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Abstract

This doctoral work contributes in several major aspects: (1) Extraction of geometrical and
topological information of 1- and 2-manifolds present in static and video imaging. This endeavor
includes several variants of Marching Cubes algorithms, including enhanced precision iso-surfaces
for non-negative scalar fields. (2) Hybrid visualization of scalar and vector fields, along with sim-
plex geometry and topology, underlying in medical, geo-sciences and entertainment data. (3)
Optimization of parallel visualization algorithms and usage of texture - optimized hardware as a
means of efficient scientific computation and visualization. (4) Definition of WEB ISO-standards
for interactive homogeneous visualization of simplex, scalar and vector field data in mobile devices
(smart cell phones, pads, tablets, etc.). (5) A novel technique for volume rendering in low-level
mobile devices, along with practical, feasible solutions for overcoming current architecture limita-
tions. This doctoral work has been thoroughly screened by the international academic community
in the scenario of a vigorous publication activity of the doctoral team, scrutinized by world top
experts in the relevant fields.
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Introduction

Visualization vs. Computation Geometry is a usual dichotomy in Computer Graphics. While
Visualization has as goal to satisfy perception expectations of a human, Computational Geome-
try aims to model real world objects in a mathematically faithful manner. Visualization has as a
prime requisite the speed of producing an acceptably realistic sequence of images. On the other
hand, Computational Geometry must produce a sound set of geometrical and topological objects,
which are subsequently used for Finite Element Analysis, Computer Aided Design and Manu-
facturing, Robotics, etc. Traditionally, Visualization is taken as a lesser discipline of the more
formal Computational Geometry one. However, such a view is inexact: there are many Compu-
tational Geometry techniques that have been inherited from entertainment and games. Examples
are the stereo lithography and layer based manufacturing processes, which are 3D extensions of
ray-casting techniques. In addition, the significant financial influx of the entertainment industry
has permitted research and development of side products for manufacturing, medical imaging,
meteorology, and many other serious applications. The present doctoral work aims to reduce the
gap between Visualization and Computational geometry, as follows.

Part I of this compendium presents a study of surface reconstruction algorithms which gener-
ate geometry from real data emerging from still images and video streams. This field is known
as Computer Vision and it provides a bridge between light models and scene geometry. The main
problem of Computer Vision is the complexity of both, the light and scene models, which makes
the problem computationally intractable. In this domain, this compendium treats the real-time
geometry recovery from still and time-dependent images in Face Reconstruction with Structured
Light, Real-Time depth map generation architecture for 3D videoconferencing, Evaluation of in-
terest point detectors for image information extraction and Tuning of Adaptive Weight Depth Map
Generation Algorithms.

Part II of this compendium addresses the obtainment of geometrical (0- , 1- and 2-simplexes)
information from (grid or random) samples of scalar fields, with the ulterior goal of rendering this
estimated geometry. This double step is called Indirect Volume Rendering in the present work. Ex-
tensions of the Marching Cubes algorithm are implemented to avoid overly detailed meshes and to
take into consideration non negative scalar fields. These two problems are ubiquitous in Computer
Vision. Publications of this domain are the Extending of Marching Cubes with Adaptive Methods
to obtain more accurate iso - surfaces and Marching Cubes in unsigned distance fields for Surface
Reconstruction from Unorganized Point Sets.

Part IIT of this compendium deals with Direct Volume Rendering from scalar fields. In this
area, the algorithms do not pass through geometry generation to achieve visualization. Our efforts
are directed to accelerate and popularize a usually otherwise expensive rendering in heterogeneous

X1



(including low-end) devices. The publications in this area relate to Interactive visualization of vol-
umetric data with WebGL in real-time, Volume Visual Attention Maps (VVAM) in Ray-Casting
Rendering and the contribution of ISO standards MEDX3DOM, MEDX3D and X3DOM.

Part IV of the compendium works in connecting Visualization and Computational Geometry. It
presents the implementation of Computational Geometry tasks on current optimized graphic Hard-
ware and Software. In particular, this effort efficiently renders vector and scalar fields (from geo
sciences) by using the texture optimized, parallel Graphics processors. Specifically, we present
work on Real-time volume rendering and Tractography visualization on the WEB, Visualization of
Flow Fields in the Web Platform, and Web Based Hybrid Volumetric Visualization of Urban GIS
data Integration of 4D Temperature and Wind Fields with second Level of Detail city (CityGML)
models.

Prof. Dr. Ing Oscar Ruiz

Dr. Ing Jorge Posada
Doctoral Student John Congote
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Abstract

In depth map generation algorithms, parameters settings to yield an accurate disparity map estimation
are usually chosen empirically or based on unplanned experiments. Algorithms’ performance is measured
based on the distance of the algorithm results vs. the Ground Truth by Middlebury’s standards. This work
shows a systematic statistical approach including exploratory data analyses on over 14000 images and de-
signs of experiments using 31 depth maps to measure the relative influence of the parameters and to fine-tune
them based on the number of bad pixels. The implemented methodology improves the performance of adap-
tive weight based dense depth map algorithms. As a result, the algorithm improves from 16.78% to 14.48%
bad pixels using a classical exploratory data analysis of over 14000 existing images, while using designs of
computer experiments with 31 runs yielded an even better performance by lowering bad pixels from 16.78%
to 13%.

Keywords: Stereo Image Processing, Parameter Estimation, Depth Map, Statistical Design of Computer
Experiments

1. Introduction

Depth map calculation deals with estimation of multiple object depths on a scene. It is useful for appli-
cations like vehicle navigation, automatic surveillance, aerial cartography, passive 3D scanning, industrial
inspection, or 3D videoconferencing ([1]). These maps are constructed by generating, at each pixel, an
estimation of the distance from the camera to the object surface.

Disparity is commonly used to describe inverse depth in computer vision, and to measure the perceived
spatial shift of a feature observed from close camera viewpoints. Stereo correspondence techniques often
calculate a disparity function d (x, y) relating target and reference images, so that the (x, y) coordinates of
the disparity space match the pixel coordinates of the reference image. Stereo methods commonly use a
pair of images taken with a known camera geometry to generate a dense disparity map with estimates at
each pixel. This dense output is useful for applications requiring depth values even in difficult regions like
occlusions and textureless areas. The ambiguity of matching pixels in these zones requires complex and
expensive global image processing or statistical correlations using color and proximity measures in local
support windows. The steps generally taken to compute the depth maps may include: (i) matching cost
computation, (ii) cost or support aggregation, (iii) disparity computation or optimization, and (iv) disparity
refinement.

In this article, section 2 reviews the state-of-the-art. Section 3 describes our algorithm (filters, statistical
analyses and experimental set-up). Section 4 discusses the results. Section 5 concludes the article.

2. Literature Review

Depth-map generation algorithms and filters use several user-specified parameters to generate a depth
map from an image pair. The settings of these algorithms are heavily influenced by the evaluated data sets
([2]). Published works usually report the settings used for their specific case studies without describing the
procedure followed to fine-tune them ([1, 3, 4]), and some explicitly state the empirical nature of these values
([5]). The variation of the output as a function of several settings on selected parameters is briefly discussed
while not taking into account the effect of modifying them all simultaneously ([2, 3, 6]). Reference [7]
compares multiple stereo methods whose parameters are based on experiments. Only some parameters are
tuned, without explaining the choices made. In the present article, we improve upon this work. In [8, 9],
Depth Maps are generated from single images instead of image pairs.
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2.1. Literature Review Conclusions. Used approaches in determining the settings of depth map algo-
rithm parameters show all or some of the following shortcomings: (i) undocumented procedures for param-
eter setting, (ii) lack of planning when testing for the best settings, and (iii) failure to consider interactions
of changing all parameters simultaneously.

As a response to these disadvantages, this article presents a methodology to fine-tune user-specified
parameters on a depth map algorithm using a set of images from the adaptive weight implementation in [1].
Multiple settings are used and evaluated on all parameters to measure the contribution of each parameter to
the output variance. A quantitative evaluation uses main effects plots and variance on multi-variate linear
regression models to select the best combination of settings. Performance improves by setting new estimated
values of user-specified parameters, allowing the algorithm to give much more accurate results on a rectified
image pair.

Since it is not always feasible to have a large set of images available, a fractional factorial design
of computer experiment (DOCE) with only eight runs is used to find out which parameters have a major
influence on the images tested. To optimize the parameters and to have the lowest percentage of bad pixels
a central composite DOCE with 23 runs is used with the most influential parameters found in the fractional
factorial design. To the best of our knowledge the systematic and efficient application of DOCE in the field
of depth maps generation has not been done yet.

3. Methodology

3.1. Image Processing. In adaptive weight algorithms ([1, 3]), a window is moved over each pixel on
every image row, calculating a measurement based on the geometric proximity and color similarity of each
pixel in the moving window to the pixel on its center. Pixels are matched on each row based on their support
measurement with larger weights coming from similar pixel colors and closer pixels. The horizontal shift,
or disparity, is recorded as the depth value, with higher values reflecting greater shifts and closer proximity
to the camera.

The strength of grouping by color (fs (cp, cq)) for pixels p and ¢ is defined as the Euclidean distance
between colors (Ac,,) by Equation (1). Similarly, grouping strength by distance (f, (gp, gq)) is defined
as the Euclidean distance between pixel image coordinates (Ag,,) as per Equation (2). . and ~, are
adjustable settings used to scale the measured color delta, represented as aw_col in the study, and window
size represented as aw_win respectively.

¢)) fs (ep.cq) = exp (— AC”)
Ye
A
2) fo (9p, 9q) = €xp <gpq)
Yp

The matching cost between pixels shown in Equation (3) is measured by aggregating raw matching
costs, using the support weights defined by Equations (1) and (2), in support windows based on both the
reference and target images.

by : pa,qa) S |l (q) — 1. (q
qENp,cidediw(p q) w (P> Ga) cG{r,g,b}| e (@) — 1. (q)|

w (p, q)w(pd, q,
Ny N, (p,q) w (Pa; Ga)

where w (p, q) = fs (¢cp,¢q) - fp (9p, 9q), Pa and ggq are the target image pixels at disparity d corresponding
to pixels p and g in the reference image, I, is the intensity on channels red (r), green (g), and blue (b), and
N,, is the window centered at p and containing all ¢ pixels. The size of this movable window [V is a derived
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TABLE 1.1. Input and Output Variables of Depth Maps Generation Algorithms

INPUT VARIABLES

Adaptive Weight ([3]): Disparity estimation and pixel matching with 4. s: similarity factor, and Yqwg:
proximity factor related to the W 4y pixel size of the support window as user-adjustable parameters

Parameter Description Values
aw_win Adaptive Weights Window Size [1357]
aw_col Adaptive Weights Color Factor [4710131619]

Median: Smoothing and incorrect match removal with Wj;: pixel size of the median window as user-
adjustable parameter

Parameter Description Values
m_win Median Window Size [N/A35]

Cross-check ([8]): Validation of measurement per pixel with A 4: allowed disparity difference as adjustable

parameter
Parameter Description Values
ce-disp Cross-Check Disparity Delta [NJAO12]

Bilateral ([9]): Intensity and proximity weighted smoothing with edge preservation with ~y;4: similarity
factor, and ~yp4: proximity factor related to the Wp pixel size of the bilateral window as user-adjustable

parameters
Parameter Description Values
cbwin Cross-Bilateral Window Size [NJA135T7]
cb-col Cross-Bilateral Color Factor [NJA47101316 19]
OUTPUT VARIABLES
rms_error_all Root Mean Square (RMS) disparity error (all pixels)
rMS_error_nonocc RMS disparity error (non-occluded pixels only)
rms_error._occ RMS disparity error (occluded pixels only)
rms_error_textured RMS disparity error (textured pixels only)
rms_error_textureless RMS disparity error (textureless pixels only)
rms_error_discont RMS disparity error (near depth discontinuities)
badpixels_all Fraction of bad points (all pixels)
bad_-pixels_nonocc Fraction of bad points (non-occluded pixels only)
bad_pixels_occ Fraction of bad points (occluded pixels only)
bad_pixels_textured Fraction of bad points (textured pixels only)
bad_pixels_textureless Fraction of bad points (textureless pixels only)
bad-pixels_discont Fraction of bad points (near depth discontinuities)

parameter of (aw_win). Increasing the window size reduces the chance of bad matches at the expense of
missing relevant scene features.

3.2. Post-Processing Filters. Algorithms based on correlations depend heavily on finding similar tex-
tures at corresponding points in both reference and target images. Bad matches happen more frequently in
textureless regions, occluded zones, and areas with high variation in disparity, such as discontinuities. The
winner-takes-it-all approach enforces uniqueness of matches only for the reference image so that points on
the target image are matched more than once, creating the need to check the disparity estimates and to fill
any gaps with information from neighboring pixels using post-processing filters like the ones discussed next
(Table 1.1).



Median Filter (m) is widely used in digital image processing to smooth signals and to remove incorrect
matches and holes by assigning neighboring disparities at the expense of edge preservation. The median
filter provides a mechanism for reducing image noise, while preserving edges more effectively than a linear
smoothing filter. It sorts the intensities of all ¢ pixels on a window of size M and selects the median value as
the new intensity of the p central pixel. The size M of the window is another of the user-specified parameters.
Cross-check Filter (cc) performs twice the correlation by reversing the roles of the two images (reference
and target) and considering valid only those matches having similar depth measures at corresponding points
in both steps. The validity test is prone to fail in occluded areas where disparity estimates will be rejected.
The allowed difference in disparities between reference and target images is one more adjustable parameter.
Bilateral Filter (cb) is a non-iterative method of smoothing images while retaining edge detail. The intensity
value at each pixel in an image is replaced by a weighted average of intensity values from nearby pixels.
The weighting for each pixel ¢ is determined by the spatial distance from the center pixel p, as well as its
relative difference in intensity, defined by Equation (4).

quw fs(@=p) gi (Ig — Ip)lq
quw fs(qg—p)gi(Ily — 1)
O, is the output image, I the input image, W the weighting window, f the spatial weighting function,

and g; the intensity weighting function. The size of the window W is yet another parameter specified by the
user.

(4) 0, =

3.3. Experimental Set-up. Our depth maps are calculated with an implementation developed for real
time videoconferencing ([1]). We use well-known rectified image sets: Cones from [7], Teddy and Venus
from [10], and Tsukuba head and lamp from the University of Tsukuba. Our dataset consists of 14688 depth
maps, 3672 for each data set, like the ones shown in Figure 1.1.

© (d)

FIGURE 1.1. Depth Map Comparison. Top: best initial, bottom: new settings. (a)
Cones, (b) Teddy, (c) Tsukuba, and (d) Venus data set.

Many recent stereo correspondence performance studies use the Middlebury Stereomatcher for their
quantitative comparisons ([2, 6, 11]). The evaluator code, sample scripts, and image data sets are available
from the Middlebury stereo vision site, providing a flexible and standard platform for easy evaluation.
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The online Middlebury Stereo Evaluation Table gives a visual indication of how well the methods
perform with the proportion of bad pixels metric (bad_pixels) defined as the average of the propor-
tion of bad pixels in the whole image (bad_pixels_all), the proportion of bad pixels in non-occluded
regions (bad_pixels_nonocc), and the proportion of bad pixels in areas near depth discontinuities
(bad_pixels_discont) in all data sets. A bad pixel represents a pixel where the estimated disparity
is wrong with respect to a ground thruth disparity value.

3.4. Statistical Analyses. The user-specified input parameters and output accuracy data are statistically
analyzed to correlate them (see Table 1.1). Box plots give insights on the influence of settings on a given
response variable. Equation (5) relates g (predicted response) with x; (input factors). [y and j3; are the
coefficients fit by multi-variable linear regression. Constant Variance and Null Mean of Residuals help to
validate the assumptions of the regression model. When those assumptions are not fulfilled, the model is
modified ([12]). The parameters are normalized to fit the range (—1, 1) at their values shown in Table 1.1.

n
®) §=PBo+ Y Biwite
i=1

Having a large data set (in this case 14688 images) to perform statistical analyses is not always feasible.
DOCE is applied here to obtain an equivalently good model for the depth map, by having a much smaller
number of runs. A 273 fractional factorial DOCE with just eight runs allows to establish which ones
of the parameters aw_win, aw_colo, m_win, cc_disp, cb_win, and cb_col are the most influential on the
bad_pixels output by using a Daniel plot ([13]). The parameters whose distribution cannot be considered
as normal standard are statistically relevant in the fractional DOCE. Therefore, they are used to optimize the
depth map generation algorithm.

A surface response central composite DOCE with 23 runs was performed afterward with aw_win,
aw_colo, m_win, and cb_win as studied factors while keeping constant the remaining parameters (i.e.,
ce_disp = 2y cb_col = 13) to yield a mathematical model of the form:

k k
(6) §=Po+ > Bimi+ > Buri+ Y Bijrir
i i i<j
where, as in equation 5, ¢ is the predicted variable, x; are the parameters, and By, 3;, Bi; and 3;; are
constants adjusted by minimum least squares regression. Data from DOCE was analysed with the software

for statistical computing R with Bayes Screening and Model Discrimination -BsMD- and Response Surface
Method -rsm- add-on packages ([14]).

4. Results and Discussion

4.1. Selection of Input Variables for Mathematical Model. Response variables for depth map gen-
eration algorithms are shown with their meaning in Table 1.1. Pearson multiple correlation coefficients
for the response variables shown in Table 1.2 evidences that bad_pixels_all is strongly correlated
to the remaining response variables. This means that all response variables follow a similar trend as
bad_pixels_all and that modeling bad_pixels_all is sufficient to reach statistically sound results
for depth map generation algorithms optimization.

On the other hand, low Pearson coefficients for the input variables indicate that those variables are
independent, that there is no co-linearity among them and that each independent variable must be included
in the exploratory analysis.



TABLE 1.2. Pearson correlation coefficient for the evaluator outputs over all data sets

H @ B3 @ & ©v O © © Jdqo dy da2 d3

(I)bad_pixels 1.00 081 0.82 059 083 077 084 1.00 100 086 1.00 095 0.99
(2)rms_error_all 0.81 1.00 1.00 069 100 098 099 082 082 064 085 0.70 0.79
(3)rms_error_nonocc 0.82 100 1.00 071 100 098 099 083 082 067 085 071 0.80
(4)rms_error_occ 059 069 071 1.00 0.70 0.77 0.74 0.62 061 068 061 063 0.53
(S)rms_error_textured 0.83 1.00 1.00 070 100 098 099 083 083 067 086 0.72 0281
(6)rms_error_textureless 077 098 098 0.77 098 1.00 098 0.78 0.78 0.64 080 0.68 0.73
(7)rms_error_discont 0.84 099 099 074 099 098 100 085 0.84 067 087 0.73 0.82
(8)bad_pixels_all 1.00 082 0.83 062 083 078 085 1.00 1.00 085 1.00 096 0.98
(9)bad_pixels_nonocc 1.00 082 0.82 061 083 078 084 1.00 100 085 1.00 096 098
(10)bad_pixels_occ 0.86 064 0.67 068 067 064 067 085 085 100 083 0.87 0.86
(11)bad-pixels_textured 1.00 085 0.85 061 086 0.80 087 1.00 1.00 083 1.00 093 0.99
(12)bad_pixels_textureless 095 0.70 071 0.63 072 068 0.73 096 09 0.87 093 1.00 0.93
(13)bad-pixels_discont 099 079 080 053 081 073 0.82 098 098 086 099 093 1.00

4.2. Exploratory Data Analysis. Box plots analyses of bad_pixels presented in Figure 1.2 shows
lower output values from using filters, relaxed cross-check disparity delta values, large adaptive weight
window sizes, and large adaptive weight color factor values. The median window size, bilateral window
size, and bilateral window color values do not show a significant influence on the output at the studied
levels.

The influence of the parameters is also shown by the value of the slopes of the main effects plots in
Figure 1.3 and confirms the behavior found with the analysis of variance (ANOVA) of the multi-variate linear
regression model. The optimal settings from this analysis (i.e., aw_win = 9, aw_col = 22, m_win = 5,
cc_disp =1, cb_win = 3 and cb_col = 4) to minimize bad _pixels yields a result of 14.48%.

4.3. Multi-variate Linear Regression Model. The analysis of variance on a multi-variate linear re-
gression (MVLR) over all data sets using the most parsimonious model quantifies the parameters with the
most influence as shown in Table 1.3. The most significant input variable is cc_disp, since it accounts for a
[33%-50%] of the variance in every case.

TABLE 1.3. Linear model ANOVA with the contribution to the sum of squared
errors (SSE) of bad_pixels.

Dataset cc.disp aw_win aw_col cbwin
Cones 34.35% 14.46% 17.47% -
Teddy 41.25% 13.75% 8.10% -

Tsukuba 50.25% - - 7.16%
Venus 47.35%  9.42% - 5.62%
All 47.01%  8.11% - -

Interactions and higher order terms are included on the multi-variate linear regression models to improve
the goodness of fit. Reducing the number of input images per dataset from 3456 to 1526 by excluding the
worst performing cases (cc_disp = 0, aw_col = 4 and aw_col = 7), using a cubic model with interactions
yields a very good multiple correlation coefficient of R? = 99.05%. However, for the model selected
the residuals distribution is not normal even after transforming the response variable and removing large
residuals values. Another constraint for the statistical analyses is that any outliers from the data set can not
be excluded. Nonetheless, improved algorithm performance settings are found using the model to obtain
lower bad_pixels values comparable to the ones obtained through the exploratory data analysis (14.66%
vs. 14.48%).
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FIGURE 1.2. Box Plots for Input Variable Analysis

In summary, the most noticeable influence on the output variable comes from having a relaxed cross-
check filter, accounting for nearly half the response variance in all the study data sets. Window size is
the next most influential factor, followed by color factor, and finally window size on the bilateral filter.
Increasing the window size on the main algorithm yields better overall results at the expense of longer
running times and some foreground loss of sharpness, while the support weights on each pixel have the
chance of becoming more distinct and potentially reduce disparity mismatches. Increasing the color factor
on the main algorithm allows better results by reducing the color differences, and slightly compensating
minor variations in intensity from different viewpoints.

A small median smoothing filter window size is faster than a larger one, while still having a similar
accuracy. Low settings on both the window size and the color factor on the bilateral filter seem to work best
for a good trade-off between performance and accuracy.

0.55

0.45

bad_pixels

0.35

1 3 5 7 4 7 13 19 3 5 0 1 2 1 3 5 7 4 7 13 19
aw_win aw_col m_win cc_disp cb_win cb_col

FIGURE 1.3. Main Effects Plots of each factor level for all data sets. Steeper slopes
relate to bigger influence on the variance of the bad_pixels output measurement.

The optimal settings in the original data set are presented in Table 1.4 along with the proposed settings.
Low settings comprise the depth maps with all their parameter settings at each of their minimum tested
values yielding 67.62% bad_pixels. High settings relates to depth maps with all their parameter settings
at each of their maximum tested values yielding 19.84% bad_pixels. Best initial are the most accurate
depth maps from the study data set yielding 16.78% bad_pixels. Exploratory analysis corresponds to
the settings determined using the exploratory data analysis based on box plots and main effects plots yielding
14.48% bad_pixels. MVLR optimization is the optimization of the classical data analysis based on
multi-variate linear regression model, nested models, and ANOVA yielding 14.66% bad_pixels.

The exploratory analysis estimation and the MVLR optimization tend to converge at similar lower
bad_pixels values using the same image data set. The best initial and improved depth map outputs
are shown in Figure 1.1. The best runs for fractional factorial and central composite DOCEs lower the value
of the bad_pixels variable to 14.72% and 13.05%, respectively. Notice that to achieve these results only
31 depth maps are needed (DOCE) as opposed to analyzing over 14000 depth maps (Exploratory Analysis).
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TABLE 1.4. Model comparison. Average bad_pixels values over all data sets
and their parameter settings.

Run Type bad pixels aw_win aw-col m_win ccdisp cb_win cb_col
Low Settings 67.62% 1 4 3 0 1 4
High Settings 19.84% 7 19 5 2 7 19
Best Initial 16.78% 7 19 5 1 3 4
Exploratory analysis 14.48% 9 22 5 1 3 4
MVLR optimization 14.66% 11 22 5 3 3 18
Best Treatment for

Fractional Factorial DOCE 14.72% 10 25 3 3 1 3
Best Treatment for CCD DOCE 13.05% 7 14 3 4 1 13

4.4. Depth-map optimization by design of computer experiments (DOCE). 2°—3 Fractional Facto-
rial Design of Experiment.

The goal of this type of design of experiment is to screen the statistically most significant parameters.
Details on how to set up the runs are discussed in [12]. The design matrix describing all experimental runs
can be set so that the high and low levels for each parameter are chosen by assigning them the maximum
and minimum values allowed by the algorithm respectively. This was done for all of the parameters but
for m_win (i.e., it was set at the levels 3 and 5), to avoid bias from the results and conclusions obtained
from the exploratory and multivariate regression analysis. The results for this DOCE range from 14.72%
and 72.17% bad pixels for all images which is quite promising because already with only eight runs a set of
parameters values that is very close to the optimum obtained by exploratory analysis of 14.48% bad pixels
and the multivariate linear regression analysis of 14.66% on the 14688 data points is delivered. The alias for
the parameters and Daniel plot showing the most relevant ones are shown in Figure 1.4.

° aw_win -0,020690
< 7 aw_colo -0,004215
m_win 0,000114
cc_disp -0,100352
2 cb_win -0,010693
cb_col 0,003982

aw_win*cb_col 0,000122

normal score
0.0
1

«ch_win

-0.5
|

aw_win

-1.0

«cc_disp
T T T T T T
-0.20 -0.15 -0.10 -0.05 0.00 0.05

alias

FIGURE 1.4. Daniel Plot for determining the significance of input variables.

Daniel’s plot indicate that the most influential parameters are cc_disp, aw_win and cb_win which devi-
ate the most from the normal distribution curve. These parameters and m_win at levels 0, 3 and 5 are used
for the surface response methodology central composite design of experiment that follows.

Central Composite Design of Experiment.

To further optimize the depth maps generation algorithm a central composite design of experiment is
used. As with the fractional factorial design of experiment, the best run with 13.05% bad pixels is obtained
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FIGURE 1.5. Contour Plots for Central Composite DOCE.

amongst the 23 treatments which surpasses the results obtained thus far. The outputs from R using the rsm
package at the levels tested for each parameter are shown in Table 1.5.

As it can be seen the second order model depicted before in equation 6 fits very well the data as indicated
by the multiple correlation coefficient 0.9695. The most significant variables include aw_win, aw_col,
m_win, cbwin, aw_win2, aw_col?, and m_win?. Nonetheless, the complete model with all coefficients
is used to draw the contour plots shown later. The rsm package also allows to detect stationary points. In
this case the stationary point detected is a saddle point because one of the eigen-values is negative while the
remaining ones are positive

Graphically the iso-lines for bad_pixels_all are seen in slices by looking at two parameters simul-
taneously for the analysis while keeping the remaining ones constant as shown in Figure 1.5. The graphs
allow to see that the stationary point does indicate a local minimum when analyzing for aw_win and aw_col.
With m_win though, the graph indicates that a saddle is detected and that it is better to use values not in
the 1,5 < m_win < 3,5 interval (which is physically imposible). For cb_win the stationary point appar-
ently corresponds to a minimum. The settings for the stationary point closer to what rsm’s package detects
are aw_size = 7, aw_col = 14, m_size = 3, cc_disp = 2, cb_size = 21 and cb_col = 13 and this
yields 26% bad_pixels_all leading to conclude that the best treatment for the rsm yielding 13.05% of
bad_pixels_all is the local minimum optimum at the settings shown on Table 1.4.

5. Conclusions and Future Work

Previously published material in [15] showed how Exploratory Analysis, applied on over 14000 im-
ages, allowed the sub-optimal tuning of the parameters for Disparity Estimation algorithms, lowering the
percentage of bad pixels from from 16.78% (manual tuning) to 14.48 %. The present work shows how to
use DOCE to optimize the tuning, by running a dramatically smaller sample (31 experiments). The result
of applying DOCE allowed to reach 13.05% of bad pixels, without the need of Exploratory Analysis. Using
DOCE reduces the number of depth maps needed to carry out the study when a large image database is not
available. The DOCE methodology itself is independent of the particular algorithms used to generate the
disparity maps and it can be used whenever a systematic tunning of process parameters is required.

An improvement from 16.78% (manual tuning) to 13.05% in the bad pixels_all variable might
seem negligible at first glance. However, such figures imply a jump of the optimized algorithm of almost 10
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TABLE 1.5. Summary of RSM Central Composite DOCE

Parameters Levels

aw_win 1 4 7 10 13
aw-colo 3 8.5 14 19.5 25
m_win 0 3 5

cb_win 1 4 7 10 13
cb_colo 13

cc_disp 2

Call: rsm(formula=bad_pixels_all ~ SO(aw_win,aw_colo,m_win,cb_win))

Coefficients Estimate Std. Error t-value p >t Signif.
(Intercept) 1.634 2.49x10~1 6.561 0.00018 ok
aw_win -5.25x10~t 8.03x10~2 -6.538 0.00018 sk
aw_colo -1.9x10~1 4.78x102 -3.971 0.00411 ok
m_win 1.606 422%x1071 3.802 0.00522 o
cbwin -3.96x10~2 8.03x10~2 -0.493 0.63495
aw_win:aw-colo 4.15x10° 1.59x10~4 0.26 0.80128
aw_win:m_win -6.13x10~° 7.01x10~% -0.087 0.93243
aw_win:cb_win 1.73x10~4 2.92x10% 0.592 0.56990
aw_colo:m_win 3.01x10~4 3.82x104 0.788 0.45339
aw_colo:ch_win 5.33x104 1.59x104 3.347 0.01013 *
m_win:chwin 5.56x10~4 7.01x10~4 0.793 0.45083

aw_win™2 3.73x1072 5.73x1073 6.508 0.00019 sk
aw_colo™2 6.44x103 1.70x103 3.78 0.00539 ok
m_win™2 -3.25x101 8.45%10~2 -3.846 0.00490 sk
cbwin™2 7.19x10~4 5.73x103 0.126 0.90314

Signifificance codes: 0 *** 0.001 ** 0.01 * 0.05. 0.1 1
Residual standard error: 0.04208 on 8 degrees of freedom
Multiple R-squared: 0.9695, Adjusted R-squared: 0.916
F-statistic: 18.13 on 14 and 8 DF, p-value: 0.0001577

Stationary point at response surface Eigen-values

aw_win 6.987 A 0.0373

aw_colo 13.788 A2 0.0064

m_win 2.495 A3 0.0007

chbowin 20.615 A4 -0.3249

positions in the Middlebury Stereo Evaluation ranking. It must be noticed that many algorithms competing
in such a rank could benefit from the systematic tunning presented here.

A Surface Reconstruction application with DOCE uses the optimal tuning of disparity maps between two
stereoscopic images scanning a scene. The disparity between the images, in turn, allows the triangulation of
the 3D points on the surface of objects in the scene. This point cloud is an input to surface reconstruction
algorithms. This process is discussed in detail in [1]. DOCE applications in other domains are indeed
possible.
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FIGURE 12.4. Different configuration of the HTMLS5 user interface and the
achieved visual output.

FIGURE 12.5. Two temporal series of the same datasets with different transfer
function and window level configuration.

different level. First, we provide mouse interaction in the HTMLS5 canvas through X3Dom custom naviga-
tion techniques. Also, some buttons in the upper part of the web page can be used to navigate inside the
volume (zooming and panning). The time navigation is provided through a slider, used to select the frame of
the volume datasets (see Figures 12.5 and 12.6). The animation can be set to manual or automatic, iterating
continously between the frames of the datasets.
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FIGURE 12.6. A set of frames of the hybrid visualisation of the volume and the
buildings geometry (shown independently in the last subimage).

The Transfer Function configuration has been implemented combining a set of sliders, colours and
the window level range configuration. There are 2 special sliders, fixed to the 0 and 255 values. The
remaining 16 sliders maps the value range [1, 254] but it can be modified with the Window Level range
editor, implemented as a range slider in jQuery. In the default settings, each sliders modifies the color and
transparency of 16 values (256/16). Reducing the window level to the range [64, 128], the 16 regular sliders
will adjust the transfer function to that specific range, so each slider will map just 4 values ( (128 — 64)/16
). In the AQM dataset sample ( Figure 12.5 ), the scalar values are defined in the 298 K to 313 K range (15
K), so each channel range is nearly 1 K with a full range window level. Choosing the [64, 128] window
level will provide a visualisation of the range [302 K, 306 K], with a resolution of 0.25 K for each channel
or slider.

The interface also displays two extra sliders, supporting global modifications of the light factor and the
transparency. The global transparency is a handy way to control the overall transparency in all the channels.
The light factor enhances the contrast of the colours, making more visible and noticeable the inner structures
of the volume datasets.

4.4. Buildings Visualisation. The buildings model has been reconstructed from tagged SHP files,
where each building corresponds with a 2D polygon, having their height specified as a feature in the DBF
file. The reconstructed 3D model is equivalent to the LoD 2 proposed in the CityGML specification, al-
though a X3D file was created to be later inlined in the X3D scene (see Figure 12.2).

Using the hybrid integration method for volume rendering allows us to visualise the buildings in the
volume, as it can be seen in the Figures 12.6 and 12.7.

4.5. Wind Flow Visualisation. The wind information, provided as » and v components for each voxel
in the dataset, were processed with the methods presented by Aristizabal et al. [148]. The result is a set of
geometric streamlines, converted to X3D file format. The final step involved the integration of such X3D
model as an inline node into the X3D scene (see Figure 12.2).

The integration of the streamlines with the volume dataset has been performed in the same way as the
buildings, as they are not conceptually different, but some precautions had to be taken into account. A
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FIGURE 12.7. Top view of the volume dataset combined with the buildings geom-
etry. The set of frames shows the temperature evolution of a small part of the urban
area (shown independently in the last subimage).

FIGURE 12.8. Hybrid visualisation of temperatures dataset (on the left, just the
volume rendering and the buildings are shown) and wind information, reconstructed
as colored geometric lines. For clarity purposes, only a small subset of wind flow
lines have been added to the image (right).

full reconstruction of the complete vector field is so dense that the visualisation turns to be not usable and
therefore, not practical. A simplification was performed to produce a smaller set of streamlines. Even with
such reduction, we have reduced it even more to achieve better graphical results for the Figure 12.8.

4.6. Testing platform. The tests have been performed in an Intel Quad Core Q9400 processor, 4GB of
RAM and a GeForce GTX 275, Windows 7 PRO 64 bits with the latest stable graphics drivers. Amongst all
of the Web browsers with full implementation of WebGL standard, we selected Firefox 12.0 for the tests,
although other browsers are known to work with the implementation like Chrome 19 and Opera 12.00 alpha.
Both Chrome and Firefox, in default configuration, use Google’s Angle library to translate WebGL’s native
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GLSL shaders to Microsoft’s HLSL language and compile and run them through the DirectX subsystem.
This procedure improves compatibility with lower-end hardware or older graphics drivers. Firefox also
works if Angle is disabled; setting the native OpenGL subsystem as the rendering back-end. The Web
application is served through a LightTPD Web server, installed and configured in the same computer for this
experiment.

5. Conclusions and Future Work

This work has presented a Volume Rendering Web application to visualize 3D scalar and vector fields
coming from AQM. An HTMLS interface has been provided to enable the users to configure the parameters
of the visualisation and to navigate through the datasets (spatial and temporal navigation).

The integration of geometrical models (like buildings or wind streamlines) and the volume dataset helps
to contextualize the data, helping to analyze visually the results of the AQM simulations.

In this paper a hybrid visualization has been presented, combining temperature (scalar field), wind
flow (vector field) and the LoD 2 buildings existing in the zone. The results show that such integration of
georeferenced datasets, provided through an interactive and high-performance Web visualization module,
enhances the global understanding of the datasets.

This work has also presented how visual analysis of temporal datasets can be performed interactively.
Using the same settings for the transfer function and window level, the fast loading times and the visu-
alization performance of the models allows the creation of smooth animations, presented in this work as
sequential frames.

This work has been focused on the rendering of temperature datasets, but the AQM can produce sim-
ulation for a wide variety of pollutants. For this multivariate scenario, it will be important to address the
mechanisms to allow the selection and the merging criteria of the different pollutants, as it would depend on
the users to give more priority to one pollutant than others.

For such operations, the key point is how users can deal with the heterogeneity of the multivariate
scenarios. Transfer functions are a fundamental tool for the correct visualisation of such volumes. Some
of the future work can be oriented to the generation of transfer functions by visual clues, know as Visual
Volume Attention Maps (VVAM) [150]. Some preliminary results has been already researched and these
methodologies are going to be tested in MEDX3DOM.
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Conclusions

The main result of this thesis is the test of all their modifications, improvements, and extensions of algo-
rithms and methodologies into real world problems, providing a reliable set of new tools for the resolution of
established problems in different fields. Also, the collaboration with standardization consortium and other
research groups, proves the usability of the developments.

The models generated by the combined method of full-body and face reconstruction, shows human
recognizable avatars.

A formal methodology for the selection of parameters for surface reconstruction algorithms significantly
improves the quality of the results of the algorithm.

The modification of the Marching Cubes algorithm allows the use of this algorithm for dataset which
were untreatable.

Volume rendering algorithms in heterogeneous architectures and low level devices can be effectively
used in telemedicine and remote diagnostics.

Hybrid visualization enrich the content of images allowing the presentation of more data in the same
image.
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