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ABSTRACT

Mary treebrowsersallow subtreesindera nodeto be collapsedor
expanded enablingthe userto control screenspaceusageandse-
lectively drill-down. However, explicit expansionof nodescanbe
tedious. Expand-aheads a space- lling stratgy by which some
nodesare automaticallyexpandedto Il available screenspace,
without expandingso far that nodesare shaovn at a reducedsize
or outsidethe viewport. This oftenallows a userexploring the tree
to seefurther down the tree without the effort requiredin a tradi-
tional browser It alsomeanghe usercansometimedrill-down a
pathfaster by skippingover levelsof thetreethatareautomatically
expandedfor them. Expand-aheadliffers from mary detail-in-
contet techniquesn thatthereis no scalingor distortioninvolved.
We presentlD and2D prototypeimplementationsf expand-ahead,
andidentify variousdesignissuesandpossibleenhancements our
designs.Our prototypessupportsmooth,animatedransitionsbe-
tweendifferentviews of a tree. We also presentthe resultsof a
controlledexperimentwhich shav that, undercertainconditions,
usersareableto drill-down fasterwith expand-aheathanwithout.
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1 INTRODUCTION

Largetreestructureganbedif cult to view, navigate,andmanage.
To help mitigatethis, usersareoften giventhe ability to view only
asubsebf atreeatatime. The subseimight be speci edthrough
selectve hiding (collapsing)andrevealing (expansion)of subtrees
(e.g.Figurel(topleft,bottomleft)) or mightbelimited to the“con-
tents” (i.e. children) of one nodeat a time (Figure 1(top right)).
Small subsetsare morelikely to t on the users available screen
spaceandthushave lessneedfor scrolling-or zooming-basedav-
igation.

At the sametime, working with subsetof a treecanbeincon-
venient. Many subsetswill only partially Il screenspace. Al-
thoughthe usermay move from subseto subsetduring browsing
andexploration,shawving the usersmall subsetsanleave their vi-
sualsystems capacityunderutilizedand prolong navigation tasks.
For example,in thespeci c taskof travelling down a pathto aleaf,
the useris often requiredto explicitly expand,or “click through”,
eachnodealongtheway:. If theuserdoesnotknow or forgetswhat
is locatedundera node,they mustexplicitly expand,or travel into,
thenodeto nd out,andthenbacktrackf they discoverthey tooka
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Figure 1: Top left and top right: an outline view, and 2D view,
respectively, of a node's children, with much spaceleft unusedin both
cases. Bottom left and bottom right: concept sketches showing that
much of the available spacecan be lled by expandingsomechildren.

wrongturn. Someinterfacesshav previews of nodecontentsn the
form of summarieor thumbnails;however, theseonly help direct
the users navigation — the usermuststill explicitly expandeach
nodealongadesiredpath.

Often, during navigation, a usermay be momentarilyviewing a
relatively small or narrav portion of the tree, with unusedscreen
spaceleft over (Figure 1(top left,top right)). In thesecaseswe
suspectt might oftenbebene cial for the systemto automatically
expandsomenodes,to Il up the available screenspace(perhaps
resultingin somethindik e Figure 1(bottomleft,bottomright)). If
the spaceconsumedy suchexpansiondoesnot exceedthe limits
of theusersviewport,thennoscrollingor zoomingwill berequired
asaresultof the automaticexpansion.Theintentionis that, of the
nodesrevealedby suchexpansion thosethatarenot of interestto
theusercanbesafelyignored,andthosethatare of interestarenow
visible to the userfor free,with no extrainputfrom theuser

We call this schemexpand-aheagbecaus¢he systemautomat-
ically expandspathwaysdownward andin advanceof explicit ex-
pansionby the user Expand-aheadllows the userto seethe con-
tentsof morethanonefolder at atime. It is only performedwhen
thereis unusedscreerspaceandis only doneto theextentallowed
by suchspace.The automaticexpansionmever proceedsofar that
it would exceedthe availablescreerspacebecausehis would im-
poseapenaltyontheuserdueto thescrollingor zoomingnecessary
to seetheresultinginformation. To make thefullest possibleuseof
screerspaceexpand-aheai$ not,generallycarriedoutto thesame
depthalongall possiblepathways. Instead usuallysomenodesare
choserfor expansionover othersat the samedepth. To determine
which of the alternatve nodesto expand,a heuristicor policy is
required,which is given asa parameteto the expand-aheadlgo-



rithm. The heuristiccanbe designedo give preferencedo nodes
thataremorelikely to interestthe user

Becausexpand-aheadevealsmoreinformationwithout requir
ing additionalinput, we suspectt may bene t generalbrowsing
andnavigationtasks.In particular it mayallow usergo drill-down
apathfaster by allowing themto skip over nodeshatareautomat-
ically expanded. Usersmay alsotendto take fewer wrong turns
down paths because¢hey canseefurtherahead Ontheotherhand,
in a morefree-formbrowsing scenarioexpand-aheadnay bene t
usersby allowing themto incidentallynoticeinterestingnodesthat
they hadnointentionof drilling down toward,andthatwould have
otherwiseremainedundiscaoeredwithout expand-ahead.

Therearealsopotentialdravbacksto usingexpand-aheadLike
otheradaptve userinterfacetechniquesautomaticrecon guration
of interface elementscan sometimesconfuseusers,or give them
an impressionof not beingin control. Inappropriatelydesigned
adaptatiorcanevenhinderratherthanhelptheuser In light of this,
we conductedan experimentto evaluatethe performanceof users
with expand-aheadndercontrolledconditions.

In the following sectionswe review relatedbackgroundwork,
presenthe expand-aheadlgorithm,describeour prototypeimple-
mentationsgive experimentalevidencethat expand-aheadan af-
ford fasterdrill-down undercertainconditions andidentify various
designissuesandpossibleenhancement® our designs.

2 BACKGROUND

Marny schemesxist for browsing large spacesn which a tree,or
otherinformation,is embeddedCarpendalé¢4, chapter2] suneys
thesetechniquesincluding scrolling, zooming, sheye views, and
variousotherdetail-in-cont&t views. Conceptuallytheseschemes
canbethoughtof aschangingthe presentatiori4, chapterl] of the
space(e.g.by smoothlydeformingit), without changingthe infor-
mation's representatioror embeddingn the space.The collapsing
andexpandingof tree nodes,however, is probablymore naturally
thoughtof asa changein the tree's representatiomr embedding.
Despitethis, the effect of expand-aheads somevhatsimilarto that
of focus+contgt techniquesin thatthe automaticexpansiornof de-
scendantsindera nodeof interestcanbe thoughtof asrevealing
moreof the neighbourhoodroundtheusers focus.

Sometreerepresentationsik e Treemap$14], Pad++'sdirectory
browser[3], or Nguyenand Huangs space-optimizedrees[10],
packnodesnto theavailablescreerspaceby scalingdown thesize
of nodesallotting progressiely lessspacefor nodesfurtherdown
onthetree. Althoughthis allows a large numberof nodesto be t
on the screenary labelsor informationdisplayedwith the nodes
becomesncreasinglyillegible in the lower levels of the tree. De-
pendingontheusersgoals,it maybepreferableo seefewernodes,
but have labelsandotherinformationall equallylegible. For exam-
ple,in the context of their work, Plaisantetal. [11] quoteoneuser
saying“Make it readableor don't bothershaving thenodes”.

In expand-aheadhe size of text labelsis held constantsothat
automaticexpansionnever reduceghe legibility of text. Further
more, and unlike Treemapgor example,the spaceallocatedto a
givensubtreds notbasedon the“size” of the subtreeput ratheris
afunctionof whatever expansiorheuristichasbeenchosen.

SpaceTees[11] shav preview iconsof collapsedsubtreesand
also perform a form of intelligent, automaticexpansionfor the
user Fromour perspectie, SpaceTeesimplementaspecialcaseof
expand-aheadavhich we will later call uniform expand-aheadsee
Section7). Whenusersselectafocalnodein aSpaceTee,thenum-
ber of levels openedunderthat nodeis maximized,asallowed by
availablescreerspace Eachlevel, however, is only expandedf all
the descendantsn that level can be revealed. Our more general
notion of expand-aheadllows certainnodeson a givenlevel to be
expandedwhile their siblingsmay not be. This yieldsrepresenta-

tionsthatarenot asorderly andregular as SpaceTees,but allows
usto Il spacemoreaggressiely thanSpaceTeesdo. Anotherdif-
ferenceis that SpaceTeesexpandnodesbasedsolely on available
spacewhereasn expand-aheadhedecisionof whichnodego ex-
pandis in uenced by the expansionheuristic,makingit somevhat
more e xible. A nal, lesscritical difference,is that SpaceTees
usea traditionalnode-linkrepresentatioffor the tree, whereaswve
have explored automaticexpansionwithin outline (Figure 2) and
nestedcontainmentFigure3(bottom,togright)) representations.

Many adaptve interfacesautomaticallyrecon gureor rearrange
interfaceelementdo try andhelptheuserby reducingthe effort or
amountof inputrequired(see[12] for discussiorof thisin thecon-
text of menus).Unfortunately suchadaptatiorcanalsoconfuseand
frustratethe user especiallyif the actionstaken automaticallyare
inappropriateand/orthe userdoesnot understandow the system
determinesvhich actionsto take. Thereis a dangerthat expand-
aheadcould causerelatedproblems,particularlyif the expansion
heuristicis poorly chosen.Expandingnodesthatdon't interestthe
userwould only increasethe amountof noiseon the display that
mustbe Itered out by the user makingit harderto nd nodesthat
dointerestheuser To try andalleviatethis problem,expand-ahead
never changeghe ordering of nodes,assomeadaptve menusdo.
Althoughautomaticexpansiomrmayintroduceirregular spacingoe-
tweensiblings, the usermay still be ableto employ a subdvision
stratgy whensearchindor anode sincetheorderingof neighbour
ing nodesdoesnotchange Furthermorewhenanodeis expanded,
all its childrenaredisplayedyratherthan,for example justthemost
frequentlyaccessedubsetasis donein Microsoft Of ce' s adap-
tive menus.

In partial supportof our design browsersthatdisplaya 2D row-
columnarrangemenof icons,suchasin Figure 1(topright), typi-
cally re ow theiconswhenthe browserwindow is resized chang-
ing the numberof columnsandrows. This behaiour is familiar to
usersandseemso befarlessdisturbingthanare-orderingof icons
wouldbe.

In Section7, we speculaten waysto make expand-aheadhore
consistentn theway it presentsnformation,to furtherreducethe
drawvbacksof its adaptve behaiour.

3 THE EXPAND-AHEAD ALGORITHM

Let F beanodein thetreeT thatthe userhasselectedasthenode
of interest,or focal node Our currentimplementatiorof expand-
aheadworks asfollows: (1) expandF, andallocatespaceon the
screenfor F andits children;if thereis ary spaceleft over, then
(2) try expandingeachof the childrenof F in turn, suchthatthe
availablescreenspaces never exceededif ary of themweresuc-
cessfullyexpanded,andthereis still spaceleft over, then(3) try
expandingeachof the childrenof the childrenof F thatweresuc-
cessfullyexpanded,suchthat the available screenspaceis never
exceededetc. Stopwhenthereis nolongerenoughscreerspaceo
allow ary moreexpansionpr whenwe have reachedheleafnodes.

Notice thatthe orderin which the algorithmattemptgo expand
nodess breadthrst, or level-by-level.

Often, theremay be sufcient spaceto expandone or another
child, but notboth. In this case somemeanss necessaryo deter
minewhich child to expand,or in which orderto attemptexpansion
of children. Let w(n) be a weight associatedvith noden. The
expand-aheadlgorithmprefersexpansionof nodeswith a greater
weight over thosewith lessweight. Thus, the w(n) function can
encodevariousheuristicsfor nodeexpansionwhich maybebased,
for example,on the likelihoodthat a given nodewill interestthe
user

More formally, the expand-aheadlgorithmis given as Algo-
rithm 1. In thepseudocode;urly bracesnclosecomments.



Algorithm 1 ExpandAhead(, F )

finitialize all nodegto be collapsed
CollapseAllNodesIniiee(T )
f expandF andall its ancestorg
n F
while n6 NIL do
n.isExpanded true
n n.parent
f checkif theres screerspacdeft overg
ComputeLayoutT, F )
if thereis unusedscreerspacethen
f expandasmary nodesunderF aspossiblg
d 1
repeat
noNodesSuccessfullyExpandedtrue
S setof all visible nodesatdepthd underF
sortShy weightingfunctionw
f try expandingeachnodein Sy
for all nin S, in decreasin@rderof w(n), do
if nhaschildren then
n.isExpanded true
ComputeLayout(T, F )
if availablescreerspaces exceededhen
f backtraclky
n.isExpanded false
else
noNodesSuccessfullyExpandedfalse
d d+1
until noNodesSuccessfullyExpanded
ComputeLayout(T, F )

The ComputeLayousubroutinecalledin the pseudocodés re-
sponsibldor computingtheembeddingf thetreeT, i.e. allocating
spacefor all visible nodesandpositioningthemon the screenwith
respecto thefocal nodeF. ComputeLayoutanbechoserto gen-
erateary treelayoutstylethatis desired beit of anode-linkstyle,
anesteccontainmentayout, or otherwise.

The w(n) weighting function encodeshe heuristicfor choos-
ing which nodesto expand. For example, setting w(n) =
1=n:numChildrencausesnodeswith a small numberof children
to be preferredover nodeswith more children. Sucha weighting
tendsto maximizethe numberof nodeghatareexpandedautomat-
ically, sincemorenodescanbe expandedf eachhasfew children.
Anotherpossibleweightingis w(n) = n: frequencyi.e. nodesthat
were visited more frequently by the userin the pastare given a
greatemweight,sincethey aremorelikely to bevisitedagain by the
user

The ExpandAheadlgorithmdescribedy the pseudocodés in-
voked every time the userselectsa new focal nodeF, which might
be doneby simply clicking on a visible node,or travelling upward
to the currentfocal nodes parent,or selectinga previously visited
nodefrom the browser's history.

Theforegoing descriptionassumeshe useris only interestedn
onefocal nodeat atime, asis supportedyy our currentimplemen-
tation. In Section7, however, we describenow expand-aheachight
be extendedo supportmultiple focal nodes.

4 1D PROTOTYPE

Our prototypeexpand-aheadbrovserswere implementedn C++
usingthe OpenGLand GLUT libraries,andrun underLinux and
Microsoft Windows.

The tree browsedby our prototypescanbe eitherreadin lazily
from the le system,allowing the userto browsetheir directories

and les; or canbe extractedasa breadth- rsttree (BFT) of a di-
graphdescribedn aninput le. In thefuture,we planto modify our
prototypego allow dynamicallychangingthe root of the BFT, and
investicatethe useof our browsersfor exploring graphstructures.

The 1D prototypedisplaysnodesin the form of anoutline view
— it is 1-dimensionain the senseéhatnodesarearrangedasalist,
with horizontalindentatiorshaving thetreestructure Unlike mary
otheroutline browsers,our 1D browserdoesnot allow the userto
independentlytoggle the expansionof individual nodesas canbe
donewith the “+” and“-" iconsin Figure 1(top left,bottomleft).
Supportfor this might be addedeventually (seeSection7), but we
chosea simplerdesignfor our rst prototype. Instead,expansion
is controlledonly by selectingthe focal nodeF. Clicking on a
nodemalesit thenew focal node,whichis movedto thetop of the
viewport, with its descendantsisplayedbelaw it, and expanded
accordingo theexpand-aheadlgorithm.

Figure 2 shaws the 1D browserwith two differentfocal nodes.
Theexpansionheuristicusedhere,aswell asin our laterprototype,
isw(n) = 1=n:numChildren.

Figure 2: Left: The user has selected\ng" as the focal node (indi-
cated with the arrow). This node contains too many childrento t in
the viewport | viewing all the children requires scrolling. Because
of this, the expand-aheadalgorithm has not expanded any of the
children. Right: The user has selected\04.sceneEditor", a child of
\ng", asthe new focal node. Since the children (\do c", \samples",
\src", etc.) of the focal node consume only some of the vertical
space, the expand-aheadalgorithm has lled the rest of this space
by expanding two of the children, namely \do c" and \src _backups".

4.1 A RoughModel of User Performance

Oneof the potentialadvantagef expand-aheads thatit may al-

low a userto drill-down a pathfaster by skippingover levels that
are expandedautomatically If the treeis thoughtof asa hierar

chicalmenu,thenexpand-aheads oneway of makingthe tree,or

menu,broaderand more shallov: fewer levels needbe explicitly

traversedby the user andat eachstep,the userhasmorenodesto

choosefrom thanwithout expand-aheadThe questionof breadth
vs depthin menushasbeenstudiedbefore[13, chapter3] [6] andit

hasgenerallybeenfoundthatreducingdepthby increasingoreadth
allows selectionof leaf itemsto be madefasteroverall.

A quantitatve estimateof theadwantageif ary, of expand-ahead
would bevaluable.In the particularcaseof a 1D outline treeview,
we canmodelthe task of drilling down in termsof anotherwell
understoodmodel: Fitts' law [5, 9]. Fitts' law predictsthat the
averagetime T to acquire or click, anon-screerargetof sizeW at
adistanceD from the cursoris

T = a+ blog,(D=W+ 1) 1)

whereW is thetargetwidth measuredlongthedirectionof motion,
anda andb areexperimentallydeterminedonstantshatdependn
factorssuchasthe particularinput device usedfor pointing. From
equationl, we seeFitts' law predictsthatdecreasinghe sizeW of



atamet, or increasingthe distanceD to a tamget, bothincreasehe
time requiredto acquirethetamet.

If drilling down a pathinvolvesclicking on eachof a sequence
of nodesthis canbe modelledasa sequencef Fitts' tamgetacqui-
sitions.

Consideran approximatelybalancedreewith N leaf nodesand
a constantbranchingfactorB. Assumethat the treeis displayed
asa 1D outline, suchasin Figure 1(top left), andthat the height
of eachnodein the outline view is W. If the useronly seesone
expandechodeatatime, thetotal heightof the outlineview is BW.
Furthermoreif theusers cursorstartsatarandomverticalposition,
andmusttravel to arandomnode,the averagedistanceD avemge t0
travel will be BW=3 (sincethe meandistancebetweentwo points
randomlyselectedbn a unit sggmentis 1/3).

Without expand-aheadyravelling down a pathfrom the root to
a leaf requiresone click per level in the tree, or C = loggN =
log, N=log, B clicks. Thetime requiredfor eachclick canbe bro-
ken down into a sumof the time T to nd the desirednodeto
click on (includingary time to visually processnformationon the
screen)andthetime T to acquirethetarget,asgiven by Fitts' law.
Thetotal time to drill-down is then

C(T-+T)
= C(Tg + a+ blog,(Daverge™W + 1))
= (loggN)(Tg + a+ blog,(BW=3W + 1))
(logg N)(T¢ + a+ blog,(B=3))
= (loggN)(blog,B+a blog,3+ T:)
log, N

= blog,N+ (loggN)(a blog,3)+ log, B

= @

As statedearlier the effect of expand-aheaéh a 1D outlineis to
visually atten andbroaderthetreebeingnavigated.Althoughthe
tree's topologicalstructuredoesnot change expand-aheadeveals
morenodedo theuserincreasinghenumberof nodegheusemay
click on at eachstep,anddecreasinghe numberof levelsthe user
mustexplicitly click through. Thus,expand-aheadanbe thought
of asincreasinghe “visual” branchingfactorB of the tree,which
reduceghe necessaryiumberC = logg N of clicks. However, be-
causeB is increasedso is the averagedistanceDayerage = BW=3
the usermusttravel for eachclick, and so thereforeis thetime T
requiredfor eachclick.

InterpretingB asthevisual, or effective, branchingfactorallows
expression? to describeboth the caseswith andwithout expand-
aheadKeepingn mindthatourgoalis to minimizethetotaltimeto
drill-down, we examineeachof thetermsin expressior2. The rst
termblog, N is thetime requiredfor theuserto “express’(via their
pointing device) thelog, N bits of informationassociateavith the
leafnode. This doesnot dependon B, andhenceis not affectedby
useof expand-aheadTheseconderm(loggN)(a blog, 3) isthe
numberof clicks multiplied by a constantime penaltyassociated
with eachclick. Assumingthis termis positive (a hasbeenfound
to be considerablylarger thanb in mary Fitts tasks),the termis
minimizedwhenB is maximized,which favours expand-aheadit
is unclearhow the last term (log, N=log, B)T- may changeasB
changesThisdependgritically onthenatureof thetime T to nd
the next nodeto click on. T mostlikely increasesvith B, because
an increasedB meansthe userwill have more nodesto visually
scan. If T increasedinearly with B, aswould be expectedin a
scan-and-matckisual search,then the last term of expression2
will alsoincreasewith B, whichwould argueagainstusingexpand-
ahead. However, if T only increasedogarithmically with B, as
maybeexpectedf thenodesareorderedalphabeticallyandtheuser
emplogys asubdiiding visualsearchstratgy (see[6] for discussion
of this with respecto the Hick-Hymanlaw), thenthe lastterm of
expressior? shouldremainapproximatelyconstant.

In summaryif T is at mosta logarithmic function of B, then
expand-aheaghoulddecreaséehe total time to drill-down a path.
However, if Tr increasedasterthanlogarithmically it is unclear
whetherexpand-aheadouldyield anetincreaseor decreasef the
totaltime.

The above is only a rst attemptto model performancewith
expand-ahead Although it suggestghat a net advantagemay be
possiblewith expand-aheadexperimentalinvestigation is needed
to measuractualperformanceandwould alsoberequiredto even-
tually testandre ne this or othermodels.

5 2D PROTOTYPE

As with all 1D outline tree browsers,our 1D prototypearranges
nodesalongonedirection (the vertical), andonly usesthe 2nd di-
rectionfor indentationyatherthanfor shaving additionalnodesof
thetree.Our 2D prototypé attemptgo male full useof bothdirec-
tionsby tiling nodesalongrows andcolumns(Figure3). Expanded
nodesarerepresentedsingnesteccontainmentanddravn asfold-
erswith atabfor their label. Unexpandednodescanbe optionally
shavn as either simple text labels (Figure 3(top left,bottom)), or
with icons(Figure3(topright)).

Figure 3: Top left: the children of the focal node are arranged in rows
and columns, but are too numerousto t in the viewport. Hence,
scrollbars are provided to pan the view, and no automatic expansion
of nodesis performed. Bottom: a dierent focal node, with fewer
children, allows expand-aheadto be performed. Top Right: viewing
the samefocal node as bottom, with icons enabled.

Recall the ComputeLayoutsubroutine,called in the Expand-
Aheadalgorithm,which computeghe layout or embeddingf the
tree.In our 1D prototype,ComputeLayouis a simpleandfastsub-
routine,becaus¢helayoutof nodeds veryregular However, in our

1A video, and executable version, of which are available at
http://www.dgp.toronto.edu/"mjmcgfifesearch/



2D prototype the ComputeLayousubroutineinvolvesarecursve,
bottom-upcomputationof the layout of the nodes,performedby
some400linesof C++ code,anddoneoncefor eachnodethatthe
ExpandAheadilgorithmtriesto expand. Thus,while the Expand-
Aheadalgorithmproceedslownfrom the focal nodein a breadth-
rst mannereachinvocationof the ComputeLayousubroutindra-
verseghevisible nodesfrom thedeepeshodesupwaid, computing
the spacerequiredby eachnodeasa functionof the spacerequired
by its children.Fortunatelyonal.7 GHzlaptop,all thesecomputa-
tionsonly createanoticeabledelayif theuseris looking atover 500
nodessimultaneouslyln addition,we haveidenti ed somepossible
optimizationghatcouldbe madeto our particularComputeLayout
subroutinevhich remainto beimplemented.

Thelayoutdoneby the 2D ComputeLayousubroutinearranges
eachsetof childrenwithin rows and/orcolumns. The o w of the
layout can be optionally changedbetweeneither (a) lling each
column,from top-to-bottom,in aninnerloop, andcreatingwhole
columndleft-to-rightin anouterloop (this o w is usedin Figure3),
or (b) lling eachrow, from left-to-right,in aninnerloop,andcreat-
ing wholerows top-to-bottomin anouterloop (asperFigure1(top
right)). A secondindependenbption controlswhethernodesare
centredwithin cells of a “grid” with rows and columnsthat cut
acrosgheentiregrid; or whethemodesarepacledalongonedirec-
tionin themannerof agreedyline-breakingalgorithm[1], resulting
in the brick-like arrangementf Figure3(bottom,topright).

When computing the layout of children within an expanded
node,a choicemustbe madeasto the numberof rows or columns
to use.For example,12 equallysizedchildrencouldbearrangedn
agrid of 3x4, or 4x3, or 2x6, etc. We usean approximaterule of
thumbthattriesto arrangechildrensuchthatthe parentnodehasan
aspecratio closeto 1.

As with our 1D prototype,the focal nodein the 2D prototype
is selectedby clicking on the desirednode. A changein the focal
nodecancausea large changen the arrangemenof nodeswhich
is especiallynoticeablen our 2D prototypebecausét candisplay
mary morenodesthanthe 1D prototype. Early testingof our ini-
tial 2D prototypequickly corvincedusthatsomekind of animated
transition[2, 15] was critically neededto help the usermaintain
their mentalmodel of the tree's layout, and seewhich nodesare
hidden,revealed or repositioned/resizeduringa changeof focus.

Inspiredby the designof the 3-stageanimationsin SpaceTees
[11], we implementecanimatedransitionsconsistingof 5 distinct
phases:(1) fading out visible nodesthat will be hiddenafter the
transition, (2) collapsingthe outline of expandednodesthat must
be collapsedby the end of the transition,(3) moving andresizing
nodesusinglinearinterpolation(4) expandingtheoutline of nodes
thatwereinitially collapsedbut thatmustbe expandedby the end
of the transition, (5) fadingin nodesthat are newly visible. We
adjustedhe animationto lasta maximumof 1 secondn total, and
to skip over a stageif it doesnot involve ary nodesin the given
transition.

Our prototypemaintainsa history of focal nodesvisited. As in a
webbrowser this historycanbenavigatedusingBad< andForward
buttons.Hitting eitherbuttoninvokesareverse(or forward)anima-
tion to the previous (or next) focal nodein the history In addition,
the usermay hold down the right mousebutton to pop up a dial
widget (Figure4) thatcanberotatedto scrubover the animations.
Rotatingthe widget clockwiseor anticlockwisemovesforward or
backwardthroughthe history, atarateof onefocal nodepercycle.
The usermay scrubat ary speedor stopandlinger, allowing for
carefulexaminationof complicatedransitionsf desired.

In additionto shaving changesn focal nodes animatedransi-
tionsarealsousedto shav changesn layoutresultingfrom user
requestedhangedo thefont sizeusedfor text labels.A decreased
font sizemeanseachunexpandednoderequireslessspace allow-
ing morenodesto be expandedwhich sometimeghangeshelay-

Figure 4: A popup dial widget. Dragging rotates the dial, which is
usedto scrub back or forward over animated transitions.

outsigni cantly. Theusercanincrementallydecreas¢hefont size
onepixel at atime, by hitting a hotkey repeatedlyinvoking a se-
guenceof animationsshaving the successie changesn layout.
Visually, this is comparabldo zoomingin, in thatgraduallymore
detail (i.e. lower levels of the tree) is revealed. However, unlike
literal zooming,thefocal node,andhencethe surroundingcontext,

never changes.Decreasinghe font sizein effect allows the user
to drill-down everywherein thetreesimultaneouslyyielding anin-

creasinglydetailed‘birds-eye” view of thetree(Figure5). We call

this zoomingdown Of coursesufcient reductionof the font size
eventually makesthe text labelsillegible. The reverseaction, of

incrementallyincreasingthe font size, is similarly a variation on
zoomingoutandrolling up, which we call zoomingup.

Figure 5: Zooming down: a variation on zooming in and drilling
down. Left: the font size has been reduced so that 250 nodes are
visible. Right: the font size has been further reduced, so that now
2400 nodes are revealed. To make the tree structure more apparent,
nodesare lled with a shadeof grey dependant on each node's depth
(see Section 7).

Prosand Consof Expand-Ahead

The intendedbene ts of expand-aheadhclude revealing more
informationto the userby exploiting available screenspace,and
enablingfasterdrill-down dueto fewer clicks beingrequiredof the
user

At thesametime, therearevariouspotentialdravbacksto using
expand-aheadHaving moretargetson the screenmplies a higher
averagedistanceto travel to acquirea tamget, which, by Fitts' law
(equationl), increasescquisitiontime. Having moreinformation
on the screenalso meansthe userwill probablyspendmoretime
visually scanningand parsingthe information, and may be dis-
tractedby irrelevantinformation. Thesefactorswere modelledin
Section4.1, without comingto a de nite conclusionon their cost.
Otherpotentialdravbacksof expand-aheadrethat,by notexpand-
ing nodesto the samedepthuniformly, expand-aheadangive the
usera lopsidedview of thetree,sincenodeson the samelevel can
betreateddifferently— this canbe eithergoodor bad.Finally, the
arrangemenandexpansionof nodesshavn to the usercanchange
not only whenthe focal nodechangesbut alsoif the font sizeor



window sizechangesor if thetree's structurechangege.g.dueto
insertionor deletionof nodes).Suchrearrangemertancausecon-
fusion,andif frequentenoughwould inhibit habituationrandmale
it impossiblefor theuserto memorizethe spatiallocationof nodes.
Despitethis, rearrangemenmay not be a severe problemin
mary practicalcases. Expand-aheadiever changegshe ordering
of nodes,so usersmay still learnto nd nodesquickly by using
their neighboursasrelative landmarks.The relocationandre ow-
ing of nodesin our 2D prototypeis comparableo the re ow of
rowsandcolumnsin interfacessuchasin Figurel(topright), which
arealreadyfamiliar to mary users.Changesn font sizemight be
infrequentfor mary users,and changesn tree structuremay not
be disturbingto the userif it is the userwho performs,andis thus
awareof, ary changdo thetree. Animatedtransitionscanalsohelp
the userkeeptheir mentalmapof nodesntactduringchanges.
Sinceit is unclearhow the potentialbene ts anddravbacksof
expand-aheadompare we performeda controlledexperimentin-
volving a drill-down task, and measurediserperformanceunder
variousconditions.Although we suspecexpand-aheadhay bene-
t browsingandexplorationof treesin generalwe focusedon the
taskof drill-down for a rst experiment,becausave considerthis
a fundamentatask,andbecausean experimentinvolving a highly
constrainedaskyieldsmorereliableresults.

6 EXPERIMENT

Goals: To measurdahe neteffect of expand-aheadn userperfor
manceacontrolledexperimentwasperformedn whichuserscom-
pleteda taskusingexpand-aheadndwithout usingexpand-ahead.
In particular we wantedto determingf usersareableto drill-down
(i.e. travel down from theroot to a leaf) fasterwith expand-ahead
thanwith purelymanualexpansion.

Apparatus: The experimentwasrun on 3 computergenabling
usto run 3 usersin parallel), eachlocatedin anisolated,sound-
proofedroom, andeachrunningMicrosoft Windows. The screens
were15” in size,setto a resolutionof 1024x768pixels. The ex-
perimentprogramwasrunin full screermode with a 16 pixel high
font usedfor text. Theinputdevice wasa mouseheldin theusers
dominanthand,with the keyboardusedonly to starteachtrial by
hitting a key with theusers non-dominanhand.

Participants: Usersweresolicitedfrom a pool of externalusers
throughthe User CentredDesignDepartmenbf the IBM Toronto
Software DevelopmentLab. 12 usersparticipatedin our study 8
womenand 4 men, all right handed,whoseusual computeruse
rangesetweenl and12 hoursperday, 5 to 7 daysperweek. The
userswereaged23-57years(mean38.25,standardleviation 11.4).

Task: Userscompleteda numberof trials, within eachof which
the userhadto drill-down atarget pathandselecta leaf nodeof a
tree. Beforethe baginning of eachtrial, thescreenrst shovedthe
userthepathof thetargetleaffor thenext trial, asa slash-delimited
string of nodese.g.“abc/def/..”. To startthetrial, the userhadto
placethe mousecursorin a 10x10pixel startbox at the upperleft
cornerof the screenandhit the spacebawith their non-dominant
hand. The screenthen displayedthe target path at the top of the
screenin red, the path of the users currentfocal node (initially
setto the root nodeat the start of eachtrial) immediatelybelov
in black,andthetreerepresentatiom the remainingscreerspace,
usingeitherexpand-aheadr not (Figure6). Usersthenclicked on
nodesto travel down the desiredpathuntil they reachedhe tamet
leaf, which endedthetrial.

The reasonthe target pathwas shovn to usersbeforethe start
of eachtrial wasto give usersa chanceto readthe pathandbetter
retainit in short-termmemoryduringthetrial. This shouldreduce
whatever variancetheremight be in the recordedtimesdueto re-
readingthe targetpathduringthetrial. Forcingusersto placetheir
cursorin the startbox also reducedvariance,ensuringthat users

Figure 6: The information displayed during a trial, without expand-
ahead (Left) and with 2D expand-ahead(Right). The target path is
shown in red at the top of the screen,with the current path shown
immediately below.

alwaysstartedn the sameinitial position.

Errorswere not allowed during trials. If the userclicked on a
node not along the target path, the computeremitted an audible
beepwithout changingthe focal node,andthe userwasforcedto
continuethetrial until successfutompletion.Thus,in somesense,
thetotaltimefor thetrial incorporateshecostof errors.Forcingthe
userto successfullcompleteeachtrial, evenafteranerror, hasthe
adwantagethatthereis no incentive (even subconsciouslyjor the
userto go fasterby committingerrorsandterminatingtrials early.

Conditions: Trials wereperformedunder3 mainconditions:no
expand-aheadlD expand-aheadand 2D expand-ahead.Within
eachmain condition,two differenttreeswereusedduringtrials, to
testtwo differentrangesof branchingfactors.Finally, within each
main condition,andwithin eachof the two trees,usersperformed
3 differentkinds of drill-down tasks.Thesewere: traversinga dif-
ferent,randompathfor eachtrial; traversingthe samepathrepeat-
edly over mary trials; andtraversingthe samepathrepeatediyover
mary trials, but perturbingthetreeslightly beforeeachtrial. These
3 drill-down taskswere chosento test performancewith unprac-
ticed paths practicedpaths,andpracticedpathswith perturbation,
respectiely.

Theorderof presentatiorf the 3 main conditionswascounter
balancedwith a latin squaredesign,andthe orderof presentation
of thetwo treeswasalsobalancedverthe12 users.

Bothtreeswereof depth7, andwerestructuredsuchthatthepath
of aleaf would spell out a coherent7-word sentenceof the form
quanti er colour animal verb possessive-pnoun colour noun
suchas“all yellow salamandergvent their blue chairs”. Struc-
turing the levels of the treesthis way madeit easyto generatehe
treesof ine, programmaticallywith agivendesiredbranchingfac-
tor, andalsowith somerandomvarietyin thechildrenof eachnode.
Althoughmary of thepathsform fancifulsoundingsentenceghese
areeasierfor usersto remembeduringtrials thana randomstring
of charactersvould be. Note thatthe childrenof eachnodewere
alwaysorderedalphabeticallyto betterenableusersto usea subdi-
viding visualsearchstrat@y duringtrials.

The rst treehadinternalnodeswhosebranchingfactorvaried
uniformly between2 and5. The secondtree was bushier with a
branchingfactorvarying uniformly betweer8 and11. Theseval-
ueswerechoserbecausehey arecloseto thetwo extremebranch-
ing factorsfor our conditions,without beingtoo extreme. A con-
stantbranchingractorof just 1 would give too greatanadwantageo
expand-aheadivhichwouldbeableto expandthetreeall thewayto
its singleleaf), anda branchingfactormuchgreaterthan10 would
meanthat, for the font and screensize used,expand-aheadvould
usuallyrevert backto the statusquo of no automaticexpansion.

In the rst drill-down task,usersweregivena differentrandom
pathfor eachof 10trials. In the secondlrill-down task,userswere
given the samepathfor 5 trials, and then a secondpath for an-
other5 trials. In thethird drill-down task,userswereagain given 2



pathsfor 5 trials each,however in this casethe treewasperturbed
slightly beforeeachtrial, by swappingrandomsubtreesat various
levels, causinga correspondinghangein the computedayout of
the tree,and a changein which nodeswould be expandedby the
ExpandAheadlgorithm.

In summarythewhole experimentinvolved

12 participants

3 mainconditions(no expand-ahead,D expand-ahead2D
expand-ahead)

2trees

3 drill-down tasks

10trials

= 2160trialsin total

Resultsand Discussion

We broke down themeasuredlatainto 3 subsetscorresponding
to eachof the 3 drill-down tasks andexaminedthe effect of various
factorsontherecordedimesin eachsubset.

Analysisof varianc ANOVA) shavedthattheparticipanthada
signi cant (F > 30, p< 0:0001for eachof the3 tasks)effectonthe
time to completeeachtrial. The averagetime for eachparticipant
variedroughlyevenly betweerl0.1seconddor thefastesuserand
19.8 seconddor the slowestuser This large variancecould have
beenin partdueto the rangeof agesof users,andthe apparently
differentlevels of fatigueunderwhich eachuserperformedthe ex-
periment. For example, the slowest userreportedfeeling sleefy
duringthe experiment.

The two treesusedalso had an effect on performance.Within
eachof the 3 tasks therelatively skinry tree,with branchingfactor
2-5,affordedsigni cantly (F > 70, p< 0:0001)fasterperformance
thandid the bushiertree with branchingfactor8-11. This makes
sensdor the non-epand-aheadondition,sincea largerbranching
factorrequiresthe userto travel fartheron averagefor eachclick,
andalsomalessensen theexpand-aheadonditions sinceexpand-
aheacdcanexpandskinry treesmoredeeply on average.

Within eachtask,the main conditionhada signi cant effect on
time (F = 7:5, p< 0:0006;F = 147, p< 0:0001;andF = 3:3,
p < 0:0362for the3 tasksrespectiely). Following aretheaverage
timesfor eachof the tasks,brokendowvn by main condition. Stars
appearbesidetimessigni cantly differentfrom the othertimesin
thesametask,asdeterminedy a multiple meanscomparison.

For unpracticedrandompaths:
Main Condition | Time (seconds)
noexpand-ahead| 14.541
1D expand-ahead 15.930* (signi cantly worse)
2D expand-ahead 14.912

For practicedrepeategaths:
Main Condition | Time (seconds)
no expand-ahead| 13.006
1D expand-ahead 13.085
2D expand-ahead 11.361* (signi cantly better)

For practicedrepeategathswith perturbation:
Main Condition Time (seconds)
no expand-ahead| 13.149* (signi cantly better)
1D expand-ahead 13.883
2D expand-ahead 14.005

As seenby the above tables,in the 1sttask, with unpracticed,
randompaths, performancewith 2D expand-aheadvas not sig-
ni cantly differentfrom that with no expand-ahead.In the 2nd
task, with practicedpathsand no perturbation,2D expand-ahead
wassigni cantly fasterthanhaving no expand-aheadyy approxi-
mately12.7%.In the 3rd task,with perturbation2D expand-ahead

wassigni cantly slowerthanhaving no expand-aheadyy approxi-
mately6.5%.

Theseresultssuggesthat, for practicedpathsin absencef per
turbationor rearrangemerdf nodesusersareableto quickly tamget
the desiredhodesalongthe path,probablyby memorizingtheir lo-
cation,andreachtheleaf nodefasterwith expand-aheathanwith-
out, by skipping over the levels expandedfor them. With pertur
bation, however, userswere slower in the 2D expand-aheadase
thanwithout expand-aheadmplying thatthetime T to nd each
next nodeincrease@noughto outweighthebene t of having fewer
clicksto perform.

Theseresultsarenot sosurprisingin light of theexpectedrade-
offs thatusuallyaccompan adaptve userinterfaces:they canhelp
performancen somesituations,but alsohinderit if the userdoes
not nd itemsin their expectedplace. It is encouragingo note,
however, thatalthough2D expand-aheagvas6.5%slower thanno
expand-aheath the perturbedreecasejt wasfasterby 12.7%,or
abouttwice asmuch,in theun-perturbeatase.

Furthermorea few aspectof our experimentmay have arti -
cially biasedthe resultsagainstexpand-ahead.In real situations,
changesmadeto the tree's structureare often madeby the user
themselfe.g.addingor deletingportionsof theirown le structure,
ratherthanimposedby the systenthrougha randomizedperturba-
tion. At leastoneuserremarled after the experimentthat shefelt
expand-aheawvould have beeneasierto useif shehadbuilt up the
treeherselfandbeenfamiliar with its contentsratherthanbrows-
ing a tree never seenbefore. Also, in practice,changedo a tree
suchasausers le systemarenotasfrequentasthe perturbations
in our experimentwere. Infrequentchangego the tree's structure
would be moreconducve to habituationby theuser

Finally, ourexperimentonly testedperformancetdrilling-down
apath,andleavesopenthe questionof whetherexpand-aheaten-
e ts moregenerabrowsingtasks.For example,expand-aheadot
only allows a userto skip over levels thathave beenautomatically
expanded,t alsoallows the userto seedeeperdown atree. This
meansthe usermay notice more information and discover nodes
thatthey would not have otherwisetravelleddown to.

7 DESIGN I SSUES AND POTENTIAL ENHANCEMENTS

Thissectiondescribevariousenhancementhatcouldbeexplored
in futuredesignwork.

Sticky or Hard Expansion, vs Soft Expansion: In our proto-
types,the useronly selectsthe currentfocal nodeF, andthe Ex-
pandAheadlgorithmdeterminesvhich nodesto expandunderF.
Thisbehaiour couldbemademoregeneraby insteadallowing for
two typesof expansion:sticky, or hardexpansionthatis controlled
by the user;andsoft expansionthatis setby the ExpandAheadl-
gorithm. The userwould be ableto explicitly expandoneor more
nodesJeaving themin aforcedexpandedstate.The ExpandAhead
algorithm would then allocatescreenspacefor thesenodes,and
only expandothernodesif thereremainsmorescreerspace.Such
behaiour would allow theuserto effectively createmultiple points
of focus, by hard-epandingeachnodeof interest,afterwhich the
ExpandAheadhlgorithmwould Il up ary remainingscreernspace
with automatic soft expansion.

Locking NodePositionsfor PersistentLayout: Oneof thepar
ticipantsin our experimentsaid shewould like the ability to cus-
tomizewhich levels of the treesheseesexpandediogetherandto
alwaysseethelevelsthatway. Featureshatallow theuserto manu-
ally positionor “lock down” therelative placemenbf nodeswould
helpalleviatethedetrimentakffectsof rearrangemerandallow for
betterlandmarkingandmoreconsistentlisplays thusreducingthe
time necessaryo visually scanfor nodes. The systemcould, for
example,allow the userto lock down certainnodesof particular
interestwhile othernodesarefreeto o w aroundthem.



Uniform Expand-Ahead and Partial Expansion: As men-
tionedin Section2, SpaceTees[11] implementakind of expand-
aheadput wherelevelsareonly expandedf they canbe expanded
completely This hasthe disadwantagethat screerspacecannotbe

lled ascompletelybutalsomeanshatnodeexpansionoccursin a
muchmoreregularanduniformway. Suchuniformexpand-ahead
which only expandsentirelevelsunderthefocal node revealseach
possiblepath down from the focal nodeto the samedepth. This
mayresultin displaysthatareeasieifor the userto understand.

Anotherpossibility not yet exploredin our prototypeds that of
partial expansionof nodes wherebya nodemight be expandedo
shav someof its children, giving the usera partial preview of its
contentshut alsoshav someindicationof elision (perhapssimilar
to LeeandBedersors ellipsisnodeg[8, 7]) if thereareotherchil-
drennot shavn. If f is the fraction of childrenthatareshavn in
a partialexpansion,f could be choserto be proportionalto w(n),
again allowing for heuristicsto guidethe expansion.

Combining uniform expand-aheadvith partial expansion(i.e.
wherebyall nodeson a level would be eachpartially expanded)
mightenablemoreefcient lling of screerspacewithoutsacri c-
ing theregularanduniform treatmenbf nodeson the samelevel.

Impr ovementsin Graphic Design: We are also currently ex-
perimentingwith variouschangego the graphicdesignof our tree
representationdn anattemptto make themeasietto visually inter
pret(Figure?).

Figure 7: Experimental enhancementsto the graphic design of our
2D browser. To make information easierto parse quickly, nodes are
lled with a shadeof grey indicating depth, and labels of expanded
nodes are shown in bold.

8 CONCLUSION AND FUTURE DIRECTIONS

We have presentech generalmodel for automaticallyexpanding
nodegto Il screerspace.Theexpand-aheadhodelcanbeapplied
to mary differentrepresentationsf trees,includingnode-linkrep-
resentationandnestedtontainmentepresentations\ pseudocode
algorithm for implementingthis model was given, which takes a
heuristicweightingfunction w(n) asa parameteto guidethe ex-
pansionaccordingto aclient-chosemolicy. We have alsogivenan
approximatemodel of userperformancewith expand-aheadpre-
sentedtwo prototypeimplementationsand reportedexperimen-
tal evidencethat expand-aheadanimprove performanceluring a
drill-down taskunderappropriateconditions.

The ideasdescribedin Section7 would be interestingto ex-
plore further In addition, more controlled experimentscould be
conductedo con rm and/orre ne our modelof userperformance.

Tasksotherthandrill-down could alsobe tested to seeif expand-
aheadcanfacilitatemoregenerahavigationandbrowsingtasks.It

would alsobeinterestingto apply expand-aheadbo othertreerep-
resentationssuchasvariousnode-linkstyle layouts.
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