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Preface to the Second
Edition

Purpose

The purpose of The Computer Science Handbook is to provide a single comprehensive reference for com-
puter scientists, software engineers, and IT professionals who wish to broaden or deepen their understand-
ing in a particular subfield of computer science. Our goal is to provide the most current information in
each of the following eleven subfields in a form that is accessible to students, faculty, and professionals in
computer science:

algorithms, architecture, computational science, graphics, human-computer interaction, infor-
mation management, intelligent systems, net-centric computing, operating systems, program-
ming languages, and software engineering

Each of the eleven sections of the Handbook is dedicated to one of these subfields. In addition, the
appendices provide useful information about professional organizations in computer science, standards,
and languages. Different points of access to this rich collection of theory and practice are provided through
the table of contents, two introductory chapters, a comprehensive subject index, and additional indexes.

A more complete overview of this Handbook can be found in Chapter 1, which summarizes the contents
of each of the eleven sections. This chapter also provides a history of the evolution of computer science
during the last 50 years, as well as its current status, and future prospects.

New Features

Since the first edition of the Handbook was published in 1997, enormous changes have taken place in the
discipline of computer science. The goals of the second edition of the Handbook are to incorporate these
changes by:

1. Broadening its reach across all 11 subject areas of the discipline, as they are defined in Computing
Curricula 2001 (the new standard taxonomy)

2. Including a heavier proportion of applied computing subject matter
3. Bringing up to date all the topical discussions that appeared in the first edition

This new edition was developed by the editor-in-chief and three editorial advisors, whereas the first
edition was developed by the editor and ten advisors. Each edition represents the work of over 150
contributing authors who are recognized as experts in their various subfields of computer science.

Readers who are familiar with the first edition will notice the addition of many new chapters, reflect-
ing the rapid emergence of new areas of research and applications since the first edition was published.
Especially exciting are the addition of new chapters in the areas of computational science, information
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management, intelligent systems, net-centric computing, and software engineering. These chapters explore
topics like cryptography, computational chemistry, computational astrophysics, human-centered software
development, cognitive modeling, transaction processing, data compression, scripting languages, multi-
media databases, event-driven programming, and software architecture.

Acknowledgments

A work of this magnitude cannot be completed without the efforts of many individuals. During the 2-year
process that led to the first edition, I had the pleasure of knowing and working with ten very distinguished,
talented, and dedicated editorial advisors:

Harold Abelson (MIT), Mikhail Atallah (Purdue), Keith Barker (Uconn), Kim Bruce (Williams),
John Carroll (VPI), Steve Demurjian (Uconn), Donald House (Texas A&M), Raghu
Ramakrishnan (Wisconsin), Eugene Spafford (Purdue), Joe Thompson (Mississippi State), and
Peter Wegner (Brown).

For this edition, a new team of trusted and talented editorial advisors helped to reshape and revitalize
the Handbook in valuable ways:

Robert Cupper (Allegheny), Fadi Deek (NJIT), Robert Noonan (William and Mary)

All of these persons provided valuable insights into the substantial design, authoring, reviewing, and
production processes throughout the first eight years of this Handbook’s life, and I appreciate their work
very much.

Of course, it is the chapter authors who have shared in these pages their enormous expertise across the
wide range of subjects in computer science. Their hard work in preparing and updating their chapters is
evident in the very high quality of the final product. The names of all chapter authors and their current
professional affiliations are listed in the contributor list.

I want also to thank Bowdoin College for providing institutional support for this work. Personal thanks
go especially to Craig McEwen, Sue Theberge, Matthew Jacobson-Carroll, Alice Morrow, and Aaron
Olmstead at Bowdoin, for their various kinds of support as this project has evolved over the last eight
years. Bob Stern, Helena Redshaw, Joette Lynch, and Robert Sims at CRC Press also deserve thanks for
their vision, perseverance and support throughout this period.

Finally, the greatest thanks is always reserved for my wife Meg – my best friend and my love – for her
eternal influence on my life and work.

Allen B. Tucker
Brunswick, Maine
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48
Graphical User

Interface
Programming

Brad A. Myers
Carnegie Mellon University

48.1 Introduction 
48.2 Importance of User Interface Tools

Overview of User Interface Software Tools
• Tools for the World Wide Web

48.3 Models of User Interface Software 
48.4 Technology Transfer
48.5 Research Issues 

New Programming Languages • Increased Depth
• Increased Breadth • End User Programming
and Customization • Application and User Interface
Separation • Tools for the Tools

48.6 Conclusions 

48.1 Introduction∗

Almost as long as there have been user interfaces, there have been special software systems and tools to
help design and implement the user interface software. Many of these tools have demonstrated significant
productivity gains for programmers and have become important commercial products. Others have proved
less successful at supporting the kinds of user interfaces people want to build. Virtually all applications
today are built using some form of user interface tool [Myers 2000].

User interface (UI) software is often large, complex, and difficult to implement, debug, and modify. As
interfaces become easier to use, they become harder to create [Myers 1994]. Today, direct-manipulation
interfaces (also called GUIs for graphical user interfaces) are almost universal. These interfaces require
that the programmer deal with elaborate graphics, multiple ways of giving the same command, multiple
asynchronous input devices (usually a keyboard and a pointing device such as a mouse), a mode-free in-
terface where the user can give any command at virtually any time, and rapid “semantic feedback” where
determining the appropriate response to user actions requires specialized information about the objects
in the program. Interfaces on handheld devices, such as a Palm organizer or a Microsoft PocketPC device,
use similar metaphors and implementation strategies. Tomorrow’s user interfaces will provide speech

∗This chapter is revised from an earlier version: Brad A. Myers. 1995. “User Interface Software Tools,” ACM Trans-
actions on Computer–Human Interaction. 2(1): 64–103.
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recognition, vision from cameras, 3-D, intelligent agents, and integrated multimedia, and will probably
be even more difficult to create. Furthermore, because user interface design is so difficult, the only reliable
way to get good interfaces is to iteratively redesign (and therefore reimplement) the interfaces after user
testing, which makes the implementation task even harder.

Fortunately, there has been significant progress in software tools to help with creating user interfaces.
Today, virtually all user interface software is created using tools that make the implementation easier.
For example, the MacApp system from Apple, one of the first GUI frameworks, was reported to reduce
development time by a factor of four or five [Wilson 1990]. A study commissioned by NeXT claimed that
the average application programmed using the NeXTStep environment wrote 83% fewer lines of code and
took one-half the time, compared to applications written using less advanced tools, and some applications
were completed in one-tenth the time. Over three million programmers use Microsoft’s Visual Basic tool
because it allows them to create GUIs for Windows significantly more quickly.

This chapter surveys UI software tools and explains the different types and classifications. However, it is
now impossible to discuss all UI tools, because there are so many, and new research tools are reported every
year at conferences such as the annual ACM User Interface Software and Technology Symposium (UIST)
(see http://www.acm.org/uist/) and the ACM SIGCHI conference (see http://www.acm.org/sigchi/). There
are also about three Ph.D. theses on UI tools every year. This article provides an overview of the most
popular approaches, rather than an exhaustive survey. It has been updated from previous versions (e.g.,
[Myers 1995]).

48.2 Importance of User Interface Tools

There are many advantages to using user interface software tools. These can be classified into two main
groups. First, the quality of the resulting user interfaces might be higher, for the following reasons:

Designs can be rapidly prototyped and implemented, possibly even before the application code is
written. This, in turn, enables more rapid prototyping and therefore more iterations of iterative
design, which is a crucial component of achieving high-quality user interfaces [Nielsen 1993b].

The reliability of the user interface will be higher, because the code for the user interface is created
automatically from a higher-level specification.

Different applications are more likely to have consistent user interfaces if they are created using the same
UI tool.

It will be easier for a variety of specialists to be involved in designing the user interface, rather than
having the user interface created entirely by programmers. Graphic artists, cognitive psychologists,
and usability specialists may all be involved. In particular, professional user interface designers,
who may not be programmers, can be in charge of the overall design.

More effort can be expended on the tool than may be practical on any single user interface, because the
tool will be used with many different applications.

Undo, Help, and other features are more likely to be available because the tools might support them.

Second, the UI code might be easier and more economical to create and maintain. This is because of the
following:

Interface specifications can be represented, validated, and evaluated more easily.
There will be less code to write, because much is supplied by the tools.
There will be better modularization, due to the separation of the UI component from the application.

This should allow the user interface to change without affecting the application, and a large class of
changes to the application (such as changing the internal algorithms) should be possible without
affecting the user interface.

The level of programming expertise of the interface designers and implementers can be lower, because
the tools hide much of the complexity of the underlying system.

It will be easier to port an application to different hardware and software environments because the
device dependencies are isolated in the UI tool.
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FIGURE 48.1 The components of user interface software.

48.2.1 Overview of User Interface Software Tools

Because user interface software is so difficult to create, it is not surprising that people have been working
for a long time to create tools to help with it. Today, many of these tools and ideas have progressed from
research into commercial systems, and their effectiveness has been amply demonstrated. Research systems
also continue to evolve quickly, and the models that were popular five years ago have been made obsolete
by more effective tools, changes in the computer market, and the emergence of new styles of user interfaces,
such as handheld computing and multimedia.

48.2.1.1 Components of User Interface Software

As shown in Figure 48.1, UI software may be divided into various layers: the windowing system, the
toolkit, and higher-level tools. Of course, many practical systems span multiple layers.

The windowing system supports the separation of the screen into different (usually rectangular) regions,
called windows. The X system [Scheifler 1986] divides window functionality into two layers: the window
system, which is the functional or programming interface, and the window manager, which is the user
interface. Thus, the window system provides procedures that allow the application to draw pictures on the
screen and get input from the user; the window manager allows the end user to move windows around
and is responsible for displaying the title lines, borders, and icons around the windows. However, many
people and systems use the name “window manager” to refer to both layers, because systems such as the
Macintosh and Microsoft Windows do not separate them. This article will use the X terminology, and use
the term windowing system to refer to both layers.

Note that Microsoft confusingly calls its entire system Windows (for example, Windows 98 or Windows
XP). This includes many different functions that here are differentiated into the operating system part
(which supports memory management, file access, networking, etc.), the windowing system, and higher-
level tools.

On top of the windowing system is the toolkit, which contains many commonly used widgets (also
called controls) such as menus, buttons, scroll bars, and text input fields. On top of the toolkit might be
higher-level tools, which help the designer to use the toolkit widgets. The following sections discuss each
of these components in more detail.

48.2.1.2 Windowing Systems

A windowing system is a software package that helps the user monitor and control different contexts by
separating them physically onto different parts of one or more display screens [Myers 1988b]. Although
most of today’s systems provide toolkits on top of the windowing systems, as will be explained later, toolkits
generally only address the drawing of widgets such as buttons, menus, and scroll bars. Thus, when the
programmer wants to draw application-specific parts of the interface and allow the user to manipulate
these, the window system interface must be used directly. Therefore, the windowing system’s programming
interface has significant impact on most user interface programmers.

The first windowing systems were implemented as part of a single program or system. For example, the
EMACs text editor [Stallman 1979], Smalltalk [Tesler 1981], and DLISP [Teitelman 1979] programming
environments had their own windowing systems. Later systems implemented the windowing system as an
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FIGURE 48.2 The windowing system can be divided into two layers, called the base (or window system) layer and
the user interface (or window manager) layer. Each of these can be divided into parts that handle output and input.

integral part of the operating system, such as Sapphire for PERQs [Myers 1984], SunView for Suns, and the
Macintosh and Microsoft Windows systems. In order to allow different windowing systems to operate on
the same operating system, some windowing systems, such as X and Sun’s NeWS [Gosling 1986], operate
as a separate process and use the operating system’s interprocess communication mechanism to connect
to application programs.

48.2.1.2.1 Structure of Windowing Systems
A windowing system can be logically divided into two layers, each of which has two parts (see Figure 48.2).
The window system, or base layer, implements the basic functionality of the windowing system. The two
parts of this layer handle the display of graphics in windows (the output model) and the access to the
various input devices (the input model), which usually includes a keyboard and a pointing device such
as a mouse. The primary interface of the base layer is procedural and is called the windowing system’s
application programmer interface (API).

The other layer of windowing system is the window manager or user interface. This includes all aspects
that are visible to the user. The two parts of the user interface layer are the presentation, which comprises
the pictures that the window manager displays, and the commands, which are how the user manipulates
the windows and their contents.

48.2.1.2.2 Base Layer
The base layer is the procedural interface to the windowing system. In the 1970s and early 1980s, there were
a large number of different windowing systems, each with a different procedural interface (at least one for
each hardware platform). People writing software found this to be unacceptable because they wanted to
be able to run their software on different platforms, but they would have to rewrite significant amounts
of code to convert from one window system to another. The X windowing system [Scheifler 1986] was
created to solve this problem by providing a hardware-independent interface to windowing. X has been
quite successful at this, and it drove all other windowing systems out of the workstation hardware market.
X continues to be popular as the windowing system for Linux and all other UNIX implementations. In
the rest of the computer market, most machines use some version of Microsoft Windows, with the Apple
Macintosh computers having their own windowing system.

48.2.1.2.3 Output Model
The output model is the set of procedures that an application can use to draw pictures on the screen. It
is important that all output be directed through the window system so that the graphics primitives can
be clipped to the window’s borders. For example, if a program draws a line that would extend beyond
a window’s borders, it must be clipped so that the contents of other, independent, windows are not
overwritten. Most computers provide graphics hardware that is optimized to work efficiently with the
window system.

In early windowing systems, such as Smalltalk [Tesler 1981] and Sapphire [Myers 1986], the primary
output operation was BitBlt (also called RasterOp, and now sometimes CopyArea or CopyRectangle). These
early systems primarily supported monochrome screens (each pixel is either black or white). BitBlt takes
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a rectangle of pixels from one part of the screen and copies it to another part. Various Boolean operations
can be specified for combining the pixel values of the source and destination rectangles. For example, the
source rectangle can simply replace the destination, or it might be XORed with the destination. BitBlt
can be used to draw solid rectangles in either black or white, display text, scroll windows, and perform
many other effects [Tesler 1981]. The only additional drawing operation typically supported by these early
systems was drawing straight lines.

Later windowing systems, such as the Macintosh and X, added a full set of drawing operations, such as
filled and unfilled polygons, text, lines, arcs, etc. These cannot be implemented using the BitBlt operator.
With the growing popularity of color screens and nonrectangular primitives (such as rounded rectangles),
the use of BitBlt has significantly decreased. Now, it is primarily used for scrolling and copying off-screen
pictures onto the screen (e.g., to implement double-buffering).

A few windowing systems allowed the full PostScript imaging model [Adobe Systems Inc. 1985] to
be used to create images on the screen. PostScript provides device-independent coordinate systems and
arbitrary rotations and scaling for all objects, including text. Another advantage of using PostScript for the
screen is that the same language can be used to print the windows on paper (because many printers accept
PostScript). Sun created a version used in the NeWS windowing system, and then Adobe (the creator
of PostScript) came out with an official version called Display PostScript, which was used in the NeXT
windowing system. A similar imaging model is provided by Java 2-D [Sun Microsystems 2002], which
works on top of (and hides) the underlying windowing system’s output model.

All of the standard output models only contain drawing operations for two-dimensional objects. Exten-
sions to support 3-D objects include PEX, OpenGL, and Direct3-D. PEX [Gaskins 1992] is an extension
to the X windowing system that incorporates much of the PHIGS graphics standard. OpenGL [Silicon
Graphics Inc. 1993] is based on the GL programming interface that has been used for many years on
Silicon Graphics machines. OpenGL provides some machine independence for 3-D because it is available
for various X and Windows platforms. Microsoft supplies its own 3-D graphics model, called Direct3-D,
as part of Windows.

As shown in Figure 48.3, the earlier windowing systems assumed that a graphics package would be
implemented using the windowing system. See Figure 48.3a. For example, the CORE graphics package was
implemented on top of the SunView windowing system. Next, systems such as the Macintosh, X, NeWS,
NeXT, and Microsoft Windows implemented a sophisticated graphics system as part of the windowing
system. See Figure 48.3b and Figure 48.3c. Now, with Java2-D and Java3-D, as well as Web-based graphics
systems such as VRML for 3-D programming on the Web [Web3-D Consortium 1997], we are seeing a
return to a model similar to the one shown in Figure 48.3a, with the graphics on top of the windowing
system. See Figure 48.3-D.

48.2.1.2.4 Input Model
The early graphics standards, such as CORE and PHIGS, provided an input model that does not support
the modern, direct-manipulation style of interfaces. In those standards, the programmer calls a routine to
request the value of a virtual device, such as a locator (pointing device position), string (edited text string),
choice (selection from a menu), or pick (selection of a graphical object). The program would then pause,
waiting for the user to take action. This is clearly at odds with the direct-manipulation mode-free style, in
which the user can decide whether to make a menu choice, select an object, or type something.

With the advent of modern windowing systems, a new model was provided: a stream of event records
is sent to the window that is currently accepting input. The user can select which window is getting events
using various commands, described subsequently. Each event record typically contains the type and value
of the event (e.g., which key was pressed), the window to which the event was directed, a timestamp, and the
x and y coordinates of the mouse. The windowing system queues keyboard events, mouse button events,
and mouse movement events together (along with other special events), and programs must dequeue the
events and process them. It is somewhat surprising that, although there has been substantial progress in
the output model for windowing systems (from BitBlt to complex 2-D primitives to 3-D), input is still

© 2004 by Taylor & Francis Group, LLC
0022

Exhibit 1014 page 22 of 65 
DENTAL IMAGING



Sapphire, SunWindows: Macintosh, MS Windows:

NeWS, X:

(a) (b)

(c)

Graphics
Package Toolkit

Application
Programs

Window
System

User Interface
of W.M.&

Window
System

Toolkit

Graphics
Package

User Interface
of W.M.

Application
Programs

Toolkit

Application
Programs

Graphics
Package

Window
System

User Interface
of W.M.

&

(d)

Java, VRML:

Graphics
Package

Toolkit

Application
Programs

Window
System

User Interface
of W.M.

&

FIGURE 48.3 Various organizations that have been used by windowing systems. Boxes with extra borders represent
systems that can be replaced by users. Early systems (a) tightly coupled the window manager and the window system,
and assumed that sophisticated graphics and toolkits would be built on top. The next step in designs (b) was to
incorporate into the windowing system the graphics and toolkits, so that the window manager itself could have a more
sophisticated look and feel, and so applications would be more consistent. Other systems (c) allow different window
managers and different toolkits, while still embedding sophisticated graphics packages. Newer systems (d) hark back
to the original design (a) and implement the graphics and toolkit on top of the window system.

handled in essentially the same way today as it was in the original windowing systems, even though there
are some well-known, unsolved problems with this model:

There is no provision for special stop-output (Ctrl+S) or abort (Ctrl+C, command-dot) events, so these
will be queued with the other input events.

The same event mechanism is used to pass special messages from the windowing system to the applica-
tion. When a window gets larger or becomes uncovered, the application must usually be notified
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so it can adjust or redraw the picture in the window. Most window systems communicate this by
queuing special events into the event stream, which the program must then handle.

The application must always be willing to accept events in order to process aborts and redrawing requests.
If not, then long operations cannot be aborted, and the screen may have blank areas while they are
being processed.

The model is device-dependent, because the event record has fixed fields for the expected incoming
events. If a 3-D pointing device or one with more than the standard number of buttons is used
instead of a mouse, then the standard event mechanism cannot handle it.

Because the events are handled asynchronously, there are many race conditions that can cause programs
to get out of synchronization with the window system. For example, in the X windowing system, if
you press inside a window and release outside, under certain conditions the program will think that
the mouse button is still depressed. Another example is that refresh requests from the windowing
system specify a rectangle for the window that needs to be redrawn, but if the program is changing
the contents of the window, the wrong area may be redrawn by the time the event is processed. This
problem can occur when the window is scrolled.

Although these problems have been known for a long time, there has been little research on new input
models (an exception is the Garnet Interactors model [Myers 1990b]).

48.2.1.2.5 Communication
In the X windowing system and NeWS, all communication between applications and the window system
uses interprocess communication through a network protocol. This means that the application program
can be on a different computer from its windows. In all other windowing systems, operations are imple-
mented by directly calling the window manager procedures or through special traps into the operating
system. The primary advantage of the X mechanism is that it makes it easier for a person to utilize multiple
machines with all their windows appearing on a single machine. Another advantage is that it is easier to
provide interfaces for different programming languages: for example, the C interface (called xlib) and the
Lisp interface (called CLX) send the appropriate messages through the network protocol. The primary
disadvantage is efficiency, because each window request will typically be encoded, passed to the transport
layer, and then decoded, even when the computation and windows are on the same machine.

48.2.1.2.6 User Interface Layer
The user interface of the windowing system allows the user to control the windows. In X, the user can
easily switch user interfaces, by killing one window manager and starting another. Some of the original
window managers under X included uwm (with no title lines and borders), twm, mwm (the Motif win-
dow manager), and olwm (the OpenLook window manager). Newer choices include complete desktop
environments that combine a window manager with a file browser and other GUI utilities (to better
match the capabilities found in Windows and the Macintosh). Two popular desktop environments are
KDE (K Desktop Environment — http://www.kde.org) with its window manager KWin, and Gnome
(http://www.gnome.org), which provides a variety of window manager choices. X provides a standard
protocol through which programs and the base layer communicate to the window manager, so that all
programs continue to run without change when the window manager is switched. It is possible, for ex-
ample, to run applications that use Motif widgets inside the windows controlled by the KWin window
manager.

A discussion of the options for the user interfaces of window managers was previously published [Myers
1988b]. Also, the video All the Widgets [Myers 1990a] has a 30-minute segment showing many different
forms of window manager user interfaces.

Some parts of the user interface of a windowing system, which is sometimes called its look and feel, can
apparently be copyrighted and patented. Which parts is a highly complex issue, and the status changes
with decisions in various court cases [Samuelson 1993].
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FIGURE 48.4 A screen from the original Macintosh showing three windows covering each other and some icons
along the right margin.

48.2.1.2.7 Presentation
The presentation of the windows defines how the screen looks. One very important aspect of the presen-
tation of windows is whether or not they can overlap. Overlapping windows, sometimes called covered
windows, allow one window to be partially or totally on top of another window, as shown in Figure 48.4.
This is also sometimes called the desktop metaphor, because windows can cover each other as pieces of
paper can cover each other on a desk. There are usually other aspects to the desktop metaphor, how-
ever, such as presenting file operations in a way that mimics office operations, as originated in the Star
office workstation [Smith 1982]. The alternative is tiled windows, which means that windows are not
allowed to cover each other. Obviously, a window manager that supports covered windows can also
allow them to be side by side, but not vice versa. Therefore, a window manager is classified as “cov-
ered” if it allows windows to overlap. The tiled style was popular for a while and was used by Cedar
[Swinehart 1986] and by early versions of Star [Smith 1982], Andrew [Palay 1988], and even Microsoft
Windows. A study even suggested that using tiled windows was more efficient for users [Bly 1986]. How-
ever, today tiled windows are rarely seen on conventional window systems, because users generally prefer
overlapping.

Modern browsers for the World Wide Web, such as Netscape and Microsoft’s Internet Explorer, provide
a windowing environment inside the computer’s main windowing system. Newer versions of browsers
support frames containing multiple scrollable panes, which are a form of tiled window. In addition, if
an application written in Java is downloaded (see Section 48.2.1.3.4), it can create multiple, overlapping
windows like conventional GUI applications.

Another important aspect of the presentation of windows is the use of icons. These are small pictures
that represent windows (or sometimes files). They are used because there would otherwise be too many
windows to fit conveniently on the screen and to manage. Sapphire was the first window manager to group
the icons into a window [Myers 1984], a format which was picked up by the Motif window manager.
Now, the taskbar provides the icons and names of running and available processes in Windows and other
modern window managers. Other aspects of the presentation include whether or not the window has a
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title line, what the background (where there are no windows) looks like, and whether the title and borders
have control areas for performing window operations.

48.2.1.2.8 Commands
Because computers typically have multiple windows and only one mouse and keyboard, there must be a
way for the user to control which window is getting keyboard input. This window is called the input (or
keyboard) focus. Another term is the listener, because it is listening to the user’s typing. Some systems called
the focus the active window or current window, but these are poor terms because, in a multiprocessing
system, many windows can be actively outputting information at the same time. Window managers
provide various ways to specify and show which window is the listener. The most important options are
the following:

Click-to-type — This means that the user must click the mouse button in a window before typing to
it. This is used by the Macintosh and Microsoft Windows.

Move-to-type — This means that the mouse only has to move over a window to allow typing to it.
This is usually faster for the user, but it may cause input to go to the wrong window if the user
accidentally knocks the mouse.

Some X window managers (including the Motif window manager, mwm) allow the user to choose the
desired method. However, the choice can have significant impact on the user interface of applications. For
example, because the Macintosh requires click-to-type, it can provide a single menu bar at the top, and
the commands can always operate on the focused window. With move-to-type, the user might have to
pass through various windows (thus giving them the focus) on the way to the top of the screen. Therefore,
Motif applications must have a menubar in each window so the commands will know which window to
operate on.

All covered window systems allow the user to bring a window to the top (not covered by other windows),
and some allow sending a window to the bottom (covered by all other windows). Other commands allow
windows to be changed in size, moved, shrunk to an icon, made full-size, and destroyed.

48.2.1.3 Toolkits

A toolkit is a library of widgets that can be called by application programs. As mentioned previously, a
widget (also called a control) is a way of using a physical input device to input a certain type of value.
Typically, widgets in toolkits include menus, buttons, scroll bars, text type-in fields, etc. Figure 48.5 shows
some examples of widgets. Creating an interface using a toolkit can only be done by programmers, because
toolkits only have a procedural interface.

Using a toolkit has the advantage that the final UI will look and act similarly to other UIs created
using the same toolkit, and each application does not have to rewrite the standard functions, such as
menus. A problem with toolkits is that the styles of interaction are limited to those provided. For example,
it is difficult to create a single slider that contains two indicators, which might be useful to input the
upper and lower bounds of a range. In addition, the toolkits themselves are often expensive to create:
“The primitives never seem complex in principle, but the programs that implement them are surprisingly
intricate” [Cardelli 1985, p. 199]. Another problem with toolkits is that they are often difficult to use: they
may contain hundreds of procedures, and it is often not clear how to use the procedures to create a desired
interface.

As with the graphics package, the toolkit can be implemented either using or being used by the windowing
system (see Figure 48.3). Early systems provided only minimal widgets (e.g., just a menu) and expected
applications to provide others, as shown in Figure 48.3a. In the Macintosh and in Microsoft Windows,
the toolkit is at a low level, and the window manager user interface is built using it. The advantage
of this is that the window manager can then use the same sophisticated toolkit routines for its user
interface. See Figure 48.3b. When the X system was being developed, the developers could not agree on
a single toolkit, so they left the toolkit to be on top of the windowing system. In X, programmers can
use a variety of toolkits (for example, the Motif, InterViews [Linton 1989], Amulet [Myers 1997], tcl/tk
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FIGURE 48.5 Some of the widgets with a Motif look and feel provided by the Garnet toolkit.

Open-
Look

Motif

Xtk Intrinsics

Athena

Interviews

Motif

Xtk

Motif

Amulet

Motif

(a) (b)

FIGURE 48.6 (a) At least three different widget sets that have different looks and feels were implemented on top of
the Xt intrinsics. (b) The Motif look and feel has been implemented on many different intrinsics.

[Ousterhout 1991], and Gnome GTK+ [GNOME 2002] toolkits can be used on top of X), but the window
manager must usually implement its user interface without using the toolkit, as in Figure 48.3c. The Java
Swing toolkit is implemented on top of the Java 2-D graphics package, which in turn is on top of the
windowing system. See Figure 48.3d.

Because the designers of X could not agree on a single look and feel, they created an intrinsics layer
on which to build different widget sets, which they called Xt [McCormack 1988]. This layer provides the
common services, such as techniques for object-oriented programming and layout control. The widget
set layer is the collection of widgets implemented using the intrinsics. Multiple widget sets with different
looks and feels can be implemented on top of the same intrinsics layer (Figure 48.6a), or else the same
look and feel can be implemented on top of different intrinsics (Figure 48.6b).

48.2.1.3.1 Toolkit Intrinsics
Toolkits come in two basic varieties. The most conventional is simply a collection of procedures that can
be called by application programs. Examples of this style include the SunTools toolkit for the SunView
windowing system, and the original Macintosh Toolbox [Apple Computer Inc. 1985]. The second variety
uses an object-oriented programming style that makes it easier for the designer to customize the interaction
techniques. Examples include Smalltalk [Tesler 1981], Andrew [Palay 1988], InterViews [Linton 1989],
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Xt [McCormack 1988], Amulet [Myers 1997], the Java Swing toolkit [Sun Microsystems 2003], and
Gnome’s GTK+ [GNOME 2002].

The advantages of using object-oriented intrinsics are that it is a natural way to think about widgets
(the menus and buttons on the screen seem like objects), the widget objects can handle some of the
chores that otherwise would be left to the programmer (such as refresh), and it is easier to create custom
widgets (by subclassing an existing widget). The advantages of the older, procedural style are that it is
easier to implement, no special object-oriented system is needed, and it is easier to interface to multiple
programming languages.

To implement the objects, the toolkit might invent its own object system, as was done with Xt, Andrew,
Amulet and GTK+, or it might use an existing object system, as was done in InterViews [Linton 1989],
which uses C++; NeXTStep from NeXT, which uses Objective-C; and Swing, which uses Java.

The usual way that object-oriented toolkits interface with application programs is through the use of
call-back procedures. These are procedures defined by the application programmer which are called when
a widget is operated by the end user. For example, the programmer might supply a procedure to be called
when the user selects a menu item. Experience has shown that real interfaces often contain hundreds of
call-backs, which makes the code harder to modify and maintain [Myers 1992c]. In addition, different
toolkits, even when implemented on the same intrinsics like Motif and OpenLook, have different call-back
protocols. This means that code for one toolkit is difficult to port to a different toolkit. Therefore, research
has been directed at reducing the number of call-backs in UI software [Myers 1991b].

Some research toolkits have added novel features to the toolkit intrinsics. For example, Garnet [Myers
1990d], Rendezvous [Hill 1994], Amulet [Myers 1997], and SubArctic [Hudson 1996] allow the objects
to be connected using constraints, which are relationships that are declared once and then maintained
automatically by the system. For example, the designer can specify that the color of a rectangle is constrained
to be the value of a slider, and then the system will automatically update the color if the user moves the
slider.

Many toolkits include a related capability for handling graphical layouts in a declarative manner. This
is often called geometry management. Widgets can be specified to stay at the sides or the center of a
container or to expand to fill up a specified space. This is particularly important when the size of objects
might change, for example, in systems that can run on multiple architectures. An early example of this
was in InterViews [Linton 1989], and layout managers are important parts of Motif and Java Swing.

48.2.1.3.2 Widget Set
Typically, the intrinsics layer is look and feel–independent, which means that the widgets built on top of it
can have any desired appearance and behavior. However, a particular widget set must pick a look and feel.
The video All the Widgets shows many examples of widgets that have been designed over the years [Myers
1990a]. For example, it shows 35 different kinds of menus. Like window manager UIs, the widgets’ look
and feel can be copyrighted and patented [Samuelson 1993].

As mentioned earlier, different widget sets (with different looks and feels) can be implemented on top of
the same intrinsics. In addition, the same look and feel can be implemented on top of different intrinsics.
For example, there are Motif look-and-feel widgets on top of the Xt, InterViews, and Amulet intrinsics.
See Figure 48.6b. Although they all look and operate the same (and so would be indistinguishable to the
end user), they are implemented quite differently and have completely different procedural interfaces for
the programmer.

48.2.1.3.3 Specialized Toolkits
A number of toolkits have been developed to support specific kinds of applications or specific classes of
programmers. For example, the SUIT system [Pausch 1992] (which contains a toolkit and an interface
builder) is specifically designed to be easy to learn and is aimed at classroom instruction. Its successor,
Alice [Pausch 1995], provides an easy way to program 3-D graphics and animation. Amulet [Myers 1997]
provides high-level support for graphical, direct-manipulation interfaces and handles input as hierarchical
command objects, making Undo easier to implement [Myers 1996a]. Rendezvous [Hill 1994], Visual Obliq
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[Bharat 1994], and GroupKit [Roseman 1996] are designed to make it easier to create applications that
support multiple users on multiple machines operating synchronously. Whereas most toolkits provide
only 2-D interaction techniques, the Brown 3-D toolkit [Stevens 1994] and Silicon Graphics’ Inventor
toolkit [Wernecke 1994] provide preprogrammed 3-D widgets and a framework for creating others.
Special support for animations has been added to Artkit [Hudson 1993], Amulet [Myers 1996b], and
Alice [Pausch 1995]. Tk [Ousterhout 1991] is a popular toolkit for the X window system (and also for
Windows) because it can be attached to a variety of interpretive languages, including the original, called
tcl, Perl, and Python, which makes it possible to change the user interface dynamically. Tcl supports the
UNIX style of programming, in which many small programs are glued together.

48.2.1.3.4 Virtual Toolkits
Although there are many small differences among the various toolkits, much remains the same. For
example, all have some type of menu, button, scroll bar, text input field, etc. Although there are fewer
windowing systems and toolkits than there were ten years ago, people are still finding it a lot of work to
port software so that it works on the Macintosh, Microsoft Windows, and X on Linux.

Therefore, a number of systems, called virtual toolkits, have been developed that try to hide the
differences among the various toolkits, by providing virtual widgets that can be mapped into the widgets
of each toolkit. Another name for these tools is cross-platform development systems. The programmer
writes the code once, using the virtual toolkit, and the code will run without change on different platforms
and still look like it was designed with that platform’s widgets. For example, the virtual toolkit might
provide a single menu routine, which always has the same programmer interface but connects to a Motif
menu, a Macintosh menu, or a Windows menu, depending on which machine the application is run on.

There are two styles of virtual toolkits. In the first, the virtual toolkit links to the different actual toolkits
on the host machine. For example, XVT [XVT Software Inc. 1997] provides a C or C++ interface that
links to the actual Motif, Macintosh, MS-Windows, and OS/2-PM toolkits (and also character terminals)
and hides their differences. The Java AWT toolkit also works in this way and uses the underlying widget
sets. The second style of virtual toolkit reimplements the widgets in each style. For example, Galaxy [Visix
Software Inc. 1997], Amulet [Myers 1997], and Java Swing provide libraries of widgets that look like those
on the various platforms. The advantage of the first style is that the user interface is more likely to be look
and feel conformant (since it uses the real widgets). The disadvantage is that the virtual toolkit must still
provide an interface to the graphical drawing primitives on the platforms. Furthermore, virtual toolkits
tend only to provide functions that appear in all toolkits. Many of the virtual toolkits that take the second
approach, for example, Java Swing, provide a sophisticated graphics package and complete sets of widgets
on all platforms. However, with the second approach, there must always be a large run-time library, because
in addition to the built-in widgets that are native to the machine, there is the reimplementation of these
same widgets in the virtual toolkit’s library.

All of the toolkits that work on multiple platforms can be considered virtual toolkits of the second
type. For example, SUIT [Pausch 1992] and Garnet [Myers 1990d] work on X, Macintosh, and Windows.
However, these use the same look and feel on all platforms (and therefore do not look the same as the
other applications on that platform), so they are not classified as virtual toolkits.

48.2.1.4 Higher-Level Tools

Because programming at the toolkit level is quite difficult, there is a tremendous interest in higher-level
tools that will make the UI software production process easier. These are discussed next.

48.2.1.4.1 Phases
Many higher-level tools have components that operate at different times. The design-time component
helps the UI designer to design the user interface. For example, this might be a graphical editor that can
lay out the interface, or a compiler to process a UI specification language. The next phase is when the
end user is using the program. Here, the run-time component of the tool is used. This usually includes a
toolkit but may also include additional software specifically for the tool. Because the run-time component
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is “managing” the user interface, the term user interface management system (UIMS) seems appropriate
for tools with a significant run-time component.

There also may be an after-run-time component that helps with the evaluation and debugging of
the user interface. Unfortunately, very few UI tools have an after-run-time component. This is partially
because tools that have tried, such as MIKE [Olsen 1988], discovered that there are very few metrics
that can be applied by computers. Some tools try to evaluate how people will interact with interfaces by
automatically creating cognitive models from high-level descriptions of the user interface. For example, the
GLEAN system generates quantitative predictions of a system’s performance from a GOMS model [Kieras
1995].

48.2.1.4.2 Specification Styles
High-level UI tools come in a large variety of forms. One important way in which they can be classified is by
the designer’s specification of what the interface should be. Some tools require the programmer to program
in a special-purpose language, some provide an application framework to guide the programming, some
automatically generate the interface from a high-level model or specification, and others allow the interface
to be designed interactively. Each of these types is discussed in the following sections. Of course, some
tools use different techniques for specifying different parts of the user interface. These are classified by
their predominant or most interesting feature.

48.2.1.4.3 Language-Based
With most of the older UI tools, the designer specifies the user interface in a special-purpose language. This
language can take many forms, including context-free grammars, state transition diagrams, declarative
languages, event languages, etc. The language is usually used to specify the syntax of the user interface, that
is, the legal sequences of input and output actions. This is sometimes called the dialogue. Green [1986]
provides an extensive comparison of grammars, state transition diagrams, and event languages, and Olsen
[1992] surveys various older UIMS techniques.

48.2.1.4.3.1 State Transition Networks
Because many parts of user interfaces involve handling a sequence of input events, it is natural to think
of using a state transition network to code the interface. A transition network consists of a set of states,
with arcs out of each state labeled with the input tokens that will cause a transition to the state at the other
end of the arc. In addition to input tokens, calls to application procedures and the output to display can
also be put on the arcs in some systems. In 1968, Newman implemented a simple tool using finite state
machines [Newman 1968] that handled textual input. This was apparently the first user interface tool.
Many of the assumptions and techniques used in modern systems were present in Newman’s tool: different
languages for defining the user interface and the semantics (the semantic routines were coded in a normal
programming language), a table-driven syntax analyzer, and device independence.

State diagram tools are most useful for creating user interfaces in which the user interface has a large
number of modes (each state is really a mode). For example, state diagrams are useful for describing the
operation of low-level widgets (e.g., how a menu or scroll bar works) or the overall global flow of an
application (e.g., this command will pop up a dialogue box, from which you can get to these two dialogue
boxes, and then to this other window, etc.). However, most highly interactive systems attempt to be mostly
mode-free, which means that at each point, the user has a wide variety of choices of what to do. This
requires a large number of arcs out of each state, so state diagram tools have not been successful for these
interfaces. In addition, state diagrams cannot handle interfaces where the user can operate on multiple
objects at the same time. Another problem is that they can be very confusing for large interfaces, because
they get to be a “maze of wires,” and off-page (or off-screen) arcs can be hard to follow.

Recognizing these problems, but still trying to retain the perspicuity of state transition diagrams, Jacob
[1986] invented a new formalism, which is a combination of state diagrams and a form of event languages.
There can be multiple diagrams active at the same time and flow of control transfers from one to another
in a coroutine fashion. The system can create various forms of direct-manipulation interfaces. VAPS is
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a commercial system that uses the state transition model, and it eliminates the maze-of-wires problem
by providing a spreadsheetlike table in which the states, events, and actions are specified [eNGENUITY
2002]. Transition networks have been thoroughly researched but have not proved particularly successful
or useful, either as a research or a commercial approach.

48.2.1.4.3.2 Context-Free Grammars
Many grammar-based systems are based on parser generators used in compiler development. For example,
the designer might specify the UI syntax using some form of BNF. Examples of grammar-based systems
are Syngraph [Olsen 1983] and parsers built with YACC and LEX in UNIX.

Grammar-based tools, like state diagram tools, are not appropriate for specifying highly interactive
interfaces, because they are oriented toward batch processing of strings with a complex syntactic structure.
These systems are best for textual command languages; they have been mostly abandoned for user interfaces
by researchers and commercial developers.

48.2.1.4.3.3 Event Languages
With event languages, the input tokens are considered to be events that are sent to individual event handlers.
Each handler will have a condition clause that determines what types of events it will handle and when it
is active. The body of the handler can cause output events, change the internal state of the system (which
might enable other event handlers), or call application routines.

Sassafras [Hill 1986] is an event language in which the user interface is programmed as a set of small
event handlers. The Elements-Events and Transitions (EET) language provides elaborate control over when
the various event handlers are fired [Frank 1995]. In these earlier systems, the event handlers were global.
In more modern systems, the event handlers are specific to particular objects. For example, the HyperTalk
language, which is part of HyperCard for the Apple Macintosh, can be considered an event language.
Microsoft’s Visual Basic also contains event-language features; code is written to handle the response to
events on objects.

The advantages of event languages are that they can handle multiple input devices active at the same time,
and supporting nonmodal interfaces, where the user can operate on any widget or object, is straightforward.
The main disadvantage is that it can be very difficult to create correct code, especially as the system gets larger,
because the flow of control is not localized and small changes in one part can affect many different pieces of
the program. It is also typically difficult for the designer to understand the code once it reaches a nontrivial
size. However, the success of HyperTalk, Visual Basic, and similar tools shows that this approach is appropri-
ate for small to medium-sized programs. The style of programming used by Java Swing and related systems,
in which the programmer overrides methods that are called when events happen, is similar to the event style.

48.2.1.4.3.4 Declarative Languages
Another approach is to try to define a language that is declarative (stating what should happen) rather
than procedural (stating how to make it happen). Cousin [Hayes 1985] and HP/Apollo’s Open-Dialogue
[Schulert 1985] both allow the designer to specify user interfaces in this manner. The user interfaces
supported are basically forms, in which fields can be text that is typed by the user, or options selected using
menus or buttons. There are also graphic output areas that the application can use in whatever manner is
desired. The application program is connected to the user interface through variables, which can be set and
accessed by both. As researchers have extended this idea to support more sophisticated interactions, the
specification has grown into full application models, and newer systems are described in Section 48.2.1.4.5.

The layout description languages that come with many toolkits are also a type of declarative language.
For example, Motif ’s user interface language (UIL) allows the layout of widgets to be defined. Because the
UIL is interpreted when an application starts, users can (in theory) edit the UIL code to customize the
interface. UIL is not a complete language, however, in the sense that the designer still must write C code for
many parts of the interface, including any areas containing dynamic graphics and any widgets that change.

The advantage of using declarative languages is that the UI designer does not have to worry about the
time sequence of events and can concentrate on the information that needs to be passed back and forth. The
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disadvantage is that only certain types of interfaces can be provided this way, and the rest must be pro-
grammed by hand in the “graphic areas” provided to application programs. The kinds of interactions avail-
able are preprogrammed and fixed. In particular, these systems provide no support for such things as drag-
ging graphical objects, rubber-band lines, drawing new graphical objects, or even dynamically changing
the items in a menu based on the application mode or context. However, these languages have been used as
intermediate languages describing the layout of widgets (such as UIL) that are generated by interactive tools.

48.2.1.4.3.5 Constraint Languages
A number of UI tools allow the programmer to use constraints to define the user interface [Borning 1986b].
Early constraint systems include Sketchpad [Sutherland 1963], which pioneered the use of graphical con-
straints in a drawing editor, and Thinglab [Borning 1981], which used constraints for graphical simulation.
Subsequently, Thinglab was extended to aid in the generation of user interfaces [Borning 1986b].

The previous discussion of toolkits mentions the use of constraints as part of the intrinsics of a toolkit.
A number of research toolkits now supply constraints as an integral part of the object system (e.g., Garnet
[Myers 1990d], Amulet [Myers 1997], and SubArctic [Hudson 1996]). In addition, some systems have
provided higher-level interfaces to constraints. Graphical Thinglab [Borning 1986a] allows the designer
to create constraints by wiring icons together, and NoPump [Wilde 1990] and C32 [Myers 1991a] allow
constraints to be defined using a spreadsheet-like interface.

The advantage of constraints is that they are a natural way to express many kinds of relationships that
arise frequently in user interfaces. For example, lines should stay attached to boxes; labels should stay
centered within boxes, etc. A disadvantage with constraints is that they require a sophisticated run-time
system to solve them efficiently, and it can be difficult for programmers to specify and debug constraint
systems correctly. As yet, there are no commercial UI tools using general-purpose constraint solvers.

48.2.1.4.3.6 Database Interfaces
A very important class of commercial tools supports form-based or GUI-based access to databases. Major
database vendors such as Oracle [Oracle Tools 1995] provide tools that allow designers to define the user
interface for accessing and setting data. Often, these tools include interactive form editors (which are
essentially interface builders) and special database languages. Fourth-generation languages (4GLs), which
support defining the interactive forms for accessing and entering data, also fall into this category.

48.2.1.4.3.7 Visual Programming
Visual programs use graphics and 2-D (or more) layout as part of the program specification [Myers 1990c].
Many different approaches to using visual programming to specify user interfaces have been investigated.
Most systems that support state transition networks use a visual representation. Another popular tech-
nique is to use dataflow languages. In these, icons represent processing steps, and the data flow along the
connecting wires. The user interface is usually constructed directly by laying out prebuilt widgets, in the
style of interface builders. Examples of visual programming systems for creating user interfaces include
Labview [National Instruments 2003], which is specialized for controlling laboratory instruments, and
Prograph [Pictorius 2002]. Using a visual language seems to make it easier for novice programmers, but
large programs still suffer from the familiar maze-of-wires problem. Other papers (e.g., Myers [1990c])
have analyzed the strengths and weaknesses of visual programming in detail.

Another popular language is Visual Basic from Microsoft. However, this is more of a structure editor
for Basic combined with an interface builder (see Section 48.2.1.4.6.3), and therefore does not really count
as a visual language.

48.2.1.4.3.8 Summary of Language Approaches
In summary, many different types of languages have been designed for specifying user interfaces. One
problem with all of these is that they can only be used by professional programmers. Some programmers
have objected to the requirement of learning a new language for programming just the UI portion [Olsen
1987]. This has been confirmed by market research [X Business Group 1994]. Furthermore, it seems more
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natural to define the graphical part of a user interface using a graphical editor. However, it is clear that
for the foreseeable future, much of the user interface must still be created by writing programs, so it is
appropriate to continue investigations into the best language to use for this. Indeed, an entire book is
devoted to investigating the languages for programming user interfaces [Myers 1992b].

48.2.1.4.4 Application Frameworks
After the Macintosh Toolbox had been available for a little while, Apple discovered that programmers
had a difficult time figuring out how to call the various toolkit functions and how to ensure that the
resulting interface met the Apple guidelines. They therefore created a software system that provides an
overall application framework to guide programmers. This was called MacApp [Wilson 1990] and used
the object-oriented language Object Pascal. Classes are provided for the important parts of an application,
such as the main windows, the commands, etc. The programmer specializes these classes to provide
the application-specific details, such as what is actually drawn in the windows and which commands
are provided. MacApp was very successful at simplifying the writing of Macintosh applications. Today,
there are multiple frameworks to help build applications for most major platforms, including the Microsoft
Foundation Classes (MFC) for Windows and the portable Java Swing framework. A framework is a software
architecture, often object-oriented, that guides the programmer so that implementing UI software is easier.

The Amulet framework [Myers 1997] is aimed at graphical applications, but due to its graphical data
model, many of the built-in routines can be used without change (the programmer usually does not need to
write methods for subclasses). Newer frameworks aim to help implement applications that take advantage
of ubiquitous computing (also called pervasive computing) [Weiser 1993], multiple users (also called
computer-supported cooperative work[CSCW]), various sensors that tell the computer where it is and
who is around (called context-aware computing [Moran 2001]), and user interfaces that span multiple
computers (called multicomputer user interfaces [Myers 2001]). For example, the BEACH framework
[Tandler 2001] provides facilities to handle all of these kinds of user interfaces.

The component approach aims to replace today’s large, monolithic applications with smaller pieces
that attach together. For example, you might buy a separate text editor, ruler, paragraph formatter, spell
checker, and drawing program, and have them all work together seamlessly. This approach was invented by
the Andrew environment [Palay 1988], which provides an object-oriented document model that supports
the embedding of different kinds of data inside other documents. These insets are unlike data that is cut
and pasted in systems like the Macintosh, because they bring along the programs that edit them; therefore,
they can always be edited in place. Furthermore, the container document does not need to know how to
display or print the inset data because the original program that created it is always available. The designer
creating a new inset writes subclasses that adhere to a standard protocol, so the system knows how to pass
input events to the appropriate editor. Microsoft OLE [Petzold 1991], Apple’s OpenDoc [Curbow 1995],
and JavaBeans [JavaSoft 1996] use this approach. The Microsoft .Net initiative provides a component
architecture for Web services.

All of these frameworks require the designer to write code, typically by creating application-specific
subclasses of the standard classes provided as part of the framework.

48.2.1.4.5 Model-Based Automatic Generation
A problem with all of the language-based tools is that the designer must specify a great deal about the
placement, format, and design of the user interfaces. To solve this problem, some tools use automatic
generation so that the tool makes many of these choices from a much higher-level specification. Many
of these tools, such as Mickey [Olsen 1989], Jade [Vander Zanden 1990], and DON [Kim 1993] have
concentrated on creating menus and dialogue boxes. Jade allows the designer to use a graphical editor to
edit the generated interface if it is not good enough. DON has the most sophisticated layout mechanisms
and takes into account the desired window size, balance, symmetry, grouping, etc. Creating dialogue boxes
automatically has been very thoroughly researched, but there are still no commercial tools that do this.

The user interface design environment (UIDE) [Sukaviriya 1993] requires that the semantics of
the application be defined in a special-purpose language, and therefore might be included with the
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language-based tools. It is placed here instead because the language is used to describe the functions
that the application supports and not the desired interface. UIDE is classified as a model-based approach
because the specification serves as a high-level, sophisticated model of the application semantics. In
UIDE, the description includes pre- and post-conditions of the operations, and the system uses these to
reason about the operations, to automatically generate an interface, and to automatically generate help
[Sukaviriya 1990].

The ITS system [Wiecha 1990] also uses rules to generate an interface. ITS was used to create the visitor
information system for the EXPO 1992 World’s Fair in Seville, Spain. Unlike the other rule-based systems,
the designer using ITS is expected to write many of the rules, rather than just writing a specification on
which the rules work. In particular, the design philosophy of ITS is that all design decisions should be
codified as rules so that they can be used by subsequent designers, which hopefully will mean that interface
designs will become easier and better as more rules are entered. As a result, the designer should never
use graphical editing to improve the design, because then the system cannot capture the reason that the
generated design was not sufficient.

Recently, there has been a resurgence of interest in model-based interfaces to try to provide interfaces
that work on the many kinds of handheld devices. For example, the wireless access protocol (WAP) contains
high-level descriptions of the information to be displayed, which the handhelds must convert to use specific
layouts and interaction techniques. Research continues on ways to convert high-level specifications of
appliances and other devices into appropriate remote control interfaces for handhelds, for use in “smart
rooms” [Ponnekanti 2001], by the disabled [Zimmerman 2002], and for home appliances [Banavar 2000],
[Nichols 2002].

48.2.1.4.6 Direct Graphical Specification
The tools described next allow the user interface to be defined, at least partially, by placing objects on
the screen using a pointing device. This is motivated by the observation that the visual presentation of
the user interface is of primary importance in graphical user interfaces, and a graphical tool seems to be the
most appropriate way to specify the graphical appearance. Another advantage of this technique is that it
is usually much easier for the designer to use. Many of these systems can be used by nonprogrammers.
Therefore, psychologists, graphic designers, and UI specialists can more easily be involved in the UI design
process when these tools are used.

These tools can be distinguished from those that use visual programming because with direct graphical
specification, the actual user interface (or a part of it) is drawn, rather than being generated indirectly
from a visual program. Thus, direct graphical specification tools have been called direct-manipulation
programming, because the user is directly manipulating the UI widgets and other elements.

The tools that support graphical specification can be classified into four categories: prototyping tools,
those that support a sequence of cards, interface builders, and editors for application-specific graphics.

48.2.1.4.6.1 Prototyping Tools
The goal of prototyping tools is to allow the designer to mock up quickly some examples of what the
screens in the program will look like. Sometimes, these tools cannot be used to create the real user interface
of the program; they just show how some aspects will look. This is the chief factor that distinguishes them
from other high-level tools. Many parts of the interface may not be operative, and some of the things that
look like widgets may just be static pictures. In many prototypers, no real toolkit widgets are used, which
means that the designer must draw simulations that look like the widgets that will appear in the interface.
The normal use is that the designer would spend a few days or weeks trying out different designs with the
tool, and then completely reimplement the final design in a separate system. Most prototyping tools can
be used without programming, so they can, for example, be used by graphic designers.

Note that this use of the term prototyping is different from the general phrase rapid prototyping, which
has become a marketing buzzword. Advertisements for just about all UI tools claim that they support rapid
prototyping, by which they mean that the tool helps create the UI software more quickly. In this chapter,
the term prototyping is being used in a much more specific manner.
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The first prototyping tool was probably Dan Bricklin’s Demo program. This is a program for an IBM
PC that allows the designer to create sample screens composed of characters and character graphics (where
the fixed-size character cells can contain a graphic, such as a horizontal, vertical, or diagonal line). The
designer can easily create the various screens for the application. It is also relatively easy to specify the
actions (mouse or keyboard) that cause transitions from one screen to another. However, it is difficult to
define other behaviors. In general, there may be some support for type-in fields and menus in prototyping
tools, but there is little ability to process or test the results.

For GUIs, designers often use tools like Macromedia’s Director [Macromedia 2003a], which is actually
an animation tool. The designer can draw example screens and then specify that when the mouse is pressed
in a particular place, an animation should start or a different screen should be displayed. Components of
the picture can be reused in different screens, but again the ability to show behavior is limited. HyperCard
and Visual Basic are also often used as prototyping tools. Research tools such as SILK [Landay 1995] and
DENIM [Lin 2002] provide a quick sketching interface and then convert the sketches into actual interfaces.

The primary disadvantage of these prototyping tools is that sometimes the application must be recoded
in a “real” language before the application is delivered. There is also the risk that the programmers who
implement the real user interface will ignore the prototype.

48.2.1.4.6.2 Cards
Many graphical programs are limited to user interfaces that can be presented as a sequence of mostly static
pages, sometimes called frames, cards, or forms. Each page contains a set of widgets, some of which cause
transfer to other pages. There is usually a fixed set of widgets to choose from, which have been coded by hand.

An early example of this is Menulay [Buxton 1983a], which allows the designer to place text, graphical
potentiometers, iconic pictures, and light buttons on the screen and see exactly what the end user will see
when the application is run. The designer does not need to be a programmer to use Menulay.

Probably the most famous example of a card-based system is HyperCard from Apple. There are many
similar programs, such as GUIDE [Owl International Inc. 1991], and ToolBook [Click2learn 1995]. In all
of these, the designer can easily create cards containing text fields, buttons, etc., along with various graphic
decorations. The buttons cause transfers to other cards. These programs provide a scripting language to
offer more flexibility for buttons. HyperCard’s scripting language is called HyperTalk and, as mentioned
previously, is really an event language, because the programmer writes short pieces of code that are executed
when input events occur. In its usual instantiation, the World Wide Web was represented as a sequence of
pages, which were like cards, with embedded links that transfer to other pages that replace the previous page.

48.2.1.4.6.3 Interface Builders
An interface builder allows the designer to create dialogue boxes, menus, and windows that are to be
part of a larger user interface. These are also called interface development tools (IDTs) or GUI builders.
Interface builders allow the designer to select from a predefined library of widgets and place them on the
screen using a mouse. Other properties of the widgets can be set using property sheets. Usually, there is
also some support for sequencing, such as bringing up subdialogues when a particular button is hit. The
Steamer project at BBN Technologies demonstrated many of the ideas later incorporated into interface
builders and was probably the first object-oriented graphics system [Stevens 1983]. Other examples of
research interface builders are DialogEditor [Cardelli 1988] and Gilt [Myers 1991b]. There are hundreds
of commercial interface builders, including the resource editors that come with professional development
environments such as Metrowerks CodeWarrior. Microsoft’s Visual Basic is essentially an interface builder
coupled with an editor for an interpreted language. Many of the tools discussed previously, such as the
virtual toolkits, visual languages, and application frameworks, also contain interface builders.

Interface builders use the actual widgets from a toolkit, so they can be used to build parts of real
applications. Most will generate C or C++ code templates that can be compiled along with the application
code. Others generate a description of the interface in a language that can be read at run-time. It is
sometimes important that the programmers not edit the output of the tools (such as the generated C
code), or else the tool can no longer be used for later modifications.
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Although interface builders make laying out the dialogue boxes and menus easier, this is only part of
the UI design problem. These tools provide little guidance toward creating good user interfaces, because
they give designers significant freedom. Another problem is that for any kind of program with a graphics
area (such as drawing programs, CAD, visual language editors, etc.), interface builders do not help with
the contents of the graphics pane. Also, they cannot handle widgets that change dynamically. For example,
if the contents of a menu or the layout of a dialogue box changes based on program state, this must be
programmed by writing code.

48.2.1.4.6.4 Data Visualization Tools
An important commercial category of tools is dynamic data visualization systems. These tools, which tend
to be quite expensive, emphasize the display of dynamically changing data on a computer and are used as
front ends for simulations, process control, system monitoring, network management, and data analysis.
The interface to the designer is usually quite similar to an interface builder, with a palette of gauges,
graphers, knobs, and switches that can be placed interactively. However, these controls usually are not
from a toolkit and are supplied by the tool. Example tools in this category include DataViews [DataViews
2001] and SL-GMS [SL Corp. 2002].

48.2.1.4.6.5 Editors for Application-Specific Graphics
When an application has custom graphics, it would be useful if the designer could draw pictures of what
the graphics should look like rather than having to write code for this. The problem is that the graphic
objects usually need to change at run-time, based on the actual data and the end user’s actions. Therefore,
the designer can only draw an example of the desired display, which will be modified at run-time, and so
these tools use demonstrational programming [Myers 1992a]. This distinguishes these programs from the
graphical tools of the previous three sections, with which the full picture can be specified at design time.
As a result of the generalization task of converting the example objects into parameterized prototypes that
can change at run-time, these systems are still in the research phase.

Peridot [Myers 1988a] allows new, custom widgets to be created. The primitives, which the designer
manipulates with the mouse, are rectangles, circles, text, and lines. The system generalizes from the
designer’s actions to create parameterized, object-oriented procedures such as those that might be found
in toolkits. Experiments showed that Peridot could be used by nonprogrammers. Lapidary [Vander Zanden
1995] extends the ideas of Peridot to allow general application-specific objects to be drawn. For example,
the designer can draw the nodes and arcs for a graph program. The DEMO system [Fisher 1992] allows
some dynamic, run-time properties of the objects to be demonstrated, such as how objects are created. The
Marquise tool [Myers 1993] allows the designer to demonstrate when various behaviors should happen
and supports palettes that control the behaviors. With Pavlov [Wolber 1997], the user can demonstrate
how widgets should control a car’s movement in a driving game. Gamut [McDaniel 1999] has the user give
hints to help the system infer sophisticated behaviors for games-style applications. Research continues on
making these ideas practical.

48.2.1.4.6.6 Specialized Tools
For some application domains, there are customized tools that provide significant high-level support.
These tend to be quite expensive, however (i.e., $20,000 to $50,000). For example, in the aeronautics and
real-time control areas, there are a number of high-level tools, such as InterMAPhics [Gallium 1991].

48.2.2 Tools for the World Wide Web

Implementing user interfaces for the World Wide Web generally uses quite different tools than building
GUIs and is covered in depth in other chapters of this volume. Furthermore, the technology and tools are
changing quite rapidly. Therefore, this section just provides a brief overview.

Simple Web pages may be composed of static text and graphics with embedded links, and these can be
authored by directly writing the underlying hypertext markup language (HTML). Alternatively, the author
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can use interactive tools, such as Microsoft FrontPage, which therefore serves as a kind of interface builder.
FrontPage can also author pages that contain forms for filling in information (text fields, buttons, etc.). More
dynamic pages can use a scripting language embedded in the HTML, such as JavaScript or VBScript (Visual
Basic Script). Alternatively, a specialized animation language can be used, such as Macromedia’s Flash
language, which might be authored using an interactive tool such as Dreamweaver [Macromedia 2003b].

In all cases, the back-end that provides the pages, processes any input provided in form fields, and
delivers new pages as a result, must be implemented using some kind of server-side scripting or database
tool, which is typically quite different from the tools used to author the client-side pages that the user sees.

48.3 Models of User Interface Software

Because creating UI software is so difficult, there have been a number of efforts to describe the software
organization at a very abstract level, by creating models of the software. The earliest attempts used the
same levels that had been defined for compilers and talked about the semantic, syntactic, and lexical
parts of the user interface, but this proved to be useful mostly for parser-based implementations [Buxton
1983b]. Another early model is the Seeheim model [Pfaff 1985], which separates the presentation aspects
(output) from the dialogue management (what happens in what order, based on what input) from the
application interface model (what the resulting changes in data are). This model does not work well with
GUIs, because they deemphasize dialogue in favor of mode-free interaction. The model-view-controller
concept [Krasner 1988] was first used by Smalltalk, and separates the output handling (view) from the
input handling (controller). Both of these are separated from the underlying data (the model). Later
systems, such as InterViews [Linton 1989], found it difficult to separate the view from the controller,
and therefore used a simpler model–view organization, in which the view includes the controller. A new
model for software organization — which tries to handle the various aspects required for multiple users,
distributed processing and ubiquitous computing — is being developed as part of BEACH [Tandler 2002].

48.4 Technology Transfer

User interface tools are an area where research has had a tremendous impact on the current practice of
software development [Myers 1998]. Of course, window managers and the resulting GUI style come from
the seminal research at the Stanford Research Institute, Xerox Palo Alto Research Center (PARC), and MIT
in the 1970s. Interface builders and card programs like HyperCard were invented in research laboratories
at BBN, the University of Toronto, Xerox PARC, and others. Now, interface builders are widely used for
commercial software development. Event languages, widely used in HyperTalk and Visual Basic, were first
investigated in research laboratories. The current generation of environments, such as OLE and JavaBeans,
are based on the component architecture that was developed in the Andrew environment from Carnegie
Mellon University. Thus, whereas some early UIMS approaches, such as transition networks and grammars,
may not have been successful, overall, UI tool research has changed the way that software is developed.

48.5 Research Issues

Although there are many UI tools, there are plenty of areas in which further research is needed. Previous
reports discuss future research ideas for UI tools at length [Myers 2000, Olsen 1993]. Here, a few of the
important ones are summarized.

48.5.1 New Programming Languages

The built-in input/output primitives in today’s programming languages, such as printf/scanf or cout/cin,
support a textual question-and-answer style of user interface that is modal and well known to be poor.
Most of today’s tools use libraries and interactive programs that are separate from programming languages.
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However, many of the techniques, such as object-oriented programming, multiple-processing, and con-
straints, are best provided as part of the programming language. Even new languages, such as Java, make
much of the user interface harder to program by leaving it in separate libraries. Furthermore, an integrated
environment, where the graphical parts of an application can be specified graphically and the rest textually,
would make the generation of applications much easier. How programming languages can be improved
to better support UI software is the topic of a book by Myers [1992b].

48.5.2 Increased Depth

Many researchers are trying to create tools that will cover more of the user interface, such as application-
specific graphics and behaviors. The challenge here is to allow flexibility to application developers while
still providing a high level of support. Tools should also be able to support Help, Undo, and Aborting of
operations.

Today’s UI tools mostly help with the generation of the code of the interface, and assume that the
fundamental UI design is complete. Also needed are tools to help with the generation, specification, and
analysis of the design of the interface. For example, an important first step in UI design is task analysis,
in which the designer identifies the particular tasks that the end user will need to perform. Research
should be directed at creating tools to support these methods and techniques. These might eventually be
integrated with the code generation tools, so that the information generated during early design can be
fed into automatic generation tools, possibly to produce an interface directly from the early analyses. The
information might also be used to generate documentation and run-time help automatically.

Another approach is to allow the designer to specify the design in an appropriate notation, and then
provide tools to convert that notation into interfaces. For example, the UAN [Hartson 1990] is a notation
for expressing the end user’s actions and the system’s responses.

Finally, much work is needed in ways for tools to help evaluate interface designs. Initial attempts, such
as MIKE [Olsen 1988], have highlighted the need for better models and metrics against which to evaluate
user interfaces. Research in this area by cognitive psychologists and other user interface researchers (e.g.,
Kieras [1995]) is continuing.

48.5.3 Increased Breadth

We can expect the user interfaces of tomorrow to be different from the conventional window-and-mouse
interfaces of today, and tools will have to change to support the new styles. For example, already we are
seeing tiny digital pagers and phones with embedded computers and displays, palm-sized computers such
as the PalmOS devices, notebook-sized panel computers such as Microsoft’s TabletPCs, and wall-sized
displays. Furthermore, computing is appearing in more and more devices around the home and office. An
important next wave will appear when the devices can all easily communicate with each other, probably
using wireless radio technologies like 802.11 (Wi-Fi) or Bluetooth [Haartsen 1998]. Sound, video, and
animations will increasingly be incorporated into user interfaces. New input devices and techniques will
probably replace the conventional mouse and menu styles. For example, there will be substantially more
use of techniques such as gestures, handwriting, and speech input and output. These are called recognition-
based because they require software to interpret the input stream from the user to identify the content. In
these “non-WIMP” applications [Nielsen 1993a] (WIMP stands for windows, icons, menus, and pointing
devices), designers will also need better control over the timing of the interface, to support animations and
various new media such as video. Although a few tools are directed at multiple-user applications, there are
no direct graphical specification tools, and the current tools are limited in the styles of applications they
support. A further problem is supporting multiple interfaces for the same application, so the application
can run on small and large devices in a consistent manner. Also, sometimes a person might be using
multiple devices at the same time, such as a PalmOS device and a big display screen [Myers 2001].

Another concern is supporting interfaces that can be moved from one natural language to another (like
English to French). Internationalizing an interface is much more difficult than simply translating the text
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strings, and it includes different number, date, and time formats; new input methods; redesigned layouts;
different color schemes; and new icons [Russo 1993]. How can future tools help with this process?

48.5.4 End User Programming and Customization

One of the most successful computer programs of all time is the spreadsheet. The primary reason for its
success is that end users can program it (by writing formulas and macros). However, end-user programming
is rare in other applications. Where it exists, it usually requires learning conventional programming. For
example, AutoCAD provides Lisp for customization, and many Microsoft applications use Visual Basic.
More effective mechanisms for users to customize existing applications and to create new ones are needed
[Myers 1992b]. However, these should not be built into individual applications, as is done today, because
this means that the user must learn a different programming technique for each application. Instead, the
facilities should be provided at the system level, and therefore part of the underlying toolkit. Naturally,
because this is aimed at end users, it will not be like programming in C, but rather at some higher
level.

48.5.5 Application and User Interface Separation

One of the fundamental goals of UI tools is to allow better modularization and separation of UI code from
application code. However, a survey reported that conventional toolkits actually make this separation
more difficult, due to the large number of call-back procedures required [Myers 1992c]. Therefore, further
research is needed into ways to better modularize the code and how tools can support this.

48.5.6 Tools for the Tools

It is very difficult to create the kinds of tools described in this chapter. Each one takes an enormous effort.
Therefore, work is needed in ways to make the tools themselves easier to create. For example, the Garnet
toolkit explored mechanisms specifically designed to make high-level graphical tools easier to create [Myers
1992d]. The Unidraw framework has also proved useful for creating interface builders [Vlissides 1991].
However, more work is needed.

48.6 Conclusions

Generally, research and innovation in tools trail innovation in user interface design, because it only makes
sense to develop tools when you know what kinds of interfaces you are building tools for. Given the
consolidation of the UI interaction style in the last 15 years, it is not surprising that tools have ma-
tured to the point where commercial tools have fairly successfully covered the important aspects of
user interface construction. It is clear that the research on UI software tools has had enormous im-
pact on the process of software development. Now, UI design is poised for a radical change, primarily
brought on by the rise of the World Wide Web, ubiquitous computing, recognition-based user inter-
faces, handheld devices, wireless communication, and other technologies. Therefore, we expect to see a
resurgence of interest in and research on UI software tools in order to support the new user interface
styles.

Defining Terms

Application or application semantics: The part of the software that is not the user interface.
Application framework: A software architecture, often object-oriented, that guides the programmer so

that implementing user interface software is easier.
Call-back procedures: Procedures defined by the application programmer that are called when a widget

is operated by the end user.
Constraints: Relationships that are declared once and then maintained automatically by the system.
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Geometry management: Part of the toolkit intrinsics that handles the placement and size of widgets.
Graphical user interface (GUI): A form of user interface that makes significant use of the direct-

manipulation style using pointing with a mouse.
Icons: Small pictures that represent windows (or sometimes files) in window managers.
Interface builder: Interactive tool that lays out widgets to create dialogue boxes, menus, and windows

that are to be part of a larger user interface. These are also called interface development tools and
GUI builders.

Intrinsics: The layer of a toolkit on which different widgets are implemented.
Model-view-controller: Model of how user interface software might be organized, separating the appli-

cation data (model), presentation (view), and input handling (controller) aspects.
Prototyping tools: These allow the designer to mock up quickly some examples of what the screens in

the program will look like. Often, these tools cannot be used to create the real user interface of the
program; they just show how some aspects will look.

Seeheim model: Model of how user interface software might be organized, separating the presentation,
dialogue, and application aspects.

Toolkit: A library of widgets that can be called by application programs.
User interface (UI): The part of the software that handles the output to the display and the input from

the person using the program.
User interface design environment (UIDE): General term for comprehensive user interface tools.
User interface management system (UIMS): An older term, not much used now. Sometimes used to

cover all user interface tools, but usually limited to tools that handle the sequencing of operations
(what happens after each event from the user).

User interface tool: Any software that helps to create user interfaces.
Virtual toolkits: Also called cross-platform development systems, these are programming interfaces to

multiple toolkits that allow code to be easily ported to Macintosh, Microsoft Windows, and Unix
environments.

Visual programming: Using graphics and two- (or more) dimensional layout as part of the program
specification.

Widget: A way of using a physical input device to input a certain type of value. Typically, widgets in
toolkits include menus, buttons, scroll bars, text type-in fields, etc.

Window: Region of the screen (usually rectangular) that can be independently manipulated by a program
and/or user.

Window manager: The user interface of the windowing system. Can also refer to the entire windowing
system.

Windowing system: Software that separates different processes into different rectangular regions (win-
dows) on the screen.
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Appendix A:
Professional Societies

in Computing

A.1 The Association for Computing Machinery
(ACM)

A.2 The Computing Research Association (CRA)
A.3 The Institute of Electrical and Electronics

Engineers (IEEE) Computer Society
A.4 The British Computer Society (BCS)
A.5 Computer Professionals for Social

Responsibility (CPSR)
A.6 The American Association for Artificial

Intelligence (AAAI)
A.7 Special Interest Group on Computer

Graphics (SIGGRAPH)
A.8 The Society for Industrial and Applied

Mathematics (SIAM)

A.1 The Association for Computing Machinery (ACM)

“Founded in 1947, ACM is a major force in advancing the skills of information technology professionals
and students worldwide. Today, our 75,000 members and the public turn to ACM for the industry’s
leading portal to computing literature, authoritative publications and pioneering conferences, providing
leadership for the 21st century.” More complete information on ACM can be obtained by visiting its Web
page, from which the preceding quotation was taken: http://www.acm.org.

A.2 The Computing Research Association (CRA)

“The Computing Research Association (CRA) is an association of more than 200 North American aca-
demic departments of computer science, computer engineering, and related fields; laboratories and
centers in industry, government, and academia engaging in basic computing research; and affiliated
professional societies. CRA’s mission is to strengthen research and education in the computing fields,
expand opportunities for women and minorities, and improve public and policymaker understand-
ing of the importance of computing and computing research in our society.” More information about
the CRA can be obtained by visiting its Web page, from which the preceding quotation was taken:
http://www.cra.org.
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A.3 The Institute of Electrical and Electronics Engineers
(IEEE) Computer Society

“With nearly 100,000 members, the IEEE Computer Society is the world’s leading organization of com-
puter professionals. Founded in 1946, it is the largest of the 37 societies of the Institute of Electrical
and Electronics Engineers (IEEE). The Computer Society’s vision is to be the leading provider of techni-
cal information and services to the world’s computing professionals.” More information about the IEEE
Computer Society can be obtained by visiting its Web page, from which the preceding quotation was taken:
http://www.computer.org.

A.4 The British Computer Society (BCS)

“The British Computer Society (BCS) is the only Chartered Engineering Institution for Information
Technology (IT). With members in over 100 countries around the world, the BCS is the leading pro-
fessional and learned Society in the field of computers and information systems.” More information
about the BCS can be found by visiting its Web page, from which the preceding quotation was taken:
http://www1.bcs.org.uk.

A.5 Computer Professionals for Social
Responsibility (CPSR)

“CPSR is a public-interest alliance of computer scientists and others concerned about the impact of com-
puter technology on society . . . . As technical experts, CPSR members provide the public and policymakers
with realistic assessments of the power, promise, and limitations of computer technology. As concerned
citizens, we direct public attention to critical choices concerning the applications of computing and how
those choices affect society.” More information about CPSR can be found by visiting its Web page, from
which the preceding quotation was taken: http://www.cpsr.org.

A.6 The American Association for Artificial
Intelligence (AAAI)

“Founded in 1979, the American Association for Artificial Intelligence (AAAI) is a nonprofit scientific
society devoted to advancing the scientific understanding of the mechanisms underlying thought and
intelligent behavior and their embodiment in machines. AAAI also aims to increase public understanding
of artificial intelligence, improve the teaching and training of AI practitioners, and provide guidance for
research planners and funders concerning the importance and potential of current AI developments and
future directions.” More information about AAAI can be found by visiting its Web page, from which the
preceding quotation was taken: http://www.aaai.org.

A.7 Special Interest Group on Computer
Graphics (SIGGRAPH)

“ACM SIGGRAPH is dedicated to the generation and dissemination of information on computer graph-
ics and interactive techniques. We are a membership organization that values passion, integrity, excel-
lence, volunteerism, and cross-disciplinary interaction in all of our activities.” More information about
SIGGRAPH can be found by visiting its Web page, from which the preceding quotation was taken:
http://www.siggraph.org.
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A.8 The Society for Industrial and Applied
Mathematics (SIAM)

“To ensure the strongest interactions between mathematics and other scientific and technological commu-
nities, it remains the policy of SIAM to: advance the application of mathematics and computational science
to engineering, industry, science, and society; promote research that will lead to effective new mathemat-
ical and computational methods and techniques for science, engineering, industry, and society; provide
media for the exchange of information and ideas among mathematicians, engineers, and scientists.” More
information about SIAM can be found by visiting its Web page, from which the preceding quotation was
taken: http://www.siam.org.
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Appendix B: The ACM
Code of Ethics and

Professional Conduct

B.1 Preamble
B.2 General Moral Imperatives
B.3 More Specific Professional Responsibilities
B.4 Organizational Leadership Imperatives
B.5 Compliance with the Code
B.6 Acknowledgments

B.1 Preamble

Commitment to ethical professional conduct is expected of every member (voting members, associate
members, and student members) of the Association for Computing Machinery (ACM).

This Code, consisting of 24 imperatives formulated as statements of personal responsibility, identifies
the elements of such a commitment. It contains many, but not all, issues professionals are likely to face.
Section 1 outlines fundamental ethical considerations, whereas section 2 addresses additional, more specific
considerations of professional conduct. Statements in section 3 pertain more specifically to individuals
who have leadership roles, whether in the workplace or in a volunteer capacity such as with organizations
like ACM. Principles involving compliance with this Code are given in section 4.

The Code shall be supplemented by a set of guidelines, which provide explanations to assist members
in dealing with the various issues contained in the Code. It is expected that the guidelines will be changed
more frequently than the Code.

The Code and its supplemented guidelines are primarily intended to serve as a basis for ethical decision
making in the conduct of professional work. Secondarily, they may serve as a basis for judging the merit
of a formal complaint pertaining to violation of professional ethical standards.

It should be noted that although computing is not mentioned in the imperatives of section 1.0, the Code
is concerned with how these fundamental imperatives apply to one’s conduct as a computing professional.
These imperatives are expressed in a general form to emphasize that ethical principles that apply to
computer ethics are derived from more general ethical principles.

It is understood that some words and phrases in a Code of ethics are subject to varying interpretations,
and that any ethical principle may conflict with other ethical principles in specific situations. Questions
related to ethical conflicts can best be answered by thoughtful consideration of fundamental principles,
rather than reliance on detailed regulations.
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B.2 General Moral Imperatives: As an ACM member I will . . .

B.2.1 Contribute to Society and Human Well-Being

This principle concerning the quality of life of all people affirms an obligation to protect fundamental
human rights and to respect the diversity of all cultures. An essential aim of computing professionals is
to minimize negative consequences of computing systems, including threats to health and safety. When
designing or implementing systems, computing professionals must attempt to ensure that the products of
their efforts will be used in socially responsible ways, will meet social needs, and will avoid harmful effects
to health and welfare.

In addition to a safe social environment, human well-being includes a safe natural environment. There-
fore, computing professionals who design and develop systems must be alert to, and make others aware
of, any potential damage to the local or global environment.

B.2.2 Avoid Harm to Others

Harm means injury or negative consequences, such as undesirable loss of information, loss of property,
property damage, or unwanted environmental impacts. This principle prohibits use of computing tech-
nology in ways that result in harm to any of the following: users, the general public, employees, employers.
Harmful actions include intentional destruction or modification of files and programs leading to serious
loss of resources or unnecessary expenditure of human resources such as the time and effort required to
purge systems of computer viruses.

Well-intended actions, including those that accomplish assigned duties, may lead to harm unexpect-
edly. In such an event the responsible person or persons are obligated to undo or mitigate the negative
consequences as much as possible. One way to avoid unintentional harm is to carefully consider potential
impacts on all those affected by decisions made during design and implementation.

To minimize the possibility of indirectly harming others, computing professionals must minimize
malfunctions by following generally accepted standards for system design and testing. Furthermore, it
is often necessary to assess the social consequences of systems to project the likelihood of any serious
harm to others. If system features are misrepresented to users, co-workers, or supervisors, the individual
computing professional is responsible for any resulting injury.

In the work environment the computing professional has the additional obligation to report any signs
of system dangers that might result in serious personal or social damage. If one’s superiors do not act to
curtail or mitigate such dangers, it may be necessary to blow the whistle to help correct the problem or
reduce the risk. However, capricious or misguided reporting of violations can, itself, be harmful. Before
reporting violations, all relevant aspects of the incident must be thoroughly assessed. In particular, the
assessment of risk and responsibility must be credible. It is suggested that advice be sought from other
computing professionals. See principle 2.5 regarding thorough evaluations.

B.2.3 Be Honest and Trustworthy

Honesty is an essential component of trust. Without trust an organization cannot function effectively.
The honest computing professional will not make deliberately false or deceptive claims about a system or
system design, but will instead provide full disclosure of all pertinent system limitations and problems.

A computer professional has a duty to be honest about his or her own qualifications, and about any
circumstances that might lead to conflicts of interest.

Membership in volunteer organizations such as ACM may at times place individuals in situations where
their statements or actions could be interpreted as carrying the weight of a larger group of professionals.
An ACM member will exercise care to not misrepresent ACM or positions and policies of ACM or any
ACM units.
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B.2.4 Be Fair and Take Action Not to Discriminate

The values of equality, tolerance, respect for others, and the principles of equal justice govern this impera-
tive. Discrimination on the basis of race, sex, religion, age, disability, national origin, or other such factors
is an explicit violation of ACM policy and will not be tolerated.

Inequities between different groups of people may result from the use or misuse of information and
technology. In a fair society, all individuals would have equal opportunity to participate in, or benefit from,
the use of computer resources regardless of race, sex, religion, age, disability, national origin, or other such
similar factors. However, these ideals do not justify unauthorized use of computer resources nor do they
provide an adequate basis for violation of any other ethical imperatives of this Code.

B.2.5 Honor Property Rights Including Copyrights and Patents

Violation of copyrights, patents, trade secrets, and the terms of license agreements is prohibited by law in
most circumstances. Even when software is not so protected, such violations are contrary to professional
behavior. Copies of software should be made only with proper authorization. Unauthorized duplication
of materials must not be condoned.

B.2.6 Give Proper Credit for Intellectual Property

Computing professionals are obligated to protect the integrity of intellectual property. Specifically, one
must not take credit for other’s ideas or work, even in cases where the work has not been explicitly protected
by copyright, patent, etc.

B.2.7 Respect the Privacy of Others

Computing and communication technology enables the collection and exchange of personal information
on a scale unprecedented in the history of civilization. Thus there is increased potential for violating the
privacy of individuals and groups. It is the responsibility of professionals to maintain the privacy and
integrity of data describing individuals. This includes taking precautions to ensure the accuracy of data,
as well as protecting it from unauthorized access or accidental disclosure to inappropriate individuals.
Furthermore, procedures must be established to allow individuals to review their records and correct
inaccuracies.

This imperative implies that only the necessary amount of personal information be collected in a
system, that retention and disposal periods for that information be clearly defined and enforced, and that
personal information gathered for a specific purpose not be used for other purposes without consent
of the individual(s). These principles apply to electronic communications, including electronic mail,
and prohibit procedures that capture or monitor electronic user data, including messages, without the
permission of users or bona fide authorization related to system operation and maintenance. User data
observed during the normal duties of system operation and maintenance must be treated with strictest
confidentiality, except in cases where it is evidence for the violation of law, organizational regulations, or
this Code. In these cases, the nature or contents of that information must be disclosed only to proper
authorities.

B.2.8 Honor Confidentiality

The principle of honesty extends to issues of confidentiality of information whenever one has made an
explicit promise to honor confidentiality or, implicitly, when private information not directly related to
the performance of one’s duties becomes available. The ethical concern is to respect all obligations of
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confidentiality to employers, clients, and users unless discharged from such obligations by requirements
of the law or other principles of this Code.

B.3 More Specific Professional Responsibilities: As an ACM
computing professional I will . . .

B.3.1 Strive to Achieve the Highest Quality, Effectiveness, and Dignity
in Both the Process and Products of Professional Work

Excellence is perhaps the most important obligation of a professional. The computing professional must
strive to achieve quality and to be cognizant of the serious negative consequences that may result from
poor quality in a system.

B.3.2 Acquire and Maintain Professional Competence

Excellence depends on individuals who take responsibility for acquiring and maintaining professional
competence. A professional must participate in setting standards for appropriate levels of competence
and strive to achieve those standards. Upgrading technical knowledge and competence can be achieved in
several ways: doing independent study; attending seminars, conferences, or courses; and being involved in
professional organizations.

B.3.3 Know and Respect Existing Laws Pertaining to Professional Work

ACM members must obey existing local, state, province, national, and international laws unless there
is a compelling ethical basis not to do so. Policies and procedures of the organizations in which one
participates must also be obeyed. But compliance must be balanced with the recognition that sometimes
existing laws and rules may be immoral or inappropriate and, therefore, must be challenged. Violation of
a law or regulation may be ethical when that law or rule has inadequate moral basis or when it conflicts
with another law judged to be more important. If one decides to violate a law or rule because it is viewed
as unethical, or for any other reason, one must fully accept responsibility for one’s actions and for the
consequences.

B.3.4 Accept and Provide Appropriate Professional Review

Quality professional work, especially in the computing profession, depends on professional reviewing
and critiquing. Whenever appropriate, individual members should seek and utilize peer review as well as
provide critical review of the work of others.

B.3.5 Give Comprehensive and Thorough Evaluations of Computer
Systems and Their Impacts, Including Analysis of Possible Risks

Computer professionals must strive to be perceptive, thorough, and objective when evaluating, recom-
mending, and presenting system descriptions and alternatives. Computer professionals are in a position
of special trust and therefore have a special responsibility to provide objective, credible evaluations to
employers, clients, users, and the public. When providing evaluations the professional must also identify
any relevant conflicts of interest, as stated in imperative 1.3.

As noted in the discussion of principle 1.2 on avoiding harm, any signs of danger from systems
must be reported to those who have opportunity and/or responsibility to resolve them. See the guide-
lines for imperative 1.2 for more details concerning harm, including the reporting of professional
violations.
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B.3.6 Honor Contracts, Agreements, and Assigned Responsibilities

Honoring one’s commitments is a matter of integrity and honesty. For the computer professional this
includes ensuring that system elements perform as intended. Also, when one contracts for work with
another party, one has an obligation to keep that party properly informed about progress toward completing
that work.

A computing professional has a responsibility to request a change in any assignment that he or she feels
cannot be completed as defined. Only after serious consideration and with full disclosure of risks and
concerns to the employer or client should one accept the assignment. The major underlying principle here
is the obligation to accept personal accountability for professional work. On some occasions other ethical
principles may take greater priority.

A judgment that a specific assignment should not be performed may not be accepted. Having clearly
identified one’s concerns and reasons for that judgment, but failing to procure a change in that assignment,
one may yet be obligated, by contract or by law, to proceed as directed. The computing professional’s ethical
judgment should be the final guide in deciding whether or not to proceed. Regardless of the decision, one
must accept the responsibility for the consequences.

However, performing assignments against one’s own judgment does not relieve the professional of
responsibility for any negative consequences.

B.3.7 Improve Public Understanding of Computing and Its Consequences

Computing professionals have a responsibility to share technical knowledge with the public by encouraging
understanding of computing, including the impacts of computer systems and their limitations. This
imperative implies an obligation to counter any false views related to computing.

B.3.8 Access Computing and Communication Resources Only When
Authorized to Do So

Theft or destruction of tangible and electronic property is prohibited by imperative 1.2: “Avoid harm to
others.” Trespassing and unauthorized use of a computer or communication system is addressed by this
imperative. Trespassing includes accessing communication networks and computer systems, or accounts
and/or files associated with those systems, without explicit authorization to do so. Individuals and orga-
nizations have the right to restrict access to their systems so long as they do not violate the discrimination
principle (see 1.4). No one should enter or use another’s computer system, software, or datafiles without
permission. One must always have appropriate approval before using system resources, including .rm57
communication ports, filespace, other system peripherals, and computer time.

B.4 Organizational Leadership Imperatives: As an ACM
member and an organizational leader, I will . . .

B.4.1 Background Note

This section draws extensively from the draft IFIP Code of Ethics, especially its sections on organiza-
tional ethics and international concerns. The ethical obligations of organizations tend to be neglected in
most codes of professional conduct, perhaps because these codes are written from the perspective of the
individual member. This dilemma is addressed by stating these imperatives from the perspective of the
organizational leader. In this context leader is viewed as any organizational member who has leadership
or educational responsibilities. These imperatives generally may apply to organizations as well as their
leaders. In this context organizations are corporations, government agencies, and other employers, as well
as volunteer professional organizations.
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B.4.2 Articulate Social Responsibilities of Members of an Organizational
Unit and Encourage Full Acceptance of Those Responsibilities

Because organizations of all kinds have impacts on the public, they must accept responsibilities to society.
Organizational procedures and attitudes oriented toward quality and the welfare of society will reduce
harm to members of the public, thereby serving public interest and fulfilling social responsibility. Therefore,
organizational leaders must encourage full participation in meeting social responsibilities as well as quality
performance.

B.4.3 Manage Personnel and Resources to Design and Build Information
Systems That Enhance the Quality of Working Life

Organizational leaders are responsible for ensuring that computer systems enhance, not degrade, the
quality of working life. When implementing a computer system, organizations must consider the personal
and professional development, physical safety, and human dignity of all workers. Appropriate human–
computer ergonomic standards should be considered in system design and in the workplace.

B.4.4 Acknowledge and Support Proper and Authorized Uses
of an Organization’s Computing and Communication Resources

Because computer systems can become tools to harm as well as to benefit an organization, the leadership
has the responsibility to clearly define appropriate and inappropriate uses of organizational computing
resources. Whereas the number and scope of such rules should be minimal, they should be fully enforced
when established.

B.4.5 Ensure That Users and Those Who Will Be Affected by a System
Have Their Needs Clearly Articulated during the Assessment
and Design of Requirements; Later the System Must
Be Validated to Meet Requirements

Current system users, potential users, and other persons whose lives may be affected by a system must have
their needs assessed and incorporated in the statement of requirements. System validation should ensure
compliance with those requirements.

B.4.6 Articulate and Support Policies That Protect the Dignity
of Users and Others Affected by a Computing System

Designing or implementing systems that deliberately or inadvertently demean individuals or groups is
ethically unacceptable. Computer professionals who are in decision-making positions should verify that
systems are designed and implemented to protect personal privacy and enhance personal dignity.

B.4.7 Create Opportunities for Members of the Organization to Learn
the Principles and Limitations of Computer Systems

This complements the imperative on public understanding (2.7). Educational opportunities are essential
to facilitate optimal participation of all organizational members. Opportunities must be available to all
members to help them improve their knowledge and skills in computing, including courses that familiarize
them with the consequences and limitations of particular types of systems. In particular, professionals
must be made aware of the dangers of building systems around oversimplified models, the improbability
of anticipating and designing for every possible operating condition, and other issues related to the
complexity of this profession.
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B.5 Compliance with the Code: As an ACM member I will . . .

B.5.1 Uphold and Promote the Principles of This Code

The future of the computing profession depends on both technical and ethical excellence. Not only is
it important for ACM computing professionals to adhere to the principles expressed in this Code, each
member should encourage and support adherence by other members.

B.5.2 Treat Violations of This Code as Inconsistent with Membership
in the ACM

Adherence of professionals to a Code of ethics is largely a voluntary matter. However, if a member does
not follow this Code by engaging in gross misconduct, membership in ACM may be terminated.

B.6 Acknowledgments

Adopted by ACM Council Oct. 16, 1992; Copyright 1993 by ACM, all rights reserved; reprinted with
permission from ACM; originally published in 1993 Communications of the ACM 36(2) and also available
on the ACM Web site http://www.acm.org.
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Appendix C:
Standards-Making

Bodies and Standards

C.1 The International Organization for
Standardization (ISO)

C.2 The American National Standards Institute (ANSI)
C.3 The IEEE Standards Association
C.4 The World Wide Web Consortium (W3C)
C.5 The American Standard Code for Information

Interchange (ASCII)
C.6 The UNICODE Standard
C.7 Floating-Point Arithmetic

International and national standards play an important role in computer science and engineering. Stan-
dards help unify the definition and implementation of complex systems, especially in the areas of ar-
chitecture, human–computer interaction, operating systems and networks, programming languages, and
software engineering.

Principal roles in standardization for computer science and engineering are played by the International
Standards Organization (ISO), the American National Standards Institute (ANSI), and the Institute of
Electrical and Electronics Engineers (IEEE). These organizations are briefly described in the following
sections, with pointers to their Web pages provided for further information.

C.1 The International Organization for Standardization (ISO)

“ISO is a network of the national standards institutes of 147 countries, on the basis of one member per
country, with a Central Secretariat in Geneva, Switzerland, that coordinates the system.

ISO is a non-governmental organization: its members are not, as is the case in the United Nations
system, delegations of national governments. Nevertheless, ISO occupies a special position between the
public and private sectors. This is because, on the one hand, many of its member institutes are part of
the governmental structure of their countries, or are mandated by their government. On the other hand,
other members have their roots uniquely in the private sector, having been set up by national partnerships
of industry associations.”

Some of the countries represented in ISO and their respective member bodies (in parentheses) are listed
below.
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Country Member Body Country Member Body

Australia (SAI) Ireland (NSAI)
Brazil (ABNT) Israel (SII)
Canada (SCC) Italy (UNI)
China (SAC) Japan (JISC)
Czech Republic (COSMT) Netherlands (NEN)
Denmark (DS) Sweden (SIS)
Egypt (EOS) Switzerland (SNV)
Finland (SFS) USA (ANSI)
France (AFNOR) Ukraine (DSSU)
Germany (DIN) United Kingdom (BSI)
India (BIS)

More information about the ISO can be can be obtained by visiting its Web page: http://www.iso.ch.

C.2 The American National Standards Institute (ANSI)

“The American National Standards Institute (ANSI) is a private, non-profit organization (501(c)3) that
administers and coordinates the U.S. voluntary standardization and conformity assessment system. The
Institute’s mission is to enhance both the global competitiveness of U.S. business and the U.S. quality of
life by promoting and facilitating voluntary consensus standards and conformity assessment systems, and
safeguarding their integrity.” (See http://www.ansi.org for more details.)

ANSI standards in computer science exist in the areas of architecture, graphics, and programming
languages. The International Committee for Information Technology Standards (INCITS) is accredited by
ANSI to create and maintain standards in information technology, including the various areas of computer
science. More information about specific ANSI standards in these and other areas can be obtained by visiting
the INCITS Web site: http://www.incits.org.

C.3 The IEEE Standards Association

The IEEE Standards Association also develops standards for certain areas of computer science and engi-
neering, especially the areas of architecture, networks, and software engineering. For more information,
visit the Web page: http://standards.ieee.org.

C.4 The World Wide Web Consortium (W3C)

The World Wide Web Consortium was created in October 1994 to lead the World Wide Web to its full
potential by developing common protocols that promote its evolution and ensure its interoperability. W3C
has around 400 Member organizations from all over the world and has earned international recognition
for its contributions to the growth of the Web. For more information, see the Web site: http://www.w3.org.

C.5 The American Standard Code for Information
Interchange (ASCII)

The American Standard Code for Information Interchange (ASCII) is a standard representation scheme for
English language text based information storage and network transfer. The ASCII standard was established
in 1968, and the current version of the standard is ANSI X3.110-1983.
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C.6 The UNICODE Standard

Unicode is a standard representation scheme for every character, no matter what the language. The Unicode
Standard has been adopted by the major technology vendors, and is required by modern standards such
as XML, CORBA, and Java. It is supported in many operating systems, all modern browsers, and many
other products. For more information, see the Web site: http://www.unicode.org.

C.7 Floating-Point Arithmetic

Computer implementations of floating-point numbers and arithmetic generally follow the IEEE floating-
point standards ANSI/IEEE 754-1985 (R1991) and ANSI/IEEE 854-1988 (R1994). The 754 standard has
been adopted by nearly every computer manufacturer since about 1980. It uses a 32- and 64-bit binary
word as the basis for representing a floating-point number. The 854 standard restates this representation
in a radix-independent style.
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Appendix D:
Common Languages

and Conventions

D.1 ADA
D.2 C
D.3 C++
D.4 COBOL
D.5 EIFFEL
D.6 Extensible Markup Language (XML)
D.7 FORTRAN
D.8 Hypertext Markup Language (HTML)
D.9 Java
D.10 LaTeX
D.11 LISP
D.12 ML
D.13 OpenGL
D.14 PASCAL
D.15 PERL
D.16 PostScript and PDF
D.17 PROLOG
D.18 SCHEME
D.19 Tcl/Tk
D.20 X Windows

This appendix contains brief descriptions of several computer languages, with pointers to their standard
versions and current Web pages added for further information. Each of these languages is supported by
texts and professional references as well as compilers and interpreters. Readers interested in learning about
current texts or implementations for a programming language are encouraged to consult the Web pages
and Usenet news groups listed below.

D.1 ADA

ADA was designed during the late 1970s in a collaborative effort sponsored by the U.S. Department of
Defense. Its purpose was to provide a common high-level language in which systems programs could
be designed and implemented, with special features that support concurrency, data abstraction, and
software reuse. ADA was first implemented in the early 1980s and was first standardized in 1983 as

© 2004 by Taylor & Francis Group, LLC
0060

Exhibit 1014 page 60 of 65 
DENTAL IMAGING



a U.S. military standard. Since then, a variety of ADA implementations have emerged and many new
features have been added. The current international ADA standard definition is found in ANSI/ISO/IEC
8652-1995.

ADA is an imperative programming language whose recently added features also support object-oriented
programming. Its syntax is in the PASCAL tradition, and its semantics supports strong typing, data
abstraction and encapsulation, and concurrency control for real-time systems. ADA applications now
cover a wide range, including military, commercial, and other large software systems. ADA compilers are
available for a wide variety of computing platforms. Compilers for the 1995 standard version of ADA are
also available. For more information about ADA and its implementations, consult the Usenet news group
comp.lang.ada or the following Web page: http://www1.acm.org/sigs/sigada.

D.2 C

The language C was designed in 1969 as a systems programming language to support programmers who
were implementing the Unix operating system. Its usage grew rapidly alongside that of Unix itself and
today is probably the most widely used systems programming language. C was standardized in 1990, and
its current standard version is ANSI/ISO 9899-1990.

C is also used widely in the sciences and other programming application areas. It is a high-level imperative
language with extensive function libraries and unusually efficient implementations. C compilers run on
most modern computers and operating systems. For more information about C, consult the Usenet news
group comp.lang.c or the following Web page: http://www.gnu.org/software/gcc/gcc.html.

D.3 C++

C++ was designed by Bjarne Stroustrup in the early 1980s. It is an extension of C that adds new features
for data abstraction, object-oriented programming, and a number of other improvements over traditional
C constructs.

C++ is a hybrid language, including facilities for both imperative and object-oriented programming. It is
a very widely used language, especially in areas of software design that require object-oriented techniques.
C++ implementations exist for nearly all modern platforms, including Unix and non-Unix operating
systems. A standard definition of C++ was adopted by ANSI and ISO in 1998. For more information about
C++, consult the Usenet news group comp.lang.c or the following Web page: http://www.gnu.org/software/
gcc/gcc.html.

D.4 COBOL

Common business-oriented language (COBOL) was first designed in 1960 as a high-level programming
language for data processing applications. Its use grew rapidly in the 1960s, and it has been the most
widely used language in business applications throughout the past three decades. The first ANSI stan-
dard version of COBOL was developed and published in 1968, and subsequent extensions to the stan-
dard were published in 1974 and 1985. The current standard version of COBOL is ANSI X3.23-1985
(R1991).

COBOL programs are written in an abbreviated and stylized form of English. The text of a program has
four main parts or divisions. The identification division serves to identify the program, its author, and other
documentary information. The environment division characterizes the features of the computer on which
the program is run. The data division describes the variables, data structures, and files that the program
uses, and the procedure division contains the executable code for the program. COBOL is an imperative
language, so that programs are the result of procedural decomposition as a design methodology. For more
information about COBOL, consult the Usenet news group comp.lang.cobol or the following Web page:
http://www.cobolportal.com.
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D.5 EIFFEL

EIFFEL is an object-oriented programming language that enforces principles of software design, especially
reliability and reuse. It was invented by Bertrand Meyer in the late 1980s, but at this time no EIFFEL
standard either exists or is in development.

EIFFEL programs are written using the philosophy of “design by contract.” This means that each
object’s state during execution conforms to a predetermined set of constraints that are defined by method
preconditions and postconditions and a class invariant. Before a method can be applied to an object, the
object must be in a state that satisfies the class invariant and the method’s preconditions. Similarly, after a
method has been applied to an object, assurance is guaranteed that the state satisfies the class invariant and
the method’s postconditions. EIFFEL’s type system ensures that type errors are caught at compile time, and
EIFFEL provides automatic garbage collection so that programs need not use a destructor to take an object
out of use. EIFFEL is implemented on a wide variety of platforms. For more information about EIFFEL,
consult the Usenet news group comp.lang.eiffel or the following Web page: http://www.eiffel.com.

D.6 Extensible Markup Language (XML)

XML is a flexible text formatting language derived from SGML (ISO 8879). Originally designed for large-
scale electronic publishing applications, XML is now playing an important role in the definition and
exchange of a wide variety of data on the Web. More information about XML can be found at the Web
site: http://www.w3c.org/XML.

D.7 FORTRAN

Designed by John Backus in 1954, formula translating system (FORTRAN) has become the most widely
used scientific and engineering programming language of the past three decades. Its early versions were
standardized in 1966 and a more extended version was standardized in 1977. The current FORTRAN
standards are defined in ISO/IEC 1539:1991 and ISO/IEC 1539-2:1994 (Part 2: varying length character
strings). A new draft Fortram standard is due to be published in 2004.

FORTRAN is an imperative language, with extensive facilities and libraries to support scientific and en-
gineering applications. Vast amounts of FORTRAN software exist in government and industrial computing
laboratories. FORTRAN is implemented efficiently and widely, with compilers available on all contempo-
rary platforms and operating systems. For more information about FORTRAN, consult the Usenet news
group comp.lang.fortran or the following Web page: http://www.fortran.com.

D.8 Hypertext Markup Language (HTML)

HTML is the standard language for preparing documents to be published on the World Wide Web. It is
nonproprietary, and it can be created and processed by a wide range of word and document processing
tools. HTML uses tags such as <h1> and </h1> to structure text into headings, paragraphs, lists, hypertext
links, graphics, sound, and video. HTML was standardized by ISO in the year 2000 as ISO-15445. More
information can be found at the Web site: http://www.w3c.org/MarkUp.

D.9 Java

Java was designed in the early 1990s by a team at Sun Microsystems headed by James Gosling. Designed
to facilitate interactive programming on the Internet and World Wide Web, Java was rapidly disseminated
among systems programmers at major companies in the technology industry. Java programs, or applets,
can be embedded in appliances and HTML documents, providing interactive executable programs for
users on the Web.
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According to the description in Sun’s white paper, “Java is a simple, object-oriented, distributed, in-
terpreted, robust, secure, architecture neutral, portable, high-performance, multithreaded, and dynamic
language.” Java is based on C++ but excludes much of the baggage that makes C++ so cumbersome to use.
Absent from Java are pointers; all objects are dynamic, and automatic garbage collection eliminates the
need for destructors. Because Java is designed for use in networked environments, its designers included
facilities for security. For more information about Java, consult the Usenet news group comp.lang.Java or
the following Web page: http://java.sun.com.

D.10 LaTeX

LaTeX is a markup language and system for document typesetting. It is implemented as a macro package
that extends the TeX system, allowing a wide range of scientific documents to be easily prepared for
typesetting. Tex was designed in 1970 by Donald Knuth. Many of the chapters in this Handbook were
prepared using LaTeX.

The LaTeX language can be used to describe the typesetting characteristics (e.g., boldface words, num-
bered lists) of a document. It is particularly good for describing mathematical formulas, maintaining
bibliographies, and managing number streams (such as section numbers, figure numbers, etc.). LaTeX
supports the automatic insertion of PostScript figures, and has many other features. For more information
about LaTeX, consult the following Web page: http://www.latex-project.org.

D.11 LISP

List processor (LISP) was designed by John McCarthy in the late 1950s. LISP has been used predominantly
in the artificial intelligence area and developed rapidly throughout the 1960s and 1970s. Two dominant
dialects of LISP evolved during that period: MACLISP and INTERLISP. An effort to unify these dialects and
develop a single standard resulted in Common LISP, first implemented in the 1980s. Common LISP was
finally standardized in 1994 as the standard ANSI X3.226-1994. More recently, object-oriented extensions
to LISP have been developed under the rubric Common LISP Object System (CLOS). Thus, one can view
CLOS as a hybrid functional/object-oriented programming language. Both Common LISP and CLOS are
implemented on a wide range of platforms.

LISP is a functional programming language based on the application of functions written in the form of
lambda expressions using prefix notation. It is particularly useful in areas of artificial intelligence program-
ming that require the representation of symbolic expressions for mechanical reasoning and knowledge
representation. Many illustrations of the functional programming paradigm appear in Chapter 92, and
examples of LISP programs appear among the chapters of the Intelligent Systems section of this Handbook.

For more information about LISP and CLOS, consult the Usenet news groups comp.lang.lisp and
comp.lang.clos as well as the following Web page: http://www.lisp.org.

D.12 ML

Meta language (ML) was developed by Robin Milner and others as a functional programming language
with imperative features and an unusually advanced concept of type. Its current version was defined
in 1983, modestly updated in 1997, and is called Standard ML. It is a compiled language whose major
applications are in the computer science education and research communities.

ML has a simple syntax and yet supports data abstraction through its strong static typing system
and type inference mechanism, polymorphism, exceptions, and rule-based specifications. ML is widely
implemented on the major computing platforms, including Unix, Mac, and PC machines. Standard ML
of New Jersey is a free implementation of ML, developed jointly by Princeton University and AT&T. For
more information about ML, consult the Usenet news group comp.lang.ml or the following Web page:
http://www.smlnj.org.
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D.13 OpenGL

OpenGL is the most widely supported environment for developing portable, interactive graphics appli-
cations. Since its introduction in 1992, OpenGL has become the most widely used graphics application
programming interface (API), incorporating a broad set of rendering, texture mapping, special effects,
and other visualization functions. Developers can use OpenGL on all popular desktop and workstation
platforms. For more information, consult the following Web page: http://www.opengl.org.

D.14 PASCAL

PASCAL was designed by Niklaus Wirth in the early 1970s as a language for teaching principles of
computer science and imperative programming. It was the main language for expressing algorithms in
computer science curricula throughout the 1970s and 1980s. However, wide PASCAL usage has given
way to the rapid rise of the object-oriented programming paradigm and related languages such as
C++ and Java. PASCAL’s current standard version is defined in the document ANSI/ISO/IEC 7185–
1990.

As a language designed for teaching, PASCAL is characterized by a strong type system support for
modularity, simple syntax, and robust compile and runtime programming environments. Its features
have evolved over the past two decades, and nonstandard extensions are available that support a wide
range of library functions as well as object-oriented programming. PASCAL was also used as a basis for
the design of the language ADA. For more information about PASCAL, consult the Usenet news group
comp.lang.pascal.misc or the following Web page: http://www.pascal-central.com.

D.15 PERL

PERL is a special-purpose language designed for text processing applications, especially those that require
text search, extraction, and text-based reporting. Its syntax is similar to that of C, and it is usually imple-
mented in Unix environments. However, PERL is an interpreted language, designed for rapid prototyping,
so that its programs will not run as fast as comparable C programs.

Optimized for text processing, PERL employs sophisticated pattern matching techniques to speed up
text search. It also does not arbitrarily limit the size of a file or the depth of a recursive call, as long as memory
is available. For more information about PERL, consult the Usenet news group comp.lang.perl.misc or the
following Web page: http://www.perl.com/.

D.16 PostScript and PDF

PostScript is both a graphics standard and a programming language for page layout and typesetting text
and graphics on laser printers. For example, most of the figures in this Handbook were separately created
in PostScript and then embedded in a word processing document at the time it was typeset. Portable
Document Format (PDF) is a universal file format that preserves the fonts, images, graphics, and layout of
any source document, regardless of the application and platform used to create it. For more information
about PostScript and PDF, consult the Web page: http://www.adobe.com.

D.17 PROLOG

Programming in logic (PROLOG) was developed in the early 1970s by Philippe Roussel. It is primarily
an interpreted logic programming language, designed for use in such artificial intelligence applications as
problem solving, expert systems, knowledge representation, and natural language processing. PROLOG
is implemented on a wide variety of computers, and its general core is defined by the standard ISO/IEC
13211-1:1995.
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The syntax of PROLOG is based on logic expressions, and its semantics is defined using the con-
cepts of resolution and unification. Chapter 93 in this Handbook provides a tutorial introduction to the
logic programming paradigm, with many PROLOG examples provided as illustrations. For more infor-
mation about PROLOG, consult the Usenet news group comp.lang.prolog or the following Web page:
http://www.afm.sbu.ac.uk/logic-prog/.

D.18 SCHEME

SCHEME is a dialect of LISP that developed in the 1970s, designed for educational use, widely imple-
mented, and having a simple syntax and semantics. SCHEME was standardized by ANSI and IEEE in 1991
(ANSI/IEEE 1178-1991).

SCHEME is distinguished from LISP by its small size, static scoping, and more flexible treatment of
functions (i.e., a SCHEME function can be a list element, the value of a variable, the value of an expres-
sion, or passed as a parameter). For more information about SCHEME, consult the following Web page:
http://www.swiss.ai.mit.edu/projects/scheme.

D.19 Tcl/Tk

The Tcl/TK programming system was developed by John Ousterhout. It has two parts: the programming
language Tcl and the toolkit of widgets called Tk, which supports the programming of interactive graphical
user interfaces (GUIs). A main goal of Tcl/Tk is to support the rapid development and prototyping of
such interfaces, so that Tcl programs are usually run in interpretive mode. Tcl/Tk can also be used in
coordination with other languages, and it is implemented on a variety of platforms.

Tcl is an imperative language, with modest support for handling types and data abstractions. It may
not be an ideal language for writing large, complex programs; its narrow focus is to facilitate the rapid
development of user interfaces. Tk widgets include labels, messages, listboxes, texts, frames, scrollbars,
buttons, and other elements that commonly appear in user interfaces. A wide range of applications for
languages such as Tcl/Tk are discussed in the Human–Computer Interaction section of this Handbook.
For more information about Tcl/Tk, consult the following Web page: http://www.tcl.tk.

D.20 X Windows

X Windows is a standard technology for windowing systems that was developed at MIT and is now
maintained by the consortium X.Org. X Windows consists of a library of graphics function calls, called
Xlib, written in C, that is freely available. Application programs that require graphics can call functions
from this library. The functions in Xlib are simpler than those in GKS or PHIGS. They are also more
stylized to the needs of interactive user interface programming, such as creating a window or sampling the
mouse pointer. On the other hand, X Windows functions are not as extensive as PHIGS functions in the
area of graphics applications. For more information about X Windows, consult the following Web page:
http://www.x.org.
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