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Sommario

Negli ultimi anni si sta vericando una proliferazione semp re piu consistente di modelli
digitali di notevoli dimensioni in campi applicativi che va riano dal CAD e la progettazione
industriale alla medicina e le scienze naturali. In modo part icolare, nel settore della medicina,
le apparecchiature di acquisizione dei dati come RM o TAC pro ducono comunemente dei
dataset volumetrici di grosse dimensioni. Questi dataset p ossono facilmente raggiungere
taglie dell'ordine di 1024 voxels e dataset di dimensioni maggiori possono essere frequenti.

Questa tesi si focalizza su metodi e cienti per l'esplorazi one di tali grossi volumi utiliz-
zando tecniche di visualizzazione diretta su piattaforme HW di diusione di massa. Per
raggiungere tale obiettivo si introducono strutture speci alizzate multi-risoluzione e algoritmi
in grado di visualizzare volumi di dimensioni potenzialmen te in nite. Le tecniche sviluppate
sono ouput sensitive e la loro complessita di rendering di pende soltanto dalle dimensioni
delle immagini generate e non dalle dimensioni dei dataset d i input. Le caratteristiche avan-
zate delle architetture moderne GPGPU vengono inoltre sfru ttate e combinate con un frame-
work out-of-core in modo da o rire una implementazione di questi algoritmi e strutture
dati piu essibile, scalabile ed e ciente su singole GPU o clu ster di GPU.

Per migliorare la percezione visiva e la comprensione dei dati, viene introdotto inoltre I'uso
di tecnologie di display 3D di nuova generazione basate su un approccio di tipo light- eld.
Questi tipi di dispositivi consentono a diversi utenti di pe rcepire ad occhio nudo oggetti che
galleggiano all'interno dello spazio di lavoro del display , sfruttando lo stereo e la parallasse
orizzontale. Si descrivono in ne un insieme di tecniche ill ustrative interattive in grado di
fornire diverse informazioni contestuali in diverse zone d el display, cosi come un motore di
ray-casting out-of-core basato su CUDA e contenente una s erie di miglioramenti rispetto
agli attuali metodi GPU di ray-casting di volumi. Le possi bilitd del sistema sono dimostrate
attraverso l'esplorazione interattiva di dataset di 64-GV oxel su un display di tipo light- eld
da 35-MPixel pilotato da un cluster di PC.

Keywords: Computer Graphics, Visualizzazione Scienti ca, Medical Im aging, Volume Ren-
dering, Ray-casting, lllustrative Rendering, Level-of-de tail, Light- eld Display.






Abstract

Nowadays huge digital models are becoming increasingly ava ilable for a number of di erent
applications ranging from CAD, industrial design to medici ne and natural sciences. Particu-
larly, in the eld of medicine, data acquisition devices suc h as MRI or CT scanners routinely
produce huge volumetric datasets. Currently, these datasets can easily reach dimensions of
1024 voxels and datasets larger than that are not uncommon.

This thesis focuses on e cient methods for the interactive e xploration of such large vol-
umes using direct volume visualization techniques on commo dity platforms. To reach this
goal specialized multi-resolution structures and algorit hms, which are able to directly render
volumes of potentially unlimited size are introduced. The d eveloped techniques are output
sensitive and their rendering costs depend only on the compl exity of the generated images
and not on the complexity of the input datasets. The advanced characteristics of modern
GPGPU architectures are exploited and combined with an out- of-core framework in order to
provide a more exible, scalable and e cient implementation  of these algorithms and data
structures on single GPUs and GPU clusters.

To improve visual perception and understanding, the use of n ovel 3D display technology
based on a light- eld approach is introduced. This kind of de vice allows multiple naked-eye
users to perceive virtual objects oating inside the display w orkspace, exploiting the stereo
and horizontal parallax. A set of specialized and interacti ve illustrative techniques capable of
providing di erent contextual information in di erent are  as of the display, as well as an out-
of-core CUDA based ray-casting engine with a number of impro vements over current GPU
volume ray-casters are both reported. The possibilities of the system are demonstrated by
the multi-user interactive exploration of 64-GVoxel datas ets on a 35-MPixel light- eld display
driven by a cluster of PCs.

Keywords: Computer Graphics, Scienti ¢ Visualization, Medical Imagi ng, Volume Render-
ing, Ray-casting, lllustrative Rendering, Level-of-detai I, Light- eld Displays.






Roads? Where we're going we don't need roads.
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Introduction

Volumetric datasets are growing at incredible rates in terms of humber and size
resulting in two visualization challenges: maintaining performance and extract-
ing meaningful information. These two challenges are closely related, since user
interaction, which imposes real-time constraints, is a key to volumetric under-
standing. In this thesis, we introduce scalable methods for rendering volumes of
potentially unlimited size on modern GPU architectures. Furthermore we present
methods to improve their understanding through illustrative techniques and pre-
sentation on advanced 3D displays. This chapter outlines the motivation behind
our research, summarizes research achievements, and describes the organiza-
tion of the thesis.

1.1 Background and Motivations

ientific visualization is the formal name given in computer science t o the eld that en-

compasses data representation and processing algorithms, user interfaces, visual and

other sensory representations [McCo 88, Schr 99. The goal of scienti ¢ visualization
is to transform data into sensory information in order to gle an insight from raw simulation
data or data analysis.

Rectilinear scalar volumes, i.e., scalar functions sampled on a 3D grid, are among the most
important and challenging datasets in scienti ¢ visualiza tion. Volumetric information are gen-
erated by simulations as well as by acquisition devices like for example computerized tomog-
raphy (CT), magnetic resonance imaging (MRI), and ultrasoun ds. Consequently, volumetric
datasets arise in many engineering and scienti ¢ areas, such as medicine, non-destructive
testing, astronomy, or seismology.

New advances in computer simulation and in data acquisition devices are leading to a
steady increase in the resolution of produced datasets. Applied to medical imaging, these
advances create new interesting opportunities in diagnost ic medicine, surgical simulation or
radiation treatment planning. In each case, these opportuni ties have been brought about by
visualizations of portions of the body previously inaccess ible to view [ DeFa 89.

In this context of emerging data-intensive knowledge discov ery and data analysis, the visu-
alization challenge is to create new methods that allow the d omain analyst to visually examine
this massive amount of data, understand it, and take decisio ns in a time critical manner. This
requires improving both the performance of current visuali zation systems, to let them deal,
interactively, with potentially unlimited amounts of data , and the quality of their representa-
tion, to make the data easier to understand. These two aspects are closely related, since user
interaction, which imposes real-time constraints, is a key to volumetric understanding.
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1.1.1 Volume Rendering of Large Data

Many sophisticated techniques for real-time volume render ing have been proposed in the past,
taking advantage of CPU acceleration techniques, GPU acceeération using texture mapping,
or special purpose hardware. In the last few years, improveme nts in the programmable and
performance capabilities of GPU processors have made GPU-kased solutions the main option
for real-time rendering on desktop platforms [ Enge 06. Current high quality solutions, based
on ray-casters fully executed in GPU, have demonstrated the ability to deliver real-time frame
rates for moderate-size data, but they typically require th e entire dataset to be contained
in GPU memory. Rendering of large datasets can be achieved through compression, multi-
resolution schemes, and out-of-core techniques. Current solutions, however, are not fully
adaptive and, with the exception of at blocking schemes [ Ljun 06], are not typically imple-
mented within a single-pass ray casting framework, with inc reased frame bu er bandwidth
demands and/or decreased precision and exibility in the com putation of volume integrals.
Scalable single-pass solutions, capable of working out-of-core, are of extreme importance for
achieving high performance while supporting a variety of e  ects.

1.1.2 Improving Understanding through lllustrative Visualization

Resolving the spatial arrangement of complex three-dimensional structures in images pro-
duced by direct volume rendering techniques is often a dicul t task. In particular, data
produced by medical acquisitions often contain many overla pping structures, leading to clut-
tered images which are dicult to understand. Therefore, en hancing shape perception in
volumetric rendering is a very active research area, which i s tackled under dierent an-

gles. Recent contributions include methods for improving p hotorealistic rendering quality,

as well as non-photorealistic approaches to improve image r eadability with illustrative tech-

niques [Viol 06, Bruc 08]. lllustrative visualization and non-photorealistic rend ering (NPR)
techniques extend scienti ¢ visualization incorporating traditional arts and illustration con-

cepts [Eber 00 Enge 0. The power of traditional illustration is supported by ill ustrators
long experience in depicting complex shapes in a comprehensible way and their subtle un-
derstanding on devising techniques to emphasize or de-emph asize information to e ectively

communicate various messages to the viewer. Rendering exib ility is thus paramount for a

volumetric visualization pipeline.

1.1.3 Improving Understanding through Advanced 3D Displays

Using illustrative visualization methods is not the only wa y to improve volumetric under-
standing. An orthogonal research direction consists of pre senting results on displays capa-
ble of eliciting more depth cues than the conventional 2D mon itors or providing improved
color reproduction. For instance, Ghosh et al [Ghos 09 have shown how a high dynamic
range display can substantially improve volume understand ing through perceptually opti-
mized transfer functions. Another possibility consists of enhancing spatial comprehension of
3D data through perceptual cues for accommodation, stereo and motion parallax delivered
by a light- eld display, i.e., a display supporting high res olution direction selective light
emission. This direction looks very promising, since there is evidence that ego- and/or
model-motion as well as stereopsis are essential cues to acleve rapid direct perception of
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volumetric data [ Bouc 09, Mora 04]. Recent advances in 3D display design demonstrate that
high resolution display technology capable of reproducing natural light- elds is practically
achievable [Balo 05 Jone 07. Rendering for such displays requires generating a large n umber
of light beams of appropriate origin, direction, and color, which is a complex and compu-
tationally intensive task. Moreover, the displays optical characteristics impose specialized
rendering methods. For best results, the potential of such displays should also be exploited
by specialized illustative techniques.

vt 2V
- «\

Figure 1.1: Multi-user interactive exploration of a chameleon 1-GVoxe | dataset on a 35-
MPixel light- eld display. Users freely mix and match 3D tools creating view-dependent
illustrative visualizations. Objects appear oating in the d isplay workspace, providing correct
parallax cues while delivering direction-dependent informa tion.

1.2 Objectives

The principal research objective of this thesis is to enable the interactive exploration and
better understanding of the information contained in large volumetric datasets using direct
volume visualization techniques on commodity computing pl atforms delivering images using
light- eld displays. Advancing the state-of-the-art in th is area requires solving the following
problems:

Improvement in scalability of state-of-the-art rendering methods. Nowadays large datasets
are becoming increasingly available and there exists a clea need of specialized and ef-
cient rendering methods. Therefore, we need to study and de velop specialized multi-
resolution data structures and algorithms able to directly render volumes of potentially
unlimited size. Ideally, the developed techniques should be output sensitive, i.e., with
a cost depending only on the complexity of the generated imag es and not on the com-
plexity of the input dataset.

Adapting algorithms to GPGPU parallel architectures.  We need to study and develop an
e cient implementation of the proposed algorithms and data  structures on GPUs or
GPU clusters in an out-of-core framework. The solution shou Id keep the scalability, and
work both in a desktop setting and in a large scale parallel gr aphics setting.

Light- eld reconstruction and inspection of volumetric da  ta. Since light- eld displays pro-
vide better depth and shape perception being by eliciting mo re depth cues, we would
like to improve visual perception and understanding using n ovel 3D display technolo-
gies based on the light- eld approach. This kind of device al lows multiple users to
perceive virtual objects oating inside the display workspac e, exploiting stereo and mo-
tion parallax. In order to make this approach practical, we pl an to study methods that
exploit perspective coherence in order to improve the rende ring performance.
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Implementing suitable illustrative techniques. The need to enhance important features pres-
ent in volumetric datasets invites us to develop and evaluat e appropriate illustrative
techniques integrated within the previously mentioned out -of-core framework. Speci -
cally, it would be worth to exploit the view-dependent chara cteristics of the light- eld
displays.

Validation of the system. Potential perceptual advantages of the approach should be vali-
dated through user testing, e.g., by evaluating the layout d iscrimination capabilities of
the approach in comparison to standard techniques.

While some partial solutions for some of these problems have b een proposed in the recent
years, there is currently no existing single approach able to ful Il all these requirements.

1.3 Achievements

The research work carried out during this thesis has led to th e following achievements:

The introduction of a novel single-pass ray casting framewo rk for interactive out-of-

core rendering of massive volumetric models. The method is G PU-accelerated and
has demonstrated the capability of managing multi-gigavox el datasets [Gobb 08. The
key insight of the method is to use specialized multi-resolu tion structures, separating
visibility-aware level-of-detail selection from the actu al rendering using co-operative
algorithms.

The generalization of the previous ray casting framework us ing the possibilitues o ered
by modern GPGPU architectures [Agus 08c]. The method supports a more exible ray
traversal (e.g., changes in the direction of the ray propagation or di erent accumulation
strategies) and proposes an improved solution for incorpor ating visibility feedback.

The development of a volume representation technique [ Agus 10b] suitable for cases
where the volumes represent physical objects with well de ne d boundaries separating
di erent materials, giving rise to models with quasi-impul sive gradient elds. In this
representation, we replace blocks of N2 voxels by one single voxel that is split by a
feature plane into two regions with constant values. We also show how to convert a
standard mono-resolution representation into an out-of-c ore multi-resolution structure,
both for labeled and continuous scalar volumes.

The introduction of an adaptive technique for the interacti ve rendering of volumetric
models on projector-based multi-user light- eld displays. = The method achieves inter-
active performance and provides rapid visual understandin g of complex volumetric
datasets even when using depth-oblivious compositing tech niques [Agus 08c, Agus 08a,
JAlg 08].

The development of a new interactive visualization framewo rk which enables multiple
naked-eye users to perceive detailed multi-gigavoxel volu metric models as oating in
space, responsive to their actions, and delivering di eren t information in di erent areas
of the workspace [Agus 09, Igle 10]. The main contributions include a set of specialized
interactive illustrative techniques able to provide dier ent contextual information in dif-
ferent areas of the display, as well as an out-of-core CUDA-b ased ray casting engine with
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a number of improvements over current GPU-accelerated volu me ray-casters. The pos-
sibilities of the system have been demonstrated by the multi -user interactive exploration
of 64-GVoxel datasets on a 35-MPixel light- eld display dri ven by a cluster of PCs.

The evaluation of volume rendering on light- eld displays a nd its relevance for medi-
cal training and virtual examinations. Initial results demo nstrate increased e ciency in
tasks requiring spatial understanding. The development of preliminary psycho-physical
tests which demonstrate that light- eld displays and virtu al reality improve understand-
ing in common medical tasks [ Agus 08b]. The continuation of such perceptual experi-
ments to evaluate the depth discrimination capabilities of the light- eld display technol-
ogy with respect to two-view (stereo) and discrete multi-vi ew designs [Agus 10a]. The
evaluation employ a large scale multi-projector 3D display o ering continuous horizon-
tal parallax in a room size workspace. Two tests are considered in the context of depth
oblivious rendering techniques: a layout discrimination t ask, and a path tracing task.

1.4 Organization

This thesis is organized in order to show in a natural and cohe rent order all the results
obtained. Many readers would prefer to skip parts of the text and go back and forth through
the di erent chapters. In this section the reader can nd a bri ef overview of what can be
found in each chapter.

Chapter 2: GPU-Accelerated Out-of-core DVR. It presents an adaptive out-of-core technique
for rendering massive scalar volumes employing single-pass GPU ray casting. The
method is based on the decomposition of a volumetric dataset into small cubical bricks,
which are then organized into an octree structure maintaine d out-of-core. Co-operation
between CPU and GPU make it possible to interactively explor e extremely massive vol-
umes using an output-sensitive method. Results obtained de monstrate how is possible
to interactively explore multi-gigavoxel datasets on a des ktop PC by using the proposed
method.

Chapter 3: Taking Advantage of GPGPU Architectures.  This chapter describes a series of
improvements on presented multi-resolution volume render ing method in chapter 2.
The new rendering system is constructed around a con gurabl e GPU ray casting kernel,
exploiting the advanced characteristics of modern GPGPU ar chitectures to achieve both
exibility and performance.

Chapter 4: Handling Discontinuous Datasets.  This chapter introduces a new volumetric prim-
itive, named split-voxel to handle datasets containing sharp boundaries and discontinu-
ities. This chapter shows how to convert a standard mono-res olution representation
into an out-of-core multi-resolution structure, both for | abeled and continuous scalar
volumes using the split-voxel primitive. It also shows how it is possible to interactively
explore the resulting models using a multi-resolution GPU r ay casting framework.

Chapter 5: Rendering on Light- eld Displays. This chapter presents a GPU-accelerated vol-
ume ray casting system interactively driving a multi-user | ight- eld display. The display
is based on a specially arranged array of projectors and a holographic screen that pro-
vides full horizontal parallax. The characteristics of the display are exploited to develop
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a specialized volume rendering technique able to provide mu ltiple freely moving naked-
eye viewers the illusion of seeing and manipulating virtual volumetric objects oating in
the display workspace. The method achieves interactive performance and provides rapid
visual understanding of complex volumetric datasets even w hen using depth oblivious
compositing techniques. Perceptual experiments are also presented to evaluate the depth
discrimination capabilities of this technology.

Chapter 6: lllustrative Techniques. In this chapter, we report on a set of illustrative and
non-photorealistic rendering (NPR) techniques that compl ement the work presented in
chapters 2, 3 and 5. This chapter proposes an illustrative technique in the el d of
context-preserving volume rendering, named context-preserving focal prohae focus the
users' attention in a region of interest while preserving th e information in context. The
focus and context information are separated by the assignment of di erent rendering
styles that can be smoothly blended to provide a more continu ous e ect. This chapter
also introduces a new accumulation scheme for importance-d riven volume rendering
and a set of specialized interactive illustrative techniqu es capable of providing di erent
contextual information in di erent areas of a light-eld di  splay.

Figure 1.2: GPU-accelerated ray caster working with medical data. = GPU rendering images
of a medical dataset demonstrating some advanced exploration capabilities.



GPU-Accelerated Out-of-
core DVR

The rst research objective of this thesis is to make it possib le to visualize mas-
sive scalar volumes at interactive rates on commodity graphics platforms. This
chapter presents a novel adaptive out-of-core technique for rendering massive
scalar volumes employing single-pass GPU ray casting. The method is based
on the decomposition of a volumetric dataset into small cubical bricks, which are
then organized into an octree structure maintained out-of-core. The key insight of
the method is to use specialized multi-resolution structures, separating visibility-
aware level-of-detail selection from the actual rendering using co-operative al-
gorithms. Results obtained with the proposed method demonstrate how multi-
gigavoxel datasets can be interactively explored on a desktop PC.

2.1 Introduction

he ability to interactively render rectilinear scalar volume s containing billions of sam-
ples on desktop PCs is of primary importance for a number of ap plications, which
include medical visualization, industrial engineering an d numerical simulation re-
sults analysis.

Many sophisticated techniques for real-time volume render ing have been proposed in the
past, taking advantage of CPU acceleration techniques, GPU acceleration using texture map-
ping, or special purpose hardware. In the last few years, impr ovements in the programmable
and performance capabilities of GPUs have made GPU solutions the main option for real-
time rendering on desktop platforms [ Enge 04. Current high quality solutions, based on ray-
casters fully executed in GPU, have demonstrated the ability to deliver real-time frame rates
for moderate-size data, but they typically require the enti re dataset to be contained in GPU
memory. Rendering of large datasets can be achieved through compression, multi-resolution
schemes, and out-of-core techniques.

Current solutions, however, are not fully adaptive and, wit h the exception of at blocking
schemes [jun 06], are not typically implemented within a single-pass ray ca sting framework,
with increased frame bu er bandwidth demands and/or decrea sed precision and exibility
in the computation of volume integrals (see section 2.2).

In order to remove such limitations, we presented an adaptive out-of-core technique for ren-
dering massive scalar datasets within a single-pass GPU ray casting framework. The method
exploits an adaptive loader executing on the CPU for updatin g a working set of bricks main-
tained on GPU memory by asynchronously fetching data from an out-of-core volume octree
representation. At each frame, a compact indexing structur e, which spatially organizes the
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(a) Volume rendering overview (b) Volume rendering detail

(c) Isosurface detail (d) Isosurface detail's octree structure

Figure 2.1: Interactive exploration of multi-gigabyte CT datasets.  This 2-GVoxel 16bit dataset
is interactively explored on a desktop PC with a NVIDIA 8800 Ultr a graphics board using a
1024 1024window size. Transfer functions and isovalues can be interac tively changed during
navigation. The volume rendered images have a full Phong model wi th specular re ections
and view-dependent transparency.

current working set into an octree hierarchy, is encoded in a small texture. This data structure
is then exploited by an e cient ray casting algorithm, which  computes the volume render-
ing integral by enumerating non-empty bricks in front-to-b ack order and adapting sampling
density to brick resolution. The algorithm is a streamlined octree extension of an e cient
stackless ray traversal method for kd-trees [Havr 98, Popo 07], which reduces costly texture
memory accesses by computing neighbor information on-the- y. In order to further optimize
memory and bandwidth e ciency, the method also exploits fee dback from the renderer to
avoid re nement and data loading of occluded zones.

Although not all the techniques presented here are novel in t hemselves, their elaboration
and combination in a single system is not trivial and represe nts a substantial enhancement to
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the state of the art. The resulting method is extensible, ful ly adaptive, and able to interactively
explore multi-gigavoxel datasets on a desktop PC (see Fig. 2.1).

2.2 Related Work

In the context of this thesis, the discussion of the state-of-the-art will be limited to the ap-
proaches most closely related to massive volume visualization. The out-of-core organization
of massive volumetric data into a volume octree is a classic one. Lamar et al. [LaMa 99] pro-
posed a multi-resolution sampling of octree tile blocks acc ording to view-dependent criteria.
Boada et al. [Boad 01] proposed a coarse octree built upon uniform sub-blocks of t he volume,
and used, instead, data dependent measures to select block esolution. In such systems, as
in most previous GPU accelerated multi-resolution schemes, rendering of multi-resolution
volumes on graphics hardware is accomplished by separate rendering of blocks and frame
bu er composition. For instance, Guthe et al. [ Guth 04] exploits a decomposition into wavelet
compressed blocks, uses block resolution to determine inter-slice distance, and introduces
methods for empty space skipping and early ray termination. Li et al. [Li 03] propose to
accelerate slice-based volume rendering by skipping empty blocks and exploiting an opacity
map for occlusion culling. Slice-based implementations ar e, however, rasterization limited
and hard to optimize from an algorithmic point of view. Furth ermore, when applying a per-
spective projection the integration step size will vary alon g viewing rays when using planar
proxy geometries, leading to visible artifacts. In order to s olve some of these problems, other
authors [Hong 05, Kaeh 06] separately render blocks using volumetric ray casting ont he GPU
and devise propagation methods to sort cells into layers for front-to-back rendering, therefore
reducing frame-bu er demands. The separate rendering of bl ocks, however, is prone to ren-
dering artifacts at block boundaries, and does not easily allow an implementation of optical
models with viewing rays changing direction, as it does occu r in refracting volumes, or with
non-local e ects, as it does occur in global illumination.

The technique proposed as part of this thesis is based on a full-volume GPU ray-casting ap-
proach [Krug 03, Roet 03, with a fragment shader that performs the entire volume tra versal
in a single pass [Steg 09. Such an approach, made possible by modern programmable GPUs,
is more general, but, until very recently, has been limited t o moderate size volumes that t
entirely into texture memory. In this context, the issue of la rge volumes has been typically
addressed by compressing data using adaptive texturing schemes to t entire datasets into
GPU memory in compressed form [ Voll 06], or by using at multi-resolution blocking meth-
ods [Ljun 06]. In the rst approach, data is stored at various resolution | evels using adaptive
texture maps [Krau 02] to reduce storage needs, but sampling density is not adapted as the ray
passes through di erent blocks of data. The at multi-resolu tion blocking technique, instead,
represents a volume as a xed grid of blocks and varies the res olution of each block to achieve
adaptivity. The disadvantage of this ne-grained approach in comparison with a hierarchical
approach is that the number of blocks is constant and the meth od remains performing only
if individual blocks are within a small range of sizes.

The proposed method, instead, relies on the ability to rapid ly traverse an octree structure
and is based on the stackless ray traversal method for kd-trees [Havr 98] recently extended to
GPUs for surface rendering [Popo 07]. The method exploits the regular structure of octrees to
reduce costly texture memory accesses by computing bounding boxes on-the-y. In addition,
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the proposed algorithm takes advantage in its fragment shad er implementation of occlusion
queries to avoid loading occluded data. Other authors have p roposed using depth information
to optimize full-volume GPU ray-casters, but, in general, t he focus is on implementing early-
ray termination in multi-pass methods by exploiting early z -tests features [Krug 03, Roet 03.
A fragment shader based scheme can exploit spatial and temporal coherence to schedule
queries in an order that strives to reduce end-to-end latency, similarly to what is done for
recent surface renderers [Govi 03, Bitt 04]. The central idea of these methods is to issue
multiple queries for independent scene parts and to avoid re peated visibility tests of interior
nodes by exploiting the coherence of visibility classi cat ion. The partitioning in the proposed
scheme occurs in image space, rather than in object space.

At the time the proposed approach were published, there were not fully adaptive solutions
and, with the exception of at blocking schemes [ Ljun 06], were not typically implemented
within a single-pass ray casting framework, with increased frame bu er bandwidth demands
and/or decreased precision and exibility in the computatio n of volume integrals. Just after
this work were published [ Gobb 0§, a close related work were also presented by Crassin et
al. [Cras 09. Similarities between both works were pointed out and disc ussed in their paper.
More precisely, Crassin et al. [Cras 09 exploit multiple render targets to store a subset of
the traversed nodes for each pixel and exploit spatio-tempo ral coherence trying to not miss
visible nodes. Using mipmapping they address the aliasing t 0 a large extent but increase the
memory consumption and makes tree updates more challenging .

2.3 Method Overview

Since massive volumetric datasets cannot be interactively rendered by brute force methods,
applications must ideally employ adaptive rendering techn iques whose runtime and memory
footprint is, as much as possible, proportional to the numbe r of image pixels, not to the total
model complexity.

For e ciently updating the rendering working-set, these me thods require the integration
of level-of-detail and visibility culling techniques. Out -of-core data management is used for
Itering out as e ciently as possible the data that is not con tributing to a particular image.

The technique separates the creation and maintenance of therendering working set, which
is performed on the CPU, from the actual rendering, which is f ully performed on the GPU
based on an e cient encoding of the current working set repre sentation (see Fig.2.3). In
order to maximize CPU and bandwidth e ciency, a coarse-grai ned volume decomposition is
employed, which allows to amortize decision costs over a lar ge number of rendered voxels
and to e ciently update the GPU representation with few call s.

The original volumetric model is decomposed into small cubi cal bricks, which are then or-
ganized into a coarse octree structure maintained out-of-core. The octree contains the original
data at the leaves, and a ltered representation of children at inner nodes. Each node also
stores the range of values, as well as, optionally, precomputed gradients. In order to e ciently
support runtime operations that require access to neighbor ing voxels, such as linear interpo-
lation or gradient computations, blocks are made self-cont ained by replicating neighboring
samples. One layer is replicated for linear interpolation s upport, while two layers are repli-
cated for additionally using central di erences to compute gradients at rendering time. At
runtime, an adaptive loader updates a view- and transfer fun ction-dependent working set of
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Figure 2.2: Method overview. At runtime, an adaptive loader, executing on the CPU, updates
a view- and transfer function-dependent working set of bricks m aintained on GPU memory
by asynchronously fetching data from an out-of-core coarse-graine d octree representation. A
compact indexing structure that spatially organizes the curr ent working set is exploited by an
e cient stackless GPU ray-caster for image generation.

bricks incrementally maintained on CPU and GPU memory by asy nchronously fetching data
from the out-of-core octree. The working set is maintained b y an adaptive re nement method
guided by suitably computed node priorities (see section 2.3.7). At each frame, a compact
indexing structure, which spatially organizes the current working set into an octree hierarchy;,
is encoded in a small texture. This structure is not a multi-r esolution data representation,
but simply spatially organizes the leaves of the current vie w-dependent representation into
an octree with neighbor pointers. The inner nodes of this str ucture simply contain pointers
to children, and only the leaves refer to volume data nodes st ored in the memory pool. The
spatial index structure is exploited by an e cient stackles s GPU ray-caster, which computes
the volume rendering integral by enumerating non-empty bri cks in front-to-back order, adapt-
ing sampling density to brick resolution, and stopping as so on as the accumulated opacity
exceeds a certain threshold, updating both the frame- and depth-bu er (see section 2.3.2.

Using an occlusion query mechanism designed to reduce GPU stalls when using a shader
based implementation or taking advantage of the scatter mem ory write capability when using
a GPGPU parallel architecture, feedback from the renderer can be exploited by the loader to
avoid re nement and data loading of occluded zones (see section 2.3.3.

2.3.1 Generation of View- and Transfer-Function Dependent Working Sets

At each frame, an incremental re nement procedure construc ts the current view-dependent
working set by re ning a sorted set of visible non-empty node s initialized with the octree root.
In the most basic case, the set is sorted by decreasing projectd screen-space size of voxels,
but it will be shown in section 2.3.3how visibility information can also be incorporated in the
process. Empty nodes are terminal ones in the re nement proc ess, as well as nodes which fall
outside of the view frustum. As in [ Wilh 92], for isosurface rendering, a hode is considered
non-empty if the isovalue is within the range spanned by the m inimum and maximum value
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of the cell. In the case of volume rendering, as in [ Scha 03, summed-area tables of the transfer
function opacity are used to determine if the block is empty b y taking the di erence of the
table entries for the minimum and maximum block values. The r e nement procedure stops
when all nodes are considered adequately re ned, no data is c urrently available in-core to
perform a re nement, or no more space is available in the GPU c ache to contain a further
subdivision. In order to hide out-of-core data access latency, all data access requests are
performed asynchronously by a separate thread, and re neme nt continues only if data is
immediately available.

At the end of the re nement process, all nodes in the current w orking set are present both in
the CPU and GPU cache, the CPU cache being used as a larger leMe2 cache that uses system
memory to avoid disk accesses for recently used blocks. Both memory pools are managed
using a LRU policy. The GPU texture cache is devised as a large preallocated 3D texture
managed as a pool of blocks, or two of them when using precompu ted gradients.

A possible implementation can be to encode the value texture as a 16bit single channel
texture, while the gradient texture as a RGBAS texture with n ormalized gradients in the RGB
components and gradient norm in the A component. During incr emental re nement, the
GPU texture cache is incrementally updated with glTexSublmage calls to move data. Due to
temporal and spatial coherence, the number of updated nodes per frame is generally small.

2.3.2 GPU Rendering

The incremental re nement procedure de nes a cut of the octr ee hierarchy that is considered
adequate for the current frame and stores all data blocks associated to non-empty leaves in
GPU memory. In order to render an image with a single-pass GPU r ay-caster, the fragment
shader must be able to e ciently enumerate in front-to-back order for each fragment all
the blocks pierced by the associated view ray. This goal is achieved by using an octree
with neighbor structure to spatially index the current leaf blocks, and using this structure to
accelerate ray traversal.

Figure 2.3: Octree with neighbor pointers.  Neighbor pointers link each leaf node of the
octree via its six faces directly to the corresponding adjacent node of that face, or to the
smallest node enclosing all adjacent nodes if there are multipl e ones.
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2.3.2.1 Spatial Index Construction

The octree with neighbors structure augments a branch-on-need octree with links, so that a
direct traversal to adjacent nodes is possible (see Fig.2.3). In this structure, neighbor pointers
directly link each leaf node of the octree via its six faces to the corresponding adjacent node
of that face, or to the smallest node enclosing all adjacent nodes if there are multiple ones.
Such a structure is created on-the- y at each frame directly f rom the view-dependent octree,
and encoded into a 3D texture that acts as a spatial index.

Figure 2.4: GPU spatial index and memory pool textures. Each octree node is encoded in8
of consecutive texels arranged in the x direction.

The layout of the spatial index texture is designed to encode the minimum amount of data
required for octree traversal (see Fig. 2.4). Similarly to Octree Textures on GPU [Lefe 05,
an 8 bit RGBA texture is used for encoding information in the RGB component pointer
information, and various kinds of tags in the A components. With this encoding, it's possible
to potentially address 16M nodes or data blocks, which is several orders of magnitude la rger
than what is needed.

The octree structure is encoded using a tagged pointer per node. The A component of the
tagged pointer determines the node kind, and it is A = 1:0 for inner nodes, A = 0:5 for for
data nodes, and A = 0:0 for empty nodes. Inner nodes used the RGB component of the
tagged pointer to point to the rst of 8 children arranged consecutively in the x direction.
Leaf nodes use theRGB component of the tagged pointer to point to leaf information , which
consists in a data pointer (if the node is not empty), and 6 consecutive texels storing pointers
to neighbors. The last leaf data texel always contains a NULL pointer, used in our traversal
code to simplify the handling of rays that do not exit from the current box and thus should
not continue to neighbors. Neighbor pointers use their A value to encode the octree level
of the neighbor, which can be the same as the level of current node or coarser. The level
information is all that is required in our traversal algorit hm to rapidly compute the bounding
box information of neighbors during traversal.

The on-the-y construction of the index texture is fast, sinc e the employed structure is
coarse-grained and the view-dependent tree is composed of only a few thousands leafs.
Once the structure is constructed in a memory area, the GPU texture is updated using a
glTexSublmage call, and the fragment shader implementing volume ray casti ng is activated
by rendering a quad.
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2.3.2.2 Spatial Index Traversal

The spatial index structure is exploited by an e cient ray ca sting algorithm, which computes
the volume rendering integral by enumerating non-empty bri cks in front-to-back order and
adapting sampling density to brick resolution. The travers al algorithm is a streamlined octree
extension of an e cient stackless ray traversal method for k d-trees [Havr 98, Popo 07], which
reduces costly texture memory accesses by computing neighbor information on-the-y (see
Fig. 2.3.2.9. In our approach, children and neighbor bounding boxes are i mplicitly computed
on-the- y by the shader without any additional access to text ure memory by exploiting the
regular structure of the octree. The basic concept behind the stackless traversal is to start by
performing a down traversal of the octree for locating the le af node that contains the current
sampling position, which, at the start, is the position at wh ich the ray enters the volume.
Then, the leaf node is processed by accumulating color and opacity by stepping through the
associated brick if it contains data, or simply skipping the node if it is empty. If the ray
does not terminate because maximum opacity is reached, the dgorithm determines the face
and the intersection point through which the ray exits the no de. Then traversal continues
by following the neighbor pointer of this face to the adjacent node, eventually performing a
down traversal to locate the leaf node that contains the exit point, which is now the entry
point of the new leaf node. This approach has the important ad vantage of not requiring a
stack to remember nodes that still need to be visited, since the state of the ray only consists
of its current node and its entry point.

while (!is_null(node_ptr) and color.a<1) {

I/l Find leaf containing current sampling point

P = ray.start+ray.dir t_min;

node = tex3d(spatial_index , node_ptr);

while (is_inner (node.w)) {
box_dim/=2; box_mid=box_min+box_dim;
s=step (P,box_mid); box_min+=s box_dim;
child_offset=dot3 (s, float3 (1,2,4)) texel_sz;
node_ptr=node.xyz+float4 (child_offset ,0,0,0);
node=tex3d (spatial_index , node_ptr);
++octree_level;

I/l Clip ray to box and find exit face
(box_t_max, exit_face_idx, exit_dir) =
box_clip (ray, t_min, t_max, box_min, box_dim);
/1 1f non empty block, access data and accumulate
if (lis_empty(node.w)) {
data_ptr=tex3d (spatial_index , node.xyz);
(fragment.color, fragment.depth) =
accumulate (fragment.color ,
ray, t_min, box_t_max,
data_ptr, box_min, box_max);

/1 If ray exits from current block, move to neighbor
neighbor_offset=float3 (1+exit_face_idx ,0,0) texel_sz;
neighbor=tex3d (spatial_index , node.xyz+neighbor_offset);
node_ptr=neighbor.xyz;

octree_level=neighbor .w;

box_dim=exp2( octree_level);

box_min=trunc (box_min/ box_dim) box_dim;

t_min=box_t_max;

}

Figure 2.5: Stackless octree traversal on the GPU. The code minimizes memory accesses
by computing visited boxes on the .

In order to implement this approach, the information a node sh ould provide in addition
to tags and pointers consists in its bounding box, which is us ed for locating points during
a down traversal, and exit ray positions during neighbor tra versal. All the computations are
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done in texture coordinates, and it's assumed that the octre e subdivides the unit cube. During
all the traversal steps, the current box is maintained, init ialized with the unit cube, and also
as the current octree level, initialized at 0.

A down traversal step from a node to the child containing a poi nt P can be e ciently
implemented by box subdivision, using a step function that ¢ ompares P with the center of
the current box. For each component of P, this function returns 0 if that component is less than
the center's value, and 1 otherwise. The child box coordinates are thus obtained by tr anslating
the parent box origin by an amount steg  child_box dim;, where i is X, y or z. The values
returned by the step function are also combined to access the proper children pointer inside
the spatial index texture, which is stored at an o set step, 1+ step, 2+ step, 4 from the
current pointed node. Each time the box is subdivided, the oc tree level is incremented by
one.

Computing the bounding box of a neighbour relies on octree le vel tracking. When moving to
a neighbor, the origin of the box is in a rst step simply shift ed in the direction of the box face
from which the ray is exiting by translating itby dir box dim, where the exiting face direction
dir is either x or y or z. This operation is su cient to compute the neighbor box ifiti s
at the same octree level. If, instead, the neighbor level is at a coarser level than the current
node, the shifted box must be coarsened, an operation that can performed e ciently in closed
form by rst updating the box dimension to  box dim =2 neighbor _level gnd then snapping the
box origin to the neighbor_level grid by computing box min = bbox min=box_dimc box dim.

2.3.2.3 Adaptive Sampling

The stackless traversal technique allows the fragment shader to enumerate all hon-empty
leaves pierced by a ray in front-to-back order. Each time the ray enters a leaf with data, the
ray chooses a step size matching the local voxel density and accumulates color and opacity
information depending on the active rendering mode. Entry a nd exit points within the block

are determined during the octree traversal process. For isosurface rendering, the program
simply look for intervals that bracket the selected isovalu e, while for semitransparent direct
volume rendering, it uses a Phong illumination model with bo undary enhancement and view-
dependent transparency [Bruc 07g. Stepping by a discrete humber of intervals, which are
directly associated to octree levels, enables the use of a cmpact precomputed 2D transfer
function, using the octree level for the second dimension, w here the transfer function opacity
and color weighting are adjusted accordingly. Both the isova lue and the transfer function can
be modi ed interactively. When the ray exits the block, the cu rrent opacity is checked, and,
if it exceeds a certain threshold (0:99 in our tests), the ray terminates and the depth of the
fragment is updated.

2.3.3 Incorporating Visibility Information

With the described techniques, it is possible to perform ful ly adaptive GPU ray casting: as a
matter of fact the structure provides support for empty spac e skipping, adaptive sampling and
occlusion culling through early ray termination. Occlusio n culling during ray accumulation is
performed by early ray termination. This approach optimize s computations but is not optimal
in terms of data management, since occluded areas are discoered only at rasterization time,
after the data is already part of the working set. In order to av oid wasting GPU memory
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resources and exploit bandwidth, a feedback mechanism is in corporated in the system, that
allows us to exploit visibility information gathered durin g rendering in the loader.

The basic principle of the method is to update at each frame th e visibility status of the
nodes in the graph, and, during the re nement cycle, only re  ne nodes that were marked as
visible during the previous frame. Under this approach, the available GPU texture slots will
be used mainly to re ne nodes present in the visible part of th e model, and load requests will
not be posted for invisible ones. In order to gather node visib ility information, the fragment
shader write the depth of the last visited sample into the dep th bu er. By issuing an occlusion
query for the bounding box of non-empty leaves after volume r endering has nished, visibility
information can be gathered by exploiting the rasterizatio n hardware. If the occlusion query
results indicates that the number of visible pixels is below a visibility threshold ( 4 pixels were
used for the benchmarks), the node is marked not visible. The visibility information of leaves
can then be propagated up to the root by considering an inner n ode visible only if at least
one of its children is visible.

A straightforward implementation of this method, which wou Id issue queries for all ren-
dered nodes after the volume rendering call, is possible, bu t would be ine cient. It should be
noted that, although queries are processed quickly using th e rasterization power of the GPU,
their results are not available immediately, due to the dela y between issuing a query and
its actual processing by the graphics pipeline, which would only occur when the rasterizers
have nished with ray casting. For this reason, exploiting s patial and temporal coherence is
preferred to schedule queries in a way that reduces end-to-end latency. Since we perform
full-volume ray casting, the rendering procedure is separa ted into independent parts using
a screen space subdivision. Given a budget of visibility que ries per frame, the screen is re-
cursively partitioned into tiles with the purpose of separa ting blocks for which visibility will
be queried from all others (see Fig. 2.6). The partitioning uses a 2D binary space subdivision
of the list of 2D rectangles that bound the block projection. C omputing this set adds little
overhead, since node bounding boxes are already projected onto the screen when computing
node priorities. At each subdivision step, a split plane alo ng one of the axes is placed at the
position that separates the set into two equally sized subsets, de ning two screen tiles. One
of the two tiles is selected as containing the occlusion queried subset of octree nodes. The
subdivision process continues only on that tile, until its s ize is below a certain threshold. At
each frame, di erent decisions are taken when selecting the half-spaces to ensure that the
entire set of octree nodes is covered after a minimum number of frames. At the end of this
process, a list of tiles partitioning the original viewport is obtained, as well as a list of blocks
whose projection is entirely contained within one of the tile s, placed at the beginning of the
list. The rendering process continues by instructing the gr aphics pipeline to raycast each of
the tiles, and to perform occlusion queries for the selected subset of octree nodes just after
issuing the rendering command of the rst one (see Fig. 2.6). This approach reduces end-to-
end latency because of the interleaving of the processing of occlusion queries in the rst tile
with the rasterization of the other tiles. Visibility infor mation is incorporated in the system
with a delay of N +1 frames, where N is the number of partitions required to cover all blocks.
In practice, this number is very small, 2 to 4 in our tests, sinc e we use a coarse-grained octree
subdivision and the working set if made up of few hundreds to f ew thousands nodes.
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Figure 2.6: Screen space subdivision and occlusion query scheduling.  The screen is re-
cursively partitioned into tile for the purpose of separating bl ocks for which visibility will be
queried from other blocks, thus enabling interleaving of query processing with rasterization.

2.3.4 Implementation and Results

An experimental software library and a rendering applicati on supporting the technique have
been implemented on Linux using C++ with OpenGL, and Cg 2.0. T he octree is stored in
an out-of-core structure, based on Berkeley DB, and data is lossy compressed with the LZO
compression library.

We have tested our system with a variety of high resolution mo dels. In this section, we
discuss the results obtained with the inspection of a large v olumetric model containing two
high resolution X-Ray CT datasets of biological specimens *. The overall volume has a reso-
lution of 2048 1024 1080with 16 bit/sample, and has been embedded in a 2048 cubical
grid.

All tests have been performed on a Linux PC with a dual 2.4GHz CP U, 4GB RAM, a
GeForce8800 Ultra graphics board and SATA?2 disks storing the out-of-core models. The con-
struction of the octree with precomputed gradients from the source datasets was performed
using a granularity of 32% for octree bricks with 1 layer overlap. The pre-processor was in-
structed to lter out data by discarding all blocks with a val ue lower than 640Q in order to
discard most of the noisy empty space. Data pre-processing took 95 minutes to complete on
a single CPU and produced an octree database with an on-disk size of 4:1 GB.

We evaluated the rendering performance of the technique on a number of interactive in-
spection sequences. The qualitative performance of our adaptive GPU ray-caster is illustrated
in an accompanying video available online 2. Representative frames are shown in Fig. 2.7
and 2.8 Because of video recording constraints, the sequence is reorded using a window
size of 640 480 pixels. In all recorded sequences, we used al voxel/pixel accuracy to drive
the adaptive renderer. As shown in the video, the system is fu lly interactive, and it is possible
to translate, rotate, and scale the model as well as to changerendering mode, transfer func-
tions, and isovalue parameters In Fig. 2.9, we show an example of our system working with
a medical CT dataset ®). The average frame rate of the DVR sequence varies betweenl12 Hz

1Source: Digital Morphology Project, CTLab and Texas Advanced Computing Center, University of Texas, Austin
2See the online video at: http://vic.crs4.it/vic/cgi-bin/multimedia-page.cgi?id='145'
3Source: Geneva University Hospital, Radiology Department



Chapter 2. GPU-Accelerated Out-of-core DVR 18

Figure 2.7: Real-time inspection assigning semi-transparent materia Is. These images show
the rendering results for semi-transparent materials emplo ying our multi-resolution out-of-core
direct volume rendering approach on a test CT dataset. The overall volume has a resolution
of 2048 1024 1080with 16 bits/sample.

and 30 Hz, with an average of 16 Hz. A few occasional frames have a delay of 200 ms, which
correspond to cases in which many textures have to be updated in response to rapidly varying
view conditions. These frame-rate jitters could be avoided by introducing a texture upload
budget and stopping re nement when this budget is exceeded. In the case of isosurfaces, the
frame rate is higher, 20 Hz on average, with peaks of up to 40 Hz. We repeated the same
tests on a1024 1024 window, and obtained an average slowdown of a factor of 3, roughly
corresponding to the increase in number of pixels.

The higher performance of isosurface rendering is due to the simplicity of the inner accu-
mulation loop, that has only to bracket the isovalue and acce sses the gradient texture only
once per fragment to shade the detected surface. By contrast the direct volume rendering
code requires an additional texture look-up for implementi ng the transfer function and ac-
cumulates more samples per fragment in the case of semitransparent materials. This latter
fact is also re ected in the higher texture memory needs of sem itransparent volume render-
ing, caused by the decreased e ectiveness of visibility cul ling. During the entire inspection
sequences, the resident set size of the application is maintined within the 600 MB of pre-
allocated cache size by the out-of-core data management sysem. Both the isosurface and
volume rendering sequences have a minimum texture memory oc cupation of about 475 oc-
tree bricks, corresponding to the rst few frames with a view from a distance. However, the
isosurface rendering sequence had an average memory occupdion of 1560bricks and a peak
of 182Q while the direct volume rendering sequence had a average memory occupation of
1890bricks and a peak of 245Q
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Figure 2.8: Snapshots during a real-time inspection session. These images, taken from
the accompanying video 2, show successive instants of interactive exploration of the test CT
dataset. The overall volume has a resolution of 2048 1024 1080with 16 bits/sample.

Figure 2.9: Rendering results of our system working with medical CT data  sets. Results of
our multi-resolution out-of-core rendering framework working with a 16bit=sample CT thorax
study containing 512 512 743 voxels. Dierent possible settings of the transfer function
varying the opacity of the di erent materials are shown in this  case.

The occlusion query mechanism has proved to be capable of reducing the size of the work-
ing set, especially when using isosurface rendering or tran sfer functions with moderate to
high opacity. A simple illustration of the bene ts of visibi lity feedback is given in Fig. 2.1Q
which shows two direct volume rendering images with di eren t transfer functions, rendered
on a 1024 1024 window. Visibility culling reduces the working set by about  50% in the
semitransparent case, and by about 60% when surfaces get more opaque.
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(a) 2505 blocks without occlusion culling, 1334 blocks with occlu- (b) 2455 blocks without occlusion culling, 1038 blocks with occlu-
sion culling sion culling

Figure 2.10: Impact of the occlusion culling feedback. Direct volume rendering images with
di erent transfer functions, rendered on a 1024 1024 window. Visibility culling reduces the
working set by about 50% in the semitransparent case, and by about 60% when surfaces get
more opague.

2.4 Conclusion

This chapter presented an adaptive out-of-core technique for rendering massive scalar datasets
within a single-pass GPU ray casting framework. The method s eparates the adaptive incre-
mental maintenance of the rendering working set, which is pe rformed on the CPU, from the
actual rendering, which is fully performed on the GPU by a sta ckless ray-caster that traverses
a spatially indexed version of the current working set maint ained in texture memory. Our re-
sults demonstrate that the resulting method is able to inter actively explore gigavoxel datasets
on a desktop PC. Besides optimizing and improving the proof- of-concept implementation, we
plan to extend the presented approach in a number of ways. In pa rticular, we are currently
working on incorporating compression in the GPU representa tion to reduce GPU memory
costs, as well as techniques to further reduce the working set through a more aggressive
visibility culling based on tighter bounding volumes. We ar e also exploring ways to exploit
the capability of our system to perform a full-volume ray tra cing to produce higher quality
images that incorporate more advanced shading e ects.

2.5 Bibliographical Notes

Most of the contents of this chapter were taken from the paper [Gobb 08], where we introduced
our novel single-pass GPU ray casting framework for interac tive out-of-core rendering of
massive volumetric datasets. This was the rst time that a vo lume rendering system was
proposed combining GPU single-pass ray traversal and a mult i-resolution out-of-core creation
of and adaptive representation in the CPU. This approach had an important impact, and is
cited in a number of follow-up works. The Gigavoxel approach by Crassin et al. [Cras 09 uses
a very similar approach. Similarities between both works we re pointed out and discussed
in their paper. More precisely, their approach exploits mul tiple render targets to store a
subset of the traversed nodes for each pixel and exploit spatio-temporal coherence trying
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to avoid missing visible nodes. Using mipmapping, they addr ess the aliasing to a large
extent but increase the memory consumption and makes tree up dates more challenging. We
later improved on these methods using our GPGPU algorithm (s ee chapter 2). Hughes et
al. [Hugh 09] presented another stackless technique, kd-jump, an approach for implicit kd-
trees, which exploits the bene ts of index-based node trave rsal, without incurring extra node
visitation. Liu et al. [ Liu 09] proposed the use of proxy spheres, instead of cubical bricks, in
order to provide more control over the rendering process by i ntroducing tighter ray segments
for ray casting, while at the same time avoiding the introduc tion of some rendering artifacts.
Lux and Froelich presented in [ Lux 09] extended the ray casting framework for rendering
multiple arbitrarily overlapping multi-resolution volum e datasets. More recently, Pantaleoni
et al. [Pant 1] described a novel architecture for precomputing sparse di rectional occlusion
caches used for accelerating a fast cinematic lighting pipeline. As in our approach, duly cited
in their work, they decompose their computation into a CPU-b ased LOD selection phase and
a GPU-based rendering phase. Their system was used as a primay lighting technology in
the movie Avatar.






Taking Advantage of
GPGPU Architectures

GPGPU architectures offer additional possibilities with respect to the classical
graphics pipeline. These possibilities can be exploited to enhance rendering
methods. This chapter describes a series of improvements on the previously pre-
sented multi-resolution volume rendering method (see chapter 2). The new ren-
dering system is constructed around a con gurable GPU ray ca sting kernel, ex-
ploiting the advanced characteristics of modern GPGPU architectures to achieve
both exibility and performance.

3.1 Introduction

riven by the market demand for real-time, high-de nition 3D graph ics, the pro-

grammable Graphic Processor Unit or GPU has evolved into a highly parallel,

multi-threaded, many-core processor with great computati onal power and very
high memory bandwidth. The GPU architecture is specialized for intensive highly parallel
computation, exactly what graphics rendering is about, and therefore designed such that more
transistors are devoted to data processing rather than data caching and ow control.

The desired scenario when using the GPU presents a bigger ratio of arithmetic operations
with respect to memory operations. Since the same program is executed for each data element,
there is a lower requirement for sophisticated ow control, a nd because it is executed on many
data elements and has high arithmetic intensity, the memory access latency can be hidden
with calculations instead of big data caches.

The basis of data-parallel processing consists on mapping data elements to parallel process-
ing threads. Nevertheless the GPU architecture and the provided programming APIs have not
been always enough exible to support this direct mapping bet ween data and the processing
cores. Some CPUs have also support for Single-instruction/ Multiple-data (SIMD) operations
that work in parallel on vectors. However, if a GPU is availabl e, which is the norm today,
then this reduces the workload on the CPU.

The GPUs have a parallel throughput architecture that empha sizes executing many con-
current threads slowly, rather than executing a single thre ad very quickly. This approach of
solving general purpose problems on GPUs is known as GPGPU, where GPGPU stands for
General-Purpose computation on Graphics Processing Units. The GPGPU platform we have
speci cally used is the computing engine of the NVIDIA R GPUs. CUDA™ is an acronym
for Compute Uni ed Device Architecture and is a parallel com puting architecture developed

23
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by NVIDIA that is accessible to software developers through va riants of industry standard
programming languages.

In order to improve the GPU-accelerated multi-resolution vo lume rendering method pre-
sented in Chapter. 2, we propose a new CUDA-based ray-caster, which traverses an adaptively
maintained working set of volume bricks organized in an octr ee. In the proposed GPGPU
approach, the template specialization is exploited to exib ly customize ray traversal and com-
positing operations to achieve a variety of realistic and il lustrative e ects. Scatter-memory
write operations within the kernel are exploited to feed vis ibility information from the ren-
dering kernel back to the adaptive loader for implementing o cclusion culling.

Rendering performance is improved by reducing the amount of pixels fully recomputed
at each frame. For such purpose, we developed a technique for improving frame rates by
recomputing only a fraction of the pixels at each frame and re constructing full images using
an adaptive spatio-temporal lter.

3.1.1 CUDA: The NVIDIA GPGPU Architecture

Figure 3.1: The CUDA hierarchy of threads, blocks, and grids.  Hierarchy of threads, blocks,
and grids, with corresponding per-thread private, per-block s hared, and per-application global
memory spaces.

CUDA is an acronym that stands for Compute Uni ed Device Arch itecture and is the par-
allel computing architecture developed by NVIDIA that is acce ssible to software developers
through variants of industry standard programming languag es. A CUDA program calls par-
allel kernels. A kernel executes in parallel across a set of parallel threads (See Fig.3.1.1). The
programmer or compiler organizes these threads in thread bl ocks and grids of thread blocks.
The GPU instantiates a kernel program on a grid of parallel th read blocks. Each thread within
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a thread block executes an instance of the kernel, and has a thread ID within its thread block,
program counter, registers, per-thread private memory, in puts, and output results. A thread
block is a set of concurrently executing threads that can cooperate among themselves through
barrier synchronization and shared memory. A thread block h as a block ID within its grid.
A grid is an array of thread blocks that execute the same kernel, read inputs from global
memory, write results to global memory, and synchronize bet ween dependent kernel calls.

In the CUDA parallel programming model, each thread has a per- thread private memory
space used for register spills, function calls, and C automatic array variables. Each thread block
has a per-block shared memory space used for inter-thread communication, data sharing, and
result sharing in parallel algorithms. Grids of thread bloc ks share results in global memory
space after kernel-wide global synchronization.

The compute capability of a device de nes the processing fea tures supported by a particular
graphics board model. For example the rst NVIDIA 8800 series h ave the lower possible
compute capability, 1.0. Current Fermi architecture inste ad, have compute capability 2.0.
Di erences are, for example, the support or not of atomic ope rations. An atomic function
performs a read-modify-write atomic operation on one 32-bi t or 64-bit word residing in global
or shared memory. This feature can suppose important perfor mance di erences.

The NVIDIA CUDA framework has several advantages over traditi onal GPGPU architec-
tures. It supports the scatter-read and scatter-write operations, so several threads can read
from arbitrary addresses or write in speci c memory of the GP U. It provides access to shared
memory, that is, a fast shared memory region (up to 48KB in siz e in latest GPU models) that
can be shared amongst threads. This can be used as a user-marged cache, enabling higher
bandwidth than is possible using texture look-ups. Further more, the memory allocation on
GPUs and data transfer between CPUs and GPUs is performed in a more generic and e cient
way. In addition, CUDA supports integer and bitwise operatio ns, including integer texture
look-ups.

3.2 A Flexible Ray Caster on GPGPU Architectures

In this section we present an improved version of our multi-re solution ray-caster presented in
chapter 2. The new rendering system (see Fig. 3.2) is constructed around a exible GPU ray

casting kernel, exploiting the advanced characteristics of GPGPU to achieve both exibility

and performance. Ray traversal and compositing operations are exibly customized using

template specialization to achieve a variety of realistic and illustrative e ects. The rendering

kernel feeds back visibility information to the adaptive lo ader using scatter memory write
operations. Furthermore, the application responsiveness is improved by recomputing only a

fraction of the pixels at each frame and reconstructing full images using an adaptive spatio-
temporal lter.

3.2.1 CUDA Stackless Octree Ray Caster

At run-time, an adaptive loader updates a view- and transfer function-dependent working set
of bricks incrementally maintained on CPU and GPU memory by a synchronously fetching
data from the out-of-core octree. The working set is maintai ned by an adaptive re nement
method guided by suitably computed node priorities, determ ined using information fed back
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Figure 3.2: Main structure of the improved CUDA ray caster framework. Volume rendering
architecture and structure of the new rendering subsystem in tegrating the adaptive frame
reconstruction.

from the renderer. Following our previous work (see chapter 2, we assume that the adaptive
loader maintains on GPU a cache of recently used volume brick s, stored in a 3D texture, and
constructs at each frame a spatial index for the current work ing set in the form of an octree
with neighbor pointers.

Our new octree encoding is more compact and e cient than the o ne presented in the
previous chapter (see subsection2.3.2.1 and consists in a single 6 N 2D texture with 32bit
components (see Fig.3.3). Texture columns index the N nodes of a linearized octree, while
each row contains a di erent attribute. The rst row contain s spatial index nodes, with a
16bit index pointing to the node's parent, and a 16bit index pointing to the rst of eight
consecutive children (null for leafs). The second row conta ins the index of associated data in
the current brick pool, or null for empty nodes. The third row contains the minimum and
maximum values used for mapping the 8bit data values contained in the referenced bricks to
the input domain. The fourth, fth, and sixth rows contain th e ( x;+x);( y;+Vy);( z;+2)
neighbor pointers. The cost of this representation is of 192vits/node, improving over the
256its/node of Gobbetti et al. [ Gobb 08|, even though the storage of data ranges, parent
pointers, and data pointers for all tree nodes, as they enable the ray-caster to perform high-
quality Itering. The approach by Crassin et al. [ Cras 09, which also supports multilevel
access to the hierarchy, uses only64bits/node (but without data ranges), but forces the usage
of kd-restart, leading to many redundant traversal steps. T he spatial index texture is traversed
by a ray-caster implemented in CUDA, with a CUDA thread assoc iated to each ray. Traversal
starts by transforming the ray to volume coordinates and by c lipping it to the volume extent.
Empty and non-empty bricks are then enumerated in front-to- back order, adapting sampling
density to brick resolution, and stopping as soon as possibl e. The brick enumeration strategy
follows the stackless approach presented in chapter 2. Each time a brick is traversed, data is
accumulated according to the current rendering mode (see subsection 6.2), and the position
along the ray upon brick exit is updated to the entry point of t he next visited node, which is
found by following neighbor pointers.
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Figure 3.3: The CUDA version of our new encoding for the spatial index str  ucture. Single
6 N 2D texture with 32bit components which represents the new linearized octree encoding,
being more compact and e cient than our previous approach.

3.2.2 Flexible Traversal and Compositing

Our new renderer employs scalar transfer functions to associate optical properties to scalar
values. The renderer works with extinction weighted colors , and we thus have a transfer
function (s) 2 [0;1 [ for the extinction coe cient and a transfer function ¢(s) for the color,
that has to be multiplied by (s) to yield an actual color intensity R(s) = (s)c(s) for a given
scalar value s. In addition, we have a transfer function (s) 2 ]0; 1[ for the importance of scalar
value s, and (s) 2 ]0; 1 [for the refraction index. In order to deal with high frequency transfer
functions, we use a preintegration based technique. In our ap proach, each transfer function is
storedina 2 N 2D texture. The rst row of the texture contains a look-up tab le for a function
f (s), while the second row stores a look-up table for the function F(s) = Osf (s)ds, f being
one of the functions ; K; ; . We actually maintain a total of three textures: a 4-compone nts
one for R(s); (s), and two 1-component ones for (s) and n(s).

Figure 3.4: Screenshots showing the continuous refraction e ect. ~ With refraction enabled,
ray direction is changed at each integration step according to Snell's law, and ne details in
transparent objects become visible. The view-dependent e ect is particularly evident when
seen on the light- eld display.
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Figure 3.5: Detail comparison showing the refraction e ect. With refraction enabled (right),

ray direction is changed at each integration step according to Snell's law, and ne details in

transparent objects become visible. The view-dependent e ect is evident when seen on the
light- eld display.

The nal color for each pixel is computed by performing compo siting operations while
following a view ray r = O + tv. At each integration step i, we consider a segment of length
di along r, sample the scalar texture at the end of the segment to retrieve a scalars; = s(t;),
and compute each of the attributes f; we require for compositing with the following equation:

< F(si) F(si 1) ;
o s Mksosidke 5.0
SR otherwise

where s; ; is the scalar value at the beginning of the segment, which is recorded from a
previous step together with F(s; 1), and 0 < 1, e.g.,, =10 3. The overall method
is numerically stable and the main assumption behind it is th at the scalar data s along the
small segment is well approximated by a linear interpolatio n between s; ; and s;. Once
the average attributes for the segment have been computed, the extinction weighted color K;
and the extinction ; are transformed into opacity weighted colors € and opacity ; using
the relation ; =1 e %, We then compute the gradient r s; using central di erences at
t= tlT” As for GigaVoxels[Cras 09, we can exploit multilevel access to the hierarchy (see
Fig. 3.7) to sample both s; and r s; at multiple levels in the octree hierarchy, and blend them
using quadrilinear interpolation for continuous Itering . In addition, we employ the multiple
values and gradients for multilevel shading e ects, such as exaggerated shading [Cign 05]
and normal unsharp masking [ Rusi 0€)].

All the computed attributes, the current ray position and di rection, and the material and
light properties (ambient, diuse, and specular factors, p lus shininess exponent) are then
made available to enhancer objects, which, much as shaders in a rasterization pipeline, can
freely modify them to implement a variety of e ects (see sect ion 6.4 for examples). All the
active enhancers are chained together, each receiving the esult of the prior one as input. After
the enhancers have produced their nal values, the actual sh ading and compositing steps can
be performed. The shading step simply takes colors and gradi ents and computes a shaded
color. The accumulation and compositing scheme is similar t o MIDA [ Bruc 09], even though
in our case we accumulate importance rather than intensity, leading to a Maximum Importance
Di erence Accumulationapproach. First, we compute the current importance dieren ce =
max( max ; ; 0), where max, is the current maximum importance value along the ray. We
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Figure 3.6: Multilevel rendering.  Using a single LOD per brick may lead to discontinuities
at brick boundaries, while quadrilinear interpolation ensure s continuous rendering.

Figure 3.7: Real-time volume unsharp masking. Tiny details can be enhanced at run time
by unsharp masking of the gradient eld.

then compute ; =1 i, and perform the accumulation according to the following eq uation:
G=¢,i+( i i )6 (3.2)
= i1+ i0o1) (3.3

where ¢ and denote accumulated colors and opacity, and 2 ]0;1[ is a parameter that
allows us to smoothly interpolate from plain volume renderi ng (with = 0) to full maximum
importance di erence accumulation (with =1). The e ect of the above equation with > 0
is to have more important content shine through previously a ccumulated values. Equation 3.2
only di ers from standard DVR compositing by the additional  weighting with ; of previ-
ously accumulated colors and opacity. Higher prominence is a ssigned to local maxima of
the importance function, letting more important content sh ine through less relevant material
(Fig. 3.9).

In this framework, particular care has to be taken to make the o verall hierarchical bricking
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scheme cooperate with the above preintegration based approach. In particular, upon entry
and exit of empty bricks we perform an accumulation step with the default empty values
(black color, null importance and opacity, unit refraction index). Upon entering a non-empty
brick, the rst accumulation step uses a distance dj corresponding to the distance between
the previous and the current sampling position, then procee ds with a number of steps of
constant length d equal to the local voxel size. If refraction is not enabled, th e ray direction
is maintained constant, and the number of steps performed wi thin a brick is computed upon
brick entry by intersecting the ray with the brick's boundin g volume. If refraction is enabled
(see Fig.3.4and 3.5, direction is changed after each step according to Snell's law, and the
brick exit condition is checked at each step. In this approach, the management of empty bricks
is consistent with the management of empty voxels within non -empty bricks only if enhancers
are not active for empty voxels. We enforce this in our code by skipping enhancement if <
Moreover, since Equation 3.2 does not guarantee monotonously increasing opacity, early
ray termination criteria must be revised. We thus estimate t he maximum future opacity delta
with - ;=1 (1 (1 ma)) ;,and stop ray traversal when ; < . Note thatif =0,
this test reverts to the usual accumulated opacity test. For performance reasons, this test is
performed after traversing each non-empty brick, and not af ter each accumulation test.

3.2.3 Putting It All Together: Flexibility and Performance

The above exible rendering structure requires particular ¢ are in implementation to ensure
reasonable performance. In particular, depending on the con guration, the rendering kernel
has to switch between refraction or straight ray propagatio n, and to apply a chain of enhancing
Iters, each of variable complexity, to the current sampled state. Writing a single rendering
kernel with run-time switches would lead to a bulky code with  poor performance and lack-
ing extensibility. In our framework, we exploit the advanced programming capabilities of
the CUDA framework to deal with the problem. In particular, C+ + templates provide us
with abstraction and exibility while retaining the opportu  nity for optimal performance and
compiler optimization. This implies that with a proper desi gn we can achieve ne abstraction
granularity, and still deliver the performance of hand-tun ed implementations.

In our design, the rendering kernel is a generic function whos e template parameters de ne
the stepping behavior within non-empty bricks and a series o f up to three chained enhanc-
ing behaviors. A multiple dispatching code run at each kerne | launch, whose structure is
illustrated in Listing 3.2.3 transforms all dynamic types into static types before kern el invo-
cation. In the actual code, preprocessor macros are used to awid replication of the multiple
dispatching code, increasing code extensibility.

An enhancer is seen as a class providing three device functions of the current accumulated
and sampled state that de ne the behavior at ray start, at each sampling step, and at ray
termination. These device functions, called enhance_initialize enhance and enhance nalize
operate on the rendering state, and also have access to a spa@ enhancer's constant and
variable state. The constant state is a structure containing the current enhancer parameters,
which is stored in device constant memory and shared among al | threads. The enhancer
variable state, instead, is a per-thread structure stored in device shared memory, and initialized
by the kernel before ray traversal using the enhance_initializeentry point. Storing this data
in shared memory, as well as other kernel long-lived variabl es (ray origin, direction, and
accumulated state), reduces the number of registers required by a given thread invocation,
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Figure 3.8: Maximum Importance Di erence Accumulation (MImDA) scheme . In the image
on top, all materials are given the same importance. In the image below, bone is given a higher
importance and thus shines through previously accumulated mat erial layers.

increasing device occupancy. In our design, a specic kernel is generated (and optimized
by the compiler) for each of the possible combinations of ste ppers and enhancers. A special
null_enhancerclass, with empty constant and variable data and no operatio ns performed in
device functions allows us to implement a pass-through beha vior, when not all enhancers are
present.

Generating a di erent specialization for each possible com bination of enhancers obviously
leads to combinatorial explosion of generated implementat ions. This problem is common to
most C++ template libraries. We thus keep the number of concu rrently active enhancers low
(2-3 in our implementations), and parametrize enhancers to reduce the number of classes
on which to dispatch. Since the ray-casting kernel code is small, the problems are fully
manageable. A fully optimized compilation of a system with f our di erent enhancer types
takes less than one minute when allowing three concurrently active enhancers.
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/I Generic CUDA raycasting kernel entry point

template <typename E1, typename E2, typename STEPPER>

__global__ void trace_kernel(uint out_buffer, uchar visibility_buffer) {
accumulated_state_t state = ...;
__shared__ typename E1::vdata_t el_vdata[NTHREADS];
__shared__ typename E2::vdata_t e2_vdata[NTHREADS];
enhancer_initialize (state, ((El::cdata_t )(&cgpu_el_cdata)), el_vdata[TIDX]);
enhancer_initialize (state, ((E2::cdata_t )(&cgpu_e2_cdata)), e2_vdata[TIDX]);

tracing loop ... {

enhance (state , sample, ((El::cdata_t)(&cgpu_el_cdata)), el_vdata[TIDX]);
enhance (state , sample, ((E2::cdata_t )(&cgpu_e2_cdata)), e2_vdata[TIDX]);

}

enhancer_finalize (state, ((El1::cdata_t )(&cgpu_el_cdata)), el_vdata[TIDX]);
enhancer_finalize (state, ((E2::cdata_t )(&cgpu_e2_cdata)), e2_vdata[TIDX]);
out_buffer[pixel_idx ] = current_state.accumulated_color;

}

/1 Third level dispatching and kernel launching
template <typename E1, typename E2>
__host__ void render_level3(E1 el, E2 e2) {
cudaMemcpyToSymbol (cgpu_el_cdata, el.cdata(), sizeof (...));
cudaMemcpyToSymbol (cgpu_e2_cdata, e2.cdata(), sizeof (...));
if (refraction) {
trace_kernel<El,E2,refract_stepper ><<NG,NB>>(out_buffer, visibility_buffer);
} else {
trace_kernel<E1,E2, basic_stepper><<NG,NB>>(out_buffer, visibility_buffer);

}

/I Second level dispatching
template <typename E1>
_host__ void render_level2(E1 el, enhancer e2) {
if ('e2) { render_level3(el, null_enhancer()); } else {
switch (e2 >tag()) {
case TAGl: render_level3(el, ((typel )(e2))); break;
case TAG2:
}
}

/I Renderer entry point
_host__ void render(enhancer el, enhancer e2) {
if ('el) { render_level2(null_enhancer(), e2); } else {

switch (el >tag()) {
case TAGLl: render_level2( ((typel )(el)), e2); break;
case TAG2:
}

}

}

Figure 3.9: Generic CUDA Kernel execution framework. A multiple dispatching ap-
proach converts dynamic types to generic parameters.

3.2.4 Visibility-aware Adaptive Loader

The adaptive loader maintains in-core a view- and transfer- function- dependent cut of the
out-of-core octree and uses it to update the GPU cache and spdial index. The basic principle
of the method is to update at each frame the visibility status of the nodes in the graph based
on rendering feedback, and, during the re nement cycle, onl y re ne nodes that were marked
as visible during the previous frame and are considered non- empty according to the current
transfer function. Under this approach, the available GPU t exture slots will be used mainly
for nodes situated in the visible part of the model, and load r equests will not even be posted
for invisible ones (see Fig. 3.10.

The update procedure goes through di erent phases. First, t he visibility feedback array,
computed at the previous frame, is copied from the device int o the host and the visibility status
of the in-core nodes is updated accordingly. Since the array only stores data for visited leaves,
visibility data is then pulled up to inner nodes by recursive ly combining visibility information
of child nodes. Then, the graph is visited top-down, stoppin g each time a node is accurate
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enough, is empty according to the current transfer function , or is marked as not visible in
previous frame. As in [ Scha 03, summed-area tables of the transfer function opacity are u sed
to determine if a brick is empty by taking the di erence of the table entries for the minimum
and maximum block values stored with the node. On devices wit h CUDA capability 1.1 and
above, a node is considered visible if traversed by more than a prescribed small number of rays.
On older devices, a node is marked visible if the correspondi ng entry in the visibility array is
non-zero. When traversal stops, eventually present sub-trees in the octree cut are considered
over-re ned and are thus removed. When leafs needing further re nement are reached, they
are inserted in a re nement queue ordered by decreasing accuracy error. We then proceed
by re ning nodes present in the re nement queue, stopping wh en all nodes are considered
adequately re ned, no data is currently available in-core t o perform a re nement, or no more
space is available in the GPU cache to contain a further subdivision. In order to hide out-of-
core data access latency, all data access requests are penfimed asynchronously by a separate
thread, and re nement for a given node continues only if data is immediately available.
Once re nement is completed, the graph is visited bottom-up , recursively merging all nodes
that contain only empty leafs. At the end of the update proced ure, all nodes in the current
working set are present in the GPU cache. The structure of the in-core octree is encoded
into the spatial index texture and transferred to the GPU bef ore launching the CUDA kernel
performing ray-casting. The update process is extremely fast, given the coarse granularity of
the octree of bricks and the fact that visibility informatio n is available at negligible cost as a
renderer by-product.

3.3 Adaptive Frame Reconstruction

Rendering performance can be further improved by taking int o account spatio-temporal co-
herence. In this section, we reduce the amount of pixels generated at each frame, and re-
construct full images based on samples acquired at di erent times. Our aim is to increase
responsiveness, while not compromising the ability to rend er static images at full quality.
Our method is purely image-based and works without making as sumptions about the ren-
dered scene and rendering process. No cooperation from the renderer is required, besides
the ability of computing images. The basic idea is to use an adaptive spatio-temporal lter,
which strives to provide spatially detailed imagery where t he viewed scene is static, and low-
latency (if blurred) imagery where it is dynamic. In order to f ully exploit parallel rendering
performance and to avoid destroying coherence among neighb oring rays, we do not perform
adaptive sampling, but group pixel batches in sub-frames al igned on a quincunx lattice. We
explicitly avoided using more elaborate sparse/adaptive s chemes because we want to reduce
CPU/GPU communication. Moreover, it is generally better to trace many groups of very
nearby rays to reduce thread divergence than selecting fewer sparse rays to trace. Screen pix-
els are thus assigned toN sub-frames (4 in our current implementation) made of interl eaved
pixels on x and y axes (see Fig.3.3), which are sequentially rendered and bu ered. At each
frame presented to the viewer, only one sub-frame is re-rend ered, and frame reconstruction is
performed for presenting the image. The reconstruction pro cess starts by copying the pixels
of the just rendered sub-frame to the appropriate locations i n the nal image. All other pixel
values are then generated by a spatio-temporal lter. The ba sic idea is to compute a new
not-rendered pixel QY by combining its previous version in time, Q; 1, with its four cross
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Figure 3.10: Impact of the visibility culling. Direct volume rendering images with di erent
transfer functions, rendered on a 1024 576 window. Visibility culling reduces the working set
from 1731 bricks to 1035 bricks in a almost opaque case, and from 1984 bricks to 1789 bricks
when surfaces get more transparent.

neighbors in space, A¢;B¢;C;; D (see Fig.3.3. We rst compute a spatial approximation
sPatial hy averaging the two opposite neighbors with lower color di  erence (i.e.,A¢;C; or
B¢;D¢). Then, we estimate the temporal change Q of the pixel by taking the maximum abso-
lute color di erence among (A¢; At 1), ..., (Dt; Dt 1). The new pixel color is then computed
by Q¥ = Q; 1 + smoothstep( Q; 1; n)(Q*™  Q, ;), where the smoothstep function
smoothly transitions from zero to one as  Q varies between | and . The process is then
repeated for all other missing pixels, by suitably shifting and rotating the reconstruction grid
when applying the same reconstruction process. With such an approach, where the image is
dynamic, more recent samples are emphasized, resulting in up-to-date, but possibly slightly
blurred images. Where the image is more static, older samples dominate reconstruction, lead-
ing to sharp images. In static image areas, the method is guaranteed to converge to the same
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image that would have been computed by performing a full-res olution ray-casting. We have
purposely decided not to include motion compensation or re- projection steps, since we prefer
increased blur in motion areas over artifacts when dealing w ith semi-transparent objects.

Figure 3.11: Frame-reconstruction scheme using the quincunx pattern.  Sub-frame pixels are
arranged according to a quincunx pattern. The last sub-frame, as well as the four previously
rendered ones, contribute to the full image.

Figure 3.12: The spatio-temporal ltering scheme. A spatio-temporal lIter reconstructs a
full image considering previous and current values of a pixel an d its neighbours.

The frame reconstructor is fully implemented in a single CUD A kernel. Each thread re-
constructs a quad of 2 2 pixels using a three phase process. First, threads within the same
thread block cooperate to load into shared memory the tile of present and past pixel values
required for reconstruction, and copy to the output bu er th e single up-to-date pixel associ-
ated to them. Then, each thread reconstructs the diagonal neighbor of that pixel. Finally, the
horizontal and vertical neighbors are reconstructed. A syncthreads(parrier at the end of each
phase ensures that the four neighbors of the next reconstructed pixels are up-to-date.
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3.4 Implementation and Results

An experimental system has been implemented on Linux using O penGL and NVIDIA CUDA

2.3. The out-of-core octree structure is implemented on top of Berkeley DB, with LZO com-
pression applied to data nodes. The rendering kernel has been embedded directly in a single-
process application, using a separate thread for asynchronous data loading. We have tested

Figure 3.13: E ect of the MImDA accumulation scheme demonstrated with a m  edical
dataset. In these images, we show the di erence between using standar d DVR accumulation
and employing the proposed MImDA accumulation scheme, the e ec t demonstrate to improve
the understanding of structures which naturally would be hidd en.

our system with a variety of high resolution models and setti ngs. In this section, we discuss
the results obtained with the inspection of two 16bit/sample micro-CT datasets: a Veiled
Chameleon (1024 1024 1080 and a Pichi Armadillo ( 1024 1024 999 specimens®. In
order to test the system with extremely large and demanding d atasets, the original data has
been arti cially zoomed by 4 in a preprocessing step (i.e., to 4K 3 voxels) by tricubic in-
terpolation plus procedurally added detail. The construct ion of the octree from source data
was performed using octree bricks of 328, instructing the preprocessor to use the compressed
8bit format and to Iter out data with a value lower than  640Q in order to discard most of
the noisy empty space. For the chameleon, data preprocessirg took 12:3hours on a Linux PC
2.4GHz CPU and produced a 15GB octree database starting from an uncompressed source
size of 135GB. The RMS error was 14:6, and the AMAX error was 116, The armadillo dataset
produced similar results ( 13:8GB octree database RMS = 15:8, AMAX =122).

We evaluated single PC rendering performance on a number of i nteractive inspection se-
guences using the 4K models and measuring actual frame rates (i.e., not only raw rendering
times, but frame-to-frame times). We report here on the results obtained when rendering
on a PC with NVIDIA GTX 280 using a window size of 1024 576 pixels and 1voxel/pixel
accuracy to drive the adaptive renderer. When using the moder ately opaque transfer function

1Source: Digital Morphology Project, the CTLab and the Texas Ad vanced Computing Center, University of Texas,
Austin
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of the top image in Fig. 3.1Q the frame rate of typical inspection sequences of the chamdeon
dataset varies between 23Hz for extreme close-up views to over 60Hz for overall views. Mak-
ing the model highly transparent, as in the bottom of Fig. 3.10 reduces the performance to
11Hz 39Hz. Adding refraction leads to rendering rates of 7Hz  32Hz. Using interactive
tools, which activate enhancers in the CUDA ray-caster, decreases the performance by about
10% Interactive rates are thus guaranteed even in the most demanding situations. Part of
the performance is due to the frame reconstruction approach, which guarantees a speed-up
of 2:15 3:3 depending on the situation. The speed-up is sub-linear, sin ce we reduce the
number of traced pixels by 4. The additional overhead is mostly due to the reduced coher-
ence of rays traced from a sparser pixel grid, leading to incr eased divergence among threads
traversing the spatial index structures.

3.5 Conclusion

We have described in this chapter a exible multi-resolution volume rendering system imple-
mented on a GPGPU architecture that introduced a series of im provements on the previously
presented multi-resolution volume rendering method (see c hapter 2). The new ray-caster is
constructed around a exible CUDA rendering kernel, which is  also valid in more standard
visualization settings. Template specialization was expl oited to exibly customize ray traver-
sal and compositing operations to achieve a variety of reali stic and illustrative e ects. Scatter
memory write operations within the kernel were exploited to  feed visibility information from
the rendering kernel back to the adaptive loader for impleme nting occlusion culling. Finally,
this chapter described a technique for improving frame rate s by recomputing only a fraction
of the pixels at each frame and reconstructing full images using an adaptive spatio-temporal
Iter.

3.6 Bibliographical Notes

This chapter expanded the content of the article [Igle 10], where we presented an adaptive
out-of-core rendering engine based on CUDA containing a num ber of improvements over
previous state-of-the-art GPU volume renderers [ Gobb 08, Cras 09. Notable improvements
include a more e cient handling of visibility information a  nd a more exible compositing
pipe-line.
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Figure 3.14: E ect of the MImDA accumulation scheme with a full-body data set. The
di erence between using standard DVR accumulation and emplo ying the proposed MImDA

accumulation scheme demonstrate its usefullness for improvin g the understanding of inner
structures which naturally would be hidden.



Handling Discontinuous
Datasets

The most common representation of volumetric models is a regular grid of cubi-
cal voxels with one value each, from which a smooth scalar eld is reconstructed.
However, common real-world situations include cases in which volumes repre-
sent physical objects with well de ned boundaries separati ng different materials,
giving rise to models with quasi-impulsive gradient elds. Th is chapter introduces
a new volumetric primitive, named split-voxel, to handle such datasets containing
sharp boundaries and discontinuities. We show how to convert a standard mono-
resolution representation into an out-of-core multi-resolution structure, both for
labeled and continuous scalar volumes using the split-voxel primitive. Further-
more, this chapter shows how to exploit such representation in a simple and
ef cient ray-casting accumulation scheme to interactively explore the resulting
models using a multi-resolution GPU ray casting engine.

4.1 Introduction

hre most common representation of volumetric models is a regula r grid of cubical
voxels with one value each, from which a smooth scalar eld is reconstructed. This
regularity enables e cient rendering, but is not well adapt ed to all data distributions.
Common real-world situations include cases in which volume s represent physical objects
with well de ned boundaries separating di erent regions, g iving rise to models with quasi-
impulsive gradient elds. Boundary regions are prominentl y visible in volume rendered
images, and the sampling nature of the voxelized representation can lead to aliasing, since
voxel size restricts size and location of rendered details.

In order to overcome these limitations, we introduce a volume tric primitive, that we call
split-voxe| which replaces blocks of N 2 voxels by one single voxel that is split by a feature plane
into two regions with constant values. The feature plane pro vides a linear approximation to
the strongest value discontinuity in the block, while the tw o values represent medians or
averages which are not blurred over the discontinuity. This description is exploited in a
multi-resolution GPU ray-casting framework able to handle large out-of-core datasets, and is
used to represent both leaves and inner levels. Speci cally, the main contributions of this
approach are the following:

The split-voxelvolumetric primitive that encodes scalar data together wit h edge detection
information;

39
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Figure 4.1: Rendering of a labeled scene. Left: The usual linear interpolation method su ers
from color bleeding, since interpolated values generate false colors when accessing transfer
functions even when using pre-integration. Middle: using spl it-voxels, all segmented models
keep their color. Right: a close-up of the scene with low pixel tole rance shows how the
split-voxel method preserves boundaries even at very low leve Is of details, instead the nearest
method su ers from low quality edge representation.

A hierarchical approach for converting a standard mono-res olution voxelized represen-
tation into an out-of-core multi-resolution structure bas ed on split-voxels both for labeled
and continuous scalar volumes;

A simple and e cient ray-casting accumulation scheme explo iting split-voxelsincorpo-
rated within a GPU accelerated out-of-core renderer provid ing real-time exploration
with dynamic transfer function editing.

This representation has little overhead over storing preco mputed gradients, and has the advan-
tage that feature planes provide minimal geometric informa tion about the underlying volume
regions that can be e ectively exploited for volume renderi ng. In particular, split-voxelsare
able to track material interfaces, as they occur in many physical objects, and, when employed
in a multi-resolution representation, provide accurate si Ihouettes even at very coarse levels of
detail, reducing the data and time required to render unders tandable images (see Fig.4.1). We
show that the split-voxel primitive can e ciently model volume datasets containing i  ntensity
scalar values, as well as material labels. Since the method & applied to scalar values, the
renderer is able to change the transfer function in real-tim e without the need to reprocess the
data.

The split-voxelmodel is tuned for scalar elds containing sharp boundaries between di erent
near uniform zones. One limitation of split-voxels The representation is non-continuous,
and volumes exhibiting smoothly varying gradient elds, e. g., the results of gas/ uids/ re
simulations, are not managed as e ciently.

4.2 Related Work

Reconstructing the original data, as accurately as possible from a discretized representation,
while maintaining a reasonable execution speed and limited memory needs, is a fundamen-
tal problem in volume graphics. The most common representat ion of volumes in (GPU)
volume rendering applications is a regular grid of scalar va lues. The most direct way to
reconstruct data from the sampled representation is to use a polynomial Iter. Constant

and linear lters, directly supported by the hardware, are b y far the most commonly used
representations, but have obvious limits in their reconstr uction power. In case of rapidly
varying data, too many samples are required to avoid aliasin g problems, with problems in
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terms of memory occupancy and traversal e ciency. Sparser r epresentations can in princi-
ple be obtained with higher order lIters. Even though these lIters (typically the tricubic
one) can be smartly implemented on top of linear interpolati on to reduce their computa-
tional cost [Sigg 04, their run-time evaluation remains costly for an interact ive renderer due
to the many texture fetches. Ringing artifacts may also appear, and sharp boundaries are
not directly represented. Moreover, with these continuous representations, sampling has still
to be performed at a high frequency to avoid missing sharp val ue changes. Various ap-
proaches for reducing sampling rates are known in the litera ture. Pre-integrated volume
rendering [ Enge 01, Roet 03 Lum 04, Kye 08] deals with high frequencies in transfer func-
tions rather than in the scalar volume itself. Adaptive samp ling methods solve the boundary
detection problem in real-time by adjusting sampling freque ncy during ray casting. For in-
stance, Hadwiger et al. [Hadw 05] combined rasterization of min-max blocks with adaptive
sampling and a secant method solver to ray cast discrete isosurfaces on the GPU, while Knoll
et al. [Knol 09] employ a peak nding strategy which explicitly solves fori so-values within the
volume rendering integral. The underlying sampled functio n is still considered continuous,
and due to the cost of repeated evaluation, is at most a low ord er polynomial. A number of
systems deal with segmented datasets (e.g., Hadw 03, Roet 03), but the focus is on blend-
ing separate gridded representations using di erent pre-d etermined transfer functions. Our
method, instead, encodes minimal boundary information in t he split-voxel primitive. This
way, the primitive can be used for constructing multi-resol ution structures while preserving
boundary details even for low resolution scales, and the mod el can easily be employed in all
kinds of accumulation strategies commonly considered for v olume ray casting. The underlying
concept of our split-voxelhas been explored in di erent contexts before. In two dimensi ons,
geometrical wavelets, which explicitly encode discontinu ities, were introduced to properly
catch edges often present in images Pono 99, Will 03], and they have been applied to ap-
proximation and compression problems. Representations th at enrich images with codes for
local boundaries have also been introduced with the main pur pose of combining vector and
raster image features [Sen 04 Tumb 04, Rama 04. Modi ed 2D interpolation rules requiring
multiple fetches per texel are used to support up to four line ar discontinuities in every pixel.
The Pinchmap [Tari 05] improves over these methods by proposing a GPU-optimized 2 D tex-
ture representation which separates the encoding of discontinuities from the encoding of the
signal. The two-colored pixel approach of Pavic and Kobbelt [Pavi 10], developed in parallel
to our work, also uses a representation using two colors per p ixel separated by a feature line,
and extends it to 3D for a video re-targeting applications. O ther methods are instead tar-
geted to extract feature preserving surface representations from volume data [ Kobb 01, Ju 03.
While these approaches conceptually share similarity to our s, they cannot applied to volume
rendering. In the context of volume rendering, Sereda et al. [ Sere 0§ introduced the LH space
as a transfer function domain. It starts from the assumption t hat every voxel lies either inside
a material or on the boundary between two materials with lowe r intensity FL and higher in-
tensity FH, respectively. They show that the LH histogram con veys information about dataset
boundaries in a more compact and robust way than common inten sity-gradient histograms
and therefore seems to be well-suited for volume exploratio n. Prayni at al. [Pras 09 improved
this approach by deriving an e cient technique for the compu tation of LH values, which is
fast enough to support post-classi cation at interactive f rame rates. The underlying assump-
tion is similar to our split-voxelconcept, but while these methods deal with the generation of
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e cient transfer functions, we instead focus on modeling an d rendering volume data. With

respect to the construction of the split-voxelmodel, our approach deals with the approxima-

tion of a small cubic scalar volume with two materials and a se paration surface. To this
end, various statistical methods can be employed to perform this classi cation, such as, for
example, the well-known Support Vector Machines [ Vapn 95] or the enumeration strategy of
Pavic and Kobbelt [Pavi 10]. The split-voxelconstruction deals also with the 3D edge-detection
problem, which has been investigated in depth in the literat ure. Our technique shares simi-
larity with the moment-based operator [ Luo 93]. Finally, the split-voxelmodel is incorporated
into the multi-resolution CUDA rendering framework descri  bed in the previous chapter (see
chapter 3).

4.3 The Split-Voxel Volumetric Primitive

We consider a generic scalar regular volume, i.e., a discrete representation over a cartesian
grid of a continuous scalar function s(x), where x 2 R®. In this representation, the scalar
value associated to each voxel is derived from some sort of measurement apparatus or sim-
ulation or digital processing, and it takes the form of an int ensity measured value, in the
case, for example, of data directly coming from medical scanning devices, or the form of a
material label, when some classi cation has been performed over data. In order to enhance
the appearance of surface structures in the volume, it is common to exploit the gradient r s
to evaluate a surface shading model. High quality volume rend erers, thus often precompute
gradient values at each voxel position. Precomputing the gr adients, rather than evaluating
them at run-time, allows the renderer to use high quality It ers with kernels larger than
those which can be a orded for on-the- y computations. Moreo ver, since the gradient is a
bad predictor for the surface normal orientation in nearly h omogeneous regions due to the
increased in uence of noise, gradients with low magnitude ar e typically Itered out. For

instance, Bruckner el al. [Bruc 09] Iter out all gradients whose norm is less than an eighth of

the maximum gradient magnitude in the dataset. In order to bet ter handle situations in which

Figure 4.2: Split-voxel primitive. A split-voxel replaces a block of N voxels by one single
voxel that is split by a feature plane into two regions with cons tant values. The feature plane
provides a linear approximation to the strongest value discont inuity in the block, while the
two values represent medians or averages which are not blurre d over the discontinuity.

the gradient changes abruptly, rather than simply precompu ting and pre Itering gradients,
we incorporate in our split-voxel representation a minimal approximation of the locations
of the strongest value discontinuity within the split-voxelregion. Speci cally, a split-voxelis
de ned as a volumetric primitive representing the interfac e between two intensity values (or
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label values in the case of segmented volume data). The following information is encoded

inside a split-voxel (a 2D schematic representation is showed in Fig. 4.3): two scalar values F
and B, and the equation of an oriented feature plane =( ;;; ) indicating the boundary

between F and B. The same representation is also valid for voxels containing uniform materi-

als, that are encoded by imposing that front material is equa | to back material and by zero-ing

the separation plane. The representation has the following properties:

the feature plane provides a linear approximation to the strongest value disc ontinuity
in the block. It replaces the gradient as an indication of the | ocal surface normal, and
the availability of a plane constant provides additional in formation on the location of
the discontinuity;

the values F, B represent medians or averages which are not blurred over the discontinu-
ity. Hence, they can be used for sharp value evaluation and exp loited for implementing

multi-resolution ltering schemes. In particular, a sharp v alue for a point P(x;y;z) in-
side the block can be obtained by computing a signed distance d= x + y + z + |
and selecting F if d > 0, and B otherwise;

the storage overhead with respect to a typical precomputed g radient representation
is limited to two values: an additional scalar and the plane ¢ onstant; moreover, the
additional information permits to render at coarser levels of detail, leading to reduced
memory needs and frame rendering times. Each split-voxel can thus replace blocks of
N 2 voxels.

The representation thus trades continuity of the reconstru ction with the ability to rapidly
track value changes at negligible cost during rendering alg orithms. Boundary sharpness with
split-voxelsis in nite, and will not depend on the density of sample point s as it might with
plain voxels. It is clear that only a single discontinuity can appear in a single split-voxe| but
this limitation is unavoidable for xed-size representati ons. Limiting the representation to be
linear makes it fast to compute and e cient for rendering.

4.4 Preprocessing Using the  Split-voxel Primitive

The split-voxel construction replaces gradient precomput ation and data Itering in the volume
preprocessing pipeline of our volume rendering framework. The goal is to convert a standard
mono-resolution voxelized representation into a out-of-c ore multi-resolution structure based
on split voxels, both for labeled and continuous scalar volu mes. The process is hierarchical
and constructs an octree of volume bricks, in which each bric k element is a split voxel. We
rst detail how a single split voxel is constructed from a gri  dded representation, and then we
explain how the procedure is hierarchically applied to comp lete the multi-resolution hierarchy.

4.4.1 Constructinga Split-voxel

Since asplit-voxelrepresents a generic small cubical volume portion, it can be derived from a
standard gridded representation by considering a voxel blo ck of N2 with resolutions starting
from N =2. In order to increase continuity among adjacent split-voxels a boundary overlap
of M voxel layers can be also considered during construction (ty pically M = 1 or 2), thus
resulting in grids containing (N + 2M )3 voxels (see Fig.4.3). The split-voxel construction
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procedure speci cally consists of identifying two main val ues (in the case of intensity based
volumes) or labels (in the case of segmented volumes), and the plane which better separates
the two material clusters.

4.4.1.1 Discrete Data

In the case of segmented data, material labels are intrinsicdly de ned inside the volume
grid, and no class identi cation is needed. Hence, value clas si cation consists of identifying
the one or two most frequent labels inside the block. When more than two materials are
present inside the volume, region-growing approaches coul d be also considered, but here we
decided to limit the de nition of  split-voxelto the two most important materials in terms of
frequency. Once classes are identi ed, if the volume can be represented by a single value,
the associated split-voxelis assigned the same front and back materials and a null separation
plane, otherwise the separation plane is rapidly estimated by considering the geometric cluster
barycenters p; and py of the two identi ed materials, and the two material frequen ciesns and
ny. Speci cally, the split surface is de ned as the plane with n ormal n and passing through
p, where

n= Pi  Pob (4.1)

kps  pok
Np

p= Po + (Ps pb)m (4.2)
as depicted in Fig. 4.3 If the distance between p; and py is too small (a fraction of the
voxel size), it is considered that the region is not easily li nearly separable and we assign a
uniform split-voxel with the most frequent label. This happens, for example, in t he case of
noisy regions, of small convex clusters almost entirely wra pped by another material. In most
situations, however, a good linear approximation of the sep arating surface exists. While more
elaborate solutions are possible, we found that this method provides a good approximation
of the orientation and location of the strongest discontinu ity (see Fig. 4.4 left).

Figure 4.3: Split-voxel construction scheme for segmented data. Two examples of split-
voxel construction. Split-voxel width N is 2 and boundary overlap M is also 2. Red part is
the split-voxe| while the separation plane is depicted in yellow, and is compu ted according to
equations 4.1, 4.2
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4.4.1.2 Sampled Data

When volume data are intensity scalars, we choose the approach to locally convert the data to
a segmented representation before applying the same procedure used for the discrete case. To
this end, we employ the classical iterative k-means algorit hm [Lloy 03] to cluster the intensity
values. Speci cally, two initial means are de ned as the min imum and the maximum intensity
values available in the grid. The iterative procedure creat es the two clusters by associating
every intensity value in the grid to the nearest mean, and it u pdates the means by computing
the centroid of the clusters. Clustering stops when the the a ssignments to clusters no longer
change or after a xed large number of iterations. Generally , after few iterations the algorithm
converges with two resulting intensity values representin g the two materials. At this point, if
these intensity values are similar (their di erence is less than a given threshold), we assume
that a uniform material is contained inside the volume, othe rwise we classify the grid voxels
with respect to the two nal means and we refer back to the same procedure employed for
label volumes, by computing the separation plane according to equations 4.1 and 4.2 The
front and back values are then de ned by each cluster median v alues. We veri ed that the
planes found by this simple method provide in practice good | ocal approximations of the
surface (see Fig.4.4 right).

Figure 4.4: Close-up views of segmented datasets. The left image shows a segmented
dataset (1911 1908 1813 resolution), while the right one shows a post-classi ed scalar
dataset (612 512 400 resolution). Note the nice normals reconstructed by the simple split-
voxelconstruction technique and the good matching between neighborin g planes.

4.4.1.3 Encoding

In the case of typical 8-bit datasets, eachsplit-voxelis stored in a 6-byte structure: the plane
is represented in 4 bytes, while front and back values use a byte each one. For the sake of
simplicity, and to maintain regularity in the structure and avoid too many indirections, we
store uniform voxels using the same representation. The split-voxel dataset size has thus in
the worst case at most 50% overhead over the typical scalar dataset stored with precom puted
gradients at the same resolution (6 bytes in place of 4 bytes per element). However, since split-
voxelsare normally used to represent N 3-voxel resolution volume grids, the actual occupancy
ratio is roughly 3=(2N3). For example, in the case of split-voxelsrepresenting just 2-voxel
width grids, the occupancy ratio is 3=16, i.e. 18:75% with respect to the original dataset size.
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4.4.2 Multi-resolution Hierarchy Construction

Our multi-resolution structure is a coarse-grained octree whose nodes are bricks of split-
voxels which are built with a bottom-up procedure. Each brick is a ¢ ubical block with an
edge width of some tens of split-voxels[Gobb 08]. Leaf bricks are computed by sampling the
input volume data and by encoding each brick component into a split-voxel representation
using the technigue of Sec.4.4.1 In order to construct non-leaf octree bricks, instead, we r st
re-sample into a gridded representation the split-voxelsof the next ner level which fall within
the area of interest for construction. In this re-sampling pr ocedure, each voxel receives the
most dominant among the front and the back value of the associ ated split-voxel(estimated by
sampling the voxel). Once this procedure is terminated, the volume subsumed by the brick
(plus M layers of overlap), is represented as a regular voxel grid. The procedure detailed
in Sec.4.4.1is then applied to convert it to the split-voxel representation. The procedure is
hierarchically repeated until we reach the octree root. It sh ould be noted that the e ect of
the procedure is dual. First of all, each discontinuous split-voxelends up having an associated
feature plane. Moreover, values are low pass Itered throug hout the hierarchy while not
blurring values over discontinuities. The procedure thus a pplies edge-preserving lItering for
level of detail construction.

4.5 Rendering

We have integrated the split-voxelprimitive in a GPU accelerated out-of-core multi-resoluti on
renderer based on single pass octree ray-casting [5obb 08, Cras 09 Igle 10].

4.5.1 Hardware Accelerated Out-of-core Multi-resolution Rendering

CPU and GPU strictly cooperate to manage octree traversal and ray-casting. Speci cally, a CPU
thread, given the current viewing parameters, has the respo nsibility of identifying an octree
cut, by re ning bricks whose projected voxel size is higher th an a user-selected threshold,
while updating the associated LRU cache of bricks in the GPU by loading data from out-
of-core storage. The GPU cache is updated incrementally frame by frame, and each brick
can be reused over several frames, exploiting temporal and spatial coherence, thus limiting
the required frame bandwidth. Moreover, the CPU thread buil ds at each frame an octree
spatial index for the current cut, which allows the GPU to per form the traversal of the current
uploaded octree cut. The GPU performs ray-casting, using the spatial index to enumerate
the current cut leaf nodes traversed by the ray in front-to-b ack order. If the visited node
is empty, it is simply skipped. If the node is non-empty, the as sociated brick is selected in
the texture cache, and all the relevant split-voxelsare traversed, while accumulating color and
opacity contributions according to the optical model emplo yed. Octree traversal terminates
when the ray leaves the volume bounding box, or when full opac ity is reached. A variety of
accumulation schemes can be employed for split voxels. In thi s work, we describe the classic
DVR scheme using a 1D transfer function to map values to color s and opacities. Since our
scheme exploits variable step sizes, the renderer works with extinction weighted colors, and
we thus have a transfer function (s) 2 [0;1 [ for the extinction coe cient and a transfer
function c(s) for the color, that has to be multiplied by  (s) to yield an actual color intensity
R(s) = (s)c(s) for a given scalar value s. We actually maintain a single 4-components texture
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(a) Plane intersection inside voxel (b) Plane Intersection outside voxel

Figure 4.5: The ray DDA traversal scheme. Scheme of voxel traversal using the DDA algo-
rithm to enumerate intersected voxels. In Fig. 4.5(a)the ray intersects the plane of the central
voxel inside [tin ;tow]. The front material is accumulated along [tin ;tpane ], the back mate-
rial along [tpiane ;tout ], @nd shading is computed for both by considering the plane normal .
In Fig. 4.5(b) the ray-plane intersection lies outside the voxel: tpane > tow and only front
material is accumulated.

for R(s); (s). The opacity of a segment of length t is derived from an extinction coe cient
i by i=1 e it

4.5.2 Non-empty Brick Traversal and  Split-voxel Accumulation

Color and opacity accumulation is performed during non-emp ty brick traversal. We exploit a
3D digital di erential analyzer (3DDDA) scheme [ Fuji 85] to traverse all intersected split voxels
in front-to-back order. For a given ray r = o+ dt, after an initialization step performed upon
brick entry, all traversed voxels are enumerated, and at each step the intersection abscissae
tin and to between the ray and the current voxel are updated, and the len gth t = toy  tin
of the current ray segment is computed. If the current split-v oxel is uniform (F = B), we
simply accumulate its unshaded contribution weighted with  the ambient component. In order
to do so, we fetch K(F) = (F)c(F), and convert them to opacity weighted colors associated
to the length t. When the split-voxel contains a feature plane, a shaded contribution is
instead applied for the front and back values. We thus fetch b oth RK(F) = (F)c(F) and
R(B) = (B)c(B) and separately use them for color accumulation. First, we or der materials
with respect to the relative orientation of the plane normal n and of the viewing ray direction
d. Whenn d 0, the front material is traversed rst, otherwise the back ma terial is traversed
rst. Second, we intersect the ray with the voxel plane to der ive the tpane abscissa value,
and we accumulate the rst material from tj; t0 tpane , and the second one from tpape to
tout ,» Shading both the contributions by using the plane normal in the lighting equation, as
indicated in Fig. 4.5(a) When tpane lies outside the voxel, only one of the two materials is
accumulated: the second material, if tpane < tin, the rst one otherwise, as shown in 4.5(b).
The rendering scheme thus trades continuity of the reconstr uction with the ability to rapidly
track value changes at negligible cost during rendering alg orithms. Unrelated values are not
combined together, and boundary sharpness is in nite and do es not depend on resolution.
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In many cases, this provides an improvement with respect to st andard volume rendering
techniques, which su er when adjacent voxels contain very di erent intensity values, since
interpolation tends to blur abrupt variations and to genera te material values that are not
physically present in original data in that position, often producing a color bleeding e ect,
as shown in Fig. 4.1 and 4.6. Finally, another advantage of our rendering scheme is that
split-voxels can be projected to large screen areas, also forthe coarsest level of details, since
they are able to maintain a nice silhouette by shaping the bou ndaries with the voxel planes,
as indicated in Fig. 4.6.

4.6 Results

Figure 4.6: Rendering quality comparison. Volume rendering of a continuous intensity based
dataset of a turtle CT scan, and a close-up view of the discrete statues volume ( rst columns
pixel tolerance 2, second columns pixel tolerance 8). Top row: nearest method is not able to
preserve features as resolution decreases, but produces the rght color. Middle row: linear
method keeps a smooth silhouette, but color bleeding e ect is pres ent and increases for de-
creasing resolution, and the boundary tends to blur for the coarse r representations. Base row:
split-voxel method preserves objects silhouette and sharp separation among di erent layers
even at very low resolutions, while maintaining the correct color s. Bottom: transfer functions.
The right transfer function is the same one as employed for Fig. 4.1

A prototype software system implementing the presented tec hniques has been developed on
a Linux system using C++ and CUDA. The out-of-core octree str ucture has been implemented
on top of Berkeley DB, exploiting the LZO compression librar y to reduce memory occupancy
of each split-voxel brick. We have tested our system with a va riety of high resolution models
and settings. In this section, we discuss the results obtained with the processing and inspection
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of three 8-bit datasets: a512 512 400 micro-CT of a Mata Mata turtle specimen (Source:
Digital Morphology Project, the CTLab and the Texas Advanced Computing Center, University
of Texas, Austin), a 1911 1908 1813 synthetic labeled volume containing various surface
models of statues which have been voxelized, and a 404 474 512labeled volume containing
a segmented leg reconstructed from MRI acquisitions (Source: MiraLab, Geneva).

4.6.1 Preprocessing

Datasets were processed on a Linux PC Intel Core 2, 2.66 GHz. Theconstruction of the octree
from source data was performed using octree bricks of 32° split voxels. Each split voxel was
constructed from a discretized grid of 23 voxels with a 2 layers overlap (i.e., a 6 sampling
grid). For the statue dataset, data processing took 7 hours and produced a 360MB octree
database starting from an uncompressed source size of3:1GB, while for the turtle dataset, data
processing took 15 minutes and produced a 60MB octree database from an uncompressed
source size of 100MB, and nally for the leg dataset data processing took 10 minutes and
produced a 10MB octree database from an uncompressed source size 0fLlOOMB Processing
times are comparable to those of other systems using high quality gradient precomputation
(e.g., a Sobel5® kernel) [Gobb 08]. The percentage of the split-voxel in the statue and leg
dataset is 2% with respect to 98% of constant voxels. On the oher side, for the generation
of the turtle dataset we considered a separation threshold of 10 and we got a percentage
distribution completely di erent: 72% split-voxels, with  respect to 28% constant voxels. This
distribution di erence explains also the di erence in comp ression ratio between label and
scalar volumes. For comparison purposes, we also built mult i-resolution datasets to be used
with nearest and trilinear rendering. Datasets to be used wi th the nearest technique were
produced by considering a median lter to reconstruct a voxe | from its 8 children, while an
average lter was employed for datasets to be used with the li near technique.

4.6.2 Rendering

The performance of our rendering system prototype was evalu ated on a Linux PC Intel Core
2, 2.66 GHz, equipped with an NVidia GTX 280. We considered a number of interactive
inspection sequences using the three models and measuring actual frame rates (i.e., not only
raw rendering times, but frame-to-frame times). We report h ere on the results obtained when
using a window size of 800 600 pixels. Our technique e ciently supports real-time trans-
fer function manipulation: please refer to the accompanyin g video available online * for
interactive sequences recorded live. When using transfer functions ranging from moderately
opaque to highly transparent, we experienced that the frame rate of typical inspection se-
guences varies between10Hz for extreme close-up views with transparency to over 40Hz for
overall views. Interactive rates are thus guaranteed even in the most demanding situations.
With respect to image quality, we compared our split-voxel r endering method to common
direct volume rendering strategies, employing nearest It ering and trilinear interpolation I-
tering. The nearest ltering strategy is able to separate between di erent materials, but it
has the problem that reconstruction quality is intrinsical ly poor and needs high resolutions
to get good quality images. On the opposite side, trilinear ltering increases reconstruction
quality at the cost of losing boundary features. Furthermor e, it su ers from color bleeding,

1See the online video at: http://vic.crs4.it/vic/cgi-bin/multimedia-page.cgi?id='155'
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since interpolated values generate false colors when accesing transfer functions even when
using pre-integration. Instead, our rendering method explo iting split-voxels is able to keep
separation between materials, so that each material keeps ts color, also in the presence of
an impulsive transfer function. Furthermore, boundaries a re well preserved even at very low
levels of details. Figure 4.6 compares the three rendering techniques applied to the datasets
considered with respect to the ability of avoiding color art ifacts, and the ability to reconstruct
correct object silhouettes at various resolutions. In fact, for the segmented data, which is
a detail of the statues label dataset, in the case of trilinear interpolation other parts of the
transfer function modify the color of the model, while the sp lit-voxel method keeps the cor-
rect color for each object in the scene (see also Fig4.1 and Fig. 4.8). Similarly, for the turtle

Figure 4.7: Semi-transparent volume rendering. Two views of the turtle dataset.

intensity-based dataset, when using trilinear interpolat ion the boundary between bone and air
is degraded by the interpolated value, especially for the si mpli ed model. Figure 4.7 shows
two semi-transparent views of the turtle dataset. Figure 4.6 compares the three techniques
also with respect to the ability to preserve features at low | evels of detail. It appears evident
that the nearest method su ers when resolution decreases, w hile trilinear interpolation keeps
a smooth but thicker silhouette and introduces a color-blee ding problem, and nally the split-
voxel method reconstructs nice silhouettes even for very low levels of detail, preserving the
correct color associated by the transfer function. The low- resolution representations use very
little memory. At extreme magni cation levels, the discont inuous nature of the representa-
tion becomes evident, but the images remain understandable. The nice quality of low levels
of details can be an advantage in a number of applications, e.g., for streaming and remote
rendering.

4.7 Conclusion

We presented in this chapter a novel volumetric description , which trades continuity with
the ability to model in nitely sharp value changes. This rep resentation had little overhead
over storing precomputed gradients. Separation planes pro vided in fact minimal geometric
information about the strongest discontinuity in the under lying volume regions, which can be
e ectively exploited for multi-resolution data Iteringa  nd volume rendering. In particular, we
were able to loosely track material interfaces, as they occur in many physical objects, avoiding
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the mixing of unrelated values. When employed in a multi-reso lution representation, nice
silhouettes were preserved even at very coarse levels of detail, reducing the data and time
required to render understandable images. We shew that the split-voxel primitive can be
applied to volume datasets containing intensity scalar val ues, as well as material labels. Since
the method was applied to scalar values, the renderer was able to modify the transfer function
in real-time without the need to reprocess the data. Even tho ugh our implementation can be
improved in many aspects, our approach was a novel attempt to model discontinuities inside
a voxel primitive in the context of a ray casting framework.

4.8 Bibliographical Notes

The content of this chapter were mainly based on the paper [ Agus 10b], where we presented
the split-voxel primitive for discontinuity-preserving voxel representa tion of volumetric data
by encoding scalar data together with edge detection inform ation.



Chapter 4. Handling Discontinuous Datasets

Figure 4.8: Knee segmented model. Top row: knee model at pixel tolerance 2, base row same
model at pixel tolerance 8. As explained on Fig. 4.6the nearest method (left) preserves proper
colors but presents jagged outlines, the linear one (center) preserves boundaries but produces
color-bleeding e ect, while the split-voxels (right) produce s proper colors while maintaining
nice silhouettes also for the coarsest pixel tolerance.
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Rendering on Light- eld
Displays

Improved volumetric understanding can be achieved by presenting results on dis-
plays able to elicit more depth cues than the conventional 2D monitors. This
chapter presents a GPU-accelerated volume ray casting system interactively driv-
ing a multi-user light- eld display. The display is based on a specially arranged
array of projectors and a holographic screen that provides full horizontal par-
allax. The characteristics of the display are exploited to develop a specialized
volume rendering technique able to provide multiple freely moving naked-eye
viewers the illusion of seeing and manipulating virtual volumetric objects oat-
ing in the display workspace. The method achieves interactive performance and
provides rapid visual understanding of complex volumetric datasets even when
using depth-oblivious compositing techniques. Perceptual experiments are also
presented to evaluate the depth-discrimination capabilities of this technology with
respect to two-view (stereo) and discrete multi-view designs.

5.1 Introduction

he rapid development of programmable graphics hardware is mak ing it possible to
interactively render volumes with high visual delity on co mmodity PCs. Resolving
the spatial arrangement of complex three-dimensional stru ctures in images produced
by volume rendering techniques is however often a di cult tas k. In particular, medical data
produced by CT or MRI scans often contain many overlapping st ructures, leading to clut-
tered images which are di cult to understand. Enhancing dept h and shape perception in
volumetric rendering is thus a very active research area, wh ich is tackled under di erent
angles. Recent contributions include methods for supporti ng real-time rendering and user
interaction, improving rendering quality with advanced ph otorealistic models, e.g., including
specular re ections and shadows, or developing non-photore alistic approaches to emphasize
model features by illustrative techniques, e.g, vicinity s hading, edge detection, halos, or cut-
aways. An orthogonal research direction consists of improv ing volumetric understanding by
presenting results on displays able to elicit more depth cue s than the conventional 2D monitor
or providing improved color reproduction. For instance, Gh osh et al [Ghos 05 have shown
how a high dynamic range display can substantially improve v olume understanding through
perceptually optimized transfer functions. In this work, we focus on enhancing spatial under-
standing of 3D data through perceptual cues for accommodati on, stereo and motion parallax
delivered by a light- eld display, i.e., a display supporti ng high resolution direction selective
light emission. This direction looks very promising, since there is evidence that ego- and/or
model-motion as well as stereopsis are essential cues to acleve rapid direct perception of

53



Chapter 5. Rendering on Light- eld Displays 54

volumetric data [ Bouc 09 Mora 04]. Recent advances in 3D display design demonstrate that
high resolution display technology able to reproduce natur al light- elds is practically achiev-
able [Balo 05, Jone 07. Rendering for such displays requires generating a large number of
light beams of appropriate origin, direction, and color, wh ich is a complex and computation-
ally intensive task. Moreover, the displays optical charac teristics impose specialized rendering
methods.

In this chapter, we present and demonstrate a GPU accelerated volume ray casting system
interactively driving a multi-user light- eld display bas ed on projection technology. The
display, driven by a single programmable GPU through a DVI li nk, is based on a specially
arranged projector array placed behind an anisotropic holog raphic screen. This setup provides
full continuous horizontal parallax in a sizeable zone in fr ont of the screen. The restriction
to horizontal parallax reduces light- eld complexity, mak ing the real-time rendering problem
more tractable. The characteristics of the display are exploited by a specialized rendering
technique able to provide multiple freely moving naked-eye viewers the illusion of seeing
virtual volumetric objects oating at xed physical location s in the display workspace (see
Fig. 5.5.1).

Central to our approach is a GPU ray-caster that follows rays generated by a multiple-
center-of-projection (MCOP) technique, while sampling pre Itered versions of the dataset at
resolutions that match the varying spatial accuracy of the d isplay. Our main contributions
thus include:

a general MCOP technique for producing perspective correct images on a class of hor-
izontal parallax only light- eld displays based on anisotr opic di users; the solution
provides a correct solution for viewers at a known distance a nd height from the screen
and a good approximation for all other positions;

a GPU accelerated framework implementing volume ray-casti ng on a light- eld display
using a combination of vertex and fragment shaders;

the description and demonstration of a prototype hardware/ software system achieving
interactive performance on non-trivial datasets on a singl e PC con guration;

Although not all the techniques presented here are novel in t hemselves, their elaboration and
combination in a single system is non trivial and represents a substantial enhancement to the
state-of-the-art.

Continuous automultiscopic displays represent a promisin g technology, able to drive users
into really involving and compelling experiences. In this ch apter, we report on perceptual
experiments carried out to verify whether the greater compl exity of continuous multiview
systems is worthwhile also from a perceptual point of view, w hen compared to stereo or
discrete multiview displays.

5.2 Related Work

In the following section, we brie y describe the state-of-the -art in the elds of interactive 3d
display technology, suitable image generation methods and existing GPU-accelerated volume
visualization system exploiting multi-view displays.
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5.2.1 Interactive 3D Display Technology

A huge number of approaches have been proposed to support nak ed-eye multiscopic visual-
ization, and a full review of the subject is out of scope for thi s thesis. We provide here only a
rapid survey of the subject, with a particular emphasis on the most closely related approaches.
For a good review on the subject we refer the reader to [Dodg 05]. The key technical feature
characterizing 3D displays is direction-selective light e mission, which is obtained most com-
monly by volumetric, holographic, or multi-view approache s. Volumetric displays synthesize
light- elds by projecting light beams on refractive/re ecti  ve media positioned or moved in
space (e.g., McKa 00, Fava 01, Robe 0(Q). Commercial displays are readily available (e.g.,
from Actuality Systems). The main disadvantages are the lim ited scalability of the approach,
and the di culty in presenting occlusion e ects. The latter  problem has been recently solved
in the displays presented by [Jone 07 and [Coss 07, which employ an anisotropic di user
covering a rapidly spinning mirror illuminated by a single h  igh speed video projector synchro-
nized with mirror rotation. Such a setup allows for 360 viewing, but, because of mechanical
constraints, is practical only for limited image sizes and m odel complexity. Pure holographic
techniques are based on generating holographic patterns to reconstruct the light wavefront
originating from the displayed object, e.g., using acousto- optic materials [ St H 95], optically
addressed spatial light modulators [ Stan 0Q, or digital micro-mirror devices [ Hueb 03]. Al-
though this approach can theoretically provide the most com pelling imagery, the principle
itself imposes limitations on realistically achievable im age sizes, resolution, speckle, with con-
sequent narrow elds of view, alongside enormous computing capacity required to reach
acceptable refresh rates for true interaction. In current pr ototypes, still con ned in research
labs, the display hardware is very large in relation to the si ze of the image (which is typi-
cally a few centimeters in each dimension). Typical multi-v iew displays, often based on an
optical mask or a lenticular lens array, show multiple 2D ima ges in multiple zones in space.
They support multiple simultaneous viewers, but at the cost of restricting them to be within
a limited viewing angle. Multi-view displays are often base d on an optical mask or a lentic-
ular lens array. Optical masks introduce signi cant light | oss when there are more than two
views. Moreover, the barrier structure becomes visible as the number of views increases. On
the other hand, lenticular displays magnify the pixel matri x of the projecting devices creat-
ing dark zones between viewing slots. The Cambridge multi-v iew display is a classic design
in this area [Dodg 00], and a number of manufacturers (Philips [ van 96], Sharp [Wood 00],
Opticality [ Relk 05], Samsung, Stereographics, Zeiss) produce monitors basedon variations
of this technology. Typical state-of-the-art displays typ ically use 8 10 images, i.e., directions,
at the expense of resolution. Matusik et al. [Matu 04] demonstrated a prototype based on
this technology and assembled with sixteen 1024x768 projecors and a lenticular screen. As
in our case, the setup requires one projector per view. However, their screen achieves vertical
di usion not by di using light vertically from the screen as in our display, but by focusing
light horizontally onto a di use surface, yielding a di ere  nt projection geometry. A 3D stereo
e ect is obtained when the left eye and the right eye see di er ent but matching information.
The small number of views of multi-view systems based on mask s or lenticulars produces,
however, cross-talks and discontinuities upon viewer's mo tion [ Dodg 96]. The displays used
in this work [ Balo 05, are produced by the Hologra ka company, uses the distribut ed im-
age generation approach of projector-based multi-view tech nology, but removes some of the
intrinsic optical limitations, as it o ers a fully continuo us blend among views thanks to the



Chapter 5. Rendering on Light- eld Displays 56

light shaping capabilities of a holographically recorded s creen. One limitation of most 3D
display solutions, also shared by the displays used in this w ork, is that only horizontal par-
allax is provided. Yang et al.[ Yang 06] presented an improved system based on a cluster of
projectors that provides parallax both horizontally and ver tically. This solution provides a
more faithful light- eld reconstruction but requires the g eneration of a much larger number
of rays to achieve the same spatial accuracy, which makes it aurrently practical only for very
small image areas or narrow elds of views.

5.2.2 Projecting Graphics to the 3D Display.

The image generation methods employed in conjunction with 3D displays must take into
account the display characteristics both in terms of geometry and resolution of the reproduced
light- elds. In our work, we employ a multiple-center-of-pr  ojection technique to produce
images that exhibit correct stereo and motion parallax cues. Our projection algorithm relates
to previous work in light- eld rendering and holography. Th e multiple-viewpoint-rendering
approach [Hall 98] harnesses perspective coherence to improve the e ciency of rendering
multiple perspective image sequences. Halle et al. [Hall 91] proposed a method where static
holographic stereograms account for the viewer's distance but not their height. The light- eld
display recently presented by Jones et al. [Jone 07 also uses a MCOP approach, similar to
ours, but their display geometry is radically di erent. Pre vious work in rendering for light-
eld displays have used, typically, standard orthographic or perspective projections [Rask 98
Coss 07. This approach simpli es rendering using a xed function g raphics pipeline but
produces perspective distortions when applied to displays based on anisotropic light shaping
elements [Jone 07. None of these works takes into account the nite angular si ze of the light
beams to adapt sampling rates as a function of distance from the screen. A framework for
studying sampling and aliasing for 3D displays has recently been proposed by Zwicker et
al [Zwic 06].

5.2.3 GPU-accelerated Volume Visualization on Multi-view Displays

Many sophisticated techniques for real-time volume render ing have been proposed in the
past, taking advantage of CPU acceleration techniques, GPU acceleration using texture map-
ping, or special purpose hardware. In the last few years, impr ovements in the programmable
and performance capabilities of GPUs have made GPU solutions the main option of choice
for real-time rendering. We refer the reader to the recent bo ok of Engel et al. for a recent
survey [Enge 04. Our initial approach was based on the GPU ray-casting appr oach [Krug 03,
Roet 03 evolving later to a system compatible with the out-of-core multi-resolution volume

rendering engine described in chapter 2. As in recent single-pass GPU ray-casters (teg 03, we
exploited GPU vertex shaders to render proxy geometry that a ctivates a fragment shader per-
forming the actual ray-casting. Our factorization of the ra y computation operations is however

di erent, since our MCOP rendering pipeline cannot rely on t he interpolation performed by

the rasterizer to pass down combined 3D and projected data fro m the vertex shader. Our tech-
nique for MCOP rendering using GPU shaders is also related to work of Hou et al. [ Hou 06],
which focuses on simulating re ections and refractions, and Jones et al. Jone 07, which,
however, exploits only vertex shaders for geometry projecti on. for In our approach, adaptive
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performance is obtained by controlling image sizes and samp ling rates. Others have pro-
posed acceleration methods for stereo volume rendering, which mainly use the information
from one view re-projected to the other [ He 96, Koo 99, Wan 04]. This results in improved
speed, which is however obtained at the cost of image quality [He 96, Adel 94]. These re-
projection approaches are not typically applied to auto-ste reoscopic rendering [Port 00], since
they can lead to considerable noise when switching from a vie w to the next. Since our an-
gular sampling rate is very high ( < 1), an adaptation of these approaches to rendering on a
light- eld display is worth exploring.

5.3 The Light- eld Display Concept

The display used in this work is based on projection technolog y and uses a specially arranged
projector array and a holographic screen. We summarize here the main concepts behind it.
More information on the technology is presented elsewhere [ Balo 05.

Figure 5.1: Light- eld display concept. Left: Each projector emits light beams toward a
subset of the points of the holographic screen. Side mirrors increase the available light beams
count. Right: A large number of light beams can create a spatial point (voxel).

The projectors are densely arranged behind the screen, and al of them project their speci c
image onto the holographic screen to build up a light- eld (s ee Fig.5.1). By positioning mirrors
at the sides of the display, it is possible to re ect back onto t he screen the light beams that
would otherwise be lost, thus creating virtual projectors th at increase the display eld of view.
Each projector emits light beams toward a subset of the points of the holographic screen. At
the same time, each screen point is hit by more light beams coming from di erent projectors.
The holographic screen is the key element in this design, as it is the optical element enabling
selective directional transmission of light beams. It is a ho lographically recorded, randomized
surface relief structure able to provide controlled angula r light divergence. The light di usion
characteristic of the screen is the critical parameter in ue ncing the angular resolution of the
system, which is very precisely set in accordance with the sy stem geometry. In the horizontal
parallax design, the projectors are arranged in a horizontal linear array and the angular light
distribution pro le induced by the screen is strongly aniso tropic. Horizontally, the surface
is sharply transmissive, to maintain a sub-degree separation between views. Vertically, the
screen scatters widely so the projected image can be viewed from essentially any height.
The angular light distribution pro le introduced by the hol  ographic screen is characterized
by a wide plateau and steep Gaussian slopes precisely overlapping in a narrow region in the
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Figure 5.2: Light- eld geometry description : Left: horizontally, the screen is sharply trans-
missive and maintains separation between views. Center: vertically, the screen scatters widely
so the projected image can be viewed from essentially any height. Right: the nite angular

size of the light beams determines the voxel dimension as a function of distance from the
screen.

horizontal direction. This results in a homogeneous light d istribution and continuous 3D view
with no visible crosstalk within the eld of depth determine  d by the angular resolution. A full
parallax system would be created using a screen with narrow t ransmission pro les both in the
horizontal and vertical direction. This design would requi re, however, a matrix of projectors
for generating a much larger number of rays, signi cantly in creasing the computational cost
of image generation. Since humans perceive depth using horizontally-o set eyes and move
their viewpoint more easily from side to side than up and down , the horizontal parallax only
approach is adequate for most applications and provides sig ni cant speed-up.

5.3.1 Projecting Graphics to the Display

This simple linear perspective model de nes how light is pro jected onto the screen, but is
not su cient to de ne how a 3D graphics application should pr  oject their models to the
display, because it ignores the transformation performed b y the holographic screen. Since
the screen is selective only in the horizontal direction, bu t scatters widely in the vertical one,
the displayed light- eld's dimensionality is reduced, and the application must decide how to
deal with the missing degree of freedom. In practice, at any mo ment in time, a given screen
pixel has the same color when viewed from all vertical viewin g angles. In order to provide
a full perspective e ect, the vertical viewing angle must th us be known, which amounts at
xing the viewer's height and distance from screen. Therefo re, the renderer assumes a virtual
viewer at height Vy and distance V, from the screen. We assume that the screen is centered at
the origin with the y axis in the vertical direction, the X axis pointing to the right, and the z
axis pointing out of the screen. Given a virtual observer at V, the ray origin passing through
a point Q is then determined by:
Qx  Ex
O=(1 HVI+ Ex+ —— (2 Ez));WiV) (5.1)
Q. Ez

where E is the position of the currently considered projector, and is a interpolation factor,
which allows us to smoothly transition from standard single view perspective rendering (with

= 0) to full horizontal parallax (with =1). In the latter case, the solution is exact for all
viewers at the same height and distance from the screen as thevirtual observer and proves in
practice to be a good approximation for all other viewing pos itions in the display workspace.
When 0 < 1, the 3D e ect persists and the visible depth range of the pres ented images
is compressed. This reduces the direct mapping between real and virtual world, as the image
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is not exact for any observer position, but allows us to map la rge objects within the restricted
display range while maintaining a 3D e ect for better spatia | understanding Knowing how
to compute O for every 3D point Q allows us to determine where Q should be drawn on a
given projector to produce a perspective correct image using either a ray-caster or a rasterizer.
A similar approach is taken by Jones et al. [Jone 07 for their 360 light- eld display. Their
approach also employs a MCOP perspective that combines two di erent viewpoints P (for
horizontal coordinates) and V (for vertical coordinates). In their case, however, the geometry
of the display is signi cantly more complex, and computing t he projection requires both a
ray/plane and a ray/cylinder intersection per 3D point.

5.3.2 Depth Dependent Spatial Resolution

The display design has consequences not only on the projection equation but also imposes
limits on spatial resolution that depends on depth. Each bea m leaving the screen has (approx-
imately) a nite angular size . This, however, introduces a nite resolution eect thati s
independent from the screen pixel resolution in the recons tructed three dimensional scene.
In fact, the size s of the smallest voxel that can be reproduced depends on the distance of its
center from the screen and from the beam angular size , and can be approximated by

s(z) = sg +2kzktan( =2) (5.2)

where sq is the pixel size on the screen surface (see Fig5.2right). In other words, the achiev-
able spatial resolution decreases with the distance from the screen. This is intuitive because
the illusion of existence of a particular spatial point is ge nerated by pyramidal beams crossing
at a speci ¢ 3D position (see Fig. 5.2right). This fact dictates how volumes should be sampled
when rendering for the display and also practically limitst he eld-of-depth of the display, i.e.,
the maximum distance from the screen at which objects are fait hfully reconstructed. Further-
more, we employ s(z) to determine the level of detail at which volumes have to be sa mpled
and the amount of blending for mipmapping by quadrilinear |  tering (see section 3.2.7).

5.4 GPU-based Volume Ray Casting

We exploit the characteristics of the display to develop a sp ecialized volume rendering tech-
nique able to provide multiple freely moving naked-eye view ers the illusion of presence of
virtual volumetric objects oating at xed physical location s in the display workspace. Our
light- eld display aware volume rendering process follows the two-pass approach typical of
contemporary multi-projector displays [ Brow 05] (see gure 5.4). In the rst rendering pass,
a per projector view of the scene is rendered o -screen to a fra me bu er object using the ide-
alized light- eld geometry model. In the second pass, perfor med purely in 2D image space,
small non-linear view and color distortions are corrected b y streaming the rst pass texture
through a fragment shader that warps the geometry and modi e s colors thanks to per-pixel
look-up tables stored as precomputed textures.

Our 3D rendering framework is based on the real-time volume r endering engine, which
has been presented in chapter2 and 3. In this approach, per projector images of a volume are
rendered by casting rays through each pixel, and performing re-sampling and compositing of
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Figure 5.3: Virtual environment concept : Presented images combine ray-traced volumetric
data with rasterized surface-based information, such as labels or user interface tools. Visu-
alization is both view-dependent, since it provides full par allax, and view-specic, since it
delivers di erent information in di erent areas of the workspac e.

successive sample contributions along these rays. By applying an appropriate optical model
many desired kinds of interaction between light and the volu metric object can be realized.

5.5 Implementation and Visualization Results

We have implemented a prototype hardware and software syste m based on the design previ-
ously discussed in this chapter.

5.5.1 Implementation of a Small-scale Prototype Using a DVI Channel

Figure 5.4: Volume ray-casting results with the chameleon dataset . Images of the light- eld
display taken with a hand held video camera moving in the disp lay workspace. Note the
parallax e ects and the view-dependent illumination e ects

The software system proposed in this section consists of a framework written in C++ and
OpenGL, a set of Cg shaders that implement the basic ray-casing engine, and a number of
shader functions that implement di erent compositing tech niques. The display hardware is
manufactured by Hologra ka and is capable of visualizing 7.4 M beams/frame by composing
optical module images generated by 96 fast 320x240 LCD displays fed by FPGA input pro-
cessing units that decode an input DVI stream. The on screen 2D pixel size of the display is
Sp = 1:25mm, and the angular accuracy is 0:8 .

The DVI channel feeding the display works at 1280x1024 at 75Hz. Each 1280x1024 frame
collects 16 320x240 projector images, plus a color-encoded bader in the top rows that encodes
the ids of the projectors that have to be updated. A full 3D fram e is created by sequentially



Chapter 5. Rendering on Light- eld Displays 61

generating all the projector images into the frame bu er. In th is work, the graphics application
runs on an Athlon64 3300+ PC with a NVIDIA8800GTX graphics boar d working in twin-view
mode. One DVI output is used for control on a 2D monitor, while the second one feeds
the 3D display. It is obviously impossible to fully convey the impression provided by our

Figure 5.5: Selected frames from a live recording interaction session. These images, taken

from the accompanying video *, show successive instants of interactive exploration of di ere nt
CT datasets.

holographic environment on paper or video. As a simple illus tration of our system's current
status and capabilities, an accompanying video * shows interactive sequences recorded live
using a moving camera. Representative video frames are shown in gure 5.5 The sequences
were recorded with a hand held video camera freely moving in t he display workspace. In
order to assess the distortion caused by the MCOP approach, the video includes sequences
presenting both vertical and horizontal motions, with the ¢ amera moving far from the vir-
tual viewer position. We recorded short inspections and fre e-hand manipulation of di erent
public domain datasets at the resolution of 256° voxels at 8bit/sample: The Visible Human
Male head 2, the Chameleon CT scan?®, and a contrasted rotational angiography of a human
head with aneurysm “. Currently, our prototype volume ray caster implements a nu mber of

1see the online video at: http://vic.crs4.it/vic/cgi-bin/multimedia-page.cgi?id="'144'

2Source: The National Library of Medicine, USA

3Source: Digital Morphology Project, CTLab and Texas Advanced Computing Center, University of Texas, Austin
4Source: Volume Dataset Repository at the WSI/GRIS, University of Tiibingen, Germany
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composition strategies, that include Maximum Intensity Pro jection (MIP), Simulated X-Ray, as
well as Direct Volume Rendering with a Phong illumination mo del, boundary enhancement
and view-dependent transparency [ Bruc 07b]. For rendering, the volume is stored in a single

4 component texture that contains the unscaled precomputed gradient in the RGB part and
the voxel value in the A part. An additional one-dimensional RGBA texture contains an in-
teractively modi able look-up table. In the accompanying vi deo, the Chameleon and Visible
Human head datasets are rendered using a shaded volume rendering, while the rotational

angiography dataset employs a maximum intensity projection .

As demonstrated in the video, objects appear to moving viewer s oating in the display
space and can be manipulated by translating, rotating, and s caling them with a six degree of
freedom tracker, as well as by modifying the transfer functi on. Note the parallax e ects and
the good registration between displayed object space and physical space, which demonstrate
the multi-user capability of the display and the good perfor mance of the MCOP viewing
approach. Please also note that specular highlights corredly follow the recording camera's
viewpoint, contributing to volume readability. Asillustr  ated by the video, the perceived image
is fully continuous. This is qualitatively very di erent fr om other contemporary multiview
technologies, which force users into approximately xed po sitions, because of the abrupt
view-image changes that appear when crossing discrete viewing zones [Matu 04].

The main limiting factor during interaction was given by the single GPU volume renderer
performance, since at full resolution (1 ray/pixel and 1 sam ple/voxel), many millions of rays
need to be propagated for hundreds of steps through the volum e. In order to improve in-
teractive frame rates, we have thus chosen the solution of lowering the sampling rate during
interaction, by reducing the pixel count (2.5mm precision o n screen) and doubling the integra-
tion step-size. Since the display projectors are sequentialy updated in batches of 16 320x240
images, a misalignment between tiles can become visible when objects are moved with a
too slow refresh rate (see gure 5.6). It is important to note that even when a single static
3D view is displayed, users can exploit accommodation, ster eo and motion parallax to gain
understanding of complex shapes. Some of these cues can be ao obtained with traditional
systems, but only by incorporating interactive manipulati on in the rendering system. In that
case, users will have to move the object or the viewpoint to pro vide the visual system with
enough depth information. The task is not simple and immedia te, and depth information is
easily lost when the user stops interacting.

Figure 5.6: Dynamic tile misalignment e ect. The 96 display projectors are updated in
batches of 16 projectors each, which can lead to artifacts in dynamic motion if the rendering
rate is too slow (left). These artifacts disappear when the im age is static (right).



Chapter 5. Rendering on Light- eld Displays 63

5.5.2 Implementation of a Large-scale Prototype Using a GPU-cluster

An experimental system has been implemented on Linux using O penGL and NVIDIA CUDA 2.3.
The out-of-core octree structure is implemented on top of Berkeley DB, with LZO compres-

sion applied to data nodes. OpenMPI 1.2.6 is used for inter-p rocess communication in the
rendering cluster. When running on a desktop con guration, t he rendering kernel is embed-
ded directly in a single-process application, using a separ ate thread for asynchronous data
loading. We have tested our system with a variety of high reso lution models and settings.

Figure 5.7: Multi-user interactive exploration of a 64-GVoxel dataset on a 35-MPixel light-
eld display. Users freely mix and match 3D tools creating view-dependent il lustrative visu-
alizations. Objects appear oating in the display workspace, p roviding correct parallax cues
while delivering direction-dependent information.
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In this section, we discuss the results obtained with the insp ection of two 16bit/sample
micro-CT datasets: a Veiled Chameleon (1024 1024 1080 and a Pichi Armadillo ( 1024
1024 999 specimens ®. In order to test the system with extremely large and demandin g
datasets, the original data has been arti cially zoomed by 4 in a preprocessing step (i.e., to

4K 3 voxels) by tricubic interpolation plus procedurally added detail. The construction of the
octree from source data was performed using octree bricks of 328, instructing the preprocessor
to use the compressed 8hit format and to Iter out data with a value lower than  640Q in
order to discard most of the noisy empty space. For the chameleon, data preprocessing took
12:3hours on a Linux PC 2.4GHz CPU and produced a 15GB octree database starting from
an uncompressed source size 0of135GB. The RMS error was 14:6, and the AMAX error was
116. The armadillo dataset produced similar results ( 13:8GB octree database,RMS = 15:8,
AMAX =122).

Our 3D display is capable of visualizing 35-MPixels by compo sing images generated by
72 SVGA LED commodity projectors illuminating a 160 90cm holographic screen. The
display provides continuous horizontal parallax within a 50 horizontal eld-of-view with
0:8 angular accuracy. The pixel size on the screen surface is1:5mm. The rendering back-
end is currently running on an array of 18 Athlon64 3300+ Linu x PCs equipped with two
NVIDIA 8800GTS 640MB (G80 GPU) graphics boards running in twin -view mode. Each
back-end PC has thus to generate4 800 600 pixels using two OpenGL graphics boards
with CUDA capability 1.0 and based on an old G80 chip. It is obvi ously impossible to fully
convey the impression provided by our system on paper or vide 0. As a simple illustration of
our system's current status and capabilities, we analyze th e behavior of the multi-user appli-
cation that allows users to interactively position, scale, and explore volumetric models using
Intersense 1S900 trackers. We recorded the performance usinga hand-held video © camera
freely moving in the display workspace. Representative vid eo frames are shown in Fig. 5.7
and Fig.5.8 Note the parallax e ects, the view-dependent illustrativ e visualizations, and the
good registration between displayed object space and physical space, which demonstrate the
multi-user capability of the display. Thanks to stereo and m otion parallax, MImDA images
proved easy to understand on the 3D display even though they p rovide mixed depth cues
(See Fig.5.9). The various view-dependent illustrative tools proved in tuitive to use and able
to reveal important volumetric details. Combining view dep endent rendering mechanisms
with stereo projections inherently leads to the issue of pres enting two images to the viewer
that di er by more than just the view point. However, we did not n  otice problems related
to this fact. This is because our visualizations have a strong correlation between views, and
subtle di erences are extremely well tolerated by the human visual system. Even though the
rendering hardware is de nitely not high end, the applicati on remained interactive for large
models. The average frame rate during the recorded interaction sequences was of 9:8fps.
During the entire inspection sequences, the resident set size of each rendering process is
maintained well within the 600 MB/board of pre-allocated cache size by the out-of-core dat a
management system. The average octree size in the render noes was of 1549bricks/process,
while the most loaded process handled 2087 bricks. Thus, introducing a load balancing strat-
egy could (slightly) improve the system's performance by 30% The good load balancing
achieved by the static image distribution is caused by the ge ometry of the display, with all

5Source: Digital Morphology Project, the CTLab and the Texas Ad vanced Computing Center, University of Texas,
Austin
6 See the online video at: http://vic.crs4.it/vic/cgi-bin/multimedia-page.cgi?id='152'
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projectors typically looking at the same portion of the displ ayed object. The visibility feedback
mechanism has proved to be able to reduce working set size, eecially when using transfer
functions with moderate to high opacity. It should be noted th at the graphics boards used
in our cluster are two generations older than the one used for desktop testing, leading to a
noticeable slowdown, that we have quantied to 2:3 3:2 , the higher gures being for the

most demanding situations.

Figure 5.8: Multi-user interactive exploration of 64-GVoxel datasets on a 35-MPixel light-
eld display. Users freely mix and match 3D tools creating view-dependent il lustrative visu-
alizations. Objects appear oating in the display workspace, p roviding correct parallax cues
while delivering direction-dependent information.
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Figure 5.9: Exploration exploiting the MImMDA accumulation scheme with medical data.
The MImDA accumulation scheme is exploited to enhance the bone structures over the skin
and esh tissues.

66
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5.6 Perceptual Evaluation

The human visual system makes use of a wide variety of cues in u nderstanding a 3D scene.
The goal of the experiments described in this section is to show that the light- eld display
enhances understanding by providing cues not available in t raditional display systems. To
quickly evaluate whether the light- eld rendering infrast  ructure is able to help in rapidly gain-
ing understanding of complex 3D shapes we performed a series of simple experiments. Those
tests are not fully formal tests, in the sense that they could be more extensive and exhaustive
but even with such limitations they can already advanced som e interesting conclusions.

With respect to the image generation, we focused on a order-i ndependent rendering context,
i.e., on depth-oblivious techniques that do not provide occ lusion cues. Such techniques are
frequently found in medicine, Maximum Intensity Projection ( MIP) being the most common
one. It is a simple variant of direct volume rendering, where, instead of composing optical
properties, the maximum value encountered along a ray is use d to determine the colour of
the corresponding pixel [ Mora 05]. MIP is considered very useful for displaying structures
that have attenuation higher than those in the neighbourhoo d, such as contrast enhanced
vessels and ureters, and it is thus the option of choice for CT angiography and CT urography.
However, it does not provide depth information, and, thus, in  normal 2D displays users
cannot reliably detect the 3D relationships of depicted str uctures. As a matter of example,

Figure 5.10: Depth oblivious MIP angiography rendering. MIP volume rendering of a
rotational angiography scan of a head with aneurysm. The position s and the crossings of
vascular structures are not detectable, or wrongly interpret ed.

we can consider the analysis of a rotational angiography scan of a head with aneurysm
(Fig. 5.10. In a 2D view, the positions and the crossings of vascular str uctures can be wrongly
interpreted. For instance, in gure 5.10we can see two crossing blood vessels, with the one
at the front having an intensity less than the one at the back. From this point of view,
the back one is visible at the intersection and hides the front vessel because of its higher
intensity, providing a wrong impression. It has already been shown that understanding can
be improved by presenting results on displays eliciting mor e depth cues than conventional 2D
monitors [ Mora 04, Bouc 09 Agus 09]. Instead, in this thesis, the questions we are considering
are:

Is continuous multiview technology able to provide depte<uneeded for layout discrimination
in the context of order independent rendering? What are, ¥, dme di erences with respect to
standard disparity-based stereo systems?

Is the viewing space discretization a critical factor fopthediscrimination? Does continuous
parallax provide advantages for typical spatial underdiag tasks?
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To answer these questions, we did a series of evaluation tests employing order-independent
rendering: a typical layout discrimination perceptual tes t, with stimuli containing various con-

fusing perceptual hints, and a path tracing performance tes t, to measure how much horizontal
parallax provided by continuous multiview displays helps i n the context of the interpretation
of tree structures.

5.6.1 Depth Cues Analysis

The software system consists of an integrate applications built around a multi-resolution
volume processing and rendering framework written in C++ an d OpenGL, a set of Cg shaders
that implement the basic ray-casting engine, and a number of shader functions that implement
di erent composing techniques. Data loading and DICOM conne ctivity is implemented using
the OFFIS DCMTK library allowing the access to standard radio logy PACS.

The system discussed in this work uses a 26 HoloVizio display by Hologra ka. The display
hardware employed here is capable of visualizing 7.4M beams /frame by composing optical
module images generated by 96 fast 32240 LCD displays fed by FPGA input processing
units that decode an input DVI stream. The display is fed by 4 D VI channels working at
1280x1024 at 75Hz. Each 1280x1024 frame collects 16 320x24fbjector images, plus a color
encoded header in the top rows that encodes the ids of the projectors that have to be updated.
A full 3D frame is created by generating all the projector imag es into the frame bu er. This
is obtained by employing a solution in which each DVI channel is fed by a graphic node (PC
equipped with a NVIDIA 8800 GTX graphics board), which is charg ed with lling a subset
of the projectors. The on-screen 2D pixel size of the display is sgp = 1:25mm, and the angular
accuracy is0:8 . The screen width is L = 500mm. and its horizontal viewing angleis =50 .

First of all, in order to demonstrate that the light- eld dis play is able to provide correct and
reliable stereo cues, we replicated the tests performed by Kersten et al [Kers 06]. We found that
the light- eld system is able to provide appropriate stereo scopic rendering. Eleven subjects
obtained success rates in the discrimination of the rotatio n direction of a cylinder lled with
Perlin noise equal to 83% for MIP visualization and 91% for X-R AY visualization over 10 trials.
However, ideally the contributions that disparity-based cu es make to depth perception should
be measurable in the absence of those cues to 3D that are usudy available in 2D displays (e.g.
object occlusion, surface shading, perspective foreshortening and texture gradients) or other
stereo based display systems. Yet it is dicult to nd natural istic scenes in which disparity
based cues exist in isolation. We thus decided to resort to an arti cial technique employed
in the eld of visual psycho-physics to generate scenes that mask out those visual cues that
are not disparity based. Speci cally, we designed a synthet ic benchmark using random-dot
masking in a simpli ed version of Julesz's spiral ramp surfa ce: a 3-layer cylindrical wedding
cake model that subjects viewed along its concentric axis (see Fig. 5.11right). The random
dot textures block the usual pathways along which vision pro ceeds: the locations of surface
boundaries within the scene are lost in the cloud of dots. V ision can then only make sense
of the scene after achieving binocular fusion, which gradua lly reveals the correspondence
between the random dots as seen from two dierent viewpoints , e.g. the left and right
eyes. The expectation here is that on the light- eld display such a scene will be seen almost
instantaneously, thus demonstrating the added value that i t brings. By adjusting the model's
parameters and converting it to a rectilinear volume, two se ts of model stimuli were rendered:
one with a uniform large eld of depth (  10cm centered on the display screen) and one where
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the eld was almost at (  1cm). Eleven, pre-screened, subjects completed four experimerts,
each consisting of eight trials in a two-interval forced-ch oice (2IFC) design whereby they
indicated in which interval they perceived the greatest el d of depth. The experiments tested
one eye static, one eye head-swaying, two eye static, and two eye head-swaying observation
in that order. Scores improved also in that order: from 49% i.e., indistinguishable from a
random answer in the binary test, with a monocular static vie w, to 82% correct scores for the
monocular head-swaying test, up to 100% when all cues are available. The results indicate
that in the absence of cues normally available in 2D displays the light- eld rendering system
elicits useful stereoscopic and motion parallax depth cues.

Figure 5.11: Depth cues evaluation tests : left: cylinder lled with Perlin noise; right: 3-layer
cylindrical wedding-cake model with random-dot texture.

5.6.2 Layout Discrimination Performance

The large scale continuous multiview display employed for t ests can visualise 35-MPixels by
composing images generated by 72 SVGA LED commodity projectors illuminating a 160
90cm holographic screen. The display provides continuous hor izontal parallax within an
approximately 50 horizontal eld-of-view, with  0:8 angular accuracy. The pixel size on the
screen surface isl:5mm. The same continuous multiview system is customised to si mulate
discrete systems by employing the observer space discretization described in Fig. 5.14 In
this work, we evaluated various discrete multiview con gur  ations obtained by increasing the
view width between adjacent views, in order to verify whether this factor in uences depth
perception capabilities.

5.6.2.1 Stereo vs Horizontal Parallax

We rst evaluated the motion parallax e ect provided by cont inuous multiview technology
with respect to depth discrimination. We proved that this te chnology is more e ective in
eliciting depth cues than stereoscopic displays, especialy in conjunction with depth-oblivious
techniques, such as maximum intensity accumulation. We ver i ed this assertion by carrying
out a series of psycho-physical tests. We used a typical 2 forced-choice (2FC) psycho-physical
discrimination task, where 10 pre-screened subjects were aked to indicate the closest one
between two partially overlapping disks, rendered in red an d blue (Fig. 5.12. Viewers were
located at 120cm from the screen. For a given trial, the two disks were assigned a depth of
D with respect to the screen plane and placed amid other disks at varying depths. The



Chapter 5. Rendering on Light- eld Displays 70

Figure 5.12: Disks discrimination test.  Subjects were asked to discriminate in depth between
two disks, red and blue, partially overlapping and symmetri cally displaced with respect to
the screen. Maximum intensity is employed to provide confusi ng false occlusion.

entire scene was rendered using maximum intensity projectio n, with intensity unknown to
the viewers. Other confusing hints were added in order to eli minate potential biases coming
from other cues: relative sizes, false occlusions and colous. We rst performed the tests using
two di erent display con gurations: a two-view stereoscop ic setting and a full continuous
horizontal parallax setting. All the display con guration s were obtained with the large scale
display by suitably constraining the virtual observer posi tion.

Results We report on statistical analysis of hit rates obtained by 10 subjects for the considered
depth distances and viewing conditions.

D(mm) Hit Rate(S) Hit Rate(C) p
5 0:53 0:03 0:59 0:03 0.17
10 0:55 0:.03 0:71 0:.02 < 0:001
20 0:67 0:.04 0:79 0:.02 0.02
50 0:81 0:03 0:91 0:.02 0.09
100 0:95 0:02 0:96 0:02 0.55
Table 5.1: Statistical results for disk depth discrimination test. The rst column contains

the depth di erences considered, while the second and third con tain mean hit rates scored by
10 subjects over 10 trials with disparity based stereo (S) and continuous multiview horizontal
parallax (C). Last column contains the results of ANOVA with res pect to the viewing condition.

Table 5.1 contains numerical results for ve depth di erences and two  viewing conditions.
Speci cally, rst column contains the depth di erences con sidered, while the second and
third contain mean hit rates together with standard errors s cored by the 10 subjects over
10 trials with disparity based stereo (S) and continuous mul tiview horizontal parallax (C).
Last column instead contains results of analysis of variance with reference to the viewing
condition. ANOVA clearly shows that there is no signicant e ect of viewing condition for
depth di erences 5mm and 100mm ( p > 0:1), while a main e ect is experienced for depth
di erences 10mm, 20mm and 50mm (p < 0:1). This fact, together with the mean hit rates
values, suggests us the main depth ranges for discriminatio n: above 50 mm stimuli are almost
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perfectly recognisable for each viewing condition, under 1 0 mm stimuli cannot be recognised
for each viewing condition. In the range between 10 mm and 50 mm , there is di erence
between disparity based stereo and continuous parallax, suggesting that with continuous
parallax the JND ( just noticeable di erence) is smaller.

Figure 5.13: Stereo vs parallax disks discrimination results.  Hit rates (standard error bars
and psychometric t) obtained with stereo and full parallax di  splay con guration.

Fig. 5.13 shows mean hit rates and standard error bars on a logarithmic scale, together
with the psychometric function ts obtained by employing th e psignit package [ Wich 01a,
Wich 01b]. The psychometric function ts were obtained by consideri ng the following func-
tion:

(xi55: )= +( JE(X 5 ) (5.3)

where gives the lower bound of , and can be interpreted as the base rate of performance in
the absence of a signal, while is the upper bound of the psychometric function representin g
a re ection of the rate at which observers lapse, responding i ncorrectly regardless of stimulus
intensity. In the case of depth discrimination tasks, the Wei bull distribution was employed:

Foa s )= exp( (5)): (5.4)

The psychometric functions represented in Fig. 5.13were obtained by considering as stimulus
value x = In(D). Considering statistical results and psychometric functi on ts obtained with

the disk discrimination test, it appears evident that conti nuous multiview provide a better

discrimination with respect to binocular stereo viewing. T hreshold levels are signi cantly

dierent ( -1(0:75) = 14mm <  ¢1(0:75) = 32mm), clearly showing a sensible perceptive
improvement for continuous multiview.

5.6.2.2 Evaluating Discrete Multi-view Designs

After showing that continuous parallax is a decisive factor for depth discrimination, we fo-
cused on the analysis of discrete multiview designs. The tar get of this evaluation work is
to compare continuous and discrete multiview display techn ologies with reference to depth
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Figure 5.14: Discrete multiview scheme. the general discrete multiview with parameters
related to equation 5.7: each zone is represented by a di erent colour, inner zones are shared
among di erent projectors [ Dodg 02].

discrimination cues involved by display geometry dierenc es. To simulate discrete designs it
is possible to conceptually divide the user viewing space in to a nite number of windows,
called viewing zones, in each of which only a single image is v isible, while still retaining both
stereo and movement parallax cues. To this end, the multiple -center-of-projection equation
can be simpli ed by reducing the number of views provided. Re ferring to equation ( 5.1), the
ray origin can be corrected according to the geometry design of the display to be simulated.
For example, considering a standard stereo display, only tw o views have to be generated and
the ray origin abscissa of equation 5.1 needs to be corrected in the following way:

8

< if O, <0
Oy = (5.5)
"+ ifoy>0

where is the average half inter-pupillary distance (about 35 mm). In the same way, by
adequate quantisation of the observer space, the correction can be applied to simulate generic
discrete multiview designs. Considering N not overlapping viewing zones having center
and width ;, the correction equation is the following:

Ox i if JOx  ij< (5.6)

8

2 0 if Ox < o+ o

3 .

N1 fFOx> N1 N1

As indicated by Dodgson [ Dodg 02] the viewing zone widths ; at the viewing distance should
be less than the inter-pupillary distance  so that in each position the two eyes can perceive
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two di erent images, thus producing the stereoscopic e ect (see Fig.5.14). If we have N views
which subtend an extension w, the previous relation can be expressed as

Wo < N (5.7)

If inequality is not satis ed there will be some zones where us ers lose depth perception,
because both eyes are hit by the same image. Thus, in a normal wsage of multiview system,
users stay at xed positions instead of exploiting parallax by ego-motion, and tend to avoid
to interfere with zones where the stereoscopic e ect is unst able, thus producing annoying
artifacts. As we can see in Fig. 5.14 each projector splits its image in a certain number
of viewing zones, highlighted here with di erent colours. In  areas where di erent colours
interfere, users perceive a wrong image, while at the correct viewing distance, images match
correctly without introducing any unwanted interference.

A multiview design can be obtained by reducing the number of v iews in two ways: rst,
by reducing the working zone width w, (see equation (.7)), resulting in a reduction of the
eld of view. In this case, image quality is preserved and dept h cues are maintained with
the cost of a limited working zone. However, in this way the pot ential of multiview tech-
nology is reduced, since the display can be used by a limited n umber of users. The other
method for reducing the number of views consists instead of m aintaining the full eld of
view and increasing the distance between adjacent views (see equation 6£.6)). We evalu-
ated the depth discrimination capabilities of the multivie w technology with respect to this
factor, by considering a typical scenario of a user position ed at distance Z = 1200mm and
observing a scene centered atD = 100mm from the screen. Three di erent viewing widths
were considered: = 60mm corresponding to 12 views, = 30mm corresponding to 24 views
and =10mm corresponding to 72 views, the last one being equal to the maximum angular
resolution obtainable with the light- eld display conside red.

Qualitative evaluation ~ We rst carried out a qualitative evaluation in order to prov e that a
limited number of views degrades the image quality thus resu Iting in annoying artifacts. In
a preliminary analysis of a scene with a depth complexity of D = 100mm (we employed the
same scene employed for depth discrimination task with an o  set of D along z direction), 10
subjects were asked to indicate if transition artifacts were perceived during motion, for the
three view widths considered. All subjects experienced anno ying artifacts for = 60mm, the
same artifacts dramatically reducing when = 30mm. This fact suggests that = 30mm,
corresponding to about half the inter-pupillary distance, is the inferior limit for a discrete
system that is supposed to provide a compelling 3D experienc e, and a smooth transition
between views during motion.

Perceptual evaluation Once assumed that image quality depends on the number of view s
employed, we carried out a perceptual analysis to evaluate w hether a limited number of views
degrades also the depth discrimination performance, or whe ther horizontal parallax cue is
correctly provided even with a reduced number of views. To th is end, we considered the same
disk discrimination test employed in subsection 5.6.2 The same 10 subjects were asked to
discriminate the depth of the two coloured disks for the thre e view width con gurations (=
60mm, =30mm,and =10mm)
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(mm) D(mm) Hit Rate SE
100 0:93 0:.03

60 50 0:76 0:05
20 0:71 0:04

10 0:54 0:04

100 0:93 0:02

30 50 0:88 0:04
20 0:72 0:05

10 0:57 0:08

100 0:93 0:04

10 50 09 0:04
20 0:81 0:06

10 0:7 0:05
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Table 5.2: Statistical results for disk depth discrimination test: co  mparison of three di erent
multiview con gurations.  The rst column contains the multiview con gurations considered
while the second column contains the depth di erences employed and the third column con-
tains the mean hit rates scored by 10 subjects over 10 trials togther with standard errors.

Results Table 5.2 summarises numerical results of hit rates obtained by the su bjects for four
di erent depth di erences and the three di erent viewing co  nditions: =60mm, =30mm,
and = 10mm. As expected, results obtained for = 10mm are very similar of those
obtained during rst perceptual test in the case of full hori zontal parallax (see table 5.1).
Furthermore, it appears evident that starting from disk dep th di erences below 50 mm, error
rates for = 60mm are considerably higher with respect to the other viewing co nditions,
while from depth di erences below 20 mm, error rates for = 30mm are considerably higher
with respect to those obtained with = 10mm. This clearly shows that the number of views
e ects the depth discrimination capabilities of the system . An ANOVA with respect to the
viewing condition was also performed and indicated that the re is a main e ect for depth
di erences under 50 mm. In order to highlight whether hit rate s obtained with the di erent
view conditions are statistically di erent, a Tukey post-h oc test was also performed, revealing
a signi cant di erence between view width =30mm and = 10mm for depth di erences
below 20 mm (p < 0:01).

Finally, the Fig. 5.15represents the hit rates with error bars on a logarithmic sca le, together
with the psychometric function ts obtained by employing th e psignit package [ Wich 01a,
Wich 01b]. Fits were obtained considering a Weibull distribution, w ith x = In(D). Threshold
levels are signi cantly di erent ( 1(0:75) = 13:4mm for = 10mm, 1(0:75) = 24:2mm
for =30mm, and 1(0:75) = 35:4mm for = 60mm), clearly indicating that the number
of views dramatically e ects depth discrimination capabil ities.

5.6.3 Performance Evaluation

Another way to quantify the performance of multiview techno logies consists of investigating
whether it improves the understanding of network structure s.

Description  To this end, we considered a perceptual test where users were asked to trace
complex paths. Speci cally, 10 subjects observed a scene composed by a number of white
polylines paths randomly placed, each one containing a numb er of segments connected by
green colour spheres (see Fig.5.16). The paths were rendered employing maximum intensity
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Figure 5.15: Discrete multiview depth discrimination results. Hit rates (standard error bars
and psychometric t) obtained with di erent discrete multivi  ew con gurations: = 60mm,
=30mm and =10mm.

projection, with random intensity values. A 2FC design was co nsidered, where subjects
were requested to nd the only polyline having red dots at the ir ends, and to count how
many segments it contained (two or three). The following con ditions were considered: four
scene complexities ranging from 100 to 1000 nodes, and two display settings (continuous
multiview, and disparity-based stereo). Graphs were gener ated without layout optimisation,
with consequent di culties for interpretation. Only geome tric constraints were considered
as to force segments lengths inside the range[0:05; 0:5]¢, where d is the scene bounding box
diagonal, and | is the number of segments for a given path.

N Hit Rate (S) Hit Rate (C) p
100 0:94 0:03 0:96 0:02 0.79
300 0:88 0:04 0:95 0:02 0.30
500 0:66 0:05 0:89 0:02 <103
1000 0:55 0:04 0:78 0:04 <103

Table 5.3: Statistical results for network interpretation performan  ce test. The rst column
contains the number of nodes in the graphs, while the second and th ird ones contain mean
hit rates scored by 15 subjects over 10 trials with disparity b ased stereo (S), and continuous
multiview horizontal parallax (C). Last column contains result s of analysis of variance with
respect to the viewing condition.

Results Table 5.3 summarises numerical results of hit rates obtained by subjects for di er-

ent graph sizes (in terms of number of nodes) and di erent vie wing conditions: stereo(S),
and continuous multiview(C). Even in results of this speci c test it appears evident that con-
tinuous (C) multiview provides performance improvements i n terms of mean hit rates with
respect to binocular stereo (S). The ANOVA on viewing condit ion also highlights that hit rates
are statistically di erent for graph sizes starting from 50 0 nodes, indicating that for graphs
under 300 nodes interpretation is considered easy independently from viewing condition,

while the e ect of multiview is perceived for graphs having b igger size. It is interesting to
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Figure 5.16: Path tracing test. Subjects were asked to nd paths marked by red ends and
to indicate whether they are composed by two or three segments. M aximum intensity is
employed to provide confusing false occlusion.

note that with multiview technology, subjects are able to dis criminate graphs with a number
of nodes similar to those reported by Ware and others [ Ware 08], even if our scenes were gen-
erated without considering any optimisation layout techni ques [Herm 00]. Figure 5.17 plots

Figure 5.17: Discrimination graph understanding results. Hit rates (standard error bars
and psychometric t) obtained with di erent display con gurat ions: stereo and continuous
multiview.

hit rates together with error bars and psychometric functio n ts obtained with psignit pack-
age [Wich 0l1a, Wich 01b]. Even in this case, the stimulus value is the graph size expressed on
a logarithmic scale x = log(Nmax ) 10g(N) where Npnax = 10000, and the psychometric func-
tion is assumed to follow the Weibull distribution. Graphs ¢ learly highlight how horizontal
parallax cues provided by multiview systems greatly help in graph understanding tasks.
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5.7 Conclusion

The prototype discussed here is clearly meant to work as an enabling technology demonstrator,
as well as a testbed for integrated volumetric rendering and light- eld display research. A
rst conclusion than can be drawn from our work is that high qu ality volumetric rendering
on light- eld displays is currently achievable even when us ing single GPU desktop solution
for the rendering task. In order to deal with large scale datas ets, we have integrated a exible
multi-resolution volume rendering system capable to inter actively drive large scale multi-
projector light- eld displays which can provide stereo and m otion parallax cues in a setting
supporting collaborative use. Continuous multiview techn ology provides stereo and motion
parallax cues in a way that supports natural 3D vision and eas y collaboration between users.
In this chapter we reported on preliminary results of a series of evaluation tests aimed to
compare the depth discrimination capabilities of discrete and continuous multiview systems.
Depth discrimination tests indicate that parallax provide s more depth cues, thus leading to
a smaller just noticeable di erence (JND) with respect to bin ocular stereo. However, further
investigation is needed to nd the precise JND, that we suspe ct to be related to the display
characteristics (resolution and calibration), and to the o bserver distance. Furthermore, we
compared performances for various discrete multiview desi gns. Our results indicate that
the number of views a ect the quality of experience (QoE) as w ell as depth discrimination
performances. As a conclusion, it seems that extremely ego-motion is particularly helpful
in path tracing tasks, and that this cue is delivered e ectiv ely by a continuous multiview
design. As future work, we plan to perform an evaluation of th e multiview technology in
speci ¢ application contexts, such as diagnostic tasks or surgery planning in medicine. There
is obviously more to interactive volumetric rendering on 3D  displays than employing standard
composition techniques. For example, it would be worthwhil e to further investigate how to
improve rendering speed by incorporating optimized algori thms that can exploit the high
degree of coherence present in a 3D view.

5.8 Bibliographical Notes

The major part of the content of this chapter was based on paper [Agus 08c], where we pre-
sented a GPU-accelerated volume ray casting system interadively driving a multi-user light-

eld display. The content of the latest validation results ¢ ame from reference [Agus 10a],
where we presented a set of perceptual experiments completed to evaluate the depth dis-
crimination capabilities with respect to two-view (stereo ) and discrete multi-view designs.
Previous results on the validation and more information abo ut rendering applications on
light- eld displays can be found on [ Agus 08a, Agus 08b, Agus 09], where we reported on a
prototype system for medical data visualization and demons trated the usefulness of the gen-
erated depth cues and the improved performance in understan ding complex spatial structures
with respect to standard techniques. Additional informati on regarding the scalability of the
technique is available in [Igle 10], where we demonstrated the possibilities of the approach b y
the multi-user interactive exploration of massive volume d atasets on a 35-MPixel light- eld
display driven by a cluster of PCs. More general considerati ons about human-computer inter-
action and elements a ecting these kinds of virtual reality systems can be found in [JAlIg 08].






lllustrative Techniques

In this chapter, we report on a set of illustrative and non-photorealistic rendering
(NPR) techniques that complement the work presented in chapters 2, 3 and 5. In
the eld of context-preserving volume rendering we propose a n illustrative tech-
nigue, named context-preserving focal probes, to focus the attention of the users
in a region of interest while preserving the information in context. The focus and
context information are separated by the assignment of different rendering styles
that can be smoothly blended to provide a more continuous effect. We also intro-
duce a new accumulation scheme for importance-driven volume rendering and a
set of specialized interactive illustrative techniques able to provide different con-
textual information in different areas of a light- eld displ ay. The possibilities of
these techniques are demonstrated by the interactive exploration of 64-GVoxel
datasets on a 35-MPixel light- eld display driven by a cluste r of PCs.

6.1 Introduction

llustrative and NPR techniques typically mimic the style of traditional illustration taking
advantage of the illustrators long experience in depicting complex structures or shapes
in an easily comprehensible way. In this section a brief overv iew of the basic illustrative
techniques employed in volume rendering will be presented.

First of all, it is important to distinguish the di erence be tween surface-based versus volume-
based methods. In volume rendering most of the NPR techniques are just an adaption of the
local shading model employed for surfaces adjusted to work wi thin the volume rendering
integral. Surfaces can be described not only by a polygonal mesh but also by an isovalue or
can be implicitly de ned on a volumetric grid. At the end, the resultant image will look like
a surface and thus, it can be shaded as such. However, there arealso illustrative approaches
for volume rendering that do not make use of the notion of a sur face.

An important characteristic of the methods detecting surfa ces is whether they operate in
object or image space. Or equivalently, whether they operate directly over the 3D surface
or over its 2D projection. They are normally known as object-sp ace or image-space methods
respectively. All the proposed illustrative and NPR method s in this thesis work are object-
space, therefore most of the attention will be payed to those approaches, specially when
discussing the related work.

Context-preserving volume rendering focuses on solving th e problem of which part of the
volume must be emphasized, and what kind of rendering style i s more suitable to enhance
this part. At the same time, it faces the problem of how to avoi d the collateral e ects of
losing important context information, maintaining enough  visual cues for de-emphasized or
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less important parts. The main approaches generally rely on exploiting a way to decrease the
importance of the less relevant information in favour of a re gion of interest.

The context-preserving focal probes model exploit the pg-dista nce to give a focus shape
consistent with a probe de ned by a superquadric function. W e propose to combine relief
shading techniques for enhancing the focus region with a bet ter shape depiction and silhouette
darkening e ects. For preserving context information, we u se an adaptive voxel dependent
transparency and perform the clipping of voxels in regions w hich can create image clutter.

Another important di erence between illustrative methods is whether they depend on the
relative location of the view point or not. Contours or silho uette are examples of rendering
styles that depend on the relative view direction. Curvatur e, instead, is an intrinsic property of
the surface itself. The methods are named view-dependent or view-independent accordingly
to the previous characteristic.

It is important to highlight the di erent computational cost  of storing view-dependent infor-
mation whether a mesh is available or not. For example, it is e asy to store view-independent
information at mesh-vertexes in order to avoid re-computat ion. For methods such as ray
casting that do not generate explicit geometry, however, mo st information needs to be re-
computed each time. In our work the interest is aimed at method s that do not require an
explicit mesh. This avoids the cost of computing this mesh wh ich usually prevents interactive
changes of the isovalue. Therefore, all the information that is required for rendering used in
an illustrative style must be computable in real time.

The view-dependent characteristics of the light- eld disp lays can be exploited to develop
specialized interactive illustrative techniques designe d to improve spatial understanding. A
set of interactive illustrative tools based on exible compo siting engine presented in chapter 3
are presented to provide di erent contextual information i n dierent areas of a light- eld
display. Furthermore, we also present a new accumulation scheme for importance-driven
volume rendering.

6.2 Related Work

Traditional illustrative non-photorealistic rendering t echniques typically mimic the style of
traditional illustrations. They take advantage of the illu strators long experience in depicting
complex structures or shapes in an easily comprehensible way. Ebert et al. [Eber 00 combine
some physics-based illumination model with non-photoreal istic techniques to enhance the
perception of structure, shape, orientation, and depth rel ationships in a volume model. For
similar purpose, di erent stylistic choices have been used in traditional medical illustrations,
such as silhouette or contour enhancement, pen-and-ink, stippling, hatching, etc.

In this thesis, we are interested in techniques for emphasizi ng details of structures which
are in focus and for reducing clutter while preserving usefu | context information in nearby
areas.

Context preserving volume rendering focuses on solving the problem of which part of the
volume must be emphasized, and what kind of rendering style i s more suitable to enhance
this part. At the same time, it faces the problem of how to avoi d the collateral e ects of
losing important context information, maintaining enough  visual cues for de-emphasized or
less important parts. The main approaches generally rely on exploiting a way to decrease
the importance of the less relevant information in favour of a region of interest. Hauser et
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al. [Haus 01] propose the two-level volume rendering model allowing vis ualization of volume
data with important inner structures together with semi-tr ansparent outer parts as context
information. They integrate di erent rendering modes and ¢ ompositing types, such as DVR,
MIP, or tone shading for the inner part of the volume and contou r enhancement for the
outer part. Cohen et al. [Cohe 04 discuss in depth how information visualization ideas can
be applied to scienti ¢ visualization in an e ective way. In p articular, they combine the
focus and context concept with distortion e ects to impro  ve understanding of large volume
datasets. Viola et al. [Viol 04] introduce importance-driven volume rendering, where the
emphasis can be automatically put on the part which has been assigned more importance.
Ropinski et al. [Ropi 05] propose volumetric lenses to interactively focus regions of interest,
rendering the parts of the volume intersecting the lens, whi ch is de ned by a convex 3D
shape, using a di erent visual appearance. Bruckner et al. [ Bruc 05] suggest to use cut-away
views to focus the attention on the intersection region and g hosting views which tends to
generally give a better impression of the spatial location o f the object in focus.

Context-preserving in volume rendering can be also achieve d by exploiting lighting intensity
as an input to a function for opacity variation. Bruckner et a |. [Bruc 064 use this idea to
reduce the opacity in rather at regions oriented toward the | ight source. Parts of the volume
receiving less lighting are rendered as semi-transparent silhouettes helping to preserve context
information. Kriger et.al [ Krug 06] present a method which enables the user to focus on a
particular region, using de ned parameters such as the size and location of the focus, a weight
for the context, and material properties. An approach simil ar to ours is the one proposed
by Zhou et. al [Zhou 04], which emphasizes a region according to the Euclidean dist ance
from the sampled voxel to a sphere center. Tappenbeck et al. [Tapp 06] employ distance-
based transfer functions, which allows to hide, emphasize o r color structures based on their
distance to a relevant reference structure. In our approach, we exploit the pg-distance to give
a focus shape consistent with a probe de ned by a superquadri ¢ function. Furthermore, we
propose to combine relief shading techniques for enhancing the focus region with a better
shape depiction and silhouette darkening e ects. For prese rving context information, we use
an adaptive voxel dependent transparency and perform the cl ipping of voxels in regions which
can create image clutter.

Silhouette enhancement is typically based on gradient or curvature estimations. Csbfalvi
et al. [Csbf 0]] visualize object contours based on gradient information as well as on the
angle between viewing direction and gradient vector using d epth-shaded maximum intensity
projection. Kindlmann et al. [ Kind 03] employ curvature along the view direction to achieve
illustrative e ects, such as ridge and valley enhancement. It is also common in medical
illustrations to depict shape or surface details in a way tha t is inconsistent with physically-
realizable lighting model. Inspired by the techniques used i n cartography, Rusinkiewicz et
al. [Rusi 06] develop a non-photorealistic rendering strategy based on multi-scale local toon
shading. Based on it, we develop a non-photorealistic shading model applicable to volume
rendering.

Our exible renderer employs both photorealistic and illust rative techniques. Some tech-
nigues mentioned in this section, like the accumulation and pre-integration schemes or the
opacity model were already introduced in chapter 3 as part of the GPGPU ray-caster, so we
refer the reader to subsection for a full description on thos e engine characteristics.
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The accumulation scheme is similar to MIDA [ Bruc 09], even though in our case we accu-
mulate importance rather than intensity. The usage of an imp ortance transfer function has
also been advocated by [Viol 05]. In order to deal with high frequency transfer functions, we
employ a pre-integration approach for all attributes, rath er than only for colors as is usually
done, and use a numerically stable approach which only needs little memory requirements.
Similarly to [ Krau 08], we use extinction-weighted colors rather than opacity-w eighted ones
and reconstruct opacity on the GPU. Our view-dependent prob e and clip planes bear a num-
ber of similarities with previous context-preserving tech niques [Bruc 06b], but extend them
with view-dependent e ects tuned for 3D displays.

6.3 The Context-Preserving Focal Probe Model

In our focal probe model we provide the possibility to interac tively de ne a region of interest
composed of a part in focus and its context. The focus and context information are separated
by the assignment of di erent rendering styles, which allow to easily distinguish between the
di erent parts. Nevertheless, the rendering styles can be s moothly blended to provide a more
continuous e ect.

We de ne the region of interest using a distance-based funct ion which basically decrease
the opacity of the samples according to its distance to the center. The focus rendering style
is inspired by relief shading techniques to perform enhance ment of shape details combined
with a silhouette darkening e ect. Meanwhile, the context s tyle performs silhouette detection
combined with a view-dependent transparency modulation e  ect. Finally, we clip all samples
before the probe and saturate all samples behind it, in order to avoid cluttering results for
rays intersecting the probe.

The presented model allows the user to translate, rotate or scale the probe size according
to the requirements for an adequate visualization of the dat asets.

6.3.1 Background

We will brie y describe the ray casting process along one view ing ray for simplicity's sake.

We assume a volumetric scalar eld as f(P) 2 R (P 2 R®), then denote the viewing ray

direction by V and its normalized vector by Y. Let P; be the i-th sample location along a
viewing ray V, f; be the data value at P;, g be the gradient at P; and ¢ be its normalized
vector. We denote the gradient magnitude by kg k, and the normalized gradient magnitude

by k@ k, which is kgik divided by the maximum magnitude kgmax K. Since the gradient has
noise, we lter it using an interpolation function as below

w; = smoothstep(kgik; g ; on) (6.1)
where smoothstep is a cubic function de ned by

8
20 if0 t<a
smoothstep(t;a;b) = _ (L-2)%( 2(:-2)+3) ifa t b (6.2)

3

-1 ifb<t 1
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Conventional volume rendering DVR uses the front-to-back a Ipha blending which employs
a physically motivated absorption-plus-emission optical model, computing the accumulated
opacity ; and color ¢, =(r;;g ;l) at stepi with regular increment s= kP; P; i1k along
the viewing ray V as follows
<¢ G 1+(1 i 1) iGi
C= it i 1) i

(6.3)

where  and ¢ = (rj;gi;h) are the opacity and color respectively at P;, both derived from
the transfer function.

The light properties make it possible to enhance objects for a variety of e ects. Before
accumulating, generally we use the traditional Phong model to perform a shading e ect by
modifying the color ¢ to be the shaded color C;. shageq aS below

Ci: shaded = iGi (6.4)
where

X
i=kat  ka(l )+ ke(H G ) (6.5)

lights

ka;kq and ks are the ambient, di use and specular lighting coe cients. [ is the normalized
light vector, B is the normalized half-way vector, and k. is the shininess constant.

After shading, we denote the opacity at P; by i shaded, Which basically follows the same
variation as color in Eq. 6.4 Then we substitute ¢ with G shageq @nd ; With . ghageq INtO
Eq. 6.3 performing the normal accumulation process.

6.3.2 Probe Shapes

Medical datasets can capture quite heterogeneous parts of the human body, varying in a
wide range of physical dimensions. For a satisfactory explo ration of diverse volume datasets
we propose to use an exploration tool based on the superquadrics family functions. These
functions provide us a exible and relative simple solution f or modelling rounded or sharp
corners for a variety of basis geometric shapes (See Fig.6.1).

Figure 6.1: Superquadrics shapes. Examples of shapes generated from the superquadrics
family functions

We use a geometric distance based on the pg-norm to de ne the superquadric. Since it
provides us with a distance function, we can use it to de ne a p robe center. The pg-norm for
a sample P; with X;;y;;z coordinates is de ned by

kPikPY = k(k(xi;yi)k?;z)k" (6.6)
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where
K(xi; yi)KP = (jxij° + jyifP)® (6.7)

is p-norm, which is the generalization of the Euclidean metr ic (p = 2). As shown in Fig. 6.2,
various consistent focus shapes can be obtained by using di erent p and q values.

Figure 6.2: Examples of probe shapes. We have tested various probe shapes, including
rounded cubic (p=4, q=4), cylindrical (p=2, q=4) and spherical (p=2, q=2).

6.3.3 Distance-based Merging of Rendering Styles

In our focal probe model we propose to employ dierent renderi ng styles corresponding
with the focus and the context region. One idea could be to use a particular threshold to
di erentiate between the di erent zones within the probe, b ut this decision can lead to sharp
transitions with a continuity loss in the resulting renderi ng. Instead, we propose to merge
both rendering styles using a distance-based function d; having a plateau for the focus region

determined by (0] 1), which can be interactively adjusted by the end user of the
system.
8
d_<1 if 0 k Pik™ 6.5)
L1 g () i < kpk™ 1 '
where
M= (6.9)
9=3 1 )+t '

is the schlick rational function [ Schl 94. We use the parameter, normally being < 0, for
having a smoother or sharper decreasing value of the context region.

We use di erent rendering styles for the focus and context re gions which will be introduced
later. Let (G focus, i focus) @Nd (G contexts i: context) D€ the color and opacity at P; de ned by these
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Figure 6.3: Distance based function. The pg-distance function employed in the focal probe
model can be varied by changing the value of the  parameter.

rendering styles, our proposed blending strategy is perfor med by using d; as focus fraction.
8
<
- = dc. +(1 d)c:
Cl,blend |C|,focus ( I)Cl,context (6.10)
i blend = di i; focus + (1 di) i; context

After blending (See Eqg. 6.10), ¢ is substituted by Cipeng and i by i peng into Eq. 6.3
performing the normal accumulation in the rendering pipeli ne.

6.3.4 Focus Model

Next, we propose a rendering style which performs better sha pe depiction for the focus region
based on traditional DVR and non-photorealistic technique s (See Fig.6.4). In particular, we
perform a silhouette darkening e ect based on the following detector

si=w; smoothstep(Ll j 6 Yj;si;sh) (6.11)

where s; and s, control the silhouette sharpness. The focus color ¢ tocus @nd opacity
at P; are de ned by

i; focus

8
.< Cifocus = (1 Si)IiG (6.12)

i;focus = Ti i

where r; is a shading factor implementing an illustrative e ect expl ained next and de ned by
Eq. 6.14 We combine the previous color darkening processing with an illustrative relief shad-
ing e ect. Principles in relief shading [ Rusi 06] advise to omit shadows and specular e ects,
exaggerate the height of ridges and valleys in the object shape and use a particular lighting
e ect which appears to originate as from the top of the image. Furthermore, these principles
suggest to locally adjust light direction in order to homogen eously light the interesting part of
the volume. Finally, to support multi-scale toon shading e ects, it is recommended to blend
between di erent smoothed versions of the volume.
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Figure 6.4: Comparison between a probe with and without focus.  On the image on top we
provide an example of a normal probe without focus. Notice how the s ternum bone hides
part of the heart. Besides, esh and lung tissues create a cluttering e ect as they cover part
of neighbour structures. On the image below, we show the same situation using a context-
preserving focal probe. In this case, heart is right focused, no cluttering is created around
it. Furthermore, context information is preserved and previous! y hidden vessel structures are
now better identi ed.

Applying inside our system Rusinkiewicz et al.'s technique s based on relief shading, re-
quires a special preprocessing to produce smoothed versions of the volume dataset for multi-
scale based e ects. In our model we will apply similar basis co ncepts in order for detalil
enhancement without necessity of preprocessing. We compute on the y a local version iy of
the smoothed normal, accessing samples located at positiors x; 1,y 1 and z; ; for a sample
at P; with X;;yi;z coordinates. Next, we make a local light adjustment at each sample, com-
puting the new light position L; at P; based on the global light position L, and the smoothed
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normal My at P;. For this purpose, we create a light which is perpendicular t o the smoothed
normal ry, exaggerating the shading e ect for ridges and valleys in ou r volume (See Eq.6.13.

Ly=L fi(h L) (6.13)

Furthermore, as shown in Eq. 6.14 we use the original shading [ @ as a basis for the
lighting of the di use component, thus to avoid the appearan ce of excessively dark zones in
the nal rendering. Next, we sum the contribution of the P; local light L’\i 8. Finally, we
have altered the local lighting to produce a toon shading e e ct, just clamping L’\i g between

0 and 1 and multiplying the result by the toon shading factor a.

ri=kat ka(C @ +a clampy (5 @) (6.14)

6.3.5 Context Model

The rendering style proposed for the context region is based on view-dependent transparency
and silhouette detection. The context color Ci context @Nd Opacity i context at P; are de ned by

8
< ;. = G
CI, context 1 CI (615)
i; context — h( )Si i
where
8
N <0 if 0 : 516
Ui e e o

Shown by the left most image in Fig. 6.5 is the angle formed by the O vector connecting
the eye position with the probe center and the viewing direct ion V, isthe angle de ning the
maximum angle for rays intersecting the probe, and nally ' the angle de ning rays passing
through the focus region. The shading factor ; has been previously de ned by Eq. 6.5. The

i- context parameter introduces a view-dependent e ect, giving more o pacity to voxels in the
outer part of the probe and increasing the transparency as samples are closer to the probe
center.

The use of volumetric probes entails the problem of possible occlusion due to the voxels
situated between the eye position and the probe. This is also valid for voxels in the context
region, which can impede the correct visualization of our in terest region. We illustrate this
problem in the right image of Fig. 6.5 Therefore, a reasonable strategy seems to cancel
the accumulated color just before the rst intersection of th e viewing ray with the probe,
corresponding to the red cone in the right of Fig. 6.5, Samples in the context region behind
the probe focus are ignored, and following samples in the vol ume are blended with the
background contributing less to the nal accumulated color along the ray.

6.3.6 Visualization Results

In this section, we report on the results obtained when perfor ming exploration of medical
datasets by using our focal probe model. We have tested the proposed technique with a
variety of volumetric medical datasets. We discuss the results obtained with the inspection
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Figure 6.5: Context de nition for focal probes In the left image, for a sample P; in the context
region, we de ne the  angle which decides how much the context will be displayed. In the
right, voxel clipping is performed in order to produce a non clutt ered render image.

ofa512 512 1559whole body contrast and a 512 512 743thorax study, both CT * with
16bit=sample.

Regarding the focal probe model, we employ the following par ameter con guration. We
use = 20 for having a smooth transition between the focus and context information (See
Fig.6.3). To separate the focus and context regions, we adjust the parameter in the interval
[0:4;0:7]. For gradient Itering we compute the w; interpolation function with g =0:015and
on = 0:95. Related with the non-photorealistic shading, we control t he silhouette detector s;
using s, = 0:7 and s, = 0:95 for a ne silhouette enhancement without creating clutteri ng
owing to low gradient values. We de ne the toon shading facto r a = 3:0 to enhance lighting
di erences between ridges and valleys in the focus region.

As described in Fig. 6.3 the behaviour of our focal probe model establishes a center of
attention, tting in the region around of the probe center. T ransparency is modulated by the
d; distance based function and its e ect results in more transp arency for voxels in the context
region. In Fig. 6.6 we can appreciate the e ect of an interactive incursion of a f ocal probe
within the whole human body CT. At the beginning, the probe ac ts just as a clipping sphere
and as soon as the center of the probe is inside the volume, the focus e ect becomes visible,
as well as the context-preserving e ect showing contour sha pes. When exploring parts of the
volume which are too deep, voxel clipping becomes active.

Figure 6.6: Incursion sequence of a focal probe model inside a medical da taset. From left
to right we increase the focal probe penetration stopping when th e heart is right focused.

1Source: Geneva University Hospital, Radiology Department
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Using the silhouette darkening e ect we can depict shape bor ders using a darker color and
enhancing the shape over its background. In Fig. 6.7 we show a series of snapshots of our
volume renderer varying the parameter s, of Eq. 6.11, which indicates the threshold value
above which a sample is considered a border shape.

Figure 6.7: Silhouette darkening e ect.  From left to right, no silhouette darkening sy, =1,
silhouette darkening with s, =0:8 and s, =0:4.

The relief shading technique, described in Sec. 6.3, allows the user to appreciate additional
details within the focus region, exaggerating the lighting e ect by using a perpendicular light
for each voxel (See Fig.6.8). In our approach we rely on a local version of the smoothed
normals, and for this reason, the enhanced details are limited to local details, normally cor-
responding to high frequencies in the volume.

Figure 6.8: The relief shading e ect. On the left we show a probe focus without relief
shading whereas on the right we show the same viewpoint with rel ief shading for the focus
probe. Notice how the high-frequency details are highlighte d.

6.4 View-dependent lllustrative Techniques for the Light- eld
Display

The view-dependent characteristics of the display can be exploited to develop specialized
interactive illustrative techniques designed to improve s patial understanding. With such tech-
niques, simple head motions can reveal new aspects of the ingpected data. In the following, we
illustrate three examples of techniques that can be implemented in our framework by de ning
appropriate enhancers associated to tools manipulated wit h a 3D cursor. These techniques
can be also freely mixed and matched within a single interact ive application.
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6.4.1 Clip-plane with View-dependent Context

Frequently, the use of clipping planes is the only way to unco ver otherwise hidden details of
a volumetric dataset or to visualize non-orthogonal slices of the objects. Clip planes, however,
provide most of their information when viewers are facing th em, but o er little insight in most
other situations. In particular, when view direction is para llel to the plane, no information
is provided to the viewer (besides the removal of a portion of the object). Thus, we propose
a formulation that supports traditional cut away visualiza tion, when our view direction is
orthogonal to the clip plane, while o ering more helpful con textual information in other
situations (see Fig.6.9). We compute the distance from the plane ; = n x; + p. If the distance
is positive, we simple modify the opacity of samples by multi plying it by a view-dependent
correction factor ; = smoothstep(l max(0; n v);f,;f), where the smoothstep function is
a cubic polynomial that smoothly transitions from zero to on e as the view-dependent factor
varies between f, and fy. If, otherwise, thickness < i < 0, we smoothly vary the opacity
of the plane and shading parameters from the original ones at | =  ickness t0 full opacity
and ambient plus emission shading at ; = 0, emphasizing the tissue sliced by the plane. The
other samples on the back of the plane are left unchanged.

Figure 6.9: Clip plane with view-dependent context. As the view becomes less and less
orthogonal to the plane, more and more contextual information appear s.
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Figure 6.10: Screenshot of the view-dependent clip plane e ect.  Notice that depending on
the orientation of the cut more contextual information becomes avail able.
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Figure 6.11: View-dependent clip plane e ect with medical data on the 3D d isplay. The
cut in the sagital plane, on the top image, allows to see the organization of the inner parts
of the body, whereas when the view becomes less orthogonal to the plane, like in the image
below, more information about the surface of the body appears.
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6.4.2 Context-preserving Probe

Our context-preserving probe provides a means of interacti vely inspecting the interior of a
volumetric dataset in a feature-driven way which retains co ntext information (see Fig. 6.12).
Our spherical probe is positioned in space, and has an assocated enhancer, which modi es
sample opacity and color by multiplying them with two correc tion factors. Both correction
factors have a dependency on two weighting functions, ! 4, which is a quadratic polynomial

equal to one on the plane passing through the probe center and oriented towards the viewer

and zero at a distance from this plane equal to the probe radiu s, and! 5, computed similarly

to the view-dependent factor of our clip plane and is equal to one when the probe axis is
aligned with the view direction and quickly goes to zero for o ther directions. The opacity
correction factor ,( ) and the intensity correction factor ) are computed by:

8
<lerp(0; ;! d<d
= PO it a) e (6.17)
é lerp( ;1,1 1g) d o dmax
. <1 d<d
O i max (6.18)

- lerp(1 inL1 lg) d dmax

kr sik. o . i
eam S

where = ! gsmoothstep( ;

Figure 6.12: The context-preserving probe. Material becomes less and less opaque with
increasing tool penetration. Contextual edges are visible only i f looking straight at the tool
(see the image on top), and clutter due to contextual information ¢ an be removed by a simple
head motion (see the image below).
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By scaling opacity by a function of gradient norm, we emphasi ze edges within contextual
information. Since the gradient is a bad predictor for the su rface normal orientation in nearly
homogeneous regions due to the increased in uence of noise, we Iter its magnitude through
the smoothstep function, which smoothly transitions from z ero to one as the (rescaled) gra-
dient varies between g and g,. Scaling gradient norm by the importance ; allows us to have
edges within less important tissues fade out quickly. ; is proportional to the alignment of
both the tool axis and the plane de ned by the local gradient w ith the view direction. Rather
at surfaces that are oriented towards the viewer will thus fa de out in the context region. At
the same time, edges will only be visible if looking straight at the tool, and clutter due to con-
textual information can be removed by simple head motions. T he distance-based modulation
forces everything to transparent when entering the probe, a nd gradually increases the opacity
modulation factor to one on the probe back. Thus, the materia | within the probe becomes less
and less opaque with increasing tool penetration. The e ect of the color correction factor is to
perform silhouette darkening in the context region, while g radually blending to the original
material in the back of the probe.

Figure 6.13: The context-preserving focal probe inspecting medical dat a on a 3D display.
Sequences in a real test case using the light- eld visualization. Notice the appearance of the
edges of a thinner vein as context information (on the image below) .
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Figure 6.14: Single frame rendering of a view-dependent probe.  The probe allows to inspect
the inner structures of the body and even enhance the silhouette of some ner structures
positioned in the border part of the probe.
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6.4.3 Band Picker

Our band picker provides a means to enhance the importance of a currently selected band
in the transfer function. We assume, as usual, that a band is parametrized by four ordered
values, which de ne a trapezoid function. The values delimi ting the current band can be
determined by accessing an existing transfer function, or by using a region growing approach
similar to [ Huan 03]. In addition, the area within which the modi cation is appli ed is made
view- and tool-dependent by weighting the importance and op acity modi cation by factors
proportional to the alignment between the view direction an d the tool main axis (see Fig. 6.15).
In our band picker, we set the importance of the samples within the selected band to one,
and the importance of other samples to zero. At the same time, we modulate the opacity of
the other bands as a function of the view angle. When looking st raight at the probe, only
the selected band is visible, while when looking at an angle o ther bands provide contextual
information.

Figure 6.15: The view-dependent band picker e ect. The tool selectively highlights the
selected material. When looking straight at the probe (image on t op), only the selected band
is visible, while when looking at an angle (on the image below) ot her bands provide contextual
information using MImDA.



Chapter 6. lllustrative Techniques

Figure 6.16: Band picker working with medical data on a 3D display. The band picker

provides view-dependent transfer function information which
using a light- eld display.

can be naturally exploited when
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Figure 6.17: E ect of employing the view-dependent band picker. During a full-body CT
inspection the band picker allows to enhance materials which normally would be hidden.
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6.5 Conclusion

In this chapter, we reported on a set of illustrative and non-p hotorealistic rendering (NPR)
techniques that complemented the work presented in the chapters 2, 3 and 5. In the eld
of context-preserving volume rendering we proposed an illu strative technique to focus the
attention of the users in a region of interest while preservi ng the information in context.

We have described an alternative focal probe model for inter active exploration of medical
volumetric datasets. The key feature of our approach relied on the enhancement of natural
Itering mechanisms of humans to separate and abstract info rmation. Our model was based
on the development of di erent rendering styles for the focu s and context information. The
superquadrics family functions were used to get consistent focus shapes. Furthermore, we
proposed an adaptive voxel shading, based on illustrative N PR techniques, in order to enhance
shape depiction in the focus region. In addition, we used silh ouette detection to convey better
structure cues in the focus region and to preserve the context information in the outer part.
Finally, we proposed a strategy to smoothly blend both rende ring styles.

A particular clipping strategy was performed for voxels in f ront of the probe and behind
it, in order to solve the occlusion problem and to avoid the cr eation of a noisy background.

In the area of view-dependent e ects we introduced a set of spe cialized interactive illustra-
tive techniques able to provide di erent contextual inform ation in di erent areas of a light-
eld display. This set of view-dependent tools needed to be i ntegrated with our GPGPU-based
ray casting engine and its new accumulation scheme for impor tance-driven volume rendering
(MImDA), both explained in detail in chapter 3. The possibilities of these techniques were
demonstrated by the interactive exploration of 64-GVoxel d atasets on a 35-MPixel light- eld
display driven by a cluster of PCs.

6.6 Bibliographical Notes

Most of the contents of this chapter regarding the user-driv en exploration of regions of interest
in volumetric datasets were extracted from the paper [ Luo 09], where we presented our context-
preserving focal probesodel. For a complete description of the prototype system in tegrating
all the presented illustrative techniques, we refer the rea der to our article [ Igle 10], where we
presented, among other things, a new accumulation scheme for importance-driven volume
rendering and a set of specialized interactive illustrativ e techniques able to provide di erent
contextual information in di erent areas of a light-eld di ~ splay.
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Figure 6.18: Interactive volume inspection on a light- eld display. These images, show
di erent screenshots during di erent interactive explorat ion sessions.



Summary and Conclu-
sions

This thesis has introduced scalable methods for rendering volumes of potentially
unlimited size on modern GPU architectures, as well as methods to improve their
understanding through illustrative techniques and image delivery on light eld
displays. This nal chapter summarizes the results obtained.

7.1 Achievements

isual analysis by means of interactive visualization and inspect ion of spatial informa-
tion and data embedded in three-dimensions is a particularl y e cient approach to
gain insight into the structure and implications of large da tasets. In this thesis, we
have tackled the problem of improving visualization of rect ilinear scalar volumes, i.e., scalar
functions sampled on a 3D grid, which arise in many engineeri ng and scienti c areas. The
research work has led to the following advances with respect to the state-of-the-art:

The introduction of a novel single-pass ray casting framewo rk for interactive out-of-

core rendering of massive volumetric models. The method is G PU-accelerated and
has demonstrated the capability of managing multi-gigavox el datasets [Gobb 08. The
key insight of the method is to use specialized multi-resolu tion structures, separating
visibility-aware level-of-detail selection from the actu al rendering using co-operative
algorithms.

The generalization of the previous ray casting framework us ing the possibilities o ered
by modern GPGPU architectures [Agus 08c]. The method supports a more exible ray
traversal (e.g., changes in the direction of the ray propagation or di erent accumulation
strategies) and proposes an improved solution for incorpor ating visibility feedback.

The development of a volume representation technique [ Agus 10b] suitable for cases
where the volumes represent physical objects with well de ne d boundaries separating
di erent materials, giving rise to models with quasi-impul sive gradient elds. In this
representation, we replace blocks of N2 voxels by one single voxel that is split by a
feature plane into two regions with constant values. We also show how to convert a
standard mono-resolution representation into an out-of-c ore multi-resolution structure,
both for labeled and continuous scalar volumes.
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The introduction of an adaptive technique for the interacti ve rendering of volumetric
models on projector-based multi-user light- eld displays. The method achieves inter-
active performance and provides rapid visual understandin g of complex volumetric
datasets even when using depth-oblivious compositing tech niques [Agus 08c, Agus 08a,
JAlg 08].

The development of a new interactive visualization framewo rk which enables multiple
naked-eye users to perceive detailed multi-gigavoxel volu metric models as oating in
space, responsive to their actions, and delivering di eren t information in di erent areas
of the workspace [Agus 09, Igle 10]. The main contributions include a set of specialized
interactive illustrative techniques able to provide dier ent contextual information in dif-
ferent areas of the display, as well as an out-of-core CUDA-b ased ray casting engine with
a number of improvements over current GPU-accelerated volu me ray-casters. The pos-
sibilities of the system have been demonstrated by the multi -user interactive exploration
of 64-GVoxel datasets on a 35-MPixel light- eld display dri ven by a cluster of PCs.

The evaluation of volume rendering on light- eld displays a nd its relevance for medi-
cal training and virtual examinations. Initial results demo nstrate increased e ciency in
tasks requiring spatial understanding. The development of preliminary psycho-physical
tests which demonstrate that light- eld displays and virtu al reality improve understand-
ing in common medical tasks [ Agus 08b]. The continuation of such perceptual experi-
ments to evaluate the depth discrimination capabilities of the light- eld display technol-
ogy with respect to two-view (stereo) and discrete multi-vi ew designs [Agus 10a]. The
evaluation employs a large scale multi-projector 3D display o ering continuous horizon-
tal parallax in a room size workspace. Two tests are considered in the context of depth
oblivious rendering techniques: a layout discrimination t ask, and a path tracing task.

Out of the scope of this thesis, but always connected with the goal of improving volumetric
data analysis tasks, additional results were achieved:

The adaptation of an edge-directed optimization-based met hod for volumetric data
super-sampling. The method faces the problem of partial vol ume e ect by up-scaling
the volumetric data, subdividing voxels in smaller parts an d performing an optimiza-
tion step keeping constant the energy of each original subdi vided voxel while enhancing
edge continuity [ Giac 10k, Giac 104.

Motivated by problems of image segmentation in the medical eld, we worked on a
GPU framework based on explicit discrete deformable models, implemented on the
NVIDIA CUDA architecture, aimed at the segmentation of volume tric images. The
framework supports the segmentation of di erent volumetri ¢ structures in parallel, as
well as interaction during the segmentation process and real-time visualization of the
intermediate results [ Schm 1Q Schm 11].
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7.2 Conclusions

A virtual environment based on a light- eld display and a rea I-time multi-resolution vol-
ume rendering engine was realized. Such environment enables multiple naked-eye users to
explore multi-gigavoxel volumetric models. The system was responsive to multiple user ac-
tions, showing models as oating in space and delivering die rent information in di erent
areas of the workspace. This prototype can be considered the main tangible result of this
work.

The system was integrated with standard medical image archi ves and extended the ca-
pabilities of current radiology workstations by supportin g real-time rendering of volumetric
information, such as CT, MRI, and PET scans, of potentially unlimited size on light- eld
displays. An out-of-core exible ray casting engine that too k advantage of current GPGPU
architectures made possible to include a set of specialized interactive illustrative techniques
able to provide di erent contextual information in di eren  t areas of the display. The possibil-
ities of the system were demonstrated by the multi-user inte ractive exploration of 64-GVoxel
datasets on a 35-MPixel light- eld display driven by a clust er of PCs.

The evaluation of volume rendering on light- eld displays p roved its relevance for med-
ical training and virtual examinations. Initial results dem onstrated an increased e ciency
in tasks requiring spatial understanding. The development of preliminary psycho-physical
tests demonstrated that virtual environments based on ligh t- eld displays improved the un-
derstanding in common medical tasks. Two tests were considered in the context of depth-
oblivious rendering techniques: a layout discrimination t ask, and a path tracing task. Re-
sults con rmed that continuous multiview technology is abl e to elicit depth cues more e -
ciently with respect to standard stereo systems, providing clear advantages in typical analysis
tasks like network structures understanding. Furthermore , our results indicated that depth-
perception capabilities are closely related to the number of views provided by multiview
systems.

Furthermore, we proposed di erent solutions for particula r problems that can easily arise in
volume rendering. First, we proposed an alternative volume representation primitive ( split-
voxe) suitable for cases where the volumes represented physical objects with well de ned
boundaries separating di erent materials, giving rise to m odels with quasi-impulsive gradient
elds. Second, and in order to improve the analysis of medica | data we proposed an edge-
directed optimization-based method for volumetric data su per-sampling. The method faced
the problem of partial volume e ect by up-scaling the volume tric data.

The potential of the split-voxelrepresentation has not yet been adequately explored. To this
end, we plan to investigate other compositing strategies, i n order to nd more meaningful
visualization metaphors, such as layer extraction, or non- photorealistic illustrative methods.
Moreover, when dealing with massive models, we plan to furth er evaluate the compression
capabilities of the split-voxel primitive.

One general limitation of our multi-resolution volume rend ering engine is that, just before
rendering, it needs to perform decompression of the data con tained in the volume bricks.
This behaviour limits the quantity of information that can b e cached in the GPU memory and
therefore compromises the quality and detail of the multi-l evel representation maintained out-
of-core. For this purpose, further work on lossless volume ¢ ompression and direct rendering
from compressed data is a worthwhile work to be done in the fut ure.
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7.3 Bibliographical Notes

Most of the scienti ¢ results obtained during this Ph.D. wor k also appeared in related pub-
lications. Speci cally, paper [ Gobb 08 presented the single-pass GPU ray-casting framework
for interactive out-of-core rendering of massive volumetr ic datasets. The article Igle 10] pre-
sented an adaptive out-of-core rendering engine based on CUDA that contained a number
of improvements over previous GPU volume renderers. The pap er [Agus 10b], presented
the split-voxel primitive for discontinuity-preserving voxel representa tion of volumetric data
encoding scalar data together with edge detection informat ion.

The major part of the light- eld content presented in this the sis was based on paper
[Agus 08c], where we presented a GPU-accelerated volume ray-casting system interactively
driving a multi-user light- eld display. The content of the latest validation results came
from reference [Agus 10a], where we presented a set of perceptual experiments completed to
evaluate the depth discrimination capabilities with respe ct to two-view (stereo) and discrete
multi-view designs. Previous results on the validation and more information about rendering
applications on light- eld displays can be found on [ Agus 08a, Agus 08b, Agus 09], where we
reported on a prototype system for medical data visualizati on and demonstrated the useful-
ness of the generated depth cues and the improved performance in understanding complex
spatial structures with respect to standard techniques. Ad ditional information regarding the
scalability of the technique is available in [ Igle 10], where we demonstrated the possibilities
of the approach by the multi-user interactive exploration o f massive volume datasets on a
35-MPixel light- eld display driven by a cluster of PCs. Mor e general considerations about
human-computer interaction and elements a ecting these ki nds of virtual reality systems can
be found in [ JAlg 08§].

Regarding the user-driven exploration of regions of intere st in volumetric datasets, major
part of the material were extracted from the paper [ Luo 09], where we presented our context-
preserving focal probenodel. For a complete description of the prototype system in tegrating
all the presented illustrative techniques, we refer the rea der to our article [ Igle 10], where we
presented, among other things, the new accumulation scheme for importance-driven volume
rendering and a set of specialized interactive illustrativ e techniques able to provide di erent
contextual information in di erent areas of a light-eld di  splay.
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