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Composite Rectilinear Deformation
for Stretch and Squish Navigation

James Slack and Tamara Munzner, Member, IEEE

Abstract —We present the rst scalable algorithm that supports the co mposition of successive rectilinear deformations. Earlier
systems that provided stretch and squish navigation could only handle small datasets. More recent work featuring rubber sheet
navigation for large datasets has focused on rendering and on application-speci ¢ issues. However, no algorithm has ye t been
presented for carrying out such navigation methods; our paper addresses this problem. For maximum exibility with larg e datasets,
a stretch and squish navigation algorithm should allow for millions of potentially deformable regions. However, typical usage only
changes the extents of a small subset K of these N regions at a time. The challenge is to avoid computations that are linear in N,
because a single deformation can affect the absolute screen-space location of every deformable region. We provide an O(klogn)
algorithm that supports any application that can lay out a dataset on a generic grid, and show an implementation that allows navigation
of trees and gene sequences with millions of items in sub-millisecond time.

Index Terms —Focus+Context, information visualization, real time rendering, navigation.
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1 INTRODUCTION

Navigating through a visual representation of information by stretc?
ing or squishing regions of interest is an intuitive navigation metaph
that provides the experience of manipulating a exible sheet, rath
than changing the viewpoint of a rigid layout of items in a datase
Within a stretchable region, such a metaphor preserves the rela
spatial positions of items even though their absolute spatial positic
change. One stretch and squish technique is called rubber sheet r
gation [10], where the display acts as a metaphoric sheet with its b
ders nailed down, such that stretching one region requires shrinking
other regions of the sheet. Figures 1, 2, and 3 show examples of i, d)
navigation technique in action.

An important property of rubber sheet navigation techniques is tr
each successive deformation is a composition operation applied to
previous transformation state, which means that previous navigati
actions continue to affect the current view. This composition provids
a lightweight visual history, as shown in Figure 1. In this example, tt
effect of moving a horizontal boundary in Figure 1b is still visible afte
squishing a collection of rows in Figure 1c. Likewise, the horizont:
column squishing shown in Figure 1d modi es, but does not erase, t
results of the previous two vertical deformations.

Although the visual metaphor provided to the user is intuitive, t
underlying infrastructure r_eqw_red .to support this nawgatlon IS co tretch regions of interest while shrinking the context. a) A uniform grid,
plex. The standard grap.hlcs p!pellne sgppprts a mapplng.from WORAvhich dataset objects can be laid out, shows no screen-space priority
to screen coordinates with a single projective transformation that g+

Lo LI bjects in any particular region. b) By stretching one region of objects
codes both the viewing and projection parameters of a camera. Strq}&ﬁically to focus on a subset of interest, regions not currently in focus

and squish navigation cannot be implemented with a single monolithig, shrink in the periphery as to not push any regions out of view. c)
transformation that affects the entire scene. Instead, we discretizgrayious navigations are not discarded when users change the focus
scene into small, individually deformable regions. with new deformations. The navigation history is composed of several
In the standard graphics pipeline with unconstrained camera mformations that result in a lightweight visual history. d) Horizontal
tion, many objects can be outside the view frustum. These objects asgigations are independent of the vertical navigations.
culled, so that only the visible objects in the scene are rendered; the
number of objects drawn is normally far fewer than the total number
of objects in the scene. Although rubber sheet navigation can be con-
sidered as a camera constraint guaranteeing that all objects are wit
the viewport, for suf ciently large datasets the number of visible obg

b)

?ﬁejg. 1. Rubber sheet navigation actions performed on a rectilinear grid

s is still far less than the total number in the scene. Although all
jects are within the view frustum, most are of sub-pixel size. The
RISAD infrastructure [12] supports a sophisticated culling approach
for scalable rendering that aggregates sub-pixel features to kegp lan
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would change the absolute position of all objects, because only a sub-
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Fig. 2. User selected deformation regions, composed from several navigations, preserve the visual history of regions of interest. a) We select
rectangular collective regions by dragging a cursor, which de nes a current area of interest. b) We drag a selected region to reveal interesting
dataset details, which squishes regions of context in the periphery. c-f) Our subsequent navigations do not undo previous navigations, since
navigations persist to provide a visual history of our exploration.

set of them are drawn. The PRISAD paper [12] does not descri
the navigation algorithm underlying the rendering infrastructure. Tt
navigation solutions described in previous work [9] are linear, ithe
total number of regions, and have only been demonstrated ariran
the hundreds.

We refer to the smallest deformable regionsimsnicregions.Col-
lectiveregions are collections of atomic regions. For maximum exi
bility, the number of atomic regions should be large, on the order of tl
number of items being displayed. However, a typical navigation a.—==
tion would only directly change some small number of region bound-
aries at once, or else the visual complexity of the transition woufdg. 3. Left: We can de ne several discontinuous regions of interest
be overwhelming. To be specic, we consider a single deformatidfpm search results, multiple region selection, or other grouping criteria.
to be the problem of explicitly resizing the boundarieskabllective ~ Right: We can stretch these multiple regions concurrently, to simultane-
regions, out of a much larger numbeatomic regions, and these mul-0Usly inspect topologically distant features.
tiple boundaries can be moved simultaneously. For example, resizing
the bounds of a single collective rectangular area would redusr@

deformations in each direction. _ _items of interest based on their attributes, such as search results or
Here we present the rst scalable algorithm for stretch and Squ'%’étegory membership. Figures 2a, 2c, and 2e show direct, user se-
navigation through the composition of successive rectilinear deformacted successive screen-space collective regions of interesedorm
tions. The input to our algorithm is new absolute positions for th@yrough user actions of dragging out a rectangle with the cursor. Fig-
boundaries ok collective regions to resize. The output of our algoyres 2, 2d, and 2f show how a user has directly resized their chosen
rithm is new positions for a limited numberof the n region bound-  regions of interest by dragging the selected collective region in upward
aries, whereg is bounded byklogn. We have implemented our al- or downward directions. In Figure 3 left, we show several collective
gorithm in the PRISAD infrastructure [12], which shows that it proregions selected, based on items that match a Itering criteria. Then, in
vides real-tlme control of scenes containing millions of potentially df?:'igure 3 right, we stretch all of these non-contiguous regions concur-
formable regions. o _ ~_rently. Note that these regions are initially not the same size vertically,
~ We discuss usage scenarios in Section 2, and related work in Sg&d our algorithm for concurrent region resizing can preserve the re
tion 3. We describe the hierarchical data structures used in our gve sizes of these regions. Furthermore, the sizes of regions lretwee

proach in Section 4, and present the features of our stretch and squigBtching regions shrink with identical rates to preserve navigation
navigation in Section 5. Details of our algorithm are in Section 6, withistory throughout the dataset.

results in Section 7. We conclude in Section 8. We provide a lightweight visual history through the composition of
successive multiple deformations, as shown in Figure 2. Much of the
previous work on showing history visually in visualization systems has
Typical usage patterns of stretch and squish navigation increasesliben heavyweight, with a completely separate visual representation
amount of room devoted to some items of interest. When we increasfehistory that is displayed in a second view. For example, Jankun-
the room for these items, we need to decrease the available space Keily et al.[6] propose a graph of nodes representing previous system
perhaps the level of detail, for other items. Our system supports sgates, where each node shows a thumbnail image with a snapshot of
lection directly in screen space, and indirectly through ltering dataséte main view at that state. Switching from the main visualization dis-

2 USAGE SCENARIOS
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play to the secondary history view, which shows a completely differefdar a global effect. However, if we provide new positions for several
scene, may impose a cognitive load. We argue that many tasks dolives as a simultaneous constraint, and set the new positions to match
require seeing this full- edged graphical history of the visualizatiothe old positions for some chosen anchor lines, we may constrain nav-
process itself. Stretch and squish navigation provides lighter-weigbation to have a local effect.

visual cues showing navigation history integrated into the context of

the main view. We conjecture that for many tasks, these implicit cues |

are suf cient in preserving user orientation without an explicit repre- A BT 48 vide | T—grouse

sentation of past history. gk

———alynx

3 RELATED WORK

Several early deformable-region navigation systems provide stretch
and squish navigation for small datasets. For example, Document
Lens [8] allows users to pick which single region should be stretched,
with all other regions squished. In this simple navigation model, navi-
gation history is not preserved visually. ) ) ) S
Keaheyet al. [7] and Carpendalet al. [3] propose navigation F|g._4. T_he ordered list of horizontal I|_nes is stored separately from the
with deformable sheets using multiple foci or lenses. Nesting thegtical lines. Left: A tree dataset with the number of deformable re-
lenses corresponds to composing deformations. However, these ﬁg‘s chosen such that each node can be resized independently. Right:
tems were designed for exibility, supporting a variety of deformatio e_ormatlons ch_ange absolute spatial position of the lines, but not their
types, rather than scalability. In contrast, we limit our system to recﬁgjacency ordering.
linear deformations, but our technique is highly scalable. . o .
Rubber sheet navigation, which also supports composing successivé/€ de ne theabsolute positiorof a split line to be a location be-
deformations, was originally proposed by Sarkgal.[9, 10]. Their ween 0 and 1, the minimum and maximum bounds of the scene. A
navigation algorithm is linear in the number of reshapable regioryStem that stores only absolute positions requiXgs updates to en-

and requires each region to be at least one pixel wide. This techni%’ée each line is repositioned correctly for a proper visual histonesinc
is thus limited to hundreds of potentially deformable regions at be§ Single deformation action could change the absolute position of ev-
whereas we handle millions. In addition to the rectilinear deformatioﬁ‘%’ line in the set. Since our navigation system supports architectures
that we support, they also allow polygonal stretching, where straigfff'€re only thepvisible regions will need to be drawn, whepee< n,
lines become piecewise-linear curves. Creating a scalable navigaffif} navigation system does not update and store the absolute positions
algorithm to support the polygonal approach would be interesting fgt &/l nlinés after each deformation. Our approach uses binary trees to
ture work. manage the rel_atlve spatial ordering _betvyeen regions, and we call the

Some visualization systems are designed for scalability, for exa&‘-ee nodesplit lines They store theplit ratio, a ratio between 0 and
ple the MillionVis system [5] that handles one million items. However,’ qf the size of the left child region and the size of the whole parent
their system does not support general navigation through deformati&dion-
only a speci c set of transitions between layouts. Similarly, Tulip [1]
handles large datasets, but does not support stretch and squisi-navig
tion.

Several recent publications deal with the problems of rendering
with Accordion Drawing, but do not describe the underlying naviga-
tion algorithm [2, 12, 13]. Similarly, Slackt al. present SequenceJux- %=05 § %5206 x,=04 | =0
taposer [14], a dataset-speci ¢ system that uses Accordion Drawing to
compare gene sequences, but also do not describe a navigation algo-
rithm [14]. In this work, we describe the features of our algorithm for
ef cient rubber sheet navigation. The split line data structure was orig- Xom 0135 027 0378 045 0.582 0.78 0924 X,,,
inally introduced to accelerate rendering, whereas here we propose its

use for navigation. . . -
. . . Fig. 5. The absolute positions of the sets of ordered split lines can be
Th? paper on Tree_Juxtaposer [4], Whlch rst m_troduces Accord'oll%covered from the split line hierarchies, which store split ratios between
Drawing, does describe the need for a hierarchical data structureyig, 1 at every node. The minimum and maximum split lines Xmin and

support the deformation of regions, but provides only a hint of how  cannot move, and are the boundaries of the visualization space.
to actually perform navigation tasks. The paper does not provide an
algorithm, and we observed, through empirical investigation of the

open-source implementation, that the implemented algorithm becomes
numerically unstable with simultaneous deformations of multiple re-

gions. Our new approach is generic rather than being tied to tree
datasets, and supports robust deformations of multiple regions of in- A G £

terest. The navigation algorithm presented herein also forms part of : :
Slack's unpublished Master's thesis [11].
4 SPLIT LINES

We base our navigation algorithm on deforming collective regions, &g. 6. In the split line hierarchy, each region is bounded by two ancestor

we illustrated in Section 2. We support deformation of rectilinear reyplit lines, and all descendants of a parent are spatially contained with

gions that are bounded by lines that stretch across the entire viewitsgregion. For example, the region de ned as B is bounded by the

area. Although the absolute positions of the lines change, deform@nimum split line on the left and split line D, the parent region of B, on

tions do not change the adjacency order of the lines. A rectangulie right.

deformable region is the intersection of four bounding lines: two hori-

zontal and two vertical. The horizontal and vertical sets of lines are in- When two child regions are the same size, the split ratio stored by
dependently controllable, and we store these sets separately, as shitvrparent is 5. We can compute the absolute position of any split
in Figure 4. If a user only moves a single line to a new position, thdime using these split ratios by traversing the path between the root and
the absolute spatial position of every other line in its set could chantfe line in the hierarchy. Figure 5 shows the relationship between these

felines

L_—aocicat

4 o 4
coyote

X3=0.45
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ratios, such ags = 0:6, and the absolute position of a split line, sucta deformed scene. Our architecture is general enough that it can also
as Q078 for the position ofs. To compute the absolute positions forsupport the traditional approach of replacing an old view with a new
X4, for example, we use the split ratios and absolute positions of ge, as required for the common panning and zooming interfaces.

ancestors in the hierarchy as follows: ) )
5.3 Supporting local-only deformation

X o= (0E X)) XK+ Our algorithm supports moving multiple lines simultaneously, which
= (078 0:45 04+ 045 means that our approach supports local-only, as well as global -defor
- 0582 mations. For instance, users may wish to cause a deformation only in a

limited region of the dataset, which preserves their previously selected

. " - regions of interest. Our algorithm allows some regions to be deformed
where amA superscript denotes an absolute position of a split line, an ile others remain unchanged by explicity de ning the nal abso-

an R denotes a split ratio value for that split line. This computatio : S T o
is top-down, starting from the root, so the required absolute positio, ite location of a split line to be equal to its initial absolute location:

of the ancestors can be used in the calculations for their descenda‘rr]lese splitlines act as anchors. We may move splitlines, subject to be-

; s X . constrained between these anchors, when any initial and nal split
Thus, in a balanced split line hierarchy witmodes, we can compute line locations differ. Figure 7 categorizes three regions of interest in

the absolute position of any split line @(log r) time. p deformation functions: regions that stretch to allocate more space

The area affected by each split line is bounded by two other Spﬁ)r their objects; regions that squish to create space for other regions

lines, on the Ieft_ and right as shoyvn_ n F'gur?‘ 6. All descendants of &t interest; and regions that are invariant in size between deformation
parent are spatially contained within its region. The left child node

bounded by its parent's left boundary on its left, and the parent itsé%t'ons'
on its right; the right child node is bounded by the parent on its left,
and its parent's right boundary on its right. Kk K
Our infrastructure uses the split line hierarchies for storage and L 2
computation, but imposes very few constraints on end-user behavior. I I
A user can select to stretch a collective region between any two split
lines without regard to the underlying hierarchical structure, for exam- ko
ple the region bounded &y andE in Figure 6. The regions bounded | | | |
by thek lines that our navigation algorithm takes as input are collective
regions. A single atomic region between two contiguous split lines is i i
the smallest level of granularity that can be resized with the infra§l9: 7- Local vs. global deformation. For local-only deformation, the set
tructure. In typical applications, an on-screen rectangle dragged G{tnes t move includes stationary lines that act as anchors. Here, we
by the user would be snapped to the enclosing split lines. In areaﬁwgfqt tcta movedtl?ree sptlltt'lmes att pOSItIOh?L(o,f ke, atr_wd sz The twdo' split
the screen where the navigation state is zoomed out, this snapping gﬁg-fea ig?}g?o tﬁei;eﬁso? Izn:% t‘; ‘t)rr]ZVreinht gfokr m?réoﬁslnr?ﬁgsrggagy':]f
tance would be smaller than one pixel and thus unnoticeable. In arg 9 ! 9 2. (0P Pe,

h he view | d far in. the di b h re deformation, all lines are uniformly distributed through the space.
where the view Is zoomed far In, the distance between the cursor om: After deformation, the movement of k; to k‘l) caused stretching

the nearest split line may cover many pixels, making the discretizatig,e region between K3 and k9, and shrinking in the region between k?
of space directly visible to the user. and K.

o
I

5 FEATURES

Our approach has three features that assist developers in designingss  Example

p_ropriate applications for stretch and squish vis_uz_alizations with visulgl ure 8 shows an example of our approach with sequence data, where
history. We remove the need for users to explicitly place handles oy '

control deformations, successive deformations compose with m\/icﬁ;\fie;mihaec?t;gnztreéigv?gfsrzgIorrya)lcjaggevsvimg fg\?: roef t&?g dpg(v'ﬁgs
ones, and deformations can affect only local regions. 9 : PP q p

itly placed anchors and handles for stretching, but our approach allows

5.1 Removing expnci’[ handle creation requirement this local Operation with Imp|ICIt|y placed anchors and handles. App“'

Co . ._cations that use our navigation approach give users a consistent mode
Early rubber sheet navigation systems required the user to exphc@x 9 PP g

managehandlesto denote the regions that should be deformable [9
Since the number of handles supported was very limited, in the doz
or hundreds, users wanting to explore large datasets would need to
ularly delete previously used handles before being able to add m
handles to achieve a new navigation state. Because our appro
scales to millions of deformable regions, adding every handle is o
automatic operation that occurs once at startup time. An application
developer determines the desired granularity of control that appliesgo aA| gcorITHMS
the family of datasets to deform, so the application automatically 1%

th suf cient exibility to visualize single items in a large dataset,
ut do not require users to have extensive knowledge of the meshanic
heir interactions. The nal navigation state re ects previous navi-
ion actions in addition to the latest one, preserving the relative sizes
olumn2 and Column3. Finally, the size of Column4 is maintained,
the navigation action affecting only the local regions of Column1
ugh Columna3.

signs enough split lines to allow immediate resizing of any potential e _break down our navigation algorlth_m'lnto ve functions, as shown
interesting dataset features. For example, TreeJuxtaposer allows'thg'9ure 9. A setup functiormovesSplitLines calls the core recur-

inspection of tree topology down to the level of individual nodes, ar
SequenceJuxtaposer has a nucleotide as the smallest resizeable u

Ve resizefunction, which in turn uses the three functiquestition ,

{erpolate, andgetRatio. In this section we discuss these functions,

hén provide examples of the algorithm in action on small and large

5.2 Composing successive deformations split line hierarchies.

Our navigation strategy is to compose deformations rather than simgly  MoveSplitLines

replace the old view of a scene with a new one. Fundamentally, tl s I . .
emoveSplitLinesnavigation algorithm takes as ingt an ordered

feature requires storing more information than would be needed wit 'fﬁ of split lines that have nal absolute positions. The algorithm out-
replacement strategy. To achieve our desired scalability, we must m tisQ, a list of split lines with updated nal split ratios. Bot and

imize both our storage for navigation state, and our costs for updatlgﬂare subsets oI, the set of all split lines. The primary function of

1We use left and right in our explanations for clarity, but @uguments this algorithm is to initialize the rst call to a recursive functiore-
apply symmetrically to top and bottom cases for the verticaldrchy. size which processes the hierarchy of split lines to constQucthese
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Columnl  Column2 Column3 Column4
Sloth A T A G
Hyrax C T A C
Rabbit A T A A

Algorithm 1 : moveSplitLines

Input: list K of split lines with absolute nal positions
0.3 0.2 0.2 0.3 Output: list Q of split lines with nal split ratios
,,,,,,, S getHierarchyRoot()
.......... M f SleftBoundK;SrightBoundy

0.5 01]0.1 0.3 Q 0
: il : resizg S M; Q)
returnQ
Sloth A T|A G Algorithm 2: resize
- A Input: split line S, set of split linesM with absolute nal
Hyrax ¢ ¢ positions, set of split line® with nal split ratios
. if jMj = 2then
Rabbit A T|A A return
end
i I i . i (L;R)  partition (S M)
Fig. 8. Our navigation technique allows users to explore multiple local if S2 M then

ized regions of interest using deformations, without destroying previous

navigations. For example, if a user wishes to stretch Columni, initially Sf interpolate(secondLas(L); S seconqR))

30% of the display, to 50% but keep Column4 at 30% they may do so end . .

by shrinking Column2 and Column3. The user achieves this effect by SfRatio getRatio( rst (M):f;S/f;last(M):f)
pinning the boundary line between Column3 and Column4, and mov- Q:qdd(S) )

ing the boundary line between Columnl and Column2 to the right. Our resizg(SleftChild; L; Q)

algorithm to perform this navigation keeps the sizes of Column2 and resizg SrightChild ; R; Q)

Column3 relative to each other, which is important for preserving the

visual history of previous navigations. Algorithm 3 : partition

Input: split line S list of split lineskK
D . ~ Output: two lists of split lines:.L andR
jQj split ratios are used to deform the grid structure to properly align | ¢

our initial jKj split lines to their desired nal locations. The linesin R ¢
K are always a subset of the lines@ because moving a split line  Rad¢(
in K to a new absolute position requires updating the split ratios of it foreachm2 K do

and all its ancestors in the split line hierarchy. The upper bourj@®pn if m.leftof(S) then
is jKjlogjNj, since there are at most this many ancestors foijKlie L:add(m)
initially selected split lines with nal absolute locations. end

6.2 Resize i mFr;%két((j?I;)S) then
Theresizefunction is the main component of our deformation algo- end

rithm. This recursive function operates on a split IBeand the set  engd
of split lines, M, that are in the bounds & that we wish to move. L:add(9
Theresizefunction is rst called bymoveSplitLineswith the root of return(L; R)

the split line hierarchy, and the full lis¢ of lines to move. Figure 10

shows the core structure: each step gadigition to splitM into a left Algorithm 4 - interpolate

and right set, usesterpolate to nd the new absolute position of one
split line Susing the relative distances between its neighboké,iand
usesgetRatio to compute the new split ratio & Finally, it recurses - e
on the left and right partitioned subsets. InitRel -~ getRatio(L:i; Si; Ri)
The function terminates whevi contains only the two bounds 6f returninitRel  (R.f-L.f)+ L:f

Input: split lineL, splitline S split lineR
Output: nal absolute position ofS

which indicates there are no more lines to move in the subtree undecr

Sin the hierarchy. In this case we know no split line between thesé\lgorithm 5: getRatio

bounds must be processed, since these split lines must keep their initidhput : absolute valueke ft, center andright

split ratios. The maximum number of calls to resiz§@ + 2jKj, Output: split ratio ofcenterbetweerie ft andright
and the amount of work done in each recursive step is constant. Thgggrp center left

algorithm therefore has an overall time complexityQgjKjlogjNj). right feft

6.3 Partition
. . . . . Fig. 9. Pseudocode for the ve functions used in navigation.
Thepartition function nds the two lines iV which Sfalls between,

which we callL (left) andR (right), and uses them to spM into two
sets. The size d¥l decreases with recursive calls&size For clarity,

we present the intuition behind partitioning in Figure 9, Algorithm 3,
which isO(jMj). In practice, we use an array indexing technique that
performs a binary search f&in M. This search has a near-constant
cost for each call toesizefor the typical case of a smgkj.
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a) D

M= M | M| oo M| My ] B -
partition : (L,R) ?__(I: —T
00 01 02 03 05 06 0.7 1.0
L1 1 1 | I |
= R= A=0.3 E=0.9
® 0.0 D=0.5 D'=0.78 1.0
interpolate : Sy | | | J
SR=0.78
getRatio : Sy 9 oo B=0.2 B=0.42 0.78
[ | | J
& SR=0.54
Fig. 10. The resizefunction rst partitions the set M into two sets L and 00 A-01 A=03 042
R at Mg and Mg 1, the lines in M which surround S The interpolate [ | | J
function nds S,i, the new absolute position of S using My and Mg+ 1. e) SR=071
The new split ratio S is then computed with the getRatio function using EZIO'G Oi78 E/:|0.9 1i0
M; and Mj, the bounds of S. SEE
" C F
[ | |
6.4 Interpolate 9 (C=0.54) (F=0.925)
Theinterpolate function nds the new absolute position 8fgiven its B T £
adjacent split lines andRin M. It uses the property that the relative A C E
position of S betweenL and R must match for the initial and nal & 1 I‘|
absolute positions, as shown in Figure 11. This property guarantees final_position: 03 042 0.78 0.9
that the spacing in the collective region between these split lines is | I I | | ]
preserved. IfSis already an element dfl, then there is no need to split ratio: 071 0.54 0.78 0.54
interpolate because its nal absolute position is already known.
IS Fig. 12. Small recursive navigation example. Our deformation function
| moves a selected number of split lines to nal locations, but does not
L : R require moving each split line individually. a) In this example (k= 2,
IJ—I I—I—I q= 4, n= 6), we wish to move 2 split lines: A from 0:1to 0:3, and E from
: : 0:6 to 0:9. b) Starting with the hierarchy root D, we compute D%= 0:78

- - - as its nal absolute location based on A, A% D, E, and E® D must be

I H | l_’l I in the same relative position between two moving split lines to preserve

L R’ relative distances in the deformation region [A;E]. c) Recursing on the

left to B, we compute 0:42as its nal absolute location based on Aand D,

Fig. 11. The interpolate function computes the nal position Sgiven the with similar con_straints as before. d) A doe_s not require an interpolati(_)n

input of S L, R, L% and R, The ratio of the initial absolute positions S-=  between the minimum boundary and B since we are given 0:3 as its

. 9 10 . nal absolute position. e) Moving E to 0:9 does require interpolation, as

matc_hes_ that of the nal_absolute posmons oo in order .to PrESEIVe  pefore. f) The positions of C and F are not computed until required by

spacing In collec_t|ve regions. The lines L an_d R are the neighbors, not the rendering algorithm, since they do not change their split ratios. g)

the bounds, of Sin the subset M of updated lines. From the nal absolute positions of the q= 4 split lines, we can compute
their split ratios. No split ratio updates are required for any other lines.

6.5 GetRatio

The getRatio function computes the ratio between three unique split

lines given their absolute positions. When called frioterpolate, it j
computes the ratio betweéhand its neighboring split linek andR rg‘ﬁ N

in M, an intermediate value used to compute the nal positiois.of A

The absolute positions @fandR are known, either because they were A‘LA_A

speci ed inK as input or were computed in a previous recursive call to
resize When called fronresize getRatio yields the split ratio folS
between its bounds, and this value is stored in the split line hierarchy.
The nal positions of these bounds are alway$n At the beginning, Fig. 13. Large recursive navigation example. Here (k= 2;q= 8n=
we seedM with the nal positions of the minimum and maximum 2047, so the g<< n property holds: most nodes do not require split ratio
bounds for the root of the entire split line hierarchy; that is, 0.0 anghdates. To move the k= 2 split lines marked in red to desired locations,
1.0. Whenever a split line is added kb, its nal position has just only the q= 8 split lines marked in green that fall on the paths between

[ I 11 ]

been calculated. the original k and the root need their split ratios updated. We represent
subtrees that are not traversed, where no split ratio updates are needed,
6.6 Examples as triangles. Along the bottom, only the nal absolute positions of the

8 lines are drawn, not those of the 2039 lines in the untraversed

We provide two examples of our deformation algorithm. Figure 1gu:btrees

shows a small example witk= 2 andn = 6, where we show the
four recursive calls taesizeto compute the new absolute positions
and split ratios of they = 4 ancestors ofA andE. Figure 13 shows a
large example withk = 2 andn = 2047, where the difference between
jQj <= jKjlogjNj andjNj becomes substantial. Again, we conside®ur navigation algorithm as presented is generic in the sense of not
only the horizontal case; the vertical case is analogous. making any assumptions about the characteristics of the underlying

7 RESULTS
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Heidi Lam, Peter McLachlan, and Melanie Tory for suggestions on
earlier drafts of this paper.
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lation and with indirect actions, on a tree dataset of several thousand
nodes. Figure 14 shows a series of deformations on a sequeno&tda{é
of 740,000 objects.

We tested our navigation algorithm on a tree of 4 million nodes,
with 2 million split lines on the horizontal axis, and 21 split lines o
the vertical axis. The navigation time was typically less than one mii-
lisecond. In contrast, the time to render, as described in [12], was
approximately 40 milliseconds. Similarly, a gene sequence data
of 40 million objects required 6400 by 6400 split lines. Again, the
navigation time was negligible compared to the rendering time. Our
navigation algorithm has ful lled its design requirement: it is not the13]
bottleneck of the interactive system.

1]

8 CONCLUSIONS AND FUTURE WORK [14]

We have presented the rst scalable navigation algorithm that supports
the composition of successive rectangular deformations, providing a
lightweight visual history. When movinf collective regions out of

n possible atomic regions, its complexity@klogn). Our approach
handles the simultaneous resizing of multiple collective regions, and
thus can support restricting a deformation to a local region simply by
specifying anchor lines with the same initial and nal positions. While
previous work supported only a small number of deformable regions,
and required users to explicitly add and delete handles to demarcate
movable regions, our approach allows application developers to spec-
ify the desired granularity of control for all possible moveable regions
as an automatic operation at startup time. Our implementation of the
algorithm within the PRISAD framework supports applications for in-
teractive exploration of tree and gene sequence datasets of millions of
items, with the navigation calculations taking under a millisecond.

Our approach is highly scalable, but only supports rectilinear de-
formations. An interesting area of future study would be to handle
sheye and other radial effects that can be speci ed in a piecewise-
linear fashion, as described by Carpendslal. [3]. Localizing these
non-rectilinear distortions between bounding anchor lines might allow
us to capitalize on our current architecture.
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