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Abstract

Structuredgraphicsis usefulfor building applications
that use a direct manipulation metaphor. Object-
oriented languagesoffer inheritance, encapsulation,
and runtimebinding of operationsto objects. Unfor-
tunately, standardstructuredgraphicspackagesdo not
usean object-orientedmodel,andobject-orientedsys-
temsdo not providegeneral-purposestructuredgraph-
ics, relying insteadon low-level graphicsprimitives.
An object-orientedapproachto structuredgraphics
cangive applicationprogrammersthe benefitsof both
paradigms.

We haveimplementeda two-dimensionalstructured
graphicslibrary in C++ thatpresentsanobject-oriented
model to the programmer. The graphic classdefines
a generalgraphicalobject from which all othersare
derived. The pictur e subclasssupportshierarchical
compositionof graphics.Programmerscandefinenew
graphicalobjectseitherstaticallyby subclassingor dy-
namicallyby composinginstancesof existingclasses.
We have usedboth this library and an earlier, non-
object-orientedlibrary to implementa MacDraw-like
drawing editor. We discussthe fundamentalsof the
object-orienteddesignandits advantagesbasedon our
experienceswith both libraries.

1 Intr oduction

Many software packages have been developed
that support device-independentinteractive graphics
[1,3,4,6,7]. These packagesprovide various ways
to producegraphicaloutput. In immediate-mode, a
graphicalelementsuchasa line appearson thescreen
as soon as it is specified. Severalpackagesprovide
proceduresfor addinggraphicalelementsto a display
list; theelementsappearon thescreenafteranexplicit
call to drawthedisplaylist. Graphicalelementsin the
list can be storedas dataor as proceduralspecifica-
tions. Structured graphics packagesallow elementsin
a displaylist to be lists themselves,makingit possible
to composehierarchiesof graphicalelements.

Application programs designed for workstations
makeextensiveuseof graphicsin theiruserinterfaces.
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Many programssuchas drawingand schematicsedi-
tors let the usermanipulategraphicalrepresentations
of familiar objects. Structuredgraphicscan simplify
theimplementationof suchapplicationsbecausemuch
of thefunctionalityrequiredis alreadyimplementedin
thegraphicspackage.Forexample,drawingeditorop-
erationsfor translatingand scalinggeometricshapes,
enlarging and reducing the drawing, and storing its
representationaresupportedby moststructuredgraph-
ics packages.Graphicalhierarchiescould be usedto
composeandmanipulategroupsof noteson stavesin
a music editor. A project managementsystemcould
define the elementsof bubblechartsusing graphical
primitivesandallow structuralchangesto bemadein-
teractivelyusingdisplaylist editingoperations.

However, there are drawbacksto using structured
graphics. The library of proceduresthat comprises
such packagesis often large and monolithic, rich in
functionality but difficult for the programmerto ex-
tend. Extensibilityusuallyrequiresaccessto andma-
nipulationof internaldatastructures,but suchaccess
is dangerousandcancompromisethereliability of the
system. Also, it is often difficult to edit and manip-
ulate the display list, particularly when its elements
are representedprocedurally, becausethereis no way
to refer to graphic and geometricattributesdirectly.
Editing thedisplaylist may be inefficient aswell. For
example,if the display list is compiled into a more
quickly executedform, then the list must be recom-
piled following editingbeforeit canbe drawn. These
deficienciesmakeit likely that the structureprovided
by the packagewill not mapwell to that requiredby
the application,forcing the programmerto definedata
structuresandproceduresthat parallelthe library’s.

An object-orienteddesignoffers solutionsto these
problems. Intrinsic to object-orientedlanguagesare
facilities for data hiding and protection, extensibil-
ity andcodesharingthroughinheritance,andflexibil-
ity throughruntime binding of operationsto objects.
However, existingobject-orientedprogrammingenvi-
ronments[5,9] rely on immediate-modegraphics,and
object-orienteduser interfacepackages[2,11] do not
supportgeneral-purposestructuredgraphics. Ida [15]
uses an object-orientedframework that decomposes
structuredgraphicsinto a set of building blocks that
communicatevia messagepassing.Ida supportshigh-
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level functionality such as scrolling, though it does
not providesomegraphicalcapabilitiesthatstructured
graphicssystemsusuallyhave, suchas rotationsand
compositetransformations.

We havedevelopeda C++ [12] library of graphical
objectsthatcanbecomposedto form two-dimensional
pictures.The library is a partof the InterViewsgraph-
ical interfacetoolkit [8] andrunson top of theX win-
dow system[10]. Our aim was to learn how inheri-
tanceandencapsulationcouldbeusedin thedesignof
a structuredgraphicslibrary. A baseclassgraphic is
definedfrom which all other structuredgraphicsob-
jectsare derived. We showhow a hierarchyof these
primitives can be composedto form more complex
graphicsand how featuressuch as hit detectionand
incrementalscreenupdateare incorporatedinto the
model. We also comparethis library to an earlier,
non-object-orientedstructuredgraphicslibrary imple-
mentedin Modula-2, relating experienceswe had in
usingeachlibrary to implementa MacDraw-likedraw-
ing editor.

2 Class Organization

Thegraphicclassandderivedclassescollectivelyform
the Graphic library. The classhierarchyis shownin
Figure1. Its designwasguidedby the desireto share
code as much as possiblewithout compromisingthe
logical relationshipsbetweenthe classes.

The derivedclassesdefine the following graphical
objects:

� Point, Line, MultiLine : a point, a line, and a
numberof connectedlines

� Rect, FillRect: openandfilled rectangles

� Ellipse, FillElli pse: openandfilled ellipses

� Cir cle, FillCir cle: openandfilled circles

� Polygon, FillPolygon: openandfilled polygons

� BSpline, ClosedBSpline, FillBSpline: open,
closedandfilled B-splines

� Label: a stringof text

� Picture: a collectionof graphics

� Instance: a referenceto anothergraphic

All graphicsmaintaingraphicsstateand geometry
information. Graphicsstate parametersare defined
in separatebaseclasses.Theseinclude transformer

(transformationmatrix), color, pattern (for stippled
areafills), brush (for line drawing), and font. Each
graphicsstateclassimplementsoperationsfor defin-
ing and modifying its attributes. For example,trans-
formershavetranslation,scaling,rotation,andmatrix
multiplicationoperations,andcolorsallow their com-
ponentintensitiesto be varied.

A structuredgraphicspackageshould be able to
transferits graphicalrepresentationsto andfrom disk.
GKS uses “metafiles” for this purpose. The files
PHIGSusesarecalled“archives.” Bothpackagespro-
vide proceduresfor saving and retrieving structures,
for queryingstructuresby name,andfor deletingstruc-
turesfrom the file.

The approachusedby thesepackagesrequiresthe
programmerto saveand retrievestructuresexplicitly.
The Graphic library usespersistentobjects to auto-
maticallymanagethestorageof graphics.Thegraphic
classandgraphicsstateclassesarederivedfrom a per-
sistentclassthatprovidestransparentaccessto objects
whethertheyarein memoryor on disk. Persistentob-
jectsare faulted in from disk when they are first ref-
erenced,and “dirty” objectsare written to disk when
the client programexits.

3 Graphic

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

3.1 Operations

All graphicsimplementa setof operationsdefinedin
the baseclass.Theseincludeoperationsfor

� drawinganderasing,optionallyclippedto a rect-
angle,

� settingandretrievinggraphicsstatevalues,

� translating,scaling,androtating,

� obtaininga boundingbox, and

� ascertainingwhetherthe graphiccontainsa point
or intersectsa rectangle.

The Contains andIntersects operationsare
useful for hit detection. Their definitionsare shown
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GraphicGraphic

LabelLabel PointPointEllipseEllipse LineLine MultiLineMultiLine RectRect InstanceInstancePicturePicture

FillEllipseFillEllipse CircleCircle BSplineBSpline PolygonPolygon FillRectFillRect

FillCircleFillCircle ClosedBSplineClosedBSpline FillPolygonFillPolygon

FillBSplineFillBSpline

Figure1: Graphiclibrary classhierarchy

virtual boolean Contains(PointObj&);
virtual boolean Intersects(BoxObj&);

Figure2: Interfaceto operationssupportinghit detection
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in Figure2. PointObj andBoxObj areclassesthat
serveas shorthandfor specifyinga point and a rect-
angularregion,respectively. Contains canbe used
to detectanexacthit on a graphic;Intersects can
be usedto detecta hit within a certaintolerance.

3.2 Drawing Operations

Figure3 lists the setof drawinganderasingopera-
tions definedon graphics. InterViewsdefinescanvas
objectsandthe coord type. A canvasrepresentsa re-
gion of the display in which to draw. Canvasesare
rectangularand may overlap. A coord is a integer
coordinate.

Thegraphicbaseclassimplementseacherasingop-
erationin termsof the correspondingdrawingopera-
tion. An eraseoperationfirst setsthe foregroundcolor
to the backgroundcolor, then calls the drawing op-
eration,and finally resetsthe foregroundcolor to its
original value.

The operationstaking a singleparameterdraw and
erasethegraphicin its entirety. Thecoordinateparam-
etersareusedto specifya rectangularregion. Bounded
Draw and Erase operationsuse the rectangularre-
gion as a hint to the graphic’s visibili ty. Graphics
may performoptimizationsbasedon this information.
For example,becausecanvasesdo not permitdrawing
outsidetheir boundaries,boundeddraw anderaseop-
erationscan cull partsof the graphicthat fall outside
the canvas.1

DrawClipped and EraseClipped clip during
drawing or erasing. They are useful when drawing
must be strictly limited to a portion of the canvas.
For example,DrawClipped is often usedto redraw
portionsof a graphic that had been obscuredby an
overlappingcanvas.

4 Composite Graphics

Picture and instanceare compositegraphics.A pic-
ture composesother graphics into a single object,
while an instanceis a referenceto anothergraphic.
Both rely on a notionof graphics state concatenation
to definehow they aredrawn.

4.1 Graphics State Concatenation

Compositegraphicsarelike othergraphicsin thatthey
maintaintheirowngraphicsstateinformation,but they

1The boundedoperationcould obtainthe rectangularregiondi-
rectly from thecanvas.For generality, however, the regionis spec-
ified explicitly.

do not have their own geometricinformation. Com-
positionallows us to definehow the composite’s state
informationaffects its components.The graphicbase
classimplementsa mechanismfor combining,or con-
catenating, graphicsstate information. The default
behavior for concatenationis describedbelow. De-
rived classesredefinethe concatenationoperationsas
needed.

Given two graphicsstates
�

and � , we can write
their concatenationas

��� ����� , where � is the re-
sultantgraphicsstate.Concatenationassociatesbut is
not commutative;� is considered“dominant.” � re-
ceivesattributesdefinedby � . Attributesthat � does
not defineare obtainedfrom

�
. An exceptionis the

transformationmatrix; � ’s transformeris definedby
postmultiplying

�
’s transformerby � ’s. � thusdom-

inates
�

in that � inherits � ’s attributesover
�

’s,and
� ’scoordinatesystemis definedby

�
’s transformation

with respectto � ’s.

A graphicmight not definea particularattributeei-
ther becauseit is not meaningful for the graphic to
do so (a filled rectangledoes not maintain a font,
for instance)or becausethe valueof the attributehas
been set to nil explicitly. Defined attributespropa-
gatethroughsuccessiveconcatenationswithout being
overriddenor modified by undefinedattributes. For
example,supposegraphicsstate

�
definesa font but

� doesnot. Moreover, � maintainsa font but its value
hasbeensetto nil. Then 	
� ��� � � � will receive�

’s font attribute. If
�

’s transformeris nil but � and
� ’sarenon-nil, then 	 will receivea transformerthat
is the productof � ’s and � ’s. If 	��
� ����� � ,
then 	 will receivea transformerthat is the product
of � ’s and � ’s.

The semanticsfor concatenationas definedin the
baseclass are useful for describinghow composite
graphicsare drawn, but derivedgraphicscan imple-
ment their own concatenationmechanism.This cre-
atesthe potentialfor concatenationsemanticsthat are
more powerful than the default precedencerelation-
ship. For example,the concatenationoperationcould
be redefinedso that concatenatingtwo colors would
yield a third that is the sum or differenceof the two.
Two patternscould combineto form a patterncorre-
spondingto anoverlayof thetwo. Thisbehaviorcould
be usedto definehow to draw overlappingpartsof a
VLSI layout.

The ability to redefine concatenationsemantics
demonstrateshow inheritancelets theprogrammerex-
tend the graphics library easily. Flexibility is thus
achievedwithoutcomplicatingor changingthelibrary.
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virtual void Draw(Canvas*);
virtual void Draw(Canvas*, Coord, Coord, Coord, Coord);
virtual void DrawClipped(Canvas*, Coord, Coord, Coord, Coord);

virtual void Erase(Canvas*);
virtual void Erase(Canvas*, Coord, Coord, Coord, Coord);
virtual void EraseClipped(Canvas*, Coord, Coord, Coord, Coord);

Figure3: Interfaceto drawingoperations

4.2 Picture

Picturesare the basic mechanismfor building hier-
archiesof graphics. Each picture maintainsa list of
componentgraphics.A picturedrawsitself by drawing
eachcomponentwith a graphicsstateformedby con-
catenatingthe component’s statewith its own. Thus,
operationson a picture affect all of its components
as a unit. Contains, Intersects, andbounding
boxoperationsareredefinedto considerall thecompo-
nentsrelativeto the picture’s coordinatesystem.The
pictureclassdefinesthe operationsshownin Figure4
for editing andtraversingits list of components.Pic-
tureshavea notion of a “current” component,which
aids in the traversalby actingasa positionmarkerin
the list of components.

Picturesalso defineoperationsfor selectinggraph-
ics they composebasedon position. Theseopera-
tions are shownin Figure5. The ...Containing
operationsreturn the graphic(s) containing a point;
...Intersecting operationsreturnthegraphic(s)
intersectinga rectangle;...Within operationsre-
turn the graphic(s)falling completelywithin a rectan-
gle.

Picturesdraw their componentsstarting from the
first componentin the list. The Last... operations
can be used to select the “topmost” graphic in the
picture,while First... operationsselectthe “bot-
tommost.” The Graphics... operationsreturnas
a side-effect an array of all the graphicsthat satisfy
the hit criterion. Theseoperationsalsoreturnthe size
of the array.

The following exampledemonstrateshow concate-
nationcanbe usedandextendedusingpictures.Con-
sider a what-you-see-is-what-youget text editor that
implementsparagraphsusing a subclassof picture
calledparagraph andwordsusinga subclassof label
calledword. Both picturesandlabelsmaintaina font
attribute.Thus,eachword candefineits own appear-
ance,and the paragraphcan overridethe appearance

of all the words throughconcatenation.For instance,
defininga font attributeon the paragraphwould cause
all words to appearin that font independentof their
individual attributes.

By derivingparagraphfrom picture,we canchange
theconcatenationsemantics;for example,theconcate-
nationof an italic font with a bold font could yield a
bold italic font. Defining an italic font attributeon
theparagraphwould thusitalicize the paragraphwith-
out ignoring the font of individual words. Alterna-
tively, paragraphscould rely on words to define the
concatenationsemantics.Thus, instancesof different
word subclassescould responddifferently to format-
ting changeswithin the sameparagraph.

4.3 Instance

An instanceis a referenceto anothergraphic(the tar-
get). Graphiclibrary instancesarefunctionallyequiva-
lent to instancesin Sketchpad[14]. Theconcatenation
of the instance’s and target’s graphicsstatesis used
whentheinstanceis 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, structuralandgraphicsstatemodificationsmade
to theprototypewill affect its instances,thusavoiding
the needto changeinstancesindividually.

5 Incr emental Update

Structured graphics can be used to representand
draw arbitrarily complicatedimages. Many images
(andmost interestingones)cannotbe drawninstanta-
neously. Incrementaltechniquescanbe usedto speed
theprocessof keepingthescreenimageconsistentwith
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void Append(Graphic*);
void Prepend(Graphic*);
void Remove(Graphic*);

void InsertAfterCur(Graphic*);
void InsertBeforeCur(Graphic*);
void RemoveCur();
void SetCurrent(Graphic*);
Graphic* GetCurrent();

Graphic* First();
Graphic* Last();
Graphic* Next();
Graphic* Prev();
boolean IsEmpty();
boolean AtEnd()

Figure4: Pictureeditingoperations

Graphic* FirstGraphicContaining(PointObj&);
Graphic* FirstGraphicIntersecting(BoxObj&);
Graphic* FirstGraphicWithin(BoxObj&);

Graphic* LastGraphicContaining(PointObj&);
Graphic* LastGraphicIntersecting(BoxObj&);
Graphic* LastGraphicWithin(BoxObj&);

int GraphicsContaining(PointObj&, Graphic**&);
int GraphicsIntersecting(BoxObj&, Graphic**&);
int GraphicsWithin(BoxObj&, Graphic**&);

Figure5: Pictureoperationsfor selection
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changesin the underlyinggraphicalstructure. Such
techniqueswill be effective if the user makessmall
changesmost of the time, and experiencewith inter-
activegraphicseditorsshowsthis to be the case.

To supportincrementalupdate,the Graphiclibrary
includesadamagebaseclass.A damageobjectis used
to keeptheappearanceof graphicsconsistentwith their
representation.Damageobjects try to minimize the
work requiredto redrawcorruptedpartsof a graphic.
The baseclass implementsa simple incrementalal-
gorithm that is effective for many applications. The
algorithm can be replacedwith a more sophisticated
oneby deriving from the baseclass.

5.1 Interface

The interfaceto thedamageclassappearsin Figure6.
Whena damageobjectis createdit is passeda graphic
(usually a picture) for which it is responsible. The
Incur operationis calledby theclientprogramwhen-
ever the graphicis “damaged.” The graphicis incre-
mentally updatedwhen Repair is called. Reset
discardsaccumulateddamagewithout updating the
graphic. Clients can determinewhetherany damage
hasbeenincurredusingtheIncurred operation.

5.2 Implementation

The damageclassimplementsa simplealgorithmfor
incrementalupdate. Each damageobject maintains
zero,one,or two non-overlappingrectangles.A dam-
age object must be notified wheneverthe graphic’s
appearancechangesby calling the Incur operation
with either a region of the canvasor a graphicas a
parameter. If a graphicis supplied,its boundingbox
determinesthe extentof the damagedregion.
Incur either storesthe new rectanglerepresent-

ing the damagedregionor merges it with oneor both
of the rectanglesit has stored. Merging replacesa
storedrectanglewith the smallestrectanglecircum-
scribing the rectanglesbeingmerged. Repair calls
DrawClipped on thegraphicfor eachstoredrectan-
gle.

The number of rectanglesmaintainedby damage
objectsis limited to two becausesuccessiveincreases
in the numberof rectanglesbring diminishingreturns.
This is a resultof the overheadassociatedwith draw-
ing a graphic clipped; for complicatedgraphicsthis
involves significantcomputation. We found that the
limiting valueof two yieldedsubjectivelythequickest
screenupdateonaveragein anobject-orienteddrawing
editorbasedon theGraphiclibrary. Typically theuser
eithertransformsanobjectin place(producinga single

damagedrectangle)or movesanobject(producingone
or two rectangles).Assumingthatdrawingeditorsrep-
resenta fair benchmarkfor interactivegraphicsappli-
cations,the two-rectanglelimitation offers advantages
in both performanceandimplementationsimplicity.

6 Experience

The designof the Graphic library was basedon ex-
periencewith an earlierstructuredgraphicslibrary we
implementedin Modula-2. The Modula-2designem-
phasizedhigh drawingspeedover low latency. It also
tried to handle incrementalupdatecompletely auto-
matically; that is, it had no operationcomparableto
Incur. The extent of damagewas inferred from
the operationsperformed on each graphical object.
Though the packageattemptedto provide an object-
orientedinterface,the implementationlanguage’s lack
of inheritanceresulted in a monolithic library that
could not be extendedeasily.

We have developedtwo versions of an object-
orienteddrawingeditor calledidraw, shownin Fig-
ures 7 and 8. The first version usesthe Modula-2
graphiclibrary, while thesecondversionusestheC++
Graphiclibrary. This givesus a goodopportunity for
comparingthe two librariesbasedon actualusage.

6.1 Graphics State Propagation versus
Concatenation

A differencebetweenthe Graphic and Modula-2 li-
braries is in the way they managegraphics state.
Modula-2 graphical elementspropagatetheir graph-
ics stateto the leavesof thegraphicshierarchyaspart
of the modificationoperation.Graphiclibrary objects
defer the propagationuntil they aredrawn,relying on
theconcatenationmechanismto do the job. The ratio-
nalebehindpropagationwas to makedrawingas fast
as possible. It was believedthat on-the-fly concate-
nation would slow drawing unnecessarily. Thus, as
much work as possiblewas donebeforethe drawing
routinewascalled.

We realizedthat propagationwas a mistakeas we
usedtheModula-2library to implementidraw. Prop-
agatinggraphicsstateeachtime an operationis called
precludesamortizingmanychangesovera few draws.
That is, if severalstate-modifyingoperationsaremade
beforethe graphicis drawn, we can avoid traversing
the structureif we defer propagationto draw time,
whenwe must traverseit anyway.

Having made propagationan integral part of the
Modula-2library, therewasno practicalway for users
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void Incur(Graphic*);
void Incur(BoxObj&);
void Repair();
void Reset();
boolean Incurred();

Figure6: Interfaceto damageclass

Figure7: The idraw drawingeditor, Modula-2version
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Figure8: Theidraw drawingeditor, C++ version

to modify the library to useconcatenation.An object-
orienteddesignwould haveusedinheritanceto facil-
itate the modificationof the library to useconcatena-
tion. In comparison,it wouldbestraightforwardto de-
rive a newsortof pictureandredefineits graphicstate
modificationoperationsto propagateattributesimme-
diately.

6.2 Incr emental Update

The Modula-2graphicslibrary implementedan auto-
matic incrementalupdatefeature. The library kept
track of changesto objectsby storing lists of rectan-
gles with eachobject. Newly-addedrectangleswere
mergedwith anyrectanglesin thelist theyintersected.
The list of rectangleswas ultimately limited by the
object’sboundingbox; whena rectanglein thelist be-
camelarge enoughto subsumethe boundingbox, the
incrementalupdatemechanismwas disabledand the
objectwould be drawnin its entirety.

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

This approachworked—thescreenwasneverleft in
an inconsistentstatefollowing incrementalredraw—
but it did notalwaysperformtheupdatein anefficient

way. The generalityof thealgorithmcoupledwith the
lack of a way for the programmerto influencethe re-
draw mechanismoften renderedthe facility useless;
the programmerwould bypassthe mechanismandre-
draw damagedobjectsexplicitly.

To illustrate,considerthe casewherea drawing is
restructuredsothatanobjectobscuredby otherobjects
is brought to the top. A simple way to updatethe
screenis simply to draw the object;nothingelseneed
be redrawn. However, the incrementalalgorithmdid
notconsiderthisoptimization, andRedraw proceeded
to redrawall the obscuredobjectsaswell.

The more seriousproblemarosebecausedamaged
rectangleinformationwas always accumulated,since
Redraw couldbecalledatanytime. Thisaddedover-
headto every appearance-modifyingoperation. The
overheadremainedeven if the programmerdecided
to bypassautomaticredraw and perform the update
manually. The additionof a Disable procedurethat
turnedoff rectangleaccumulationcomplicatedthe use
of the packageand presentedproblemsof its own:
Whatshouldhappenwhenautomaticredrawis enabled
again?Shouldold damageinformationbeeliminated?
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.They incur no overhead
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unlessthey are used,and they encapsulatethe incre-
mentalupdatealgorithm,makingit easyto enhanceor
replace. In contrast,the updatemechanismpervaded
the older library. Damageobjectsgive programmers
the optionof performingtricks of their own whenup-
datingthescreenwithout payingfor mechanismsthey
do not use.

6.3 Persistence

We havemixed feelingsabouthavingusedpersistent
objectsin the Graphic library. 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 werecreated.
Thus,objectscannotcommunicateacrossprogramor
machineboundarieseasily, nor is thereprovision for
moving objectsfrom oneworld to another.

Persistentobjectsareusefulfor preservingthe state
of a programtransparentlyacrossexecutions,but they
are not suitablefor communicatingthe statebetween
processes. We expect that a later version of the
Graphic library will incorporatea more conventional
storagemechanism.

6.4 Cached Bounding Boxes

To improve performance,the more complex graph-
ics such as multilines, polygons, splines, and pic-
turescachetheir boundingbox once it is calculated.
Cachingcansavesubstantialtime, especiallyfor large
pictures,becausethe boundingbox is neededwhen-
evera graphicis drawnclippedor bounded.

The object-orientedapproachmakesit easyto add
this optimizationto classesthat canuseit without pe-
nalizingotherclasses.The graphicbaseclassdeclares
operationsfor caching, invalidating, and retrieving a
boundingbox. Theseare null operationsby default;
derivedclassescanredefinethemif they usecaching.
Thus,individual graphicscandefinetheirowncaching
and invalidationcriteria. Furthermore,sincethe base
classdoesnot allocatestoragefor the boundingbox,
no overheadis incurredon subclassesthat do not re-
quire caching.

6.5 Quantitati ve and Qualitative Com-
parisons

This sectionpresentsquantitativeandqualitative com-
parisonsof theModula-2andC++ structuredgraphics
librariesandversionsof idraw. Note that any direct

comparisonsare necessarilycrude becauseof differ-
encesin designcriteria, in our experiencelevel at the
start of eachlibrary’s implementation,and in the im-
plementationlanguagesthemselves.Nevertheless,we
offer thesecomparisonsto addinsightinto therelative
meritsof the Modula-2andC++ implementations.

Table 1 shows the sourcecode sizes for both li-
brariesandbothversionsof idraw. The library code
is dividedinto five components:commoncode(thatis,
codethatimplementsthesamefunctionalityin bothli-
braries),codefor incrementalupdate,codefor storing
graphicalobjectson disk, code for hit detection,and
comments.The idraw codeis divided into common
code,userinterfacecode,andcomments.

This partitioning lets us take into accountdiffer-
ent capabilitiesandlevelsof commentingwhencom-
paring codesizes. For example,the Graphic library
has a generalpersistentobject facility, whereasthe
Modula-2 library supportsonly manualread/writeof
graphicalobjects.Graphicsubclassesimplementfine-
grainhit detection,while theModula-2library cande-
tect hits only within an object’s boundingbox. The
Modula-2 library usesa more complicatedincremen-
tal updatemechanismand is commentedmore heav-
ily thanthe Graphiclibrary. Modula-2idraw imple-
mentsscroll bars,pull-downmenus,and rubberbands
explicitly, while InterViewsprovidesthis functionality
in the C++ version.

From the informationin Table1, we concludeonly
thattheC++ andModula-2codeis comparablein size.
Theamountof commoncodein thestructuredgraphics
libraries is about the same,and the C++ versionhas
proportionally more code to implementaddedfunc-
tionality. The Modula-2idraw is somewhatsmaller
than the C++ version, taking into accountthat C++
idraw relieson InterViewsto implementits userin-
terface. However, C++ idraw providesmore func-
tionality, includingarbitrary-levelundo(versussingle-
level for Modula-2 idraw), more sophisticatedtext
editing,andusercustomizability.

A possibledisadvantageof anobject-orientedimple-
mentationis a runtimeperformancepenality because
of overheadsuch as method lookup. In the imple-
mentationof C++ we used,the overheadamountsto
threeor four extramemoryreferencespervirtual func-
tion call [13]. To see whether this overheadhas a
significantimpact on the performanceof idraw, we
measuredhow long it took each version of idraw
to do threedifferentoperationson two differentdraw-
ings,car.6 (shownin Figure7) andmultidriver
(shownin Figure8). Theseare representativeof 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

idraw commoncode 13000 14000
userinterface 2000 0
comments 1000 2000
total lines 16000 16000

Table1: Comparisonof Modula-2andC++ sourcecode(in lines)

manycomplex,overlappingpolygonsandsplines,and
technical drawings consisting mainly of rectangles,
lines, and text with littl e 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 throughoutthe test.

2. In “zoom #2,” the drawing is zoomedfrom half
sizeto full sizeandback. Thedrawingis clipped
whendrawnat full sizesothatonly half is visible.

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

Table2 showstheaverageof tentrials for eachtest.
TheC++ versionoutperformstheModula-2versionin
every test. The differencein speedis greatestfor the
rotationtestoncar.6, but this differenceis exagger-
atedbecauseof a bug in the Modula-2library’s incre-
mentalupdateroutine that causedredundantredraws
of two subcomponents.In general,the Modula-2 li-
brary is handicappedby the extra traversalsassoci-
ated with graphic state propagationand incremental
update.The resultswould be morecomparableif the
Modula-2 library were modified to useconcatenation
and the simpler incrementalupdatealgorithm of the
damageclass.

The lastquantitativecomparisoninvolvestheobject
codesizesfor eachlibrary andidraw version.These
valuesareshownin Table3. The C++ sizesarelarger
mainly becauseof the addedfunctionalityof both the
Graphiclibrary andC++ idraw, constructor, destruc-
tor, andinline code,andthe overheadassociatedwith
virtual pointertables.

From a qualitative standpoint,the Graphic library
and the correspondingversion of idraw are both

significantly better structured,more understandable,
and “cleaner” overall than their Modula-2 counter-
parts. Onecould arguethat the lessonslearnedin the
Modula-2 implementationefforts led to superiorC++
versions. However, the versionsof idraw were de-
velopedby two differentpeople.In fact, theModula-2
versionwas its author’s secondattemptat a drawing
editor, while the C++ versionwasits author’s first at-
tempt. The object-orientedparadigmsimply invites
goodprogramstructuringthroughinheritance,encap-
sulation,andlate binding,all of which promotemod-
ularity andflexibility.

7 Conclusion

A strikingaspectof graphicspackagessuchasCORE,
GKS, andPHIGSis their sizeandcomplexity. These
packagesare intendedas standardsthat provide ma-
chine independence,extensivefunctionality, andgen-
erality, and they largely succeedin these respects.
However, all reflect their proceduralimplementation
in their interface. Programmerscannotextendprim-
itives throughinheritanceto modify their semantics.
The result is a substantialcomplexitypenaltyfor ev-
ery increasein flexibility.

For example,somepackagesbind graphicsstateat-
tributes statically to graphicalobjects when the ob-
jects are created. Others provide a simple form of
state inheritanceby allowing graphics to reference
othergraphicsin a mannersimilar to instancesin the
Graphiclibrary. Thesefacilities are significantly less
flexible than the graphicsstateconcatenationmech-
anism, the semanticsof which can be changedon a
per-classbasis. In an object-orientedpackage,gener-
ality canbeachievedthroughclassinheritanceinstead
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
multidriver zoom#1 24 12
(361 objects) zoom#2 18 8.3

rotation 11 6.7

Table2: Comparisonof Modula-2andC++ idraw drawingperformance(in seconds)

Modula-2 C++
structuredgraphicslibrary 40 110
idraw 130 280

Table3: Comparisonof Modula-2andC++ objectcodesizes(in kilobytes)

Anotheradvantageof the object-orientedapproach
is the ability to treatgraphicalobjectsgenerically, re-
lying on the runtimesystemto determinethe correct
methodfor a particularobject. The virtual mech-
anismaccomplishesthis in C++. Thus, functionality
suchashit detectioncanbe implementedin a simple
way without identifying objectswith elementpoint-
ers and labels. Furthermore,escapemechanismsfor
exploitingspecialhardwarefacilities areunnecessary;
subclassescan be derived that reimplementkey op-
erationssuch as Draw to take advantageof unique
capabilities.

In our experience,structuredgraphicsis useful for
applicationsthat allow the user to manipulategraph-
ical objectsinteractively. Structuredgraphicsis less
usefulfor implementingtheappearanceof theuserin-
terface. It is unnecessaryto definescroll bars,menus,
andbuttonsusingstructuredgraphicsbecausetheyare
simple to draw procedurallyandtheir structurerarely
changes. Thus, structuredgraphicsis not a replace-
ment for immediate-modegraphics.

We are interestedin using the Graphic library for
animatinggraphics. Structuredgraphicsis appropri-
ate for animation if the hardwareis fast enoughto
supportit. Also, the currentimplementationdoesnot
providethree-dimensionalcapabilities.Extendingthe
library to support three dimensionalgraphicswould
requiresignificantadditionsto baseclassfunctional-
ity, for example,to incorporateoperationsgoverning
lighting modelsand point of view, three-dimensional
analogsof Contains andIntersects, andaddi-
tional informationwhenclipping.

Of more immediateinterest is the introduction of
version 2.0 of C++ [13] with multiple inheritance,
amongotherenhancements.Thoughsingleinheritance
is very useful,it oftenforcestheprogrammerto derive
from oneof two equallyattractiveclasses.This limits
the applicability of predefinedclasses,often making
it necessaryto duplicatecode. For example,thereis
no way to derive a graphic that is both a circle and
a picture;onemust derive from oneor the otherand
reimplementthe functionality of theclassthatwasex-
cluded.

The availability of multiple inheritancewill un-
doubtedlychangethe class hierarchyshown in Fig-
ure 1. Classessuchas filled and open could be de-
fined to simplify the relationshipsbetweenfilled and
non-filledgraphics,whicharecurrentlyderivedasthey
are to maximize code sharing. Persistencecould be
implementedasa separateclassfrom which to inherit.
Thus,non-persistentclassescanavoid thesmall space
overheadcausedby derivinggraphicfrom a persistent
class.
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