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ABSTRACT 
This paper describes an approach which combines computer vision methods with techniques from the area of 
computer graphics. This method which is called analysis-by-synthesis explicitly seeks for consideration of 
environmental information in order to improve the resulting estimation of the 3D camera pose. In this paper, two 
different kinds of pose estimation will be presented. The first approach uses intensity-based methods and the 
second one is a feature point-based approach. The described approaches are based on a GPU-assisted rendering 
considering the real world illumination. These real world lighting conditions are captured using a HDR sampling 
technique. The results of this GPU-assisted approach are that both methods, the intensity-based as well as the 
feature point-based method, achieve better results in terms of a more robust and stable 3D camera pose under 
consideration of the real environmental information.  

Keywords 
Markerless Tracking, Analysis by Synthesis, Deferred Shading, 3D Pose Estimation 
 

1. INTRODUCTION 
Common computer vision approaches for markerless 
pose estimation typically exploit features in the 
current video image, like edges or point features, 
without further knowledge of the physical process of 
image generation. Computer graphics on the other 
side considers the process of illumination and light 
material interaction and generates realistic looking 
synthetic images. The approach described in this 
paper combines both research areas in order to 
improve the creation and detection of features for 
robust and accurate tracking. In other words, the 
objective of the approach described in this paper is to 
estimate the camera pose under consideration of 
environmental information and object properties. 

This additional information will be used to support a 
computer vision-based technique for instance to 
match a virtual image against the real image. Since 
this approach explicitly seeks for consideration of 
environmental information the properties and 
conditions which will be covered are the 3D 
geometry of the object, the texture, and the 
environmental lighting condition which results in the 
surface color of the object. The approach will 
consider these properties in the way that the resulting 
tracking result will be improved. It doesn’t require 
special infrastructure in the environment and it 
avoids drift. This method is called Analysis-by-
synthesis. We developed and tested two different 
approaches: an intensity-based approach and a 
feature-based approach. Both methods will be 
described and compared. 
 
This paper is structured as follows: in the next 
section we review some related work before we 
introduce the concepts of our approach. In section 5 
we describe the realization of the several methods 
and continue in section 6 to present the results. We 
finally conclude and provide a glimpse into our 
future work.  

Permission to make digital or hard copies of all or part of 
this work for personal or classroom use is granted without 
fee provided that copies are not made or distributed for 
profit or commercial advantage and that copies bear this 
notice and the full citation on the first page. To copy 
otherwise, or republish, to post on servers or to 
redistribute to lists, requires prior specific permission 
and/or a fee. 
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2. RELATED WORK 
The concept of intensity-based image registration is a 
widely used method in the area of medical imaging. 
In [Hip02] an intensity-based registration approach is 
described to match 3D images from a magnetic 
resonance angiography (MRA) to 2D x-ray 
angiography images. They realized their approach 
testing six different similarity measures, whereas the 
pattern intensity, gradient difference and gradient 
correlation performed consistently accurate and 
robust results. An intensity-based registration method 
to estimate the 3D camera pose is presented by 
Stricker [Stri01]. He computes a 2D transformation, 
which registers the current frame as a whole on a 
reference pattern. A Euclidian transformation 
between the live video image and one from a set of 
calibrated reference images is computed using the 
Fourier-Mellin Transform. 
Feature-based approaches were much more explored 
in the past. Relevant work which made use of 
synthetic images can be found in [Lep03a] and 
[Rei06a]. Lepetit et al. describe a point-based 
approach, which uses 3D coordinates of registered 
keyframes from an underlying 3D model. These 
coordinates will be matched with the current camera 
image.  Reitmayr et al. apply an edge-based approach 
on a textured 3D model. Another method using a 
textured model is presented by [Ros05a]. Their 
approach uses a textured surface mesh which is 
rendered in a virtual image. A modified block 
matching algorithm is applied to determine 
correspondences between patches of the surface 
mesh and points in an image. [Ble09a] presented a 
similar approach also based on a simplified textured 
CAD model of the environment. But in contrast she 
tracks feature points instead of edges and applies a 
sensor-fusion-based approach. Wuest et al. [Wue05a] 
use an OpenGL-based rendering for visibility testing. 
After each render step, the framebuffer and the depth 
buffer will be stored. A Canny edge-detector will be 
applied and on the framebuffer and the z-value of the 
depth buffer will be used to test the visibility.  
In [Sch09a], an intensity-based and a feature-based 
approach is presented. But in contrast to the work 
described in this paper, their paper describes several 
matching and metric techniques instead of exploring 
the environmental influences. 

3. ANALYSIS-BY-SYNTHESIS 
The work described in this paper is based on the 
method which is called analysis-by-synthesis. 
Analysis-by-synthesis can be described as an 
optimized comparison of objects with a given model. 
A priori knowledge will be used to create this model. 
In case of 3D pose estimation, the a priori knowledge 
is the environmental information which will be used 

in form of computer graphics-based knowledge. 
Therefore, a 3D model of the target scene, typically a 
CAD model, is used to predict the appearances of 
features in the camera images, usually by projecting 
the model from the predicted camera pose. The 
analysis-by-synthesis technique has many 
advantages. One advantage is that the graphic card 
can be used to generate a rendered image from the 
predicted pose efficiently. Using the rendered image 
as reference, the correct level of detail is guaranteed. 
A further advantage of the analysis-by-synthesis 
approach in contrast to the frame-to-frame tracking is 
that the light conditions and occlusions of features 
don’t disturb the results. By creating a synthetic 
reference image for every frame, the disadvantages 
like drift will be avoided.  
The aim is to improve the process of 3D pose 
estimation with all the information the computer 
graphics render process can provide. The assumption 
for our approach was that the degree of realism of the 
synthetic image will influence the results. This 
means, the more realistic the synthetic image looks 
like the more accurate is the resulting pose. 
Therefore, beside the 3D geometry, the a priori 
knowledge includes also the texture of the material 
and the realistic lighting condition of the 
environment respectively. 

4. GPU-BASED TRACKING 
The foundation of the analysis-by-synthesis approach 
provides the deferred shading technique. Deferred 
shading is a technique, where the parameters which 
are required by a shader, like position, material, 
normal etc., are rendered to buffers and the lighting 
calculation will be realized as 2D post-processing 
using the information stored in these buffers. This 
shading process heavily relies on multiple render 
targets (MRT) to perform in real-time. These 

Figure 1. Multiple render targets (MRT) for 
Deferred Shading:vertex positions, normals, 

texture and final rendering 
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multiple render targets are called geometry buffer 
(G-buffer). An example of multiple render target and 
the final result is shown in figure 1.  Initial research 
on deferred shading has been done by Deering et al. 
in 1988 [Dee88a] and Saito et al. [Sai90a] who 
introduced the geometric buffer (G-Buffer) in 1990. 
 
As already mentioned, two different approaches will 
be described in this paper. The first approach is an 
intensity-based approach and the second is a feature-
based method. Each of the approaches makes use of 
the G-buffer in a different way. The intensity-based 
approach applies the described deferred shading 
technique to create a synthetic image using the 
current object parameters. This identical virtual copy 
is used to detect the appropriate camera pose by a 
simple comparison of the real image and the virtual 
copy. Applying an optimization method, the 
parameters of the vector for the camera pose will 
converge to the solution. To determine the distance 
function, which is the difference between the real 
and synthetic image, the intensity-based approach 
will compare the images using the pixel intensities. 
The basic input data to the registration process are 
two images: the live video image and the rendered 
image. Registration is treated as an optimization 
problem with the goal of finding the spatial mapping 
that will bring the video image into alignment with 
the rendered image. A metric provides a measure of 
how well the video image is matched by the rendered 
image. This measure forms the quantitative criterion 
to be optimized by the optimizer over the search 
space defined by the parameters of the camera 
transform. 
 
Like the intensity-based approach, the feature-based 
concept makes also use of the G-buffer. The features 
used for this approach can be either point-based, 
edge-based or a hybrid approach, which combines 
point and edge features. Running a feature detector 
on the video image, significant 2D point features will 
be obtained. These 2D point features together with 
the corresponding 3D point in the world will be used 
to calculate the 3D camera pose using a 2D-3D 
registration. According to the detected 2D features in 
the video image, the 3D information will be obtained 
from the G-buffer where the positions are stored at 
the corresponding position in the vertex buffer as 
color vector. Using the information of the render 
targets, 2D-3D correspondences of the features can 
be created and used for pose estimation. The analysis 
by synthesis approach will be applied by using the 
material buffer, vertex buffer and normal buffer to 
render a realistic lighting simulation to compare the 
features accordingly. 

5. REALIZATION 
The first step of the analysis by synthesis approach is 
the creation of the virtual image. This synthesis will 
be realized by acquiring the model data which are the 
geometry, the texture and the lighting information.  
In this approach the geometry and texture were 
reconstructed manually using a laser scanner and the 
Photo Modeler software1

The lighting condition was reconstructed using a 
sampling method. The sampling technique doesn’t 
require the entire image information. In contrast to 
environment mapping, it uses only a small amount of 
selected pixels. Although the number of light source 
will be reduced, the general amount of luminous flux 
will be guaranteed for several sampling densities. 
The sampling method is based on the K-mean 
clustering process. It requires a light-probe image in 
longitude –latitude format.  Figure 2 shows an 
exposure series of nine images which was used to 
create a light probe.  

.  

 
The output is a user defined number of light sources 
(s. figure 3). This kind of importance sampling 
[Kol03a] starts with one initial light source, which is 
randomly chosen.  The pixel in the light probe image 
will be partitioned into sets according to the distance 
to the light source. Each of the k light sources is 
moved to the center of mass of its set. The pixels are 
repartitioned according to the new light source 
direction and the process will repeated until 
convergence.  
 
Using the gathered data, the virtual model of the 
video image will be rendered under consideration of 
the real environmental lighting.  
The analysis-by-synthesis method can be described 
as an optimization problem. Figure 4 shows the 
general process of a registration approach based on 
analysis-by-synthesis. The first step is the acquisition 
                                                           
1 http://www.photomodeler.com/ 

Figure 2. Nine images captured with a fish-eye 
lens at different exposure levels 
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of image data before the similarity-features need to 
be decided. Similarity-features can be significant 
geometric primitives or pixel intensities. 
Furthermore, a similarity metric has to be selected. 
This metric describes the feature matches in the real 
and synthetic images. Finally, this metric will be 
optimized to get the best parameters. The kind of 
parameters depends on selected features and 
therefore on the different approach. Two different 
approaches will be distinguished in this work: 
Intensity-based and feature-based methods.  
 

The deferred shading was realized with the OpenGL 
shading language GLSL. The rendering was divided 
in three phases: A geometry phase, a lighting phase 
and a post-processing phase. The G-buffer will be 
created in the geometry phase. The vertex shader of 
this phase receives the 3D model data which will be 
transformed to the view space and output it to the 
fragment shader. The fragment shader is responsible 
for filling the G-buffer’s data. In the lighting phase, 
the according fragment shader uses the sampled light 
sources and light colors together with the data in the 
G-buffer to calculate the realistic illumination. The 
final solution texture map will be rendered to the 
main frame buffer in the post-processing phase. 
The realization of the two computer vision-based 
approaches will be explained in the remainder of this 
section. 

Feature-based approach 
Applying the analysis-by-synthesis approach using 
features based on interest points, the technique will 
be used to predict the appearances of the natural 
interest points by rendering a 3D copy of the scene. 
A real-time rendered reference image has several 
advantages against a static feature map. By rendering 
the virtual image, the appearance of each feature can 
be adapted to illumination changes and therefore 
improve the registration of features in the two images 
which corresponds to each other. The feature point-
based approach uses natural geometric primitives like 
points or corners which will be detected and tracked 
in the live image. Theses interest points are 
combined with a descriptor describing its 
appearance. Using this descriptor the features will be 
matched with a reference set of features or tracked in 
a new image. All feature point-based approaches 
have in common that they are invariant for rotation 
and translation. To be scale invariant, the features 
will be searched in different scale spaces. 
For the work described in this paper, a SURF-based 
approach was used.  The SURF (speed up robust 
features) feature method was developed by Bay et al. 
[Bay08a]. The SURF features are faster to detect and 
to match and the detector is more efficient as other 
feature detectors ([Bay08a ] [Cheng07a]).   
Starting from the initial camera pose, the features 
will be detected in both images. Using the G-buffer, 
the 3D position of the features in the rendered image 
can be reconstructed, since the coordinate is stored as 
RGB color in the vertex buffer. A detected feature in 
the video image will be matched using a similarity 
metric with all features in the rendered image. To 
measure the similarity the summed squared distance 
metric will be applied. This metric is based on the 
minimization of the differences of intensities in both 
images. 
 
If the resulting error is below a certain threshold, the 
2D feature in the video image and the 3D feature of 
the rendered image will set as 2D-3D 
correspondence.  
 
 
 
The pose estimation will be realized by minimizing 
the projection error between the 3D feature point M, 
projected with the projection function fi and the 2D 
feature mí in frame i. 
 

Intensity-based approach 
In contrast to the feature-based approach, the 
intensity-based method neither requires feature 
extraction nor is the search for correspondences 
necessary. The pixel values of two images 

∑ −=
i

ii MfmM 2)(minarg

Figure 4. General process of pose estimation 
using an analysis-by-synthesis method 

 

Figure 3. Light-probe image, generated of the 
images in figure 2, in longitude-latitude format, 

sampled with 128 light sources. 
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correspond in their coordinates and will be compared 
pair-wise. The realization of the analysis-by-
synthesis approach using a direct intensity-based 
measurement was based on the Insight Segmentation 
and Registration Toolkit (ITK) 2

There are seven parameters to be optimized: Four 
parameters for the rotation (axis plus angle) and three 
parameters for the translation. To calculate the metric 
values, these parameters will be modified. The 
resulting metric value will be compared to the former 
metric value and according to the difference, the 
derivation of the optimizer will be estimated. After 
the parameters have been changed, the image needs 
to be re-rendered with the modified camera pose and 
synthetic image of the registration process needs to 
be renewed according the current frame buffer. This 
process will be repeated until the metric value is 
minimal. An optimizer is required to explore the 
parameter space of the transformation and search for 
optimal values of the metric. As optimizer, the 
itk::RegularStepGradientDescentOptimizer class 
was selected. This optimizer belongs to the class of 
gradient descent methods. The size of the step 
lengths will be reduced depending of the direction of 
movement in the parametric space. For the intensity-
based approach two similarity measurement methods 
were used: Sum of Squared Differences (SSD) and 
Normalized Cross-Correlation (NCC). The resulting 
values of the normalized SSD range between [0,1], 
where 0 is the highest similarity. The range of values 
for the NCC is between [-1, 1], where 1 is the highest 
similarity. 

. In ITK, registration 
is performed within a framework of pluggable 
components that can easily be interchanged. The 
framework provides several functions to calculate the 
similarity metric. In case of the camera pose 
estimation, the object in 3D space and a 2D image 
have to be matched. Since the ITK framework is 
actually for medical imaging, it doesn’t provide the 
full functionality for these circumstances. The classes 
for the metric and transformation functions are 
therefore derivated from the original ITK classes and 
reimplemented according to the requirements of 3D 
pose estimation. The modification in the 
reimplemented metric classes affects especially the 
GetValueAndDerivative() function, since this 
function will be called in every optimization step and 
within that function, all the metric values and 
parameters will be returned to the optimizer. 

The normalized SSD and NCC metric are defined 
with: 
 
 
 
                                                           
2 http://www.itk.org/ 

 
where I(x,y) is the value of the image pixel in the 
video image I and M(x,y) is the pixel value in the 
image of the synthetic model M. M and I  are the 
mean value of the video and the rendered image.  
 

6. RESULTS 
In order to evaluate the performance of the presented 
approaches, we estimated the pose of two different 
test objects and compared the results. The two tested 
scenarios were placed indoor. Figure 4 shows the 
two test objects as rendered image and as real image.  
 
The experiments were performed under a controlled 
condition in an office environment. For the rendered 
image we sampled the environmental light probe 
with 128 light sources 

For the intensity-based approach we took a small 
wooden model of a basement room. This room 
consists of two sides with mostly homogenous 
colored walls, a door and a window, three pipes and 
a ventilation box. In the experiment the pose was 
estimated under three different conditions. The first 
condition was to match a rendered image with the 
same rendered image as video image. This setting 
was used as reference for the implemented approach. 
The second condition was the matching of the live 
video image with a rendered image. However, the 
virtual image was not rendered under realistic light 
conditions. The third condition tested the approach 
described in this paper. A real video image was 
matched with a synthetic image rendered using the 
real light conditions. For each of the three conditions, 
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Figure 4. The two test objects: in the video 
image (left) and rendered (right) 
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the two metric approaches as described in the 
previous section were applied to measure the 
similarity. 
Figure 5 shows the results for the two similarity 
metrics according the three test conditions. The 
diagrams show that the optimization converged 
already after four iterations. The initial step width of 
the optimizer for the four parameters of the rotation 
was 0.001 and the step width for the three parameters 
of the translation was 0.2.  Regarding the diagrams, 
it’s also obvious that the condition with the realistic 
rendered image provides better results than the 
synthetic reference image which was not rendered 
realistically. This can be seen on the high metric 
value of the NCC metric respectively the low metric 
value of the SSD metric. Comparing the SSD and the 
NCC metric, the NCC leads to a more precise 
solution. 

Figure 7 shows the final results of the estimated 
poses under the three conditions. The first row shows 
the result of the first condition, where two identical 
rendered images were matched against each other. 
The resulting image and therefore the estimated pose 
is equal to the one of the input image. The second 
row presents the estimated pose of the second 
condition which registered a live video image with a 
rendered image without realistic illumination. The 
estimated pose was not precise and correct. 
Especially the z-direction of the translation was 
incorrect. The realistic rendering showed better 

results, which can be seen in the third row. 
Compared to the condition 1, the approach 
converged with very good results. The translation is 
very precise, and the values of the rotation are only 
slightly different. 
To sum up the results for the intensity-based 
approach, the analysis-by-synthesis approach using a 
realistic rendered image as synthetic model provides 
a better estimated pose as a synthetic image which 
was rendered without considering the realistic 
illumination. Light sources which are not precise or 
even incorrect lead to errors in pose estimation. 
 
For the feature-based approach, we tested another 
object instead of the wooden model of the basement. 
Since this model consists of mainly homogenous 
surfaces, the feature point-based approach didn’t 
succeed due to the lack of feature points in the 
environment. This markerless computer vision 
approach using feature points is therefore not 
suitable to estimate the pose in rooms which are poor 
of features. Instead of the model we have chosen a 
pattern with an earth texture on it for the second test 
to demonstrate and test the second approach. 

Testing this pattern-based scenario with the feature 
point-based approach, we also found out, that the 
more realistic the reference image is rendered the 
more robust and stable the pose will be estimated. 
The quality of the estimated pose depends on the 
number of correspondences, because possible 
outliers can be compensated by other 
correspondences. Furthermore, a large number of 
correspondence pairs reduce the risk of getting 
trapped in a local minimum. 
 
We tested the earth pattern scenario under different 
conditions similar to the basement model scenario.  

Figure 6. Results for the feature point-based 
approach: The scenario with the realistic 
lighting conditions provides more feature 
correspondences than the other scenario. 

 

Figure 5. Results of the metric value for the two 
similarity metrics: The normalized NCC 
(bottom) and the normalized SSD (top). 

(according to the number of iterations for 
optimization). 
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We rendered a virtual copy of the pattern without 
considering the real lighting conditions for the first 
test. For the second test, we rendered the synthetic 
image using the real illumination. The result is 
shown in figure 6. The scenario with the realistic 
lighting conditions provides more feature 
correspondences than the other scenario.  
 
We furthermore tested the amount of realism by 
comparing the number of correspondences. We 
therefore approach to realistic lighting conditions by 
increasing the number of light samples and 
respectively light sources. In figure 8 the results of 
the test is shown. An increasing number of light 
sources and therefore a more realistic appearance of 
the rendered image increase the number of feature 
correspondences.  
The final result of the analysis-by-synthesis approach 
for the feature point-based method is that a more 

robust and stable pose will be estimated under 
realistic rendered light conditions. 

 

7. CONCLUSION 
In this paper we presented two approaches for 3D 
pose estimation using the analysis-by-synthesis 
approach. We therefore rendered a synthetic image 
of the real scenario to apply a registration method to 
estimate the 3D camera pose. We realized an 
intensity-based approach and a feature point-based 
approach. Both methods achieved better results using 
a realistic rendered image under real lighting 
conditions. The real lighting conditions were 
reconstructed based on an importance sampling 
approach using a HDR image of the environment 
captured with a fisheye lens.  
The described methods require environmental data 
like a 3D model, the lighting and the texture to 

Figure 7. The final results of the estimated poses under three conditions: In the first row, two identical 
rendered images were matched against each other. The second row shows the estimated pose using a 
live video image with a rendered image without realistic illumination. The third row shows the 
rendered image rendered under realistic lighting conditions. The comparison in the third column 
shows the outlines of the input video image of the first column with blue lines and the synthetic 
reference image of the second column drawn with red lines. 
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render a realistic virtual copy of the scenario. At first 
sight, this seems to be a disadvantage. But regarding 
the 3D model and the texture, many 3D models are 
already available for various situations and scenarios. 
Either it was reconstructed for public access for 
instance Google Earth® or the models exist anyway 
from previous design steps like in the construction 
industry. Furthermore, the reconstructed and sampled 
lighting condition can be used for improved 
rendering, for instance for photorealistic AR 
applications. 
A significant contribution of the intensity-based 
approach is that the 3D camera pose can be estimated 
although the scenario doesn’t provide many feature 
points. This advantage will overcome the problem of 
markerless computer vision based tracking in 
unconstrained environments without additional 
sensors. The advantage of the feature point-based 
approach is that errors and artifacts like drift will be 
avoided since this approach doesn’t use a frame-to-
frame tracking but a reference image.  

8. FUTURE WORK 
The future work will include several improvements. 
One task will be to replace the ITK based 
implementation of the intensity-based approach. 
Since this library is actually intended for medical 
registration, the modification for our approach results 
in slow computation times. A tailor-made solution 
for this problem will increase the frame rate. 
However, using this library enables us to try this 
approach and test first prototypes. Furthermore, the 
required data can be acquired automatically. 
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Fairy Forest irregular scene rendering complexity
The regular grid spatial subdivision on the left provides a less well balanced triangle distribution per
cell than the rectilinear grid structure on the right. Both spatial partitioning grids feature a similar

resolution.

ABSTRACT
Regular grid spatial subdivision is frequently used for fast ray tracing of scanned models. Scanned models
feature regular sized primitives, with a regular spatial distribution. Grids have worse performance, than
other subdivision techniques, for irregular models without these characteristics. We propose a method
to improve the performance of grids for rendering irregular scenes by allowing the individual placement
of grid split planes: the rectilinear grid. We describe how to construct and traverse a rectilinear grid.
To exploit cache memory in modern processors compression is used for the split plane and grid cell data.
We demonstrate in a series of tests that the method has faster ray tracing rendering performance than a
compressed regular grid of similar dimensions.

Keywords
Ray tracing, grids.

1. INTRODUCTION

Whitted ray tracing [Whi80] is a technique which
is experiencing a renaissance in the graphics re-
search community, since it is a simple, elegant al-
gorithm which can accurately render not just local
illumination, but also shadows, reflections, and re-
fractions.

Permission to make digital or hard copies of all or part of
this work for personal or classroom use is granted without
fee provided that copies are not made or distributed for
profit or commercial advantage and that copies bear this
notice and the full citation on the first page. To copy oth-
erwise, or republish, to post on servers or to redistribute
to lists, requires prior specific permission and/or a fee.

The algorithm is also amenable for implementa-
tion into parallel architectures, because of its in-
herent per ray parallelism. In addition it can accu-
rately render higher order object primitives such
as spheres, cylinders, cones, or other quadrics.
Not just triangles.

The recent improvements in graphics hardware
and GPGPU programming languages have been
empowering software developers everywhere to re-
place the rendering pipeline partially or even in its
entirety. In order to be able to compete with ras-
terization, ray tracing must have good enough per-
formance. It should be able to render the scenes
which users expect to visualize today. It is the
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(a) Regular (b) Rectilinear

Figure 1. Grid spatial subdivision types

author’s opinion that is desirable to use ray trac-
ing across the whole rendering pipeline as a re-
placement for rasterization. Barring the render-
ing performance reasons, which this work aims
to address, using ray tracing across the whole
pipeline would enable a more seamless experience
for artists and application developers. One exam-
ple is the application of shadows on a scene, where
ray tracing does not suffer from the artifacts and
difficult parametrization issues of current rasteri-
zation algorithms. The implementation issues of
these algorithms are described by Kuehl et al. in
[KBB07].

2. BACKGROUND

In order to have real-time ray tracing perfor-
mance, for complex scenes, it is necessary to em-
ploy so called acceleration techniques. These tech-
niques employ a divide-and-conquer strategy to
solve the ray tracing problem. The most popu-
lar acceleration techniques are spatial subdivision
techniques: bounding volume hierarchies (BVHs),
kd-trees, and grids [WMG+07].

Grids are a 3D space subdivision method, intro-
duced by Fujimoto in [FTI86], where space is sub-
divided into same sized cubically shaped cells.
These cells also known in the literature as voxels.
Grids have several interesting traits. They feature
linear O(N) construction time, constant O(1) up-
date time, and have fast traversal times for ren-
dering. Best case traversal complexity is O(1) and
worse case traversal complexity is O( 3

√
N). N is

the number of objects in a scene.

The main issues with regular grids have been high
memory consumption and poor adaptation to ir-
regular scenes. Irregular scenes can feature differ-
ent sized, irregularly distributed, geometry. One
example of such troublesome geometry would be
a highly detailed object inside a low detail box.
This is known in the literature as the teapot in a

stadium problem. In contrast grids are very effi-
cient at rendering scanned scenes.

Both of these issues are due to the way the split-
ting planes are positioned in a regular grid. All
the cells must have the same size, so regular grids
are a poor fit for irregular scenes. The heuristic
used to compute the number of split planes for
each axis of the 3D grid is usually some variation
of:

3
√
ρ×N (1)

Where ρ is a user defined parameter which de-
scribes the density of the scene. Most implemen-
tations use a default ρ value of 4. This heuristic
ensures the memory consumption is proportional
to the number of primitives in the scene.

One approach to solve the issue is Jevans and
Wyvill’s recursive grid [JW89]. In this approach
grids are recursively applied to subdivide the scene
in a shallow grid hierarchy. This technique places
grids inside grids to enable variable subdivision
cell sizes across the scene. This technique im-
proves rendering performance substantially. The
main issues with this approach are that it fur-
ther increases memory consumption, makes it im-
possible to do O(1) partial scene updates, and
the method still has some issues adapting to ir-
regular scenes compared to other techniques such
as kd-trees and BVHs which employ surface area
heuristics (SAH) to more accurately place the split
planes [WH06, Wal07]. Much of the traversal time
in the grids is still spent skipping empty cells with
no geometry in them. Memory and time efficient
methods to construct and traverse such recursive
grids were described by Costa et al. [CPJ10].

Several researchers have tried in the past to im-
prove regular grid heuristics with a limited de-
gree of success. One approach, followed by Kli-
maszewski in [KS97], was to build a grid hier-
archy overlaid on a previously constructed SAH
bounding volume hierarchy. Cazals and Puech in
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[CP97] analyzed the scene geometry by clustering
geometry into groups and attempting to place the
regions of regular geometry in the scene into sep-
arate grids. These techniques have not been very
popular because of their implementation complex-
ity, and a performance which is not globally bet-
ter than that of the simpler to implement recur-
sive grid. Havran did an interesting performance
analysis in [HS99] of these grid spatial subdivision
techniques. Ize provides in [ISP07] an in depth
analysis of grid heuristics. There he describes how
to build a good performing grid for several kinds of
scenes. Ize also described an heuristic for recur-
sive grids which maintains total space consump-
tion proportional to the number of primitives in
the scene. This recursive grid heuristic is included
in the Manta interactive raytracer [BSP06].

3. RECTILINEAR GRIDS

We propose to relax the grid split plane position-
ing using a rectilinear grid (see Figure 1). This
should enable a better balancing of the scene ge-
ometry among the grid cells resulting in faster ray
tracing performance. Rectilinear grids have previ-
ously been used in the field of volume ray tracing
[PPL+05]. In this work we describe how to effi-
ciently construct and traverse a rectilinear grid for
general ray tracing purposes.

Construction

First we compute the scene’s bounding box. Next
we finely sample the scene along each major axis
x, y, z. The number of samples taken per axis is
described by the following equation:

samplei = 100×Si×
3

√
4×N
V

i ∈ x, y, z (2)

Where N is the number of primitives, V is the
volume of the scene, and Si contains the bound-
ing box dimensions in that axis. Each sample con-
tains a count of the number of primitives in that
particular subvolume.

Then we compute the sum of these primitive
counts for each axis:

sumi =

samplei∑
j=0

countj i ∈ x, y, z (3)

The scene is partitioned into ncellsx × ncellsy ×
ncellsz voxels. The split planes for each cell are
placed in order to divide the scene into regions
with a similar number of primitive counts per axis
where:

ncellsi = Si ×
3

√
4×N
V

i ∈ x, y, z (4)

Algorithm 1 : Rectilinear grid traversal

function nearest-axis(int)
if intx < inty then

if intx < intz then
return x

else
return z

end if
if inty < intz then

return y
else

return z
end if

end if
end function

function traverse(ori, dir, planes, cells, ncells)
test if the ray hits the bounding box of the scene
find the nearest ray/box intersection point p
id← find-first-cell(p, planes)
for all i ∈ x, y, z do

if diri < 0 then
stepi, incri, stopi ← 0,−1,−1

else
stepi, incri, stopi ← 1,+1, ncellsi

end if
inti ← (planesi[idi + stepi]− orii)/diri

end for
t← +∞
loop

if cells[idx, idy , idz ] 6= ∅ then
traverse cell
find the nearest ray/object intersection t

end if
repeat . skip empty cells

i← nearest-axis(int)
if inti ≥ t then

return t
end if
idi ← idi + incri
if idi = stopi then

return t
end if
inti ← (planesi[idi + stepi]− orii)/diri

until cells[idx, idy , idz ] 6= ∅
end loop

end function

This rectilinear grid has a similar number of cells
compared to a regular grid because we use the
same heuristic to compute the number of split
points. Contrary to a regular grid, the split planes
are not equidistant; but divide regions with sim-
ilar amounts of geometry. Non empty cells in a
rectilinear grid will thus contain a smaller amount
of primitives on average than a regular grid of the
same dimensions. This will be explored in greater
detail in Section 4. This construction method has
a computation time complexity of O(N). Space
complexity is also O(N).

Traversal

We employ a generalization of the voxel traversal
method described by Cleary and Wyvill [CW88].
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Figure 2. Row displacement compression

This method is described in Algorithm 1. Since
we have variable positions for the split planes, it
is not so worthwhile to precompute many of the
traversal variables. If we cached these values we
would spend many computing cycles performing
slow memory loads just to save a couple of fast
arithmetic operations. Profiling results showed
that one of the main bottlenecks of this rectilin-
ear grid traversal method consists in loading the
split plane data from cache. Another large bot-
tleneck is the branch mispredictions which occur
while searching the next non empty cell. This rec-
tilinear grid traversal method spends more time
doing cell traversals than a regular grid traver-
sal method because of these loads and the extra
arithmetic operations. However, since each cell
contains less primitives, less time is spent perform-
ing ray/primitive intersections. The end result is
a net increase in rendering performance for many
scenes.

Finding the First Cell

We have the split plane data for each axis in the
rectilinear grid. The most expedient way to im-

Algorithm 2 : Finding the first cell in a rectilinear
grid in O(1) time with a stored compressed bit array

function unpack(axis, i)
diff ← 0
for all j such that 0 ≤ j < msb[axis] do

diff ← diff×2+storage[axis][i×msb[axis]+j]
end for
return diff

end function

function lookup(axis, i)
predict← i× ncellsaxis/nsamplesaxis
diff ← unpack(axis, i)
return minaxis + predict + diff

end function

function find-first-cell(p, planes)
for all axis ∈ x, y, z do

i← clamp( paxis
samplesizeaxis

, 0, nsamplesaxis − 1)

idaxis ← lookup(i)
end for
return id

end function

plement an algorithm to find a point in this grid,
without by using any extra memory, is by doing
a binary search in the ordered list of the split
points. This approach has O(logN) time com-
plexity. This is clearly worse performing than the
method employed for finding the first point in a
regular grid which has O(1) time complexity.

We speeded up this part of the algorithm by em-
ploying a lookup table which maps the quantized
fine regular grid coordinates used in the sampling
step during construction to the actual rectilinear
grid coordinates. This lookup table, if uncom-
pressed, would not easily fit in the caches com-
promising the rendering performance of the algo-
rithm.

To fit the lookup table into the processor cache
we compressed the data using arithmetic encod-
ing (see Algorithm 2). The unpacking function,
which loads a bit array from memory into an in-
teger register, can be further optimized using as-
sembly instructions. The prediction function we
employed assumes most split planes will be regu-
larly separated at constant intervals. If the dis-
tance between all the split planes is the same,
which is common for scanned scenes, we have a
perfect prediction. This means for such scenes no
additional memory would be required to store the
table. This prediction function also behaves well
for other more irregular scenes. This can be seen
in the results for the Fairy Forest scene. Time
complexity with the lookup table is O(1).

Cell Compression

We minimized the memory required to store the
grid by employing the row displacement com-
pression algorithm [LD08] described by Lagae
and Dutré. This algorithm works by compress-
ing empty grid cells via row hashing (see Fig-
ure 2). Frequently grid acceleration structures fea-
ture 90% or more empty cells. This compression
scheme reduces the memory required to store a
grid up to 20 : 1.

The main issue with this scheme is that it makes
it harder to perform partial grid updates. How-
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AEK-24-cell Fairy Forest Buddha Thai Statue
scene
num triangles 122.88 K 174.11 K 1.09 M 10.00 M
memory 2.14 MB 4.22 MB 18.67 MB 171.66 MB
regular grid
grid res 79x78x79 140x36x140 121x295x121 302x508x261
% empty cells 93.58% 79.12% 94.86% 98.44%
avg objects / n-empt cell 14.06 6.70 13.02 29.25
avg cells / object 3.58 5.67 2.66 1.83
mem cells 249.39 KB 800.85 KB 1.88 MB 8.97 MB
mem object lists 1.68 MB 3.76 MB 11.03 MB 69.78 MB
memory 1.92 MB 4.55 MB 12.91 MB 78.75 MB
build time 0.03 s 0.06 s 0.29 s 2.38 s
render time 2.54 s 4.95 s 0.70 s 1.63 s
rectilinear grid
sample res 7944,7829,7903 13968,3570,13968 12130,29537,12144 30187,50824,26072
grid res 79x78x79 139x36x139 121x294x121 300x506x259
% empty cells 91.02% 78.40% 92.82% 96.52%
avg objects / n-empt cell 1.13 1.59 0.77 0.61
avg cells / object 4.49 6.37 3.06 2.41
mem cells 319.09 KB 929.48 KB 2.42 MB 13.64 MB
mem object lists 2.11 MB 4.23 MB 12.69 MB 92.08 MB
mem planes 960 B 1.24 KB 2.11 KB 4.18 KB
memory 2.42 MB 5.14 MB 15.12 MB 105.72 MB
build time 0.09 s 0.14 s 0.85 s 7.35 s
render time 2.23 s 2.76 s 0.71 s 1.38 s

Table 1. Performance results for several scenes. All scenes were rendered at 1024 × 1024
resolution with one ray sample per pixel. Only one thread was employed.

ever it is quick to rebuild such a grid, most of
the steps performed in the construction algorithm
can be parallelized, interactive frame rates can be
achieved for many scenes.

4. RESULTS

A prototype implementation was written in or-
der to test the viability of this algorithm for ray
tracing complex scenes. The implementation was
coded in ANSI C++ with use of the Boost li-
braries. This implementation does not use intrin-
sics or assembly instructions. The implementation
was run on an Intel Core 2 CPU at 3.0 GHz with
2 GB of RAM under the Linux operating system.

All test scenes were rendered at 1024 × 1024 res-
olution with one ray sample per pixel and dif-
fuse shading. Only one rendering thread was em-
ployed. Ray tracing performance scales linearly
with the number of processor cores in the system.

Triangles are stored in memory using indexed ver-
tex arrays. Ray/triangle intersection is done using

the Möller-Trumbore algorithm [MT05].

The performance comparison baseline is the
compressed regular grid algorithm described in
[LD08]. Our rectilinear grid algorithm uses a sim-
ilar grid resolution as can be seen at Table 1. Both
of these algorithms were implemented by us on our
ray tracing system.

We selected four scenes for testing purposes:
AEK-24-cell, Fairy Forest, Buddha, Thai Statue.
These scenes are representative for many kinds of
applications. AEK-24-cell contains a scene with
data similar to that used for scientific visualiza-
tion, Fairy Forest is an irregularly distributed
scene similar to what we could find in a game
application, the Buddha and Thai Statue are
scanned scenes with heavy geometry.

Several things can be noted by examining the test
results. As expected our rectilinear grid imple-
mentation has much improved render time per-
formance (79% faster) for the irregular Fairy For-
est scene. It also provides a performance speedup
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Figure 3. Render time in seconds. Lower
values are better.

Figure 4. Build time in seconds. Lower
values are better.

for the AEK-24-cell (14%) and Thai Statue (18%)
scenes. In contrast the rectilinear grid has slightly
worse rendering performance (-1%) for the Bud-
dha scene.

We decided to examine these results in more
depth. The rectilinear grids contain less triangles
in each cell than a regular grid would. This was
expectable due to the way we compute the split
plane positions. However each triangle in the rec-
tilinear grid overlaps more cells. This may make
it worthwhile to employ mailboxing in our render-
ing system. Our implementation does not have
this feature.

The split plane data easily fits into the L1 cache
minimizing the amount of memory fetches re-
quired. Both grid implementations feature a 3D
bitmap. Each bit in the bitmap states if a grid
cell is empty or not. This allows us to reduce the
amount of memory bandwidth required to traverse
empty cells.

The build times for the rectilinear grid (see Fig-
ure 4) are 2-3x slower. This is mostly due to the
sampling step during preprocessing. The sampling
is done at a 100x higher resolution, per axis, than
that of the grid itself.

Increasing the sampling resolution further does
not improve the rendering performance for the

Figure 5. Memory consumption in
megabytes. Lower values are better.

tested scenes. It would be interesting to fur-
ther investigate different heuristics for selecting
the amount of samples. In particular it would be
possible to have quite different heuristics for se-
lecting the sample size, and the grid size, rather
than the simple multiple we use now.

Memory consumption (see Figure 5) is also higher
for the rectilinear grid. This is due to the greater
number of occupied cells, and large cell triangle
lists.

Figures 6, 7, 8, 9 display the number of traversal
steps required to render a given test scene. Pixels
with a lighter tone of blue have more cell traver-
sals. Pixels with a lighter tone of red have more
triangle intersections. In this way it is easier to
visualize the pros and cons of each acceleration
structure.

5. CONCLUSIONS

We have proposed and implemented a rectilinear
grid ray tracing algorithm. This algorithm has up
to 79% better performance compared to a regu-
lar grid on the tested scenes using a similar grid
resolution. It is especially well suited to render ir-
regular scenes, which have typically been an issue
with grid ray tracing.

Now that we can individually control the split
plane positions, it should be easier to devise more
sophisticated surface area grid heuristics based on
previous work on BVHs and kd-trees.

It should also be interesting to apply the scene
sampling information generated during the con-
struction stage to further construct a hierarchi-
cal data structure to speed up empty cell traver-
sal. There are many other techniques to speed up
empty cell traversal such as macro-regions [Dev89]
and proximity clouds [CS94] which could prove
useful for this purpose.
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[MT05] T. Möller and B. Trumbore. Fast,
minimum storage ray/triangle inter-
section. In International Conference
on Computer Graphics and Inter-
active Techniques. ACM Press New
York, NY, USA, 2005.

[PPL+05] S. Parker, M. Parker, Y. Livnat, P.P.
Sloan, C. Hansen, and P. Shirley. In-
teractive ray tracing for volume visu-
alization. In ACM SIGGRAPH 2005
Courses, page 15. ACM, 2005.

[Wal07] I. Wald. On fast construction of
sah-based bounding volume hierar-
chies. In Interactive Ray Tracing,
2007. RT’07. IEEE Symposium on,
pages 33–40, 2007.

[WH06] I. Wald and V. Havran. On building
fast kd-trees for ray tracing, and on
doing that in O (N log N). In IEEE
Symposium on Interactive Ray Trac-
ing 2006, pages 61–69, 2006.

[Whi80] T. Whitted. An improved illumina-
tion model for shaded display. Com-
munications of the ACM, 23(6):343–
349, 1980.

[WMG+07] I. Wald, W.R. Mark, J. Gunther,
S. Boulos, T. Ize, W. Hunt, S.G.
Parker, and P. Shirley. State of the
art in ray tracing animated scenes.
Eurographics 2007 State of the Art
Reports, 2007.

WSCG 2011 Full Papers 15



(a) regular grid (b) rectilinear grid (c) rendered image

Figure 6. AEK-24-cell (122.88 ktri)

(a) regular grid (b) rectilinear grid (c) rendered image

Figure 7. Fairy Forest (174.11 ktri)

(a) regular grid (b) rectilinear grid (c) rendered image

Figure 8. Buddha (1.09 Mtri)

(a) regular grid (b) rectilinear grid (c) rendered image

Figure 9. Thai Statue (10.00 Mtri)
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ABSTRACT

The rapid development of large-scale scientific computing nowadays allows to inherently respect the unsteady character of
natural phenomena in computational flow simulation. With this new trend to more regularly consider time-dependent flow
scenarios, an according new need for advanced exploration and analysis solutions emerges. In this paper, we now present three
new concepts in pathline analysis which further improve the abilities of analysis: a multi-step analysis which helps to save
time and space needed for computation, direct pathline brushing, and the use of pre-configured view arrangements. We have
found that a clever combination of these three concepts with already existing methods creates a very powerful tool for pathline
analysis. A solution that follows the concept of coordinated multiple views (CMV) with iterative composite brushing enables
a quick information drill-down. We illustrate the usefulness of this approach in the context of an example from the automotive
industry.

Keywords: Interactive Visual Analysis, Pathlines, Flow Visualization, Exhaust Manifold

1 INTRODUCTION
Advances in hardware and simulation technology make
it possible to simulate and visualize flows in time-
dependent vector fields. In contrast to a steady state
flow, in this case the unsteady vector field also changes
over time itself. The analysis of time-dependent flows
is far from trivial and still a largely unsolved problem
in visualization [15]. There are many ways to visual-
ize flows, and in the case of unsteady flow some very
intuitive methods are based on pathlines. Pathlines de-
scribe paths of massless particles over time in the flow
and thus the analysis of their behavior is tightly related
to the analysis of the dynamic behavior of the underly-
ing flow fields.

Interactive visual analysis (IVA) [19, 9] is useful to
analyze large and complex data. As a set of path-
lines represents such a case, we illustrate how IVA can
help domain experts in engineering to analyze simu-
lated time-dependent scenarios.

Our approach starts with the computation of pathlines
and a set of pathline attributes. These attributes can be
either scalar values or functions of time (time series).
We have focused on attributes describing the (local or
global) behavior of the pathlines. We focus on classical

Permission to make digital or hard copies of all or part of this work
for personal or classroom use is granted without fee provided that
copies are not made or distributed for profit or commercial advantage
and that copies bear this notice and the full citation on the first page.
To copy otherwise, or republish, to post on servers or to redistribute
to lists, requires prior specific permission and/or a fee.

and well-established attributes from vector algebra (for
the unsteady flow field) or differential geometry (for
the pathlines). The result of this step is a multivariate
dataset collecting all computed pathlines and features
and the attributes stored along them. The pathlines in
the dataset are seeded at different points in time as the
seeding time plays an important role in pathline charac-
teristics.

Our IVA approach utilizes coordinated multiple
views (CMV) with linking and brushing. Besides usual
2D views, used to visualize derived attributes, we
added a 3D view which depicts the volume geometry
and the pathlines themselves. To save space and time,
as required by the computation and analysis, we intro-
duce a multi-step analysis, where in one step a lower
resolution (bigger cell size) dataset is investigated. In
the next step a higher resolution (smaller cells) dataset
is visualized and only spatio-temporal areas which
were identified in the previous step as interesting are
then analyzed further in more detail. This refinement
can be repeated several times, but often two steps are
already enough.

We also introduce the use of projections, as a way to
do direct pathline brushing (a data visualization tech-
nique that identifies and highlights data subsets), and
pre-configured view arrangements, to help the user with
the screen space organization. All of this, combined
into one tool, contributes new opportunities to the anal-
ysis of pathlines in flow data.
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We demonstrate the usefulness of our approach in the
context of an exhaust manifold analysis. An exhaust
manifold collects the exhaust gases from multiple cylin-
ders into one pipe from an internal combustion engine.
The goal of the exhaust manifold design is to decrease
flow resistance (back pressure) and to increase the vol-
umetric efficiency of the engine, resulting in a gain in
power output or a reduction of fuel consumption. As a
team of visualization researchers and a domain expert,
we analyzed one such design together. The main goal
was to check if the proposed design meets initial design
requirements, and, if not, which directions for improve-
ment could be suggested. We illustrate how the clever
selection of pathline attributes can support domain ex-
perts in the analysis of time-dependent flows through
the interactive visual analysis of pathlines and their at-
tributes.

2 RELATED WORK
The idea to segment a flow domain into areas of cer-
tain flow properties has been used for 3D steady flow
fields for a variety of features, including topological
features [12, 26], or vortex regions [14]. Salzbrunn
and Scheuermann [17] provide a general framework of
this in the context of topological features. Laramee et
al. [10] and Salzbrunn et al. [16] give an overview on
flow visualization techniques focusing on feature ex-
traction approaches. These techniques are used on 3D
time-dependent fields by observing the feature regions
over time, observing either topological features [23,
4], or vortex features, see Theisel et al. [22]. Al-
though these approaches provide insight into the flow
behavior at arbitrary time steps, the analysis of the dy-
namic behavior based on pathlines makes specialized
approaches necessary. Wiebel and Scheuermann [28]
visualize a number of carefully selected pathlines to
get static representations of the dynamic flow. Theisel
et al. [24] consider a segmentation of the flow domain
based on local properties of the pathlines.

Combining several feature detectors in order to inves-
tigate combinations of them using IVA has been sug-
gested by Bürger et al. [2]. Shi et al. [18] have a very
similar approach to ours, and we build on that adding
more attributes, the multi-step approach, (enabling us
to work with much bigger datasets interactively), the
use of projections as a method to enable direct path-
line brushing, and pre-configured view arrangements
for better screen space organization.

Texture-based visualization approaches to capture
pathline characteristics are given by Weiskopf et
al. [27]. The idea of connecting information visu-
alization and scientific visualization approaches is
considered to be one of the ‘hot topics’ in visualiza-
tion [8].

Due to space limitations, we refer to Pobitzer et
al. [15] for a more detailed discussion of related work.

3 EXPLORING PATHLINES

Advances in simulation and hardware technology
make it now possible to simulate time-dependent flow
fields, i.e., flow fields where the underlying vector
field changes over time. The analysis of steady state
flows (where the underlying vector field does not
change) is a relatively mature research field with many
good visualization and feature extraction methods.
However, the extension to the unsteady state is not
straightforward and is an active area of research [15].
The amount and complexity of data in an unsteady
state case often grows to such an extent that the fully
automatic methods are not sufficient any more. In
order to efficiently cope with such a large and complex
datasets, IVA approaches (such as presented by Konyha
et al. [8]) balance human advantages (perception, expe-
rience, imagination) with those of automatic methods.
The interactive visual analysis helps the user to be
sure that nothing is missed and gives the user a better
understanding of the flow by visualizing computed
results and allowing interaction with them. It can also
be used as a support tool to train novice engineers.

When analyzing the flow, experts are usually inter-
ested in problematic areas in the flow, which result, for
example, in vortices and swirling. Such a behavior can
be easily identified using pathlines and the attributes
computed from them.

The main idea is to compute a set of pathlines, as well
as a set of attributes for each pathline, and to use a coor-
dinated multiple views system to analyze the data. The
data in this case follows a more complex data model
than the usual data model used in interactive visual
analysis. As we want a pathline to be an entity, we build
records in our dataset around pathlines. This means that
one record contains pathline coordinates, various scalar
attributes (such as, e.g., length, distance between start
and end point, etc.), and various time series attributes
(such as, e.g., velocity as a function of position along
the pathline, curvature, etc.). Scientific data often fol-
low such a data model (see Konyha et al. [9]), and IVA
has been proven to be useful for analyzing such data.
An IVA tool that supports such data has to be able to
depict a family of curves, i.e., a certain time series at-
tribute given for all pathlines, for example all velocity
functions. Konyha et al. [9] introduced the curve view
and the accompanying line brush which can be used to
quickly drill down by simply selecting (brushing) or de-
selecting curves that cross a line drawn by the user.

A state of the art CMV system which can show sev-
eral views simultaneously and that also supports linking
and brushing (selecting records in one view and high-
lighting corresponding items from the same records in
all other views) is a prerequisite for such an approach.
The pathlines data scenario, due to its complexity and
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Figure 1: An example of using projection views in the pre-configured view arrangement, which the user can get
with one click, to explore the pathlines (about 10000 pathlines in this case). The pre-configured view arrangement
consists of a 3D view (top-left) and three projection views (top-right, bottom-left, and bottom-right views). Time
is color mapped [13] in the 3D view going linearly from green, for the smallest, to red, for the biggest value, in
this case. Other standard color mappings (e.g., rainbow color map, grayscale color map, cyan to mauve color map,
etc.) are also available. a: 3D view and projection views. b: All pathlines passing through the middle tube are
brushed in the top-right projection view.

size, requires an especially careful and innovative de-
sign to provide an effective exploration tool.

Three key aspects of improvement over the exist-
ing methods were identified: multi-step analysis, direct
pathline brushing, and the usage of pre-configured view
arrangements. The complete set of all pathlines would
be really huge in most cases and it would often con-
tain a lot of irrelevant data. There are areas in the flow
where a domain expert can the predict flow with a great
confidence, and where no interesting features appear,
so it is not meaningful to compute a huge number of
pathlines in such areas. Our multi-step approach will
help us to reduce the data size without losing important
information. Furthermore, we need to depict pathlines
themselves (in addition to their attributes) and be able
to interact with them directly. The curve view shows
families of planar curves, but the pathlines are curves in
3D space, so brushing them directly on the 2D screen
is difficult. As a solution we present direct pathlines
brushing (detailed further below). And finally, in order
to allow the user to focus on the actual analysis, we have
seen that pre-configured view arrangements are crucial.
A clever combination of those three aspects supports an
efficient time dependent flow analysis by means of IVA
wrt. pathlines and their attributes.

In the next three subsections, each of the identified
aspects is described in detail, and in the last subsection
available pathline attributes are shortly covered.

3.1 Multi-Step Analysis
An important observation, when thinking about path-
lines, is that, depending on the volume size and the
resolution (cell size), the pathlines dataset can be very
large. This can make IVA very slow. In order to effi-
ciently cope with such large datasets a multi-step anal-
ysis approach is proposed. The main idea is to analyze
a coarse, lower resolution dataset, and identify possible
spatio-temporal (position in the volume and time steps)

areas of interest. In case of pathline analysis, the areas
of interest will, for example, be the areas were pathlines
pass through vortices. Those identified areas of interest
are then analyzed in more detail using a higher reso-
lution dataset. This process can be repeated as many
times as necessary, but our experience says that often
two steps are enough, with the exception of very big
or very complex datasets. The identified areas can be
further refined at any time and in any of the lower reso-
lution datasets from the previous steps.

The multi-step analysis saves storage space and time
needed for the computation and analysis depending on
the resolution used and size of the areas of interest. To
demonstrate it we tried to compute all pathlines (seeded
at the areas of interest as identified by the domain ex-
pert) and 16 attributes (5 scalar and 11 time series at-
tributes), on a high resolution (about 2 million cells)
dataset for 25 time steps. As assumed, the progress
was very slow. It took several hours to compute only
about 20% of the pathlines and their attributes, and the
produced dataset was over 20GB in size. It is obvious
that, from IVA perspective, this is not the right way,
so the computation was stopped. Such a large dataset
contains many uninteresting pathlines and it unneces-
sarily uses computational and storage resources. The
handling of such a large dataset can also be a problem.
Our multi-step approach proved to be much more effi-
cient. Using a lower resolution (36524 cells) dataset to
compute pathlines (seeded in the same areas as before)
and the same 16 attributes for 25 time steps resulted in
a dataset of about 500MB in only a few minutes. Af-
ter several areas of interest were identified interactively,
in the second step a higher resolution (2 million cells)
dataset was used to compute pathlines and the 16 at-
tributes seeded only in those areas. This computation
again took several minutes, only, and the result was less
than 1GB in size. A more detailed IVA of these areas
was then possible. The described process resulted in

WSCG 2011 Full Papers 19



datasets consisting of at most 10000 pathlines in this
case.

There are some questions when using this multi-step
approach about how to be sure we will not miss any-
thing in the low resolution dataset, where to seed, etc.
A careful decision making of the domain expert is re-
quired. With the knowledge of the dataset (how com-
plex it is, how big the velocities are, etc.) a decision
wrt. the resolution (minimizing the risk of missing im-
portant features in the flow) can be made without too
much effort and in short time.

3.2 Direct Pathlines Brushing
Using attributes and composite iterative brushing, the
user can find pathlines of unwanted (or wanted) behav-
ior very easily, and drill down even from tens of thou-
sands of pathlines to just one in just a few iterations (in
many cases it can be done even in one). Still in some
cases it would be very useful to be able to brush the
pathlines directly. Immediately something like the al-
ready mentioned line brush from the curve view comes
to mind. But since we are dealing with pathlines in
3D on the 2D screen this would be very hard to use.
So the idea of doing orthogonal projections (onto X-
Y, X-Z and Y-Z planes) and then using the line brush
in the projection views was born. An example of how
this looks can be seen in Figure 1. This way, the user
can brush pathlines directly using line brushes the same
way he/she would do it in the curve view for time se-
ries, and to be able to do it precisely, also, zooming is
available. Projections also help in getting a better per-
spective of the position of some point in the 3D volume
when looking at it on 2D screen, which in combination
with 3D view’s translation, rotation and zooming also
gives user a better understanding of pathlines’ behavior
in 3D space.

3.3 Pre-configured View Arrangements
When doing interactive visual analysis very often mul-
tiple screen setups are used. The user can have a lot
of views open and that can result in an unorganized
screen space, where it is hard to focus on the actual
analysis. To reduce this problem we propose using
pre-configured view arrangements, which help user in
working efficiently and focus on what he/she is actually
searching for, and not on view arrangement and screen
space organization. Identifying standard tasks and pro-
viding pre-configured view arrangements for solving
those tasks should be used as often as possible. Also the
user is given an option to create and edit pre-configured
view arrangements. The type of views and their ar-
rangement is chosen by the user and saved. New in-
stance of the pre-configured view arrangements is then
available with just one click on the appropriate tool-
bar button. To enable easier access to projections, pre-

Pathline Attributes

Geometry Based

Scalar

Length
Relative start-end
distance
Average particle
velocity
Seeding cell
Seeding time

Time Series

Curvature
Torsion
Winding angle
Particle velocity
Pathlines’ coordinates

Vortical Structures

Field Based

Vorticity magnitude [20]
Swirling strength [25]
λ2 [6]
Hunt’s Q [5]

Core
Detectors

Helicity method [11]
Eigenvector method [21]
Eigenvector method
for unsteady flow [3]

Table 1: Table showing available pathline attributes and
vortical structures. All vortical structures are saved as a
time series along the pathlines.

configured view arrangement, which can also be seen
in Figure 1, was created.

3.4 Pathline Attributes
We distinguish between two groups of attributes. At-
tributes computed from the pathlines’ geometry (e.g.,
their curvature) and attributes computed from flow field
characteristics along the pathline. For both groups we
can have scalar attributes (e.g., the pathline length) or
time series attributes (e.g., torsion along the pathline).
For some of the time series attributes additional scalar
aggregates, such as maximum or arithmetic mean val-
ues, are computed, depending on analysis questions.
Table 1 shows attributes that we propose, and which
proved to be very useful when used in different com-
binations. Of course any other attribute can be added
depending on the task faced. Most of them are well
known and for the description of some more complex
ones the reader is referred to Jiang et al. [7].

All of the methods described in the last four subsec-
tions complement each other and, when combined in-
telligently, they form a powerful tool for pathline anal-
ysis. In the next section, a few examples are given of
how this tool can be utilized and what can be found.

4 APPLICATION EXAMPLE
The dataset we studied in this application case is the re-
sult of a flow simulation of an exhaust manifold. The
simulation was done using the AVL FIRE tool [1] and
the result was a dataset consisting of 36524 cells for the
first step (low resolution) and about 2 million cells for
the second step of the analysis. This exhaust manifold
is used in a six cylinder car, but we have only analyzed
one side (exits from three cylinders) since the sides
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Figure 2: An example of data exploration using scalar attributes in histograms, scatterplots and parallel coordinates.
A 3D view with color mapping enabled is used to depict pathlines. a: pathlines with medium relative start-end
distances and high length values are brushed. In the 3D view we can see that those are the pathlines finishing
somewhere in the left pipe. b: pathlines with high relative start-end distances and high length values are brushed
and in the 3D view we can see that those are the pathlines finishing somewhere in the middle pipe.

Figure 3: An example of a performance-car manifold.
(Image courtesy of http://www.zircotec.com.)

are symmetrical. From the simulation dataset pathlines
and their selected attributes are computed. The dataset
proved to be very challenging because of its pulsing na-
ture, where only one pipe (on one side) is active at spe-
cific time points and for only a short period of time.
Also, as velocity values of the flow field are very high
we had to pay special attention to how to compute path-
lines, as they would otherwise leave the, in our case,
relatively small volume very early. To cope with that,
we decided to use cellular integration instead the one
with a constant time step. Cellular integration iterates
cell by cell and builds a pathline, thus making sure that
all the vectors of the flow field along the pathline way
are taken into account. This frees the user of the some-
times difficult decision of which integration time step to
use, especially in cases of very high velocities. The re-
sulting datasets consisted of up to 10000 pathlines and
their attributes (5 scalar and 11 time series attributes).

4.1 Exhaust Manifold

Every internal combustion engine has an exhaust man-
ifold. It is generally a simple unit that collects en-
gine exhaust gases from multiple cylinders and deliv-
ers them to the exhaust pipe. Each cylinder has its own
exhaust head-pipe, and they usually converge into one
tube called a collector.

When an engine starts its exhaust stroke, the pis-
ton moves up the cylinder bore, decreasing the total
chamber volume, which increases the pressure in the
cylinder, and when the cylinder’s valve opens, the high
pressure exhaust gas exits into the exhaust manifold,
creating an exhaust pulse comprising three main parts.
They are: high-pressure head, medium-pressure body,
and the low-pressure tail component. The momentum
of the high and medium pressure components reduces
the pressure in the combustion chamber to a lower than
atmospheric level. This relatively low pressure helps
to extract all the combustion products from the cylin-
der and induct the intake charge during the overlap pe-
riod when both intake and exhaust valves are partially
open. The effect is known as scavenging. Length,
cross-sectional area, and shape of the exhaust ports and
pipeworks influence the degree of scavenging effect,
and the engine speed range over which scavenging oc-
curs.

Selecting the length and diameter of the primary
tubes must be done very carefully depending on what
we want to accomplish (more power, lower fuel con-
sumption, ...).

4.2 Identifying Areas of Interest
To get a better overview over the time series attributes
some first order statistics (mean, max, ...) were com-
puted. These newly computed scalars were depicted
using scatterplots, parallel coordinates, and histograms.
Also we had the 3D view active showing pathlines with
color mapping [13] (mapping of the colors to the val-
ues) enabled, so we could see if the features found in
other views as interesting are the result of the interest-
ing behavior of the pathlines. For color mapping we
use time, particle velocity, or any other time series at-
tribute of the ones listed in Table 1. The flow field fea-
tures stored as time series along the pathline proved to
be very useful, since they give us an insight into what
made pathlines behave as they do.

One such example can be seen in Figure 2. In the
scatterplots (lower-left views), depicting relative start-
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Figure 4: One more example of using scalar attributes to identify areas of interest. Attributes depicted in scatter
plots are particle velocity mean and maximum. We can clearly see how brushing different clusters in the scatter
plot views (bottom views) results in pathlines of different behavior being selected (top views). Also similarities
within the groups are very obvious.

Figure 5: a: Finding “problematic” pathlines using composite brushing in two curve views depicting curvature and
torsion. High curvature and torsion, as a stable indicator of pathlines forming a vortex somewhere along its way,
are brushed. This way almost the same pathlines are selected as in previous two cases, but with less control (there
are no clusters, i.e., groups are not as easy to identify). b: using pre-configured view arrangement for projections
to brush the pathlines going to the middle tube. We add one more brush to the composite brush from a, thus getting
better control over what is selected.

end distances and length attributes, clusters are clearly
recognizable, so we investigated what we get when we
brush some of them. The most interesting proved to
be clusters with relatively high length values. We have
selected pathlines with high length, and medium (Fig-
ure 2a) and high (Figure 2b) distance between start
and end. There are other pathlines that traveled the
same distance (gray points in the scatterplots below the
brush), but they have shorter length. The higher length
of the brushed pathlines is the result of vortices along
their way, and this is confirmed when looking at the par-
allel coordinates view with relatively high maximums
of torsion, curvature, vorticity magnitude, and swirling
strength values. As, in the case of an ideal exhaust man-
ifold, gases would travel as fast as possible to the ex-
haust, this is certainly an unwanted behavior.

Continuing the exploration, we investigate other at-
tribute combinations which support the analyst in get-
ting insight into the flow. Having multiple ways to
identify possible problems gives us a better chance to
identify all of them. Since different attribute combi-
nations (both scalar and time series) are used in these
approaches, it also gives us a better understanding of

the attributes. We can find correlations between them,
and thus get better insight into the dataset.

Another such example, using scalar attributes, but in
a different combination, can be seen in Figure 4. We use
average and maximum particle velocity attributes. As
can be seen, using a different combination does result
in a different clustering. In this case, clusters are even
more easy to notice and brushing them reveals groups
of pathlines, with the behavior of the pathlines being
very similar within a group, which was not always the
case in the previous approach, where these three groups
were mixed into two. So it seems that we have found
a better way (that gives us better control) for finding
pathlines of interest.

Using time series attributes we get a similar result,
as can be seen in Figure 5a. Two curve views are used
to depict time series attributes, which are in this case
curvature and torsion. Again almost the same pathlines
are selected, but in this case we do not have as good
control over what is selected as in previous cases. To
gain better control we can use the projection views with
their direct pathline brushing ability, as can be seen in
Figure 5b.
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Figure 6: Analysis of the particle velocity along the pathline. We use one pathline with four attributes color
mapped: time (top-left), particle velocity (top-right), swirling strength (bottom-left), and vorticity magnitude
(bottom-right). Color mapping is done from green to red, green representing minimum value and red representing
maximum value.

Figure 7: Result of the higher resolution simulation for
the seed cells of pathlines brushed in Figure 2b. Im-
mediately it is obvious that, unlike in lower resolution
case, here we have some pathlines ending in the middle
pipe.

What can be seen in all cases is that none of the
brushed pathlines goes out through the expected pipe,
but instead they finish in the left or middle pipe, which
is undesirable. Also, almost all of these pathlines are
seeded or pass near the edges of the pipes. The accord-
ing histogram views show us that this happens only in
few time steps, and for a small amount of cases, but still
this could be an indication of a problem in the exhaust
manifold. To gain a better understanding why is this
happening we use the finer (higher resolution) dataset
for those time steps and seeding points and then do a
more detailed analysis to see what can be done, if any-
thing, to reduce them even more.

4.3 Detailed Analysis

For the detailed analysis based on the high-resolution
dataset, pathlines are computed only in the spatio-
temporal areas of interest identified in the previous
step. What becomes immediately obvious, when
looking at Figure 7, showing a 3D view depicting
pathlines computed in the higher resolution dataset,
but only for the seed cells of pathlines brushed in
Figure 2b, is that, unlike in lower resolution case, now
we have pathlines ending in the middle pipe also. This
shows how complex the flow is and that very small
changes can drastically change the result.

Next we focus on one interesting pathline from the
pathlines shown in Figure 7. Using color mapping with
time series attributes and also different types of views
with attributes we try to discover as much as we can
about the behavior of that pathline, i.e., the behavior
of the particle in the flow. Figure 6, which shows four
3D views depicting the same pathline, but with differ-
ent attributes color mapped, shows an example of such
an analysis. Our focus here was on particle velocity
(color mapped in the top-right view in the figure). We
can see that the particle velocity dropped very rapidly
once it started changing direction, and the reason that it
did change direction is because it entered areas of high
swirling strength and vorticity magnitude which can be
seen in the two bottom views.

With this we have shown an example of how our tool
can be used in the analysis of the exhaust manifold
dataset. The domain expert found it very interesting,
and thinks it has a great potential, especially when used
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in combination with other tools, and we will continue
our collaboration.

5 CONCLUSION AND FUTURE
WORK

In this paper we have shown how pathlines in combina-
tion with a carefully designed tool can give a user new
abilities in analyzing the flow field. Pathlines and their
attributes are used to help identify possible problems
in the exhaust manifold which can cause loss of engine
power and increase of fuel consumption.

We show how computing power limitations can
be avoided by first using lower resolution to identify
spatio-temporal areas of interest and then using higher
resolution for detailed analysis of those areas. Fur-
thermore, direct pathline brushing by using projections
is introduced. Also, usage of pre-configured view
arrangements, to help with screen space organization,
is proposed.

The domain expert gave us positive feedback and we
plan to continue our work on this subject in the fu-
ture, specially focusing on the selection of the attributes
available and combining our tool’s results with other
tools. We think that our tool is a step forward and can
lead to further developments in this area.
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ABSTRACT 
In this paper, a new Augmented Reality (AR) mobile phone game ‘ARGreenet’ is presented. The game aims to 

raise individuals’ awareness of the importance of recycling and teaching participants how to do it. In this 

research, the ‘ARGreenet’ is compared with a similar ‘Basic’ mobile phone game for recycling. Thirty eight 

children aged from 8 to 13 years of age participated in this study. To quantify aspects of the utility and 

effectiveness of the games, the children answered questionnaires both before and after using each game. Aspects 

examined included the level of engagement and fun of each game, the ease of use and perceived value of each 

game, and the perceived learning about recycling. We report a positive change in intended behavior with both 

games. The results suggest that playing both games is likely to have a positive influence in changing participants’ 

recycling behaviour. These preliminary results also suggest that the mobile phone is potentially a good platform 

for not only learning about recycling but also influencing people to change their behaviour. A majority of the 

participants expressed a preference for ARGreenet game. They perceived it as easy to use and more engaging and 

fun than the BasicGreenet game. 

Keywords 
Augmented Reality, mobile phones, recycling, behaviour change, learning. 

1. INTRODUCTION 
It is now widely accepted that anthropogenic actions 

are a major cause of the rising CO2 levels in the 

earth’s atmosphere (IPCC, Fourth Assessment 

Report. Intergovernmental Panel on Climate Change, 

2007). Linked to this are human consumption 

patterns that generate enormous volumes of waste, 

particularly in developed countries. The waste 

problem has been recognised by world leaders for 

some time. Significant recognition was given to the 

problem as part of the Agenda 21 for sustainable 

development – an action plan devised at the Earth 

Summit held in Rio de Janeiro (1992). In 2005, the 

European Landfill Directive sets targets to minimise 

waste to landfill through increased levels of recycling 

and recovery and the EU's Sixth Environment Action 

Programme identifies waste prevention and 

management as one of its top four priorities. As a 

result all member states of the European Union are 

implementing a number of waste management 

systems. 

This paper reports on an Augmented Reality (AR) 

mobile phone game which aims to educate the user 

on how to recycle their waste effectively. AR refers 

to the introduction of virtual content into the real 

world. The AR game (ARGreenet) is presented 

alongside a basic game (BasicGreenet) that shared 

the same purpose. The aim of the research was to test 

the hypothesis that the ARGreenet would have 

greater influence on a number of variables than the 

BasicGreenet. 

2. PREVIOUS WORK 

Augmented Reality 
AR systems running on PCs have been designed for 

their application in many fields including: medicine; 

military; robotic; maintenance and repair 

applications; learning; entertainment or edutainment; 

[Azu97] [Azu01]. However, with the advent of 

portable computers and notebooks, mobile AR 

became possible and later, different applications for 

PDA’s and mobile phones were developed for their 

Permission to make digital or hard copies of all or part of 

this work for personal or classroom use is granted without 

fee provided that copies are not made or distributed for 

profit or commercial advantage and that copies bear this 

notice and the full citation on the first page. To copy 

otherwise, or republish, to post on servers or to 

redistribute to lists, requires prior specific permission 

and/or a fee. 
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application in several fields such as learning (e.g. 

[Liu07] [Wan09]), edutainment (e.g. [Wag07a]), etc. 

Related to learning, systems for learning subjects as 

different as English [Liu07] or heritage temples 

[Wan09] have been presented. Li et al. [Liu07] 

developed a handheld AR system for learning English 

called HELLO based on 2D barcodes. A four-week 

pilot study was conducted and the results indicated 

that 2D barcodes and AR were useful for English 

learning. Wang et al. [Wan09] tested three user 

interface prototypes for learning heritage temples. 

Their study showed that users preferred animated and 

interactive virtual elements with sound effects, and 

that the superimposed information should not cover 

more than 30% of the screen. 

Related to edutainment (term that points out the 

connections and the positive correlations between the 

educational field and the entertainment one), an 

example could be the Virtuoso Arts History Game 

[Wag07a]. It is a collaborative educational game for 

up to four players. The players' objective is to sort a 

collection of artworks. A virtual animated character 

called Mr. Virtuoso can provide help for players that 

are stuck. Another example could be Alien Contact! 

[Osh09] that was the first game developed in the 

Handheld Augmented Reality Project (HARP), 

http://isites.harvard.edu/harp. In Alien Contact!, 

participants use GPS-enabled handheld computing 

units. Alien Contact! is based on a scenario where 

aliens have crash landed. Students work in teams, and 

learn math and literacy skills.  

Finally, with the appearance of the iPhone, different 

AR applications have been presented for this device. 

Several of them can be downloaded from the Apple 

Store. 

Enhancing recycling behaviours 
As this paper focuses on bringing about behaviour 

change it is useful to examine the theoretical 

constructs which helped to inform the research design 

of the AR waste management game. The Theory of 

Reasoned Action is a useful theoretical construct for 

designing processes to enhance recycling behaviours 

because it is strongly dependent on the concept of 

behavioural intention – the commitment to a certain 

action or behaviour [Ajz80]. The theory asserts that 

behaviour is a deliberate act based on the beliefs of 

the individual and the norms imposed by society 

[Ton04]. Therefore, when an individual is positively 

predisposed toward a particular behaviour, and when 

they perceive support for that behaviour from people 

around them, then they will form a positive 

behavioural intention towards that behaviour. 

Behavioural intention, in turn, leads to actual 

performance of the relevant behaviour [Ajz80].  

In the context of recycling behaviour, over the past 

decade there has been an increasing expectation for 

individuals to recycle their household rubbish. That 

is, a subjective norm exists that recycling is a 

reasonable thing to do, but this is unlikely on its own 

to produce recycling behaviour. However, if 

individuals also hold a positive attitude towards 

recycling they are more likely to actually perform the 

behaviour [Gar08]. 

The Theory of Reasoned Action was later modified to 

Ajzen’s Theory of Planned Behaviour [Ajz91]. This 

theory incorporates the person’s belief about how 

easy or difficult it is to perform a specific behaviour, 

based on their abilities, opportunities and resources 

[Gar08]. Because recycling requires enormous 

individual effort it is helpful to understand which 

characteristics will help them to make the decision to 

recycle more often [Bol95]. Within this research we 

examined participants’ knowledge and attitudes 

towards recycling and the environment to identify if 

this impacted on their ability to perform the recycling 

behaviours required in the ARGreenet and 

BasicGreenet. 

3. DESCRIPTION OF THE GAMES 

ARGreenet 
The objective of ARGreenet is that participants learn 

how to recycle effectively. ARGreenet uses markers 

(a white square with a black border containing 

symbols or letters). The player has to pick up objects 

that appear over the objects’ marker and place them 

in the correct recycling bin. Only one object appears 

over the objects’ marker at a time (e.g. Figure 1), but 

this object will vary at different stages of the game. 

The recycling bins appear over four different 

markers, with the following letters in their interior: A, 

B, C and G (e.g. Figure 2). The markers are 

independent and are placed over a table by the person 

in charge of the experiment. The markers can be 

placed on the floor or in any desired place. There are 

three different levels within the game. In the first 

level only two recycling bins and 2 objects randomly 

selected among 6 possibilities for each type of 

rubbish that appears. That is, over the objects’ marker 

only two different types of rubbish appear and only 

two recycling bin markers are used, A and B. The 

two possible recycling bins appear over these markers 

(one recycling bin over A marker and the second 

recycling bin over B marker). In the second and third 

level more recycling bins and more objects appear, 

specifically, 3 and 4 recycling bins and 4 and 6 

objects, respectively. That is, in the second level 

three recycling bin markers are used, A, B and C, and 

in the third level the four recycling bin markers are 

used. When the player correctly places the rubbish 

they are rewarded by the game showing two hands 
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applauding over the recycling bin. If the participant 

wrongly places the object, the game shows a red 

cross over the recycling bin.  

The game applies the usual rules for games. A player 

gains or loses points for correctly or incorrectly 

recycling or leaving the rubbish outside the recycling 

bins. If the object has been correctly placed then the 

player gains points while on the contrary, the player 

loses points if incorrect. If the player is unsure about 

the correct recycling bin for a type of rubbish, he has 

the possibility to place the rubbish outside all 

recycling bins. In this case, the game subtracts points, 

but less than incorrectly placing the rubbish. The 

game goes to the next level when the player has 

achieved a fixed number of points for each level. 

The game also has an allocated time for each level, if 

the player finishes before the allocated time, he gains 

5 points for each second left. The game also includes 

a number of questions in each level that are randomly 

selected in each run. These questions are also related 

to recycling. The questions offer three possible 

answers of which only one is correct. The player has 

to choose among these three options. Again, the 

player gains points if he answers correctly or loses 

points if he answers incorrectly. The questions are 

stored in an XML file which facilitates the inclusion 

and removal of questions. The game records the top 

ten players’ names which are stored in a file and can 

be consulted as an option of the game. The game also 

includes a help option where all the rules of the game 

are explained. Figures 1 and 2 show two images of 

the game. In Figure 1 is possible to see rubbish (a 

cardboard box) over the object marker. Figure 2 

shows a step of the game where the player has placed 

rubbish over the correct recycling bin.  

 

Figure 1. ARGreenet. Player is picking up a 
residue 

For hardware the only required device is a mobile 

phone. This research used the Nokia N95 with 8GB. 

The most outstanding features of this mobile phone 

for AR are: Large 2.8" QVGA (240 x 320 pixels); 

Carl Zeiss Optics camera with 5 Megapixels; VGA 

video capture of up to 30 frames per second. 

The software was distinguished, firstly, between the 

required development environment and the additional 

software for programming for the selected mobile 

phone in C++; and secondly, the library for the AR 

facilities. This research developed a system using 

Microsoft Visual Studio 2005. But for running an 

application simulating its running in the selected 

mobile phone, an emulator of the mobile phone is 

required. For including this type of tools the S60 

Platform SDK, 3
rd
 Edition was used. For 

programming in C++ for Symbiam OS it is also 

required the installation of Carbide.vs 3.0.1.  

 

Figure 2. ARGreenet. Player has correctly 
placed a residue 

For AR facilities the ARToolKit 2.65 [Kat99] was 

ported onto a mobile phone running on Symbian OS 

and Series60. In 2003, Wagner & Schmalstieg 

[Wag03] ported ARToolKit to Windows CE. In 

2005, Henrysson et al. [Hen05] ported ARToolKit to 

the Symbian platform. Later, in 2007, Wagner & 

Schmalstieg [Wag07b] presented the ARToolKitPlus 

library for its use on mobile devices (e.g. PDA’s). 

Studierstube Tracker [Sch07] was a posterior version 

of ARToolKitPlus. Another framework presented by 

Wagner and colleagues was Studierstube ES 

[Wag09]. For developing our AR library, we studied 

two possibilities. The first one was to port the well-

known ARToolKit to mobile phones and later to 

incorporate additional functionalities. This portability 

has already been achieved successfully [Hen05] 

[Wag07b]. Therefore, we were sure it was possible. 

These were the only two previous experiences when 

we started our work and Henrysson et al.’s library 

was not freely available. The second one was to use 

the ARToolKitPlus and incorporate to it additional 

functionalities. The result of both developments 

should be similar. We decided to choose the first 

possibility because of our earlier experiences in 

modifying ARToolKit, for having more knowledge 

about the code and for possible improvements. 

BasicGreenet 
The objective of the BasicGreenet is the same as the 

ARGreenet. The recycling bins appear on the lower 

part of the screen and rubbish goes down from the top 
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of the screen. There are three different levels within 

the game as in ARGreenet. In the first level only two 

recycling bins appear in the lower part of the screen, 

and 2 objects randomly selected among 6 possibilities 

for each type of rubbish go down from the top of the 

screen. In the second and third level more recycling 

bins and more objects appear, specifically, 3 and 4 

recycling bins and 4 and 6 objects, respectively. The 

player has to correctly place rubbish into the correct 

recycling bin by pressing the left/right keys on the 

mobile phone. If the player wants the rubbish to go 

down quickly, he can press the down key. If the 

player is not sure about the type of rubbish and the 

correct recycling bin to place it, he can place the 

rubbish outside any of the recycling bins. In this case, 

the game does not decrease points. The rules of the 

game and the points that the player gains or loses 

based on their different actions, are similar to 

ARGreenet described above. However, in this case 

the two animations for placing correctly/wrongly 

rubbish are not used. Instead of this, in the top left of 

the screen appears the level; in the top centre of the 

screen appears the consumed time in seconds of the 

current level; and in the top right appears the score 

achieved in the current level. Several question about 

recycling appear after the player has achieved an 

already - established score. If the player correctly 

places rubbish or answers correctly a recycling 

question, the score increases, if not, the score 

decreases. Figure 3 shows an image of this game in 

which it is possible to see the third level (recycling an 

apple core). 

As hardware, the only required device is the same 

mobile phone that was used in the ARGreenet, the 

Nokia N95 with 8GB. In relation to the software 

NetBeans IDE 6.0.1 was used as the development 

environment. The language used for the development 

was Java, J2ME. The plug in Java ME Wireless 

Toolkit for CLDC was incorporated into the 

development environment to provide the required 

classes for loading/writing files in mobile devices. 

 

Figure 3. BasicGreenet. Third level 

4. EXPERIMENTAL DESIGN AND 

MEASURES 
The research experiment involved 38 children 

engaged in playing both the ARGreenet and 

BasicGreenet. All participants experienced both 

games but in a different order, with one group of 

participants experiencing the ARGreenet first, while 

the second group experienced the BasicGreenet first. 

Each group had 19 participants. 

The research involved the children firstly completing 

an entry questionnaire (Table 1). This questionnaire 

includes questions about mobile phone experience, 

gaming experience, knowledge of recycling, beliefs 

about the environment/attitudes, behaviours, and 

intended behavior/motivation to change. In order to 

familiarize students with the elements that appear in 

either game the children would then spend time 

examining a page where the type of recycling boxes 

with their corresponding rubbish are shown. Once 

this was done the children participated in their first 

game, either ARGreenet or BasicGreenet, and 

completed a post questionnaire (Table 2). The 

students then repeated the process by familiarizing 

themselves with the elements of the second game, 

using the game and completing another post 

questionnaire. After playing the ARGreenet, the 

children were asked to complete two questions 

around presence which were “I had a sense of being 

in the room where there are rubbish and recycling 

boxes” and “There were times during the experience 

when I thought that objects and images were in the 

room, over the table or over my hand”. After playing 

both games, the children were asked to complete a 

final questionnaire (Table 3). 

Quantitative data was collected using questionnaires. 

Because the target age group was young (< 15years) 

the questionnaire was kept short. All questions were 

measured on a 7 point Likert scale where in most 

cases 1 = none and 7 = a great deal. In the case where 

the meaning of 1-7 was different, the meaning is 

referred to in the related question.  

In addition to basic demographic data including age 

and gender, there were a number of questions to 

investigate individuals’ experiences with mobile 

phones and the phone being used in the trial, 

followed by a question about the students’ levels of 

experience with gaming devices. Informed by the 

theories of reasoned action [Ajz80] and planned 

behaviour [Ajz91], further questions were asked to 

ascertain levels of participant knowledge of 

recycling, their attitudes towards recycling and the 

environment, current recycling behaviours and their 

perceived willingness to change the behaviours. The 

post game and final questionnaires are presented in 

Tables 2-3, with different aspects identified by 

different white/grey background colours. 
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Quest. ID Questions Mean(SD) 

E1 Mobile phone experience 

How much experience do you have using mobile phones 

 

3.87(1.42) 

E2 Please indicate your level of expertise with the Nokia N95 phone 1.05(0.23) 

E3 Gaming experience 

How much experience do you have in playing games on a PC or mobile phone? 

 

4.74(1.74) 

E4 Knowledge of recycling 

How much do you know about what can be recycled and how to recycle? 

 

4.97(0.91) 

E5 How much do you know about the effect of recycling on your environmental footprint?  

4.00(1.59) 

E6 Please indicate your level of expertise in what recycling is and why recycling is important: 

(1-Novice, 7-Expert) 

 

4.68(1.21) 

E7 Beliefs about the Environment/Attitudes 

People should be recycling more in order to reduce their environmental footprint 

 

6.47(0.92) 

E8 Behaviors 

I recycle my garbage and separate the cans, the bottles, newspapers etc. 

 

5.18(1.18) 

E9 Intended behaviour/Motivation to change 

I am willing to taking new actions to improve my recycling behaviour. (1-would not 

accept, 7-would accept) 

 

5.92(1.32) 

Table 1. Entry questionnaire  
 

Quest. ID Questions 

P1 Engagement and fun 

I enjoyed playing this game. 

P2 This game was fun 

P3 Easy to use 

Please indicate if the game has been easy to play (1-not easy, 7-very easy) 

P4 Perceived value 

I think playing this game could help me better recycle 

P5 I would be willing to play this game again because it has some value to me 

P6 Attitudes 

How strongly do you agree with the following statement? 

People should be recycling more in order to reduce their environmental footprint. (1-strongly disagree, 7-

strongly agree) 

P7 Intended behaviour/Motivation to change 

I am willing to taking new actions to improve my recycling behaviour. (1-would not accept, 7-would accept) 

P8 Intention to change 

As a result of playing this game I will talk to my friends and family members about recycling. 

P9 As a result of playing this game I will think more about recycling and its effect on the environment. 

P10 As a result of playing this game I will make changes to my current behavior 

Table 2. Post questionnaire 
 

Quest. ID Questions 

F1 Perceived learning about recycling 

Please indicate the number that most closely describes how much you think you have learned as a result of 

playing these games 

How did you learn about what can be recycled and how to recycle? (1-nothing, 7-very much) 

F2 Please indicate your level of expertise about the rubbish you can recycle as a result of playing these games (1-

Novice, 7-Expert) 

F3 Preference 

Which game did you like the most?  Normal game:    AR game:  

F4 Why?. Any comment that you like to add 

F5 Any comment that you like to add 

Table 3. Final questionnaire 
 

Question ARGreenet Post-test BasicGreenet Post-test t p 

P1 6.40(0.89) 6.29(0.80) 0.702 0.487 

P2 6.18(1.01) 6.05(0.96) 0.777 0.442 

P3 6.26(0.89) 5.79(1.19) 2.303** 0.027** 

P4 6.53(0.80) 6.42(0.79) 1 0.324 

P5 6.24(1.17) 6.00(1.19) 1.326 0.193 

P6 6.82(0.46) 6.92(0.36) -1.434 0.160 
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Question ARGreenet Post-test BasicGreenet Post-test t p 

P7 6.45(0.83) 6.45(0.76) 0 1 

P8 5.76(1.24) 5.87(1.02) -1 0.324 

P9 6.00(1.04) 6.18(0.83) -1.641 0.109 

P10 6.05(1.06) 6.13(1.12) -0.723 0.474 

Table 4. Means (SD) of the ARGreenet and the BasicGreenet, and paired t-test of post-test scores. d.f. 37, ‘**’ 

indicates significant differences 

 

5. RESULTS 
The sample was comprised of thirty eight participants 

with a mean age of 10.76(1.49) years. Within the 

sample group there were more males (63.2%) than 

females represented.  

From the entry questionnaire, means (SD) are in 

Table 1. From the these scores, we can deduce that 

participants reported to have relatively little mobile 

phone experience (E1), and considered themselves to 

be novices with the Nokia N95 (E2). Participants 

reported to have some experience with gaming (E3). 

Overall participants initially stated they had a 

moderately high knowledge of recycling (E4, E5 and 

E6). Furthermore most reported positive beliefs 

toward recycling (E7). The participants also reported 

a willingness to do more (E9), although the majority 

reported that they were already strong recyclers (E8).  

Paired t-tests were applied to the scores given to all 

questions of the post questionnaire filled out after 

playing each game. These analyses are shown in 

Table 4. None of the statistical paired t-tests applied 

to the results showed significant differences between 

the two games except for question P3. The 

significance level was set to 0.05 in all tests. From 

this data, we can deduce that the two games were 

very positively accepted by the players. The 

combined mean among all the ten questions for the 

two games is 6.24(0.31). Moreover, the games had a 

very similar influence on responses with the actual 

difference between the mean responses being very 

small. From the findings the following, trends can be 

inferred: 

- The BasicGreenet had a marginally, more positive 

influence on responses to the belief question (P6), 

and questions regarding intentions to change 

behaviours (P8-P10). 

- The ARGreenet had a marginally more positive 

influence on responses to the engagement and fun 

questions (P1-P2), ease of use (P3), and the 

perceived value questions (P4-P5).  

- Each game had a very similar influence on 

intended behaviour/motivation to change (P7). 

In order to determine whether using either of the 

games first has any effect on the scores for the second 

game, the sample was divided into two groups: the 

participants who used the ARGreenet first; and the 

participants who used the BasicGreenet first. One-

way ANOVA analyses were applied to the scores for 

all questions (20 in total). Only three of the statistical 

ANOVA tests applied to the results showed 

significant differences between the two games. From 

this data, we can deduce that the order of playing did 

not significantly affect the scores for the second 

game. 

To confirm if participants changed their attitudes as 

result of playing the games the scores for question E7 

and the related questions answered after playing both 

games (P6), were compared using paired t-tests. The 

results showed significant differences (for 

ARGreenet, t(37)=-2.589, p=0.014; for 

BasicGreenet, t(37)=-2.903, p=0.006; confirming that 

participants’ attitudes have been influenced by the 

games. We also checked if participants’ intentions to 

change behaviours were altered after playing the 

games. For this the scores for question E9 and the 

related questions answered after playing both games 

(P7), were compared using paired t-tests. Again, the 

results showed significant differences for ARGreenet, 

t(37)=-2.603, p=0.013; and for BasicGreenet, t(37)=-

2.477, p=0.018. Therefore, participants’ intentions to 

change behavior appear to have been influenced by 

the games. 

For the relationship between the intended behavior 

before (E9) and after (P7) playing the games 

Pearson’s correlation was used. The null hypothesis 

is that the correlation coefficient comes from a 

population in which the correlation is 0. In order to 

determine if the correlation is significant, we checked 

whether the correlation coefficient is within the 

sample distribution specified by the null hypothesis 

with different probabilities. The Pearson Correlations 

significance levels are shown in Table 5. Using the 

results from the game that was first used by each of 

the two groups of children (i.e. when ARGreenet is 

first used or when BasicGreenet is first used) we can 

deduce that ARGreenet presents a more significant 

correlation. These results confirm that a positive 

change in the intended behaviour has been brought 

about by using the games, especially the ARGreenet. 

Considering Gardner & Ashworth’s [Gar08] advice 

that “if individuals also hold a positive attitude 

towards recycling they are more likely to actually 

perform the behaviour” and the results of the games’ 

influence on players’ attitudes and intended 
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behaviours, it appears they will most likely recycle 

better as a result of playing the games.  

Game used Order of use Significance level 

ARGreenet First used 0.621(0.005) 

BasicGreenet First used 0.566(0.02) 

ARGreenet Used second 0.318(0.2) 

BasicGreenet Used second 0.361(0.2) 

Table 5. Pearson Correlations significance levels 

 

Checking if participants’ perception for learning 

about recycling has been influenced by playing the 

games, the scores for question E6 and the question 

answered after playing both games (F2), were 

compared using paired t-tests. The results showed 

significant differences for all data, t(37)=-5.011, 

p<0.001; when ARGreenet is first used, t(18)=-3.082, 

p=0.006; and when BasicGreenet is first used, t(18)=-

4.135, p=0.001). We also compared, using paired t-

tests, the scores for question E4 and the question 

answered after playing both games (F1). The results 

showed significant differences for all data, t(37)=-

6.047, p<0.001; when ARGreenet is first used, 

t(18)=-4.324, p<0.001; and when BasicGreenet is 

first used, t(18)=-4.135, p=0.001). Therefore, 

participants’ perception for learning about recycling 

has been influenced by the games. Moreover, the 

mean (SD) of F1 scores were equal or more than 6 

for all data, 6.05(0.84); when ARGreenet is first 

used, 6.00(0.67); and when BasicGreenet is first 

used, 6.11(0.99)) and so it is also possible to deduce 

that the players’ feel that they have learnt about what 

can be recycled and how to recycle.  

In our study, two questions relating to the sense of 

presence were included in the questionnaire asked at 

the end of playing the ARGreenet only. This 

questionnaire was based on the Slater et al. [Sla94] 

questionnaire. The first presence question was “I had 

a sense of being there in a room where there are 

rubbish and recycling boxes”. Participants could 

answer from 1 = not at all to 7 = very much. The 

second questions was “There were times during the 

experiences when I thought that draws and images 

were in the room, over the table or over my hand” 

where 1 = at no time and 7 = almost all the time. The 

presence score or SUS Count is taken as the number 

of answers that have a score of 6 or 7. In our study, 

the SUS Count was 0.974(0.753). The SUS Mean 

across the two questions was 5(1.484) so although the 

presence scores were quite high, but they did not 

reach 6.  

With regard to preferences, children answered to 

question F3. Most participants (69.4%) preferred the 

ARGreenet. When the BasicGreenet is first played, 

82.4% of participants preferred the ARGreenet, 

whereas 57.9% of participants preferred the 

ARGreenet when the ARGreenet is first played.  

Several explanations why the children gave their 

preference for the ARGreenet were: It was fun to 

have things over my hand that really they were not 

there; The AR game was more original; The AR 

game was more amusing; The AR game was more 

real; It is different to typical games.   

However, there were some children who liked the 

BasicGreenet better who gave the following 

responses: I like playing remaining seated; I prefer to 

use the mobile with my hand rather than moving 

around the room; I prefer to use the keys of the 

mobile to play; Because in the Basic game the objects 

appear and you do not have to look for them. 

A few children added some final comments in 

response to the question “Any comments that you like 

to add”. These included: I want to know how the AR 

game works in order to explain to my parents; I 

propose to commercialize both games.  

An observation remarked by the person in charge of 

the experiment was: “With the AR game, several 

children played with the markers placing them in 

different places (over their t-shirt, their cap, etc.)”.  

6. CONCLUSION 
The results from our research show that the two 

games, ARGreenet and BasicGreenet have been very 

positively accepted by players with an overall mean 

of 6.24 (on a scale 1-7). The results did not show 

statistical significant differences between the two 

games. However, 69.4% of the participants preferred 

the ARGreenet game, they perceived it as easy to use 

and more engaging and fun than BasicGreenet. From 

our point of view, if a game is easy and fun to play, 

children will play it, and - consequently - the overall 

impact of the game on their behaviour will be much 

higher than in case of a game which is more difficult 

and less fun to play. From the results, there is not any 

statistical evidence that ARGreenet is perceived to be 

different from BasicGreenet, the majority of 

participants preferred the ARGreenet game and five 

of the ten analysed questions showed that ARGreenet 

offered greater means than the BasicGreenet game. 

While one question offered the same mean for both 

games. This implies that these preliminary results 

corroborate the hypothesis that the ARGreenet would 

have greater influence on a number of variables than 

the BasicGreenet. Based on the sense of presence 

questions our results suggest that participants 

experienced a moderately high sense of presence 

using ARGreenet.  

From the analyses is also possible to infer that the 

games did influence the knowledge of participants, 

their attitudes and had a positive influence on their 
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intentions to change behaviours. Based on the advice 

of Gardner & Ashworth [Gar08] that “if individuals 

also hold a positive attitude towards recycling they 

are more likely to actually perform the behaviour”, 

these results suggest that playing the games is likely 

to have some influence to change participants’ 

behaviour. Future research could be conducted at a 

later stage to confirm if players’ actual recycling 

behaviour has been positively affected.   

All these conclusions suggest that the mobile phone is 

potentially a good platform not only for learning 

about recycling but also persuading people to change 

their behaviour, and that AR mobile phone 

applications is probably likely to be more positively 

received, particularly from a fun point of view. 

However, more experiments should be carried out in 

order to determine, first, if AR gaming is preferred to 

simple mobile games for edutainment in general; 

second, if educational games help children change 

their attitude towards recycling; third, if games are 

preferable to other forms of media, e.g. TV, etc. 

The games and the trial can be improved in several 

ways. The games could incorporate more rubbish 

types apart from those already included, and more 

questions relating to these types of residues. The trial 

could also be improved by controlling the way in 

which the games are played. It would be useful to 

conduct a trial where all players start with the 

BasicGreenet and then graduate to the ARGreenet 

and then conduct another trial where only the 

ARGreenet game is used and compare the responses 

to questionnaires. A more extensive final 

questionnaire could be used to enable improved 

comparison between the two games. The trial could 

also be improved, especially, in the influence of 

learning of both games, including the related question 

after using both games. In order to evaluate the 

acquired knowledge of players, a final examination 

could also be included. It would also be possible to 

use another learning practice in which the knowledge 

would be presented in-game and let children learn 

through their engagement, e.g. an adventure game. 
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ABSTRACT

A new approach to automatically segment the solar coronal loop structures from intensity images of the Sun’s corona is de-
scribed. The approach is based on the active contour models (snakes) and exploits the Gaussian-like shape of the coronal
loop cross-sectional intensity profile to refine the snake’s position. The approach utilizes the principal component analysis to
automatically initialize the snake’s position. It then uses a greedy minimization method to attract the snake toward the center
of coronal loop structures in each image. Its effectiveness is evaluated through experiments on synthetic and real images.

Keywords: Active contours, Solar coronal loops segmentation, Image processing

1 INTRODUCTION

Automated feature segmentation techniques have
been used and studied widely in many applications
(e.g., iris recognition [Teo05], fingerprint recogni-
tion [Pan01, Mag09], face recognition [Wis97, Kuk04],
remote sensing [Cao09], etc.). Automated segmenta-
tion techniques can aid understanding of the feature
characteristics. In this paper, we consider the problem
of automatically segmenting the coronal loop structures
from solar imagery.

The corona is the outermost layer of the Sun’s at-
mosphere. Many solar scientists study the corona to
gain insight of the solar activities (e.g., solar storms)
that impact our geo-space environment. One common
way to study the corona is via observation of the loop
structures in the corona. These loop structures are the
traces of the solar magnetic field that ultimately drives
the Sun’s dynamic activities [Lee06]. The typical way
solar scientists observe the coronal loop structures is
by considering them in solar imagery collected by a
satellite. One preferred source of coronal images is
NASA’s TRACE satellite [Sch99]. (Details of TRACE
image acquisition process are also explained in [Sch99]
and omitted here.) A sample TRACE coronal image is
shown in Figure 1 (a). In the figure, the bright arching
structures are the coronal loops.

Automatic segmentation of the coronal loop struc-
tures is challenging as the structures have complex
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(a)

(b)

Figure 1: (a) TRACE coronal image and (b) Pre-
processed image

shapes and very blurry boundaries. Moreover, they tend
to appear very close to each other or even overlap each
other in the image. In addition, image noises and other
non-loop features (e.g., sponge-like wide white spots)
are present on the coronal images.

In this paper, we present a new method, based
on active contour models (i.e., also known as
snakes) [Kas87], to fully-automatically segment the
coronal loop structures from the TRACE images. The
method uses the principal component analysis-based
loop direction measures to initialize the snake posi-
tion. It also exploits the shape of the coronal loop’s
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cross-sectional intensity profile to refine a greedy
algorithm-based snake.

The paper is organized as follows. Section 2 dis-
cusses related work. In Section 3, the new snake-based
approach for segmenting solar coronal loop structure
is described. The experimental results of applying the
new approach to synthetic and real coronal images are
presented in Section 4. Section 5 concludes this paper.

2 RELATED WORK
In this section, the snake that our approach is based on
and the prior efforts on automated coronal loop segmen-
tation are discussed.

Kass et al. [Kas87] have introduced the snake as an
energy minimizing contour that is represented paramet-
rically asvi(s) = (xi(s),yi(s)), where(xi ,yi) is the ith

point position along the contour. An energy function is
associated with the snake. Snake finds an image fea-
ture of interest (e.g., lines or edges) by minimizing its
energy function. Snake’s energy function (Esnake) is de-
fined as the sum of internal energy term (Eint) and exter-
nal energy term (Eext) of each snake point and is defined
as

Esnake=

1
∫

0

Eint(v(s))+Eext(v(s))ds, (1)

whereEext is the sum of image energy (Eimg) and exter-
nal constraint energy (Econ). Eint can be defined as

Eint =
α(s)|vs(s)|2+β (s)|vss(s)|2

2
, (2)

whereα(s) is the weight of the first-order term (i.e.,
vs(s)) andβ (s) is the weight of the second-order term
(i.e., vss(s)). vs(s) and vss(s) terms prevent gaps and
sharp corners.Eimg can be expressed as a weighted
combination of the line energy (Eline), the edge energy
(Eedge), and the termination energy (Eterm). Eline can
force the snake to move toward high intensity points.
Eedge can force the snake to move toward the image
points with large image gradient.Eterm can force the
snake to move toward the end points of lines or edges.
Econ can be defined asEcon = −k(x1 − x2)

2
, wherek

is the spring constant,x1 is a snake point, andx2 is an
image point.

Kass et al. [Kas87] have minimized the snake energy
function iteratively using Euler equations expressed in a
sparse matrix form. However, using their minimization
method, some snake points tend to congregate in certain
image points and the process can be unstable. Amini
et al. [Ami90] have proposed a dynamic programming-
based minimization process that can avoid some of
Kass et al. [Kas87]’s problems. However, the dy-
namic programming-based snake approach can be slow.
Williams and Shah [Wil92] have proposed a greedy al-
gorithm for the snake’s energy minimization which is

more than an order of magnitude faster than the dy-
namic programming-based approach. In addition, it
tends to be more stable. Here, we note that our new
snake-based approach also uses the greedy algorithm-
based approach.

Next, the prior works on automated coronal loop seg-
mentation are discussed.

Oriented Connectivity Method(OCM) by Lee
et al. [Lee06] is the first automated coronal loop
segmentation method. OCM is a constructive edge
linkage method that utilizes a simplified solar magnetic
field estimate to guide the loop segmentation process.
In particular, the magnetic field estimate is used to
progressively link neighboring loop points together that
have orientations that are consistent with the magnetic
field’s orientation.

Lee et al. [Lee06b] have also introduced another au-
tomated coronal loop segmentation method called the
Dynamic Aperture-based Method(DAM). DAM seg-
ments coronal loops by exploiting the Gaussian-like
shape of loop cross-sectional intensity profiles [Car03].
Specifically, DAM links the image points that have sim-
ilar Gaussian shape parameters (as determined by a
ruled Gaussian surface fitting on image points) and have
similar loop orientation (as determined by the principal
component analysis (PCA) [Dud00]).

Smith [Smi05] has adapted theUnbiased Detection
Method(UDM) by Steger [Ste98] for coronal loop seg-
mentation. UDM segments curvi-linear structures with
different lateral contrast by taking account the geome-
try of the structure surroundings. It utilizes the second
derivatives of image intensities in the direction perpen-
dicular to the structure to find the centroid position of a
curvi-linear structure.

Sellah and Nasraoui [Sel08] have utilized a type
of randomized Hough Transform calledIncremental
Random Hough Transform(I-RHT) to detect coronal
loop structures. (Randomized Hough Transform
(RHT) [Kul90] is a fast Hough Transform approach
that alleviates some of the expensive computational
requirements of the standard Hough Transform
(HT) [Hou62].) I-RHT detects a coronal loop structure
by using a stream clustering algorithm to continuously
update and extract the maximum bin of the HT ac-
cumulator in an incremental fashion. However, their
approach was limited to detection of only one elliptical
coronal loop structure.

Recently, Aschwanden [Asc10] has introduced a
coronal loop tracing technique calledOriented Coronal
CUrved Loop Tracing(OCCULT), which is based
on his earlier method [Asc08]. OCCULT utilizes
the local loop directivity and the curvature radius
constraints in coronal loop tracing. In particular, the
curvature radius constraint enables better loop tracing
by providing estimates of loop direction range based
on previously-traced loop segment.
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Other coronal loop segmentation works in-
clude the solar loop mining system by Durak et
al. [Dur09, Dur10]. Their system includes a block-
by-block loop detection processing to retrieve images
with coronal loops from large number image datasets.
Another recent coronal loop segmentation method
is McAteer et al.’s2D Wavelet-Transform Modulus
Maxima Method[McA10]. Their method uses the
derivative of a 2D Wavelet-based smoothing func-
tion as an edge detector in segmenting coronal loop
structures.

3 NEW APPROACH
Next, the new snake-based approach for automated seg-
mentation of coronal loop structure is introduced.

The approach introduced in this paper exploits the
Gaussian-shape of the coronal loop’s cross-sectional in-
tensity profile in its snake minimization process. In
particular, the new energy terms based on this inten-
sity profile property are considered to enable the snake
to more-accurately lock on the coronal loop structures.
We will call this new snake theGaussian-snake(G-
snake) in this paper. In our approach, a G-snake is po-
sitioned on a part of a coronal loop structure initially
and “grows” along the coronal loop structure until the
entire loop structure is segmented. Then, this process is
repeated until all the coronal loop structures are consid-
ered.

Next, the details of the new approach including the
pre-processing steps to “clean” the image and the ini-
tialization and minimization of the G-snake are dis-
cussed.

3.1 Pre-processing Steps
In our approach, a series of pre-processing steps are ap-
plied to the coronal image to remove image noise (e.g.,
impulse noise) and to enhance the contrast between the
coronal loops and the background; thus, these steps pro-
vide images that are well-suited for the G-snake to seg-
ment the coronal loops accurately.

To remove impulse noise, 3×3 median filtering and
3× 3 low-pass filtering are applied. Then, to sharpen
the loop structures, a 3×3 unsharp masking is applied.
(Unsharp masking subtracts a blurred version of an im-
age from the image itself to reduce image intensity
by a local background defined by the smoothing pro-
cess [Gon02].) We note that the pre-processing steps
used here were empirically determined and are simi-
lar to the ones used in [Lee06, Lee06b, Asc10]. Fig-
ure 1 (b) shows the pre-processed image of the coronal
image shown in Figure 1 (a). As shown in the figure, the
pre-processed image contains less noise and the coronal
loop structures are much more distinguishable.

3.2 G-snake Initialization
The first step of the G-snake approach is to position a G-
snake on a coronal loop structure automatically. (Here,

(a)

(b)

Figure 2: Directionality of a loop point (center point of
the box) determined by PCA

we note that automated initialization of snake position
is a very challenging task for any type of snake-based
approaches.)

In our approach, a set of initial snake points are po-
sitioned on the image region where the points in the
region have very similar angular directions (since the
nearby points on the same coronal loop have similar
angular directions). In this paper, we denote the angu-
lar direction of a point as thedirectionalityof the point
and defined as the angular direction of high-intensity
point variation in a small image region around the point.
The directionality is measured using the principal com-
ponent analysis (PCA) as the arctangent of the maxi-
mum eigenvector’s components. (Here, we note that
we empirically determined that 11× 11 image region
is suitable image size to compute the directionality of
a point.) Figure 2 shows an example of directionality
of a loop point determined using PCA. The direction-
ality of the loop point (i.e., the center point of the red
box shown in Figure 2 (a)) determined using PCA is
marked as a red arrow in Figure 2 (b). As shown in the
figure, PCA determines the loop direction accurately.
(We note that this directionality measure has previously
been used in [Lee06b].)

Using the directionality measures, we search forN1×
N2 rectangular image regions where the directionali-
ties of the points in the region are very similar. (We
usedN1 = 10 andN2 = 3 for the G-snake.) Specifi-
cally, we place a rectangular box on the image where
the longer side of the box is parallel to the x-axis of
the image. Then, we rotate the rectangular box with
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(b) Step 2 (c) Step 3 (d) Step 5

(a) Initial G-Snake (e) Step 10 (f) Step 15 (g) Step 20 (k) Final G-Snake

(h) Step 30 (i) Step 40 (j) Step 50

Figure 3: Illustration of G-Snake minimization

respect to the region center point’s directionality and
determine the divergence of the directionalities for the
points in the rotated rectangular box. If the direction-
ality divergence of the rectangular box is smaller than
a threshold value, three equally-spaced G-snake points
are positioned along the center of the rectangular image
region. We empirically determined that three equally-
spaced points are a good set of initial G-snake points
as they are positioned closely such that they are always
on the same coronal loop structure. An example of G-
snake initialization is shown in Figure 3 (a). In the fig-
ure, three G-snake points (shown in red) are positioned
on a synthetic loop structure successfully.

3.3 G-snake Energy Minimization
For each initial G-snake points, the G-snake energy
function is minimized to segment the coronal loop
structure.

Our G-snake uses the greedy-based algorithm in its
minimization process. In the greedy-based algorithm, a
G-snake is defined as a set ofN points and each point is
moved to a new position of the local minimum (which
leads to the global minimization).

The energy function used in the G-snake are

EG−snake= ∑N
i=1 (aiEcont+biEcurv

+ciEgrow+diEimg (3)

+eiEgauss+ fiEdirec),

whereai , bi , ci , di , ei , and fi are the energy weights
(0≤ ai ,bi ,ci ,di ,ei , fi ≤ 1) andEcont, Ecurv, Egrow, Eimg,

Egauss, andEdirec are the continuity energy, the curva-
ture energy, the growth energy, the image energy, the
Gaussian energy, and the directionality energy, respec-
tively. (For the segmentation results shown in Section 4,
an equal weight of 1 is used for all the energies.)

Econt forces the distance between adjacent points to
be maintained at an equal distance.Econt is defined as

Econt = (d−‖vi −vi−1‖)
2
, (4)

whered is the average Euclidean distance between all
adjacent G-snake points.

Ecurv forces the snake to be smooth and avoid oscil-
lations.Ecurv is defined as

Ecurv = ‖(vi+1−vi)− (vi −vi−1)‖
2
. (5)

Egrow is a new energy that forces the G-snake to grow
along a coronal loop. To prevent “over-growing",Egrow

is considered only for the first and last G-snake points
(i.e.,ci = 0 for all i 6= 1 andN). Egrow is defined as

Egrow =−‖vi −vi−1‖
2
. (6)

Eimg forces the G-snake points to move toward points
with high intensity values.Eimg is defined as

Eimg =−I(x, y), (7)

whereI(x, y) is the intensity value at a point(x, y).
While Eimg attracts the G-snake points to points on

the coronal loop structures (as the coronal loop appear
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very bright in the image), it can also move the G-snake
toward noise pixels with high intensity. To prevent this
effect, new energies,EgaussandEdirec, are used in G-
snake.

Egaussforces the G-snake to move toward the points
whose intensity profile along the direction that is per-
pendicular to the loop direction is well-fitted by a Gaus-
sian curve. (As mentioned in Section 2, the cross-
section intensity profile of a coronal loop exhibits a
Gaussian-shape.)Egaussis defined as

Egauss=−G(A,B), (8)

whereA is the height (i.e., peak intensity) andB is the
center (i.e., horizontal position of peak) of the Gaussian
that has been fitted using the intensity profile along the
direction that is perpendicular to the loop direction.G
is defined as

G(A,B) =

{

0, if poor Gaussian fit
|B−Cp|, otherwise,

(9)

whereCp is the center of the profile. We define apoor
Gaussian fitcase as a case whenA is negative or too
large or when the sum of squared Gaussian fitting error
is too large. We have used the Levenberg-Marquardt al-
gorithm [Lev44, Mar63] for the Gaussian curve fitting.
(We note that we empirically determined that using 10
image points produces reasonable fitting results for the
TRACE images).

Edirec forces the G-snake to move toward the points
whose directionality is consistent with nearby loop
points’ directionalities. Edirec constraints the snake
points to stay on one loop structure– it prevents a snake
point to move toward other nearby loops.Edirec is
defined as

Edirec =
Na

∑
i=1

Nb

∑
j=1

|di j −µ |, (10)

wheredi j denotes the directionality of a point at (i, j)
andµ denotes the mean directionality in aNa×Nb im-
age region.

EG−snake is minimized iteratively until the G-snake
becomesstable. We define astableG-snake as a G-
snake whose the number of points moving to new posi-
tion is zero or the number of times points oscillating the
same points is more than a pre-defined threshold value.

Here, we note that using only three initial G-snake
points is often not enough to segment a (long) coronal
loop structure. Thus, in our approach, an intermedi-
ate point is added to each G-snake when the distance
between two adjacent G-snake points is greater than a
pre-defined threshold (e.g., 10 in pixels).

Figure 3 shows an example of G-snake minimization
process for a synthetic loop. As shown in the figure,
the G-snake grew toward the ends of the loop and seg-
mented the loop successfully. (Here, we note that the
snake without the new energy terms can not segment the

(a)

(b)

Figure 4: (a) Synthetic image and (b) Segmented loops

loop correctly; the new energy terms introduced here
enable segmentation of loop structures that exhibit the
Gaussian-shaped cross-sectional intensity profile.)

4 EXPERIMENTAL RESULTS
We have applied our new method to synthetic and real
coronal images. In this paper, we report segmenta-
tion results for ten synthetic and five real images. We
have used a similar scheme used in [Lee06] to gener-
ate the synthetic coronal images. Specifically, a simple
magnetic field model is used to create “loop lines" on
1024×1024 images and these loop lines simulated to
follow Gaussian-shaped cross-sectional intensity pro-
files. In addition, normal-distributed random image
noise is added to simulate real coronal image noise. The

Table 1: GPE measures on synthetic images
Datasets Max. Min. Mean Std. dev.
Syn. 1 18.44 0.00 0.32 1.05
Syn. 2 11.18 0.00 0.30 0.76
Syn. 3 7.07 0.00 0.57 1.01
Syn. 4 3.00 0.00 0.27 0.46
Syn. 5 6.74 0.00 0.35 0.59
Syn. 6 24.17 0.00 0.45 1.00
Syn. 7 12.81 0.00 0.33 0.60
Syn. 8 2.24 0.00 0.28 0.46
Syn. 9 4.00 0.00 0.29 0.48
Syn. 10 2.83 0.00 0.34 0.49
Average 9.24 0.00 0.35 0.69
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(a) Manual (b) OCM (c) DAM (d) G-snake

(e) Manual (f) OCM (g) DAM (h) G-snake

(i) Manual (j) OCM (k) DAM (l) G-snake

Figure 5: Coronal loop segmentation on real images (OCM and DAM results are borrowed from [Lee06, Lee06b])

size of the tested real images was 1024×1024. (Here,
we note that different set of G-snake’s parameters might
be needed for non-TRACE coronal images.) To eval-
uate the effectiveness of G-snake, we have measured
the four metrics (i.e., maximum, minimum, mean, and
standard deviation) of the global positional error (GPE).
GPE is defined as the global estimation of the short-
est Euclidean distance difference between the real loops
and the segmented loops [Lee06].

Figure 4 shows the G-snake segmentation result for
one synthetic image. As shown in the figure, G-snake
well-segmented the loop structures.

Table 1 shows the four metrics of GPE measures for
the ten synthetic images we tested. For these synthetic
images, the average of the mean GPE was only 0.35 (in
pixels).

For the real coronal image testings, we have used
the manual segmentation as the gold standard (since
the actual loop positions were unknown). In addition,
we have compared the G-snake’s results with the OCM
and DAM results. Figure 5 shows the segmentation re-
sults on three real coronal images. In the figure, the
manually-segmented loops are overlaid with red curves
(in the sub-figures (a), (e), (i)) and the automatically-
segmented loops are overlaid with orange curves. Sub-

figures (b), (f), and (j) show the OCM results, Sub-
figures (c), (g), and (k) show the DAM results, and
Sub-figures (d), (h), and (l) show the G-snake results.
As shown in the figure, the G-snake seems to produce
the best coronal loop segmentation results; the G-snake
segmented many of the loops that were not segmented
by OCM and DAM.

Table 2 shows the four metrics of GPE measures for
OCM, DAM, and G-snake on real coronal images. We
have chosen these five images for our testing as they
have been used by others. As shown in the table, G-
snake produced the minimum mean GPE measures for
all images. The overall average of the mean GPE for
G-snake was less than 1 pixel. (In some cases, the max-
imum and standard deviation GPE measures of G-snake
were slightly higher than that of DAM.)

5 CONCLUSION
In this paper, the G-snake for automated coronal loop
segmentation was described. The approach is the first
method that utilizes a snake in coronal loop segmenta-
tion. It uses new energies (i.e.,Egrow, Egauss, andEdirec)
in the snake’s minimization process to enable accurate
coronal loop segmentation. Through evaluation of the
technique, we have shown that the G-snake can provide
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Table 2: GPE measures for OCM, DAM, and G-snake
on real coronal images

Datasets Max. Min. Mean Std. dev.
Real 1 34.79 0.00 2.19 3.21
Real 2 17.03 0.00 1.93 1.78
Real 3 47.41 0.00 2.82 4.71
Real 4 37.54 0.00 3.00 4.60
Real 5 57.01 0.00 3.11 5.94
Average 38.76 0.00 2.61 4.05

(a) OCM

Datasets Max. Min. Mean Std. dev.
Real 1 19.00 0.00 1.73 1.79
Real 2 11.18 0.00 1.67 1.39
Real 3 12.00 0.00 1.41 1.60
Real 4 36.35 0.00 2.36 3.64
Real 5 16.97 0.00 1.56 1.80
Average 19.10 0.00 1.75 2.04

(b) DAM

Datasets Max. Min. Mean Std. dev.
Real 1 24.19 0.00 0.85 1.39
Real 2 28.79 0.00 1.10 1.76
Real 3 13.60 0.00 0.78 1.05
Real 4 20.62 0.00 1.03 1.83
Real 5 27.20 0.00 1.07 1.75
Average 22.88 0.00 0.97 1.56

(c) G-Snake

consistent and accurate segmentation results of coronal
loop structures.

In the future, we plan to perform further effective-
ness comparisons with other coronal loop segmentation
results (e.g., [Asc10]). In addition, we plan to adopt
the G-snake-based coronal loop segmentation to other
solar studies, such as solar magnetic field parameter re-
covery [Lee09]. We also hope to apply the G-snake
to other scientifically-interesting structures that follows
similar characteristics (i.e., G-snake may be adopted to
segment other image structures that follow a different
cross-sectional intensity profiles).
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ABSTRACT

This paper proposes a simple and efficient method for segmenting multi-material volumes. Unlike standard image segmentation
techniques, this approach aims to extract accurate isosurfaces representing the boundary surfaces between different materials.
The segmented volumes obtained in this way meet the requirements of the topological correctness and geometrical accuracy
for isosurfacing. The approach involves three steps: first, voxels far from the boundary surfaces are labeled; then, the labels are
propagated with overlapping to ascertain which materials meet near the boundary surfaces; finally, an appropriate material is
selected from among the multiple labels assigned to a voxel with adaptive thresholding. Since the method consists of iterative
local operations, it is easy to parallelize for fast computation. The efficiency of the technique is demonstrated here using CT
scanned objects for complex shapes.

Keywords:

Volume segmentation, multi-material, adaptive thresholding, isosurface extraction.

1 INTRODUCTION
3D images (referred to here as volumes) consisting of
scalar fields sampled on a regular grid are obtained as
the output of CT/MRI scanning. Due to technologi-
cal advances in scanning, volume data is widely used
for many applications including medical imaging, com-
puter graphics and industrial applications. In this re-
search, we considered the problem of accurately ex-
tracting the boundary surfaces of CT scanned objects.
This issue was mainly focused on industrial applica-
tions in which the required level of accuracy is too high
for the voxel size.

Image segmentation methods are generally used to
extract the boundary surfaces. So far, many segmenta-
tion approaches have been developed [1, 19, 4, 5, 6]
(see also references therein). However, these tech-
niques produce only the boundary surfaces with a level
of voxel-size accuracy that is too rough for use in indus-
trial applications. As a result, standard segmentation
techniques are not suitable for solving our problem.

Another conventional method for extracting bound-
ary surfaces is isosurface extraction [12, 3, 10]. In

Permission to make digital or hard copies of all or part of
this work for personal or classroom use is granted without
fee provided that copies are not made or distributed for profit
or commercial advantage and that copies bear this notice and
the full citation on the first page. To copy otherwise, or re-
publish, to post on servers or to redistribute to lists, requires
prior specific permission and/or a fee.

Figure 1: Segmentation results of a multi-material 2D
image. The input CT image (top) is segmented (middle)
with setting threshold values (bottom). Left: two iter-
ations of thresholding with globally constants. Right:
adaptive thresholding proposed in this paper.

isosurfacing, a threshold value is specified as an iso-
value, and a polygon mesh approximating the isosur-
face is then generated. Since the positions of the mesh
vertices are computed with continuous interpolation of
scalar values at grid points, sub-voxel accuracy can
be achieved. This simple method is successfully used
when the scanned object consists of a single material
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Figure 2: Geometrical accuracy of segmentation results
for isosurfacing. Left: in the case the segmentation
does not contradict the iso-contour (blue curve), a good
polygonal approximation (black polyline) is obtained
by a grid-based polygonization. Right: if the segmenta-
tion contradicts the iso-contour at the voxels indicated
by the red circles, a poor approximation is obtained.

to segment the volume into its background (air) and the
object itself.

Let us consider a case in which the scanned object
consists of multi-materials (see Fig. 1 for an example).
In such a case, one might consider simply performing
two iterations of isosurfacing with setting globally con-
stant isovalues, but this solution leads to a misclassifi-
cation around material M3 (shown in white). This prob-
lem is caused by blurring effects common in CT im-
ages, which means there are intermediate values corre-
sponding to material M2 between materials M1 (black)
and M3 (white).

To extract accurate boundary surfaces from a multi-
material volume, we purpose to develop volume seg-
mentation that satisfies the following two criteria:

• Topological correctness

• Geometrical accuracy for isosurfacing

In order to satisfy the second criterion, the boundary
surfaces of the segmented volume should not contradict
the isosurfaces, as shown in Fig. 2. Further, the isosur-
faces are defined by isovalues depending on the materi-
als meeting at the boundaries. For example, the bound-
ary of material M3 in Fig.1 is defined by two isovalues
iso(M1,M3) and iso(M2,M3) which are adaptively se-
lected according to the materials meeting at the bound-
ary.

In this paper, we describe a simple method for seg-
menting a volume using label propagation. The impor-
tant point here is that the propagation generates over-
lapped labeling, which means multiple labels are as-
signed to each voxel. Since the multiple labels tell us
which materials may be present at the voxel, the isoval-
ues to be used for adaptive thresholding can be calcu-
lated from these labels.

Fig. 3 demonstrates the effectiveness of our method.
The isosurfaces with incorrect topology are obtained
by two iterations of isosurfacing with globally constant
isovalues. In contrast, we can extract the topologically
correct isosurface via our volume segmentation.

Figure 3: Polygon meshes approximating the isosur-
faces of a multi-material volume using two iterations of
isosurfacing with globally constant isovalues (left), and
isosurfacing with adaptively selected isovalues (right).

This paper is organized as follows. We mention the
related work to our method in Section 2. Section 3 de-
scribes the multi-material segmentation algorithm, and
Section 4 outlines the results, details related limitations
and future work.

2 RELATED WORK
Active contours

To extract edges on a noisy image, the active contour
model [9] is often used. Using a closed curve as an ac-
tive contour, the input image is segmented into the fore-
ground and the background. Since polyline or spline is
used for the evolution of a boundary curve, we can ob-
tain the boundary curve with sub-pixel accuracy. It is
possible to extract the boundary surface in a volume by
extending polylines to polygon meshes [20]. Level-set
formulations for active contours [15, 13] are also use-
ful to extract topologically complicated boundaries. For
extracting the boundaries of multi-material objects, we
can use multiphase level-set functions [21].

The active contour models are effective to extract
smooth boundaries in noisy volumes, for example, med-
ical imaging. In industrial applications focused in this
paper, input CT volumes are more clear and less noisy
because they are measured with more radiation expo-
sure of X-rays. Basically, it is possible to adapt the ac-
tive contours to our problem, but it is not an appropriate
choice for solving the problem in terms of its computa-
tional cost and accuracy. The surface evolution with
minimizing an objective function is a time-consuming
task, and a smoothness term in the objective function
prevents the surfaces from fitting the accurate isosur-
faces. Our method is specialized for fast extraction of
the accurate boundaries of multi-material objects in a
clear CT volume.
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(a) (b) (c) (d)

Figure 4: Algorithm overview. (a) A cross-section of an artificial volume. (b) Labeling of the voxels far from the
boundary. (c) Overlapped labeling with the label propagation. (d) Labels decided by the adaptive thresholding.

Polygonization of multi-material objects

Volume segmentation is regarded as a pre-processing of
polygonizing multi-material objects, that means poly-
gonizers require the segmented volume (identified ma-
terials) as input data in order to find the boundaries. So
far, several types of polygonizers have been proposed:
extensions of Marching Cubes [22, 7], dual of March-
ing Cubes [8, 14] and an accurate method for voxels
equipped with volume of fractions [2].

Volume segmentation for isosurfacing

Most closely related works are the volume segmenta-
tion algorithms proposed in [17, 18]. These segmenta-
tion algorithms are also purposed for accurate isosur-
facing. In [17], binary partitioning using Graph-cut [4]
are repeated after setting the seed regions obtained with
region-growing [1]. In [18], a voxel-based active con-
tour model is introduced. Both of the methods give us
highly accurate and topologically correct segmentation
results.

Comparing with the previous methods, our method
can be parallelized easily because label propagation is
performed as a local iterative operation. It is more ef-
ficient than the graph-cut or active contour based algo-
rithms while offering a similar quality of results.

3 MULTI-MATERIAL SEGMENTA-
TION ALGORITHM

Here we introduce an efficient algorithm for multi-
material segmentation of volumes. We denote the in-
put volume as V , which is a set of voxels {v j}. A gray
value denoted by gj is assigned to voxel v j. Given num-
ber of the materials n, the output is a segmented volume
S, which is a set of material ID s {s j} each representing
the material ID s j ∈ {1, · · · ,n} of voxel v j.

As shown in Fig. 4, the algorithm consists of several
steps, which are briefly described below.

1. Voxels far from the boundary surfaces are labeled
with thresholding of the gray values and their gradi-
ents . (Fig. 4 (b))

2. Labels near the boundary surfaces are propagated
with overlapping to ascertain which materials meet
at the boundaries. (Fig. 4 (c))

3. The appropriate label is selected as the material ID
among the multiple labels assigned to a voxel with
adaptive thresholding. (Fig. 4 (d))

The rest of this section explains the details of the above
steps.

3.1 Labeling apparent regions
With thresholding, we first label the regions in which
a material is apparently present. This section first ex-
plains how the threshold values are computed semi-
automatically, and then describes the method of label-
ing voxels according to the gray values of the volume.

Semi-automatic computation of threshold values

We compute threshold values using k-means clustering
on the gray values [11]. The computation is started by
setting the initial threshold values {Ti} (i = 1, · · · ,n−1)
given by the user. The threshold Ti is given as the user’s
guess for the isovalue iso(Mi,Mi+1). We also assume
that the values are enumerated in the ascending order
as T1 < T2 < · · ·< Tn−1.

The following steps are then iterated to optimize the
threshold values.

1. Define sets of voxels {Gi} (i = 1,2, · · · ,n) as

Gi =

⎧⎨
⎩
{v j| g j ≤ T1} if i = 1
{v j| Ti−1 < g j ≤ Ti} if 1 < i < n
{v j| Tn−1 < g j} if i = n.

2. For each Gi, calculate the average value mi and the
standard deviation σi of the gray values {g j}.

3. Update the threshold as Ti = (mi +mi+1)/2.

4. Go back to Step 1 if the new thresholds are far from
the old ones.

According to our experiments, the above iterative pro-
cess quickly converges within ten iterations. We use a
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Figure 5: Setting threshold ranges {Ri} for three mate-
rials on the histogram.

histogram of the gray values to accelerate the computa-
tion of the average value and the standard deviation via
integrating the gray values in Gi.

We then define a set of ranges {Ri} referred to as the
threshold range, as shown in Fig. 5.

Ri =

⎧⎪⎪⎨
⎪⎪⎩

[gmin,T1) if i = 1
[max(Ti−1,mi−σi),

min(Ti,mi +σi)) if 1 < i < n
[Tn−1,gmax] if i = n,

where gmin and gmax are the minimum and maximum of
the whole gray values, respectively.

The average value mi corresponds to the representa-
tive values of the material Mi. Using the values {mi},
we compute the isovalues which consists of a full sym-
metric matrix. The (α,β )-th element of the matrix cor-
responds to the isovalue iso(Mα ,Mβ ). More details are
described in Section 3.3.

For volumes obtained with well-analyzed CT scan-
ning systems, the representative values of known ma-
terials are sometimes given. In such a case, the ranges
{Ri} are computed with fixing the average values {mi}
as the given representative values.

Labeling with the threshold range

We decide on the label for voxel v j, whose gray value
g j is in the range of Ri and whose gradient magnitude is
low. Let Li be the set of voxels classified as the material
Mi.

Li = {v j| g j ∈ Ri and ‖∇g j‖< ε},
where the gradient ∇g j is computed using 3D Sobel fil-
ter, and ε is a user-specified parameter.

Once the voxels in Li are decided, we eliminate iso-
lated voxels from Li. The elimination rule is formulated
as

Li← Li \{v j| Nj ∩Li = /0},
where Nj represents 6-connected neighbors of voxel v j.

We also define doubtful voxels D as

D = V \
⋃

Li.

Fig. 6 shows an example of labeling with the threshold
range.

Figure 6: Labeling apparent regions. Left: gray values
{g j}. Right: labeling with the threshold ranges {Ri}.

propagation−−−−−−→
Figure 7: Label propagation with bitwise OR operation.

3.2 Label propagation
To fill out doubtful voxels D, the steps of label propaga-
tion are performed by setting apparently labeled voxels
as seeds. The proposed method involves two propaga-
tions. The first aims to fill voxels without overlapping,
and the second generates multiply labeled voxels while
allowing overlapping of labeled regions.

Before describing the details of theses propagations,
we introduce the data structure for representation of
multiply labeled voxels.

Data structure of labels

To represent sets of labeled voxels {Li} efficiently, we
assign an n-bit sequence f j to voxel v j. The i-th bit

denoted by f (i)
j ∈ {0,1} is defined by

f (i)
j =

{
1 if v j ∈ Li

0 otherwise.

For convenience, we denote the number of “1” in f j by

| f j|= ∑n
i=1 f (i)

j .

Label propagation without overlapping

We propagate label over doubtful voxels D by perform-
ing bitwise OR operation denoted by ∨ on the neigh-
boring labels, as shown in Fig. 7.

f j←
{ ∨

vk∈Nj
fk if | f j|= 0

f j otherwise
(1)

The above updating rule is simultaneously applied to all
voxels in D, and is iterated until there are no voxels with
| f j|= 0. The two images of Fig. 8 show an intermediate
step and the converged result.
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Figure 8: Label propagation without overlapping by
equation (1). Left: the labels after performing a prop-
agation step for the right image in Fig.6. Right: the
converged labels.

Figure 9: Label propagation with overlapping by equa-
tion (2). Left: the labels after performing a propagation
step for the right image in Fig.8. Right: the converged
labels.

Label propagation with overlapping

The second propagation is similar to the first one, and
is as shown below.

f j←
{ ∨

vk∈Nj
fk if | f j|= 1

f j otherwise
(2)

The above propagation does not change the labels at the
regions in D each of which is surrounded by a single la-
bel. Except in such regions, the iteration will converge
when voxels in D are given at least two labels. The two
images of Fig. 9 show an intermediate step and the con-
verged result.

3.3 Adaptive thresholding
The final result of volume segmentation is obtained by
selecting one label at multiply labeled voxels. The se-
lected label at voxel v j is set as a material ID s j in the
segmented volume S. The left image of Fig. 10 shows
the segmentation result of the input shown in Fig.6.

Our segmentation is aimed at extracting the bound-
ary surface as an isosurface. Accordingly, the isovalue
iso(Mα ,Mβ ) should be between the two gray values at
the neighboring voxels segmented as materials Mα and
Mβ . As proposed in [17], the isovalue is calculated by

iso(Mα ,Mβ ) = (mα +mβ )/2.

Thresholding doubly labeled voxels

Before considering the thresholding of multiply labeled
voxels in general, we explain a simple case involving
the thresholding of a doubly labeled voxel v j with | f j|=

Figure 10: Adaptive thresholding. Left: the selected
labels on the right image of Fig.9 with adaptive thresh-
olding. Right: the extracted iso-contours using the seg-
mentation result.

Figure 11: Ranges {Uik}.

2. Let i1, i2 (i1 < i2) be two material indices such as

f (i1)
j = 1, f (i2)

j = 1, and all other bits cleaned.
In this case, voxel v j is classified by comparing its

gray value g j and the isovalue iso(Mi1 ,Mi2). The mate-
rial ID s j is decided by the following rule.

s j =
{

i1 if g j < iso(Mi1 ,Mi2)
i2 if g j ≥ iso(Mi1 ,Mi2)

Thresholding multiply labeled voxels

In the general case of | f j| = K, we divide the whole
range of the gray values [gmin,gmax] into K sub-ranges.
Then, the range containing the gray value gj is found to
decide the material ID s j.

We first prepare the sequence {i1, · · · , iK} satisfying

f (ik)
j = 1 (k = 1, · · · ,K). The following ranges {Uik}

are then created, as shown in Fig. 11.

Uik =

⎧⎨
⎩

[gmin, iso(Mi1 ,Mi2)) if k = 1[
iso(Mik−1 ,Mik), iso(Mik ,Mik+1)

)
if 1 < k < K[

iso(MiK−1 ,MiK ),gmax
]

if i = K

Finally, the material ID s j is set to the index satisfying
the following relationship.

g j ∈Usj

See the appendix for more details on the implementa-
tion of the above procedure.

Isosurface extraction

Given the input volume V and its segmentation S, an
isosurface is polygonized with a grid-based algorithm,
for example Marching Cubes [12]. As shown in the
right image of Fig. 10, we generate mesh vertices which
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A cross-section Constant thresholdings

Overlapped labeling Adaptive thresholding

Figure 12: A segmentation result of the CT volume obtained by scanning blocks consisting of steel, aluminum and
rubber. Left: cross-sections of the volume. Right: polygonized isosurface using our segmentation.

are the intersection points of the grid-edges and the iso-
surface, and the vertices are then connected with poly-
gons in the grid-cells.

If two neighboring voxels denoted by v j and vk are
associated to different material IDs (s j 
= sk), a mesh
vertex is generated on the grid-edge whose end points
are v j and vk. Let p j and pk be the coordinates of the
voxels v j and vk, respectively. The coordinates of the
mesh vertex p are computed using the following linear
interpolation.

p = (wk p j +wj pk)/(wj +wk), (3)

where the weights wj = g j − iso(Msj ,Msk) and wk =
iso(Msj ,Msk)−gk.

If wj ·wk < 0, the isosurface does not intersect to the
grid-edge, that means the material IDs contradict the
isosurface as shown in the right image of Fig. 2. In this
case, the mesh vertex is located at the middle point of
p j and pk. As reported in the next section, this case
happens only less than 10%.

4 RESULTS AND DISCUSSION
Results

Fig. 12, 13 and 14 show the results. The sizes of the
input volumes are summarized in Table 1.

In Fig. 12, the input CT volume consists of 4 mate-
rials: steel, aluminum, rubber and air. The left four
images show cross-sections of the volume. The right
image shows a polygon mesh approximating the isosur-
face in the volume. The isovalues of the isosurface are
adaptively selected in terms of the segmented volume.

Fig. 13 and Fig. 14 show the resulting isosurfaces rep-
resenting engine parts. The input CT volumes consist
of steel, aluminum and air.

Timing and quality

In Table 1, we demonstrate the speed of our segmenta-
tion algorithm. The timing is measured on a desktop

Figure 13: Isosurfaces of the CT scanned engine parts
consisting of steel (pink) and aluminum (green). Left:
the isosurfaces obtained with the globally constant iso-
values. Right: the isosurface obtained with the adaptive
isovalues.

computer equipped with Intel Core i7 4-cores of 2.93
GHz and 16 GB main memory. Since the algorithm can
be parallelized in a straightforward way, the computa-
tional time proportionally improves with increasing the
number of threads.

Table 2 shows the segmentation quality for isosurfac-
ing. For each material ID, a polygon mesh is firstly
generated by Marching Cubes [12] with the same grid-
resolution as that of the input volume V . Then, the qual-
ity is computed as the rate of the mesh vertices which
are successfully located on the isosurface (wj ·wk ≥ 0
in equation (3)). In all results, more than 90% vertices
are generated on the isosurfaces.
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Figure 14: A result of the CT volume segmentation (the
cylinder head of a motor-bike). Top: cross-sections of
the input and segmented volume. Bottom: the isosur-
face obtained with adaptive isovalues.

Table 1: Computational time of volume segmentation.

Name Size #threads Time (sec.)

Blocks 200×160×50 1 0.2082
(Fig. 12) 2 0.1264

4 0.0766
Engine 256×256×256 1 1.7132

(Fig. 13) 2 0.9099
4 0.5408

Cylinder 512×512×178 1 4.6464
(Fig. 14) 2 2.4587

4 1.3674

Table 2: Isosurface quality.

Name Material #vertices Quality (%)

Blocks Air 67 k 96.02
(Fig. 12) Rubber 28 k 91.20

Aluminum 27 k 95.36
Steel 25 k 99.07

Engine Air 314 k 98.98
(Fig. 13) Aluminum 297 k 97.32

Steel 80 k 94.42
Cylinder Air 746 k 99.84
(Fig. 14) Aluminum 714 k 99.81

Steel 209 k 99.92

(a) A cross-section (b) Isosurfaces

(c) Method [17] (d) Our method

Figure 15: A comparison with the method [17] using an
artificial volume.

Comparison

Fig. 15 shows a comparison with the graph-cut based
method [17] using an artificial volume which simulates
a scanning result of a sphere (high gray value) and a
cube (middle gray value). We applied Gaussian convo-
lution to produce blurring effects in CT scanning after
rasterizing the cube and sphere. The variance of the
Gaussian kernel is six voxels. The size of the volume is
288×192×192.

To apply the method [17], we used the public avail-
able software VolCut [16]. Fig. 15(c) and (d) show
cross-sections of the segmentation results. As summa-
rized in Table3, almost the same quality results for iso-
surfacing are obtained by our method and the method
[17].

In order to evaluate the accuracy of the segmenta-
tion, we also counted the misclassified voxels by com-
paring the results and the rasterization of the cube and
sphere. In the result of [17], about twice voxels which
should be classified as the background are misclassified
as the cube. The misclassification is mainly observed
near the contact part of the cube and sphere where the
boundary surface of the background has sharp features.
This problem is caused by the smoothing effects of the
graph-cut.

From the above comparison, we achieve almost the
same level of the quality while the speed is much faster
(more than ten times faster).

Parameter setting

In our segmentation method, the resulting segmenta-
tion depends mainly on the user-specified parameter ε .
Fig. 16 shows a part of the cross-section of the vol-
ume in Fig. 14, and the effects of changing ε . Thin
parts of materials in the CT image do not appear in the
segmented image with too small ε (Fig. 16(b)), while
unnecessary parts appear with too large ε (Fig. 16(d)).
Since an appropriate ε value is not computed with the
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Table 3: Quantitative comparison with the method [17] by using the volume shown in Fig. 15.

Method Time (sec.) Isosurface quality (%) #Misclassified voxels
Single thread Sphere Cube Background Sphere Cube Background

Method [17] 12.0 99.37 97.70 98.92 4,592 5,632 3,584
Our method 0.95 99.46 95.77 97.74 4,516 5,632 1,876

(a) CT image (b) Too small ε

(c) Appropriate ε (d) Too large ε

Figure 16: Effects of the gradient threshold ε .

Figure 17: Two different selections of the initial {Ti}
both of which will converge to Fig. 5.

current method, a number of ε values must be examined
to obtain a segmented image suitable for the user.

In the case representative CT values {mi} are un-
known, the user must guess the initial thresholds {Ti}.
Then, values {mi} are automatically computed through
the iterative process described in Section 3.1. Accord-
ing to our experiments, a rough selection of {Ti} is fine
for computing the appropriate values for {mi}. For ex-
ample, Fig. 17 shows two different selections of {Ti} on
the histogram of gray values, and both of the selections
give the same {mi} (shown in Fig. 5) within ten itera-
tions.

Limitation and future work

Since our fast segmentation algorithm is specialized
for CT volumes used for industrial applications, highly
noisy volumes used for medial imaging might not be

segmented correctly. This problem is a drawback of the
simplicity of the algorithm. We plan to make the algo-
rithm more noise-robust in order to deal with various
kinds of volumes while keeping its high-speed.

Another limitation of our algorithm is that it is diffi-
cult to correctly find thin-structures consisting of a few
voxel thickness (tubes and sheets). The reason of this
problem is that the CT value on such a thin-structure
can not reach to the corresponding representative value
because of blurring effects. According to our experi-
ments, at least four or five voxel thickness is required to
find appropriate seed voxels and doubtful voxels.
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APPENDIX

Algorithm 1 Adaptive-Thresholding
input:
n - the number of materials
f - n bit sequence
g - gray value of a voxel
output:
i - material ID

i← 0
for k = 1→ n do

if f (k) = 1 then
if i = 0 then

i← k
else

iso← (mi +mk)/2
if g < iso then

return i
end if
i← k

end if
end if
k← k +1

end for
return i
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ABSTRACT

Proliferation and advances in digital cameras encourage people to take many photos. However, the number of photos that
people can access is increasing exponentially. Good quality photo selection is becoming burdensome. In this paper, we propose
a novel method to evaluate photo quality considering DoF (Depth of Field) based on a focusing map. The focusing map is a
form of saliency map classified into four levels based on the spatial distribution of Canny edges. We implemented it in a CUDA
environment to improve the speed of focusing map generation. In order to evaluate our method, we tested our feature on the
four classified 206 photos; then, we compare our method to a photo set manually classified by a user. The proposed measure
efficiently assesses the photos with DoF. Especially, the expert group who used DSLR camera agreed that our photo assessment
measure is useful.

Keywords: digital photo, photo assessment, depth of field.

1 INTRODUCTION

Generally, high quality photos satisfy three principles:
1) a clear topic, 2) a focus of attention on the subject,
and 3) the removal of objects that distract attention from
the subject [4]. DSLR camera users control the camera
parameters, for example, aperture and shutter speed, to
take good quality photos. The assessment of these pho-
tos depends on how to arrange and present photo sub-
ject clearly. In the case of DoF photos,it is very easy to
know which object is its subject due to the their out-of-
focussed background region. Therefore, it is important
for DSLR camera users to evaluate DoF features in se-
lecting good quality photos. In this paper, we define
high quality photos as those that have shallow DoF fea-
tures. Figure 1 shows the characteristics of good quality
photo with DoF. The deep DoF photo is insufficient for
a good quality photo, since its topic (the book) in Figure
1 (a) is not presented clearly (The region of the book is
blurred).

Most studies related to good quality photo evaluation
proposed combined measures of contrast, blur, and hue
count to evaluate image degradation caused by noise,
distortion, and compression artifacts. These studies are
efficient in distinguishing defective (i.e. blurred) pho-

Permission to make digital or hard copies of all or part of this
work for personal or classroom use is granted without fee provided
that copies are not made or distributed for profit or commercial
advantage and that copies bear this notice and the full citation on the
first page. To copy otherwise, or republish, to post on servers or to
redistribute to lists, requires prior specific permission and/or a fee.

WSCG 2011 conference proceedings, ISBN 80-903100-7-9
WSCG’2011, January 31 – February 3, 2011
Plzen, Czech Republic.
Copyright UNION Agency – Science Press

(a) (b)

Figure 1: Examples of good quality photos considering dif-
ference in DoF. (a) A deep DoF photo. (b) A shallow DoF
photo.

tos [2, 6]. In contrast to these works, we proposed a
DoF measure based on the focusing map. The focusing
map is a form of saliency map with four classification
levels based on the spatial distribution of Canny edges.
We calculated the total weight of all Canny edge pix-
els allocating four weight values corresponding to the
focusing level.

2 RELATED WORK
Photo assessment studies measure color contrast and
blur caused by camera shaking, overexposure and mis-
configured camera settings. Recent studies deal with
visual features in photography more importantly than
ever before. Ke et al. designs high level image fea-
tures to measure perceptual differences [2], consider-
ing the spatial distribution of edges, color distribution,
hue count, blur and contrast. They combined these fea-
tures using Bayes rules. Datta summarized 56 features
to consider aesthetics in photography [1]. These classi-
fiers are built using support vector machines and clas-
sification trees. That work focuses on the relationship

1
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between emotions that pictures arouse in people, and
their low-level content. Sun et al. proposed the RFA
(Rate of Focused Attention) measurement based on a
saliency map of computational visual attention model
to consider human visual systems for photo assessment
[5]. This model simulates the attention mechanism of a
human visual system, most of which use a saliency map
or a conspicuous map to describe how salient (interest-
ing) a location in the visual field is. All these recent
studies tried to find optimized visual features to mimic
human perception in photo assessment.

Luo et al. designed a composition that depicts the
organization of all graphical elements within a photo
for professional photos [4]. They use a log-likelihood
of derivatives with a blurring kernel of size k × k (1 ≤
k ≤ 50) to extract the subject region and to search the
interest region of photos.

3 DEPTH OF FIELD PHOTO EVALUA-
TION

Figure 2 depicts the framework of our method. It is im-
portant how a human detects a recognizable region in a
photo. We first extract the Canny edge from the blurred
photo to compute the focusing map to achieve this. The
focusing map estimates the visual attention regions of
a photo which consists of four regions. These visual
regions are classified according to the count of Canny
edge pixels in a designated mask. Then, we can calcu-
late the score of the DoF photo comparing all extracted
Canny edge pixels with the focusing map pixels.

Figure 2: Framework of the proposed method.

3.1 Focusing Map Generation

Most studies use a saliency map to estimate the visual
attention region, since it describes how salient a loca-
tion in the image is. We used a similar concept of a
saliency map [5]. However, we divide the photo re-
gions into four classified pixel sets based on their in-
tensity, Rk (k ⊆ {r,o,y,w}, each element depicting red,
orange, yellow and white, respectively). These four lev-
els are determined by the number of Canny edge pixels
in a designated mask, m. Since Canny edge extraction
considers the direction of pixels variation and double
thresholds, human recognizable edges are extracted by
using Canny edge detection algorithm. The description
of the proposed focusing map generation is as follows.
First, we apply the blur (Gaussian Filter) and Canny
edge filter to the original images. This is to find the
recognizable edge pixels. Then, we calculate the fo-
cusing value based on the count of Canny edge pixels
in the designated mask (m) at each pixel. The mask
size is

√

(w+h)/2, where w and h are the photo width
and height, respectively. Third, in order to prevent the
sequential Canny edge pixel counting from left top to
right bottom image, all pixels in the focusing map are
randomly shuffled. Then, they are sorted in the pixel
value of the focusing map order. Finally, the sorted
pixels are separated into four pixel groups (Rr, Ro, Ry,
and Rw) whose sizes are 12.5%, 12.5%, 25%, and 50%,
of the total number of pixels, respectively. These four
pixel groups is determined by a naive experiment to be
able to evaluate DoF photos in our 206 photo sets. This
experiment is to maximize F-score of Section 4 Exper-
iment. Note that each pixel on the image are divided
into four pixel groups in the designated ratios. The role
of these designated pixel subsets is to estimate which
regions are focused in the entire image.

Let us explain an example of focusing map genera-
tion, as shown in Figure 3. We assumed the mask size is
3 × 3. Figure 3 (a) shows the extracted Canny edge pix-
els. We execute the mask operation every photo pixel to
calculate the number of Canny edge pixels in the 3×3
mask. Thus, we can obtain the focusing map, as shown
in Figure 3 (b).

Figure 3: Example of the proposed focusing map.2
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The proposed focusing map is simple to implement.
However, it has many iterative mask operations to scan
all the pixels in a photo. Assume that we have a 1024 ×
768 resolution photo, whose mask size is 100 × 100.
It will need 7,864,320,000 pixel traverse operations
(a time-consuming task). We applied CUDA (Com-
pute Unified Device Architecture) to implement this
procedure to improve the speed of focusing map gen-
eration. This GPU implementation improves system
performance more than approximately 15 ∼ 20 times
compared to CPU implementation. For example, the
CPU implementation took about 33 s on average for
the 1,024 × 768 resolution photos described in Table 1.
With GPU implementation, it took approximately 1.9
sec on average.

3.2 Shallow and Deep Depth of Field Pho-
tos

Most professional photographers intentionally create a
blurred area in the background region with a shallow
DoF [3]. Therefore, a well-taken photo has a high pos-
sibility of having an intensive concentration of edges on
an interesting object or region. We use the Canny edge
detection algorithm to extract the human recognizable
edges. The Canny edge considers the direction of pixel
variation and double thresholds. We extract human rec-
ognizable edges from photos more readily than from
other edge extraction methods. The main idea of our
DoF photo assessment method is how to consider if the
edges extracted from a photo image are in the in-focus
or out-of-focus region. If edge pixels can be obtained
from the in-focus region but no edge pixels can be ob-
tained from the out-of-focus region, simultaneously, the
photo is a shallow DoF photo. Figure 4 shows the pro-

Original Images
False-
positive 
edge pixels

Canny edges over focusing map

The edge weights according to focusing level.

5=
r
w 1=

o
w 1−=

y
w 5−=

w
w

Canny Edge pixels

Figure 4: DoF evaluation example. We compute the num-
ber of the Canny edge pixels in the mask corresponding to the
level of the focusing map. The weight values of the focusing
map, wr, wo, wy, and ww are 5,1,-1,-5, respectively. The nega-
tive weights on the yellow and white regions are false-positive
pixels, since they represent the unfocused region.

cess of the DoF quality evaluation method to consider
an edge distribution that depicts the level of focus. We
compute the number of the Canny edge pixels in the

mask m corresponding to the level of the focusing map.
The weight values for focusing map, wr, wo, wy, and
ww are 5, 1, -1, -5, respectively. Our proposed focusing
value f (p) for each pixel p is defined by :

f (p) = ∑
np∈m

pixels(Canny(np))
|dist(p,np)|

, (1)

where dist(pi, p j) means the Manhattan distance be-
tween two pixels, pi and p j. Canny() depicts the pixel
sets extracted from Canny edge detection algorithm.
Note that we assume the red (Rr) and orange region (Ro)
is in-focus, whilst the other regions are out-of-focus.
The other regions contain information that is less im-
portant than Rr and Ro, since there are less edge pixels.
However, we also need the other regions (Ry, Rw) to de-
termine the false-positive case, as shown in Figure 4.
Finally, we calculate the total score of the edge pixels
according to the level of focus by :

Ed(P) = ∑
p∈P

(wk(p) · f (p))/pixels(ec(P)), (2)

where ec, pixels(I) and wk(p) are the extracted edge
pixels using Canny edge detection, the number of pix-
els stored in region I and the weights according to the
focusing level, respectively. Figure 5 shows the result
of our DoF assessment. You can see that the focused
regions (Rr and Ro) are becoming clustered on the cen-
tral area (near the rabbit objects) from left to right in the
sequence .

4 EXPERIMENTS
We invited twelve digital camera users, divided into two
groups based on their photo taking ability. The begin-
ner group, G1, consists of four camera users who can
take pictures using their compact digital camera con-
trolling the embedded camera modes, for example, M
(Manual), A (auto Aperture), S (auto Shutter speed)
and P (all Programmed) modes. The expert group G2
of six users could control the detailed camera parame-
ters, such as aperture, shutter speed, and ISO. They also
have sufficient experience, shotting pictures using their
DSLR cameras for more than two years.

We collected 206 photos from five categories, as de-
scribed in Table 1. The general photo sets A and B con-
sist of random shots of photos taken, while in motion
(A), and still photos (B). Several experiment condi-
tions were controlled for the experimental photo sets.
We used DSLR cameras, controlling camera parame-
ters, such as aperture and shutter speed, to shoot photo
set C. The camera was shaken when we took photos for
the final photo set, D.

The participants in our user study were asked to con-
struct three photo sets according to the photo quality.
The input photo sets used in this experiment were 30

3
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NarrowDeep DoF

0.42 0.680.650.590.51 0.78

Figure 5: Evaluation results of contrast and DoF features. Experimental photos (C, D, and E in Table 1) for DoF. We took
these photos controlling shutter speed and aperture parameters. The focus regions become clustered on the central object from
left to right.

Purpose
Sets Taken method ♯ of photos(♯ of photos)

General photos A traveling 69
(100) B still shots 31

Experimental C DoF 60
photos (106) D shaking photos 46

Table 1: Input photo sets used in this experiment.

randomly selected from each of the shuffled input photo
sets.

We calculate the average precision, and recall, as de-
scribed in Table 2, to compare our classification result
to those classified manually by the users. Precision and
recall are two widely used metrics for evaluating the
correctness of a pattern recognition algorithm. When
using precision and recall, the set of possible labels for a
given instance is divided into two subsets, one of which
is considered “relevant" for the purposes of the metric.
Recall is then computed as the fraction of correct in-
stances among all instances that actually belong to the
relevant subset, while precision is the fraction of correct
instances among those that the algorithm believes to be-
long to the relevant subset. A measure that combines
precision and recall is the harmonic mean of precision
and recall. Since F-score is the measure recall and pre-
cision are evenly weighted, it means the reliability of
their experiment. The proposed measure efficiently as-
sesses DoF (its precision and recall exceed 0.82). Es-
pecially, the expert group agreed that our photo assess-
ment measure is useful in evaluating the professional
photos. However, since the beginner group, G1, prefers
the high contrast photos, their experiment results (pre-
cision and recall) are somewhat poor (both values are
less than 0.87).

User
eval. precision recall

F-scoreclass avg. std. avg. std.

G1
upper 0.75 0.12 0.88 0.14 0.81
middle 0.77 0.14 0.82 0.07 0.79
lower 0.87 0.07 0.87 0.08 0.87

G2
upper 0.86 0.08 0.85 0.09 0.85
middle 0.85 0.10 0.89 0.07 0.87
lower 0.84 0.06 0.85 0.05 0.84

avg. score 0.82 0.11 0.87 0.10 0.84

Table 2: Photo quality assessment. The photo sets used are
described in Table 1. We investigate precision and recall with
their manual operation outcome to evaluate our metrics.

5 CONCLUSION
In this paper, we proposed a novel method to assess
photo quality based on a focusing map. The focussing
map is a form of a saliency map that is classified by
Canny edge distribution. Its goal is to simulate the at-
tention mechanism of a human visual system. This is
simple to implement. It is implemented in CUDA to de-
crease the time required for image processing for a large
resolution. We also conducted an experiment based on
the precision, recall and F-score, with four photo sets
(206 photos) to compare our performance with a user’s
manual evaluation. The experiment shows the proposed
measure perform well compared to manual user evalu-
ation (The precision and recall exceed 0.8). Especially,
the expert group agreed that our photo assessment met-
rics are useful to evaluate each photo.

In this paper, we considered only one criteria to as-
sess the Depth of Field. However, it is insufficient to as-
sess general photos, since there are many features to be
considered (for example, blur, contrast and exposure).
Measurements developed for other features would need
a combination method for multiple features, for exam-
ple, Ke’s naive Bayes classifier [2]. This method en-

4
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ables various metrics that are dependent on each other.
Therefore, we propose the development of further met-
rics for photo quality evaluation (for example, blur and
contrast) and a combination method to integrate these
metrics naturally. In this paper, we conducted on naive
experiment to find the four classified levels of four fo-
cusing region, Rr, ...,Rw. Although, we deduced it from
a naive experimental result, it is also important to find
the scientific reason of the four classified level ratio.
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ABSTRACT

Animation has evolved over the years – from the early days of 2D animation to the present technology of using GPU-based
shader programs for providing complex, photorealistic lighting. One thing has, however, remained constant – a geometrical
model has been considered essential in computer animation. In this paper, we propose an alternative.
An image-based framework is presented for creating arbitrary motions of an object using only captured images of the object; no
geometry of the object or the environment is provided by the user. Photorealism is an immediate side effect as a consequence.
Specifically we preprocess a set of images of a static object under a set of carefully chosen lighting configurations. Now given
an arbitrary environment in the form of images again, and any arbitrary three-dimensional path that the object is desired to
move, our algorithm creates a motion sequence of the object — realistically composed in the new environment.

Keywords: Animation, image-based rendering, visual hull, image-based relighting, virtual and augmented reality.

1 INTRODUCTION
Traditionally computer-generated animation requires
knowledge of object geometry, reflectance functions,
lighting configurations, and the desired motion se-
quence. All of these are used in conjunction with
computationally intensive global illumination tech-
niques to render each frame of the desired motion. In
this paper, we show there is an alternative. We create
the same animation with no knowledge of the geometry
of the objects from the user, and no surface properties.
Even the environment that the objects are expected to
‘live’ in is provided in the form of images.

1.1 Motivation
Behind the scenes of any computer animated movie, the
“layout crew” choreographs the characters in the set and
uses a virtual camera to create shots. This painstaking
process of changing the lighting, viewpoint, and charac-
ter motion is repeated several times to capture the emo-
tion of each scene. To get an idea of how long it takes
to do such rendering, we quote Pixar who use a Render-
farm where each frame takes about six hours to render.
Pixar claims that some frames have taken as many as
ninety hours [19]. These numbers may represent the
time taken to render a full resolution frame. Nonethe-
less, the time taken for a lower resolution frame is high,
and more significantly, the whole process is laborious.
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• Question: Can we reduce the production time and
resources substantially?
Answer: Yes, discounting the preprocessing time
(which is highly dependent on the number and types
of objects), our unoptimized implementation takes
roughly a minute per frame.

• Question: If we had prior footage of an environ-
ment, can we realistically embed in it a shot, where
a Ferrari is yanked, and hurled into the air ?
Answer: Creating such an animation would require
the use of a Ferrari in a set of a studio (or its
complicated geometric model), but is infeasible due
to commercial production reasons. Our method
achieves similar effects (please see the smaller
Spaceship video in the supplementary material in
which three Spaceships fly in the Uffizi Gallery
[7]).

1.2 Contributions
Clearly it is desirable to be able to quickly create an ani-
mation of an object performing an “impossible” motion
in director-mood dependent environments, edit (camera
position, lighting, and object path), and again quickly
re-render it. An image-based solution is a promising al-
ternative, which would enable the director to create any
desired animation using only a set of captured images of
the object. This paper describes a method that combines
existing techniques to achieve this framework. Specifi-
cally, the novelty in our work is summarized as:

1. Motion: Unlike prior image-based methods, our
static object captured in the studio can move freely
in space at the whims and fancy of the user and live
in any virtual or camera captured real world. The
framework allows any complex motion, and does
not need any object geometry from the user.
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2. Lighting: Since the object is rendered in a novel
environment, we cannot simply copy the studio ac-
quired images and stick it to a frame of the anima-
tion by applying matting techniques. Worse, since
the ‘static’ object is moving in every frame of the
animation, at every frame, the lighting directions (of
the novel environment) with respect to the object
changes.

3. Visual Hull: Any image-based framework in-
evitably has to balance storage costs with accuracy.
We use a variation of the popular visual hull
technique to create a dense but “lightweight”
intermediate representation.

2 RELATED WORK
Considerable research has been done to create anima-
tion sequences from captured videos. These can be cat-
egorized into video-based rendering (VBR), and video-
based animation (VBA) techniques. The aim of VBR
techniques ([15, 24, 29, 27]) is to render novel views
of dynamic scenes using multiple-view video capture.
These techniques reconstruct (often across the time do-
main) the surface of the moving object, and then use the
video and the reconstructed geometry to create novel
view sequences. Some VBR techniques ([4, 20]) rean-
imate dynamic scenes using model-based reconstruc-
tion techniques, which fit a generic model to obser-
vations from multiple views, but suffer characteristic
limited visual quality. On the other hand, VBA tech-
niques ([21, 22, 2, 1]) provide a representation of dy-
namic scenes captured from videos allowing synthesis
of novel image sequences. These novel sequences are
synthesized by concatenating captured video segments
based on a transition graph. These techniques use sim-
ilarity metrics to identify frames in the video which are
candidate transition points. Some techniques have been
proposed which use the concepts of VBR and VBA
techniques to render novel views of reanimated anima-
tion sequences. For example, techniques such as [9, 25]
focus was on capturing the appearance of a person per-
forming a specified cyclic action (walking or jogging),
and then reproducing the character performing the same
motion under variable viewpoint and illumination.

While the techniques mentioned above use videos as
input, there are techniques which use images to create
novel animation sequences. In [3], the authors create an
illusion of realistic animation of an object from images
captured at different instant of time, by inserting mo-
tion blur between the consecutive images. Most image-
based techniques segment the source image into lay-
ers, and create animations by applying dynamic brush
strokes [11] or displacement maps [11] to each layer.
These layers are then recomposited to form the ani-
mated sequence. A recent work [28] uses a source im-
age of a group of moving animals (or birds) to identify

(a) (b)

Figure 1: The first schematic is the cross-section
view of our capture space composed of two concen-
tric spheres, one with cameras (blue) and the other with
point light sources (yellow). The novel environment (b)
specified as a cube map, is used to relight each frame of
the desired animation.

the ordered cyclic sequence of poses of any animal in
the group while in motion. This sequence is then used
to create a motion cycle, which can be used to create
novel animation sequences of the animal(s). This tech-
nique assumes that all the “key-poses” of the animal in
motion are present in the source image, or they need
multiple images to identify all the key-poses of the ani-
mal.

In all the techniques mentioned above, reanimating
the object is mostly limited, primarily to the repetitive
cyclic motions (human walking/jogging, animals walk-
ing, birds flying, water flowing) as is present in the input
videos/images. In contrast, we propose a framework to
synthesize arbitrary, complex animation sequences of
the object, without recording any motion of the object.
We require only images of the static object.

Thus, image-based animation as we conceive with all
its variety has not been sufficiently explored.

3 OVERVIEW
The general idea of image-based animation we pro-
pose in this paper can be implemented in various frame-
works. Here we provide the following framework.

Inputs for Preprocessing: The primary input to our
method are images of a single object captured from cal-
ibrated cameras which are distributed on a sphere (Fig-
ure 1(a)). For each acquisition camera, these images
are captured under a set of lighting conditions sampled
(Halton sampling as in [6]) on a concentric sphere.

The position of the (capture) cameras are recorded in
a spherical coordinate system termed Acquisition Coor-
dinate System (ACS), with the origin at the object cen-
troid. The cameras may be assumed to be calibrated at
the moment.

Inputs at Run-time: There are three inputs.

• The animator is presented with a GUI to specify
in another coordinate system, the World Coordinate
System (WCS), an arbitrary three-dimensional path
along which he desires to animate the object. The
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(a) One intermediate pose (b) Shape computation (c) Finding donor cameras

(d) Shape as seen by the four donor cameras

(e) Images relit in each of the donor cameras (f) Compositing

Figure 2: The method. In (a) we see a typical frame to be generated with the animation camera looking at a
candidate position and pose. Using the specified view, we project a pre-computed visual hull to generate (b) the
correct shape of the object of interest, in this case the MiniCooper car. The background is a novel environment
given as input. In (c) donor cameras (shown in yellow) have been computed. In (d), the visual hull is conceptually
projected on four donor cameras. The points P of the visual hull visible in (b) are also visible in the union (d) of
these donor cameras, but not vice versa. In (e) we see how the MiniCooper would have appeared were pictures
taken, not in the studio, but in the specified novel environment. Using some of these pixels, we see in (f) how the
MiniCooper would look from the animation camera.

path is specified in the form of “key poses,” each of
which is created using mouse-clicks in the viewports
of the GUI. Each 3D point on the path is considered
as a pose of the object, comprising of positional co-
ordinates and orientations.

• The desired vantage point and orientation of observ-
ing the desired animation is also specified in the
WCS. We term it the Animation Camera.

• The novel environment, specified as a cube map in
which the object is bathed (Figure 1(b)).

Once the key poses have been specified by the ani-
mator, we generate the intermediate poses to create the
final (virtually continuous) animation sequence path us-
ing standard B-spline based techniques [10]. Suitable
editing capabilities are also provided to change the path
once specified, the animation camera parameters, and
the number of intermediate poses generated.

Consider, in the WCS, an arbitrary animation cam-
era position X looking at the object centroid position Y
along the specified path. We construct the reverse view
vector from Y to X and map this view vector from the
WCS to the ACS, resulting in a virtual viewpoint in the
ACS. Using an efficient searching algorithm, the clos-
est candidate viewpoints (capture donor cameras) in the

ACS are determined. The captured images from these
donor cameras are used to synthesize the “view” as seen
from the virtual viewpoint in the ACS (animation cam-
era in WCS). This process is sketched in Figure 2.

Our method works because of the phenomenon of rel-
ative motion. An object moving in front of a stationary
camera (in our case, the animation camera in the WCS)
produces the same image as that of the camera moving
in the “opposite direction” with respect to the stationary
object (captured as input in the ACS, in the preprocess-
ing phase.) One can therefore compute the correct cam-
era parameters. Then persistence of vision realistically
creates the illusion of motion.

4 THE ALGORITHM
The shape of the object as seen from the animation cam-
era is computed using careful view interpolation tech-
niques (Section 4.1). The color of the object in the
novel environment is computed using the “basis” light-
ing conditions obtained as input (Section 4.2). This is
repeated for all poses (Y ) along the path of the object
in the WCS, each generating a frame of the animation.

4.1 Shape
An immediate way of finding the view from the ani-
mation camera would be to interpolate among the im-
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(a) Initial point cloud (b) Iteration 1 (c) Iteration 5 (d) Iteration 9 (e) The final hull (f) Original Mini-
Cooper

Figure 3: Visual Hull creation in progress: We start (Algorithm 1) with an initial point cloud. For each camera,
using an image of the object silhouette, we determine the “relevant” points in the point cloud that needs to be
stored. The remaining points in the point cloud are deleted. We keep iterating this procedure over all the cameras
to produce our visual hull.

ages [5, 18], as viewed from the candidate closest view-
points. However, a variety of rendering problems, in-
cluding aliasing and ghosting artifacts manifest them-
selves. Thus the resulting image would most likely be
unacceptable to the computer graphics community. To
achieve higher visual fidelity, we could turn to tech-
niques such as computing the point correspondences
between the images of neighboring cameras [23, 13], or
computing the optical flow between adjacent cameras
[12]. Both of the above techniques are either highly
time-consuming or are still error-prone. For highly
complex models, visibility relationship from the novel
viewpoint, and the ones taken earlier by the capture
cameras should match.

Since we have the liberty to preprocess, we use the
concept of image-based visual hulls [16, 17] as an in-
termediate step, for computing the view as seen from
the animation camera. Note that in the input acquisi-
tion phase, and for each capture camera, we have the
liberty of acquiring the image by placing a light source
at the back of the object. This helps us to identify a
proper silhouette of the object.

For each pose, the visual hull of the object is posi-
tioned and oriented in the WCS according to the spec-
ified pose parameters. The visual hull is then z-buffer
projected on the animation camera (Figure 2(b)). At
this point the shape of the object as seen from the an-
imation camera is available. In the next section, we
describe our novel visual hull computation algorithm,
which computes a dense yet “lightweight” hull.
Visual Hull Revisited Various approaches [26, 14]
to computing the visual hull of an object, given its sil-
houette data, have been proposed in the past. The idea
behind all these algorithms is that if the camera param-
eters are known, the information from many 2D images
can be used to obtain a good approximation of the shape
of the object. This approximation is an upper bound es-
timate of the shape of the object. Since we get to ar-
range the acquisition setup, we use calibrated cameras;
and for each camera, we capture an additional image of
the object, in which the object can be well segmented
from the background.

For computing the visual hull, we start with an ini-
tial cuboid point cloud (Figure 3(a)) of points. For each

Algorithm 1 CREATE-VISUAL-HULL (CaptureCam-
List)
1: PointCloud = Create a point cloud
2: for all camera in CaptureCamList do
3: {SegmentedImage: Image with object seg-

mented from background}
4: for all P in PointCloud do
5: (x,y) = Project P into camera
6: if (x,y) = Background-pixel(SegmentedImage)

then
7: Delete P from PointCloud
8: end if
9: end for
10: end for
11: return SCOOP-OUT(PointCloud,CaptureCamList)

Algorithm 2 SCOOP-OUT(PointCloud, CaptureCam-
List)
1: Delete points from PointCloud that have neighbors
2: Mark remaining points in PointCloud as unseen
3: for all camera in CaptureCamList do
4: capzbuf ← ZBUFFER(CaptureCam, Visual-

Hull)
5: for all P in capzbuf do
6: Mark P as seen
7: end for
8: end for
9: Delete all unseen points from PointCloud
10: return PointCloud

acquisition camera, we project each point in the point
cloud into its image plane and check, using the well-
segmented image, whether the corresponding pixel be-
longs to the object or the background. If the pixel be-
longs to the object, we keep it; otherwise we delete it
from the point cloud. As the iteration proceeds (Fig-
ure 3) a conservative estimate of the shape of the object
is obtained.

The novelty in our visual hull algorithm begins here.
The hull, thus created, includes points that are in the sil-
houette but also points invisible to all capture cameras.
We term such a hull as not lightweight. The number of
points ‘inside’ a non-lightweight hull are orders of mag-
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nitude larger than those strictly on the bounding surface
(shell), As we shall see later, our algorithm requires fre-
quent projection of points in the visual hull; therefore a
lightweight hull is desirable. On the other hand, the hull
should be dense to capture fine details and avoid holes.

Our solution is to scoop out the hull interior. The first
step is to exploit the fact that the initial point cloud was
populated as a matrix. We therefore delete a point with
six neighbors on the hull. We then z-buffer project the
remaining points in the hull to track ‘true positives,’ i.e.,
points that are visible from at least one camera. Points
which are not visible can be safely deleted. (Bitmaps
are used for efficient implementation.)

In summary, first we start with a sparse point cloud
and use Algorithm 1 to create a hollow, but sparse, vi-
sual hull. This hull is lightweight, but may not be dense
enough. Therefore, for each point in the sparse hull, we
populate a cube of space around it with closely spaced
points. This becomes our new point cloud, on which we
iterate Algorithm 1. In Section 5, we provide qualitative
and quantitative results of our visual hull algorithm.

4.2 Color
The color of the visible points of the visual hull as seen
by the animation camera is obtained from the images
of its k closest capture cameras (donor cameras) in the
ACS, relit with the lighting configuration specified as a
novel environment in the WCS. Note that as the object
moves along the desired path, the relative orientation
of the light sources (corresponding to the novel envi-
ronment) with respect to the object (pose) constantly
changes. Thus, to determine the correct color informa-
tion of the object as it moves along its desired path, one
must incorporate this change of light sources’ orienta-
tion for each pose of the object. For each pose of the
object, we map the novel light sources’ directions (in
the WCS) to the ACS, and then use this mapped set of
light source directions (in the ACS) as the novel illumi-
nation configuration to relight each of the k donor cam-
eras. The relit images thus computed are used for deter-
mining the color of the pixels in the synthesized view
for the virtual viewpoint (animation camera). However,
the following questions need to be answered.

• For a candidate pixel p as seen in the animation cam-
era, which pixel q in the donor camera d is rele-
vant? Should we consider more than one donor for
the same candidate pixel p?

• Overall, how many donor cameras are needed?

We answer these questions in an incremental, algo-
rithmic fashion. At the end of shape computation we
have the three dimensional coordinates of each visible
point i in the visual hull. Starting with the closest donor
camera, we determine the points in the visual hull vis-
ible to this donor camera. This procedure is incremen-
tally, performed until all the visible points are tagged

with at least one donor camera. This is again done us-
ing a z-buffer (Figure 2(b) and 2(d)).

More specifically, consider donor camera d, and a 3D
point P (corresponding to a candidate pixel p) that is
visible in the animation camera. The image correspond-
ing to the donor camera d contains pixels correspond-
ing to a set of points Qd of points in the visual hull that
are visible from d. Three cases may arise in increasing
order of complexity:

1. P ∈ Qd & P /∈ Qi, ∀i 6= d: We have a clear (pixel)
match for P in d, whose color value (after relighting)
is assigned to pixel p.

2. P∈ [Qd ,Qd′ , . . .], for some d,d′ ∈ [CaptureCamList]:
We perform a blend of the relit pixel values (as
observed in all relevant donor cameras) to compute
the color of pixel p.

3. P /∈ Qd , ∀d ∈ [CaptureCamList]: We assert a match
for P in d, provided the depth value of a point in Qd
is close to the depth value of P.

Relighting At this stage we know which of the acquired
images are relevant for the animation camera, i.e., the k
donor cameras. We also know which pixels in these
donor cameras map to the animation camera. Given
our third input, the novel lighting environment speci-
fied as a cube map in the WCS, we obtain the lighting
directions (in the WCS) and intensities of the 10 most
significant light sources in the environment map (using
HDRshop’s lightgen plugin [7].) Using these 10 light
sources mapped into the ACS, we perform relighting on
the images corresponding to the k donor cameras using
an algorithm based on the method in [6]. Note that, for
every frame of the animation, since the relative configu-
ration of these 10 light sources changes constantly with
respect to the pose of the object, these 10 light sources’
directions need to be mapped into the ACS for every
frame (pose of the object).

5 IMPLEMENTATION AND RESULTS
We now describe some of the features of our implemen-
tation. All our experiments were performed on a Intel
Centrino 1.73GHz Core Duo processor and 1GB RAM.

Preprocessing and Run-time: For proof of our con-
cept, we simulated the capture setup by generating the
input images using POV-Ray. In production, the sys-
tem needs only photographs captured of the object on
an acquisition setup as in [8] – which we do not have
access to. Neither is the geometry of the object needed,
and nor is there a need of a 3D renderer. Thus, our cur-
rent experiments (using only the images of the objects
as input) is indicative of the quality and resource (mem-
ory and computational) requirements of this animation
framework for real world productions.

In our implementation, we use 762 cameras dis-
tributed on the bounding sphere. The number of basis
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(a) Axe (b) Spaceship
Figure 4: Visual hull creation results: Each set is composed of two images, the one on the left is the visual hull
computed using our algorithm, while on the right is a snapshot image of the same object. Observe the similarity of
features displayed by our computed hull.

Figure 5: The Axe, in a pose, rendered under four different illumination conditions. Note the distinct change of
color on the blade of the Axe.

lighting conditions (sampled on a concentric sphere
using Halton sampling [6]) are fixed at 100. As a
preprocessing step, we also compute a dense, but
memory efficient visual hull using multiple iterations
of Algorithm 1. We observed from our experiments
that in most cases, two iterations are enough to extract
a good estimate. For a path specified by the animator,
we generated approximately 50-100 intermediate
poses (final output frames). The computation of the
intermediate poses takes a few seconds.

Shape: Once the visual hull is computed, to com-
pute an accurate shape description of the object, devoid
of aliasing effects along its edges and boundaries, we
create, in software, a high resolution z-buffer (upto 4
times the resolution of the frame buffer) for the anima-
tion camera, i.e., for every pixel in the output frame,
there exists four samples in the z-buffer, each corre-
sponding to a 3D point in the visual hull. Thus we get a
supersampled image as an output, which is used to give
antialiased results. Figure 4 shows the qualitative re-
sults of the visual hulls of various objects created using
our visual hull algorithm. Notice the accuracy of the re-
constructed geometries with respect to the the original
object shape. Table 1 provides the quantitative results
of our algorithm, while Table 2 depicts results of com-
parison with a conventional visual hull algorithm.

Color: The location of the capture cameras are stored
in a lightweight k-d tree (k=2) to enable efficient near-
est neighbor search for donor cameras, once a virtual
viewpoint is determined (Section 4.2). For efficiently
determining the color of each pixel in an output frame,
we could compute and store on disk (in the Prepro-
cessing stage) the depth map corresponding to all the
capture cameras. This speeds up the match computa-
tion. However in our current implementation, we chose
to do a real-time computation of the depth map, rather
than an explicit store (with a consequence of an increase

in the final rendering time). For each pixel in the out-
put frame, we chose to blend the color corresponding to
the 4 samples in the z-buffer (of the animation camera)
corresponding to it. This produces very realistic light-
ing and color blending effects. Figure 6 demonstrates
screenshots of different animation sequences created
with our algorithm on four objects, Axe, Spaceship,
MiniCooper, and Oak Leaf. Please see supplementary
material for generated animations and details.

Relighting: For our novel environments, we use the
cube maps provided in [7], namely The Uffizi Gallery,
Florence, Glacier, Banff National Forest, Canada, Pisa
courtyard, Italy, and also generated a new environment,
woods. As mentioned, using HDRShop lightgen plugin
[7], we summarize the novel environment in terms of
light sources. Figure 5 demonstrates the beautiful re-
lighting effects faithfully reproduced on our Axe in the
a fixed pose, but in different environments.

The entire run-time pipeline comprising of the con-
tinuous path (intermediate pose) generation, computing
the view vector, shape determination, and color compu-
tation after relighting takes only around 1-2 minutes for
a single output frame. Thus we are able to create the
entire animation sequence within a few minutes.

6 FINAL REMARKS

In this paper, we have shown how to efficiently create
realistic animations using only images as input, instead
of traditional geometry-based input. We have employed
four techniques to provide the alternative of animating
an object on a specified arbitrary path in a novel en-
vironment. These techniques are, B-Spline based in-
terpolation for the motion path specification, classical
coordinate transformations for determining the correct
pose of object, visual hull for view interpolation, and
lighting basis for relighting.
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Hull Resolution Initial Cloud Before scoop-out After scoop-out Time(mins)

Axe
16 1.23×106 45463 18832 4
32 9.6×106 344991 75321 10
64 7.63×107 2794872 309013 31

Leaf
16 2.3×106 5045 5045 3
32 1.8×107 39284 38037 4
64 1.4×108 314928 222663 16

Mini 16 6×106 2143574 105098 37
24 2×107 7220067 313382 120

Spaceship 16 7.4×106 901580 66329 40
32 5.9×107 7213929 271692 120

Table 1: Quantitative results (size and preprocessing time) of our visual hull creation algorithm. The second
column represents the sampling resolution of the initial point cloud, i.e., the number of points in a unit length; the
third column depicts the total number of points in the initial cuboidal point cloud (Figure 3(a)); the fourth column
indicates the number of points present (in the “solid” visual hull) in Algo.1 at step 10; the fifth column indicates
the number of remaining points in the final visual hull after scooping the solid visual hull; the last column provides
the total time taken in the studio to generate the visual hull, starting from the initial point cloud.

Hull Resolution Naive Ours
Axe 64 1 hour 10 + 21 minutes
Mini 96 3 days 9 + 6 hours

Table 2: Preprocessing timing comparisons. Naive rep-
resents the time taken to create a visual hull beginning
with a dense cuboidal point-cloud and using a classical
algorithm. Ours represents by initially starting with a
sparse point-cloud (Algorithm 1), and scooping out the
hull interior. We report both times in the last column.

This animation framework could also be used as feed-
back for a final traditional CG animation. The director
could quickly prepare a naive version of the final CG
sequence by specifying a path, a novel lighting envi-
ronment, a model; and later edit any of them to suit the
mood of the story. Note that, not all three inputs need to
be modified simultaneously at run time. For example,
we might change the novel environment (see Figure 5),
not the other two inputs. This would save man-hours
spent by skilled personnel in the pre-production phase.

In future, research is required to incorporate non-
rigid object motion into our animation framework. We
also plan to incorporate special effects (for example,
motion-blur, shadows) into the framework. Since IBR
generates photorealistic outputs, the aesthetics of the
models and the scene would be preserved.
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ABSTRACT

In the recent years we have witnessed massive boost to hardware graphics accelerators (graphics cards), not only in the raw per-
formance, but also in their programmability, introducing the concept of GPGPU. However, despite this, the current architectures
still favor feed-forward algorithms over recursive ones. While shading is, in this sense, a feed-forward algorithm, ray tracing,
and specifically ray traversal, is a recursive rather than feed-forward algorithm. Adding a dedicated hardware ray traversal en-
gine should therefore prove to be an interesting option. Also, with dedicated hardware, we can perform many optimizations on
arithmetic units due to their fixed interaction. This can reduce the area well below a simple sum of areas of the individual units.
In this paper we offer for consideration analysis of memory requirements for combination of a dedicated hardware ray traversal
and intersection engine with highly parallel general purpose processor used for shading. We show results and requirements of
such a combination on scenes of moderate complexity, with regard to speed, bandwidth and latency.

Keywords: ray tracing, hardware, GPU, bandwidth

1 INTRODUCTION
CPU ray tracing has received tremendous speed ups in
the past decade, with works on acceleration structures,
traversal algorithms, and packet (or frustum) traversal
[7, 17, 16, 12, 6]. While these advancements brought
ray tracing into the real-time area [9], the speed is still
generally not competitive to rasterization.

One of the chief problems causing this gap is the ded-
icated rasterization hardware, which is something ray
tracing lacks. The modern graphics processing units
(GPU) consist from a relatively small number of fixed
function raster engines (four in NVIDIA’s Fermi archi-
tecture) and a large number of general purpose pro-
cessing elements. Typically the general purpose part of
GPU prepares triangles (vertex and geometry shaders)
for raster engines, which dice triangles into a stream
of fragments that are fed back into the general purpose
part that performs fragment shading on them.

There are many papers [10, 6, 2] on GPU ray tracing,
as well as some deliverable products [8]. All such ap-
proaches use solely the general purpose part, and most
of them focus on overcoming limitations of their con-
temporary architectures. In [15] Seiler et al. present
ray tracing on Intel’s Larrabee, also utilizing only gen-
eral purpose elements of the chip.

Permission to make digital or hard copies of all or part of
this work for personal or classroom use is granted without
fee provided that copies are not made or distributed for profit
or commercial advantage and that copies bear this notice
and the full citation on the first page. To copy otherwise,
or republish, to post on servers or to redistribute to lists,
requires prior specific permission and/or a fee.

The opposite approach, a stand-alone ray tracing
hardware, has also been explored [14, 18, 19, 13, 11].
While such solutions have potential to deliver the
best performance, the development in rasterization
hardware shows necessity of general purpose shading
capabilities.

Surprisingly little research has been done on the mid-
dle ground, replacing the GPU raster engines with an-
other kind of fragment generator. The only significant
work on this has been done by Caustic Graphics [3],
who proposed a separate ray tracing accelerator board,
that can utilize present GPU for shading.

A recent paper by Aila and Kerras [1] focuses on
bandwidth issues of complex scenes. The paper as-
sumes a separate ray tracing engine, but presents re-
sults for a whole NVIDIA Fermi GPU used as such
unit. However, it leaves open possibility of different
implementations, including dedicated hardware.

In this paper we present a solution, which proposes
to place a small dedicated hardware ray traversal en-
gine (RTE) either directly on the GPU die, or as a co-
processor on the graphics card.

2 RAY TRAVERSAL ENGINE
Our ray traversal engine (RTE) implementation is based
on the well-documented FPGA implementation of the
DRPU by Woop [18]. We will first give a brief overview
of the basic blocks used, then discuss frequency, area
scaling, and the connected design decisions.

2.1 Design blocks
The RTE (Figure 1) is a heavily pipelined unit with fine
grain multithreading. It uses B-KD trees [20] for its
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acceleration structure. Our B-KD tree implementation
offers a two-level hierarchy, where each leaf of the top
tree can contain either a triangle or a transformation ma-
trix and pointer to a subtree.

The basic computation unit is a thread, which pro-
cesses four rays at once. Each pipeline stage can ac-
commodate a different thread, and there is no overhead
in switching threads. The whole RTE can process up to
64 threads (256 rays) at once. While there is no strict re-
quirement for coherence of rays within the same thread,
it can bring performance boost. Also, coherence be-
tween all processed rays improves cache hit rates.

SPE 1
Ray generation
Shading
FB writing

PPE
Rendering ctrl.
Scene loading
AS building

EIB

RTE 1
Ray traversal
Triangle isect.
UV interp.

SPE n
Ray generation
Shading
FB writing

RTE n
Ray traversal
Triangle isect.
UV interp.

Traversal
processor

IO unit

Node cache
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Traversal
stack
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Vertex cache
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Geometry
processor

Main
memory

Query data

Result data

user

user

id

id

4x origin

4x uv-coords

4x direction 4x tmax

4x dist 4x ID unused

Figure 1: RTE block diagram. The RTE core consists
of traversal and geometry units. Each unit is connected
to main memory via 32kB cache. Traversal unit has an
additional 32kB memory for traversal stack and con-
nection to the IO interface to return results and receive
new queries.

The IO unit strongly depends on the particular im-
plementation details of integrating RTE with the rest of
the system. We will therefore not elaborate on its im-
plementation, but we can imagine it as a kind of mem-
ory controller that handles ray and result queues in the
main memory, akin to what is assumed in [1]. The basic
functionality is to fetch rays for idle threads and store
results from finished ones.

The actual RTE core consists of two units: traversal
and geometry. Each is connected to the main memory
via a 4-way associative 32kB read-only cache. A sin-
gle larger cache has been considered, but there would
be either high contention for its single port, or it would
have to be two port cache, resulting in higher complex-
ity. Also, as each unit requires different data, there is no
redundancy in fetches from main memory that would
lower the efficiency.

Another two parts, not shown in the Figure 1 are
per-thread stack memory and ray state buffer. The per-
thread stack is accessed with up to 1 read and 1 write
each cycle, where the read occurs when a thread is sub-
mitted to traversal unit, and the write occurs when the

result of traversal stage is that both children should be
intersected. Each item in stack consists of a node ad-
dress (4B) and near and far values for each ray (32B),
for the total of 36B per item. For convenience we con-
sider maximum scene depth of 32. Making the internal
stacks shorter and spilling overflow into main memory,
as described in [1], is also an option.

Ray state buffer is per-ray storage with current closest
hit distance, ID of the closest triangle and barycentric
coordinates.

For each thread, the traversal unit fetches the required
node. If the node is a leaf, it is sent to the geometry unit.
For inner nodes it intersects the child nodes and, based
on the result, it either pops a new node from stack, tra-
verses the single hit child, or traverses the closer child
and pushes the farther child onto the stack. If the stack
is empty it informs the IO unit that the ray has finished.

The geometry unit computes both the intersection
with triangles and the transformation of rays for travers-
ing the bottom tree when a two-level hierarchy is used.
This is possible because both operations require very
similar functional units with a minimal reconfiguration.
When this unit receives a leaf node, it first fetches three
vertices (for intersection) or matrix rows (for trans-
formation). The thread waits until all three memory
fetches are finished before further execution. Each ray
of the thread occupies 2 consecutive pipeline stages,
therefore it takes 8 cycles to process the whole thread.

The unit is, for some of the measurements, aug-
mented with a 1MB 4-way associative L2 read-only
cache. This cache has latency of 100 cycles, and as-
sumes 512bit wide access to memory (fetches 64B at
once). When L2 cache is not present, the L1 caches are
connected directly to the memory and assume 128bit
wide access. The main memory is assumed to have la-
tency 600 cycles.

2.2 RTE synthesis
We first synthesized all the major arithmetic sections
of both units as well as the cache logic using propri-
etary IBM 90nm process [4]. All synthesized parts
were able to run at frequencies over 2GHz. This was
done without any special fusion of dependent arithmetic
units. Also, considering the already quite high latency
of both traversal (14 cycles) and geometry (36 cycles)
units, more stages could be added to further stabilize
the frequency, without a significant impact on the over-
all performance. While both optimizations can lead to
higher frequency than reported, we opted against their
implementation as the preliminary results are more than
satisfactory.

We have not explicitly synthesizes all the required
memories, instead we borrowed statistics from similar
memories from Cell/B.E.TM processor [5]. This proces-
sor has 32kB L1 cache, running at 3.2GHz, as well as
1-read 1-write port local store memory running at the
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same frequency. As these two types of memory fulfill
all requirements we have on our memory blocks, we
conclude that memory frequency will not be an issue.

The area of RTE is not of the prime concern for our
results, so we present only rough upper bound on RTE
area. We used a range of area estimation techniques to
confirm that RTE comfortably fits into the area of less
than 15mm2. Further reduction of size is possible by
aforementioned fusion of arithmetic units.

3 SIMULATOR ARCHITECTURE
We have performed two distinct simulations. The first

simulation was on the actual low-level VHDL code, that
is used as base for our synthesis results. While this con-
firms that the design is correct and the synthesized fre-
quencies valid, the simulation itself is very slow.

To solve this we also designed a cycle-accurate Sys-
temC model of RTE. SystemC is a C++ library that
allows using many high-level language constructs not
available in VHDL, while at the same time allowing to
simulate exactly the same timings, to the cycle levels.
We integrated this RTE model as a part of our ray trac-
ing framework, essentially replacing its standard traver-
sal and intersection routine.

Normally our framework uses the following work-
flow. First, a primary ray is generated from camera.
It is then intersected with the scene and the closest ge-
ometry is found. If there is any hit, integrator is in-
voked that, based on its type, queries material for its
BRDF, scene for the lights, performs shading and pos-
sibly shoots other rays. Once the primary ray is finished
and the final color is computed, another primary ray is
generated, until the whole image has been rendered.

While this sequential process works very well for
CPU rendering with low amount of parallelism (4-16
threads at once), it is ill-suited for massively parallel
hardware acceleration. We have therefore modified the
algorithm as follows. First, all primary rays are gener-
ated and put into input queue of the RTE. The RTE em-
ulation engine is then started, and after each cycle its
output queue is checked. If there is a ray in the output
queue, it is passed to the integrator that processes the
ray. This can, and generally does, generate other rays,
that are in turn fed back into the input queue. Where
there are no more rays in the input queue and no active
rays in the RTE, the frame has finished. Should generat-
ing all primary rays occupy too much memory at once,
it is also possible to split the image into several blocks
or batches, based on the memory configuration.

3.1 Shader models
Unfortunately, this system does not lend itself easily
to the standard recursive shaders, nor to any kind of
shader where the integrator needs result of a traced ray.
There are two possible solutions to the problem. First,

adopted by [3], is to employ tail recursion. Here the in-
tegrator generates all required rays in a fire-and-forget
manner, attaching to them all the necessary informa-
tion. Shadow rays would, for example, work in such a
way, that all lights are counted as contributing. Shadow
rays are then generated with a flag marking them as
shadow, maximum length and weight for the particu-
lar light. When they do not hit anything, no integrator
code is invoked and the light contribution stays added.
If they hit, the integrator simply accumulates the nega-
tive weight to the pixel, effectively subtracting the light
contribution. In this way, the original integrator does
not have to wait for shadow ray results, nor do we need
special no hit integrator to add light contribution when
shadow ray does not hit anything.

This approach has a drawback of spawning large and
poorly controllable number of rays. The other approach
is to use continuations. Here the integrator is effec-
tively split at each call for traceRay and its state is
stored. Once the ray tracing has been finished, the state
is fetched from a global storage and the integrator con-
tinues. This can be easily implemented by a finite state
machine, but requires stack in the case ray bifurcation is
allowed. One of the advantages is that we do not need
to sum over all rays contributing to a single pixel, as
all the computations concerning one pixel are very self-
contained. Disadvantages include larger per-ray storage
and higher sensitivity to latency.

3.2 Acceleration structure partitioning
To increase cache coherence, Aila and Kerras [1] intro-
duce concept of partitioning the acceleration structure
into multiple treelets (subtrees), each of which fits into
the cache. As we consider this approach very relevant
for our results, we adapted it for B-KD-trees and in-
cluded it in our measurements.

The basic principle is that the whole structure is split
into many small subtrees, called treelets. Each of the
treelets has its own ray queue and when a ray crosses a
treelet boundary, its traversal is stopped and it is put
into corresponding treelet’s input queue. While the
original paper introduced several methods for schedul-
ing treelets to ray traversal engines, we use only the
simplest one called lazy scheduler. It simply takes
the treelet with largest queue and processes it until the
queue is empty. Then it switches to another treelet, with
the currently largest queue. The more complex methods
are meant to balance situation where there are multiple
ray traversal engines, which is something we do not cur-
rently consider for our scenario.

4 RESULTS
We tested on three scenes of moderate complexity, the
Conference (283k triangles), Fairy forest (174k tri-
angles), and Kitchen (253k triangles). We test both
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Conference Fairy forest Kitchen

Triangles: 282759 174117 253433
Res: 512 × 512 512 × 512 600 × 450

Continuations shaders
L2 off on off on off on
L1 hit rate [%] 68/53 69/55 55/44 56/45 83/77 89/85
L1 bandwidth [GBs−1] 6.7/4.7 15.7/11.0 5.0/3.4 11.7/7.9 11.2/7.6 16.7/11.3
L2 hit rate [%] - 95/84 - 88/73 - 90/80
L2 bandwidth [GBs−1] - 4.8/4.9 - 5.2/4.3 - 1.8/1.7
Ray bandwidth [GBs−1] 0.14 0.14 0.14 0.14 0.14 0.14
Mem bandwidth [GBs−1] 4.4 4.2 4.3 7.5 3.7 2.1
Latency [cycles] 6.0 M 2.7 M 12.0 M 5.4 M 3.3 M 2.3 M
Throughput [MRays/s] 47.8 112.4 20.8 48.1 66.6 100

Tail recursive shaders
L2 off on off on off on
L1 hit rate [%] 76/64 78/67 63/53 64/55 87/82 85/80
L1 bandwidth [GBs−1] 8.3/5.8 16.3/11.2 6.0/4.1 12.5/8.4 12.6/8.5 16.8/11.4
L2 hit rate [%] - 93/79 - 86/71 - 93/86
L2 bandwidth [GBs−1] - 3.6/3.7 - 4.5/3.8 - 2.6/2.3
Ray bandwidth [GBs−1] 0.14 0.14 0.14 0.14 0.14 0.14
Mem bandwidth [GBs−1] 4.4 4.1 4.1 6.2 3.3 2.1
Latency [cycles] 4.9 M 2.6 M 10.0 M 5.0 M 3.0 M 2.3 M
Throughput [MRays/s] 61.1 117.4 25.0 52.3 75.4 99.2

Table 1: Results without treelets. We measure all three scenes with both tail recursive and continuation shaders
and both with and without 1MB L2 cache. The reported results are L1 cache hit rate, required L1 bandwidth in
GBs−1, the same for L2 cache (if applicable), ray traffic bandwidth in GBs−1, total required memory bandwidth,
both from cache and rays, latency in cycles (Latency) and throughput in million rays per second. The L1 and L2
cache results are given in format vertices/nodes.

shader approaches, using 16 rays per pixel ambient oc-
clusion. We focus on the cache hit rates, throughput
(rays per second), ray latency (important for continu-
ation shaders), and the bandwidth requirements of our
unit, measured both with and without an L2 cache.

The reason why we provide not only cache hit rates,
but also their bandwidth is that one should not automat-
ically assume that higher hit rates are more desirable.
Should we devise the perfect ray tracing algorithm, that
only ever needs each node and triangle exactly once,
our caches would have hit rate 0%, but the cache band-
width would be significantly lower. Moreover, look-
ing at the bandwidth is still not sufficient, because the
most obvious way to lower bandwidth while keeping
the same hit rates is to reduce the overall throughput of
the engine, which is not at all desirable. We therefore
have to look at the ray throughput, cache hit rates and
bandwidth together and draw conclusions only from the
combination of the three, as we will see below.

At the beginning in Section 4.1 we provide results for
RTE without the use of treelets, follow up with Section
4.2 commenting results using treelets and close with
Section 4.3 on using BVH instead of B-KD-tree.

4.1 Standard implementation
Table 1, providing results for the standard RTE imple-
mentation, offers several insights. First and most im-
portant is, that the L2 cache helps in all the scenes, giv-
ing us speed up factor 1.3-2.3×. The reason for this is
somewhat obvious, the L2 cache provides large portion
of the scene with lower latency (100 cycles) than the
main memory (600 cycles). The L2 cache also exhibits
relatively high hit rate, above 85 % for nodes and over
70 % for vertices. It is important to note, that while the
L2 hit rate is higher for continuations shaders, this is
actually caused by the lower L1 cache hit rate, which
causes more requests to L2 cache, increasing the band-
width as noted at the beginning.
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Conference Fairy forest Kitchen

Triangles: 282759 174117 253433
Res: 512 × 512 512 × 512 600 × 450

Continuations shaders
L2 off on off on off on

L1 hit rate [%] 83/70 86/73 79/65 81/66 89/82 91/85
L1 bandwidth [GBs−1] 9.3/6.5 14.0/9.8 8.0/5.4 12.1/8.1 11.7/7.9 15.3/10.3

L2 hit rate [%] - 79/62 - 72/57 - 76/66
L2 bandwidth [GBs−1] - 2.0/2.7 - 2.3/2.8 - 1.4/1.6
Ray bandwidth [GBs−1] 1.3 1.3 2.2 2.2 1.4 1.4

Mem bandwidth [GBs−1] 5.5 7.1 5.8 9.5 4.2 4.8
Latency [cycles] 2.8 M 2.2 M 5.8 M 4.6 M 3.6 M 3.1 M

Queue switches [-] 104718 103067 196828 199421 130285 129507
Avg. queue size [-] 87 88 86 85 79 79

Throughput [MRays/s] 67.2 101.2 33.0 49.3 69.1 90.4
Tail recursive shaders

L2 off on off on off on
L1 hit rate [%] 96.2/92.3 97/93 95/89 96/89 97/95 98/95

L1 bandwidth [GBs−1] 14.0/9.8 15.4/10.7 13.9/9.3 15.5/10.3 15.0/10.2 16.1/10.9
L2 hit rate [%] - 73/61 - 70/64 - 70/62

L2 bandwidth [GBs−1] - 0.4/0.7 - 0.6/1.1 - 0.4/0.5
Ray bandwidth [GBs−1] 1.2 1.2 2.0 2.0 1.3 1.3

Mem bandwidth [GBs−1] 2.5 2.8 3.7 4.4 2.3 2.5
Latency [cycles] 15.8 M 15.4 M 30.0 M 28.7 M 24.3 M 23.7 M

Queue switches [-] 13220 13176 19118 19252 15092 15255
Avg. queue size [-] 659 661 829 823 653 647

Throughput [MRays/s] 103.6 112.8 57.8 64.4 90.2 96.7
Table 2: Results with treelets. We again measure all three scenes with both tail recursive and continuation shaders
and both with and without 1MB L2 cache. The reported results are L1 cache hit rate, required L1 bandwidth in
GBs−1, the same for L2 cache (if applicable), ray traffic bandwidth in GBs−1, total required memory bandwidth,
both from cache and rays, latency in cycles (Latency) and throughput in million rays per second. Two treelet
specific statistics are the number of queue switches and the average size of queue that has been scheduled for
processing.

The ray traffic bandwidth, created by reading and
writing rays from input and into output queues, is in all
the measurements an order of magnitude lower than the
total bandwidth to the main memory and thus relatively
insignificant. We can also see that with the total mem-
ory traffic between 2 and 6GBs−1, we are well beneath
the peak performance of current GPU memory systems.

Another very important thing is the ray latency (noted
in the table simply as Latency). This represents the av-
erage number of cycles between receiving a ray into the
input queue and writing the result into the output queue.
The latency goes from 2 million to 12 million cycles (1-
6ms at 2GHz) for both tail recursive and continuation
shaders. This effectively prohibits any kind of active

or passive waiting on the shading side. By active wait-
ing we mean an actual spin loop that checks ray status.
By passive waiting we mean not scheduling the thread,
akin to when threads are waiting for global memory ac-
cess on NVIDIA GPUs. We would therefore keep a
work queue of rays to be processed and whenever trac-
ing a ray is required, we would store the whole shader
state, submit the ray query and fetch a different ray from
the work queue. Considering that with ray bifurcation
the shader state actually contains a ray stack, the whole
process becomes significantly more involved than the
tail recursive shaders.

Also, looking at the ray throughput, we can see that
the tail recursive shaders lead to almost universally bet-
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ter results than continuation shaders, and never actually
perform significantly worse. The improvement always
corresponds to increase in L1 cache hit rate and band-
width, suggesting that the tail recursion gives us notice-
ably more coherent rays.

So far we have concluded that the overall best choice
would be using tail recursion with L2 cache, giving us
50-100 million rays per second. However, assuming
that the L2 cache is occupied roughly equally by both
nodes and vertices, it can hold up to 25 % of the whole
scene, for each of our scenes. The cache therefore ef-
fectively lowers demand on ray coherence, but consid-
ering larger scenes, this effect would become less pro-
nounced. We would therefore prefer to increase the co-
herence itself rather than mitigate the impact of inco-
herence.

4.2 Treelet implementation
Towards this goal we implemented the treelet approach
introduced by Aila and Kerras [1], as described in Sec-
tion 3.2. The results are summed up in Table 2.

We present the same statistics as in Table 1, but on
top of that provide two statistics that are specific to
the treelet mechanism. The first is the number of in-
put queue switches. It represents the how many times
was the RTE switched from working on one treelet
to another. Obviously, the lower the number the bet-
ter, as each switch effectively means cache invalida-
tion (whole different treelet is loaded). Corresponding
to that is the average queue size, measured when the
queue’s treelet was switched to active. It represents the
number of rays that are processed between the cache
invalidations. Here, the larger the number the better.

Looking at the L1 hit rate, bandwidth and the over-
all performance, we can conclude that the treelets do
provide overall improvement over the standard imple-
mentation. Because the rays are moved to and from
the RTE on each treelet boundary crossing we can see
an order of magnitude increase in ray traffic bandwidth.
This is offset by the fact that due to the increased coher-
ence between rays, the total bandwidth to the memory
(including the ray traffic bandwidth) is actually lower
than in the implementation without treelets.

We can see drop of about 10 % in the L2 hit rate,
combined with a significant drop in the L2 bandwidth.
This is also manifested by much closer ray throughput
between the versions with and without L2 cache.

The tail recursive shaders clearly and consistently
provide better results than continuation shaders, mainly
due to the fact that they have much more rays in flight
that can be sorted into treelet queues. As result, there
are about 10× less queue switches with queues being
on average 10× larger than when using continuations.

The only drawback is significant increase in ray la-
tency (to 15-30 million cycles, i.e. 7.5-15ms), which,
however, is not so important when tail recursion is used.

4.3 Using BVH
While using B-KD-tree treelets improved the situation
significantly for both Conference and Kitchen scenes,
the Fairy forest scene showed unsatisfactory results.
The treelets did indeed balance the performance be-
tween versions with and without L2 cache, but the ab-
solute performance was still only slightly above half of
what we could achieve in the other two scenes.

We suspected that the B-KD-tree might be poor fit for
the scene and modified our RTE to handle BVH instead.
We modified only the simulation engine itself, without
any considerations for the changes in area or frequency.

We implemented two different approaches to the
BVH. The first approach we call Node BVH, where
each node contains its own bounding box and only
indices to the children. The traversal then checks
whether ray hits a node, and if so always proceeds to
both children, determining the first one based on node
split plane and ray direction. The second approach we
call Child BVH, where each node contains bounding
boxes of both its children and we only descend to the
child the ray intersects.

While there is no principal difference between the ap-
proaches, two things have to be considered. First, the
Child BVH needs to perform 12 ray-plane intersections,
while the Node BVH needs to perform only 6. This es-
sentially means a factor of 2× in terms of area require-
ments for ray traversal unit. The other thing to con-
sider is treelet implementation. Should we choose to
use Node BVH, ray can descend to a child that resides
in another treelet only to discover it does not intersect
the child, thus generating two unnecessary treelet tran-
sitions.

L2 off on
B-KD-tree [MRays/s] 57.7 64.4
Node BVH [MRays/s] 50.0 54.9
Child BVH [MRays/s] 65.0 73.5

Table 3: Acceleration structures. We show perfor-
mance in million rays per second on the Fairy forest
scene, using tail recursive shaders, treelets and three
different acceleration structures.

The Table 3 shows that the Node BVH drawback of
unnecessary treelet transitions outweighs any perfor-
mance gain by using BVH acceleration structure. The
Child BVH approach offers approximately 12 % speed
up, both with and without L2 cache, but further tests
showed that a similar speed up is achieved in the other
two scenes as well.

Given the fact that going from very light weight B-
KD-tree nodes to BVH nodes required for Child BVH
approach would introduce significant changes in the
whole design, we did not pursue this any further.

We conclude that the lower performance in Fairy for-
est is not due to the acceleration structure itself, but
rather due to the complex traversal paths of rays we
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generated. This is also supported by the highest num-
ber of queue switches as well as the longest average ray
latency among the three scenes.

5 CONCLUSION AND FUTURE
WORK

We introduced a hardware implementation of a ray
traversal engine (RTE), that could act as a fragment
generation unit in GPU, in lieu of current rasterization
engines. The RTE has been confirmed to run at frequen-
cies above 2GHz and can fit into area less than 15mm2,
and achieves performance of over 100 million rays per
second while keeping bandwidth to the main memory
below 5GBs−1.

The unit was tested in two variants, with and without
1MB L2 cache. While the L2 cache is beneficial for the
overall performance by mitigating impact of ray inco-
herence, we implemented a treelet approach to actually
reduce the incoherence.

We tested not only on our basic acceleration struc-
ture, B-KD-tree, but also on BVH with two versions
of traversal, showing that the B-KD-tree offers only
slightly lower performance than the significantly more
involved of the traversals and is actually superior to the
less involved one.

Two competing shader styles are compared, tail re-
cursive shaders and continuations shaders. The first is
found to be almost universally better, as even with 16
rays per pixel the memory consumption and bandwidth
are very reasonable, while at the same time it provides
a large pool of rays that nicely complements the treelet
approach.

In the future, analysis of combination and cooper-
ation of multiple such units would prove to be very
useful. While testing on significantly more complex
scenes proved to be challenge for our simulator imple-
mentation, the preliminary results show that feeding the
treelet queues with only one unit is not optimal.

In conclusion, we propose that using tail recursive
shading does match the feed forward scheme used in the
current GPUs rather well, and that hardware ray traver-
sal engine using tail recursive shaders with treelets
would be an interesting, useful, and not very demand-
ing addition to the current GPUs.

APPENDIX A
The ray life cycle when tail recursion with treelets is
used is the most complicated scheme we are using. We
will therefore describe it in more detail. Please refer to
Figure 2. The numbers mark data paths used in each
step and correspond to the step numbers below:

1. Shader stores ray into Root Queue, a queue associ-
ated with root treelet.

2. The input output (IO) unit picks the largest queue
for processing.

Node
cache

Vertex 
cache 

L2 
Traversal
processor

Geometry
processor

Traversal
stack

IO unit

GP shaders

Main
memory

1

2, 8

3
4

5

6
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Figure 2: RTE block diagram. We use this diagram
taken from the presentation to explain life cycle of ray
in the tail recursion with treelets configuration.

3. Rays from this queue are sent to traversal proces-
sor to traverse ray in the treelet. This is not a block
transfer, they are sent only when unit has free pro-
cessing capacity.

4. During the traversal we use per-ray stack.

5. When ray encounters a leaf, ray triangle test is per-
formed in Geometry processor.

6. When ray encounters a treelet boundary, ray goes
back to IO unit.

7. If ray is completely finished, it is sent to shaders and
initiates new shader code.

8. Otherwise it is stored in queue corresponding to the
treelet it wants to traverse next.

9. When all rays from the processed queue are finished,
algorithm goes to step 2. When all queues are empty,
algorithm terminates.
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ABSTRACT

Construction of LEGO models is a popular hobby, not only among children and young teenagers, but also for adults of all ages.
Following the technological evolution and the integration of computers into the everyday life, several applications for virtual
LEGO modelling have been created. However, these applications generally have interfaces based on windows, icons, menus
and pointing devices, the so-called WIMP interfaces, thus being unnatural and hard-to-use for many users. Taking advantage
of new trends in of interaction paradigms we developed an innovative solution for virtual LEGO modelling using a horizontal
multi-touch surface. To achieve better results, we selected the most common virtual LEGO applications and performed a
comparative study, identifying advantages and disadvantages of each one. In this paper we briefly present that study and
describe the application developed upon it.

Keywords: 3D Modelling, 3D Object Manipulation, Multi-touch Interaction, LEGO Models

1 INTRODUCTION

With the popularization of multi-touch technology and
the decreasing cost associated with its construction,
multi-touch interaction is now common among general
public. Indeed, from mobile devices to large multi-
touch surfaces, a wide range of devices are available.
These devices introduced new interaction paradigms,
different than those provided by traditional interfaces
based on windows, icons, menus and pointing devices,
the WIMP interfaces [16]. While some of these
paradigms already reached a maturity level, others
are still in its infancy. For instance, the manipulation
of two-dimensional objects in multi-touch surfaces
has been clearly defined and a de facto standard is
recognized for rotation, translation and scale [6]. On
the other hand, several approaches to interaction with
three-dimensional objects and 3D scene navigation
have been proposed, but none were recognized as a
definitive solution.

Due to this obstacle, the number of available multi-
touch applications using 3D environments for the com-
mon user is limited. During the development a virtual
LEGO modelling tool for multi-touch surfaces, we pro-
pose an application for manipulating 3D objects that we
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believe to be easy to understand and natural to use for a
generic audience.

Throughout childhood, many people played with
building blocks that fit together to create what the
imagination dictated. LEGO is the most famous
manufacturer of such toys, globally known for its
building blocks and beyond. In reality, building LEGO
models is an activity shared by people of all ages. As
a complement to traditional plastic blocks, there are
now several applications that allows the construction of
virtual models.

Although it was shown that building with virtual
blocks using a mouse is considerably slower than build-
ing LEGO in the real world [1], there are also studies
that show that the multi-touch interfaces based on ges-
tures are more efficient than traditional ones. In [8]
it was compared the performances of direct-touch, bi-
manual and multi-finger for a task of multi target selec-
tion. It was concluded that "direct touch with a single
finger provides a large performance benefit over over
using a mouse and that bi-manual interaction provides
a smaller additional benefit." In [2] was tested the se-
lection, translation, rotation and scale of objects in a 3D
scene. Results show that, using a multi touch interface,
users can perform faster than using WIMP interfaces.
We believe that using multi-touch surfaces for virtual
LEGO modelling will provide an improved interaction
experience for users through more natural and easy to
use interfaces.

In the following sections we present a selection of
existing virtual LEGO modelling tools, together with a
comparative study that identifies advantages and disad-
vantages of each application. Then, we introduce the
current status of multi-touch interfaces regarding ma-
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nipulation of 3D objects. Next, we describe in detail our
approach, with a special focus on LEGO blocks repre-
sentation in memory and their manipulation in a multi-
touch tabletop. Finally, we present some conclusions
drawn from the work developed so far and identify the
path for future work.

2 VIRTUAL LEGO MODELLING AP-
PLICATIONS

Currently, several applications allow the creation of vir-
tual LEGO models, each presenting peculiarities in re-
lation to others: some want to give the feeling of build-
ing a LEGO model as it would be in reality, while oth-
ers follow a more technical approach, oriented to three-
dimensional modelling, some use open-source library
parts, while others are proprietary and use their own
parts system.

LEGO Digital Designer (LDD)1, is a proprietary ap-
plication of the LEGO Company. The LEGO modelling
is done in a three-dimensional environment and has an
efficient system of connecting parts, preventing their
overlap.

This application displays all the pieces available us-
ing a list with their previews. It has always a visible
grid, simulating a base plate, as can be seen in Figure 1
(a). The movement of parts is done exclusively in the
grid plane, to which they adapt. Their rotation is done
only along two axes, using intervals of 90 degrees. The
camera movement is done by orbiting around a point
and never tilting.

Mike’s Lego CAD (MLCad)2 is a CAD system ap-
plied to building LEGO models. It uses four view-
ports with different views of the model: three orthogo-
nal (one top, one front and one side) and a perspective,
as seen in Figure 1 (b). However, it only allows changes
to the model made in the orthogonal views, and the per-
spective view is for viewing only. It uses the LDraw3

open-source parts library.
The search for the parts is carried out using a textual

list of names and another for their previews. The move-
ment of the parts is carried out only in a plane parallel
to the orthogonal views, which do not have any kind
of auxiliary grid and there is no restriction on the parts
position. Parts rotations are made at intervals of 90 de-
grees accordingly to three axes.

LeoCAD4 uses the LDraw parts library, as the previ-
ous application. Its options provide a grid to which the
pieces fit into each half unit, and various sets of view-
ports. Both the grid and the viewports are not active by

1 LEGO Digital Designer: http://ldd.lego.com last visited on October
20, 2010.

2 MLCad: http://www.lm-software.com/mlcad, last visited on October
20, 2010.

3 LDraw: http://www.ldraw.org, last visited on October 20, 2010.
4 LeoCAD: http://www.leocad.org, last visited on October 20, 2010.

default but can be activated if necessary. To switch be-
tween different functions, such as moving parts or rotat-
ing the camera, it is always necessary to use the buttons
on the interface.

The pieces are presented through a list of groups
whose identification, both as parts and their groups, is
done just by text, although, after selecting a part in the
list, there is a window with a its preview. The pieces
translation is done in a horizontal plane, and to move
in a vertical plane is needed a special action. For the
rotation of the parts it followed the same approach as
proposed in [14] to specify the orientation using a tra-
ditional mouse, visible in Figure 1 (c). Performing the
rotation by clicking on the circumference causes the ro-
tation to be done exclusively on an axis, at intervals of
30 degrees. This application offers many ways to rotate
the camera: rotate around her own axis, orbiting around
a point and tilt.

There are more applications to create virtual LEGO
models, but these three are the most popular between
those that have a WIMP interface. LSketchIt [12], built
upon LeoCAD, has the particularity to enable the con-
struction of LEGO models using sketches. The search
and selection of parts is made by drawing sketches of
the pieces to be obtained in the place that the user wants
to put it. Given this outline, the program presents a list
of suggestions and allows the user to make modifica-
tions to the piece, giving new suggestions according to
that modification.

Currently there is no application for the creation
of virtual LEGO models developed for a multi-touch
based interaction.

3 COMPARATIVE STUDY
With the aim of trying to find out the best approach
in interacting with objects in multi-touch surfaces, in-
cluding virtual LEGO building blocks, we started by
analysing existing solutions, which use the usual WIMP
interfaces, described in the previous section.

3.1 Users Testing
We developed a set of tests, which had the participation
of twenty one users, to evaluate the three most common
virtual LEGO modelling applications: LEGO Digital
Designer, MLCad and LeoCAD. In order to determine
the main positive and negative aspects of the various
applications we conducted a series of tests with users,
that followed the methodology suggested by Preece et
al. in [11].

At the beginning of the experiment, the main features
of each application were presented to the user, and it
were followed by a training phase, consisting of a pe-
riod of three minutes to interact freely with each appli-
cation.

After the training phase, each user was asked to com-
plete a task on each application. The task was to con-
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(a) (b) (c)
Figure 1: Most common virtual LEGO applications: (a) LEGO Digital Designer; (b) MLCad; (c) LeoCAD.

Figure 2: Requested task for users to complete.

struct a simple model, illustrated in Figure 2, which in-
volved searching, selecting, manipulating, rotating and
placing various parts. The order in which the users used
the applications to carry out the task was randomly se-
lected for each one. In this step, users were asked to
think aloud as they performed the task, thus we can bet-
ter understand what were the main difficulties that users
encountered during the task. Since our main goal was to
discover what most appeals to users, we did not use any
performance measure because it is incompatible with
the think aloud technique.

Having accomplished the task in the three applica-
tions, each user completed a short questionnaire that
focused on the experience with each one. It was hoped
thus to identify the strengths and weaknesses in each
one of them, with particular emphasis on manipulation
of the parts and the camera. The questionnaire con-
sisted on a first set of multiple choice questions to iden-
tify the user profile, like age, qualifications and com-

puter experience with image editing, 3D modelling and
virtual LEGO tools. It was followed by a second set
with five questions to classify the various aspects of
each application using a Likert scale with four values
and an open-response question so that users could leave
comments for each application. These five questions
were related to translation and rotation of parts, camera
manipulation, searching and selecting parts and overall
satisfaction.

3.2 Results
Through the analysis of the qualitative evaluation per-
formed by the users, extracted from their feedback, both
written in the questionnaire and said during the task
execution, we identified important factors to consider
in developing an application for visualization and ma-
nipulation of LEGO building blocks. Several of these
factors may also be valid in another type of three-
dimensional modelling applications.

The results obtained followed a normal distribution,
demonstrated by application of the Shapiro-Wilk test,
and the average classification was different for each ap-
plication, proved with an One-Way ANOVA. Results
showed that LEGO Digital Designer was the most ap-
pealing to users, in all aspects, followed by MLCad and,
finally, LeoCAD, with negative ratings for everything
except for searching parts. In [10] there are detailed
results and analysis thereof. The main advantages and
drawbacks we found in each application are summa-
rized in Table 1.

The presented study revealed that users expect a sys-
tem that tries to simulate the behaviour of the pieces in
the real world, contributing to a more familiar interac-
tion with the application. For example, it is desirable to
prevent two parts from overlapping each other and pin
their positions to a grid. On the other hand, we realize
that too much freedom can lead to user frustration, as
the case of an application that provided rotation of the
pieces according to the three axes simultaneously.

From the conclusions of this study we were able
to develop our solution taking advantage of strengths
found in the existing applications, as well as sugges-
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L
D

D
+ Search parts by image
+ Effective part positioning system
+ 90 degrees interval for parts rotation
+ Simple orbiting camera
- No part size information
- Only two axes for the rotation of parts
- No information about which rotation axis is being used

M
L

C
ad

+ Viewports good for experienced users
+ Bricks rotations clearly identified by axis and direction
+ Allows the rotation of parts around three axes
+ 90 degrees interval for parts rotation
- Groups of parts identified by name
- Does not prevent parts overlapping
- Viewports bad for novice users
- Need to use interface buttons to rotate parts

L
eo

C
A

D

+ Allows rotation of parts around three axes
- Search of parts only by name
- Does not prevent parts overlapping
- Allows rotation of parts around more than one axis si-
multaneously
- 30 degrees interval for parts rotation
- Camera controls, other than orbiting, are frustrating
- Constant need to use interface buttons

Table 1: Main advantages(+) and drawbacks(-) of tested
applications.

tions made by the users. Our solution combines this
strengths and suggestions with a multi-touch interface.

4 MULTI-TOUCH INTERACTION
Following the evolution of computers, interaction meth-
ods also change. According to van Dam [16], unlike
the predictable evolution of computer components de-
scribed by Moore’s law, interfaces suffer from long pe-
riods of stability followed by an abrupt transition. Cur-
rently the most popular interfaces are based on win-
dows, icons, menus and pointing devices, such as the
mouse, the so-called WIMP interfaces. Since these in-
terfaces are the most popular for over twenty-five years
and the technologies capable of providing an interaction
more natural and powerful, closer to human interaction,
being more common, there is now a need to develop the
next generation of interfaces, which the author calls the
Post-WIMP.

In [13] it is said that multi-touch based interfaces of-
fer more exciting and efficient ways to interact with in-
formation. These interfaces have demonstrated natural
metaphors, allowing a coordinated manipulation to re-
place what would have been multiple actions control-
ling a cursor.

With the recent work of Jeff Han [3], the interest in
touch sensitive surfaces has increased and has acceler-
ated the development of more accessible technologies
to create such surfaces. Today there are surfaces that

can detect multiple points of contact simultaneously,
using different technologies.

4.1 Multi-Touch Surfaces
With the emergence of multi-touch surfaces, the first
step was, naturally, to create new forms of interaction
to existing applications. In [7] and [15] an interaction
with a multi-touch surface to control Google Earth and
Warcraft 3 was implemented. In that context, a set of
gestures was developed, both with one and two hands,
allowing a more natural way to control the navigation
within the applications.

In [18] the authors explored both visualization and
interaction techniques to support shared environments
and privacy. They created a prototype for organizing a
furniture plant, RoomPlanner, which is based on a di-
verse set of gestures using one finger, two fingers, one
hand and two hands.

These are just some examples showing the capabil-
ities of multi-touch surfaces and interaction possibili-
ties. A plethora of applications for this type of surfaces
exists, though none was made for virtual LEGO mod-
elling.

4.2 3D Objects Manipulation
Although there are a de facto standard to manipulate
two-dimensional objects using multi-touch surfaces,
the manipulation of three-dimensional objects does not
have a definitive solution yet. Regarding this challenge,
there are already several approaches.

Hancock et al. [4, 5] presented a set of techniques
for manipulating 3D objects. These techniques consist
in maintaining the finger always in touch with the ini-
tial point of contact in the object. Using one, two and
three touches, the user can simultaneously control up to
six degrees of freedom. Test results show that an inter-
action with more contact points tends to be faster, and
with just a touch users end up spending more time to
carry out cognitive processing.

Two different approaches for moving objects in a
three dimensional space are suggested by Martinet et al.
in [9]. The first uses multiple viewports, each one re-
sponsible for moving objects in its corresponding view-
ing plane. The second, called Z-technique, consists of
a single perspective view in which, with one touch, the
user can move the object in a plane parallel to the view
plane and, with a second touch, can adjust the depth of
the object.

Andrew Wilson [17] follows a different approach, in
which there is no need to program a specific interaction
through gesture recognition. His solution is to create
virtual proxies in the scene with the shape of the user’s
contact zone with the surface and then use a physical
simulation to control these proxies and, consequently,
the manipulation of other objects in the scene. How-
ever, given the constraints inherent to LEGO building
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Figure 3: LTouchIt architecture.

blocks, such as the model visualization with free per-
spectives and the need to move objects in depth, this
latter approach does not seem to be most appropriate.

5 LTOUCHIT
Based on the study existing applications, described pre-
viously, and on the state of the art regarding the han-
dling of multi-touch surfaces, the development of our
solution has been initiated. Next we describe the ar-
chitecture used, the representation of LEGO pieces and
how the interaction can be done.

5.1 Architecture Overview
Our solution is to develop the modules represented in
green in the architecture illustrated in Figure 3. The first
and most relevant to the job is aimed at the interaction.
This is responsible for analysing the movements of the
user’s fingers from the CCV, in order to determine the
gestures made and what action he wants to do. These
actions are then passed to the second component, the
LEGO modeller. This is the core of the application and
it’s where all of its logic is programmed. It also contains
information about LEGO pieces, the model that is being
built and the camera.

All the data related to the scene, including the repre-
sentation of the used pieces, their position, orientation
and details of the visualization, is stored using OpenSG,
which undertakes the conversion to OpenGL primitives
and the rendering process. The information regarding
the pieces to be used in the modeller is gathered from
the LDraw parts library. LDraw is an open standard for
applications designed to create virtual LEGO models
offering a vast library of parts.

Using LEGO modelling as the context, the purpose
of this application is the study and development of nat-
ural interaction techniques for manipulating three di-
mensional objects in virtual environments, using multi-
touch surfaces.

5.2 LEGO blocks in OpenSG
For the manipulation and visualization of the differ-
ent LEGO pieces, these have to be converted from
its original LDraw format to one that offers features
such as transformations and rendering. For this pur-
pose, we have chosen to work with OpenSG5, an open
source scene graph system to create real-time graph-
ics programs. In this conversion we chose to follow
an approach as close as possible to the specification of
LDraw. Therefore, we shall briefly explain its structure.

The files of this format are formed by six types of
data: triangles, quadrilaterals, lines, optional lines, in-
clusion of sub-files and META commands. The latter
are intended to specify the particularities of the current
file or the command that will follow. Due to the large
amount of these commands, they will not be explained
here, except those referring to back-face culling. The
inclusion of sub-files is intended to include parts or sub-
parts defined in another file within the geometry of the
current part. Each included sub-part is associated with
a transformation matrix relative to the including part.

The remaining types consist of the representation of
the part itself. The optional lines are lines that should
only be drawn as some points are visible or not and
serve, for example, to draw the contours of cylinders.
This type of line, given the complexity of its implemen-
tation and its limited relevance, was disposed of in this
implementation for now.

Thus, in our application, each piece will have a struc-
ture like the one visible in Figure 4. Basically each part
is a scene graph, being the part itself the primary node
which contains the transformations, as translations and
rotations, to be applied to the part. Thus, by applying
a transformation to this node, this transformation is au-
tomatically applied to all of its children. This node is
also the parent node of the geometry nodes of the part
and all of it sub-parts. There are two OpenSG nodes for
information on the geometry of the piece. The first one
has the part geometry itself - triangles and quadrilater-
als, and the second has the geometry of the lines. To
disable the drawing of lines we simply have to disable
this second node.

In each piece there is also a reference to the structure
corresponding to each of its sub-parts, in order to be
able to change the color of a piece. To do so, we have
to change the color of the geometry of the part and the
geometry of each of its sub-parts recursively.

5 OpenSG: http://www.opensg.org, last visited on October 20, 2010.
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Figure 4: Our LEGO part structure for a simplified 2x2
brick. The grey filled boxes represent OpenSG nodes,
while the white ones are the nodes’ core.

Figure 5: Our LEGO part cache structure for the same
2x2 brick.

To achieve more efficiency in terms of memory and
since many parts have sub-parts in common, we built a
cache of parts, illustrated in Figure 5, which is fully
loaded at the beginning of the application execution.
Contrarily to the part structure described above, this
cache is not a scene graph. It has, for each part, the
geometries required for each color and the transforma-
tion matrices to be applied to each sub-parts, also in
cache. With this approach, it is possible that only one
geometry is created for each part, being shared by all
parts that include it, requiring only the application of
the transformation matrix for each case.

As mentioned, the only LDraw META commands
that will be explained here will be the ones regarding
back-face culling. Other ones have been disregarded.
The specification of the LDraw file lets one decide us-
ing META commands which culling should be made,
according to the vertices of the polygon are specified
clockwise or counter-clockwise. In addition, there is
a META command that allows to reverse the test for
the clipping of polygons in the middle of the file it-
self. Thus it was necessary that the insertion order of

the polygon vertices in the OpenSG geometry was dif-
ferent depending on the specification of each particular
situation, in order to be able to support this diversity.

Regarding the conversion of parts of the LDraw for-
mat for OpenSG remains only the fact of both having
different coordinate systems. While the former uses a
right-handed coordinate system, the latter uses a left-
handed one. To circumvent this problem it is necessary
for the main node of each piece, and not in any of its
sub-parts, to be applied a scale transformation with the
values of 1, -1, -1 for x, y and z respectively, i.e. an
inversion of the part relatively to the y and z axes.

5.3 Current set of LEGO blocks
Although the LDraw parts library contains more than
three and a half thousand pieces, not all of them were
considered in our application. This measure was under-
taken with the aim of reducing the complexity of the
implemented solution, since the primary focus of this
work is the manipulation of three dimensional objects
in multi-touch surfaces, and not to achieve the total di-
versity of the supported parts.

We discarded all the pieces that have geometries that
contain incorrectly specified polygons. These are poly-
gons that contain points that are not co-planar, non con-
vex angles and/or vertices that are not defined in the
correct order. We also accept only pieces that support
some sort of back-face culling and that use only the de-
fault LDraw color, so that the piece is all coloured alike.
Whenever any piece includes some sub-part that does
not meet the requirements cited above, it is also dis-
carded.

With these restrictions, we currently support more
than eight hundred pieces and more than eighty colours,
including colours with alpha. It is expected, however,
that the number of used parts will decrease, given the
complexity of some of them regarding the bricks adap-
tation and collision detection, something that will be
further developed.

5.4 LEGO Modelling on a Tabletop
A first approach to interact with LEGO bricks, de-
scribed next, is already implemented. Our solution is
being developed in a multi-touch table that uses the
technology Laser Light Plane (LLP). This table has di-
mensions of 180x120 cm and uses a projector with 720p
resolution.

LLP technology allows the detection of multiple
points of interaction using the dispersion caused by
the user fingers on the laser beams placed over the
surface. This technology has a lower construction cost
and is more accurate than other optical technologies
like FTIR, DI and DSI.

Our application, illustrated in Figure 6, is designed
for Microsoft Windows environment, using C++ pro-
gramming language and OpenSG.
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Figure 6: User interacting with LTouchIt.

Inside the table, the camera receives the rays reflected
by the fingers of the user and the obtained image is sent
to the CCV tbeta. This program processes this image,
recognizes the touches and sends their positions for the
Interaction Controller, using the TUIO protocol. When-
ever the controller receives a message from CCV tbeta,
it originates an event. This event is then processed and
the position of the fingers over time is analysed to de-
termine the gestures of the user, transmitting to the cor-
responding actions to the Core, such as moving a piece
or rotate the camera.

For the generation of the image to be projected on
the table, OpenSG goes through the scene graph of the
model being worked on the LEGO Core, originating
all the OpenGL commands needed to render the scene,
such as the geometries of all the objects in the scene
and the position of the camera and the light sources. In
order to have the geometry information of all the LEGO
bricks, these are all loaded and stored in the Core, ac-
cording to a procedure described in the previous sec-
tions.

It is already implemented the internal representation
of LEGO pieces and the interaction techniques next de-
scribed.

5.5 Manipulation of virtual LEGO blocks
To interact with three dimensional objects on multi-
touch surfaces, which in our case are LEGO bricks, we
followed some of the techniques already presented.

Concerning the translation of the pieces, we turned
to two approaches. The first is used to move them in
an horizontal plane. This approach consists of, after se-
lecting a piece, dragging it by moving a finger in con-
tact with it, making the piece follow the touch, while
remaining in this plane. This is the technique that can
be found in several applications currently available for
creating LEGO models. We chose this approach instead
of moving the object in a plane parallel to the camera

plane [9][5], since we believe that this movement can
become confusing when the camera plane is not perpen-
dicular to one of the scene axis, due to the translation
being made in the three axis simultaneously.

For the movement of the pieces according to the
third dimension is used a technique similar to the Z-
technique [9]. Keeping a first finger in contact with the
piece, it is used the vertical motion of a second finger
to regulate its depth in relation to the camera, as can be
seen in Figure 7.

The application also has a grid that underlies the con-
struction in which the parts fit after every movement.

Regarding the control of the camera while viewing
the model, we followed an approach used in some ex-
isting applications of virtual LEGO. While keeping a
point of the model centred, the user can orbit around
that point by dragging a finger, whose touch was started
out of a selected piece. The movement is made like
dragging a spherical surface, moving sideways, up and
down, with the particularity that it never tilts. To zoom
in and out the scene, we again use the vertical motion
of a second touch, as shown in Figure 8. This gesture
is identical to the Z-technique, thus diminishing the vo-
cabulary needed to interact with the application.

6 CONCLUSIONS AND FUTURE
WORK

In this paper we presented an innovative application for
for constructing virtual LEGO models. This application
takes advantage of multi-touch interfaces on a distinct
approach to LEGO modelling. However, the current
prototype is not a final version. Indeed it stands more
as a proof-of-concept prototype with which we seek to
find the most natural way to interact with three dimen-
sional objects - the LEGO blocks - in multi-touch sur-
faces.

Figure 7: Depth manipulation using two touches.

Figure 8: Camera zoom using two touches.
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The development of this prototype was based on the
results of a comparative study of existing virtual LEGO
modelling applications. This procedure guided us into
developing a solution easy-to-use for all users. How-
ever, as stated before, we are aware that such applica-
tion still in its infancy and a considerable effort must be
dedicated to augmented it with additional features.

Indeed, the next step of our work will focus on ex-
tensive user evaluation of our LTouchIt prototype. With
this evaluation we intend not only to validate the pro-
posed approach for virtual LEGO modelling, but also
to identify further enhancements in the prototype. We
believe that we are on the correct path for introducing a
simple and easy-to-use 3D manipulation on multi-touch
surfaces that will allow users to build LEGO models in
a virtual environment as fast as they do in real world.
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ABSTRACT

Collision-free paths in the geometric model of a protein molecule reveal various dependencies between the structure of the
molecule and its function. The paths which connect a biochemically important part of the protein molecule with the surface of
the molecule can serve as egression or access paths for small molecules which react in the active site. The geometric method
introduced in this paper is designed to compute such paths in the dynamic models of protein molecules. The paths have to
satisfy additional constraints such as valid flow of time which allows us to distinguish between access and egression paths,
minimum width and others. Possibly, the method may be used not only for protein molecules but also for similar environments
with high density of spherical obstacles. The method was tested on real protein data and the results indicate that if there is a
path present, it is detected by our method.

Keywords: protein, path planning, collision-free path, constrained dynamic channel

1 INTRODUCTION
Investigating the behaviour of protein molecules is one
of the main tasks that help biochemists fully understand
how the real micro-world works. One of the real ap-
plications is the development of new and the improve-
ment of existing drugs. These days, we can utilize the
computational power and perform simulations instead
of wasting time in the laboratory.

With the increase in computational power the
molecular dynamics simulation which simulates the
behaviour of the protein molecule is capable of captur-
ing longer time intervals. The resulting vast amount
of data has to be processed and for chemists, it is
desired to reveal the dependency between structure
and function of a protein molecule. One of the crucial
analyses is to find the collision-free paths connecting
the active site of the protein molecule with its surface.
These paths are called channels and may be used by
a small molecule as access paths to or egression paths
from the active site. Chemists need to focus on these
paths to assess whether the active site is well or poorly
accessible.

In the protein molecule, each atom is represented ge-
ometrically as a sphere on given three-dimensional co-
ordinates with appropriate Van der Waals radius. To

Permission to make digital or hard copies of all or part of
this work for personal or classroom use is granted without
fee provided that copies are not made or distributed for profit
or commercial advantage and that copies bear this notice and
the full citation on the first page. To copy otherwise, or re-
publish, to post on servers or to redistribute to lists, requires
prior specific permission and/or a fee.

reflect the real situation, we have to consider the move-
ment of atoms in the molecule. This movement cer-
tainly influences channels and their properties. The
movement is typically obtained by a molecular dynam-
ics simulation and is stored as a set of snapshots – states
of the molecule over time. The simulation may generate
thousands of snapshots. The set of snapshots is denoted
by chemists as a trajectory.

Previous approaches to channel computation were
able to compute channels in a single snapshot only.
Even if the approach was applied to each snapshot,
the solution did not exactly reflect the real situation in
which the small molecule (substrate or product) passes
into or leaves the active site. The ongoing research de-
manded that collision-free paths which satisfy certain
constraints and connect the active site with the surface
of the molecule are determined. Although other possi-
bilities exist, in this paper, the surface of the molecule
is understood as the convex hull boundary.

In this paper, we introduce new method, which joins
the information about an empty space in different
snapshots into one large graph and finds collision-free
paths connecting the active site with the surface of the
molecule. These paths are called dynamic channels.
Applying additional constraints on these paths allows
us for instance to consider the flow of time and distin-
guish between access and egression paths. These paths
are referred to as constrained dynamic channels.

The method we propose is based on computational
geometry principles and could be used to find collision-
free paths for a spherical robot in an environment with
high density of moving obstacles. We expect these ob-

WSCG 2011 Full Papers 81



stacles to be spherical too. Our specific implementation
is used for solving the issue of finding dynamic chan-
nels in a protein molecule.

2 BASIC DEFINITIONS
A channel in a protein molecule is defined by the cen-
terline and the volume [MBS07]. The centerline is a
three-dimensional continuous curve and the volume is
formed by the union of spheres with centers on this cen-
terline and with appropriate radii so that none of the
spheres intersects any atom in the molecule. The bot-
tleneck radius of the channel (i.e. the minimum sphere
inserted) limits the size of a molecule which is able to
pass through a channel. In addition to previous defini-
tion, a dynamic channel contains for each point on the
centerline the reference to a particular snapshot in the
trajectory.

Definition 1: Let M = {m1, ...,mn} be a time-ordered
set of snapshots. Dynamic channel T is defined as T =⋃

x∈aT
s(x,r, i) where aT is the centerline of T (a three-

dimensional curve) and s(x,r, i) is a sphere with center x
and radius r which does not intersect nor contains inside
any atom in the reference snapshot mi.

The definition of a dynamic channel is general. For
the purposes of this paper there is a need to apply var-
ious constraints. The constraints may be geometrical
(such as minimal width) or time (such as the order of
snapshots). For each dynamic channel we are able to
determine if it satisfies the given constraints. For exam-
ple, if a dynamic channel with the centerline aT , con-
necting an active site with the surface is to be an egres-
sion path, the basic constraint which should be satis-
fied is that the reference snapshot numbers should be
increasing from the active site. More formally, for each
a,b∈ aT such that a is closer in aT to the active site than
b, if the reference snapshot number for a is smaller than
reference snapshot number for b, then the path satisfies
the egression path constraint. Otherwise, the constraint
is not satisfied.

3 RELATED WORK
3.1 Motion planning methods
In the environments with static obstacles, there are var-
ious approaches that can be used to find a collision-free
path from a starting position to a destination position.
Possible methods are cell decomposition [Lin04], vis-
ibility graphs [JLK95], Minkowski sum [Gho90] and
potential fields [HA92]. The issue of path planning gets
more complicated when considering environments with
moving obstacles.

In the dynamic environments, there are approaches
which are designed for the two dimensional case. As
an example, spatial indexing [FS88], velocity obstacles
method [FS98] and hierarchical strategies [FS89] can
be mentioned.

The methods designed for three-dimensional en-
vironments with moving obstacles are much rarer.
As an example the following methods introduced
in [YJSHJ06], [BKZ+07] and [HKcLR00] can be
mentioned.

Our solution of path planning is done in an environ-
ment with different settings. Firstly, obstacles in our
environment are always spherical and all of them are
moving. Secondly, all obstacles are of similar size and
their movement is known a priori. In this environment,
our method tries to find paths connecting the starting
position with a destination position which satisfy user-
defined constraints. For each path the maximum size of
the spherical robot which is able to pass through can be
determined.

The proposed solution utilizes computational geom-
etry principles Voronoi diagram and Delaunay triangu-
lation [SU00] and is based on the breadth first search
algorithm (BFS) [CLRS01].

3.2 Channels
The issue of computation of channels in one snapshot
of the molecule was described in [POB+06] and the
improved approach based on computational geometry
was proposed in [MBS07]. Other approaches which ap-
peared later [PKKO07, YFW+08] are based on similar
concepts.

The extension to dynamics where channels are
computed separately in each snapshot was proposed in
[BMS09]. It should be stressed that the cluster analysis
which was utilized in this issue is not directed to find
a dynamic channel as defined above since there is no
explicit notion of continuous movement through the set
of channels clustered together.

4 PROPOSED METHOD
The input data for the proposed method include the ge-
ometric model of the molecule which is composed of a
set of spheres in three dimensions. The molecule con-
tains thousands of atoms; each atom corresponds to a
sphere in the model. Additionally, the movement of
atoms is sampled with a fixed frequency, producing a
set of snapshots (a trajectory). Each snapshot repre-
sents the positions of atoms in a certain instance of time
and in fact is a static model. The capture of snapshots is
dense enough so that no important movements of atoms
are missed. This implies that there is a certain limit for
the translation of each atom between consecutive snap-
shots.

In addition, it is necessary to specify the starting point
and the set of destination points. For protein analysis,
starting point should be located in the active site cavity
and destination points may be automatically determined
as points lying on the surface of the molecule.

It should be noted that the trajectory typically de-
scribes local movement of atoms only, while the global
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Figure 1: Construction of a graph from the Delaunay triangulations. (a) Graph after processing of the first
snapshot. (b) In the next snapshot, the movement of atoms caused changes in the Delaunay triangulation.
New edges (dashed green) and nodes (green) were added into a graph after processing this snapshot.

movement of the molecule is not present. Various align-
ment tools can be used in case the data do not satisfy
this condition.

The proposed method is purely geometrical. It pro-
cesses the geometric model of the molecule which con-
sists of a set of spheres in three dimensions; each atom
corresponds to one sphere. No biochemical properties
are considered. This makes the method general and ap-
plicable in similar situations and similar dense environ-
ments in which feasible paths are to be computed. For
protein analysis, the method can be adjusted so that bio-
chemical properties are taken into account to find the
most prospective and biochemically relevant paths.

The method is composed of two main phases – the
graph creation phase and the graph processing phase.
In the first phase, the Voronoi diagrams (or dual Delau-
nay triangulations) are merged into a large graph. This
graph captures the behaviour of the geometric model
over time. In the second phase the graph is processed
searching for feasible paths which satisfy defined con-
straints.

4.1 Phase 1: create graph
Recall that M = {m1, ...,mn} be a time-ordered set of
snapshots. For each snapshot mi, we compute the De-
launay triangulation DTi that maintains the space par-
titioning of the molecule. The Delaunay triangulation
is computed using the QuickHull algorithm [BDH96].
It should be stressed that each tetrahedron in the tri-
angulation contains the indices of four atoms in the
molecule. In general, all triangulations DTi for M are
merged into one multi-edge graph G.

Due to the fact that there is a fixed number of differ-
ent atom radii and that the radii do not vary greatly, the
Delaunay triangulation for atom centers can be used.
For general situations in which the size of spheres (ob-
stacles) would differ more, the additively weighted De-
launay triangulation would have to be computed.

The algorithm starts with an empty graph G. For
each snapshot mi and for each tetrahedron t ∈ DTi, a

new node N containing a reference to t, is created,
Re f (N) = t. Two nodes are considered equal if the
atom indices of their reference tetrahedra are equal. If
G does not contain an equal node, then N is inserted
into G. This ensures that the associated tetrahedra for
nodes are unique.

Moreover, for each node N a set IN of indices of snap-
shots is maintained. If i ∈ IN , then Re f (N) was a tetra-
hedron in the Delaunay triangulation in the snapshot mi.

Let N1 and N2 be the two nodes in G. For each
snapshot mi in which tetrahedra Re f (N1) and Re f (N2)
share a face, a new edge e connecting N1 and N2 is in-
serted into G, then e = (N1,N2, i,v) where i is the snap-
shot number and v is the representation of width. For
short, let Snap(e) denote the snapshot number of e, i.e.
Snap(e) = i. The process of computing the width rep-
resentation follows.

For each edge e = (N1,N2, i,v) in G, a Voronoi edge
exists which is dual to the shared face between two
tetrahedra Re f (N1) and Re f (N2) in DTi. The value of
v can be computed as the distance between the corre-
sponding Voronoi edge associated with e and the sur-
face of the nearest atom in i-th snapshot. The issue
of computation of the values on edges for a Delaunay
triangulation from only one snapshot was addressed in
[MBS07]. The referred value v represents the maxi-
mum possible radius of a spherical probe which is able
to pass along the corresponding Voronoi edge without
colliding with any of the atoms. As a result, a multi-
edge graph G is created. Note that there may be more
than one edge between two nodes in G if associated
tetrahedra for these nodes were present in the Delau-
nay triangulation in more than one snapshot or even no
edge if both associated tetrahedra did not share a face
in any of the triangulations DTi. The example of such a
graph is shown in Fig. 1.

To keep the number of edges in G reasonable, it is
convenient to filter the edges in G by their value. If
the computed value v for an edge is less or equal to
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Figure 2: Modified BFS. Starting node (S), destination nodes (D). (a) First step of the algorithm in which
paths of length one are created. (b) Extension of a path p = (e2) with edges emanating from the last node
of p. (c) Extension of path p = (e2,e5) during which a path between starting and destination node pnew =
(e2,e5,e11) is found.

user-defined limit, the edge is not added to G. Without
filtering, all edges are used regardless of their value.

Once the multi-edge graph is computed, it can be
stored for further processing. This graph represents the
discrete evolution of the proximity information about
the geometric scene over time.

The starting node in G from which the search for
paths begins is selected by its associated reference tetra-
hedron. For the purposes of protein analysis, a node
whose tetrahedron encloses three-dimensional coordi-
nates of the active site is selected. In other applications,
an arbitrary node may be selected.

For the purposes of protein analysis, the paths which
end on the convex boundary of the molecule are im-
portant. Each node in G whose associated tetrahedron
appeared on such boundary of the molecule in at least
one snapshot is marked as a destination node. In other
applications, a set of destination nodes may be selected
according different criteria.

4.2 Phase 2: process the graph and find
constrained paths

Given multi-edge graph G and starting node and a set of
all destination nodes we search for paths satisfying a set
of constraints. The straightforward solution in which no
path is excluded is to generate all possible paths which
emit from a starting node. To find such paths, G is pro-
cessed using the modified breadth-first search (BFS) al-
gorithm.

A path p consists of edges from G, p = (e1, ...,em)
where ei ∈ G. The length of a path is denoted as the
number of edges in p. The modified BFS generates
paths in steps; in each step, paths of length increased
by one are created.

The paths which consist of consecutive edges in G
and connect the starting node with one of the destina-
tion nodes can be mapped to a centerline of a dynamic
channel. The mapping is described later.

The modified BFS search algorithm works as fol-
lows. In the first step, paths of length one (containing
a single edge which originates from the starting node)
are created. In the next step, all paths from previous
step are extended with edges emanating from the last
node in the path being extended. To prevent cycles, a
path is extended with edges whose end node is not al-
ready present in the path. With this approach the set
of all feasible paths of variable length from the starting
node to all other nodes are computed.

The generation of new paths may terminate once a
path connecting the starting node with any of the desti-
nation nodes is found. Alternatively, the generation of
paths may continue to find more than one path. Also,
if multiple destination nodes were selected, it may be
crucial to find all suitable paths ending in some of these
nodes. Otherwise, the computation terminates after
paths to all reachable nodes are checked.

The described generation of feasible paths produces
a vast number of paths. If there was an unlimited com-
putational power and storage, it would be possible to
search the whole graph for all paths connecting starting
and destination nodes. Currently, this is not possible
and various restrictions have to be applied to keep the
number of paths reasonable. The description of various
techniques which help us to cope with the number of
paths follows, including the concept of constraints.

As mentioned above, paths are generated in steps. In
the first step, the set of paths P1 of length one is cre-
ated; each of these paths has exactly one edge which
emanates from the starting node. Then, in (i + 1)-th
step, each path p = (e1, ...,ei) from Pi is extended with
every edge enew which emanates from the last node in
the path p (except for cases when p already contains the
end node of enew to prevent cycles) resulting in a new
path pnew = (e1, ...,ei,enew) which is inserted into Pi+1.
Finally, the set Pi is discarded and no longer maintained.
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The example progress of the algorithm is shown in Fig.
2.

To keep the number of paths reasonable, it is conve-
nient to filter non-prospective paths during the exten-
sion process. More precisely, in the i-th step, each path
of length i can be extended by many edges to form paths
of length i+1. The concept of constraints is utilized to
decide whether an extension is appropriate instead of
blindly creating extended paths and filtering them af-
terwards.

Let us now explain various constraints and their
application in the process of extending a path
p = (e1, ...,em) with an edge enew, resulting in a
new path pnew = (e1, ...,em,enew). The following list
describes important constraints which take into account
the minimum clearance of the path, proper flow of
time, maximum speed of a robot, waiting of a robot
and a limited curvature of the path. The list, however,
is not exhaustive and one can design other constraints
that can be applied. The selection of constraints
below is motivated by the computation of the widest
straight-leading paths which are safe to pass along over
time.

• Minimum radius of a path. If the width of enew is
lower than the minimum value specified, the exten-
sion does not happen and pnew is not created. See
Fig. 3 (b).

• Increasing snapshot number. For paths, which
should serve as egression paths from the active site,
the snapshot numbers for edges in the path have to
be increasing. If Snap(enew) < Snap(em), the exten-
sion does not happen since the extended path would
not satisfy the constraint. Additionally, for the ac-
cess paths, the decreasing order of snapshot numbers
has to be used. This constraint is the most important
for the validity of the path over time. See Fig. 3 (c).

• Speed of the robot. If there is more than a certain
number of edges having the equal snapshot number
in the path, it would be impossible for a robot to
pass through in such a short time. Let time be the
time between the each two consecutive snapshots in
the trajectory. If there is a certain number of edges
having the equal snapshot number in the path, the
sum of lengths of these edges divided by the speed
of the robot cannot exceed time. In case all edges
in the multi-edge graph are of approximately the
same length, the constraint can be formulated in the
following simpler form. If the extension of a path
causes that a last certain number (experimentally de-
rived) of edges have equal snapshot number, the ex-
tension does not happen. See Fig. 3 (d).

• Waiting of a robot in a graph node. For this con-
straint, the additional information stored for each

node in IN is utilized. Note that IN contains snap-
shot numbers in which it was safe for the robot to
wait in node N (Fig. 1). Let N be the node shared
by em and enew. If IN contains all integer numbers
from interval < Snap(em),Snap(enew) > and the ra-
dius of the inscribed sphere to a tetrahedron Re f (N)
is larger than the size of the robot, the transition be-
tween em and enew is safe and the robot is able to
wait in N. See Fig. 3 (e).

• Curvature of the path. For every new edge enew
to be added we are able to compute an angle α be-
tween enew and em. If α is above a user specified
value the extension does not happen. If desired, this
allows us to exclude paths exceeding a user-defined
curvature threshold. See Fig. 3 (f). Note that this
definition limits the angle between each pair of con-
sequent edges in the path only. For our purposes this
definition is sufficient. However, other definitions
which consider the whole path can be used.

For the practical case, the number of paths may be ex-
tremely large for huge multi-edge graphs even if pre-
viously mentioned constraints are applied. One of the
other possibilities to reduce the number of paths is
adding new constraints. There are also other techniques
which do not belong to the category of constraints but
still help us to reduce the number of paths so that the
computation is feasible when only a limited amount of
memory is available. The techniques typically result in
the loss of paths.

In i-th step, when paths are created, we can stop the
extension and proceed to the next step if the number
of generated paths of length i is larger than a user de-
fined value. It is obvious, that this approach prefers
such paths which are to be found earlier in the process
of generating paths.

The alternative approach we propose is to leave only
one path for each node in G. This way, a number of
paths is limited by the number of nodes in G. It is cru-
cial that the best candidate path is kept for each node
to reduce the number of lost paths. Let P(N) be a
set of paths whose last node is N. The selected can-
didate path p∈ P(N) for a certain node N is such a path
p = (e1, ...,em) for which Snap(em) is minimal. This
is the safest way which ensures that if there exists a
path satisfying the most important time flow constraint
(increasing / decreasing order of snapshots) it will be
generated.

Our algorithm is general enough that the output of
paths can also be done during the extension process. If
the ending node of enew is marked as destination, it is
clear that a path which connects the starting node with
the destination node exists. The path is stored and is no
longer extended. However, the process of generating
paths may continue to find other different paths con-
necting the starting node with a destination node.
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Figure 3: Extension of a path p = (e1,e2,e3) with e4, e5, e6, e7, e8, e9 and applying constraints. Crossed
dashed lines denote the edges which do not satisfy given constraints. (a) Extension without constraints. (b)
Minimum-width constraint with value of 1.7. Edge e5 does not meet the minimum width requirement. (c)
Time-flow constraint. The path is treated as egression and the numbering of snapshots should be increasing.
Newly added edge e7 does not satisfy the constraint. (d). Speed of the robot. In this case, we do not allow two
consecutive edges to have the same snapshot number. Edge e6 does not satisfy the constraint. (e) Waiting
of the robot. Edge e9 does not satisfy the constraint as some of the snapshot numbers between 8 and 12 is
missing in IN . (f) Angle constraint. Edge e4 does not satisfy the constraint of maximum angle of 90 degrees
shared by e3 and e4. The angle α which satisfies the constraint is emphasized.

5 BIOCHEMICAL APPLICATION:
MAPPING A PATH TO A DYNAMIC
CHANNEL

A path connecting the starting node with a destination
node is mapped to a dynamic channel in the following
way. The centerline of a dynamic channel consists of
the Voronoi edges dual to the faces shared by tetrahedra
associated with the nodes in G and new edges are added
to ensure that the resulting centerline is continuous to
meet the definition of a dynamic channel.

More precisely, each edge e1 = (N1,N2,s1,w1) ∈ G
after which follows e2 = (N2,N3,s2,w2) ∈G is mapped
to a centerline as a Voronoi edge ve1 dual to the face
shared by Re f (N1) and Re f (N2) in snapshot s1. If both
e1 and e2 originate from different snapshots, additional
edges have to be mapped to the centerline. For each pair
of successive i1, i2 in the ordered set of integer num-
bers from IN2 = {s1, ...,s2}, a new edge gei is added
to the centerline which connects Voronoi vertex dual to
Re f (N2) in snapshot i1 and the Voronoi vertex dual to
Re f (N2) in snapshot i2. The whole process is demon-
strated in Fig. 4

6 RESULTS
The method was tested on trajectories which were
computed using a computer simulation of a protein

molecule. In the visualization of these data, it can be
clearly visible that a small molecule (a ligand) leaves
the active site defining an egression path. In addition,
the molecule does not remain open during the egression
which means that recent approaches which compute
channels separately in each snapshot fail to detect such
a path.

For the analysed trajectories, the ligand was naturally
excluded from the computation. The above mentioned
constraints were used searching for egression paths;
their settings were identical for all analysed trajectories.
After constrained dynamic channels were found, these
channels were compared against the egression path of
a ligand. Table 1 shows the results of the comparison.
We have inspected the bottleneck radius (in Angstrom,
Å, 1 Å= 10−10 m) of the dynamic channel and the dis-
tance between dynamic channel and the ligand position
in the appropriate snapshot. Average value of this dis-
tance is shown in the table. In the trajectories 1-3, the
egression path was computed by our method which was
almost identical with the egression path of the ligand.
For trajectory 4, our method has detected wider possible
egression path which exists, whereas the ligand in the
simulation chose different path. In this case, the size of
the ligand (Table 1) is smaller and more possible paths
exist. In all cases, the bottleneck radius of computed
dynamic channel was the same or slightly smaller than
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Figure 4: The example mapping of an edge e1 in a
path (upper part) to the part of a dynamic chan-
nel centerline (lower part). For the edge e1, the
Voronoi edge ve1 is added to the centerline together
with edges ge1, ge2 and ge3. The ge edges show the
waiting of the robot and ensure that the resulting
centerline is continuous.

the radius of a ligand bounding sphere. This was caused
by the non-spherical shape of the ligand which can pass
through a channel only when properly oriented. It can
be noticed that for trajectory 4, the number of computed
paths was significantly larger than for other trajectories.
Since all these paths satisfied the used constraints, ad-
ditional filtering is convenient to select the most impor-
tant of them.

The example visualization of a dynamic channel in
selected snapshots using pyMol visualization software
[Del02] is shown in Fig. 5. In each snapshot, only a part
of the dynamic channel which is valid in this particular
snapshot is visualized. Standard visualization method
of insertion of empty spheres on the centerline is used.
Notice that the path is blocked by atoms in the second
and fourth selected snapshot – this is exactly the case in
which methods that compute channels in each snapshot
independently fail to detect the channel.

It should be stressed that in the testing data the be-
haviour of the molecule over time is sampled densely
enough so that the translation of each atom in the two
consecutive snapshots is kept within a reasonable limit
and no crucial movement is omitted. This ensures that it
would be feasible for a small molecule to pass through
a computed path without any collision.

The time required to find paths satisfying the con-
straints depends on the number of edges in G and on
the constraints applied. However, in the worst case the
modified BFS algorithm may process all paths which
may require vast amount of time and memory. More

precisely, let c be the number of nodes in G and k be the
number of snapshots. Then, the maximum number of
edges between a pair of nodes is k. In the worst case, the
number of all paths of length d is ∏

d
i=1 k(c− i). With

the constraints and the cutting of paths applied after
each step, the number of paths generated is significantly
smaller. For protein trajectories, the time required to
find paths with all mentioned constraints was hours on
a common desktop computer (single core 2GHz, 2GB
of memory). With the reduction of paths in each step
to the number of nodes in G, the time even decreased
rapidly to approx. 20 minutes still generating reason-
able paths. It should be noted that the processing time
is not crucial since the molecular dynamics simulation
takes days to compute.

7 CONCLUSION
We have presented a new geometric method, which is
capable of finding constrained paths in a three dimen-
sional space with a huge number of moving spherical
obstacles. These obstacles may not only move arbitrar-
ily, but also may overlap. Various constraints were de-
signed which can be applied to filter non-prospective
paths. We have presented the modified breadth-first
search algorithm which generates feasible paths with
the constraints applied during the generation process.

We have also demonstrated the application of the
method to an interesting biochemical problem of find-
ing a dynamic channel in a trajectory. Due to limited
computing resources currently available, trajectories do
not cover large period of protein life and that egression
may not happen in the short interval of simulation. De-
spites this, we expect the method to have a great poten-
tial once the data is available. We have also shown that
for the available data with egression paths confirmed
by other means, these collision-free paths were found
by our method.

8 FUTURE WORK
In the future, we would like to focus on the validation
of biochemical relevance of computed paths on large
protein trajectories. Moreover, in cooperation with bio-
chemists it would be necessary to include various addi-
tional biochemical constraints to improve the relevance
of the results if still a large number of paths exists.

So far, the method assumes that the radii of obstacles
do not vary greatly. The modification of the method
for environments with variable-size spherical obstacles
could be accomplished using the additively weighted
Voronoi diagram and the corresponding triangulation.
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Figure 5: Example visualization. Side view of a protein molecule, cut with a cutting plane perpendicular to
the view. The resulting egression path is visualized using yellow spheres defining the safe collision-free posi-
tions of a spherical robot inside the molecule over time (example for six selected snapshots). The molecule is
visualized using two basic visualization methods (upper panel – sphere model, lower panel – surface model).

id molecule ligand dynamic channel number of average distance between ligand egression
(codename) egression bottleneck radius paths found and one of the paths computed

1 LinB WT cyclohexanol (OCX) 2.7 Å 59 0.8 Å
2 LinB L177W cyclohexanol (OCX) 1.4 Å 43 3.8 Å
3 LinB L177W 2-bromoethanol (BEO) 1.3 Å 1 2.01 Å
4 LinB L177W bromide ion (Br-) 1.4 Å 1588 7.7 Å

Table 1: The properties of computed constrained dynamic channels for selected trajectories.
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