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1. Introduction

Interactive systems for exploring and analysing medical three-dimensional
(3D) volume image data using techniques such as stereoscopic rendering and
haptics can lead to new workflows for virtual surgery planning (VSP). This
includes the design of patient-specific surgical guides and plates for addi-
tive manufacturing (3D printing). Applications such as cranio-maxillofacial
(CMF) surgery planning often involve large volume data such as computed
tomography (CT) images, motivating the development of fast and efficient
methods for visualization and haptic rendering, as well as the development of
efficient modeling tools for simplifying the design of 3D printable parts.

1.1 Objectives
The objectives for this thesis were to:

e Develop fast methods for visualization and haptic rendering of isosur-
faces in volume data, including medical CT images.

e Combine image processing, visualization, and haptics into a VSP system
for improving the current workflow of CMF surgery planning.

e Evaluate the accuracy, precision, and usability of our VSP system.

1.2 Thesis Outline

The thesis is structured as follows: Chapter 2 provides the relevant background
on digital image processing, volume visualization, stereoscopic visualization
and haptics, and medical applications, and also describes related work in those
areas; Chapter 3 describes the work and contributions of Papers I-VII included
in the thesis; finally, Chapter 4 summarises the main thesis contributions and
proposes directions for future work.
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2. Background and Related Work

In this chapter, we provide the relevant background for the work in this thesis.

2.1 Digital Image Processing

This first section introduces digital images as well as methods from digital
image processing and image analysis [49] that we have used in Papers [-VII.

2.1.1 Digital Images

A digital grayscale image on a continuous domain can be represented by the
function

fR'"—R (2.1)
defined by a set of sample points on a discrete grid and some function for
reconstructing the values between the sample points. Two-dimensional (2D)
and three-dimensional (3D) digital images are typically represented by regular
Cartesian grids (Figure 2.1), with the sample points (pixels or voxels) shown
as squares or cubes. In the rest of this thesis, unless otherwise noted, we will
refer to such regular Cartesian grids when referring to images. We will also in
some places refer to 3D images as volumes.

Reconstruction with nearest-neighbor interpolation results in the visible
square pixels or cubic voxels of Figure 2.1, and is not sufficient to recon-
struct a continuous image signal. Bilinear and trilinear interpolation compute
a weighted average of the corners of 2%- and 23-sized grid cells in the image,
respectively, resulting in a reconstruction with C° continuity. Higher order
interpolation functions such as cubic interpolation can further provide C' or
higher continuity in the reconstruction, at a higher computational cost.

Figure 2.1. Digital images: (left) 2D image with regular grid of 4 x 3 sample points
(pixels) shown as squares; (right) 3D image, or volume, with regular grid of 4 x 3 x 2
sample points (voxels) shown as cubes.
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Figure 2.2. Image convolution: (left) convolution with a 2D kernel over an image;
(right) kernel weights (shown as integers) for a 5 x 5 Gaussian smoothing filter.

2.1.2 Image Filtering

Many common image filtering operations from image processing [49] can be
described as convolution with a kernel over an image (Figure 2.2). An ex-
ample is the Gaussian smoothing filter used to reduce high frequency image
content. Other common uses of filtering include computing image gradients
and enhancing features such as edges, and morphological operations.

Real non-synthetic image data such as CT often exhibit artifacts from the
imaging device or the imaging process, such as noise, low contrast, or blur.
Synthetic image data may similarly exhibit noise and aliasing artifacts from
insufficient sampling during the image generation process. Reducing such
artifacts by filtering is therefore often necessary in a data pipeline used for
image analysis or visualization of the data.

2.1.3 Interactive Segmentation

A classical problem in image analysis is to extract and label objects in an im-
age, a problem known as segmentation. Thresholding with a global threshold
value can for example be used to automatically segment images into a back-
ground and a foreground label. There has been a transition in recent years from
traditional hand-crafted segmentation methods [49] to learning-based methods
such as Deep Learning [24] using convolutional neural networks. While such
methods extend to 3D [6], lack of training data or ground truth can still be a
problem in medical applications. Another potential problem with fully auto-
matic segmentation methods is that the user cannot easily correct the result.

In manual segmentation, an expert user draws (usually in 2D) the regions to
be segmented. This can be time consuming, especially for volumes when the
segmentation is performed per slice in the image. Manual segmentation may
still be a practical approach for smaller datasets and when more automated
methods are not available. In Papers I-II, we manually segment fractured
bones in a small number of CT images to show proof-of-concept of the haptics
system in the papers. However, many applications require high throughput and
high repeatability, for which manual segmentation is not an option.
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Figure 2.3. Coverage representation: (left) original grayscale image (CT slice of
fibula); (center) binary segmentation mask; (right) fuzzy coverage representation.

Figure 2.4. Binary-to-coverage conversion of voxel in a binary segmentation mask,
using first trilinear supersampling in the original grayscale image data and then thresh-
olding to compute a membership value .

Semi-automatic segmentation allows the user to guide the segmentation
algorithm and interactively correct the result. BoneSplit [36], for example,
is a semi-automatic tool that provides a 3D texture-painting interface for bone
segmentation in CT images. It enables quick marking and separation of indi-
vidual bone fragments after an initial threshold value for bone has been spec-
ified, using a graph-based segmentation method to compute label masks from
user-painted seeds. In Papers III-1V, we use BoneSplit to segment a larger
number of CT images for the method evaluation and user study of the papers.

Many segmentation methods and tools only provide binary segmentation
masks with limited contour information. To include sub-voxel information, a
fuzzy coverage representation (Figures 2.3) with membership values in nor-
malize range [0,1] can also be computed from the segmentation mask, using
for example the method illustrated in Figure 2.4. This was used in Paper III.

2.1.4 Distance Transforms

A distance transform (DT) is a way of computing a distance map, or distance
field, D from a binary image. The signed or unsigned scalar values in D s rep-
resent internal or external distances to the object boundary, according to some
distance function, as shown in Figure 2.5. The discrete weighted DT [3] with
integer weights (3,4,5) is fast to compute in 3D and has a low absolute dif-
ference of 11.8% compared to the Euclidean distance. Efficient parallelisable
algorithms for computing the Euclidean DT in 3D include vector propaga-
tion [10] and the more recent method by Felzenszwalb and Huttenlocher [13].
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Figure 2.5. Distance maps: (left) binary input image (bunny); (center) distance map
computed from internal weighted DT; (right) signed distance map computed from
internal and external weighted DTs, and visualized by absolute value. Brighter regions
in the distance maps indicate larger absolute distance, with black representing zero.

Anti-aliased DTs can produce more accurate distance values compared to
binary DTs, in particular close to object boundaries, by utilising sub-pixel or
sub-voxel information in the grayscale image data. Gustavson and Strand [15]
extend the classical vector propagation algorithm in [10] to use coverage infor-
mation when computing the DT. They also suggest a fast linear approximation
dr for mapping any coverage value o to a sub-pixel or sub-voxel distance,

dr=0.5-a. 22)

In Papers L, II, and IV, we use the weighted (3,4,5) DT to compute dis-
tance maps for collision detection and haptic rendering. For the modeling in
Paper 111, we use Equation 2.2 with an anti-aliased version of the weighted DT
to compute signed distance maps from coverage representations.

2.2 Volume Visualization

This section introduces volume visualization, with a focus on isosurfaces in
scalar volume data. For an overview of the general visualization pipeline used
in volume visualization and other data visualization, see Telea [51].

2.2.1 Isosurface Rendering

Isocontours in sampled data and implicit functions are encountered in appli-
cations in many areas, including scientific visualization, constructive solid ge-
ometry (CSG), computer animation, and games. The isocontour S of an image
f for a particular scalar isovalue k can be defined as

S={xeR"| f(x) =k} (2.3)

In 2D images, isocontours become isolines, with examples shown in Fig-
ure 2.6. In 3D images, isocontours become isosurfaces, with Figure 2.7 show-
ing isosurfaces representing different isovalues in the same volume data.
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Figure 2.6. Isocontours: (left) isolines in binary 2D image; (right) corresponding
isolines in grayscale 2D image, for isovalue k = 0.5.

Indirect volume rendering techniques extract an explicit isosurface repre-
sentation and can provide efficient isosurface rendering for static volume data
when the complete isosurface does not have to be recomputed in every frame.
Direct volume rendering techniques (further described in Section 2.2.2) can
also be used to render implicit isosurfaces directly from the volume data.

Polygonisation algorithms such as Marching Cubes [28] and dual contour-
ing [18] extract the isosurface from the active grid cells (the grid cells with iso-
surface intersections) of the volume as a mesh that can be rasterised efficiently
by the graphics processing unit (GPU). An example of an extracted isosur-
face mesh is shown in Figure 2.8. A useful property of the Marching Cubes
algorithm is that it generates closed (watertight) meshes, which we utilise in
Paper III to generate 3D printable models from volume data.

Point-based rendering methods have also been proposed for high-quality
isosurface rendering. In point-based rendering, the isosurface is extracted as
a point cloud of surface elements (surfels) [42], which is typically more ef-
ficient to store than a triangle-based representation. In elliptical weighted
average (EWA) splatting [59][4], surface points are rasterised as disks in an
initial visibility pass, with normals and other attributes interpolated later in a
separate blending pass. An example of disk-based EWA splatting is shown in
Figure 2.8. Splatting with billboards can also be used to reconstruct surfaces
from median-axis skeletons [17]. In Papers I-II, we perform point-based ren-
dering of point clouds (pointshells) also used for haptics.

."r',':&'- .
3

Figure 2.7. Tsosurfaces for different isovalues k in the same volume data (MANIX CT
from the OsiriX DICOM Image Library), rendered in the BoneSplit [36] software.

17



Figure 2.8. Explicit isosurface representations obtained from the same volume data
(tooth from mandible in cover figure): (left) Marching Cubes mesh, with triangles ren-
dered with face normals; (center) point cloud, with points (surfels) rendered as disks
using EWA-splatting; (right) implicit raycasted isosurface shown for comparison.

2.2.2 Direct Volume Rendering

Direct volume rendering techniques avoid storing an explicit representation of
the isosurface and can therefore be more suitable for dynamic volume data and
dynamic isovalues. Direct volume rendering also enables other projections of
the data, such as maximum intensity projection or compositing with color and
opacity transfer functions [11, 51], as shown in Figure 2.9.

Object-order volume rendering include texture mapping [11] that renders
the volume by rasterising textured slices with alpha blending. Volume splat-
ting [57] is another object-order method in which a footprint function of each
voxel is projected on the pixel grid. In shell rendering [52], which is similar to
splatting, voxels are mapped by a fuzzy membership function and rasterised
in front-to-back order to obtain a fuzzy representation of the isosurface.

Image-order volume rendering such as GPU-based volume raycasting [22]
sample the volume along rays cast through the pixel grid (Figure 2.10). In
Paper VII, we implement isosurface raycasting to visualize isosurfaces in vol-

Figure 2.9. Different volume renderings of the same volume data (MANIX CT): (left)
maximum-intensity projection; (middle) isosurface raycasting; (right) compositing
with a transfer function. Images courtesy of Johan Nys;jo.
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Figure 2.10. Illustration of volume raycasting.

Vi

Figure 2.11. Empty-space skipping for isosurface raycasting: (left) proxy geometry
used for coarse empty-space skipping outside the volume; (middle) min-max blocks
used for finer empty-space skipping inside the volume; (right) raycasted isosurface.
Colors in the two left images represent normalized 3D texture coordinates.

ume data also used for haptic rendering. In Paper V, we propose an isosurface
rendering method that amortises the cost of isosurface raycasting over time.

Cell rasterisation was proposed by Liu et al. [27] as a fast method for ras-
terising the active grid cells of a volume. Active grid cells are rasterised as
point primitives via so-called billboard splatting, and the original volume data
is sampled in the cells in the fragment shader to find intersections and com-
pute smooth normals. The authors also use a data structure for fast sorting and
traversal of the cells in front-to-back order for transparency rendering. In Pa-
per VI, we extend cell rasterisation with an efficient data structure that stores
only the scalar values of the active grid cells for data reduction.

2.2.3 Acceleration Data Structures

Image-order methods such as GPU-based raycasting usually benefit from ac-
celeration data structures for ray traversal and empty-space skipping [22].
Such data structures can further provide efficient storage of the volume data.
Object-order isosurface rendering can also benefit from similar data structures
during the isosurface extraction step.
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A coarse min-max block volume extracted from the full volume data is a
simple acceleration data structure that can be used for empty-space skipping,
for example by rasterising the blocks for ray start and stop points as in Fig-
ure 2.11. Min-max octrees are also used for similar purpose.

For memory efficiency, large volume data is often stored in bricks, such as
in the GigaVoxels [9] and VDB [32] data structures. Sparse voxel octrees have
also been proposed for storage and ray traversal of large voxel models [23].
The octree typically stores surface voxels in the leaf nodes, and is traversed
during ray tracing. However, for high-quality isosurface rendering, a draw-
back of traditional sparse voxel octrees representing voxels as small cubes is
the limited contour information they provide, leading to a blocky appearance
unless each voxel is projected to less than a few pixels. In Paper VI, we store
the corners of grid cells in a sparse data structure, which provides the same
implicit isosurface as the original volume data.

Object-order volume rendering can also benefit from visibility culling to
improve the rendering performance. A hierarchical Z-buffer [14] can for ex-
ample be used to cull non-visible objects or clusters of geometry. In Paper VI,
we improve the rasterisation performance of the isosurface rendering method
in the paper by implementing a visibility buffer for cluster culling.

2.2.4 Global Illumination

Global information such as shadows and ambient occlusion (AO) provide im-
portant depth cues to the visualization, that can improve the perception of a
shape. Classical Whitted-style ray tracing allows hard shadows and mirror-
like reflections to be rendered, but not fuzzy effects such as soft shadows or
reflections from glossy surfaces. In Paper V, we use a rendering technique
similar to the Render Cache [54] to cache raycasted hard shadows and AO in
the isosurface visualization. Full global illumination with indirect light can

Figure 2.12. Ray sampling over a hemisphere Q for the surface normal n,, illustrat-
ing incoming radiance (L;), emissive radiance (L., and outgoing radiance (L,) in the
Rendering Equation.
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Figure 2.13. Isosurfaces visualized with global illumination, using the method in
Paper VI with cell rasterisation for primary rays and path tracing with three bounces
and a high-dynamic range environment map for secondary rays.

also be computed by solving the Rendering Equation [19] (Figure 2.12),

Lo(x, @) = Le(x, @,) + /Q fr(l, 05, 00) Li(x, @) (0; - ne)d o; (2.4)

via path tracing and stochastic sampling. Path-traced isosurfaces are shown
in Figure 2.13. The convergence rate of the path tracing can be improved
by careful choice of sampling sequences [43]. For interactive rendering, de-
noising and temporal anti-aliasing [20] may also be used.

2.3 Stereoscopic Visualization and Haptics

This section introduces stereoscopic displays [16] and basic stereoscopic ren-
dering. We also introduce haptic devices for kinesthetic feedback (force and
torque feedback) and methods for haptic rendering [25].

2.3.1 Stereoscopic Displays

Traditional monoscopic displays can only provide a subset of the visual cues
that the human vision system uses to perceive depth in the real world. This
includes important monoscopic depth cues such as perspective and shadows,
but excludes stereoscopic depth cues such as retinal parallax and vergence.
Stereoscopic displays, on the other hand, can provide stereoscopic depth cues
to further improve the depth perception of virtual scenes. In addition, mono-
scopic and stereoscopic displays can be coupled with head-tracking to provide
motion parallax, which is another important depth cue.

Most planar stereoscopic displays use image multiplexing to present the
viewer with a stereoscopic image. This requires the viewer to wear either
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active (powered) or passive (non-powered) glasses. Active glasses are used
with time multiplexing that alternates between displaying for the left and right
eyes at a high display refresh rate, typically 120 Hz instead of 60 Hz. Pas-
sive glasses are used with for example polarisation-based multiplexing that
displays the left and right eye images simultaneously at different polarisation
angles. When coupling the display with head-tracking, so-called “Fish Tank
Virtual Reality” [56], additional depth cues from motion parallax are provided.

Figure 2.14. Planar stereoscopic displays: (left) DevinSense Display 300 with active
glasses; (right) zSpace 200 display with passive polarised glasses and built-in infrared
cameras for head-tracking.

Figure 2.15. Head-mounted displays: (left) Oculus Rift CV1; (right) HTC Vive.

Screen Screen Screen

:
:

OO Viewer OG Viewer OO Viewer

Figure 2.16. Projections for stereoscopic rendering: (left) “toed-in” on-axis frustums
introducing parallax errors; (center) parallel on-axis frustums used with some HMDs;
(right) off-axis frustums used with planar stereoscopic displays.
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Figure 2.17. Stereoscopic rendering of Stag beetle micro-CT dataset, using the Ray-
Caching method of Paper V and with the rendering shown pre-distorted for display on
an Oculus Rift HMD.

For the interaction in Papers I and II, we use a DevinSense Display 300, which
uses active NVIDIA 3D Vision glasses and a half-transparent mirror for co-
location of the visual and haptic workspaces [40]; we further pair the display
with an OptiTrack optical tracking system for head-tracking. For the inter-
action in Papers III and IV, we use a zSpace 200 display with polarisation-
based passive glasses and built-in infrared head-tracking cameras.

Head-mounted displays (HMDs) are used for immersive virtual reality (VR)
to provide a stereoscopic image and motion parallax from head-tracking. Un-
like planar stereoscopic displays that use image multiplexing, HMDs use sep-
arate displays attached in front of the viewer’s eyes. Recent HMDs such as the
Oculus Rift CV1 and the HTC Vive (Figure 2.15) can provide high image res-
olution and a wide field-of-view, as well as robust 6-DOF tracking via either
external sensors or sensors for inside-out-tracking mounted on the HMD and
controllers. We use an Oculus Rift CV1 for the experiments in Paper V.

Stereoscopic rendering requires the scene to be rendered for the left and
right eyes (Figure 2.17). The image for each eye is typically rendered at either
half or full resolution, depending on the type of image multiplexing or display
technology used. Planar stereoscopic displays require the use of off-axis pro-
jections (Figure 2.16) to provide the viewer with correct stereo parallax [26],
and also correct perspective when head-tracking is used. HMDs further re-
quire a pre-distortion of the image to compensate for the distortion introduced
by the HMD lenses, a task which is usually handled by VR APIs such as
OpenVR!. In stereoscopic rendering, there is also a high amount of spatial
and temporal coherence between the left and right eye, which we exploit in
Paper V for faster stereoscopic rendering of isosurfaces.

10OpenVR: https://github.com/ValveSoftware/openvr, accessed on January 23, 2020.
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Figure 2.18. Haptic devices: (left) Novint Falcon with 3-DOF position tracking and
3-DOF force feedback; (right) Geomagic Touch with 6-DOF position and orientation
tracking and 3-DOF force feedback.

2.3.2 Haptic Devices

Haptic feedback include tactile feedback, for example vibration or skin stretch-
ing, and kinesthetic feedback, which is force and torque feedback. A common
type of kinesthetic haptic device is an interface with which a user interacts with
an object by grasping and manipulating a handle (or stylus) attached to a me-
chanical linkage. The device contains sensors that continuously track motion
(in the case of impedance-driven devices) or force (in the case of admittance-
driven devices) applied to the handle, combined with actuators for generating
force and torque feedback to the user. This type of device can provide a bi-
directional interface between the user and the virtual environment.

Commercial haptic devices vary greatly in workspace size, input degrees-
of-freedom (DOF), feedback (force and torque) DOF, maximum feedback am-
plitude, and price. Devices commonly used in research include the Geomagic
Touch and the Novint Falcon, both shown in Figure 2.18. The Geomagic
Touch tracks the handle position and orientation in 6-DOF and provides 3-
DOF force feedback (maximum force 3.3 N), whereas the low-cost Novint
Falcon is based on a delta-robot design that tracks position in 3-DOF and
provides 3-DOF force feedback (maximum force 8.9 N). Other commercially
available but more expensive devices include the Geomagic Phantom series,
which support torque feedback in the Premium 1.5/3.0 models, and the Force
Dimension Delta devices based on the same delta-robot design as the Novint
Falcon but intended for professional applications. In Papers I-II, we use the
Phantom Premium 1.5 in order to render 6-DOF force and torque feedback for
the collision and attraction forces, whereas in Papers III, IV, and VII we use
the Touch and Falcon devices for more basic 3-DOF force feedback.

Sending force commands and reading input from the haptic device is typ-
ically handled via an application programming interface (API), such as the
proprietary OpenHaptics API used with Geomagic devices. Open-source hap-
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Figure 2.19. Haptic rendering algorithms: (left) God-object (point proxy); (center)
Ruspini (sphere proxy); (right) 6-DOF haptic rendering with complex geometrical
shape (teapot). HP represents the position of the haptic device handle in the scene,
whereas VP represents the proxy position from the virtual coupling spring.

tic frameworks such as the H3DAPI? by SenseGraphics AB and CHAI3D [8]
by ForceDimension also allow the programmer to write device-independent
code. H3DAPI is used in Papers I-IV for the haptic device communication,
whereas CHAI3D is used in Paper VII.

2.3.3 Haptic Rendering

Haptic rendering algorithms compute real-time force-feedback when the user
interacts with the virtual environment. The force-feedback can for example
consist of contact forces when the user is in contact with a virtual object,
or guiding forces assisting the user in performing specific tasks. Realistic
force feedback requires a high update rate, as much as 1000 Hz, compared to
typically 60 Hz required for smooth graphical update. Most haptic rendering
software therefore use separate CPU threads for graphics and haptics.

Early proxy-based haptic rendering algorithms were able to simulate the
contact between a simple proxy object representing the haptic device and a
more complex virtual object such as a polygonal mesh. The God-object algo-
rithm [58] uses an infinitesimal point as proxy, whereas the Ruspini algo-
rithm [48] extends the proxy to a sphere of arbitrary radius. The proxy is
usually connected to a virtual coupling spring in order to provide damping and
to avoid penetration of the virtual object when the haptic device force limit
is exceeded. Implementations of these algorithms for polygonal scenes are
found in general haptic rendering frameworks such as H3DAPI and CHAI3D.
Lundin Palmerius [29] extends both of these methods to direct volume haptic
rendering, which is implemented in for example the WISH toolkit [53] and
used for the purpose of interactive segmentation [37, 35].

A limitation of proxy-based algorithms is that each proxy only supports
3-DOF interaction via a single contact point or contact sphere, not allowing
for collision between more complex shapes. There has been a large amount of

"https://www.h3dapi .org, accessed on January 23, 2020.
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Figure 2.20. The Voxmap PointShell data structure and algorithm.

research into so-called 6-DOF haptic rendering algorithms, both for rigid and
deformable shapes. In this thesis, we will restrict the discussion to rigid-rigid
body collisions. The Voxmap PointShell (VPS) algorithm [30] is a penalty-
based method for 6-DOF haptic rendering of rigid-rigid body collisions that
uses a dual virtual object representation, a voxmap and a pointshell, for contact
queries. Penalty forces are computed by querying pointshells against the
voxmaps of other virtual objects (Figure 2.20) and applying Hooke’s law. VPS
was later improved with quasi-static virtual coupling [55], distance maps [31],
and adaptive sampling via a uniformly distributed pointshell [1]. Other rigid-
rigid 6-DOF haptic rendering algorithms are discussed in [41] and [47].

Haptic rendering, like many other types of real-time physics simulation,
often relies on fast collision detection in order to achieve the minimum up-
date rates required. For performance reasons, the collision detection is often
divided into a coarse phase and a fine phase. In the coarse phase, larger re-
gions determined not to be in contact are culled from further computation.
In the fine phase, contact points for collision response such as penalty forces
are computed. An overview of different collision detection techniques such
as bounding volumes, intersection tests, and spatial partitioning schemes can
be found in [12]. For rigid-rigid 6-DOF haptic rendering, hierarchical data
structures such as octrees [30] or sphere-trees [47] are typically used in the
coarse collision phase. In Papers I-IV, we implement an octree with a fixed
leaf-node size for the coarse collision detection between virtual objects such
as segmented bone fragments. In Paper VII, we replace the octree with a sim-
pler min-max block volume, which is further used in the volume visualization
in the paper. VPS was used for all fine collision detection in the papers of this
thesis.

2.4 Medical Applications

This final section introduces medical visualization and virtual surgery plan-
ning, which are the medical applications we have investigated in the thesis. For
a more detailed introduction to medical visualization, see Preiem et al. [45].
Recent work on virtual surgery planning can be found in Ritacco et al. [46].
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2.4.1 Medical Visualization

Medical imaging such as computed tomography (CT) and magnetic resonance
imaging generate grayscale volume data that can be visualized by many of the
volume rendering techniques described previously in this chapter. The volume
data is generally reconstructed as a stack of 2D slices defining the sample
points of the 3D image. Because the spacing between slices can differ from the
spacing within slices, voxels in medical images can be anisotropic (elongated)
which should be taken into account during visualization when sampling the
image for raycasting or computing image gradients for normals.

The grayscale values in CT images represent Hounsfield units (HUs) that
provide a direct mapping between scalar values and different tissue types
found in the human body. The Hounsfield scale typically uses a 12-bit scalar
range, [—1024,3071], with air defined at -1000 HU, water at 0 HU, soft tissues
in the range [10,60] HU, and bone (soft trabecular bone and hard cortical bone)
in the range [400,3000] HU. Imaging artifacts such as the partial volume ef-
fect, resulting from limited resolution in the volume reconstruction [45], mean
that grayscale values also can represent a mix of different tissue types. To
compensate for the low contrast in the soft tissue HU range, the patient may
further be injected with a contrast agent during the imaging to highlight for ex-
ample blood vessels in a region. Cone-beam computed tomography (CBCT)
is sometimes used in medical and in particular dental applications instead of
traditional CT, because of the lower radiation and cost and easier image ac-
quisition. CBCT images typically have lower contrast than CT images, and
do not provide grayscale values in HU, which should be considered when for
example selecting an isovalue or transfer function for visualization.

Tasks such as pre-processing for segmentation often require the user to ex-
plore different isovalues in order to find a good isosurface with respect to im-
age noise or blurring from the partial volume effect. The visualization method
should in such cases support dynamic isovalues to enable interactive isosur-
face updates. Direct volume rendering methods such as isosurface raycasting
can be used, but might be slow without proper acceleration data structures that
must be maintained when the volume is modified. In Paper V, we propose an
isosurface raycasting method that does not use acceleration data structures and
instead amortises the raycasting cost over time to maintain the performance.

Stereoscopic rendering and head-tracking provide additional depth cues that
can improve the visualization of complex structures such as bone or vessels
in CT images. Haptic rendering presents another way of exploring medical
volume data [29], by providing additional information via the haptic feedback.
Structures that can be extracted and visualized as isosurfaces can also be 3D
printed as physical props. In Papers I-IV, we present and evaluate a system
that combines stereoscopic visualization and haptic rendering for visuohaptic
interaction with bone fragments segmented from CT images.
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2.4.2 Cranio-Maxillofacial Surgery Planning

In CMF surgery, one fundamental task is restoring the skeletal anatomy in pa-
tients after injuries such as trauma to the face. This complex task resembles
solving a 3D puzzle in which individual fractured bones need to be moved into
their correct positions and orientations. Because small errors can accumulate
and result in a poor reconstruction, the accuracy and precision requirements
are very high. Careful planning before the surgery can help reducing such
errors and shortening the operation time. Another fundamental task in CMF
surgery is restoring the skeletal anatomy after tumor resection, using for ex-
ample a bone and soft tissue transplant from the patient’s leg [39].

Virtual surgery planning (VSP) is routinely used in CMF surgery to improve
the outcome. Compared to traditional planning performed by paper and pen
from 2D X-ray images, VSP allows 3D image data such as CT to be used in
the planning and for the design of patient-specific surgical guides and plates.
Early work on VSP relied on off-the-shelf software for tasks such as 3D mod-
eling and manual segmentation, which would be too time consuming for most
surgeons to learn and use efficiently. Specialised VSP tools such as Mate-
rialise Mimics® have complex user interfaces limited to 2D interaction with
3D data such as CT, preventing the systems from being widely used by the
surgeons themselves. Companies such as Materialise and Planmeca* provide
planning as a commercial service, which is now the preferred VSP method
allowing part of the work such as design of patient-specific guides and plates
to be outsourced. However, using a VSP company can be expensive and may
require several iterations before a plan can be approved by the surgeon, which
can prevent its use in time-critical trauma surgery.

If VSP tools would allow surgeons to efficiently perform the planning them-
selves, in-house VSP has the potential to reduce time and cost of the plan-
ning [34]. This would also allow surgeons to create and evaluate several
different plans and select the most promising one. 3D printers are becom-
ing common at hospitals and could be used to fabricate designed guides and
plates. There are a few in-house planning and design systems proposed in the
literature, for example in orthopedic fracture surgery [21]. In Paper III, we
develop methods for modeling surgical guides and plates from segmented CT
data, and implement those methods in our HASP system.

3Materialise: https://www.materialise.com, accessed on January 23, 2020.
4Planmeca: https://www.planmeca. com, accessed on January 23, 2020.
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3. Thesis Contributions

In this chapter, we summarise briefly the contributions of Papers [-VII.

3.1 Virtual Surgery Planning

The main application for the methods developed in this thesis has been CMF
surgery planning. In Papers I-IV, we develop methods and a system for per-
forming virtual planning from CT volume data.

3.1.1 The Haptics-Assisted Surgery Planning System

In Paper I, we propose Snap-to-fit, a method for virtual assembly of fractured
objects using haptic attraction forces and torques to pull the fractured pieces
towards locally optimal fits. The force model for Snap-to-fit is shown in Fig-
ure 3.1. In order to reach haptic rendering rates of around 1000 Hz, we employ
a fixed-depth octree and a static hierarchical pointshell (Figure 3.2) with LODs
for the collision detection. Distance maps and gradient direction fields used in
the force model are also pre-computed for fast look-up.

In Paper II, we present the haptics-assisted surgery planning (HASP) sys-
tem that combines stereoscopic visualization with 6-DOF haptic rendering for

Virtual Coupling

Spring
Attraction
Forces Fa

Figure 3.1. Hardware and force model used for the HASP system in Papers I-II: (left)
stereoscopic mirror display (a—b), with OptiTrack cameras (e) used for head-tracking
of glasses (f), and haptic device (c); (right) proposed Snap-to-fit force model extending
the classical 6-DOF Voxmap PointShell algorithm with attraction forces. A Phantom
Premium 1.5 haptic device was used for the experiments in Papers I-1I instead of the
Touch device shown in the left photos.
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Figure 3.2. Static hierarchical pointshell used in Papers I-IV and also in Paper VII:
(left) first three pointshell LODs of voxelized model (bunny); (right) full pointshell.

Figure 3.3. Snap-to-fit used in Paper I to assemble a fractured zygoma bone in seg-
mented CT data: (left) original location of the fractured piece (red object); (center)
coarse fit using contact forces; (right) final fit using attraction forces.

in-house surgery planning. The system loads segmented CT data to generate
Voxmap Pointshell (VPS) representations for the force model in Paper I, and
is implemented in C++ and Python, using OpenGL and H3DAPI for graph-
ical rendering and haptic device communication. The system features head-
tracking cameras to enable user “look-around” in the graphical scene, and we
also implement the ability to group bone fragments for easier assembly of
complex cases with many pieces.

Results

We demonstrate the use of Snap-to-fit and the HASP system on applications
from CMF surgery and archaeology, and show that the force model with com-
bined contact and attraction forces can achieve a stable fit at haptic rates for
surfaces with over 5000 points.

3.1.2 Modeling of Surgical Guides and Plates

The HASP system of Papers I-1I was extended by Olsson et al. [39, 38] to fur-
ther support planning of so-called fibula free flaps, a reconstruction technique
in which a bone graft from the patient’s leg is used to reconstruct a defect af-
ter for example a tumor has been removed. However, this version of HASP
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Figure 3.4. Virtual plate design from Paper III, using landmarks that the user places
with the haptic device on the mandible to generate the plate model from CSG opera-
tions on signed distance fields.

Figure 3.5. Fibula cutting guides generated with the methods in Paper III.

did not support in-house design of patient-specific plates (Figure 3.4) for bone
fixation, or cutting guides (Figure 3.5) with slots or flanges to help the surgeon
perform precise osteotomies or resections (cuts) according to the plan.

In Paper III, we propose a method for generating 3D printable models
of surgical guides and plates from segmented CT data. Models are gener-
ated from user-placed landmarks or resections by constructive solid geometry
(CSG) operations on signed distance fields computed from implicit functions
and anti-aliased distance transforms of coverage representations. We then
export 3D printable models from signed distance fields using the Marching
Cubes implementation in [5]. Further details are provided in our paper.

The method and modeling tools were implemented in HASP, which had
further been extended with a workflow-based graphical user-interface (Fig-
ure 3.6) and a new rendering framework replacing H3DAPI and supporting
physically based rendering, shadows, and a stencil routed A-buffer [33] for
showing transparent parts. A zSpace 200 display and a GeoMagic Touch hap-
tic device were used for stereoscopic and haptic display. Segmented CT data
was converted into Voxmap PointShell representations similar to in previous
papers, to enable haptic interaction between bone surfaces and the stylus.
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Figure 3.6. Fibula reconstruction in HASP, showing a planning of a tumor resection
of the mandible with the fibula on the left, and surgical guides and plates generated by
the modeling methods in Paper III.

Results

Using an anti-aliased DT resulted in minimum distances closer to the expected
shell offsets, and visibly smoother iso-surfaces, compared to a binary DT. Fig-
ures 3.4-3.5 show 3D-printable models generated in HASP. The method and
design tools we have developed allows a user of the system to quickly design
such models within a few minutes.

3.1.3 Virtual Reconstruction of Mandibular Fractures

The aim of the study in Paper 1V is to evaluate the new workflow for virtual re-
duction of complex mandible fractures proposed and implemented in Paper II,
and to investigate its usability, accuracy, and precision.

An overview of the evaluation study is shown in Figure 3.7. The reconstruc-
tion planning was performed by three users in the extended version of HASP

.
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{ DICOM data H Segmentation planning and evaluation
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Interaction time,
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2 - Precision

CT or CBCT BoneSplit HASP

Figure 3.7. Overview of the evaluation study in Paper IV.
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Figure 3.8. Trauma reconstruction in HASP, from the evaluation study in Paper IV.

Figure 3.9. Plastic skull CT data used for the evaluation in Paper IV: (left) segmen-
tation of intact plastic skull; (right) segmentation of the same plastic skull after the
mandible has been artificially fractured before CT imaging.

from Paper III (Figure 3.8), with two trials per user and case, on a scanned
plastic skull used for reference (Figure 3.9), and twelve retrospective cases
(Figure 3.10). After each trial, the poses of the bone fragments were recorded.
Segmentation of the cranium and individual bone fragments of the mandible
in the datasets was also performed by one of the users, with input from a clini-
cal expert, and the segmentation times recorded. Segmentation was performed
with BoneSplit [36] from CT and CBCT data provided in DICOM format. The
segmented cases were then loaded into HASP for the reconstruction planning.

To evaluate the intra- and inter-operator precision, we computed the mea-
surements surface-to-surface distance [7], maximum absolute distance, and
rotational pose difference. To avoid the need for registering reconstructions
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Figure 3.10. Segmented CT data of retrospective cases used for the evaluation study
in Paper IV.
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Figure 3.11. Fractured mandible virtually reconstructed by three users, with colormap
showing absolute error (surface-to-surface distance) for each user between two trials.
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from the same case against each other, which would be challenging for the
retrospective cases with no reference, the cranium was used as a fixed refer-
ence point. Surface-to-surface distances for a case are shown in Figure 3.11.

Results

The study results showed high precision but fairly low accuracy. Some of
the cases were particularly challenging because of lack of easily identifiable
landmarks and lack of context from tissue surrounding the bone. Other pos-
sible error sources include the segmentation and lack of sufficient fidelity in
the haptic rendering. Average planning time (including time for segmentation)
was around 15 minutes, which demonstrates the potential for using HASP as
a tool in trauma applications.

3.2 Isosurface Visualization

Isosurface visualization is a common task in medical visualization and appli-
cations such as VSP that involve large CT volume data. In Papers V-VI, we
present fast and efficient rendering methods for isosurface visualization.

3.2.1 RayCaching

In Paper V, we propose a direct volume rendering method, RayCaching, that
can be used without pre-computed data structures to render isosurfaces in vol-
ume data with dynamic isovalues. An overview of our method is shown in
Figure 3.12. The basic idea is to generate a dynamic point cloud that follows
the viewer, using a clipmap [50] to cache primary rays and amortising the cost
of raycasting over time. We further exploit coherence between the left and
right eyes for more efficient stereoscopic rendering, and compute raycasted
hard shadows and ambient occlusion that also are cached in the point cloud.

(T
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and Brick Caching and Clipmap LODs

Figure 3.12. Overview of the method in Paper V.
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Figure 3.13. Clipmap and dynamic point cloud from method in Paper V.

Results

Performance suggests that the RayCaching method is suitable for immersive
virtual reality (VR) and rendering for high-resolution head-mounted displays
(HMDs), which was the intended main application. An example of stereo-
scopic rendering with RayCaching is shown in Figure 2.17. While our method
is mainly compared against direct isosurface raycasting without acceleration
structures for empty-space skipping, our method would also benefit if such ac-
celeration structures were used. Compared to isosurface extraction and mesh
rendering, our method requires the original volume data during rendering, but
can be faster for primary rays and enables amortising of secondary rays.

3.2.2 Clustered Grid Cell Data Structure

In Paper VI, we propose an indirect volume rendering method using a memory
efficient data structure (Figure 3.14) for storing positions and corner scalar
values of active grid cells extracted from a volume. The grid cells are stored in
clusters that can be rendered by cell rasterisation via billboard splatting, and
also ray traced to compute global illumination (Figure 3.15). Improvements to
the basic cell rasterisation include visibility culling of clusters and EWA-like
attribute splatting for smooth interpolation of normals and other attributes.

Results

We demonstrate that the proposed grid cell-based data structure can be used
for fast cell rasterisation of isosurfaces, as well as for hybrid ray tracing (Fig-
ure 2.13) of isosurfaces extracted from large volumes. The data structure uses
about 37% memory compared to a typical mesh-based representation, while
providing faster rasterisation for larger isosurfaces with high depth complex-
ity. Good use cases for our method include digital sculpting and the CSG
modeling in Paper III, as well as visualization of data that need storing addi-
tional attributes per cell or voxel.
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Figure 3.14. Data structure in Paper VI.

Figure 3.15. Overview of the method in Paper VI.

3.3 Haptic Rendering

In the final Paper VII, we look at improving the performance and fidelity of
the 6-DOF haptic rendering method used in Papers I-IV.

3.3.1 Vectorised Haptic Rendering

Because 6-DOF haptic rendering of stiff surfaces demands a high update rate
(1000 Hz) and imposes strict real-time constraints on the computations, par-
allelism can be hard to exploit via traditional means such as multi-threading
or the GPU. In Paper VII, we show how the classical VPS haptic rendering
method can be efficiently vectorised via the ISPC [44] programming language.
In addition, we propose a dynamic pointshell (Figure 3.16) that does not re-
quire any pre-processing and allows a fixed point budget to be set per frame.
The dynamic pointshell follows the contact regions and is updated per haptic
frame, and is stored in a circular buffer.
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Figure 3.16. Dynamic pointshell proposed for haptic rendering in Paper VII.

Results

Our main objective in this paper was to increase the number of contact points
that can be processed per haptic frame. Compared to a corresponding scalar
C++ implementation, our ISPC vectorised version of VPS provided a 3x
speedup on a single CPU core for a static hierarchical pointshell. This speedup
typically allowed an additional LOD to be processed within the haptic time-
frame. For the dynamic pointshell, the vectorised version was between 2.5 x
and 5x faster, which allowed the pointshell capacity to be increased.

In the empirical study, we demonstrated that the increased fidelity in colli-
sion simulation afforded by the vectorisation directly leads to a significantly
improved precision in virtual assembly tasks. The task was to assemble frac-
tured blocks (Figure 3.17) using a Novint Falcon haptic device with maximum
force set to 9 N. The five users were unable to distinguish a difference in haptic
response between the two implementations, but performed the alignment tasks

Figure 3.17. Fractured blocks from test scenes of the empirical study in Paper VII.
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with improved precision when the haptic fidelity was increased. In the em-
pirical study, the vectorised haptic rendering showed significantly (p < 0.01)
reduced alignment error compared to the scalar version.
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4. Conclusions

This chapter summarises the contributions of this thesis and proposes some
directions for future work.

4.1 Summary of Contributions
The objectives for this thesis, as stated in Chapter 1, were to:

e Develop fast methods for visualization and haptic rendering of isosurfaces
in volume data, including medical CT images.

e Combine image processing, visualization, and haptics into a VSP system
for improving the current workflow of CMF surgery planning.

e Evaluate the accuracy, precision, and usability of our VSP system.

Our contributions in the thesis can be summarised as follows:

e In Papers [, II, and IV, we describe the development and evaluation of
an in-house VSP system that uses stereoscopic visualization and hap-
tics to allow 3D interaction with 3D volume data such as segmented
CT images. Our proposed system, the haptics-assisted surgery planning
(HASP) system, is intended for virtual fracture reconstruction and CMF
surgery planning. A novel force model, called Snap-to-fit, that extends
an existing 6-DOF haptic rendering method with attraction forces be-
tween fractured surfaces is also proposed in Paper 1.

e In Paper III, we propose a method for generating 3D-printable surgi-
cal guides and plates from segmented CT images using anti-aliased dis-
tance transforms, and implement modeling tools in a version of HASP
extended to support planning of fibula free flap reconstructions.

e In Papers V and VI, we propose fast and efficient rendering methods for
visualizing isosurfaces in volume data. The method in Paper V is a direct
volume rendering method that amortises the raycasting cost, whereas
the method in Paper VI is an indirekt volume rendering method that
implements a memory efficient data structure allowing rasterisation and
ray tracing of isosurfaces extracted from large volumes.

e In Paper VII, we propose improvements in performance and fidelity to
the existing 6-DOF haptic rendering method used in Papers I-1V.

In addition, the HASP system has been installed at two hospitals for further
evaluation in clinical research. We also provide full source code for the imple-
mentations of the rendering methods proposed in Papers V-VIIL.
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4.2 Future Work

An important need in VSP that was identified during the project was that the
surgeons wanted to use CBCT more in the planning, for the easier imaging
and lower radiation to the patient. This would likely require investigating new
methods for segmentation and for improving the local contrast of CBCT such
that it can be used in-place of CT in the current image processing pipeline.
Extending the HASP system to other applications, for example, in archaeology
and digital humanities, would also likely require new data pipelines. It would
be interesting to explore other uses of haptics for the type of modeling that we
developed in Paper III, for example, to test the fit of parts during the modeling
before exporting them for manufacturing. There is also an ongoing study at
the Mount Sinai Hospital, New York, to evaluate the guide and plate design in
HASP on a larger number of post-operative cases.

The use of ray tracing and path tracing for realistic rendering of global
illumination is becoming more common in visualization and interactive appli-
cations, while previously mainly being used in film rendering and other offline
rendering. Combining the caching of global illumination in Paper V with the
hybrid ray tracing of Paper VI for improving the interactive performance is
something that would also be interesting to investigate.
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5. Summary in Swedish

Interaktiva system for att utforska och interagera med tredimensionell (3D)

medicinsk bilddata via tekniker som stereoskopisk visualisering och haptik

kan leda till nya arbetssitt for virtuell kirurgiplanering inom till exempel cranio-
maxillofacial (CMF) kirurgi. Sédan planering inkluderar dven design och

modellering av patientspecifika sdgguider och plattor som kan tillverkas med

additiv teknik (3D-utskrift) och anvindas under sjélva operationen.

Eftersom medicinsk bilddata ofta bestar av hogupplosta volymbilder sdsom
datortomografier (DT) med miljontals datapunkter krivs effektiva metoder
for att behandla och visualisera datat. Detta géller framforallt f6r interaktiva
tillimpningar dér visualiseringen maste ske i realtid. En vanlig visualiserings-
uppgift dr exempelvis att rendera isoytor som visar benet eller annan vav-
nad i datat. For haptik, som innefattar kinsel och kraftaterkoppling, krévs i
regel dessutom en hog uppdateringsfrekvens pa 1000 Hz for realistisk haptisk
rendering och aterkoppling utan odnskade skakningar eller vibrationer.

I den hir avhandlingen har vi undersokt och utvecklat metoder for visual-
isering och haptisk rendering av isoytor i volumetrisk bilddata, med tillamp-
ningar inom medicinsk visualisering och virtuell kirurgiplanering. Vidare
har vi utvecklat metoder for modellering av kirurgiska sagguider och plattor
utifran segmenterad DT-data, samt implementerat dessa i modelleringsverktyg
som vi integrerat i vart system HASP for haptikstodd kirurgiplanering. Detta
projekt har utforts in ndra samarbete med klinisk forskning vid Institutio-
nen for kirurgiska vetenskaper vid Uppsala Universitet. En annan viktig del
i avhandlingen har dven varit att utvidrdera anvindbarheten av planeringen i
HASP for det tinkta anvindningsomradet CMF-kirurgi.

For virtuell kirurgiplanering utvecklar vi i artiklarna I-II en metod och
ett system for visuohaptisk inpassning av frakturerade benytor. Systemet,
HASP, utnyttjar stereoskopisk visualisering och haptik for att lata kirurgen
interagera med datat i 3D. I artikel IV utvérderar vi den virtuella planeringen
i en anvindarstudie med DT-data fran ett storre antal postoperativa fraktur-
fall. Resultaten fran anvindarstudien visar pa att den virtuella planeringen
kan utforas snabbt (inom 15 minuter, inklusive tid for segmentering) och med
hog precision for samma anvédndare, men att noggrannheten i planeringen be-
hover forbittras. T artikel IIT utvecklar vi metoder som anvénder avstands-
transformer for att modellera 3D-utskrivbara patientspecifika kirurgiska sag-
guider och plattor, och integrerar dessa i HASP. Systemet dr nu installerat pa
Akademiska sjukhuset i Uppsala for utvirdering av anvindning inom klinisk
forskning.
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For visualisering av isoytor har vi utvecklat tvd metoder i avhandlingen.
Metoden i artikel V kan anvéndas for direkt volymrendering av isoytor i datat,
utan nagra forberdknade datastrukturer och med dynamiskt isovérde, och byg-
ger pa ett dynamiskt punktmoln som foljer anvindarens huvudroérelser. Vi
utnyttjar redundans mellan vinster och hoger dga for snabbare stereoskopisk
rendering, och demonstrerar tillimpningar inom virtuell verklighet. Metoden
1 artikel VI kan anvéndas for indirekt volymrendering av isoytor i datat, och
implementerar en minneseffektiv datastruktur som tillater bade rasterisering
och stralsparning (“ray tracing”) av isoytor extraherade fran stora volymer.

Slutligen, for haptisk rendering av isoytor utokar vi i artikel VII den be-
fintliga haptikrenderingsmetod som anvénds i HASP med syfte att snabba upp
metoden och mojliggora fler kontaktpunkter vid inpassning av frakturerade
ytor. Utokningen bestar av ett dynamiskt punktmoln som inte kriver nagon
forberdkning och som anpassar sig till kontaktytorna, samt vektorisering via
programmeringsspraket ISPC. En anvindarstudie visar att det 6kade antalet
kontaktpunkter vi uppnér tack vare den nya metoden signifikant minskar felet
som anvindaren gor vid inpassningen av tva bitar mot varandra utan att for
den skull 6ka tiden det tar att géra inpassningen.
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