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"13. ABSTRACY
HThis paper reports on the design of a program visualization (PV)
environment, intended to provide lifecycle support for software developmept.
The PV environment will capitalize on recent progress in the graphical
representation of information and low-cost color graphics, to provide
designers and programmers with both static and dynamic (animated)views

of systems. The aim is to support maintainers of large (10**6 lines of
code), complex software systems. The PV system will, in effect, “open
the side of the machine* to permit users to look inside and watch their L
programs run. In this paper, we survey categories of program illustratiohs
and then present and motivate the design philosophy that we are pursuing
for the PV environment.
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1. MAJOR TECHNICAL RESULTS

In late spring of 1981 we wrote a paper outlining our
goals for the Program Visualization (PV) System and the
approach we are taking to meet these goals. This paper,
"An Integrated Environment for Program Visualization®, was
delivered at the the IFIP WG 8.1 Working Conference on
Automated Tools for Information Systems Design and
Development, New Orleans, 26-28 January, 1982. The paper,
& copy of which 1is enclosed with this report, was pudb-
lished in Schneider and Wasserman (eds.), Automated Tools
for Ingornation Systems Design, North-Holland Publishing
Co., 1982.

The bulk of 1981 was aspent designing the Program
Visualization (PV) System and identifying certain key
classes of images that the system should support. Partic-
ular attention was paid to the design of dynamic images to
illustrate programs as they run.

This phase of the project culminated in a videotape
produced in December 1981, The tape was edited into a
more concise version in January 1982, and narration was
added, Graphics for the tape were developed using the
Paint and Animation subsystems of the Spatial Data Manage-
ment System. The animated images on the tape were mock-
ups in the sense that they were not yet driven by underly-
ing software. The tape shows animated graphic depictions
of control flow and data updates. An important feature of
the images that were designed for PV is that they present
a selection of levels of detail, giving the programmer a
choice of either an overview or more detailed views of the
system he or she is building.

A copy of the 1982 Program Visualization videotape is
enclosed with this report.

Spring 1982, the final portion of the time period
covered by this report, was spent doing system design and
pla?nggg for the implementation effort that began in May
of 1982. _
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2. TECHNOLOGICAL SIGNIFICANCE

We expect on-line, interactive graphics to have a
profound impact on software development, analogous to the
way that word processors have affected the production of
text. With respect to static graphics, the multi-
dimensional graphic information structure that we are
developing for PV will allow the programmer to move easily
between pieces of related information (e.g. requirements
and system structure). With respect to dynamic graphics,
PV's animated views of program execution can help program-
mers achieve a deeper and more accurate understanding of
the behavior of their programs.
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* 3. PRESENTATIONS AND PUBLICATIONS

December 1981

& Christopher Herot, Mark Friedell, and Diane
o Smith took part in a DARPA conference organized by

. Craig Fields of the System Sciences Division. Copies
of the presentations were compiled in "DARPA Confer=-
ence on Computer Software Graphics, Key West Florida,
Dec. 13-15 1981."

January 19682

Christopher Herot and Gretchen Brown took part
in the IFIP WG 8.1 Working Conference on Automated
Tools for Information Systems Design and Development,
New Orleans, 26-28 January, 1982. The paper
presented at this conference, "An Integrated Environ-
ment for Program Visualization®, appeared in
Schneider and Wasserman (eds.), Automated Tools for
Information Systems Design, North-Holland Publishing 3
Co., 1982. 1

H
F February 1982 :

Christopher Herot gave a presentation on PV at a
mgeting of the Northeastern ACM Chapter on February
18.
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AN INTEGRATED ENVIROMMENT FPOR PROGRAM VISUALISATION®

Christopher F. Berot, Gretchen P. Brown
Richard T. Carling, Mark Friedell
David Kzamlich, Ronald M. Bascker**

Computer Corporation of America
575 Technology Square
Cambridge, Rassachusetts, USA

This paper reports on the design of a program visualizstion
(V) environment, intended to provide lifecycle support for
softvare development. The PV environment will capitalize on
recent progress in the graphical representation of information
and low-cost color graphics, to provide designers and program-
mers with both static and dynamic (animated) views of systeas.
The aim is to support maintainers of large (10**6 lines of
code), complex software systems. The PV system will, in
effect, “open the side of the machine” to permit users to look
inside and watch their programs run, In this paper, we survey
categories of program illustrations and then present and
motivate the design philosophy that we are pursuing for the PV
environment.

1. IWNTRODUCTION

Graphical zepresentations have demonstrated their utility in a wide
vatiety of design and implementation activities as a means of illus-
trating complex relationships smong components of systeams. It would
be inconceivable to build & ship, airplane, factory, or piece of
electronic equipment without the use of diagrams. These illustra-
tions can capture essential features while suppressing extraneocus
detail, and they can often be understood more readily than ordinary
text. While such illustrations £ind widespread use in cosputer pro~
gramming, they are almost always manually generated, making produc-
tion and tevision lsborious.

* This reseasch was supported by the Defense Advanced Research Pro-
ject Agency of the Departaent of Defense and was monitored by the
Office of Raval Research under Contract No. W00014-80-C-0683. The
views and conclusions contained in this document ate those of the
authors and should not be interpreted as necessarily representing
the official policies, either expressed or implied, of the Defense
Department, the Office of Waval Research, or the U.S. Government.

¢ R.N. Beecker also with Buman Computing Resources Corp., Toromto.
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; One result of manual graphics generation is that disgrams have

-k tendency to become obsolete as the software they describe is imple-

“ sented and changed. A second result is that the full variety and

utility of graphical images remains unexploited. Thitd, the lack of

! tools for creating animated images restricts the ability to illus-

) tzate an essentially dynamic process such as a computer prograam.
This is not to say that automated graphical crepresentations have R
been totally neglected. There has been some success in automating
production of static representations of programs (e.g9.., [0,16,18]),
The idea of using computer-generated images to visualize the
dynamic behavior of programs was developed in the earliest days of
computer graphics (110,20,34]1), and dynamic visualisations have
received continued attention (e.g., 13,4,6,9,15,21,22,40)). Only
recently, however, have bardvare and software advances been made
vhich would allow automated production of both static and dynamic
illustrations to become cost-effective for a broad range of applica~

3 tions. 1In addition, significant research remains to be done before

- | diverse graphical tepresentations can be successfully integrated

) within a single environment.

The Computer Corporation of Amecrica is in the first year of a thtee X
year effort to design and ismplement a program visualiszation (PV) .
system. The verd yisualize means "to see Or form a mental image
of", We want to aid programmers in the formation of clear and
correct mental images of the structuze and function of programs.
Program visualization bhas great promise for all stages of the
softwvare lifecycle. Our research will focus on illustrating the
dynamic behavior of programs, vhich we expect to be of most use in
testing, debugging, maintenance, and training. We want the PV sys-
tem to, in effect, “"open the side of the machine” so that the user
can form an accurate model of the program.

A s R e S

The PV system vwill provide an integrated graphics environment, capi-
talizing on crecent progress in the graphical representation of
informstion and low-cost color graphics. The aim is to support
builders and maintainers of large (10§ lines of code), complex
softvacre systems. (Ve acze excluding, however, zeadl time aystems.)
This tool is targeted primarily for use with programs writtea in Ada
{1}, the proposed standard DoD language.

e pam o cen ot e

The system which is envisioned will provide individuals who must
build and maintain a complex softwvare systes with access to & .
variety of graphical cepresentations. These will include static
descriptions, such as module hierarchies and requirements specifica-
tions, and dynamic illustzatioms, such as procedure activations and
storage allocations., It will be possible to display several dif- '
ferent representations of the same portion of & system (or the same iR
tepresentation of severzal different portions) sisultanecusly through 4
the use of multiple screens or mnltiple viewportse ea ome screen. T
Since we are toeum on the dynamic bebavior of programs, we will 3
make extensive use of computer animation. ‘ 3

PO




PROGRAM VISUALIZATION 2

This paper is intended to initiate a debate concerning the charac-
teristics of a good graphics environment for software production.
Section 2 surveys a number of categories of information that merit
graphical presentation. The number and variety of these categories
suggests that fuller exploitation of graphics can profoundly influ-
ence software production, Jjust as text editing facilities bave
changed the way that papers are written. The challenge that ve see
is to encompass the volume and diversity of this information within
a coherent conceptual framework., Section 3 expounds a desiga philo-
sophy for PV, We address there three significant problems:
integrating the categories of illustrations identified in Section 2,
enhancing graphical facilities, and instrumenting the program.
Isplenentation plans for the PV gystem are discussed in Section 4,
with a summary in Section 5.

2. CATEGORIES OF VISUALIZATIONS

It is our claim that although graphics has long been a tool in pro-
gzam development and documentation, the full power of graphics has
yet to be acknowledged or exploited. This section 1lists ten
categories of program illustrations that, together, can be of use
throughout the softvare lifecycle. These categoties were one result
of a six month study conducted to provide a conceptual framework for
program visualization., Some categories of illustrations have
already been well explored with cespect to programs, and the W
environment will drawv on this work directly. Other categories have
been less thoroughly explored, and suggestions for new directions
are included here. The ten categories are:

1. System requirements diagrams

2. Program function diagrams

3. Program structure diagrams

4. Communication protocol diagrams

$. Composed and typeset program text

6. Program comments and commentaries

7. Disgzams of flow of control

8. Diagrams of structured dats

9. Disgzams of persistent data

10. Disgzams of the program in the host environment

Many of these categories can apply to either the program or its
specific activations. WNoreover, illustrations can be either Atatic
or dynamig. Static illustrations portray the program at some
instant of execution time, or they portray those aspects of a pro-
9zam which acre invariant over some interval. Dynamic {illustrations
portzay the progress of an executing program.

We shall nov look at each of the ten categories of illustration in
more detail.
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2.1 BSystem Requirements Diagrams

A computer program alvays exists as part of some larger system (not
necessarily a fully automated one). Therefore, PV tools Bust assist
in the portzayal of the function and structure of that system. The
tools should also aid in the specification of the constraints
isposed by the system on the program. .

One very powerful method of describing system structure is the IDEF

or SADT technigue, developed by BofTech [29). An IDEF model is a
graphical representation of & system in terms of its subsystems and ¢
in terms of the data and control flow that links them together. The
agthod deals with the hierarchic nature of most systems Quite natur~
ally, and it provides a methodology for organizing the bookkeeping
associated vith large complex system descriptions.

A complete requirements specification also contains constraints on
the program's design, constzaints such as execution speed, program
size, user interface style, implementation vehicle, implementation
cost, and the like., We are investigating whether there is any sig-
nificant role for graphics in describing these latter specifica-
tions,.

2.2 Program Punction Diagrams

*what does the program 407" is usually the first guestion that one J
asks about a program. PFor many types of programs, program function
can be vieved as a mapping from program input to program output.

We can talk about the relationship of program imput to output in two
very different ways: a stateaent of the progzram’s function in gen-
3 eral terms or an enumeration of a number of input-ocutput pairs. The
P former is s more powerful and useful description, but, because it is
an abstraction, it poses difficult problems for graphical represen-
E utlﬂl.

Graphical portrayal of sample bebaviors is & much more straightfor-
vard proposition. Thus one approach to the visualization of program
function is to provide a “cesedook” through which the user can
browse, 4inducing a wmodel of vbat the progzras is supposed to do by
seeing what it actually does on a carsfully selected set of sample
inputs. The choice o©of these sample inputs can have & significant
effect on the utility of this technique. Por example, in under-
stending a factogial function, isportant values and classes ate 0,
1, positive integers, negative integers, resls, and son-numerics.

2.3 Progran Structure Disgrams

®Sov is the progcam organized?® is often the second gquestion that
one asks about a program. Program structure has 8 well-developed
history of graphical notation. Relatively recent examples are the
SIPO (Rieracchy plus Input-Process-Output) technique 114,33}, which
integrates structure diagrams and function diagrams, and the compo~
site design structural notation (231.

i o R PR
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2.4 Communication Protocol Diagrams

Once it is known how a progzam is divided into its component parts,
it is useful to know hov those parts communicate. This is espe-
cially important when the program consists of many processes running
on one Or more processors. An illustration of the potential paths
for data flov between modules can be displayed ss part of another
diagram. Por instance, the program structure diagram can be over~
laid with lines shoving the dats paths between modules. By using
this technigue dynamically, the actual flow of data can be monitored
during execution. For example, the SDD-1 distributed data base sys~
tem [30] at CCA employs & color graphics terminal to show data
transfers betveen sites on the Arpanet as they occur. This monjtor-
ing technique has proven useful both as a demonstration and a debug-

- ging aid. Pigure 1 is s reproduction of a typical 8SDD-1 illustra-

tion, streamlined for the purposes of this paper. Exzcept where oth-
ervise noted, the figures in this paper are all handdrawn mockups.

2.5 Composed and Typeset Program Test

The central activity in the visualization of programs has alwvays
been the reading of program code. While alternative graphical tech~
nigques ste proposed here, there will still be cases vhere code nust
be examined. This task can be made significantly easier than it is
at present. Some trelevant typographic tools that can be applied to
the display of programs are:

1. The use of Lypographic hiszarchiss for distinguishing a
program's constituent elements that belong to various syntactic
or semantic categories. Typographic hierarchies are implemented
by the consistent and controlled use of a variety of type fonts,
type styles within a font (bold, condensed, italic, etc.), and
point sizes.

2. The use of a xich aymbo)l zepertoirs employing & wider range of
symbols and colors than are currently used. (Gutenberg had more
than 300 symbols in his type case.)

3. The use of compoaition and layout to facilitate the structured
perusal of a program’s constituent substructures. Layout con-
ventions include the use of indentation, bhorizontal paragraph-
ing, vertical paragraphing, pagination, footnotes, aatrginal
notes, and page headecrs., The use of computer graphics also per-
mits dynamic techniques such as colored highlighting over
selected or active portions of program text.

These techniques can be applied both to produce displays on high
resolution terminals and to produce hard copy on & desand basis.
Pigure 2 shows the application of some of these techniques to a sub-
goutine written in C.

-
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Pigure 1.
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A snapshot of a dynamic illustration of communication

in 8DD-1, a distributed data base system. Pour sites are shown.
Transaction modules (THs) send transactions
msodules (DiMs),

to data
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struct node *afilm,
{

int curmapl]. tviilt[]

ntx1, y1. x2. y2.

film = (struct filmdata *) afilm - > id;

if (film = = NULL) return FAIL;

framelink = film — > frame;

frame = (struct framedata *)
framelink — > id;

if (frame = = NULL) return FAIL;

x1 = film — > xfilm + frame - > dx;
y1 = film = > yfilm + frame — > dy;

if (frame — >len= =011 frame - >ht= =0)
{
x2 = x1 + film - > frame_len - 1;
y2 = y1 + film - > frame_ht - 1;

compute coordinates of frame window

(x1.,y1)

}
eise
{ (x2,y2)
X2 = x1 + frame - > len - 1;
y2 = y1 + frame —>ht - 1;
}
feedout call feedout to copy

(curmap, tvfilt, x1, y1, x2, y2);
show_frame (afilm);
return SUCCESS;

Pigure 2. Use of layout and typography for code and comments.
The subroutine sdms_copy is written in C. Typography is used to
emphasize important lines of the subroutine, and comments appear
on the right in blocks to indicate their scope.

TR U T memcem— e p———
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] 4.6 Program Comments and Commentaries

Program comments, often known as internal documentation, are analo-
gous to the footnotes and marginal notes of conventional literary
expression. Program commentaries, often known as externsl documen-
tation, sre analogous to prefaces, introductions, postscripts, and
critical expository analyses. Both comments and commentaries are an
important part of conventional programming discipline, yet they fall
far short of attaining their ultimate potential. How can they be
iaproved?

The greatest potential for improvement comes from an area for which
there is no technological fix, that is, the ability of programmers

and documentation specialists to write in Bnglish with clarity and
ﬁ tonsistency. An integrated graphics system can, however, provide

significant aid to the programmer in othe:r crespects. If a PV system
supplies a variety of graphical tepresentations to illustrate dif-
ferent facets of a program, then there will be such less need for
pure text comments and commentary. Comments and commentary will
tend to be limited to very general resmarks on the one hand, and to
very particular observations (e.g., noting exceptions and special
cases), on the other. Comments and commentary, 4in their reduced
tole, can also benefit from the typesetting and composition tech-
niques discussed above for program text. (See Pigure 2, for the use
of lines and spacing to delineate the scope of comments.) Finally,
completeness and consistency of comments and coamentatry can be sup-
: ported (although never, oOf course, assured) by the programming
| - environment.

2.7 Diagrams of Plov of Control

L *What happens when the program ezecutes?® is another important Ques-
tion about a program. “In what order do things happen?® is one
f subguestion, with diagrams of flow of control as a relatively fami-
i liar means of conveying the answer. (Another subgueation, apropos
of the effect of program execution on underlying data, is discussed
in Bection 2.8.)

. Flov charts, Massi-Shneidersan Disgrams [0,24], Softvare Diagram
i . Descriptions (18], GREERPRINTS [S), and others are & beginning, but

e they portzay only the static structure, not the sctusl flow of con-

trol during program esecution. Some formalisms alresdy provide a .

means to indicate flov of control (e.g., the tokens in Petri nets

(26)). It is only a short distance to computer animations of flow

of control, with tokens, highlighting, and/or color changes used to

denote the current state of the execution. .

1 2.8 Diagrams of Structused Dats

i *What happens when the program executes?® can also be answered in
F'» terss of the 4ata base upon which the program is operating. This

data base includes the program input at the initiation of execution
p and the program output st the terminstion of execution. The data
1 base also includes the variables that ste the raison d'stre of a

[ .A...{“—:..m.;»u‘ .
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program, such as the data being sorted by a quicksort, and the vari- i
ables that are incidental to the program's function, that is, the
artifacts of a particular piece 0f code or programming technique.
The msjor difficulty in representing this information results from
the size and complexity of the data bases of most interesting pro~ ;
grams. It is for this reason that we have spoken of "“diagrams of £
atxuctured data.® It is only through structuring the complexity
(either at the design stage or under interactive programmer control)
that we are sble to comprehend it and master it,

. An appropriate illustration of a program's data, updated dynamjcally t
during program execution, gives us the feeling of looking into the ’
sachine and seeing the program running. Baecker’'s pilot f£film on :
.sorting algorithms (3), and the work of Knowlton (20}, Hopgood (151, .
Myers [22), and others, have vividly demonstrated the power of this :
technique., Pigure 3 shows one possible layout for displaying a two

. dimensional arsray. The visualization of structured data appears to

; be one of the most tractable and powerful of the approaches we have

; presented.

2.9 Diagramns of Persistent Data

An important category of structured data is that wvhich rcemains in k
t the computezr systes after the program has cessed execution, as
occurs in a data base management systeam. B£ince this data is often
several ordets of magnitude lacgec than the memory capacity of the
computer, different technigues are required to visualize fit. ror- L
tunately, the dJdata base community has Jdeveloped & rich set of sym- !
bols which can serve as a starting point in visualizing persistent i
date (e¢.g., 12,32]1). In addition, the Spatisl Data Management Sys-
tem (BDMS) [11) developed at CCA has demonstrated the feasibility of
using grasphics to access persistent data. Pigure 4 shows layouts
: taken from an actusl BDNS interface to a data base Of information
] about ships.

2.10 Diagrams of the Progras in the Ngst Rnvironment

There is & collection of information about programs that is typi-
cally available in various forms from operating systess, but, just
as typically, the inforsation is presented in a rather dense and
detailed tabular fora. This information includes the files in which
prograw parts ace stoced, their size, age, and ovnership. For a pro-
1 gram osctivation, pesformance and tiwing information is important, ’

The type and percentage of gesources currently in use, priority : i
under which the program is running, and the average response time
L . for interactions ate all commonly of interast.

(VO

1 Nuch can be done to enhance the presentation of this information,
Percantages can be Gisplayed as pies, histograms, ete. Color coding
, can be used to point up similarities smong pieces of information or
f to highlight perticular propecties of fntetest. Pinally, the typo- ) 1
gzaphic bhierarchies discussed for progream text, comments, and com-
mentagies can play s role bere as well, .

—t et
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[ omy avas ti-100, 48
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i Index Value
| 98] 2 3

Value Distribution

i Pigure 3. Display of the contents of an array called AVALS,
Array is set in a window and values can be examined by pressing
arrows to scroll up or down.
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Pigure 4. Photos from BDMS showing categorization of ship
information by country (horizontal) and by ship type (vertical),
Detail photo corresponds to highlighterd portion of photo at top.
Shape of the ship indicates ship type, and text is identifica-
tion and command information taken from the data base. Addi-
tional information conveyed by color coding is visible as grey
scale in these pictures.
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3, A PV DESIGN PBILOSOPHY

The previous section enumerated a *shopping list® of ten categories
of graphical, and often dynamic, information about a program. It
should be clear from this list that graphics already plays a signi-
ficant role in the software lifecycle; it should also be clear that
the possibilities of graphics have only begun to be exploited. Much
work has been done in developing technigues for describing programs
at various levels, but comparatively little has been done to auto-
mate these technigues to give programmers a clear concept of the
dynamics of the program. This latter goal is the focus of our work.
The PV system will "open the side of the machine® and give the user
the feeling of looking in and seeing the program run. The primary
impact of such a focus is on the testing, debugging, maintenance,
and training phases of a program's lifecycle. We expect good
dynamic program illustrations to greatly enhance the programmer's
effectiveness in each of these areas.

Before we can "open the side of the machine®, there are a number of
problems that must be solved. We have chosen three of them to
explcre in depth. These are:

- Integrating information:
How can the ten categories of jllustrations and text be com-
bined meaningfully?

-- Enhancing graphics facilities:
How can we provide the PV user with very high level graphics
facilities?

=« Instrumenting programs:
How can programs be instrumented to permit access to the
relevant dynamic infcrmation without requiring extensive
programmer intervention?

Other research problems exist, but we feel that, given the current
state of knowledge, these three are the most immediate., In particu-
lar, a whole series of research problems can be classified under the
heading of program soundness: bow can the correctness of the design
and the code be guaranteed? While this is an important research
area, it is one that is already receiving a significant amount of
attention in a variety of contexts. Program verification is one
relatively well developed area, and promising work is also being
done in program understanding (e.g., [27,39)) and in the use of pro-
gram templates to avoid errors (e.g., [37)). The treatment of
information about a program as a data base has been coupled with
enforcement of standards (e.g., in CADES [25]) and decision support
(e.g., in the DREAM System {28]). This treatment also opens the way
for application of .ore general work on the semantic integrity of
data bases. While the PV system will include some checking, cross-
referencing, and decision support, insuring the soundness of the
information is not a current research focus.
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In this sectiocn, we precent and motivate a PV design approach that
addresses the three problems of integration of information, enhance-
ment of graphics facilities, and program instrumentation.

3.1 Integrating Information

We expect a large volume of diverse information to be involved in
the visualization of a program. This is true first because the PV
environment will support the production of large programs and,
second, because it will provide a variety of graphical representa-
tions. The challenge is to integrate the various techniques identi-
fied in Section 2 into a coherent whole.

The organization of program information ("program space®) that we
are currently exploring is the placement of visualizations in a
hierarchy of two-dimensional surfaces. The levels in this hierarchy
would match the structure of the program under investigation. As
one descended in the spatial hierarchy, one would view successively
more detailed representations, for instance viewing increasingly
lower-level modules. For each node in the hierarchy, the surface
would contain examples of some or all of the illustration categories
described in Section 2., (This includes dynamic illustrations, which
can be thought of as movies embedded in surfaces, runable under user
control.) A mechanism would also be available, most likely on a
separate screen, to provide a workspace for the PV user to accumu-
late views that are currently of interest.

Movement through the program space is illustrated in Figure 5, which
shows three displays related to the SDD-]1 communication visualiza-
tion from FPigure 1. The first two displays were formed by selecting
transaction modules (TMs) and data modules (DMs), as a PV user might
do in localizing a bug. The third display is formed by zooming to
another 1level of detail, to access a table of information about
transactions running at a particular TM,

While we are emphasizing the hierarchic organization of illustra-
tions because it is the dominant crganization, there will actually
be 2 network of links between the illustrations from different
categories, The complexity of this subordinate organization poses
two types of challenges: the implementation problem of handling mul-
tiple connections, and the knowledge representation problem of keep-
ing the information manageable for the user. Por the first, a sur-
face must permit an arbitrary number of ports, i.e. links to loca-
tions on other surfaces. For the second, clean organization is
important, and navigational aids must be provided for the PV user.

Our approach to these problems draws on experience with SDMS [11],
the Spatial Data Management System., SDMS was motivated by the needs
of a growing community of people who need access to information in a
data base management system but who are not trained in the use of
such systems. We briefly describe some of the aspects of SDMS that
are relevant to PV.
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Pigute $. Three successive vievs of SDD-1. Top, the same
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zesults ia a display of the transactions originating frea that
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In SDNB, information is expressed through color graphics, with dif-
ferent categories of structured data having associated icons, i.e.,
prototypical pictograms. Icons are generated semi-automstically
from the data base, according to a predefined set of rules. Infor-
mation cetrieved from the data base is presented in S8DMS in a mul-~
tidimensional framevork, oo that the user can "soom®" through ports
on the data surface to see more detail or tc see alternative views
of the data. The SDNS workstation includes three screens, & joys-
tick for panning and zooming, touch sensitive screens to permit the
user to select icons by pointing at them, and a data tablet for the
creation of new pictograms, As a navigational aid, one screen
displays ‘a morld-yisw map which shows an entire data sucrface. A
highlighted tectangle on the world-viev map indicates the portion of
the data that is being presented in detail on another screen. The
rectangle moves as the use. manipulates the joy stick to move over
th: data surface. One world-view map vas shown in Pigure 4, Section
z. L]

The progras space that we have described for PV £its well into the
sultidimensional paradigm of SDNS, and we expect much of the SDNS
esperience to be applicable to PV, The umultilayered MW prograa
space is analogous to the SDNS data surfaces, and the further con-
nections needed between illustration categories can be implemented
with multiple ports. The combined use of joy stick, touch sensitive
screens, and data tablet can enable the PV user to move through and
augment the Pprogram space easily. The vorld-view map is of proven
etility; we do, however, have more to say on this count.

It 4s possible that the complexity of the MV environment will
gequire other navigational aids in addition to the world-viev map.
We are investigating several different approaches to belping the W
user navigate within the system, and to helping hia/her msintain a
sense of ocontext. One such approach is the use of a list of minia-
tucrisations oOf past displays, both to provide context and, when a
siniaturigation is selected, to provide s means to “"pop® the stack
back to a past view,

¥e have, then, a dominant hierarchical organization with a subordi-
nate network organization, realised in a hierarchy of surfaces con-
taining multiple ports. We next take a closer look at the specifi-
cation of illustratioms, both in program space and in the user's

workspace,
3.2 Badancing Gcaphical Pacilities

As a comprebensive environment, it 8 crucial that the PV gystem be
88y to wse of, vhere it sust be more demanding, that the systea
tepay the investaent. Graphics sakes this iaperative all the more
ehallenging. Designers and programmers want access to informstion
about a Ppregram vithout having to spend a great deal of time epeci-
fying hov the informatien is to be displayed.
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We have identified three ways in which graphics facilities can be
enhanced:

1. Incorporation of domain-independent higher level constructs

2. Incorporation of graphical and text constzucts specific to
psrogramming

3. Automated layout

Work in each of theze areas has important implications both for get~
ting information into the PV environment and getting it out. Bach
area is discussed briefly.

Pizet on our list was the incorporation of domain-independent higher
level of constructs. SKETCHPAD [35), PYGMALION (31), the SDNG PAINT
progzan [12], and others, have permitted picture production without
programming, by combination of shapes and free drawing. These tech-
niques can be enhanced. The graphical vocabulary need not be res-
tricted to geometric shapes but also can include higher level organ-
isational devices, such as overlays and split screens. Production
of animation can move away from frame by frame specification to
specitication by combining high level dynamic constructs. For exam-
ple, & groving and then shrinking arrow used to cepresent comasunica-
tion between modules should be specifiable as a unit. (One approach
to this probles is given in [17).) Throughout, defaults for graphi-
cal conventions can be more fully exploited.

As poverful as high level domain-independent graphical constructs
can be, we believe that the PV environment will also have to provide i
gsaphical (and testual) constructs specific to programming. Por
those times when programmers must dynamically spscify displays, we !
expect the predominant mode of interaction to be the instantiastion
of teamplates, not the creation of nev pictures from scratch. Pro-
grammets will have both default representations for a wide range of
data structuczes and the means to change these defaults to meet spe-
cial needs. (Bee, ¢.9., [22]).) Templates for standard programming
utilties (e.9., stacks, memory maps) will also be provided. The
templates need not be limited to single structures such as stacks;
we are exploring the uwse of composite templates that combine infor-

. mation that is generally useful for particular types of programming. L
i Pinally, foxr those cases in which totally mnovel pictures ace
zequired, the user can tugn t0 a graphics editor that will De
included in the IV envizonsent.

Once the PV user selects the components of a display, automated lay-

out can arctange the disgrams on the display area. Por layout, we
intend to build upom vork done 88 part of the SDNS project. Addi- P
tional work will be needed to handle the more richly coanected, and
often heterogeneous, pictures that will be common for M,

The three facilities listed — high level domain-independent graphi-
oal Jlanguage, graphical oonstrects specific to programming, and
avtomated layout -- can persit the PV user to preduce visualizatioms
with a ninimum of effort, and without being inundated in detail.
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3.3 Instrumenting Progzrams

The central focus in the PV project is on providing an environment
that cuna programs, not mecely one that manipulates static informa-
tion. Traditional debuggers give us some models and a set of
experiences to drav on, but there are ways that they can be improved

. in terms of bringing the level of interaction with the debugger up
to the conceptual level of the user. We outline briefly our philoso-
phy. .

Pirst, the user’s goal is to see information about the running pro~
gras, The use of two or more windows on the screen to display a
tunning program is one approach that bas been used successfully
(136,38)). PFor programs designed to communicate with a terminal,
one window sisulates the termsinal screen. Characters typed by the
user appear there and output from the program is directed there.
Neanwhile, other windows can be used to examine the operation of the
systes. Sets of windows can also be used to display multiple
processes or to display causes and effects,

We intend to experiment with the multiple window approach and other
modes of display as well. In setting up the display environment, we
ate paying particulaz attention to displaying choices that have been
made by the user. This is in hopes of remedying one of the problems
with traditional debuggers -~ the difficulty of keeping track of the
constraints that the user bhas set up as a filter for viewing the
behavior of the program. R

Given a display environment, the user's problem is to specify what
is to be displayed. The use of high level graphics constructs,
including programming construct templates, vas discussed in the pre-
vious subsection. These templates must also be instantiated, i.e.
tied to the code or other representations of the program. Por this,
debugging statements and code will be conceptually separate enti-
ties, so the user will not be thinking in teras of altering code
(and later bhaving to remove debugging statements). Pointing (graph-
ical cursors and/or touch sensitive screens) will be used exten-
sively to specify instantiations of the tesplates. HNany slots in
the templates can be f£illed by pointing at variables in the code.
The programmer can point to locations in programs structure diagrams
or typeset listings to specify aceas of interest. When these areas
ate active, the program is slowved down to a visible speed. At other
times it runs at normal speed, unobaerved but much faster. Simi-
larly, breakpoint locations can be indicated by pointing.

The mechanics of coding the display specification and producing the
information desited from the tunning progran have been left almost
entizely to the PV system. This is the area adout which we have the
least to say right now, but about which we expect to have more to
say in the coming months. Im Drief, our philosophy is that whether
code is compiled or interpreted should be transparent to the pro-
grasmer. Pucther, we hope to atay out of the compiler writing busi-
Ress. We intend to use existing compiler(s), perbaps augmented to
save information that might otherwise be thrown sway (e.9., @& full

D e
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symbol table). Unix facilities that sllow one process to gain con-
trol of another process between statements will be exploited [(19),
Pinally, we are esploring the tradeoff between accumulsting his-
tories of prog:ram execution as opposed to facilitating rerunning of
programs, particularly as this tradeoff is affected by persistent
data.

e

We have ocutlined three areas of particular concern in the design of
a program visuslisation system: integration of information about the
program, design of high level graphical facilities, and instrumenta-
tion of the program. Readers interested in more background on the
PV framevork are referred to (13).

4. INPLENENTATION

The current work is focused on the isplementation of a tool usable
by Ada programmers by 1984, and is proceeding in three phases. The
various implementations will explore a variety of techniques on a
poverful high-resolution color display environment, with an eye
toward identifying a useful subset of techniques which can be imple-
mented on a low-cost terminal costing in 1985 what an ordinary
alphanumeric terminal costs today. The three implementation phases
are:s

1, The design of a visual Jlanguage for describing programs,
together with the processing, translation, and display routines
necessary to creste a visualization of a program. This language
and its concomitant machinery is being developed through
interactions with programmers responsible for large-scale work-
ing systems and with information-oriented graphic designers,
Static and dynamic mock-ups of program illustrations are being
created and evaluated,

2. The implementation of a breadboard system which incorporates the
gesults of the first phase and allows integration with the
gesults of other research offorts, for use with a selected
language on Unix. It will be evaluated through use by people
maintaining and developing software on Unix.

3. The implesentation of a production program visualisation systes
for Ada, incorporating improvements identified in the breadboard
version.

One early result of the Phase One explozation of illustrations is &
five minute videotape of dynamic illustration mock-ups for SDD-1
(from which Pigures 1 and S were taken). The feeddack on this
effort bas led us to conclude that if the operation of a progras is
not intuitively obvious, the graphice used must bridge the gap. We
are therefore developing (and videotaping) another set of dynamic
11lustrations with graphical symbols that are more petceptual than

?::Mm,;w:fﬂ‘ Wt
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symbolic (7)) i.e., that portray the semantics more immediately.

S. SUMARY

This paper, and the project itself, startsd from the premise that
gtaphical illustrations can make a significant contribution to the
process of program visualization. In support of this premise, wve
first surveyed & variety of existing graphical representations and
discussed possibilities for extended uses of graphics, especially
animation. We then outlined s design philosophy for an integrated
9raphical programming environment to support the development of
large systems. Our focus was, and is, on the dynamic aspects of
programs, to permit the PV user to "open the side of the wmachine®
and watch programs run. Work is underway to provide such an
environment, with the goal of meking the advantages of graphical
tepresentations available without placing an excessive burden on the
people responsible for isplementing and maintaining the programs.
We believe that a comprehensive and integrated approach to program
visualization can have great impact on the entite process of
softvare engineering, and on the cost-effective production and
maintenance Of reliable softwvare.
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END OF FISCAL YEAR REPORT - FY82

Contract Title: Program Visualization
Contract Number: NO0O14-81-C-0456

ONR Work Unit Number: NR 049-495

Principal Investigator: Christopher F. Herot
ONR Scientific Officer: Robert Grafton

MAJOR TECHNICAL RESULTS

The first half of FY82 was spent designing the Pro-
gram Visualization (PV) System and identifying certain key
classes of images that the system should support. Partic-
ular attention was paid to the design of dynamic images to
illustrate programs as they run.

This phase of the project culminated in a videotape
produced in December 1981, The tape was edited into a
more concise version in January 1982, and narration was
added, Graphics for the tape were developed using the
Paint and Animation subsystems of the Spatial Data Manage-
ment System. The animated images on the tape were mock-
ups in the sense that they were not yet driven by underly-
ing software. The tape shows animated graphic depictions
of control flow and data updates. An important feature of
the images that were designed for PV is that they present
a selection of levels of detail, giving the programmer a
choice of either an overview or more detailed views of the
system he or she is building.

A copy of the 1982 Program Visualization videotape is
enclosed with this report.

The second half of FY82 was spent implementing a base
level PV system. During this time period, we produced an
initial version of the PV System, with the following com-
ponents:

1. User Interface

The user sees detailed views of programs, both text
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and graphics, through a system of multiple overlapping
windows,

Commands to manipulate the information in these win-
dows are displayed as sets of buttons on a separate
menu display.

The user inputs information via a combination of data
tablet, Jjoy stick, touch sensitive screens, and key-
board.

Graphics Editor

The PV Graphics Editor allows the user to construct
illustrations interactively by "drawing”™ on a data
tablet. The base level editor allows the user to
input shapes and lines (for connectors). A selection
of line weights and fonts permits the construction of
clear, 1legible diagrams. Underlying data structures
have been implemented to to include information about
the structure of the objects drawn. This knowledge
will allow upgrade of the existing editor to a
knowledge-based graphics editor; for example, when an
object is moved, 1its associated connectors can be
moved as well.

Text Editor

An existing text editor, EMACS, was extended and
integerated into the system.

Binder

A set of special-purpose routines was implemented to
enable the wuser to specify the relationships between
programs and the graphic depictions of certain stan-
dard data types. The system currently handles arrays
and single units such as integers. The binding step
is necessary so that the PV system can know when the
update of a variable in a program should cause update
in an associated visualization. In the coming months,
we will be extending and generalizing the set of bind-
ing routines.

Execution Manager

Enhancements have been designed for the Execution
Manager, which is responsible for monitoring code for
changes that are relevant to program visualizations
currently displayed. The new scheme is a variation on
tagged memory that tags UNIX pages instead of tagging
individual memory 1locations. The design uses access
restrictions, setting pages with variables of interest
to read-only. When the system tries to change a vari-
able of interest, the access violation will alert the
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system to enable a trace. The variable can then go
ahead and be written, and the trace process can iden-
tify the location of the variable, so the PV system
can access the new value and update the relevant visu-
alizations.

These capabilities were integrated in the base 1level
implementation of September 1982, At this time, the sys-
tem had developed far enough to permit the creation of an
animated visualization of the data structures of a sort
subroutine, This visualization, which was adapted from
images designed in the first half of the fiscal year, is
now fully supported by the PV system.

TECHNOLOGICAL SIGNIFICANCE

We expect on-line, interactive graphics to have a
profound impact on software development, analogous to the
way that word processors have affected the production of
text, With respect to static graphics, the multi-
dimensional graphic information structure that we are
developing for PV will allow the programmer to move easily
between pieces of related information (e.g. requirements
and system structure). With respect to dynamic graphics,
PV's animated views of program execution can help program-
mers achieve a deeper and more accurate understanding of
the behavior of their programs.

PRESENTATIONS AND PUBLICATIONS
December 1981

Christopher Herot, Mark Friedell, and Diane Smith
took part in a DARPA conference organized by Craig Fields
of the System Sciences Division. Copies of the presenta-
tions were compiled in "DARPA Conference on Computer
Software Graphics, Key West Florida, Dec. 13-15 1981."

January 1982

Christopher Herot and Gretchen Brown took part in the
IFIP WG 8.1 Working Conference on Automated Tools for
Information Systems Design and Development, New Orleans,
26-28 January, 1982. The paper presented at this confer-
ence, "An Integrated Environment for Program Visualiza-
tion", appeared in Schneider and Wasserman (eds.),
Automated Tools for Information Systems Design, North-
Holland Publishing Co., 1982.
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February 1982

Christopher Herot gave a presentation on PV at a
meeting of the Northeastern ACM Chapter on February 18.

June 1982

Mark Friedell presented a talk on PV and the VIEW
Project at the workshop on Automated Explanation Produc-
tion. This conference was sponsored by the University of
Southern California Information Sciences Institute and was '
held at the university's Idylwild Campus. J

July 1982

Craig Fields and Clint Kelly of DARPA visited CCA on
July 6. Christopher Herot and Gretchen Brown gave a short
status report on the PV project, and Richard Carling gave
a demonstration of the window management software.

OTHER RESEARCH TASKS

Sponsor: NAVELEX
Contract Number: N00039-83-C-0208
Title: Database Interfaces for USS Carl Vinson
Amount of Contract: $691,017

Sponsor: ONR/DARPA °
Contract Number: NOOO14-81-C-0592
Title: Transfer of SDMS to USS Carl Vinson
Amount of Contract: $200,000

PARTICIPANTS

Chrisopher F. Herot
Jane Barnett
Gretchen P. Brown
Richard T. Carling
Mark Friedell

David Kramlich
Steven Zimmerman

Consultants:

S e b e

Becky Allen
Ronald M. Baecker
Aaron Marcus




STATUS REPORT (NOOOQ14-81-C=0456)
8 November 1982 - 7 February 1983

This report summarizes the work completed during the
seventh quarter (8 Nov 1982 - 7 Feb 1983) of the Program
Visualization project under contract N00OO14-81-C-0456.

1. IMPLEMENTATION WORK

; The first phase of implementation of the Program Visu-
: alization (PV) Library is now complete, with basic
2 store and access functions supported. In addition,
the ¢ system supports automatic 1library access of
appropriate code when the user points to a graphic
' symbol from the library. Also supported for standard
f datastructures is automatic library access of graphic
depictions when the user points to code he or she has
typed in.

We made incremental progress this quarter on implemen-
tation of the PV Graphic Editor and further ¢
integration/upgrading of the PV Text Editor.

] A new system of graphical menus has been installed,
f Considerable design work went into organizing the
large number of commands provided by the system. The
new menus were produced using the PV Graphic Editor.

Animated line highlighting is now supported for ¢
code, 1i.,e., lines of code are highlighted as they are
executed,

e ——

2. DESIGN OF GRAPHIC SYMBOLS

1 different parts of the system. We now have a first
2 version of a set of four symbols to be used as 1logos
b for the different PV navigational aids, as well as
» about a dozen symbols to mark major categories of
| operations on the PV menus. Work on graphic symbols
b to signify different standard datastructures 1is also
underway,

1 We have been designing a number of graphic symbols for § g
§
|

¥ An initial version of the notation used for system
4 architecture diagrams in CCA's Multibase Project is
now supported, A "kit" of symbols allows the user to

LA IR o s & 4

P




';‘

Status Report (NOOO14-81-C-0456) Page -2-

construct nodes in this notation by copying rather
than drawing. Connectors are drawn by the user via
the general make-connector command.

SITE VISITS

Bodb Grafton of ONR visited on December 9. We gave him
an extended PV slide presentation and a demonstration
of the system.

Clint Kelly of DARPA visited on January 13, and he
talked with us for some time about PV. We showed him
some slides of the current state of the system, along
with a demonstration.

PAPERS AND PRESENTATIONS

We were notified of acceptance of the position paper
we submitted to the ACM SIGSOFT/SIGPLAN Software
Engineering Symposium on High-Level Debugging, which
will be held in March of 1983. We also wrote and sub-
mitted a paper to the ACM IEEE Design Automation
conference to be held in June of 1983.

On January 11, We gave a talk on PV at Intermetrics as
part of their lecture series. There was a good-sized
audience of 50-100 people, and there seemed to be a
lot of interest in our work.

VIDEOTAPE COMPLETED

A videotape that demonstrates some key aspects of the
current PV implementation was completed in February.
The tape, which runs approximately ten minutes, gives
an overview of the system and then shows how a pro-
grammer could use PV both to compose code and to con-
struct an assoclated dynamic visualization, The
dynamic visualization includes both highlights moving
through 1lines of code and graphic depictions of vari-
ables being updated.




