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Abstract

The last decale of computer tedhnology has e the proliferation of computer graphics
applications. Astednology advances, there is a growing fascination with threedimensiona
(3D) objed representations that likely comes from their greder abili ty to match “red life” than
thelr two-dimensond (2D) counterparts. Unfortunately, the benefits of 3D editing are not
without aprice Mogt tedhniques for manipulating objedsin a3D environment are developed
for conventiona hardware @nfigurations that use 2D input devices and CRT displays. The
difficultieslie in mapping 3D spatid relationshipsto 2D displays, and in mapping 2D user input
to 3D objed manipulation. Thismapping problem is osmewhat mitigated by adding congtraints
to the degrees of freedom in the manipulation task. 3D surfacesthat have been reconstructed
from contours are interesting to condder astargets of 3D interadion becaise they provide an
inherent constraint on manipulation: point motion is restricted to a plane.

As part of my reseach, | implemented an interadive @ntour editor to edit 3D surfaces that
were recongructed from planar contours. More predsdly, the alitor isatod for visuaisng a
surfacederived from a set of serid sedions, and for removing deformations from this surface
It was designed spedficaly to remove atefads from medicd images of arteries.

| used the interfacefrom my editor in an experiment that tested whether users were faster and
more accrate & manipulating surfacesin a 2D environment or a 3D environment. At the
outset of this sudy, | predicted that 2D would be better for editing deformations of a 2D
nature. That prediction was borne out by my experimenta results. | had aso hoped that 3D
would be superior as an editing environment for correding deformations of a 3D nature.
However, the 2D charader of the data had a stronger effed on performancethan did the 3D
charader of the deformation. Despite the inherent constraints in the surfaces, participants were
fagter at editing in 2D for al types of deformations, while maintaining a mnsstent acaracy
between 2D and 3D. Participantsdid perceive a3D environment to be better than a2D
environment for manipulating agroup of points that spanned multiple @ntours, athough this
was not refleded in the quantitative results. The intuitive preferencefor 3D in this stuation
leads me to believe that it is worth continuing the search for anatural and effedive interfacefor
editing surfacesin a3D environment.
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1. Introduction

The last decale of computer tedhnology has en the proliferation of computer graphics
applicaions. They appea in such diverse fields as surgicd training, flight Smulation, computer-
aided design (CAD), financial analysis and medicd visudisation. Furthermore, as technology
advances, there is a growing fascination with three-dimensional (3D) objed representations.
The gped of 3D representations likely comes from their greaer ability to match “red life” than
their two-dimensiona (2D) counterparts. Using a mmputer to reproducethe world around us
has long been a“Holy Grail” of computer graphics. This sntiment is edhoed in the popular
enthusiasm for virtud redity.

Thefirgt of the 3D computer graphics applications” were primarily concerned with static
visudlisation. Later, hardware technology improved, making machines faster and making red-
time objed interadion possble. Such interadion is used not only for visuaisation, but also for
editing. Whereas visuali sation describes viewing changes such asrotating and trandating an
objed, editing refersto changes that deform the a¢ual shape of the objed. 3D editing
techniqueswill be the focus of thisthess.

For visudisation used to envison ared-world objed it inits entirety, a3D view has an
advantage over its 2D analogue [Wic89]. A 3D environment allows an objed to be percaved
asawhole, while a2D view isredtricted to only a aosssedion or profile of an objed.

For objed editing, 3D interadion hes the benefit of providing context for the user. It combines
the threespatial dmensionsin anatural way. Conversaly, modelling padkagesthat use three
separate 2D orthogond views for interadion (with a perspedive view reserved for observation)
are notorioudy difficult to use a the user must integrate the different orthogonal views
conceptualy [Coo84]. Theinteradion style of a 3D environment more dosaly matches the
user’s mental model of handling objedsin hisdaily adivities [Hut85], and capitalises on the
user’ s lifetime of experiencein regotiating a 3D environment and manipulating 3D objeds.

Unfortunately, the benefits of 3D editing are not without aprice Most techniques for
manipulating objedsin a 3D environment are developed for conventional hardware
configurationsthat use 2D input devicesand CRT displays. The difficultieslie in mapping 3D
spatid relationshipsto 2D displays, and in mapping 2D user input to 3D objed manipulation
[Her92]. This mapping problem hampers the user’ s abili ty to indicae or percave depth,
making it awkward to interad with an objed and, in particular, with spedfic pointson an
objed’s surface It is particularly difficult to trandate dong an axis paralld to the line of sght,
becaise the ais projeds onto apoint on the screen rather than a diredion [Phi92].

| would like to determine whether it is possble to exploit the alvantages of 3D interadion
without falling prey to the mapping problem. Manipulating objeds in threedimensiona spaceis
adaunting task, having six degrees of freedom corresponding to the three &es of rotation and
thethree xesof trandation [War9(Q]. The smultaneous manipulation of threedegrees of

! In the context of this thesis, the term “3D” will be used to refer to a 2D projective view of a 3D object, rather than a stereoscopic view.
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2 CHAPTER 1

freedom, let donedl six, isdifficult. Studies have shown that users perform better and report a
feeling of greater control in the environment when the degrees of freedom are restricted by
congraints[Hou92].

On acomputer, auser can manipulate objects either directly, or indirectly. In both interaction
styles, attempts have been made to introduce constraints that mitigate the effects of the mapping
problem.

Direct manipulation gives the user the impression of actualy handling an object within the 3D
environment. To accomplish this, however, the user must indicate alocation in al three
dimensions. Depth ismost difficult, because it does not map well to existing 2D input devices.
Various research groups have designed special software tools (herein referred to aswidgets) to
assig inthistask by congtraining 3D interaction [e.g., Sni92, Hou92, Her92, and Con92].
Widgets are encapsulations of geometry (their physical properties) and/or behaviour (the actions
they perform) that are used to control or display information about application objects [Con92].

Indirect manipulation can aso avoid some of the mapping difficulties by providing separate
toolsto control changesin each dimenson. These are usudly standard widgets such as diders
and dials [Che88] for tasks like trandating or rotating an object. Unlike direct manipulation
widgets, however, these tools are located outsde of the 3D environment.

Inthisthess, | examine the particular problem of surface editing using direct manipulation
techniques. | gtrive to determine through experimentation whether a2D environment or a 3D
environment is more suitable for editing three-dimensona surfaces reconstructed from medical
images. Such surfaces are created by joining together dices containing contours that were
formed by cutting through an object with pardle planes. These dices are often referred to inthe
literature as serial sections. The lines used to connect points on contours in adjacent dices are
often congtructed in such away asto formtriangles. The surface generated for the object is
thus atriangular mesh.

3D surfacesthat have been reconstructed from contours' are interesting to consider astargets
of 3D interaction because they provide an inherent congtraint on manipulation. Due to the
method used to create surfaces from contours, al the points on the resultant mesh liein pardle
planes. Thusthe movement of points on a contour can occur only within the plane in which the
contour lies. All manipulation of points on the surface is now constrained to two dimensions, so
thereisno longer aneed to map 2D user input to 3D object manipulation for this type of
interaction.

The tasks of salecting apoint and of moving apoint are fundamental to al surface editing
operations. | therefore analysed these two tasksin an attempt to weigh the advantages and
disadvantages of each environment for editing. The central research question of thisthess
involves determining whether 3D editing benefits by constraining the data pointsto lie on a set
of 2D planes. 2D editing of sequential dices may be more natural because it reflects the

! The assumption is that the surface being edited is the triangular mesh that results directly from the reconstruction, and not a smoother
surface that has been fit to that mesh.
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underlying structure of the data. On the other hand, 3D manipulation provides a cntext for the
task; ead contour is en in relation to its neighbours.

Many applications employ 3D surfaceremnstruction from planar contour data. Mining
enginea's use ntoursto map mine workings. In CAD gpplicaions, atechnique cded lofting
uses aset of contours to spedfy the geometry of an objed. Biologists use serid sedions
through an organism to better understand its overal shape. Of interest in thisreseach arethe
several imaging techniques of clinicd medicine that provide data & a series of dicesthrough an
objed. Theseinclude mmputed tomography (CT), ultrasound, as well as nuclea magnetic
resonance (NMR) and magnetic resonanceimaging (MRI).

| implemented a surface élitor cdled sLiceE (SmpLe Interadive Contour Editor) for the
experimental component of the reseach, aswell asfor pradicd application in removing
artefadsfrom MRI and CT scans of arteries. A fluid dynamics problem providesthe context
for the reseach in thisthess[Eth92]. Datain the form of serid sedionsthrough arteriesare
converted into atriangular surfacemesh, which is edited to remove unwanted surfacefeaures
such asbumps and dents. The resultant surfaceis transformed into a tetrahedral volume mesh
(apartitioning of the space ontained within the surfacemesh into tetrahedra eements) for use
in afluid-flow anayss of the atery. The ultimate goa of that analysisis to determine whether a
conredion exists between the fluid flow in the atery and adisease known as intima hyperplasia
(thickening of the atery wall) [Eth92].

Artery blockage that interrupts the supfdy of blood to vita organs (chiefly the brain and heat) is
respongble for roughly haf of the deahsin most developed countries[Car78]. To renew blood
flow inthe atery, surgeons frequently implant living tissue, or grafts, to bypassthe obstructions.
Although the grafts are succesgul in the short-term, a significant number of them fail one or
more yeas post-operatively [Eth92]. A primary cause of thisfailureisintimal hyperplasa, a
progressve thickening of the parent vessl wall that eventualy leadsto ocdusion of the graft
lumen (the cavity inside the “tube” formed by the atery wall) [Dob94]. Thisusualy occurs at
the anastomosis, or junction between the original artery and the graft, and is then known as
anastotomic intimal hyperplasa. A reseach projed being conducted jointly by the University
of Western Ontario and the University of Toronto (herein referred to asthe UWT projed) is
attempting to modd the flow fieldsin normal and dseased graft-artery anastomoses to better
understand the role of hemodynamic dfeds (i.e., effeds of blood flow) in graft falure. Inthe
long-term, it is hoped that the reseach will | ead to recommendations for a graft geometry
designed to reducethe incidence of graft failure, as well as the development of hemodynamic
criteriafor ealy detedion of intimal hyperplasiain patients [Eth92].

The dataused to develop the atery models come from MRI and CT scans. In the future,
histologicd serid sedions (data from samples of diced tissie) may be used aswell. From these
data, atetrahedral volume mesh is produced for the finite dement analysis of fluid flow in the
vessl'. Inacaradesin the data-gathering process however, introduce atefads (most often
appeaing as bumps and dents on the surfacg into the contour data. To corred these erors,
members of the UWT projed crede an intermediate trianguar surfacemesh that is edited to

! See Shames’ book for a treatment of finite elements [Sha89].



4 CHAPTER 1

eliminate the artefacts before proceeding with the generation of the volume mesh. The surface
mesh must be edited by an expert user who can make informed decisons about how the surface
needs to be modified.

In Chapter 2, | describe the issues in surface reconstruction that were of importance in selecting
arecongruction agorithm for the application. | discuss data formats and their consequences on
the surface reconstruction agorithm used. | aso present issuesin 2D and 3D interaction
techniques, and justify the use of direct manipulation.

In Chapter 3, | describe the implementation of SLICE, beginning with the requirements for the
program. | explain the interface design that emerged from the task analysis and was chosen for
the experiments.

In Chapter 4, | focus on the experimenta portion of the research. | describe the purpose,
subjects, design, experimenta conditions, results and analysis of the experiments.

In Chapter 5, | present the conclusions of the research. | discuss future enhancementsto the
interface and their implications.



2. Background and Theory

Inthisthess, | focus on the surface €liting asped of the UWT artery projed. | have
implemented a surface élitor that first reconstructs a surface(triangular mesh) from contour
data using existing software. The cngtruction of this mesh is a multi-stage processtheat |
discussin some detail in this chapter.

With the surface élitor, the user can move or delete points on the intermediate mesh, thus
creding the find surfacethat will be used to producethefinite dement volume mesh. Inthis
chapter, | present issuesin interadion that arise when users manipulate the mesh to change its

shape.

The generation of that volume mesh, and the ensuing flow analysis are beyond the scope of this
thesis, but are dedt with in Cuvelier’ sbook [Cuv86].

21 Choosing a Tiler

The input to my editor is a set of planar contours that represent cross-sections through a 3D
object. Fgure 2.1 illustrates how the contours are formed.

Figure 2-1: Contours are formed by intersecting a cutting plane with an object.

From these mntours, | must reconstruct the surfaceof the objed. A mesh generation program,
or tiler, creagesatrianguar mesh fromthe cntour data. It builds the mesh by joining pointson
one antour to corresponding points on a @wntour in aneighbouring dice & $ownin

Figure 2.2. | congdered severd tilersfor usein the projed including the “ Surfaces from
Contours’ package written by Meyers, Painter and Sloan of the Universities of Washington and
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Alabama, Jules Bloomentha’s “Implicit SurfacePolygonize” [He®2] and a surfacemeshing
padkage from Mark Jones of Swansea[Jon94]. | chose atiler cdled nuages that was written at
INRIA, France by Bernhard Geiger [Gei93)] for incorporation into the surface élitor. Of the
limited seledion of availabletilers, it best fulfill ed the basic requirements of the projed.

Figure 2-2: Example of a simple surface mesh.

There were severa condderations in choosing the tiler that generates the initial surfacemesh.
Thefirst was availability a no cost. Of thetilersthat met this criterion, | sought one that could
generate amesh at interadive speal. Thisis desrable so that anew mesh can be generated as
the user editsthe origina mesh. Thetiler's ©urce @de dso neaded to be readily modifiable so
that | could build the elitor interfaceon top of it. In addition, to aid in maintaining interadive
Sped, it isimportant that the entire mesh reed not be reaeaed when only asmall portion of it
ischanged. Thus, thetiler code needed to allow for locd mesh reconstruction.

The nature of the atery data determines which approad to surfaceremnstruction is most
appropriate for thetiler. There aetwo approadesto the problem: volume-based and surface
based. Volume-based methods are used when the data ae available asa 3D latticeof points.
Surfacebased approadies require that the data define the intersedion of a surface ad a plane
of sedioning [Mey92]. For thisprojed, data ae provided as a set of closed contours from
paralld dicesthrough an artery. A tiler that uses a surfacebased approad isthus preferable.

The dosen tiler must also solve the basic meshing problems of correspondence, tiling and
branching. These aeillustrated in Figure 2.3.
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TILING
PROBLEM

SECTION 3

* CORRESPONDENCE
BRANCHING PROBLEM PROBLEM

Figure 2-3: These contours illustrate some of the problems encountered in reconstructing a surface.

211 Correspondence

The correspondence problem refers to the issue of deciding which contours should be
connected by the surface. Solutions include comparing the shape of contours in adjacent dices,
and determining overlap in the plane (e.g., dices made perpendicular to the primary axis of a
right circular cylinder have exactly the same shape - acircle, and line up precisely with one
another when projected onto aplane). The coarse topology of the final surface is determined by
the topological adjacency relationships between the contours of the data set. If there are
multiple contours in a section, the contours must be organised into groups representing
individual objects.

2.1.2 Tiling

Thetiling problem deds with how the @ntours $ould be mnneded. Given points on pairs of
contours from adjacent sedions, the task isto generate the “best” topologica adjacency
relationship between these points. The difficulty liesin the fad that the tiling problem is
severely under-constrained. In other words, there ae many different tili ngs that could
interpolate agiven set of contours. Some metric must be dhosen to determine what is meant by
“best” topologicd adjaceancy relationship. Some commonly used metricsinclude aea volume,
meatching dredion, span length, matching normalised arc length, and various non-locd metrics.
All of these metrics perform poorly with certain pathologicd examples. There ae, however,
possble improvements sich as normalisation for postion, size ad small rotations[Mey92].

Idedly, thetiler used by the surface e€litor should creae surfaces without twists. Figure 2.4
il ustrates a surfacewith atwist that was congtructed from adual artery data. Figure 2.5
provides asmpler example to ill ustrate the problem. Twistsin the surface ae caised by joining
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the wrong points on adjacent contours and may cause problems when attempting to generate a
volume mesh. Thetetrahedra volume elements are generated based on the triangles in the
surface mesh. If the triangles are twisted, the algorithm for generating the volume elements will
produce a poor discretisation of the volume; i.e., the tetrahedra will dso be twisted, and will
therefore not accurately reflect the flow of forces within the object.

Figure 2-4: A twist in the surface is visible in the longitudinal lines.

In Figure 2.5, the grey, dotted lines show how the two contours should be connected. The
black, solid lines show what happens when the surface istwisted. Imagine rotating the top

circle by two points while the grey connections are in place. Thiswould result in the black

connections.

Figure 2-5: A simplified example of a surface twist .
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2.1.3 Branching

Since anastotomic intimal hyperplasia occurs at graft-artery junctions, it is crucial that the
meshing agorithm used by the tiler be able to handle branching structuresin the surface.
Branching is said to occur when the object is represented by a different number of contoursin
adjacent sections.

o/

Figure 2-6: Left: Simply-connected cylinders; Centre: A two-cylinder branch; Right: A three-cylinder branch.

Branches may bein the form of a pair of smply-connected cylinders, atwo-cylinder branch, or a
three-cylinder branch [Mey92] (Figure 2.6). The difficulty in meshing branching surfacesis
determining how to mesh the area of the surface at the forking point, or junction. The
information provided by consecutive dices at this point is aways incomplete, since the two
dices contain different numbers of contours. The idea behind the solution to the branching
problem implemented by the chosen tiler isto model the implied saddle surface a the junction
by adding fabricated vertices between adjacent contours to form composite contours [Gei93].
The solution to the tiling and branching problems determines the surface topology and its coarse
geometry.

2.1.4 Surface-fitting

Once the surface, including branches, has been tiled, its precise geometry can be determined.
Thisinvolves finding a smooth surface that interpolates or approximeates the vertices of the
mesh and maintains the same topology. Interpolation is used if the data are precise
specifications of an object, whereas approximation is gppropriate if the data are noisy or
otherwise imprecise. The most commonly used method employs a series of parametric surface
patches[Far93]. The vertices of the mesh are the control points of the surface patches, and the
topology of the mesh determines which vertices are used in each patch.

The smplest method of surface-fitting isto merely use the triangular faces of the mesh asthe
surface. Thismethod is not usudly satisfactory unless the contours sample the original surface
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very finely. In addition, since the surface produced by using just the triangular mesh may have
discontinuities, it is not always idedl for creating afinite element volume mesh. For the research
purposes a hand, however, a surface formed by the triangular faces of the mesh is desrable.
The nuages tiler forms this mesh smply by joining the points on adjacent contours.  This means
that, unlike afitted surface whose points lie anywhere in 3-space, dl the points on the triangular
mesh liein the pardld planesthat contain the contours. This property of the mesh will be
exploited to provide a constraint on 3D interaction with the mesh.

2.2 Object Interaction

The process of cregting an editing interface that improves on the current one (described later in
Section 2.2.3) requires some analysis. Firdt, both the benefits and the drawbacks of the existing
interface must be fully understood. Second, potentia problemsin the replacement interface
must be recognised, and solutions to them devised.

Before performing this analysis, the concepts of direct manipulation and constraints must be
clarified. 1 will examine direct manipulation first.

2.2.1 Direct Manipulation

Dired manipulation interfaces (DMIs) were first identified by Ben Schneiderman [Jad89]. The
term “dired manipulation” stems from the philosophy that users sould manipulate objedsina
computer program by ameans that is analogous to the way they manipulate objedsin space
[Jad89, Hut85]. The esenceof aDMI isthat rather than carrying on a dialogue about an
objed, the user operates diredly on it, making the interface émost transparent [Hut85).

In contrast, an indired manipulation technique for objed deformation would require many
different diders, thereby using excessve screen red-estate. While related controls such as
didersfor rotation may belogicaly grouped, users can rarely correlate diangesin the wntrols
with corresponding changesin the deformed objeds [Sni92a]. Thislarge wgnitive “distance”
between the user and the todl results from that fad that, by definition, indired manipulation
tods are locaed outsde the 3D environment.

Dired manipulation widgets such astradkballs [Str92, Con92], handles[Hou92 Con92, Stro2],
bounding boxes [Str92, Hou92 and shadows [Her92, Jau99 have the alvantage that they exist
in the scene dong with the objeds they manipuate [ Str92] thereby reducing the mgnitive load
onthe user.

Demands on hoth the user's $ort-term and long-term memory are dso reduced inaDMI. For
long-term, the user must commit to memory only afew generic manipulation commands from
which most spedfic operations can ke derived.  Short-term memory load is reduced by having
interna state data dways displayed; most commands that change values are refleded
immediately in changesin the objeds. Additionaly, DMIs often have lessmodes than an
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indired manipulation interfaceof equivaent functionality [Jad39]. Thisis aso lesstaxing on the
user's memory.

Dueto itsnature, dired manipulation is easiest to apply to a problem domain that hasa wncrete
graphicd representation. Editing the surfaces of arteriesis such an applicaion, and the
advantages of dired manipulation that | have presented make it a natural interface twoicefor
thistask. ROSSis an example of an exigting product that providesa DMI for interadive
visudisation of objeds reconstructed from serid sedions[NAS93]. Unfortunately, ROSSdoes
not provide any surface eliting cgpability.

Any system that employsa DMI, however, is susceptible to the mapping problem (see Chapter
1 for discusson of this problem). Often, such systemsfail to provide sufficient feedbadk asto
how motion of the input device produces transformations on the objed [Phi88]. Widgets can
suppy addtiona feedbadk in the form of spatial cues, and even reved their functionality
through their geometry [Hou92 Con92]. Their red benefit, though, comes from the mondraints
they impose on interadion.

2.2.2 Constraints on 3D Interaction

Borning describes a mndraint as“arelation that must be maintained” [Bor86]. For 3D
interadion, congraints can be thought of as ameans of restricting motion, most often by fixing
it to aparticular dimension, or set of dimensions. This effedively reduces the number of
degrees of freedom in theinteradion. Rigid body motion in 3D has $x degrees of freedom for
positional and angular placement [War90], and objed deformations have many more [Phi8g].

Simultaneous manipulation of many degrees of freedom may make interadion too difficult.
Snibbe observesthat “atoal can be made more dfedive by removing unnecessary degrees of
freedom with congtraints’ [Sni92a]. Houde reports smilar findingsin her experiments with a
handle-box interface[Hou97. Hsu et d. aso note that the number of degrees of freedom
presented to the user in freeform deformation can e overwhelming [Hsu92. Herndon et al.
congtrain transformations to a plane with their shadow widgets in an attempt to make 3D
manipulation easer for the user [Her92).

Becaise of the demonstrated value of congtraintsin 3D interadion, 3D surfacesthat have been
reconstructed from contours seam to lend themselves well to deformation through 3D
interadion. They have an inherent “relation that must be maintained”: contours must remain
planar. Since d points on the surface ae part of some cntour (recd from Chapter 1 that this
isaproperty of the surfacemesh), movement of pointsis restricted to the plane. The mwmnon
mapping problem is thus diminished by diminating a dimension for trandation. | therefore hope
that a3D DMI will be succesdul for editing the atery data.

2.2.3 Current Interaction Techniques

To provide an improvement over the existing artery editing interface, it is necessary to
understand both the positive and negative aspects of that interface. Current editing techniques
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inthe UWT project are somewhat haphazard. The user determines contours that need editing
by examining an initial recongtruction of the artery data using the solid modeller package
I-DEAS'.

The user then edits contours requiring corrections in one of three ways [M0095]. Thefirst
method isthe mogt primitive, and difficult to use. The user manualy plots the cross-section
containing the problematic contour, and determines where the fault lies. He then changesthe
coordinates directly in the dice file using atext editor.

The second way in which the contours are processed is by alow-passfilter that smoothes out
tiny indentationsin the surface. The user can choose the degree to which the curves are
smoothed, if any. Thisfilter does nothing to remove larger bumps and indentations.

The third, and only interactive method, isto move points on the contours using a curve editing
feature of 1-DEAS. When the user picks and moves a point on the curve (termed primary
motion), adjacent points on the curve, in alocd region around the picked point, are dso
affected (termed secondary motion) (Figure 2.7). The user can specify the area of effect and
the nature of the secondary motion through a didogue-style interface [SDR93].

! /

Figure 2-7: Example of how a curve segment is affected by the primary motion of a picked point.

The user moves pointsin the current workplane. For artery editing, thisis chosen to bethe
plane containing the contour of interest. The user can limit the view to only this workplane,
providing a 2D view of across-section. Alternatively, the user can display all of the contoursin
the data set at oncein a 3D perspective view. Although the latter view givesthe user a context
inwhich to work, it is seldom used. Even with the ability to rotate, pan and zoom in this view,
having al of the contours present makesit difficult to pick and control the desired points for
movement [Mo095]. Attemptsto interact with points on a particular contour are confused by
the interfering presence of other contours. This may be because the surface itself is not present
in the view to give full meaning to the contour lines. Unfortunately, the surface reconstruction
agorithm used by I-DEAS seemsfragile, i.e., the fina surface cannot be constructed until the
glitchesin the contours are corrected.

Because editing in the perspective view is difficult when only the contours are visible, a2D view
of asingle cross-section is chosen mogt often as the editing environment for the arteries. Even
then, users of the system frequently resort to using the text editor out of frustration.

! |-DEAS is a CAD/CAM product designed to aid in the manipulation of freeform geometry [SDR93].
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2.2.4 Anticipated Improvements

3D display representations better match the user's mental model of 3D spatia information (such
asflight path or contour data) than do their 2D counterparts [Wic89, Wic92]. It thus ams
reasonable that a 3D interfacefor artery editing might be an improvement over the arrent 2D
editing tedhnique, at least for sometasks. The am of the experiments conducted as part of this
reseach isto determine for which tasks, if any, thisholdstrue. The experimenta hypothessis
that for tasks of a2D nature (i.e., tasks involving only a single mntour and hence asingle
plane), a2D interfacewill be superior to a 3D interface This superiority would exists becaise
of the unrecessary complicating fador of the extradimension in 3D, and the resultant mapping
problem.

On the other hand, for tasks of amore global, 3D nature, such asflattening a bump that spans
severa contours, | hypothesise that a 3D interfacewould prove more dfedive than a 2D
interfaceof equivaent functiondity. Thisis primarily because the user's mental model of the
artery isof a3D nature. In addtion, the mapping problem is diminished due to the inherent
congraintsinthe atery data. Finaly, the visual momentum provided by presenting the atery as
aunified objed, rather than a series of dices, may aid the user in 3D interadion [Wo0084,
Wic92]. Users may beaome aognitively “lost” asthey traverse through multiple displays
pertaining to different aspeds of the same system. Visua momentum is an engineaing solution
to thisproblem. See[Wo0084] for amore mmplete treament of thistopic.

The 3D surface éitor interfacethat | evaluate dongside the airrent 2D method of interading
with the atery datawill use dired manipulation. Aswell as delivering al of the benefits
outlined in Sedion 2.2.1, thiswill dlow afair comparison to be made with the existing interface
which also uses dired manipulation.
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3. Implementation

Although | hopethat SLICE's interfaceis generic enough to be used with any contour-editing
application, sLICE was primarily designed to fulfil the requirements of the UWT projed. Inmy
reseach, the interadion requirements of that projed receve particular attention, and are
mapped into high-level viewing and editing tasks. Those tasksin turn are broken down into

the low-level component tasksthat drive the interfacedesign process Out of this process both
SLICE' sDMI for objed interadion and its GUI emerge. The GUI integrates the functionality of
the DMI with sLICE' smeshing cgpabilities. This chapter coversthe evolution of theLICE
interface beginning with the requirements of the UWT projed, and concluding with the
interfaceused in the experimenta portion of the reseach.

3.1 Requirements Analysis

Inthe UWT projed, users gather datafrom CT and MRI scans of arteries. The next stage of
the projed isto prepare the data for fluid flow analysis using the following multi-step process
first, the contour data, which represents crosssedions through the ateries, is converted into
text format aslists of coordinates. Then, aprogram takes these mntours asinput and
generates from them atriangular mesh that is an gpproximate recngtruction of the origina
artery surface Next, auser interadively edits the mesh to remove scanning artefads. Findly,
the user exports the points of the edited surfacefor generating a volume mesh to be used in the
ensuing fluid flow analysis.

| designed sLICE to serve astheinteradive surface @liting program inthisprocess SLICE'S
first obligation is thus the generation of a surfacemesh from input contour data. The program
must be dle to generate the mesh with interadive speed, sincethe surfacewill need to bere-
triangulated as the user makes changes.

The datathat arrive from the atery scanning processcontain high-frequency noise. This noise
manifestsin arough edge of fine indentations on the cntour which prevents a proper volume
mesh from being creaed. The meshing agorithm has trouble meshing the elges, and the
volume aeded from the mesh does not acaurately portray flow within the atery. Thus, the
next requirement that the UWT projed imposesisthat sLICE smoaoth the contour data

Of primary interest in my reseach are the requirementsinvolving user interadion with the data.
The participants in the UWT projed desre amethod of interadively viewing an artery in 3D as
ashaded surface and from any position. Currently, they have no easy way to visualise the
artery asasurface They can seethe atery asa set of 3D contours, but the noise and artefads
must be removed before asurfacemesh can e generated using the I-DEAS padkage.

The seand asped of the interadion requirementsisto alow usersto interadively remove
unwanted feaures from the surfacemesh. This means manipulating individual points on the
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contours, while providing real-time visual feedback to the user. This requirement is the focus
of the experimenta research component of thisthess.

Finaly, the program must be able to save and generate afinal surface mesh that can be used to
produce atetrahedral volume mesh for later fluid flow analysis.

3.2 The SLICE solution

SLICE, the interadive cntour editor | implemented for thisthesis, was written to fulfil the
requirements of the UWT projed. SLICE isused to edit 3D surfacesthat have been
reconstructed from planar contours. More predsdly, it isatoal for visudising the surface
derived from a set of serid sedions, and for removing artefads from this surfacethat were
creded duing the data-gathering process SLICE iswritten in the C language for use on a Sun
platform. It uses xview for the user interface ad xgl for the graphics. It conssts of two parts.
a“badk-end” for surfaceremndtruction, and a“front-end” user interfacefor surface
manipulation.

The bad-end of sLICE is built around Bernhard Gelger's nuages program, which was
integrated with SLICE to perform triangular mesh generation. The nuages program (introduced
in Sedion 2.1) takes asinput a set of serid sedions, and triangulates them into a surfacemesh.
| changed the nuages code to store the antire atery data set in memory at one time (instead of
only pairs of dices). Also, insteal of writing the resultant mesh to afile, as nuages originaly
did, I made modificaions 9 that SLICE can display the mesh graphicdly in both aprojedive
view (3D) and as a sequenceof crosssedions (2D). SLICE realsa @ntour datafile and then
passes the point information to nuages functions for processng. The trianguar mesh
generated by nuagesisthen stored in an internal data Structure in SLICE. Manipulations made
to the points by the user change the contents of this data Sructure, which isreal by nuages
whenever the mesh needs updating. When the user has finished modifying the mesh, the
changes can be saved to afile. The final mesh output is based on the stored representation of
points maintained by SLICE.

A
Figure 3-1: Pairwise smoothing process.

Dueto the data-gathering process, the contour data s often noisy. Smoothing each individual
indentation by hand would be time-consuming and tedious. An automatic method of
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smoathing is preferable. Geiger highly recommends using a feaure of nuages for smoaothing
pixe-by-pixel contours like the onesused in UWT’ sreseach [Gel93]. The user spedfiesan
error value for the smoothing on the commend line. In nuages, contours are gproximated
with line segments, for example AB and BC in Figure 3.1. nuages uses a pairwise processfor
smocthing. That is, to dedde whether to remove point B, nuagestests B'sdistance d, to a
new line segment, AC. If thisdistanceis lessthan the user-spedfied error value, nuages
removes the point. For the purposes of UWT’ sreseach, avaue was chosen that yielded an
error toleranceleve of threepercent, thus kegoing the airves within threepercent of their
original pogtion. For normalised dhta, thistrandatesinto avalue of d of 0.03.

SLICE' sfront-end conggts of agraphicd user-interfacethat provides both 2D and 3D displays
of the data, aswell asameansto interadively view and edit the data. | wrote the interfacein
Sun' sproprietary widget set, xview, sncethisis included with Sun herdware, and will thus be
redadily available to the end user inthe UWT projed.

The remainder of the dhapter is devoted to describing how SLICE meds both the viewing and
editing interadion requirements of the UWT projed.

3.3 Interaction Task Analysis

Since the fundamental purpose of SLICE isto remove artefacts from artery data, the first
guestion is one of recognising such an artefact. It isknown that all contours provided by the
data extraction method will be closed. All defectsin the artery will therefore appear as bumps
or hollowsin the surface. These deformations may be the result of either points or entire
contoursthat are misaligned. Currently, only alimited number of data sets are available and
thusit isimpossible to precisaly describe the shape of the artefacts. By definition, however, the
bumps or hollows for which a point or group of points is misaligned must take one of the
following forms: aspike, aspine, aridge or ahill (Figure 3.2). | will defineaspiketo bea
sngle point that isout of place. A spineisaset of spikes along arange of contours. A ridgeis
arange of points aong a single contour that is out of aignment. Findly, ahill isarange of
ridges. Even though the deformationsin Figure 3.2 all appear as bumps, the phenomena could
also occur as hollowsiif they were inverted. It isnot known how many artefacts will fal into
each of these categoriesin rea data sets. Also note that the definition of an artefact is
subjective and recognition requires atrained observer.
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Figure 3-2: Examples of possible bump types in surface data.

In order to remove the kinds of artefacts described in the previous paragraph, interaction in the
SLICE application involves making detailed changesto points on the surface. Although changes
usudly affect alocal region of the surface, it isimportant to see their effect on the overall shape
of the surface. Thus editing operations are integrated with changesin the view. Thisdual
environment must be unified through a coherent interface.

The high-level tasks presented here are groups of low-level tasks that have been combined at
the semantic level of user goals. They fal into two categories: viewing tasks and editing tasks.
Viewing tasks include zooming, scrolling and rotating the view, viewing a cross-section of a
surface, and viewing the insde of asurface. Editing tasks include removing bumps or other
unwanted pieces of a surface, stretching, or disconnecting a surface, adding points, and
undoing the last editing action.

3.3.1 Viewing

The user must be able to easily change the current view of the surface, either to see aglobal
view, or to focus on a particular area. Viewing tasks enable the user to accomplish these goals.

The most frequently performed viewing task isthat of moving the viewpoint to a new postion.
After the 3D view has been changed, there must also be away to reset it to its original postion.
To change between aclose-up view, and aview of the entire surface, the user must be able to
zoom the viewpoint closer to and further from the surface. For example, if the eyepoint is
positioned on the positive z axis looking toward the origin, this means moving the viewpoint
along that axis while the surface remains centred at the origin. In order to better view the
surface, the user must be able to scroll it within the viewing window. This means moving the
viewpoint in its xy plane, if the eyepoint is positioned on the positive z axis. Findly, the user
must be able to rotate a surface in 3-space with the three degrees of freedom formed by
rotations.
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In the surfaces that SLICE is designed to edit, that many of the pointsto be manipulated are
hidden by other parts of the surface Another viewing task isthusto reved hidden parts of the
surface alowing the user to “seeingde” it.

Finaly, the user may wish to have aview that clealy shows the shape of contoursin a
particular crosssedion. Since d crosssedions are planar, this can ke acomplished by
showing a 2D view of the qosssedion of interest. In addition, there must be away to cycle
through viewing conseautive aosssedions of the objed.

These viewing tasks are rigid body transformations; they do not deform the shape of the
surfacethe way that editing tasksdo. Thus surfacerotation, even though it ocaurs by applying
atransformation to the surface as opposed to the view, will be regarded as a viewing task.

3.3.2 Editing

SLICE isdesigned to edit surfaces recongtructed from contours. Editing involves changing the
shape of the surfaceto eiminate atefads creaed duing the gathering of the @ntour data.

The SLICE user may want to remove bumps, or other parts of a surface Regular-shaped bumps
or hollows can be diminated by stretching or flattening the surface Stretching or flattening is
acomplished by moving groups of pointsin alocd area When a user moves a point on the
surface pointsin alocd surrounding region should also move & afunction of the motion of
thefocd point. The user must be @leto redtrict the aeaof effed of this scndary motion.
This method of eradicating bumps does not delete existing points, but instead movesthemto a
new locaion. Other protrusions or unwanted pieces of the surfacemay be removed by
deleting portions of the surface

In addition to deleting points from a surface the user may wish to add pintsto it. Becaisethe
user may choose to perform some smoaothing of the cntours, there may be contour segments
that are sparsely populated with points. Removing a portion of the surfacemay also contribute
to gparseness I the user wishesto change the shape of the surfacenea such an areaby
sretching or flattening, as described above, more points may be needed on the cntour to

allow the user sufficient control over the shape of the arve (i.e., o0 that there ae enough line
segmentsto produce areasonably smoath curve).

Editing tasks that add, move or delete points have the potential to sgnificantly change the
shape of asurface It istherefore desirable for the user to be dle to undo an adion by
returning to a previous gate if he mekesamistake. Thisis espedally important in light of the
subjedive nature of the surface eliting for which sLICE isintended. In this applicétion, it is
likely that users editing will passthough successve goproximations before the fina version of
the surfaceisreated.

These high-level tasks al depend on the same low-level building blocks: seleding, adding,
deleting and moving objeds. These fundamental tasks might occur in any interadive 3D
interface and will be & the root of the interfacedesign.
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3.4 Design Considerations

Hardware limitations, the intended user of the software and attention to sound design principles
all influence the creetion of the sLICE interface. | will examine these factors now.

3.4.1 Assumptions

When designing SLICE, | made certain assumptions about the style of itsinterface. The
following choices were based both on the focus of the research and on hardware choices
imposed by the resource congtraints of the UWT project. | confined the requirements of sLICE
to astandard, low-end hardware configuration.

Firg, | limited the scope of the research to direct manipulation interfaces. Thisregtrictsthe
interface choices to mouse click and drag for surface manipulation. For example, atask such
asrotating the view should be performed with mouse actions, rather than with scrollbars or
other GUI widgets.

Second, SLICE is designed to provide only visua feedback.

Third, sLICE isdesigned to use a 2D input device (in the current implementation, athree-button
mouse is used in conjunction with a keyboard), and output to a monitor. Other input devices
were not consdered.

Finaly, the UWT project requires SLICE to run on alow-end Sun workstation (a Sun
Sparcstation 20SX with 96 Mb of RAM and an SX + cgl14 4Mb VSIMM graphics board was
used). Thislimits the available graphics capabilities if performanceisto remain at an acceptable
level for interactive manipulation. Thus some options, specificaly those requiring the more
advanced rendering techniques, could not be explored (e.g., when objects are in motion, a
wireframe rendering must be used instead of a shaded one).

3.4.2 The User

SLice will be used by people who are actistomed to studying arteries. The userswill be
conversant with the scanning processused to producethe mmputer representations of the
arteries. They will therefore be familiar with the atefadsthat ocaur in the data, and can be
expeded to reagnise what editing is required for a given surfacerepresentation.

Some mmputer skill i sassumed on the part of the users. | exped them to be mmfortable
using both mouse and keyboard to interad with agraphicd user interface Prior experience
with 3D graphicd interfacesis not necessary. SLICE's 3D interfaceshould be eay to lean by
trandferring skill s from an existing knowledge base. The 3D interadion techniques $ould be
smple extensons of 2D interadion methods.

| anticipate that the use of sLICE will ocaur in fairly infrequent but intense sessons. In other
words, when new artery datais obtained, the user will st down with sLICE, and work with one
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data set until all of its defects have been corrected. | expect that the user will edit each defect
in sequence for aparticular data set. This style of interaction will govern the use of modesin
the design. | will discussthisin detall, in Section 3.4.4.

3.4.3 Consistency

Although consistency is reagnised as a difficult concept to define predsely [Gru89, Kel87], it
iswidely percaved as adesrrable god for user interfacedesign. Although designers may not
be dleto sate explicitly what consstency means, it is possble to defineits effeds. A
conggtent user interface dowsthe user to fed familiar with the interface and most
importantly, to transfer killsand leaning.

Acoording to Grudin [Gru89, there ae threetypes of consstency: interna, external, and
externa analogue. Internal consstency refersto a mherenceof principles withinasingle
interface for example the use of the <F1> key to display help from anywhere within the
interface External condgstency means consstency between different interfaces, such asthe
“file” menu being located at the top left of amenu bar. Externa analogue, or metaphoric
conggtency hasto do with the @rrespondence of the interfacedesign to feauresin the red
world, such asthe Madntosh desktop metaphor.

Aninterfacedesigner should pay attention to the way in which consstency is used within an
interface for it isnot a panacea Consstency helpsleaning, but may sometimesimpede use.
For example, kegping al the household brushes in one drawer is consstent, and would help
you to lean where to find them. Brushes, however, may be used for different tasks. There ae
paint brushes, tooth brushes, lint brushes, hair brushes, and brushes for sweeping the floor.
Keging them al i n the same placewould make them difficult to use. They would perhaps be
better located acording to their function; atooth krush may be kept in the bathroom, a paint
brush in the workshop, etc.

The interfacedesigner may also choose to make things dightly inconsstent so that the user
pays attention. Performing a particular operation, such as removing afile, may have dragtic
consequencesto the user. If the interfacefor file remova isinconsstent with the rest of the
interfacein some way, it will draw the user’ s attention making sure that he takes eda cae
with that operation.

3.4.4 Modes

Modes in an interfacerefer to different interpretations of same user input acording to the
current state of the interface For example, aleft mouse dick could mean “sdled apoint” or
“delete apoint” depending on the arrent mode. Having modesin auser interfaceplaces
additiona menta load on the user sinceit requiresthat he remember the arrent state of the
interface(or be reminded by the system), and what commands are gplicable in that State.
However, some use of modes cannot be avoided in most user interfaces, asthere ae not
enough distinct brief input operations, such as sngle keystrokes, to map into al the mmmands
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of asystem[Jad9]. The best one can hope for isto minimise the anount of mode-switching
that the user must perform.

The complexity of SLICE's user interface clsfor the use of modes. Sincel wanted the
interfaceto be aDMI, | wanted user input adionsto come through the mouse axd operate
diredly onthemesh. Thismeant that the individua input adions avail able for consideration
included single and double dick and drag with any of the left, midde or right mouse buttons, or
combination of buttons (chording). Infad, use of the mouse while different buttons are held
down might also be seen as operating in different modes. | will not, however, make this
digtinction in my discusson.

To determine how modes $ould be used in the interface | analysed the semantic meanings that
these mouse ations must take on. Table 3.1 enumerates the objeds in the system and the user
adionsthat operate on them.

Objects Applicable Actions

view move (for scroll and zoom)

entire mesh move (for rotate)

point sect, desdlect, move, add, delete
contour sect, desdlect, move, delete
range of points select, desdlect, delete

primary point (definedin | select, desdlect, move

Section 3.5.1)

Table 3.1: Objects and the actions that can operate on them

Thefirst posshility | consdered was to have amode @rresponding to ead type of objed. For
instance, depending on the mode, an adion such as move would be gplied to apoint, a
contour, or the aitire mesh. One problem with this approadhisthat it produced too many
different modes. The objeds, however, can ke logicdly grouped acording to the adions that
may be goplied to them. Thisimpliesthat adions may better correspond to modes than objeds
do. Inaddtion, an adion-oriented scheme of modesis more likely to correspond to the user’s
mental modd of the sysem. Usersare unlikely to think of the view, the mesh and its
component points and contours as separate objeds upon which to gperate. Rather, | hope they
will percave amore unified environment.

The seaond design | considered thus had modes corresponding to adions. Thistype of
interfacewould be smilar to apaint program such as Madraw in which adions are thought of
astoadls, and ead tod isamode. Thusthere ae modes for ead of seledion, deletion,
addition, and motion. These modes would govern the program' sinterpretation of mouse
input. The flaw with thisdesignisthat the user il requires amethod of indicating to what
objed the dhosen adion should apply.



IMPLEMENTATION 23

Thefinal design attempted to pull together the best components of eat of these designs by
abgtrading the objeds and adions at a higher semantic level. The first design, which hed
objeds corresponding to modes, was natura becaise it alowed the user to use modes that
differentiate between targets for a mnsstent set of adions. The seacond design, which hed
adions corresponding to modes, fit better with the user’s mental mode of the sysem. More
caeful inspedion of the objeds and adions reveds natural groupings between them. Thefirst
two dojed-adion setslisted in Table 3.1 arerelated to viewing. Thelast two arerelated to
ranges of objeds. The midde two are related to the building blocks of the mesh itself. These
arethe objeds and adions at the heat of theinterface Ranges and viewing areredly “extra”
feduresthat assst with the main tasksin this caegory. Thus, the ations related to points and
contours $ould in some way be the default mode, minimising the anount of mode-switching
required on the part of theuser. Adding a point can ke seen as adifferent type of adion to
sded, move and delete Sincethe latter manipulate existing points.

Trandating these groupings into modes yields a view mode, arange mode, an add mode and a
default mode. Thisdivision alows the use of modesto indicae the target of the adion (e.g.,
the view versus an objed), aswell as grouping adions at a semantic level. In Sedion 3.5.2, |
discussthe predse mapping of the various mouse agions to the semantic adions that must be
performed in eat mode.

Sinceit isexpeded that operations to manipulate the surfacewill be frequently interspersed
with changesin the view, the user must be dle to make rapid, fluid changes between view
mode and default mode. For this reason, keyboard and mouse cmbinations (for example
<ctrl> + mouse) were used to denote the different modes insteal of using GUI widgets sich as
radio button. Pressng and releasing akey to switch modes can ke done very quickly, and does
not require ashift of attention to a new location on the screen. Using a key-mouse wmbination
for eaty mode providesinterna consstency to theinterface Sedion 3.5.2 dscussesthe
predse mapping of keysto modes used in SLICE.

Findly, it is crucid that the user be provided with clea feedbad asto the arrent mode. A
frequent source of user error isingppropriate input due to an incorred perception of the
current mode [Wick92], for example turning the key in a ca’ signition when it is drealy
running, having incorredly percaved the engineto be off. There ae severd different waysin
which amode dange might be sgnaled such asa dangein colour, or display of alabd. Since
the user’ s attention always remains focused on the objed being manipulated, however,
changing the arsor seamed the mogt effedive way to indicate amode dange. The airsor is
alwayslocaed at the predse point of the user’sinterest, so a diangeinits $ape will not go
unnoticed. An open hand was used for view mode, a pointing hand for range mode, a“+” sign
for add mode, and X11's default arrow cursor for default mode.

3.5 Designing the Interface

For ea task in sLICE' sinterface | explored alist of possble implementations. | made thislist
outsde the context of any particular application. Appendix A contains this design spaceof
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interaction possibilities. Inthissection, | discuss how the low-level tasks are mapped into this
gpace, in light of their intended use in the SLICE application.

Where several implementations are semantically equivaent, it will be necessary to choose
between the options. | used prototyping of dternatives aswell as andysis of existing interfaces
to assst in making these choices. In some cases, however, it may be desirable to implement
more than one method per environment of performing atask, each to be used in a different
Stuation.

| was able to immediately reject some implementations as infeasible or ingppropriate to the
application. Handles, for ingtance, are acommon tool used to implement all kinds of
transformations on objects including rotation, trandation and scaing, as well as more complex
manipulations such as bending, twisting and tapering [Hou92, Con92, Str92]. A handleis
usualy some visua geometry that enforces a constraint on interaction, such asrestricting
motion to asingle axis. | did not fedl that the use of handles was appropriate in SLICE. The
handles would only be useful for the viewing transformations, and not for reshaping the object.
Instead, they would obscure the surface, interfering with point manipulation. Handles are
better for an interface in which they redlise al of the desired interaction. That way, the handles
themsalves represent modes. In other words, grabbing the rotation handle means mouse
motion will be interpreted to spin the object, while grabbing a scaling handle has mouse motion
interpreted to resize the object.

Another interface possibility that | rejected for the sake of smplicity was the use of planar
boundariesto aid in selection and deletion of points. One option for selecting an area of points
to moveisto define the dimensons of a (rectangular) section of the plane tangent to the
surface at the focal point of motion. This plane is projected onto the surface, and the region
within the planeisthe area affected. An dlipse may be used instead of arectangle. A planar
boundary could also be used to define an area for use as a cutting plane. It would act asa
separator between the areas of the surface that are to be kept, and those that areto be
discarded. Inthe case of removing a branch, however, deleting contoursisasmpler solution.
Defining a planar boundary is difficult because of the many degrees of freedom associated with
an arbitrary plane. Using arbitrary planar boundaries would mean forfeiting the one advantage
that the data provides. motion is congtrained to a plane.

Since the high-level viewing and editing tasks share common low-level components (salect,
move, add and delete), | will try to provide an internally consistent interface by implementing
each of the low-levd tasksin the same way for dl of their high-level uses.

The selection and movement of objectsis at the heart of the high-level viewing and editing
tasks. | discussthese two low-level tasks here in some detall, before presenting them within
theinterface design framework. Intherest of this section, | discuss the design of the DMI used
to manipulate the surfaces.
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3.5.1 Select and Move

Seleding something makes it the adive objed to which subsequent move or delete operations
will be gplied. You can sled both points and contours. Only one @ntour at atime may be

sdleded. However, points may be seleded in a mntiguous range dong a mntour, and in sets

of ranges adong severa neighbouring contours (forming a mntiguous areaof sdleded points),

or asaprimary point (the focd point for motion of arange).

Feedbadk can be provided to indicate which objeds(s) have been seleded by highlighting them
in adifferent colour, by having them blink on and off, or by changing their szeor shape. Inthe
SLICE interface points and contours change @lour, becoming “highlighted” when they are
sdeded. Seleding apoint asa primary point causes it to both change @lour, and change
shape from a drcle to an asterisk.

Contour sdledion is used in the deletion of surfacesin whole or in part. Deleting a branch, for
example, would be done by deleting its congtituent contours one a atime (a potentialy time-
consuming operation, but one that should rarely be used). Deleting a contour in the midde of
asurfacewill disconned it. Contour seledion in 3D may also be used to choose a coss
sedion of the surfacefor viewing in 2D. Findly, aseleded contour may be moved within the
planeinwhichit lies.

Point seledion is afundamenta operation used to either delete, or more frequently, to move a
point or group of points. Smoaothing out a mntour may require pointsto be seleded singly or
inarange. Taskslike removing abump may require arange or areaof pointsto be seleded.

Multiple points cannot be moved without first seleding a primary point to ad as the focus of
the motion. Asmentioned in Sedion 2.2.3, the user interadively manipulates the primary
point, and the other seleded points (semndary points) move acording to some function of this
motion. Thisisillustrated in Figure 3.3.

o selected point
© normal point
© anchor point
3% primary point new curve

original curve

Figure 3-3: Secondary motion of points on a contour.
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In the design of sLICE' sinterface | consdered having the user define this function. Making
some assumptions about the user’s goa in moving the points renders this complicated process
unrecessary, however. For the UWT projed, users move pointsto smooth out surface
irregularities. SLICE, therefore, implements the function in the following way. Firs, aleast-
squares approximation is used to fit a B-spline aurve to the range of sdleded points. (See
Farin’'sbook for adiscusson of spline arves[Far93]). The order of thiscurveis %t to be

4 + In( abs( range_l ength )) to providereaonable @ntrol of the arve. Inthis
way, the order of the airve increases logarithmicaly with the number of points sleded
(range_len). For example, the order of the aurveisfour when two points are seleded, five
when threeto seven points are seleded, and Sx when eight to twenty pointsare seleded. A
higher order curve resultsin more entrol vertices, and hencegreder control of the arrve. It is
important to increase the order of the arve more quickly at the low end of the range length,
becaise differencesin order are more gparent when there ae fewer points.

SLicE includes an additional point at either end of the seleded range in the set of pointsto
which it fitsthe B-spline. For thisreason, at least two points on the arve must remain
desdleded at any time. SLICE then converts the B-spline control vertices produced by the
curve-fitting to Bézer control vertices" becaise Bézer curves have the desirable property of
passng through their first and last control vertices. Thus, the extrapoints at eat end of the
range become the end vertices of the Bézer control polygon, and ad as anchors while the
curve segment between them noves (Figure 3.3).

Because the manipulation of control verticesis an awkward, non-intuitive means of
manipulating a spline airve, SLICE uses adired manipulation technique developed by Bartels
and Bedty [Bar89]. Thisallowsthe user to affed the shape of the airve in an intuitive way by
draggng points on the arve (i.e., the primary points).

When interadion begins, the origina Bézer evauation of the points on the arve is determined
a the locaions gedfied by the parameters that correspond to the sdleded points on the
contour. After the user has moved the primary point, the new locations of the control vertices
are cdculated so that the arve will passthrough the new location of the primary point. Using
these new control vertex locaions, the postions are cdculated for the other points on the
curve.

In SLICE, it ispossble for the user to sded severa ranges of points on adjacent contours and
then move asingle primary point to affed the whole region. Inthis case, the same processis
repeded for eat curve to determine the new point locations. However, sincethe user only
sdleds one primary point (marked with an asterisk in Figure 3.4) for the etire aeg a pseudo-
primary point (marked with adot in Figure 3.4) must be determined for ead of the aljacent
contours. Thispoint isthe dosest, conreded, seleded point to the user-sdleded primary
point. If such apoint does not exist, the ranges cannot be moved together. This restrictsthe
pointsthat can ke moved asagroup. Adjacet ranges must contain at least one point that is
conreded to the primary point of motion. In SLICE, if aninvalid set of rangesis chosen, the
user iswarned when he tries to move the primary point.

! The code for fitting a B-spline curve to the selected paints, and for converting the B-spline control vertices to Bézier control vertices was
generously provided by Richard Bartels of the Computer Graphics Lab at the University of Waterloo.
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| will call the contour containing the primary point the primary contour, and other contours
containing salected points secondary contours. The process of finding pseudo-primary points
isrepeated for al secondary contours, cascading outward from the primary contour (Figure
3.4).

Figure 3-4: Finding pseudo-primary points.

The primary contour moves the most, while secondary contours move lessacarding to their
distancefrom the primary contour. Oncethe delta has been found for the motion of the
primary point, it is applied to all the pseudo-primary points with exponentia drop-off outward.
This exponent can ke interadively set by the user with adider to vaues between one and five,
with a default of two. Figure 3.5 ill ustrates the default case in which the pseudo-primary points
in curves marked “B” move half as much as the primary point in the arve marked “A”. The
curves marked “C” would move one quarter as much, and so on.

C
Figure 3-5. Moving an area of points.

After the deltafor the pseudo-primary pointsis calculated, the motion can then be determined
for the other points on the curve in the same fashion as described earlier for the primary
contour.

3.5.2 Designing Mouse and Keyboard Interaction (The DMI)

InSedion 3.4.4, | introduced SLICE s four modes (view, range, add and default modes). In
this ®dion, | discussthe keyboard adions used to implement ea¢ mode, and the mouse
adions used for the tasksin ead1 mode. All mouse adions except rotate gply to both the 3D
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view and 2D view, and are mapped the same way in each case for interna consstency. The

following table presents the details of the mouse mappings in each mode.

LEFT MOUSE | LEFT MOUSE MIDDLE MOUSE | RIGHT MOUSE
(DOUBLE (SINGLE CLICK) | (SINGLE CLICK) | (SINGLE CLICK)
CLICK)
Mouse | sdlect contour; | select point; dragto | deselect endpoint of | desglect the last
only drag to move move selected range (decided after | selection
sdected pretests)
Mouse | sdlect additiona | select additional desdlect dll selected | deselect the last
+ contour point at end of objects selection
<Shift> range (decided after
pretests); drag to
add/delete points
fromrange
Mouse | N/A drag to rotate object | drag to trandate drag to zoom view
+ (3D only) view
<Ctrl>
Mouse | N/A add point N/A delete the last point
+ added
<Alt>

Table 3.2: Mouse mappings for SLICE

3.5.2.1 View mode

Inview mode, the only adionis“move”. There ae, however, threetypes of motion: rotation,
scroll, and zoom. The target for these adionsisimplied. Scroll and zoom apply to the view,
and rotation appliesto the etire mesh. There should not be much distinction here in the mind
of the user; al adionsare enabling the user to dbtain a better view of the objed. Itiseasy to
map these three ationsto click and drag with ead of the threemouse buttons. Detallsare
provided in Table 3.2. Using the arsor astodl to grab and move the objed provides
conggtency through the use of an externa metaphor. The user can perform scrolling and
zooming in both the 3D view and the 2D view, but rotation applies only to the 3D view.

The diredion of mouse movement when scrolli ng corresponds diredly to the diredionin
which the surfacemoves.

Mouse motion upward or to the right when zooming brings the surface ¢oser to the viewer.
Mouse motion downward or to the left moves the surfacefurther away.

Preliminary reseacch in 3D interadion [Coa93] involved implementing rotation with a pitch,
yaw and roll interfacethat used a @mbination of didersand adia. User testing of this
implementation reveded that such an interfacewas awkward and unintuitive. Subjedsfound it
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very difficult to perform a smple task such asrotating the surfaceto swap opposite arners of
an plane. For thisreason, | did not congder the pitch, yaw and roll interfacefor this
application. Instead, | used tradkbal rotation. Thisinterfaceprovides addtiona consstency
through the use of an externd metaphor. A tradball interfaceworks by having the user
imagine that the surfaceto be rotated is enclosed within atrangparent sphere. The arsor is
used to grab and roll the sphere.

3.5.2.2 Range mode

The primary purpose of range mode isto alow the user to seled multiple points. Seledion of
arange of contoursis not permitted becaise determining adjacency with a branching structure
istoo complex. Becaise only a mntiguous range of points may be seleded, | canuse a dick
and drag interfacesimilar to that for seleding and moving points (thus providing some internal
conggtency). A left mouse dick seledsthe first point in the range and then dragging the
mouse seleds adjacent points dong the mntour; the further the mouse is dragged, the more
points are sdeded. The diredion of the range seleded corresponds to the diredion of mouse
drag in the following way: draggng upand to theright means €led pointsin a dockwise
diredion around the @mntour, and dragging down or to the left means Eled in a wunter-
clockwise diredion. The modd matrix containing al the viewing transformationsis used to
ensure that clockwise and counter-clockwise refer to how the contour appeas on the screen,
regardlessof how the objed isrotated in 3D. If the mouseis dragged to theright to seled
points, dragging it bad to the left by a mrresponding amount will deseled points, and
dragging it further will beginto sded pointsin the opposite diredion.

Sedleding one endpoint and then dragging out the rest of the range was chosen as the range-
sedledion interfacerather than seleding the two endpoints of the range for severa reasons.
Sedleding two endpoints on a dosed contour would ambiguoudly divide the pointsinto two
possble ranges, and might aso require the user to perform an intermediate, time-consuming
view change operation. The drag interfaceonly requires the user to seled one point with the
cursor. It isaso convenient sincethe atery data pointslie very close together. Usersreported
employing astrategy of dragging one point past the end of the range that they wanted, and then
going badk. They found thisa mmfortable way to seled exadly the desired group of points.

SLICE implements range mode using the <Shift> key as the mouse input modifier. Using the
<Shift> key to indicate multiple seledion hes becme an industry standard, and is used in such
products as MadDraw and the drawing todl in Microsoft Word for Windows 95, thus
providing further externa congstency.

3.5.2.3 Default mode

Default mode is most complex. | want the user to acamplish as many of their most frequently
performed tasks as possble without having to switch modes. It is natura to map the smplest
mouse acion to the most fundamenta task. The cre adions of the interface ae sdled and
move. Mapping sdled and move to click and drag with the left mouse button (with no key
modifier) provides externa consstency with other DMIs such as Microsoft Word' s drawing
tod and Alias Studio. In order to distinguish between points and contours, the two possble
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targets for these adions, sngle-click is used to indicate apoint sledion, and double-click is
used to indicae a ontour seledion. Without different means of seleding points and contours,
it might be difficult to distinguish between them on the screen when pointslie dose together.
Double-click isreserved for contour seledion sincethiswill be lessfrequently used than point
seledion. Notethat this sngle- versus double-click paradigm alows for alater extenson to the
interfaceto seled arange of contours (i.e., double-click and drag).

The interface eforces svera rules of seledion. When the user makes anew sdedion, the
seleded contour or the @ntour to which the seleded point belongs, becomes the current
contour. It ishighlighted in red inthe 3D view, and the 2D view is changed to display the
crosssedion to which it belongs. A point and contour cannot be seleded at the sametime,
thusa contour saledion will desdled any currently seleded points, and viceversa. In addition,
since sLICE alows only contiguous ranges of points to be seleded, anew sdedion on the same
contour as an existing seledion deseledsthat existing seledion. Finaly, sncethe user may
seled multiple ranges of points only on a cntiguous range of contours, a new seledion of
points on a contour that isnot adjacent to an existing seledion deletes any currently sdeded
points.

The midde and right mouse buttons are reserved for two kinds of desdledion. Note that since
desdledion applies to both single points and ranges, the mapping for these mouse buttons
appliesin range modetoo. The right mouse button, with the arsor locaed anywhere on the
screen, desdleds the last seledion (contour, point or range of points). This operation may be
applied repeaedly to desdled objedsin reverse order of sdedion. For example, if the user had
seleded three ajacent ranges of points, clicking the right mouse button threetimes would
desdled onerange eab for ead click, from the most recant to the ealiest seledion. The
midde mouse button isused to clea al sedledions.

3.5.2.4 Add mode

In add mode, the user can insert additiona pointsinto an exigting contour. This may be useful
if the user wishesto modify the locd shape of a mntour in an areawhere thereisalong line
segment.

One might exped add to be amouse adion under default mode. Once ajain, however, it is
advantageous to bredk interna consistency to draw the user’s attention to this operation asa
gpeda stuation, one that more drasticaly modifies a mesh than smple movement of points. In
addition, consstency can help leaning while impeding use. Making add a separate mode
makes default mode eaier to use. With add included as an operation in default mode, there
would be insufficient mouse adionsto handle dl of the tasks.

A left mouse dick in add mode alds apoint at the arsor locaion on asdeded contour. To
be mnsstent with the default and range modes, where the right mouse button desdleds the last
objed sdeded, in add mode, the right mouse button deletes the last point added.
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3.5.3 Designing the Look and Feel (The GUI)

The sLicE interface onssts of awindow that contains both a 3D and a 2D view of the surface
The 3D window islocaed on the left, and dsplays a 3D projedive view of the etire surface
The 2D view islocaed on theright, and dsplaysthe dosssedion of the surface ontaining the
current contour (seeSedion 3.5.2.3 for a definition of the aurrent contour). Interadion in one
window updktes the other. For example, sleding a point in 2D causes the point to be
highlighted in both views, aswell as causing the red-highlighted current contour to be upcated
inthe 3D view.

Benedh ead view isatext areathat providesinformation asto the airrent adions available
withthemouse. Thisinformation is updated acording to what key modifier is depressed as
well aswhat is currently seleded.

A menu bar a the top has a*File” menu which contains the standard (and thus externally
consgtent) “New”, “Open”, “Cloe”, “Save”, “Save &...” and “Exit” options. This menu was
not included in the interfaceused in the experiments.

Widgets providing operations that apply to both the 2D and 3D views are located between the
two viewsinthe cetre of the window. Theseinclude pushbuttonsfor “Undo move”, “Sded
nothing” and “Delete”.

Pressng “Undo move” restores the mesh to its $iape prior to the last movement of points.
After undoing amove, the button label changesto “Redo move”, and pressng it will restore
themesh toits gate dter the points were moved. SLICE provides only asingle level of undo
dueto storage limitations imposed by the cmmplexity of the data.

“Sdled nothing” dudicates the functiondity of the midde mouse button, desdleding all

objeds. It provides ome redundancy in the interface This may be useful sincethe mouse
mappings are fairly complex. If the user cannot remember al of the mouse mappings, thereisa
visble way (i.e., usng alabelled button) to perform the adion.

“Delete” is dightly different from an adion like move or add. It is smply an operation applied
to asdeded point or range of points. 1t does not, therefore, require mapping to amouse input
adion. (Note that move can aso be thought of as an operation applied to asdeded objed, but
it requires further mouse input to indicate anew postion.) The interfacedescribed in

Sedion 3.5.2.3 isused for seledion of a mntour, point or range of points. A GUI widget such
as apush button can then implement the delete adion. As per the previous discusson on
conggtency in Sedion 3.4.3, an additiona benefit of making delete aspedd caseinthe
interface(i.e., usng awidget insteal of amouse adion) isthat it draws attention to an adion
that has the potential to do damege if applied incorredly. A confirmation dialogue can also be
displayed when the adion is performed. Sinceno task in the experiments required the delete
operation, this button was not included in the experiment version of the interface

Buttons that apply only to the 2D view are locaed dredly beneahit. Theseinclude “Next”,
“Previous’ and “Reset view”.
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“Next” and “Previous’ smply cycle through the dosssedions, displaying ead oneinturnin
the 2D view. The airrent contour inthe 3D view isadso updated. Again, these buttons
provide redundancy in the interfacesincethe arow keys provide the same functiondity.

“Reset view” restoresthe view to its origina state, undoing any scroll and zoom viewing
transformations that were made. Thereisa wrresponding button located under the 3D view to
reset that view, which undoes al rotation, scrolling and zooming.

Under the 3D view are the widgets that gpply only to thisview. | have drealy discussed
“Reset view”. In addition, there aeradio buttonsto determine the arrent shading style, a
“Disclose Inner surface”togge button, adider to set the “Deform exponent” for secndary
point motion (seeSedion 3.5.1), and a“Reset exponent” button to restore the dider to its
default setting'.

Theradio buttonsto change the arrent shading style provide options for showing only the
contours, showing awireframe view of the surfacemesh, or for flat-shading the surface A
more sophisticated method of shading, such as Gouraud shading, is not used for performance
reasons, even in flat-shading mode, the display changes to wireframe when the view changes or
apart of theobjed isin motion. In Chapter 4, | will discussa pretest that was used to
determine what form of shading to usein the experiments. These radio buttons are not present
in the final experiment interface

When editing with sLICE, the portions of the surfaceto remove will often be on theinrer sde
of a dosed area Inthese caes, it will be necessary to disclose the inner surfacebefore editing.
The “Disclose inner surface”togdle aldresses this requirement by removing al front-fadng
polygons. Thistoggde button is not present in the final experiment interface

The “Deform exponent” dider affedsthe surface and the dfeds of itsuse aethusrefleded in
the 2D view. Thedider, however, isredly only useful in conjunction with the 3D view, and is
therefore located with the other 3D-related widgets. If an areaof points and a primary point
are dready sdleded when this dider is adjusted, it interadively changes the shape of the surface
acording to the seleded exponent. If nothing is Eleded, the dider setting will apply to all
subsequent motion of multiple ranges of points. A “Reset exponent” button will reset the dider
to its default value. In Chapter 4, | will describe apretest that was used to determine whether
thisfeaure should be included in the final experiment interface

! Since the term “exponent” may not be familiar to medical users, this should be renamed in future versions.
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Figure 3-6: SLICE interface used in the final experiment.

Figure 3.6 showsthe interfaceused in the find experiment. There ae some differences
between this and the complete interfacel dscussed here due to some fegures not being
included in experiment (such as the shading style radio buttons, the button to disclose the inner
surface ad the delete button), and due to changes made a aresult of feedbad< from pretests
(the addition of “Sdled on contour” and “Resdled only” buttons) which | will discussin
Chapter 4. Theinterfacein the experiment also contained a“Next tria” button that enabled the
user to progressthrough a series of tridsin the experiment.
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4. Experiments

| conducted an experiment to empiricaly determine whether a2D environment or a 3D
environment is superior for editing surfaces reconstructed from contours. Participants from the
University of Waterloo community ran trials in which they edited manually constructed surface
data Theresults of several pretests were used to fine-tune the environment for the experiment.
In this chapter, | present acomplete discussion of the pretests and final experiment, from the
experimental design to the results and their implications.

41 Overview

The most important step when designing an experiment isto determine what question one
hopesto answer with itsresults. This may seem obviousto the reader, but the kind of question
posed will drive the direction of the work, and the precision with which one formulates it will
determine the nature of the results. Inthis study, afirst attempt at a question might be

“Isa 2D environment or a 3D environment best for editing surfaces recnstructed from
corntours?’

This question addresses the fundamental issue that | would like to investigate, but it istoo
vague. Severd aspects need to be clarified. For instance, what does best mean? What is
involved in editing? What kinds of surfaces should be manipulated? Each of these ambiguities
relatesto adifferent issue. Thefirst isalack of precison in the motivating question. The
second is an experimental task that istoo broad in scope. Findly, the third is an experimental
environment that contains too many variables.

4.2 The Experimental Task

To make the question more predse, | first need to define “best”. Inthe UWT projed, the final
edited surfacewill be used to make predse measurements of fluid flow through an artery. For
thisreason, an interfacethat al ows acarrate manipulations of the surfaceis important.
However, it would be unredistic to exped a user to spend avast amount of time making a
sangle, smal adjustment. Thusthe interfacemust allow the user to work at areasonable speed
to achieve the desired acarragy. Since spead and acarragy are the fadors most important to
the end user inthe UWT projed, | will define best to mean fastest without 1oss of accuracy.
Speal and acaracy will be the dependent variables in my pretests and final experiment.

The semnd issie | must addressisthat of restricting the scope of the task that | investigate. |
determined in Sedion 3.1 that the primary function of SLICE isto alow the removal of
anomalies from surfaces reconstructed from contours. Because atypicd editing sesson
involves agrea many steps (and thus an abundance of variables) that depend on the data set
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involved, any attempt to mimic ared world editing scenario in the experiment would be
fraught with ambiguity. For thisreason, | must choose asmplified verson of the editing task
that sill containsthe key dements of ared life Stuation.

Thefirgt step in making this choiceisto eiminate any tasksthat dugdicae participants
behaviour. In Sedion 3.3.2, | outlined the dements of interadion, and found them to consist
primarily of adding, deleting, seleding and moving objeds. Contour manipulation isno
different from point manipulation in terms of either the mental or physicd processes of
determining where to seled on the screen and how to navigate the sleded item in 3-space
Thus, for the experiment, | will concentrate solely on point manipulation, asit will be the more
commonly performed adivity inthe UWT projed.

Sincedeleting pointsis smply applying an operation to a sleded point, and adding a point is
smply seleding a new location in which to place gpoint, the tasks of seleding and moving a
point encompassall of the interadions involved in point manipulation.

The task chosen for the experiment wasto remove abump or hollow from a surface usng
only the existing points. In other words, points may not be alded or deleted. The participant
must reshape the surfaceby seleding and moving existing points. | used the same task in both
the pretests and the final experiment. Thistask coversall aspeds of interadion recessary in the
SLICE interfaceincluding changing the view, seleding and moving points, and making three
dimensiona spatial judgements.

Thethird and final issue to addressiswhat type of surfaceto use for the aliting task. The
participants for the experiment had no training or experiencerecgnisng artefadsin artery
data. It wastherefore infeasble to present ared data set to a participant for repair. Such atask
would not have a tealy identifiable goa for the dosen participants. Instead, smplified deta
setswere manufadured for the experiment. | used a g/lindricd tube & the surface which
enabled me to provide agod that the participant could easlly identify: returning the tubeto a
reguar, cylindricd shape. This had the further benefit of guaranteang adegreeof smilarity
between trids. The g/lindricd tube does, however, maintain some redism asit is an idedised

artery shape.

| first considered having the g/lindricd goa surfaceshown on the screen for the user.
However, this made the experiment into a matching task, which is different from ared world
stuation where there is nothing to which the surface ca ke wmpared. It islikely to be eaer
to match an existing surfacethan to crede anew one. The presenceof the goal surfaceon the
screen would provide depth and positional cues not ordinarily present in the scene, and so one
was not displayed.

| consdered severd options for defining the end of atrid. One posshility would be to have the
trial end when the participant brought the surfacewithin a prescribed tolerance of the goal
surface This, however, leads to the measuring of speead, and not acarragy. Thisisundesrable
for two reasons. Firdt, | want to seeif userswill achieve the same acearragy in 3D asin 2D, S0 |
must not force aparticular level of acarragy inthetrid. Second, | would be unable to
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differentiate between adow user who isgood at 3D interaction, and afast user who struggles
for along time because he has trouble with 3D interaction.

Another option for determining the end of atrial wasto let the participant manipulate the data
for afixed amount of time, and then to measure the accuracy at the end of the elapsed period.
This, however, would lead to greater inter-participant variation within each environment in the
key factor of interest: accuracy. Some participants would be inherently dower than others, and
thus be interrupted at different stages of their repair srategies. Thiswould make it more
difficult to obtain meaningful satistica results when comparing differences between
environments. In addition, people might behave differently, and use different Srategies when
under artificial time pressure.

The option that | chose was to have the participant determine for himself when the editing task
is complete by making a subjective judgement that the surface has been restored to the goal
cylinder. Thus, the participant is matching the experimenta surface to an implied target
surface. Such atechnique has been used in previous experiments in the form of colour [Sch85]
and shape [Bos87, Rue89] matching to imitate a creation task. However, unlike a creation ask,
matching allows the experimenter to measure accuracy as well as speed. Using the matching
technique, | was aso able test whether accuracy judgements are difficult to make with the
SLICE interface.

Permitting the participant to determine his own stopping criterion alows an inherently dow
participant to be distinguished from one who is having trouble perceiving accuracy. If | used a
tolerance-level stopping criterion, both types of participant would have long tria timesand an
equa (by enforcement) measure of accuracy. With my method however, participants having
difficulty making accuracy judgements may have faster trid times, but will score lower on
accuracy. Inaddition, letting the participant determine the end of the experiment eliminates any
trials where the user might become frustrated after along period of struggling to arrive at the
desired shape. |If the user gives up on an editing task, such trials will be reflected in a poor
accuracy result.

The subjective factor that a participant-determined sopping condition introduces into the

experiment issomewhat mitigated by the instructionsthat I, as the experimenter, provided to
the participant. These included arough guide asto the leve of accuracy and speed that were
sought. In Section 4.3.7, | discuss the instructions provided to the participants in more detail.

4.3 Method

Once | had determined the question, | had to decide how best to answer it. The basic
experimental design isthe same for the pretest experiments and the final experiment. Inthis
section, | present the elements of subject selection, data design and procedure common to all
the experiments. | discuss the those aspectsthat pertain to a particular experiment in
Sections 4.4 through 4.7.
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4.3.1 Participants

Participants for the pretestswere d reauited from the University of Waterloo's Computer
Graphics Lab (CGL) and, as such, had some previous exposure to interadive 3D graphics. |
hoped to recave useful feedbadk from these participants for fine-tuning of the final experiment.

All participants in the pretests, except me, were male. My own results were typicaly examined
separately asthose of atrained user. Only one participant in the pretests was left-handed, but
used the mouse with hisright hand. Participants were dl in their mid-twentiesto ealy thirties.
They recaved no compensation for their participation in the pretests.

For the final experiment, there were sixteen participantsin al. Of these, thirteen were male and
threewere female. The participants were reauited by a news posting to the @mmputer graphics
course newsgroup, the CGL newsgroup, and individual email requedts.

One participant was afourth yea undergraduate student, threewere profesors, and the rest
were graduate students. All sixteen were from the Department of Computer Science |
wanted to use subjeds who were familiar with usng computers sncethe experimental task
was fairly complex. Inaddition, future users of the SLICE system, who represent the target
population, have experienceusing computers.

Two participants were |eft-handed, only one of whom used the mouse with the left hand.
Participants had a range of experiencein 3D interadive graphics, ranging fromnone d all to
extendvetraining. CGL memberswere not compensated for their participation in the study as
such contribution is expeded as a cndition of lab membership. Non-members were paid ten
dollarsfor their contribution.

After using the sLICE interface etensively, | and one other participant became “expert users’.
Our results were handled separately from the regular participants.

4.3.2 Data Creation

| created the data set for each trid by adding a deformation to a cylindrical tube of unit radius
comprised of ten cross-sections, with each cross-section having 25 points. | will refer to thisas
the base cylinder. Instead of creating severa deformations in one data set, | deformed the base
cylinder with a single bump or hollow for each individua trial to control for editing style. In
other words, participants are forced to tackle each deformation in sequence, rather than
switching back and forth between separate bump removad tasks. This provides an element of
congstency between participants, and isin fact the way in which expert users are expected to
use the syssem. Having only one bump for each tria instead of many, as might occur in redlity,
also makesit easier to measure the time taken to remove the bump.

Because | have few data sets from the UWT project, thereisno clear pattern to the appearance
of the scanning artefacts. Thus, for the experiment, | attempted to reproduce all possible
classes of bump. The deformation added to the base cylinder for each data set was one of a
ike, apine, aridge or ahill (refer to Section 3.3 for a description of each type of
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deformation) acording to the pretest or experiment in question. | provide detail s pertaining to
individual experimentsin Sedions 4.4 through 4.7.

The deformations were aeded using the sLICE editor. Starting with the base g/linder, points
were moved to crege abump or hollow. To avoid aways having a Smple inverse operation of
the data-credion stepsto return the surfaceto its base g/lindricd shape, deformations were
creded in anumber of ways. Some deformations were made by seleding and moving asingle
group of points. These data sets are termed default or smple, depending whether they use the
“Deform exponent” dider setting (refer to Sedion 3.5.1 for adescription of the dider that
controls the anount of movement of secndary contours) of ¥z (default), or another setting
(smple). Other data sets were made by seleding and moving one group of points, and then
seleding and moving a seand, overlapping set of points (thus influencing the position of some
points by atwo-step procesg. The data sets creaed with this two-step method are termed
complex, since adifferent dider setting was used when moving eadt of the two point
sledions.

When | chose the data sets to be used in ead experiment, | ensured that for ead deformation
type, there were an equal number of bumps and hollows, that the bumps appeaed equaly often
at thefront of the surface the midde and the badk (with resped to the orientation of the bump
at the gart of atrid), that the deformation lay equally often completely on-screen and partialy
off-screen (in the 2D view), and that there were an equal number of deformations with an odd
and even rumber of points, and in the cae of spinesand hill s, an odd and even number of
contours.

Recd from Sedion 3.5.1 that if auser seledsa primary point for motion that is not conneded
to an adjacet range, awarning isissied and no adion takes place Inthe cases of spine and
hill data sets, | ensured that the displaced points could al be seleded and moved together so
that this stuation would be unlikely to arise during the experiments.

4.3.3 Experiment Design

In Sedion 4.2, | determined that speed and acaracy should be the measures of the “best”
editing environment. Thus, spead and acaracy are the dependent variables for al experiments.
For the final experiment, the environment is the independent variable, and hastwo “levels” 2D
and 3D. Some of the pretests have adifferent independent variable, such as surfacetype. | will
discuss sich variations on a per-experiment basisin Sedions 4.4 through 4.7. In addition, the
nature of the deformation (spike, spine, bump or hill, as defined in Sedion 3.3) isasemnd
independent variable in some pretests, making those fadoria design experiments.

| chose awithin-subjed, or “repeded measures’ design for the experiments (i.e., eat subjed
recaves al conditions) for two reasons. Firgt, it would have been difficult to reauit the large
numbers of participants required for a betweeat-subjeds design (i.e., adifferent group of
subjedsreceves ead condition). Second, ead participant needs sgnificant timeto lean the
interfacethrough indtructions and pradicetrids. A betweeatrsubjeds design would involve
extratraining time.
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To minimise the dfeds of leaning, | used a cunterbalancing scheme. | made “order” a
betweatrsubjed variable by giving ead participant a different random order of levels of the
independent variable. Sincethere ae two independent variablesin dl experiments, | must
combine every level of one with every level of the other. Each such combination istermed a
condition. Thus, | randomise the order in which the onditions are presented to ea
participant. Even the order in which pradicetrias are presented is randomised, in case
subjeds chooseto do only thefirst one. | ensured that an equa number of ead condition was
presented in ead sesson. Infad, ead participant was presented with the same data sets
during the experiment, but in a pseudo-random order. However, ead tria used a different
data set, even when conditions were repeaed.

Ead participant completed a Sngle sesson comprising two or threepradicetrials followed by
12to 24 adud trids, depending on the experiment. The number of trias given to ead
participant was governed both by the length of time it takesto complete onetrid, aswell asthe
number of conditions required for the experiment. One hour was divided by the number of
conditions multiplied by the time per condition (i.e., time for one tria) to determine how many
times the complete set of conditions could be repeaed for the experiment. | did not wish to
make the antire sesson longer than one hour for fea the participant would lose wncentration,
or beaomefatigued. Thismeant | had to use afairly large participant poal to dotain sufficient
data sncethe @lledion of asingle data point took approximately two minutes.

4.3.4 Procedure

The experiment isrun from aUnix shell script. Ead tria isanew invocaion of the SLICE
program, with command line parameters to spedfy the conditionsfor the trial, such asthe data
file used and the surfacerendering type. The shell scripts were generated from a C program
that used sr and() and dr and48( ) to pseudo-randomly generate the parametersthat crede
thetria conditions. This ript generation program was run oncefor ead participant, and a
script file was output that had the participant’ sinitials as a suffix.

On ead trid, the participant is presented with the SLICE interface a depicted in Figure 3.5.
Note that the gopeaanceof theinterfacewas dightly different for the pretests; such
differences are described in Sedions 4.4 to 4.7. Inthe 3D view, the tube data set appeasin
the centre of the window, from an eyepoint looking down the zaxis. Inthe 2D view, asingle
contour liesin the ceitre of the window. After the participant has completed the interadions
necessry to eiminate the deformation, he pressesthe “Next Trid” button to stop the timing,
end the airrent trial, and begin the next.

Participants may pause between trids at this point if they desire, astiming for the new trial does
not begin until the mouseis moved. Between trids, the interfacedisappeas and regopeas for
the new trid, Snce eah trial isanew invocdion of SLICE.
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4.3.5 Data Collection

The philosophy behind the data-gathering processwasto colled as much information as
possble, in case it might prove useful in the analysisto follow. By gathering al information
thought to be relevant, | hoped not to have to reped any experiments $ould some trend be
reveded in the initial analyssthat provoked alook a unanticipated fadors.

The experiment program recrded information for every window entry or exit, mouse dick and
button pressevent generated by the participant. For these events, atimestamp, event code and
description were stored. The information was written out to four files. The naming
convention for these data files used the participants initials as a prefix to the file names. The
fileswere cdled abc.acaragy.info, abc.event.info, abc.event.data and abc.move.info, where
“abc” were the participant’ sinitials. Examples of these filesand detail s of their contents appea

in Appendix B.

The acaragy file recrded the find distance of ead point from the @rresponding point on the
base surface Thetwo event files gored information about the Sart time, duration, and nature
of every sgnificant user interadion with theinterface Ead time apoint was moved, the
movement file kept tradk of its new location, the distanceit was trandated, the arrent
seledion type, and whether the move was donein 2D or 3D.

The information contained in the four files described above was ditill ed into a single file for
andyssby SAS (agatigticd andysis oftware padkage). A C program was used to process
the datafiles, generating afile dc.out that wasreal by SAS. Thisfile mntained one line per
tria, with the subjed’ sinitids, trial number, information on the data set used, tota eapsed
time, total manipulation time, total viewing time, acarracy and other optional information,
depending on the particular pretest or experiment. The aceiracy was cdculated asthe tota
error summed over ead point and ead contour. An example of thisfileisincluded in

Appendix B.

4.3.6 Data Analysis

| used an analysis of variance (ANOVA) test to determine the means, variance and whether there
was any sgnificant difference in the means between groups. An ANOVA is used for interval or
ratio data when the underlying distributions are gpproximately normdl, asis expected of my
speed and accuracy measurements. | used a single variable ANOVA for the experiments with
only one independent variable, and atwo variable, no replacement ANOVA for my factorial
design experiments, which have two independent variables.

The F vaue of the ANOVA test reported for each experiment isthe ratio of variance between
groups to variance within groups. A ratio closeto 1 indicates that the groups sampled come
from the same population and the independent variable has no effect. AsF getslarger, one
becomesincreasingly confident that differences among groups were due to the effect of the
independent variable rather than to chance. Asastandard level at which aresult can be said to
be statigtically significant, scientists have agreed that the likelihood of obtaining the observed
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differences in samples due to chance should be lessthan 1in 20. Some scientists are more
drict, requiring that the test indicate a difference lessthan 1 timein 100. Thisiscaled testing
at the .05 or the .01 level of sgnificance and isreferredto asp <.050r p<.01. | will use

p < .05 for testing my results.

4.3.7 Instructions

Each participant received both written and verbal instructions at the beginning of the
experiment. | gave the same verbal instructions regarding the experiment procedure to all
participants, but aso permitted them to ask questionsiif they had difficulty with the interface.
After the interface was displayed on the screen with the first sample data set, | described the
format of the experiment. | told each participant that histask wasto move points on the
surface to diminate the single bump or hollow that would appear, thus returning the cylinder to
asmooth, regular shape.

| informed participants that their accuracy in performing the experimental task was more
important than their speed. Because my find god isto create a surface suitable for generating
a precise volume mesh, accuracy is more important to me than speed (provided, of course, that
the difference in speed is not extreme).

| indicated that they should strive to make each surface presented into a surface ascloseto a
cylinder as possible in areasonable amount of time, and without worrying about minute details.
In order to provide a guideline for what a""reasonable amount of time" should be, | estimated
that an average tria should take roughly two minutes. Thiswas determined by previoudy
timing severa people for some sampletasks. | ingtructed participants that | would measure
accuracy by the find shape of the surface, and not by the position of individua points. This
reflects what isimportant in fluid-flow andlysis for the UWT project.

| told participants that they had three practice trials before the real experiment began, and that
they should use these trids to familiarise themselves with the interface. To thisend, | left
written instructions with the participant that included a tutorid to guide them through the use
of al the festures of the interface. The written ingtructions also included aletter explaining the
purpose of the experiment. The full written ingtructions provided to the participant for the final
experiment appear in Appendix C. Ingructionsfor the pretests were smilar.

During the fifteen minutes following my initia instructions, | visited the participant in the
experiment room twice to see if there were any questions about the interface. | then left the
participant alone to do the experiment, and then fill out a questionnaire.

4.3.8 Pretests

Because the sLICE interface is so complex, there are many variablesin the experimental
environment that have the potentid to affect the results. It istherefore desirable to diminate as
many variables as possible so that | can be more certain that any experimental result obtained is
due to the independent variable, and not to some factor in the environment. Consequently, |
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used severd pretestsin an effort to diminate some of the variables such as the surface used for
rendering, and the controls of the GUI. The pretests dso served to fine-tune the experimental
design. They helped to vaidate the task, the data-gathering process and the reliability of the
results.

| used thefirgt pretest to determine the most effective surface type (both objectively and
subjectively) for displaying the data among contours only, wireframe mesh or flat-shaded. By
using only one surface type in the find experiment, | diminated one variable in the
environment.

| used the second pretest to determine which views (2D, 3D or both) should be presented to
user. By using only the best arrangement of views for the find experiment, | eliminated
another environmentd variable.

| used the fina pretest to determine whether any bump types could be eliminated from
congderation for the final experiment in afurther effort to reduce variables.

4.4 Surface Type Pretest

To reduce the number of variables in the experiment, | wanted to have only one surface type
for rendering objects. This pretest was designed as an informal means of determining the best
surface type to use, both from a subjective and an objective point of view. The objective
measure of "best" was that described previoudy in Section 4.1: fastest for editing without loss
of accuracy. The three surface types among which | had to choose were contours only,
wireframe mesh and flat-shaded. Due to performance limitations, | was unable to consder
such options as Gouraud-shaded or texture-mapped surfaces.

4.4.1 Experimental Design

Inthis pretest, | waslooking for atrend, rather than arigorousresult. Consequently, there
were only four subjects, including myself. Each subject received three practice trids, al using
hill data sets.

This pretest had afactoria design, since both surface type and bump type were manipulated.
For each of the three surface types, al of the four bump types (spike, spine, ridge and hill) were
tested, resulting in atota of 3 x 4 = 12 conditions. Two repetitions of each condition were
used for atota of 24 tridsin this pretest. For the spine and hill data sets, default, smple and
complex dider settings were present in equal proportions.

Only the 3D interface, with no 2D display, was used for this experiment.
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4.4.2 Participant Feedback

Participant feedbadk from this pretest served to uncover the bulk of the problems with the
sLICE interface Participants found that they often acadentaly seleded a point that was two
contours away from ther current seledion, espedaly in wireframe and shaded modes. This
caused themto lose their entire seledion, asit was replaced with the newly-sdleded point.
These ommentsled to an augmentation of the interface whereby seledions made with the
<Shift> key depressed are restricted to a contours adjacent to any existing seledion.

Participants reported smilar difficulties when re-seleding a point to make it the primary point
for motion. If an unsaleded point were acadentally chosen, the arrent seledion would be
lost. To reducethe ocaurrenceof this problem, a second feaure was added to the interface
When s, the “Resdled only” togge restricts the points that can be picked to those that are
dready sdleded. Thisassgsin the seledion of primary points.

Further participant feedbadk led to the improvement of the “Seled on Contour” toggle.
Insteal of restricting seledion to points on the cntour on which the last seledion was made, |
changed the functionality so that when set, seledion can occur only on the airrent, adive
contour (seeSedion 3.5.2.3). This contour can ke dianged using the arow keys. Itis
highlighted in red, thus providing a aieto the user asit is“moved” through the objed. Now,
the“Seled on contour” toggle makesit easy for the user to locate and seled points on any
given contour by restricting the degrees of freedom inherent in the problem.

Participants experienced further frustration when they seleded a range of points, and “missed”
thefirg point, i.e., they started the range seledion one point too ealy or one point too late, and
then dragged out therest of therange. Because dl range seledion was done by dragging the
mouse, there was no way to add or deseled a point from the end of arange; the whole range
had to be sdleded again. To remedy this, | added the dbility to desdled the exdpoint of arange
using the midde mouse button, and to seled an additiona point at the end of arange using
shift plus the left mouse button.

Participants also pointed out the confusion caused by having the diredion of range seledion
fixed with resped to the objed ingtea of the world. When the objed wasrotated 180 agrees
about they axis, the diredion of range seledion would reverse from the user's point of view.
Thisinconsstency was eliminated by adjusting the diredion of seledion acwrding to the
current degreeof rotation obtained from the model transformation matrix. For later
experiments, the diredion of rotation was always counter-clockwise on the screen as the user
moved the mouse to the right. Now, depending on the 3D rotation, the diredion of range
seledion in the 3D view may not aways correspond with the diredion inthe 2D view. This
may cause problemsif the user is &leding in one view while watching the other. On the other
hand, the discrepancy can provide some feedbadk asto the aurrent 3D rotation.

A final detall of theinterfacewas correded at this point by having the interfacewindow appea
in the same placeon the screen for ead tridl.
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Perhaps a more serious problem than those encountered with the interface involved the nature
of the data. Some participants found themselves smply zooming in from the default view, and
performing no rotation of the surface. This made the cylindrica surface appear asa set of
concentric circles, and hence the points that formed the deformation were immediately obvious
(seeFigure4.1).

Figure 4-1: Cylinder perceived as concentric circles.

The arrangement of the contours as a cylinder made the deformation into an emergent festure,
i.e, agloba property of the data not visble in isolation [Wic92]. In other words, the bump
became apparent as soon asit was placed in close proximity to the other non-deformed
contours. In addition, the human perceptua system is quite adept at perceiving circles and
detecting when a point lies dightly off the circle [Arn65]. Both of these globa processing and
feature detection phenomenatend to be pre-attentive and automatic. Thus, my choice of data
set produced an experimental task that participants could perform with great ease and
accuracy: digning pointsto match acircle. Such atask failsto mimic the ambiguity of the real
world task of removing deformations from an artery surface.

| decided to modify the test data sets used in the experimentsin case the effect of concentric
circlesintroduced a confounding variable into the study. | felt that smply squashing the
circular contoursto form elipses would not be sufficient to diminate the effect. My next
thought was to change the surface from a cylinder to a'Y -shaped tube. | till believed,
however, that thiswould ill be prone to the same pitfals as a cylinder when viewed from
certain angles.

The solution | implemented was to make the tube into a spira shape. In other words, the
contours are laid out along a spird path rather than adong the straight line axis of acylinder. A
partia spiral added sufficient curvature to the surface so that there was no angle from which
the user could line up the contours.
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Figure 4-2: Bending the cylinder into a spiral.

To further mitigate the effect, | used dliptica, rather than circular contours. Figure 4.2
illustrates the resulting surface. To create the new data, | warped my existing data sets with the
following equations:

X=(1+e)x+a(z), where a(z)=sin(z/k)

y=y+[(z), where B(z)=cos(z/k)

‘k’ was chosen as 4 to sweep out ¥z of a drcle and ‘e’ was chosen as 0.4 to stretch the unit
circle to an elli pse with amgjor axis of 2.8 (i.e., 2 [11.4), and aminor axis of 2.

Since dl contours of the base surface ae till i denticd under this mapping, the smoath, regular
shape of the surfaceis preserved. This allows participants to easlly identify irregularities and
recognise when they have been correded.

In addition, becaise the data sets were warped after the deformations had been added, the
deformeation exponent dider no longer performs a perfed inverse operation when the user tries
to iminate the bump. Without this effed of the warping, the dider might be more useful in
the experimental Stuation than it would be in thered world. With the warping of the data,
however, the dfedivenessof the dider ismoreredigic.

4.4.3 Results

Because there were so many changesto the interface as a result of the feedback from the first
group of participants, the experiment was repeated. Two fresh participants in addition to one
participant from the first verson of the pretest performed the experiment with the new interface
and warped surfaces. | used the data gathered during this run of the experiment to determine
the mogt effective surface type to usein the rest of the experiments. | present the main results
in the tables below, but afull analysis can be found in Appendix D.
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In the tables in this and the following sedions, the lettersin the “ Significant difference?’
column are used to indicate whether or not the result in the seand column (mean speed or
mean acarragy) is satigticdly sgnificant at the .05 significancelevd (i.e., alarge value of F and
p <.05). If two rows have the same lettersin the “ Significant difference” column, then thereis
no significant difference, whereas means marked with different letters are sgnificantly different.
For example, in the table below, we seethat the hill bump type is marked with an “A,” while
the ridge, spine and spike bumps types are marked witha“B.” Thismeansthat therewasa
gatigticaly sgnificant difference d the .05level in speed between the hill and the rest of the
bump types (F = 6.84, p = 0.0009, but no sgnificant differencein speed among the other
bumps types.

Bump | Mean Standard | Significant No. of
type Spead deviation | difference? | repetitions
(seconds)
hill 16912 14289 A 18
ridge 96.58 80.37 B 18
spine 87.00 6241 B 18
spike 37.98 3346 B 18

Table 4.1: Mean speed for each bump type

Thefirg test | did on the datawas a“ sanity ched” to seethat it took longer to corred the
deformation the more points there were to move. Thistrend isindicated by the mean spealsin
Table4.1. The spike (only one point displaced) was faster than the spine (single pointsalong a
range of contours), which wasin turn fagter than the ridge (points dlong asingle wntour). The
most complex bump type, the hill (an areaof points acossmultiple ontours), was $owest of
al. Although the differences are not datigticaly significant, it islikely that they would become
so with datafrom nmore participants.

Surface Mean Standard Significant No. of
type Speed deviation | difference? | repetitions
(seconds)
sheded 112.23 70.61 A 24
wireframe 103.12 129.23 A 24
contours 77.66 89.94 A 24

Table 4.2: Mean speed for each surface type

The mean speeds for each surface type in Table 4.2 show that participants were fastest with the
contour surface, and dowest with the shaded. These differences were gatigticaly non-
ggnificant (F = 1.00, p = 0.37), although a larger sample size may have made the result more
pronounced.
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Participants unanimoudy found the surface drawn with only contoursto be the easiest to
manipulate, and preferred it over the wireframe and shaded surfaces. They reported that they
were much more willing to spend the time to place the points precisaly with the contour
surface since that surface type was much less frustrating to use than the other two. 1n spite of
the extra care spent with the contour surface, it fill had the shortest associated mean time.

Bump type Mean Standard Significant No. of
accuracy deviation difference? | repetitions
hill 17722 0.6788 A 18
ridge 0.9962 0.9984 B 18
spine 0.2696 0.2524 C 18
spike 0.0593 0.0742 C 18

Table 4.3: Mean accuracy for each bump type

To secure confidence in my data and my analysis process, | compared the accuracy for each
bump type as an additional check. Recall from Section 4.3.5 that accuracy is measured asthe
total digplacement of the points from the base surface, and thus alower number means higher
accuracy. The units used to measure accuracy are the same as those used to measure the size
of the elipsesin the base cylinder, which had amajor axis of 2.8 units and a minor axis of 2
units.

As one might expect, the mean accuracy datain Table 4.3 showsthat there was a statisticaly
ggnificant difference in accuracy at the .05 level between some of the bump types (F = 36.20,
p =0.0001). Not surprisingly, accuracy, like speed, was best for the smplest data type (the
spike) and worgt for the most complex (the hill). The fact that further Satistical significance
emerges between the various bump types when accuracy is measured supports my previous
assumption that the results for speed differences between bump types would become more
ggnificant with more participants.

Surface type Mean Standard | Significant No. of
accuracy deviation | difference? | repetitions
shaded 1.0698 1.0945 A 24
wireframe 0.8118 0.9328 B 24
contours 0.4406 0.5193 C 24

Table 4.4: Mean accuracy for each surface type

There was a statistically significant difference in accuracy at the .05 level with each of the three
different surface types (F = 8.00, p = 0.0008). Accuracy was highest with the contour surface
and lowest with the shaded surface. The mean accuracy for each surface type isreported in
Table4.4.
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Userswere fastest and most acaurate with the contour surface These results were mnsstent
with participants verbal feedbadk. Contours only was found to be the eaest surfacetypeto
manipulate, and was preferred by al subjeds.

Asafinal ched, | looked for an interadion between the bump type and the surfacetype to
ensure that the @ntour surfacedid in fad globaly produce higher acarragy. | found no
tendency toward such an interadion (for acarracy, F=1.74, p = 0.13, and for speed F = 1.40,
p=0.23). Thus, the ontour surfacewas used for all subsequent pretests and experiments.
This dso dlowed more dired comparisons between the sLICE interface ad the IDEAS
interface which uses only contoursto display the surfacefor editing.

4.5 Additional View Pretest

In the fina experiment, | am interested in comparing editing in 2D and 3D. When editingina
2D environment, however, the presenceor absence of a3D view may affed the user's
performance (and likewise when editing in 3D). To avoid testing al combinations of 2D and
3D viewsin the final experiment, | used a pretest to determine whether in fad an additional
view was helpful to the user.

4.5.1 Experimental Design

Since | was again looking only for atrend, only four subjects in addition to myself and the
other expert user performed this pretest. | ranit in two separate sessons. One session
compared editing in 2D using only the 2D display with editing in 2D using an additiona 3D
display for surface viewing only. The other sesson made the equivalent comparison for editing
in 3D, comparing performance with and without an additional 2D display for viewing only.
Each subject received three practice trials and sixteen actud trialsin each sesson.

This pretest had a single variable design: the editing environment was the independent variable
manipulated. For both of the editing environments (i.e., with and without an additional view),
all of the four bump types (spike, spine, ridge and hill) were tested, resulting in atota of

2 J4 = 8 conditions. Two repetitions of each condition were used for atotal of 16 triasin this
pretest. Asin the surface type pretest, default, smple and complex spine and hill data setswere
present in equal proportions.

When both displays were present, the user was able to differentiate between the display for
editing and the digplay for viewing by the background colour. The display for editing had a
black background, whereas the display for viewing only was grey.

4.5.2 Participant Feedback

As expected, participants found the 3D view more difficult to use than the 2D view. They
reported that since they found the 2D view easier to use, they felt more inclined to take extra
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cae with acaracy when they were using it. Inared world scenario, however, one can
assime that users would be more motivated to be prease in whichever view they were using.

| added the ingtruction to the participants to stressacaracy over speed asaresult of the
feadbadk fromthis pretest. | hoped that it would urge usersto take & much care with
acaragy in 3D asin 2D. With thisingruction, | now hoped to measure differencesin
effedivenessof the interface rather than in motivation. The fad that users prefer to work in
2D, however, isdready atelling sgn that the 3D interfaceis arduous to use.

After thispretest, | uncovered another problem with my data sets unrelated to the use of
additional views. From participants reports, | found that it was gill to easy to remove the
deformations from the g/linders by performing the inverse processto therr credion. If a
participant happened upon the right group of points, he wuld smoaoth out the bump perfedly in
asngle movement. Sincethisisunreditic interms of thered data, | introduced some random
jitter into the points acording to the following equation:

jitter = 0.85 + 0.3 [drand48()
x = x Ljitter; y = y jitter

After the points had been stretched from acircle to an dlipse, | jittered a random point on each
bump by a small, random amount within a certain range. The effect of thiswas such that if the
participant did select and move the right group of points (i.e., the same ones that had been
moved in the creation of the deformation), the points would not fall exactly into place. Some
further fine-tuning of single points would be required to smooth the surface properly. This
effect better reflected interaction with actud artery data

4.5.3 Results

| used the data from this pretest to determine whether or not an additiond view should be
present in the interface for the final experiment. Since | wanted to use the same interface for all
trids of the final experiment, | did not differentiate between bump typesinthe data. A single
factor ANOVA was performed on both the 2D and 3D data to find out whether an additional
view was useful over dl datatypes. Once again, | present the main resultsin the tables below,
with afull anaysisin Appendix D.

Viewtype | Meanspeed | Standard | Significant No. of
(seconds) deviation | difference? | repetitions
2D only 55.84 45.42 A 46
2D with 3D 59.23 60.19 A 46
view

Table 4.5: Speed for editing in the 2D views.
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The presence of the 3D view when editing in 2D had no statiticaly significant impad on
participants speed (F = 0.093 p = 0.76), dthough the speed with the 3D view was dightly
higher than without it (Table 4.5). 1t does ®an reasonable that a user would be dower with
the alditiona 3D view sinceit provides extra information to process

View type Mean Standard | Significant No. of
Sped deviation | difference? | repetitions

(seconds)
3D only 70.25 6213 A 49
3D with 2D 7364 5764 A 49

view

Table 4.6: Speed for editing in the 3D views.

When editing in 3D, the presence of the 2D view had a Satistically non-significant effect on
peed (F=0.079, p=0.78). Asinthe 2D sesson, the mean speed with the additional view
was dightly greater than without it (Table 4.6). From verba reports from the participants, it
seemsthat the 2D view was used to aid with precison. The extraeffort that participants made
to be precise when the 2D view was present may have dowed them dightly.

View type Mean Standard | Significant No. of
accuracy deviation | difference? | repetitions

2D only 0.3441 0.4106 A 46
2D with 3D 0.3049 0.4038 A 46
view

Table 4.7: Accuracy achieved with the 2D views.

Table 4.7 reports the mean accuracy for editing in 2D with and without the additional 3D view.
When editing in the 2D view, there was no Statistically sgnificant difference in accuracy with
the presence of the 3D view (F=0.21, p=0.64). The 3D view did not seemto provide the
kind of information that asssted users with precise point adjusments, since there was no
sgnificant improvement in accuracy with its presence. There was also no decrease in accuracy,
however, since the 3D view provides additiona information to complement the 2D view.

View type Mean Standard | Significant No. of
accuracy deviation | difference? | repetitions

3D only 0.4736 0.7334 A 49
3D with2D 0.3241 0.4042 A 49
view

Table 4.8: Accuracy achieved with the 3D views.
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As anticipated from the verba feedbadk, acaracy was dightly better when the 2D view was
present when editing in 3D (Table 4.8), dthough this result was also statisticdly non-ggnificant
(F=156,p=0.21). Userscongsently reported that the 2D view helped them to be more
predse. Thismay be becaisethe 2D view is, by construction, paralld to the plane of the
contour. By the nature of the 3D view, the @mntour being edited is often rotated so that it isno
longer parald to the viewing pane.

There was awide variation between participants in terms of which view combinations were
most useful. Some subjeds never used the extra view; others some used it extensively. Those
participants who used the extraview were alamant about the need for itsincluson. Asde
from the one participant who found the extraview distrading, those who did not useit were
generaly unconcerned about its presence  Thus, participants found the extra view helpful at
best, and redundant but harmlessat worgt. It provided additional informeation for those who
wanted it, and wasignored by those who didn’t. The interfacewas therefore mnstructed with
the alditiona view for al subsequent experiments.

4.6 Deformation Type Pretest

At the outset of my inquiry into 2D and 3D environments for surface editing, | expected that
userswould perform better in a2D environment for tasks of a 2D nature. In other words,
where the deformation was restricted to a single contour, userswould do better correcting it in
agrictly 2D environment. My hope was that a 3D environment would be better for editing
deformations that were 3D in nature, i.e., spanning multiple contours. With this pretest, | thus
wished to eiminate the spike and ridge deformations as conditions for the find experiment
snce they affect only asingle contour. If participants perform better in 2D for these types of
deformations, then only spine and hill data need be tested in the final experiment.

4.6.1 Experimental Design

Instead of running more participants through an experiment, the data used to determine
whether the spike and ridge could be eiminated from the final experiment were taken fromthe
additional view pretest, and smply analysed differently. Only the data from the sessons with
both views present were consdered (i.e., sessons having 2D editing with a3D view and 3D
editing with a 2D view). For each of these two environments, al four bump types had been
tested, and two repetitions had been made of each condition, resulting in 16 trias per
participant (4 x 2 x 2 =16). Six participants had performed the pretest. This meant that there
were 96 data pointsin total, consisting of 24 for each bump type, with half from each
environment. For this pretest, each of these groups of 24 data points was analysed separately
using environment type, i.e., 2D versus 3D, as the independent variable.
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4.6.2 Results

The following tables present the main results, with a complete analysisin Appendix D. The
conditions analysed in this pretest were the same as those used in the final experiment, so |
could look at trendsto anticipate the results of the final experiment. The spine and hill data did
not produce any statistically sgnificant results with only the small number of participants used
in the pretest, however, and so merit further study with more people in the final experiment.

Environment Mean Standard | Significant No. of
accuracy deviation | difference? | repetitions

2D 0.0743 0.0876 A 12
3D 0.1002 0.1408 A 12

Table 4.9: Mean accuracy for spine deformation.

Environment Mean Standard | Significant No. of
Speed deviation | difference? | repetitions

(seconds)
2D 52.49 44.90 A 12
3D 59.01 28.78 A 12

Table 4.10: Mean speed for spine deformation.

The means reported in Tables 4.9 and 4.10 reved no Satistically sgnificant difference in speed
or accuracy for spine deformations (for speed, F = 0.18 and p = 0.68, and for accuracy,
F=0.29and p=0.59). Participantswere alittle dower and alittle less accurate in 3D.

Further study with more participantsin the find experiment will show whether or not thistrend
is Sgnificant.

Environment Mean Standard | Significant No. of
accuracy deviation | difference? | repetitions

2D 0.8467 0.4361 A 12
3D 0.8239 0.4275 A 13

Table 4.11: Mean accuracy for hill deformation.

Environment Mean Standard | Significant No. of
Speed deviation | difference? | repetitions
(seconds)

2D 131.70 64.80 A 12
3D 145.50 58.61 A 13
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Table 4.12: Mean speed for hill deformation.

Asillustrated by Tables4.11 and 4.12, the same trend in speed occurred for hill data asfor the
ginedata, i.e., participants were dightly faster in 2D than in 3D. Accuracy, however was
dightly better in 3D. Neither result was Satigticaly sgnificant (for speed, F=0.31, and

p = 0.58, and for accuracy, F = 0.017 and p = 0.90). Again, this merits further study with more
participants.

Environment Mean Standard Significant No. of
accuracy deviation | difference? | repetitions

2D 0.0255 0.0207 A 11
3D 0.0212 0.0223 A 12

Table 4.13: Mean accuracy for spike deformation.

Environment | Meanspead | Standard | Significant No. of
(seconds) deviation | difference? | repetitions

2D 16.29 1.57 A 11
3D 26.29 10.66 B 12

Table 4.14: Mean speed for spike deformation.

Table 4.13 showsthat there was no sgnificant differencein acaracy between 2D and 3D
(F=0.23 p=0.64) for the spike data. As predicted, however, participants were sgnificantly
faster at the .05level in 2D thanin 3D (F = 6.61, p=0.02). Accoording to the definition of
“best” from Sedion 4.2, thismeansthat 2D is the best environment for removing spike
deformations.

Environment Mean Standard | Significant No. of
acaracy deviation | difference? | repetitions

2D 0.2443 0.0976 A 11
3D 0.3095 0.2072 A 12

Table 4.15: Mean accuracy for ridge deformation.

Environment | Meanspeed | Standard | Significant No. of
(seconds) deviation | difference? | repetitions

2D 30.47 10.75 A 11
3D 57.78 27.39 B 12

Table 4.16: Mean speed for ridge deformation.
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Just asthe spike data confirmed my predictions about 2D being a better environment for
editing 2D deformations, s0 did theridge data. Table 4.15 presents the mean accuracy for the
two environments, there was no sgnificant difference between them (F=0.90, p=0.35). The
mean speedsin Table 4.16, however, show that participants were again sgnificantly faster at
the .05 levd at editing in 2D (F =9.56, p = 0.006).

Spikes and ridges were diminated from condderation in the find experiment, leaving only spine
and hill data setsto betested. This cut the number of experimenta conditionsin half, allowing
more relevant data to be gathered during the limited duration of the final experiment.

4.7 The Final Experiment

Once a sound experimental environment was established, | was ready to test for my main
result. This experiment was used to determine whether a 2D environment or a3D
environment was better for editing deformations of a 3D nature, namely spine and hill data sets.

4.7.1 Experimental Design

The fina experiment was conducted over a period of one week. Eadh participant was brought
into asmall, quiet roomto perform the experiment aone on theroom’s sngle workstation.
Ead sesson lasted approximately one hour, and consisted of threepradicetrids, twelve red
trids, and a short questionraire.

There were an equal number of trials for the 2D and 3D environments, and an equal number of
spine and hill data sets, distributed evenly over the two environments. In order that the
participants could finish the trials in about half an hour, threerepetitions of ead condition were
included, since atria takes approximately two minutesto complete (2 x 2 x 3=12). Anequa
number of data sets had bumps and hollows, and equal numbers were nstructed using smple,
default and complex dider settings.

Inthe first pradicetrid, the participant was freeto edit in both the 2D and the 3D windows ©
that he could try everything inthe ingtructions. The second two pradicetrias were presented
in random order. One d owed editing only in 2D and the other alowed editing only in 3D.

The same data sets were presented to all of the participants, but ead participant recaved them
in adifferent random order.

4.7.2 Results

| present the main results in the tables and charts below. A complete satistical anadyss can be
found in Appendix D. Spine and hill data were grouped together in this experiment, and a
sngle variable ANOVA was used to test for differencesin the mean speed and accuracy between
2D and 3D.
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Figure 4-3: Accuracy for 2D and 3D environments

Figure 4.3 compares the mean accuracy for the 2D and 3D environments (indicated by red
squares). The yellow squares mark one standard deviation away from the mean. Thereisvery
little difference in the means between the two environments.

Environment Mean Standard Significant No. of
accuracy deviation difference? | repetitions
2D 0.7622 1.0231 A A
3D 0.8045 1.1279 A 9%

Table 4.17: Mean accuracy for 2D and 3D environments.

Indeed, the meansin Table 4.17 show no gatistically sgnificant difference in accuracy between
the two environments (F = 0.073, p = 0.79). Thisbodeswell for the viahility of a 3D interface
because it showsthat users are able to be equally precise using either 2D or 3D for editing.
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Figure 4-4: Time to edit for 2D and 3D environments.

A glance at Figure 4.4 shows that the performance of the 3D interface suffered with respect to
its speed component. The mean speed for 3D is noticeably dower than for 2D, with awider
spread of the data.

Environment Mean Standard | Significant No. of
Speed deviation | difference? | repetitions

(seconds)
2D 118.44 62.33 A %}
3D 149.60 100.97 B 96

Table 4.18: Mean speed for 2D and 3D environments.

This difference in speed was Satigticaly sgnificant (F = 6.52, p = 0.012), asillustrated in
Table4.18.

To better understand why participants might be so much dower at editing in 3D thanin 2D, |
looked at a breakdown of how they spent their time in each environment.



58 CHAPTER4

3D p——

OViewing

B Observation

Environment

0% 20% 40% 60% 80% 100%

Time (percent of total)

Figure 4-5: Breakdown of total time to edit.

In Figure 4.5, all segments represent a percentage of the totd time aliting in ead environment.
The burgundy band indicaes time spent observing. This measured time spent either smply
looking at the screen, or performing adions such as picking points in preparation for editing.
The yellow band shows time spend in viewing the surface which included time spent rotating,
trandating or zooming the view. Finaly, the blue band shows the time spent manipulating, or
adualy moving, the points.

The overdl pattern of interadion was the same in ead environment. It isinteresting to note,
however, that alarger percentage of time was ent on observation timein 3D. Thisis
presumably becaise there is more information to processin the 3D environment, and it takes
longer to arient onesdlf in 3D.

In absolute terms, more time was gent in 3D than in 2D for ead of the three @liting adions.
In particular, 20 percant of the extratime was gent on viewing, 40 percent of it on
manipulation and 40 percent of it on observation.

In hoping that 3D would be better than 2D for tasks of a 3D nature, | had hypothesised that the
ability to manipulate d the points of the 3D deformation as a single group would gve 3D an
advantage over 2D. After discovering that 3D wasin fad dower than 2D for the editing, |
looked at the data more dosely to seewhether the aditing strategy chosen by the user had any
impad on performance In particular, | compared editing speed of participants who used a
“multi-range” strategy (i.e., seleded and moved areas of points ganning multiple mntoursasa
single group) with editing speed of participants who used a*“single-range” strategy (i.e.,
seleding and moving ranges of points one @ntour at atime). | found that in fad, multi-range
editing was a sgnificantly dower strategy than the single-range technique.

The more 3D in reture the task becane, the dower were the participants. Not only were they
dower when using a full-blown 3D editing technique, but when | analysed the spine and hill
bump-types sparately, | found that the significant differencein editing speeds between 2D and



EXPERIMENTS 59

3D actualy came from the hill data, with the spine data showing the same trend without a
datigtically sgnificant difference.

Thelast factor | investigated was the effect of previous experience with 3D graphics on
performance. By chance, participants were evenly distributed into three categories of
experience according to a self-reported level of experience obtained from the questionnaire
administered at the end of the experiment. Five participants were deemed novice users, having
never used a 3D graphics package before. Six participants were intermediate users with limited
experience with 3D graphics, such as taking a fourth-year university computer graphics course.
The other five participants were experts conducting full-time research related to 3D graphics.

While both novice and expert user groups performed with smilar speed and accuracy in 2D
and 3D, intermediate users were less accurate and dower in 3D thanin 2D.

Experience | 2D mean 2D 3D mean 3D
Speed sandard Speed sandard
(seconds) deviation (seconds) deviation
Novice 128.90 70.86 149.28 93.24
Intermediate 115.02 52.87 166.67 102.40
Expert 112.79 65.34 129.42 106.14

Table 4.19: The effect of experience with 3D graphics on performance.

The mean speeds reported in Table 4.19 reved that al userswere faster in 2D thanin 3D. In
fact, however, this difference is only sgnificant for the intermediate level participants (F = 7.23,
p = 0.009).

Experience | 2D mean 2D 3D mean 3D
accuracy sandard accuracy standard
deviation deviation
Novice 1.00 1.30 0.92 1.37
Intermediate 0.58 0.85 0.78 1.04
Expert 0.97 0.90 0.72 0.97

Table 4.20: Accuracy in 3D versus experience.

It should also be noted that there was no significant difference in accuracy between the groups
(F=0.26, p=0.77). Infact, theintermediate users were dightly less accurate than the expert
users, dthough dightly better than the novices (Table 4.20). This meansthat the reduced
gpeed for the intermediate users cannot be accounted for by anincreasein precison. The only
theory | can offer for thisresult isthat the novices were faster in 3D than the intermediate users
because they were less precise, and that the intermediate users were dower than the experts as
aresult of their lack of experience. This suggeststhat previous experience with 3D graphics
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does improve performancewith sLICE's 3D editing interface It does not show, however, that
prior experiencewith 3D graphics narrows the gap between performancein 2D and 3D with
SLICE.

In addition to the participantsin the final experiment, two expert users, including mysdf, used
the sLICE interface atengvely. Asis suggested by the results with general experiencein 3D
graphics, prior experiencewith sLICE improved performancewith that interface Thiswastrue
for both 2D and 3D, however, and expert users were still much faster a 2D than a 3D, with
smilar acaragy in both environments.

4.7.3 Participant Feedback

In addition to the quantitative results | obtained from the 2D and 3D trids, | gathered some
subjedive data through a questionraire that wasfilled out by participants upon completion of
thetrials. Thetext of questionnaire gpeasin Appendix E adong with a mmplete anayss of
the results from every question. Here, | will report only on the overal results and significant
findings.

For ea viewing, point seledion and point movement task, the questionreire asked
participants whether they found 2D or 3D more enjoyable, easiest to use and most effedive for
that task. Users could also indicate no preference by marking a cdegory designated “Equal.”
The questionnaire asked about viewing the bump, viewing the tube a awhole, and seleding
and moving single points, ranges of points and areas of points.

Thefinal question asked for the users overal preferencebetween 2D and 3D. Inthiscase, no
“Equal” category was provided. Intwo cases, participants chose to crede their own “Equal”
caegory. Figure 4.6 below showsthe reaults.

Overall preferences

Most enjoyable

OEqual
H3D
@2D

Easiest to use

Most effective

0% 20% 40% 60% 80% 100%

Figure 4-6: Overall environment preferences.
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2D was clealy preferred by users as the most enjoyable, easiest to use and most effedive
interface Some participants even told me that given a dance, they would have performed the
entire experiment using the 2D environment. In the questionnaire results, 3D came out ahead
inal categoriesfor viewing the objed asawhole. Thisisnot surprising, as| assuimed from the
sart that 3D was better than 2D for the visudisation of entire objeds.

3D aso won out over 2D for moving ranges of points on multiple adjacet contours. This
does not correlate with the quantitative results, but it isinteresting that users perceived 3D to
be abetter environment for that task. Thisleads meto believe that it might have been detail s of
the interfacés implementation, rather than the fad of editing in 3D that led to the dower
performancewith 3D. At the very least, there seemsto be some role for 3D in this type of
editing process

Finaly, 3D was perceived as more dfedive than 2D for seleding ranges of points on multiple
adjacet contours. Interms of the more enjoyable ad easy to use interface 2D and 3D were
fairly evenly matched. For every other interadion task, 2D was chosen asthe better interface
hencethe overal results.

The other interesting result to emerge from the questionnaire was in response to aquestion |
posed about the interadion between the 2D and 3D views. | added this question as aresult of
observing the way in which | used the sLICE views myself. Figure 4.7 reports the results of
asking whether or not participants watched one view while moving pointsin the other.

View interaction

O Often

Watch 2D while B Sometimes
moving in 3D ENever

Watch 3D while
moving in 2D
0% 20% 40% 60% 80% 100%
i re sin t e an vie sin concert.

When asked whether or not they watched the 2D view while moving pointsin 3D, everyone
reported that they did at least some of the time, and most people reported doing this frequently.
When questioned further, participants said that watching the 2D view helped them to place
points more precisely.
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People also watched the 3D view while editing in 2D, although this occurred less often.
Participants said that the 3D view provided them with some context to see how the change
they were making to a particular contour related to the adjacent contours, and the surface asa
whole.



5. Conclusions and Future Work

At the outset of thisstudy, | predicted that 2D would be better than 3D for editing
deformations of a 2D nature, specificaly spikes and ridges. That prediction was borne out by
my experimenta results. | had aso hoped, however, that 3D would be a superior to 2D asan
editing environment for correcting deformations of a3D nature, namely spines and hills. The
2D nature of the data, however, had a stronger effect than the 3D nature of the deformeation.

In spite of, and perhaps because of, the inherent congraints in the surfaces that restricted point
motion to aplane, participants were fagter a editing in 2D for dl types of deformations, while
maintaining a congstent accuracy between 2D and 3D.

In determining the applicability of these resultsto the rea world, | must assess how well they
generadiseto the target setting: the UWT project. There are atwo key differences between the
data created for the experiments and actual artery datasets. Fird, the points on the actua
datasets are much closer together than the points on the hand-generated data used in the
experiment. This should not have a Sgnificant impact on the results, however, since the click
and drag range selection interface (see Section 3.5.2.2) was designed with the tightly-spaced
points of actual artery datain mind. Second, the experimental data contained no branches,
which are key elements of the data being studied inthe UWT project. Whether or not this
impacts the results depends on where the artefacts in the scanned data are located.
Unfortunately, | have little information on either the shape or the location of the deformations.
Asfar asthe shapeis concerned, the experimental data covered al of the basic types of bumps
and hollows possible, and the surface itsalf is smilar in shape and curvature to actua artery
data

Since the experimental environment that | used probably represented a reasonable interface for
ageneral contour-editing application running on low-end hardware (i.e., systemsusing a
monitor and mouse as opposed to a stereoscopic display and 3D input device), one might
conclude that editing of surfaces reconstructed from contours should be performed in a gtrictly
2D environment. Participant feedback, however, revedled that each environment had its
strengths and weaknesses. 2D was clearly best for precise movement of points. The 3D view
did have its place in the interaction process too, however, and was found to be best for tasks
that dedlt with the surface in amore global way.

Because the 3D view alowed usersto see the surface asawhole, it afforded an easy way to
locate a deformation and determine its megnitude. 1n addition, 3D provided a context in which
to evaluate the deformation. One contour could be compared to the next to determine how
changesto it would affect the global shape of the surface.

During the experiment, participants were restricted to editing in only one of the 2D or 3D
environments, and using the other just for viewing. When the expert users of the interface had
both views available for editing, however, they found it natura to use the 2D and 3D viewsin
conjunction. An effective editing procedure was to use the 3D environment to locate and
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select a contour for editing, and the 2D environment to actualy move the points. Furthermore,
coarse changes could be made in 3D before proceeding to 2D for fine-tuning.

Further sudies on using the two viewsin concert are warranted. In determining what features
to include in the final SLICE interface, it would be interesting to investigate in more detail for
which tasks each of the two environments (2D and 3D) isbest suited. At the very least,
however, it scemsthat an interface for editing surfaces from contours should provide a 3D
environment for viewing the entire surface, and selecting individua contours for editing ina 2D
environment.

When conddering the dower performance results in 3D, one must ask how much impact the
particular implementation of the interface had on the outcome. | fed that the result was strong
enough that athough improvementsto the 3D interface might narrow the performance gap
between 2D and 3D, 2D will dways outperform 3D for editing surfaces reconstructed from
contours. 1t would be ingtructive to test thiswith further studies. These could investigate such
factors as better rendering techniques, new interface styles, automatic feature detection and
using improved hardware.

It might be informative to relax the hardware restrictions imposed by the UWT project to test
whether better rendering techniques make 3D editing a more viable option. Texture maps
could be added to the flat-shaded surfacesto provide better depth cues. Introducing a better
shading mode such as Phong or Gouraud shading (see Foley and vanDam for a discussion of
these shading methods [Fol90]) might also enhance depth cues, thereby improving the 3D
environment. Tranducent shading of the surfaces might provide an effective means of
displaying the contours and the shape of the surface smultaneoudy which might also give 3D
an edge.

It would be also beinteresting to combine the current sLICE style of 3D interface with a
traditiona constraint-based tool like a handle widget [Hou92, Con92, Str92] that emphasised
the inherent planar congtraint of the surface data.

Breaking away from the current interface paradigm, future work could incorporate some
automatic processing of the datainto the interface. Either the program could have some
intelligence built in to detect anomalous features, or the intelligence to correct such anomalies.
Because of the distinction between artefacts in the data and actual features, some human
intervention in the editing process is always likely to be required. For the auto-correction of
defects, the user could select the points that form comprise the defect, and have the program fit
acurve or curves to remaining points on the contours. It could thenfill in anew curve
segment for the selected areato match the fitted curves, thus smoothing out the bump or
hollow. The user could then accept that as the findl surface, or intervene with further manual
editing.

Finaly, an entirely different tack could be taken in future research. Instead of attempting to
make the mapping problem less troublesome in the 3D interface, improved hardware could be
used to bypassit altogether. Surface editing experiments could be conducted using
stereoscopic views and bats (3D mice).
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Pursuing one or more of these avenues definitely merits some attention. | think it is sgnificant
that users perceived the 3D environment to be better than 2D for salecting and moving points
that spanned multiple contours, even though thiswas not reflected in the quantitative results.
The intuitive preference for 3D in this Stuation leads me to believe that it isworth continuing
the search for anatura and effective interface for editing surfacesin a 3D environment.
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Appendix A: Design Space

The following is adescription of the design space of possibilities | considered in the creation of
the sLICE interface. | present only the most basic tasks, namely selection, rotation, trandation,

deletion, insertion. Further details depend on the particular implementation chosen. For each

task, | give an application-independent list of possible implementations.

Select

In order to add, delete or move an object, a position must first be selected. Points, contours
and entire surfaces may be selected, singly or in groups.

Possible implementations include the following:

Rubber-band a volume around the desired object or objectsina 3D view.
Rubber-band an area around the desired object or objectsina 2D view.

Press a mouse button (single or double click) while the locator is over the object to
be selected. If this selection is ambiguous, then have the user cycle through the
possibilities until the desired choice isreached. For arange of objects, hold down
the <Shift> key" while making selections after the first. The mouse may be pressed
for each new selection, or smply dragged to salect neighboursin adirection
corresponding to the mouse motion.

To select arange of objects around an aready selected focal object, adider, did,
or text entry (specifying the number of affected points) could be used to select
neighboursin aradia or axia direction from the focus.

Click on the end objects of arange to select all objectsin between.

Interactively drag two lines to intersect them over the desired object ina 2D or 3D
view of the surface; each line has one degree of freedom for movement ina 2D
view, or two degrees of freedomin 3D.

Define a planar boundary in 3D, such as arectangle or dlipse, and
1. sdect dl objectsthat lie within its projection on some surface, or

2. useit to divide an object into two parts, selecting only those partsthat lie
on one side of the bounding plane and within its confines.

! Note that the <Shift> key is chosen here for multiple selections because of its fairly widespread use in other graphical applications, but
any non-repeating key could be used just as easily.
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» Usng the spacdar, arrow keys, mouse buttons or a button widget, cycle through
al objeds marking the desired ones by means of a mouse or key press

* Choose anamed objed using atext entry, scrolled list, or radio buttons (chedk
boxes for multiple objeds).

Rotate

Some viewing tasks, and posshly some aliting tasks, require rotation. The user must be dle
to rotate the anitire surfacein order to view it from different angles. In addition, if planar
boundaries are used, they must be rotated to the @rred orientation for tasks such as pedfying
a aitting pane ad defining an areaof effed.

Possble implementations include the following :
e Use adider or did for rotation about ead of the three ®ordinate axes.
* Use adider or did for ead of pitch, yaw and roll.

* Usetradkbal rotation while amouse button is held down, or whilein a“rotate
mode”.

* Ead of the threemouse buttons is mapped to rotation about one of the mordinate
axes. Either or both of mouse x and mouse y motion while the button is held down
produces rotation about the crresponding axis.

* Use atext entry to spedfy an angle of rotation about ead axis.
* Usegraphicd handles on the objed with which to rotate it about ead axis.

Trandate

Both scrolling and zooming of the view require trandation of the viewpoint. Inthe 2D view,
the D0m effed is creaed by scding the adosssedion. All trandation of the view is constrained
to aplane. Scrolling ocaurs pardlée to the xy plane. Zooming is further constrained to asingle
axis (2).

Points, contours and panar boundaries can dso be trandated. The only trandation task for
which there aethreedegrees of freedom isthat of moving aplanar boundary in 3-space Like
the view, trandation of points and contoursis constrained to aplane. Asaresult, the same
objed motion to mouse motion mappings for trandation of points and contours can ke used in
either a2D or a 3D view.

Possble implementations include the following:

e Use adider or did for trandation pardle to ead coordinate ais.
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Usetext entry for amount of trandation parale to ead coordinate ais.

Usetext to enter coordinates of a new position in gpace (Besides not being
intuitive, this method makesi it difficult for the user to keep the point in an arbitrary
planein 3-spaceg.

Map the motion of the objed in asingle diredion to ether or both of mouse x and
mouse y motion while one of the mouse buttonsis held down, or whilein a“Move
mode”.

Map the motion of the objed in two perpendicular diredions to mouse x or mouse
y motion while abutton is held down. One button mapsto dbjed motion in one
diredion and the other button mapsto dbjed motion in the orthogona diredion.

Map the motion of the objed in two orthogonad diredions to mouse x and mouse'y
motion respedively, while abutton isheld down, or while in amode.

Indicae the new location for an objed by interseding two lines a the desired point
ina2D or 3D view. Ead line has one degreeof freedom for movement ina 2D
view, or two degrees of freedom in 3D.

Usethe arow keysto move the objed in 2D, or inthe planeto whichit is
condrained in 3D.

Move objeds as a function of the motion of another spedfic objed (for example
move arange of seleded points as a function of the motion of one of the points).

Use graphicd handles on the objed with which to trandate it in ead diredion.

All of the dove methods can beused ina 2D or a3D view

Insert

Points may need to be inserted on a parsely populated contour in order to fadlitate fine
adjusmentsto its digpe. Contours must aways be planar, so insertion of a point isrestricted
to the plane of the @mntour to which it isbeing added. When inserting in 3D, agrid
representing the plane of the @mntour may be used to provide feedbadk to the user for
positioning. Since ontours are evenly spaced in the input data, contour insertion will not be

permitted.

Possble implementations include the following:

Click on thelocation for the new point with the mouse. This may be doneina2D

view, or ina3D view where postion is condrained to a plane.

Usetext entry to spedfy the locaion of the new point. This may be donein 2D or
3D.
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* Usethe arow keysor didersto move amarker around in 2D or 3D constrained to
aplane. A button widget, key pressor mouse pressindicaes when the marker has
readed the desired locaion for the new point.

* Indicae the new location for an objed by interseding two lines a the desired point
ina2D or 3D view. Ead line has one degreeof freedom for movement ina 2D
view, or two degrees of freedom in 3D.

Deete

Points, contours and surfaces may be deleted. If deletion isimplemented as an operation on a
seleded item, then all of these caes would be handled in the same way. On the other hand, if it
isimplemented as a mode, then deletion would work just as €led (which could be another
mode).

Fealbad to the user to indicate delete mode wuld be a @rrsor change to, for example, the
standard skull and crossones cursor.

An undo feaure, which could be provided for al editing operations, is espedally desirable for
‘delete’ dinceit has potentialy destructive @mnsequences. Another option, which could be
combined with ‘undo’, isfor the delete operation to request confirmation from the user.

Possble implementations include the following:
* Apply delete a an operation.

* Draganitemto anicon. This could only be used for surfaces snceother objeds
like points and contours are dtaded.

Apply Operation
Operationsthat do not require the user to spedfy any parameters, or for which sufficient
information hes dready been provided, may be gplied with asngle ation. Such operations
include deleting seleded objeds, turning off front-fadng polygons, or undoing the previous
adion.
Possble implementations include the following:

* Pressabutton widget to perform the operation.

* Pressakey to perform the operation.

* Sded amenuitemto perform the operation.

* Double-click the mouse to perform the operation.



Appendix B: Sample Data Files

Acauragy is based on matching the shape of the base g/inder, rather than matching
corresponding points. Thus, acaracy is measured by determining the distance from ead point
on the participant’s fina surfaceto the crresponding circle on the base g/linder. The file
abc.acaragy.info contains a numbered labdl for ead point beside its distance from the “true”
circle. Thelist of pointsfor ead sedion begins with rumbered sedion label. Ead trial is adso
demarc7ated with alabdl.

Ead user interadion event was recorded with a timestamp. The file dc.event.info contains
thisinformation. Thisfile records the name of the data set for ead trid, along with descriptive
detail s about the type of surfaceit contains, a new tria demarcation, the view type for the tria
(i.e, 2D or 3D), and an entry for ead event. The dart time, end time and duation of eah
event is recorded, along with a textua description of the event, such as “move point.” The
event is recorded when it ends. There ae two types of events. Some events are single
operations, such as picking a point. These ae deemed to occur while the participant is
observing. The seaond type of event measures the time spent in different modes, including
observing. The sngle events that ocaur during observation are indented in the file. By
convention, they al have the same gart time & the “parent” observation event during which
they ocaur. Their end times mark when they finish, and the duration measures the anount of
time since the beginning of the observation event. Other events, such as “rotate” or “move
point,” are treaed equivaently to “observe”, and have their sart, end and duation times
recorded upon completion. At the end of ead trid, the total elapsed time, tota view time,
tota manipulation time and total observation time ae recrded. The SLICE program keeps
track of these with internal counters. Tota view time includes al time for rotation of the
cylinder, and trandation and zooming of the view. Tota manipulation time includes al time
that the participant spent moving points. Tota observation time encompasses the rest of the
time when the user was smply observing the data, making dedsions about what points to
move, seleding or deseleding points, changing the aurrent sLICE with the arow keysetc. The
tota elapsed timeis smply the sum of the total viewing, manipulation and observation times.

Timing was done within the sSLICE program usng cdls to the C library function
get ti meof day() . Timestamps were recrded for events by getting the arrent clock time
with this function. Timing was done in millisecnds. | did not worry about the time taken to
write to recrd the eventsin the files sncethistime is negligible in terms of the dapsed times of
roughly two minutes per tria.

The file dc.event.data mntains exadly the same information as abc.event.info, but in a form
that is lesshuman-readable, and easier to processwith a C program. The event descriptions
are replacal with numerica codes.

In case it becane important to study the movement of individual points, and not just their final
postion, information was recrded ead time points were moved. The file dc.move.info
contains the data set used for ead trid, and a new tria demarcation. For ead trid, the points
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that were moved are listed one per line. A blank line separates eat group of points that was
moved. The gtart of the line is the word Sngle (if the point was moved done), Range (if the
point was moved as part of arange; thisis ssmndary motion), Primary (if the point was the
primary one moved by the user when moving a range, or multiple ranges) or Multi-range (if
the point was moved as part of agroup of ranges, thisis soondary motion). The next item on
the line indicates the cntext, i.e., whether the move ocaurred in 2D or in 3D. The sedion
number and point number follow this. Findly, the distancethat the point moved sinceits last
postionisremrded. Thisdatawas not used in the final analyss.

The following are samples from the data files gathered duing the running of atrid:

abc.acairagy.info

Ip/arteries/code/scd pel/ datalhill Sb.ont
New trid:
Acauracy:

{..}

section 5

point O: distance: 0.000000

point 1: distance: 0.018504

point 2: distance: -0.017115
point 3: distance: -0.025646
point 4: distance: 1.850630

point 5: distance: 2.948860

point 6: distance: 2.391859

point 7: distance: 1.151355

point 8: distance: 0.000000

point 9: distance: 0.000000

point 10: distance: 0.000000
point 11 distance: 0.000000
point 12 distance: 0.000000
point 13 distance: 0.000000
point 14: distance: 0.000000
point 15: distance: 0.000000
point 16: distance: 0.000000
point 17: distance: 0.000000
point 18; distance: 0.000000
point 19: distance: 0.000000
point 20; distance: 0.000000
point 21 distance: 0.000000
point 22 distance: 0.000000
point 23; distance: 0.000000
point 24: distance: 0.000000

{..}



SAMPLE DATA FILES

abc.event.info

Iplarteries/code/scal pel/ datalhill 3a.ont

New trid:
datatype 4
subtype 3
view type 3
dart time:
enter 3D: 3D
observe: 3D
rotate: 3D
{...}
range select: 3D
arrow back: 3D
valid mouse pick: 3D
observe: 3D
{...}
observe: 3D
adjust def exp: 3D
enter 3D: 3D
mouse pick primary: 3D
observe: 3D
move multi range: 3D
mouse desdlect: 3D
mouse desdlect: 3D
observe: 3D
rotate: 3D
mouse pick primary: 3D
mouse desdlect: 3D
mouse desdlect: 3D
mouse desdlect: 3D
valid mouse pick: 3D
observe: 3D
move point: 3D
arrow fwd: 3D
valid mouse pick: 3D
observe: 3D
move point: 3D
{...}
valid mouse pick: 3D
invalid mouse pick: 3D
invalid mouse pick: 3D
valid mouse pick: 3D
{...}
observe: 3D
move point: 3D
arrow fwd: 3D
arrow fwd: 3D
Endtrid:
Total elgpsed time 191655037
Total view time 20934568
Total manip time 60.365459
Total observetime 110349399

81724437382452
81724437382452
81724437382452
81724437579746

81724440478251
81724440893405
81724440893405
81724440893405

81724441£64295
81724442B315749
81724442394951
81724442394951
81724442394951
81724442677424
81724443515554
81724443515554
81724443515554
81724443%66024
81724443%32690
81724443%32690
81724443%32690
81724443%32690
81724443%32690
81724443%32690
817244442049225
81724444@27124
81724444@27124
81724444@27124
81724445B77729

81724445497960
81724445497960
81724445497960
81724445497960

817244558178922
81724456(0r49259
817244561769207
817244561769207
817244561769207

817244373148569
81724437579678
81724438158229

81724440893335
81724441M12301
81724441288025
81724441206018

81724442315661
817244423F94884
81724442464793
817244426157958
8172444277315
81724443515485
81724443306066
817244433%55771
81724443%65958
81724443%32604
81724443%70193
8172444476499
8172444426456
81724444B86517
81724444335187
817244442049034
81724444827055
81724444887133
8172444523069
81724445177661
81724445497892

817244464662188
81724446%74053
81724446604571
81724446847012

81724456(0r49194
817244561769139
817244563295328
817244563170684
81724456437489

366
2697
5478

4015
1218
3494
3612

8051
1479
369

2663
2782
4938
1990
2140
4050
2966
1137
1543
1693
2353
3802
3916
4477
1260
3595
4450
3120

10064
10976
11506
13549

2270
1019
1526
1701
2968
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abc.move.info

Iplarteries/codef/scal pel/datalhill Sb.ont

New trial:

Single context: 2 sedion:
{...}

Single context: 2 sedion:
Single context: 2 sedion:
Range context: 2 sedion:
Primary context: 2 sedion:
Range context: 2 sedion:
Range context: 2 sedion:
Primary context: 2 sedion:
Range context: 2 sedion:
Range context: 2 sedion:
Range context: 2 sedion:
Single context: 2 sedion:
Range context: 2 sedion:
Primary context: 2 sedion:
Single context: 2 sedion:
Range context: 2 sedion:
Primary context: 2 sedion:
Single context: 2 sedion:
{...}

Multi-range context; 2 sedion:
Multi-range context; 2 sedion:
Multi-range context; 2 sedion:
Multi-range context; 2 sedion:
Multi-range context; 2 sedion:
Multi-range context; 2 sedion:
Primary context: 2 sedion:
Multi-range context; 2 sedion:
By exponent context; 2 sedion:
By exponent context; 2 sedion:
By exponent context; 2 sedion:
By exponent context; 2 sedion:

(..}

4 point 12 dist moved: 1.028524

5 point 3: dist moved: 0.410723
5 point 4: dist moved: 0.240950

5 point 2: dist moved: 0.163566
5 point 3: dist moved: 0.286301
5 point 4: dist moved: 0.211602
5 point 5: dist moved: 0.064857

5 point 2: dist moved: 0.044644
5 point 3: dist moved: 0.047716
5 point 4: dist moved: 0.018846
5 point 5: dist moved: 0.002399

5 point 1: dist moved: 0.000000

5 point 2: dist moved: 0.187020
5 point 1: dist moved: 0.291178

5 point 3: dist moved: 0.000000

5 point 4: dist moved: 0.040100
5 point 3: dist moved: 0.062624

5 point 5: dist moved: 0.031894

5 point 7: dist moved: 0.214153
5 point 6: dist moved: 0.699068
5 point 5: dist moved: 0.945488
5 point 4: dist moved: 0.541113
4 point 16; dist moved; 0.857317
4 point 15; dist moved; 2.798349
4 point 14: dist moved; 3.781952
4 point 13 dist moved: 2.166448

5 point 7: dist moved: 0.856610
5 point 6: dist moved: 2.796271
5 point 5: dist moved: 3.781953
5 point 4: dist moved: 2.164452

APFENDIX B
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The following is an example of the file produced from processing the previous data files. It
served asinput into the statistical analysis package:

abc.out

Suj/tri datalsub viewt elaps view manip obsv acc mr

jrh 14 5 2 1642573880 160.701431 294.469201  1187.383091 31.368387 1
jth 2 2 7 2 56325769 1.409902 12136408 42778671 0.017623 1
jrh 3 4 3 3 257.768463 28.221481 72.658821 156.881829  0.945007 1
jrh 4 4 1 3 173349806 7.486496 64.609234 101.250629 0.303381 1
jth 52 1 2 37518057 1.049873 13695989 22771365  0.000000 1
jrh 6 4 3 3 191655037 20.934568  60.365459 110.349399 1572414 1
jrth 7 2 4 3 110466812 10.032031 42121329 58310868  0.057716 1
jrh 8 4 6 2 202440859 11710618  70.777607 119947202  2.157498 0
jrth 9 4 5 3 140405402 20250786 43717115  76.434207 1232670 1
jrh 110 4 2 2 168916645 17.166891 57973815  93.770738  0.609180 1
jrh 11 4 4 2 137649984 9100651 39.202469  89.342976 1.589894 0
jrh 12 2 5 2 54839138 11.578115 14.114977 20.144774  0.066103 1
jrh 13 2 6 3 99449770 13.804576 17.181083  68.461957 0.227878 1
jrh 14 2 3 2 110059874 15770696  27.841905  66.443630 0130213 1

jrh 15 22 3 40018902 8.480365 12311272 19225994  0.041205 1
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Appendix C: Experiment Instructions

The following are the instructions given to participants at the start of the final experiment:

Department of Computer Science
Faculty of Mathemeatics
University of Waterloo
September 26, 1995

Dear Student:

| am a graduate student in the Department of Computer Science at the University of Waterloo. | am
conducting research under the supervision d Professors Rick Kazman and Stephen Mann on the
manipulation d computer representations of surface meshes. Threedimensioral object manipulationis
becoming more and more prevalent with the advent of ‘virtual redlity’. Thus there is the neal to
determine where the strengths and pitfalls of 3D interaction lie  As a student of computer science
yoursdf, your views and abili ties could be of importanceto this gudy.

| would appreciate if you could participate in an experiment and fill out a brief questionreire The
experiment will require you to move points on a deformed tube to return it to its original regular shape.
The manipuatiors will be dore in both 2D and 3D envirorments.  Ingtructions will be given (both
written and aal) as to the exact methods of your experiment. You will be timed for the duration d the
experiment, and yaur interactions with the computer will be recorded (ie messages will be automatically
written to afile as you view and move thetube). The questionraire will ask you to rate your experiences
of the experiment.

You will bepaid $10for participating in the research study.

It is expected that the experiment and questionreire will take approximatdy ore haur of your time.
Although it is desired that you complete the eperiment and questionreire, you can end yaur
participationat any time. Please natethat any informationthat you provideis considered corfidential and
would be seen orly by mysdf and my supervisors. Furthermore, | am interested in general results rather
than specific results of anindvidual, so yau will na beidentified by namein any report.

This project has bea reviewed and approved for ethics through the Office of Human Research &
Animal Care at the University of Waterloo. If you have any questions or concerns resulting from your
participationin this gudy, please cortact this officeat 885-1211Ext. 6005

Thank yau in advance for your assstance. If after reading this letter and participating in the experiment
and questionreire, you have any questions about this project, please fed free to contact Professor
Kazman at 8851211Ext. 487Q or Professor Mannat 885-1211Ext. 4526

Yours sncerdy,
Julie Waterhouse



78 APFENDIX C

Department of Computer Science
Faalty of Mathemetics
University of Waterloo

Surface Editing Experiment Ingtructions

The surface éliting experiment will consist of a series of trids. In eadt trid, two views will be
presented to you containing a tube that has a deformation (bump or hollow). Your task is to
remove the deformation, and turn the objed bad into aregular dlli pticad tube. You will do this
by seleding and moving points on the tube.

On ead trid, both a 2D view and a 3D view of the tube will be shown. The 2D view is a
crosssedion through the tube showing a wntour. It is possble to cycle through ead of the
contours in order. This 2D view can aways be dianged through trandation and zoom
operations (described in the dtaded Reference sedion). The 3D view is a perspedive
projedion of the whole tube. This 3D view can always be danged through rotation,
trandation and zoom operations (described in the dtached Reference sedion).

Although the view can always be dianged in either 2D or 3D, you will only be @le to move
points in one of the two views. Which view this is will vary from trial to trial. The view in
which you can move the points will have ablack badground. The other view will have agrey
badkground. Points can be sdleded and moved singly or in groups in order to eiminate a
deformation. A group of points can be a ontinuous range of points dong a single @wntour, or
an areaof points made up of a set of adjacent ranges aaossmultiple @mntours.

When you have mmpleted atrid, click on the "Next trid" button in the top left-hand corner of
the interface or pressthe F1 key, to move on. The firg threetrids are just for pradice Use
this time to get familiar with the interface and take a long as you want on eat pradicetrial.
Thefirst pradicetrid alows you to move pointsin both 2D and 3D. Y ou should use this trial
to go through the reference gude and lean dl of the interface operations. The other two
pradicetrias will be just like red ones: you will only be @le to move pointsin 2D or in 3D
(but not both). You will be sgnalled with a popupwindow when the red experiment begins.

Your interadions with the program will be recrded and timed. If you need a bre&k, you can
res a the dart of atria (right after you have pressed "Next trid" or the F1 key), becaise
timing does not begin until you move the mouse or pressa button during atria. Both your
speal and acaracy will be measured. Acauragy is most important. Try to be & acarate &
you can, but dont spend too long making micro-adjustmentsto the points. It is expeded that a
tria will take roughly two minutes on average.

If you have ay questions after reading these instructions, please fed freeto ask me now.
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Department of Computer Science
Faalty of Mathemetics
University of Waterloo

Surface Editing I nterface Reference

Thefollowing is a description of how the interfaceworks. All methods described work in both
the 2D view and the 3D view unlessotherwise spedfied.

In order to change the view, hold down the control key. Moving the mouse while holding
down the left mouse button then provides tradbal rotation. Tradkball rotation is explained in
asedion at the end of this document. Rotation is only available in the 3D view. The midde
mouse button is used to zoom the view, and the right mouse button is used to trandate the
view. Thiscan bedonein 2D or 3D.

To undo viewing changes, click on the "Reset view" button for a window. This will undo
any rotation, trandation or zoom changes that were made. There ae separate buttons for the
2D and the 3D views. There is no redo gption with this button. The view is reset to its
garting position, and any changes that you made to the view are lost.

Sdect a point by clicking on it with the left mouse button. Dragging the mouse dter a
seledion will move the point.

The shift key is used when selecting multiple points.  Smply hold down the shift key for
sledions after thefirst. To sdled a set of adjacett points (arange), seled the first point, and
then hold down the shift key while dragging the mouse. Dragging the mouse to the right
sdledsin a dockwise diredion on the screen; dragging to the left sdledsin a cunter-clockwise
diredion on the screen.

In order to add an extra point onto the end of a range, shift click onit. It must be ajacant
to an exigting range.

In order to delete a point from a range, seled it with the midde mouse button. It must be
one of the exdpoints of the range.

Multiple ranges are seleded by repeding the range sdledion process while the Shift key is
depressed. Inthisway, you can sdled an areaof points.
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Threepoints worth noting about seledion:

1. Every point you seled in a range moves when a primary point is picked. Thus when
moving arange, you should only seled those points that are “out of place’, and that you
wish to move (ie dont sdled any “anchor” points.)

2. When sdeding multiple ranges, addtiona ranges must be adjacent to existing ranges of
sleded points.

3. When sdeding with the shift key depressed, seledion is restricted to new seledions on
contours with dready sdeded points, or the mntours adjacent to these.

In order to move multiple points, a primary point of motion must be defined by clicking on
one of the dready sdleded points with the left mouse button. Dragging the mouse dter this
seledion will cause the group of seleded points to move. One primary point can be sdeded
for asingle range, or for multiple ranges. In the latter case, moving the primary point credes
or flattens a mound-like shape.

The “Deform exponent” dider changes the shape of deformation. It can ke used when
multiple ranges of points are being moved on adjacet contours. When the primary point is
dragged, the dider controls how much the points in the other contours move. The dider vaue
represents exponential dropoff. For example, if the dider is st to one, points on adjacet
contours move the same anount as the primary point. If the dider is &t to 1/5, the pointsin
the contours adjacett to the one @ntaining the primary point move one fifth as much as the
primary point, and the @ntours adjacent to those (one more level out), move 1/5 as much
again. The "Resat exponent” button is used to resat the dider to its default value of 1/2.
Please refer to the diagram on the next page.
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O OC

Starting contours

ad,

Draggng some seleded points with slider set to Y.

4,

Dragging some seleded pointswith slider set to 1.

Figure C.1: Using the “deform exponent” slider.



82 APFENDIX C

Clicking anywhere in the 2D or 3D window with the right mouse button will desdect the last
sdledion. It can be used repededly to desdled items in the reverse order of sdedion. To
desded everything, either click repeaedly with the right mouse button, or click the “Sdled
nothing” button on the interface

Click on the “Undo move” button on the interfaceto undo the las move. The button will
then belabelled “Redo move”, and can ke used to redo the move that was undone.

“Next” and Previous’ are used to change the 2D view to the next contour of the g/linder in
ead diredion. This aso changes the “current contour” in the 3D view. The left and right or
up and down arrow keys can dso be used to cycle through the contours (ie dange the
current contour).

In order to redtrict selection to a antour, sat the “Seled on contour” toggle. This means that
points can only be seleded on the highlighted, “current” contour. Thisis useful when seleding
in 3D where cetain views can make ssledion ambiguous.

In order to restrict selection to an drealy sdleded point, set the “Resdled only” togge. This
is useful when sdeding a primary point, to ensure that only an drealy sdeded point is
targeted as the primary point. It helps to avoid the problem of missng the desred point and
garting an entirely new sdedion.
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Trackball rotation
Author for this section: Michadl Hardy, August 12, 1993.

Holding down the Control key and left mouse button and moving the mouse will rotate the
scene using trackball rotations. The best way to think of this type of interaction is to pretend
that the sceneisin a large glass sphere that is sticking out of the window. The mouse can be
thought of as ahand that strokes the sphere. Where and in what direction the sphere is stroked
will determine how the scene rotates.

Moving the mouse from left to right THROUGH THE CENTER OF THE WINDOW will
rotate the scene from left to right.

Moving the mouse from top to bottom THROUGH THE CENTER OF THE WINDOW will
rotate the scene from top to bottom.

Moving the mouse from the upper right to the lower left THROUGH THE CENTER OF THE
WINDOW will rotate the back right corner of the scene up and over to the front left of the
scene. This is like stroking the sphere from the upper right corner towards the lower left
corner.

Moving the mouse clockwise around the window WHILE STAYING NEAR THE BORDER
OF THE WINDOW will rotate the scene clockwise. Thisis like turning the sphere clockwise.

M ouse mapping

The current mouse mapping for a window is aways described in the text box located directly
below that window. Also fed freeto refer to the following diagrams at any time.

Select | Desdlect | Desdlect
new | endof last Move point

point | range

Default mouse mapping.
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Select
additional

<Shift> +

Desdect
last Select range

Mouse mapping when shift key is pressed.

Trackball
rotation

<Ctrl> +

Zoom
view

Trandate Drag to change view
view

Mouse mapping when control key is pressed.



Appendix D: Experiment Results

Following is the complete atistical analysis of the results of the pretests and final experiment.

Surfacetype pretest results:

Speed: Surface type and Bump type Interaction
Anova: Two-Factor With Replication

SUMMARY Wireframe Shaded Contours Total

Spike
Count 6 6 6 18
Sum 195.5916 380.293 107.7022 683.5867
Average 32.59859 63.38217 17.95036 37.97704
Variance 306.685 2192.58 16.95612 1119.624
S.D. 33.46078

Spine
Count 6 6 6 18
Sum 387.3114 790.7117 387.9868 1566.01
Average 64.55189 131.7853 64.66446 87.00055
Variance 278.7209 8454.133 901.1557 3895.361
S.D. 62.41283

Ridge
Count 6 6 6 18
Sum 678.9234 819.8758 239.6623 1738.461
Average 113.1539 136.646 39.94372 96.58119
Variance 10333.29 5173.33 347.5631 6458.634
S.D. 80.36563

Hill

Count 6 6 6 18
Sum 1212.952 702.6906 1128.589 3044.232
Average 202.1587 117.1151 188.0982 169.124
Variance 46262.96 3047.907 15123.99 20418.33
S.D. 142.8927

Total
Count 24 24 24
Sum 2474.779 2693.571 1863.94
Average 103.1158 112.2321 77.66418
Variance 16701.26 4985.691 8089.9
S.D. 129.2334 70.60942 89.94387
ANOVA
Source of Variation SS df MS F P-value F crit
Bump type 158111 3 52703.68 6.841726 0.000485 2.758078
Surface type 15406.68 2 7703.338 1.000009 0.373924 3.150411
Interaction 64560.2 6 10760.03 1.396813 0.230814 2.254055
Within 462196.3 60 7703.272



APPENDIX D

Accuracy: Surface type and Bump type Interaction

Anova: Two-Factor With Replication

SUMMARY Wireframe Shaded  Contours Total

Spike
Count 6 6 6 18
Sum 0.173555 0.730429 0.163274 1.067258
Average 0.028926 0.121738 0.027212 0.059292
Variance 0.00026 0.01036 0.001065 0.005502
S.D. 0.074174

Spine
Count 6 6 6 18
Sum 1.515016 2.357709 0.962454 4.835179
Average 0.252503 0.392952 0.160409 0.268621
Variance 0.125187 0.046582 0.011976 0.063723
S.D. 0.252434

Ridge
Count 6 6 6 18
Sum 6.208968 9.821954 1.901004 17.93193
Average 1.034828 1.636992 0.316834 0.996218
Variance 1.052984 1.250472 0.037066 0.996734
S.D. 0.998366

Hill

Count 6 6 6 18
Sum 11.5855 12.76596 7.54748 31.89893
Average 1.930916 2.12766 1.257913 1.772163
Variance 0.150389 0.845843 0.071328 0.460823
S.D. 0.67884

Total
Count 24 24 24
Sum 19.48303 25.67605 10.57421
Average 0.811793 1.069835 0.440592
Variance 0.870057 1.197939 0.269716
S.D. 0.932768 1.094504 0.519342
ANOVA
Source of Variation SS df MS F P-value F crit
Bump type 32.61466 3 10.87155 36.20319 1.75E-13 2.758078
Surface type 4.802585 2 2401292 7.996507 0.000834 3.150411
Interaction 3.135155 6 0.522526 1.740056 0.127271 2.254055
Within 18.01756 60 0.300293

Total 58.56996 71
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Additional view pretest results:

2D Speed
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance S.D.
Both 46 2724591 59.23023 3623.044 60.19173
2D only 46 2568.862 55.84483 2062.7 45.41696
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 263.6008 1 263.6008 0.092723 0.761446 3.946866
Within Groups 255858.5 90 2842.872
Total 256122.1 91
2D Accuracy
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance S.D.
Both 46 14.02001 0.304783 0.163017 0.403754
2D only 46 15.83046 0.34414 0.168612 0.410624
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.035627 1 0.035627 0.214863 0.644101 3.946866
Within Groups 14.92332 90 0.165815
Total 14.95895 91
3D Speed
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance S.D.
Both 49 3608.413 73.64107 3321.938 57.63625
3D only 49 3442.106 70.24706 3860.513 62.13303
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 282.2238 1 282.2238 0.078587 0.779825 3.940158
Within Groups 344757.6 96 3591.226
Total 345039.9 97

87
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3D Accuracy
Anova: Single Factor
SUMMARY

Groups Count Sum Average Variance S.D.
Both 49 15.88239 0.32413 0.163379 0.404202
3D only 49 23.20663 0.473605 0.537875 0.7334
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.547393 1 0.547393 1.561181 0.21453 3.940158
Within Groups 33.66021 96 0.350627
Total 34.2076 97

Bump type pretest results:

Spike: Speed
Anova: Single Factor
SUMMARY

Groups Count Sum Average Variance S.D.
2D 11 179.179 16.289 57.23406 7.565319
3D 12 315.4412 26.28677 113.6699 10.66161
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 573.657 1 573.657 6.60928 0.017816 4.324789
Within Groups 1822.71 21 86.7957
Total 2396.367 22
Spike: Accuracy
Anova: Single Factor
SUMMARY

Groups Count Sum Average Variance S.D.
2D 11 0.280902 0.025537 0.000427 0.020653
3D 12 0.254884 0.02124 0.000497 0.022302
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.000106 1 0.000106 0.228462 0.637605 4.324789
Within Groups 0.009737 21 0.000464
Total 0.009843 22
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Ridge: Speed
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance S.D.
2D 11 335.1637 30.46943 115.581 10.75086
3D 12 693.3819 57.78183 749.9729 27.38563
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 4281.203 1 4281.203 9.558785 0.005527 4.324789
Within Groups 9405.511 21 447.8815
Total 13686.71 22

Ridge: Accuracy
Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance S.D.
2D 11 2.68698 0.244271 0.009517 0.097553
3D 12 3.713743 0.309479 0.042951 0.207246
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.024403 1 0.024403 0.902814 0.352836 4.324789
Within Groups 0.567629 21 0.02703
Total 0.592032 22
Spine: Speed
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance S.D.
2D 12 629.9031 52.49193 2015.678 44.8963
3D 12 708.0858 59.00715 828.1498 28.77759
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 254.6887 1 254.6887 0.179117 0.676242 4.300944
Within Groups 31282.1 22 1421.914

Total 31536.79 23




Spine:Accuracy
Anova: Single Factor

APPENDIX D

SUMMARY

Groups Count Sum Average Variance S.D.
2D 12 0.891309 0.074276 0.007682 0.087649
3D 12 1.202506 0.100209 0.019821 0.140787
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.004035 1 0.004035 0.29343 0.593475 4.300944
Within Groups 0.302536 22 0.013752
Total 0.306572 23
Hill: Speed
Anova: Single Factor
SUMMARY

Groups Count Sum Average Variance s.D.
2D 12 1580.345 131.6954 4199.512 64.80364
3D 13 1891.504 145.5003 3434.786 58.60704
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 1189.186 1 1189.186 0.312901 0.581313 4.279343
Within Groups 87412.06 23 3800.524
Total 88601.25 24
Hill: Accuracy
Anova: Single Factor
SUMMARY

Groups Count Sum Average Variance S.D.
2D 12 10.16082 0.846735 0.190151 0.436063
3D 13 10.71126 0.823943 0.182792 0.427542
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.003241 1 0.003241 0.017398 0.896209 4.279343
Within Groups 4.285166 23 0.186312
Total 4.288407 24
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Final experiment results:

Speed

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance STD
2D 94 11133.53 118.4418 3884.497 62.32574
3D 96 14361.26 149.5965 10195.05 100.9706
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 46098.98 1 46098.98 6.517284 0.011477 3.891401
Within Groups 1329788 188 7073.343
Total 1375887 189
Accuracy
Anova: Single Factor
SUMMARY
Groups Count Sum Average Variance STD
2D 94 71.64813 0.762214 1.046797 1.023131
3D 96 77.22798 0.804458 1.272085 1.127867
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.084757 1 0.084757 0.073026 0.787277 3.891401
Within Groups 218.2002 188 1.160639
Total 218.285 189
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Appendix E: Questionnaire and Results

The following is the questionnaire that was administered to participants upon completion of the
final experiment.

Department of Computer Science
Faculty of Mathematics
University of Waterloo

For the following tasks, please indicate which environment was most effective for
completing that task, which waseasest to use, and which was most enjoyableto use.
Circlethe appropriate response.

viewing the tube asawhole:

most effective 2D 3D Equa
most easy to use 2D 3D Equa
most enjoyable to use 2D 3D Equa

viewing a bump or hollow::

most effective 2D 3D Equa
most easy to use 2D 3D Equa
most enjoyable to use 2D 3D Equa
selecting asingle point:

most effective 2D 3D Equa
most easy to use 2D 3D Equa
most enjoyable to use 2D 3D Equa
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selecting arange of points on asingle contour:

mogt effective 2D
mogt easy to use 2D
most enjoyable to use 2D

selecting ranges of points on multiple adjacent contours:

mogt effective 2D
most easy to use 2D
most enjoyable to use 2D
moving asingle point:

mogt effective 2D
most easy to use 2D
most enjoyable to use 2D

moving arange of points on a Sngle contour:

mogt effective 2D
mogt easy to use 2D
most enjoyable to use 2D

moving ranges of points on multiple adjacent contours:
mogt effective 2D
most easy to use 2D

most enjoyable to use 2D

3D

3D

3D

3D

3D

3D

3D

3D

3D

3D

3D

3D

3D

3D

3D

Equal
Equal

Equal

Equal
Equal

Equal

Equal
Equal

Equal

Equal
Equal

Equal

Equal
Equal

Equal
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Please answer the following questions by circling the appropriate response:

Overall, which environment did you find most effective in performing the tasks?

2D 3D

Overall, which environment did you find easest to use when performing the tasks?

2D 3D

Overall, which environment did you find most enjoyable when performing the tasks?

2D 3D

Did you watch the 3D view while moving pointsin the 2D view?
A) Never
B) Sometimes

C) Often

Did you watch the 2D view while moving pointsin the 3D view?
A) Never
B) Sometimes

C) Often

Have you ever used any graphical modelling packages (such asa CAD package) before?
A) Never

B) Sometimes (please specify):

C) Often (please specify):
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Please comment on any problems you had using the interface:

Please provide any additional comments you feel might be useful:




97 APPENDIX E

The following chartsillustrate the results from the questionnaire.

Viewing the tube as a whole

Most enjoyable to
use
O Equal
MOSt easy to use _: . 3D
m2D
Most effective
0% 20% 40% 60% 80% 100%
Viewing a bump or hollow
Most enjoyable to
use
O Equal
Most easy to use - W 3D
m2D
0% 20% 40% 60% 80% 100%
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Selecting a single point

Most enjoyable to
use
O Equal
m2D
Most effective
0% 20% 40% 60% 80% 100%
Selecting a range of points on a single contour
Most enjoyable to
use
O Equal
m2D
Most effective

0% 20% 40% 60% 80% 100%
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Selecting ranges of points on multiple adjacent contours

Most enjoyable to
use
O Equal
m2D
Most effective
0% 20% 40% 60% 80% 100%
Moving a single point
Most enjoyable to
use
O Equal
m2D
Most effective

0% 20% 40%

60% 80% 100%
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Moving a range of points on a single contour

Most enjoyable to
use
O Equal
m2D
Most effective
0% 20% 40% 60% 80% 100%
Moving ranges of points on multiple adjacent contours
OEqual
m2D

Most effective

0% 20% 40% 60% 80% 100%
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