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Abstract

This papemresentwvisualizationf binarysearchreesandsplaytrees.Thevisu-
alizationscomprisesequencesf figuresor frames,calledcomic strips. Consecutie
framesareviewed two at atime to facilitate user(viewer) understanding@f the algo-
rithm steps. The visualizationsareimplementedn Java to facilitate their wide use.
This paperexploresseveral otherconsiderationgn the designof instructionalvisual-
izations.

1 Introduction

The potentialof dynamicvisual presentationsf combinatoriaklgorithmshasbeenman-
ifest for at leasttwo decades.One early and impressve demonstratiorwas the sorting
movie of Backer andShermar[BS82]. A subsequentindmark,which delineatedhe de-
sign of animationsystemswas the Zeussystem[Bro91] of Brown (also seehis thesis
[Bro83, Bro87]). Overtheyears,it hasinspireda still groving numberof animationsys-
tems(Tango[Sta90], XTango,Polka, Leonardo[CDF97]). The adwentof Javza andthe
World Wide Web hascauseda further burgeoningof interestin the topic, including new
developmentof someof the abore systemsandothernew systemse.g.JAWAA [PR99g,
Jeliot [HPS97], JSamba(seehttp:// www.cc.gatech.edu/gvu/softviz/algoanim/jsamba/),
JCAT (seenttp://www.research.digital.com/SRQCAT/). At thispointtherearealsomary
online animationsof specificalgorithms.Referenceso mary educationahnimationscan
be found at http://www.cs.hope.edu/alganim/ccaaand at the home pagefor Goodrich
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and Tamassia algorithmstextbook: http://www.cgc.cs.jhu.eduw/goodrich/dsa/.Visual-
izationsof binarysearchreesandsplaytreescanbefoundathttp://langein.usc.edu/BST/
(dueto lerardi)andof splaytreesaloneat http://gs213.sp.cs.cmu.edu/cgi-bin/sp(dyeto
Sleator).

Nonethelesghereachandimpactof this work hasbeenlimited until recently In part,
until the advent of Java, therewas significantoverheadn installing and using algorithm
animationsystemsFurther mostwork focussedn systemdor creatinganimationgather
thantheanimationghemseles.In this paperwe focusinsteadon whatfeaturesarekey to
effective educationalllustrationsof algorithms.

We areinterestedn combinatorialalgorithms,namelythe stapleof “Algorithms” and
“Data Structures’classes.Our approachis to visualizesuchalgorithmsasa sequencef
views or frames. The viewer seesthe framesthrougha window which shows two con-
secutve frames(which inspiredthe name“comic strip” for the sequencef frames).Our
perspectie is that a combinatorialalgorithm, running on a given input, performsa se-
guenceof stepsor actions,andthatto understandhe algorithmone needsto understand
theindividual actions(at whatever level of granularityis appropriatdor thealgorithmand
the student). The naturalway to understancn actionis to seethe stateof the system(a
datastructurefor the algorithmswe have in mind) bothimmediatelybeforeandafterthe
action. Thusit is naturalto view consecutie framessimultaneously The viewer is able
to advanceandwind backthe window acrosghe framesequence®neframeatatime. In
this settingwe considerit unnaturalto have warpingor animationfrom oneframeto the
next, andthuseachframein our visualizationss a separatainchangingentity. Another
considerations thatthis approaclemphasizethe discretenatureof the algorithms. This
alsoleadsusto preferthe nameAlgorithm Visualization overthemorecommonAlgorithm
Animation.

To make our discussiorconcretejn Section2 we describeour visualizationof Binary
SearchTreesand Splay Trees. In Section3, we discussthe choiceswe madeandthe
rationalefor our approachandin particularwe explorethe considerationsinderlyingthe
“Comic Strip” approacho visualization.In Sectiord, we give anoverview of thealgorithm
descriptionof which thevisualizationis justa part.

2 Binary Search and Splay Tree Visualizations

TheBinary Searchlreeandthe SplayTreearepresente@sonevisualization.At ary stage,
thereis a currentbinary searchtree, to which the viewer canapply a choiceof standard
operations:



e Binary SearchlreeOperations
searcht), insert{), deletef)

e SplayOperations
splay), splay-insertt), splay-deletexf)

Eachoperations demonstratedly meansof a stepby stepvisualization.

We provide a choiceof initial trees,includingthe emptytree. We alsohave operations
insert-fast@) anddelete-ast{) which shawv fewer stepsof thevisualizationgfor insert)
anddeletef) resp.),bothto assistwith creatingtreesandfor the viewer who needdess
detail.

Thesequencef framesfor searcht) is illustratedby theexamplein figure 1.
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A recursive search from
the root, )
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60 > 20; search right subtree 60 < B0; search left subtree 60 = 40; search right subtree 60 found “search 60 finished

Figurel: Exampleof Binary Search

At eachstep theviewer seesawindow containingtwo successie frames.In effect, the
visualizationmovesthis window acrossthe sequencef frames. The viewer controlsthe
sequencin@f frameswith NEXT andPREVIOUS buttonsthatmove thewindow oneframe
to theright andleft, respectiely.

Thereasorfor shaving two framesat atime is to allow the viewer to obsere how the
datastructureat the currentstep,shavn in new frame,is obtainedfrom the datastructure
at the previous step,shaown in the precedingframe. The alternateapproachof shaving
the framesone at a time forcesthe viewer to rememberthe exact form of the previous
configurationwhich seemsan unnecessarpurdenon the viewer. The utility of shaving
morethanoneframeat a time wasalreadyobsenred by NapsandBresslefNB98]; they
provide an ernvironmentfor shaving multiple frames,which could be successie views
of a datastructure,or might be alternateviews of the samealgorithmconfiguration.Our
perspectie,whichwediscusdurtherin Section3, is thatit is essentialo presensuccessie
frameswithin onewindow.

As canbeseenpurvisualizationshovsjustthe portionof theaccesgaththathasbeen
traversed. The remainderof the treeis shovn asa setof subtreesgachrepresentedty a
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triangle. The purposes to keepthe viewer’s attentionon the portion of the datastructure
thatis influencingthe operation(namely theitem atthe endof thetraversedportionof the
accesgath).It alsoshavs whatinformationis known to theoperatiorathand.In addition,
this visualizationseeksto emphasizehe recursve natureof the search,by shaving the
zonein which thesearchs to continueasa singlesubtree.

Theactualvisualizations in colorandin consequencinekey featuresaremoreclearly
distinguishedhanin theabove figure.

The visualizationof the insertoperationshaws fewer steps,asit assumeshe search
operations understoodThis is illustratedby the examplein figure 2.
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Figure2: Exampleof Binary Searchlreelnsertion

Thevisualizationof thedeleteoperatiormakesthe sameassumptionbut needdo shav
slightly moreintermediatesteps.Onecaseis illustratedin the examplein figure 3.

delete x = 80

Step 1: search for x

Step 2! if x has 2 children,
swap it with its
predecessor y. Mow x has
1 or 0 children,

Step 3 remove x.

S04 70

locate G0 locate pred(80) = 75 swap 75 and 80 leaf 80 removed “delete 80” finished

Figure3: Exampleof Binary SearchlreeDeletion

In orderto build or changeatreequickly we allow theinsert-fastoperatiorto take more
thanoneamgument,namelyinsert-Bstf;, z, - - -, ;). Thisis visualizedby insertingthe
itemsin the agumentlist oneafteranotherin successie frames,oneframeperinsertion.
No doubtit would be corvenientto have a one-steprisualizationof the full sequencef
insertionsput we have yetto implementthis.



We turn now to the visualizationof splayoperations.Recallthata splaytreeis justa
binary searchiree. In the operationsplay(), the item z is first located(by the searcht)
operation)andthenit is movedto theroot by a sequencef doublerotationsandpossibly
onesinglerotation. Thevisualizationfocuseonthenodesontheaccespath,shaving the
remainderof thetreeasa collectionof subtreeseachrepresentethy a triangleasbefore.
In the visualization the first stepidentifiesthe nodeson the accesgath;it thenshawvsin
turn eachrotationthatoccursasthe accessettemis movedto theroot. Thisis illustrated
in theexamplein figure 4.

splay BO

At any step, the splay 0
operation Is focussed on 75
three nodes (or possibly 0 75
two nodes in one terminal a0
case).
40 a0
More precisely, the focus [E0]
of the splay operation 30 80 A
consists of the node being
splayed, Its current parent
and grandparent, if any. 5070 A A

splay 60 locate 60 and ancestors 40, 75

before zigzag

z0

hefore zag after zag “splay 60" finished

Figure4: Exampleof SplayOperation

Again,theactualvisualizationis in color. In particular for eachrotationoperationthe
threenodesontheaccesgathbeingrotatedareall coloredgreen;eachof thefour subtrees
hangingfrom thesethreenodesis also coloreda distinct color (someof thesesubtrees
may compriseindividual nodesfrom the portion of the accespathalreadytraversed plus
appropriatesubtrees)This coloringallowstheviewerto readilycheckthattheappropriate
rotationhasindeedbeenperformedin our experiencein examiningfiguresof wholetrees,
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it is hardto superimposéhe structureof the subtreedor the rotationat handon the flat
representatioof the tree,whereaghe coloring causeghis structureto standout). While
the black andwhite patternsn our illustration provide the samevisual cues,they arenot
guiteasimmediate.

Onemight expectto have only every third frame of thosewe showv presenin a visu-
alization. But our perspectie is thatto shov a step,oneneedso show the datastructure
configurationbeforeandaftereachoperation.Thusfor eachrotationtherearetwo frames
shaving thetreeimmediatelybeforeandaftertherotation,with commonstructurecolored
consistentlyWe choseto introducea third framebetweereachpair of before/afteframes
to highlightthe switchof focusfrom onegroupof threenodeson the accesathinvolved
in arotationto the next group;thisthird framealsoprovidesa helpful punctuation.

As afurtheraidto theviewer, for eachrotation,we provide anoptionalpop-upwindow
which shavstherule beingappliedin this rotation(zig-zig, zig-zag,etc.). Onesuchrule is
shavnin figure5.

before zigzag after zigzag

Zigzag Rule

Figure5: Pop-upWindow for Zigzagrule

Again, the splay-inserandsplay-deleteperationshav a shortersequencef frames
asthey assumehebasicsplayoperatioris understoodAn exampleisillustratedin figure6.

splay_insert x = 35
Step 1: splay ony, the 60
last node on the search
path for x = 35.

Step 2! ingsert x as root 20 75
with y as left or right child,

304) 50

splay_insertx = 35 search path for 35 splay on 30 insert 35 as root “splay_insert 357 finished

Figure6: Exampleof Splay-InserOperation

Thesevisualizationsanbefoundat



http://www.cs.ryu.edu/algvis/

The visualizationsare complementedy illustratedtextual explanationsof the data
structuresandthealgorithms togethemwith a smallsetof exercisedor thereader

3 TheComic Strip Approach

The core of visualizationdesignis the decisionregardingwhich actionsto illustrate,i.e.
partitioningthe operationinto a sequencef smallerchangesThe designethenneedso
devise illustrationsfor the individual actions. The designof theseillustrationshasbeen
basednthefollowing guidelines:

1. Focusonthecurrentaction.

Hide unnecessarinformation;specifically hide datathatis not partof the current
actionor emphasizelatathatis involvedin the currentaction.

2. Avoid forcing theviewerto remembeframesno longeron display

In particular shav botha“before” andan“after” view for eachactionthatis being
visualized.

3. Provide full viewer controlof framechanges.
(a) Eachchangeof framesoccursonly whenthe viewer requestst (e.g.with a

NEXT button).

(b) Make the sequencef actionsreversible,certainly a frame at at a time, and
possiblyatlargergranularitiege.g. with a PREVIOUS button).

(c) Enableviewing of theactionatvariousgranularities.
4. Provide built-in examplegqcreatedy the visualizationdesigner).
5. Enableusercreatedexamples.

Having choserthegranularityof thevisualization(i.e. whatconstitutes singleaction),
eachpairof framesondisplayneedgo explaintheactionthey illustrate.lt is our beliefthat
thisis donemosteffectively by minimizing theinformationon displaythatis not pertinent
to thisaction.

Oursecondyuidelinecanpull in theoppositedirection. It is helpfulto theviewer, when
seekingto understandhe currentlydisplayedirame(s),if s/hedoesnot have to remember
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the configurationof a framethatis nolongeron display This hasled usto displaybotha
“before” andan“after” view for eachactionthatis beingvisualized.But thisgoalmayalso
entailadditionalinformationbeingpresentfor example,in thesplaytreevisualizationthis
goalleadsto shaving thefull accesgpaththroughoutheaccesseventhoughonly 3 nodes
participatein ary givenrotation (the full accesgathis shovn becauseat the end of the
splayoperationit is naturalto displaythereoganizedtree,andthe portionof thetreethat
haschangeds exactly thearrangemenof thenodeson theaccesgath).

We seekto reconciletheseguidelinesby the useof othervisual cues.Continuingwith
the splaytree example,we have arguedthat the full accesgpath shouldbe shovn in all
frames but thereareonly 3 nodesthatmatterin ary givenrotation.A naturalcompromise
is to highlightthe nodesthatmatter which we do by coloringthemwith a distinct, bright
color.

The choiceof “Before” and“After” views is moreinvolved thanmight appearat first
sight. To facilitateour discussionye introducea little notation.Let S; betheith step(or
action)beingvisualized.Let V B; denotetheview immediatelybeforeS; andV A; denote
the view immediatelyafter S;. The mostappealingsituationis to have views V' A; and
V B;,1 beidentical;thisis the case for example,in the visualizationof the Binary Search
Treesearch.However, in the visualizationof the splayoperation,V A; andV B;, differ,
for thehighlightednodesaredistinct. Oneapproactwould beto visualizesuccessie steps
in successie views. Thusonewould have framesV B; andV A; presenin oneview, and
V B;1 andV A; ., presenin the next view. Onedifficulty is thatonewould like to make
it easyfor the viewer to verify the transitionfrom V' A; to V B;,;. Oneoptionwould be
to have more thantwo framespresentin a single view, but this doesnot conform with
the goal of having the viewer focuson oneactionat atime. Anotheroptionis to have an
intermediateview comprisingthe framesV A; andV B;, ;. Thisis the approactwe favor.
In the splay tree examplethough,we preferedto introduceanotherintermediateframe,
which senesto betterseparate¢herotationactions.

Ourdecisiorto provideviewercontroloverframechangessteadf selectingascrolling
rateis basedon our belief that differentviewerswill assimilateexplanationsat different
speedsandnot necessarilyata uniformrate. Clearly, too, a viewer maywish to reexamine
apreviouslyseerframe;hencehePREVIOUS button. In ourvisualizationghecontrolover
granularityis limited to a choicebetweeran operationandits Fastvariant(for Insertand
Deleteonthebinarysearchree).



4 Algorithm Description

Theaim of theon-linematerialis to provide a self-containelgorithmdescription.To this

end, we have written standardextual algorithm explanationsaugmentedvith examples
presentedisingour binary searchireevisualizer We have alsowritten a small collection
of exercisessomeof which aremostreadilysolvedusingthe binarysearchreevisualizer

In addition,the viewer canusethe binary searchtreevisualizerto examinethe actionsof

thealgorithmon their own examples.
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