered idle handler in turn

instead of immediately w aiting for the next ev en t to arriv e. As no extra

threads are in v olv ed here, all idle handlers will run in the same thread

as the main ev en t lo op, and ev en t pro cessing will con tin ue only after

all handlers ha v e returned, and an ill-b eha v ed (i.e. long-running) idle

handler can blo c k the ev en t lo op just lik e a normal ev en t handler.

The in tended usage pattern for an idle handler therefore is this: Divide the

w ork to b e done in resp onse to an ev en t in to v ery small steps and let eac h

call to the idle handler p erform a single one of those steps. In this w a y ,

the program can sta y resp onsiv e while still pro cessing the steps one after the

other as long as no ev en ts arriv e. It is quite ob vious that in this mo del the idle

handler m ust ha v e some implicit kno wledge of the progress of the op eration,

and the w ork m ust b e dividable in to �small� (in the sense of program run

time) steps in the �rst place.

Although idle handlers are a nice idea to a v oid blo c king the program's user

in terface for longer p erio ds of time, they fundamen tally share man y of the

same problems as the ev en t handlers, in particular that idle handlers are

executed sync hronously on the ev en t thread. This means that they m ust

�nish eac h in v o cation in a reasonably short time frame, otherwise they will

blo c k further ev en t pro cessing (along with other idle handlers) just lik e long-

running ev en t handlers w ould do. And in addition to that, the programmer
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has to mak e sure that no con�icting op erations are initiated while the idle

handler is still activ e, lik e � in the example cited ab o v e � running a second

�lter on an image on whic h a �lter is already running.

� Run the co de of the action in a separate thread

Another w a y is to run the action p erformed b y the ev en t handler in a new

thread started from the ev en t handler, so that (again) the handler in v o cation

�nishes quic kly and the ev en t thread is ready to pro cess the next p ending

ev en t. This new thread will run in parallel and ob viously will not blo c k

the program's user in terface, though ma y require some extra logic inside the

application in case that a previous async hronous op eration m ust complete

b efore a new one is started (lik e discussed for the �lters). As this in tro duces

threading in to the user in terface, it means that some form of lo c king needs

to b e applied inside the application.

This mo del allo ws the w ork triggered b y the ev en t to pro ceed despite the

fact that the ev en t handler has �nished. Alas, this is lik ely to cause y et

another problem: If the to olkit is not thread-safe, accessing the user in terface

comp onen ts from the bac kground thread is generally not allo w ed, so while

the new thread ma y calculate some result, it cannot directly displa y this to

the user. In order to w ork around this restriction, there needs to b e a w a y

to pass metho d calls to the ev en t thread whic h are then executed from the

main lo op.

In summary , b oth of these strategies are not without problems, as they will con-

strain the programmer in a signi�can t w a y , lik e requiring the op eration to b e

c hopp ed up in to small c h unks of w ork or going through ho ops just for up dating a

single user in terface comp onen t. Y et the question remains: what can b e done to

impro v e this? The answ er to this question is actually not that surprising:

If blo c king the ev en t lo op is the cause of the resp onsiv eness problems, one could

try to decouple the user in terface from the ev en t lo op, putting the task that is

resp onsible for up dating the comp onen ts in to its o wn thread. Then, blo c king the

main lo op will not ha v e suc h immediate negativ e consequences for the application's

resp onsiv eness. Putting the main lo op in to its o wn thread of course will require

that more than one thread is allo w ed to in teract with the GUI comp onen ts, but

doing so has the additional b ene�t that spa wning new threads from ev en t handlers

suddenly b ecomes m uc h less of a problem as w ell, this ma y b e w orth while.

Another in teresting question in this con text is ho w main lo ops and threads cor-

relate. As describ ed, a main lo op is designed to pro cess an incoming stream of

ev en ts in a sequen tial w a y . Can an application ha v e more than one main lo op, and

if so, can it b ene�t from this fact? It is ob vious that an y giv en thread can only run

one main lo op at a time, so it requires the use of m ultiple threads to use sev eral

23



main lo ops concurren tly .

One in teresting use case here w ould b e to use di�eren t main lo ops for ev en t pro-

cessing in distinct areas of the application's user in terface (lik e separate windo ws

for example). F or this to b e feasible, ho w ev er, it w ould need to b e p ossible to

separate the stream of ev en ts in to one stream directed at eac h main lo op. So,

unless there is some infrastructure in place to tell either the ev en ts or the comp o-

nen ts generating these ev en ts whic h main lo op is resp onsible for handling them,

the application will not gain an ything. What is needed therefore is a w a y to tell

e.g. one comp onen t (or ma yb e set this on a p er windo w basis) that all ev en ts or

sp eci�c t yp es of ev en ts should b e directed to a particular main lo op.

The general approac h presen ted later on in c hapter 4 of this thesis is able to

supp ort all of these ideas.
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Chapter 3

Related W ork

There ha v e b een a n um b er of di�eren t approac hes in the past for making v arious

graphical to olkits accessible from Ja v a, eac h with its o wn goals and constrain ts.

This c hapter will presen t the most imp ortan t of them and ev aluate for eac h one

ho w the ev en t handling is done and in whic h w a y supp ort for m ultiple threads

is included (if at all). As already men tioned in the in tro duction to the previous

c hapter, the fundamen tal concepts b ehind graphical to olkits, ev en t handling and

m ulti-threading are not in an y w a y sp eci�c to Ja v a, so this c hapter will also lo ok

b ey ond Ja v a and include some non-Ja v a to olkits as w ell, b oth for comparison

and inspiration. While certainly not all ideas will b e applicable to a Ja v a based

to olkit, it is nonetheless in teresting to see ho w other systems approac h the same

fundamen tal problems. Still, the main fo cus of this c hapter will b e to olkits related

to Ja v a � either implemen ted in Ja v a or otherwise accessible from Ja v a � and it

will discuss only some of the more widely used non-Ja v a solutions.

The c hapter will start with some general observ ations and then giv e a short sum-

mary of the main features and design goals of eac h to olkit in turn, follo w ed b y a

critical ev aluation of ho w w ell eac h one can handle the problems detailed in the

previous c hapter. Note that none of the to olkits describ ed here can supp ort lo ca-

tion transparency for the displa y comp onen ts (i.e. displa ying an application's user

in terface on a di�eren t system from the one that the application runs on), b ey ond

the usual remote displa y capabilities of the X windo w system.

3.1 Graphics T o olkits for Ja v a

The a v ailable to olkits for Ja v a fall in to t w o general categories: Those that imple-

men t one of the standard Ja v a APIs for graphical user in terfaces (i.e. are mo delled

after either A WT or Swing) and those that de�ne their o wn API, often in order to
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mak e some existing non-Ja v a to olkit a v ailable to Ja v a programmers. T o olkits that

merely pro vide alternativ e implemen tations of the standard APIs are of course

restricted in m uc h the same w a y as the to olkit library they try to em ulate.

3.1.1 Abstract Windo wing T o olkit (A WT)

The A bstr act Windowing T o olkit w as the �rst graphical to olkit for Ja v a as already

explained in the in tro duction to this thesis. Its goal w as to pro vide a standard set

of comp onen ts a v ailable across all platforms supp orted b y the Ja v a language itself.

The comp onen ts themselv es are implemen ted in nativ e, platform-sp eci�c co de and

consequen tly follo w the lo ok and feel de�ned b y the platform.

T o do this, the A WT to olkit in tro duced the so-called �p eer� class mo del for user

in terface comp onen ts: Ev ery comp onen t actually consists of t w o separate ob jects,

a platform indep enden t ob ject that is implemen ted in pure Ja v a � this is the one

that is accessible through the public API � and a platform dep enden t part that

t ypically con tains mostly nativ e co de (i.e. either C or C++) for in teraction with

the nativ e graphics to olkit. This second part is called the p e er ob ject.

This separation allo ws for a simple w a y to replace the p eer classes: Since they are

not part of the public API, they can b e transparen tly replaced with a completely

di�eren t implemen tation (whic h needs to follo w the same in terface, ob viously).

This strategy is kno wn as the Bridge design pattern (see [7]). Eac h platform has

its o wn sp eci�c realization of these p eer classes, alw a ys based on the �default�

to olkit used on that platform. The dra wbac k is, ho w ev er, that the v ariet y of

a v ailable comp onen t classes is sev erely limited b y the fact that the A WT has to

restrict itself to the common subset of the comp onen ts a v ailable on all supp orted

platforms. Also, the features supp orted b y these comp onen ts are limited to what

ev ery platform could supp ort at that time, whic h is wh y A WT comp onen ts are

rarely used to da y . F or example, there is a non-editable com b o b o x but no editable

v arian t, b ecause this could not b e supp orted on all platforms.

The situation regarding the thread-safet y of the A WT is somewhat am biguous:

The p eer classes do partly allo w concurren t access b y m ultiple threads, but the

A WT public API classes are no longer o�cially considered thread-safe, as is clearly

stated no w in Sun's Ja v a tutorial:

Note: Although this section talks ab out Swing, the same issues apply

to all Comp onen ts. Sp eci�cally , A WT comp onen ts are not guaran teed

to b e thread safe.

� excerpt from �Ho w to Use Threads� in the JF C Swing T utorial [26 ]

The A WT in fact initially allo w ed concurren t access to its comp onen ts and w as

considered thr e ad-safe , but this promise w as later dropp ed b y the dev elop ers at
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Sun b ecause it simply could not b e k ept due to some ongoing lo c king problems.

An analysis of these problems can b e found in the w eb-log of one of the dev elop ers,

Graham Hamilton [9].

What remains is that only the dedicated ev en t thread is allo w ed to in teract with

the user in terface comp onen ts. Starting with the JDK 1.3 it is also p ossible to

delegate execution of Runnable ob jects to the ev en t thread, so it is p ossible to

up date the comp onen ts from another thread using this tec hnique.

3.1.2 Swing (Ja v a F oundation Classes)

Starting with Ja v a v ersion 1.2 there is a new er API for user in terface comp onen ts

in Ja v a: The Swing class library , whic h w as originally dev elop ed as a part of the

larger Java F oundation Classes pro ject at Netscap e. The ma jor design goals for

the Swing to olkit w ere:

� platform-indep enden t, p ortable implemen tation of all comp onen ts in Ja v a

itself (as far as p ossible), including the rendering of the comp onen ts them-

selv es

� extensiv e bac kw ards-compatibilit y with the A WT comp onen ts, allo wing b oth

Swing comp onen ts inside A WT con tainers as w ell as A WT comp onen ts inside

Swing con tainers (with some limitations)

� pluggable �lo ok and feel� to em ulate (in part) the lo ok and b eha viour of

the nativ e comp onen ts of the di�eren t supp orted platforms: X11/Motif, MS

Windo ws, �Metal� lo ok

� Mo del-View separation of man y comp onen ts, allo wing for m ultiple views of

the same data

� all comp onen ts follo w the Ja v aBeans con v en tions (describ ed in [18 ])

As a consequence of the �rst t w o design goals, ho w ev er, t w o new problems ha v e

b een in tro duced b y the Swing to olkit compared to the A WT:

Firstly , Swing comp onen ts still feel somewhat sluggish � ev en on mo derately fast

hardw are to da y � b oth when lo oking at the time to create new windo ws and

user in teraction with the comp onen ts lik e scrolling, but this problem is b ound to

disapp ear o v er time due to faster computer hardw are.

More imp ortan tly , the Swing class hierarc h y is based on di�eren t classes from the

A WT, whic h leads to some un usual inheritance relationships in the Swing API as

new classes had to b e �tted in there: F or example, the JFrame class represen ting

top-lev el windo ws in Swing is deriv ed from the similar A WT class Frame in order

to b e displa y able on the screen in an A WT compatible w a y . Alas, this leads to the
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Figure 3.1: Comp onen t class hierarc h y of A WT/Swing

immediate problem that a JFrame has to b e used di�eren tly from most the other

Swing comp onen ts, whic h are sub classes of the JComponent class instead.

The same can b e seen in other places as w ell, as illustrated in �gure 3.1. In particu-

lar, there are ab out sev en di�eren t Swing con tainer classes unrelated to eac h other

in the class hierarc h y . Consequen tly , a lot of the basic Swing comp onen t metho ds

are therefore either not a v ailable for these classes or had to b e re-implemen ted for

eac h class.

In terestingly , the separation b et w een the Component and MenuComponent classes

presen t in the A WT has not b een carried o v er in to Swing

1

. This w as b oth tec h-

nically the righ t thing to do and sho ws that the designers w ere willing to break

compatibilit y in some places. Doing so for all comp onen ts w ould probably ha v e

b een b ene�cial in the long run.

Of course, an y to olkit that claims to b e �100% pure Ja v a� has not m uc h of a c hoice

here: It has to dep end on a few selected (primitiv e) A WT comp onen ts to b e able

to displa y an ything on the screen at all, since ev en basic op erations lik e op ening

a windo w require in teractions with the nativ e graphics library on an y platform,

whic h is here done b y the A WT on b ehalf of Swing. What can b e observ ed is that

ob viously consistency w as considered less imp ortan t that compatibilit y with the

A WT. Whether this w as the righ t decision in the long run remains to b e seen.

1

This separation w as caused b y di�erences in the ev en t handling for men u comp onen ts in

Ja v a 1.0 that should not ha v e b een visible to the programmer to b egin with.
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As already men tioned in the in tro duction to the thesis, the Swing to olkit has not

b een designed to b e thread-safe either, and so it also shares the limitation that

only the ev en t thread ma y in teract with the user in terface comp onen ts. If an y

other thread needs to up date the in terface, it is necessary to push co de ( Runnable

ob jects) in to the ev en t thread for execution using the invokeAndWait() and

invokeLater() help er metho ds of the java.awt.EventQueue class. The ratio-

nale b ehind this is explained in [19 ].

3.1.3 Eclipse Standard Widget T o olkit (SWT)

The Standar d Widget T o olkit is part of the Eclipse Platform pro ject and pro vides a

common and p ortable programming in terface (API) for user in terface comp onen ts.

It includes its o wn class hierarc h y for comp onen ts (not based on Swing) and has

implemen tations of these for di�eren t platforms (Windo ws, X11/Motif, X11/GTK,

Mac OS/Carb on).

This ful�ls one of the pro ject's stated main goals: T o pro vide an e�cien t imple-

men tation of user in terface comp onen ts that is p ortable across di�eren t platforms.

Ho w ev er, some features ma y exist only on a sp eci�c platform, lik e em b edding of

A ctiv eX con trols, whic h is only p ossible on Windo ws. The Eclipse Dev elopmen t

En vironmen t (IDE) is the ma jor application based on top of the SWT to olkit.

When lo oking at the in teraction b et w een threads and the GUI comp onen ts, the

rules and restrictions applicable to the underlying to olkit apply to the SWT as

w ell, and it explicitly do es not try to hide these from the application programmer,

nor do es it attempt to pro vide consistency here across the di�eren t platforms. As

a consequence, p ortable programs simply cannot rely on thread-safe access to GUI

comp onen ts at all, so the same mo del already seen for the Swing to olkit is used

again here: There is one dedicated thread that is resp onsible for the complete

ev en t handling pro cess and metho ds are pro vided to sc hedule Runnable ob jects

for in v o cation b y the ev en t thread either sync hronously or async hronously (i.e.

without w aiting).

3.1.4 GNU classpath

The goal of the GNU classp ath pro ject is to create a completely free, GPL licensed

implemen tation of all of the Ja v a class libraries compatible with those pro vided

b y Sun Microsystems as part of the Ja v a SDK. Curren tly , only the Ja v a compiler

from the GNU Compiler Col le ction (GCJ) and the Jikes Ja v a compiler (initially

dev elop ed b y IBM) are supp orted, not the Sun Ja v a compiler.
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There are t w o sub-pro jects within GNU classpath that are relev an t in the con text

of this thesis:

A WT/GTK P eer Classes

This v ersion of the A WT p eer classes using the GTK to olkit is done in m uc h the

same w a y as the original A WT p eers in Sun's JDK, implemen ting the same p eer

in terfaces in nativ e co de. Therefore there is no fundamen tal di�erence on a design

lev el b et w een this p eer implemen tation and the one pro vided b y Sun for X11/Motif

and MS Windo ws.

Just lik e the A WT p eers, the GTK p eer classes p ermit thread-safe access to their

metho ds, using the thr e ad awar eness of the GTK to olkit: there is a global m utual

exclusion lo c k that is requested at the start of eac h metho d, y et it remains unclear

whether this translates in to a thread-safet y for the com bination of the p eer classes

with the platform indep enden t parts of the A WT, the do cumen tation do es not sa y

an ything de�nitiv e on that matter. It w ould b e p ossible to extend this lo c king

sc heme to the Ja v a classes as w ell using a monitor ob ject.

Because these classes simply re-implemen t the A WT in terface, the same problems

already describ ed ab o v e regarding long-running ev en t handlers o ccur here as w ell.

In addition, the GTK p eer classes share the same limitations regarding the rather

small set of a v ailable comp onen t classes. The main adv an tage remains the e�cien t

nativ e implemen tation of the GUI comp onen ts.

Swing Implemen tation on top of GTK P eers

There is also a y et un�nished pro ject to pro vide a re-implemen tation of the Swing

API on top of the GTK p eer classes, analogous to the Swing classes in the JDK.

The class hierarc h y is � as far as it is complete � exactly mo delled after the hierar-

c h y of the original javax.swing pac k age, as exp ected, including all its inconsisten-

cies. Because the original Swing is not thread-safe b y design, the re-implemen tation

follo ws the same idea and is lik ewise not thread-safe, so all the p oin ts men tioned

ab o v e for the Swing to olkit apply here as w ell.

There ha v e b een no e�orts y et to p ort this part of the classpath pro ject to platforms

b ey ond Unix/X11. But considering that the underlying to olkit is p ortable enough,

it should b e p ossible to do so.
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3.1.5 Ja v a-Gnome

The Java-Gnome pro ject is part of a larger e�ort b y the dev elop ers of the Gnome

desktop to pro vide bindings for a n um b er of programming languages for all of

the core Gnome libraries, and Ja v a is just one of the supp orted languages. Since

Gnome is built on the GTK to olkit, the Ja v a-Gnome pro ject also includes a Ja v a

API for b oth the basic GTK library as w ell as additional functionalit y pro vided

b y the Gnome framew ork. It do es so b y creating individual wrapp er classes for

eac h of the comp onen ts found in the GTK to olkit. The actual implemen tation is

completely indep enden t of the A WT and Swing in terfaces and uses nativ e GTK

comp onen ts exclusiv ely for its user in terface elemen ts. This is implemen ted in a

large collection of Ja v a classes that refer to nativ e metho ds for p erforming all GUI

op erations.

The most imp ortan t features pro vided b y the GTK part of Ja v a-Gnome are:

� By completely relying on a nativ e to olkit, the comp onen t implemen tation

can b e v ery e�cien t.

� Due to not needing to main tain an y form of compatibilit y with either A WT

or Swing, a m uc h bigger set of comp onen ts is made a v ailable than w ould

b e p ossible with the A WT, and the class hierarc h y is not su�ering from the

inconsistencies of the Swing API. In particular, there is a common base class

for all graphical comp onen ts.

� The use of nativ e metho ds is similar to that used in a p eer mo del, but the

�xed c hoice of the to olkit mak es the abstraction pro vided b y the separation

b et w een a platform-dep enden t and -indep enden t class for eac h comp onen t

unnecessary . Because the comp onen t classes are really just a thin wrapp er

around the nativ e GTK comp onen ts, they do not include an y lo c king mec ha-

nism, so the same restrictions for m ulti-threaded programming apply in this

case: Only the ev en t thread is allo w ed to in teract with the GUI comp onen ts

at all, and this thread is also executing the ev en t handlers. If an ev en t han-

dler do es not return quic kly to the main lo op, the user in terface will b ecome

unresp onsiv e during that time.

As a solution to this problem, the library o�ers sev eral metho ds for a custom

thread to delegate the in v o cation of a Runnable ob ject to the ev en t thread,

just lik e the metho ds invokeAndWait() and invokeLater() are used in the

case of A WT and Swing.

In theory , the GTK part of the Ja v a-Gnome pro ject should b e usable on other

platforms as w ell, though according to the dev elop ers no w ork has b een done in

this area.
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3.1.6 Qt A WT

This is an (incomplete) implemen tation of the Ja v a A WT p eer classes based on

the Qt comp onen t library for C++ [4]. Qt has b een dev elop ed b y the Norw egian

compan y T rolltec h and is used extensiv ely in the KDE desktop en vironmen t for

X11 that is commonly found on Unix and Lin ux w orkstations. The initial moti-

v ation for Qt A WT w as the desire to run Ja v a applets in KDE's K onqueror w eb

bro wser without relying on a Ja v a plugin, whic h did not exists at the time. The

implemen tation is rather un�nished and seems to ha v e b een abandoned sev eral

y ears ago in fa v our of the Java Applet Server , whic h itself w as dropp ed later on

once supp ort for the Netscap e plugin API w as in place, whic h allo ws the use of

the o�cial Ja v a plugin inside the bro wser.

The basic design (and the parts of the co de that ha v e b een done) is comparable

to the GTK implemen tation of the p eer classes in the GNU classpath pro ject

men tioned b efore.

3.1.7 Qt Ja v a

What is Java-Gnome to the Gnome pro ject is Qt Java to the KDE pro ject: A

w a y to build programs using Qt (and KDE) comp onen ts in Ja v a.

It is designed in essen tially the same w a y as Ja v a-Gnome is done: Eac h of the Qt

comp onen t classes is represen ted b y an equiv alen t Ja v a class with nativ e metho ds,

where eac h Qt metho d is simply mapp ed on to a corresp onding Ja v a metho d. Due

to the particular nature of ev en t handling in Qt � for some kinds of ev en ts it is

necessary to extend the Qt comp onen t class and re-implemen t the corresp onding

handler � Qt Java tak es sp ecial care to allo w sub classing of Qt classes in Ja v a.

Because of the similar general arc hitecture and the fact that Qt lik e GTK is not

thread-safe on the C/C++ lev el, the same p oin ts already men tioned for Ja v a-

Gnome also apply in this case: Only one thread has access to the user in terface

comp onen ts, the ev en t handling pro cess is designed for single-threaded use and

the ev en t thread pro vides a mec hanism to queue Runnable ob jects for in v o cation

b y the ev en t thread at a later time. This is the only pro vided w a y to up date the

in terface from an y thread other than the ev en t thread.

3.1.8 KDE Ja v a Applet Serv er

The Java Applet Server mec hanism w as created as a di�eren t w a y to supp ort Ja v a

applets in the KDE w eb bro wser, K onqueror. The applet runs in its o wn Ja v a

virtual mac hine in a separate pro cess, it is only the windo w of the applet that
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is em b edded in to the bro wser windo w, using standard X11 tec hnology of widget

em b edding across applications (and is th us not p ortable to non-X11 platforms).

A t �rst this do es not lo ok v ery m uc h related to the w ork presen ted here. But a

closer lo ok rev eals a sp eci�c commonalit y in a design asp ect:

Eac h time an applet is loaded, the w eb bro wser spa wns a new pro cess and starts a

new instance of the Ja v a virtual mac hine in it. This pro cess is con trolled through

a pair of pip es (I/O �le descriptors) to pass con trol commands (lik e start() and

stop() ) to the applet. In the rev erse direction, the applet can send commands to

the bro wser to load a new URL or displa y some text in its status bar. The amoun t

of in teraction with the applet is v ery limited, but the general mo del of replacing

metho d calls with pro cess comm unication is clearly visible.

Though the applet serv er w as in a w orking state, it has b ecome obsolete since

supp ort for using the standard Ja v a plugin w as added to the KDE w eb bro wser.

3.2 Non-Ja v a Graphics T o olkits

The second part of this c hapter no w presen ts the approac hes tak en b y some

other w ell-kno wn graphical user in terface to olkits to w ards the handling of m ulti-

threading in general and m ulti-threaded access to the pro vided in terface comp o-

nen ts in particular. Comparisons to Ja v a will b e dra wn where appropriate.

3.2.1 MS Windo ws Graphics Device In terface

The nativ e Win32 Shell API and esp ecially the Gr aphics Devic e Interfac e (GDI)

on Microsoft's Windo ws GUI en vironmen t tak e a v ery di�eren t approac h to ev en t

handling

2

:

Ev en ts in the GDI are in ternally represen ted as window messages that are dis-

patc hed to the ev en t handling pro cedure asso ciated with the windo w in whic h the

ev en t o ccurred, often referred to simply as the window pr o c e dur e or WndProc()

in the API. Eac h windo w can ha v e its o wn pro cedure that can handle all the

ev en ts related to this particular windo w. Com bined with the abilit y to run sev eral

threads in one pro cess, this can b e used to easily distribute the application's ev en t

handling in to di�eren t threads (but at most one p er windo w). Eac h thread can

create its o wn windo ws, but these windo ws and all comp onen ts therein ma y only

b e accessed b y the thread that created that windo w.

2

A ctually , the functions are spread across sev eral di�eren t libraries in addition to the GDI,

but suc h distinctions do not matter here.
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Other than this �xed mapping of one WndProc() p er device windo w, there is no

other pre-de�ned mec hanism for a �ner-grained ev en t distribution. In a similar

w a y to the invokeAndWait() metho d used b y the Ja v a-API, it is also p ossible

to (either sync hronously or async hronously) forw ard suc h ev en t messages to the

thread that o wns a particular GUI con trol b y issuing a SendMessage() call to the

thread resp onsible for a particular windo w. So it is in fact p ossible to ha v e a mo del

with at most one thread dedicated to eac h windo w, but additional threads created

from ev en t handlers cannot up date an y user in terface comp onen ts they did not

themselv es create.

3.2.2 Windo ws F orms (.NET)

The situation describ ed b efore is also v ery similar for the Windows F orms library

that is used for example b y C#, C++ or Visual Basic on the .NET platform. The

general rule that applies here is often quoted as:

Though shalt not op erate on a windo w from other than its creating

thread.

� sa ying kno wn as the �prime directiv e of Windo ws programming�

In essence, the comp onen ts created b y eac h thread b elong to the con text of that

particular thread and m ust not b e accessed from an y other thread. T o mak e it

easier for the programmer to create in v o cation constructs for executing co de in a

particular windo w's ev en t thread, C# supp orts the notion of �delegates�: references

to a metho d with a sp eci�c t yp e signature. This is more or less equiv alen t to a

parametrized Runnable implemen tation with some syn tactic sugar applied b y the

language.

A sligh tly di�eren t approac h is planned for the �next generation� Windo ws graph-

ics API that is curren tly in dev elopmen t: A valon will supp ort separate threading

con texts for eac h con trol. This essen tially means that while the con trol implemen-

tations themselv es are still single threaded, eac h thread ma y request access to a

sp eci�c threading con text b y calling the corresp onding Context.Enter() metho d

on the con text, follo w ed b y a Context.Exit() when it is done.

3

This still requires

care on the side of the programmer, ho w ev er: He still needs to remem b er whic h

con trols b elong to whic h thread, so that the appropriate threading con texts can

b e requested when necessary . On the p ositiv e side, this can of course also b e a bit

more e�cien t than doing this blindly , since it a v oids acquiring an y unnecessary

lo c ks.

3

Note that this is basically a lo c king op eration that can blo c k.
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3.2.3 Mac OS X Application Kit

The history of the primary user in terface to olkit on Mac OS X (also kno wn as the

�Co coa� API to dev elop ers) is in teresting in that it w as actually inherited from

the acquisition of NeXT Inc. b y Apple in 1999. In large parts, it is the Op enStep

programming in terface that w as dev elop ed at NeXT for use on their NeXTSTEP

and OPENSTEP op erating systems bac k then.

The Mac OS X Co coa API consists of sev eral indep enden t libraries commonly

referred to as �Kits� on Mac OS X. The most imp ortan t ones for application

programming are the F oundation Kit and the Applic ation Kit . The F oundation

Kit pro vides a basic set of data structures (lists, arra ys, hash tables, sets), supp ort

for threads and Unico de strings and � more imp ortan tly here � also a generic main

lo op abstraction called NSRunLoop . The Applic ation Kit con tains all the v arious

user in terface comp onen ts lik e windo ws, buttons and so forth.

The F oundation Kit allo ws for a limited amoun t of m ulti-threading: It is p ossible

to ha v e m ultiple main lo op instances and run eac h of these in its o wn thread

in parallel. Alas, the Application Kit that manages the GUI comp onen ts is not

thread-safe in an y w a y . Therefore, an application can con tain m ultiple threads

(and could in theory con tain ev en m ultiple main lo ops), but only one of these

can receiv e ev en ts from the windo w serv er and in teract with the user in terface

comp onen ts pro vided b y the Application Kit. Consequen tly , the threading mo del

for GUI applications is actually v ery similar to the one used in Ja v a, with the

di�erence that the main lo op is made explicit in the API. The main lo op also

supp orts in v oking metho ds async hronously in the ev en t thread.

3.2.4 BeOS Application Kit

The Be Op erating System w as an attempt at a small micro-k ernel op erating system

geared to w ards high m ultimedia p erformance. While initially only a v ailable in

com bination with custom hardw are, it w as later p orted to standard P o w er PC and

In tel/AMD PC systems and sold indep enden tly . The compan y b ehind BeOS (�Be

Inc.�) is no longer in existence, to da y . Y et it remains a v ery in teresting exp erimen t

with a di�eren t arc hitecture for designing application programs:

Graphical comp onen ts on BeOS are handled b y the BeOS Applic ation Kit library ,

a C++ framew ork con taining a wide v ariet y of prede�ned user in terface comp onen t

classes (a thorough description can b e found in [25]). The BeOS Application Kit

is one example of the few class libraries that w ere designed righ t from the start for

use in a m ulti-threaded en vironmen t. A part of the class library is illustrated in

�gure 3.2 on the next page:
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Figure 3.2: Crucial classes in BeOS Application Kit

The cen tral role here pla ys the BLooper class, basically an ob ject-orien ted main

lo op abstraction that is able to receiv e ev en t messages encapsulated as an ob ject

(actually , a BMessage ). Eac h instance of a BLooper has the abilit y to run in its o wn

thread, and in fact all sub classes except for the BApplication class automatically

create a new thread when instan tiated. The BApplication instance is sp ecial in

that it executes in the program's main thread (it is t ypically in v ok ed at the end of

the main() ), so there is no need for a separate thread to b e created in this case.

Classes lik e BWindow and BApplication are deriv ed from BLooper , whic h means

that ev ery application windo w always gets its o wn main lo op that is resp onsible for

handling ev en ts originating from the comp onen ts in that windo w. This is enforced

b y the to olkit, so the option of using a single thread and a single main lo op simply

do es not exist here. Ev en t messages can b e forw arded b et w een di�eren t main lo ops,

ev en allo wing for the use of sev eral main lo ops in one windo w if desired. This mak es

it all v ery easy to run sev eral parallel ev en t lo ops inside one application, whic h

is ideally suited for a m ulti-do cumen t application mo del where eac h do cumen t

windo w is supp osed to b eha v e indep enden t of the others.

The Application Kit also automatically handles lo c king for m ulti-threaded access

to comp onen ts � apart from some sp ecial cases lik e the clipb oard that require cross-

application sync hronization � so an y thread ma y access user in terface comp onen ts

at an y time.
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button .b -text "Hello" -command {puts "Ouch"}

pack .b

Figure 3.3: Ev en t handling example in T cl/Tk

3.2.5 Inferno

Inferno is an op erating system dev elop ed at the Computing Science Researc h

Cen ter of Bell Labs (no w a division of Lucen t T ec hnologies) as a successor to the

Plan 9 op erating system. The curren t dev elopmen t is in the hands of Vita Nuo v a.

Inferno t ypically runs as an em ulated en vironmen t on a host system lik e Windo ws

or Lin ux (it can also b e used as a stand alone system) and o�ers an en vironmen t

to programs comparable to the Ja v a VM, including a virtual mac hine abstraction,

p ortable co de and data t yp es and automatic garbage collection.

The default graphical user in terface on Inferno is a simpli�ed v arian t of the Tk

to olkit originally designed b y John Ousterhout for use with his T o ol Command

L anguage (T cl) scripting language [20 ]. Figure 3.3 ab o v e sho ws a simple example

of ho w to create a button in T cl/Tk that has the lab el �Hello� and prin ts the

string �Ouc h� to the console when the button is clic k ed with the mouse. The

name of the button comp onen t in T cl is � .b � to indicate that it is a direct c hild of

the toplev el windo w. Comp onen t names are actually path names that re�ect the

widget hierarc h y inside the application, starting at the top-lev el windo w.

T cl/Tk uses a standard single ev en t lo op based mo del for ev en t handling and do es

not supp ort m ultiple threads. The handler co de is attac hed to a comp onen t in the

form of T cl command strings with the -command option when creating a widget or

the bind command later on, and the attac hed T cl command string is then executed

whenev er the corresp onding ev en t o ccurs.

The Inferno system uses a v ery di�eren t approac h to ev en t handling, ho w ev er:

Applications on Inferno are t ypically written in Limb o , a C lik e language running

in a virtual mac hine. All user in terface comp onen ts (except the top-lev el windo ws)

are created and manipulated b y sending Tk commands as strings to the displa y

serv er thread, whic h con tains a simpli�ed re-implemen tation of T cl/Tk that only

supp orts a subset of the basic widgets o�ered b y the standard Tk. In essence, a

small T cl in terpreter is em b edded in to the displa y serv er, and the Lim b o program

can comm unicate with it using Tk commands. Ev en t handler co de can b e attac hed

to comp onen ts in the same w a y as in T cl/Tk, but since the subset of T cl/Tk

implemen ted in the displa y serv er do es not supp ort user de�ned v ariables or an y

con trol structures, it is not useful for implemen ting ev en t handlers directly .

Instead, Inferno supp orts typ e d channels as a general mec hanism for sync hronous

comm unication b et w een threads running in the virtual mac hine, and the displa y

serv er can use these to send ev en t messages to the Lim b o application. This can
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channel := chan of string;

tk->namechan(toplevel, channel, "channel");

tk->cmd(toplevel,

"button .b -text Hello -command { send channel Ouch }");

expl := <-channel; # will see Ouch when button pressed

Figure 3.4: Ev en t handling example in Lim b o/Tk

b e seen in the Lim b o example in �gure 3.4: A c hannel is created in Lim b o and is

assigned a name in the displa y serv er. It can then b e used to send bac k arbitrary

messages to the application, whic h can w ait for ev en ts on the c hannel using the

c hannel r e c eive op erator � <- �.

The actual ev en t handler is then done completely in Lim b o co de, executing Tk

commands via the Tk ob ject if it w an ts to up date the user in terface. It is left for

the programmer to decide whether to use di�eren t c hannels for the v arious GUI

comp onen ts or to pass most (or ev en all) ev en ts through a single c hannel. Since

there is no pre-de�ned main lo op class, the program has to either use m ultiple

threads to handle m ultiple ev en t c hannels at the same time, or use the alt con trol

structure of Lim b o (whic h is itself tak en from the Alef language in Plan 9) to w ait

for ev en ts on an y n um b er of c hannels in a single thread.

Due to the separation b et w een the displa y serv er and the Lim b o application (Tk

commands are sen t across a c hannel to the displa y serv er as w ell) and the sync hro-

nization pro vided b y the c hannels, an y n um b er of threads can comm unicate with

the displa y serv er.

3.2.6 T o olkits for A da

The A da programming language is in teresting in this con text b ecause it is highly

regarded for its structured, high-lev el facilit y for concurrency . The unit of concur-

rency is a program en tit y kno wn as a �task� in A da. T asks can generally comm uni-

cate implicitly via shared data or explicitly via a sync hronous con trol mec hanism

kno wn as a �rendezv ous�. If access to shared data is su�cien t, a data item can

also b e de�ned as a pr ote cte d obje ct in A da 95, whic h causes all accesses to this

data item to b e automatically sync hronized.

The core A da language do es not include an y features for graphical user in terface

programming, but sev eral graphical to olkits exist separately . These are usually

based directly on a nativ e to olkit on a sp eci�c platform, whic h means that most of

them are not p ortable across di�eren t systems. Examples of these include GtkA da

(based on GTK), Carb on (Mac OS) and x11ada (X11/Motif ).
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Sadly , the direct mapping of the platform API to A da also transfers the limitations

of the nativ e user in terface to olkit regarding m ulti-threading to the API visible to

an A da program. F or example, the GtkA da man ual states that:

Note that Gtk+ under Windo ws do es not in teract prop erly with threads,

so the only safe approac h under this op erating system is to p erform all

y our Gtk+ calls in the same task.

Under other platforms, the Glib library can b e used in a task-safe mo de

b y calling Gdk.Thread.G_Init and Gdk.Thread.Init b efore making

an y other Glib/Gdk calls. [...]

When Gdk is initialized to b e task-safe, GtkA da is task a w are. There

is a single global lo c k that y ou m ust acquire with Gdk.Threads.Enter

b efore making an y Gdk/Gtk call, and whic h y ou m ust release with

Gdk.Threads.Leave afterw ards.

� �T asking with GtkA da� in the GtkA da User's Guide [1 ]

The same is true for the other A da to olkits men tioned ab o v e as w ell: Either there

is no supp ort for tasking in the GUI at all, or it is not in tegrated transparen tly

in to the language. So, while A da itself indeed o�ers a higher-lev el mo del of thread-

sync hronization than Ja v a, lo oking at the GUI to olkits for A da do es not seem to

turn up an y new ideas.

3.3 Summary

When comparing the a v ailable to olkits for Ja v a, it b ecomes immediately apparen t

that all of them share the same fundamen tal design principle regarding m ulti-

threading: They use a single ev en t thread and main lo op and simply tell the

programmer not to touc h the user in terface comp onen ts from an y other thread.

While this is certainly con v enien t for the to olkit implemen tation, it do es not help

to mak e the life of the application dev elop er easier.

The non-Ja v a to olkits clearly sho w that there is ro om for impro v emen t when lo ok-

ing b ey ond Ja v a: There is indeed a wide v ariet y in the degree of thread supp ort in

GUI to olkits a v ailable on di�eren t platforms, from the essen tially single-threaded

mo del of Mac OS X to the fully m ulti-threaded one used in BeOS. Of sp ecial note

here is the c hannel based comm unication with the displa y serv er as used in the

Inferno system: This w as a source of inspiration for the design of the Ja v a to olkit

presen ted in the follo wing c hapter of this thesis.
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Chapter 4

Design of a Message-Based

Approac h

This c hapter presen ts the design of a message-based approac h to ev en t handling

for Ja v a. It starts out b y lo oking at the reasons b ehind the limitations apparen t in

to da y's graphical to olkits a v ailable for Ja v a and discusses some p ossible solutions to

these problems. This part also includes a set of design ob jectiv es for the approac h

presen ted here.It is follo w ed b y a description of the design of a message-based

approac h to ev en t handling for Ja v a built around a clien t/serv er mo del, and it

is sho wn ho w this design can actually ful�l the ob jectiv es laid out here. The

actual protot yp e implemen tation of the approac h is discussed in detail in the next

c hapter.

4.1 Argumen ts against Multi-Threading

As can b e seen from the analysis in the previous c hapter, the main limitation of

the to olkits a v ailable for Ja v a to da y is the lac k of supp ort for m ulti-threading.

There are mainly t w o separate reasons for this:

� The nativ e to olkits pro vided on most platforms are themselv es not thread-

safe. In fact, user in terface libraries are seldom created from scratc h, and

often the basic infrastructure they ha v e rely on is old and rarely up dated.

This leads to the fact that also newly dev elop ed nativ e to olkits often cannot

guaran tee thread-safet y ev en if they w an ted to.

F or instance, most of the core X11 libraries date bac k to the 1980's and

ha v e nev er b een designed with thread-safet y in mind. As a consequence,

most of them still are not considered thread-safe to da y , so an y nativ e to olkit

that sits on top of them lik e GTK simply cannot b e completely thread-safe
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either. GTK tries to solv e this b y in tro ducing a form of man ual m utual

exclusion lo c king at the GTK in terface lev el, whic h is neither transparen t

nor particularly p ortable. If a platform could already pro vide a thread-safe

nativ e to olkit, it w ould b e easy to mak e this accessible to Ja v a in a thread-

safe w a y . But that simply is not the case to da y .

� A single-threaded application design is �go o d enough� in most cases. While

the b ene�ts of m ulti-threaded programming b ecome apparen t for large or

net w ork ed applications, man y smaller programs can liv e just �ne without

them, or can b e made to �t in to the single-threaded mo del with a bit of

extra w ork. A dditionally , the application dev elop ers are already familiar

with the single threaded, single main lo op ev en t handling mo del. So the

question of whether it is w orth for to olkit designers to in tro duce the extra

complexit y for making the to olkit m ulti-threaded is w orth it, is answ ered

with �no� more often than not.

What can b e learned from this? Firstly , that requiring a thread-safe nativ e to olkit

is simply not an option. Ev en if a limited degree of m ulti-threading is supp orted,

as seen for example in the Win32 API, this is not enough and it is not p ortable

either. So one has to accept that nativ e to olkits curren tly simply are limited to

single-threaded use, and start to design from there.

The second p oin t is that in tro ducing m ulti-threading in to the to olkit requires

adding sync hronization to the co de (for example in the form of lo c ks or moni-

tors), whic h can b e di�cult to get righ t, esp ecially when callbac ks from the nativ e

co de in to Ja v a are added to the picture. This can p oten tially lead to lo c k order-

ing problems and cause deadlo c ks, whic h w ere exactly the kinds of problems that

�nally motiv ated the Ja v a dev elop ers at Sun to drop the idea of thread-safet y for

the A WT.

So it migh t b e a go o d idea to tak e a step bac k and ask whether to add lo c king

at this lev el it is righ t approac h in general, giv en these problems. Ho w ab out

a v oiding an y kind of explicit lo c king at the to olkit lev el in fa v our of an implicitly

sync hronizing comm unication pattern? This is what leads to the idea of mo delling

the message �o w b et w een the application and its user in terface instead of lo oking

at individual lo c king problems. When thinking ab out talking to the user in terface

at a higher lev el in terms of message �o w, the problems ma y b e easier to solv e.

The need for sync hronization do es not magically v anish, of course, but it is mo v ed

to the comm unication primitiv es instead, and these are m uc h simpler to v erify .
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4.2 Design Ob jectiv es

This section brie�y summarizes the main ob jectiv es that the design of the prop osed

message-based approac h tries to ac hiev e:

1. Allo w access to the user in terface comp onen ts from arbitrary thread con-

texts. The restriction that only one selected thread (lik e the �ev en t thread�)

ma y in teract with the comp onen ts is v ery cum b ersome when trying to dis-

tribute ev en t handling co de in to m ultiple threads, esp ecially when bac k-

ground threads regularly need to up date the user in terface. I consider this

basically a tec hnical limitation of the platform's graphics library that ideally

should not a�ect an application programmer.

2. Supp ort parallel ev en t handling for separate logical comp onen ts (lik e win-

do ws or indep enden t parts lik e tabs inside a windo w) of the application using

m ultiple concurren t ev en t lo ops. The job of forw arding the ev en ts to the cor-

rect main lo ops should b e transparen t to the programmer.

3. Pro vide a consisten t and clean in terface to the application programmer, com-

pletely indep enden t of the A WT and Swing comp onen t classes. The goal here

is to a v oid the inconsistencies seen in the Swing API due to the fact that it

w as based on the A WT. T o remain �exible, this in terface should b e to olkit

indep enden t and able to supp ort m ultiple bac k end implemen tations, includ-

ing fast nativ e to olkits lik e GTK or Qt or the Win32 F orms API on Windo ws.

If a nativ e to olkit library is a v ailable on m ultiple platforms, the co de should

b e p ortable with a simple recompile, if p ossible.

4. Enable an application to displa y its user in terface on a di�eren t system from

the one is it running on. Although Ja v a is p ortable to a wide range of

systems, it w ould b e nice to pro vide some form of lo cation transparency at

the to olkit lev el as w ell. Giv en that b oth X11 and solutions lik e VNC are

b ecoming increasingly p opular, this w ould pro vide an additional b ene�t.

4.3 P ossible Solutions

The follo wing section will lo ok brie�y at eac h of the ob jectiv es listed ab o v e in turn

to discuss ho w practical it is to ac hiev e this within the curren tly a v ailable Ja v a

to olkits and ho w a message-base approac h will help to solv e it:

1. Allo wing arbitrary threads to in teract with the to olkit comp onen ts is mostly

a thread sync hronization problem: Since it simply is not reasonable to require

the underlying to olkit to b e thread-safe itself (as describ ed in the in tro duc-

tion to this c hapter), all access to the to olkit functions has to b e sync hronized
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b y the glue b et w een the application and the nativ e to olkit itself. While this

could b e added to one of the existing to olkits as w ell, it requires a lot of care

and v eri�cation.

But there are other problems that cannot b e resolv ed using lo c king alone:

The limitation that on Windo ws only the thread that created a windo w

ma y in teract with the comp onen ts therein is a fundamen tal restriction of the

curren t Win32 API that cannot b e a v oided. The only w a y to solv e this is to

use just a single thread for all in teraction with the nativ e to olkit, whic h is

exactly what the message-based approac h is all ab out: It o�ers a v ery simple

and �exible w a y around this limitation b y using message passing to delegate

w ork to a single to olkit thread.

2. A dding supp ort for m ultiple ev en t lo ops with the curren t Ja v a to olkits is

not feasible for t w o reasons: There is no w a y to tell a comp onen t to deliv er

ev en ts to a particular main lo op, whic h mak es is imp ossible to handle this

transparen tly , and it con tradicts the single ev en t thread mo del, so that an y

additional ev en t lo op w ould ha v e to delegate its GUI up dates to the main

ev en t thread, whic h kind of defeats the purp ose of ha ving more ev en t threads

in the �rst place.

A message-based approac h on the other hand is almost ideally suited for this:

Since ev en ts are distributed in the form of messages an yw a y , it do es not mak e

an y di�erence to whic h main lo op they are dispatc hed for handling. The

only requiremen t is that this information m ust b e pro vided when attac hing

an ev en t handler to a comp onen t.

3. O�ering a consisten t in terface to the programmer is actually not m uc h of a

problem when one is willing to sacri�ce compatibilit y with the A WT. All of

the Ja v a to olkits except for Swing do that already , but giv en ho w Swing did

this wrong in m y opinion, it ma y nonetheless b e w orth while to add this as

one of the goals. A message-based approac h can do this as w ell, although it

do es not ha v e an y sp ecial adv an tage here.

Supp orting nativ e to olkits is equally p ossible as demonstrated b y e.g. the

Abstract Windo wing T o olkit or the Standard Widget T o olkit of the Eclipse

pro ject. The w a y this is done in b oth APIs is to pro vide a set of platform

indep enden t comp onen t classes that in ternally delegate the platform sp eci�c

op erations to nativ e p eer classes using the Ja v a Nativ e In terface. Using the

message-based approac h for this is conceptually not v ery di�eren t, actually:

Both add a lev el of indirection that p ermits redirecting a metho d call to a

platform sp eci�c implemen tation.

4. Supp orting lo cation transparency in the to olkit is close to imp ossible for

an y of the existing Ja v a to olkits without redesigning them �rst to also use a
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message-based mo del similar to the one describ ed here. This is quite natural,

since b eing able to supp ort this has nev er b een a design goal for an y of them.

Of course it is p ossible to use existing solutions instead lik e X11 remote

displa ys, whic h is not p ortable to either Windo ws or Mac OS, or one of

the remote desktop proto cols lik e VNC or Windo ws T erminal Serv er, whic h

ho w ev er do not w ork at the application lev el and can consume a lot of net w ork

bandwidth.

The message-based approac h o�ers an easy w a y to supp ort lo cation trans-

parency here: The design of an arc hitecture that uses message passing as

the basic form of comp onen t in teraction mak es it suddenly fairly simple to

mo v e some of these comp onen ts in to a separate pro cess, or p ossibly ev en to

distribute these comp onen ts on to di�eren t systems b y using a TCP so c k et

for exc hanging the messages instead of c hannels inside the Ja v a VM.

4.4 A Message-Based Approac h

The approac h presen ted in this thesis is built up on the general idea of applying the

concept of messages �o wing b et w een ob jects to the �eld of user in terface program-

ming in Ja v a. In particular, it incorp orates the idea of using a separate displa y

serv er comp onen t as found in the Inferno system and X11 and p ermits concurren t

ev en t handling using m ultiple main lo ops inspired b y the BeOS Application Kit.

An earlier v ersion of this design prop osal has already b een published b efore in [15 ].

The basic idea is to resolv e the con�ict b et w een the application that w an ts to

b e m ulti-threaded and the to olkit library that cannot supp ort this b y logically

separating the t w o from eac h other, allo wing the application to run indep enden tly

from the to olkit library . This approac h satis�es b oth sides: The application is no

longer a�ected b y the restrictions imp osed b y the to olkit, and the to olkit can run

in its o wn single-threaded w orld that it is used to, in particular no lo c king has to

b e applied there. The glue used b et w een the t w o is a comm unication framew ork

built around the idea of message passing:

All op erations on comp onen ts b y the application's threads are turned in to messages

sen t to the to olkit, and the �o w of ev en ts generated b y the to olkit is transmitted

to the application in the same w a y in the form of ev en t messages. This w orks

b ecause the message passing implicitly forces a serialization of the requests and

ev en ts, so that it is p ossible to add the message handling to the to olkit without

the need to mak e it m ulti-threaded, whereas the same is not p ossible using normal

metho d calls. T o mak e this prop osed separation transparen t to the application,

pro xy ob jects are in tro duced in the user in terface comp onen t API that p erform all

request handling on b ehalf of the application.
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Figure 4.1: General o v erview of the system arc hitecture

By passing ev en ts from the user in terface to the application via messages as w ell,

ev en t messages can b e easily dispatc hed to an y n um b er of main lo ops inside the

application: There is no longer an y need to restrict the user to just one ev en t

handler thread. Eac h thread can indep enden tly listen to ev en ts from con trols as-

signed to that thread. Bey ond allo wing the application to b ecome m ulti-threaded,

using messages for the comm unication b et w een the application and the to olkit

has some additional adv an tages as w ell: The separation in tro duced in this w a y

allo ws the application to b ecome indep enden t of the to olkit, so that the to olkit

implemen tation is easy to replace. F urthermore, there is no reason to limit the

comm unication to a single pro cess: The to olkit can also b e run inside its o wn

pro cess, e�ectiv ely resulting in a kind of to olkit serv er pro cess, whic h can ev en b e

mo v ed on to a di�eren t system if desired.

The transp ort mec hanism that is used for comm unication b et w een the application's

threads and the to olkit v aries dep ending on ho w far the separation b et w een the

t w o should go. If b oth run inside the same pro cess, channels can b e used as the

primary means of thread comm unication. The concept of c hannels used here is

tak en from C.A.R. Hoare's Communic ating Se quential Pr o c esses [12] as explained

in section 4.5 on the next page. If the to olkit is running in its o wn pro cess, some

form of in ter-pro cess comm unication has to b e used instead, lik e pip es or net w ork

so c k ets.

A general o v erview of the system arc hitecture and its comp onen ts is sho wn in

the diagram in �gure 4.1. Eac h of the b o xes represen ts a logical comp onen t that

ma y corresp ond to a class or a set of classes in an actual implemen tation. These

comp onen ts can b e divided in to t w o groups, forming a T o olkit Client (often simply

called the �fron tend�) and the T o olkit Server (the �bac k end�). The term �Nativ e

Comp onen ts� has b een used in the diagram on the righ t to refer to the actual

comp onen ts inside the bac k end's to olkit library . This do es not necessarily imply
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that these need to b e implemen ted in nativ e C co de, that is just one p ossibilit y .

One example of comp onen ts that are not implemen ted in C is sho wn in the Swing

bac k end in the next c hapter.

It should b ecome immediately apparen t that the arc hitecture presen ted here is

generally v ery similar to a distributed ob ject mo del lik e CORBA or Ja v a R emote

Metho d Invo c ation (RMI), and this is not a coincidence: The goal of a distributed

ob ject system is similar to the approac h presen ted here in that it o�ers a trans-

paren t w a y to access ob jects lo cated on a remote serv er to the program. What

lo oks lik e a plain lo cal metho d call to the application is turned in to a message

b ehind the scenes that is sen t across the net w ork and executed in a serv er pro cess.

References to ob jects in the serv er that the clien t holds are in fact just message

forw arding pro xies for an y op eration that the serv er ob ject supp orts. Y et ev en

though the o v erall arc hitecture has similarities with RMI, it is di�eren t from just

pro viding RMI wrapp er classes for (e.g.) A WT comp onen ts, whic h w ould not (on

its o wn) solv e an y of the problems regarding m ulti-threading.

The follo wing sections will pro vide a short w alk-through of the individual comp o-

nen ts sho wn in diagram 4.1 to describ e their functions and their resp onsibilities

within the o v erall arc hitecture, starting with the basic comm unication pattern used

in this approac h: c hannels.

4.5 Channels

All comm unication b et w een the threads on the Ja v a side is realized with c hannels.

Channels is a concept originally in v en ted b y C.A.R Hoare as a general means for

pro cess sync hronization in his w ork on Communic ating Se quential Pr o c esses [19 ].

CSP is an abstract mathematical notation for describing the in teractions b et w een

pro cesses. This w as later pic k ed up b y Phil Win terb ottom, who in tegrated the idea

as a core concept in to the programming language A lef [28], whic h he designed at

A T&T's Bell Labs for the Plan 9 op erating system.

While c hannels as used in CSP w ere initially un bu�ered

1

, Alef in tro duced bu�ered

c hannels as a safe and more e�cien t w a y to in terc hange data b et w een threads

without blo c king the sender on eac h write op eration. Sync hronization is handled

in Alef with standard un bu�ered c hannels or sp ecial lo c k ob jects handling m utual

exclusion. Both bu�ered and un bu�ered c hannels are standard data t yp es in Alef

and can b e stored in v ariables or passed around as argumen ts (unlik e CSP).

Alef itself nev er b ecame widely used, but man y of its ideas w ere in tegrated in to the

programming language Limb o used on the Inferno op erating system. Lim b o w as

1

It is p ossible to use bu�ered c hannels in CSP b y inserting an in termediary bu�er pro cess
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designed b y Sean Dorw ard, Phil Win terb ottom and Rob Pik e as an in tegral part

of the Inferno system and its primary programming language. Among the ideas

inherited from Alef w as the concept of c hannels as a mec hanism for sync hronization

and general data exc hange b et w een Inferno threads. Lim b o w as the �rst system

to use c hannels to deliv er user in terface ev en ts to an application.

The c hannel concept can b e used in Ja v a as w ell, b oth as a means for thread

sync hronization to mo del sync hronization patterns similar to those in CSP and as

a means for data in terc hange b et w een threads, as used in Alef and Lim b o later on.

There ha v e in fact b een sev eral e�orts to use CSP st yle comm unication patterns

for general m ulti-threaded Ja v a programming, most notably b y P eter W elc h and

P aul Austin [27] and Gerald Hilderink [11].

One could argue that the pip e streams pro vided b y the standard java.io pac k-

age com bined with Ja v a's abilit y to serialize ob jects can b e used in a w a y v ery

similar to bu�ered c hannels, but using them w ould require all data that should

b e transfered to b e serializable and w ould in fact pro duce copies of the original

ob jects on the reader side (whic h is not alw a ys desirable for passing ob jects around

b et w een threads). V ery recen tly , a similar mec hanism has b een added to Ja v a in

the JDK 1.5 with the java.util.concurrent pac k age and its SynchronousQueue

and ConcurrentLinkedQueue classes.

4.6 W alk-through of the Design

This section explains the role of the di�eren t comp onen ts in the o v erall arc hitecture

starting at the GUI stub la y er and follo wing step b y step the w a y that a t ypical

metho d call to a user in terface comp onen t w ould tak e from the application. The

only classes that an application will directly in teract with are these stub classes

(represen ting the comp onen ts) and the main lo op abstraction that is resp onsible

for deliv ering ev en ts to the application's ev en t handlers as describ ed later.

4.6.1 The GUI Stub La y er

The stub la y er forms the virtual comp onen t API that is visible to the applica-

tion co de: It is a set of comp onen t pro xies that lo ok lik e real comp onen ts to the

application, but in fact merely forw ard all requests to the actual implemen tation

of the nativ e comp onen ts in the to olkit serv er. Nonetheless, this is the in terface

visible to the to olkit, so it m ust b e designed with care. It should not b e sp eci�c

for one particular to olkit but rather designed similar to the Eclipse SWT, o�ering

an abstract in terface for sev eral to olkit implemen tations. F or example, it is nec-

essary to decide here whether to presen t la y out managers as used in the A WT or
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Swing in terface or to la y out comp onen ts using sp ecialized sub classes of a generic

con tainer class that pro vide particular la y out strategies to the applications.

Eac h metho d call on suc h a comp onen t pro xy � including constructors � is trans-

lated in to a r e quest message represen ting this metho d call as an ob ject, whic h is

then passed on to the message dispatc her using a c hannel. One can distinguish

here b et w een synchr onous and asynchr onous messages: A sync hronous message

is used whenev er a metho d needs to deliv er a result v alue or can rep ort an error

to the caller. In this case, the metho d of the comp onen t pro xy needs to w ait for

the resp onse to this request (whic h is again deliv ered through a c hannel) from the

ev en t dispatc her, and it will return only when the resp onse has b een receiv ed. On

the other hand, op erations that do not pro duce a result v alue can use async hronous

messages, where the pro xy metho d can return immediately .

T w o asp ects are notew orth y here: If errors are rep orted as exceptions in the to olkit

serv er, these need to b e transmitted as result v alues and m ust b e reconstructed

(and thro wn) b y the comp onen t pro xy , b ecause exceptions cannot b e thro wn

�through� a c hannel or so c k et. Secondly , the event disp atcher is also resp onsible

for handling reply messages. While this ma y app ear strange at �rst, the reason

b ehind it will b ecome apparen t later on.

4.6.2 The Message Dispatc her

The message dispatc her is the cen tral comp onen t on the clien t side that handles

all the in teractions of the application with the to olkit. The job of the message

dispatc her is to receiv e the request messages from the individual comp onen t stubs

using a c hannel, and to forw ard these to the in v o cation serv er on the to olkit serv er

side using a suitable comm unication mec hanism. It is the resp onsibilit y of the

message dispatc her to enco de the message for transp ort if required, e.g. a Ja v a

ob ject cannot b e directly transmitted across a so c k et. The equiv alen t pro cess is

called marshal ling in the Ja v a RMI.

An imp ortan t p oin t here is that the complete in teraction b et w een the the com-

p onen t pro xies and the to olkit serv er is encapsulated inside the t w o dispatc her

comp onen ts (message dispatc her and ev en t dispatc her). As a consequence, these

are the only classes in the to olkit clien t that ha v e to b e replaced with another im-

plemen tation to pro vide access to a di�eren t to olkit serv er or to exp erimen t with

a di�eren t comm unication la y er. All the classes visible to the application remain

completely unc hanged.
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4.6.3 The Comm unication La y er

The comm unication la y er pro vides the basic message transp ort mec hanism b y

whic h the to olkit clien t and the serv er comm unicate. Man y di�eren t transp ort

mec hanisms can b e conceiv ed here, ranging from simple lo cal metho d calls inside

the same Ja v a pro cess (p ossibly using the Ja v a Nativ e In terface) or c hannels to a

completely distributed system in v olving remote metho d in v o cation akin to a mo del

similar to RPC or RMI.

The main role of the comm unication la y er is to pass requests from the message

dispatc her to the to olkit serv er and to send bac k a resp onse for a request if appli-

cable (not all requests generate result v alues). Ev en t messages that originate at

the to olkit serv er are transp orted in the opp osite direction in m uc h the same w a y .

4.6.4 The In v o cation Serv er

The in v o cation serv er forms the coun terpart to the message dispatc her on the

clien t side: It w aits for request messages from the dispatc her. Once a request has

b een receiv ed, it has to b e deco ded in to a format suitable for the to olkit serv er as

appropriate, e.g. a TCP message has to b e parsed and translated in to nativ e data

t yp es. The serv er also needs to main tain a mapping b et w een the clien t comp onen t

pro xies and the serv er side nativ e comp onen ts in order to �nd the nativ e ob ject

that the message w as directed at, and to resolv e an y comp onen t references in the

argumen t list (�unmarshalling� in the terms of the RMI).

The deco ded request is then translated bac k in to a metho d call to the nativ e to olkit

in terface in the serv er. F or op erations that pro duce a result v alue, the result

returned b y the op eration is lik ewise wrapp ed in to a r esp onse message , enco ded

for transp ort and returned to the ev en t dispatc her (not the request dispatc her) on

the clien t side. The role of the ev en t dispatc her in this is describ ed in section 4.7.2

on page 51.

4.6.5 The T o olkit In terface

The part of the o v erall arc hitecture that handles the �nal metho d calls to the nativ e

comp onen ts on the to olkit serv er side is called the to olkit interfac e in this design.

The name is inspired b y the fact that this la y er has to implemen t the in terface

pro vided b y the clien t comp onen t pro xies to the application: Eac h metho d call

p erformed b y the application results in exactly one metho d call to this to olkit

in terface la y er. An y result v alues returned from here will b e passed bac k to the

application.
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Because the API presen ted to the application and the in terfaces pro vided b y the

nativ e comp onen ts are not going to b e iden tical, and in sp ecial cases ma y ev en b e

substan tially di�eren t, the to olkit in terface la y er pla ys the role of an adaptor la y er

b et w een the t w o APIs. This is necessary b ecause the goal is not to pro vide the

nativ e comp onen t API to the application but instead a more abstract in terface.

4.6.6 Nativ e Comp onen ts

As already men tioned in the general o v erview presen ted in section 4.4 on page 44,

the term �nativ e comp onen ts� is here just a generic placeholder for the actual

comp onen t library used in the to olkit serv er, it is irrelev an t for the arc hitecture

whether these are actually implemen ted in nativ e co de or not. And ev en though

the to olkit's nativ e comp onen ts are alw a ys referred to as obje cts , this do es not

imply that the to olkit has to b e implemen ted in an ob ject orien ted language at

all (in fact, the GTK to olkit is a plain ANSI C library), so that the target ob ject

ma y just b ecome another parameter to the nativ e function call in the end.

As already men tioned b efore, the API that is used for the user in terface comp onen ts

visible to the application (the comp onen t pro xies) m ust not necessarily matc h the

API of these nativ e comp onen ts, but it m ust b e p ossible to implemen t all the

functionalit y adv ertised to the clien t using the functionalit y o�ered b y the nativ e

comp onen ts in the serv er.

4.7 Ev en t Messages

On the previous pages the individual steps that a request go es through on its w a y

from the application to the nativ e comp onen t library ha v e b een follo w ed. Ev en ts

�o w in the opp osite direction: They are generated async hronously b y the nativ e

comp onen ts and are sen t to the application in m uc h the same w a y as request

resp onses: In the form of event messages . Lik e requests, ev en t messages can also

carry argumen ts con v eying additional information to the application ab out the

activit y that is describ ed b y the ev en t. A fairly t ypical example of ev en t argumen ts

are the curren t mouse co ordinates in the case of mouse ev en ts.

The next sections will pro vide a short o v erview of the comp onen ts that are in v olv ed

in the ev en t dispatc hing pro cess from the nativ e to olkit to the application.
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4.7.1 The Nativ e Ev en t Listener

Whenev er the application requests that an ev en t handler is added to a comp onen t

pro xy , the to olkit serv er resp onds to this b y attac hing its o wn nativ e ev en t listener

to the corresp onding nativ e comp onen t. This ev en t listener on the serv er side is a

generic listener that is suitable for all kinds of ev en ts that the to olkit comp onen ts

ma y generate. An y suc h ev en t generated thereafter b y the comp onen t is handled

in the ev en t listener b y creating a corresp onding ev en t message for this ev en t and

sending it through the comm unication la y er to the ev en t dispatc her in the to olkit

clien t. And just lik e the request messages, the ev en t messages ha v e to b e prop erly

enco ded for transp ort as w ell.

In practice, an additional optimization can b e applied here: It is in fact only

necessary to attac h suc h a listener the �rst time an ev en t of giv en t yp e is requested

from a comp onen t, b ecause ev en t m ultiplexing can also b e done transparen tly on

the clien t side, a v oiding the need to transmit the same ev en t m ultiple times from

the serv er to the clien t. This is b oth more e�cien t and reduces ev en t latencies.

Although this is not re�ected in the diagram, it ma y also b e a go o d idea to pass

the ev en t messages through a metho d in the in v o cation serv er in an e�ort to

isolate the ev en t listener comp onen t from an y c hanges in the comm unication la y er,

so that only the in v o cation serv er needs to b e replaced when using a di�eren t

comm unication mec hanism. Otherwise the ev en t listener needs to b e replaced as

w ell in suc h a situation.

4.7.2 The Ev en t Dispatc her

All messages that arriv e across the comm unication la y er at the to olkit clien t are

handled b y the ev en t dispatc her. There are t w o kinds of suc h messages, resp onse

messages corresp onding to requests that are still a w aiting an outstanding reply in

the clien t and ev en t messages rep orting ab out activit y in the user in terface. The

reason that the ev en t dispatc her is resp onsible for b oth of them is quite simple:

Since there is only a single connection b et w een the to olkit clien t and the serv er,

b oth t yp es of messages ha v e to b e transp orted across the same medium, and

therefore there can only b e one thread w aiting for these messages.

While the seman tic di�erence b et w een these t w o message t yp es is irrelev an t to the

comm unication la y er, the ev en t dispatc her needs to b e able to distinguish b et w een

them to correctly deco de and forw ard them: Resp onse messages are matc hed to

their corresp onding request message and directly forw arded to whic hev er thread

sen t the original request. Ev en t messages need to b e dispatc hed instead to the

main lo ops on whic h an ev en t handler for this t yp e of ev en t has b een registered
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for the source comp onen t of the ev en t. This is the place where ev en t m ultiplexing

is p erformed when m ultiple handlers ha v e b een registered for the same ev en t.

4.7.3 The Main Lo op

The main ev en t lo op v ery m uc h pla ys the general role already describ ed b efore in

c hapter 2.1.5 on page 17. It is resp onsible for sequen tially dispatc hing all ev en ts

deliv ered to this lo op to the ev en t handler metho ds inside the application co de.

The main di�erence in the approac h presen ted here compared to A WT or Swing is

that the main lo op is made explicit in the API, whic h giv es the freedom to the pro-

grammer to actually ha v e m ultiple main lo ops inside an y giv en application. Eac h

of these lo ops runs completely indep enden tly of the others, sequen tially handling

the ev en ts assigned to it b y the ev en t dispatc her. It w ould ev en b e p ossible to

handle the same ev en t in sev eral main lo ops in parallel if desired, though no guar-

an tees are made regarding the order in whic h m ultiple copies of the same ev en t

w ould b e dispatc hed to the di�eren t main lo ops in suc h a case.

4.8 Dealing with Mo dal Windo ws

There is one case that needs sp ecial care when implemen ting a main lo op for the

approac h presen ted here: mo dal application windo ws. T o understand wh y , it needs

to b e explained brie�y what a mo dal windo w is and ho w it b eha v es di�eren tly from

a normal, non mo dal windo w. A windo w in a user in terface can generally either

b e used in a mo dal or non mo dal w a y , where the latter is the usual case. A mo dal

windo w restricts all in teraction of the user with the program to only that particular

windo w, con trols in other windo ws of the application are blo c k ed as long as the

mo dal windo w is on the screen. This is often used for dialogue windo ws that require

immediate user atten tion b efore the program can pro ceed in an y meaningful w a y .

Mo dal windo ws are often used for displa ying error messages or letting the user

c ho ose a �le to op en as a do cumen t in the application.

T o the programmer, a mo dal windo w also lo oks a lot di�eren t: In the A WT and

Swing for example, displa ying suc h a windo w will cause the corresp onding show()

or setVisible() op eration to blo c k un til the windo w is remo v ed from the screen

again. More generally: A mo dal windo w allo ws the application to op en a windo w

and sync hronously w ait for the windo w to close. This immediately leads to a v ery

in teresting question: If the mo dal windo w is sho wn from an ev en t handler � and

this is of course the usual case - this will ha v e the ob vious consequence that the

ev en t handler cannot return to the main ev en t lo op un til after the windo w is closed.

But ho w do es the application then pro cess ev en ts inside the mo dal windo w? As
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describ ed b efore, not returning from an ev en t handler can ha v e v ery dev astating

consequences for a normal Ja v a program.

The answ er to this question is that for mo dal windo ws, the op eration that displa ys

the windo w is a bit �magical�: It do es not return, but instead starts a new (re-

cursiv e) main lo op. Closing the windo w automatically terminates this main lo op

again and returns from the metho d that displa y ed the windo w to the application's

ev en t handler. This tric k is wh y ev en t handling for mo dal windo ws w orks at all

in a strictly single-threaded ev en t handling mo del. So ho w can this b eha viour

b e sim ulated in a message-based approac h? The problem here is that due to the

logical separation of the application from the to olkit the application's main lo op

do es not kno w ab out the mo dal windo w and will return immediately .

There are t w o w a ys to solv e this problem: The simplest w a y is to de�ne the

setVisible() metho d as a synchr onous op eration, for example b y making it re-

turn a v alue. This forces the metho d call to w ait un til the corresp onding op eration

in the to olkit serv er returns. The other option is to start a recursiv e in v o cation

of the curren t thread's main lo op from the pro xy comp onen t as w ell whenev er a

mo dal windo w is ab out to op en. Doing this of course requires that the main lo op

implemen tation is able to supp ort recursiv e in v o cations.

4.9 Ja v a Applets

The message-based approac h can b e applied to Ja v a applets as w ell: An applet

is a graphical Ja v a comp onen t that is designed for running inside a restricted

en vironmen t in a user's w eb bro wser. The applet co de is loaded on demand across

the net w ork, ob viating the need to �rst distribute the application to the user.

Instead of op ening its o wn application windo w, an applet shares part of the screen

with the bro wser.

Though it is of course p ossible to include b oth the to olkit clien t and the serv er in to

the applet, the more in teresting case here is using a net w ork connection b et w een

them: This leads to a mo del where the applet is merely functioning as the user

in terface la y er for a serv er side application, b ecoming v ery similar to what is more

widely kno w as a web applic ation to da y: An serv er side program that is con trolled

b y a user in terface in the clien t's w eb bro wser. In fact, this mo del is almost exactly

what Ja v a application serv ers lik e Jakarta T omc at and Apple's W ebObje cts try to

pro vide: The illusion that the w eb application whic h is running on the serv er is

transparen tly connected with its user in terface in the clien ts w eb bro wser, using

the stateless HTTP proto col. W ebObje cts ev en includes an in terface builder that

allo ws the dev elop er to design an HTML user in terface where ev en ts lik e button

clic ks can b e visually connected to ev en t handling metho ds inside the application.
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But an HTML form is v ery limited in its mo del of in teraction with the user: The

in terface is completely static, and the serv er can only up date the in terface when

a submit button is pressed b y the user. F urthermore, it alw a ys has to replace the

in terface c ompletely , ev en if it just w an ts to up date a single line of text, whic h ma y

cost a lot of tra�c. This problem can b e mitigated to some extend b y mo ving parts

of the application in to clien t side Ja v aScript: Using Ja v aScript on the clien t allo ws

for m uc h b etter in teractivit y , since it enables the program to handle arbitrary

mouse clic ks and pro cess k eyb oard input. F or example, men us on w eb pages are

often done completely in Ja v aScript. The ob vious disadv an tage is that there is no

standard library of �Ja v aScript enabled� GUI comp onen ts for use in w eb pages.

Using the message-based mo del in com bination with a Ja v a applet pro vides an easy

solution here: The user in terface can b e created from re-usable Ja v a comp onen ts

and the application logic is connected to the in terface through a p ersisten t so c k et

connection that is not limited b y the HTTP proto col. In particular, ev en ts can

b e sen t to the serv er without issuing new HTTP requests that w ould lead to a

complete re-rendering of the page.

In terestingly , a similar approac h can b e seen in the new Ajax tec hnology [8] used

for example in Go o gle Mail . Ajax is an abbreviation for Asynchr onous JavaScript

A nd XML and tries to solv e the async hronously ev en t handling problem b y using

XML-RPC instead of HTTP to talk to the application logic on the serv er:

Instead of loading a w eb page, at the start of the session, the bro wser

loads an Ajax engine � written in Ja v aScript and usually tuc k ed a w a y

in a hidden frame. This engine is resp onsible for b oth rendering the

in terface the user sees and comm unicating with the serv er on the user's

b ehalf. The Ajax engine allo ws the user's in teraction with the applica-

tion to happ en async hronously � indep enden t of comm unication with

the serv er. So the user is nev er staring at a blank bro wser windo w and

an hourglass icon, w aiting around for the serv er to do something.

� Jesse James Garrett in �A New Approac h to W eb Applications� [8 ]

While using Ajax is a de�nite impro v emen t in this regard, it forces the application

dev elop er to mo v e a signi�can t part of the application (the ev en t handling) in to the

clien t side co de, so instead of building a single application the co de is spread across

the Ja v aScript clien t and the serv er side logic. Applying the approac h presen ted

here allo ws for an ev en more �exible w a y to build w eb applications without the

need to separate the application in to clien t and serv er co de.
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4.10 Summary

This c hapter has presen ted a general arc hitecture that is able to ful�l all of the

ob jectiv es outlined in section 4.2 on page 42:

By using messages instead of metho d calls as a comm unication tec hnique, it pro-

vides an inheren tly thread-safe w a y to access user in terface comp onen ts from ap-

plication threads ev en for m ulti-threaded applications, without putting sp ecial

demands on the to olkit or in tro ducing lo c king at the to olkit lev el. The same

mec hanism enables the use of m ultiple concurren t ev en t lo ops inside an applica-

tion with transparen t ev en t forw arding, enabling the application to for example

handle ev en ts originating from separate windo ws in di�eren t threads.

The abstraction enforced b y the logical separation b et w een the application and

the user in terface to olkit can b e used as w ell to supp ort a wide range of p ossi-

ble to olkit implemen tations, including nativ e and non-nativ e to olkits (examples

for this are presen ted in the follo wing c hapter). By o�ering the same consisten t

in terface to the program, these implemen tations can b e easily replaced without

the need to recompile the application. This separation also op ens the p ossibilit y

for in tro ducing a remote displa y capabilit y for Ja v a programs, based on the same

arc hitecture of message passing.

Finally , b y applying the same message-based approac h to Ja v a applets, a new

mo del for creating w eb applications arises: Implemen ting a form of serv er side

applets with a clien t side user in terface.
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Chapter 5

Protot yp e Implemen tation

5.1 Ov erview

This c hapter describ es a protot yp e implemen tation of the message-based approac h

presen ted in the previous c hapter to pro v e that the ideas presen ted there are ac-

tually viable. It is divided in to four ma jor parts: The comp onen t API visible to

an application, the nativ e to olkit serv er, the Swing to olkit serv er and the TCP

so c k et based transp ort implemen tation for b oth. This is follo w ed b y presen ting an

example application and �nally a section on the handling of applets. But it will

start �rst with a short lo ok at ho w the c hannels used for thread comm unication

can b e represen ted in Ja v a.

5.2 Channels

The bu�ered channel implemen tation in Ja v a is actually quite straigh tforw ard: It

is based on a link ed list as the in ternal data structure for the ob ject bu�er b ecause

it is used as a queue, and an arra y based list cannot e�cien tly remo v e the �rst

elemen t of the list

1

. Care m ust b e tak en to prop erly sync hronize all op erations on

the bu�er. The send() op eration is used to send an ob ject across a c hannel:

public class Channel

{

private LinkedList queue = new LinkedList();

public void send (Object object)

{

synchronized (this) {

1

An ev en faster alternativ e for a limited bu�er size w ould b e to use a ring bu�er.
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queue.addLast(ob jec t) ;

notify();

}

synchronized (Channel.class) {

Channel.class.no tif y( );

}

}

Sending an ob ject nev er blo c ks and noti�es a p oten tial thread that is w aiting on

this c hannel. It also needs to notify the c hannel class to b e able to supp ort the

alt() op eration describ ed b elo w. The coun terpart for receiving a data ob ject from

a c hannel is the receive() op eration, it will blo c k un til data b ecomes a v ailable if

the c hannel's bu�er is empt y:

public synchronized Object receive () throws InterruptedExcept io n

{

while (queue.size() == 0) {

wait();

}

return queue.removeFirs t( );

}

It is also p ossible to use the available() metho d to c hec k whether an y data is

curren tly a v ailable on a c hannel without blo c king the reader. It will return the

next ob ject from the c hannel or null if the c hannel is empt y . This e�ectiv ely

w orks lik e a non-blo c king v ersion of receive() :

// note: unavailable is indistinguishable from null

public synchronized Object available ()

{

if (queue.size() == 0)

return null;

return queue.removeFirs t( );

}

CSP [12 ] also in tro duced the AL T comp ositional construct, whic h is used to de-

scrib e that a pro cess dep ends on a n um b er of c hannels and w aits for an y of them

to b ecome ready for either reading or writing (the other op erations supp orted b y

AL T in CSP are not used here). Alef and Lim b o o�er this in the form of a new

con trol structure in the language itself, whic h is of course not an option here, so it

is done as a class metho d of the c hannel class. The alt() op eration is in fact v ery

similar to the sele ct function in POSIX for w aiting on m ultiple so c k ets or the cor-

resp onding W aitF orMultipleObje cts in the Win32 API. The only tric ky asp ect is

that the monitor construct used for thread sync hronization in Ja v a is v ery limited
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when it comes to w aiting for m ultiple resources: The only monitor op eration for

w aiting un til a condition is signalled b y another thread in the core Ja v a API is the

wait() metho d, whic h releases a single monitor and w aits for a noti�cation. What

w ould b e needed here is w a y to release al l monitors and w ait un til any of them is

noti�ed. The only w a y to mo del this in Ja v a is to either use m ultiple threads (one

w aiting on eac h c hannel) or b y using a w ell-kno wn ob ject lik e the Channel class

itself as a cen tral monitor ob ject that is noti�ed whenev er any c hannel c hanges its

state to b ecome ready . The latter v arian t has b een c hosen for this implemen tation.

Since the c hannels dealt with here are bu�ered, AL T is really only useful for w aiting

for a list of c hannels to b ecome ready for reading, b ecause a write to a c hannel

will nev er blo c k. The alt() op eration therefore w orks on an arra y of c hannels and

will return the next data that is a v ailable from an y of them:

public static synchronized Object alt (Channel channels[])

throws IllegalArgumentE xc ep tio n, InterruptedExcep ti on

{

if (channels.lengt h == 0) {

throw new IllegalArgumentE xc ep tio n( "e mpt y channel list");

}

for (;;) {

int index;

Object object;

for (index = 0; index < channels.length; ++index)

if ((object = channels[index] .a va ila bl e() ) != null)

return object;

Channel.class.wa it( );

}

}

It is actually p ossible to use this metho d to build a sub class of Channel that

encapsulates a group of c hannels to mak e them lo ok lik e a single c hannel to the

caller: A receive() op eration will return the �rst a v ailable message receiv ed

from an y of the w atc hed c hannels and the send() op eration sends an ob ject to all

c hannels in the group and therefore can act as a simple m ultiplexer for messages:

public class AltChannel extends Channel

{

private Channel channels[];

public AltChannel (Channel channels[])

{

this.channels = channels;

}

public void send (Object object)
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{

int index;

for (index = 0; index != channels.length; ++index) {

channels[index]. sen d( ob jec t) ;

}

}

public Object receive () throws InterruptedExcep ti on

{

return alt(channels);

}

}

5.3 The GUI Library

The implemen tation of the graphical user in terface library visible to the application

consists of four comp onen ts, whic h are describ ed in the follo wing sections in turn:

The ev en t abstraction, the main lo op, the request dispatc her and a set of comp o-

nen t classes. In theory it w ould b e p ossible to mak e the comp onen t API mostly

compatible with (p ossibly a subset of ) some existing GUI library for Ja v a, but this

has b een a v oided to gain more freedom in c ho osing whic h subset of comp onen ts

to implemen t for the protot yp e to olkit serv er.

5.3.1 Ev en ts

Ev en ts are generally represen ted as ob jects that ma y carry extra state whic h is

relev an t to the particular t yp e of ev en t. The basic ev en t t yp e is the Event class

that only con tains the reference to the ev en t source, similar to the standard class

java.util.EventObje ct whic h forms the base class for the A WT and Swing ev en t

classes. The only di�erence here is that the ev en t kno ws its t yp e name:

public class Event

{

protected final Object source;

protected final String type;

public Event (Object source, String type)

{

this.source = source;

this.type = type;

}

public Object getSource ()

{
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return source;

}

public String getType ()

{

return type;

}

}

More sp eci�c ev en t t yp es t ypically use sub classes of this class, as for example

mouse ev en ts. Using a sub class is alw a ys required when the ev en t also con v eys

some state information that cannot b e queried from the source ob ject on demand,

i.e. that is not inheren t state of the comp onen t itself. Common examples of this

are mouse ev en ts (whic h include the mouse p osition and button state) and k ey

ev en ts (t yp ed k ey-co de, mo di�er k eys).

5.3.2 Ev en t Handlers

The ev en t handling mo del follo ws the general strategy describ ed at the b eginning

of this thesis in c hapter 2.1.4 on page 15, with a few notable di�erences due to the

fact that parallel ev en t handling is supp orted, these are explained b elo w. Ev en t

handler metho ds can either implemen t the pre-de�ned EventListener in terface,

whic h is � as the name implies � a generic in terface suitable for all t yp es of ev en ts

or they can b e arbitrary Ja v a metho ds that simply follo w the metho d signature

for ev en t handlers: A void return t yp e and a single parameter of t yp e Event :

public interface EventListener

{

public void handleEvent (Event event);

}

This is di�eren t from the mo del used in the A WT and Swing, where there are

di�eren t ev en t listener in terfaces for eac h ev en t t yp e, and the metho d signature

includes the concrete ev en t t yp e. Alw a ys using the base ev en t t yp e in the metho d

signature has the adv an tage that is allo ws for di�eren t ev en t t yp es to b e handled

b y the same handler co de. The price for this is that it in tro duces a small burden

on the side of the application programmer, who has to cast the ev en t ob ject to the

prop er t yp e b efore accessing sp eci�c attributes of the ev en t (except the sour c e ).

This also has the e�ect of deferring ev en t t yp e c hec king un til run time. Of course,

using separate handlers for distinct ev en t t yp es remains the common case.

As a consequence, there is only one set of metho ds for installing ev en t handlers of

an y t yp e, and the ev en ts t yp es are di�eren tiated using standardized ev en t names.

The t w o main metho ds for attac hing new ev en t handlers to a comp onen t are

pro vided b y the Component class:
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void addEventHandler (String type, EventListener target);

void addEventHandler (String type, Object target, String method)

throws NoSuchMethodException;

F or example, to add an ev en t handler for a button clic k, one w ould use:

button.addEventHandler("c lick ed", anEventHandler);

The same metho d can also b e used to capture c hange ev en ts of a slider comp onen t:

slider.addEventHandler("c hang ed", anEventHandler);

A ttac hing an ev en t handler to a comp onen t alw a ys (often implicitly) asso ciates

the giv en handler with an instance of a main lo op, so that when the ev en t o ccurs,

the handler is in v ok ed from the correct thread whic h is running the corresp onding

main lo op. This can b e done either explicitly b y sp ecifying a particular main lo op

when attac hing the ev en t handler or it happ ens implicitly when this information

is not pro vided:

public void addEventHandler (String type, EventListener target)

{

addEventHandler( ty pe , MainLoop.defaul tM ai nLo op (), target);

}

As describ ed in the next section, ev ery thread is assigned a default main lo op when

it �rst tries to register an ev en t handler without explicitly sp ecifying a main lo op,

whic h can alw a ys b e obtained b y a call to MainLoop.defaultMainLoop() . So, in

the common use case of connecting the ev en t handlers from the same thread that

will handle these ev en ts later on, sp ecifying a main lo op can b e omitted.

5.3.3 Encapsulation of the Main Lo op

The MainLoop class pla ys a v ery cen tral role in the ev en t dispatc hing pro cess: All

ev en ts are forw arded b y the disp atcher to the main lo op resp onsible for in v oking a

giv en ev en t handler metho d. T o b e able to tak e part in this pro cess, eac h main lo op

needs its o wn Channel for receiving DispatchInfo ob jects. The c hannel to use

can b e sp eci�ed when creating the main lo op, if desired (otherwise a new c hannel

is created for eac h main lo op):

public class MainLoop implements Runnable

{

private Channel channel; // event dispatch channel

public MainLoop ()

{

this(new Channel());

}
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public MainLoop (Channel channel)

{

this.channel = channel;

}

This class also main tains a default main lo op separately for eac h thread, stored in a

ThreadLocal ob ject. ThreadLocal is a standard Ja v a class that allo ws eac h thread

to store data visible only to the calling thread, so that a thread can store its o wn

priv ate data without disturbing the other threads (normally , data is shared b et w een

all threads). The curren t thread's default main lo op can alw a ys b e obtained b y a

call to the defaultMainLoop metho d.

private static ThreadLocal loop = new ThreadLocal() {

protected Object initialValue() {

return new MainLoop();

}

};

public static MainLoop defaultMainLoop ()

{

return (MainLoop) loop.get();

}

public void setDefaultMainLoo p ()

{

loop.set(this);

}

The run() metho d of the main lo op itself is almost trivial: It will rep eatedly w ait

for new DispatchInfo ob jects arriving on its c hannel and dispatc h those to the

corresp onding handler that is stored inside eac h DispatchInfo ob ject. The lo op

runs un til it is halted b y a call to its terminate() metho d:

private int level; // is MainLoop running?

public void run () // start this MainLoop

{

int current = ++level;

while (level >= current) {

try {

DispatchInfo info = (DispatchInfo) channel.receive () ;

info.dispatchEven t( );

} catch (InterruptedExc ept io n ex) {

terminate();

}

}

}
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public void terminate ()

{

if (level > 0) {

--level;

}

}

T o prop erly supp ort recursiv e main lo op in v o cations, whic h ma y b e needed b y the

ev en t handling for mo dal windo ws (as describ ed is section 4.8 on page 52), an

in ternal coun t of the lev el of recursion is main tained b y the main lo op ob ject.

5.3.4 The Request Dispatc her

The job of the request dispatc her in this implemen tation is t w ofold, as it com bines

the roles of the request dispatc her and the ev en t dispatc her: It has to forw ard an y

requests arriving on its request c hannel to the to olkit serv er, and it is resp onsi-

ble for deliv ering message replies and ev en ts to the appropriate threads that are

in tended to handle them.

The Dispatcher class itself is abstract and functions mainly as a factory for the

dispatc her singleton ob ject, whic h is an instance of one of the concrete Dispatcher

sub classes. The protot yp e includes sev eral implemen tations re�ecting the di�eren t

comm unication patterns (Ja v a Nativ e In terface, Ja v a metho d call, remote serv er

pro cess). The actual implemen tation to use in the application can b e selected from

the command line when starting the program:

� When the system prop ert y gui.to olkit is de�ned, it selects the JNI dispatc her

and tries to load a particular nativ e to olkit library , in this example the

� toolkit_gtk � library:

$ java -D gui.toolkit=gtk demo.Calculator

� When the system prop ert y gui.display is de�ned, it selects the TCP dis-

patc her and sp eci�es the lo cation (i.e. host name and p ort n um b er) of the

to olkit serv er. In this example, the serv er is running at p ort 5000 on the

host suleika :

$ java -D gui.display=suleika:5000 demo.Calculator

� Finally , if neither the to olkit nor the displa y is set, the Ja v a dispatc her is

used (in com bination with the Ja v a to olkit serv er):

$ java demo.Calculator

The getDispatcher() class metho d alw a ys returns a reference to the curren t

dispatc her ob ject, whic h is as explained ab o v e an instance of one of the con-
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crete Dispatcher sub classes appropriate to the application: NativeDispatcher ,

JavaDispatcher and TCPDispatcher . Should a sp eci�c dispatc her class alw a ys

b e required for an application, it is also p ossible to directly instan tiate one of the

pro vided sub classes.

public abstract class Dispatcher extends Thread

{

private static Dispatcher dispatcher;

public static synchronized Dispatcher getDispatcher ()

{

String display = getProperty("gu i. dis pl ay ");

String toolkit = getProperty("gu i. too lk it ");

try {

if (dispatcher != null)

return dispatcher;

else if (display != null)

return new TCPDispatcher(d isp la y) ;

else if (toolkit != null)

return new NativeDispatche r(t oo lk it) ;

else

return new JavaDispatcher( );

} catch (IOException ex) {

System.err.print ln( ex );

System.exit(1);

}

}

protected Dispatcher ()

{

synchronized (Dispatcher.class ) {

dispatcher = this;

}

}

Because applets are running inside a restricted execution en vironmen t, trying

to obtain the system prop erties describ ed ab o v e in an applet will result in a

SecutityException , so a simple wrapp er for the standard getProperty() metho d

is included here that returns null v alues in case a prop ert y cannot b e accessed

(there is really no other w a y to �nd out ab out this without trying). In fact, these

prop erties will nev er b e set in an applet an yw a y , so this is just �ne.

private static String getProperty (String name)

{

try {

return System.getProper ty( na me );

} catch (SecurityExceptio n ex) {

return null;

}
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}

The dispatc her base class also pro vides a getChannel() metho d to access the

c hannel on whic h the dispatc her is willing to receiv e requests once the dispatc her

thread is running:

protected Channel channel = new Channel();

public Channel getChannel ()

{

return channel;

}

5.3.5 Request and Ev en t Messages

As one of the ma jor goals of this approac h is to represen t the �o w of b oth re-

quests and ev en ts as messages, the next asp ect describ ed is ho w this is done in the

protot yp e. Since sending a message across a c hannel is alw a ys an async hronous

op eration � the send() will complete b efore the result v alue, if an y , is kno wn �

request replies require their o wn messages, so there are in fact three message t yp es:

Request, reply and ev en t, called EventMessage here to disam biguate this from the

Event class describ ed in the previous section.

A r e quest is comprised of sev eral pieces of information: The c hannel where the reply

should b e sen t to (if an y), the target ob ject (also kno wn as the message receiv er),

the message name and the request argumen t list. The b e able to represen t an y

form of parameter t yp es, the argumen t list is represen ted as an Object arra y here,

whic h is the common w a y to store suc h parameter lists in Ja v a (as is seen in the

Java R e�e ction API for example). A dditionally , eac h request is assigned a unique

sequence n um b er, whic h is not strictly required, but helps to detect subtle errors

lik e missing or out-of-order replies:

public class Request

{

private static int seqnum;

private int number;

private Channel wait;

private Object target;

private String message;

private Object args[];

public Request (Channel wait, Object target, String message, Object args[])

{

synchronized (Request.class) {

this.number = ++seqnum;
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}

this.wait = wait;

this.target = target;

this.message = message;

this.args = args;

}

The reply() metho d of a request is used to send a result v alue bac k to the correct

thread that is w aiting for the result using the c hannel stored in the request:

public void reply (Object result)

{

if (wait != null)

wait.send(result );

}

The Reply class is m uc h simpler, comprised only of the op eration result v alue and

the sequence n um b er of the request that this reply b elongs to.

public class Reply

{

private int number;

private Object value;

public Reply (int number, Object value)

{

this.number = number;

this.value = value;

}

}

Finally , ev en ts generated b y the user in terface need to b e represen ted as messages

as w ell. These are actually somewhat similar to requests in that they can carry

an (optional) argumen t list, but instead of a target and a message they con tain

information ab out the ev en t source and the ev en t t yp e:

public class EventMessage

{

private Object source;

private String type;

private Object args[];

public EventMessage (Object source, String type, Object args[])

{

this.source = source;

this.type = type;

this.args = args;

}
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A unique asp ect of ev en ts is ho w they are deliv ered: Instead of ha ving a sp eci�c

target ob ject, the ev en t source main tains a list of observ er ob jects p er t yp e that

are noti�ed whenev er an ev en t of the giv en t yp e originates from the comp onen t.

T o mo del this, the EventMessage ob ject has a dispatch() metho d that obtains

the list of ev en t handlers from the comp onen t and p osts the ev en t (encapsulated

inside a DispatchInfo ) to the c hannels of eac h the handler's main lo ops:

public void dispatch ()

{

Component source = (Component) this.source;

HandlerInfo handlers[] = source.getEventH and le rs( ty pe );

Event event = getEvent();

int index;

for (index = 0; index < handlers.length ; ++index) {

HandlerInfo handler = handlers[index] ;

handler.getChann el( ). se nd( ne w DispatchInfo(hand le r, event));

}

}

5.3.6 User In terface Comp onen ts

The Component class is the base class of all user in terface classes in the API visible

to the programmer. The class itself is abstr act , so it cannot b e instan tiated, y et

it pro vides the necessary infrastructure for its sub classes to create new requests

and comm unicate with the request dispatc her. Moreo v er, it de�nes a set of basic

metho ds common to all comp onen ts, in particular the metho ds to attac h and

detac h ev en t handlers to comp onen ts.

Remem b er that all these comp onen ts are just acting as pro xies for the real nativ e

comp onen ts inside the to olkit library , so the �rst thing this class has to pro vide is

a transparen t mapping b et w een these t w o la y ers of ob jects. T o ac hiev e this, the

Component class main tains a map of all comp onen ts created b y the application

(using we ak r efer enc es for the reasons explained in section 5.4.5 on page 85). Ba-

sically , a key is de�ned for eac h ob ject and this can b e used to lo okup a particular

comp onen t later on if necessary .

In the protot yp e this is simply the unique ob ject iden ti�er of this ob ject in the

Ja v a virtual mac hine as returned b y the toString() metho d of Ja v a's Object

class. But this c hoice is really arbitrary: Apart from the premise that this string is

unique among all created comp onen ts and sta ys constan t o v er time, it is nothing

more than an opaque tok en used to refer to this ob ject in the message proto col.

One can think of this as �assigning names� to the comp onen ts b y the fron tend.
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The getComponent() metho d is used to lo ok up a comp onen t giv en its k ey:

public abstract class Component

{

private static Map map = new HashMap();

protected static Component getComponent (String key)

{

synchronized (map) {

WeakReference ref = (WeakReference) map.get(key);

return ref != null ? (Component) ref.get() : null;

}

}

Due to the fact that this can b e used sim ultaneously b y sev eral threads, all access to

the map has to b e prop erly sync hronized. Whenev er a new comp onen t is created,

it is inserted in to the map and a constructor message is send to the dispatc her:

protected Component (Class type)

{

synchronized (map) {

map.put(toString (), new WeakReference(th is ));

}

dispatchVoidMess ag e( typ e. ge tNa me () , null);

}

This is the �rst time that the request dispatc hing pro cess can actually b e seen in

action: dispatchVoidMessage() creates an asynchr onous request message from a

message name � this is alw a ys the t yp e name for constructors � and an argumen t

list, whic h is empt y in this case. The target of the message is implicit, as it is

alw a ys the comp onen t itself, and the message is dispatc hed immediately .

Once all the references to a comp onen t disapp ear, the finalize() metho d remo v es

this en try from the map and tells the to olkit bac k end that this comp onen t is no

longer referenced from the application, using the gui.Comp onent.unr ef message:

protected void finalize ()

{

synchronized (map) {

map.remove(toStr ing () );

}

dispatchVoidMess ag e( "gu i. Co mpo ne nt .un re f" , null);

}

All comm unication with the dispatc her w orks b y message passing using c hannels,
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of course: As already describ ed in section 5.3.4 on page 63, the dispatc her singleton

instance has its o wn c hannel for receiving requests, so the Component class just

has to build a new Request ob ject and send it to this c hannel:

private static Channel dispatch_channe l =

Dispatcher.getDi sp at che r( ). get Ch an nel () ;

protected void dispatchMessage (String message, Object args[])

{

Channel chan = (Channel) channel.get();

dispatch_channel .s en d(n ew Request(chan, this, message, args));

}

protected void dispatchVoidMess age (String message, Object args[])

{

dispatch_channel .s en d(n ew Request(null, this, message, args));

}

The di�erence b et w een dispatchMessage() and dispatchVoidMessage() is that

the former creates a synchr onous request whereas the latter creates an asyn-

chr onous request. Sync hronous requests are used for metho ds that exp ect reply

v alues. Since replies are sen t as messages via c hannels as w ell, the Component

class pro vides a c hannel on whic h these ma y b e receiv ed. And b ecause m ultiple

threads can b e w aiting for replies sim ultaneously , there needs to b e one suc h c han-

nel p er thread, whic h again is handled in Ja v a b y using a ThreadLocal ob ject. The

getResult() metho d can then b e used to obtain the result of the most recen tly

dispatc hed sync hronous message in the curren t thread:

private static ThreadLocal channel = new ThreadLocal() {

protected Object initialValue() {

return new Channel();

}

};

protected Object getResult ()

{

try {

return ((Channel) channel.get()). re ce ive () ;

} catch (InterruptedExcep ti on ex) {

// this should never happen

throw new InternalError("i nt er rup t in receive()");

}

}

Another imp ortan t part of the Component class is the set of metho ds used to add

and remo v e ev en t handlers for comp onen ts. As has b een men tioned b efore, all

ev en t t yp es use these metho ds to main tain their list of ev en t handlers, unlik e the
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API used b y A WT or Swing, where this functionalit y is scattered across (and often

duplicated in) man y GUI comp onen t classes in an e�ort to pro vide t yp e safet y .

Handlers are organized b y t yp e and stored in separate lists created on demand for

eac h ev en t t yp e:

private Map handlers = new HashMap();

private synchronized void addEventHandler (String type, HandlerInfo info)

{

List list = (List) handlers.get(ty pe) ;

if (list == null) {

list = new ArrayList();

handlers.put(typ e, list);

}

if (list.size() == 0) {

dispatchVoidMess age (" gu i.C om po nen t. at tac h" , new Object[] {type});

}

list.add(info);

}

Remo ving ev en t handlers w orks m uc h in the same w a y as adding them:

private synchronized void removeEventHand le r (String type, HandlerInfo info)

{

List list = (List) handlers.get(ty pe) ;

if (list == null)

return;

list.remove(info );

if (list.size() == 0) {

dispatchVoidMess age (" gu i.C om po nen t. de tac h" , new Object[] {type});

}

}

The remainder of the metho ds of the Component class just serv e as an example

here of ho w the t w o message dispatc hing functions sho wn ab o v e are used inside the

metho d stubs of the other comp onen t classes to forw ard metho d calls as requests

to the to olkit serv er. Eac h comp onen t metho d uses these dispatc hing functions

to build a new Request ob ject that encapsulates the receiving ob ject, the metho d

iden ti�er and the argumen t list. The request is then immediately sen t to the

dispatc her's request c hannel. In this w a y , the comp onen t classes are equiv alen t to

the clien t side pro xy ob jects of a distributed ob ject system lik e RMI or CORBA.
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All primitiv e t yp es of course need to b e wrapp ed in to their corresp onding Ja v a

wrapp er classes when dealing with messages:

public Component getParent ()

{

dispatchMessage( "g ui .Co mp on ent .g et Par en t" , new Object[] {});

return (Component) getResult();

}

public void setEnabled (boolean enabled)

{

dispatchVoidMess ag e( "gu i. Co mpo ne nt .se tE na ble d" ,

new Object[] {new Boolean(enabled )}) ;

}

public boolean isEnabled ()

{

dispatchMessage( "g ui .Co mp on ent .i sE nab le d" , new Object[] {});

return ((Boolean) getResult()).boo lea nV al ue( );

}

In fact, the construction of the request argumen t lists could b e simpli�ed a lot

b y using the new syn tax for v ariable argumen t lists for metho ds whic h has b een

in tro duced in the JDK 1.5, but the co de generally tries to sta y compatible with

older releases of the JDK, so that is not done here.

5.4 Nativ e T o olkit Serv er

The nativ e to olkit serv er is an implemen tation of the serv er comp onen t of the

message-based approac h in nativ e C co de that runs in the same pro cess as the Ja v a

in terpreter. A ccessing nativ e co de from Ja v a is done via the Java Native Interfac e

[14], whic h practically forms a bridge b et w een the Ja v a language and C/C++: It

allo ws Ja v a classes to con tain metho ds that are implemen ted in C or C++ and

it pro vides a C compatible API to access Ja v a classes, ob jects and metho ds from

nativ e co de. In Ja v a, suc h metho ds are declared with the native k eyw ord and are

missing a metho d b o dy (similar to abstract metho ds), the implemen tation is then

pro vided b y a shared library mo dule (DLL) that is loaded at run time in to the Ja v a

virtual mac hine.

5.4.1 The Nativ e Dispatc her

The NativeDispatcher class is in tended for in terfacing with a nativ e to olkit im-

plemen tation that is assumed to b e single-threaded. It consists of t w o threads:

The request dispatc her thread (mainly implemen ted in Ja v a) and a nativ e ev en t
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thread, whic h is handling all in teractions with the to olkit library , including in-

v oking nativ e comp onen t metho ds, listening to nativ e ev en ts and sending bac k

message replies. Because one cannot assume that m ultiple threads ma y in teract

with the underlying to olkit's comp onen ts, it is v ery imp ortan t here that only the

ev en t thread is visible to the to olkit library . This is not unlik e the threading mo del

used in the Swing to olkit where the ev en t thread is b oth resp onsible for deliv ering

ev en ts and up dating the user in terface b y metho d calls to the comp onen ts.

When the nativ e dispatc her is created, it tries to load the to olkit library in to the

Ja v a VM and starts the t w o dispatc her threads:

public class NativeDispatche r extends Dispatcher

{

private Request request;

protected NativeDispatcher (String toolkit)

{

System.loadLibra ry (" too lk it _" + toolkit);

new EventThread().st art () ;

start();

}

The dispatc her thread main tains a curren t request ob ject and noti�es the ev en t

thread using a nativ e metho d whenev er a new request has arriv ed on its c hannel.

The ev en t thread then w ak es up and pro cesses this request, p ossibly sending bac k

a reply . This pro cess is describ ed in m uc h more detail in the next section where

the GTK implemen tation for the to olkit serv er is discussed.

private native void notifyRequest ();

public void run ()

{

try {

for (;;) {

Request request = (Request) channel.receive () ;

synchronized (this) {

while (this.request != null)

wait();

this.request = request;

notifyRequest() ;

}

}

} catch (InterruptedExcep ti on ex) {

// terminate loop

}

}
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The ev en t thread is sp ecial in that is has a nativ e run() metho d whic h runs the

to olkit library's ev en t lo op. The getRequest() metho d is called from the nativ e

co de to obtain the next request to pro cess from the dispatc her:

public class EventThread extends Thread

{

protected Request getRequest ()

{

Request request;

synchronized (NativeDispatch er .th is ) {

request = NativeDispatcher .th is .r equ es t;

NativeDispatcher. th is. re qu est = null;

NativeDispatcher. th is. no ti fy( );

}

return request;

}

public native void run ();

}

5.4.2 GTK T o olkit Serv er

This to olkit serv er is based on the nativ e GTK to olkit library , whic h w as originally

dev elop ed for the GIMP image editing application and the Gnome desktop en vi-

ronmen t to render its graphical comp onen ts. The GTK to olkit is a general library

for creating graphical user in terfaces on Unix/X11 platforms, Windo ws and Mac

OS X (the Mac OS X p ort is still not completely �nished). The library itself is im-

plemen ted in ANSI C, but it pro vides a �exible, ob ject-orien ted arc hitecture that

supp orts man y of the features also found in Ja v a, including ob jects, classes, inher-

itance and dynamic binding. There is also a smaller accompan ying library called

GLib that pro vides the basic data t yp es, the framew ork for the class and ob ject

system, memory managemen t functions and a m ultitude of abstraction APIs en-

abling platform indep enden t supp ort for input/output, Unico de string handling,

m ulti-threading and sync hronization. This library is used for man y of the data

t yp es in the nativ e to olkit serv er.

The nativ e thread whic h is exclusiv ely in teracting with the to olkit functions is the

ev en t thread that is created b y the nativ e dispatc her when the NativeDispatcher

is created, as explained in the previous section. The ev en t thread's nativ e run()

metho d is running the to olkit's main ev en t lo op. When the thread is started, it

�rst initializes the GLib and GTK t yp e system and sets up sev eral in ternal data
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structures. The next step is to add the noti�cation pip e �le descriptor as an I/O

watch to the GTK main lo op, whic h ensures that the request noti�cations from

the dispatc her thread can b e handled b y the main lo op. Finally , the GTK main

lo op is started:

JNIEXPORT void JNICALL

Java_gui_NativeD isp at che r_ 00 024 Ev en tTh re ad _ru n (JNIEnv *env, jobject obj)

{

...

callback_data_t data;

g_type_init();

gtk_init(&argc, &argv);

if (!initialized)

init_environment () ;

data.env = env;

data.obj = obj;

g_io_add_watch( no tif y_ re ad, G_IO_IN|G_IO_HU P, io_watch, &data);

...

gtk_main();

}

What is this noti�cation pip e doing? T o understand this, one has to tak e a more

detailed lo ok at the fundamen tal problem that needs to b e solv ed here:

The nativ e to olkit has its o wn ev en t lo op, implemen ted in the to olkit library and

often not accessible directly to the programmer (though there are some exceptions

to this rule, as noted further on). The actual lo w-lev el ev en ts lik e mouse mo v emen ts

and k eyb oard actions are generated b y a displa y serv er that is separated from

the user program itself. Common examples of this are the X11 serv er on Unix

systems, the Graphics Device In terface on Windo ws and the Windo wServ er on

Mac OS X. Ev en ts are then distributed to the program b y some form of in ter-

pro cess comm unication lik e so c k ets or message queues, and the main lo op inside

the nativ e to olkit library needs to listen to this source of ev en ts. Ho w this is done

dep ends on the op erating system's facilities that can b e used here, for example, a

to olkit based on X11 uses the select() or poll() system call to w ait for readable

data on its so c k et connection to the X11 displa y serv er. On Windo ws this is

handled similarly , but instead of a so c k et, a message queue is used together with

the Win32 equiv alen t of select() , the WaitForMultipleObjects() function.

This is all �ne as long as the displa y serv er is the only source of input that the

to olkit's main lo op needs to listen to. But here the nativ e ev en t lo op m ust b e able

to handle an y incoming requests from the comm unication la y er as w ell, while still

listening to the displa y serv er at the same time. All of this has to w ork without the

need to in tro duce separate threads, whic h as discussed previously is not desirable.

This is actually quite easy to do on a conceptual lev el, b ecause b oth select() and
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WaitForMultipleObjects() already supp ort listening to m ultiple input sources,

if only the programmer could in�uence the parameters passed to these functions.

Suc h a problem is not new, in fact. Ev ery GUI program that needs to read data

from a p ossibly slo w data source (lik e a remote net w ork serv er) w ould b ene�t from

b eing able to w ait for new data and new ev en ts from the user in terface at the same

time. Therefore, almost all to olkits in use to da y actually already pro vide some

means to do this, in one of t w o w a ys:

The �rst metho d is to pro vide one's o wn implemen tation of the main ev en t lo op in

place of the default one. F or this case there are t ypically some lo w-lev el functions

pro vided b y the to olkit to mak e this as easy as p ossible. F or example, with the Xt

to olkit on X11 doing so w ould lo ok lik e this:

fd = ConnectionNumber(display);

if (select(...) > 0)

{

XEvent event;

XtNextEvent(event);

XtProcessEvent(event);

}

This metho d is of course somewhat cum b ersome (as w ell as less lik ely to b e

p ortable) and just sho ws that the to olkit implemen tation in question lac ks a prop er

abstraction of the main lo op in the �rst place

2

.

The second and more elegan t w a y to solv e this is to merely register a new input

source with the to olkit's nativ e ev en t lo op, when the to olkit's API supp orts a w a y

to do this. W aiting for an y incoming data can then b e handled just �ne b y the

nativ e ev en t lo op in parallel with w aiting for ev en ts from the displa y serv er.

Either w a y , this do es not y et completely solv e the original problem here: The

ev en ts are deliv ered to the dispatc her thread using a Ja v a c hannel ob ject, and suc h

a c hannel is ob viously not a suitable input source for use in a select() op eration

in the to olkit. It is not really clear whic h op eration the wait() metho d used b y

the Channel implemen tation while w aiting for data on a c hannel maps to at the

op erating system lev el, but on Unix it is most lik ely one of the sync hronization

primitiv es pro vided b y the POSIX thread in terface. Alas, none of these can b e

used as parameters in a select() op eration either, so another w a y needs to b e

found. A di�eren t approac h w ould b e to use the Unix kill() system call to send

a signal to the corresp onding thread, but POSIX mandates that signals cannot

b e sen t to individual threads inside a pro cess, they alw a ys a�ect al l threads of a

2

Xt do es ha v e this, in fact. The ab o v e co de is just used to illustrate the general concept here.
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pro cess, whic h is clearly not desirable for what is needed here. Relying on signals

are also less e�cien t and not p ortable.

A simpler and actually p ortable w a y is to just create an anon ymous pip e and use

this to send the noti�cation from the dispatc her thread, since a pip e is a v alid input

source that can b e registered with the to olkit's main lo op. It is not necessary to

pass the actual message data itself through the pip e (though this could b e done),

since it only serv es as a means to w ak e up the to olkit thread, whic h can then

read the data directly from a v ariable inside the pro cess address space. This is

the approac h used b y the curren t GTK bac k end when running the to olkit serv er

in the same pro cess as the application. The latency in tro duced b y the pip e is not

measurable compared to the time it tak es to execute the actual op eration.

There are of course ev en more approac hes that could b e used here, dep ending on

what the to olkit supp orts: A separate thread could b e used to listen for incoming

requests and queue their handling in to the nativ e ev en t lo op. This requires that

there is already some supp ort for accessing the ev en t lo op from another thread

or lo c king access to the ev en t lo op. Of course, this thread m ust never access the

GUI comp onen ts itself, otherwise the condition of p ermitting only single-threaded

access w ould b e violated. A sc heme lik e this is used b y the Swing to olkit serv er, in

fact, where there is explicit supp ort for inserting user de�ned ev en ts in to the ev en t

lo op (see section 5.5.2 on page 89). Should none of the metho ds describ ed ab o v e

b e applicable on a certain platform, one could in theory also use a timer executing

in the ev en t thread to activ ely p oll for requests from the comm unication la y er.

This metho d will alw a ys w ork, but it w ould either in tro duce dela ys in the o v erall

resp onsiv eness of the system (if the p oll frequency is lo w) or cause unnecessary

o v erhead (if the p oll frequency is to o high).

This implemen tation is relying on an anon ymous pip e as men tioned ab o v e, whic h

b ecomes apparen t when lo oking at co de of the nativ e notifyRequest() metho d

of the dispatc her thread:

JNIEXPORT void JNICALL

Java_gui_NativeD isp at che r_ no tif yR eq ues t (JNIEnv *env, jobject obj)

{

GIOStatus status;

gsize bytes;

...

status = g_io_channel_wr ite _c ha rs( no ti fy_ wr it e, "@", 1, &bytes, NULL);

if (status == G_IO_STATUS_ERR OR ) {

perror("g_io_cha nn el _wr it e_ cha rs ") ;

gtk_exit(1);

}

}

Whenev er a new request arriv es at the dispatc her for handling b y the to olkit,
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this metho d writes a single b yte in to the noti�cation pip e in order to inform the

GTK main lo op that there is a new request to pro cess. The pip e is created in the

init_environment() function that is called as part of the initialization b y the

run() metho d sho wn b efore, disabling an y enco ding con v ersion and bu�ering for

the pip e at the GLib lev el:

static void init_environment ()

{

int notify_pipe[2];

if (pipe(notify_pipe )) {

perror("pipe");

gtk_exit(1);

}

notify_read = g_io_channel_uni x_n ew (n oti fy _p ipe [0 ]);

notify_write = g_io_channel_uni x_n ew (n oti fy _p ipe [1 ]);

g_io_channel_se t_ enc od in g(n ot if y_r ea d, NULL, NULL);

g_io_channel_se t_ buf fe re d(n ot if y_r ea d, 0);

g_io_channel_se t_ enc od in g(n ot if y_w ri te , NULL, NULL);

g_io_channel_se t_ buf fe re d(n ot if y_w ri te , 0);

}

Whenev er data is written to the pip e b y the dispatc her thread, the registered I/O

watch is in v ok ed from the nativ e ev en t thread, whic h is resp onsible for fetc hing the

curren t ev en t from the dispatc her (using JNI functions), deco ding it b y replacing

the Ja v a ob jects with data t yp es appropriate for use in C and in v oking the actual

request handling function handle_request() in the to olkit serv er:

static gboolean io_watch (GIOChannel *source, GIOCondition cond, gpointer data)

{

...

status = g_io_channel_re ad_ ch ar s(n ot if y_r ea d, &chr, 1, &bytes, NULL);

if (status == G_IO_STATUS_ERR OR ) {

perror("g_io_cha nn el _re ad _c har s" );

gtk_exit(1);

}

class = (*env)->GetObjec tCl as s( env , thread);

mid = (*env)->GetMetho dI D(e nv , class, "getRequest", "()Lgui/Request ;" );

request = (*env)->CallObjec tM et hod (e nv , thread, mid);

...

array = decode_request(e nv, request);

handle_request( ar ray , env, request);

g_value_array_f re e(a rr ay );

return TRUE;

}
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The request handler then lo oks up the corresp onding metho d in the to olkit in ter-

face to call for this request. There are t w o di�eren t cases to consider here: Normal

metho d calls, where the target ob ject is already kno wn to the to olkit serv er, and

constructor calls, where a new nativ e comp onen t has to b e created and asso ciated

with the comp onen t pro xy visible to the to olkit clien t. F or metho ds that return

a v alue, the result v alue is wrapp ed in to a Ja v a ob ject and returned using the

reply() metho d of the request via JNI:

static void handle_request (GValueArray *request, JNIEnv *env, jobject req_obj)

{

const char *target = g_value_get_str in g(g _v al ue_ ar ray _g et _nt h( re que st , 0));

const char *method = g_value_get_str in g(g _v al ue_ ar ray _g et _nt h( re que st , 1));

gpointer object = lookup_object(ta rg et );

if (object) {

GValueArray *args =

g_value_get_boxe d(g _v al ue_ ar ra y_g et _n th( re que st , 2));

GValue result = {0};

call_func_t call_func = lookup_call(met ho d);

if (call_func) {

call_func(object , args, &result);

if (G_IS_VALUE(&res ul t) ) {

jclass req_class = (*env)->GetObject Cl ass (e nv , req_obj);

jmethodID mid = (*env)->GetMeth od ID( en v, req_class, "reply",

"(Ljava/lang/Obj ect ;) V" );

jobject value = encode_value(en v, &result);

(*env)->CallVoidM et hod (e nv , req_obj, mid, value);

}

}

} else {

init_func_t init_func = lookup_init(met ho d);

if (init_func) {

object = init_func();

register_object( obj ec t, target);

}

}

}

In order to �nd the correct nativ e comp onen t corresp onding to a pro xy ob ject,

the to olkit serv er main tains a t w o-w a y mapping b et w een these ob jects, managed

b y the register_object() and unregister_object() functions. T o ensure that

the nativ e comp onen t is not destro y ed b y GTK while this table still references it,

an explicit reference is created:

void register_object (gpointer object, const char *_key)

{
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char *key = g_strdup(_key);

g_object_ref(ob je ct) ;

gtk_object_sink (o bje ct );

g_hash_table_in se rt( ma p, key, object);

g_hash_table_in se rt( rm ap , object, key);

}

void unregister_objec t (gpointer object)

{

char *key = (char *) lookup_key(obje ct );

if (key != NULL) {

g_hash_table_rem ov e( map , key);

g_hash_table_rem ov e( rma p, object);

g_object_unref(o bj ec t);

g_free(key);

}

}

In addition to handling the requests, the role of the to olkit serv er is also to forw ard

nativ e ev en ts in the form of ev en t messages to the clien t. This is done using the

serv er's post_event() function, whic h w orks analogous to sending bac k reply

v alues to the to olkit clien t: It con v erts the ev en t parameters from C data t yp es

in to Ja v a ob jects, creates a new EventMessage ob ject for the ev en t and dispatc hes

this via the Ja v a Nativ e In terface:

void post_event (gpointer source, const char *event, GValueArray *args)

{

JNIEnv *env = _env;

jclass class = (*env)->FindClas s(e nv , "gui/EventMessage ") ;

jmethodID mid = (*env)->GetMeth odI D( en v, class, "<init>",

"(Ljava/lang/Obj ec t; Lja va /l ang /S tr ing ;[ Lj ava /l ang /O bj ect ;) V" );

jobjectArray event_args = NULL;

jobject event_msg;

if (args != NULL)

event_args = encode_value_arra y( en v, args);

event_msg = (*env)->NewObject (e nv, class, mid,

encode_componen t(e nv , source),

encode_string(e nv, event),

event_args);

mid = (*env)->GetMetho dI D(e nv , class, "dispatch", "()V");

(*env)->CallVoi dM eth od (e nv, event_msg, mid);

}
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One can think of the enco ding and deco ding pro cess men tioned b efore as a general

w a y of con v erting Ja v a data structures (ob jects of di�eren t t yp es, arra ys of ob jects)

in to corresp onding nativ e data t yp es, whic h are represen ted b y the generic GValue

t yp e in the to olkit serv er. This t yp e is de�ned b y the GLib library and acts as a

wrapp er for all of the standard C t yp es. A Request ob ject for example consists of

a target comp onen t, a metho d name and an argumen t arra y , all of whic h are Ja v a

ob jects ev en at the JNI lev el, i.e. references to jobject data structures inside

the Ja v a virtual mac hine. These are not practical to w ork with at the C lev el,

so they m ust b e con v erted to nativ e C data structures �rst. The �rst step in the

deco ding pro cess is to �nd out what t yp e of v alue is stored inside a giv en Ja v a

ob ject through the use of the re�ection capabilities of the Ja v a Nativ e In terface.

The decode_value() function is used to analyze the t yp e of a Ja v a ob ject: It do es

the equiv alen t of an o.getClass().getName() metho d call to obtain the ob ject's

class name in order to compare this against a list of kno wn class names (lik e

Integer or String ). If none of these matc h, it is tested whether it is a Component

sub class or a Ja v a arra y . Arra ys can b e deco ded recursiv ely in the same manner.

Using an unsupp orted t yp e at this lev el results in an error.

static void decode_value (JNIEnv *env, GValue *value, jobject object)

{

jclass component_class = (*env)->FindClas s( en v, "gui/Component") ;

jstring jtype = NULL;

const char *type = NULL;

int is_array = 0;

if (object != NULL) {

jclass class = (*env)->GetObje ct Cl ass (e nv , object);

jclass class_class = (*env)->GetObjec tC la ss( en v, class);

jmethodID mid = (*env)->GetMetho dI D(e nv , class_class, "getName",

"()Ljava/lang/S tr ing ;" );

jtype = (*env)->CallObjec tM eth od (e nv, class, mid);

type = (*env)->GetStrin gU TF Cha rs (e nv, jtype, NULL);

mid = (*env)->GetMethod ID (e nv, class_class, "isArray", "()Z");

is_array = (*env)->CallBool ean Me th od( en v, class, mid);

}

if (object == NULL) {

decode_pointer(e nv , value, object);

} else if (strcmp(type, "java.lang.Boolea n" ) == 0) {

decode_boolean(e nv , value, object);

} else if (strcmp(type, "java.lang.Intege r" ) == 0) {

decode_long(env, value, object);

} else if (strcmp(type, "java.lang.Double ") == 0) {

decode_double(en v, value, object);

} else if (strcmp(type, "java.lang.String ") == 0) {

decode_string(en v, value, object);

} else if ((*env)->IsInstan ce Of (en v, object, component_class)) {
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decode_component (e nv , value, object);

} else if (is_array) {

decode_array(env , value, object);

} else {

fprintf(stderr, "invalid type: %s\n", type);

}

if (type != NULL)

(*env)->ReleaseS tr in gUT FC ha rs( en v, jtype, type);

}

The individual functions used for deco ding the di�eren t Ja v a data t yp es are all

v ery similar, so only one of them is sho wn here to illustrate the general idea: Use

JNI functions to read the v alue from the Ja v a ob ject (in this case an Integer )

and store this inside a GValue structure:

static void decode_long (JNIEnv *env, GValue *value, jobject object)

{

jclass class = (*env)->GetObjec tCl as s( env , object);

jmethodID mid = (*env)->GetMeth odI D( en v, class, "intValue", "()I");

long val = (*env)->CallIntM et ho d(e nv , object, mid);

g_value_init(va lu e, G_TYPE_LONG);

g_value_set_lon g( val ue , val);

}

The pro cess of enco ding the nativ e data t yp es in to Ja v a ob jects suitable for passing

bac k to the JNI w orks just the other w a y round: encode_value() uses the GLib

t yp e macros to analyze whic h data t yp e is stored in a giv en GValue and calls the

matc hing t yp e enco ding function:

static jobject encode_value (JNIEnv *env, GValue *value)

{

if (G_VALUE_HOLDS_PO IN TE R(v al ue ))

return NULL;

else if (G_VALUE_HOLDS(v alu e, G_TYPE_VALUE_AR RAY ))

return encode_value_arr ay (e nv, g_value_get_box ed( va lu e)) ;

else if (G_VALUE_HOLDS_S TRI NG (v alu e) )

return encode_string(en v, g_value_get_str ing (v alu e) );

else if (G_VALUE_HOLDS_B OOL EA N( val ue ))

return encode_boolean(e nv , g_value_get_boole an (va lu e) );

else if (G_VALUE_HOLDS_L ONG (v al ue) )

return encode_long(env, g_value_get_lon g( val ue ));

else if (G_VALUE_HOLDS_D OUB LE (v alu e) )

return encode_double(en v, g_value_get_dou ble (v alu e) );

else if (G_VALUE_HOLDS_O BJE CT (v alu e) )

return encode_component (e nv , g_value_get_obj ec t(v al ue ));

else

fputs("invalid type in encode_value()\n ", stderr);
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return NULL;

}

As b efore, the enco ding of a C long v alue in to an Integer ob ject is sho wn as an

example here:

static jobject encode_long (JNIEnv *env, long value)

{

jclass class = (*env)->FindClas s(e nv , "java/lang/Intege r" );

jmethodID mid = (*env)->GetMeth odI D( en v, class, "<init>", "(I)V");

return (*env)->NewObje ct (en v, class, mid, (jint) value);

}

5.4.3 Nativ e Ev en t Listener

Ev en ts in GTK are actually just one application of a more general noti�cation

system called signals , whic h is wh y the functions used for ev en t handling often refer

to the term signal instead of event . Ev en t handling in GTK is done b y connecting

signal handlers for sp eci�c ev en ts to a comp onen t, just lik e ev en t listeners are

added to a comp onen t in the A WT or Swing API in Ja v a. Because C is not an

ob ject-orien ted programming language, the handlers w ork in terms of functions,

not ob jects, i.e. a callbac k function is registered for an ev en t instead of an ev en t

listener ob ject. The ev en ts themselv es are represen ted b y the GdkEvent data t yp e

in the GTK library .

The general role of the nativ e ev en t listener w as explained in the previous c hapter:

It acts as a generic ev en t listener that is capable of receiving arbitrary ev en t t yp es

and handles these b y wrapping them in to ev en t messages that are sen t to the ev en t

dispatc her in the to olkit clien t. In this implemen tation, the wrapping of ev en ts

is already handled b y the serv er's post_event() function describ ed ab o v e, so the

ev en t listener just has to forw ard ev en ts to this function. F or simple ev en ts that

do not require an y ev en t argumen ts, the nativ e ev en t handler co de can just call

the post_event() function with the source ob ject and the ev en t t yp e:

static void generic_event (GtkWidget *self, gpointer data)

{

post_event(self , data, NULL);

}

Not all ev en t listeners can b e that simple, ho w ev er. If further argumen ts need to

b e included in to the ev en t message, these ha v e to b e copied from the nativ e ev en t
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structure in to a v alue arra y (an arra y of GValue structures) that forms the ev en t

message argumen t list. This is for example done for the mouse motion listener:

static gboolean motion_event (GtkWidget *self, GdkEventMotion *event,

gpointer data)

{

GValueArray *args = g_value_array_ne w( 2);

GValue value = {0};

g_value_init(&v al ue, G_TYPE_LONG);

g_value_set_lon g( &va lu e, event->x);

g_value_array_a pp end (a rg s, &value);

g_value_set_lon g( &va lu e, event->y);

g_value_array_a pp end (a rg s, &value);

g_value_unset(& va lue );

post_event(self , data, args);

return FALSE;

}

A ttac hing and detac hing ev en t listeners to and from comp onen ts just maps to the

corresp onding GTK functions for connecting and disconnecting signal handlers:

static void attach_clicked (GObject *self, const char *event)

{

g_signal_connec t( sel f, "clicked", G_CALLBACK(gener ic_ ev en t),

(gpointer) event);

}

static void detach_generic (GObject *self, const char *event)

{

g_signal_handle rs _di sc on nec t_ by _fu nc (s elf ,

G_CALLBACK(gener ic _e ven t) , (gpointer) event);

}

T o supp ort an y n um b er of ev en t t yp es, the ev en t listener con tains a table of kno wn

t yp es and the corresp onding functions for attac hing and detac hing ev en t han-

dlers of that t yp e on a comp onen t. These are stored in a hash table at program

startup for faster access and can b e lo ok ed up b y ev en t t yp e name using the

lookup_signal() function:

static signal_map_t signals[] = {

{ "activate", attach_activate, detach_generic },

{ "changed", attach_changed, detach_generic },

{ "clicked", attach_clicked, detach_generic },

...

};

void init_signal_map (void)

{
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int index;

signal_map = g_hash_table_new (g _st r_ ha sh, g_str_equal);

for (index = 0; index < G_N_ELEMENTS(sign al s) ; ++index) {

const char *event = signals[index].ev en t;

g_hash_table_ins er t( sig na l_ map , (char *) event, &signals[index] );

}

}

signal_map_t *lookup_signal (const char *event)

{

return g_hash_table_lo ok up( si gn al_ ma p, event);

}

5.4.4 Nativ e Comp onen ts

The nativ e comp onen t implemen tation of the to olkit in terface that w as describ ed in

section 4.6.5 on page 49 consists of a rather large collection of individual functions,

eac h corresp onding to one metho d of a comp onen t pro xy that ma y b e called b y

the application. It is basically a thin adaptor la y er b et w een the abstract GUI

comp onen t in terface presen ted to the application and the capabilities o�ered b y

the nativ e library on whic h the implemen tation is based. Using a nativ e to olkit

library that follo ws an ob ject-orien ted approac h here can mak e these adaptors a

lot easier to implemen t, but that is in no w a y a requiremen t. Most functions used

here just map directly to functions of the underlying to olkit in the case of GTK.

T o illustrate this p oin t, some of the functions from the implemen tation of the

Window comp onen t in the to olkit serv er are presen ted here just as an example.

Creating a new windo w simply maps to the gtk_window_new() function:

gpointer gui_window_new (void)

{

GtkWidget *result = gtk_window_new(G TK _WI ND OW _TO PL EVE L) ;

return result;

}

Note that the function sho wn ab o v e is a constructor function, so it do es note tak e

an y argumen ts (this is a con v en tion used throughout the protot yp e) and alw a ys

returns a comp onen t as the result v alue. Normal functions get their argumen ts in

the form of a GValue arra y , as can b e seen e.g. in the set_size() function:

void gui_window_set_s ize (gpointer self, GValueArray *args, GValue *result)

{

int width = g_value_get_long( &a rgs -> va lue s[ 0] );
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int height = g_value_get_long (& arg s- >v alu es [1 ]);

gtk_window_resi ze (se lf , width, height);

}

The GTK to olkit also supp orts comp onen t prop erties v ery similar to the Be an

pr op erties used in Ja v a, whic h can b e set using g_object_set_property() :

void gui_window_set_v isi bl e (gpointer self, GValueArray *args, GValue *result)

{

g_object_set_pr op ert y( se lf, "visible", &args->values[0] );

}

Returning v alues is done lik ewise using a GValue structure that can hold arbitrary

data t yp es. In this case, it is used to return a C string v alue o wned b y the

comp onen t:

void gui_window_get_t itl e (gpointer self, GValueArray *args, GValue *result)

{

const char *value = gtk_window_get_t it le( se lf );

g_value_init(re su lt, G_TYPE_STRING);

g_value_set_sta ti c_s tr in g(r es ul t, value);

}

5.4.5 Ob ject Ownership and Garbage Collection

Another area that needs to b e considered is the problem of ob ject o wnership in

suc h a distributed ob ject mo del. It is almost guaran teed that the Ja v a run time and

the GUI library ha v e di�eren t concepts of ob ject o wnership, making the question of

when an ob ject (and here in particular a graphical comp onen t) is no longer in use

and can b e destro y ed b y the library and garbage collected b y the Ja v a run time,

resp ectiv ely . The ev aluate this, taking a closer lo ok at ho w ob ject lifetime is

handled in di�eren t systems is necessary:

A real garbage collected memory managemen t system requires an automatic w a y

to determine when new references to an ob ject are created and when existing

references go a w a y . This is generally only p ossible in higher lev el languages that

do not allo w direct (i.e. uncon trolled b y the run time) access to v ariables and data

structures. Ja v a is one example of this, as are in fact most in terpreted languages

3

3

This includes programming languages that are compiled to b yte-co de in ternally lik e e.g. P erl

and Python.
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Ov er time, man y di�eren t w a ys to implemen t garbage collected memory manage-

men t systems ha v e b een prop osed, but the most common ones in use to da y are:

� Reference Coun ting

Reference coun ting inserts a coun ter (as the name implies) in to eac h managed

ob ject that trac ks the n um b er of �liv e� external references to this ob ject.

When a new reference is created, for example b y inserting the ob ject in to

a con tainer � in GUI terms this ma y corresp ond to adding a button to a

windo w � the reference coun ter is incremen ted. Lik ewise, when an existing

reference go es a w a y , the coun ter is decremen ted. Once the coun ter reac hes

zero, the ob ject is destro y ed.

Suc h a sc heme is fairly straigh tforw ard to implemen t and v ery e�cien t, but it

has the fundamen tal limitation that it cannot (b y its v ery design) correctly

trac k ob ject lifetime for circular references: If a set of ob jects con tains a

reference cycle, it will nev er b e destro y ed b ecause all ob jects in the cycle

k eep eac h other aliv e. Suc h a problem needs to b e resolv ed b y either using

a w eak reference to break suc h a cycle or b y using a di�eren t mec hanism to

detect suc h cases.

� Mark and Sw eep

A mark and sw eep collector is based on the idea that eac h ob ject can b e

determined to b e either reac hable or not after tra v ersing all ob ject references

in the program. The basic requiremen ts here are that it m ust b e p ossible to

reliably iden tify a reference (i.e. there m ust b e no w a y to �hide� a reference

b y for example storing it inside an in teger v ariable) and there m ust b e a

w a y to iterate e�cien tly o v er all starting ob jects for the mark algorithm,

basically all static �elds (i.e. class v ariables) in classes and all ob jects on the

stac k (lo cal v ariables). The run time system m ust also b e able to someho w

en umerate all the ob jects that are curren tly aliv e.

The algorithm w orks b y tra v ersing the graph of all ob jects reac hable b y

either of these starting ob jects and marking eac h ob ject as �seen� when it

has b een touc hed. In a second step, it iterates o v er all ob jects in the system

and discards all of them that are no longer reac hable.

� Ob ject Cop ying

A cop ying collector main tains a list of p oten tially reac hable ob jects that is

up dated from time to time b y cop ying all curren tly reac hable ob jects to a

new list and discarding the old list. This is an attempt to a v oid memory

fragmen tation at the cost of the extra cop ying op erations. Ho w ev er, suc h

a sc heme is generally only p ossible when it is p ossible to mo v e an ob ject

around freely in memory and up date an y references to it from other ob jects.
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Some systems use a com bination of r efer enc e c ounting with another sc heme, often

a mark and swe ep or a c opying collector, in order to catc h reference cycles. The

Ja v a run time do es this as w ell. The motiv ation for this in Ja v a w as that reference

coun ting is fast and co v ers most cases rather w ell. This is all �ne as long as only one

system is in v olv ed, but gets a lot more di�cult when ob jects ma y b e distributed

among sev eral pro cesses. In the arc hitecture describ ed here, there is fortunately

one factors that helps to signi�can tly reduce the complexit y:

The only references that actually cross the b oundaries b et w een the Ja v a virtual

mac hine and the GUI library are the in ternally main tained references b et w een a

Ja v a comp onen t pro xy and its coun terpart in the to olkit library , and these are

completely under the con trol of the to olkit clien t and serv er, resp ectiv ely . There

is no w a y for the application to create references to other ob jects in the to olkit

serv er. The w a y to handle this problem is to use so-called we ak r efer enc es pro vided

b y the java.lang.ref pac k age for all references that cross this b oundary in Ja v a.

A w eak reference is a reference to an ob ject that do es not prev en t the Ja v a garbage

collector from considering the referenced ob ject for �nalization. The actual term

used in Ja v a is that an ob ject is eligible for �nalization when it is we akly r e achable ,

and an ob ject is said to b e we akly r e achable if it is only reac hable through one or

more w eak references.

This means that the lifetime of the pro xy ob ject is tied to the lifetime of the actual

comp onen t is suc h a w a y that it k eeps the comp onen t aliv e but not vice v ersa. The

t ypical life cycle of a graphical comp onen t actually lo oks lik e this:

� The application creates a new comp onen t (whic h is in fact a pro xy ob ject):

Button b = new Button("Click Me");

� The pro xy registers a w eak reference to itself in a global lo okup table to allo w

it to b e found later on when a reference to it is passed bac k as part of an

ev en t. The iden ti�er used here is a string that uniquely iden ti�es the ob ject

(the curren t implemen tation deriv es this from the in ternal ob ject iden ti�er

used b y the Ja v a virtual mac hine).

� The pro xy generates a constructor request message for its corresp onding t yp e

and sends this via the dispatc her to the to olkit serv er.

� The to olkit serv er instan tiates the real comp onen t ob ject and registers it in

a lo okup table on the serv er side. F urther messages send to the same ob ject

will retriev e this ob ject from the lo okup table. This time, a strong (i.e. non-

w eak) reference is used, whic h ensures that the GUI serv er will not disp ose

the ob ject as long as the clien t has a v alid reference to it.

� Once the last strong reference to the clien t side pro xy disapp ears, the pro xy

ob ject is noti�ed via its finalize() metho d and will notify the comp onen t

87



it represen ts in the serv er of this. Then it will delete itself from the clien t

side lo okup table and is ready for �nalization.

� The to olkit serv er will remo v e the corresp onding comp onen t from its lo okup

table on the serv er and release its reference to it. It then c hec ks whether the

corresp onding comp onen t has an y strong references left on the serv er, this

will the case for example when the button has b een inserted in to a la y out

con tainer. If there are no references (i.e. the comp onen t is �un-o wned� on

the serv er as w ell), the comp onen t will b e destro y ed.

The concrete implemen tation of course dep ends on the capabilities of the to olkit

library used on the serv er side.

5.5 Ja v a T o olkit Serv er

T o sho w that the general arc hitecture presen ted here is not in an y w a y tied to

nativ e to olkits or GTK in particular, and that it is in fact capable of supp orting

a wide range of to olkits, an alternativ e to olkit serv er has b een implemen ted in

Ja v a that can b e used in com bination with a Ja v a dispatc her class. Building a

Ja v a to olkit serv er ma y sound strange at �rst, b ecause it just seems to wrap one

Ja v a comp onen t API in to another, y et there is a big di�erence b et w een the to olkit

used for implemen ting comp onen ts in the serv er and the view of the comp onen ts

pro vided to the application. In fact, all the b ene�ts of the nativ e to olkit serv er

apply in com bination with the Swing-based serv er as w ell:

� A ccessing the user in terface comp onen ts is fully thread-safe and supp orts

parallel ev en t handling.

� The comp onen t API is not that of Swing, but rather the consisten t abstrac-

tion also used for the GTK comp onen ts, so the bac k ends can b e exc hanged

transparen tly .

� When using a TCP so c k et connection to the to olkit serv er, the application's

user in terface can b e displa y ed on a di�eren t system.

The follo wing sections describ e this to olkit serv er based on Swing comp onen ts.

5.5.1 The Ja v a Dispatc her

The implemen tation of the JavaDispatcher is really straigh tforw ard: Because it

is only used when the to olkit serv er is running in the same Ja v a virtual mac hine as

the dispatc her, the Ja v a dispatc her can hold a direct reference to the serv er ob ject

(whic h in fact will b e an instance of the JavaServer class):
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public class JavaDispatcher extends Dispatcher

{

private Server server = Server.getServer( );

protected JavaDispatcher ()

{

start();

}

The dispatc her runs in its o wn thread and simply forw ards an y incoming requests

sync hronously to the to olkit serv er. The handling of message replies and ev en ts

is done completely b y the JavaServer , b ecause the A WT ev en t thread here tak es

the role of the ev en t thread that w as used in the case of the nativ e dispatc her.

This is describ ed in more detail in the next section.

public void run ()

{

try {

for (;;) {

Request request = (Request) channel.receive () ;

server.handleRequ es t(r eq ue st) ;

}

} catch (InterruptedExcep ti on ex) {

// terminate loop

}

}

}

5.5.2 Swing T o olkit Serv er

On the to olkit serv er side, the general arc hitecture is similar to that used for

the dispatc her on the clien t side: The actual serv er is a singleton ob ject that

is an instance of a concrete sub class of the abstract Server class. The class

metho d Server.getServer() will alw a ys return the serv er singleton, creating one

if necessary .

public abstract class Server

{

private static Server server;

public static synchronized Server getServer ()

{

if (server != null)

return server;

else

return new JavaServer();

}
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protected boolean debug;

protected boolean sync;

protected Server ()

{

synchronized (Server.class) {

server = this;

}

debug = "true".equals(get Pr ope rt y( "gu i. de bug ") );

sync = "true".equals(get Pr ope rt y( "gu i. sy nc" )) ;

}

The Ja v a system prop erties gui.debug and gui.sync can b e set for the serv er to

enable request logging (a debugging aid) and to disable bu�ering of the to olkit's

graphics state (used for timing tests), resp ectiv ely . Lik e already explained for

the dispatc her, trying to access system prop erties from an applet will result in a

SecutityException , so the same simple wrapp er is used here as w ell:

private static String getProperty (String name)

{

try {

return System.getProper ty( na me );

} catch (SecurityExceptio n ex) {

return null;

}

}

There are t w o metho ds that are left as abstract in the Server class: postEvent()

and handleRequest() . postEvent() is used in the same w a y as the function of

the same name in the nativ e to olkit serv er: It allo ws the ev en t listener to p ost ev en t

messages to the ev en t dispatc her in the clien t. The handleRequest() metho d is

called b y the Ja v a dispatc her to deliv er requests to the to olkit serv er:

public abstract void postEvent (EventMessage message);

public abstract void handleRequest (Request request);

A dditionally , the to olkit serv er needs to kno w whether it is running on b ehalf of

an application or an applet, b ecause in the latter case it is resp onsible for loading

and initializing the applet class. T o supp ort this, the loadApplet() function is

pro vided in the base class. In the case of an applet, the applet parameters are

used instead of system prop erties:

public void loadApplet (JApplet applet, String name)

{

this.applet = applet;
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debug = "true".equals(app le t.g et Pa ram et er ("g ui .de bu g" ));

sync = "true".equals(app le t.g et Pa ram et er ("g ui .sy nc ") );

}

Just lik e the nativ e to olkit serv er implemen tation, the Ja v a to olkit serv er has to

main tain a mapping of clien t side comp onen t pro xies to the Swing comp onen ts

and vice v ersa. This can b e handled completely in the base class:

private Map map = new HashMap();

private Map rmap = new HashMap();

protected Object lookupObject (Object key)

{

return map.get(key);

}

protected Object lookupKey (Object object)

{

return rmap.get(object) ;

}

These lo okup tables are main tained b y the t w o metho ds registerObject() and

unregisterObject() : Whenev er a new comp onen ts is instan tiated b y the clien t,

the serv er creates the corresp onding Swing comp onen t and stores a new t w o-w a y

mapping:

protected void registerObject (Object object, Object key)

{

map.put(key, object);

rmap.put(object, key);

if (object == applet) {

synchronized (applet) {

applet.notify();

}

}

}

protected void unregisterObject (Object object)

{

Object key = lookupKey(object) ;

if (key != null) {

map.remove(key);

rmap.remove(obje ct) ;

}

}
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Applets require a sp ecial case here, ho w ev er, b ecause the logic for an applet is

di�eren t: Normally , the pro xy comp onen t is alw a ys created �rst inside the applet

and the Swing comp onen t thereafter. But this cannot w ork for applets b ecause the

Swing comp onen t for an applet is already there at the v ery start of the applet, so

that the serv er do es not really kno w whether the applet comp onen t pro xy on the

clien t side has already b een created or not. W aiting for the noti�cation generated

here solv es this problem.

The concrete serv er implemen tation that is used for the Swing to olkit is the

JavaServer class. It inherits the basic metho ds to register its comp onen ts from

the Server class and has to implemen t the handleRequest() and postEvent()

metho ds. handleRequest() is equiv alen t to the handle_request() function of

the nativ e to olkit serv er and in fact lo oks almost iden tical. It deco des the request

message and in v ok es the corresp onding metho d on the comp onen t or creates a new

comp onen t:

public void handleRequest (Request request)

{

Object target = request.getTarge t( );

String method = request.getMessa ge ();

Object object = lookupObject(tar ge t);

if (object != null) {

Object args[] = (Object[]) decodeObject(re que st .g etA rg um ent s( )) ;

Method m_call = methods.lookupCal l( me tho d) ;

if (m_call != null) {

invokeRequest(req ue st, m_call, new Object[] {object, args});

}

} else {

Method m_init = methods.lookupIni t( me tho d) ;

if (m_init != null) {

try {

object = m_init.invoke(nu ll , new Object[] {});

registerObject( obj ec t, target);

} catch (InvocationTarge tE xce pt io n ex) {

...

}

}

}

}

There is one imp ortan t di�erence here compared to the nativ e serv er, ho w ev er:

Because handleRequest() itself is called from the request dispatc her thread,

the actual metho d call to the comp onen t cannot b e made directly . Only the

A WT/Swing ev en t thread ma y in teract with the comp onen ts, so the metho d call

has to b e pushed in to the ev en t thread using the invokeLater() metho d of the
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java.awt.EventQueue class. The result of the op eration is also sen t bac k from

this thread:

private void invokeRequest (final Request request, final Method method,

final Object args[])

{

EventQueue.invok eL at er( ne w Runnable() {

public void run () {

try {

Object result = method.invoke(nu ll , args);

if (result != JavaGUI.VOID) {

request.reply(en co deO bj ec t(r es ult )) ;

}

} catch (InvocationTarge tE xce pt io n ex) {

System.err.prin tln (e x. get Ca us e() );

} catch (IllegalAccessEx ce pti on ex) {

System.err.prin tln (e x) ;

}

}

});

}

The postEvent() implemen tation is really simple b ecause it can directly dispatc h

the message to the to olkit clien t's main lo ops (remem b er that postEvent is alw a ys

called from the ev en t thread). The only sp ecial thing that needs to b e done here

is translating the source comp onen t in to the corresp onding comp onen t pro xy for

the clien t:

public void postEvent (EventMessage message)

{

message.setSourc e( lo oku pK ey (me ss ag e.g et So urc e( ))) ;

message.dispatch () ;

}

Finally , the ja v a serv er is also resp onsible for loading the clien t applet class when

it is used inside an applet. The general strategy used for running applets in the

Swing serv er consists of sev eral steps:

1. The Swing applet pro xy is loaded in to the bro wser and in v ok es the to olkit

serv er's loadApplet() metho d to start loading the applet. This applet pro xy

is a sub class of javax.swing.JApplet as this is an absolute requiremen t for ap-

plets. As the name implies, it just acts as a pro xy for the real applet imple-

men tation that is used as the to olkit clien t and mainly forw ards op erations

lik e init() and start() to the clien t applet.

2. The to olkit serv er arranges loading of the clien t applet using the Ja v a re�ec-

tion API and creates a thread for the applet's initial main lo op. The serv er
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then w aits un til the clien t applet is fully initialized.

3. The applet pro xy sends the �applet-init� pseudo ev en t to the clien t to indicate

that the applet can no w start to run.

The �rst step in this pro cess is handled b y the w eb bro wser and the third b y the

applet pro xy implemen tation sho wn in section 5.8.1 on page 118. The second step

is the job of the to olkit serv er and is re�ected in its loadApplet() metho d:

public void loadApplet (JApplet applet, String name)

{

try {

super.loadApplet (ap pl et , name);

Class applet_class = Class.forName(na me) ;

Applet component = (Applet) applet_class.newI ns ta nce () ;

Thread thread = new Thread(componen t) ;

synchronized (applet) {

thread.start();

while (lookupKey(apple t) == null) {

applet.wait();

}

}

} catch (ClassNotFoundExc ep tio n ex) {

...

}

}

5.5.3 Swing Ev en t Listener

The generic ev en t listener for the Swing to olkit serv er is the EventListener class,

and it implemen ts the listener in terfaces for all supp orted ev en t t yp es, so that

instances of this class can b e used to handle an y kind of ev en t:

public class EventListener implements

ActionListener, ChangeListener,

MouseMotionListe ne r, WindowListener

...

{

private String type;

public EventListener (String type)

{

this.type = type;

}

Eac h ev en t that is receiv ed b y this listener is wrapp ed in to an ev en t message and
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sen t to the ev en t dispatc her in the clien t. T o a v oid making this listener class

dep end on the comm unication mec hanism used b y the serv er, the ev en t messages

are passed to the to olkit serv er's postEvent() message for transp ort to the clien t.

The listener metho ds for the basic ev en t t yp es do not require an y sp ecial co de:

public void actionPerformed (ActionEvent event)

{

Object source = event.getSource( );

server.postEvent (n ew EventMessage(sou rc e, type));

}

In the case of ev en ts that w an t to deliv er argumen ts to the clien t these ha v e to b e

copied in to the ev en t message out of Swing ev en t ob ject. This is in fact exactly

the same idea already seen b efore when lo oking at the nativ e ev en t listener. A

go o d example here is again the mouse motion listener:

public void mouseMoved (MouseEvent event)

{

Object source = event.getSource( );

Object args[] = new Object[] {

new Integer(event.get X( )), new Integer(event.ge tY ())

};

server.postEvent (n ew EventMessage(sou rc e, type, args));

}

A ttac hing an ev en t listener to a Swing comp onen t then in v olv es �nding the correct

add...Listener() metho d for the t yp e of ev en t that this listener has b een created

for, b ecause there is no single metho d for attac hing ev en t handlers as pro vided in

GTK for example:

public void attach (Component component)

{

if (type.equals("a ct iva te ") )

((JTextField) component).addAc tio nL is ten er (th is );

else if (type.equals("cli ck ed" ))

((AbstractButton ) component).addA ct io nLi st ene r( th is) ;

else if (type.equals("clo si ng" ))

((Window) component).addWi nd ow Lis te ne r(t hi s);

else if (type.equals("cha ng ed" ))

((JSlider) component).addC ha ng eLi st en er( th is) ;

else if (type.equals("mou se -mo ti on "))

((Component) component).addM ou seM ot io nLi st ene r( th is) ;

else if (type.startsWith( "a ppl et -" ))

/* ignore applet pseudo-events */;

else

System.err.print ln( "u nk now n event: " + type);

}
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Detac hing an ev en t listener w orks in exactly the same w a y as attac hing it, the only

di�erence is that the corresp onding r emove...Listener() metho d is used instead.

5.5.4 Swing Comp onen ts

The approac h used for the implemen tation of the comp onen ts in the Swing to olkit

serv er is quite similar to the one used for the GTK to olkit serv er: Eac h op eration is

mapp ed on to a corresp onding metho d of a Ja v a class again using a metho d table:

public class JavaMethods

{

public JavaMethods ()

{

Class init_types[] = new Class[] {};

Class call_types[] = new Class[] {Object.class, Object[].class} ;

int index;

String init_methods[][] = {

{ "gui.Applet", "gui_applet_new" },

{ "gui.Button", "gui_button_new" },

{ "gui.Grid", "gui_grid_new" },

...

};

String gui_methods[][] = {

{ "gui.Box.add", "gui_box_add" },

{ "gui.Button.getTe xt ", "gui_button_get_t ex t" },

{ "gui.Button.setTe xt ", "gui_button_set_t ex t" },

...

};

...

}

This mapping is stored in a hash table for e�ciency and the metho ds lookupInit()

and lookupCall() of the JavaMethods class are then used to lo cate the appro-

priate metho d corresp onding to the name of a metho d that app ears in a request.

lookupInit() is used sp eci�cally for constructors, lookupCall() for ev erything

else (i.e. normal metho ds):

public Method lookupInit (String name)

{

return (Method) initMethods.get( na me) ;

}

public Method lookupCall (String name)
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{

return (Method) guiMethods.get(n am e);

}

}

The implemen tation of the individual metho ds for eac h comp onen t is no w v ery

similar to the one already seen for the nativ e comp onen ts b efore in section 5.4.4

on page 84. Again, these metho ds ha v e to implemen t the abstract comp onen t

in terface o�ered to the application in terms of the metho ds pro vided b y the to olkit

used in the serv er, in this case the Swing API.

Once more, t w o metho ds from the Swing v ersion of the to olkit in terface for the

Window class are sho wn here to illustrate that: The constructor used to create new

windo ws and the co de used for the setSize() metho d:

public static Object gui_window_new ()

{

return new JFrame();

}

public static Object gui_window_set_ si ze (Object _this, Object args[])

{

JFrame self = (JFrame) _this;

int width = ((Integer) args[0]).intValu e( );

int height = ((Integer) args[1]).intVal ue ();

self.setSize(wid th , height);

return VOID;

}

5.6 Distributed Comm unication

Using the message-based approac h mak es it p ossible to mo v e from a mo del where

the application and the to olkit b oth run in the same pro cess to a truly distributed

mo del with minimal e�ort. Here, the to olkit serv er forms a generic �GUI serv er�

for applications that runs as standalone program. When the to olkit bac k end is not

running in the same pro cess as the application itself, it is of course no longer viable

to directly call metho ds inside the to olkit serv er. Instead, an approac h similar to

R emote Pr o c e dur e Cal ls or Ja v a's R emote Metho d Invo c ation needs to b e applied

to the comm unication b et w een the to olkit clien t and the serv er:

All request, reply and ev en t messages need to b e serialized up on sending in to a b yte

stream suitable for transp ort o v er e.g. a TCP so c k et, and it m ust b e p ossible to

reconstruct these messages again from their serialized represen tation at the other

end of the net w ork connection.
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5.6.1 The Remote Dispatc her

The remote dispatc her implemen tation allo ws the request and ev en t messages to

b e passed transparen tly across a TCP net w ork connection to a di�eren t mac hine,

completely decoupling the application threads in the clien t from the user in terface

running in the to olkit serv er. Apart from using this dispatc her (whic h can b e

selected using a Ja v a system prop ert y), no other c hanges are required in the clien t.

The Dispatcher sub class on the clien t side suitable for comm unicating across

TCP so c k ets with a to olkit serv er is the TCPDispatcher class. Of course, a similar

implemen tation could b e done for Unix domain so ckets or name d pip es if desired.

The TCPDispatcher needs to b e initialized with a description of the serv er address:

public class TCPDispatcher extends Dispatcher

{

private List requests;

private Socket server;

...

protected TCPDispatcher (String display_name) throws IOException

{

Display display = new Display(display _n am e);

Socket server = new Socket(display.ge tH os t() , display.getPort() );

init(server);

new EventThread().st art () ;

start();

}

Once the so c k et connection is established, the input and output streams used for

the comm unication are set up and a CodingDelegate is prepared. As explained in

section 5.6.2, the protot yp e uses a v ery simple text based proto col for the message

exc hange, so the streams actually are c haracter streams, not b yte streams as one

migh t exp ect. The job of the CodingDelegate is explained later:

private void init (Socket server) throws IOException

{

InputStream in = server.getInput St rea m( );

OutputStream out = server.getOutpu tSt re am ();

this.server = server;

display_in = new BufferedReader( ne w InputStreamRead er (in , "UTF-8"));

display_out = new BufferedWriter(n ew OutputStreamWrit er( ou t, "UTF-8"));

delegate = new CodingDelegate( );

requests = new LinkedList();

}
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The run() metho d of the remote dispatc her is no w v ery similar to the one already

describ ed b efore for the nativ e dispatc her, the only di�erences here are that no w

a request queue is main tained of outstanding requests for whic h no reply has b een

receiv ed y et (this is used to matc h incoming replies to the corresp onding request

ob jects), and that requests are sen t across the net w ork instead of executing them

in the same pro cess:

public void run ()

{

try {

for (;;) {

Request request = (Request) channel.receive () ;

if (request.hasResu lt( )) {

synchronized (requests) {

requests.add(req ue st) ;

}

}

display_out.write (r equ es t. toS tr in g(d el ega te )) ;

display_out.newLi ne ();

display_out.flush () ;

}

} catch (InterruptedExcep ti on ex) {

// terminate loop

} catch (IOException ex) {

System.err.print ln( ex );

}

}

Again, all ev en ts and request replies are handled in their o wn thread. F or eac h

incoming message it �rst needs to b e determined whether this is an ev en t or the

reply to the oldest unansw ered request (requests are alw a ys pro cessed in order b y

the serv er). Eac h Ev en t is then deco ded b y the EventMessage class and dispatc hed

lo cally to the appropriate main lo ops. A reply is deco ded lik ewise b y the Reply

class and the result v alue is passed on to the thread that sen t the original request,

using the c hannel sp eci�ed in the request ob ject:

public class EventThread extends Thread

{

public void run ()

{

...

while ((line = display_in.readL in e() ) != null) {

if (EventMessage.i sE ve ntM es sa ge( li ne) ) {

EventMessage msg = new EventMessage(line , delegate);

msg.dispatch();

} else {
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Reply reply = new Reply(line, delegate);

Request request;

synchronized (requests) {

request = (Request) requests.remove( 0) ;

}

if (!request.match es( re pl y.g et Num be r( )))

throw new InternalError("u nkn ow n sequence number");

request.reply(re pl y.g et Va lue () );

}

}

...

}

}

The reason wh y the ev en t and reply handling needs to done in its o wn thread

here is that it is simply imp ossible in Ja v a for a thread to sim ultaneously w ait

for messages arriving at a c hannel (whic h is in ternally just a call to the wait()

sync hronization metho d) and to w ait for input from an I/O stream. So there is

no real c hoice but to separate these t w o w ait op erations in to t w o threads.

5.6.2 Comm unication Proto col

F or the distributed case, the dispatc her and the to olkit serv er ha v e to exc hange

requests, request resp onses and ev en ts across a net w ork connection. T o b e able

to do that, it is �rst necessary to de�ne a proto col that is used for this message

exc hange. The protot yp e implemen tation describ ed here uses a simple text based

proto col for this where eac h message corresp onds to one line of text, the main

motiv ation b eing here that text is easy to monitor and debug if required. It also

do es no require thinking ab out b yte ordering on di�eren t hardw are.

All message parameters are con v erted to Unico de strings, whic h are then enco ded

in UTF-8 for transp ort across the comm unication la y er. While this is su�cien t for

a testing protot yp e, a compact binary proto col w ould certainly b e preferable here

in the long run to ac hiev e b etter p erformance at this lev el. Using a binary proto col

w ould for example completely a v oid the need to con v ert in teger and �oating p oin t

v alues to textual form and later on parsing this text to reco v er the original v alue on

the receiv er's side. A format similar to XDR [24 ] w ould b e feasible for this, whic h

is used as the general enco ding format for R emote Pr o c e dur e Cal ls [17]. Another

option w ould b e to adopt the ob ject serialization format used b y the Ja v a R emote

Metho d Invo c ation API, whic h w ould ha v e the additional b ene�t that the Ja v a

enco der/deco der comes for free, but no suc h enco der or deco der exists for nativ e

C programs y et.
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<request> ::= <seqnum> , <reference> , <method> , <value> \n

<reply> ::= <seqnum> , <value> \n

<event> ::= <reference> , <type> , <value> \n

<seqnum> ::= <integer>

<method> ::= <string>

<type> ::= <string>

<value> ::= <null> |

<boolean> | <integer> | <float> |

<reference> | <string> | <array>

<array> ::= { } | { <values> }

<values> ::= <value> | <value> , <values>

<null> ::= *

Figure 5.1: BNF de�nition of simple text proto col

An incomplete formal de�nition of the text proto col syn tax in Backus-Naur F orm

is giv en in �gure 5.1.

4

It is incomplete b ecause it do es not include the de�nition

for the non-terminals (basic t yp es) <boolean> , <integer> , <float> , <reference>

and <string> , whic h are easier describ ed informally in the follo wing list:

<boolean> A b o olean v alue is represen ted as one of the constan ts � 0 � (false) or

� 1 � (true), pre�xed with the c haracter � b � to indicate the t yp e.

<integer> In teger v alues use the standard decimal string represen tation of their

t yp e, pre�xed with the c haracter � i � to indicate the t yp e.

<float> Lik ewise, this is the standard string represen tation of an IEEE 754 double

precision �oating p oin t v alue, pre�xed with the c haracter � d � to indicate the

t yp e.

<reference> A reference is an opaque string iden ti�er referring to a clien t side

ob ject (as describ ed b efore) enclosed in single quotes. References m ust only

con tain ASCI I c haracters.

<string> Strings are alw a ys transferred as UTF-8 enco ded b yte sequences en-

closed in double quotes, with double quotes and the bac kslash c haracter

inside strings escap ed with a bac kslash c haracter (as done in Ja v a or C).

4

Note that this is BNF, not extended BNF, so the curly brac k ets are terminal sym b ols, not

meta sym b ols.
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T o illustrate ho w the proto col messages lo ok lik e in practice, �gure 5.2 sho ws a

short part of the message �o w for a simple demo application

5

. V ersions of the

proto col enco der and deco der exist for Ja v a and C (b oth v ersions use a simple

recursiv e descend parser) and could b e com bined with di�eren t transp orts lik e

so c k ets or names pip es as required.

--> i13,"gui.Slider@1 73 a10 f" ," gui .S li der .s et Min im um" ,{ d0 }

--> i14,"gui.Slider@1 73 a10 f" ," gui .S li der .s et Max im um" ,{ d1 00}

--> i15,"gui.Box@a62f c3 "," gu i. Con ta in er. ad d" ,{' gu i.S li de r@1 73 a1 0f' }

--> i16,"gui.Box@a62f c3 "," gu i. Con ta in er. ad d" ,{' gu i.T ex tF iel d@ 10 b30 a7 '}

--> i17,"gui.Box@a62f c3 "," gu i. Con ta in er. ad d" ,{' gu i.B ut to n@1 a7 58 cb' }

--> i18,"gui.Window@1 43 18b b" ," gui .C on tai ne r. add ", {'g ui .B ox@ a6 2f c3' }

--> i19,"gui.Window@1 43 18b b" ," gui .W in dow .s et Vis ib le" ,{ b1 }

--> i20,"gui.Window@1 43 18b b" ," gui .W in dow .g et Tit le ",{ }

<-- i20,"Hello World"

--> i21,"gui.Button@1 a7 58c b" ," gui .B ut ton .g et Tex t" ,{}

<-- i21,"Click Me!"

--> i22,"gui.TextFiel d@ 10b 30 a7 "," gu i. Tex tF ie ld. ge tTe xt ", {}

<-- i22,"Some Text..."

--> i23,"gui.Window@1 43 18b b" ," gui .W in dow .s et Tit le ",{ "C li ck" }

<-- 'gui.Button@1a758 cb '," cl ic ked ", *

<-- 'gui.Slider@173a1 0f '," ch an ged ", *

--> i24,"gui.Slider@1 73 a10 f" ," gui .S li der .g et Val ue ",{ }

<-- i24,d1.65289

--> i25,"gui.TextFiel d@ 10b 30 a7 "," gu i. Tex tF ie ld. se tTe xt ", {"1 "}

Figure 5.2: Comm unication fragmen t of simple text proto col

5.6.3 Enco ding Messages for T ransp ort

The enco ding and deco ding of the di�eren t data t yp es used in Ja v a for the messages

is p erformed with the help of the Encoder and Decoder classes. These con tain

metho ds that implemen t the necessary steps for most of the basic data t yp es

supp orted in the proto col: Bo ole an , Inte ger , Double , String and A rr ay .

Enco der

The Encoder encapsulates a string bu�er that holds the enco ded data and supp orts

the use of an optional enc o ding dele gate that is ask ed to enco de an y ob ject whose

t yp e the Encoder cannot handle. Suc h delegates are used in the protot yp e to

determine ho w comp onen ts should b e enco ded, although the general mec hanism

could b e used for other t yp es as w ell.

5

The directional arro ws b efore eac h line ha v e b een added for impro v ed readabilit y , they are

not part of the transmitted messages.
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The cen tral metho d of the Encoder class is the encodeObject() metho d, whic h

automatically c ho oses an appropriate enco ding metho d dep ending on the ob ject's

t yp e. Ja v a arra ys are enco ded b y recursiv ely in v oking this metho d for eac h ob ject

inside the arra y:

public void encodeObject (Object object) throws CodingException

{

if (object == null)

buffer.append('* ');

else if (object.getClass( ). isA rr ay ())

encodeArray((Obj ect []) object);

else if (object instanceof String)

encodeString((St rin g) object);

else if (object instanceof Boolean)

encodeBoolean((B ool ea n) object);

else if (object instanceof Integer)

encodeInteger((I nte ge r) object);

else if (object instanceof Double)

encodeDouble((Do ubl e) object);

else if (delegate != null)

encodeComponent( obj ec t) ;

else

throw new CodingException( "n o encoding delegate set");

}

Deco der

The Decoder class is the coun terpart to the Encoder and is used to recreate the

Ja v a data t yp es from their textual represen tation. The t yp e pre�xes for the v alues

de�ned at the proto col lev el mak e it m uc h easier to build a simple deco der without

the need for a sophisticated scanner, b ecause the deco der can alw a ys decide a

v alue's t yp e from the �rst c haracter of the enco ded text (making the v alues easy

for h umans to t yp e is not a concern here):

public Object decodeObject () throws CodingException

{

switch (input.charAt(po s+ +) ) {

case '*':

return null;

case 'b':

return decodeBoolean() ;

case 'i':

return decodeInteger() ;

case 'd':

return decodeDouble();

case '\'':

return decodeComponent () ;

case '"':

return decodeString();
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case '{':

return decodeArray();

default:

throw new CodingException( "un re co gni ze d type: " + input);

}

}

Again, the actual task of deco ding a comp onen t reference is left here to a de c o d-

ing dele gate . Doing so ensures that the kno wledge of ho w to enco de and deco de

comp onen ts is encapsulated inside these delegate ob jects, and allo ws the Encoder

and Decoder classes to b e reusable.

Co ding Delegates

The t w o delegate in terfaces used for this eac h just declare one metho d:

public interface EncodingDelegate

{

public String encodeObject (Object object) throws CodingException;

}

public interface DecodingDelegate

{

public Object decodeObject (String string) throws CodingException;

}

When used b y the remote dispatc her on the clien t side, the implemen tation of

these in terfaces relies on the �ob ject iden ti�er� to comp onen t mapping main tained

in ternally b y the Component class (as explained in section 5.3.6 on page 67):

public class CodingDelegate implements DecodingDelegat e, EncodingDelegate

{

public Object decodeObject (String string) throws CodingException

{

Object result = Component.getCom po nen t( st rin g) ;

if (result == null)

throw new CodingException( "c an not decode unregistered object");

return result;

}

public String encodeObject (Object object)

{

String result = object.toString( );

return result;

}

}
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On the to olkit serv er side, the lo okup metho ds based on the comp onen t registration

mec hanism pro vided b y the Server base class are used instead (these are describ ed

in section 5.5.2 on page 89). This ensures that the correct to olkit comp onen ts are

substituted for the comp onen t pro xy iden ti�ers when deco ding a request and vice

v ersa when enco ding a resp onse or an ev en t message:

public class CodingDelegate implements DecodingDelegat e, EncodingDelegate

{

public Object decodeObject (String string) throws CodingException

{

Object result = Server.getServer () .lo ok up Obj ec t(s tr in g);

if (result == null)

throw new CodingException( "c an not decode unregistered object");

return result;

}

public String encodeObject (Object object) throws CodingException

{

Object result = Server.getServer () .lo ok up Key (o bje ct );

if (result == null)

throw new CodingException( "c an not encode unregistered object");

return (String) result;

}

}

Request Messages

In order to allo w request messages to b e enco ded and deco ded for transp ort across

the net w ork, it is necessary to add one additional metho d for enco ding and a

second constructor for deco ding to the Request class discussed is section 5.3.5:

public String toString (EncodingDelega te delegate)

{

Encoder encoder = new Encoder(delegat e) ;

encoder.encodeOb je ct (ne w Integer(number)) ;

encoder.encodeCh ar ac ter (' ,' );

encoder.encodeOb je ct (ta rg et .to St ri ng( )) ;

encoder.encodeCh ar ac ter (' ,' );

encoder.encodeOb je ct (me ss ag e);

encoder.encodeCh ar ac ter (' ,' );

encoder.encodeOb je ct (ar gs );

return encoder.toString () ;

}
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The toString() metho d ab o v e is prett y self-explanatory , and the additional con-

structor for deco ding a message from a textual represen tation is simple as w ell:

public Request (String input, DecodingDelegat e delegate)

{

Decoder decoder = new Decoder(input, delegate);

number = ((Integer) decoder.decodeObj ec t( )). in tVa lu e( );

decoder.skipChar ac te r(' ,' );

target = (Object) decoder.decodeOb jec t( );

decoder.skipChar ac te r(' ,' );

message = (String) decoder.decodeO bje ct () ;

decoder.skipChar ac te r(' ,' );

args = (Object[]) decoder.decodeOb jec t( );

}

Resp onse and Ev en t Messages

The resp onse and ev en t messages can b e enco ded and deco ded in the same manner

as requests, using metho ds almost iden tical to the ones sho wn ab o v e. All the hard

w ork is done b y the Encoder and Decoder classes and the corresp onding co ding

delegates of the clien t and the serv er.

5.6.4 GTK TCP T o olkit Serv er

The to olkit serv er can also b e adapted to supp ort suc h a distributed comm u-

nication mo del with a few small c hanges. F or the implemen tation using nativ e

comp onen ts, the only part of the co de that needs to b e replaced is the mo dule

that uses the Java Native Interfac e to in teract with the dispatc her and the ev en t

thread. This mo dule is replaced b y an equiv alen t one that implemen ts a TCP

based transp ort and con tains a nativ e enco der and deco der for the message pro-

to col describ ed in section 5.6.2. All the rest of the nativ e serv er implemen tation

can b e shared b et w een b oth v ersions without an y mo di�cations.

The new mo dule no w needs to con tain a main() function, as the TCP serv er

m ust b e able to run as a standalone pro cess instead of b eing loaded as a shared

library in to the Ja v a virtual mac hine. This main() function is a lot similar to

the run() metho d of the JNI based serv er. Lik e b efore, it needs to initialize the

GLib and GTK libraries and the function and ob ject mapping tables. The one

ma jor di�erence here is that the GNet library is used to install a serv er function

for handling an incoming so c k et connection on the serv er's TCP p ort:
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int main (int argc, char *argv[])

{

int port = 5000; // default port number

GServer *server;

g_type_init();

gnet_init();

gtk_init(&argc, &argv);

...

server = gnet_server_new (NU LL , port, server_func, NULL);

gtk_main();

return 0;

}

The GNet library is a general purp ose net w orking library pro viding an ob ject-

orien ted wrapp er around the BSD so c k et API. It supp orts b oth sync hronous and

async hronous connection handling and represen ts connections as I/O c hannels that

can b e added to the GLib main lo op as additional input sources. This is v ery

con v enien t, as it allo ws the to olkit serv er pro cess to b e completely single-threaded

without an y further e�orts: Both the connection to the clien t as w ell as the ev en t

handling for the to olkit can b e managed b y the to olkit's main lo op, unlik e the

in-pro cess mo del where reading requests from a c hannel needed to b e in tegrated

with the GTK main lo op.

When the clien t has established a connection to the serv er, the data so c k et is

added to the main lo op as a new I/O watch , so that an y incoming requests can b e

pro cessed from the nativ e main lo op:

static void server_func (GServer *server, GConn *conn, gpointer data)

{

io_channel = conn->iochannel;

g_io_add_watch( io _ch an ne l, G_IO_IN|G_IO_HUP , io_watch, NULL);

gnet_server_del et e(s er ve r);

}

As so on as new data b ecomes a v ailable on the so c k et, the io_watch() function

is called b y the main lo op to read the request. F or the text based proto col,

eac h request spans exactly one line of input, so this pro cess b ecomes fairly sim-

ple. The serv er deco des the request in to a GValue arra y and passes it to the

handle_request() function:

static gboolean io_watch (GIOChannel *source, GIOCondition cond, gpointer data)

{

char *buf = NULL;

gsize len;

GIOError status = gnet_io_channel_ re ad lin e_ st rdu p( sou rc e, &buf, &len);

if (len > 0) {
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GValueArray *array = decode_request(b uf );

handle_request(a rr ay );

g_value_array_fr ee (a rra y) ;

} else {

gtk_exit(0);

}

g_free(buf);

return TRUE;

}

The actual request handling is then done b y that function in exactly the same

w a y as for the in-pro cess case already describ ed in section 5.4.2 on page 73. The

to olkit in terface function corresp onding to the request is lo ok ed up and called and

the result v alue is sen t bac k to the clien t:

static void handle_request (GValueArray *request)

{

...

if (object) {

GValueArray *args =

g_value_get_boxe d(g _v al ue_ ar ra y_g et _n th( re que st , 3));

GValue result = {0};

call_func_t call_func = lookup_call(met ho d);

if (call_func) {

call_func(object , args, &result);

if (G_IS_VALUE(&res ul t) ) {

post_reply(seqnum , &result);

}

}

} else {

init_func_t init_func = lookup_init(met ho d);

if (init_func) {

object = init_func();

register_object( obj ec t, target);

}

}

}

Of course the sending of the result v alue no w in v olv es generating a reply message

that can b e transmitted across the TCP connection, so the result v alue m ust b e

prop erly enco ded in to a text message �rst:

static void post_reply (long seqnum, GValue *result)

{
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...

encode_long(buf , seqnum);

g_string_append _c (bu f, ',');

encode_value(bu f, result);

g_string_append _c (bu f, '\n');

gnet_io_channel _w rit en (i o_c ha nn el, buf->str, buf->len, &len);

status = g_io_channel_fl ush (i o_ cha nn el , NULL);

...

g_string_free(b uf , TRUE);

}

Apart from the request handling sho wn ab o v e, the other ma jor part of the to olkit

serv er is the forw arding of ev en ts generated b y the nativ e comp onen ts to the clien t.

The same ev en t listener mo dule is used here that w as done for the in-pro cess to olkit

serv er, so all ev en t messages are routed through the function post_event() in the

serv er. This function is resp onsible for prop erly enco ding the ev en t source and

parameters according to the proto col and sending the constructed ev en t message

via the so c k et connection to the ev en t dispatc her in the clien t:

void post_event (gpointer source, const char *event, GValueArray *args)

{

...

encode_componen t( buf , source);

g_string_append _c (bu f, ',');

encode_string(b uf , event);

g_string_append _c (bu f, ',');

if (args != NULL) {

encode_value_arr ay (b uf, args);

} else {

encode_pointer(b uf , args);

}

g_string_append _c (bu f, '\n');

gnet_io_channel _w rit en (i o_c ha nn el, buf->str, buf->len, &len);

status = g_io_channel_fl ush (i o_ cha nn el , NULL);

...

g_string_free(b uf , TRUE);

}

The text proto col enco ding and deco ding is actually v ery similar to the implemen-

tation sho wn b efore in Ja v a (encapsulated in the Encoder and Decoder classes):

encode_value() tries to determine the t yp e of the v alue to enco de and then in-

v ok es one of the corresp onding t yp e-sp eci�c enco ding functions:

static void encode_value (GString *buf, GValue *value)

{
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if (G_VALUE_HOLDS_PO IN TE R(v al ue ))

encode_pointer(b uf , g_value_get_point er (v alu e) );

else if (G_VALUE_HOLDS(v alu e, G_TYPE_VALUE_AR RAY ))

encode_value_arr ay (b uf, g_value_get_box ed (va lu e)) ;

else if (G_VALUE_HOLDS_S TRI NG (v alu e) )

encode_string(bu f, g_value_get_str ing (v al ue) );

else if (G_VALUE_HOLDS_B OOL EA N( val ue ))

encode_boolean(b uf , g_value_get_boole an (v alu e) );

else if (G_VALUE_HOLDS_L ONG (v al ue) )

encode_long(buf, g_value_get_lon g( val ue )) ;

else if (G_VALUE_HOLDS_D OUB LE (v alu e) )

encode_double(bu f, g_value_get_dou ble (v al ue) );

else if (G_VALUE_HOLDS_O BJE CT (v alu e) )

encode_component (b uf , g_value_get_obj ec t( val ue ));

else

fputs("invalid type in encode_value()\n ", stderr);

}

encode_value() w orks exactly the other w a y round and is again based on t yp e-

sp eci�c deco ding functions, as exp ected. All the rest of the serv er co de is shared

with the in-pro cess implemen tation.

5.6.5 Swing TCP T o olkit Serv er

It should no w b e fairly ob vious that the same pro cedure seen b efore can also b e

applied to the Ja v a to olkit serv er: Replacing the JavaServer implemen tation from

section 5.5.2 with a di�eren t sub class of the abstract Server class that supp orts

remote comm unication with the clien t. The o v erall structure of this class is in fact

v ery similar to the nativ e TCP to olkit serv er describ ed ab o v e. It also needs to

b e able to run in its o wn pro cess no w, and it to o m ust b e able to read requests

from the so c k et connection to the clien t while sim ultaneously handling ev en ts from

the to olkit. But this already p oin ts to one di�erence: There is no w a y in Ja v a to

in tegrate the pro cess of w aiting for data on a so c k et in to the main lo op of the

Swing to olkit. As a consequence, the request handling will ha v e to b e done in a

separate thread. Again, apart from this class, all the rest of the co de on the serv er

side � and in particular the comp onen t and ev en t listener classes � can b e simply

reused completely unc hanged with this TCPServer .

The main() metho d has to set up the to olkit serv er to listen on its serv er p ort

for connections from a clien t. Once a connection has b een established, the request

handling lo op can b e started:

public class TCPServer extends Server implements Runnable

{

public static void main (String args[])

{
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try {

String display_name = System.getPrope rty (" gui .d is pla y" );

Display display = new Display(display _na me );

TCPServer server = new TCPServer();

server.bind(disp lay .g et Por t( )) ;

server.run();

} catch (IOException ex) {

...

}

}

The serv er's bind metho d is used to accept an incoming clien t connection and sets

up the input and output streams used for the comm unication with the clien t:

private void bind (int port) throws IOException

{

ServerSocket socket = new ServerSocket(po rt) ;

init(socket.acce pt () );

socket.close();

}

The thread that is resp onsible for pro cessing the clien t request messages sp ends

its time in the run() metho d, w aiting for data from the so c k et and deco ding an y

request messages that arriv e there. The actual request handling is again pushed

in to the handleRequest() metho d:

public void run ()

{

try {

String line;

while ((line = client_in.readL ine () ) != null) {

Request request = new Request(line, delegate);

handleRequest(req ue st) ;

}

} catch (IOException ex) {

...

}

}

The job of handleRequest() is then the same pro cedure as alw a ys: Lo ok up the

to olkit metho d corresp onding to the request and in v ok e the op eration with the

deco ded argumen t list pro vided in the request message:

public void handleRequest (Request request)

{

...
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if (object != null) {

Object args[] = request.getArgume nt s( );

Method m_call = methods.lookupCal l( me tho d) ;

if (m_call != null) {

invokeRequest(req ue st, m_call, new Object[] {object, args});

}

} else {

Method m_init = methods.lookupIni t( me tho d) ;

if (m_init != null) {

try {

object = m_init.invoke(nu ll , new Object[] {});

registerObject( obj ec t, target);

} catch (InvocationTarge tE xce pt io n ex) {

...

}

}

}

}

As explained ab o v e, the requests cannot b e receiv ed directly b y the ev en t thread

b ecause reading requests w ould blo c k the ev en t thread, whic h m ust not b e done.

As a consequence, the thread that is used to handle the clien t requests is not

p ermitted to talk to the user in terface comp onen ts, due to the kno wn limitations of

the Swing to olkit. This can b e solv ed, ho w ev er, b y pushing the co de that actually

calls the to olkit metho ds in to the ev en t thread using the same invokeLater()

tric k seen b efore. Metho d results are also sen t bac k from this thread in the form

of enco ded reply messages:

private void invokeRequest (final Request request, final Method method,

final Object args[])

{

EventQueue.invok eL at er( ne w Runnable() {

public void run () {

try {

Object result = method.invoke(nu ll , args);

if (result != JavaGUI.VOID) {

int seqnum = request.getNumb er ();

Reply reply = new Reply(seqnum, result);

client_out.write (r epl y. to Str in g(d el eg ate )) ;

client_out.newLi ne ();

client_out.flush () ;

}

} catch (IOException ex) {

...

}
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}

});

}

The complete ev en t handling pro cess in the TCPServer w orks in the same w a y as

for the JavaServer : The Swing ev en t listener is used as a generic ev en t handler

that forw ards all ev en ts to the postEvent() metho d in the to olkit serv er. The

implemen tation pro vided b y this class then just has to send the enco ded represen-

tation of eac h message across the so c k et connection to the clien t:

public void postEvent (EventMessage message)

{

try {

client_out.write (me ss ag e.t oS tr ing (d el ega te ));

client_out.newLi ne( );

client_out.flush ();

} catch (IOException ex) {

...

}

}

The role of the loadApplet() metho d in the serv er has already b een explained at

the v ery end of section 5.5.2 on page 93: Its resp onsibilit y is to arrange the loading

of an applet that is used as a to olkit clien t. Con trary to the implemen tation seen

in the JavaServer class, the applet cannot b e directly loaded here, b ecause for

a distributed comm unication mo del the applet of course m ust b e loaded on the

clien t, not on the serv er. This means that for an applet using the TCPServer , the

applet class is not loaded in to the bro wser (that con tains the to olkit serv er for the

applet) but in to the Ja v a pro cess on the remote system where the to olkit clien t is

running. This is wh y in this case the applet's class name is simply transmitted to

the clien t instead:

public void loadApplet (JApplet applet, String name)

{

try {

...

Thread thread = new Thread(this);

init(new Socket(host, display.getPort ()) );

client_out.write (na me );

client_out.newLi ne( );

client_out.flush ();

synchronized (applet) {

thread.start();

while (lookupKey(apple t) == null) {

applet.wait();
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}

}

} catch (IOException ex) {

...

}

}

Muc h more details on the handling of applets in general and an example applet

are sho wn in section 5.8 on page 118.

5.7 Example Application

T o sho w ho w the arc hitecture presen ted here lo oks from the view of an application

programmer, this section discusses a simple example program to illustrate that

p oin t. The program simply creates a windo w con taining a grid la y out with three

buttons (that this is done in the run() metho d can b e ignored for no w):

public class ThreadDemo extends Thread

{

public void run () {

Window window = new Window("ThreadDem o" );

Button create = new Button("Create New Window");

Button doquit = new Button("Quit Application");

Button counter = new Button("Start Countdown");

Grid grid = new Grid(3, 1);

The comp onen t classes Window , Button and Grid used here should not need an y

explaining, they w ork just lik e the corresp onding A WT classes. Grid is a la y out

con tainer with a con�gurable grid la y out, somewhere in b et w een the GridLayout

and GridBagLayout found in the A WT. Unlik e the la y out classes, it is ho w ev er a

con tainer with a �xed la y out, in the same w a y that the Box class is used in Swing.

Putting the comp onen t hierarc h y together b y adding the individual comp onen ts

to the la y out con tainers is also really straigh tforw ard:

grid.add(create, 0, 0);

grid.add(doquit, 1, 0);

grid.add(counter , 2, 0);

window.add(grid) ;

window.setVisibl e( tr ue) ;

The add() metho d of the Grid class accepts optional co ordinates to sp ecify the cell

where the comp onen t should b e placed. Muc h more in teresting is to lo ok at ho w

the ev en t handling is done. The ev en t handlers are implemen ted in separate event

listener classes m uc h lik e ActionListener implemen tations are used for A WT or
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Swing ev en t handling, and these are attac hed to the comp onen ts using the generic

addEventListener() metho d:

create.addEventH an dl er( "c li cke d" , new StartHandler()) ;

doquit.addEventH an dl er( "c li cke d" , new QuitHandler());

counter.addEvent Ha nd ler (" cl ick ed ", new LoopHandler());

window.addEventH an dl er( "c lo sin g" , new CloseHandler()) ;

Because this metho d is used for all t yp es of ev en ts, it is necessary to sp ecify the

t yp e of ev en t the handler is in terested in separately . F or this, a set of standard

event names is de�ned (strings are a lot more �exible than the ev en t IDs used in

the A WT), for example the �clic k ed� ev en t t yp e corresp onds to a clic k on a button

ob ject etc.

Finally , the application needs to start the main ev en t lo op. This is made explicit

in the API b ecause there simply is not �the one� ev en t lo op: There can b e as man y

as the application needs, and to b e able to con trol them they ha v e to b e visible to

the program. T o mak e the common case easy , the MainLoop class pro vides a class

metho d to obtain the default main lo op for a thread, automatically creating one

if necessary . Eac h thread can ha v e its o wn default main lo op, of course. So, the

co de to start the main lo op is v ery simple:

MainLoop.default Ma in Loo p( ). run () ;

}

T o b e able to actually start the program, it additionally needs to ha v e a main()

metho d:

public static void main (String args[]) {

new ThreadDemo().sta rt( );

}

The main() metho d creates a new ThreadDemo ob ject (whic h extends the Thread

class) and starts it. The new thread will b egin its execution in the run() metho d

seen ab o v e, op ening a new windo w and starting a main lo op in this thread. The

original main thread simply terminates b y lea ving the main() metho d. As a result,

there is one thread, one windo w, and one main lo op for handling ev en ts.

The next asp ect to lo ok at is what the ev en t handlers are doing: The simplest one

is the handler for the Quit Applic ation button that simply terminates the program

using System.exit() :

public class QuitHandler implements EventListener {

public void handleEvent (Event event) {

System.exit(0);

}

}
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As can b e seen here, the EventListener in terface is in fact v ery similar to the

ActionListener men tioned b efore: It declares a single metho d, handleEvent() ,

that needs to b e implemen ted with the handler co de. The only parameter is the

ev en t ob ject of t yp e Event , whic h is the base class of all ev en ts, so the actual t yp e

of the ev en t ma y also b e a sub class of this.

The ev en t handler for the �Create New Windo w� button creates a new ThreadDemo

ob ject when clic k ed, and starts the new thread, just lik e main() did:

public class StartHandler implements EventListener {

public void handleEvent (Event event) {

new ThreadDemo().star t( );

}

}

What do es this do? It creates a second thread that also executes its run() metho d,

whic h creates a new windo w and starts a new main lo op in the second thread. This

is b ecause (unless arranged otherwise) eac h thread gets its o wn default main lo op .

So after one clic k on this button there are t w o threads, t w o windo ws and t w o main

lo ops. It should no w b e ob vious ho w this con tin ues: Eac h press on this button in

an y of the windo ws will create an additional thread, windo w and main lo op.

This leads to the next question: Ho w do the comp onen ts inside the individual

windo ws kno w whic h main lo op is resp onsible for handling the ev en ts they gen-

erate? The answ er to this question is simple: Since no particular main lo op w as

sp eci�ed that should b e used for deliv ering the ev en ts when connecting the ev en t

handlers, they w ere connected to the default main lo op of the thread that did

the addEventListener() call. This also explains wh y the co de w as placed in the

run() metho d of the new thread: If the same thread that connects the ev en t han-

dlers also w an ts to handle them, nothing sp ecial needs to b e done. Of course there

are also v arian ts of the addEventListener() metho d that let the caller determine

whic h main lo op should b e used for ev en t deliv ery .

The b ottom line is that one ma y ha v e an y n um b er of windo ws, eac h with its o wn

main lo op resp onsible for handling the ev en t generated inside that windo w. But

ho w do es one get rid of the threads again? This is equally simple as sho wn in the

handler for the windo w close button:

public class CloseHandler implements EventListener {

public void handleEvent (Event event) {

MainLoop.default Mai nL oo p() .t er min at e( );

}

}

When a windo w is closed, the handler for the �closing� ev en t is called, whic h in turn
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Figure 5.3: Screen shot of the ThreadDemo application

calls the terminate() metho d of the main lo op for the thread that is resp onsible

for this windo w. T erminating an ev en t lo op causes the run() metho d of the main

lo op to return, whic h here w as called as the last statemen t in the run() metho d

of the thread itself, so that this also causes the thread's execution to end.

T o illustrate that the individual main lo ops can really run indep enden tly of eac h

other, the handler for the last button is doing something seemingly stupid: It

blo c ks the ev en t handling thread for ten seconds and displa ys a coun tdo wn during

that time on the button:

public class LoopHandler implements EventListener {

public void handleEvent (Event event) {

Button counter = (Button) event.getSource( );

String text = counter.getText( );

for (int i = 10; i > 0; --i) {

counter.setText(" >> " + i + " <<");

try {

Thread.sleep(10 00) ;

} catch (InterruptedExce pt ion ex) {}

}

counter.setText( tex t) ;

}

}

Figure 5.3 sho ws a screen shot of the running application on the Lin ux platform

using the Swing to olkit serv er. The ev en t thread of the left windo w is idle while

the thread of the second windo w is executing the LoopHandler co de. Despite the

fact that one ev en t handler is curren tly busy , b oth windo ws repain t �ne and the

left windo w can pro cess ev en ts normally . The coun tdo wn can run in b oth (or ev en

more) windo ws in parallel, without disturbing the other windo ws.

When trying to do the same thing in a normal Swing application, one will notice

that while it is p ossible to op en m ultiple windo ws, starting the coun tdo wn in one of

them will cause al l windo ws to b ecome unresp onsiv e un til the coun tdo wn is o v er.

They will not repain t either if they are temp orarily o v erlapp ed with another win-

do w, meaning that the coun tdo wn will not ev en b e visible in the windo w where it

w as started. This do es not ev en w ork if there is just one op en windo w, b ecause the

repain ts queued b y the setText() op erations on the button cannot b e p erformed
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while the ev en t handler is still running.

More examples as w ell as the complete source co de for the protot yp e implemen ta-

tion can b e found on the pro ject w eb site [16 ].

5.8 Ja v a Applets

Due to the fact that a Swing to olkit serv er exists, it is also p ossible to run this

serv er inside an applet, using either the in-pro cess mo del or a TCP transp ort for

the message exc hange.

The main limitation of an applet is that it ma y not in teract freely with the system

on whic h is it running due to securit y considerations, for example it cannot w ork

with lo cal �les or op en arbitrary net w ork connections. There are t w o exceptions,

ho w ev er: It is allo w ed to comm unicate with the w eb bro wser in whic h it is running

and it ma y op en a net w ork connection to the serv er from whic h this applet itself

w as loaded.

Applets in general w ork a little di�eren t from Ja v a applications: They do not ha v e

a main() metho d and often do not create their o wn windo ws (though an applet

is allo w ed to do this). Instead, an applet is allotted a �xed part of the bro wser's

windo w to render itself in to and can th us b ecome an in tegral part of a w eb page.

Once the space has b een reserv ed b y the bro wser, the applet class is loaded and

instan tiated. Then, the applet's init() metho d is called to signal that the applet's

life cycle has b egun.

T o implemen t this mo del on top of the message-based approac h presen ted here,

t w o comp onen ts are necessary: An implemen tation of a Swing JApplet sub class

that can b e loaded in to a bro wser and runs the to olkit serv er, and an Applet

6

class

similar to the standard one whic h can then b e sub classed and used as a template

for the actual applet sp eci�c co de.

5.8.1 Swing Applet Pro xy

The Ja v a applet running the to olkit serv er can actually b e reused for any applet,

indep enden t of what the applet is doing, since it just needs to setup the stage for

the to olkit serv er to run. In the implemen tation pro vided in the protot yp e, this

class is called JavaApplet and extends the JApplet class as exp ected. It can b e

parametrized using the applet parameters gui.applet and gui.display : gui.applet

selects the name of an applet class to b e loaded as a client for the to olkit serv er

6

This do es not refer to the A WT applet class but rather to the v ery similar class pro vided b y

this protot yp e.
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running in this applet, whic h m ust b e a sub class of the Applet class discussed

b elo w. The prop ert y gui.display determines whic h kind of message transp ort is

used b et w een the clien t applet and the to olkit serv er (TCP or in-pro cess):

public class JavaApplet extends JApplet

{

public void init()

{

String name = getParameter("gu i. ap ple t" );

String display = getParameter("g ui .di sp la y") ;

if (display != null)

new TCPServer();

if (name != null)

Server.getServer (). lo ad App le t( thi s, name);

Server.getServer () .p ost Ev en t(n ew EventMessage(thi s, "applet-init")) ;

}

The op erations init() , start() , stop() and destroy() that con trol the applet's

life cycle are simply encapsulated as pseudo ev en t messages and sen t to the applet

clien t:

public void start()

{

Server.getServer () .p ost Ev en t(n ew EventMessage(thi s, "applet-start") );

}

public void stop()

{

Server.getServer () .p ost Ev en t(n ew EventMessage(thi s, "applet-stop")) ;

}

public void destroy()

{

Server.getServer () .p ost Ev en t(n ew EventMessage(thi s, "applet-destroy ")) ;

}

}

5.8.2 Applet T emplate Class

The Applet class that acts as the template for the clien t applets no w just needs

to attac h ev en t handlers to eac h of these ev en ts to mak e the forw arding of these

op erations to the clien t completely transparen t:

public class Applet extends Container implements Runnable

{
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MainLoop loop = new MainLoop();

protected Applet (Class type)

{

super(type);

try {

addEventHandler( "ap pl et -in it ", loop, this, "appletInit");

addEventHandler( "ap pl et -st ar t" , loop, this, "appletStart");

addEventHandler( "ap pl et -st op ", loop, this, "appletStop");

addEventHandler( "ap pl et -de st ro y", loop, this, "appletDestroy" );

} catch (NoSuchMethodExce pt ion ex) {

System.err.print ln( ex );

System.exit(1);

}

}

A ctually , the applet clien t needs to ha v e its o wn main lo op, just lik e an application,

so this is an example of ho w to connect ev en t handlers to a sp eci�c main lo op.

Once that is done, the applet's main lo op can b e started with the run() metho d:

public void run ()

{

loop.setDefaultM ai nL oop () ;

loop.run();

}

One problem remains, ho w ev er: Because an applet is not allo w ed to op en a listening

so c k et (whic h is called a ServerSocket in Ja v a) for securit y reasons, the connection

pro cess has to b e rev ersed for an applet when using the TCP message transp ort:

The applet clien t needs to op en a ServerSocket to whic h the to olkit serv er can

then connect from inside the w eb bro wser. This w orks b ecause an applet is allo w ed

to op en an outgoing so c k et connection to the same serv er the applet itself w as

loaded from.

5.8.3 Generic Applet Serv er

T o a v oid ha ving to include the connection handling co de (i.e. op ening the so c k et

and instan tiating the dispatc her) in to eac h applet clien t, there is a simple applet

server class that can act as a generic applet clien t loader. It establishes the serv er

so c k et, obtains the applet class name from the applet pro xy (via the to olkit serv er)

and tries to instan tiate the giv en applet class using the Ja v a re�ection API. If this

succeeds, it will pro ceed to start the applet clien t's main lo op:

public class AppletServer

{
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public static void main (String args[])

{

try {

...

ServerSocket socket = new ServerSocket(dis pla y. ge tPo rt () );

Socket server = socket.accept();

TCPDispatcher dispatcher = new TCPDispatcher(se rv er) ;

String applet_name = dispatcher.getAp ple tN ame () ;

Class applet_class = Class.forName(ap ple t_ nam e) ;

Applet applet = (Applet) applet_class.ne wI nst an ce ();

socket.close();

applet.run();

} catch (ClassNotFoundExc ep tio n ex) {

...

}

}

}

5.8.4 An Example Applet

Just to giv e an idea of ho w this is used in practice, the class for a v ery simple

example applet is included here. The applet itself only con tains a single button

that reacts to clicke d ev en ts, and for eac h of the init() , start() , stop() and

destroy() metho ds it will prin t the metho d name to the Ja v a console:

public class DemoApplet extends Applet

{

public void init()

{

System.err.print ln (" [in it ]" );

Button button = new Button("Applet");

add(button);

button.addEventH an dl er( "c li cke d" , new EventListener() {

public void handleEvent (Event event) {

System.err.printl n( eve nt .g etS ou rc e() );

}

});

}

public void start()

{

System.err.print ln (" [st ar t] ");

}

public void stop()

{
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Figure 5.4: Demo applet in the AppletView er

System.err.print ln (" [st op ]" );

}

public void destroy()

{

System.err.print ln (" [de st ro y]" );

}

}

The HTML co de used to em b ed this applet in to a w eb page illustrates that it has

to reference the JavaApplet pro xy class for the applet c o de attribute (instead of

the example applet class), and that it includes the DemoApplet class as the v alue

of the gui.applet applet parameter. Also, the gui.display parameter indicates the

p ort n um b er on whic h the applet serv er is running on the system that is serving

the w eb page:

<!DOCTYPE html public "-//W3C//DTD HTML 4.01 Transitional//EN ">

<html>

<head>

<title>Demo Applet</title>

</head>

<body>

<center>

<applet code="swing/JavaA pp le t.c la ss " width="200" height="100">

<param name="gui.applet " value="demo.Demo App le t">

<param name="gui.displa y" value=":5000">

</applet>

</center>

</body>

</html>

Figure 5.4 sho ws this applet running inside the JDK's applet view er for example.

Though this is not immediately ob vious when using the applet, clic king on the

button actually executes the handler co de on the serv er side, not in the pro xy

applet that is running inside the applet view er, so the metho d names prin ted b y

the applet will app ear on the serv er.
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5.9 Summary

This c hapter presen ted the protot yp e implemen tation for the message-based ap-

proac h prop osed in c hapter 4. Though the curren t protot yp e only con tains a fairly

small selection of comp onen t classes and only supp orts a subset of the p ossible

ev en t t yp es, it nonetheless pro v es that the general approac h presen ted here is in

fact viable and can b e o�ered in the form of a rather nice application programming

in terface to the user of the to olkit.

As already discussed in section 4.10 on page 55, the message-based approac h can

ful�l all of the ob jectiv es presen ted in the design:

� It o�ers transparen t thread-safe access to user in terface comp onen ts.

� It supp orts parallel ev en handling in a w a y that is v ery simple to use.

� It can presen t a clean, abstract API to the application with easily replaceable

bac k end implemen tations.

� It allo ws applications to displa y their in terface on a remote system.

The implemen tation of the four di�eren t to olkit serv ers has also sho wn that it

is p ossible to isolate the c hanges required for making a to olkit serv er capable of

transparen t access across a net w ork from the generic co de that in teracts with the

nativ e to olkit comp onen ts. Only a fairly small mo dule has to b e redone in order to

use a giv en to olkit serv er with a completely di�eren t comm unication mec hanism.
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Chapter 6

Ev aluation of the Results

The fact that the approac h presen ted in the previous c hapters w orks for small

programs do es not automatically imply , ho w ev er, that it ma y not ha v e practical

problems that ma y prev en t is from b eing used for real-w orld applications.

The main p oin t where this could b e a problem is the question of the p erformance

implications incurred b y the prop osed arc hitecture: It adds a lot of indirection to

the originally v ery simple pro cess of calling a metho d on a comp onen t. On the

other hand, comm unicating with graphical comp onen ts already is a fairly in v olv ed

pro cess, b ecause the comp onen t rendering and the ph ysical ev en t handling are

often managed outside of the program an yw a y: for example b y the X11 displa y

serv er on Unix platforms of the Quartz Windo wServ er on Mac OS X. All of this

do es it not mak e v ery easy to ev aluate the p erformance implications without doing

actual measuremen ts, whic h are presen ted in the follo wing section.

But this c hapter discusses other p oten tial problems as w ell: Ho w the thread in ter-

action is designed in w a y that helps to a v oid p oten tial deadlo c ks and whic h limi-

tations the o v erall arc hitecture places on the �exibilit y a v ailable to the application

dev elop er, esp ecially regarding the design of custom user in terface comp onen ts.

6.1 P erformance Ev aluation

All of the extra �exibilit y pro vided b y this approac h comes at a price: p erformance.

So one has to ask the question: Is using an (alb eit somewhat simpli�ed) distributed

ob ject mo del feasible for building a graphical program's user in terface considering

its p oten tial p erformance implications?

Based on the design presen ted in c hapter 4, there are t w o main areas that are

lik ely to in tro duce p erformance degradation: lo c king when accessing the request
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and ev en t queues and thread comm unication o v erhead: enco ding and deco ding

the actual request and ev en t ob jects, as w ell as mapping ob ject iden ti�ers to the

comp onen t ob ject references or the corresp onding pro xy ob jects, resp ectiv ely .

T o ev aluate this, sev eral factors need to b e considered:

� Whic h p ercen tage of the time used b y the program is sp en t in teracting with

the GUI comp onen ts?

This is an asp ect that is fairly di�cult to ev aluate ob jectiv ely . One w ould

exp ect that the p erformance of an application is determined mainly b y the

application logic, not the comp onen t in teractions or the ev en t dispatc hing

time, though this v aries of course dep ending on the concrete application one

is lo oking at. This factor is v ery di�cult to measure in practice as w ell, since

this w ould include sim ulating use cases for a program, whic h is w ell b ey ond

the scop e of this thesis. So, the w orst case assumption is made here that the

application p erformance is in fact limited b y the to olkit p erformance.

� What is the o v erhead in v olv ed in using the distributed ob ject system on the

lev el of an individual metho d call?

Here, t w o separate cases need to b e lo ok ed at: Op erations that pro duce

a result v alue from the to olkit require a full roundtrip to the comp onen t

implemen tation to b e able to deliv er the result v alue b efore the application

can pro ceed. This class of op erations includes for example all metho ds that

request comp onen t prop erties.

Op erations that do not ha v e a result v alue can b e executed completely asyn-

c hronously , that is the application can already pro ceed while the metho d is

still queued for in v o cation b y the to olkit. This class of op erations includes all

metho ds that only up date comp onen t prop erties and cannot rep ort failure

(as explained earlier, exceptions on the comp onen t side need to b e handled

as result v alues and can b e reconstructed at the pro xy lev el). All of this is

in visible to the application, since the ordering of the requests guaran tees that

a sync hronous op eration alw a ys w aits for all previous requests to complete.

This is necessary b ecause an application can rely on the fact that metho ds

on the comp onen ts are not executed out of order. Async hronous op erations

only in v olv e half the time that a full roundtrip w ould tak e.

� What is the dela y incurred for handling user ev en ts? Do es the program's

resp onsiv eness su�er in a noticeable w a y?

T o determine this, it is necessary to measure the amoun t of time it tak es to

dispatc h an ev en t from the to olkit serv er to the application. Since ev en ts

and request replies are actually v ery similar (the only real di�erence b eing

the c hannel they are dispatc hed to in the application co de), this can b e
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calculated from the roundtrip time for a request: Assuming that the time

sp en t on constructing and transp orting a request is ab out equal to that sp en t

on a reply , the time tak en to dispatc h an ev en t will b e half the roundtrip

time.

The second of these questions will b e lo ok ed at here �rst: One w a y to ev aluate

this is to measure the time sp en t for a single roundtrip from the user application

to the to olkit library . The actual timing w as done on the getText() metho d

of a button ob ject, as this is a v ery basic op eration: Is it just reading a GUI

comp onen t's attribute, no up date of the user in terface is required. The results of

these measuremen ts are sho wn in the �rst column of �gure 6.1 on the next page.

A second measuremen t has b een p erformed on a t ypical metho d that needs to

up date a comp onen t's displa y and can b e executed async hronously . Note that

for all to olkits in v olv ed here sync hronous GUI up dates ha v e b een forced, since

up dating the user in terface is alw a ys handled b y a separate thread (or ev en a

separate pro cess in a windo wing system lik e X11). So the time giv en here includes

the time sp en t b y the to olkit dra wing the up dated comp onen t. F or the message-

based approac h it also includes half the roundtrip time from the �rst column. The

actual timing here w as done on the setText() metho d of a button ob ject, again

a v ery basic op eration that requires a clearly de�ned GUI up date: dra wing a new

button lab el.

F or comparison purp oses, the third column giv es the time sp en t for the same

setText() op eration without forcing sync hronous GUI up dates. This n um b er is

alw a ys lo w er, of course, since this test just up dates the in ternal comp onen t state

and queues a redra w noti�cation on the comp onen t. Note ho w ev er, that this is

the default mo de of op eration.

Eac h timing is giv en in microseconds p er op eration (a v eraged o v er 1000 calls in 5

runs for eac h test), measured using Vlad Roubtso v's high resolution nativ e timer

implemen tation for Ja v a [23 ]. The test system w as an In tel P en tium 4 based PC

system (2.0 GHz, 512 MB RAM) running Lin ux 2.6 and XF ree86 4.3. The Ja v a

run time en vironmen t used for all tests is Sun's JDK release 1.5.0_06 for Lin ux

with the HotSp ot JIT compiler enabled.

There are some in teresting observ ations that can b e made from these results:

� The n um b ers indicate that the Swing to olkit is actually a lot faster than the

A WT for the measured op eration. Lo oking at the test windo w while the test

is running p oin ts to a lik ely reason for this: Both the A WT and GTK to olkits

can b e seen up dating the text on the screen while the test is running, while

the Swing v ersion just displa ys the �nal text after the test run is complete.

Swing is ob viously a lot smarter ab out dropping unnecessary repain ts that

ha v e b ecome obsolete due to further repain ts on the same comp onen t. This
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GUI to olkit used roundtrip

sync

up date

async

up date

standard Ja v a A WT to olkit n/a 450 �s 224 �s
standard Ja v a Swing to olkit n/a 166 �s 85 �s
message passing, JNI, GTK 134 �s 542 �s 206 �s
message passing, TCP lo opbac k, GTK 417 �s 694 �s 246 �s
message passing, Channels, Swing 130 �s 510 �s 24 �s
message passing, TCP lo opbac k, Swing 674 �s 711 �s 119 �s

Figure 6.1: P erformance ev aluation of single metho d calls

migh t b e a go o d optimization to apply to the other to olkits as w ell.

� Considering that the measured setText() op eration do es not ha v e a return

v alue and so only requires half the roundtrip time in comm unication o v er-

head, one can conclude that the actual time sp en t in the metho d for up dating

the GUI is around 480 �s for the GTK serv er and 400 �s for the Swing serv er.

Giv en that one w ould exp ect the nativ e to olkit to p erform b etter, there is

ob viously still some ro om for impro v emen t in either the GTK serv er or the

GTK to olkit itself.

� The extra cost incurred b y the message passing is noticeable, but in the

same order of magnitude as the cost for the GUI up date itself. Compared

with the A WT to olkit, using the message-based approac h with an in-pro cess

to olkit serv er is not signi�can tly slo w er, so suc h an approac h is clearly usable

in general. The message transp ort across the TCP lo opbac k in terface is a

bit more costly , but that is to b e exp ected giv en the extra �exibilit y (and

required con text switc hes b et w een t w o pro cesses).

� Giv en a roundtrip time of ab out 130 �s for the in-pro cess case, one can

exp ect half that time for dispatc hing a single ev en t from the to olkit serv er to

the application, whic h translates to a maxim um limit of ab o v e 10000 ev en ts

p er second on t ypical consumer hardw are, ignoring the time sp en t in the

ev en t handler itself. So, for all practical purp oses, the limiting factor will

b e the actual ev en t handler co de in the application, not the ev en t handling

mec hanism itself.

6.2 Lo c king Considerations

Whenev er a complex system in v olving m ultiple threads is designed, one should tak e

a careful lo ok at the p ossibilit y of de ad lo cks created b y the thread in teraction. A

de ad lo ck is formally an y situation within the program where t w o or more threads

cannot con tin ue b ecause eac h is w aiting for one of the other threads to complete
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some op eration.

The general requiremen ts for a deadlo c k to o ccur are:

1. exclusiv e (i.e. non-shared) use of resources

2. pro cesses w ait while trying to allo cate a resource

3. allo cated resources cannot b e reclaimed forcefully

4. there is a cyclical w ait condition consisting of a ring of pro cesses eac h w aiting

for the next one.

The easiest w a y to a v oid deadlo c ks here is to a v oid the last one of these require-

men ts: the cyclical w ait condition. T o understand this, one has to tak e a closer

lo ok at the message �o w b et w een the in v olv ed threads:

Main Loop

Request
Dispatcher

Event
Thread

TCP
Server

Main Loop

Request
Dispatcher

Event
Dispatcher

Event
Thread

TCP socket

TCP socket

Channel

Channel

Channel

Channel

Message flow for
in-process server

Message flow
for TCP server

Event
Queue

Event
Queue

Figure 6.2: Analysis of the message �o w

The solid lines indicate the direction of the message �o w

1

and the dotted lines

sho w whic h thread migh t p oten tially w ait for another thread. As can b e seen from

�gure 6.2, there is indeed a cycle in the message �o w, but this do es not translate

in to a cyclical w ait condition. T o understand wh y , it is necessary to �rst lo ok at

the blo c king b eha viour of the di�eren t comm unication mec hanisms used in this

mo del:

1

The t w o streams of the bidirectional TCP so c k et ha v e only b een split here for clarit y , they

together form one so c k et connection.
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� Channels are used in fully bu�ered mo de, i.e. the only op eration that can

blo c k is a receive() op eration on the c hannel. That directly translates in to

the fact that only the reader on a c hannel ma y ha v e to w ait on the writer.

� So c k ets are di�eren t: Here, b oth the reader as w ell as the writer ma y b e

blo c k ed when the net w ork bu�er is either empt y up on read or full up on

write. But since the bu�er cannot b e empt y and full at the same time, only

one of these w ait conditions can o ccur at the same time.

� The ev en t queue is completely non-blo c king: P osting requests for execution

in the ev en t thread will nev er blo c k the sender, as the ev en t queue inside

the application is not limited in length. The ev en t thread will nev er activ ely

w ait for suc h requests, either, so there is no w ait condition to examine here.

A v oiding p ossible deadlo c ks is actually one of the main reasons for splitting the

ev en t dispatc her from the request dispatc her on the application side: If b oth w ere

running in the same thread, a deadlo c k migh t p oten tially o ccur due to a cyclical

w ait condition. But running b oth tasks in the same thread w ould not b e feasible

an yw a y b ecause is it simply imp ossible in Ja v a to sim ultaneously w ait for input

on a so c k et and a c hannel, whic h translates to a wait() op eration on a monitor

in ternally .

6.3 Restrictions

The next section discusses the t w o main restrictions inheren t in the arc hitecture

presen ted in this thesis: P ortabilit y to di�eren t platforms that do not share the

same graphical to olkit library and creating custom comp onen ts for use in an ap-

plication.

6.3.1 P ortabilit y

Since the general approac h is similar to the mo del used b y the A bstr act Windowing

T o olkit or the SWT where the set of comp onen t classes a v ailable to the application

programmer is limited b y the common subset of the comp onen ts pro vided b y the

underlying to olkit(s), the same basic limitation applies here as w ell.

Dep ending on the ric hness of the to olkits in question, this can b ecome a serious

problem (as has b een the case for the A WT), but this limitation can b e a v oided

in general in one of t w o w a ys:

� By also using external comp onen t implemen tations, the palette of comp o-

nen ts can b e extended greatly . F or example, the GTK to olkit itself do es

not pro vide a comp onen t for rendering HTML con ten t, and neither do es the
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Win32 API. There are, ho w ev er, some em b eddable w eb bro wser comp onen ts

that �ll this need: Both the In ternet Explorer as w ell as the Gec k o render-

ing engine of the Mozilla Firefo x bro wser can b e used for this. This is the

route that the Eclipse SWT is taking in this regard: Using (mostly) nativ e

comp onen ts com bined with selected third part y add-ons to the comp onen ts

pro vided b y the platform libraries.

� The other w a y to solv e this problem is to enforce the use the same to olkit

across all supp orted platforms. That w as simply not an option bac k then

when the A WT w as designed, but to da y there are already sev eral to olkits

that pro vide the necessary p ortabilit y across all the ma jor platforms (Win-

do ws, Mac OS X and Unix/X11). Qt , GTK and wxWidgets could b e p ossible

c hoices for this.

6.3.2 Creating Custom Comp onen ts

Assume that an application is not satis�ed with the set of comp onen ts pro vided

b y the to olkit library and w ould lik e to use for example a turnable knob instead of

a slider in its user in terface. Though the general arc hitecture allo ws for creating

custom comp onen ts in principle b y sending the repain t ev en ts to the application

and also supp orting pain t op erations as requests on a comp onen t, the p erformance

ma y su�er badly when a large n um b er of dra wing requests is required eac h time

a comp onen t is repain ted, though this can b e alleviated somewhat b y bu�ering of

windo w con ten ts in the windo w system.

This ev en tually leads to the question of ho w man y applications really need to

implemen t their o wn comp onen ts from scratc h, and what alternativ es there are to

a v oid p erformance problems in suc h a case:

Since implemen ting new comp onen ts at the to olkit lev el is hard either w a y ev en

using nativ e co de, there is a gro wing trend among to olkit designers to a v oid this

in fa v our of a more general approac h: a highly �exible can v as elemen t. A can v as

is basically � as the name implies � a blank comp onen t that can b e pain ted up on

b y the application to displa y an ything it w an ts. It also can trap the ph ysical

ev en ts (mouse and k eyb oard op erations) in order to allo w for in teraction of the

user with the comp onen t. F or example Ja v a supp orts t w o can v as classes: Canvas

in the A WT and JPanel in the Swing to olkit. Both enable the programmer to

design sp ecialized comp onen ts not pro vided b y the to olkit itself. There is one

ma jor disadv an tage ho w ev er: The Ja v a can v as do es not pro vide an ything b ey ond

the basic empt y space on whic h the comp onen t can dra w itself.

A di�eren t idea can b e seen when lo oking at the can v as comp onen t pro vided in

John Ousterhout's Tk to olkit [20]: The Tk can v as (whic h is turn w as inspired b y

Bartlett's ezd structured graphics application for sc heme) is m uc h more �exible
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due to the fact that is b eha v es more lik e a kind of generic con tainer for graphic

primitiv es. Tk ev en allo ws putting other comp onen ts in to a can v as.

New er to olkits tend to follo w the Tk approac h: Mak e the can v as more �exible b y

c hanging it from a simple dra wing area in to a generic con tainer for suc h graphic

primitiv es as lines, b o xes, text etc. A dditionally , eac h of these primitiv es can react

to ev en ts triggered b y the user using the usual ev en t handling mec hanism. The

can v as th us basically turns in to a small rendering system that also automatically

handles scrolling, clipping and z-ordering for o v erlapping primitiv es

2

.

In fact, the original motiv ation in the GTK to olkit came from the fact that co de

for custom comp onen ts (lik e the dra wing area in GIMP or Inkscap e, the table view

of Gn umeric or the slide view in a presen tation program) is often duplicated across

man y applications, for example the can v as used in Inkscap e shares a lot of co de

with the can v as used in the Dia diagram editor. A prop osed implemen tation for a

generic GTK can v as in describ ed in the article [2].

Building the custom con trol from the example suddenly b ecomes quite simple

no w: The application only needs to de�ne the la y out of the con trol once, using

the pro vided graphic primitiv es or alternativ ely simply loading an image in to an

image elemen t of the can v as. When the user drags the knob, the application

only has to tell the can v as to rotate its con ten t b y the corresp onding amoun t,

the actual pain ting is then handled completely inside the to olkit. This concept

mak es building custom comp onen ts m uc h easier and has the added b on us that it

w ould w ork just �ne in com bination with this message-based approac h, completely

a v oiding the need for pain t ev en ts to b e exc hanged b et w een the application and

the to olkit serv er.

6.4 Summary

As seen in the �rst section of this c hapter, the extra o v erhead in tro duced b y the

message passing is clearly measurable, but not as big as one migh t ha v e exp ected

and certainly in no w a y prohibitiv e, ev en for a w orst case scenario where the

o v erall p erformance of an application primarily dep ends on the p erformance of

the graphical to olkit. Whether suc h a w orst case scenario ev en applies to man y

real-w orld applications is doubtful, but ev en when making this assumption, the

approac h presen ted here p erforms not signi�can tly w orse than the original A WT

to olkit used for comparison.

The extra o v erhead in tro duced b y the message passing is prop ortional to the n um-

b er of requests and ev en ts that are in terc hanged b et w een the application and the

2

There is ev en a can v as implemen tation for GTK that aims to pro vide the abilit y to load a

subset of SV G for this in the future.
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to olkit bac k end, so one can exp ect t w o use cases where this extra cost ma y not b e

acceptable: large n um b ers of ev en ts and large n um b ers of requests (or p ossibly a

com bination of the t w o). So the question to ask is: Ho w common are those use

cases, and what can b e done to mitigate them?

A standard user in terface comp onen t can act mostly indep enden t of the applica-

tion, for example a list that supp orts drag and drop can implemen t all the mouse

mo v emen t handling itself without notifying the application of an ything b ey ond the

�nal drop ev en t. There is actually little need in this case for the application itself

to trac k the mouse mo v emen t, whic h is a fairly t ypical example where a large n um-

b er of ev en ts is generated inside the to olkit. Generally , p oin ter trac king, whic h is

the prime example of generating a rapid sequence of ev en ts, is rarely seen outside

of comp onen t implemen tations, whic h can often b etter b e done using a generic

can v as elemen t an yw a y , mo ving the p erformance critical parts in to the comp onen t

implemen tation in the to olkit.
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Chapter 7

F urther W ork

There still remains a lot of ro om for further w ork and in particular optimizations

that could b e applied to the implemen tation on di�eren t lev els:

Extend the range of a v ailable comp onen ts

Although enough comp onen t classes are included in the protot yp e for some sim-

ple applications, the wide range of comp onen ts pro vided b y either Swing, GTK

or similar to olkits is not co v ered b y far. Doing so is mostly a matter of time

sp en t on writing the comp onen t pro xies on the clien t side and implemen ting the

corresp onding forw arding functions in the to olkit serv er.

Expanding the a v ailable set of comp onen ts and their functionalit y could b e made a

lot easier b y creating some form of automatic to ol to (at least) generate the pro xy

co de, since these could easily b e auto-generated.

Use a binary proto col instead of the text proto col

The text based proto col curren tly used for net w ork transmission of requests, re-

sp onses and ev en ts should b e replaced b y a compact binary proto col (as already

men tioned b efore in section 5.6.2 on page 100) for b etter o v erall p erformance.

This could also help to signi�can tly reduce the roundtrip time for sync hronous

op erations in particular.

Also, the range of t yp es supp orted in the proto col migh t b e extended a bit as w ell,

but since all of the basic t yp es (apart from b yte arra ys whic h migh t b e used for

images) are already co v ered there, there is not that m uc h to gain from this.
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Optimize the request handling if p ossible

A v oiding or coalescing m ultiple p ending redra w requests on the same comp onen t

can pro vide a signi�can t p erformance gain in sp eci�c cases, as seen for the Swing

to olkit in the p erformance analysis in c hapter 6.1 on page 124. Ho w ev er, this is

something that really needs to b e done at the to olkit lev el, not in some in termediate

co de lik e the protot yp e.

O�er a simple w a y to build custom comp onen ts

While it is p ossible for the application dev elop er to sub class the user in terface

comp onen t classes de�ned b y the GUI library , doing so cannot b e used to build

custom comp onen ts that actually dra w their o wn app earance on the screen, since

repain t ev en ts are not forw arded in the protot yp e implemen tation. This w ould in

fact b e fairly easy to do, but that w ould b e useful only if the complete comp onen t

dra wing API is made a v ailable to the application as w ell, whic h is a lot more w ork.

While none of this is a tec hnical problem � is w ould b e p ossible to do this in

the curren t arc hitecture without problems � the p erformance considerations at

this lev el are v ery di�eren t: Ev en ts are only generated sp oradically , but pain t

op erations in v olv e lots of metho d calls in a small time windo w to generate the

comp onen t's visual app earance, and lots of small dela ys here can easily add up to

a noticeable visual dela y o v erall.

A dding supp ort for a generic c anvas comp onen t that implemen ts its redra wing

directly at the to olkit lev el as describ ed in the previous c hapter is probably the

b est w a y to pro vide application sp eci�c comp onen ts.

134



Chapter 8

Summary and Conclusion

This thesis prop osed a generic message-based approac h to ev en t handling in Ja v a

mo delled around a clien t/serv er lik e arc hitecture and examined the general appli-

cabilit y of suc h an approac h for use in t ypical application programs and applets.

The comparison of the curren tly a v ailable to olkits for Ja v a presen ted in c hapter 3

has sho wn that none of them can curren tly supp ort truly m ulti-threaded access,

and that it ma y b e a w orth while idea to try to com bine and apply some of the

ideas found esp ecially in the non-Ja v a to olkits as used for example on the Inferno

system and BeOS to a Ja v a to olkit as w ell.

Chapter 4 presen ted the general arc hitecture of the approac h and describ ed the

ob jectiv es on whic h the design has b een based. It also discussed wh y most of

these cannot easily or not at all b e ac hiev ed within the limitations of the con-

v en tional Ja v a to olkits. As a p ossible solution to these problems, the protot yp e

implemen tation of the message-based arc hitecture w as presen ted in c hapter 5 and

the applicabilit y of suc h an approac h w as discussed in c hapter 6.

The protot yp e implemen tation has clearly sho wn that the ob jectiv es laid out are

actually attainable, in particular regarding transparen t thread-safe access to user

in terface comp onen ts and the abilit y to supp ort parallel ev en handling in a w a y

that is v ery simple to use, all of whic h none of the existing to olkits really can

pro vide. A dditionally , the arc hitecture allo ws the separation of the application

from its user in terface in to separate pro cesses to allo w the displa y comp onen t to

run on a remote serv er, enabling a new form of lo cation transparency for Ja v a

programs as w ell as a w a y for applets to b e used in a distributed mo del v ery

similar to w eb applications.

By simply admitting the realit y that the nativ e user in terface to olkits ha v e b een

designed for single-threaded access, it is p ossible to a v oid the problems of lo c king

altogether and simply use a message-based mo del of comp onen t in teraction based
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on c hannels instead. Here, the sync hronization is implicit in the message handling,

and it is m uc h easier to v erify than complex lo c king co de distributed across nativ e

implemen tations of Ja v a classes. It is in teresting to note in this con text that ev en

for the to olkit serv er based on nativ e co de no explicit lo c king is done. The only

place where sync hronization actually tak es place is at the c hannels and so c k ets

that connect the di�eren t pieces of the arc hitecture.

The answ er of the designers of the Swing to olkit to requests for thread supp ort

has alw a ys b een that using m ulti-threading in a graphical application is someho w

�evil� and that the application should b e made to liv e without it whenev er p ossible,

and they presen ted w ork arounds as in [19 ]. This thesis has sho wn that a m ulti-

threaded to olkit can b e made to actually w ork in a deadlo c k free w a y , ev en in

a distributed en vironmen t. It sho ws that a m ulti-threaded to olkit do es not ha v e

to b e the �failed dream� that Graham Hamilton called it [9], and that on the

con trary , it can actually w ork quite w ell. Y es, there is a p erformance cost in v olv ed

in using message passing at the core of the to olkit, but it is comparativ ely small,

and considering ho w applications can b ene�t from a redesign of the general to olkit

arc hitecture along the lines presen ted in this thesis, this small price migh t w ell b e

w orth pa ying.
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