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Abstract

Structuredgraphicsis usefulfor building applications
that use a direct manipulation metaphor Object-
oriented languagesoffer inheritance, encapsulation,
and runtime binding of operationgto objects. Unfor-
tunately standardstructuredgraphicspackageso not
usean object-orientednodel,and object-orientedys-
temsdo not providegeneral-purposstructuredgraph-
ics, relying insteadon low-level graphicsprimitives.
An object-orientedapproachto structuredgraphics
cangive applicationprogrammerghe benefitsof both
paradigms.

We haveimplementeda two-dimensionastructured
graphicdibrary in C++ thatpresent@nobject-oriented
modelto the programmer The graphic classdefines
a generalgraphicalobject from which all othersare
derived. The picture subclasssupportshierarchical
compositiorof graphics.Programmergandefinenew
graphicalobjectseitherstaticallyby subclassingr dy-
namically by composingnstanceof existingclasses.
We have used both this library and an earliet non-
object-orientedibrary to implementa MacDraw-like
drawing editor. We discussthe fundamentalsf the
object-orientediesignandits advantagebasedon our
experiencesvith both libraries.

1 Intr oduction

Many software packages have been developed
that support device-independeninteractive graphics
[1,3,4,6,7]. These packagesprovide various ways
to producegraphicaloutput. In immediate-mode, a
graphicalelementsuchasa line appearson the screen
assoonasit is specified. Severalpackagesprovide
proceduredor addinggraphicalelementsto a display
list; the elementsappearon the screenafter an explicit
call to drawthedisplaylist. Graphicalelementsn the
list can be storedas dataor as proceduralspecifica-
tions. Structured graphics packagesllow elementsn
adisplaylist to belists themselvesiakingit possible
to composehierarchiesof graphicalelements.
Application programs designedfor workstations
makeextensiveuseof graphicsn their userinterfaces.
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Many programssuchas drawing and schematicsedi-
tors let the user manipulategraphicalrepresentations
of familiar objects. Structuredgraphicscan simplify
theimplementatiorof suchapplicationdbecausanuch
of thefunctionalityrequiredis alreadyimplementedn
thegraphicgpackage.Forexample drawingeditorop-
erationsfor translatingand scalinggeometricshapes,
enlaging and reducingthe drawing, and storing its
representatioare supportedy moststructuredgraph-
ics packages.Graphicalhierarchiescould be usedto
composeand manipulategroupsof noteson stavesin
a music editor. A project managemensystemcould
define the elementsof bubble chartsusing graphical
primitivesandallow structuralchangego be madein-
teractivelyusingdisplaylist editing operations.

However there are drawbacksto using structured
graphics. The library of proceduresthat comprises
such packagess often large and monolithic, rich in
functionality but difficult for the programmerto ex-
tend. Extensibility usually requiresaccesso and ma-
nipulationof internaldatastructuresbut suchaccess
is dangerousndcancompromisehe reliability of the
system. Also, it is often difficult to edit and manip-
ulate the display list, particularly when its elements
arerepresentegbrocedurally becausehereis no way
to refer to graphic and geometricattributesdirectly.
Editing the displaylist may be inefficientaswell. For
example,if the display list is compiledinto a more
quickly executedform, then the list must be recom-
piled following editing beforeit can be drawn. These
deficienciesmakeit likely thatthe structureprovided
by the packagewill not mapwell to that requiredby
the application forcing the programmeto definedata
structuresand procedureghat parallelthe library’s.

An object-orienteddesignoffers solutionsto these
problems. Intrinsic to object-orientedanguagesare
facilities for data hiding and protection, extensibil-
ity and codesharingthroughinheritance andflexibil-
ity throughruntime binding of operationsto objects.
However existing object-orientedorogrammingenvi-
ronmentg5,9] rely on immediate-moderaphics,and
object-orienteduserinterface packageq2,11] do not
supportgeneral-purposstructuredgraphics. Ida [15]
usesan object-orientedframework that decomposes
structuredgraphicsinto a set of building blocks that
communicatevia messageassing.lda supportshigh-



level functionality such as scrolling, thoughit does
not providesomegraphicalcapabilitiesthat structured
graphicssystemsusually have, such as rotationsand
compositetransformations.

We havedevelopeda C++ [12] library of graphical
objectsthatcanbe composedo form two-dimensional
pictures. Thelibrary is a partof the InterViewsgraph-
ical interfacetoolkit [8] andrunson top of the X win-
dow system[1Q]. Our aim was to learn how inheri-
tanceandencapsulatiorwould be usedin the designof
a structuredgraphicslibrary. A baseclassgraphic is
definedfrom which all other structuredgraphicsob-
jects are derived. We show how a hierarchyof these
primitives can be composedto form more complex
graphicsand how featuressuch as hit detectionand
incrementalscreenupdate are incorporatedinto the
model. We also comparethis library to an earliet
non-object-omntedstructuredgraphicslibrary imple-
mentedin Modula-2 relating experiencesve had in
usingeachlibrary to implementa MacDraw-likedraw-
ing editor.

2 Class Organization

The graphicclassandderivedclassesollectivelyform
the Graphiclibrary. The classhierarchyis shownin
Figure 1. Its designwas guidedby the desireto share
code as much as possiblewithout compromisingthe
logical relationshipsetweenthe classes.

The derived classesdefine the following graphical
objects:

e Point, Line, MultiLine : a point, a line, and a

numberof connectedines

Rect, FillRect: openandfilled rectangles
Ellipse, FillElli pse openandfilled ellipses
Circle, FillCir cle: openandfilled circles
Polygon FillPolygon: openandfilled polygons

BSpline, ClosedBSpline FillBSpline:
closedandfilled B-splines

open,

Label: a stringof text

e Picture: a collectionof graphics

e Instance areferenceto anothergraphic

All graphicsmaintain graphicsstateand geometry
information. Graphicsstate parametersare defined
in separatebaseclasses. Theseinclude transformer

(transformationmatrix), color, pattern (for stippled
areafills), brush (for line drawing), and font. Each
graphicsstate classimplementsoperationsfor defin-
ing and modifying its attributes. For example,trans-
formershavetranslation scaling,rotation,and matrix
multiplicationoperationsand colorsallow their com-
ponentintensitiesto be varied.

A structuredgraphics packageshould be able to
transferits graphicalrepresentation andfrom disk.
GKS uses “metafiles” for this purpose. The files
PHIGSusesarecalled“archives.” Both packagegro-
vide proceduredor saving and retrieving structures,
for queryingstructuredy name,andfor deletingstruc-
turesfrom thefile.

The approachusedby thesepackagesequiresthe
programmerto saveand retrieve structuresexplicitly.
The Graphic library usespersistentobjectsto auto-
matically managethe storageof graphics.The graphic
classandgraphicsstateclassesarederivedfrom a per-
sistentclassthatprovidestransparenaccesgo objects
whetherthey arein memoryor on disk. Persistenbb-
jectsare faultedin from disk whenthey are first ref-
erencedand“dirty” objectsare written to disk when
the client programexits.

3 Graphic

The graphic base class containsa minimal set of
graphics state including a transformer and fore-
ground/backgrouwh colors. Derived classesmaintain
additionalgraphicsstateaccordingto their individual
semantics Forexample thelabelclassincludesa font
in additionto inheritedstate,filled objectsmaintaina
pattern,and outline objectsinclude a brush.

3.1 Operations

All graphicsimplementa set of operationgdefinedin
the baseclass. Theseinclude operationgor

e drawinganderasing optionallyclippedto a rect-

angle,
settingandretrievinggraphicsstatevalues,
translating scaling,and rotating,
obtaininga boundingbox, and

ascertainingvhetherthe graphiccontainsa point
or intersectsa rectangle.

The Cont ai ns andl nt er sect s operationsare
useful for hit detection. Their definitionsare shown
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Figure1: Graphiclibrary classhierarchy

virtual bool ean Contai ns(Poi nt Cbj &) ;
virtual boolean Intersects(Boxhj&);

Figure2: Interfaceto operationssupportinghit detection



in Figure2. Poi nt Cbj andBox(hj areclasseghat
serveas shorthandfor specifyinga point and a rect-
angularregion, respectively Cont ai ns canbe used
to detectan exacthit on a graphic;l nt er sect s can
be usedto detecta hit within a certaintolerance.

3.2 Drawing Operations

Figure 3 lists the setof drawinganderasingopera-
tions definedon graphics. InterViews definescanvas
objectsandthe coord type. A canvasrepresents re-
gion of the display in which to draw Canvasesre
rectangularand may overlap. A coord is a integer
coordinate.

The graphicbaseclassimplementsacherasingop-
erationin termsof the correspondinglrawing opera-
tion. An eraseoperatiorfirst setsthe foregroundcolor
to the backgroundcolor, then calls the drawing op-
eration,and finally resetsthe foregroundcolor to its
original value.

The operationgaking a single parameterdraw and
erasethegraphicin its entirety The coordinateparam-
etersareusedto specifyarectangularegion. Bounded
Dr aw and Er ase operationsuse the rectangularre-
gion as a hint to the graphics visibility. Graphics
may performoptimizationsbasedon this information.
For example becausecanvaseslo not permitdrawing
outsidetheir boundariesboundeddraw and eraseop-
erationscan cull partsof the graphicthat fall outside
the canvas

DrawCl i pped and Er aseC i pped clip during
drawing or erasing. They are useful when drawing
must be strictly limited to a portion of the canvas.
For example,Dr awCl i pped is often usedto redraw
portions of a graphicthat had beenobscuredby an
overlappingcanvas.

4 Composite Graphics

Picture andinstance are compositegraphics. A pic-
ture composesother graphicsinto a single object,
while an instanceis a referenceto anothergraphic.
Both rely on a notion of graphics state concatenation
to definehow they are drawn.

4.1 Graphics State Concatenation

Compositeggraphicsarelike othergraphicsin thatthey
maintaintheir own graphicsstateinformation,butthey

1The boundedoperationcould obtainthe rectangularegion di-
rectly from the canvas.For generality however the regionis spec-
ified explicitly.

do not havetheir own geometricinformation. Com-

positionallows us to definehow the composites state
informationaffects its components.The graphicbase
classimplementsa mechanisnfor combining,or con-

catenating, graphicsstate information. The default
behaviorfor concatenatioris describedbelow De-

rived classegedefinethe concatenatioroperationsas
needed.

Given two graphicsstatesA and B, we can write
their concatenatioms A & B = C, where( is there-
sultantgraphicsstate. Concatenatiorassociatebut is
not commutative;B is considereddominant.” C' re-
ceivesattributesdefinedby B. Attributesthat B does
not define are obtainedfrom A. An exceptionis the
transformationmatrix; C"s transformeris definedby
postmultipying A’s transformeby B’s. B thusdom-
inatesA in thatC' inherits B’s attributesover A’s, and
(’scoordinatesystemis definedby A’stransformation
with respectto B’s.

A graphicmight not definea particularattributeei-
ther becauseit is not meaningfulfor the graphicto
do so (a filled rectangledoes not maintain a font,
for instance)or becausehe value of the attributehas
beensetto nil explicitly. Defined attributespropa-
gatethroughsuccessiveoncatenationsvithout being
overriddenor modified by undefinedattributes. For
example,supposegraphicsstate A definesa font but
B doesnot. Moreover C' maintainsa font butits value
hasbeensetto nil. ThenD = A¢ B & C will receive
A’sfont attribute. If A’stransformeris nil but B and
C’sarenon-nil,then D will receiveatransformerthat
is the productof B'sandC’s. If D = C & A B,
then D will receivea transformerthat is the product
of C"sandB’s.

The semanticsfor concatenatioras definedin the
base class are useful for describinghow composite
graphicsare drawn, but derived graphicscan imple-
menttheir own concatenatiormechanism. This cre-
atesthe potentialfor concatenatiorsemanticghatare
more powerful than the default precedenceelation-
ship. For example,the concatenatiorperationcould
be redefinedso that concatenatingwo colors would
yield a third thatis the sumor differenceof the two.
Two patternscould combineto form a patterncorre-
spondingo anoverlayof thetwo. Thisbehaviorcould
be usedto definehow to draw overlappingpartsof a
VLSI layout.

The ability to redefine concatenationsemantics
demonstratelow inheritancdets the programmeiex-
tend the graphicslibrary easily Flexibility is thus
achievedwithoutcomplicatingor changingthelibrary.



virtual void Draw( Canvas*);
virtual void Draw Canvas*, Coord, Coord, Coord, Coord);
virtual void DrawCli pped(Canvas*, Coord, Coord, Coord, Coord);
virtual void Erase(Canvas*);
virtual void Erase(Canvas*, Coord, Coord, Coord, Coord);
virtual void Erased ipped(Canvas*, Coord, Coord, Coord, Coord);
Figure 3: Interfaceto drawingoperations
4.2 Picture of all the wordsthroughconcatenationFor instance,

Picturesare the basic mechanismfor building hier-
archiesof graphics. Each picture maintainsa list of
componengraphics.A picturedrawsitself by drawing
eachcomponenwith a graphicsstateformedby con-
catenatingghe componens statewith its own. Thus,
operationson a picture affect all of its components
asaunit. Cont ai ns, | nt er sect s, andbounding
box operationareredefinedo considerall the compo-
nentsrelativeto the picture’s coordinatesystem. The
picture classdefinesthe operationsshownin Figure4
for editing andtraversingits list of components Pic-
tureshavea notion of a “current” componentwhich
aidsin the traversalby actingas a positionmarkerin
the list of components.

Picturesalso define operationgor selectinggraph-
ics they composebasedon position. These opera-
tions are shownin Figure5. The. .. Cont ai ni ng
operationsreturn the graphic(s) containinga point;
... Intersecting operationgeturnthe graphic(s)
intersectinga rectangle;. . . Wt hi n operationsre-
turn the graphic(s)falling completelywithin a rectan-
gle.

Picturesdraw their componentsstarting from the
first componenin thelist. The Last. .. operations
can be usedto selectthe “topmost” graphicin the
picture,while Fi r st. .. operationsselectthe “bot-
tommost.” The G aphi cs. .. operationgeturnas
a side-efect an array of all the graphicsthat satisfy
the hit criterion. Theseoperationsalsoreturnthe size
of the array

The following exampledemonstratetow concate-
nationcan be usedand extendedusingpictures.Con-
sider a what-you-see-is-what-yoget text editor that
implements paragraphsusing a subclassof picture
calledparagraph andwordsusinga subclasf label
calledword. Both picturesandlabelsmaintaina font
attribute. Thus, eachword candefineits own appear-
ance,and the paragraphcan overridethe appearance

defininga font attributeon the paragraptwould cause
all wordsto appearin that font independenbf their
individual attributes.

By deriving paragraptfrom picture,we canchange
the concatenatiosemanticsfor example theconcate-
nationof anitalic font with a bold font could yield a
bold italic font. Defining an italic font attribute on
the paragraphwould thusitalicize the paragraptwith-
out ignoring the font of individual words. Alterna-
tively, paragraphsould rely on wordsto define the
concatenatiorsemantics. Thus, instancesof different
word subclassegould responddifferently to format-
ting changeswithin the sameparagraph.

4.3 Instance

An instanceis a referenceto anothergraphic(the tar-
get). Graphiclibrary instancesrefunctionallyequiva-
lentto instancesn Sketchpad14]. The concatenation
of the instances$ and target's graphicsstatesis used
whentheinstances drawnor erased.An instancecan
thusredefineany aspectof the target’s graphicsstate,
but it cannotchangethe target's geometricinforma-
tion.

Instances are useful for replicating “prototype”
graphics. Once the prototypeis defined, it can ap-
pearat severalplacesin a drawing without copying.
Also, structuraland graphicsstatemodificationsmade
to the prototypewill affectits instancesthusavoiding
the needto changeinstancedndividually.

5 Incremental Update

Structured graphics can be used to representand
draw arbitrarily complicatedimages. Many images
(and mostinterestingones)cannotbe drawninstanta-
neously Incrementattechniquesan be usedto speed
theproces®f keepingthescreernimageconsistentvith



voi d Append( G aphi c*);
voi d Prepend( G aphic*);
voi d Remove( G aphic*);

void I nsertAfterCur(G aphic*);
voi d | nsert Bef oreCur (G aphic*);
voi d RemoveCur () ;

voi d Set Current (G aphic*);
Graphi c* GetCurrent();

Graphic* First();
Graphi c* Last();
Graphi c* Next();
Graphi c* Prev();
bool ean | sEmpty();
bool ean At End()

Figure4: Pictureediting operations

Graphi c* First G aphi cCont ai ni ng( Poi nt Obj &) ;
Graphi c* First Graphiclntersecting(BoxObj &) ;
Graphi c* First G aphi cWt hi n( BoxObj &) ;

Graphi ¢c* Last Graphi cCont ai ni ng( Poi nt Obj &) ;
Graphi c* Last Graphi clntersecti ng(BoxObj &) ;
Graphi c* Last Graphi cW t hi n( BoxObj &) ;

i nt G aphi csCont ai ni ng( Poi nt Oj & Graphic**&);
int G aphicslntersecti ng(BoxQhj &, G aphic**&);
int G aphi csWthin(BoxObj& G aphic**&);

Figure5: Pictureoperationdor selection



changesin the underlying graphicalstructure. Such
techniqueswill be effective if the user makessmall
changesmostof the time, and experiencewith inter-
active graphicseditorsshowsthis to be the case.

To supportincrementalupdate,the Graphiclibrary
includesadamagebaseclass. A damagenbjectis used
to keeptheappearancef graphicsconsistentvith their
representation.Damageobjectstry to minimize the
work requiredto redraw corruptedpartsof a graphic.
The baseclassimplementsa simple incrementalal-
gorithm that is effective for many applications. The
algorithm can be replacedwith a more sophisticated
one by deriving from the baseclass.

5.1

The interfaceto the damageclassappearsn Figure6.
Whena damageobjectis createdt is passeda graphic
(usually a picture) for which it is responsible. The
| ncur operationis calledby theclientprogramwhen-
everthe graphicis “damaged.” The graphicis incre-
mentally updatedwhen Repai r is called. Reset
discards accumulateddamagewithout updating the
graphic. Clients can determinewhetherany damage
hasbeenincurredusingthe | ncur r ed operation.

Interface

5.2

The damageclassimplementsa simple algorithm for
incrementalupdate. Each damageobject maintains
zero,one,or two non-overlappingectangles A dam-
age object must be notified wheneverthe graphics
appearancehangesby calling the | ncur operation
with either a region of the canvasor a graphicas a
parameter If a graphicis supplied,its boundingbox
determineghe extentof the damagedegion.

I ncur either storesthe new rectanglerepresent-
ing the damagedegionor merges it with one or both
of the rectanglesit has stored. Merging replacesa
storedrectanglewith the smallestrectanglecircum-
scribing the rectanglesbeing memged. Repai r calls
Dr awCl i pped onthegraphicfor eachstoredrectan-
gle.

The number of rectanglesmaintainedby damage
objectsis limited to two becausesuccessivencreases
in the numberof rectanglesring diminishingreturns.
This is a resultof the overheadassociatedvith draw-
ing a graphic clipped; for complicatedgraphicsthis
involves significant computation. We found that the
limiting valueof two yieldedsubjectivelythe quickest
screerupdateon averagdn anobject-orientedirawing
editorbasedon the Graphiclibrary. Typically the user
eithertransformsanobjectin place(producinga single

Implementation

damagedectangle)or movesanobject(producingone
or two rectangles) Assumingthatdrawingeditorsrep-
resenta fair benchmarkor interactivegraphicsappli-
cations,the two-rectangldimitation offers advantages
in both performanceandimplementatiorsimplicity.

6 Experience

The designof the Graphiclibrary was basedon ex-
periencewith an earlier structuredgraphicslibrary we
implementedn Modula-2 The Modula-2designem-
phasizedigh drawingspeedover low latency It also
tried to handle incrementalupdate completely auto-
matically; that is, it had no operationcomparableto
I ncur. The extent of damagewas inferred from
the operationsperformed on each graphical object.
Thoughthe packageattemptedto provide an object-
orientedinterface,the implementatiorlanguages lack
of inheritanceresultedin a monolithic library that
could not be extendedeasily

We have developedtwo versions of an object-
orienteddrawingeditor calledi dr aw, shownin Fig-
ures7 and 8. The first version usesthe Modula-2
graphiclibrary, while the secondversionusesthe C++
Graphiclibrary. This givesus a goodopportuniy for
comparingthe two librariesbasedon actualusage.

6.1 Graphics State Propagation versus
Concatenation

A differencebetweenthe Graphic and Modula-2 li-
brariesis in the way they manage graphics state.
Modula-2 graphical elementspropagatetheir graph-
ics stateto the leavesof the graphicshierarchyaspart
of the modificationoperation.Graphiclibrary objects
deferthe propagatioruntil they are drawn, relying on
the concatenatiomechanisimo do thejob. Theratio-
nale behindpropagatiorwas to make drawing as fast
as possible. It was believedthat on-the-fly concate-
nation would slow drawing unnecessarily Thus, as
much work as possiblewas done beforethe drawing
routinewas called.

We realizedthat propagationwas a mistakeas we
usedthe Modula-2library toimplement dr aw. Prop-
agatinggraphicsstateeachtime an operationis called
precludesamortizingmanychangesvera few draws.
Thatis, if severalstate-modifyingoperationsaremade
beforethe graphicis drawn, we can avoid traversing
the structureif we defer propagationto draw time,
whenwe musttraverseit anyway

Having made propagationan integral part of the
Modula-2library, therewasno practicalway for users



voi d I ncur (G aphic*);

voi d | ncur (BoxObj &)
voi d Repair();

voi d Reset ();

bool ean I ncurred();

1

Figure6: Interfaceto damageclass
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to modify thelibrary to useconcatenationAn object-
orienteddesignwould have usedinheritanceto facil-
itate the modificationof the library to use concatena-
tion. In comparisonit would be straightforwardo de-
rive a new sortof pictureandredefineits graphicstate
modificationoperationgo propagateattributesimme-
diately.

6.2

The Modula-2 graphicslibrary implementedan auto-
matic incrementalupdatefeature. The library kept
track of changego objectsby storinglists of rectan-
gleswith eachobject. Newly-addedrectanglesvere
mergedwith anyrectanglesn thelist theyintersected.
The list of rectangleswas ultimately limited by the
object’sboundingbox; whena rectanglein thelist be-
camelarge enoughto subsumehe boundingbox, the
incrementalupdatemechanismwas disabledand the
objectwould be drawnin its entirety

The Redr aw procedurewas usedto initiate incre-
mentalredrawof a graphicalobject. Redr aw erased
the regions defined by the rectanglesin the object
and redrewthe objectclippedto eachrectangle.Any
nestedobjectswould be redrawnrecursively

This approachworked—thescreenvasneverleft in
an inconsistentstate following incrementalredraw—
butit did notalwaysperformthe updatein an efficient

Incremental Update

way. The generalityof the algorithmcoupledwith the
lack of a way for the programmetto influencethe re-
draw mechanismoften renderedthe facility useless;
the programmemvould bypassthe mechanismand re-
draw damagedbjectsexplicitly.

To illustrate, considerthe casewhere a drawing is
restructuredsothatan objectobscuredy otherobjects
is broughtto the top. A simple way to updatethe
screenis simply to draw the object; nothingelseneed
be redrawn. However the incrementalalgorithm did
notconsidetthis optimization andRedr aw proceeded
to redrawall the obscuredbbjectsaswell.

The more seriousproblemarosebecausedamaged
rectangleinformationwas always accumulatedsince
Redr awcouldbe calledatanytime. Thisaddedover-
headto every appearance-modifyingperation. The
overheadremainedeven if the programmerdecided
to bypassautomaticredraw and perform the update
manually The additionof a Di sabl e procedurehat
turnedoff rectangleaccumulatiorcomplicatedthe use
of the packageand presentedproblemsof its own:
Whatshouldhapperwhenautomatiaedrawis enabled
again?Shouldold damagenformationbe eliminated?
How do we know the screenis still consistent?

The lessonwe learnedwas that it is importantnot
to excludethe programmerfrom the updateprocess.
Damageobjectsdo not in any way interferewith the
normaloperationof graphics.Theyincur no overhead
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unlessthey are used,and they encapsulatehe incre-
mentalupdatealgorithm,makingit easyto enhanceor
replace. In contrast,the updatemechanisnpervaded
the older library. Damageobjectsgive programmers
the option of performingtricks of their own whenup-
datingthe screenwithout payingfor mechanismghey
do not use.

6.3 Persistence

We have mixed feelingsabouthaving usedpersistent
objectsin the Graphiclibrary. On one handthey are
convenientbecausethey free the programmerfrom
worrying aboutstorage. On the other hand, objects
createdby a programlive in their own world analo-
gousto the addressspacein which they were created.
Thus, objectscannotcommunicateacrossprogramor
machineboundarieseasily nor is there provision for
moving objectsfrom oneworld to another

Persistenbbjectsare usefulfor preservinghe state
of a programtransparentlhyacrossexecutionsput they
are not suitablefor communicatingthe statebetween
processes. We expect that a later version of the
Graphiclibrary will incorporatea more conventional
storagemechanism.

6.4 CachedBounding Boxes

To improve performance,the more complex graph-
ics such as multilines, polygons, splines, and pic-
tures cachetheir boundingbox onceit is calculated.
Cachingcansavesubstantiatime, especiallyfor large
pictures,becausethe boundingbox is neededwhen-
evera graphicis drawn clippedor bounded.

The object-orientecapproachmakesit easyto add
this optimizationto classeghat can useit without pe-
nalizing otherclasses.The graphicbaseclassdeclares
operationsfor caching,invalidating, and retrieving a
boundingbox. Theseare null operationsby default;
derivedclassesanredefinethemif they usecaching.
Thus,individual graphicscandefinetheir own caching
andinvalidationcriteria. Furthermore sincethe base
classdoesnot allocatestoragefor the boundingbox,
no overheads incurredon subclasseshat do not re-
quire caching.

6.5 Quantitative and Qualitative Com-
parisons

This sectionpresentgjuantitativeandqualitative com-
parisonsof the Modula-2and C++ structuredgraphics
librariesandversionsof i dr aw. Note thatany direct

comparisonsare necessarilycrude becauseof differ-
encesin designcriteria, in our experiencdevel at the
startof eachlibrary’s implementationandin the im-
plementationanguagegshemselves Neverthelesswe
offer thesecomparisongo addinsightinto therelative
merits of the Modula-2and C++ implementations.

Table 1 showsthe source code sizes for both li-
brariesandbothversionsof i dr aw. Thelibrary code
is dividedinto five componentscommoncode(thatis,
codethatimplementghe samefunctionalityin bothli-
braries),codefor incrementalupdate,codefor storing
graphicalobjectson disk, codefor hit detection,and
comments.Thei dr aw codeis divided into common
code,userinterfacecode,and comments.

This partitioring lets us take into accountdiffer-
ent capabilitiesandlevels of commentingwhen com-
paring codesizes. For example,the Graphiclibrary
has a generalpersistentobject facility, whereasthe
Modula-2 library supportsonly manualread/write of
graphicalobjects. Graphicsubclassegmplementfine-
grainhit detectionwhile the Modula-2library cande-
tect hits only within an object's boundingbox. The
Modula-2library usesa more complicatedincremen-
tal updatemechanismand is commentedmore heav-
ily thanthe Graphiclibrary. Modula-2i dr aw imple-
mentsscroll bars, pull-down menus,and rubberbands
explicitly, while InterViews providesthis functionality
in the C++ version.

From the informationin Table 1, we concludeonly
thatthe C++ andModula-2codeis comparablén size.
Theamountof commoncodein the structuredyraphics
librariesis aboutthe same,and the C++ versionhas
proportimally more code to implementaddedfunc-
tionality. The Modula-2i dr aw is somewhatsmaller
than the C++ version, taking into accountthat C++
i dr aw relieson InterViewsto implementits userin-
terface. However C++ i dr aw providesmore func-
tionality, includingarbitrary-levelundo(versussingle-
level for Modula-2i dr aw), more sophisticatedext
editing, and usercustomizability

A possibledisadvantagef anobject-orientedmple-
mentationis a runtime performancepenality because
of overheadsuch as methodlookup. In the imple-
mentationof C++ we used,the overheadamountsto
threeor four extramemoryreferencepervirtual func-
tion call [13]. To seewhetherthis overheadhas a
significantimpact on the performanceof i dr aw, we
measuredhow long it took eachversion of i dr aw
to do threedifferentoperationson two differentdraw-
ings,car . 6 (shownin Figure7) andmul ti dri ver
(shownin Figure 8). Theseare representativef two
common types of drawings: artistic drawings with
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Modula-2 | C++

structured| commoncode 3600 | 3500
graphics | incrementalupdate 500 100
library hit detection 400 | 1500
persistence 600 | 1300
comments 700 300

total lines 5800| 6700

i draw commoncode 13000 | 14000
userinterface 2000 0
comments 1000 | 2000

total lines 16000 | 16000

Table1: Comparisorof Modula-2and C++ sourcecode (in lines)

many complex,overlappingpolygonsandsplines,and

technical drawings consisting mainly of rectangles,
lines, and text with little or no overlap. We timed

the following operations:

1. In the “zoom #1” test, the drawing is zoomed
from half sizeto quartersizeandback. Thedraw-
ing is fully visible throughouthe test.

2. In “zoom #2,” the drawingis zoomedfrom half
sizeto full sizeandback. Thedrawingis clipped
whendrawnatfull sizesothatonly halfis visible.

3. In “rotation,” the (top-level)objectin thedrawing
is rotated90°.

Table2 showsthe averageof tentrials for eachtest.
The C++ versionoutperformghe Modula-2versionin
everytest. The differencein speedis greatestor the
rotationteston car . 6, butthis differenceis exagger-
atedbecauseof a bugin the Modula-2library’sincre-
mental updateroutine that causedredundantredraws
of two subcomponentsin general,the Modula-2 li-
brary is handicappedy the extra traversalsassoci-
ated with graphic state propagationand incremental
update. The resultswould be more comparabldf the
Modula-2 library were modifiedto use concatenation
and the simpler incrementalupdatealgorithm of the
damageclass.

The lastquantitatve comparisorinvolvesthe object
codesizesfor eachlibrary andi dr aw version. These
valuesare shownin Table3. The C++ sizesarelarger
mainly becauseof the addedfunctionality of boththe
Graphiclibrary andC++i dr aw, constructordestruc-
tor, andinline code,andthe overheadassociatedvith
virtual pointertables.

From a qualitative standpoint,the Graphiclibrary
and the correspondingversion of i dr aw are both

significantly better structured, more understandable,
and “cleanef overall than their Modula-2 counter-
parts. One could arguethatthe lessondearnedin the
Modula-2 implementatiorefforts led to superiorC++
versions. However the versionsof i dr aw were de-
velopedby two differentpeople. In fact, the Modula-2
versionwas its authors secondattemptat a drawing
editor, while the C++ versionwasits authors first at-
tempt. The object-orientedparadigmsimply invites
good programstructuringthroughinheritance encap-
sulation,and late binding, all of which promotemod-
ularity andflexibility.

7 Conclusion

A striking aspecbf graphicspackagesuchas CORE,
GKS, and PHIGS s their size and complexity These
packagesare intendedas standardghat provide ma-
chine independencegxtensivefunctionality, and gen-
erality, and they largely succeedin theserespects.
However all reflect their proceduralimplementation
in their interface. Programmersannotextend prim-
itives throughinheritanceto modify their semantics.
The resultis a substantiacomplexity penaltyfor ev-
ery increasein flexibility.

For example,somepackagesind graphicsstateat-
tributes statically to graphical objectswhen the ob-
jects are created. Othersprovide a simple form of
state inheritance by allowing graphicsto reference
othergraphicsin a mannersimilar to instancesn the
Graphiclibrary. Thesefacilities are significantlyless
flexible than the graphicsstate concatenatiormech-
anism, the semanticsof which can be changedon a
perclassbasis. In an object-orientecpackage gener-
ality canbe achievedthroughclassinheritancanstead
of supportinga broadrangeof behaviorsexplicitly.
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Drawing Test Modula-2 | C++
car.6 zoom#1 18 8.3
(82 objects) zoom#2 12 6.3

rotation 15 4,5
mul tidriver | zoom#1l 24 | 12
(361 objects) zoom#2 18 8.3

rotation 11 6.7

Table2: Comparisorof Modula-2andC++i d

r aw drawing performancegin seconds)

structuredgraphicslibrary
i draw

Modula-2 | C++
40 | 110
130 | 280

Table3: Comparisorof Modula-2and C++ objectcodesizes(in kilobytes)

Another advantageof the object-orientedapproach
is the ability to treatgraphicalobjectsgenerically re-
lying on the runtime systemto determinethe correct
methodfor a particularobject. The vi rt ual mech-
anismaccomplisheghis in C++. Thus, functionality
suchas hit detectioncan be implementedn a simple
way without identifying objectswith elementpoint-
ers and labels. Furthermore escapemechanismgor
exploiting specialhardwarefacilities are unnecessary;
subclassesan be derivedthat reimplementkey op-
erationssuch as Dr aw to take advantageof unique
capabilities.

In our experience structuredgraphicsis useful for
applicationsthat allow the userto manipulategraph-
ical objectsinteractively Structuredgraphicsis less
usefulfor implementingthe appearancef the userin-
terface. It is unnecessaryo definescroll bars,menus,
andbuttonsusingstructuredyraphicsbecauseheyare
simpleto draw procedurallyandtheir structurerarely
changes. Thus, structuredgraphicsis not a replace-
mentfor immediate-moderaphics.

We are interestedin usingthe Graphiclibrary for
animatinggraphics. Structuredgraphicsis appropri-
ate for animationif the hardwareis fast enoughto
supportit. Also, the currentimplementatiordoesnot
provide three-dimensionatapabilities. Extendingthe
library to supportthree dimensionalgraphicswould
require significantadditionsto baseclassfunctional-
ity, for example,to incorporateoperationsgoverning
lighting modelsand point of view, three-dimensional
analogsof Cont ai ns and| nt er sect s, and addi-
tional informationwhen clipping.

Of more immediateinterestis the introducton of
version 2.0 of C++ [13 with multiple inheritance,
amongotherenhancementsThoughsingleinheritance
is very useful,it oftenforcesthe programmeto derive
from one of two equallyattractiveclasses.This limits
the applicability of predefinedclasses,often making
it necessaryto duplicatecode. For example,thereis
no way to derive a graphicthatis both a circle and
a picture; one mustderive from one or the otherand
reimplementhe functionality of the classthatwasex-
cluded.

The availability of multiple inheritancewill un-
doubtedlychangethe class hierarchy shownin Fig-
ure 1. Classessuchas filled and open could be de-
fined to simplify the relationshipshetweenfilled and
non-filledgraphicswhicharecurrentlyderivedasthey
are to maximize code sharing. Persistencecould be
implementedasa separatelassfrom which to inherit.
Thus, non-persistentlassesanavoid the small space
overheadcauseddy derivinggraphicfrom a persistent
class.
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