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ABSTRACT

Many treebrowsersallow subtreesundera nodeto becollapsedor
expanded,enablingthe userto control screenspaceusageandse-
lectively drill-down. However, explicit expansionof nodescanbe
tedious. Expand-aheadis a space-�lling strategy by which some
nodesare automaticallyexpandedto �ll available screenspace,
without expandingso far that nodesare shown at a reducedsize
or outsidetheviewport. This oftenallows a userexploring thetree
to seefurther down the treewithout the effort requiredin a tradi-
tional browser. It alsomeanstheusercansometimesdrill-down a
pathfaster, by skippingover levelsof thetreethatareautomatically
expandedfor them. Expand-aheaddiffers from many detail-in-
context techniquesin thatthereis noscalingor distortioninvolved.
Wepresent1Dand2Dprototypeimplementationsof expand-ahead,
andidentify variousdesignissuesandpossibleenhancementsto our
designs.Our prototypessupportsmooth,animatedtransitionsbe-
tweendifferent views of a tree. We also presentthe resultsof a
controlledexperimentwhich show that, undercertainconditions,
usersareableto drill-down fasterwith expand-aheadthanwithout.
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1 I NTRODUCTI ON

Largetreestructurescanbedif�cult to view, navigate,andmanage.
To helpmitigatethis, usersareoftengiventheability to view only
a subsetof a treeat a time. Thesubsetmight bespeci�ed through
selective hiding (collapsing)andrevealing(expansion)of subtrees
(e.g.Figure1(topleft,bottomleft)) or mightbelimited to the“con-
tents” (i.e. children) of one nodeat a time (Figure 1(top right)).
Small subsetsaremore likely to �t on the user's availablescreen
space,andthushavelessneedfor scrolling-or zooming-basednav-
igation.

At thesametime, working with subsetsof a treecanbe incon-
venient. Many subsetswill only partially �ll screenspace. Al-
thoughthe usermay move from subsetto subsetduring browsing
andexploration,showing theusersmallsubsetscanleave their vi-
sualsystem's capacityunderutilizedandprolongnavigation tasks.
For example,in thespeci�c taskof travelling down apathto a leaf,
the useris often requiredto explicitly expand,or “click through”,
eachnodealongtheway. If theuserdoesnot know or forgetswhat
is locatedundera node,they mustexplicitly expand,or travel into,
thenodeto �nd out,andthenbacktrackif they discover they 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 sketchesshowing that
much of the availablespacecan be �lled by expandingsomechildren.

wrongturn. Someinterfacesshow previewsof nodecontentsin the
form of summariesor thumbnails;however, theseonly helpdirect
the user's navigation — the usermuststill explicitly expandeach
nodealongadesiredpath.

Often,duringnavigation,a usermaybemomentarilyviewing a
relatively small or narrow portion of the tree,with unusedscreen
spaceleft over (Figure 1(top left,top right)). In thesecases,we
suspectit might oftenbebene�cial for thesystemto automatically
expandsomenodes,to �ll up the availablescreenspace(perhaps
resultingin somethinglike Figure1(bottomleft,bottomright)). If
thespaceconsumedby suchexpansiondoesnot exceedthe limits
of theuser'sviewport,thennoscrollingor zoomingwill berequired
asa resultof theautomaticexpansion.Theintentionis that,of the
nodesrevealedby suchexpansion,thosethatarenot of interestto
theusercanbesafelyignored,andthosethatareof interestarenow
visible to theuserfor free,with noextra input from theuser.

Wecall thisschemeexpand-ahead, becausethesystemautomat-
ically expandspathwaysdownwardandin advanceof explicit ex-
pansionby theuser. Expand-aheadallows theuserto seethecon-
tentsof morethanonefolder at a time. It is only performedwhen
thereis unusedscreenspace,andis only doneto theextentallowed
by suchspace.Theautomaticexpansionnever proceedssofar that
it would exceedtheavailablescreenspace,becausethis would im-
poseapenaltyontheuserdueto thescrollingor zoomingnecessary
to seetheresultinginformation.To makethefullestpossibleuseof
screenspace,expand-aheadis not,generally, carriedoutto thesame
depthalongall possiblepathways.Instead,usuallysomenodesare
chosenfor expansionover othersat thesamedepth.To determine
which of the alternative nodesto expand,a heuristicor policy is
required,which is givenasa parameterto theexpand-aheadalgo-



rithm. The heuristiccanbe designedto give preferenceto nodes
thataremorelikely to interesttheuser.

Becauseexpand-aheadrevealsmoreinformationwithout requir-
ing additional input, we suspectit may bene�t generalbrowsing
andnavigationtasks.In particular, it mayallow usersto drill-down
apathfaster, by allowing themto skipovernodesthatareautomat-
ically expanded. Usersmay also tend to take fewer wrong turns
down paths,becausethey canseefurtherahead.Ontheotherhand,
in a morefree-formbrowsingscenario,expand-aheadmaybene�t
usersby allowing themto incidentallynoticeinterestingnodesthat
they hadno intentionof drilling down toward,andthatwould have
otherwiseremainedundiscoveredwithoutexpand-ahead.

Therearealsopotentialdrawbacksto usingexpand-ahead.Like
otheradaptive userinterfacetechniques,automaticrecon�guration
of interfaceelementscansometimesconfuseusers,or give them
an impressionof not being in control. Inappropriatelydesigned
adaptationcanevenhinderratherthanhelptheuser. In light of this,
we conductedan experimentto evaluatethe performanceof users
with expand-aheadundercontrolledconditions.

In the following sections,we review relatedbackgroundwork,
presenttheexpand-aheadalgorithm,describeour prototypeimple-
mentations,give experimentalevidencethat expand-aheadcanaf-
ford fasterdrill-down undercertainconditions,andidentify various
designissuesandpossibleenhancementsto ourdesigns.

2 BACK GROUND

Many schemesexist for browsing large spacesin which a tree,or
otherinformation,is embedded.Carpendale[4, chapter2] surveys
thesetechniques,includingscrolling,zooming,�sheye views, and
variousotherdetail-in-context views. Conceptually, theseschemes
canbethoughtof aschangingthepresentation[4, chapter1] of the
space(e.g.by smoothlydeformingit), without changingthe infor-
mation's representationor embeddingin thespace.Thecollapsing
andexpandingof treenodes,however, is probablymorenaturally
thoughtof asa changein the tree's representationor embedding.
Despitethis, theeffectof expand-aheadis somewhatsimilar to that
of focus+context techniques,in thattheautomaticexpansionof de-
scendantsundera nodeof interestcanbe thoughtof asrevealing
moreof theneighbourhoodaroundtheuser's focus.

Sometreerepresentations,likeTreemaps[14], Pad++'sdirectory
browser [3], or Nguyenand Huang's space-optimizedtrees[10],
packnodesinto theavailablescreenspaceby scalingdown thesize
of nodes,allotting progressively lessspacefor nodesfurtherdown
on thetree. Althoughthis allows a largenumberof nodesto be�t
on the screen,any labelsor informationdisplayedwith the nodes
becomesincreasinglyillegible in the lower levels of the tree. De-
pendingontheuser'sgoals,it maybepreferableto seefewernodes,
but have labelsandotherinformationall equallylegible. For exam-
ple, in thecontext of their work, Plaisantet al. [11] quoteoneuser
saying“Make it readableor don't bothershowing thenodes”.

In expand-ahead,thesizeof text labelsis heldconstant,so that
automaticexpansionnever reducesthe legibility of text. Further-
more,andunlike Treemapsfor example,the spaceallocatedto a
givensubtreeis not basedon the“size” of thesubtree,but ratheris
a functionof whateverexpansionheuristichasbeenchosen.

SpaceTrees[11] show preview iconsof collapsedsubtrees,and
also perform a form of intelligent, automaticexpansionfor the
user. Fromourperspective,SpaceTreesimplementaspecialcaseof
expand-aheadwhich we will latercall uniformexpand-ahead(see
Section7). Whenusersselectafocalnodein aSpaceTree,thenum-
ber of levels openedunderthat nodeis maximized,asallowed by
availablescreenspace.Eachlevel, however, is only expandedif all
the descendantson that level canbe revealed. Our moregeneral
notionof expand-aheadallows certainnodeson a givenlevel to be
expanded,while their siblingsmaynot be. This yieldsrepresenta-

tions thatarenot asorderlyandregularasSpaceTrees,but allows
usto �ll spacemoreaggressively thanSpaceTreesdo. Anotherdif-
ferenceis thatSpaceTreesexpandnodesbasedsolelyon available
space,whereasin expand-ahead,thedecisionof whichnodesto ex-
pandis in�uencedby theexpansionheuristic,makingit somewhat
more �e xible. A �nal, lesscritical difference,is that SpaceTrees
usea traditionalnode-linkrepresentationfor the tree,whereaswe
have exploredautomaticexpansionwithin outline (Figure2) and
nestedcontainment(Figure3(bottom,topright)) representations.

Many adaptive interfacesautomaticallyrecon�gureor rearrange
interfaceelementsto try andhelptheuserby reducingtheeffort or
amountof input required(see[12] for discussionof this in thecon-
text of menus).Unfortunately, suchadaptationcanalsoconfuseand
frustratethe user, especiallyif the actionstaken automaticallyare
inappropriateand/orthe userdoesnot understandhow the system
determineswhich actionsto take. Thereis a dangerthat expand-
aheadcould causerelatedproblems,particularly if the expansion
heuristicis poorly chosen.Expandingnodesthatdon't interestthe
userwould only increasethe amountof noiseon the display that
mustbe�ltered out by theuser, makingit harderto �nd nodesthat
dointeresttheuser. To try andalleviatethisproblem,expand-ahead
never changesthe orderingof nodes,assomeadaptive menusdo.
Althoughautomaticexpansionmayintroduceirregularspacingbe-
tweensiblings,the usermay still be ableto employ a subdivision
strategywhensearchingfor anode,sincetheorderingof neighbour-
ing nodesdoesnotchange.Furthermore,whenanodeis expanded,
all its childrenaredisplayed,ratherthan,for example,just themost
frequentlyaccessedsubset,asis donein Microsoft Of�ce' s adap-
tivemenus.

In partialsupportof ourdesign,browsersthatdisplaya2D row-
columnarrangementof icons,suchasin Figure1(top right), typi-
cally re�ow theiconswhenthebrowserwindow is resized,chang-
ing thenumberof columnsandrows. This behaviour is familiar to
users,andseemsto befar lessdisturbingthanare-orderingof icons
wouldbe.

In Section7, we speculateon waysto make expand-aheadmore
consistentin theway it presentsinformation,to further reducethe
drawbacksof its adaptivebehaviour.

3 THE EXPAND-AHEAD AL GORI THM

Let F bea nodein thetreeT thattheuserhasselectedasthenode
of interest,or focal node. Our currentimplementationof expand-
aheadworks asfollows: (1) expandF, andallocatespaceon the
screenfor F andits children; if thereis any spaceleft over, then
(2) try expandingeachof the childrenof F in turn, suchthat the
availablescreenspaceis never exceeded;if any of themweresuc-
cessfullyexpanded,and thereis still spaceleft over, then (3) try
expandingeachof thechildrenof thechildrenof F thatweresuc-
cessfullyexpanded,suchthat the available screenspaceis never
exceeded;etc.Stopwhenthereis no longerenoughscreenspaceto
allow any moreexpansion,or whenwehavereachedtheleafnodes.

Noticethat theorderin which thealgorithmattemptsto expand
nodesis breadth�rst, or level-by-level.

Often, theremay be suf�cient spaceto expandoneor another
child, but not both. In this case,somemeansis necessaryto deter-
minewhichchild to expand,or in whichorderto attemptexpansion
of children. Let w(n) be a weight associatedwith noden. The
expand-aheadalgorithmprefersexpansionof nodeswith a greater
weight over thosewith lessweight. Thus, the w(n) function can
encodevariousheuristicsfor nodeexpansion,whichmaybebased,
for example,on the likelihood that a given nodewill interestthe
user.

More formally, the expand-aheadalgorithm is given as Algo-
rithm 1. In thepseudocode,curly bracesenclosecomments.



Algorithm 1 ExpandAhead(T, F )

f initialize all nodesto becollapsedg
CollapseAllNodesInTree(T )
f expandF andall its ancestorsg
n  F
while n 6= NIL do

n.isExpanded true
n  n.parent

f checkif there's screenspaceleft overg
ComputeLayout(T, F )
if thereis unusedscreenspacethen

f expandasmany nodesunderF aspossibleg
d  1
repeat

noNodesSuccessfullyExpanded true
S setof all visiblenodesatdepthd underF
sortSby weightingfunctionw
f try expandingeachnodein Sg
for all n in S, in decreasingorderof w(n), do

if n haschildren then
n.isExpanded true
ComputeLayout(T, F )
if availablescreenspaceis exceededthen

f backtrackg
n.isExpanded false

else
noNodesSuccessfullyExpanded false

d  d+ 1
until noNodesSuccessfullyExpanded
ComputeLayout(T, F )

The ComputeLayoutsubroutinecalledin the pseudocodeis re-
sponsiblefor computingtheembeddingof thetreeT, i.e.allocating
spacefor all visible nodesandpositioningthemon thescreenwith
respectto thefocal nodeF. ComputeLayoutcanbechosento gen-
erateany treelayoutstylethat is desired,beit of a node-linkstyle,
anestedcontainmentlayout,or otherwise.

The w(n) weighting function encodesthe heuristic for choos-
ing which nodes to expand. For example, setting w(n) =
1=n:numChildrencausesnodeswith a small numberof children
to be preferredover nodeswith morechildren. Sucha weighting
tendsto maximizethenumberof nodesthatareexpandedautomat-
ically, sincemorenodescanbeexpandedif eachhasfew children.
Anotherpossibleweightingis w(n) = n: f requency, i.e. nodesthat
were visited more frequentlyby the user in the pastare given a
greaterweight,sincethey aremorelikely to bevisitedagainby the
user.

TheExpandAheadalgorithmdescribedby thepseudocodeis in-
vokedevery time theuserselectsa new focal nodeF, which might
bedoneby simply clicking on a visible node,or travelling upward
to thecurrentfocal node's parent,or selectinga previously visited
nodefrom thebrowser'shistory.

Theforegoingdescriptionassumestheuseris only interestedin
onefocal nodeat a time,asis supportedby our currentimplemen-
tation.In Section7,however, wedescribehow expand-aheadmight
beextendedto supportmultiple focalnodes.

4 1D PROTOTYPE

Our prototypeexpand-aheadbrowserswere implementedin C++
usingthe OpenGLandGLUT libraries,andrun underLinux and
MicrosoftWindows.

The treebrowsedby our prototypescanbeeitherreadin lazily
from the �le system,allowing the userto browsetheir directories

and�les; or canbeextractedasa breadth-�rst tree(BFT) of a di-
graphdescribedin aninput�le. In thefuture,weplanto modify our
prototypesto allow dynamicallychangingtheroot of theBFT, and
investigatetheuseof ourbrowsersfor exploringgraphstructures.

The1D prototypedisplaysnodesin theform of anoutlineview
— it is 1-dimensionalin thesensethatnodesarearrangedasa list,
with horizontalindentationshowing thetreestructure.Unlikemany
otheroutlinebrowsers,our 1D browserdoesnot allow theuserto
independentlytogglethe expansionof individual nodesascanbe
donewith the “+” and“-” icons in Figure1(top left,bottomleft).
Supportfor this might beaddedeventually(seeSection7), but we
chosea simplerdesignfor our �rst prototype. Instead,expansion
is controlledonly by selectingthe focal nodeF. Clicking on a
nodemakesit thenew focalnode,which is movedto thetopof the
viewport, with its descendantsdisplayedbelow it, and expanded
accordingto theexpand-aheadalgorithm.

Figure2 shows the 1D browserwith two differentfocal nodes.
Theexpansionheuristicusedhere,aswell asin our laterprototype,
is w(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 children to �t in
the viewport | viewing all the children requires scrolling. Because
of this, the expand-ahead algorithm has not expanded any of the
children. Right: The user has selected \04.sceneEditor", a child of
\ng", as the 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 UserPerformance

Oneof thepotentialadvantagesof expand-aheadis that it mayal-
low a userto drill-down a pathfaster, by skippingover levels that
areexpandedautomatically. If the tree is thoughtof asa hierar-
chicalmenu,thenexpand-aheadis oneway of makingthe tree,or
menu,broaderandmoreshallow: fewer levels needbe explicitly
traversedby theuser, andat eachstep,theuserhasmorenodesto
choosefrom thanwithout expand-ahead.The questionof breadth
vsdepthin menushasbeenstudiedbefore[13, chapter3] [6] andit
hasgenerallybeenfoundthatreducingdepthby increasingbreadth
allowsselectionof leaf itemsto bemadefasteroverall.

A quantitativeestimateof theadvantage,if any, of expand-ahead
would bevaluable.In theparticularcaseof a 1D outlinetreeview,
we canmodel the taskof drilling down in termsof anotherwell
understoodmodel: Fitts' law [5, 9]. Fitts' law predictsthat the
averagetimeT to acquire,or click, anon-screentargetof sizeW at
adistanceD from thecursoris

T = a+ blog2(D=W + 1) (1)

whereW is thetargetwidth measuredalongthedirectionof motion,
anda andb areexperimentallydeterminedconstantsthatdependon
factorssuchastheparticularinput device usedfor pointing. From
equation1, we seeFitts' law predictsthatdecreasingthesizeW of



a target,or increasingthedistanceD to a target,both increasethe
time requiredto acquirethetarget.

If drilling down a pathinvolvesclicking on eachof a sequence
of nodes,this canbemodelledasa sequenceof Fitts' targetacqui-
sitions.

Consideranapproximatelybalancedtreewith N leaf nodesand
a constantbranchingfactorB. Assumethat the tree is displayed
asa 1D outline, suchas in Figure1(top left), andthat the height
of eachnodein the outline view is W. If the useronly seesone
expandednodeata time,thetotalheightof theoutlineview is BW.
Furthermore,if theuser'scursorstartsatarandomverticalposition,
andmusttravel to a randomnode,theaveragedistanceDaverage to
travel will be BW=3 (sincethe meandistancebetweentwo points
randomlyselectedonaunit segmentis 1/3).

Without expand-ahead,travelling down a pathfrom the root to
a leaf requiresone click per level in the tree, or C = logB N =
log2 N=log2B clicks. Thetime requiredfor eachclick canbebro-
ken down into a sum of the time TF to �nd the desirednodeto
click on (includingany time to visually processinformationon the
screen),andthetime T to acquirethetarget,asgivenby Fitts' law.
Thetotal time to drill-down is then

C(TF + T)
= C(TF + a+ blog2(Daverage=W + 1))
= (logB N)(TF + a+ blog2(BW=3W + 1))
� (logB N)(TF + a+ blog2(B=3))
= (logB N)(blog2B+ a� blog2 3+ TF )

= blog2 N + (logBN)(a� blog23) +
log2N
log2 B

TF (2)

As statedearlier, theeffectof expand-aheadin a1D outlineis to
visually �atten andbroadenthetreebeingnavigated.Althoughthe
tree's topologicalstructuredoesnot change,expand-aheadreveals
morenodesto theuser, increasingthenumberof nodestheusermay
click on at eachstep,anddecreasingthenumberof levels theuser
mustexplicitly click through. Thus,expand-aheadcanbe thought
of asincreasingthe “visual” branchingfactorB of the tree,which
reducesthenecessarynumberC = logBN of clicks. However, be-
causeB is increased,so is the averagedistanceDaverage = BW=3
the usermusttravel for eachclick, andso thereforeis the time T
requiredfor eachclick.

InterpretingB asthevisual,or effective,branchingfactorallows
expression2 to describeboth the caseswith andwithout expand-
ahead.Keepingin mindthatourgoalis to minimizethetotaltimeto
drill-down, weexamineeachof thetermsin expression2. The�rst
termblog2 N is thetimerequiredfor theuserto “express”(via their
pointingdevice) the log2N bits of informationassociatedwith the
leaf node.This doesnot dependon B, andhenceis not affectedby
useof expand-ahead.Thesecondterm(logB N)(a� blog2 3) is the
numberof clicks multiplied by a constanttime penaltyassociated
with eachclick. Assumingthis term is positive (a hasbeenfound
to be considerablylarger thanb in many Fitts tasks),the term is
minimizedwhenB is maximized,which favours expand-ahead.It
is unclearhow the last term (log2 N=log2 B)TF may changeasB
changes.Thisdependscritically onthenatureof thetimeTF to �nd
thenext nodeto click on. TF mostlikely increaseswith B, because
an increasedB meansthe userwill have more nodesto visually
scan. If TF increaseslinearly with B, aswould be expectedin a
scan-and-matchvisual search,then the last term of expression2
will alsoincreasewith B, whichwouldargueagainstusingexpand-
ahead. However, if TF only increaseslogarithmically with B, as
maybeexpectedif thenodesareorderedalphabeticallyandtheuser
employsasubdividing visualsearchstrategy (see[6] for discussion
of this with respectto theHick-Hymanlaw), thenthe last termof
expression2 shouldremainapproximatelyconstant.

In summary, if TF is at mosta logarithmic function of B, then
expand-aheadshoulddecreasethe total time to drill-down a path.
However, if TF increasesfasterthan logarithmically, it is unclear
whetherexpand-aheadwouldyield anetincreaseor decreaseof the
total time.

The above is only a �rst attemptto model performancewith
expand-ahead.Although it suggeststhat a net advantagemay be
possiblewith expand-ahead,experimentalinvestigation is needed
to measureactualperformance,andwouldalsoberequiredto even-
tually testandre�ne thisor othermodels.

5 2D PROTOTYPE

As with all 1D outline tree browsers,our 1D prototypearranges
nodesalongonedirection(thevertical),andonly usesthe2nddi-
rectionfor indentation,ratherthanfor showing additionalnodesof
thetree.Our2D prototype1 attemptsto makefull useof bothdirec-
tionsby tiling nodesalongrowsandcolumns(Figure3). Expanded
nodesarerepresentedusingnestedcontainment,anddrawn asfold-
erswith a tabfor their label. Unexpandednodescanbeoptionally
shown 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 numerous to �t in the viewport. Hence,
scrollbars are provided to pan the view, and no automatic expansion
of nodes is performed. Bottom: a di�erent focal node, with fewer
children, allows expand-aheadto be performed. Top Right: viewing
the same focal node as bottom, with icons enabled.

Recall the ComputeLayoutsubroutine,called in the Expand-
Aheadalgorithm,which computesthe layoutor embeddingof the
tree.In our1D prototype,ComputeLayoutis asimpleandfastsub-
routine,becausethelayoutof nodesis veryregular. However, in our

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



2D prototype,theComputeLayoutsubroutineinvolvesa recursive,
bottom-upcomputationof the layout of the nodes,performedby
some400linesof C++ code,anddoneoncefor eachnodethat the
ExpandAheadalgorithmtries to expand.Thus,while theExpand-
Aheadalgorithmproceedsdownfrom thefocal nodein a breadth-
�rst manner, eachinvocationof theComputeLayoutsubroutinetra-
versesthevisiblenodesfrom thedeepestnodesupward, computing
thespacerequiredby eachnodeasa functionof thespacerequired
by its children.Fortunately, ona1.7GHzlaptop,all thesecomputa-
tionsonly createanoticeabledelayif theuseris lookingatover500
nodessimultaneously. In addition,wehaveidenti�ed somepossible
optimizationsthatcouldbemadeto our particularComputeLayout
subroutinewhich remainto beimplemented.

Thelayoutdoneby the2D ComputeLayoutsubroutinearranges
eachsetof childrenwithin rows and/orcolumns. The �o w of the
layout can be optionally changedbetweeneither (a) �lling each
column,from top-to-bottom,in an inner loop, andcreatingwhole
columnsleft-to-right in 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 secondindependentoption controlswhethernodesare
centredwithin cells of a “grid” with rows and columnsthat cut
acrosstheentiregrid; or whethernodesarepackedalongonedirec-
tion in themannerof agreedyline-breakingalgorithm[1], resulting
in thebrick-likearrangementof Figure3(bottom,topright).

When computing the layout of children within an expanded
node,a choicemustbemadeasto thenumberof rows or columns
to use.For example,12equallysizedchildrencouldbearrangedin
a grid of 3x4, or 4x3, or 2x6, etc. We usean approximaterule of
thumbthattriesto arrangechildrensuchthattheparentnodehasan
aspectratiocloseto 1.

As with our 1D prototype,the focal nodein the 2D prototype
is selectedby clicking on thedesirednode. A changein the focal
nodecancausea largechangein thearrangementof nodes,which
is especiallynoticeablein our 2D prototypebecauseit candisplay
many morenodesthanthe1D prototype.Early testingof our ini-
tial 2D prototypequickly convincedusthatsomekind of animated
transition[2, 15] wascritically needed,to help the usermaintain
their mentalmodelof the tree's layout, andseewhich nodesare
hidden,revealed,or repositioned/resizedduringachangeof focus.

Inspiredby the designof the 3-stageanimationsin SpaceTrees
[11], we implementedanimatedtransitionsconsistingof 5 distinct
phases:(1) fadingout visible nodesthat will be hiddenafter the
transition,(2) collapsingthe outline of expandednodesthat must
be collapsedby the endof the transition,(3) moving andresizing
nodesusinglinearinterpolation,(4) expandingtheoutlineof nodes
thatwereinitially collapsedbut thatmustbeexpandedby theend
of the transition,(5) fading in nodesthat are newly visible. We
adjustedtheanimationto lasta maximumof 1 secondin total,and
to skip over a stageif it doesnot involve any nodesin the given
transition.

Ourprototypemaintainsahistoryof focalnodesvisited.As in a
webbrowser, thishistorycanbenavigatedusingBack andForward
buttons.Hitting eitherbuttoninvokesareverse(or forward)anima-
tion to theprevious(or next) focal nodein thehistory. In addition,
the usermay hold down the right mousebutton to pop up a dial
widget (Figure4) thatcanberotatedto scrubover theanimations.
Rotatingthe widget clockwiseor anticlockwisemovesforward or
backwardthroughthehistory, at a rateof onefocal nodepercycle.
The usermay scrubat any speed,or stopandlinger, allowing for
carefulexaminationof complicatedtransitionsif desired.

In additionto showing changesin focal nodes,animatedtransi-
tionsarealsousedto show changesin layout resultingfrom user-
requestedchangesto thefont sizeusedfor text labels.A decreased
font sizemeanseachunexpandednoderequireslessspace,allow-
ing morenodesto beexpanded,which sometimeschangesthelay-

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

out signi�cantly. Theusercanincrementallydecreasethefont size
onepixel at a time, by hitting a hotkey repeatedly, invoking a se-
quenceof animationsshowing the successive changesin layout.
Visually, this is comparableto zoomingin, in thatgraduallymore
detail (i.e. lower levels of the tree) is revealed. However, unlike
literal zooming,thefocalnode,andhencethesurroundingcontext,
never changes.Decreasingthe font size in effect allows the user
to drill-down everywherein thetreesimultaneously, yieldinganin-
creasinglydetailed“birds-eye” view of thetree(Figure5). We call
this zoomingdown. Of course,suf�cient reductionof thefont size
eventually makes the text labelsillegible. The reverseaction, of
incrementallyincreasingthe font size, is similarly a variation on
zoomingoutandrolling up,whichwecall 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 eachnode's depth
(see Section 7).

Prosand Consof Expand-Ahead

The intendedbene�ts of expand-aheadincluderevealingmore
information to the userby exploiting availablescreenspace,and
enablingfasterdrill-down dueto fewerclicksbeingrequiredof the
user.

At thesametime, therearevariouspotentialdrawbacksto using
expand-ahead.Having moretargetson thescreenimpliesa higher
averagedistanceto travel to acquirea target,which, by Fitts' law
(equation1), increasesacquisitiontime. Having moreinformation
on the screenalsomeansthe userwill probablyspendmoretime
visually scanningand parsingthe information, and may be dis-
tractedby irrelevant information. Thesefactorsweremodelledin
Section4.1,without comingto a de�nite conclusionon their cost.
Otherpotentialdrawbacksof expand-aheadarethat,by notexpand-
ing nodesto thesamedepthuniformly, expand-aheadcangive the
usera lopsidedview of thetree,sincenodeson thesamelevel can
betreateddifferently— this canbeeithergoodor bad.Finally, the
arrangementandexpansionof nodesshown to theusercanchange
not only whenthe focal nodechanges,but alsoif the font sizeor



window sizechanges,or if thetree's structurechanges(e.g.dueto
insertionor deletionof nodes).Suchrearrangementcancausecon-
fusion,andif frequentenough,would inhibit habituationandmake
it impossiblefor theuserto memorizethespatiallocationof nodes.

Despite this, rearrangementmay not be a severe problem in
many practicalcases. Expand-aheadnever changesthe ordering
of nodes,so usersmay still learn to �nd nodesquickly by using
their neighboursasrelative landmarks.Therelocationandre�ow-
ing of nodesin our 2D prototypeis comparableto the re�ow of
rowsandcolumnsin interfacessuchasin Figure1(topright),which
arealreadyfamiliar to many users.Changesin font sizemight be
infrequentfor many users,andchangesin treestructuremay not
bedisturbingto theuserif it is theuserwho performs,andis thus
awareof, any changeto thetree.Animatedtransitionscanalsohelp
theuserkeeptheirmentalmapof nodesintactduringchanges.

Sinceit is unclearhow the potentialbene�ts anddrawbacksof
expand-aheadcompare,we performeda controlledexperimentin-
volving a drill-down task, and measureduserperformanceunder
variousconditions.Althoughwe suspectexpand-aheadmaybene-
�t browsingandexplorationof treesin general,we focusedon the
taskof drill-down for a �rst experiment,becausewe considerthis
a fundamentaltask,andbecauseanexperimentinvolving a highly
constrainedtaskyieldsmorereliableresults.

6 EXPERI M ENT

Goals: To measuretheneteffect of expand-aheadon userperfor-
mance,acontrolledexperimentwasperformedin whichuserscom-
pleteda taskusingexpand-aheadandwithout usingexpand-ahead.
In particular, wewantedto determineif usersareableto drill-down
(i.e. travel down from the root to a leaf) fasterwith expand-ahead
thanwith purelymanualexpansion.

Apparatus: Theexperimentwasrun on 3 computers(enabling
us to run 3 usersin parallel),eachlocatedin an isolated,sound-
proofedroom,andeachrunningMicrosoft Windows. Thescreens
were15” in size,set to a resolutionof 1024x768pixels. The ex-
perimentprogramwasrun in full screenmode,with a16pixel high
font usedfor text. Theinput device wasa mouseheldin theuser's
dominanthand,with the keyboardusedonly to starteachtrial by
hitting akey with theuser'snon-dominanthand.

Participants: Usersweresolicitedfrom apoolof externalusers
throughtheUserCentredDesignDepartmentof the IBM Toronto
SoftwareDevelopmentLab. 12 usersparticipatedin our study, 8
womenand 4 men, all right handed,whoseusualcomputeruse
rangesbetween1 and12 hoursperday, 5 to 7 daysperweek.The
userswereaged23-57years(mean38.25,standarddeviation11.4).

Task: Userscompleteda numberof trials,within eachof which
theuserhadto drill-down a targetpathandselecta leaf nodeof a
tree.Beforethebeginningof eachtrial, thescreen�rst showedthe
userthepathof thetargetleaf for thenext trial, asaslash-delimited
stringof nodes,e.g.“abc/def/...”. To startthe trial, theuserhadto
placethemousecursorin a 10x10pixel startbox at theupperleft
cornerof thescreen,andhit thespacebarwith their non-dominant
hand. The screenthendisplayedthe target pathat the top of the
screenin red, the path of the user's current focal node(initially
set to the root nodeat the start of eachtrial) immediatelybelow
in black,andthetreerepresentationin theremainingscreenspace,
usingeitherexpand-aheador not (Figure6). Usersthenclickedon
nodesto travel down thedesiredpathuntil they reachedthe target
leaf,whichendedthetrial.

The reasonthe target pathwasshown to usersbeforethe start
of eachtrial wasto give usersa chanceto readthepathandbetter
retainit in short-termmemoryduringthetrial. This shouldreduce
whatever variancetheremight be in the recordedtimesdueto re-
readingthetargetpathduringthetrial. Forcingusersto placetheir
cursorin the start box 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.

alwaysstartedin thesameinitial position.
Errorswerenot allowed during trials. If the userclicked on a

nodenot along the target path, the computeremittedan audible
beepwithout changingthe focal node,andthe userwasforcedto
continuethetrial until successfulcompletion.Thus,in somesense,
thetotaltimefor thetrial incorporatesthecostof errors.Forcingthe
userto successfullycompleteeachtrial, evenafteranerror, hasthe
advantagethat thereis no incentive (even subconsciously)for the
userto go fasterby committingerrorsandterminatingtrialsearly.

Conditions: Trialswereperformedunder3 mainconditions:no
expand-ahead,1D expand-ahead,and 2D expand-ahead.Within
eachmaincondition,two differenttreeswereusedduringtrials, to
testtwo differentrangesof branchingfactors.Finally, within each
maincondition,andwithin eachof the two trees,usersperformed
3 differentkindsof drill-down tasks.Thesewere: traversinga dif-
ferent,randompathfor eachtrial; traversingthesamepathrepeat-
edlyovermany trials; andtraversingthesamepathrepeatedlyover
many trials,but perturbingthetreeslightly beforeeachtrial. These
3 drill-down taskswere chosento test performancewith unprac-
ticedpaths,practicedpaths,andpracticedpathswith perturbation,
respectively.

Theorderof presentationof the3 mainconditionswascounter-
balancedwith a latin squaredesign,andthe orderof presentation
of thetwo treeswasalsobalancedover the12users.

Bothtreeswereof depth7,andwerestructuredsuchthatthepath
of a leaf would spell out a coherent7-word sentenceof the form
quanti�er colour animal verb possessive-pronoun colour noun,
suchas “all yellow salamandersinvent their blue chairs”. Struc-
turing the levelsof the treesthis way madeit easyto generatethe
treesof�ine, programmatically, with agivendesiredbranchingfac-
tor, andalsowith somerandomvarietyin thechildrenof eachnode.
Althoughmany of thepathsform fancifulsoundingsentences,these
areeasierfor usersto rememberduringtrials thana randomstring
of characterswould be. Note that the childrenof eachnodewere
alwaysorderedalphabetically, to betterenableusersto useasubdi-
viding visualsearchstrategy duringtrials.

The �rst treehadinternalnodeswhosebranchingfactorvaried
uniformly between2 and5. The secondtreewasbushier, with a
branchingfactorvarying uniformly between8 and11. Theseval-
ueswerechosenbecausethey arecloseto thetwo extremebranch-
ing factorsfor our conditions,without beingtoo extreme. A con-
stantbranchingfactorof just1 wouldgivetoogreatanadvantageto
expand-ahead(whichwouldbeabletoexpandthetreeall thewayto
its singleleaf),anda branchingfactormuchgreaterthan10 would
meanthat, for the font andscreensizeused,expand-aheadwould
usuallyrevert backto thestatusquoof noautomaticexpansion.

In the �rst drill-down task,usersweregivena differentrandom
pathfor eachof 10 trials. In theseconddrill-down task,userswere
given the samepath for 5 trials, and then a secondpath for an-
other5 trials. In thethird drill-down task,userswereagain given2



pathsfor 5 trials each,however in this casethe treewasperturbed
slightly beforeeachtrial, by swappingrandomsubtreesat various
levels, causinga correspondingchangein the computedlayout of
the tree,anda changein which nodeswould be expandedby the
ExpandAheadalgorithm.

In summary, thewholeexperimentinvolved

12participants�
3 mainconditions(noexpand-ahead,1D expand-ahead,2D
expand-ahead)�
2 trees�
3 drill-down tasks�
10 trials
= 2160trials in total

Resultsand Discussion
Webrokedown themeasureddatainto 3 subsets,corresponding

to eachof the3 drill-down tasks,andexaminedtheeffectof various
factorson therecordedtimesin eachsubset.

Analysisof variance(ANOVA) showedthattheparticipanthada
signi�cant (F > 30, p< 0:0001for eachof the3 tasks)effectonthe
time to completeeachtrial. Theaveragetime for eachparticipant
variedroughlyevenlybetween10.1secondsfor thefastestuser, and
19.8secondsfor the slowestuser. This large variancecould have
beenin part dueto the rangeof agesof users,andthe apparently
differentlevelsof fatigueunderwhich eachuserperformedtheex-
periment. For example, the slowest userreportedfeeling sleepy
duringtheexperiment.

The two treesusedalsohadan effect on performance.Within
eachof the3 tasks,therelatively skinny tree,with branchingfactor
2-5,affordedsigni�cantly (F > 70, p< 0:0001)fasterperformance
thandid the bushiertreewith branchingfactor8-11. This makes
sensefor thenon-expand-aheadcondition,sincea largerbranching
factorrequiresthe userto travel fartheron averagefor eachclick,
andalsomakessensein theexpand-aheadconditions,sinceexpand-
aheadcanexpandskinny treesmoredeeply, onaverage.

Within eachtask,themainconditionhada signi�cant effect on
time (F = 7:5, p < 0:0006; F = 14:7, p < 0:0001; andF = 3:3,
p < 0:0362for the3 tasks,respectively). Following aretheaverage
timesfor eachof the tasks,brokendown by maincondition. Stars
appearbesidetimessigni�cantly differentfrom the othertimesin
thesametask,asdeterminedby amultiplemeanscomparison.

For unpracticed,randompaths:
Main Condition Time (seconds)
noexpand-ahead 14.541
1D expand-ahead 15.930* (signi�cantly worse)
2D expand-ahead 14.912

For practiced,repeatedpaths:
Main Condition Time (seconds)
noexpand-ahead 13.006
1D expand-ahead 13.085
2D expand-ahead 11.361* (signi�cantly better)

For practiced,repeatedpaths,with perturbation:
Main Condition Time (seconds)
noexpand-ahead 13.149* (signi�cantly better)
1D expand-ahead 13.883
2D expand-ahead 14.005

As seenby the above tables,in the 1st task,with unpracticed,
randompaths,performancewith 2D expand-aheadwas not sig-
ni�cantly different from that with no expand-ahead.In the 2nd
task, with practicedpathsand no perturbation,2D expand-ahead
wassigni�cantly fasterthanhaving no expand-ahead,by approxi-
mately12.7%.In the3rd task,with perturbation,2D expand-ahead

wassigni�cantly slower thanhaving no expand-ahead,by approxi-
mately6.5%.

Theseresultssuggestthat,for practicedpathsin absenceof per-
turbationor rearrangementof nodes,usersareableto quickly target
thedesirednodesalongthepath,probablyby memorizingtheir lo-
cation,andreachtheleafnodefasterwith expand-aheadthanwith-
out, by skippingover the levels expandedfor them. With pertur-
bation,however, userswereslower in the 2D expand-aheadcase
thanwithout expand-ahead,implying that thetime TF to �nd each
next nodeincreasedenoughto outweighthebene�t of having fewer
clicks to perform.

Theseresultsarenotsosurprisingin light of theexpectedtrade-
offs thatusuallyaccompany adaptive userinterfaces:they canhelp
performancein somesituations,but alsohinderit if the userdoes
not �nd items in their expectedplace. It is encouragingto note,
however, thatalthough2D expand-aheadwas6.5%slower thanno
expand-aheadin theperturbedtreecase,it wasfasterby 12.7%,or
abouttwiceasmuch,in theun-perturbedcase.

Furthermore,a few aspectsof our experimentmay have arti�-
cially biasedthe resultsagainstexpand-ahead.In real situations,
changesmadeto the tree's structureare often madeby the user
themself,e.g.addingor deletingportionsof theirown �le structure,
ratherthanimposedby thesystemthrougha randomizedperturba-
tion. At leastoneuserremarkedafter theexperimentthat shefelt
expand-aheadwould have beeneasierto useif shehadbuilt up the
treeherselfandbeenfamiliar with its contents,ratherthanbrows-
ing a treenever seenbefore. Also, in practice,changesto a tree
suchasa user's �le systemarenot asfrequentastheperturbations
in our experimentwere. Infrequentchangesto the tree's structure
wouldbemoreconducive to habituationby theuser.

Finally, ourexperimentonly testedperformanceatdrilling-down
a path,andleavesopenthequestionof whetherexpand-aheadben-
e�ts moregeneralbrowsingtasks.For example,expand-aheadnot
only allows a userto skip over levels thathave beenautomatically
expanded,it alsoallows the userto seedeeperdown a tree. This
meansthe usermay noticemore informationanddiscover nodes
thatthey wouldnothaveotherwisetravelleddown to.

7 DESI GN I SSUES AND POTENTI AL ENHANCEM ENTS

Thissectiondescribesvariousenhancementsthatcouldbeexplored
in futuredesignwork.

Sticky or Hard Expansion,vs Soft Expansion: In our proto-
types,the useronly selectsthe currentfocal nodeF, andthe Ex-
pandAheadalgorithmdetermineswhich nodesto expandunderF.
Thisbehaviour couldbemademoregeneralby insteadallowing for
two typesof expansion:sticky, or hardexpansion,thatis controlled
by theuser;andsoft expansion,that is setby theExpandAheadal-
gorithm. Theuserwould beableto explicitly expandoneor more
nodes,leaving themin a forcedexpandedstate.TheExpandAhead
algorithm would then allocatescreenspacefor thesenodes,and
only expandothernodesif thereremainsmorescreenspace.Such
behaviour wouldallow theuserto effectively createmultiplepoints
of focus,by hard-expandingeachnodeof interest,afterwhich the
ExpandAheadalgorithmwould �ll up any remainingscreenspace
with automatic,soft expansion.

Locking NodePositionsfor PersistentLayout: Oneof thepar-
ticipantsin our experimentsaidshewould like the ability to cus-
tomizewhich levelsof the treesheseesexpandedtogether, andto
alwaysseethelevelsthatway. Featuresthatallow theuserto manu-
ally positionor “lock down” therelativeplacementof nodeswould
helpalleviatethedetrimentaleffectsof rearrangementandallow for
betterlandmarkingandmoreconsistentdisplays,thusreducingthe
time necessaryto visually scanfor nodes. The systemcould, for
example,allow the userto lock down certainnodesof particular
interest,while othernodesarefreeto �o w aroundthem.



Uniform Expand-Ahead and Partial Expansion: As men-
tionedin Section2, SpaceTrees[11] implementa kind of expand-
ahead,but wherelevelsareonly expandedif they canbeexpanded
completely. This hasthedisadvantagethatscreenspacecannotbe
�lled ascompletely, but alsomeansthatnodeexpansionoccursin a
muchmoreregularanduniformway. Suchuniformexpand-ahead,
whichonly expandsentirelevelsunderthefocalnode,revealseach
possiblepathdown from the focal nodeto the samedepth. This
mayresultin displaysthatareeasierfor theuserto understand.

Anotherpossibilitynot yet exploredin our prototypesis thatof
partial expansionof nodes,wherebya nodemight beexpandedto
show someof its children,giving the usera partial preview of its
contents,but alsoshow someindicationof elision(perhapssimilar
to LeeandBederson's ellipsisnodes[8, 7]) if thereareotherchil-
drennot shown. If f is the fraction of childrenthat areshown in
a partialexpansion,f couldbechosento beproportionalto w(n),
againallowing for heuristicsto guidetheexpansion.

Combininguniform expand-aheadwith partial expansion(i.e.
wherebyall nodeson a level would be eachpartially expanded)
mightenablemoreef�cient �lling of screenspacewithoutsacri�c-
ing theregularanduniform treatmentof nodeson thesamelevel.

Impr ovementsin Graphic Design: We arealsocurrentlyex-
perimentingwith variouschangesto thegraphicdesignof our tree
representations,in anattemptto make themeasierto visually inter-
pret(Figure7).

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

8 CONCL USI ON AND FUTURE DI RECTI ONS

We have presenteda generalmodel for automaticallyexpanding
nodesto �ll screenspace.Theexpand-aheadmodelcanbeapplied
to many differentrepresentationsof trees,includingnode-linkrep-
resentationsandnestedcontainmentrepresentations.A pseudocode
algorithm for implementingthis modelwas given, which takes a
heuristicweightingfunction w(n) asa parameterto guidethe ex-
pansionaccordingto a client-chosenpolicy. We have alsogivenan
approximatemodelof userperformancewith expand-ahead,pre-
sentedtwo prototypeimplementations,and reportedexperimen-
tal evidencethatexpand-aheadcanimprove performanceduringa
drill-down taskunderappropriateconditions.

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

Tasksotherthandrill-down couldalsobe tested,to seeif expand-
aheadcanfacilitatemoregeneralnavigationandbrowsingtasks.It
would alsobe interestingto applyexpand-aheadto othertreerep-
resentations,suchasvariousnode-linkstylelayouts.
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