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Abstract. We present Aperio - an interactive real-time system for visu-
alizing complex organic-shaped 3D models such as anatomy data or med-
ical data. Aperio employs an interaction model based on a mechanical
tool analogy via a small set of virtual “metal” tools, such as rods, rings,
cutters, and scalpels. The familiar and well-differentiated tool shapes,
combined with their initial pose and metallic appearance, suggest a
tool’s function to the user. Cutter tools are designed to create easily-
understood cutaway views, and rings and rods provide simple oriented
path constraints that support rigid transformations of models via “slid-
ing”, including interactive exploded view capabilities. GPU rendering
provides realistic real-time “solid cut” previewing of surface-mesh mod-
els. We demonstrate Aperio using a human anatomy data set and present
user studies to provide supporting evidence of Aperio’s interaction sim-
plicity and its effectiveness for visualizing model spatial interrelation-
ships.

1 Introduction

Perceiving the spatial relationships between 3D geometric models and between
model subsystems, and perceiving the hidden internal structure of complex geo-
metric models are essential tasks in fields such as engineering, architecture, and
medicine. Specifically, in medical education or surgical planning, anatomy data
or medical data may consist of numerous model subsystems each of which may
be composed of many individual curving anatomical structures that are often
closely adjoined, intertwined, or enclosed. Therefore, in order to actively explore
the data, objects and their constituent parts must be quickly and repeatedly
rearranged relative to one another to reveal obscured relationships, and hidden
objects must be revealed by creating contextual cutaway views.

This paper presents Aperio! (Fig. 1), an interactive system for exploring spa-
tial relationships between geometric models (i.e. surface meshes) that uses an
interaction metaphor based on a familiar mechanical tool analogy. Aperio utilizes
a small collection of virtual metal tools, such as rods, rings, “cookie cutters”, a
scalpel and spreader (Fig.1 left), to support a coherent set of intuitive, simple

1 A video of Aperio can be viewed at www.youtube.com/watch?v=KcGfVjDInpU.
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Fig. 1. Left: Aperio tools - “cookie” cutter, knife, ring, rod. Right: Using a combination
of virtual mechanical tools to reveal spatial relationships between model parts.

and fast model rearrangements and model cutaways. The familiar shapes and
metallic appearance of the tools provide strong visual cues to the user allowing
tools to be quickly positioned and oriented unambiguously while also providing
the user with a clear choice of which tool to use. Tools can be smoothly moved
around the surface of the object models and dynamically oriented, scaled, and
shaped. Model rearrangement, including exploded views, is performed by slid-
ing models along the tools, akin to a beads on a wire. In the remainder of this
paper, we describe Aperio, its interaction model, a description of each tool and
its implementation. We demonstrate Aperio using a human anatomy data set
and also present user studies to provide supporting evidence of Aperio’s inter-
action simplicity, controllability and effectiveness for visual analysis of this data
type.

Aperio presents several contributions to occlusion management of curving,
twisting and intertwining organic shape models created by digital artists or
derived from 3D medical images. Firstly, the system combines model cutaway
and real-time cutaway previewing, constrained rigid transformation control of
individual models, model parts, and model subsystems, and exploded view capa-
bilities, all under a single, coherent interaction model based on a mechani-
cal/surgical tool analogy. The highly-controllable tools can be flexibly combined
and repeatedly applied to model parts cut away from the original. Secondly,
Aperio supports user-defined dynamically configurable curving explosion paths,
enabling clear views of the spatial relationship between closely adjoined curving
objects by not only moving them apart but also “opening” them up relative
to each other. Thirdly, unlike many other systems, we maintain a rendering of
the tools/tool outlines to visually reinforce the tool operations and to aid in
the overall perception of model part relationships. A user study suggests this
type of visual cue aids in visual analysis and also helps the user maintain an
understanding of what operations have been performed, thereby allowing users
to more easily undo, extend, and modify the operations. Finally, the single,
compact underlying mathematical formulation of the tools enables specialized,
dynamically-configurable cutaways views such as ribbons.
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2 Related Work

A wide range of novel visualization techniques have been proposed for managing
3D scene occlusion [1], for both volume data and surface mesh data (which is
the focus here). The majority of these techniques fall into one (or more) of the
following categories: transparency, cutaway, explosion and deformation. Aperio
supports cutaway, transparency and explosions, as well as model rearrangement
via rigid transformations. In this section we review related work in the cutaway,
explosion and deformation categories only. We also briefly compare and contrast
these works with Aperio to elucidate the contributions.

Cutaway views have a long history and are a widely used technique for reveal-
ing hidden objects [2-7]. In Knodel et al. [2] users generate cutaways using simple
sketching actions and then refine the shape of the cut using widgets. Li et al. [3]
present a system for experts/artists to interactively author cutaway illustrations
of complex 3D models. Users can then use a pre-authored viewer application for
exploring the data. To minimize the loss of contextual information, McInerney
and Crawford [4] remove only part of the occluding geometry and retain polygo-
nal strips called “ribbons” or solid thick “slices”. Pindat et al. [5] use a moveable
lens that combines a cut-away technique with multiple detail-in-context views of
the data. Trapp and Dollner [6] generalize clip-planes to clip-surfaces that sup-
port the generation of curving cut surfaces with user definable contours. Burns
and Finkelstein [7] uses a depth texture along with a depth parameter to gener-
ate view dependent cutaways. The cutter tool in Aperio is most similar to Pindat
et al. [5], and Li et al. [3]. Pindat et al. [5] use a cone shaped cutter “lens” whereas
Aperio uses a more flexible superellipsoid. Unlike the pre-authored system in Li
et al. [3], which restricts the user’s control over view generation, Aperio’s real-
time previewing cutter “lens” tool is controlled by the end user. However, Li et
al. are currently able to generate a wider shape range of cutaways. Aperio also
supports “ribbons” but unlike the statically generated ribbons of McInerney and
Crawford [4], they are generated in real-time and are interactively configurable.

Exploded views attempt to reveal hidden surfaces or spatial relationships
by interactively spreading objects apart along a path [8-11]. Radial explosion
paths are common [8] but this simple strategy does not provide the user with
much control and may result in visual clutter. Tatzgern et al. [9] introduced an
automatic approach where only subsets of model part assemblies are exploded
in an attempt to reduce visual clutter. Li et al. [10] generate exploded views by
automatically creating an explosion graph that encodes how parts are moved.
Many of the above techniques may be better suited to machine part models than
the curving, twisting and closely adjoining or intertwined object mesh models
found in anatomy/medical data. That is, the simple radial paths or the pre-
computed /automatically generated explosion graphs/paths may make assump-
tions about the shape and spatial arrangement of the models. For example,
Li et al. [10] assume that parts can be separated via linear translations, that
models are two-sided and that parts fit together without interference. These
assumptions may not apply to many human anatomy structures and subsystems.
Furthermore, pre-computed/automated explosion graphs/paths restrict the
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Fig. 2. Ring tool sliding along a model surface. The ring partially penetrates the model
surface and automatically aligns itself with the model surface normal vector.

ability to explore individual/group relationships in model subsystems. Aperio
was expressly designed to be less automatic and more user-controllable and flex-
ible, so as to better handle systems of curving/twisting models. User-configurable
path orientation, curving paths, and model sliding control (with/without “explo-
sion”) of individual models or model groups can be dynamically created with
rods/rings.

Unlike exploded views, deformation techniques employ nonrigid transforma-
tions [12-14], such as peeling, bending, and retracting objects. Correa et al. [13]
coin the term “Illustrative Deformation” to describe an approach to volume and
surface data visualization that uses 3D displacement maps to perform a wide
range of deformations. Birkeland and Viola [12] present a view-dependent peel-
away technique for volume data. McGuffin et al. [14] propose an interactive sys-
tem for browsing pre-labeled iso-surfaces in volume data where users can perform
deformations to cut into and open up, spread apart, or peel away parts of the
volume in real time. When dealing with anatomy mesh data, the complex spa-
tial interrelationships of curving/twisting models may complicate deformation
operations and result in unrealistic model interpenetration. Geometric-based
deformation techniques may result in model transformations that are physically
realistic (such as peeling) but typically do not consider real tissue deformation
properties and may therefore generate un-intuitive and unexpected deforma-
tions of some structures if used improperly. Furthermore, for multiple adjoining
subsystems, such as arteries, muscles and bones, it may be difficult to quickly
and simply apply geometric-based deformations. For these reasons, we decided
to support constrained rigid transformations combined with cutaways. Rigid
transformations are efficient, familiar and easily understandable, enable simple,
precise controllability, are flexible and easily combined, and result in predictable
geometric behavior that is not restricted by expectations of physical realism.

3 Aperio Tool Interaction

Currently Aperio uses a mouse and modifier keys to position tools. A tool is
instantly instantiated and made active by clicking on a tool icon from a control
panel. The user can then smoothly slide the active tool along the surface of a
model or (optionally) smoothly slide it (partially) off of the model surface by
switching to a mode that uses a pre-computed oriented bounding box (OBB) of
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Fig. 3. Top row: cutter tool cutting into several objects in real-time: (1) the heart, (2)
head with facial nerve is exposed, (3) kidney cutaway using “ribbons”. Bottom row:
knife and spreader tools are used cut a liver model into two pieces. A ring tool has
been added to “open up” the cut liver (Color figure online).

the model. The tool will automatically orient itself to match the normal vector of
the current model surface (Fig. 2) or OBB. The active tool can also be optionally
“planted” at any time to establish a view, and “picked up” at a later time to
modify the view. We use modifier keys and the mouse wheel to quickly and fluidly
change the active tool size, orientation and depth without disturbing its current
position. For tool parameters changed less often, GUI sliders are provided.

3.1 Cutting Tools

The (“cookie”) cutter tool (Fig.3) can interactively slide along (multiple)
selected model surfaces and cutaway the parts of models inside the cutter bound-
aries, to a user-defined depth, in real-time. The selected model’s cut-surface is
automatically “capped” by the renderer so that the object model always appears
solid. Furthermore, the user can double click as they move the mouse, selecting
deeper objects visible inside the cutter. These objects are instantly cut away
providing the ability to dynamically “drill-down” into the data and reveal inner
layers. A cutter can optionally cut away a pattern of the occluding model, form-
ing surface “ribbons” [4] contained within the superellipsoid cutter boundaries
(Fig. 3 top row, right). The user can dynamically control ribbon orientation by
spinning the cutter with the mouse wheel, and properties such as ribbon width,
frequency and “tilt” can also be dynamically modified using GUI sliders.

The knife tool (Fig.3 bottom row) is analogous to a surgical scalpel and is
designed to automatically cut an object model into two separate pieces. The
knife is rendered as a tapered, flattened superquadratic cylinder that resembles
a knife blade. The user simply draws the knife across a selected object surface?
and a shallow, narrow “surgical incision” cutaway region is rendered in real-time

2 Tt is not necessary to draw completely across the selected object.
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Fig. 4. Top left: rod tool used to create exploded view of heart model parts. Top right:
ring tool used for “opening” models like pages in a ringed notebook or exploding models
along a curving path. Bottom: two rings and two rods are used to open up and explode
several brain parts.

to provide visual reinforcement. Once the cut action is finished, an automatically
generated narrow rectangular cutter, known as a “spreader” tool, is instantiated
and rendered (Fig.3 bottom row center) inside the incision. A cutter scaling
algorithm is executed based on the model’s OBB, as is a highly optimized com-
putational solid geometry (CSG) difference operation using the Carve library
that typically completes in under a second. The result is the model is divided
into two pieces, with a slight separation between them, along the “incision”
path. The spreader tool can be used to interactively widen the incision cut to
any desired degree. The user can treat the two pieces of the model in the same
manner as any other object model. For example, rods and rings may be used to
translate/rotate each piece and each piece can be divided with knife cuts.

3.2 Rearrangement Tools

The rod tool is a user-extendable cylinder-shaped superquadric (Fig.4). Upon
selection, it is oriented along the model surface normal at the current mouse
point and partially penetrates the model surface. The simple cylindrical shape,
pose, metallic appearance and partial model surface penetration suggests to the
user that a model can “slide” along the rod. The user positions a rod along a
model surface until it penetrates all target selected models®. GUI sliders allow
the user to control model sliding (and, optionally, model fanning) back and forth
along the rod, and to restore the models to their original position. Models can
be individually translated along the rod or translated in groups. Furthermore,
an additional “Spread” GUI button switches to an exploded view. In this mode,

3 If a selected model is not penetrated, a point on the rod closest to the center of the
model’s OBB is used.
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the back and forth movement of the GUI slider will cause the penetrated objects
to automatically slide apart and together relative to each other.

The ring tool is represented using a supertoroid and is primarily suggestive
of rotation and secondarily of translation (Fig.4 upper right). Like the rod tool,
each model that is selected by the user and penetrated by the ring can be indi-
vidually, or in combination, slid back and forth along the ring with a GUI slider,
and each model is automatically aligned with the normal vector of the ring at
the current ring-model intersection point. Ring shape is controlled using a sep-
arate GUI slider. If the ring is set to a circular shape, models slide and rotate
in a manner similar to turning pages on a ringed notebook. Similar to the rod,
the “Spread” button can be used to “explode” models along the ring, “opening”
them up with respect to each other. If a selected model does not intersect the
ring, we use the center of the model’s OBB and compute the closest point on
the ring from this center point.

In the bottom row of Fig. 4 we show two stages of iterative model rearrange-
ment (i.e. sliding apart and back together) when exploring a multi-part brain
model. Two rings and two rods are used to open up the brain. If the user selects
all penetrated models then a single GUI slider will slide all models back and
forth along their respective rods/rings. In this example, establishing the initial
exploded view takes approximately 30 s for an experienced user.

4 Implementation

This section will provide a brief, high-level description of Aperio’s implementa-
tion. A detailed description can be found in [15]. In addition, Aperio software is
open source and is available at github.com/eternallite/ Aperio. Aperio is written
in C++ and is constructed using the Visualization Toolkit (VTK) [16]. It uses
OpenGL and GLSL shaders for rendering and Carve CSG, a constructive solid
geometry library for performing cutting and splitting mesh models. Aperio uses
superquadrics [17] to represent all tools - compactly defined geometric shapes
that resemble ellipsoids and toroids but with a more expressive shape range.
VTK contains classes for creating, transforming, and rendering superquadrics.
A superquadric [15] has an implicit function formulation that provides a simple
test to determine if a point is inside, outside, or on its surface, as well as a cor-
responding parametric function formulation. The vectors (right, up, forward)
form the basis of the superellipsoid coordinate system (CS) (Fig.5) and we con-
vert points between this local CS and world coordinates using a transformation
matrix constructed from these vectors.

Cutaway and Capping Algorithm. We use VTK’s multi-pass rendering
pipeline for “capping” the cut surface of the “hollow” mesh models to create the
illusion of solid models. Our cut-surface capping algorithm requires two render
passes: a pre-pass to render information into texture images of a Frame Buffer
Object (FBO) and a subsequent main-pass that reads in texture data and ren-
ders the final scene. Each of these render passes triggers the execution of a special
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Fig. 5. Left, middle: A local superquadric coordinate system is constructed from the
camera’s “view up” vector and the data surface normal at the current mouse position.
Right: A coordinate system is constructed at each sampled point along the middle of
the ring’s outer surface and is used to orient a model during sliding.

GPU fragment shader. In both passes, both fragment shaders first discard all
selected mesh fragments that are inside the boundaries of the superellipsoid cut-
ter, making use of the convenient superellipsoid implicit inside-outside function.
The removal of these fragments will expose back-facing fragments of a cut model.
We must replace these fragments with back-facing cutter fragments to achieve
a solid cut (Fig. 3 upper left). In the pre-pass, the fragment shader outputs the
depths and colors of all selected model front and back facing fragments, as well
as the depth of all back facing cutter fragments into an FBO. Depths are encoded
using an RGBA color vector. The pre-pass fragment shader also sets the color of
all discarded/non-filled fragments in the texture to the RGBA color (1,1,1,1)
(i.e. “infinite” depth or pure white) so that they are distinguishable from actual
depths. In the main-pass we read in the FBO textures generated by the pre-pass
and check if a fragment was discarded /non-filled. If so, it likely requires capping.
For every back-facing fragment of the cutter, the main-pass fragment shader tests
if the front-facing fragment of a selected model is discarded/non-filled, and the
depth of the back-facing cutter fragment is less than (i.e. closer) the depth of
the corresponding back-facing selected model fragment. If true then a selected
model fragment color is output but using the back-facing cutter fragment depth.
This algorithm will only render cap fragments that are within the bounds of a
selected model.

Ring and Rod Path Generation. The parametric surface representation of a
superquadric provides a basis for easily definable, unambiguously oriented sliding
paths. To implement sliding along a ring, we use VI'K’s superquadric class to
generate a position and normal vector n for points sampled along a path of the
supertoroid that symmetrically divides the supertoroid in half (Fig. 5 right). We
can then determine what orientation to give the models (at each point along the
path) as they slide on the ring by constructing a local CS at each path point.
The tangent vector t of a path-point CS is calculated by subtracting the current
point from the next path point. The bi-tangent vector b is simply the cross-
product of the normal and tangent vectors. The normal, tangent and bi-tangent
vectors are used to construct a rotation matrix which is then multiplied by all
mesh model points to orient it at the current path point. To determine the initial
path point for a selected model, we use VTK to determine the intersection point
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between the ring and the model. If a selected model does not intersect the ring,
we use the center of the model’s OBB and compute the closest point on the ring
from this center point. For the rod tool, the path generation is greatly simplified
as the rod central axis is a line segment. Path points are generated evenly along
this line segment and the rod central axis is used as the rotation axis to spin
models. We again calculate the intersection point between the rod central axis
and a selected mesh for the initial path point.

5 Validation

We performed a qualitative user study to gather some supporting evidence of
the effectiveness of the visual cues provided by the tools, and the intuitiveness
and controllability of user interactions. Eighteen participants each had a one
hour session where they were asked to perform visualization tasks using Aperio.
The 18 participants were aged 19-34 with an average age of roughly 26 years;
there were 14 males and 4 females. The user study consisted of two trials and
one practice trial. In each trial participants were shown several scene images
depicting a subsystem of the anatomy data set in various “stages” of model
rearrangement. Participants were asked to use Aperio to match each stage*. The
matching task also included restoring the position and orientation of models to
their original state. Participants were informed that their performance was not
being measured. To begin the study, each participant was shown the functionality
and interface of Aperio and were then allowed to play with the system using
a demonstration data set. They were then asked to perform a practice trial
followed by the matching task in two subsequent trials, with all trials using
different anatomical model subsystems. Finally, once the scene matching tasks
were completed, participants were asked to play with the cutter tool and ribbon
view cutter on one of the trial data sets.

After the trials the participants filled out a questionnaire and indicated their
level of agreement or disagreement (using a 7-point Likert scale) with statements
pertaining to the perception of Aperio tools (Fig.6 left) and to Aperio’s user
interface (Fig.6 right). As is evident from the bar graphs (Fig.6), the results
were very positive in this qualitative study. In addition, with respect to the
cutter tool versus the ribbon cutter, 15 users thought the ribbon cuts were an
effective alternative to a full cutaway (for preserving the shape of the cut object),
2 did not think it was effective and 1 chose “OK”. With respect to Aperio’s user
interface, of the 18 participants, 14 found the Aperio’s tool interface intuitive, 4
did not. For tool preference, 9 users preferred the rod tool, 8 users preferred the
ring tool and 1 user did not like either.

Finally, we performed two additional online perception studies using Sur-
vey Monkey [18]. In each study, 50 people participated and the two groups did

4 We also initially used a separate system with a simplified user interface, similar to
the interface of common object modeling packages, as a control for the study but it
was found to be too simplistic and was rated poorly by almost all users. The results
for this simplified system are not included in this paper but can be found in [15].
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Fig. 6. Left: results of user study related to perceiving model spatial relationships using
Aperio tools. Right: results of user study related to Aperio’s user interface.

Fig. 7. Example of images used in the online user study using a visual cue of (a) metal
rings, (b) gray curve, (c) bright green curve (Color figure online).

not overlap. The ages of the participants ranged from 18 to 60+ and all had
at least four years of college level education. In these studies the goal was to
determine if visual cues (such as Aperio tools) were useful for understanding the
spatial interrelationships of models after the tools had been applied, as well as
for understanding how the model parts had been moved apart or cut away. We
created a series of static images of various model subsystems (e.g. the parts of
the brain) with our tools to move apart or cut models (Fig. 7). We asked several
multiple choice questions related to the understanding of the model rearrange-
ments. In the first study, we presented multiple sets of four images to the partic-
ipants. The first image showed a pre-transformed view and three images showed
the result of the tool action with rings/rods/cutters as visual aids, with simple
gray lines/curves as visual aids with each having the same shape and dimension
as a corresponding rod/ring/cutter, and with no visual aids. We chose sim-
ple line/curve visual cues as a comparison to determine if the realistic shiny
metal surface renderings of the Aperio tools were advantageous in these visual
analysis scenarios. The second study was identical to the first except the gray
lines/curves were replaced with bright green lines/curves that visually stood out
more strongly against the data models.

In both studies the results showed that for rod/ring tool operations, on
average, the participants preferred some visual aid (56.18 %) to no visual aid
(28.64 %), while some had no preference (15.18%). For cutter tool operations,
on average the participants preferred some visual aid to help them determine
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what model region had been cut (35.85 %) to no visual aid (21.36 %). However,
the results also showed that, on average, while more participants preferred the
metal tools (34.88 %) to gray lines/curves (18.42 %), more participants preferred
the bright green lines/curves (43.85 %) to the metal tools (24.42 %). We conjec-
ture that when performing a visual analysis on images of 3D models that have
already been transformed, as long as the visual cues are clearly visible and their
shape/curvature discernable, then the least distracting visual cue (i.e. with the
smallest visual impact with respect to the data models) is preferable.

6 Conclusion

User interaction models are an integral part of effective interactive visual explo-
ration of 3D data. If the interaction model is too complex, for example one
based on a widget with many handles and controls and artificial appearance,
the user may spend too much time learning and/or applying the model. On the
other hand, if the interaction model is too simple, then tool/option prolifera-
tion may result. This complicates the interface, reduces interaction consistency
and forces the user to perform too much work. Furthermore, automated tech-
niques or pre-computed views may overly restrict the user’s control over view
generation. Aperio lets the user decide which data models to rearrange and how
to rearrange them. This approach may result in a heavier cognitive load with
respect to which tools to use and how to apply and combine them to obtain the
desired view. However, by adhering to this simpler approach of highly control-
lable model rearrangements and cutaways, users may discover/view relationships
between complex organic-shaped multi-part models in ways not predicted or not
possible by more automatic techniques. To help offset the increased cognitive
and interaction load on the user, Aperio uses a small set of easily-applied tools
with familiar shapes, appearance and affordance, to guide and visually reinforce
user actions. For expert users who may want to create more complex views such
as free-form shaped cutaways or custom curving explosion paths, it may be desir-
able to allow tool constraints to be “loosened”. For example, superquads can be
interactively deformed using global deformation functions, such as bending and
tapering [17], expanding their range of possible tools, tool paths, and cutaway
shapes. In addition, multiple superquads can be blended to form complex shapes
while still providing a well-defined inside-outside function. These features are the
subject of future research.
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