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Foreword

The field of systems programming primarily grew out of the efforts of many
programmers and managers whose creative energy went into producing practical,
utilitarian systems programs needed by the rapidly growing computer industry.
Programming was practiced as an art where each programmer invented his own
solutions to problems with little guidance beyond that provided by his immediate
associates. In 1968, the late Ascher Opler, then at IBM, recognized that it was
necessary to bring programming knowledge together in a form that would be
accessible to all systems programmers. Surveying the state of the art, he decided
that enough useful material existed to justify a significant codification effort. On
his recommendation, IBM decided to sponsor The Systems Programming Series
as a long term project to collect, organize, and publish those principles and
techniques that would have lasting value throughout the industry.
‘ The Series consists of an open-ended collection of text-reference books. The
contents of each book represent the individual author’s view of the subject area
and do not necessarily reflect the views of the IBM Corporation. Each is
organized for course use but is detailed enough for reference. Further, the Series
is organized in three levels: broad introductory material in the foundation
volumes, more specialized material in the software volumes, and very special-
ized theory in the computer science volumes. As such, the Series meets the needs
of the novice, the experienced programmer, and the computer scientist.
Taken together, the Series is a record of the state of the art in systems
programming that can form the technological base for the systems programming
discipline.

The Editorial Board




Interactive computer graphics is a field whose time has come. Until recently it was
an esoteric specialty involving expensive display hardware, substantial computer re-
sources, and idiosyncratic software. In the last few years, however, it has benefited
from the steady and sometimes even spectacular reduction in the hardware
price/performance ratio (e.g., personal computers for home or office with their
standard graphics terminals), and from the deve@opmént of high-level, device-inde-
pendent graphics packages which help make graphics programming rational and
straightforward. Interactive graphics is now finally ready to fulfill its promise to
provide us with pictorial communication and thus to become a major facilitator of
man/machine interaction. Pictorial communication is a medium that is both natural
and efficient to human beings and yet is sufficiently precise for computer manipula-
tion. Most people enjoy interacting graphically more than they do the more tradi-
tional and more limited alphanumeric communication techniques. Interactive
graphics can be used to understand complex phenomena, to design technological
artifacts, and to amuse—it is an extremely versatile, aesthetically pleasing and in-
structive medium.

The purpose of this book is to provide both a tutorial and a reference source for
readers interested in the many aspects of modern interactive graphics: hardware,
software, data structures, mathematical manipulation of graphical objects, the user
interface, and the fundamental implementation algorithms. No prior background in
graphics is needed, although a basic background in programming and data struc-
tures and some familiarity with computer architecture are assumed. The book is de-
signed so that the reader can progress through a carefully designed sequence of
presentation shells, starting with simple, generally applicable fundamentals and end-
ing with the more complex and more specialized subjects. ’

!




xii Preface

Shell One: Basics. cal vector gra
In the field of graphics, as in most others in computer science, one learns best before s_tudyll
by doing. Therefore, after a general introduction in Chapter 1, we start immediately - tic-looking sh
with graphics application programming in Chapter 2. This will prepare students at We are g
the earliest possible moment to write their own programs and thus deepen their | after we spent
understanding of the material and the issues presented. Since interaction is such a outdated by r
vital part of interactive graphics, we stress good program structures for user-friendly nal ACM SIG
interactive dialogue design, and show, through a sequence of progressive examples, Berger.on, I{lg
how picture plotting and input handling can be naturally integrated to achieve such a many ideas in
design. For our programming environment, we use Pascal and a subset of the able draft "Q
“‘Core’’ Graphics subroutine package proposed as a standard by ACM SIGGRAPH \ us Fhe .benefn
[GSPC 79]. Chapters 3 and 4 treat fundamental hardware and software concepts to major impact
show how the simple graphics package of Chapter 2 can be easily implemented. Be.rgeron, Jac
Windowing, clipping, segmentation, and logical interaction handling are described. Feme.r, Alan |
Chapter 5 treats specific techniques for using input devices, while Chapter 6 dis- Metrick, Nori
cusses design principles for the user-computer interface. bert, Al—")f Ra
Shell Two: Mathematics, data structures, and display architecture. Gerry Weil, T
We deepen our exploration of fundamentals by starting with the basic mathe- one or more o
matics of two-dimensional and three-dimensional geometric and viewing transfor- - checked out t]
mations in Chapters 7 and 8. Chapter 9 provides a more detailed treatment of the : ter.2 to ch.eck
geometric transformations and data structures useful for modeling objects to be dis- script, while t.
played, especially those which can be represented in a hierarchical form. Chapter 10 Doell, Sandy ]
shows how display processor architecture is evolving, especially with respect to func- typed by Jacq
tional distribution. i , neros. We th
Shell Three: Modern raster technology. Zolina, for tl
Chapter 11 extends the basic raster techniques discussed in Chapter 2 to cover - organlzat}ons
relevant device-independent algorithms in use today and gives a picture of raster Lee Metngk, ]
graphics software. Chapter 12 provides an overview of current raster hardware tech- book. As is ct
nology. ‘ - the early draft
Shell Four: Making realistic synthetic photographs. ance. F“?ally’
This is the most advanced shell and covers the part of computer graphics that is pressure on u
both the newest and, to many people, the most exciting. Chapter 13 treats funda- , with our man
mental techniques for representing three-dimensional surfaces, and Chapter 14 in- j QrChld Room
troduces general strategies for making realistic pictures of three-dimensional ob- . Ing marathon:
jects. The classic problem of removing surfaces of solid objects hidden by other sur- : ] .
faces is addressed in Chapter 15. Chapter 16 discusses shading and texturing algo- ) Wast.ungton,]
rithms and various lighting models, and Chapter 17 treats models for representing Providence, R
and specifying color. '
The layered structure of the book will, we hope, make it useful in a variety of - August 1981
settings. An introductory one-semester undergraduate course can use much of the
material in the first three shells, with a sprinkling of introductory material from the
fourth. A graduate course can progress more rapidly through the first three shells
and concentrate more on the advanced material of shell four. Application program-
mers or students who have had a first course in graphics and are familiar with classi-

il AR i L
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Preface xiii

cal vector graphics can use the early shells to review basic notions and techniques
before studying the newer material on raster graphics and the production of realis-
tic-looking shaded and colored pictures.

We are grateful to the many people who have helped make this book possible,
after we spent too many years seeing our less than full-time writing effort constantly
outdated by rapidly moving developments in the field. Our colleagues on the origi-
nal ACM SIGGRAPH Graphics Standards Planning Committee, Peter Bono, Dan
Bergeron, Ingrid Carlbom, Jim Michener, and Elaine Sonderegger, helped us put
many ideas into perspective as we pursued our common goal of producing a work-
able draft ““Core’’ standard. We are especially indebted to Jim Michener for giving
us the benefit of a superb, painstakingly detailed, red-pencil review which had a
major impact on the content, style, and organization of this book. We thank Dan

script, while typing and editing were skillfully done by herself, Mary Agren, Karen
Doell, Sandy Ballentine, Marilyn Henry, and Virginia Edwards. Earlier drafts were
typed by Jacquelene Bowman, Betty Kirschbaum, Hilda Wagstaff, and Patricia Cis-
neros. We thank the Addison-Wesley staff, especially Dick Morton and Rima
Zolina, for their patience and professional help, and the many individuals and
organizations who provided us with photographs and illustrations. In particular,
Lee Metrick, Dave Shuey, and Rick Thorne prepared illustrations especially for the
book. As is customary in such endeavors, students in our graphics courses suffered
the early drafts of our chapters, and we are grateful for their comment and persever-
ance. Finally, we are grateful to our former students and colleagues for keeping
pressure on us, and especially to our families for keeping the faith and putting up
with our many prolonged absences and excuses. (And a final thanks to the Thai

Orchid Room for its ““crispy spicy fish’’ which nourished us during our many writ-
ing marathons!) "

Washington, D.C. ‘ ‘ J.D.F.
Providence, R.1. B x Awv.D.

August 1981
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24  Whatis Interactive Graphics?

ming are bound to change, perhaps fundamentally, as we move into the age of inter-
active graphics on powerful personal computers. Nonetheless we feel that Core
terminology and Core implementations are rapidly becoming de facto (though inte-
rim) standards. We will therefore introduce graphics application programming in
the next chapter by using a subset of the Core. :

1.8 OVERVIEW OF THE PROGRAMMER’S MODEL
OF INTERACTIVE GRAPHICS

The conceptual framework on which the Core is based is shown schematically in Fig.
1.13. We will describe it briefly here and return to it in later chapters for a more
detailed treatment. The hardware component is a host computer that drives a dis-
play device, also called the display unit, display, or graphics terminal (such as in
Figs. 1.10 through 1.12). The display itself consists of an output component (the dis-
play screen, or view surface, on which pictures are displayed) and an input, or inter-
action component (Fig. 1.14). This input component typically consists of a set of
logical devices, including keyboard devices such as an alphanumeric keyboard for
entering text, a function button device for invoking predefined options or functions,
a picking device such as a light pen or data tablet stylus for indicating picture com-
ponents on the screen, valuators such as control dials and levers for entering scalar
values, and an xy position indicator or locator, such as a cross-hair thumbwheel,
lever, or joystick (see Chapters 3 through 5 for details on all these devices). Note that
one physical device may be used to implement one or more of these logical input
functions. o

The software consists of three components. The first is the application pro-
gram; it stores into and retrieves from the second component, the application data
structure/data base, and sends graphics commands to the third component—the
graphics system.

Application P Graphics
program system
hal

|
~

Computer Display unit User (operator)

J

Fig. 1.13 The programmer’s model of interactive graphics.
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26 What is Interactive Graphics?

The data structure holds descriptions of real or abstract objects whose pictures
are to appear on the screen. The data structure thus stores all of the pertinent infor-
mation for such ‘‘objects’’ as circuits, flowcharts, buildings, mathematical or statis-
tical functions, airplane fuselages, molecules, nuclear-reactor models, and 3D land-
scapes and vehicles used for flight simulators.

The object’s description typically contains geometric coordinate data that
define the shape of components of the object, object attributes such as line style,
color, or even surface texture, and connectivity relationships and positioning data
that define how the components fit together. Often there is also nongeometric tex-
tual or numeric ‘‘property’’ information useful to a post-processing program
and/or the interactive user. Examples of such data for computer-aided design appli-
cations include price and supplier data, thermal, mechanical, or electrical proper-
ties, and mechanical or electrical tolerances. Note that general-purpose database
management systems are increasingly being used for the data structure function.

The application program describes the 2D or 3D geometry of the object whose
picture is to be viewed on the view surface to the graphics system, which typically
contains a collection of output plotting subroutines compatible with a high-level
language such as FORTRAN or Pascal. This subroutine package drives the specific
output device(s) and causes the device to display the picture, usually from the pic-
ture’s display list representation in the refresh buffer that the package has just
created.

- The application program uses the graphics system much as it uses the
input-output subsystem of the operating system to read and write records in files.
The input-output subsystem maintains a file directory, organizes records on disks
and tapes, and shields the application programmer from having to know the many
device-dependent parameters and conditions. Similarly, the graphics system shields
the application programmer from needing to know the specific low-level architec-
ture of the display processor and the xy coordinate system of the physical screen.

While picture plotting is handled by the graphic system’s output routines, input
handling is controlled by its input routines that pass user-supplied input data to the
application program as part of an interaction sequence. Thus the application pro-
gram can also ask the graphic system to read values from (i.e., to sample) the control
dials or locator input devices. Alternatively, the application program can put itself
to sleep after having asked an input routine to wake it up when an interrupt-generat-
ing input device, such as a keyboard or stylus pick, is activated by the user.

With these input values, the application program can change its operating mode
or state. For example, it can enter the procedure that corresponds to one of a num-
ber of possible commands listed in a ‘“‘menu’’ on the screen, in response to the user’s
menu selection. In addition to executing such a change in flow of control, the pro-
gram can simply alter a data value which then modifies the appearance of an object
or changes an associated property.

The output transformation from object to picture and the input transformation
from user action to object are treated in considerably more detail in Chapter 2 (from
the application programmer’s point of view) and in Chapter 4 (from the package
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plf:tur €s 1 {mplementer’s point of view). With this preliminary understanding, however, we can
it mf(?r' . now show how graphics application programs differ from ‘‘conventional’’ pro-
T statis- rams
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First of all, the two- and three-dimensional geometry of graphical objects repre-
sents a different type of data, one with its own rapidly evolving body of mathematics
and algorithms. This is especially true in the exciting area of making realistic-look-
ing pictures of three-dimensional objects (see Chapters 14-17). Second, interactive
graphics programs are different from batch programs in that they tend to be event-
driven; that is, they wait for the user to do something, react appropriately, and wait

ta that
e style,
1g data
ric tex-

rogr alr_n again. Essentially, the dialogue consists of a simple loop:
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wait for the user to respond with one of » allowed values;
case—branch on the answer to the appropriate procedure for that answer;
until stop {user responds with STOP}
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pically ‘ ]
h-level ] 3 Third, the use of a high-level device-independent graphics package makes inter-
pecific 1 . active plotting and manipulation of simple graphs, charts, and drawings very
1€ pic- 4 4 straightforward, as will be shown in Chapter 2. For more complex applications,
IS just however, good graphics programming practice requires some understanding of a
' . number of areas not always properly mastered by application programmers:
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‘ fi.les- i : . Construction of dialogue and interaction ‘‘languages,’’ with proper attention to
disks i ] expressive power, consistency, good ‘‘human factors’’ of the human interface
many 3 for ease and speed of interaction, and graceful and informative error handling

hields ] (Chapter 6);
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. For three-dimensional graphics, the proper use of the mathematics of geometric

een. transformation (Chapter 7) and of shape and surface description (Chapter 13);

input ; <
o the i . For realistic pictures, hidden surface removal and the use of color, lighting, and
pro- ! ' shading models (Chapters 14-17);

ntrol . Manipulation and display of a hierarchy of objects composed of subobjects
itself ! 1 (Chapter 9);
erat- : . Good software engineering principles for creating a robust, extensible, and

maintainable graphics program.
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In general it is difficult to graft an interactive graphics interface onto an existing
batch program: the style and structure of an interactive graphics application pro-
gram are usually quite different from those of a batch program, and good program
design therefore requires a before-the-fact, top-down analysis of all the required
interaction sequences to lead to a properly structured design and implementation. In
the next chapter, therefore, we skip the implementation details of graphics hardware
and support software and start with graphics programming in order to teach both
techniques and good (interactive) programming style by example.
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EXERCISES

1.1 Make a list of applications of graphics in your organization and try to classify them in
terms of the categories of Section 1.5. Can you group the applications into equivalence classes
of applications that are essentially similar in structure?

1.2 Make a high-level user model of a typical interactive graphics application program with
which you are somewhat familiar. Identify the major subsystems/modules. How vital is the
graphics part; that is, could the application run almost as well if alphanumeric interaction
were used? Conversely, how vital is the interactive part—would batch be almost as good?

1.3 Take a noninteractive graphics applicatibn that you are familiar with and discuss how
one might improve its utility, ease of use or cost of use by making it an interactive graphics
application. What would be easy to change, what would be hard, and why?'

1.4 Describe applications that don’t need or wouldn’t be better with graphical interaction,
and state why not. Try to characterize what it is about an application that makes it a good
candidate for using interactive graphics.

1.5 Take your favorite application area, and try to determine to what extent interactive
graphics has been used sucCessfixlly in it. Use sources such as recent literature in the field,
SIGGRAPH conference proceedings, and other graphics publications, as well as talks with
experts in the field. ' :

1.6 Assume that a picture containing a sequence of 500 connected 10-inch vectors is to be dis-
played on a refresh display. How many bytes of storage are required to store this picture for a
10 X 10-inch vector display that draws continuous lines between two endpoints on a 1024 x
1024 square grid? Assume a 12-bit ““vector draw”’ opcode and 10 bits for each of the x and y
data coordinates, i.e., 4 bytes for the opcode and (x, y) pair per line. Approximately how
many bytes are required to store the same picturé in raster bit map with the same display and
resolution? Which picture would look better and why? Which could be modified faster?

1.7 What is a reasonable resolution for a black-and-white bit map raster display refreshed
from the memory of a home microcomputer with 64 kbytes of RAM? '
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effective technique for assisting novices for whom a given prompt may be too terse is
to include a HELP function that generates detailed instructions for the responses
and actions available at a given time.

While prompting tells the user what the options are, feedback occurs after a par-
ticular option has been selected and before the next prompt is issued. Cogent feed-
back is especially important in an interactive graphics environment, and feedback is
therefore used after every user action in the sample program to demonstrate how the
system has interpreted the user’s actions (rule 4). As in any graphics system, two dif-
ferent kinds of feedback are given. First, SGP produces for each interaction device an
application-independent echo which is the immediate response to the device’s use; for
example, typing a character on an alphanumeric keyboard results in the display of
that character, so the user can verify that it is correct. SGP provides default echoing
facilities for all input devices. The sample program below relies completely on the de-
fault echo facilities, and thus appropriate echoing occurs even though there is no ex-
plicit code for it in the program. The second type of feedback, which is higher-level
than echoing and application-dependent, shows the application program’s response
to the user’s request. For example, if the user requests that an item be deleted from
the model represented in the data structure, it is appropriate that the image of that
item also be removed from the screen. This feedback is the responsibility of the appli-
cation program, which uses SGP to create the desired effect on the screen.

In order to minimize the effect of a user’s mistake (rule 5), the program has a
CANCEL option which allows the user to terminate a partially completed function
and, in cases where/it makes sense, to ‘‘undo’’ the most recent fully completed func-
tion. For consistency, the user completes all functions in the same manner: by use of
a DONE option. The implementations of the HELP, CANCEL and DONE options
are shown later.

Before presenting the details of the interactive aspects of the sample program,
we describe the basic interaction facilities of SGP which it uses.

2.12.2 Logical Interaction Devices

A major goal of the input facilities of SGP, as of output devices, is device-indepen-
dence. Consequently, SGP defines logical input devices [WALL76] for communicat-
ing between the application program and its user. Program requests for input func-
tions specify a logical device name which SGP maps to the available physical device
with the most naturally corresponding characteristics. This mapping of logical to
physical devices is analogous to an operating system’s mapping of logical unit num-
bers or logical file names to appropriate physical file storage devices. Physical input
devices commonly available include light pens, data tablets, cursor thumbwheels,
control dials (potentiometers), joysticks, and alphanumeric keyboards. They are dis-
cussed more fully in Chapters 3 and 5. The logical input devices mentioned in Chapter
1 that correspond to one or more of these physical devices include:

®  Button, a choice-indicating device;
®m  Pick, a device for pointing at information displayed on the screen;
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Keyboard, a device for accepting typed alphanumeric character strings;
Valuator, a device for generating floating-point values;
Locator, a device for specifying screen coordinates.

.12.3 Event-Driven Processing

Any graphics programming system must provide the application program with

facilities for synchronizing user actions with program responses. Interaction

between program and user is best understood as an event-driven process in which the
events correspond to actions performed by the user via input devices.* The program

responds appropriately to an event and then waits for the next event to occur. A

gession with an interactive program (the user-computer dialogue) thus consists of
user actions alternating with (typically brief) bursts of computation which arise from
the user’s request or action. Usually the dialogue is dominated by user ‘‘think time”’
during which the program is in the wait state.

The segment of pseudocode below is a schema for a typical interactive applica-
tion program. Pseudocode is used here and later as an alternative to our Pascal dia-
lect to avoid distracting details; it is shown as free-standing lower case while com-
ments are still in lower case but enclosed in braces. Note that we check to see if the
user’s actions are allowed, i.e., useful, at this point in the program.

initialize, including generating initial picture;
repeat
WAIT for user-generated event;
if event_device = case 1 or case 2 or . . . then {““legal” action}
case event_device of ‘
case 1: action 1;
case 2: action 2;

end {case}
else else_action
until exit is specified by an event device

Normally the action is generation of a prompt for the next parameter to be supplied

by the user as part of a command specification dialogue. When a command is fully
specified, the action modifies the data structure and then, most likely, the picture as

well.

This general schema allows the application program to wait for more than one
event-generating device at a time: for example, while typing an input string, the pro-
gram could also wait on CANCEL and HELP buttons. This generality necessitates -

*We use the term event here in the sense of a user-generated interrupt that causes a chang‘é‘ of
state in the system, i.e., from wait to action (and then back to wait). Thus the generation by
the application program of a new picture, of feedback or of prompts is not considered an

event.




58 Basic Interactive Graphics Programming

somewhat. complex event-decoding logic and status-saving (Exercise 2.12). SGP
therefore uses a simpler schema in which the application program can wait on only a
single event-generating device at a time. When the application program gains control
after the event has taken place, it does a case on the event data returned by that
event-generating device which indicates the exact choice the user made. This simpler
schema looks the same, but the case is on event data, not the event device:
initialize;
repeat
WAIT for user-generated event;
if event_data = case 1 or case 2 or . . . then {*“legal’’ action}
case event_data of {perform appropriate action}

end {case}
until exit

Even in the more complex situation, the case is actually on the event data returned
by the event-causing device, not just the device as shown above.

The event-generating devices supported by SGP are the logical button (typically
implemented with a programmable function keyboard), the alphanumeric key-
board, and the pick device (usually implemented with a light pen or a data tablet
with comparator). Each of these devices is activated by the programmer by having
SGP execute the particular WAIT procedure for that device; an SGP-defined echo
lets the user confirm that the input is being accepted and processed. If the user
activates an event-generating device that is not being WAITed on, the absence of the
- corresponding echo indicates that the device’s input is being ignored.

The WAIT_BUTTON procedure is typically used to choose a program option
as a reply to a prompt or to specify a global change in mode of operation of the
application program. The invocation of the procedure

WAIT_BUTTON(time, button_name)

causes the button device to be enabled and the application program to wait until
either time-out occurs (if the user has not pressed a button during the number of
seconds specified by the parameter time) or the user presses a key.* SGP learns from
the hardware which key was pressed (this is the associated event data), returns the
key’s identifying number in the parameter button_name, and lets the application
program resume execution at the statement following the WAIT_BUTTON. Time-
out causes an illegal key number of 0 to be returned. An appropriate echo for button
selection might be to turn on or blink the light under the button selected.
Similarly,

WAIT_PICK(time, segment_name)

*This description assumes a physical button keyboard, but the logic is identical if the logical
button device is being simulated by another physical device, as discussed in Chapter 5.
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Il either time-out or return as event data the name of the segment whose primitive
Identified on the screen by the user. The appropriate echo might be to blink the
lected primitive or the entire segment. WAIT_PICK is used, for example, to indi-
ate a segment to be deleted; as we will see, it can also be used in identifying choices
# an alternative to buttons. The mechanisms used by SGP to correlate the primitive
¢ked by the user to the name of the segment containing the primitive are discussed
the following two chapters. o
The procedure

WAIT_KEYBOARD(time, text, length)

Rllows the user to type characters until an event is caused by hitting the carriage-
return key (or its equivalent), and then returns as event data the string (minus the
earriage return) in parameter zext and its length in parameter length. An appropriate
echo might be to display the typed characters at successive positions of a blinking
gursor in a standard fype-in area on the screen.

2.13 MAINLINE USING BUTTONS FOR FUNCTION INVOCATION

Example 2.3 To begin the demonstration of interactive programming, we first
show a preliminary (partially pseudocoded) version of the mainline program for the
symbol placement application described earlier. In this version of the mainline the
logical button device is used to allow the user to specify the function to be invoked
- next.
The user of the symbol placement program may choose any of the following
~ functions:

Specify a new title for the picture;

Add a symbol to the data structure and the picture;
Delete a symbol from the data structure and the picture;
Change the window for the picture; and

Terminate execution.

In this version of the mainline program, a unique button on the button device is
assigned to each of these functions. When a button event occurs, the program per-
forms the function associated with the particular button activated.

The application program procedure SETUP, which is called by the mainline,
performs all necessary initialization actions. In particular, it reads from secondary
storage the data structure information defining the room whose furniture is to be
arranged. In addition to reading values into the symbols array and title variable de-
fined in Section 2.11, SETUP reads information describing the size and shape of the
room and locations of doorways and windows. This information is used by the DIS-
PLAY_ROOM procedure (not elaborated further here) to create and display the _
segment defining the room boundary seen in Fig. 2.3. Finally, SETUP initializes the
four global variables room_min_x, room_max_x, room_min_ ¥, and room_max_y,
so that they define a window in world coordinates that just surrounds the limits of

b
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the room; this is the largest window that can be used to display the room. The appli-
cation program procedure CLEANUP is the opposite of SETUP. It performs all
necessary termination processing, including writing the updated data structure
values to secondary storage. .

The interactive portion of the mainline WAITs for a button to be pushed and
then invokes the lower-level procedure correspondiig to the button. When the user
is finished, the function returns from the case to the WAIT. The mainline therefore
shows only the top-level, dispatcher table portion of the user dialogue, not the more
interesting interactions which accomplish each of the functions. If no event occurs
within the period specified by the symbolic constant wait_time, say five minutes, the
WAIT times out and the user is prodded with a prompt or by highlighting the pre-
vious prompt—ringing an audible alarm or using some other attention-getting de-
vice. The SCREEN_FEEDBACK procedure should delete its message from the
screen after a short wait and then return to exit in the case statement (see Exercise
2.15).

{Mainline for Symbol Placement Program—Version 1, using buttons for interaction}
program LAYOUT(input, output);
declare variables;
begin
{initialize}
SETUP;
WINDOW (room_min_x, room_max_x, room_min_y, room_max._y);
VIEWPORT_2(0.0, 0.8, 0.0, 0.8); {leave room for prompts}
{generate initial display}
DISPLAY_D_STR;
SCREEN_FEEDBACK(‘press a button to select a function’);

{main event-driven loop}
main_done := false;
repeat
{wait for user-generated event}
WAIT_BUTTON(wait_time, button_number);
if (button number > = 0) and (button_number < = 5)then  {‘‘legal’’ button}
case button_number of
0: SCREEN_FEEDBACK(‘waiting for you to select a function’);
1: NEW_TITLE;
2: ADD_SYMBOL;
3: DELETE_SYMBOL;
4: CHANGE_VIEW;
5: main_done := true {EXIT button}
end {case}
else SCREEN_FEEDBACK(‘illegal selection, try again’)
until main_done;
CLEANUP {application procedure to terminate}
end.
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14 USING A MENU FOR FUNCTION INVOCATION
14.1 Light Buttons

#ing buttons to specify functions has some disadvantages. It can be inconvenient
d distracting for the user to shift attention from the screen to the boxin which the
ttons are usually located. Secondly, most function keyboards have no means for
beling the buttons under program control. Although it is possible to show a brief
mmary of the use of each button on a portion of the screen, the user’s attention is
Il divided.
A technique that many users prefer is to display a function menu of light
ttons on the screen from which the desired function may be indicated with the
plck device. A typical menu is composed of the list of text strings and/or graphical
ymbols that represent the functions available. Figure 2.13 illustrates a typical text
Jtring menu. The disadvantage of using light buttons (they take up some valuable
reen space) is usually outweighed by the ability to display labeled choices and to
ange quickly from one menu to another.
For picking purposes, each light button string is defined by the routine
CREATE_FUNC_MENU (not shown here) in its own uniquely named segment and
# displayed in its own viewport. Each segment contains an absolute MOVE followed
by a TEXT primitive, and is created during the SETUP initialization phase. The
event-driven loop is also altered slightly; instead of

WAIT_BUTTON(wait_time, button_number);
case button_number of

NEW TITLE

ADD SYMBOL
DELETE SYMBOL
CHANGE VIEW
EXIT

Fig. 2.13 Text string menu generated by
CREATE _FUNC _MENU procedure.

2
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Only the most recéntly placed symbol may be canceled with the CANCEL
- option. To implement CANCEL, ADD_SYMBOL saves the segment name of the
. most recently placed symbol (i.e., the symbol’s location in its data structure array) in

the variable symb_addr. When the user invokes CANCEL, this segment and the
corresponding entry in the data structure are deleted. The symb_addr flag is
initialized to 0, indicating that no cancel is yet possible, and is set by the
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2.16.3 Positioning with the Locator Device

The PLACE_SYMBOL procedure in Section 2.16.5 below does the work of creating
the new symbol and adding it to the data structure. However, the user must specify
the position and orientation of the new symbol: the locator device is used to position
the new symbol and the valuator device is used to specify its orientation.

The locator device allows the user to specify a position on the screen, typically
in order to place symbols at a desired location or to ““draw’’ one or more primitives
by indicating (end)points to the application program. The locator device does nor
cause events and is called a sampled device because the application program must
explicitly ask for (i.e., sample) the current (x, ) values of the locator. Some typical
physical devices that can be easily used as locators include data tablets, joysticks,
and thumbwheel-driven cross-hair cursors. They return two coordinates in the NDC
range of 0.0 to 1.0 which can be echoed on the screen by a cross-hair or a blinking

cursor at the corresponding screen position. The data associated with the locator can
be accessed by the following call:

READ_LOCATOR(x, »)

In most cases the coordinates returned from the locator are of little immediate
use because they are given in the normalized device .coordinate system and reflect
where on the screen the cursor is physically located. However, the program typically
views the picture on the Screen as a reflection of the model’s world coordinate sys-
tem, and therefore must know where the cursor is in that space. This is important if,
for example, the cursor is being used to specify endpoints of lines being constructed
by the user, or in the case of our LAYOUT brogram, to specify where a particular
furniture symbol is to be located in the (world coordinate) office.

| menu visible.
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procedure ADD_SYMBOL;
{add symbols to the picture and data structure}
var
i: integer;
symb_addr, segment name: integer;
add_done: boolean;
begin
symb_addr := 0; )
SET_VISIBILITY(done, on);
SET_VISIBILITY cancel, on);

add_done : = false;
repeat
for i : = mchair to mfloorplantdo  {symbol menu and prompt visible}
SET_VISIBILITY(i, on); :
SET_VISIBILITY(add_prompt, on);
WAIT_PICK(wait_time, segment_name);
for i := mchair to mfloorplant do
{since choice picked, make symbol menu and prompts invisible}
SET_VISIBILITY(, off);
SET_VISIBILITY(add_prompt, off);
if ((segment_name > = help) and (segment_name < = cancel)) or
((segment_name > = mchair) and (segment_name < = mfloorplant))then
case segment_name of {valid menu pick}
0: SCREEN_FEEDBACK(‘waiting for selection’); )
mchair, mdesk, mbookcase, mlowdivider, mpartition, mfloorplant:
{picked a symbol from menu so place a copy; its address is returned in
symb_addr}
PLACE_SYMBOL(segment_name, symb_addr, add_done);
help: HELP_USER(add_help);
done: add_done := true; {DONE}
cancel: if (symb_addr > 0) then {CANCEL only if symb_addr
flag on, i.e., no prior CANCEL in ADD_SYMBOL or
PLACE_SYMBOL}
begin
{delete segment, then symbol}
DELETE_SEGMENT(symb_addr);
symbols[symb_addr].code : = 0;
symb_addr := 0 {set flag off to prevent second CANCEL}
end {CANCEL}
else SCREEN_FEEDBACK(‘nothing to cancel’)
end {case} .
else SCREEN_FEEDBACK(‘illegal selection, try again’)
until add_done;
SET_VISIBILITY(done, off);
SET_VISIBILITY (cancel, off)
end; {ADD_SYMBOL}
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To facilitate this back-mapping from NDC space to world space, SGP contains

e subroutine INVERSE _2 which transforms a position in normalized device coor-

nates into a position in world coordinates. The transformation is the inverse of the

rrent viewing operation, that is, the inverse of the mapping that takes the world

goordinate window into the NDC viewport (discussed in Chapter 4). The statement
below is an invocation of the procedure:

INVERSE_2(ndc_x, ndc_y, world_x, world_y)

This procedure must be used carefully because, although a given display on the
#creen can be generated as a collection of individual images, each specified via its
own window-viewport viewing operation, only the current (most recently specified)
viewing operation can be used to compute the inverse mapping. In other words, SGP
does not remember for each segment what viewing operation was in effect when it
was created. Since locator cursor positions are typically used only within the main
drawing area, we can program so that this area is the last one drawn; this allows
SGP to use the last-specified viewing operation to calculate ‘the inverse.* If multiple
drawing areas with multiple viewing operations are required, the application pro-
gram would have to remember which viewing operation belongs to which viewport
and segment combination and would then compute its own inverses.

In our sample program, the mainline’s SETUP (and some of the procedures it
calls) will change the viewport for each menu item; after that, the viewport will be
set to the main picture-building area of the screen and left that way to allow
INVERSE_2 to be used for all subsequent operations.

2.16.4 The Valuator Device

. The valuator logical device allows a user to specify to the application program a

single floating-point value between 0.0 and 1.0. Valuators, like locators, are sam-
pled devices and do not cause events. The physical device most often utilized as a
logical valuator device is a control dial. A control dial is simply a potentiometer
similar to that used as a volume control on a radio or television set. The analog out-
put of the dial is converted to a digital value by hardware, which may be echoed in a
control area on the screen or, more likely, by a pointer on a scale attached to the de-
vice itself. The READ_VALUATOR procedure must be called in order for the
application program to obtain the value of a valuator. The valuator specified by the
first parameter of this procedure is sampled and the value is returned in the variable
specified as the second parameter. The statement

READ_VALUATOR(1, value)

sets the variable value to the current value of valuator 1.

*Note that the locator is not constrained to return values inside a pa/lrticular viewport; there-
fore, if the locator returns a point not inside the current viewport, and this point is passed on
to INVERSE_2, a point lying outside of the current window will be returned as the inverse
point.




Interaction
Devices and
Techniques

| We have already introduced, in the preceding chapters, a number of interaction de-
L vices and techniques. The devices include the light pen, data tablet with stylus, and
| alphanumeric and function keyboards. Techniques for using the devices include
 selecting commands from a menu with the light pen or tablet and positioning sym-
| bols with a tablet. In this chapter we describe more (but not all) of the available de-
| vices and techniques and touch on their relative merits. ,
1 Our objective is to impart an understanding of how the devices work and how
| they can be used. The devices and techniques are the building blocks from which an
| interactive dialogue is constructed. In Chapter 6 we consider methodology and
guidelines to help in selecting the set of devices and techniques to be used in a
| specific application and in integrating these building blocks into a usable dialogue.

5.1 LOGICAL CLASSES OF DEVICES AND TECHNIQUES

i There is a large variety of interaction devices and techniques. Fortunately, we can
| impose some organization on them and thereby structure our study and use of the
] techniques. The organization employed is that of logical devices, introduced in
Chapter 2 as part of SGP. There are five basic logical devices: the /ocator, to indi-
| cate a position and/or orientation; the pick, to select a displayed entity; the valua-
| for, to input a single value in the space of real numbers; the keyboard, to input a
| character string; and the button, to select from a set of possible alternative actions
| or choices.

v Each logical device has a natural prototype in a specific physical device or class
- of devices. In SGP, for example, the pick device was discussed in terms of its natural
| prototype, the lightpen. Other natural prototypes are: locator—tablet; valua-
| tor—potentiometer; keyboard—alphanumeric keyboard; button—programmed
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function keyboard. However, any of these logical devices can be simulated by any |
input device: many of the interaction techniques we will discuss are such simula-
tions.

The concept of logical input devices is rather like that of logical files in an
operating system. A sequential input file may be implemented physically by means
of a card reader, a magnetic tape drive, a disk drive, or a terminal keyboard. The
application programmer doesn’t care which one it is—the operating system makes
them all ‘“look alike’’ functionally, despite their physical differences.

The essence of the logical-device idea is found in a 1968 paper by Newman
[NEWMS68b]. In 1971 the general-purpose graphic system (GPGS) subroutine |
package [VAND77] implemented interaction by using logical devices and showed |
the utility of simulating input devices, such as picks, on simple display devices lack- ]
ing physical pick mechanisms. A series of articles by Cotton [COTT72], Wallace and |
Foley [FOLE74] and Wallace [WALL76] elaborates on the concept. In addition,
several higher-level devices (such as a sketch device) for specifying a sequence of |
positions are described in [WALL?76]. Logical devices are found not only in GPGS
but also in the proposed Core System [GSPC79] and in the ARPA network graphics
protocol [SPRO74]. ]

5.2 PHYSICAL INTERACTION DEVICES

In this section we describe how some interaction devices actually work. Many
devices are in use, so we focus on those which are more common or more innovative. ]
The devices are grouped by the logical-device category which matches the inherent |
physical operation of each device—the logical device which the physical device
implements with a minimum of support software. Realize, however, that ease of |
implementation may not be equivalent to ease of use. We are thus not proposing |
that the physical devices are best used to implement the logical device under which |
they are here categorized. Throughout this chapter the reader will find comparisons
and contrasts among different logical device implementations, meant to help in the |
actual process of selecting the appropriate interaction technique for implementing a |
logical device. '

5.2.1 Locators

The most commonly used locator, the tablet, is a flat surface over which a sty/us |
(like a pencil) or hand cursor is moved; the position of the hand cursor or stylus is
available to the computer. A tablet with a stylus is shown in Fig. 1.14; a back-lit ;
tablet with a hand cursor is shown in Fig. 5.1. The stylus typically incorporates a |
pressure-sensitive switch which closes when the user pushes down on the stylus, thus

indicating to the application program that the stylus is at a position of interest. Most i
hand cursors have several buttons which can be operated by the user to input com-
mands. The stylus switch and the hand cursor buttons are really separate logical |
button devices, physically but not necessarily logically integrated into the locator
device. ‘
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‘Ig. 5.1 Back-lit tablet with 12-button cursor (courtesy Talos Systems, Inc.).

Most tablets use an electrical sensing mechanism to measure the stylus or hand
ursor position. In one such arrangement, a grid of wires is embedded in the tablet
urface. Electromagnetic coupling between electrical signals in the grid and in the
tylus or cursor induces an electrical signal in a wire coil in the stylus or cursor. The
irength of the electromagnetic coupling can be used to determine roughly how far
,e stylus or cursor is from the tablet (““far”’, “‘near”, ““on’’). When the answer is
i'near’” or “‘on’’, a screen cursor is usually displayed (by the display hardware or
Jraphics package) to track the position being read from the tablet and thus to pro-
flde visual feedback to the user. '

b Information is typically obtained from a tablet controller in one of three ways:
bn demand, when the computer makes a request; every ¢ units of time; and each time
fe hand cursor or stylus is moved more than some distance d. The time-interval
Impling is helpful if a screen cursor is being displayed to reflect the position of the
Bblet cursor or stylus. The distance-interval sampling is appropriate for digitizing
Brawings in order to avoid recording an excessive number of points.
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Relevant parameters of tablets and other locator devices are their resolution,
linearity, repeatability, and size or range. These parameters are particularly crucial
for digitizing maps and drawings, but are of less concern when the device is used
only to position a screen cursor, since the user has the feedback of the screen cursor
position to guide his hand movements. Tablets of at least 48 x 72 inches with accu-
racy of 200 points per inch are commercially available.

Another locator is the mouse shown in Fig. 5.2. It is a hand-held device with
rollers on its base. Moving the mouse across a flat surface causes the rollers to turn, |
and potentiometers coupled to one roller sense the relative movements in two
orthogonal directions. The motion is converted to digital values and is used to
determine the direction and magnitude of the mouse’s movement. The mouse can be
picked up, moved, and then put down without any change in the apparent position
of its screen cursor. Thus the mouse reports relative movement, while the tablet
reports absolute positions. The computer must maintain a ‘‘current mouse posi- |
tion”’ which is incremented or decremented by mouse movements. The mouse, like
most hand cursors, usually has several push buttons which can be used to input com-
mands or other information and hence serve as logical buttons; the pick function is
thus easily implemented.

Fig. 5.2 The mouse: (a) top view; (b) bottom view (courtesy Xerox Corporation).

While the accuracy of the mouse is comparable to that of a tablet, very fine and
precise sketching is more difficult than with a tablet and stylus because fine fingers
tip motor control is more difficult. On the other hand, a mouse requires only a small
table area to use and is inexpensive to manufacture. '
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Fig. 5.3 Trackball (courtesy Ramtek Corporation).

Trackballs, sometimes called crystal balls, are another form of locator (Fig.
5.3). The ball’s motion turns potentiometers, whose output is converted into digital
| form. The ball rotates freely within its mount, and is typically moved by drawing the
palm of one’s hand across it. Large and rapid position changes are difficult to make
t with a trackball.
The joystick is simply a stick which can be moved left or right, forward or back-
 ward (Fig. 5.4). Again, potentiometers sense the movements. Very often, sets of
springs are used to return the joystick to its home center position. Some joysticks,
 including the one pictured, have a third degree of freedom: the stick can be twisted
clockwise and counterclockwise. The isometric joystick, shown in Fig. 5.5, is rigid:
strain gauges on the shaft measure slight deflections caused by force applied to the
shaft.
It is difficult to use a joystick to control the absolute position of a screen cursor
| directly, because a slight hand movement is amplified five or ten times in the posi-
tion of the screen cursor. This makes the screen cursor’s movements quite jerky and
| doesn’t allow quick and accurate fine positioning. Thus the joystick is often used to
| control the velocity of the screen cursor’s movement rather than its absolute posi-
tion. This means that the current position of the screen cursor is changed over time
at rates determined by the joystick. It is important that a small dead zone of zero
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Fig. 5.5 Rigid joystick (courtesy Measurement Systems, Inc.). i en

velocity be established to allow for drift in the joystick’s home center position. T§ vav
further enhance ease of use, the relation of cursor velocity to joystick displacemen
is often made nonlinear, as shown in Fig. 5.6. This velocity curve, along with th
spring return on the joystick, makes positioning fairly fast, but not as fast as with | 1 oI
tablet or mouse. ]
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Fig. 5.6 Nonlinear velocity control. »

The joyswitch, a variant of the joystick, can be moved in any of eight direc-
tions: up, down, left, right, and in the four diagonal directions. The switch hence
has nine states. In each of the eight ‘“‘on”’ states, the position of the screen cursor is

| changed at a constant rate, in the appropriate direction. The difficulty with this is in
moving the screen cursor over large distances.

The joystick can also be used conveniently as a 3D orientation device (logical

| locators can provide both position and orientation), especially if the shaft rotates

with a third degree of freedom. The three values from the joystick can be used to

control the rate of rotation about each of the three axes. If the joystick does not

have spring return to zero, its values can be used as absolute rotations rather than as

. rates of rotation.

These locator devices are manipulated with the user’s hands, while the screen
cursor is watched with the eyes. The fouch panel, on the other hand, is a locator de-

| vice which allows the user to give full attention to the screen and to indicate posi-
| tions on it directly rather than by driving a screen cursor to the desired location. The
| transparent panel is mounted across the face of the CRT: when the user’s finger
| touches the panel, the position touched is detected. '

Several different technologies are used for touch panels. Low-resolution panels
(from 10 to 50 resolvable positions in each direction) use a series of light sources

| (light-emitting diodes) and light sensors (photodiodes or phototransistors) to form a

grid over the display area. Touching the screen breaks one or two vertical and

| horizontal light beams, thereby revealing the finger’s position. If two parallel beams

are broken, the finger is presumed to be centered between them; if one is broken, the
finger is presumed to be on the beam. One high-resolution panel (about 500 resolv-

- able positions in each direction) uses sonar-style ranging. Bursts of high-frequency
| shock waves traveling alternately horizontally and vertically are induced in a flat
glass plate. The touch of a finger on the glass causes part of the wave to be reflected

back to its source. The distance to the finger can be calculated from the time interval

| between emission of the wave burst and its arrival back at the source. Another high-
| resolution panel uses two slightly separated layers of transparent material, one

i
|

U
|
i
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cc&t«ed with a thin substrate of conducting material; the other, resistive. Finger-tip
pressure forces the layers to touch, and the voltage drop across the resistive substrate
is measured and used to calculate the coordinates of the touched position.

. The sonic tablet uses sound to couple the stylus to strip microphones along two
sides of the tablet. An electrical spark is generated at the tip of the stylus. The time
delay between when the spark occurs and when its sound arrives at each microphone
is proportional to the distance of the stylus from each microphone, as suggested by

Fig. 5.7.

Microphone Microphone

Sound waves
Fig. 5.7 2D sonic tablet.

are 2D locators. It is often convenient to have
3D devices as well, even though 2D devices can be used in sequence to specify 3D
locations. The sound coupling concept can be easily extended to create a 3D sonic
pen. In one approach, three orthogonal strip microphones are used, as illustrated in
Fig. 5.8. Each microphone fixes the position of the stylus on a cylinder of known
radius (determined by the “‘time of flight’’ of the sound to the microphone) centered
on the microphone. The intersection of the three cylinders determines the position of
the stylus. The equations of the three cylinders are: '

All the devices we have discussed

5.1)

X24yi=ry Y +=rh 2+ x2=rl
where ry, ry, and r are the measured radii. Another way to use strip microphones for
3D is to arrange four of them in a square.

An earlier sound-based locator, the Linco
veloped at Lincoln Labs), had four point microp

In Wand (so named because it was de-
hones at the corners of the display

<+«—— Microphone

Microphone

Fig. 5.8 3D sonic tablet.
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Fig. 5.9 Microphone arrangement for the Lincoln Wand.

I area (Fig. 5.9). Again, time of flight is measured, but now the times determine the
| radii of four spheres. Each sphere is centered on one microphone. (Actually, only
t three spheres are needed to determine a position; the fourth sphere can be used for
 error checking or in case the sound path to one microphone is blocked.) The spheri-
 cal equations are all of the form

C-xP+O-yP+e-zP=r} i=1234. (5.2)

The (x;, y;, z) are the positions of the four microphones. Solving the equations is left
| as an exercise for the reader.

i Several mechanically coupled 3D locator devices have been developed. One, the
L Noll Box (after its developer, Michael Noll), is just a large box ‘with slide mecha-
| nisms allowing the knob to be moved anywhere in a 12-inch cube (Fig. 5.10). The
vertical shaft is counterbalanced so that it maintains any established position, and
long slide potentiometers are used to record the position along each axis. Another
| mechanically coupled 3D locator is described in [GEYE75].

These 3D locators all work in relatively small volumes—several cubic feet at
L most. One of the dreams of computer graphics researchers has been to sense the 3D
. motion of the user’s hands and fingers, so that they can be used to define positions
- and even shapes in 3D. This has been accomplished through the use of optical cou-
| pling between active light sources on the user (light-emitting diodes) and sensors
| mounted high in the corners of a small room. : ‘

Two different sensor mechanisms have been developed [BURT74, FUCH77a].
The sensor is organized to provide the parameters of a plane on which the light
j source is located. Three sensors defining three planes are therefore sufficient to
.~ determine the position of the light source; again, a fourth sensor can be used for
error-checking and for cases when one of the light sources is obscured from a sensor.
| The equations for the planes are of the form:

apx + apy + apz + ay =0, i=1,2,3,4. (5.3)

Mechanical, sound, and light coupling to determine 3D positions are subject to

i noise and obstructions in the work area. The Polhemus Navigation Sciences

. ROPAMS system generates electromagnetic fields which are detected by a small sen-

| sor mounted on a hand or other part of the body. The position and orientation of

| the sensor can be determined very precisely. This technology is still too expensive for
all but experimental use.
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Fig. 5.10 3D locator device.

5.2.2 Picks

The only device which is inherently a pick device is the light pen. As we saw in Chap-
ter 3, the pen’s output is usually connected to the DPU’s control logic, so that the |
DPU stops executing commands when the pen sees light. The DPU stops with its
instruction counter containing the address of the instruction following the one that
drew the detected output primitive.*

What will the DPU’s X and Y position registers contain if the light-pen ‘‘hit”’

occurred while a vector was being drawn? With an analog vector generator, the end-
points of the vector will be in the registers, because points along the vector are never
in digital form. With a digital vector generator (increasingly common with contems-
porary vector displays), the coordinates of a point on the vector a little past the point |
seen by the light pen will be in the register, and can be made available to the CPU,
These coordinates can be used, for instance, in creating a connecting line somewhere
in the middle of an existing line.

*In some high-performance displays, the time for the light pen to halt the DPU may be longer

than the time required to draw one or more short vectors or characters, so that the addres§

counter could point to an element further down in the DPU program. Also, the DPU may bg |

pipelined, beginning the processing of one instruction before the preceding one is completed, |

To get precise pen detects, the graphics package may have to insert graphic ‘‘no-op’’ coms )

mands after each group of elements which is to be uniquely identifiable. §:5.11 Seve
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The light pen, which implements a logical pick on a vector display, implements
a locator on a raster display. When a pixel is detected, the image display system can
make the x and y coordinates of the raster scan’s current position available to the
associated computer.

Figure 5.11 shows several light pens, while Fig. 5.12 shows a cross-section of a
light pen and the fundamentals of its associated electronics. The pen’s field of view
can be controlled by putting different sizes of apertures in front of the lens or by
adjusting the lens focus. The switch can be used to enable and disable the light pen.
It is shown here as controlling an electrical circuit, but on some pens it is linked to a
mechanical shutter. Also, some pens place the photomultiplier tube in the pen barrel
and dispense with the fiber optics bundle.

Several light pens. One pen has mechanical tip switch; the others, capacitive.
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Fig. 5.12 Diagram of light pen.

Light pens were developed very early in the history of interactive computer
graphics, originally for use in the SAGE air defense system to point at targets on 4 |
- radar screen. Unless properly adjusted, light pens may detect false targets, such as ‘
fluorescent lights or nearby primitives (e.g., adjacent characters) and fail to detect
intended targets. When used over a period of several hours, a pen can be tiring to the |
user, who must pick it up, point it, and set it down for each use. As a consequence,
more and more systems employ the tablet or mouse to simulate the picking capabil- §
ity of a light pen. As raster graphics grows, the popularity of light pens can be |
expected to decrease even further. 1

5.2.3 Valuators

Most valuators, devices which provide scalar values, are based on the potentiometer, ]
The volume, balance, and tone controls on a stereo set, for instance, are potentis |
ometers.
Most valuators are rotary potentiometers (dials), typically mounted in a group |
of eight or ten, as pictured in Fig. 1.14. Rotary potentiometers are especially appro- |
priate for controlling object rotation. Slide potentiometers, in which linear move- f
ment replaces rotation, are appropriate for specifying values with no angular inter- §
pretation. The current setting of a slide potentiometer is mueh easier for the user to |
deduce than that of a rotary potentiometer; unfortunately, most graphics system ,
manufacturers offer only rotary potentiometers. Availability of both types of potens ]
tiometers can help users remember what functions are associated with each valuator, |
When designing a system involving potentiometers, one must be sure to adopt a cons §
sistent interpretation for increasing and decreasing values: for instance, clockwise or
upward movements normally increase a value. .

An analog-to-digital converter and a power supply can determine the potenti- ;
ometer’s position by measuring the voltage V1 (Fig. 5.13). The voltage is propots
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Fig. 5.13 Potentiometer interfaced to DPU.

Jlonal to the amount of the shaft rotation about the corresponding axis. If the con-
berter is properly adjusted, zero rotation will correspond to a digital reading of all
jeros, while full rotation will correspond to all ones. We assume that the converted
balues are placed into DPU device registers which can then be read by the CPU.
For some applications, it is convenient to have the graphics package poll the
aluator to see if it has been changed more than some small amount, and then to

senerate an event which is placed on the graphics package event queue. This means
the application program need not monitor the valuator via a polling loop to see if it
has changed. Both programmer effort and CPU time are saved by supporting pol-

ling at the lower, more efficient level. Notice too that the same technique could be
Lapplied to locator devices.

"'5.2.4 Keyboards

 The alphanumeric keyboard is our prototype (and only) text device. Several differ-
| ent technologies are used to detect a key depression: some of these are .mechanical
 contact closure, change in capacitance, and magnetic coupling. The important func-
| tional characteristic of a keyboard device is that it creates a code (ASCII, EBCDIC,
 etc.) uniquely corresponding to a depressed key.

There are many factors which make one keyboard preferable to another: inter-

] key spacing, slope of the keyboard, shape of the key caps, pressure needed to
f depress a key, and a feeling of contact when a key is fully depressed. Many keyboard
| design issues are summarized in [KLEM71] and [KROE72]. Other considerations,

dealing not with hardware but with software design, are making frequently used

] delimiter or correction keys easily rf_:achable without the need to simultaneously
| depress the control or shift keys, and separating dangerous keys (such as line delete)
| from other frequently used keys (such as return).

{ 5.2.5 Buttons .
i The programmed function kéyboard (PFK) is the most common button device. It is

sometimes built as a separate unit, but more often the buttons are integrated with a

| keyboard. Other button devices are the keys found on many tablet cursors and on
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the ““mouse.”’ Buttons are generally used to enter commands or menu options to a |
graphics program. Dedicated-purpose systems can use buttons with permanent }

labels. To allow changing or ‘‘soft’’ labels, some PFKs can be used with coded over-
lays on which command names are printed. The presence or absence of tabs on the

edge of the overlay is sensed, so the system knows which overlay is in place. The |
operator inserts the overlay containing the desired command and then depresses the |

appropriate button. Knowlton’s keyboard, which uses mirrors to superimpose labels

from a CRT on top of an unlabeled keyboard, provides a more general sort of soft
label capability [KNOW?75]. Another way to have soft labels is by having the buttons

at the edge of the view surface, allowing labels to be displayed.

How does a button device differ from a text device? The text device provides
input from buttons which are prelabeled. The button device keys have no predefined
character meanings, and the number of keys may vary from one to many. Further, |

some button devices report button releases as well as button depresses. This makes it

easy to start an activity (such as rotation of a displayed object) when a button i |

. o e e . 1
depressed and then to terminate the activity when the button is released. One can |
consider the text device to be a special type of button device, but because text devices §

are so common, we give them a separate identity.

Another button device is the chord keyboard. 1t has just five keys shaped like !

thin piano keys (Fig. 5.14). The device is operated by depressing several keys at |
once, thus ‘‘playing a chord.”” With five keys, 31 chords can be generated. Learning
the chords takes much time, but skilled users can ‘‘play’’ quite rapidly, since the |
hand can stay in one place, resting on a table; this allows fast ‘‘touch typing’’ which |
is much harder with a standard PFK. However, chord keyboards are not suitable‘
substitutes for the standard alphanumeric keyboard [KLEM71].

5.2.6 Nontraditional Devices

A number of other interaction devices are useful for graphics systems but do not
easily fit into the categories we have used. For instance, speech recognizers can be
used to input commands, values, etc., and are available in versions recognizing from!
10 to over 1000 words. Words are defined as discrete utterances preceded and fol- |
lowed by 100 to 200-millisecond pauses. Continuous speech recognition, on the |
other hand, is mostly still in the research stage [KAPL80], although a few commer-

cial systems have appeared.

Fig. 5.14 Chord keyboard.
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Most word recognizers are trained to the characteristics of an individual’s
gpeech. A word is filtered into several frequency bands. Patterns in the relative loud-
iness of the sound of each band are matched against a dictionary of such patterns.
Training the recognizer consists of establishing a dictionary of such patterns by hav-
Ing the user speak each word several times. Once established, a dictionary can be
javed for later use. However, if a user has a cold, retraining is necessary. Speaker-
independent recognizers are limited to 10 or 20 words, typically including the digits
0-9.

The converse of speech input is speech output from digitized patterns, which is
eminently usable for prompts, feedback, and error messages. Synthesizers have
tbecome quite common and inexpensive and are found in several contemporary home
Lcomputers. Texas Instruments’ Speak and Spell “toy”’ exemplifies the capabilities
 becoming available. In general, we expect the use of speech input-output to increase
| enormously during this decade because it is natural, easy, and fast, and requires no
 manual dexterity.

:6.3 TECHNIQUES FOR SIMULATING LOGICAL DEVICES

| Many graphics programs have a need for locator, pick, valuator, keyboard and but-
F ton devices, but in many graphics systems not all of these physical devices are avail-
| able. It is possible, however, to provide the logical function of any of these devices
with a device from any other class, although some of the simulations can be rather
 awkward. On the other hand, we are not advocating that separate physical devices
| should always be made available for each of the required logical devices. Many very
 easily used interactive systems have only a positioning device (usually a mouse or
| tablet), a keyboard, and sometimes a few special-purpose function buttons on the
E keyboard. These three physical devices are used to implement all the logical devices.
| Our purpose in the following sections is to describe some of the more common and
L useful input device simulations. More extensive descriptions and human factors
L evaluations of these techniques are found in [EMBES81, FOLE81].
Sometimes the implementations are part of the graphics package. For example,
| since a direct-view storage tube cannot be used with a light pen, the cross-hair cursor
locator is used as a pick: the cursor is placed on top of the item to be picked. Then,
i when the user depresses any key, its character code and the cursor position are sent
| to the CPU. That position is then compared against the positions of all displayed
| items to find which item is closest. In other cases, the implementation will be part of
| the application program. One can consider the light button menu selection used in
| Chapter 2 to be an implementation of a button device by a pick device.
Graphics packages such as GPGS and the Core System define all five types of
l devices to be available and guarantee that a reasonable implementation will be pro-
L vided by the package if the corresponding physical device is not available. ‘‘Reason-
| able”’ here means (a) approximately the best that can be done with the given input
| tools, but (b) typically less user-friendly and convenient, i.e., more time-consuming,
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and (c) logically jdentical, so that the application program is unaware of the physical
realization. Thjg promotes program portability, but does remove control of some of ,
the detailed, low-level interaction techniques from the application programmer, ]
Also, certain implementations may require considerable CPU intervention, for ex- |
ample when Simulating interrupting logical devices by using polling loops. Neverthe-
less, it is very cost-effective to be able to debug an application on an inexpensive |
storage tube, one of many in an installation, prior to running the program in pro- |
duction mode on one of the few more expensive high-performance displays.

5.3.1 Locator Device Simulations

Light pen. The light pen is frequently used as a locator on a vector display. A |
tracking cross jg initially displayed somewhere on the CRT screen (Fig. 5.15). To :
indicate a position, the light pen is first pointed at the cross and is then used to 4
“‘move”” it to the desired position. This is made possible by a feedback loop which |
continually (each refresh cycle) moves the cross so that it is always under the light §
pen. The light pen’s new position, at which the tracking cross is displayed, is calcu- |
lated by deter mining which dots on the previous tracking cross were just within the ;
pen’s field of view, as in Fig. 5.16. The new center position is found by averaging the |
¥ and y coordinates of each point detected by the pen. ‘

|

|

e

Fig. 5.15 Light-pen tracking cross: arrows show order of display.
Typical height and width are one inch..
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® Dots on tracking cross drawn and not detected
® Dots on tracking cross drawn and detected
ODots on tracking cross not drawn

® ® 0 0/®0 0O d\e o

Fig. 5,16 Example of tracking.
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e of the physi If no points on the cross are detected, tracking has been /ost. This can happen
itrol of some fccidentally (if the user moves the pen faster than the tracking algorithm can move
n programme the cross) or intentionally (if the user moves the pen away from the CRT). In the lat-
vention, for e fter case, the user may be indicating that the tracking cross is at its final position and
O0ps. Nevert that it is desired to proceed to the next interaction step.
an 1nex;?ens1 ] When tracking is lost, the display system can automatically attempt to reestab-
rogram in prg lish tracking to determine whether the tracking loss was accidental or intentional,
displays. that is, to try to find where the light pen is now. If the pen really has been moved
 away from the screen, it will not be found, and the system knows that the loss of
tracking was intentional. One way to reestablish tracking is to draw a square spiral

tor display of points around the last known pen position, until the entire screen has been
(Fig. 5.15). T covered or the pen has been found, as is shown in Fig. 5.17. Another technique is to
s then used {8 do what is effectively a raster scan of the entire screen, with scan-line spacing just
ack loop wh 1 slightly less than the diameter of the pen’s field of vision. If the pen is still pointed at
under the ligh ' the screen, a scan line will be detected. If the vectors are drawn digitally, the detected
layed, is calci coordinates will be immediately available, while with analog vector generators, a
just within th finer search along the scan line must be initiated in order to find the pen’s horizontal
y averaging position. A third approach is the character blast—filling the screen with consecutive

E characters (or points, or short lines), and stopping when one is seen by the pen.
Notice that all three of these techniques can be used independently of pen-tracking
to determine where on the screen the pen currently is.

Fig. 5.17 Spiral of points used to re-establish pen tracking.
lay.

It is important that the tracking algorithm be able to move the cross at a reason-
able speed, so that tracking is not easily lost. The maximum distance the cross can
move per iteration of the algorithm is the length of an arm on the cross. The diagon-
al distance will be less. If the arms of the cross are one inch from end to end, and the
cross is repositioned 30 times a second, then the maximum horizontal or vertical
velocity at which the cross can be moved is 15 inches per second (one half inch per
step). '

One way to decrease the probability of losing tracking is to increase the speed at
which the cross can move, by predicting where the pen will be during the next cycle
on the basis of where it has been during the last two or three cycles. Then the cross is
placed at this predicted position rather than at the position calculated by the simple
averaging method described above. In the prediction it is assumed that the pen



200 Interaction Devices and Techniques

moves with constant velocity. Thus at refresh cycle i + 1, the cross is placed not at |
the position calculated during step /, but rather at the position found by linear exs|
trapolation from the positions of the cross at steps i — 1 and /, as shown in Fig. 5.18, 7

Legend
®—e—> Tip of arrow is the predicted pen position, based on previous two positions
® Calculated pen position

Fig. 5.18 First-order light-pen tracking prediction.

Cursor control from keyboard. A loéator can also be simulated by four keys on a |
keyboard which control cursor movements going up, down, left, and right. Some |
" keyboards have specially designated keys for this purpose. Holding a key down |
might cause rapid continuous motion of the cursor, while a quick key depression |
might cause only a unit move (a unit being no less than the unit of display resolus E
tion). Rapid positioning is facilitated by allowing the cursor’s speed to increase aj |
long as the key is down: when the key is released, the cursor should stop. '

Position type-in. We can always simulate a locator by typing the position or oriens
tation coordinates on a keyboard. This obviously works, but the user is forced into g |
very analytic approach in which desired visual results must be translated into nums- |
bers. Also, the immediate feedback of smooth dynamic position or rotation is |
replaced by long interaction cycles, each ending with a static display presentation, {
With a storage display lacking local refresh, this is the best one can expect. Otherwise, |
this method is very painful unless the coordinates are already precisely specified.

5.3.2 Pick Device Simulations

Cursor pick. Picks are most commonly simulated with a physical locator—tablet,
mouse, etc.—with which the user moves the screen cursor to the object of interest ,
and then pushes a button. The graphics package then searches through the (pseudo)
display file for the segment closest to the cursor position. This technique is especially |
attractive if one of the several buttons on the mouse or tablet cursor is used to trigger §
the search: each button can have a different meaning, such as select, delete, move,
rotate, etc. Of course too many buttons can become confusing, in which case the ]
locator can also be used for menu selection.
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’ The search process can be done in several ways, one of which was discussed in
 Chapter 4. Another is to extend the graphics package correlation table to include the
screen extent of each segment. This screen extent is just an upright rectangle sur-
rounding the image of a segment, and thus can be defined by (Xmin> Xmax> Ymin> Ymax)-
In the rest of this section we refer to it simply as an extent. Use of the correlation
table is simple: given the simulated pick device position (Xp, Yp)s search the table for
all segments such that:

Xmin < xp < Xmax and Ymin < yp < Ymax-

I only one segment satisfies the conditions, we are done. Otherwise, further pro-

 cessing is needed. Figure 5.19 shows why several segments might satisfy the test con-

| ditions. There are of course many cases when segments will not overlap, such as with
light button symbols in a menu.

Fig. 5.19 Overlapping extents for the chair and desk symbols.

If the extents of several segments do overlap, what then? The next step is to
i consider the individual output primitives that make up each of the segments whose
L extents overlap. This will generally be a small fraction of all segments. The notion of
| extents can again be used, this time for individual primitives. Consider the point at
L (x, ) in Fig. 5.20. The extent is defined bY Xmin = ¥p ~ d, Xmax = ¥pt d,
L Yiin = Vp d, and Ymax =Yp + d. This extent could also be stored in a correlation
t table or could be computed each time it is needed by reinterpreting the DPU pro-
gram. The tolerance factor d is chosen to allow for some reasonable amount of inac-
i curacy in positioning the cursor. The greater d, the less precise the user need be, but
| the greater the possibility that several points might be within range of the simulated
pick device.

——IE AR L

-
|
l
l |

— — L —
xp—d. Vp d)

oe—tix,, vy

Fig. 5.20 Point extent.
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For the line from (x1, y1) to (x2, y2) shown in Fig. 5.21, the extent is defined by ‘

Xmin = min(x/, x2) — d, Xmax = max(xl, x2) + d,
Ymin = min(yl’ y2) — 6\1: Ymax = max(yl, y2) + d.

If the application program needs to know whether an endpoint of the line or the line }
itself is being picked, it is simple enough first to compare the simulated pick device’s .
position to the extents surrounding the points (x/, yI) and (x2, y2). Only if the |
endpoint comparison fails is the line comparison made.

Fig. 5.21 Line extent.

This second screening, which compares the extent of each primitive to (x,, yp),
can also fail if there are overlapping primitive extents (Fig. 5.22). When this is the
case, the final step is to determine more precisely which of the primitives is closest to
the simulated pick device. For a point (x,») this is simple: f

D* = (x, — x* + (¥, — Y n (5-4)

Since only comparisons of relative distances are of interest (to find which of the ses
lected points is actually closest to (x, y)), taking the square root of this equation ig;
unnecessary: squared distances can be compared to find a minimum just as well al
the distances themselves. v

/\

/
[

Fig. 5.22 Overlapping extents for three lines, each in separate segments.
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Calculating the shortest distance from a line to a point P takes several multipli-
cations and divisions. It is equivalent to first finding the point P’ on the line which is
nearest P, and then finding the distance between P and P’. One approximation is to
use the minimum of the horizontal and vertical distances from the locator position
to the line; this is easier to compute, but can be incorrect by v/2. Forming the sum of
squares to calculate D? can itself be time-consuming, particularly if done on a com-
puter which lacks multiplication hardware. An excellent approximation [PIZE75] to
D (not D?) is given by:

|xp _xl + |yp _yl + Z*max(lxp —Xl, [yp “yl)

3 (5.5)

Its average error is only about 3.5%, and its maximum error is only slightly greater
than 5% —quite acceptable for the approximation’s intended use. Because only
comparisons between distances will be made, the division by 3 need not be per-
formed. Thus the calculation of this approximation can be faster than that of D?.

Whatever method is used, we compute distances from each output primitive to
the simulated pick position. The first primitive found to be within d of the position
is reported as having been picked. If no such primitive is found, no pick is reported.

This three-step screening process avoids detailed examination of most segments
and output primitives which are far from the simulated pick’s position by first exam-
ining segment extents, then primitive extents, and finally actual distances. Another
approach, simpler to implement but slower in execution, examines each output
primitive. The basic idea is to clip each output primitive against a small pick
window, measuring 2d on a side. The first output primitive which passes through the
pick window is ‘‘detected.”” DPUs with hardware windowing can use this approach
to great advantage. As discussed in Chapter 9, extents can also be used to speed up
the clipping process, by determining whether the extent and pick window overlap.
Garrett reviews several of these methods in detail [GARRS80a].

Many physical devices can be used to move a screen cursor to a desired target
either in order to simulate a pick or as a locator. Which one is best? In a 1978 exper-
iment, Card, English, and Burr found that a mouse is faster than an isometric
joystick or cursor control keys in selecting characters and character groups from a
full-page display [CARD78]. They also showed that the time to move the cursor cor-
responds to Fitts’ law, which predicts that the time is proportional to the log of the
ratio of the distance moved to the size of the target. The (not surprising) implication
of this finding is that pick targets, be they light buttons or symbols, should be made
as large as possible.

In a 1967 experiment by English, Engelbart, and Berman, the mouse was also
found superior to a light pen and joystick [ENGL67]. In 1975 Goodwin found the
lightpen superior to cursor control keys on a keyboard [GOOD75]. Mehr and Mehr
found the trackball superior to joysticks with and without spring return and to iso-
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metric joysticks [MEHR72]. While one must be careful in generalizing experimental
results, the mouse certainly ranks high and the joystick low, over the range of
devices studied.

Name type-in. Yet another way to simulate a pick is to assign and display names
with each segment or other logical grouping of output primitives. The user then
types in the name of interest. This technique is found in several commercial drafting ‘
systems; however, it is slower than the cursor pick simulation and is susceptible to
typing errors. Ease of use is enhanced if the names are assigned by the user, sO that
they are natural to the application rather than contrived.

Successive intensification. Three buttons can simulate a pick. In this technique, |
each pickable entity is successively increased in intensity for a short period. When ]
the entity to be picked brightens, the user activates one button. However, in the brief |
moment between the entity’s brightening and the button activation, several subse- |
quent entities are likely to have brightened, so the second button is depressed to
reverse the brightening sequence, on¢ step at a time. When the correct entity is again |
brightened, the third button is depressed to make the pick. This simulation has been
applied successfully to pick a single molecular bond from several thousand on the :
screen—a case where the proximity of individual bonds precludes use of any other |
method. It is also appropriate with stereoscopic three-dimensional displays, as dis-
cussed in Chapter 14 [ORTO71].

5.3.3 Valuator Simulations

In graphics applications, the user must often enter numeric values which are unre-
lated to world coordinates. A resistor’s value, Young’s modulus for a beam, and a |
shock absorber’s damping factor are all examples.

Locator axis. A single axis of a joystick, tablet, or other locator device can simu- |
late a low-resolution valuator. Thornton has shown how to use a tablet to simulate a |
valuator of essentially infinite range [THORT79].

Value type-in. A value can be directly entered from a keyboard, possibly in scien- |
tific notation for very large or very small values. ‘

Dial interaction. One of the variety of dials and scales illustrated in Fig. 5.23 can }
be displayed. A pick, perhaps simulated with a locator, is then used to manipulate |
the dial in various ways, such as dragging the pointer to a new position or picking a
new tickmark on a scale. The utility of ‘any of these valuators is often enhanced by
echoing in numeric form whatever value is currently indicated. All such gauges oI |
dials should be laid out in a natural way: we normally associate left-to-right, bot- '
tom-to-top, or clockwise movement with increasing values, and the opposite direc- |
tions with decreasing values. ]
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S

Fig. 5.23 Dials and scales.

.3.4 Keyboard Simulations

Pattern recognition. Character recognizers -have been ~used with ‘interactive
graphics since the early 1960s [BROW64, TEIT64]. Program and data typically
foccupy less than four Kbytes: several commercial microprocessor-based implemen-

tations exist. A simplified adaptation of Teitelman’s recognizer [TEIT64], devel-
loped by Ledeen, is described in [NEWM79]. Recognition is done by comparing chr-
Icteristic features (slopes, points of inflection, quadrants crossed, etc.) of characters
drawn with a locator against a stored dictionary of each character’s features. The
Fecognizers can be trained to recognize different styles of block printing: the para-
Icters of each feature are calculated from sample characters drawn by the user.
 The rate at which we print is relatively slow compared to typing or writing in
Joript—it is difficult to block print more than two or three characters a second (try
t!), so recognition would not be appropriate for massive input of text. We can write
cript faster than we can print, but there are as yet no simple algorithms to recognize
pontinuous script.

Keyboard menu. A menu of characters can be displayed and selected with a pick
’evice. This technique is slow and can be considered only for very short character
Bequences or for operators who are known to be poor typists. The menu need not be
Pn the screen: a keyboard can be printed on a tablet, and the tablet stylus can then be

fised to point at sequences of characters. This latter technique can also be used for
mmands, given that they change infrequently.

P.3.5 Button Simulations

attern recognizers. A powerful application of a locator is to recoghize certain
Inovement patterns as button activations, as illustrated in Fig. 5.24 for a queueing
Bnalysis system [IRANT71]: the eight different motions are easily recognized by a
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Fig. 5.24 Motions recognized as commands.

simple algorithm. Some of the meanings in this example are specialized to queueing |
networks, while others are quite general. A design drafting system made by Appli- |
con recognizes several dozen such motions. The technique is especially attractive
because the motion is normally performed on top of the object to be operated upon |
or at the position where something is to be placed, so that several parts of a complete |
command are input to the system at once. There are commercially available intelli- |
gent tablets with built-in microprocessors to recognize patterns and characters.

Menus. The menu, used in Chapter 2, is a common button simulation. The com- ]
mand menu contains character strings, while the furniture menu uses icons, or sym- |
bols, representing the various pieces of furniture. Command menus can use icons
too: a straight arrow can indicate translation, a curved arrow can indicate rotation, §
a red paintbrush can mean MAKE IT RED. i
Menus are a very important interaction technique, because memorization of
command names or options is replaced by recognition. Icons are appropriate if they |
can be recognized more quickly than equivalent text. For example, the Xerox Star
office automation workstation uses symbolic representations of in and out baskets,
printers, file folders, and documents. To print a report, the user simply selects the } [
icon for the report and moves it on top of the printer icon [SEYB81]. ] 1
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v Menus can contain many selections. In the limit, the entire screen may be taken
{0 show the menu (Fig. 5.25). This has devastating effects on visual continuity and
. maintenance of a sense of ‘‘place’” in the interaction dialogue, because the visual
E context is lost each time the menu is shown. An abbreviated, terser menu (Fig. 5.26)
1 Is generally preferable, although the entries can be harder to understand. A static
l menu is always displayed in the same position on the screen and may or may not ap-
 pear at all times. A dynamic (pop-up) menu appears on the screen at different loca-
 tlons, typically wherever the screen cursor (controlled by a tablet or other locator)
 happens to be. The presumption is that the operator’s eyes will be on the screen cur-
L jor, so the dynamic menu is displayed there to minimize hand and eye movements.
i Dynamic menus are easily implemented with raster displays: the menu replaces
& rectangular part of the displayed image. With a vector display, the menu may be
L on top of the image, causing confusion. There are conflicting reports on the advan-
 tages of static versus dynamic menus: static menus allow use of ‘‘muscle memory”’
to position the pen or tablet and don’t cause drastic changes to the display, while dy-
Enamic menus usually are displayed where the operator is looking, and thus visual
L search is minimized.
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Fig. 5.25 Full-screen menu (Foley and Wallace, Proc.IEEE, Vol.
62, No. 4,,1974).
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Fig. 5.26 Abbreviated menu (Foley and Wal-
lace, Proc. |EEE, Vol. 62, No. 4, 1974).
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Command type-in. Command names can be typed on a keyboard. A shorthand, |
useful both for poor typists and to minimize input, is used to display the commands
with numbers: only the number is typed. Abbreviations can be used: they should be
easy to remember, and preferably be of uniform length. The simplest rule for form- |
ing abbreviations is ““fixed length,” with ‘‘shortest unambiguous”'abbreviations i
also being accepted.

5.4 INTERACTION TECHNIQUES

Interaction techniques are higher-level functions implemented through the basic
devices and device simulations we have already discussed. These techniques, which |
are general, application-independent ways of interacting with a computer, are rou-
tinely used in many graphics application programs. The devices, device simulations, |
and interaction techniques are the basic building blocks from which complete inter- ]
active dialogues are designed.

5.4.1 Construction Techniques

We think of picture construction as the process of creating (or modifying) a model
of an object whose image we are viewing. Common operations in this process are
defining points and lines, and moving, rotating, or scaling objects. We manipulate
the object by indirectly manipulating its physical appearance on the screen. Drag-}




> comman
ey should

le for for:
bbreviatio

S process
e manipul

creen. Drqg

8.4 Interaction Techniques 209
gihg, a technique of dynamically moving an object around with a locator, was used

Hn Chapter 2 to position furniture symbols. The locator is read frequently, prefer-
ably each refresh cycle, and its position is used to reposition the displayed object.

EWith a vector display, the repositioning is effected relatively easily by manipulating
fthe DPU program. The task is not quite so easy with a raster display, but can be
done in a way discussed in Chapter 12. Dragging an image stored on a direct-view
storage tube is impossible without using write-through mode and a refresh buffer, as
found in the Tektronix 4054.

An extension of dragging is dynamic scaling and rotation of objects to a desired

size and orientation. In 2D this requires that two valuators be continually read and
 their values used to control size and angle. Of course, if horizontal and vertical size
Lare to be controlled simultaneously, or if a model of a 3D object is being developed,
 more valuators will be needed. The application of image transformations to clipped
 primitives is discussed in Chapter 8, while geometric transformations of world coor-
 dinate objects are discussed in Chapter 7.

Because the orientation of some complex 3D objects is difficult to perceive in a

'2D projection, a gnomon may be used to show the orientation of the principal axes,
Las in Fig. 5.27. The gnomon helps facilitate-3D rotation tasks.

Lines are often constructed by rubberbanding. With the push of a button, the

| starting point of a line is read from a locator and a line is drawn from this starting
| point to wherever the screen cursor is positioned by the locator. As the cursor
E moves, so moves the line endpoint. Another push of a button or even better, release
of the button depressed to start rubberbanding, and the locator is no longer coupled
 to the endpoint. Tablets which use a stylus with a tip switch work especially well
f here, as the starting and ending button pushes can come from the stylus itself. Figure
5,28 illustrates a rubberband sequence. )

TN NG ———————

u
MALTING FOR COMMAND

Fig. 5.27 Gnomon (lower right) helps show orientation of molecule
(picture taken on Wright’s GRIP system [WRIG72]).
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It

Line after
additional cursor
movements

Line drawn from
starting position to
new cursor position

\

+

Cursor no
longer controls
line

Fig. 5.28 Rubberband line drawing.

Constraints can be applied to the line resulting from rubberbanding. Figure |
5.29 shows a sequence of lines drawn by using the same cursor positions as in Fig. |
5.28 but with a horizontal constraint in effect. A vertical line, or a line at some other
orientation, can also be drawn in this way, as can part of a circle, ellipse, or any '
other curve: the curve is initialized at some position, then cursor movements control
how much of the curve is displayed. In general, the locator position is used as input §
to a constraint function which forces the appropriate feedback to be generated.

+ —
+

Line drawn from
starting position to
new cursor position

Depress button,
rubberbanding begins
at cursor position

+

Cursor no longer
controls line

Depress button,
rubberbanding
ends

Fig. 5.29 Horizontally constrained rubberband line drawing.
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Another form of constraint, applied not only in rubberbanding, is gridding. All

t endpoints of lines, etc., are constrained to fall on a grid of points (sometimes dis-
. played as lines or dots). Gridding helps generate drawings with a neat appearance.
i To enforce gridding, the application program simply rounds locator coordinates to
the nearest grid point. Gridding usually is applied in world coordinates. Thus the

spacing of grid lines displayed on the view surface will depend on the window-to-
I viewport mapping. While grids are often regular and span the entire display, irregu-
| lar grids, different grids in different areas, and rotated grids are all useful in creating
| figures and illustrations [FEIN81].

When constructing drawings, one frequently wants a new line to begin at the

L endpoint of or on an existing line. Positioning a cursor at such an exact point can be
L difficult unless gridding is in use. The difficulty is avoided by placing a programmed
- gravity field around each existing line, so that the cursor is attracted to the line as
 soon as it enters the gravity field. Figure 5.30 shows a line with a gravity field. The
E field is larger around the line’s endpoints, so that matching of endpoints is especially
| easy. As with light-pen picking, a cluttered display makes the use of this technique
 difficult. A gravity field can be implemented through an approach similar to that
E described for simulating a pick with a locator. The tolerance factor is simply made
 larger for endpoints than for lines. ‘

Fig. 5.30 Line surrounded by gravity field.

It is sometimes necessary to trace or draw freehand a curve or contour. Sketch-

| Ing is a technique in which a trail of lines is ‘‘sketched’’ along the path of a cursor, as
;though one were drawing a line with a pencil. In discrete sketching, the user pushes a
| button each time one line is to end and the next is to start, as in Fig. 5.31. This allows
 apecific points to be connected by straight lines. If smooth curves are desired, then

+ ‘/-}r ( —t /\

Push button to begin Line rubberbands Push button to Push button
discrete sketching to cursor fix line to fix again, etc.

Fig. 5.31 Discrete sketching.
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continuous sketching is used. With this technique, no explicit user action is required
to terminate one line and start another: a series of short lines approximating a
smooth curve is displayed along the path of the cursor, as in Fig. 5.32. More short
lines are used where the radius of curvature is small, to give a smoother appearance.

O

Push button to begin Push button
continuous sketching to end

Fig. 5.32 Continuous sketching.

Dragging dynamically moves a selected symbol from one position to another,
under control of a locator, as in Fig. 5.33. A button is typically pushed to start the |
dragging (in some cases it may be possible to have the button push also do the select-
ing), and then either another button push or a release of the button freezes the sym- |
bol in place, so that further movements of the locator have no effect on the symbol, |

| E E

Push button to begin Several intermediate Push button to Cursor no longer
dragging of symbol positions of symbol stop dragging controls symbol
position

Fig. 5.33 Dragging a symbol into positipn.

All of these construction techniques make heavy use of immediate dynamig|
feedback, which can be provided only if the computer can give rapid and regular sets)
vice or if the DPU has sufficient computation capability to provide the feedback o ,
its own (see Chapter 10). This can easily be done with a small personal computer
but is often difficult with a timeshared computer. In the absence of dynamic feeds
back, slower and more cumbersome interaction techniques are used. For instancey
rubberbanding is replaced by the capability to specify the line’s endpoints, see th
line drawn, and then respecify one or both of the endpoints if the line is unsatisfags
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L tory. Respecifying can continue until the results are satisfactory. In essence, the
| dynamic feedback of rubberbanding is replaced by a much slower and less satisfac-
| tory static feedback. Consequently, the user either takes longer to complete con-
- struction tasks or produces less satisfactory results.

5.4.2 Command Techniques

L We saw, in Chapter 2, the use of menus and programmed function keyboards for
command entry. Many real-world applications have dozens and even hundreds of
l different commands—many more than can be displayed in a menu or assigned to the
L 16 or 32 buttons on a PFK. This plethora of commands can be dealt with by group-
ing them into different phases, or modes. Each phase contains a group of logically
l related commands, or subphases, which are further groupings of commands.

§ If a PFK is used for command entry, then the commands for each phase can be
| associated with a separate overlay. Designing phases which are made up of logically
E related commands should help minimize the frequency with which overlays need to
| be changed. If the application has a small nucleus of often-used commands, they
i should be made available in each phase and should be invoked by the same key on
L each overlay. Naturally, the name of the current phase or subphase should be promi-
L nently displayed, so that the operator can easily remember the context in which com-
| mands will be performed. The method of changing from one mode to another needs
i to be simple and obvious.

; If a menu is used for command entry, then the ‘‘main’’ or highest-level menu
 will be used to select a phase. Then a second menu, with all commands in the se-
 lected phase, is shown. Several levels of phases and subphases can be used if needed:
L in some application programs there are as many as four or five levels in the com-
| mand hierarchy (tree) defined by the phases. This means that four or five successive
| menu selections must be made in order to actually specify a command. Hierarchical
L menu selection can be slow and tedious for experienced users if successive menus are
L not displayed nearly instantaneously. One possible alternative is to allow any com-
| mand name to be typed at the keyboard, whether or not it is in the currently dis-
| played menu: now new users can pick from a menu while experienced ones can use
the keyboard-oriented method. Powerful personal computers ¢an display menus
quickly, so the keyboard alternative is less attractive unless the user’s hands are
| already on the keyboard.

6.4.3 Picking Techniques

| An important part of many graphics interaction sequences is selecting the displayed
| object to be operated upon. Often, picks are used with a hierarchical object struc-
: ture, allowing the user to pick a basic object (like a house window), a collection of
- basic objects (a house made up of several windows, walls, and a roof), or perhaps a
 collection of collections (several houses).
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A pick device has no inherent notion of hierarchy, yet the user’s intent must
somehow be made known to the application program. One way to achieve this goal
is to design the interaction commands so that the level of object to be operated on
can be inferred without explicit operator action. For example, in a phase having to
do with placing houses in a subdivision, the entire house would be designated, while
in a phase for designing individual houses, the house components would be selected.

If the intent is not implicit, then the command language must provide the user
with explicit means for conveying his purpose. Commands like MOVE WINDOW
and MOVE HOUSE illustrate such means. On the other hand, if the hierarchical
level at which the user operates changes relatively infrequently, it is more convenient
to have a separate command which sets the level at which all ensuing picks will be |
made. The user respecifies the level whenever necessary.

Another approach is required if the number of hierarchical levels of objects is
unknown to the system designer and is potentially large (as in a drafting system
where templates can be defined to contain both other templates and basic objects
like lines, points, and arcs). Two user commands are required: TRAVEL UP THE
HIERARCHY and COME BACK DOWN. When the user picks something, the sys-
tem highlights the lowest-level object seen. If this is what the user wants to pick, he
can proceed. If not, he issues the first of the two commands: TRAVEL UP THE
HIERARCHY. The entire first-level object (the house, say) of which the detected
object is a part is highlighted. If this is not what the user wants, he travels up again
and still more of the picture is highlighted. If he should accidentally travel too far up }
the hierarchy, he reverses direction with the COME BACK DOWN command.

In some text editors, there is a hierarchy of character-word-sentence-para-
graph. Using the Xerox Star text editor, one selects a character by positioning the |
screen cursor on the character and pushing the “‘select’’ button (one of two) on the
mouse. To choose the word, the user simply pushes ‘‘select’’ again. Further moves
up the hierarchy are accomplished by further pushes.

EXERCISES

5.1 Solve Egs. (5.1) for x, y, and z.

5.2 Solve three equations from (5.2) for x, y, and z.

5.3 Solve three equations from (5.3) for x, y, and z.

5.4 Develop an algorithm that uses all four of the Egs. (5.2) to calculate the ‘‘best guess'
position (x, y, z) of the light source. Start by solving all four combinations of three equations,
This will give four different solutions for (x, y, z). If all fourare ‘‘close,’’ an average is a goog
estimate. What if the solutions differ considerably?

5.5 Can a light pen be used with a direct-view storage tube? Why or why not?

5.6 How can a light pen be used as a pick device with a raster display? :
5.7 Write a pen-tracking algorithm to do (a) tracking with spiral search if tracking is lost OF
(b) first- and second-order prediction.
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Implement a simple feature-comparison character recognizer.
Simulate a light-pen pick with the locator and experiment with x-y correlation tech-
es.
Write a procedure to find the extent of a series of lines and points, allowing a tolerance
! d around the outside.
11 Show that if we approximate distances from a point to a line by the minimum of the
rizontal and vertical distances, the worst-case approximation is wrong by a factor of v/2.
512 Describe at a high level techniques for simulating any logical device with a device from
Y other logical device class. Repeat this exercise, assuming the availability of a single physi-
| device (keyboard, light pen, tablet). Devise reasonable protocols for the user to tell the sys-
m how the physical device is currently being used—as a pick, locator, etc. (This is necessary
BBcause some graphics packages allow the user to perform any one of several different actions
pnstituting a complete command specification in any sequence: If a pick and button are both
Bquired, either may be done first.) -
, 3 Write a continuous sketching subroutine which reads a locator and displays short line
Bgments to approximate the path followed by-the locator. A parameter to the subroutine is
i, the smallest angle which two successive line segments are permitted to make. That is, a suf-
lent number of short lines is used so that the constraint on angles is met without using more
n are needed. Think of the subroutine as a filter: many points are read, and in general only
lome of the points become endpoints of lines.
.14 Review and critique several experiments with interaction devices [ENGL67, GOOD75,

EARD78]. Conduct a similar experiment with devices available to you.






