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-This paper reports on the design of a program visualization (Pv)
environment, intended to provide lifecycle support for software developme t.
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, 16openthe side of the machine& to permit users to look inside and watch their
programs run. In this paper, we survey categories of program illustratio s
and then present and motivate the design philosophy that we are pursuing
for the PV environment.

DD 1473
... ...L . .. . .. . .. ... I L .



ANNUAL REPORT 8 May 81 -7 May
SMAJOR TECHNICAL RESULTS Section I

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,
a copy of which is enclosed with this report, was pub-
lished in Schneider and Wasserman (adi.), Automated Tools
for Information Systems Design, North-Holland Publishing
Co., 1982.

The bulk of 1981 was spent 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
planning for the Implementation effort that began In May
of 1982.

-2-
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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.

I A vssilon For
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- 3. PRESENTATIONS AND PUBLICATIONS

December 1981

Christopher Herot, Mark Friedell, and Diane
Smith took part in a DARPA conference organized by
Craig Fields oi the System Sciences Division. Copies
of the presentations were compiled in "DARPA Confer-
ence on Computer Software Graphics, Key West Florida,
Dec. 13-15 1981.0

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 conference, "An Integrated Environ-
ment for Program Visualization*, appeared in
Schneider and Wasserman (eds.), Automated Tools for
Information Systems Design, North-Holland Publishing
Co., 1982.

February 1982

Christopher Herot gave a presentation on PV at a
meeting of the Northeastern ACM Chapter on February18.
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AN ZNTUGRATID SHVIROUNUM FOR PROGRAN VISUALIZATION*

Christopher F. Nerote Gretchen P. Brown
Richard T. Carling, mark riedell

David rmlich. Ronald U. Moecker-

Computer Corporation of Amirica
575 Technology Square

Cambridge, Massachusetts, USA

This paper reports on the design of a program visualization

(PV) environment, intended to provide lifecycle support for

software development. The PY environment will capitalize on
recent progress in the graphical representation of Information
and low-coat color graphics, to provide designers and program-
mars with both static and dynamic (animated) views of systems.
The ain is to support maintainers of large (lO'6f lines of

effect, *open the side of the machine0 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 IV
environment.

1. INTRODUCTION

Graphical represenitations have demontrated their utility in a wide
variety of design and implementation activities as a man* of illns-
trating complex relationships among components of systems. It would
be Inconceivable to build a ship, airplane" factory, or piece of
electronic equipment without the use of diagrams. These illustra-
tions can capture essential features while suppressing extaneous
detail, and they can often be understood more readily than ordinary
text. While such Illustrations find widespread use in computer pro-
gramming, they are, almost always anually generated, making produc-
tion and revision laborious.

*This research was supported by the Defense Advanced Research Pro-
Sect Agency of the Department of Defense and was monitored by the
Office of Naval Research ade: Contract No. 00014I-60-C-0683. The
views and conclusions contained In this document are those of the
aothors and should met he Interpreted as necessarily representing
the official policies, either expressed or implied, of the Defense
Department, the Office of Naval Research, or the U.S. *Pwennt.

ae m. Mocker ales with mm Computing Resources Corp.. Toronto.
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One result of manual graphics generation is that diagrams have a
tendency to become obsolete as the software they describe ts iftle-
mented and changed. A second result is that the full variety and
utility of graphical images remains uaexploited. Third, the lack of
tools for creating animated Images restricts the ability to illus-
trate an essentially dynamic process such as a computer program.
This is not to say that automated graphical representations have
been totally neglected. there has been some success In automating
production of static representations of programs (e.g.# 1,16,18]).
the idea of using computer-generated Images to visualize the
dynamic behavior of programs was developed In the earliest days of
computer graphics (10,20,341), and dynamic visualisations have
received continued attention (e.g., 13,4,6,l,1#2222,403). Only
recently, however, have hardware and software advances been made
which would allow automated production of both static and dynamic
Illustrations to become cost-effective for a brood range of applica-
tions. In addition, significant research remains to be done before
diverse graphical representations can be successfully integtated
within a single environment.

The Computer Corporation of America is In the first year of a three
year effort to design and implement a program visualization (P)
system. the verb Xu LL= means 'to see or form a mantal Image
of t . We want to aid programmers In the formation of clear and
correct mantal inages of the structure and function of programs.
Program visualization has great promise for all stages of the i
software lifecycle. Our researcb will focus on illustrating the
dynamic behavior of progras, which we expect to be of most use in
testing, debugging, maintenance, and training. We want the PY eye-
ten to, In effect, lopen the side of the machine so that the user
can form an accurate model of the progrm.

the 1V system will provide an integrated graphics environment, capi-
talising on recent progress In the graphical representation of
Information and low-cost color graphics. The aIN is to support
builders and maintainers of large (lOS6 lines of cOde), complex
software systems. (twe are ecluding, boever, teal time systems.)
This tool Is targeted primarily for use with programs written in Ads
II, the proposed standard DoD language.

th system which Is envisioned will provide Individuals who must
build and maintain a comples software system with access to a
variety of graphical representations, teose will Include static
descriptions, such as module bierarcbns and requiremnts specif ico-
tiema, and dynamic illatratios, such as procedure activations and
storage allocations. It will be possible to display several dif-
ferent ropresentations of the same portion of a system (or the am
representation of aeveral different portions) simultaneously through
the use of multiple acces or multiple viovporta eM oe screen.

ince we are focusing on the dynamic behavior of programs, we will
make ostensive use of oomputer animation.
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This paper is intended to Initiate a debate concerning the charac-
teristics of a good graphics environment for software production.
Section 2 seveys a nuber of categories of information that merit
graphical presentation. The number and variety of these categories
suggests that fuller exploitation of graphics can profoundly influ-
once software production, just as text editing facilities have
changed the way that papers are written. The challenge that we see
is to encompass the volume and diversity of this information within
a coherent conceptual framework. Section 3 expounds a design philo-
sophy for WY. We address there three significant problems:
Integrating the categories of Illustrations Identified in Section 2,
enhancing graphical facilities, and instrumenting the program.
Implementation plans for the 1V system are discussed in Section 4,
with a summary in Section 5.

2. CATORX3S Or VISUALISATIONS

It is our claim that although graphics has long been a tool In pro-
gran development and documentation, the full power of graphics has
yet to be acknowledged or exploited. This section lists ten
categories of program Illustrations that, together, can be of use
throughout the software lifecycle. These categocies 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 respect to programs, and the 1FY
environment will draw on this work directly. Other categories have
been less thoroughly explored, and suggestions for new directions
are Included here. The ten categories res

1. System requirements diagrams
2. Program function diagrams
3. Program structure diagrams
4. Communication protocol diagrams
S. Composed and typeset program text
6. Program comments and commentaries
7. Diagrams of flow of control
8. Diagrams of structured data
9. Diagrams of persistent data

10. Diagrams of the program in the boat environment

Many of these categories can apply to either Am SjOa or its
specific AILIALLA. Moreover, Illustration& can be either aMURi
or £aamia. Static Illustrations portray the program at some
instant of execution time, or they portray those aspects of a pro-
gram which are invariant ever some Interval. Dynamic illustrations
pertray the progress of an executing program.

we shall m look at each of the ten categories of Illustration in
more detail.
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2.1 lystoM Roguiremnto Diagrams

A computer program always exists as part of sme larger system (not
necessarily a fully automated one). Therefore, PV tools must assist
in the portrayal of the function ad structure of that system. The
tools should also aid in the specification of the constraints
Imposed by the system on the program.

One very powerful method of describing system structure is the ZDEF
or SADM technique, developed by EofTech 1291. An Dar model Is a
graphical representation of a system in terms of its subsystems and
In terms of the data and control flow that links them together. The
method deals with the hierarchic nature of most systems quite natur-
ally, and It povides a methodology fgo organizing the bookkeeping
associated with large complex system descriptions.

A complete requirements specification also contains constraints on
the program's design, constraints such as execution speed, program
asse, 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 ?unction Diagrams

*What does the program do?" is usually the first question that one
aks about a program. for many types of programs, program function
can be viewed as a mapping from program input to program output.

go can talk about the relationship of program Input to output in two
very different ways8 a statement of the program's function in gen-
eral terms or an enumeration of a number of Input-output pairs. The
former is a mee powerful and useful description, but, becausoe it is
an abstraction, it posse difficult problems for graphical represen-
tation.

Graphical portrayal of sample behaviors Is a much more straightfor-
ward proposition. 2hus oe approach to the visualization of program
function is to provide a Ocasebook" through which the user can
browse, Inducing a model of whet the program is supposed to do by
seeing whet It actually does on a carefully selected sot of sample
inputs. The ohoice of these ample Inputs can have a significant
effect on the utility of this technique. For example, In under-
standing a factorial function, Important values and classes are 0,
1, positive intogers, negative integers, reals, and son-mumerics.

2.3 Program Strueture Diagrams

98m to the program organized?* Is olton the second question that
one sks about a program. Program structure has a well-developed
history of graphical notation. Relatively recent examples are the
liFO (lierarehy plus Input-Process-output) technique 114,331, whieb
IntegOates structure diagrams and function diagrams, and the empo-
site design structural notation (221.
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2.4 Communication Protocol Diagrams

Once it is known how a progtm is divided into its component perts#
it Is useful to know bow those parts communicate. This Is eape-
cially Important when the program consists of many processes cunning
an one or mora processors. An illustration of the potential paths
for data flow between modules can be displayed as part of another
diagram. For instance, the programn structure diagram can be over-
laid with lines showing the data paths between modules. by using
this technique dynamically, the actual flow of data can be monitored
during execution. for example, the 8DD-l distributed data base sys-
tem 1301 at CCA employs a color graphics terminal to show data
transfers between sites on the Arpanet as they occur. This monitor-
ing technique has proven useful both as a demontration and a debug-

.ging aid. figure I is a reproduction of a typical XDO-l illustra-
tion, streamlined for the purposes of this paper. Sxcept where oth-
erwise noted, the figures in this paper are all hnddrawn mockups.

2.5 Composed and Typeset Program Text

The central activity in the visualization of programs ban always
been the reading of program code. While alternative graphical tech-
niques ace proposed here, there will still be cases where code must
be examined. This task can be made significantly easier than it is
at present. Some relevant typographic tools that can be applied to
the display of programs ares

1. The use of AjNwDUAUI, hLIS U M 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.

3. The use of a A&A 51 LegLz da employing a wider ranoge of
symbols and colors than are currently used. (Gutenberg bad more
than 300 symbols in hi type case.)

3. The use of ZaikiLfA and jAR& to facilitate the structured
perusal of a pcogram's constituent substructures. Layout con-
ventions include the use of indentation, horisontal paragraph-
Ing, vertical paragraphing, pagination, footnotes, Marginal
notes, and page headers. The use of computer graphics also par-
sits 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
reselution terminals and to produce bard copy on a demand basis.
Figure 2 sbows the application of some of these techniques to a sub-
routine written In C.
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2.6 Program Comments and Commentaries

Program comments, often known as Internal documentation, are analo-
gous to the footnotes and marginal note of conventional literary
expression. Program commentaries, often known as external documen-
tation, are analogous to prefaces, introductions, postscripts, and
critical expository analyses. both comments and commentaris are an
important part of conventional programming discipline, yet they fall
far short of attaining their ultimate potential. now can they be
improved?

The greatest potential for improvement comes from an ares for which
there is no technological fix, that is, the ability of programmers
and documentation specialists to write in Znglish with clarity and
bonsistency. An integrated graphics system can, boever, provide
significant aid to the programmer In other respects. If a 1V system
supplies a variety of graphical representations 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 remarks on the one hand, and to
very particular observations (e.g., noting exceptions and special
cases), on the other. Comments and commentary, In their reduced
role, can also benefit from the typesetting and composition tech-
niques discussed above for program text. (See Figure 2, for the use
of lines and spacing to delineate the scope of comments.) Finally,
completeness and consistency of comments and commentary can be sup-
ported (although never, of course, assured) by the programming
environment.

2.7 Diagrams of Flov of Control

VWhat happens when the program executes?O Is another important ques-
tion about a program. Oln what order do things happen e is one
subquestion, with diagrams of flow of control as a relatively fami-
liar means of conveying the answer. (Another subquetion, apropos
of the effect of program execution on underlying data, is discussed
In Section 2.8.)

Flow charts, Masui-Sneiderman Diagrams [,241, Software Diagram
Descriptions [l81 GRIENPRINTS IS)# and others are a beginning, but
they portray only the static structure, not the actual flow of con-
trol during program esecution. Some formalisms already provide a
means to Indicate flow of control (e.g., the tokens in Petri nets
126J). 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.

2.0 Diagrams of Structurod Date

OVbat happenas when the program esecutes?0 can also be answered in
terms of the data base upon which the program is operating, This
date base includes the program Input at the initiation of execution
and the program output at the termination of execution. The data
base also includes the variables that see the raiaon dletre of a

I
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Programs such s the data being sorted by a quicksort, and the vart-
ables that are Incidental to the program's function, that is, the
artifacts of a particular piece Of code or programming technique.
The major difficulty In representing this information results from
the size and complexity of the data bases of most Interesting pro-
grams. It ts for this reason that we have spoken of Odiagrams of
Aku Ad data.0 It IS only through structuring the Complexity
(either at the design stage or under Interactive programer control)
that we are able to comprehend it and mastr it.

An appropriate illustration of a program's data, updated dynamically
during program execution, gives us the feeling of looking into the
machine and seeing the program running. backer's pilot film on
-sorting algorithms 13, and the work of Knowlton (201, Uopgood 11S1,
Myers 1221, and others, have vividly demonstrated the power of this
technique. Figure 3 shows one possible layout for displaying a two
dimensional array. The visualization of structured data appears to
be one of the most tractable and powerful of the approaches we have
presented.

2.9 Diagrams of Persistent Data

An Important category of structured data Is that which remains in
the computer system after the program has ceased executiont as
occurs In a data base management system. since this data is often
several orders of magnitude LArgC than the msoty capacity of the
computer, different techniques are required to visualize it. For-
tunately, the data base Cmunity has developed a rich set of sym-
bols which can serve as a starting point in visualizing persistent
data (*.g., 12,321). Zn addition, the Spatial Data kanagement sys-tem (lOWS) 111 developed at CCA has demonstrated the feasibility of

using graphics to access persistent data. Figure 4 shows layouts
taken from an actual BS Interface to a data base of Information
about ships.

2.10 Diagrams of the Prsogrw Is the Best AInroament

There is a collection of Information about programs that Is typi-
cally available in various form from operating systems, but, 3ust
as typically, the Information Is presented in a rather dense and
detailed tabular form. This Information Includes the files In which
program parts are stored, their sit* age, and ownership. For a pro-
gram activation, performance and timing information Is iportant.
the type and percentage of resources currently In use, priority
under which the program is running, and the average response time
for Interactions at all omeely of Interest.

Much con be done to enhance the presentation of this Information.
Pezentagas can be displayed as pies, histograms, etc. Color coding
ean be used to point up imllaritl a among pieces of Information or
to highlight particular Properties of Interest. Finally, the typo-
graphic hierarchies discussed for program test, commants, and saw-
mentaties can play a role here as well.

I,
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In 8,8 Information Is expressed through color graphics, with dif-
forest categories Of structured date having associated icons, i.e.#
prototypical pictograms. Icons are generated semi-automatically
from the data base, according to a predefined set of rules. Infor-
mation retrieved from the data base IS presented In 5311 In a MUl-
tidimensional framework, so that the user can 0900m through ports
an the data surface to see more. detail or to see alternative views
of the data. The MM11 workstation Includes three screens, a 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 now pictograos. As a navigational aid, one screen
displays -a -111lims anp which Shows an entire data surface. K
highlighted rectangle on the world-view Wa Indicates the portion of
the data that Is being presented In detail on another screen. 2%e
rectangle moves as the use-, manipulates the j0y stick to move over
the data surface. One world-view map was shown in Figure 4, Section
2.3.

The program Mpac* that we have described for IV fits well into the
multidimensional paradigm of SUNS and we expect much of the 3366
experience to he applicable to VV. The multilayered PV program
apace Is analogous to the 3311 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
*croons, and data tablet can enable the PV user to move through and
augment the program space easily, te world-view map is of proven
utility# we do, however have mere to say on this count.

It ts possible that the complexity of the PV environment will
require other navigational aids in addition to the world-view nap.
We are investigating Several different approaches to helping the VV
user navigate within the systom, and to helping him/her maintain a
sense of Context. one such approach is the use of a list of minia-
turisaties of past displays, beth to provide context and, when a
miniaturization is selected, to provide a means to OpopO the stack
hack to a past view.

We have, thoe a dominant hierarchical organitation with a subordi-
mate network organization, realised in a hierarchy of surfaces con-
taining multiple ports. We next take a closer look at the specifi-
cation of illostratioms, both in program Space and in the user's
V orkspace.

3.2 ftoaing Sraol Posilties

* As a csmprehemaive environment, It is crucial that the Pt @ystow ha
easy to Wse or, Where It must be more demading, that the System
repay the investment. Graphics makes this imperative all the more
ehallenging. besigmers and prosoomes want access to Information
about a program withoat having to spend a great deal of time spoci-
frtn hew the Iftfematiom is to ha displayed.

do
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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 constructs specific to

progrmming
3. Automated layout

Work In each of these areas has Important Implications both for get-
ting Information Into the 1V environment and getting It out. Iacb
area is discussed briefly.

First on our list was the incorporation of domalno-Independent higher
level of constructs. ZMTCUPAD 135], PTGIW.IOU 1313, the SW PAINT
program 1123, and others, have permitted picture production without
pr gramoing, 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
specification by combining high level dynamic constructs. ror exam-
plo, a grosing and then shrinking arrow used to represent communica-
tion between modules should be specifiable as a unit. (One approach
to this problem Is given in 1173.) Throughout, defaults for graphi-
cal conventions can be mere fully exploited.

As powerful as high level domain-independent graphical constructs
can be, we believe that the 1Y environment will also have to provide
graphical (and textual) constructs specific to progrming. Por
then times when progrmmers must dynamically specify displays, we
expect the predominant mode of Interaction to be the lstantlation
of templates, net tb creation of now pictures frm scratch. Pro-
Steamers will have both default representations for a wide range of
data structures and the mawns to change theose defaults to met spe-
cial needs. (See, e.g., 1223.) Templates for standard programming
utilties (e.g., stacks, memory cope) will also be provided. The
templates need mot be limited to single structures such as stackso
we are exploting the se of composite templates that combine infer-
motion that is generally useful for perticular types of programing.
Finally. for thoe cases In which totally novel pictures are
required, the user ca turn to a graphics editor that will be
included in the IV environment.

Once the FV user solects the ompoents of a display, automated lr-
out "n arrange the diagrams en the display area. Por layout, we
intend to beild upen work done as pert of the UKS project. ddl-
tional work will be needed to handle the moe ricly connected, and
often beterogeneos, platores that will be comem for IV.

ne the e facilities listed - hbh level dsta-ndependeat graphi-
Gal la"age, graphical eeoatruects Specific to peograing, an
automated layout - can rimit the IV user to peoduee visualisatiems
with a minimm of effort, and withoet being Inundated in detail.

,_ . .. .. ... -- - .- - .- . . , . '; ° , _ -
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3.3 Instrumntimg Programs

The central focus in the PV project is on providing an environment
that runs programs, not merely one that manipulates static informs-
ticn. Traditional debuggers give us some models and a set of
experiences to draw mn, 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.

rirat, the user's goal IS to see Information about the running pro-
gtam. The use of two or mote windows on the screen to display a
running program Is one approach that has been used successfully
(136,381) For programs designed to communicate with a terminal,
ane windo simulates the terminal screen. Characters typed by the
user appear there and output from the program is directed there.
Ueanwhile, other windows can be used to examine the operation of the
systm. 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 snd other
modes of display as well. In setting up the display environment, we
are paying particular attention to displaying choices that have been
nade 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 has set up as a filter for viewing the
behavior of the program.

Given a display environment, the user's problem Is to specify what
is to be displayed. the use of high level graphics constructs,
Including progrming construct templates, was discussed in the pre-
vious subsection. These templates must also be instantiated, i.e.
tied to the code or other representations of the program. For this,
debugging statements and code will be conceptually separate enti-
ties@ so the user will sot be thinking in terms of altering code
(and later having to remove debugging statements). Pointing (graph-
ieal cursers wd/or touch sensitive screens) will be used exten-
sively to specify Instantlations of the templates. Nany slots in
the templates an be filled by pointing at variables in the code.
The prograuer can point to locations In program structure digrams
or typeset listings to specify areas of Interest. When these areas
are active, the program Is slowed down to a visible speed. At other
times it rums at normal speed, nobeerved but uch faster. SN-
larly, brsekpaint locations can be Indicated by pointing.

te mechanics of coding the display specification and producing the
information desired frm the running program bave been left almost
entirely to the PV system. This is the area about which we have the
least to say right now, but about which we expect to have more to
say In the coming months, In brief, our pbleosp is that whether
cede Is compiled or interpreted should be transparent to the pro-
graner. Further, we hope to stay out of the compiler writing bus-
mesa. go intend to use existing eopiler(s), perhaps augmented to
mave Information that night otherwise be thrown away (e.g., a fall

IZL
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symbol table). Unix facilities that allow one process to gain con-
trol of another process between statements viii be exploited [193.
Finally, we are exploring the tradeoff between accumulating his-
tories of program execution as opposed to facilitating rerunning of
programs, particularly as this tradeoff Is affected by persistent
data.

C.t

We have outlined three areas of particular concern in the design of
a program visualisation systems 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
1 framework are referred to 1133.

4. ZIPMLI IATIOU

The current work is focused on the implementation 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
powerful high-resolution color display environment, with an eye
toward identifying a useful subset of techniques which can be imple-
monted on a low-cost terminal costing In 1935 what an ordinary
alphanumeric terminal costs today. The three implementation phases
sres

1. The design of a visual language for describing programs,
together with the processing, translation, and display routines
necessary to create a visualisation of a program. This language
and its concomitant machinery Is being developed through
interactions with progsamers responsible for large-scale work-
Ing systems and with information-orlented 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
results of the first phase and allows integration with the
results of other research efforts, for use with a selected
language on Unix. it will be evaluated through use by people
maintaining and developing software on Unix.

3. The implementation of a production program visualization system
for a&a, Incorporating Improvements Identified in the breadboard

version.

One early result of the Phase One exploration of Illustrations is a
five minute videotape of dynamic Illustration mock-ups for ND-1
(from which Figures I and 5 were taken). he feedback on this
effort has led us to conclude that If the operation of a program in
mat Intuitively obvious, the graphics used mut bridge the gap. ge
are therefore developing (and videotaping) another Net of dynamie
Illustrations with graphical symbols that are more perceptual than

.. --
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symbolic (171) i.e., that portray the semantics more immediately.

5. So UIARY

This paper, and the project Itself# started from the promise that
graphical Illustrations can make a significant contribution to the
process of program visualization. In support of this promise, we
first surveyed a variety of existing graphical representations and
discussed possibilities for extended uses of graphics, especially
animation. We then outlined a design philosophy for an integrated
graphical 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 eopen the side of the machines
and watch programs run. Work is undervay to provide such an
environment, with the goal of making the advantages of graphical
representations available without placing an excessive burden on the
people responsible fog implementing and maintaining the programs.
We believe that a comprehensive and Integrated approach to program
visualization can have great Impact on the entire process of
software engineering, and on the cost-effective production and
maintenance of reliable software.
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END OF FISCAL YEAR REPORT - FY82

Contract Title: Program Visualization

Contract Number: NOOO14-81-C-O456

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, joy stick, touch sensitive screens, and key-
board.

2. Graphics Editor

The PV Graphics Editor allows the user to construct
illustrations interactively by "drawingm 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, legible 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, its associated connectors can be
moved as well.

3. Text Editor

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

4. Binder

A set of special-purpose routines was implemented to
enable the user 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.

5. 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 locations. 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-
allzations.

These capabilities were integrated in the base level
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'3 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.

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: N00014-81-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:

Becky Allen
Ronald H. Baecker
Aaron Marcus
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STATUS REPORT (NOOO14-81-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 N00014-81-C-O456.

1. IMPLEMENTATION WORK

The first phase of implementation of the Program Visu-
alization (PV) Library is now complete, with basic
store and access functions supported. In addition,
the ( system supports automatic library access of
appropriate code when the user points to a graphic
symbol from the library. Also supported for standard
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.
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 C
code, i.e., lines of code are highlighted as they are
executed.

2. DESIGN OF GRAPHIC SYMBOLS

We have been designing a number of graphic symbols for 4
different parts of the system. We now have a first
version of a set of four symbols to be used as logos
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
to signify different standard datastructures is also
underway.

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

* - 4,4-
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construct nodes in this notation by copying rather
than drawing. Connectors are drawn by the user via
the general make-connector command.

3. SITE VISITS

Bob 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.

4. 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.

5. 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 associated dynamic visualization. The
dynamic visualization includes both highlights moving
through lines of code and graphic depictions of vari-
ables being updated.

70-M am717 77


