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ABSTRACT
This paper describes how tablets can be used to increase the interaction possibilities of virtual reality applications
running on CAVE-like1 environments. A use case is presented using the genome comparison software 3DScover.
The tablet interface has been introduced in a user-centric development environment. Multiple user studies have
guided the evolution of the interface to ensure optimal ease of use. Our results indicate that the tablet provides
useful input and output capabilities which are cumbersome to introduce in typical CAVE-like installations. The
results should be extrapolable to other information visualization applications using virtual reality technology.

Keywords
Tablet Interface, Immersive Virtual Reality, Information Visualization, User Study, Genomics
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INTRODUCTION

mation visualization field, as the interaction with the
datasets follows more abstract concepts which are not
easily mappable to simple hand gestures. In particular, tablets are ideally suited for complex system control and textual input, while their performance in navigation, 3D manipulation and selection tasks is similar
to that of standard wand or joystick devices.

Virtual reality (VR) devices submerge the user in a virtual world and allow him/her to explore and manipulate
the world in an intuitive manner. In the case of information visualization (infovis), the virtual world is composed of two- or three-dimensional objects corresponding to abstract information. The ease of visualization of
3D plots makes the tool quite useful in the study The
interaction devices used in VR installations are varied,
but often tracked joysticks or wands are used. In some
cases, a PDA or tablet has been used to provide a more
complex graphical user interface (GUI), but the use of
such devices is relatively rare.

GUI-based interaction, while possible within VR, suffers of quality degradation in the presence of text. The
availability of a device which can display high-quality
text, menus, graphics or animations (including zooms
of the virtual world) greatly enhances the interaction
possibilities. A high precision touch interface increases
accuracy and speed, and is very useful for text input.

In this paper, we present a use case for a VR application
which has been augmented with a tablet interface. The
application belongs to the genomic comparison field
and makes extensive use of information visualization.
We claim that the use of a tablet can be of special value
for immersive VR applications using semi-immersive
CAVE-like1 or other projection displays in the infor-

To evaluate this claim, we have performed user studies to compare the ease of use, the performance and the
satisfaction of the users with the different input devices
and interaction methods. While there is some variability in the responses of the different users, on average
users showed that the tablet was a valuable resource.
Section 2 describes related work. Section 3 introduces
our prototype, and describes the user studies performed
to evaluate it. Finally, conclusions are presented.

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.
1

2

Personal Digital Assistants (PDAs) and tablets have
previously been used to help control VR systems, by
displaying 2D interfaces in the PDA and 3D ones in
the CAVE [Wat99], or for training in industrial settings
[Med13]. The medical field also has some applications
[Mor14]. A smartphone has been used for e-learning

CAVETM is a registered trademark of the University of Illinois’ Board of Trustee. The term is used here to generically
refer to CAVEsTM and CAVE-like displays.
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the tablet. We also added advanced functionality which
can be easily accessed by using the tablet features. The
development of this improved version of the software
was guided by a set of user studies to ensure usability.
A final study studied the satisfaction of users with the
software. Figure 1 shows our final system.
The tablet interface is composed of a series of clickable
tabs. The visualization tab helps the users familiarize
themselves with the 3D representation and its three 2D
projections. The selection tab (figure 3) controls which
of the genome is the reference. The other genomes are
pairwise compared to it. Subsets of the genomes can be
selected here based on their position in the genome, and
the application will show the relevant subsets in the rest
of the genomes. The edit tab allows the user to perform
rigid transformations on the 3D object, allowing them
to focus on the relevant parts of the object they want
to study. The search tab allows the user to search the
genomes by gene name or function. Additional tabs to
control connection settings and file loadings also exist.

Figure 1: CAVE application with tablet interface.
[Bed09]. Finally, a library for creating general GUIs in
tablets for VR environments has also been developed
[Har02].
There is a high quantity of VR applications in information visualization for genomics data. Examples include
a dividing road metaphor to symbolize decision taking and a lab bench metaphor for information display,
within gene expression studies [Nis04], and Juicebox
[Rao14], a commercial software which displays interaction among loci within the human genome.

4

3DScover is a suite of graphical applications to perform
comparative genomic analysis. The desktop version
[Tuk14a] shows a 3D data structure which encompasses
all the information available in the most often used two
dimensional representations, and optionally exposes the
previous representations (dot plot, gradient view, and
linear representation) as projections. Multiple operations on the genomic datasets are implemented. The
CAVE version [Gar16a] displays the 3D data structure
and projections in an inmersive environment, and allows basic interaction using a wand.

3

A description of the user studies performed to validate
the interface follows (participants were new to VR).

4.1

Interface Design Questionnaire

The first user study took care of choosing easy-tounderstand names and icons for the different possible
actions and the navigation across the different modes of
the application. The users were shown different possibilities and chose the ones they found best. The most
commonly chosen sets of icons and names were used in
the following prototypes. In particular, most users were
keen on having textual description in addition to icons.
The navigation was also tailored to the responses of the
users (two thirds of the users preferred tabs versus one
third which preferred a slide-in interface).

TABLET INTERFACE FOR THE
CAVE VERSION OF 3DSCOVER

The early prototype of 3DScover-CAVE used one wall
to provide the interface in form of textual information
and clickable buttons to control the application (figure
1, top right). This correspondence between the physical and virtual locations allows clear text to be displayed. However, the screen resolution limits text to
simple words. Buttons need to be large to be easily
clicked by using the wand. Consequently, only a small
subset of the desktop functionality was implemented.

This user study used a web-based questionnaire. 35
participants took part, 22 (63%) of them male and 13
(37%) female. The average age was 25.

4.2

Mock-up analysis

A mock-up was created which allowed users to test the
interaction possibilities The second user study used a
tablet with this mock-up application to verify the usability of the interface.

The wand used in our installation has four digital buttons and an analog joystick. Although in principle it is
easy to map the different interaction modes to the different options, the users found it too complex to remember
which button mapped to which action. The possibility
to create virtual buttons on the tablet screen was very
welcome by final users.

10 users took part in the mock-up analysis, Four (40%)
of them male and six (60%) of them female. The average age was 29,3. Since we were targeting an android
tablet, we used when possible the native icons for standard actions. A minority of users (who use IOS or windows phone) had issues with the menu icon.

We used the tablet capabilities to create a new highprecision selection method, although we also provide
the wand-like selection method by attaching a tracker to
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The users provided comments on possible improvements in most of the interaction modes, which were
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Figure 2: Time (left) and accuracy (center) for tasks 1-3. Time for task 4.
taken into account in the final version of the software.
In particular, most of the comments regarded adding additional information to the search, sliders and data input
fields. The users were asked to evaluate the interface in
a 5 point Likert scale. The mean score was 4.1, validating our design. See figure 3 for the resulting design.

4.3

Final User Study

Figure 3: Wand vs tracked Tablet. For the users view,
the pointer is aligned with the left side of the tablet
Figure 2 shows the accuracy and speed for the first three
tasks, and the speed for the last task. Mean, standard
deviation and outliers are displayed. Interested readers
can find detailed statistical information in the additional
material. The distribution of responses was examined
using the Quantile-Quantile-plot [Wil68], the ShapiroWilk-Test [Sha65] and a histogram. All distributions
were found to be non-normal and independent, so the
Wilcoxon-Mann-Whitney-Test (WMWT) [Man47] was
used to measure the significance, with values under 5%
considered statistically significant.

The final user study aimed to validate whether the use
of a tablet would improve accuracy and user satisfaction
with the software. 20 participants took part, 17 (85%)
of them male and three (15%) female, with an age average of 28. The following hypothesis were tested:
H1 The selection task with the wand is performed
faster than with the tablet.
H2 The selection with the tablet is more precise than
with the wand.
H3 The user will be satisfied with both devices.
H4 The user will be satisfied with the additional functions provided by the tablet.

4.3.1

Functionalities and tasks

The WMWT showed statistical significance for the time
difference in tasks 1-3 (with values 6e-4, 6e-6 and 6e4, respectively), while there was no statistical significance in the difference in accuracy in tasks 1-3 or in
the time for task 4 (values were 12%, 39%, 12%, 70%).
From this data, we must consider that the new selection
method is not useful, and the old one should probably
be used. Fortunately, the tablet can use the old method
when a tracker is attached to it (figure 3).

14 basic functions compose the building blocks for all
the functionality of the software. Each of the functions
corresponds to a primitive interface action. We classified the functions depending on whether the wand could
be used to perform the task (testing hypothesis 1-3) or
not (testing hypothesis 4). The functions were used to
define higher level tasks, which were evaluated empirically to test for accuracy and speed.
T1 First the user has to scale the visualization to the
side and select a defined huge area on the front
wall. After the selection he has to activate the default view.
T2 Next the user has to move the visualization on the
front wall and select a small area on the side wall.
The default view has to be activated afterwards.
T3 In the last selection task the user has to deactivate
the 3D view and select a square area on the floor.
After the selection return to the default view.
T4 In the final task the user has to scale the visualization. The small cube has to be scaled to it’s maximum size. Then, the cube has to be grabbed and
placed on the top right corner of the front wall.

Poster's Proceedings

4.3.2

Post-questionnaire

This section deals with the subjective evaluation of
the differences between wand and tablet by the users.
When evaluating the intuitiveness, satisfaction, comprehension and speed of using the tablet interface to do
control and selection tasks which could be done previously with the wand, a preference for the tablet appears.
The wand is preferred for moving the 3D object and for
its smaller weight.
With respect to the evaluation of the tablet interface to
do things which could not be done using only the wand,
which included load, search, setting the main genome,
reordering, visualization selection, etc: except for the
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changing of the order of the genomes, all the tasks were
found easy to perform.
Users mostly preferred using the tablet, even though
they were slower while performing the tasks. For typical information visualization applications such as this
one, where we are interested in obtaining insights about
the data, user satisfaction is more important than speed,
as content users are more likely to spend the needed
time within the system to obtain valuable discoveries.

4.3.3

[Gar16] García-Hernández, R. J., Anthes, C., Wiedemann, M., and Kranzlmüller, D. Perspectives for
using Virtual Reality to extend visual data mining in Information Visualization. IEEE Aerospace
Conference, 2016.
[Har02] Hartling, P. L., Bierbaum, A. D., and CruzNeira, C. Tweek: Merging 2D and 3D interaction
in immersive environments. 6th World Multiconference on Systemics, Cybernetics and Informatics, Pages 57–61, 2002.
[Man47] Mann, H. B., and Whitney, D. R. On a
Test of Whether one of Two Random Variables
is Stochastically Larger than the Other. Annals
of Mathematical Statistics 18 (1), Pages 50–60,
1947.
[Med13] D. Medeiros, D., Carvalho, F., Teixeira, L.,
Braz, P., Raposo, A., and Santos, I. Proposal and
evaluation of a tablet-based tool for 3D virtual environments. SBC Journal on 3D Interactive Systems, volume 4, number 2, Pages 30–41, 2013.
[Mor14] Morehead, M., Jones, Q., Blatt, J., Holcomb,
P., Schultz, J., DeFanti, T., Ellisman, M., Doretto,
G., and Spirou, G.: Poster: BrainTrek-An immersive environment for investigating neuronal
tissue. 3D User Interfaces (3DUI), 2014 IEEE
Symposium, Pages 157–158, 2014.
[Nis04] Nishimura, K., Abe, K., Tsutsumi, S., Aburatani, H., Hirota, K., Hirose, M. Virtual environment design guidelines for gene expression
analysis: the utility of a lab bench metaphor and
a road metaphor. Proceedings of IEEE Virtual
Reality, Pages 247–248, 2004.
[Rao14] Rao, S. S. P., Huntley, M. H., Durand, N. C.,
Stamenova, E. K., Bochkov, I. D., Robinson, J.
T., Sanborn, A. L., Machol, I., Omer, A. D., Lander, E. S., Lieberman Aiden, E. A 3D Map of the
Human Genome at Kilobase Resolution Reveals
Principles of Chromatin Looping. Cell 159, 2014.
[Sha65] Shapiro, S. S., and Wilk, M. B. Analysis of
variance test for normality (complete samples).
Biometrika 52: 591–611, 1965.
[Tuk14] Tukora, B., Anthes, C., Heinzlreiter, P., and
Kranzlmüller, D. Large-scale dynamic visualization of multiple comparative genomic data. IEEE
VIS Poster Program, 2014
[Wat99] Watsen, K., Darken, P. R., and Capps M. V.
A handheld computer as an interaction device to
a virtual environment. Proceedings of the Third
International Immersive Projection Technology
Workshop, 1999.
[Wil68] Wilk, M.B., and Gnanadesikan, R. Probability plotting methods for the analysis of data.
Biometrika (Biometrika Trust) 55 (1), Pages 1–
17, 1968.

Hypothesis evaluation

In accordance with section 4.3.1, H1 (wand selection
faster than new tablet interface) is true. H2 (tablet selection more precise) could not be proven, as the tests
show no statistical difference between the two. Since
the tablet also allows the use of the wand selection
method, by the use of an attached tracking device, it
may be possible to obtain high speed selection using
the alternative interface. As we saw in the previous section, the questionnaire shows that H3 and H4 are true.
The tablet can thus be used as an alternative to traditional wand interfaces, allowing new tasks to be performed easily and to the user’s satisfaction.

5

CONCLUSIONS

We have used an android tablet to enhance the interaction possibilities of an immersive VR installation in the
field of information visualization. The screen allowed
us to provide an easier to use menu interface, and to increase the online help available during the use of the
software. The touch interface in the tablet is higher
precision than commonly used wand interfaces. There
was no statistically significant difference between the
accuracy of tasks when using tablet versus wand, but
the tablet allowed symbolic input and enhanced system
control.
It is worth noting, though, that the tablet is no panacea:
the biggest remark is often that tablets are heavier and
more fragile than joysticks or wands. We expect that
in the future, these limitations will be reduced. Even
now, the use of a mobile phone can alleviate the weight
considerations, and phone covers can also be useful in
the case of an accident.
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ABSTRACT
Increasing importance about health and healthcare leads to utilization of unusual methods to present information
to residents. Thematic maps, particularly set of thematic maps, which are readable and understandable is one of
possibilities how to inform residents. Creating a set of thematic maps is a whole project of data visualization,
because it is necessary to cover all facts and to be able to clearly present facts that are important for readers. The
project of data visualization consists of the analytic phase, design phase, testing phase and the final
implementation phase. Final set of maps contains 19 thematic maps and using 4 cartographic methods, e.g.
directional distribution. The article describes case study: the whole project of creation of the thematic maps of
Pardubice Region of the Czech Republic regarding health and healthcare. The article is focused on specific tasks
solved within this project.

Keywords
Data visualization, health data, geoinformatics project, project of visualization

1. INTRODUCTION

2. PHASES OF THE PROJECT

Health and healthcare belong to the important topics
about which public want to be inform. Many
institutions are searching for suitable ways how to
provide data in a format that will be understandable
for citizens. Importance of thematic maps increases
in the case of this problematic. One of disadvantages
for readers is that maps are usually available for the
whole world or country, but they are not available at
regional level.

The whole project is divided into 4 phases. Content
of particular phases is based on previous
geoinformatics projects ([Dob00a] and [Haj00a]), but
each phase is modified according to the needs of this
project, see Figure 1.

The main aim of the paper is to find a suitable way
how to provide information about important topics
regarding health and healthcare at regional level,
namely on region Pardubice in the Czech Republic.
Various cartographic methods are used to present
information and create the final set of maps.
The paper describes a case study: creation of a set of
thematic maps describing health and healthcare for
the Pardubice Region is a complete geoinformatics
project. It covers the whole process starting with
users and aim definition and available data
collection. It ends with published set of thematic
maps. The project of creation of the set of maps is
divided into 4 phases: analysis, design, testing and
implementation. Furthermore, maps can be improved
according to obtained results. The final set of
thematic maps is created in the last phase
(implementation).

Poster's Proceedings

Figure 1: Phases of the Project, source: authors

Phase 1: Analysis
The analytical phase consists of definition of target
group of users and their requirements and
expectations, definition of aim of the set of maps and
evaluation of availability of health data.
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The aim of the set of maps is to describe situation of
healthcare in the Pardubice Region by thematic maps
to citizens. Different people (i.e. readers of the maps)
have different level of knowledge so they differently
understand these problematics. This fact leads to the
necessity of maps readable and understandable by
everyone.

CorelDRAW (version X5) is used for design of the
resulting set of maps.
Concept of thematic maps is following: maps contain
topographical background and thematic content.
Topographic dataset ArcČR 500 is used as a
topographic background. The dataset contains streets,
rivers, lakes, forests or administrative boundaries
[Top00a].

Topicality of maps requires adequate and up-to-date
datasets. Available and accessible datasets must be
identified and evaluated. In the case the following
data sources are used: ÚZIS, Regional Public Health
Authority of Pardubice Region and NADĚJE. ÚZIS
is the key institute providing health data. The
institute is an organisational component of the Czech
Republic, founded by Ministry of Health. [Uzi00a]
Regional Public Health Authority of Pardubice
Region is institute which provides health data only
for its region of interest. NADĚJE is a non-profit
non-governmental organization that provides
religious, social, medical, counselling, educational,
enlightenment and pedagogical services etc.
[Nad00a].

Design and creation of a template of maps follows.
Template must be suitable for the problematic and
must be attractive and interesting for map users.
Main advantage of creating thematic maps is that the
thematic maps are published as a whole set. A
comprehensive set of suitable symbols is proposed
for the set. The symbols are unique and increase
importance and understandability of maps because
they are proposed in an associative way.
For the whole making the set of the maps it is
necessary to describe the general characteristics of
health and healthcare in the Pardubice Region. It
means create maps of population, age index and
health centres. Of course, mostly there are thematic
maps use traditional cartography methods, for
example diagram map and choropleth maps. Of
course there are some special maps use more
advanced methods, e.g. dots method or spatial
statistics (every type of visualization is explained in
the following parts).

Phase 2: Design
At first, data are collected from the above listed
sources. They are evaluated from the point of view of
their type, e.g. ordinal, cardinal, etc. This step is
necessary for choice of proper statistical, analytical
and cartographic methods in next steps.
Next, detailed list of included topics must be
proposed according to the aim of the set of maps and
according to the available data. In our case, there are
chosen 19 topics which are divided into 3 basic parts.
First part is focused on general characteristics and it
contains 3 topics. The main part is focused on the
state of health and healthcare (12 topics desrcribed
by 16 maps). The last part of the set of maps is
focused on health from other points of view. This
part covers 4 particular topics in total: revenues and
costs of hospitals, employees in health care and
Public Health Control System.

2.1.1 Directional distribution method
This method is suitable in cases when concentration
of features is higher in particular directions [Arc00a].
This method is used for one map only. This map
compares births and deaths. Figure 2 shows
difference between ellipse of deaths and births. The
map clearly shows that both easternmost regions
(Moravskoslezský a Jihomoravský) have higher
number of deaths than births. It is shown by
prolongation of the ellipse to the east.

Data pre-processing is the next step. Collected data
must be verified and non-complete and non-reliable
data must be discarded. Data from primary sources
are in different formats so data must be transformed
into format suitable for the next steps.
Statistical evaluation is the next step. All the data has
one type – ordinal type. It means that features are
measures by quantity [Rob00a]. Basic summary
statistics, e.g. average, minimum, maximum and
other measures, is calculated. These measures are
necessary for choosing a suitable method for
visualization and dividing data into the intervals.
ArcGIS for Desktop version 10.2.2 is used to create
maps because it is one of mostly used software for
data analyses and consequent maps making.

Poster's Proceedings

Figure 2: Comparison of deaths and births in
2012, source: [Cer00a]
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2.1.2 Dots method

2.1.4 Choropleth mapping method

Dots method of visualization allows highlighting
number of features better than single features.
[Rob00a] For example, Figure 3 shows occurrence of
tuberculosis in Pardubice Region by dots method
(1 dot =1 occurrence).

Maps are used for phenomena with spatial
variation which can be divided by boundaries to the
intervals. [Ter00a] Map of women in working age
with hormonal contraceptives is divided to two
ranges: < 50 % and > 50 %. Saturated colour (shades
of pink in the case of this map) has values with higher
intensity. Map regarding hospitalized persons at the
regional level used for each particular value one
colour (as a whole 4 colours). Map regarding births,
described in previous section, uses choropleth
mapping method too. Map at the national level uses 3
intervals (yellow, blue, pink) and map at the regional
level uses only 2 intervals (blue and pink) – one
colour for 2 values. Map is available like Figure 4.

Figure 3: Tuberculosis in the Pardubice Region in
2012, source: [Cer00a]
Dots method is used for map of incidence of
chickenpox also. Red dot is used for representation of
number of people with chickenpox. Red colour is
used because it is visible character of this disease.
One red dot represents 90 patients. Icon of green
bacteria is used in the case of map of incidence of
tuberculosis instead of dots. Green bacteria symbol is
a typical symbol for this disease. Dots method is used
in the map describing state medical and map of
epidemiological investigations.

2.1.3 Diagram map method
This method is suitable for some maps and some
topics only. Diagram map method is used for example
for thematic map regarding hospitalized persons. In
this case, diagram uses enlarging icon of white bed
with a man on an orange background and size of the
symbol represents number of hospitalized persons.
Different sizes represent different numeric intervals.
Choice of a suitable number of intervals is important
to adequately represents differences between regions
on one side and to keep readability on the other side.
Statistical analysis helps to set suitable ranges of
intervals. Three intervals are chosen for each thematic
map describing situation at the national level. Another
problem is how data divide into intervals. It is
individual for every map. Natural breaks (jenks) are
used for most of maps. More about each map and
method used for dividing data into intervals is
available in [Cer00a].

Figure 4: Births in the Czech Republic in 2012,
source: [Cer00a]
Map about abortion at the national level uses 3
intervals symbolized by shades of blue. The last map
describes employees working in health care. There are
used 4 colours in this map – one colour is used for
each particular value, i.e. each district. Map is
designed in shades of green.

Phase 3: Testing
After creating all maps, it is necessary to find out if
the maps are usable and if the readers understand
content of the maps.

Diagram maps method is used in the case of 12 maps.
One is described above.

Poster's Proceedings

Several people, representatives of both public and
specialists, are chosen for testing thematic maps. The
main objective of testing phase is brief user testing of
usability and understandability of thematic maps.
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Representatives
of
both
groups
tested
understandability of thematic maps and design of the
maps also. All comments and identified problems
were evaluated and used to improve maps.

4. ACKNOWLEDGMENTS

Phase 4: Implementation
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Abstract
In the domain of orthopedics, surgeons often rely on radiology images during operations. In this context, manipulating the images displayed on a computer screen is an issue as their hands have to remain sterile. In this article, we
present a multi-modal controller (foot and voice) coupled with an existing state-of-the-art radiology display and
analysis software used in operating rooms. The controller itself consists of a battery-operated wireless embedded
system integrated into a shoe that provides multiple foot pressure-points as well as an absolute orientation sensors.
In addition, a wireless microphone is used to acquire voice commands.
To demonstrate the validity of our approach, we present a randomized user study conducted on ten subjects that had
to perform image manipulation tasks using the controller.

Keywords
Foot-based controller, inertial measurement unit, voice control, orthopedics, surgery, radiology imagery.

1

INTRODUCTION

the controller and the means of interfacing it with a standard, PC-based, radiology image manipulation program.
We then present a randomized experimental setup to
demonstrate the strengths and weaknesses of the applied
approach before concluding.

During orthopedic operations, surgeons often rely on
existing radiology images (X-ray, MRI, . . . ). Displayed
on computer screens, those images are often manipulated with a mouse by operating room (OR) assistants
as the surgeon’s hand are often busy manipulating the
patient. Another reason behind those assisted manipulations are sterility issues related to hand-based controllers
(keyboards or mice for instance).

2

High-sterility and non-encumbered interaction are
paramount in the OR. For this reason, camera-based
approaches tracking surgeon gesture have been successfully applied in the past ([1, 2]). However, one major
difficulty with this technique is the proper detection of
gestures which still remains a challenge today ([3]). To
improve the situation, researchers have demonstrated
that integrating the third dimension can be useful (for
instance by using a Kinect device [4], or Leap Motion
device [5]). However, using an imaging device requires
the surgeon to be positioned at a precise location in the
OR.

In this paper, we present a multi-modal controller based
on voice and foot input for radiology image manipulation during surgery. The advantages of this approach are
two-fold: first, the advantage of sterility and hand-free
operation and, second, the independence in the positioning of the surgeon towards the input device.

1.1

Paper Organization

We proceed as follows: in the next section, a brief
overview of existing human-machine interaction methods in the operating room is presented. After that, focus
is put on the hardware and software implementation of

To partially circumvent this limitation, voice commands
can be added to the setup in order to perform some
control (see for instance [6, 7]) when not in the field-ofview of the imaging device.

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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RELATED WORK

In the last decade, developments in the field of micro
electronic mechanical systems (MEMS) enabled the production of cheap and reliable orientation sensors. Of particular interest is the appearance of devices integrating
a fusion of accelerometers, gyroscope and geomagnetic
sensors which can be used to extract hand or foot move-
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• A low-power wireless communication chip – Active in the 2.4 GHz range, the NRF24L01+ chip is
connected with an antenna directly printed on the
printed-circuit board.

ments of a user. This enabled the creation of positioncapturing devices which can be used in gaming or control (for instance as described in [8, 9]) and that we
will be using in our multi-modal controller to capture
foot-orientation information.

3

• An autonomous power supply which consists in a
3.7 V, 850 mAh Lithium-Polymer battery charged
using either with a micro-USB connector or an inductive charger.

IMPLEMENTATION

Our multi-modal controller is based on three different
sources of information: foot pressure points distribution,
foot gestures as well as voice commands. Foot-based information is captured via a dedicated embedded system
which has been integrated into the sole of a shoe.

3.1

Board antenna

3xPWM

RF-Transceiver
SPI
NRF24L01+

Architecture

USB

As depicted in Fig. 1, foot sensor information is wirelessly transmitted to a control software which integrates
this information thanks to a very efficent open-source
voice recognition package called Sphinx1 .

USB
Inductive
Charger

Once the proper pointing method (see 3.3) has been
selected, the appropriate commands are then generated
and sent via telnet to Weasis DICOM Viewer2 , an opensource radiology image manipulation program..

MCU
STM32F072

I2C Bus

IMU
BNO055

ADC

LiPo
Charger

LiPo Battery

RGB
LED

Pressure cells
Power Monitoring
Voltage

Figure 2: Hardware architecture
The embedded system is integrated into a standard sandal, which can be seen in Fig. 3. The system can be
used using one or two shoes, depending on the selected
interaction mode, as we will discuss in the next section.

Figure 1: System architecture

3.2

Figure 3: Shoe integration (from left to right) : rear
pressure sensor, system board, left and right pressure
sensors and wireless charging receiver.

Hardware Implementation of the
Foot-based Controller

The foot-based controller embedded system (Fig. 2) contains four main components articulated around an ARM
Cortex M0 micro-controller:

3.3

The visualization software we used is tailored to be used
with a standard mouse input. Early tests showed that a
direct translation from foot gestures to mouse commands
is not feasible. In fact, a clicking gesture with the foot
can be very tiresome and therefore a different selection
mechanism based on voice commands was chosen.

• Pressure sensors – Foot pressure is measured at
three different locations using resistive load cells
from Alpha Electronics. The resultant resistance is
converted into a voltage and then digitized using the
micro-controller’s analog to digital converter.

The valid actions implemented in the context of this
project are : move, zoom, contrast and slice. For this
last point, it is worth noting that radiology data might be
three-dimensional and therefore it is possible to navigate
into the “depth”of the radiology image by changing the
actual slice of the data.

• An inertial measurement unit (IMU) – The exact
model is BNO055, which is a module already containing the required sensor fusion algorithms to provide
fast and accurate readings of absolute orientations
extracted from 9 axes : 3 axes accelerometer, 3 axes
gyroscope and 3 axes magnetometer.

To select between those different actions and interact
with the software, three interaction strategies have been
implemented:

1

http://cmusphinx.sourceforge.net/
2 https://github.com/nroduit/Weasis
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1. Voice method, which lets the user choose between
the different actions using voice commands. In this
mode, inclination of the main foot, measured by IMU,
only acts on the selected action.
2. Fusion method, which combines pressure and inclination of the main foot to act simultaneously on
movement and magnifying. In this mode, pressure
applied on the tip of the foot will zoom-in and pressure on the back will zoom out.
3. Two feet method, which uses the main foot inclination to move the picture and the second foot to
control magnifying.
Figure 5: Points of interest that had to be zoomed to.

In every strategy, voice commands can be used to cancel
the current action or reset the visualization to a known
state. As depicted in Fig. 4, a control panel using an
icon-based UI appears as an overlay in front of Weasis,
displays valid commands and provides a feedback of the
currently selected mode.

4.1

For the experiment, the users had to zoom on four points
in an X-ray image following a specific order (highlighted
as ABCD on Fig. 5).
Measurements are performed twice with different complexities: the first time the user has to zoom-in then
zoom-out for every point whereas the second time only
the first point has to be zoomed-in before moving over
the other points. These complexity levels are labeled
respectively Z+M and M.
In both cases, the time to reach the first point and the
subsequent transitions times are measured. Before each
measure, users had time for practice. At the end of
experiment, users also had to rate their satisfaction level
for each of the pointing method in terms of accuracy,
speed and usability. The marks given could vary between
1 (not satisfied) and 4 (very satisfied).

Figure 4: The method selector UI which is displayed
atop Weasis.

3.3.1

Acquisition process

Raw data output from the sensors is converted to valid
user inputs with a relatively simple software on the PC.
The conversion algorithms starts by applying specific
thresholds and gains to each sensor and then their values
are routed to a specific Weasis command according to
the currently selected pointing method.

4.2

In order to improve the user experience of the system and
increase its controllability, a profile containing threshold
values and main foot selection is generated for each enduser. This profile enables the integration of taste-specific
values into the controller and act as calibration for the
system.

4

Results

Fig. 6 depicts the pointing duration for the various strategies and task complexities.
When considering interaction speed, a first result that
can be extracted is that the reference mouse method
is on average 2.5 times faster than any other method.
The voice method is the slowest strategy for aggregated
zoom and movement ; this can be explained by the fact
that changing from one mode to the other requires voice
commands. However, as zoom and move commands
are clearly separated, this reduces interferences in the
movement and allows more accurate movements for the
M complexity.
Overall, the fusion method seems to be the most appropriate to achieve a reasonable speed for most users using
this setup. Unfortunately, direct speed comparisons with
other input techniques are difficult as use-case scenarios
differ too much.
From a user evaluation standpoint, Fig. 7 shows how
the various methods were evaluated in terms of usability,

EXPERIMENTAL SETUP

To demonstrate the validity of the approach and to provide a user-based feedback on the multi-modal controller, we implemented an experimental setup reproducing a typical OR scenario.
During the experiment, the three aforementioned pointing methods were evaluated as well as the standard
mouse control which serves as a reference.
To test the setup, ten persons were presented with the
experimental setup and the detection thresholds of the
foot-controller were adjusted to their taste.
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Figure 6: Duration analysis for the different methods
and task complexities.
4

User evaluation

3.5

Usability
Speed
Precision

3
2.5
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1

Voice

Fusion

Two feet

Mouse

Figure 7: User evaluation (average) of the different methods.
speed and precision. Analyzing this data reveals that test
impressions correspond to time measurements, i.e. voice
method has a good precision but is slower, two feet is the
fastest method but is less precise. For those experiments
the reference mouse method is still preferred.

5

CONCLUSION

We showed in this article how a multi-modal controller
can be successfully used to provide a robust HMI in the
context of an OR. Even if users seem to favor a mouse
as input device for image manipulation, we showed that
mixing voice commands with foot gestures provides
both accuracy and speed whilst preserving sterility and
position independence for the surgeon.
Further work will include testing the multi-modal controller in a real OR scenario to adjust the system to
real-world constraints and integrate feedback from surgeons.
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ABSTRACT
3D culling techniques are well established to improve rendering performance, but cannot be applied to 2D games
in which the scene is composed of partially transparent textures in a known layer arrangement. Commonly, 2D
rendering is achieved in a simple back-to-front blending scheme. This paper discusses options to realize 2D
occlusion culling techniques using standard OpenGL functionalities, and introduces a novel 2D culling technique
based on min-max mipmaps. We evaluate the performance of the different techniques for different scenarios.

Keywords
2D Picture/Image Generation; Textures and Framebuffer Operations; Mipmaps

1

INTRODUCTION & PRIOR WORK

in order to allow for an asynchronous handling of occlusion queries and rendering tasks.

In 2D graphics applications, such as games, the scene
consists of a set of layers (2D textures with transparency) in a defined “depth” order. The resulting 2D
rendering is commonly achieved in applying a simple
back-to-front blending scheme.
While the primary target for both, 2D and 3D games
is to optimize for high-quality graphics, subject to
performance considerations and/or given hardware
restriction, the major structural difference lies in the
nearly vanishing geometry processing requirements for,
and the known “spatial” structure of, 2D applications.
Furthermore, 2D games rather target mobile platforms
which impose greater hardware restrictions.
3D Culling Techniques: In 3D graphics applications,
culling methods are commonly used in order to discard geometry on object level [3]. Culling techniques
are designed to deal with the a-priori unknown depth
structure of the 3D scene to be rendered which consists
mainly of fully opaque objects.
Early culling techniques usually attempted to exploit
specific scene or object structures, such as portal culling
for buildings [13], or the aspect graph related to the
projetive structure of polygonal models [12]; see Cohen et al. [3] for a in-depth discussion of early culling
techniques. Alternative, image based approaches such
as a hierarchical z-buffer approach by Green et al. [7]
and the hierarchical occlusion maps by Zhang et al. [15]
are applicable to generic scenes. Both approaches are
related to our work, as they use hierarchical data structures in order to detect objects which are (potentially)
hidden by occluders; see Sec. 4.
Hardware occlusion queries offer an efficient utility
to test the visibility of bounding geometries against
the depth buffer before rendering the contained object.
Bittner et al. [1] realize an efficient coherent culling
method, which uses an octree and temporal coherence

Poster's Proceedings

Overdraw Reduction: The performance of 2D applications is steered by the GPU’s fill-rate capability and
the amount of overdraw present in the current scene.
Thus, 2D culling is equivalent to reduce overdraw operations. In 3D rendering engines, deferred shading and
lighting is used to reduce unnecessary shading operations by applying a fast z-prepass [10]. This technique
can be applied to 2D image synthesis as well, however,
in the prepass only rendering of opaque areas can be
handled, while transparent regions need to be handled
differently; see Sec. 2.
An alternative 2D approach is to identify opaque and
not fully transparent texture areas and convert them into
meshes, thus preventing overdraw for fully transparent
regions. Church follows this idea by cutting off transparent regions using “corner cutting” and triangulating
the remaining areas [2]. However, this technique cannot handle multiple opaque regions and holes, which
frequently occur in 2D games.
Contribution: As the direct application of 3D occlusion culling methods to 2D rendering is of limited use,
this paper discusses automated approaches to improve
performance for 2D rendering by overdraw reduction.
Beside alpha-testing (Sec. 2) and contour tracing with
triangulation (Sec. 3), which do not lead to siginifcant
performance gains, we introduce a novel 2D occlusion
culling technique based on min-max mipmaps. The
main advantages of our approach are
• generation of isosceles triangles covering fully
opaque or fully transparent regions, resulting in
superior geometry and rasterization performance,
and
• adaptivity of the triangle refinement level, leading
to a performance-optimal ratio between triangle size
and triangle count.
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Figure 1: Sample scenes used for evaluation. The scene parameters are depicted in Tab. 1.

2

ALPHA-TEST-BASED CULLING

Alpha testing can naturally be used to identify the foremost, opaque layer at pixel level. Utilizing the alpha
test requires a two-pass process. Given a layer sequence layer[i] sorted in depth order, in the first
pass opaque pixels are drawn in the depth buffer in a
front-to-back manner. Due to the front-to-back processing, areas behind near opaque regions are already
discarded in the early depth test. In the second backto-front pass, layer pixels hidden behind opaque pixels
are again not drawn. However, in the worst case all
layer pixels are drawn twice. Furthermore, transparent
regions are not taken care of. An extension of this algorithm involves drawing already in the first pass (later
referred as alpha2), but it still has to draw all transparent parts.

Figure 2: Sample triangulations generated with the
Mip8, Mip2 and the contour-based mathods. Images
from [4].
Contour Tracing: Tracing the boundary of the opening inner regions using a scanline-based, MooreNeighbor tracing.
Reduction of Contour Points: In order to avoid a
large set of triangles that need to be transfered to the
GPU, we further reduce the set of contour points.
However, we need to ensure, that this reduction
does not violate the consistency criteria. Thus, we
only can remove inner, collinear points.

The main disadvantage in the alpha test algorithm is
that all, i.e. opaque and transparent, regions are rasterized in each pass, even though in the first pass we
are dealing with opaque regions only and, in the second pass, only foremost opaque pixel and transparent
regions are of interest.

Triangulation: The final triangulation is generated using a sweep-line algorithm and requires a list of
closed contours in the image plane as input [6].

4
3

CONTOUR TRACING AND TRIANGULATION

As contour tracing & triangulation often leads to a large
amount of long and thin triangles (see Fig. 2), we propose a novel minimum and maximum mipmaps (minmax mipmaps) technique in order to generate nearly
ideal triangulations. Min-max mipmaps have already
been used in computer graphics, e.g., for soft shadows [9], global illumination [11], collision detection
using geometry images [8], and ray casting of terrain
data [14].

A natural approach is to represent fully opaque inner regions, as well as the outer regions (fully transparent regions) in a layer texture as (triangular) meshes. Hereby,
both regions need to fulfill a consistency criteria: the
inner region may not contain pixels that are not opaque
and the outer region must cover all transparent pixels.
We generate these kinds of triangulations on the CPU
in a prepocessing step as follows:

Our approach computes min-max mipmaps as lower
and upper bound for the alpha values in the area represented by each pixel in the mipmap. Thus, a mipmap
pixel resembles a fully opaque or fully transparent region if its min and max mipmap values are equal to 1 or

Noise Reduction: By applying opening and closing to
remove small features without violation of our consistency criteria.

Poster's Proceedings
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0, respectively. We generate the min-max mipmap using a simple fragment shader, combining 4 pixels into
one in each hierarchy generation step.

Scene 1
Scene 2
Scene 3
Scene 4

The triangulation algorithm classifies layer areas as
opaque (inner triangulation) or transparent (outer triangulation) directly on the min-max mipmap hierarchy in
a top-down manner. Starting from the highest (1x1 px)
mipmap level, we recursively check for maximum and
minimum pixel values and if the pixel cannot be classified as fully opaque or transparent we traverse to the
next finer hierarchy level. If a (refined) mip-map pixel
represents a fully opaque or fully transparent rectangular, the related layer region is tessellated using two
isosceles triangles. The classification process for both
maximum mipmaps and contour tracing is done only
once for each layer with the outer and inner regions and
results in a list of triangles that are used to draw.

Performance
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Figure 3: Relative performance gain compared to standard back-to-front blending on a GTX 770 with Nvidia
Nsight [%].

RESULTS

Figure 4: Relative performance gain compared to standard back-to-front blending on an iPad 3 [%]
Figs. 3 and 4 show the relative performance gain of each
method compared to the standard back-to-front compositing scheme. Due to the fine granular culling on
Algorithm
1920x1080 1400x600 600x400
Loading layers
5
6
1
Contour tracing
127
126
33
Mip16
38
31
20
Mip8
37
33
22
Mip4
46
37
25
Mip2
49
33
24
Table 2: Preprocessing time [ms] for loading the layers and triangulation (including mipmap generation for
MipN, N ∈ {2, 4, 8, 16}).

Preprocessing

Since we assume static layer geometries, the performance of the preprocessing stages of the individual algorithms is of little practical impact. Still, we present

Poster's Proceedings

Min Px Cnt
2,238k (35.8%)
2,148k (26.7%)
2,088k (25.7%)
2,132k (18.7%)

the preprocessing timings in Tab. 2 for FullHD, medium
and small texture layers, as a reference for the estimated
complexity.

In this section we compare the 2D occlusion techniques
to the standard back-to-front blending for 2D image
synthesis. Here ‘Alpha2’ denotes the changed version
of the alpha test with drawing in the first pass and
‘MipN’ stands for our min-max mipmap-based occlusion culling, where the smallest region generated by
the refinement is a NxN pixel region in the final image.
For the comparison, we use four scenarios from the 2D
games [4, 5]. Tab. 1 depicts the relevant key features
of these scenes. The scenes consist of layers with different sizes, which we classified in FullHD, medium
(1400x600) and small (600x400). To get genuine results, shader operations consist only of a matrix multiplication for the vertex shader and a texture lookup for
the fragment shader. All scenes consist of static layers, that can be preprocessed as is the case for most 2D
games. The synthesized images are FullHD throughout.

5.1

Px Cnt
6,240k
8,041k
8,121k
11,389k

Table 1: Parameters for test scenes: Number of layers,
the total count of pixels without culling (’Px Cnt’) and
the theoretical minimal count of drawn pixels (’Min Px
Cnt’).

The main advantages of the mipmap-based approach is,
that we can tune the amount of generated triangles by
changing the maximum level of refinement. Apparently,
a low maximum refinement level yields large “undecided” regions which need to be handled on a per-pixel
level in the compositing stage. However, these “undecided” regions most likely contain many fully transparent and fully opaque regions which could be assigned to the inner or outer region, respectively. On the
other hand, a high maximum refinement level leads to
a large number of small triangles, resulting in a computational effort in the geometry processing and rasterization stages. We discuss the influence of the maximum
refinement level in Sec. 5.
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Figure 5: Culling efficiency: The relative amount
of culled pixel, where 100% equals to the minimum
amount of pixel draw, 0% to the standard back-to-front
blending; see Tab. 1.
Scenes
1
2
3
4
Method
Con
7,457
9,895
5,750
16,154
Mip32
3,238
2,764
1,918
5,412
7,182
6,724
4,656
12,448
Mip16
Mip8
15,220 15,080 10,524 28,130
Mip4
27,668 28,814 19,722 53,822
51,784 55,760 37,768 100,936
Mip2
Figure 6: Number of triangle generated by the contour
tracing (Con) and the mipmap methods MipN for N ∈
{2, 4, 8, 16, 32} for the scenes (Sc) 1–4.

pixel level and the additional draws required to generate
the depth map, the alpha test based approach performs
very poorly. The iPad doesn’t support Alpha Test, so
only triangulation based methods are tested here. Most
interestingly, the contour based triangulation approach
performs poorly on the PC and somewhat better on the
iPad, whereas our mipmap based approach constantly
performs best for N = 8 and N = 16 on the PC and for
N = 16 and N = 32 on the iPad.
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performance hit for higher triangle counts, but it shows
similar results as the desktop GPU solution 4.
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CONCLUSION & FUTURE WORK

We present a novel technique to automatically generate efficient, isosceles triangulations for inner and outer
regions of partially transparent textures which leads
to a significant overdraw reduction in 2D rendering.
Our technique can be adopted to the geometry performance capacities of the targeted platform, leading
to a performance-optimal ratio between triangle size
and triangle count. Future work may include dynamic
textures, which requires efficient online triangulation
methods.
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ABSTRACT
Creating 2D and 3D models in CAD and following creation of drawings are standard procedures for constructing
in the current industrial practice. Most models of industrially produced machine parts can be made by basic
processes of modeling using construction or hybrid methods. Listed procedures are based on input of a
basic – primitive body and its shaping using predefined design elements, combined with the use of construction
methods from the default 2D geometry and using methods of extraction, rotation, or dragging a profile along the
curve. Requirements of industrial practice and current production technological possibilities often require the
implementation part of a more general form, which cannot be created by mentioned methods. In advanced stages
of 3D models it is possible to use the methods of free surface shaping, based on creating of parametric,
semi parametric or non-parametric network of 3D curves representing the basis for generating surface that defines
the boundary of solid body.

Keywords
Computer Aided Design, Curves, Shape Analysis, Rapid Prototyping, Surface, Virtual Prototype.
are difficult to manufacture by "conventional"
machining methods [Bro98]. 3D printing methods
widen the potential of implementing complex shaped
3D models and simplify their production at reasonable
cost. Specific is also the area of industrial design,
where combination of procedures of free forming
surfaces modeling and visualization methods allows
the implementation of proposals combining functional
and aesthetic aspect [Sta11].

1. INTRODUCTION
Computer Aided Design is a standard of the current
industry practices in the field of mechanical
engineering, electrical engineering, civil engineering,
as well as medicine and other relevant fields. 2D and
3D models of components and assemblies are used for
the subsequent formation of the manufacturing
technical documentation, preparation of production
technology, and also for performing simulations and
analyzes in these fields. Virtual environments of
computer tools enables to perform a wide range of
simulations and analysis, without the need for physical
prototypes [Sam08]. 3D digital models represent a
virtual prototype that contains a large amount of
information about the component or assembly for the
entire course of the product life cycle. The 3D and 2D
drawings are currently still basic information medium
for preparation of production and assembly
technology [Shi10]. The digital model is also the basis
for the generation of data for processing programs that
control the machining process for numerically
controlled machine tools [Zei10] [Lee99]. Advanced
methods of 3D modeling in CAD, based on the free
form surfaces modeling generate often components or
preparations for the manufacturing of these parts that

2. BASIC MODELING METHODS
Body components with unusual shapes can be usually
created by the basic methods of design, based on the
insertion of the base - primitive body and subsequently
predefined standard design elements. It is possible to
create a wide range of rather simple components,
which are unlikely to stronger later editing and with a
relatively small number of objects forming. This is
known as a so called Features-method [For07].
If allowed by the used application, Features and design
method can be combined using hybrid methods. The
result is a 3D surface or solid body, which can be
edited by changing the parameters forming elements,
features or of sketches [Dvo13]. Sketch is geometry
composed of points, lines, circular arcs and certain
approach to free shapes is enabled by spline here. An
important factor in basic and advanced modeling is
associativity and parametrics of objects. Associativity
represents the relationship of objects, usually based on
a common attribute, which is usually the position, size
and orientation of the object, or coherence of
parameters directly, or through a mathematical
relationship [Cam16]. On the indexed parameters can

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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be referenced not only within individual objects within
the model, but also from other models, which are part
of the assembly [Chen04].

geometry of curves. This is the simplest type of
primary surface. An example of ruler's surfaces Ruled is shown in Fig. 1. The example shows the area
formed by basic units of forming geometry, where
curves segments of a surface are formed by a line and
a circular arc, not lying in one plane [Bay10]. One of
the forming geometry segments can be also a point.
Basic procedures of the ruler's surfaces can still be
modified by using specifying methods, modifying the
segments of used geometry [Kos15].

Associative parametric models have a transparent
history and subsequently created objects linked to the
previous cannot be shifted within a list before the one
you created earlier. Nonparametric model does not
have a detailed history, objects do not have a mutual
bond and subsequently created object can be used to
edit the previous one. This process is used for example
when smoothing freely shaped surfaces when curve,
the resulting intersection of a plane and the surface is
subsequently used as the parental forming area and
when modifying it is adjusted [Ata13].

Through Curve

3. ADVANCED FREE FORM
MODELING METHODS
Surface and solid objects created by methods of free
shaping are obtained by one or a combination of the
following procedures:
-

Creating curves by modeling methods.
Import points from an external file.
Utilization edges and surfaces of existing
surface and solid geometry.
Defining transitions between multiple body
or surface faces.

-

Figure 2. Through Curve on forming
curves.
Advanced method of creating curves represents the
primary Through Curve Mesh, Fig. 2. It uses a
network of curves, which are not interconnected. It
consists of slice surface, over which a surface within
the modeling tolerance lies.

Primary or basic surface geometry also represent
surfaces arising from forming geometry tools for
creating surfaces. Geometry arising from previous
surface geometry can be considered for secondary
surfaces as transitive, related, or editing surfaces,
imported in a universal format for third-party for data
conversion among different systems.

Editing of a surface is done by editing of each of the
segments forming the surface separately. The number
of cuts may be arbitrary, min. 2. If the area is related
to one of the already developed surface, we can define
tangency and curvature. The accuracy and variability
of surface is greater than in the case Ruled, but we
cannot determine the properties in other directions
than along a geometry. E.g. the wing of the plane with
a rectangular floor plan is thus created model accurate
enough.

Primary surfaces are formed of a curved geometry by
modeling methods. Areas are considered as primary.
Conversely, surfaces that are generated from already
existing surfaces, e.g. as transitions or extractions of
solids are secondary surfaces. The submitted text is
focused on creating and editing primary areas.

Through Curve Mesh

Ruled

Figure 3. Through Curve Mesh on a net
of forming curves.

Figure 1. Isolines of ruler's surface.

The method is based on the use of the network of
curves, the individual constituting elements are
divided into two categories - Primary and Section.
Primary Curves can be considered longitudinal and

Forming geometry is represented by any two curves,
or a curve and a point. Segments of a surface represent
line segments connecting bordering points on forming
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transverse section curves are used for the ribs.
Crosscurves between slices refine the formation of
surface and lead to a more exact and more editable
result than the previous method Through Curves.
Simultaneously, in editing arises more restrictive
conditions that may cause difficulty in editing a
specific shape, and optionally following selection of
Through Curves. Example of surface formed by
Curves Through Mesh is in Fig. 3. The number of
longitudinal and transverse curves can be arbitrary,
min. two in both cases. Just like Through Curve
connections to adjacent areas can be defined. Primary
surface created by various methods can be combined
in one model and determine the accuracy and
editability of a geometry as a whole.

helix using the method Sweep Along Guide without
specifying vector of surface creation.
Cut is twisted in proportion to shooting tangent and
normal vector to the helix. The following Fig. 5 shows
the use of identical forming geometry for formation of
the spring with orientation of the vector on the axis of
the helix. Using Sweep surfaces is useful when
demand constant trailed or variable cut after one to
three defining curves.

Effective Methods of free Surfaces
editing.
Procedures of the primary surface of the curves are
highly efficient and accurate methods of free surfaces,
which are editable by changing the geometry forming.
The procedures described above can be used in case of
direct assignment and the possibility to create, or
modify the model fundamentally [Kim16]. In the case
of freely deformable surfaces can be used for direct
editing groups of tools, allowing a change of control
surfaces on the poles of isolines to change the shape.
Typical tool is e.g. X-form. Selecting the density of
points on field lines, representing surface poles can
determine the accuracy of the edits and depth of
surface changes. Demonstration of modification and
editing of the planar surfaces by the X-form is in
Fig. 6.

Swept
Swept surface is advisable when required pulling cut
geometry by one to three curves of the guide with the
possibility of specifying the vector of cut surfaces
orientation.
Possibility to define the orientation vector surface
while creating is obvious in example of the model of a
helical coil spring with a square cross-section. Fig. 4
is an example of pulling a square cross-section of the

Managing poles of edited surface can be mounted on
points that may be created as the default auxiliary
geometry or can be imported as a point cloud from an
external file. Such points for editing are often the
results of measurements of spatial data, or the results

Figure 4. Sweep along guide, without defining
section orientation.

Figure 6. Creating and editing free surface
using poles on isolines.
of calculations using external tools.
Other editing options are based on the extraction of
non-parametric geometry - curves on surface, caused
by a section on the plane, or offset curves on a surface.
Non-parametric geometry is then modified and used
as forming in their place of origin to modify parental
surface. Mentioned method is often used especially
when smoothing surfaces. Editing surface by methods
of free shaping is related to the analysis of forming
curves and continuous analysis of the area during
editing.

Figure 5. Swept with defining section
orientation.
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4. SURFACE ANALYSIS
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ABSTRACT
Virtual reality-simulated environments have been used for training for more than 40 years. In recent years, an
active development of 3D technologies dealing with medical training, planning and guidance has become an
increasingly important area of interest in both research and health-care. Moreover, surgery planning and
diagnosis using virtual reality (VR) technology has received much attention. User studies show that the method
is both effective and easy to use.
The purpose of this paper is to present a VR application based on three-dimensional (3-D) surface reconstruction
CT imaging for surgical planning and simulation. We propose an interactive tool to improve observation before
surgery and increase diagnosis efficiency through virtual reality. This tool allows to obtain a more accurate
representation comparing with current technology, such as CT or MRI vision. This cost-effective solution can be
easily adopted in any hospital for daily use.

Keywords
Virtual reality (VR) · CT scanning · Biomedical models.
DICOM (digital imaging and communications in
medicine) files from CT/MRI scans into a 3D CAD
files (. STL or .OBJ), and secondly Unity 3D or
similar to create a virtual reality environment
compatible for Oculus Rift glasses.

1. OBJECTIVES
The aim of the study is to describe the method that
can build a three-dimensional (3D) high-resolution
model using DICOM images from CT/MRI and
export them to create a virtual environment that
improves medical knowledge. Also establishing an
interactive environment between the user and images
based on virtual reality. Another objective is to build
an easy and effective tool suitable to be disseminated.

2. METHODOLOGY
Functional requirements required in the app are:
1.

The application must allow users to move and
rotate the reconstructed model facilitating zoom
in and out simply pressing buttons.
2. The application should play model rotation
animations for easy viewing from different
points of view.
3. Layers will have to show different human tissues
separately.
4. Some application settings may be controlled by
the user, such as speed of movement, brightness
and screen contrast.
In order to generate a 3D virtual reality model and
animations, two types of software are required;
firstly, 3D reconstruction software that translate the

Figure 1. Modelling software 3D Studio Max.
.
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There are many 3D reconstruction software options,
free open-source, such as 3D Slicer or InVesalius and
3D professional software like Mimics, 3D Doctor or
ScanIP. In all instances the working process is
similar. A region of interest (ROI) must be selected
and then use threshold and segmentation function to
define the tissue to reconstruct. STL (Standard
tessellation language) export 3D file is one of the
most used. InVesalius was selected as development
tool after analyzing other alternatives. It is a free
software (GNU GPL 2) than generates easily and
quickly 3D medical imaging reconstruction based on
a sequence of 2D DICOM files acquired with CT or
MRI equipment. The 3D reconstruction models can
be save as STL format to its export to other 3D CAD
software like Unity 3D or 3D Studio Max (Table 1).

Table 1. Software comparison
Surgical preparation with virtual reality may
represent a more cost-effective and efficient
alternative. Virtual reality training improves
operating performance. The use of VR surgical
simulation to train skills and reduce error risk in the
OR has been applied over the last years. User studies
show that the system is both effective and easy to
use.
In Figure1, we can see the main menu, with different
options to select layers, split layers, and sectioning.
There are also available buttons to zoom in / out and
rotate, both vertically and horizontally.

When the desired models meet the required
characteristics, they are brought to a development
platform (Unity3D), allowing visualization of the
object in a more interactive environment where
analysis functions allow to provide more information,
such as increase areas of interest, rotate the model,
select different layers, etc., giving a more realistic
and simple vision.
Software
3D Slicer

Company

Free

OS
platform
W,M

Figure 2. Modelling software 3D Studio Max.

Surgical
Yes
Planning
Laboratory
Osirix
Pixmeo
Yes
M
MITK
German
Yes
W,M
Cancer
Research
Centre
MIPAV
NIH CIT
Yes
W,M
InVesalius
CTI
Yes
W,M
MeVisLab
MeVis
Yes
W,M
Medical
Solutions AG
3D Doctor
Able
No
W
Software
Amira/Avizo
FEI
No
W,M
Visualization
Science
Group
Mimics
Materialise
No
W,M
NV
ScanIP
Simpleware
No
W
VoXim
IVS
No
W
Technology
Dolphin
Dolphin
No
W
Imaging 3D
Imaging and
Management
Threshold/segmentation and Export STL included in
all software
STL, Standard tessellation language; OS, operating
system; W, Windows OS; M, Mac OS.

Poster's Proceedings

Models can be animated and displayed in three
different layers.
Three buttons were created to break down (divide the
object into parts), create layers (define different
tissues) or section (cut model) (Figure 2).
Options rotate and zoom are controlled. Speed and
Brightness adjustments have also been taken into
account in the application.
The user is able to select options moving the pointer
with his own head. Thus, there is no need to use input
devices.

3. RESULTS
Surgical preparation or diagnosis with virtual reality
may represent a more cost-effective and efficient
alternative. Virtual reality training improves
operating performance. The use of VR to train skills
and reduce error risk in the OR has been applied over
the last years. User studies show that the system is
both effective and easy to use.
At this point, the app should be tested in the hospitals
that are collaborating with our university.
Specifically, it will be tested in minimally invasive
surgery procedures such as vertebro- and kyphoplasty in a University Hospital. This app is important
to reveal the different microstructural features of
different vertebra (sacral, lumbar, etc.) in order to
provide specific and individual solutions in
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accordance to the actual state of the osteoporotic
vertebra that is going to be infiltrated by bone
cement. This approach will serve to optimize both the
instrumental and the surgical procedure.

4. CONCLUSIONS
This process can be applied and should assist future
authors to improve similar experiences. This
application will be available for different platforms
such as Android, iOS and Windows, so it’s possible
to use it on different devices. The cost-effective
solution proposed here can be easily adopted in
hospitals.
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ABSTRACT
For long-range infrared systems, a new method is proposed in this paper to estimate the shutdown point of
ballistic missile. In order to reduce the effect of model error and positioning error of observation point on
estimation accuracy, two successive fitting corrections are used in a three-dimensional observation space and a
two-dimensional characteristic space respectively. Firstly, the three-dimensional observation data points are
fitted by a trajectory plane model, and these points are projected to the trajectory plane for the first correction.
Then, a characteristic space l - is set up to describe these projective points in a two-dimensional polar
coordinates and the projective points are fitted and corrected by polynomial curves along two axes respectively.
Finally, the motion characters of these projective points are converted to the first three-dimensional observation
space and the motion state of shutdown point are estimated. The simulation results show that our method is
feasible and valid.

Keywords
ballistic missile, shutdown point, trajectory plane, characteristic space, double corrections.

1. INTRODUCTION
As ballistic missiles have been the main component

cueing information. Robert L. Cooperman [4]

element in long-distance guidance weapons[1].

developed a tactical ballistic missile tracker with an

Ballistic missile tracking in time is one of the key

interacting multiple models framework to solve the

technologies in the missile defense system. Many

problem of tracking a ballistic missile by the

related work about ballistic missile tracking have

varying

been done. Xu Zhang [1] proposed a method for

exo-atmospheric and endo-atmospheric phases of

ballistic missile trajectory prediction based on

flight. Bennavoli[5] proposed an approach which

predictor-corrector method considering the radar’s

combines a nonlinear batch estimator with a

measurement noise. Zhang Feng [2] investigated the

recursive multiple model particle filter in order to

method of ballistic missile tracking using dynamic

estimate the launch and impact points of a ballistic

model. Dong Gwan Lee [3] proposed a method to

target.

predict ballistic missile trajectory based on the

In order to predict position and velocity vector of

Kepler’s law for the missile defense system using

shutdown point, this paper proposes a shutdown
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point estimation method based on double fitting
corrections.

2. PROBLEM & CLASSIC METHOD
All observation points are from a three-dimensional
space which can be represented by the Inner earth
space rectangular coordinates O  XYZ . The
estimated parameters of shutdown point need to be
represented in the same space. It is assumed that the
launch time of the missile is t 0 , the first time of

observation data points is tm , the shutdown time is
t n ( 0  m  n ). Target position and velocity vector
when the shutdown time can be estimated from

Relationship between l   and

Figure 2

three-dimensional observation data points. In the
post-boost phase, the ballistic missile targets are
mainly acted upon by gravitational force and follow

u v

The specific steps are as follows:

a Keplerian orbit, so fall point depends mainly on
parameters of shutdown point. In addition, because
of 6 parameters, it is not simple and intuitive to
measure the estimation accuracy of shutdown point.
So, fall point error(FPE) is used to measure the
shutdown point estimation accuracy in this paper.
Classic method estimated the position and velocity
vector using polynomial fitting in x , y , z directions
respectively. Shutdown point error of classic
method relatively large because it is the sum of
three directions. If a trajectory plane can be
determined , these three-dimensional points can be
projected to the trajectory plane and estimation of
shutdown point can be processed on a 2-D space.
The FPE would become the sum of errors in 2
directions. In theory, the sum of errors in 2
directions is smaller than that in 3 directions.

S1. Determining the trajectory plane:
The trajectory plane:
obtained

by

linear

Ax  By  Cz  D  0 is
regression

with

some

three-dimensional observation points.
S2. Projecting observation points to plane:
According the projecting method of point to plane,
we can get the projective point

Pi '( PX i ', PY i ', PZ i ') of the observation point
Pi ( PX i , PY i , PZ i ) at the time ti , tk  ti  tn .
Trajectory plane can be seen in Figure 1.
S3.Calculating l and  :
The first-correction vector at time ti is defined as


OPi '(OPXi ',OPYi ',OPZi ')

3. PROPOSED METHOD

 P' O  (PXi ' OX , PYi ' OY , PZi ' OZ )

(1)

Where (OX , OY , OZ ) is the projective point of the
center of earth.
The initial vector is defined as the first-correction



vector at tm : OPm '(OPX m ', OPY m ', OPZ m ') , then
it is also defined as the polar axis;
Figure 1 Trajectory plane and projective points
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i

and the angle

(2)

 

The velocity in

u

direction can be get as

VU i  u '(ti ) . The velocity in v direction , VV i

(3)

i  a cos(ki km )

can also be obtained.




where k i is the unit vector of OPi ' , and km is

S6.Calculating position and velocity of shutdown


the unit vector of OPm ' .

point in observation space:

S4.Transforming characteristic
Coordinates l   to u  v :

vectors

u v


Pn "  PU n ', PVn ' and Vn (VU n , VV n )

in

axis coincide with the polar axis, and

u v

, its origin

v

estimated position of shutdown point in observation
space, let the corresponding second-correction

perpendicular to u axis. Transform projective point

PU i  li  cos i

PV i  li  sin i
The relationship between l   and

vector

is


OPn "  Pn " O
 ( PX n '' OX , PY n '' OY , PZ n '' OZ )

The position of

(4)

u v

u (t )  a1t 3  b1t 2  c1t  d1
v (t )  a2t 3  b2t 2  c2 t  d 2

u  v , Pi '( PU i , PV i )

u v :
(5  1)



Where ln '  OPn '' , and

(5  2)

.

Pn " can be obtained by solving:


 A PX n '' B PY n '' C  PZ n '' D  0

2
2
ln '  PU n '  PV n '

  n '  arctan( PU n ' )
PV n '


can

be seen in figure 2.
S5.Second correction in coordinates

coordinates.

Assume that point Pn "( PX n '', PY n '', PZ n '') is the

axis is

Pi '(li ,  i ) to u  v coordinates, the result
Pi '( PU i , PV i ) . The transformation formulas are:

are the

position and the velocity of shutdown point in

coincide with the origin of coordinates l   , and

In coordinates

(6)

u '(t )  3a1t 2  2b1t  c


li  OPi '

u

. Then take

derivative of (10  1) , we obtain:

first-correction vector at time ti are

Build a rectangular coordinates

Pi '( PU i , PV i )

corrected point of

of the

(7)

 

 n '  arccos(kn 'km ) ,





and k n ' is the unit vector of OPn " .

(k  i  n)

It is obvious that the following equations can be

can be fitted by the above curves model (here, we

obtained according to geometric characteristics:

take 3 as the fitting order). Pi "  PU i ', PV i '  is the



 k (1)  P '' O   k (2)  P '' O   k (3)  P '' O   cos( a tan( P '/ P ')) 
m
Xi
X
m
Yi
Y
m
Zi
Z
Ui
Vi

 A * PX i '' B * PY i '' C * PZ i '' D  0

2
2
2
2
2
  PX i '' O X    PY i '' O Y    PZ i '' O Z   PU i '  PV i '

PU i ' 2  PV i ' 2

(8)

Take derivative of Formula (8) , we can obtain the
following equations:

Poster's Proceedings

27

ISBN 978-80-86943-59-6

ISSN 2464-4617 (print)
ISSN 2464-4625 (CD-ROM)

WSCG 2016 - 24th Conference on Computer Graphics, Visualization and Computer Vision 2016



VU i * PV i ' VV i * PU i '
 
km (1) *VX i  km (2) *VY i  km (3) *VZ i   sin(arctan( PU i '/ PV i ')) *
PU i '2  PV i '2

V * P ' VV i * PV i '

* PU i '2  PV i '2  cos(arctan( PU i '/ PV i ')) * U i U i

PU i '2  PV i '2

 A *VX i  B *VY i  C *VZ i  0

 PX i '' OX  *VX i   PY i '' OY  *VY i   PZ i '' OZ  *VZ i  VU i * PU i ' VV i * PV i '

(9)



Velocity vector Vn (VX n , VY n , VZ n ) can be obtained
by Formula (9) .

4. RESULTS

feasible and valid.

The performance of the classic method and our
proposed method are evaluated by simulation
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ABSTRACT
This paper describes the design and implementation of a hardware-software embedded system for face
recognition applications in images and/or videos. The system has hardware components to speed up the face
detection and recognition stages. It is a system suitable for applications requiring real-time, due that the response
times are deterministic and bounded. The system is based on a previous implementation that had accelerated the
image capturing process, and the face detection. This paper will focuses in the face recognition acceleration.

Keywords
Hardware-software codesign, embedded system, face recognition, FPGA implementations, high level synthesis
those tasks that constitute the "bottleneck" of the
recognition algorithm. Thus, the proposed system
(Fig. 1) is a hardware-software solution, which
includes hardware accelerators to implement the
most computationally expensive part of the face
recognition algorithms: capturing images from the
camera, processing for face detection and recognition
algorithm acceleration. This paper focuses on the
description of the Face Recognition Acceleration.

1. INTRODUCTION
This communication presents the design of an
embedded system to accelerate the recognition of
faces in images and/or videos. A recognition system
consists of four steps: 1. Face detection to detect if
there is a face in the image (it provides the location
and size of the face in the image); 2. Face alignment
to locate the position of the face and, using geometric
transformations, normalizes it with respect to
geometric properties, such as size and pose, and
photometric such as lighting; 3. Feature extraction to
provide a feature vector with information to
distinguish faces from different individuals according
to geometric or photometric variations; 4.
Recognition step in which the extracted feature
vector is compared with the vectors in a database.
The system (Fig. 1) receives data from an image
sensor (camera). Each frame is stored in internal
memory and is processed by the system. The
processing performed by the recognition algorithm
requires two components: a software application and
the hardware accelerators. The software application
runs on a processor, and realizes the initialization and
control of the hardware, as well as the recognition
algorithms. The hardware accelerators can accelerate

Figure 1. Block diagram of the embedded system

2. HARDWARE ACCELERATOR
DESIGN

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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The face recognition algorithms implemented require
matrix product operations which constitute the
"bottleneck" of the system, limiting the operation
speed. So it was decided to implement this part in
hardware. The design of the hardware accelerator has
been carried out using the high level synthesis tool
from Xilinx Vivado-HLS [Xil14]. Vivado-HLS
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generates an RTL description starting from a C/C++
algorithm level description. It realizes the scheduling
and the resource allocation in order to map the
algorithm to hardware. It also generates a description
as IP module so that it can be used as a peripheral of
a processor.

AXI buses. The first two associate FIFO
communications protocols to the input and output
ports to meet the interface requirements of the block.
The other three pragmas add the required adapters in
order to connect the module to an AXI4Lite bus for
control, and to an AXIStream for data transfer.
Finally, the function accelerator_core is called and
the multiplication is performed.

This methodology allows the designer to start the
design of the system to be implemented in hardware
from high-level descriptions. This means that
algorithmic descriptions are made in a high-level
programming language (in our case C++). VivadoHLS takes as input the high level description and is
able of generating a circuit that implements the
desired algorithm. The designer can set restrictions,
using directives (pragmas), on latency, throughput or
hardware resources. As we will see, this
methodology allows for exploration of the design
space (due to automation), and design optimization
through the application of directives.

In function accelerator_core, the first pair of nested
loops models the storing of the first array in internal
memory (array a). Next, the system stores the first
column of the second array (first principal
component) in internal memory (array b) and, then,
the multiplication a by b is carried out. That is, it
calculates the first element of the resulting array and
stores it in internal memory (array out). The
procedure is repeated for each column of the second
matrix. Finally, the loop labeled converter describes
the sending of the elements of the resulting matrix.

Specification

void accelerator(AXI_VAL in_stream[num.pix + num.pix
* num.comp], AXI_VAL out_stream[num.comp]) {

The multiplication of the row vector containing the
information of the input image by the principal
component matrix (generated in the training stage
and stored in the database) is computationally
expensive. For this reason, it was decided to design a
circuit to perform this operation.

#pragma HLS INTERFACE ap_fifo port=in_stream
#pragma HLS INTERFACE ap_fifo port=out_stream
#pragma HLS RESOURCE variable=in_stream core=AXIS
metadata="‐bus_bundle INPUT_STREAM"
#pragma HLS RESOURCE variable=out_stream core=AXIS
metadata="‐bus_bundle OUTPUT_STREAM"
#pragma HLS RESOURCE variable=return core=AXI4LiteS
metadata="‐bus_bundle CONTROL_BUS"

The hardware block multiplies two matrices of fixed
point numbers. The first matrix has one row and as
many columns as the number of pixels of the image.
That is, its size is 1*DIM1. The dimension of the
second matrix, B, is DIM1* DIM2, where DIM2is the
number of principal components. The elements of the
matrices use a 32 bits signed fixed-point
representation, with 16 bits for the fractional part.
This is given by the type of data used in the software
application that it aims to accelerate.

accelerator_core<ap_fixed<32, 16>, num.pix,
num.comp, 4, 5, 5>(in_stream,out_stream);
return;
}
template<typename T, int DIM, int DIM2, int U, int
TI, int TD>
void accelerator_core(AXI_VAL in_stream[DIM + DIM *
DIM2],
AXI_VAL out_stream[DIM2]) {
#pragma HLS INTERFACE ap_fifo port=in_stream
#pragma HLS INTERFACE ap_fifo port=out_stream
T a[UNO][DIM];
T b[DIM][UNO];
T out[UNO][DIM2];
assert(sizeof(T) * 8 == 32);
for (int i = 0; i < UNO; i++)
readA_int: for (int j = 0; j < DIM; j++) {
int k = i * DIM + j;
a[i][j] = read_stream<T, U,
TI,TD>(in_stream[k]); }

The accelerator works in streaming mode, so it
receives and sends data sequentially. There is only
one port for receiving the two operand matrices. This
is determined by the architecture requirements of the
hardware platform, which has been designed to
optimize data transfer between the processing system
and the accelerator. The operating frequency of the
system is 100 MHz.

for (int i = 0; i < DIM2; i++) {
read_B_int: for (int j = 0; j < DIM; j++) {
int k = j + DIM * (i + 1);
b[j][0] = read_stream<T,U,
TI, TD>(in_stream[k]); }
T sum = 0;
Multiplier: for (int id = 0; id<DIM; ++id){
sum += a[0][id] * b[id][0]; }
out[0][i] = sum; }

Description
Figure 2 shows the description in C++ language. The
accelerator function is the top function and it is the
function to be synthesized using Vivado-HLS. In this
top function, interfaces for the hardware module are
configured and the function that encapsulates the
functionality
of
the
hardware
block
(accelerator_core) is called.

converter:for (int j = 0; j < DIM2; j++) {
out_stream[j] = write_stream<T, U, TI,
TD>(out[0][j], j == (DIM2 ‐ 1)); }
return; }

The pragmas with the directives HLS INTERFACE
and HLS RESOURCE are responsible for managing
the sending and receiving of data arrays through the
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Figure 2. C++ algorithm description.

30

ISBN 978-80-86943-59-6

ISSN 2464-4617 (print)
ISSN 2464-4625 (CD-ROM)

WSCG 2016 - 24th Conference on Computer Graphics, Visualization and Computer Vision 2016

AXI_VAL is a structure which represents the sending
of data through the AXI bus.
The initial description has been validated in VivadoHLS environment by running various functional
tests. Obtained results have been checked against
those of the multiplication in the original software
application.

Synthesis
Once it has been verified that the software
description of the multiplication algorithm works
properly, the next step is to obtain an RTL
implementation. This requires synthesizing the C++
description.

Figure 3. Response time of each implementation.

3. FACE RECOGNITION SYSTEM
DESIGN
Once a Pcore containing the description of the
hardware accelerator for facial recognition has been
generated with Vivado-HLS, the next step is the
design of a hardware platform incorporating it as
peripheral and the development of a software
application which makes use of it.

Three different solutions have been generated. Each
of them with different optimization directives
applied. The accelerator is optimized using pipeline.
Table I summarizes the obtained results. The results
are for an accelerator module with DIM1=320 and
DIM2=160 on a Zynq-7020device.

Sol1
Sol2
Sol3

Latency
(cycles)
564644
512966
104646

BRAM

DSP

FF

LUT

3
3
3

4
4
4

294
306
271

316
365
305

The system has been implemented in the Xilinx
ZedBoard development board, which incorporates a
Zynq-7000 SoC device. The hardware platform
consists of five components: the ARM processor, the
AXI buses, a timer, a DMA controller and the IP
accelerator module. Figure 4 outlines the architecture
of the system.

Table 1. Synthesis results
Solution 1 corresponds to the synthesis of the C++
description without applying any directive. That is,
this solution does not include any optimization. In
Solution 2, pipeline directives are applied to all the
loops, except the one in which the multiplication is
performed (loop labeled Multiplier). Solution 3 is the
most optimized one since it applies the optimizations
of previous solution, but also applies pipeline to the
multiplication loop. Precisely this is the loop causing
the bottleneck in the matrix multiplication algorithm.

The AXI buses are responsible of the communication
between the various components of the circuit. The
ARM processor, in the PS in Figure 4, runs the
software part of the face recognition system. It sends
the data to the hardware accelerator. In order to
configure the processor, it is needed to enable the
S_AXI_ACP interface to communicate with the bus
for sending and receiving data.
The timer is used to make performance analysis of
the proposed system. Specifically, it is used to
measure the number of clock cycles consumed by the
accelerator module, in order to compare it with the
number of cycles without using accelerator.

It is noted that the three solutions are similar in terms
of used resources. No differences are observed, as
expected, in the number of memory blocks and
DSPs. The differences in terms of latency (in cycles)
are significant. Solution 2 slightly improves Solution
1. For Solution 3, which apply pipeline to the
calculation loop, latency is significantly lower than in
Solutions 1 and 2.

The DMA is responsible of the communication
between the PS and the IP accelerator module. It
provides the input matrices to the hardware
accelerator and receives the resulting matrix from it.
Also it must make this data available to the processor
so that it continues its execution. The DMA operates
in burst mode. To reduce the memory access time,
the maximum number of data to be transmitted in
each burst has been set to 256 Bytes.

Furthermore, concerning the use of hardware
resources, it is observed that Solution 2 requires
slightly more LUTs and flip-flops. This is due to the
inclusion of pipeline stages which increases the
number of required circuit elements. However, it is
noted that Solution 3 requires less LUTs and flipflops. The reason is that, although more pipeline is
added, the synthesis tool has achieved a better
optimization of the resulting hardware.

The starting point for the design of the embedded
system
is
the
OpenCV’s
baseline
face
detection/recognition application [Ope10]. The
OpenCV baseline face recognition application was
modified in order to adapt it to a standalone
embedded face recognition system. We have
considered that the majority of embedded
environments are capable of running C applications

Figure 3 shows the latency, measured in clock cycles
for each of the three solutions. The impact of the use
of directives in the system performance is graphically
observed.
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with or without operating system (OS) support. This
means that the resulting application code has to be
compatible to C compilers and, at the same time it
should be platform independent.

second database is Faces94 [Spa94] (resolution of
180×200 pixels). It contains 3040 color images of
faces divided into 20 images for each of the 152
individuals who compose it.
Tests were carried out on four types of systems: the
purely software embedded face recognition system
and the three hardware platforms with accelerator, as
mentioned previously. These three solutions are the
hardware acceleration module without optimization
(not including pipeline stages), the module that
includes pipeline stages in all loops except the
multiplication one, and the module including pipeline
in all loops.

Processing System (PS)

Zynq 7000 FPGA

ARM
processor

DDR
memory
controller
GP0

ACP
AXI Bus
DMA

AXI4Lite Bus

AXIStream Bus
IP accelerator
module

Figure 5 shows the results obtained for Faces94
database. We can see the impact produced when
inserting pipeline on the accelerator, which makes
this operation even faster. For the small images
(ATT), the multiplication is about 11 times faster,
and for the large images (Faces94) it is 17 times
faster.

Timer

Programmable logic (PL)

Figure 4. Hardware platform
Another consideration made is the fact that most of
the SoC have no floating point support. Because of
this, the developed application uses integer
operations instead of floating point operations in
order to preserve the generality of the application for
the embedded system world. Additionally other
modifications were made to accelerate the
algorithms. Finally, the part of the software
application related to the matrices multiplication,
needed for projecting the image, has been replaced.
This calculation is performed by the IP accelerator
module, so it has been necessary to develop different
functions to work directly with the system
peripherals (DMA and the IP module).

Figure 5. Acceleration measures (in clock cycles)

5. CONCLUSIONS
This communication described an embedded system
that accelerates the face recognition process in
images or videos. The implemented face
identification system is suitable for applications
requiring real time because the time response is
deterministic.

Once the IP module has completed the execution and
the DMA has transferred the result of the
multiplication, the processor continues running the
software application.

4. FACE RECOGNITION SYSTEM
EVALUATION
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ABSTRACT

The project ISAC@OTH-AW will focus on developing an innovative expert system for data visualization and
optimization to produce better manufacturing processes. A mandatory part of the project is the appropriation of
industry 4.0 technology benefits, like efficiency, quality and time to market rate, for SMEs (Small and Medium
Enterprises).
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data, information visualization, visual analytics, machine learning.

1. INTRODUCTION

Four main topics will be addressed within the
ISAC@OTH-AW project (Industry Software
Application Center at East Bavarian Technical
University Amberg-Weiden) :

Modern digital factories are monitored and remote
controlled. Large amounts of data are transmitted to
interfaces for controlling and monitoring. The next
stage is to analyze the data in order to make
predictions. The modelling of algorithms for analysis
can be supported by interactive visualizations. This
topic will be focused in this project.

1

The improvement of production cycles and
process workflows, which are based on
characteristic production data.

2

Opportunity of facility optimization by
virtual plant simulation.

3

Intelligent networked and power supplied
controllers and machines.

4

Innovative visualization design for process
monitoring and the optimization of data
analysis for big data sources.

Four project cooperation partners of two faculties at
the Technical University will handle the mentioned
topics. The first results are presented in this short
paper. They aim to portray the different aspects of
human-machine-interface, visualization and the
analysis of process data for production optimization
in subproject number four.

2. Current requirements in industrial
environments by small and medium
enterprises (SME)

Figure 1. Structure of ISAC@OTH-AW
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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The desire and need by companies for an
optimization, visualization and handling of big data
appearances is greater than ever before. Industry 4.0
technologies can eliminate many frequently
occurring problems and ease process procedures in a
SME. This will be adapted and refined in the
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ISAC@OTH-AW project. These problems include
many helpdesk center situations for common
customer support. The innovative storage and
analysis of costumer queries could offer fast and
more reliable solutions that are unique to each
problem for an individual support. Hence, the
reduction of customer support time would raise
efficiency and could lead to a higher customer
satisfaction with less effort for employees.

similar features [Mei15a]. In this approach it is not
necessary to reduce the dimensionality because the
similarity can be computed from more than three
features. The strength of the similarity will increase
or decrease the attraction between two single objects
and can be observed in a 2D space. This can come to
use when performing tasks with industry data. An
example of this is to detect classes of support
requests in the help desk and to route them to the
right administrator. The problem with applying
machine-learning techniques such as the k-Means
algorithm to identify clusters [Hart79a] is the
choosing of the number of clusters K, where K should
be smaller than m. This could be solved by
visualizing the data and estimate the value of K.
Thus, swarm visualization could be an approach to
support a subsequent clustering algorithm like kMeans.

Another indispensable operation field for industry 4.0
benefits is the enhancement and optimization of
production sequences and machine parameters for
example CNC milling, drilling, spray casting, 3d
printing. The improvement of these parameters
would help accomplish many things including faster
process times or a conservative tool usage.
Another possible application is the handling and long
term archiving of big data occurrences for selected
analysis of relevant data parts in combination with
innovative and informative visualization methods.
The topic in this periphery is the identification of
undetected process correlations, the gain of a clearly
represented production overview or an easier
detection of essential information.

4. Procedure model

The computation of the clustering algorithm (e.g. kMeans [Eri11a] [Esm13a]) could be mapped into the
swarm visualization as well: Each of the K cluster
centroids 𝜇𝜇� (𝑘𝑘 ≤ 𝐾𝐾) could be visualized as an object
in the swarm, because it has the same dimensionality
as the data objects and will attract similar data.
Additionally, clustering algorithms (e.g. k-Means)
could be run interactively. An operator could be able
to add and remove cluster centroids at runtime,
simply by touch:
1. K := 0;
2. Repeat while clustering
3.
if touch on x (�)
4.
K := K + 1;
5.
add Centroid µ� ∶= x (�)
6.
endIf
7.
if touch on µ�
8.
K := K - 1
9.
remove Centroid µ�
10.
endIf
11.
//Assign Data to centroid
12.
for i := 1 to m
13.
C (�) := index k of
µ� most similar to x (�)
14.
endFor
15.
//Make centroid similar
to assigned data
16.
for k := 1 to K
17.
n := 0
18.
for i := 1 to m
19.
if C (�) = k
20.
µ� := µ� + x (�)
21.
n := n + 1
22.
endif
23.
µ� := µ� / n if n > 0
24.
endFor
25.
endFor
26. EndRepeat

Furthermore, even data evaluation for logistical
problems could benefit from these optimizations to
reducing operation time and avoiding an excess use
of space and resources.

3. State of the art

As mentioned, the main targets of the analysis
component in this project are self-clustering and
evaluation algorithms. In particular, big data pools
with a variety of different data types will be
processed. In the first step, intelligent models and
algorithms analog to swarm visualization [Mei15a]
and particle Swarm Optimization [Mal15a] [Sha12a]
[Kuo11a] will complete the self-organization of these
data objects. After this extensive phase of
organization, all data objects will be analyzed by
using machine learning algorithms [Na15a]. The
obtained results of the unsupervised machine
learning supported analysis shall deliver new
insights.
An advantage of visualizing an amount of m objects
in a swarm is, that the provided data could have n
features where n can be greater than three. Hence, the
dimensionality n is higher than it is suitable for
mapping the features to an axis for the drawing. A
common way to visualize correlations between data
examples is to reduce the dimensionality of the
multivariate data using the Principal Component
Analysis (PCA) algorithm [Joll02a]. This approach is
not suitable when the amount m is big or varying,
because the algorithm is expensive to perform.
Hence, the data will be visualized as a swarm, where
single objects attract each other when they have
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In Algorithm 1 a new interactive version of the kMeans algorithm is described. C (�) is an index
(i ≤ m) and x (�) is one data sample, a vector of n
The
algorithm
runs
features
(x (�) ∈ ℝ� ).
continuously.

Intelligence [Cui00c] combined with k-Means
[Bin00a] and Particle Swarm Optimization [Cui00b]
will be used to organize the data structures by
themselves.

An endless loop encloses the procedure (line 2-26) to
make it run as long as the operator needs to find
clusters. At the start, there are no cluster centroids
present (number of centroids K is 0 at line 1). The
user is able to touch (click) on a representation of a
data object x (�) to add a new cluster centroid at this
location. The centroids will be removed (lines 8-10)
by repeatedly clicking on them. After adding one
more centroid, the cluster algorithm will (re-) assign
the data points to all centroids available (lines 12–
14). In lines 16–25 the centroids will be matched to
the data points they correspond with. After that, the
centroids will move ahead into swarm visualization
to the data points which are assigned to them.

Figure 2. Process of adding centroids to intelligent
swarm visualization (DataOcean@ISAC)
The various particles will automatically organize
themselves into clusters. These are small groups that
are organized by certain features which are unique to
all other clusters. This advance grading will separate
unnecessary from desired information for the next
steps.

Since we are still in the initial phase of the
ISAC@OTH-AW project the algorithms have not
been fully developed or chosen yet. This is only an
example of how (swarm-) visualizations can support
methods of machine learning. We plan to support
further techniques of machine learning with swarm
visualizations: methods for anomaly detection to
determine defects in manufacturing, supervised
learning with support vector machines and neuronal
networks to predict good machine configurations
could benefit from support by interactive
visualizations as well.

Furthermore, a performance optimization of the
DataOcean@ISAC visualization algorithm will be
strived. The actual algorithm is limited to managing
several thousand data objects, depending on the used
hardware. The number of presentable particles has to
be enhanced in order to use the visualization with big
data structures. The use of JavaScript visualization
runtime is browser based and adaptive to any display
size. Therefore, the enhancement of the performance
will guarantee proper usage of inefficient devices like
tablets or smartphones in comparison to powerful
PCs, touch tables or big touch walls. Figure 3 depicts
an early version of the DataOcean@ISAC framework
used on an 84” touch wall, which can be used in an
authentic facility environment and is able to display
big amounts of data.

5. Approach and current status of the
implementation
Actual production data from different facility
machines like CNC milling machines is collected and
accumulated in the first step of the project. This
information comprised e.g. timestamps, tool position
data, speed-up parameters. All information is saved
into a real time compatible NoSQL database like
MongoDB. It is an open source, cross platform
document oriented database. It is possible to collect
different types of data in great quantities because of
schema free file storage. Additionally, static
information (tool parameter, specimen parameter)
belonging to these dynamic machine information
parameters will be stored to the data base.
In a second step the first realization and
implementation of a purpose build visualization and
data analysis framework was initiated. For this, the
framework “DataOcean@ISAC” (Figure 2) was
created. The application visualizes all process data
and parameter as swimming particles in a barrier free
environment, such as a fish swarm in the ocean.
These individual data objects are self-organized and
behave like a fish in a swarm. Algorithms based on
Flock Models [Cui00a] [Fow00a], Swarm
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Figure 3. Human Machine Interface: Using
DataOcean@ISAC on an 84” touch wall
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6. Conclusion and Outlook

research on text and web mining technologies,
2009.

The evaluation of current industry demands [agi05a]
[agi05b] and national/international calls and
guidelines [bmb15a] shows, that analysis,
organization and evaluation of big pools of data
objects are desired and needed, to improve the
efficiency in several sectors of production and
processing. ISAC@OTH-AW addresses these
demands and will enhance the efficiency of
production in SME. Besides the usage of well-known
and proven algorithms, new types and advancements
(e.g. interactive k-Means) will be developed.

[Fow12a] Fowler, R. H., Huerta, R. A. (eds.).
Visualization and Clustering of Document
Collections using a Flock-based Swarm
Intelligence Technique, in Proceedings of the
International
Conference
on
Modeling,
Simulation and Visualization Methods (MSV).
The Steering Committee of the World Congress
in Computer Science, Computer Engineering and
Applied Computing (WorldComp), 2012
[Eri11a] Erisoglu, M. and Calis, N. (eds.). A new
algorithm for initial cluster centers in k-Means
algorithm, in Pattern Recognition Letters 32,
ScienceDirect, pp.1701-1705, 2011.

Furthermore, current approaches of machine learning
workflows are not based on interactive visualizations.
ISAC@OTH-AW will implement new algorithms
which will be based on visual analytics of the given
data. This can be a promising approach.

[Esm13a] Esmin, A.A.A. and Coelho, R.A (eds.). A
review on particle swarm optimization algorithm
and its variants to clustering high-dimensional
data, in Artif. Intell. Rev, 44, Springer
Science+Business Media Dordrecht, pp.23-45,
2013.

The project started recently at the end of 2015 and
will last till the end of 2021. This paper depicts the
vision and intent of the project.

[Hart79a] Hartigan, J.A. and Wong, M.A. A k-Means
Clustering Algorithm, in Journal of the Royal
Statistical Society, Series C (Applied Statistics)
28, pp.100–108, 1979.
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ABSTRACT
We present a new audio user interface for communication means based on automatic sound zoning (ASZ). Highly
directive audio reproduction and capturing devices are combined with the output of a newest-generation depth sensor. We particularly use parametric loudspeaker and microphone arrays for the spatial filtering of sound playback
and recording. This enables device-less, mobile and ergonomic communication. We evaluated the system using
subjective experiments assessing, on the one hand, the immersion properties of the system and, on the other hand,
general usability aspects. We could show that users are highly impressed by the capability of such a system and
would greatly benefit from the inherent properties.

Keywords
audio interface, sound zoning, device-less communication

1

INTRODUCTION

Unlike visual and haptic interfaces, the audio interface
has not gone through radical changes across the last
decades. Starting from the telephone, the communication principles and sensor basics have mostly stayed the
same; a loudspeaker – as close as possible to the ear of
the user – is used for the playback channel while a microphone – as close as possible to the user’s mouth –
captures the acoustic speech signal. This configuration
leads to several drawbacks, outlined in the following.
In office scenarios, different audio emitting and receiving devices often act together, producing distracting
noise. Headsets as a solution suffer from ergonomic
deficits, especially during prevalent use and long working hours. Moreover, tethered headsets restrict the
user’s mobility. Further, audio interfaces are usually
distributed; a single interface is used for each application (e.g. radio handset, telephone, and internet communication).

Figure 1: Illustration of the presented acoustical interface,
generating sound zones.

problems while reducing the noise-level, and guarantee greatest mobility in a multi-purpose interface. The
presented system combines motion tracking technology with directional audio reproduction and capturing
devices. This enables automatic sound zoning (ASZ)
where the information about the position of the user is
used to automatically steer the sound zones for audio
playback and capturing. Figure 1 shows an illustration
of the presented interface. The advantages of this approach are twofold; (i) the user can move freely in the
room while communicating device-less, (ii) the crosstalk to other persons in the room is reduced.

In this work we propose a new audio user interface for
communication means, applicable in both home and office environments. The aim is to eliminate ergonomic

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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We specifically use the newest generation of Microsoft’s Kinect sensor1 in combination with a
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that not only steer towards, but are able to follow a
user [Kas14]. For multiple users, the concept of sound
zones has been developed; each user is provided with
a personal sound zone directed at her location [Bet15].
This can be applied in different environments such as
shared offices or exhibitions. For communication applications, directional sound reproduction systems are
combined with microphone arrays [Hua11, Gul09] to
create a hands-free interface without headset.

3

Figure 2: Hardware prototype of the presented acoustic interface, consisting of the Kinect 2 depth sensor, a 13 channel
microphone array, and two parametric arrays mounted on automatic alignment units.

The presented audio interface consists of an audio reproduction and capturing system. Both components are
characterized by a narrow spatial focus, which is automatically steered towards the user’s head. Here, the
alignment information is provided by a depth sensor
(Kinect 2), enabling head-tracking in a triangular area
in front of the sensor with an opening angle of 70◦ and
depth to 3.5 m. More information about the sensor’s
capabilities can be found in [Amo14].

directional sound reproducing system and a microphone array. Figure 2 shows the resulting hardware
prototype. By using such techniques in communication
systems or gaming applications, the immersion of the
user is supported. In a professional environment such
a system can be applied to provide cognitive relief,
reduce stress, and increase mobility while reducing
the overall noise level, or simply improve ergonomic
aspects by freeing the user of a worn headset.

The reproduction system consists of two parametric
loudspeaker arrays, emmitting spatially focused sound.
By applying the principle of ultrasonic sound reproduction and the coupling of many parallel transducers, the
emission area of these loudspeakers can be limited to a
very narrow sound beam [Pom09]. More precisely, an
inaudible ultrasonic carrier signal is first used to generate a spatially narrow radiation pattern. Modulation
of the audio signal onto this ultrasonic carrier causes
the generation of differential frequency components between the two signals. If the carrier’s level is high
enough – typical parametric arrays use sound pressure
levels of 120 dB and more – this differential components become audible while the spatial emission pattern
is preserved [Gan12]. The audio signal is hence demodulated along the radiation pattern of the ultrasonic
carrier.

The presented audio interface is part of an interaction
concept originally designed for modern control centers [Kai14]. The principles and technology can however be translated in several other domains, where audio
interaction is indispensable (e.g. home, office, public
facilities, production site, etc.). In this paper we describe the main technical components, both hard- and
software, and present a thorough assessment of the usability of the audio interface. We thereby conducted
subjective experiments to involve the user in the design
and evaluation process of the system. In an accompanying work [Fuh16] we also provide objective evaluation
results related to the applied technical components.

2

In our implementation we use two Acouspade ultrasonic2 speakers. Special ultrasound preamps are used
to generate a carrier frequency of 40 kHz and modulate their amplitude with the desired playback signal.
The speakers are placed on the desk of the work station
in a typical stereo arrangement and are automatically
aligned to the respective ear of the user. For this purpose, the speakers are mounted on engine-driven automatic alignment units. We built prototypes of these
alignment systems using two stepper motors – one for
the azimuth and one for the elevation angle. The motors are run by two motor drivers and a micro controller,
processing the control data for steering.

RELATED WORK

Microphone arrays are widely used for teleconferencing. They are often combined with video systems to improve the accuracy of the beam steering for better sound
quality [Hua11] or are used in automatic speech recognition systems to improve recognition rates [Asa04].
Other application fields include control centers such as
air traffic control [Gul09]. A different approach for audio capturing are microphone domes that have been investigated for the application in multimodal interfaces
for crisis management [Sha03].
Directional sound reproduction systems are realized by
either loudspeaker arrays or parametric loudspeakers.
They have been applied to create an immersive audio environment for single users in desktop applications [Str03] or for gaming [Gan11]. Besides fixed
installations, there exist automatically aligned systems
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The audio capturing system consists of a microphone
array followed by a beamforming algorithm. The beam2

http://www.ultrasonic-audio.com/products/
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System
Presented system
Reference system

#Utt(mean)
1.792
2.792

Table 1: Results of the subjective interference tests. Average
number of correctly recognized utterances is shown.

subject could reproduce, the higher the impact of the
auditive interference on the cognitive load.
We compared the performance of the subjects within
the proposed system against their performance when
exposed to a reference system. The reference system
was realized by using standard studio loudspeakers together with a band-pass filter imitating the frequency
characteristics of a radio handset. Hence, we expected
the presented system to exhibit significantly less cognitive load than the reference system.

Figure 3: System architecture overview. Hexagonal objects
represent software components while rectangular shapes correspond to hardware modules.

Table 1 shows the results of the experiment. It can be
seen that with the presented system significantly less
utterances were recognized than with the reference system (paired t-test, p < 0.003). Here, participants could
reproduce around 55% more utterances than in the system applying the parametric arrays. This confirms our
hypothesis that the presented system supports the cognitive relief of the user, since significant less audio information was transferred to the test subject.

former’s main directivity is enforced towards the position of the user, enhancing the target speech while
suppressing noise and interfering sounds. We constructed a linear array consisting of 13 omnidirectional
microphones with an inter-distance of 2 cm. This ensures an effective signal bandwidth up to approximately
8.5 kHz, which is sufficient for the transmission of
speech and other acoustical messages (e.g. sound notifications).

4.2

Figure 3 illustrates an overview of the system architecture. Here, software components (hexagonal objects)
such as head tracking, beamforming, and the motor
controller of the loudspeaker alignment system are processed by the main computing unit (PC), which is directly connected via external hardware modules (rectangular objects) with the sensors and actuators.

To evaluate the overall system we performed a user
study in a working area where users both are confronted
with a lot of acoustical information and work in an office environment. We opted for the traffic monitoring
field where users receive audio information via telephone, radio handset, synthetic voice alarms, and other
acoustical alerts. Typically, three to five operators work
together in specially equipped control rooms, where
each operator has a work station desk.

4 EVALUATION AND RESULTS
4.1 Auditive interference

We were able to interview six operators in total (45
mean aged and male), four of them had more than 15
years of work experience. The experimental procedure
was arranged into three parts; first, the main functionalities of the presented acoustic interface were demonstrated. We prepared a typical traffic monitoring scenario, where acoustical alerts, telephone calls and radio
handset interaction were integrated in a fully automatic
sequence of events. The scenario started with an acoustic alarm to grab the attention of the test subject. Then,
the operator could accept an incoming call, talk to the
calling person, and give a phone call to resolve the situation. In the second part, the operator could explore
the acoustic interface in detail. The test person listened
to several test signals (radio streams, telephone and radio handset calls), experiencing the immersion properties of the system. Moreover, we asked the operator
to move around in the room while listening to the test

Here we evaluated the acoustic cross-talk of the parametric arrays in a subjective listening test. The focus of
the evaluation was to estimate the cognitive relief with
respect to the acoustic information emitted by the proposed system. Overall 24 subjects – 15 male and 9 female – took part in this study, the average age was 32.9.
We considered a two-workplace-scenario where two
persons work side-by-side while performing telephone
calls or talking via a radio handset. The test subject was
seated at one desk, a second person was simulated by an
artificial head with torso in front of the second desk. We
asked the test subject to read a text (about 500 words)
aloud while at the same time an audio signal containing five speech utterances was played back via loudspeakers, which were aligned at the dummy head. After reading the text, we asked the person to write down
the utterances she understood. The more utterances the
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signals, judging the quality of the automatic alignment.
We the interviewed the operator related to positive and
negative aspects of the presented system and the respective components, as well as possible improvements and
applications in the traffic monitoring area.

7

In the interviews all subjects commented positively on
the overall impression of the presented system. We
were able to transmit the idea of the device-less communication to the operators, who emphasized the integrating and centralizing aspects of the acoustic interface
(i.e., all information is transferred over a single user interface). The combination of automatic aligned parametric arrays and the microphone array adds a lot of
flexibility and mobility to the daily working routines.
All operators were satisfied with the speed of the alignment as well with its mechanical noise properties (very
quiet). They were impressed by the narrow sound beam
emitted by the parametric arrays; the audio quality was
judged between good and excellent.

8
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The presented system offers a great potential for new
applications in both home consumer and office environments. Its mobility property frees the user from
any wearable device, while the zoning properties immerse the user. Moreover, for multi-user applications,
the overall noise level is reduced which directly influences the cognitive load of the involved people.
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CONCLUSION

We presented a new audio user interface based on a
sound zoning approach. We control highly directional
sound reproduction and capturing units by the output of
a vision system, tracking the user’s position and head
movement. This enables a maximum mobility together
with a maximal immersion of the user. The applications
of such a system range from home usage to typical office environments. In our studies we could show that
users are highly impressed by the capability of such
a system and would greatly benefit from the inherent
properties.
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ABSTRACT

have been studied in [2], both in the transformations and
in the estimations required to perform the matching.

This work presents a new spatial verification technique
for image similarity search. The proposed algorithm
evaluates the geometry of the detected local keypoints
by building segments connecting pairs of points and analyzing their intersections in a 2D plane. We show that
these intersections remain constant with respect to different geometric transformations (translation, rotation,
similarity and affine). Evaluation has been performed
obtaining an initial image similarity ranking with a
BOF-based methodology, and then using the proposed
method for reranking. The presented algorithm (SIIP)
has been compared to the RANSAC spatial verification
method, showing that it is more efficient and obtains a
higher performance on three different datasets.

1

Several spatial verification methods can be found in the
literature. A well known technique is RANSAC [1],
which estimates a transformation between a query and
a prototype image based on how well its feature locations are predicted by the estimated transformation.
RANSAC-based spatial matching has been used in several works [8] for image retrieval. A weak spatial verification alternative is proposed in [5], a fast spatial reranking method is used in [11] with a vocabulary tree,
and in [10] the spatial information is obtained using a
BOF.
In this work we propose a simple and efficient spatial verification algorithm to rerank the results returned
from a BOF method. This technique is based on the
comparison of the intersections between segments built
by pairs of interest points (keypoints) from two images.
The proposed approach is compared to RANSAC, obtaining better results with a smaller computational cost.

INTRODUCTION

Image similarity search methods aim to obtain a ranking of the most similar images given a query. In general,
the goal is to get fast algorithms that are robust to scale,
rotation, noise and illumination. A classical methodology to face this task is to detect interest point descriptors such as SIFT [6] or SURF [7] from the query
image, and match them to those of the images in the
dataset. Such mappings can be computed from correspondences of salient regions between the candidate
and query images. In some studies these descriptors are
clustered into a bag of features (BOF) to increase the
efficiency for similarity search. One such approach is
TOP-SURF [4] which groups the visual features into a
histogram obtained by selecting the highest scored visual words (the top T visual words).

Next section describes the presented methodology.
Evaluation results are detailed in section 3, followed
by the conclusions and future work in section 4.

2

Existing spatial verification methods can improve the
performance over a basic bag of features representation, but they tend to be computationally expensive.
We propose a new method based on the intersection
of segments between interest points or keypoints that
improves the performance of RANSAC with a smaller
computational burden.

However, BOF models lack spatial information. In order to consider it, spatial verification methods can be
added to rerank the BOF results to improve the performance with respect to basic representations. This topic

In a preprocessing stage, given an image query we get
the most similar prototypes from a dataset using TOPSURF [4]. This algorithm extracts the keypoints from
the query image, clusters them into a BOF and compares them to the dataset of prototypes, yielding a ranking of the most similar prototypes. Then, we rerank the
top K results from this stage with the proposed spatial
verification algorithm.

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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The proposed spatial verification method consists of extracting the keypoints given a descriptor, match them
and evaluate the intersections between segments. Figure 1 shows an example to explain the motivation of the
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2.2

Data: Images a, b
Result: Distance da,b
Pa = SURF(a);
Pb = SURF(b);
Ma,b = maxN {(pa , pb ) : pa ∈ Pa , pb ∈ Pb ,
dist(pa , pb ) < ε};
for each image i in a,b do
Pi0 = {pi : pi ∈ fi (Ma,b )};
Ii = {(sn , sm ) : sn , sm ∈ P2 (Pi0 ), sn ∩ sm 6= 0,
/ n 6= m};
end
d(a, b) = 1 − (|Ia ∩ Ib |)/(max(|Ia |, |Ib |));
return d(a, b)

Figure 1: The intersections of segments between interest points are invariant to common transformations.
proposed approach. Given a set Pa of keypoints in an
image a, we get all the possible segments and calculate
their intersections. As it can be seen, the segment intersections remain invariant to common geometric transformations (scale, translation, rotation, affine, and similarity). In the example of the first row, the segment
p1 p4 only intersects with the segment p2 p3 in all the
transformations of the same image.
Using the number of matching intersections as a measure of distance between two images is an efficient
method which is robust to 2D transformations since the
number of intersection remains constant. The proof of
this is trivial since the intersection points belong to the
segments, thus the transformation applied to the segments will also be applied to these points.

2.1

Algorithm 1: Distance between two images a and b.
Algorithm 1 describes the proposed spatial verification
method that calculates the distance between two images
a and b. We first extract the sets of keypoints Pa and Pb
from the input images. Then, these sets are matched
to get the subset of related points Ma,b that are common to both images. Matching is performed using the
Euclidean distance between the feature vectors of each
keypoint, defined as dist(pa , pb ). For efficiency, these
sets are ordered by relevance using the inverse of the
Euclidean distance between each pair of matched points
in order to keep as a maximum only the first (the most
correlated) N points to build segments between them.

Notation and definitions

Consider a given set P = {p1 , p2 , . . . , pn } of keypoints,
where Pa denotes the set of points from the image a, and
p1 p2 the segment formed by points p1 and p2 . Let’s
also denote P2 (P) as the power set of P with cardinality 2 which contains all the subsets of P with two
elements, or in other words, the set of all possible segments between two points in the set P.
The intersections of segments in a set P2 (P) can be
calculated using different methods. In this study, we use
an efficient algorithm for line segment intersection from
Chazelle et al [12] that has a complexity of O(n log n +
k), where n is the number of segments in the set, and k
the number of intersections.
Given a set of segments Sa = {s1 , s2 , . . . , sn } belonging
to an image a, we define I = s1 ∩ s2 as the intersection function between s1 and s2 . This function returns
whether two segments intersect or not (0).
/ Let also denote Ia as the set containing all the pairs of segments
which intersect each other:

It is important to note that adding keypoints makes the
number of possible intersections to increase. In general,
for a set of n segments, there can be up to n2 intersections in the worst case. This is the reason to keep as
a maximum only the N keypoints that are most similar
from both images.
From the initial sets of keypoints Pa and Pb , the algorithm selects the subsets of keypoints Pa0 and Pb0 that
are present on the set of corresponding pairs Ma,b in
order to keep only the matching points for the next
stage. Mathematically, we define a bijective function
fa : Ma,b → Pa which given an element of the matching
set Ma,b returns the corresponding point of the set Pa .
Analogously, we define fb for the set of keypoints Pb .
Then, the segments between all filtered keypoints Pa0
and Pb0 are independently built for images a and b respectively. Finally we calculate the intersections between these segments in both images, and we define a
distance d(a, b) that takes into account the number of
common intersections.

Ia = {(sn , sm ) : sn , sm ∈ Sa , sn ∩ sm 6= 0,
/ n 6= m}

For instance, consider the first and last rectangles from
the first row in Figure 1, denoted as image a and image b respectively. The interest points p1 , p2 , p3 and
p4 from image a are matched to the points p1 , p2 , p3
and p4 from image b. The segment intersections in a
are p1 p3 ∩ p2 p4 , that are common to the intersections
p1 p3 ∩ p2 p4 in b. Therefore, as there is only one com-

Spatial verification is performed by comparing the set
of intersections. We define the distance d(a, b) between
two images a and b as the number of common intersections divided by the maximum number of intersections
from both images:
d(a, b) = 1 − (|Ia ∩ Ib |)/(max(|Ia |, |Ib |))
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Similarly to Oxford, images are divided in 11 classes.
Labels are assigned as in Oxford dataset: Good, OK,
Junk or Bad. We have also ignored those images
labeled as Junk.
For the experiments we first use the TOP-SURF method
[4] with the default dictionary of 100k words to get a
list of the most similar images to a query. Then, only
the top K images are taken to be reranked, both using
RANSAC and the proposed spatial verification technique for comparison.

Figure 2: Top interest points and their segments from
two images in the MirBot dataset.

In the reranking stage, keypoints could be obtained using any local descriptor. We have chosen SURF [7] to
evaluate both RANSAC and the proposed SIIP method.

mon intersection and each image only contains one intersection, their distance is d(a, b) = 0.

Performance is assessed using leaving-one-out crossvalidation with values of K between 20 and 50. Then
the accuracy and the Mean Average Precision at k
(MAP@k) are computed. Accuracy (Top-1) measures
the ratio between true positives TP and the number of
images in the dataset Q:
1
Acc =
∑ TP(q)
|Q| q∈Q

Figure 2 shows an example of the segments between
matching keypoints of two images. The perspective
change is well approximated by a 2D affine transformation and occlusion has little importance.

2.3

Regularization term

The distance d(a, b) was used to perform a fair comparison with RANSAC, which only considers matching
keypoints. However, this distance does not take into account the number of unmatched points, which can be a
problem in some cases; for example, in Figure 1, if the
rectangle is compared to the pentagon, as their geometry is coherent their distance will be 0.

To calculate the Mean Average Precision at k
(MAP@k) we first calculate the Average Precision at k
(AP@k) for a query q, and then the MAP is obtained
as the mean of the APs for all queries:
AP@k(q) =

This is the reason to add a regularization term to the
original distance in order to consider the proportion between matched and unmatched keypoints. The modified distance d 0 (a, b) is defined as:

MAP@k(Q) =

3.1

EVALUATION

Results

The table 1 shows the results after reranking the K =
20 most similar images from the Mirbot dataset with
RANSAC and the proposed method (Segment Intersection of Interes Points, SIIP). Different values of N were
evaluated to measure the impact on the performance
of the maximum number of keypoints, but changing
N does not alter significantly the accuracy neither in
RANSAC nor with SIIP with the distance function d.
A value N = 24 has been chosen in the following as it
obtains the best MAP@10 and a good accuracy.

This section describes the experimental results. To
serve the purpose of comparison, we have evaluated the
performance with three datasets commonly used in spatial verification tasks:
Mirbot [3] contains photographs taken by users using
smartphones, so they are low-medium quality with variable dimensions (max. 640 × 640px). The dataset version from October 2014 has been used, with 16327 images distributed in more than 1000 classes.
Oxford 5K [8] contains 5062 high resolution (1024 ×
768px) images divided in 11 classes. Images are assigned to four possible labels: Good, OK, Junk or Bad.
We have used only the pictures labeled as Good or OK
as positive results, discarding the Junk images, and using the Bad images as negative results.

The table 2 shows the results obtained in the Mirbot,
Oxford 5K and Paris datasets. The accuracy using only
TOP-SURF without rerank is shown as the baseline.
Then, RANSAC and SIIP (both using SURF features)
accuracy and MAP@10 are obtained with N = 24. SIIP
results are given with the distance function d and also
adding the regularization term d 0 . As it can be seen,
SIIP outperforms RANSAC in all the experiments.

Paris [9] contains 6300 high resolution (1024 × 768px)
images collected from Flickr with Paris landmarks.

Poster's Proceedings

1
∑ AP@k(q)
|Q| q∈Q

where NR is the minimum between k and the total number of retrieved results, and Pk (q) is the precision at cutoff k in the results list.

|Ma,b |
d (a, b) = d(a, b)
max(|Pa |, |Pb |)
0

3

1 NR
∑ Pk (q)
NR n=1
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N=8
0.3140
0.1782
0.3018
0.1770

N=16
0.3148
0.1786
0.3017
0.1774

N=24
0.3149
0.1786
0.3022
0.1776
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Table 1: Results in the MirBot dataset reranking the
K = 20 first images varying the number of keypoints N.

5

Accuracy
MAP@10
RANSAC SIIP (d) SIIP (d 0 ) RANSAC SIIP (d) SIIP (d 0 )
0.302
0.315
0.305
0.178
0.179
0.177
0.304
0.319
0.306
0.177
0.177
0.175
0.305
0.322
0.305
0.176
0.176
0.174
0.304
0.319
0.305
0.176
0.175
0.173
0.920
0.923
0.928
0.823
0.826
0.830
0.922
0.925
0.931
0.826
0.829
0.835
0.920
0.925
0.933
0.827
0.831
0.836
0.917
0.925
0.933
0.825
0.830
0.837
0.796
0.806
0.812
0.621
0.631
0.633
0.800
0.811
0.817
0.629
0.638
0.644
0.803
0.814
0.826
0.631
0.640
0.649
0.803
0.816
0.828
0.631
0.643
0.652

[1]

Table 2: Accuracy and MAP@10 with MirBot [3], Oxford 5K [8] and Paris [9] datasets. The baseline (only
TOP-SURF) accuracy without reranking is 0.247 in
MirBot, 0.896 in Oxford 5K, and 0.744 in Paris.

[4]

DB K
20
30
[3]
40
50
20
30
[8]
40
50
20
30
[9]
40
50

[2]

[3]

[5]

In MirBot the function d 0 did not improve the results
of d, but in the other datasets it was consistently better. Contrary to Paris and Oxford, in MirBot each class
contains different objects of the same type, instead of
the same object from different perspectives. This fact,
along with the very large number of classes, explains
these accuracy differences.

[6]

[7]

Besides each image had a very different runtime that
depends on the number of keypoints and intersections,
SIIP is consistently 3 times faster than RANSAC for all
the images, independently of the dataset.

4

[8]

CONCLUSIONS

[9]

This work presents a new algorithm (SIIP) for image
spatial verification based on the comparison of the intersections between segments built by pairs of interest
points from two images. It can be used for reranking a
subset of images already ranked with a similarity search
algorithm such as a BOF.

[10]

Evaluation has been performed by obtaining the most
K similar images with TOP-SURF, and then reranking
the filtered prototypes using SURF interest points. SIIP
has been compared to RANSAC, given both superior
efficiency (3 times faster) and performance on the three
datasets evaluated: Oxford 5K, Paris and MirBot.

[11]

As a future work, the proposed methodology could be
applied with other descriptors such as SIFT [6], different equations for the distance d(a, b) could be explored,
and a comparison with more recent spatial verification
methods should be made.
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ABSTRACT
The COAST project at CEA/IRFU at Saclay involves astrophysicists and software engineers developing
simulation codes in magneto-hydrodynamics and generic tools for data structuration and visualization. Thanks to
the new generation of massively parallel mainframes, computing in astrophysics had made huge progress,
generating more complexity and much bigger size of numerical simulations. Two software tools have been
developed at IRFU for the visualization of massive amounts of data produced by these simulation codes.
SDvision is a code deployed in the framework of IDL Object Graphics, to process all results from different
simulation codes developed by astrophysicists. PyMSES is a set of Python modules especially optimized for
visualizing the complex data produced by our AMR simulation code RAMSES. These codes are suitable for
interactive and immersive navigation for the analysis of 3D results and also for videos and stereoscopic movies
productions for people at large. In this paper, we present visualizations of recent numerical simulations in
astrophysics, more specifically in the domain of Interstellar Medium and Galaxies Formation.

Keywords
Astrophysics, visualization
The post-treatment software, and in particular the
visualizing software tools, must fulfil all these
requirements, so two general visualization codes have
been developed inside the COAST team: the
SDvision code [Pom08b] [SDv00a] , a general tool
based on the IDL framework [IDL00a]
and
PyMSES [Pym00a], a set of Python modules
dedicated to the reading and the analysis of our
RAMSES AMR code data [Ram00a]. These codes
are presented in this paper, with recent examples of
use in the domain of interstellar medium and galaxies
formation.

1. INTRODUCTION
The COAST (for COmputational ASTrophysics)
project [Coa00a] is a program of massively parallel
numerical simulations in astrophysics, mixing
astrophysicists and software engineers of CEA/IRFU
institute. The COAST team is developing 3D
magneto-hydrodynamics codes suitable for studying
different scales of the Universe. The scientific
objective is the understanding of the formation of
structures in the Universe, including the study of
large-scale cosmological structures and galaxy
formation.

2. THE COAST PROJECT

Due to the complexity, the geometry or the size of the
simulations, the codes are using different numerical
techniques, regular Cartesian meshes or structures
such as Adaptive Mesh Refinement, spherical
coordinates or multi-meshes embedded in the
geometry.

The CEA/IRFU project COAST or Computational
Astrophysics [Tho09a] was created in 2005 and
includes all the modeling teams of Astrophysics
Department; it aims to develop intensive numerical
simulations in astrophysics and the generated data
post-treatment.
Thanks to the complementarity of its teams, the
COAST project will actually complete coverage of
astrophysical topics ranging from the formation and
evolution of galaxies up to those stars and planets.
The COAST project already has to his credit
numerous scientific achievements, but also

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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algorithmic knowledge dissemination. Multiple codes
were in fact developed in COAST. This is for
example the case of RAMSES code now widely used
for the study of various astrophysical themes in the
world.
The ASH, HERACLES and FARGO codes that allow
us to model stellar streams, respectively radiative
flows and the protoplanetary accretion disks are other
examples of codes developed by the COAST teams.
In addition, major efforts have been made for viewing
and disseminating the results to the public.
Visualization software was developed and allowed
the realization of many films from the simulation
results.
Specifically, films combining 3-D simulations
ranging from the formation of galaxies at large scales
to stellar magnetism and retracing the major stages of
structure formation in the universe were produced
and widely disseminated.

based on the application of a predefined texture on
each cell of the AMR tree. This visualization tool
offers both an interactive mode and a batch mode to
produce sequence of images for videos.
Our visualization tools have been also used for the
treatment of simulated data in other domains of
physics, such as visualization of turbulences in the
ITER plasma [Gra07a] or particles beam movement
in the IFMIF accelerator [Tho14a]. Using the very
same algorithms and expertise gained in the context
of HPC simulations, the SDvision code was also
developed in order to visualize observational
astrophysical data, specially catalogs of peculiar
velocities of galaxies used as input to a Wiener Filter
reconstruction algorithm [Cou13a]. This algorithm
produces as output the three-dimensional velocity
field of gravitational origin in which matter (galaxies
and dark matter) is flowing. This study led to the
identification of the nature and extent of our Home
supercluster Laniakea [Tul14a].

3. VISUALIZATION OF COAST DATA
The interactive visualization of the complex and
massive three-dimensional simulations data is a
challenge; the goal is to be able to visualize all data
produced by different codes with similarities (written
in Fortran90 and parallelized with MPI and OpenMP)
and differences (regular Cartesian meshes, spherical
coordinates, Adaptive Mesh Refinement structures or
multi-meshes embedded in the geometry). The choice
was to start from scratch, writing our own visualizing
tools [Pom08a], instead of using existing codes like
Paraview[Par00a] or Visit [Vis00a]. We start
developing the code SDvision in the framework of
the IDL Objects Graphics language, about 100000
lines written now, in order to analyze results with the
physicists and provide videos in 2D or 3D
stereoscopic. Objects including different data can be
displayed in the same image, visualizing scalar fields
(e.g. density or temperature), vector fields (e.g.
velocity or magnetic field) and point clouds (e.g. dark
matter). The graphics objects can be coupled with
GLSL (OpenGL Shading Language) shaders
algorithms to perform scientific computation and
visualization by graphics card for time saving.
The favored data structure for scalar and vector fields
is the uniform grid. More sophisticated data
structures such as AMR (Adaptive Mesh Refinement)
are handled by projection onto uniform grid.
The PyMSES python modules has been developed
with the specific objective to visualize the AMR
(Adaptive Mesh Refinement) data structures
produced by the RAMSES MagnetoHydroDynamics
and simulation code, used e.g. for cosmology . It
offers two highly efficient CPU-intensive volume
rendering algorithms: a ray-casting volume
reconstruction based on direct propagation of the rays
through the AMR structure, and a splatting algorithm,

Poster's Proceedings

4. THE AMR CODE RAMSES
RAMSES [Tey02a] was developed in Saclay to study
large scale structures and galaxies formation. It is
now a rather flexible package to be used for general
purpose simulations in self-gravitating fluid
dynamics. It is written in Fortran 90 with extensive
use of the MPI library. It is a free software for noncommercial use only. This code is a grid-based hydro
solver with adaptive mesh refinement. As opposed to
"patch-based AMR", cells are refined on a cell by
cell basis: it is therefore called a "tree-based AMR".
A very simple interface can be used to specify
runtime parameters. A few routines can be modified
to set more complex initial or boundary conditions.
RAMSES calculates the interaction of Dark Matter
with baryonic gas, resolving the equations of
magneto-hydrodynamics and gravitation. The code is
used worldwide by the community of astrophysicists.

5. THE PYMSES CODE
The PyMSES code was written in the last five years
to provide a quick and easy way of getting the data
out of RAMSES simulation outputs. It is a set of
Python modules which helps users analyse and
manipulate very large simulations, without worrying
more than needed about domain decompositions,
memory management, etc… PyMSES is interfaced
with a lot of powerful Python libraries
(Numpy/Scipy, Matplotlib, PIL, HDF5/PyTables)
and can be used with existing users code, as a post-
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processing toolbox for data analysis. Optimization
comes from a parallelized reading of the AMR data
and the import of a sub-set of data corresponding to
the restricted domain to visualize.
PyMSES is not an interactive environment but it
provides an AMRViewer graphical user interface
(GUI) module to look quickly at the AMR data.
(Figure 1)

Figure 2. A visualization of a RAMSES simulation of
turbulences in the Interstellar Medium; data are coming
from the level 12 of the AMR mesh

Figure 1. A view of the AMR viewer, graphical module
interface of PyMSES, allowing a quick and easy look to
the AMR data

Figure 3. Same simulation as in Fig. 2; zoom using the level
15 of the AMR mesh

6. TWO EXAMPLES OF
VISUALIZATION WITH PYMSES

Visualization of Galaxies
Another very recent simulation [Roo15a] performed
on the Curie supercomputer, realized in 11 million
hours of computation and using the RAMSES AMR
code is dedicated to star-forming galaxy studies;
these are high-resolution
simulations[Bou10a] [Cha10a] of star-forming disk
galaxies including stellar and AGN (Active Galactic
Nucleus) feedback, and it studies particularly the
physical origins galactic outflows. The main novelty
of this project is to account for all kinds and sources
of feedback listed above simultaneously, and follow
the galaxy evolution at high resolution over an
extended period of time, to really understand the
physical origins of galactic outflows and what their
main driving mechanisms are. (Fig. 4 and 5)

Visualization of Interstellar Medium
Understanding star formation is one of the major
challenges of modern astrophysics. Determinant
aspects of star formation haven’t been yet fully
unveiled because star formation is governed by the
interstellar cycle, which entails: a huge range of
spatial and temporal scales and a broad diversity of
coupled physical phenomena such as turbulence,
magnetic field, gravity and radiation.
A very recent simulation [Hen12a] has been
performed on Curie, the 80000 cores, 1.5 Pflops,
Hybrid CPU/GPU PRACE supercomputer at CEA
computing center, using 15 million hours calculation.
This simulation is including supernovae explosions,
which drive the interstellar turbulence and
stratification by gravity. In these simulations, dense
structures develop and collapse under the influence of
large scale turbulence and gravity. (Fig. 2 and 3)
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Figure 4. A visualization of a RAMSES simulation of starforming galaxy; data are coming from the level 11 of
the AMR mesh

Figure 5. Zoom in a visualization of a RAMSES simulation
of star-forming galaxy; data are coming from the level
18 of the AMR mesh

7. CONCLUSION
Thanks to the IDL widget SDvision developed at Saclay,
the COAST team could analyze all the data provided by the
astrophysicists simulation codes, using volume rendering
or isosurfaces techniques. Due to the bigger and bigger
amount of data coming from the latest simulations on the
PRACE supercomputers in Europe, and the complexity of
the data structures in an octree-based AMR code, the
development of the PyMSES code was also a very useful
work. Even if PyMSES has restricted functionalities
(volume rendering only), his powerful capacity of AMR
data reading with PYTHON modules provide us a high
efficiency to analyze the results and achieve their
visualization at the end of calculations. Images, videos and
stereoscopic movies are also used to show our laboratory
research results to the outside world; videos generated by
the PyMSES code have been screened in exhibitions for
the general public.
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ABSTRACT
The work deals with an application of the 3D-printing to full-size building the reachable sets in control problems.
As an example, a simple car model is considered with nonlinear dynamics, three-dimensional phase vector, and
scalar control constrained by modulus (Dubins car). Current state of the sytem includes its position in the plane
and the velocity heading. The velocity value is given to be constant. The reachable sets are considered “at the
terminal instant” and “till the terminal instant”. These sets are nonconvex and their boundaries are not smooth in
the whole. Peculiarities of the sets can be better comprehenced being represented in the form of three-dimensional
bodies that are built with using the 3D-printing. The sets’ boundaries are presented in the VRML and STL formats.
Examples of computation and visualization are given including their 3D-printed copies. Problems are discussed
that appear under the 3D-constructing of surfaces with complicated forms.

Keywords
control problems, reachable sets, 3D-printing, FDM-printing, physical visualization

1

INTRODUCTION

G∗ (T ; z0 ) =

Let a control system dynamics be described by a stationary vector differential equation ż = f (z, u) with a
geometric constraint u(t) ∈ P, and z(t; z0 , u(· )) be a system position at the instant t on a trajectory beginning
from the initial point z0 at the instant t0 = 0. Then the
reachable set at a fixed instant T is
G(T ; z0 ) =

[

Here, the join is additionally performed over all instants
t ∈ [0, T ].
Appearance of 3D-printers opens opportunity of fullscale visualization of three-dimensional reachable sets.
Such three-dimensional bodies performed on the 3Dprinter make easy comprehension of geometry of the
reachable sets.
An adequate physical visualization gets off the “mysticism” and connected with it “fear” of students and engineers to use results of the mathematical control theory
to investigate and solve applied problems.
At the same time, apparency of comprehension can suggest such “reasonable” variants of approximation for
three-dimensional objects, for which the most important quality characteristics of the objects are not lost.

z(T ; z0 , u(· )).

The join is performed over all admissible controls u(· ).
In many cases, the reachable set is closed in the class of
piecewise-continuous controls. So, as admissible controls u(· ), we can take piecewise-continuous functions
t → u(t).
The reachable set G(T ; z0 ) at the fixed instant T comprises of all points, to which the control system can
be delivered (by means of admissible controls) at the
given instant T from the initial point z0 given at the instant t0 = 0. If for a stationary system we say about the
reachable set G∗ (T ; z0 ) till the instant T , then

2

CONTROL PROBLEM

Let the reachable sets be investigated at the instant and
till the instant for a simple model of car motion (Dubins
car [5, 6]). The dynamics is described as follows:

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.

ẋ = V cos ϕ,
ẏ = V sin ϕ,
k
ϕ̇ = u,
V
|u| ≤ 1, V = const > 0, k = const > 0,

(1)

where x, y are coordinates of the geometric position,
ϕ is the heading of the velocity vector (Fig. 1), V is

Krasovskii Institute of Mathematics and Mechanics, Ekaterinburg, Russia
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z(t; z0 , u(· )).

t∈[0,T ] u(·)

u(·)

1

[ [
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the velocity value, k is the maximal value of the lateral
acceleration. Admissible controls u(· ) are piecewisecontinuous functions of time that satisfy the constraint
|u(t)| ≤ 1. Values of the heading angle ϕ are considered
in the interval (−∞, +∞).

to provide layer-after-layer constructing the considered
surfaces with a uniform step in ϕ.

Figure 1: System of coordinates.

It is important to note that for correct junction of neighboring surfaces, it becomes possible to choose special
time steps of different surfaces in such a way that the set
in ϕ will be the same for all set G(T ). To do this in practical constructing of the surfaces, the interval ±αT of
admissible values of ϕ is divided into even number 2m
of equal segments to include the zero value. For each
node in the interval of ϕ, possible motions of system
(1) are calculated on the interval [0, T ] from the point
z0 by application of a concrete version of the control
changes.

The system phase vector (x, y, ϕ) (1) is denoted as z.
To be short, assume α = k/V . Peculiarity of system
(1) is in the fact that the initial state z0 affects onto the
reachable set with accuracy up to a turn and transfer.
So, assume z0 = 0 and write G(T ), G∗ (T ) instead of
G(T ; z0 ), G∗ (T ; z0 ).

Under this, the step of over-looking the switching instants for surfaces determined by control collections
±1, 0, ±1, and ±1, 0, ∓1 coincides with the step of
dividing the interval on ϕ and is equal to αT /m. For
two other surfaces, the step of over-looking the switching instants is given twice smaller.

In paper [2], the form of the reachable sets G(T ) was
found in projection onto the plane of geometric coordinates x, y. In [7], the reachable sets G(T ) were investigated in the three-dimensional space x, y, ϕ.

It should be noted some peculiarites of surfaces (composing boundary of the reachable set G(T )). As a rule
the quantity of points from a layer to layer in ϕ differs not more than on 1. For the outer layer, consisting of a single point, the difference in number of points
with the neighboring layer may be more then 1. This
is used for correct junction of layers by means of collections of spatial triangle elements (i.e., by triangulation) during process of forming corresponding threedimensional objects in formats VRML and STL.

In work [3], the reachable sets G∗ (T ) were investigated.
Also, the sets G(T ) and G∗ (T ) were considered under
nonsymmetric constraints onto the control u.

3

PREPARATION OF DATA
FOR A 3D-PRINTER

To obtain for system (1) computer images of the reachable sets, the VRML (v2.0) format was used.

In the case of nonsymmetric constraint on the control u,
the difference is in the fact that the general interval of
admissible values of ϕ is not symmetric w.r.t. zero.

It was proved in [7], that the boundary of the reachable
set G(T ) under the symmetric constraint |u| ≤ 1 comprises of six surfaces given in the three-dimensional
space and defined by two parameters. These parameters are the instants of the control switches.

In preparation for 3D-printing the sets G∗ (T ), the data
are firstly formed for building the sets G(T ). After that
to them, the collections of the space-triangle elements
are added. Note that these collections have been built
during procession of the layers obtained on the grid of
instants from 0 till T under marginal controls with only
one switch instant as a parameter [3].

One of these surfaces corresponds to the control values
−1, 0, 1 that are performed in time namely in the shown
order. In this case, the parameter t1 corresponds to the
instant of the control switching from the value −1 to 0,
and the parameter t2 ∈ [t1 , T ] corresponds to the control
switching from the value 0 to 1.

Thus, in all cases, a collection of surfaces (containing
boundary of the reachable set) is written into a text-file
in the STL format. The surfaces’ parts that are not on
the boundary of the reachable set are placed inside the
object to be formed. Triangulation of the surfaces is
performed “layer-after-layer” with using the property
of continuity of cross-sections on ϕ for the reachable
sets at the instant and on t for the additional surface for
the reachable sets till the instant.

Other five surfaces correspond to the control collections
1, 0, −1; 1, 0, 1; −1, 0, −1; 1, −1, 1; −1, 1, −1.
For each of the surfaces mentioned above, a uniform
time-step grid is given for forming collection of the
switch instants. Instants 0 and T are formally included
into this collection. Note that the third equation of system (3) is stationary and linear w.r.t. the control u. So,
values ϕ(T ) at an instant T also belong to nodes of the
uniform grid on ϕ. Under this, an interval of possible values of ϕ is [0, αT ] for the control version +1,
0, +1; [−αT, 0] for control -1, 0, -1; and [−αT, αT ]
for all other four versions of control. This allows one
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4

3D-PRINTING
THE REACHABLE SETS

Several versions of reachable sets at the instant and
till the instant have been prepared and printed on the
3D-printer (RepRap Prusa i3 style).
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Fig. 2 presents the set G∗ (T ) till the instant T = 1.5π/α
(left) and the set G(T ) at the instant T = 1.5π/α (right).
Fig. 3 shows the reachable sets G(T ) at the instants
T = 2π/α, 3π/α, 4π/α. Nonsimmetric reachable set
G(T ) for T = 5π/α and u ∈ [−1, +0.25] is shown in
Fig. 4.

the reachable sets, we have used the FDM (Fused Deposition Modeling) printing technology by molten thread
(fiber) of the ABS plastic.
The model is cut (sliced) into layers. Each layer are
includes the perimeters, infilling, and/or supports. A
model can have different level of the infilling, and it
can also be without the infilling (a hollow model).

4.1

Peculiarities of the FDM-technology
of printing

Below, we describe several facts that might not be classified as “problems”. Rather, they can be regarded as
peculiarities of the used technology that also should be
taking into account for obtaining correct results.

Figure 2: The reachable sets G∗ (T ) and G(T ) for T =
1.5π/α.

1. Wall’s thickness. The walls should be equal to the
sprayer’s diameter or thicker it. Otherwise, the printer
will not be able to correct print them. The wall thickness depends on the sprayer’s diameter and number of
perimeters to be printed. For example, under three
perimeters and sprayer’s diameter 0.4 mm, the wall
thickness must be 0.4, 0.8, 1.2, 1.6, and 2 mm, but got
the larger number the thickness can be any one. So, the
wall thickness should be multiple to the sprayer’s diameter if it is smaller than N · d, where N is the number of
perimeters d is the sprayer’s diameter.

Figure 3: The sets G(T ) at T = 2π/α, 3π/α, 4π/α.

2. Orientation of the object. The final result of printing can depend on the object orientation. Note the following aspects:
• Since the discrete character of slicing, the horizontal over-layering is imaged on the printed surface; this is
the essence of 3D-printing by the FDM technology; to
minimize the over-layering, it is possible to change the
spatial orientation of the model or to use it to underline
the model edges;

Figure 4: The reachable sets G(T ) at T = 5π/α in the
case u ∈ [−1, +0.25].

• Cylindric edges printed from the side surface can
be “lower round” than the similar edges printed in the
vertical projection;

Last years, investigations in physical visualization and,
particular, in the 3D-printing, become more and more
popular. In work [4], a review is given of application
of such technologies in various branches of science and
medicine.

• Stiffness/length: thin and direct elements will be
more steady if they have been printed rather in the horizontal position than in the vertical one; this is stipulated
by the fact that connections between layers are lower
strong than inside one layer.

Methods of 3D-printing claim more strict demands to
a visualized object in comparison with visualization by
usual traditional means of computer graphics.

3. Overhanging elements. For each overhanging element (examples are given in Fig. 5), a supporting construction (the support) is necessary; the smaller number
of overhanging elements, the smaller number of supports is necessary; so, expenditure of the plastic material and time of printing decrease; moreover, the support deforms the surface touching it.

Introduce the following notions:
• Slicer is a program for transferring a 3D-model into
a controlling code for the printer; this program is necessary since the printer will not be able to load directly the
3D-model; also, there are printers, in which the slicer
already is a part of the internal software;
• Slicing is a process of transferring the 3D-model
into the controlling code.

4. Accuracy. Printing accuracy on axes XY depends on
slacks, stiffness of construction, belts, and other details
of the printer; for unprofessional printers, the accuracy
is about 0.3 mm; accuracy along the axis Z is defined by

There exist several types of the 3D-printing that use different technologies and materials. For visualization of
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Other peculiarities have to be processed by-hand, since
in the case of ambiguity (a hole in geometry, nonuniformity of the grid, improper normals) the result of procession could be unpredictable.

5

The paper describes results of practical calculations of
the reachable sets and their reproduction (visualization)
by means of 3D-printing for a dynamic object known
as “Dubins car”.
The sets have nontrivial geometry. Nevertheless, as a
result of processing the obtained spatial objects, it was
succeeded to achieve not only good quality of the threedimensional printed images, but, also, to formulate criteria necessary for successful physical visualization.

Figure 5: Examples of stable supports during printing
for the reachable sets till the instant T = π/α (the upper
row) and till the instant T = 4π/α (the lower row).

When preparing this paper, the authors became aware
that a close 3D-printing work was done [1] at Mines
Paristech / LAAS-CNRS by G. Caner under the supervision by J.-P. Laumond. Namely, reachable sets till the
instant were built for the Dubins car, as well as for the
Reeds-Shepp car, by means of a 3D-printer. A mathematical model of the Reeds-Shepp car is also widely
used in robotics and is described in [5, 6].

the layer height (0.1– 0.4 mm); so, hight of the model
will be multiple to the layer height.
There exists and a software problem: not each slicer
correctly processes the internal sizes; so, it would be
better to increase the holes’ diameters on 0.1 – 0.2 mm.
5. Changing the geometry. It is necessary to take into
account that after cooling, the material shrinks out; so,
the geometry of the printed object changes. On large
objects, this can lead to “downturn” of the object’s ends
and, in some cases, to “detachment” of the printing
model from the print table.

6

ACKNOWLEDGMENTS

The work has been partially supported by Program of
Presidium RAS “Mathematical problems of modern
control theory” and Russian Foundation for Basic Researches under project No.15-01-07909.

Another aspect of the thermo-shrinkage is in appearance of internal stress in the material. If the complete
filling of the model was made, then under sufficient
square of a cross-section, forces of the internal stress
could lead to deforming (up to a break) the printed
model. So, a partial filling of model is used in the form
of various configurations of the uniform grid. As a result, the following features are provided:

7
[1]

[2]

• Compensation of the internal stresses;

[3]

• Increasing the model stiffness; the partial filling
forms the stiffening ribs that do not allow deforming
for the noncooled soft parts of the model under their
own weight;

[4]

• Decrease of the material expenditure and time of
printing.

[5]

In printing the reachable sets, we often used configuration of the internal filling in the form of a square net.
In this case, the minimal value of material is necessary
and the printing time is the shortest.

[6]

Some of the mentioned peculiarities are taken into account automatically (by the slicer or by the printer software). For example, a formation of the structure of internal filling or calculation of the support elements implemented automatically; but a user check such parameters as “density”, “frequency” of the step, and the bevel
angle under which it is necessary to built the support.
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[7]
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ABSTRACT
In this paper approaches to the evaluation of Software Visualization for Parallel Computing are considered on the
examples of representation of call graphs and execution traces of parallel programs. The concept of visualization
metaphor is described. The visualization metaphors using to depict call graphs and execution traces are surveyed.
The validity of visualization techniques is considered on basis of analysis of metaphor properties, Shneiderman’s
scheme and other approaches to the evaluation of metaphors and views.
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1

INTRODUCTION

problems associated with visualization – how to choose
and how to show entities of parallel programs, as well
as to analyze and interpret them. In the case of parallel
computation, the very definition of the program entities
associated with its "erroneous" states is the tricky problem. The set and the essence of the analyzed software
objects strongly depend on used parallel programming
paradigm. In the case of performance tuning there is
also a lot of problems, because the entities appropriated for analysis are hard to choose. Further in 2000th
and 2010th years visualization metaphors were actively
used. However use of interesting metaphors was not always clear as users often need the simple picture representation which could be accurately interpreted. In this
regard, the important issue is the choice and the evaluation of visualization techniques, the analysis of their
applicability to those or other cases. Designers need
to evaluate visualization techniques basing both on the
qualitative analysis and some formalization. There are
various parallel program entities that are subjects of
study, analysis and visualization. But in this paper, only
the program execution traces and call graphs are considered, although they are not the only software analysis
techniques.

Software Visualization (SV) systems were actively developed as late as the 80th and the 90th years of the
XX century. Much part of these systems is visual systems for performance tuning and program debugging
in the field of parallel computing. But later it can be
observed a certain recession in this domain. The reasons of the recession are connected with a number of
problems in particular connected with perception, analysis, and interpretation of images depicted huge volumes of data. At the very beginning of Software Visualization evolution, when volumes of data were comparatively inconsiderable, designers used standard "Nodes
and Arcs" approaches. However, as early as the 80s
more sophisticated views were used. These views were
based on one or another metaphors or they were built
on the basis of the figurativeness of applications under
consideration. In some cases Software Visualization
systems were provided with tools of design and drawing so that their users-programmers themselves can develop views for their needs. Ideas of performance tuning are based on the representation of statistics of parallel program executions. For these purposes statistical
graphics, first of all, Gantt charts and Kiviat diagrams
and their modifications are used. Note that complex
views using various modifications of statistical charts
to this day are the main most in the "industrial" systems
of performance tuning and performance debugging [1],
despite the obvious limitations when dealing with real
high-performance programs. It appears that in the 90th
the designers of visual debugging systems focused on
the problems of capture of data in the frameworks (and
under restrictions) of the then existing parallel computers. However, other problems exist, for example, the
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2

VISUALIZATION OF EXECUTION
TRACES AND CALL GRAPHS

From the beginning of the development of Software Visualization the question of how to graphically represent program entities came up. System designers relied on the standard ("paper") approaches to software
visualization (for example control-flow diagrams, etc.)
or shifted the task to users-programmers, providing a
graphical toolkit. There are serious problems of scal-
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3

ing the views based on one or the other diagram and
charts. The next step in Software Visualization may be
associated with metaphor using. But using the original
metaphor was not always justified because of the need
of simple but clearly interpretable presentation methods. "Graph-based" metaphors have significant limitations in this regard also. Execution traces and call
graphs are used in one form or another by many debugging systems to describe the dynamics of the programs. Execution traces (also the term "Event Traces"
is used) map the dynamics of the certain program executions. Visualization and "replaying" of execution
traces are an important element of debugging systems.
The visual presentations of the call graph are widely
used in the systems parallel program performance tuning systems. In debugging systems realized in the 80s90s of XX century methods based on charts or diagrams were used. Accordingly, traces are visualized in
the form of dynamic "jumping" on the diagrams/charts.
There was also the use of "passage" (or "running") on
the text of a program highlighting the current position.
In the case of high-performance computing, such visualization techniques are hardly suitable. Call Graphs
also were represented as very complex and convoluted
schemes. Now visualization metaphors were actively
used. The metaphor essence consists in interpretation
and experience the phenomena of one sort in terms
of the phenomena of other sort. Metaphorization is
based on interaction structures of source and target domains. During process of metaphorization some objects of target domain are structured on an example
of objects of target domain and there is a metaphorical mapping (projection) of one domain onto another.
That is the metaphor can be understood as a map from
source domain onto target domain, and this map is
strongly structured. There are many interesting examples of metaphor using for visualization of execution
traces call graphs in parallel programs. For example
such metaphors are used as Building metaphor [2], City
and Landscape metaphors [3, 4], Dynamic Systems
metaphor, [5], Molecule metaphor [2] metaphor. Also
less customary metaphors for example Brain Metaphor
[6] and Circular Bundle metaphor [7, 8] were suggested.

The success or failure of debugging and performance
tuning systems depends on many factors. Of course,
the important factors are the comprehension of correspondence to system specifications and the system reliability. However at the design stage, an important
task is the choice of methods of visual representation
of objects and entities to be considered during debugging. One approach to the evaluation of visualization
involves the examination of properties of visualization
metaphors. We analyze the properties to consider the
possibility of metaphor using for specific applications
of Software Visualization. It is important to understand what objects may be represented with one or another metaphor. We need to analyze the possibility
of the visualization metaphors (more precisely – the
views based on the visualization metaphors) to represent a large and huge volumes of data and details required to understanding the program’s operations. The
positive effects of a 3D display and virtual and augmented reality environments are possible in these cases.
Therefore it is important to analyze possible applications of metaphors in the frameworks of visualization
systems using modern computer graphics environment,
in particular the virtual reality environment. For all
this, we need to describe how to verify the suitability of metaphor for solving problems under consideration. Note on such metaphor properties as "ability
to contain any objects inside itself", "restriction of a
perception context", "closeness", "inclusion in structure", "presence a structure inside", "naturalness of
a metaphor". In the cases of popular in Software Visualization systems City Metaphor and similar Landscape
Metaphor one may consider the following properties as:
Unlimited context. The user context isn’t artificially
limited in City Metaphor and Landscape Metaphor.
When visualization of large volumes of data is needed,
unlimited context allows to have a look-see round the
whole picture and to select the key places quickly.
Naturalness. It is known that naturalness of a metaphor
reduces efforts on the resultant image interpretation. In
the cases of City and Landscape metaphors not only
naturalness of spatial orientation, but naturalness of
navigation takes place also. In case of a city metaphor
the method of navigation is defined by the metaphor itself.

Views are designed on the basis of the metaphors. A
view includes a description of possible visualization objects, their relative positions on the screen, as well as
the possible interaction with them. The consideration
of specific tasks of debugging and analysis is needed
during the phase of the view development. Views are
designed on the basis of the metaphors. A view includes
a description of possible visualization objects, their relative positions on the screen, as well as the possible interaction with them. The consideration of specific tasks
of debugging and analysis is needed during the phase
of the view development.
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PROPERTIES OF VISUALIZATION
METAPHORS

Organization of inner structure. Metaphors suggest
the existence of an inner structure. In case of a City
metaphor this structure is dictated by the metaphor itself, and it is defined rather rigidly – there are buildings, quarters, streets, districts. In Landscape metaphor
a structure choice is nondedicated. In this case one may
say about landscape nesting.
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Key elements. Metaphors suggest a representation
of large volume of information, and in most cases
this information is rather homogeneous in visual
sense. Users need the key elements to interpret this
information. If we want to use a metaphor to reveal
specific features and/or exceptions (for example bugs
in programs), these elements have to be depicted by
easy distinguished image-keys. One may design some
key elements in frameworks of City or Landscape
metaphors. In these cases some forms of guidance
signs or markers may be used as key elements.

on the basis of two synchronized views 1) a circular
bundle view for displaying the structural elements and
bundling their call relationships, and 2) a massive sequence view that provides an interactive overview. The
summary table of how the two synchronized views satisfy each of these seven criteria is provided. In general
these views correspond to the chosen criterion.
Let’s analyze now from a perspective "Shneiderman’s
Mantra" the possibilities of visualizations based on City
and Landscape metaphors.
Overview task may be realized by the flight over the
city or landscape. Zoom task is implemented easily by
lowering or lifting during the flight. The idea of the
realization Filter task may be borrowed from cartography (and Information Visualization based on cartography techniques). There is the method of filtration on
maps presented geographical data – to eliminate some
types of information from the overall picture as for example human settlements may be eliminated from the
map presented ground reliefs. The analogy of cartography shows that Landscape metaphor is preferred then
City metaphor in the case of Filter task. Details-ondemand task, as well as Relate task may be implemented within the framework of the extended RoomBuilding-City metaphor by means "passing" down the
street and "inputs" inside buildings and rooms. History
and Extract tasks may realized naturally in frameworks
of City and Landscape metaphors.

Resistance to scaling. These metaphors are stable in
the case of increase in information volumes. Moreover,
applications of City and Landscape metaphors are reasonable only in the cases of large information volumes.
In the cases of City and Industrial Landscape metaphor
transport corridors help to design software visualization systems. Transport corridors may be used as means
to represent control flows, data flows, and other relations between program constructions or parts of program complex.
Note that unlike in the case of Landscape metaphor, the
choice of City metaphor strongly limits the set of possible views.
Thus City and Landscape metaphors may form base to
represent considerable volumes of the structured information with identifications of specific interest cases that
is necessary in the systems for performance tuning and
program debugging for parallel computing.

Schneiderman’s scheme may be applied to evaluate
Software Visualization in cases when corresponding
systems are destined to be analyzed large volumes of
abstract data similar to Information Visualization systems. In other cases these scheme is not applicable.
Schneiderman’s criterion is based on check of necessary, but not ampleness conditions of quality of Information Visualization. The use of the Schneiderman’s
scheme presupposes the existence of large structured
data volumes. But in this case the resulted visualization
has to be a manageable size. More importantly it is assumed that the user either knows what she/he searches
or at least she/he is able to recognize it. In the case of
"circular bundle" the new complicated abstract visualization technique (based on the new metaphor) is used.
The user should always correlate the images with nonobvious representations of interesting data.

Additionally possibility to fly over a city/landscape
creates prerequisites to easy navigation. Flight with
changes of height allows to carry out scaling and
zooming. Interpretation of the graphical displays based
on these metaphors seems to be simple.

4

VIEW EVALUATIONS

A number of papers are devoted to evaluation of
views used in Computer Visualization Most of these
researches are linked with Information Visualization.
The paper [9] contains the outline of visualization
analysis based on Visual Information-Seeking Mantra
(so called Shneiderman’s Mantra). B. Shneiderman
presents seven high level user needs that an information visualization application should support [10].
In [11] these needs were refined to evaluate views
of three-dimensional information visualization. Let’s
cite the outline of visualization analysis following
[9]: Overview; Zoom; Filter; Details-on-demand;
Relate; History; Extract.

Similarly the visualization techniques based on using
different charts and diagrams in many cases generate
abstract and nontrivial representations. In the case of
high-performance computing the methods of visualization for execution traces may be ineffective, due to
the complexity of both the analysis of codes execution, and large data volumes. Such considerations can
be applied for many new abstract methods (visualization metaphors) for complex data representation. The
views using modification of statistical diagrams and

It is supposed that if the system supports this set of
operations, it may be used for Information and Software Visualization. In [7, 8] the criterion based on
an expanded Schneiderman’s mantra is applied to the
analysis of visualization of execution traces constructed
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charts scale insufficiently. They can’t map the execution of hundreds and thousands of parallel processes.
Also let’s state a remark about "natural" metaphors using. Interpretation of graphical displays implemented
in the framework of the "natural" metaphors, for example, interesting "animation" Brain metaphor, often is
not obvious. The naturalness of imagery in the cases of
City and Landscape metaphors can sometimes distract
users. Also, there are problems of perception and interpretation of large and huge data volumes. For example, the the flickering and blinking animation displays
observation may be unusual and unpleasant. Users of
systems based on virtual reality can have discomfort in
the form of dizziness and so forth. There is the problem
of selecting the objects to be visualized in the debugging process. In the case of parallel computation the
definition of program objects associated with its "bug"
states is a difficult task. Set and the essence of the analyzed program objects differ markedly in the various
paradigms of parallelism. The execution trace is only
one of possible entities subjected to analysis and, as a
consequence, to visualization. In the case of performance tuning there is also no clarity with selection of
entities which can help to improve performance.

5

[3]

[4]

[5]

[6]

[7]

CONCLUSION

In this paper approaches to the evaluation of Software
Visualization for Parallel Computing are considered on
the examples of execution traces and call graphs of parallel programs. The validity of visualization techniques
was evaluated on basis of Shneiderman’s scheme. Additionally cognitive approaches to the analysis of visualization and to the evaluation of the implementation
efforts were considered. In the pre-design analysis the
consideration of whole range of evaluations is necessary. Contradictions between representation opportunities and visualization perception, analysis and interpretation abilities of the users exist. Interesting metaphors
can give pictures difficult to interpret or demand big efforts when developing. Scaling problem remains unsolved for many techniques of Software Visualization
for Parallel Computing. This problem is related to fundamental limitations on placing "big pictures" on the
screen, and the user perception and interpretation of
"big data" generated by debugging and performance
tuning systems.

6
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[9]
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[11]
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ABSTRACT
We present a medical image processing plug-in in this paper. Our plug-in uses Blender’s environment and adds
tools for the medical image processing and 3D model reconstructions and measurements. There are several software solutions to provide these tasks, two of which are used for comparison with our tool in this paper. However,
there is not a single application that can perform medical image processing and subsequent 3D model reconstruction and post-processing with possible utilization of High Performance Computing (HPC) resources. In our
plug-in we aim to use HPC resources to speed up the most computationally extensive tasks. The plug-in is written
in Python and C++. The basic functionality and additional tools are implemented in Phyton. Blender has built-in
Python interface, thus the development of the tools is quite fast. The C++ language is used for all time critical
functions as it has unrestricted potential in parallel programming that can utilize available HPC resources. In the
paper we present two examples, where we demonstrate possibilities of our Blender plug-in. We provide 3D reconstruction of human airway and human orbital floor and compare the results with those provided by 3D Slicer and
Osirix.

Keywords
Blender, Python, tools, medical imaging, HPC, parallel computing.

1

INTRODUCTION

There are several software solutions specialized in medical image visualization and further processing. Here,
we can mention 3D Slicer [4] or Osirix [9] as good examples of long term developed software projects.

The fields using powerful computer technologies are
getting larger with their availability. Medicine is one
of the areas of human activities where such technologies are widely used. Modern sophisticated medical
equipment is usually based on a computer technology.
As a typical example, Computed Tomography (CT) or
Magnetic Resonance Imaging (MRI) scanners can be
mentioned. These devices use computer technology to
process and provide digital image information of a patient’s inner body structure. Such information about individual patients provides a higher level of diagnostic
medicine. To move the possibilities even further, the
effort is put to the post-processing of acquired data. Image data can be used to provide virtual models of human
organs and other tissues. To perform this, besides the
powerful hardware, the capable software is necessary.

3D Slicer is medical image processing software offering tools for the whole image processing cycle, from
loading image data stored in the Digital Imaging and
Communications in Medicine standard (DICOM), processing the data, to creating 3D reconstructions of selected parts of a human body. Several measurement
and result evaluation tools such as distance, area, and
volume measurement tools are available.
The other medical image processing software, Osirix,
also offers the whole process from loading image data
to final 3D reconstructions of selected parts of a human
body. Osirix offers several measurement tools for data
analysis and result evaluation as well.
Our aim in this paper is to present our own image
processing software and introduce its powerful capabilities. Since a lot of image processing methods and
techniques is very time consuming, it would be advantageous to have software which can exploit the latest
powerful HPC resources. With this in mind, we have
started to develop our own medical image processing
software implemented as a plug-in for Blender, the 3D
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graphics and animation software [1]. Blender is interesting for its Application Programming Interface (API),
which allows advanced Python scripting.

To create a polygonal mesh from iso-surfaces, the
Marching Cubes method is used [7]. This method is
time demanding, and so the efficient parallel implementation was necessary. For visualization, Blender
Cycles engine is used. To accelerate the computations,
the architecture of the Graphic Processing Unit (GPU)
(the implementation is already included in Cycles) and
Intel’s Many Integrated Core (MIC) architecture can be
employed. Our implementation for MIC architecture
contains all features of the engine with improved
performance [5].

Our software is implemented to take advantage of parallel computing and exploit the latest powerful HPC
resources. More demanding tasks are implemented in
parallel using OpenMP and MPI in C++ language. Our
implementation can exploit the computational power of
both non-accelerated nodes as well as Intel Xeon Phi
accelerated compute nodes of a cluster.

2

The appearance of the plug-in within Blender environment is shown in Figure 1.

MODEL RECONSTRUCTION

To provide 3D model reconstructions from medical image data, the software has to go through several typical
steps that can be considered as general steps for any
software of such kind. We give the explanation as a
description of our plug-in components.

3

When the 3D model is reconstructed, some additional
software functionality, which can help in diagnostic and
planning of the patient treatment, could be required. In
the current version of our plug-in, some painting, erasing, cutting, and measuring tools are implemented. A
lot of them are based on simple calculations.

First of all, the data has to be loaded. Concerning
medical image data, it is stored in the DICOM format. To load this data into Blender, Grassroots DICOM
(GDCM) C++ library is integrated in our plug-in.

We have implemented a tool to correct the results
of the semi-automatic segmentation. It is called 2D
PAINTER /E RASER and it can also be used to perform
manual segmentation. The tool uses a typical brush
and erase buttons, which open the segmentation layer
for editing.

After loading the medical image data, its visualization
is provided to users in a typical axial, sagittal, and coronal view. It might be beneficial to restrict such image
data to only some regions of user interest and thus reduce the computational time of the further applied image processing techniques. In our plug-in, we can restrict the computations only to the volume area of our
interest by using the box or sphere cutting tool.

A similar tool that allows the user to mark the surface area of a selected 3D object but that serves another purpose than image segmentation is called 3D
PAINTER /E RASER. This tool works as an intelligent
3D brush, which can paint on 3D surfaces. The surface area marked by the 3D PAINTER /E RASER is then
processed by another tool to obtain the total area size of
the marked surface. The algorithm behind the tool sums
the size of all coloured triangles. The mesh of triangles
creates surface of the reconstructed model.

Another step within the 3D model reconstruction process is image filtering. The imaging techniques like CT
or MRI produce residual image noise, which can have
significant impact on subsequent operations performed
with an image. To decrease the adverse effect of noise,
we have implemented several filtering techniques such
as the simple Gaussian smoothing [10], a more sophisticated anisotropic diffusion filter [8], and a very effective and state-of-the-art Sparse 3D Transform-Domain
Collaborative filter (BM3D) [3].

Since surgeons are interested in using this software for
planning surgeries, where, e.g., precise measurement of
organ volume or resection of a specific part of a tissue is
necessary for successful treatment, we have developed
two specific tools for such manipulations. The first one
is the C UT VOLUME tool for creating arbitrary cuts of a
segmented object volume. It provides an infinite plane,
which is used as the cutting tool to restrict spatially segmented data.

After filtering the images, image segmentation is performed. It serves as image simplification in order to
localize the objects and their boundaries. Two methods are currently implemented in our plug-in such as
a simple image thresholding [10] and k-means clustering [10]. The parallel implementation of the k-means
method by using Intel Xeon Phi was introduced in the
paper [11]. Both methods can be used separately or
combined together.

The second tool calculates the volume of an object and
it is named the VOLUME M EASUREMENT tool. The
algorithm sums the volumes of each voxel in the object.

If the segmentation of the selected body tissue is
finished, a reconstruction technique that provides
iso-surfaces as a result can be applied. In our plug-in
we use Screened Poisson Surface Reconstruction [6]
and Metaballs [2]. Both methods use information
about identified boundaries as an input parameter.
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AUXILIARY TOOLS

Inasmuch as surgeons and radiologists usually work
with 2D images, the 3D models resulting from the reconstructions can sometimes be confusing for them.
For this reason and also for checking the correctness
of the provided reconstructions, we have developed the
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Figure 1: Our plug-in for medical image processing within Blender environment
will use those models for diagnostic purposes or during
surgery planning. For example, while diagnosing sleep
apnea, the volume of upper respiratory tract is needed.
To mention another example, while planning a liver resection, it is important to calculate the exact size of the
liver with lesion, which will be removed during surgery.
In both cases, precise information based on 3D model
reconstruction is a critical issue.

BACKWARD P ROJECTION tool. This tool can show the
shape of the reconstructed 3D model as a projection to
the original CT data. This allows users to see all important features of the data and at the same time compare
accuracy of the provided reconstruction.

4

APPLICATION OF THE TOOLS

To show the capabilities of our plug-in, we present here
two medical test cases, in which the different functions
of our plug-in are exploited. Specifically, we aimed
to test precision of the whole 3D reconstruction concept. As a result, we provided 3D models, the volume
of which we then measured along with the size of the
selected surface area. Within the tests we compared the
results performed by our plug-in with the results obtained by the other two already mentioned image processing software solutions, Osirix and 3D Slicer.

To compare volumes of 3D models obtained from 3D
Slicer, Osirix, and our Blender plug-in, 3D reconstruction of the airway was performed. This was done on
DICOM image series of one patient. The density of the
data measured by mutual distance between the slices
was 0.75mm.
The numerical results showing the airway volume for
each software are written in the Table 1. From the results we can see that our model creation concept offers
similar model reconstruction as specified by the amount
of the final volume, as those measured by other two
software.

For the first test, we selected reconstruction of the human airway, the volume of which was then evaluated.
The process of model reconstruction with volume measurement was performed in each software individually.
The final results of the volume measurements were then
compared.

Patient
N003
Osirix [ml]
18.07
3D Slicer [ml]
18.33
Our plug-in [ml] 18.22
Table 1: Volume of the reconstructed human airway

In the second test, the model reconstruction of the human orbit was done. In each software we carried out the
reconstruction from the input data up to the 3D model.
As neither Osirix nor 3D Slicer have a tool for measuring surface area marked on the reconstructed model, we
exported the models in STL format to Blender, using
our tool to mark the surface of the orbital floor and performing the measurement of the selected area. Again,
the final results were then compared.

4.1

4.2

Another feature requested from medical doctors is the
measurement of an area or surface size. During the
treatment of orbital fractures, the information about the
size of orbital floor damage is critical for the decision
about the type of treatment. Our image processing plugin can provide the information about the size of the injury in terms of surface area measurement. Based on

Reconstruction of the airway

Precision of 3D model reconstruction in terms of total volume is very important for medical doctors who
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7

this finding, the doctors can make the decision whether
to provide a conservative or surgical treatment of the
patient.
We performed 3D reconstruction of the orbit. This was
done on the DICOM image series of three different patients. The density of the data measured by mutual distance between the slices was 0.6mm in all cases. The
comparison of the 3D reconstructions provided by 3D
Slicer, Osirix, and our Blender plug-in was made. Individual 3D reconstructions from Osirix and 3D Slicer
were, due to the lack of a specific measuring tool, exported as STL models and loaded into Blender. Then
the orbital floor area was marked and measured by a
trained person. For marking and measurement of such
surface area, we used our developed tool as described
in Section 3.
The numerical results showing the area of the orbital
floor surface for each patient and each software are
written in the Table 2. The results show that model
precision is similar. Moreover, using our tools, we can
provide area measurements on reconstructed surfaces,
which is a feature available only in our plug-in.
Patient
N001
2
Osirix [cm ]
16.38
3D Slicer [cm2 ]
16.14
Our plug-in [cm2 ] 16.28
Table 2: Area of the orbital floor
struction and patient data

5

[1]

[2]

[3]

[4]

[5]

N002 N010
10.63 10.15
10.37 10.24
10.49 10.14
for individual recon-

[6]

CONCLUSION

[7]

In the presented paper, we have introduced our Blender
plug-in equipped with a number of tools for medical image processing. By using it, users can create 3D reconstructions of selected human body tissues from loaded
DICOM data. Several tools in the plug-in can utilize the
computational support of HPC and parallelization and
thus significant processing speed-up can be achieved.
The created 3D reconstructions are of the similar precision as those created in the other two software (3D
Slicer, Osirix) we used as a reference. As a unique thing
in our plug-in, we provide users with the surface selection and measurement tool for area measurement on
the reconstructed surfaces. This can be highly beneficial when, e.g., evaluating the surface area of the orbital
floor for studies focusing on eye injuries.
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ABSTRACT
This paper discuss an intelligent space concepts, goals and developments. The review presents an analysis of seven
intelligent meeting rooms, equipment and developed services. One of the main goals of intelligent space is the
development of proactive services. Realization of such types of services requires the analysis of current situation
in a room as well as behaviour of the audience. Implementation of methods for facial features analysis are the first
step for this goal destination. This paper presents an algorithm for facial image normalization and recognition as
well as a developed system for automatic registration and identification of meeting participants in the intelligent
room. The developed algorithm is intended for processing of low resolution facial images with approximate size
of 30x30 pixels. The experiments shows distribution of participants recognition rate by variety of their face sizes.
In addition, implementation of blur estimation method at preliminary stage of facial image processing shows an
increase of the whole system speed as well as a decrease in face recognition error rate.

Keywords
Computer vision, face recognition, image normalization, low resolution image, image quality estimation, intelligent room.

1

INTRODUCTION

malization and recognition. Section 5 presents the experiments, conditions and results.

The development of technologies for the automated
processing of audiovisual and other types of data is required at a constant growth of volumes of recorded data.
The significant amount of these data is related to photo
and video recording. The automatic image processing
usually includes preliminary processing (elimination of
images of unsatisfactory quality, light normalization,
noise removal, etc.), feature extraction, object segmentation and pattern recognition. Often it is necessary to
select some images of high quality corresponding to the
requirements of a particular technical task from an image database. For an operator such work is not difficult,
however, if the amount of data is large, especially at the
stage of preliminary processing, it is advisable to automate the process of image quality evaluating and elimination of the frames with no reliable data. In addition,
implementation of blur estimation methods at preliminary stage allows increasing accuracy of pattern recognition methods.

2

This paper is organized as follows. Section 2 presents a
concept and goals of an intelligent space. Section 3 discusses facial image normalization methods. Section 4
describes the developed algorithm for facial image nor-
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INTELLIGENT SPACE

The research work of recent years in the development
of prototypes of intelligent spaces (in most cases, intelligent meeting rooms) for scientific projects has been
analyzed. Let us consider the functionality of these prototypes of intelligent meeting rooms. By functionality
we understand their equipment and methods for the implementation of information support services and the
automation of the support of activities. The sensory
equipment of the intelligent meeting room can be divided into two types: primary equipment for the recording of events in the entire space of the conference room
and supporting equipment for a more detailed analysis
of specific areas of interest identified by the main equipment.The list of sensory and multimedia equipment of
rooms and the methods used for processing audiovisual signals are given in [Ronzhin15a]. Most intelligent meeting rooms are equipped with audio and video
recording equipment as well as with advanced I/O multimedia devices. An analysis of the data [Ronzhin15a]
shows that the services for recording, broadcasting, and
logging of activities, as well as the creation of test audiovisual databases, are implemented in almost all con-
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sidered intelligent meeting rooms. However, services
that are important for the automation of the course of
activities, such as automatic participant recording, current speaker detection, integration of participant devices with the intelligent meeting room’s system, and
automatic generation of multimedia report, were implemented only in half of these intelligent meeting rooms.

3

mode decomposition (EMD) [Huang98] for illumination preprocessing of facial images. This method can
adaptively decompose a complex signal into intrinsic
mode functions (IMFs), which are relevant to intrinsic physical significances. A face image may be represented as Lambertian reflectance assumption [Xie08]:
I(x, y) = R(x, y)L(x, y),

METHODS FOR IMAGE NORMALIZATION

where I(x, y) is the observed intensity, R(x, y) is the
reflectance (albedo), and L(x, y) is the shading or illumination component. The right side of this formula
is multiplicative and the EMD decomposes signal into
IMFs in an additive form. So, factorization in the logarithm domain of EMD (LEMD) was used in [Liu08] for
conversion of multiplicative model into additive:

The paper [Xie08] presents a framework for solving the
illumination problem in face recognition tasks. Features extracted from face images may be divided into
two categories small- and large-scale features also may
be called as small and large intrinsic details respectively. The first aim in [Xie08] was decomposition of
face image into two features images by implementation
of logarithm total variation method (LTV) with interpoint second-order cone program (SCCP) algorithm for
approximate estimation of LTV model [Chen06]. The
second aim was processing of decomposed face image
elements for smoothing of small-scale and illumination normalization of large-scale features. For illumination normalization in work [Xie08] methods non-point
light quotient image relighting (NPL-QI) and truncating discrete cosine transform coefficients in logarithm
domain (LOG-DCT) were separately employed and estimated. All processed features are used for reconstruction of normalized face image. It shows [Xie11] that
implementation of NPL-QI allows one to extend the illumination estimation from single light source to any
type illumination conditions and simulate face images
under arbitrary that conditions. The LOG-DCT is not
so likely for image normalization because it loss some
low-frequency information during image restoration.

f = log I = log R + log L.
Because the EMD can decompose a signal into a set of
IMFs with different frequencies, the R and L components may be estimated as:
K0

R = exp

, L = exp

∑ k = K0 )

dk + r ,

(

The complete algorithm for illumination normalization
in facial images, presented in [Xie14], is:
1. Computation of the logarithm of image;
2. Perform the 1-D EMD of gathered logarithm (experiment result in [Xie14] shows that 1-D EMD method
have better recognition performances);
3. Detection of shadow regions. In this stage each
IMFs have been analyzed. There is shadow in a
2
IMFs if D · emIMF > θ1 is satisfied the binarization
operator with threshold θ2 = mIMF /2 is applied to
analyzed IMF or residue, where D and mIMF are
variance and mean pixel values recently as well as
the threshold θ1 = 0.1 [Xie14], and then each connected black area is marked as a shadow region;

Σi ki Ai z + ε
Σi ki Ai x + ε

where k = (k1 , k2 , . . . , kNT is the weight coefficient, Ai is
an images array of subject i, x and z are current and expected illumination parameters respectively, ε is a small
constant (ε = 1), which is used in [Liu08] in case of being divided by zero. The experimental results [Liu08]
show that current method may be used for illumination
normalization of facial images as preprocessing in face
recognition methods.

4. Grayscale adjustment. Gray level Substitution of
each detected region by average gray level (with the
use of Gaussian weighting) of its neighboring region.
5. Restoration of the image using processed IMFs and
residue and conversion of it to original image space.

In continuation of works [Xie08, Xie11, Liu08], the paper [Xie14] presents the implementation of empirical
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K

where dk are the IMFs with different frequencies k, r
is residue, and K0 is a settable parameter, in [Xie14]
K0 = 2.

The paper [Liu08] presents a method of illumination
transition of an image (ITI) for illumination estimation
and image re-rendering. This method is based on the
calculation of face similarity factor, which is considered: the more similarity comparison of an image with
more weighted pre-referenced personal face image allows generating a person-specific reference face Tx,z :
Tx,z =

∑ dk
k=1

!

For experiments only frontal-face images from same
databases as in work [Xie11] were carried out.
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ALGORITHM FOR FACIAL IMAGE
NORMALIZATION AND RECOGNITION

ization of shadow and illumination as well as for reconstruction of normalized image. The final step of
the algorithm is the identification of the participant by
recognition of his face, which is based on Local Binary
Patterns method (LBP) [Ahonen06].

The proposed algorithm of participant identification
based on group photo processing is a part of an
intelligent meeting room software, which is described
in detail in [Ronzhin15a]. First of all, what is the group
photo? The classic or porters photo is an image with
simple background and several peoples, who stay or sit
one by one on the foreground and look at the camera
point. But the group photo, which was captured during
a meeting, has more complexity, including: 1) complex
background; 2) occlusions of participants by each
other; 3) illumination and shadow variety; 4) blurred
participant’s faces (by their own movements at the
shooting moment); 5) small size of participant’s face
region on an image.

5

For the experimental evaluation of the automatic participants registration system during the events in the intelligent meeting room, participants photos were accumulated only at the first algorithm of the system. As a result, the number of accumulated photos was more than
55000 for 36 participants. The training database contains 20 photos for each participant. For estimation of
the influence of participants face size change on recognition rate, it was decided to divide them into several
groups. Figure (Fig. 2a) shows distribution of participants by variety difference of their face sizes in ranges
from 0 to 10, from 10 to 20, and so on. Most of participants have a difference between minimum and maximum face sizes in range from 30 to 40 pixels. (Fig. 2b)
shows a distribution of recognition rate for three methods for the groups of participants. From (Fig. 2b) it
is obvious that with increasing of the participant’s face
size variety difference, the recognition accuracy gradually decreases. This is due to the fact that at the normalization of images to a uniform size, a distortion in
certain facial features like eyes, nose, mouth may occur.

In this stage of research the algorithm (Fig. 1) will decide first three and fifth problem. The image quality estimation methods would not be implemented in the algorithm, because state of the art methods cannot make a
decision about blurriness of an image with a low resolution (approximately 30x30 pixels), details of such problem are presented in [Ronzhin15b]. The high resolution image (1280x1024 pixels), which is a group photo
of participants sitting in chairs, is processed for finding
their faces by face detection procedure [Viola03]. Then
each face region is processed for estimation of facial
reference points such as eyes, nose and mouth. This
information is used for images dividing into two categories – frontal-face and other (with angle more than
15 degree from camera point) by the head orientation
estimation procedure. For frontal-face images the corrected region was extracted as rectangle and for other
images as ellipsoid. These procedures are used for decision of complex background and occlusion problems
by reduction of background patches in a facial region.

6

CONCLUSION

Personalized user service and satisfaction of user needs
in an unobtrusive and almost invisible form by analyzing their behaviour and determining the current situation is the main idea in the concept of an ambient intelligent space. The awareness of the conference room
of the spatial position of participants, their current activities, their role in the activity, and their preferences
provides intelligent control over multimedia and other
equipment in the room. In order to determine the current behaviour of participants and analyze the situation, modern interconnected methods and a software for
audiovisual processing of data that automatically control audio and video recording equipment are required.
Considering the experimental conditions (different distances from the camera to the participant, lighting,
movement of participants while taking pictures) that influence the quality and quantity of the facial features extracted from the image, which are directly influenced by
the accuracy of recognition and occurrence of false positives, we can conclude that the best results are shown
by the method LBP 79,5%.

After extraction of the final participant facial region, information about distance to the participant and illumination in the room was analyzed. Such information was
gathered from the audiovisual monitoring system of the
intelligent meeting room [Ronzhin15a], description of
the room can be found in [Yusupov11].
For image decomposition in the proposed algorithm,
the LTV model and LEMD method based on the result in [Xie11, Xie14] will be used separately. In addition, after decomposition by LTV model, the thresholdaverage filtering will be used for smoothing the smallscale features. As presented in [Xie14], the LEMD
decompose facial image into several IMFs, and the
illumination-insensitive facial representation is stored
in first IMFs. So, in this case, for large-scale features
normalization will be IMFs from second to residue. In
LTV model application for this aim NPL-QI and LOGDCT algorithms would be separately used for normal-
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Figure 1: Scheme of the participant identification algorithm

Figure 2: Distribution of participants recognition rate by variety of their face sizes
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ABSTRACT
In this paper, we propose a new method to solve a problem of crystal lattice parameter identification. The
developed method is based on applying the gradient steepest descent method. The two algorithms of crystal lattice
parameter identification on the basis of the developed method was proposed. The comparison of the algorithms
with the existing method of lattice identification based on estimation of Bravais unit cell parameters is conducted.
The experimental results show a significant increase in the crystal lattice parameter identification accuracy for all
seven lattice systems.

Keywords
Crystal lattice, Bravais unit cell, translation vector, parameter identification, gradient steepest descent method.
are not universal and have a number of disadvantages,
such as strong dependence between the crystal lattice
identification accuracy and the lattice system, high
sensitivity to distortions of crystal lattice point
coordinates or complexity of the sample preparation.

1. INTRODUCTION
Nowadays, much attention has been concentrated on
reconstruction of three-dimensional objects [Fur01a,
Kot01a, Kud01a]. In particular in crystallography,
reconstruction of a three-dimensional crystal lattice
structure is related directly to a parameter identification
problem, which is one of the basic problems of X-ray
diffraction analysis [Shi01a, Kha01a].
The most well-known crystal lattice model was offered
by Auguste Bravais. The Bravais model is based on unit
cell representation: the entire lattice can be constructed
by translation of a single cell. All unit cells are divided
into seven lattice systems according to edge lengths and
angle values (Figure 1) [Ham01a].
With evolving technology the parameter identification
algorithms, as well as the crystal lattice comparison
methods become more relevant [Bra01a, Law01a].
The objective of the crystal lattice parameter
identification method is to estimate unit cell parameters.
There are several methods that offer a solution to the
problem: NIST lattice spacing comparator [Kes01a],
parameter identification methods based on estimation
of atomic packing factor [Smi01a] and distances
between isosurfaces [Pat01a]. However, these methods

Figure 1. Unit cells of seven lattice systems.
Among the existing universal methods that provides
high accuracy of crystal lattice parameter identification,
we can distinguish the following one: “The lattice
identification method based on estimation of Bravais
unit cell parameters” [Bes01a]. In the experimental
section, the comparison of the results obtained by this
method and the developed one is presented.

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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In this case a gradient (2) and a descent factor (3) are
as follows:

2. THE LATTICE IDENTIFICATION
METHOD BASED ON ESTIMATION
OF BRAVAIS UNIT CELL
PARAMETERS

L
L


E  A   2  A   N l   xl nlT  ;
l 1
 l 1


The method is based on calculation of six key
parameters of the Bravais unit cell, i.e. three edge
lengths and three included angles [Kup01a].

L

s 

Initial data for the identification method based on
estimation of the Bravais unit cell parameters are a
finite set of radius-vectors of crystal lattice nodes.
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.

The iterative process of this algorithm may be
controlled. A vector of an individual problem does not
correlate with vectors of two remaining problems at
all. If the first developed algorithm carries out
S iterations for all three vectors (matrix), then in the
case of the latest algorithm each desired vector shall

Nl  nl nl Т ;
wls  il a1s  jl a2s  kl a3s  xl ,
s is the step number in the descent.
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(3)

y0  y1  y2  2  y3 3  0 ,

Let us introduce the following notation:

nl   il

.

For the objective function (4) the gradient shall be
determined from the equation (5), and the descent
factor – from the equation of the third degree (6).

where L is the number of nodes in the lattice.
33

L

 

The objective function of optimization is as follows:

a3  

2

2
E d   min  xl , d  i d  .


i

l 1

3.1. The Algorithm Based on Joint
Optimization of Translation Vectors

A   a1 a2

2 E  A  nl
s

The objective function shall be as follows:

In this case, both algorithms shall require initial
approximation as an additional input parameter.
Particularly, the result vectors of the lattice
identification method based on estimation of Bravais
unit cell parameters can be used as the initial
approximation.

l 1

L

Nodes of a crystal lattice are to be set up by translation
vectors, however in this case they shall pass through
recurrent planes. This property enables to break a
problem of translation vector optimization, described
above, into three independent problems of
optimization of some vectors which describe recurrent
planes. The recurrent planes shall be described by a
plane normal and a plane period. Thus, the desired
vector must have the same direction as the plane
normal, and the vector norm should coincide with the
plane period.

X  x  ia1  ja2  ka3  : i, j, k  .

2

l

3.2. The Algorithm Based on Independent
Optimization of Translation Vectors

Two algorithms of crystal lattice parameter
identification have been developed. In both algorithms
we consider the Bravais lattice represented by three
translation vectors a1 , a2 and a3 [Sha01a]. The set
of lattice nodes is expressed as:

i, j ,k

s

Expressions (2) and (3) are recorded in compact form.
The desired solution is the matrix (triple translation
vectors). The gradient is respectively the matrix, too.

3. DEVELOPED ALGORITHMS OF
CRYSTAL LATTICE PARAMETER
IDENTIFICATION BASED ON
OPTIMIZATION PROBLEM
SOLUTION USING THE GRADIENT
STEEPEST DESCENT METHOD

E  a1 , a2 , a3    min xl   ia1  ja2  ka3  ,

s
l

l 1

l 1

The identification method involves a search of three
non-coplanar vectors in the original set of nodes: the
first vector has a minimum norm; the second vector
does not lie on a straight line with a directing vector
equal to the first vector; the third vector does not lie
on a plane made by two found vectors.

L

  w , E  A  n 

(2)
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be found only for the required number of iterations.
The case when one vector can result in an incorrect
solution shall be also excluded due to dependence on
other vectors.
The algorithm suggests the connection between a basis
of translation vectors and a new basis of
“independent” vectors. The transition from the basis
of translation vectors to the basis of independent
vectors shall be carried out by simultaneous linear
algebraic equations (7). The reverse transition is
performed using the following expressions (8).

d

1

d2

d3



Т

ai  di

2

ei , i  1,3 ,

(7)

where ei is a unit vector in the i-direction;
di 

 a

k

 a j  , ai

 ak  a j 

2

,

i  j  k  1,3 .

(8)

4. ANALYSIS OF THE DEVELOPED
ALGORITHMS OF CRYSTAL
LATTICE PARAMETER
IDENTIFICATION

Figure 2. Accuracy of parameter identification:
A – algorithm from Section 3.1;
B1 – algorithm from Section 3.2
(standard stop criteria);
B2 – algorithm from Section 3.2
(weakened stop criteria).

The criterion of accuracy of the results obtained by
applying the parameter identification algorithm is a
solution error. Let us select the function used in the
first developed algorithm as the solution error (1).

To improve the accuracy, we proposed to weaken the
stop criteria by excluding the first condition (nonincreasing objective function). The data in Figure 2
indicate that the weakened stop criteria allow to
substantially reduce the error.

To calculate this function, the radius-vectors of the
original lattice nodes and the parameters obtained by
some algorithm shall be required.
For the experiments, crystal lattices have been
modeled using the unit cell parameters of the seven
existing materials. Each lattice consisted of 125 nodes.
Then modeled lattices was distorted through a random
offset of each node from its ideal position in a random
direction at a distance no more than 0.5 Å.

5. CONCLUSION
In the course of the present work, we have developed
two algorithms of parameter identification based on
the gradient steepest descent method. In both
algorithms, the result vectors of the lattice
identification method based on estimation of Bravais
unit cell parameters is used as the initial
approximation.

Parameters of the Bravais unit cell were estimated for
each modeled lattice, and the solution error was
calculated. Figure 2 gives the research findings as
values of the objective function. Both developed
algorithms have considerably reduced an error
obtained as the result of performing the identification
algorithm based on estimation of parameters of the
Bravais cell.

The research showed that in most cases the developed
algorithms can provide better results than the Bravais
unit cell parameter estimation algorithm. Moreover,
the second algorithm with the weakened stop criteria
demonstrates the minimum errors of parameter
identification for all seven lattice systems.

The accuracy of the parameter identification algorithm
based on independent optimization of translation
vectors depends crucially on the selection of the stop
criteria. In case of the standard stop criteria, the
iteration process continues until the objective function
begins to grow or the optimizing vector stops
changing. However, the experimental data showed
that the second algorithm with the standard stop
criteria returns bad results.
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ABSTRACT
The paper presents Immersive 3D Visualization Lab (at the Faculty of Electronics, Telecommunications and
Informatics at Gdańsk University of Technology in Poland) and its applications prepared after its launch in
December 2014. The main device of the lab is a virtual reality cubic cave with six screen-walls, where a person
can navigate in virtual space using different controllers. The most sophisticated controller is a freely rotating
transparent sphere, supported on rollers and equipped with a motion tracking system (something like an
omnidirectional hamster wheel). A person's walking motion causes the sphere to revolve and triggers changes in
the computer generated 3D images on VR cave screens surrounding the sphere, thus creating an illusion of
motion. The projection system is supplemented with a spatial sound generation system.

Keywords
Virtual reality, VR systems and toolkits, VR caves, walk simulation, immersion.
In the case of virtual reality caves [3, 4, 8, 15],
interaction is achieved with navigation controllers
(from wands to locomotion simulators), immersion –
via surround audio-visual projection.

1. INTRODUCTION
Similar to many universities in the world, Gdańsk
University of Technology in Poland decided to build
their own virtual reality laboratory. The main idea
was to allow users to feel immersed and to navigate
freely in a computer-generated virtual world. We
wanted to ensure the highest possible degree of
immersion (unrestricted freedom of movement and
stereoscopic 3D projection) while reducing the
amount of equipment worn by users (e.g. virtual
reality helmets) to provide them with maximum
comfort and impression of natural activity.

Virtual reality caves are intended to generate scenes
and situations that look very realistic and to allow
easy navigation through them. Moreover the
sophisticated locomotion interface allows us to move
through the virtual world in a natural way. Thus, VR
caves may be used in applications such as [11, 12]:
• military/rescue training and operations,
• industrial inspection training,
• scientific and architectural visualization,
• virtual tourism, exhibitions and museums,
• analysis of human behavior,
• phobia treatment,
• entertainment (e.g. computer games),
• telepresence.

Virtual reality is often described as I³ or 3 × I:
interaction, immersion, and imagination [1].
Interaction relates to the input devices, immersion –
to the output devices. However imagination does not
concern the devices, it is associated with the user. He
or she should not be distracted by the physical reality.

Projection in virtual reality caves takes place onto
flat screens arranged in the form of a cuboid. The
majority of VR caves have only four screens: three
vertical walls and a horizontal floor. This allows a
user to easily access the interior of a VR cave. For
full immersion though, a VR cave should have six
rectangular screen-walls (one as a gate). To provide
users with the ability to walk on their own feet
through the virtual scene, without changing physical
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location, a number of devices have been proposed [2,
5, 9]. One such device is a rotary sphere with the user
in the middle [6, 7, 14, 17]. Its transparent surface
allows us to use it inside the VR cave and see a
virtual scene (projected onto the screens) without
need to wear an uncomfortable VR helmet.

active shutter glasses (nVidia 3DVision Pro) and
spectrum channels separation using passive glasses
with selective interference filters (active Infitec+).
Both methods need a frequency of 120 Hz (i.e. 60
Hz per eye).
The dozen Barco Galaxy projectors are driven by 14
Dell Precision T3600 computers with nVidia Quadro
K5000 GPU each. Twelve of these computers
generate images directly for the projectors, the
remaining two are in charge of synchronization,
tracking done by ART IR-optical tracking system and
the generation of sound for Bose and Apart speakers.
The computers are connected by two networks: 40
Gb/s InfiniBand and 1 Gb/s Ethernet.

2. IMMERSIVE 3D VISUALIZATION
The Immerse 3D Visualization Lab contains a virtual
reality cave in the form of a closed cube with edges
of about 3.4 meters each. It consists of six square
screens: four vertical walls, a horizontal floor and a
ceiling. All screens are two centimeters thick acrylic
plates with special coating for highest brightness
uniformity. The floor is strengthened with an eight
centimeters thick glass plate with a carrying capacity
equal to 700 kg (7 persons). To allow users entrance
to the VR cave, one of the screen-walls is an
automatic sliding gate (Fig. 1).

The computers of the virtual reality cave can
communicate directly, through the fast optical fiber
InfiniBand connection, with the high performance
Academic Computer Center in Gdańsk (CI TASK)
[18]. It allows for real time visualization of very
complex calculations (e.g. physical simulations or
artificial intelligence).
A user in the middle of the virtual reality cave may
navigate using different controllers. The simplest one
is a handheld wand (flystick), where the user steers
movement with a joystick and buttons. More
sophisticated controllers allow the user to navigate by
his own steps.
The Immerse 3D Visualization Lab contains the
spherical walk simulator Virtusphere [17] that has the
form of a transparent (openwork) sphere rotating on
rollers. It can be inserted into the center of the virtual
reality cave (Fig. 2) and is entered afterwards through
a manhole. The user sees images that are projected
onto the screens surrounding the rotary transparent
sphere. The diameter of the sphere is equal to 3.05 m
and provides a sufficiently large radius of curvature,
therefore the abnormality of movement will be
imperceptible or at acceptable levels [10, 12].
Moreover, the user’s head is almost in the
geometrical center of the sphere.

Figure 1. VR cave in I3DVL (with open gate).
The 360 degree view is achieved by the stereoscopic
rear projection onto all the six flat screen-faces of the
cube [12, 13]. It requires projection from six different
directions. In order to cover each whole square
screen two Barco Galaxy NW7 projectors with the
use of the edge blending technique are applied per
screen.
Twelve three-chip DLP digital projectors, with
WUXGA resolution (1920 × 1200 pixels) and 7000
ANSI lumens luminous flux each, produce six
images with the final resolution equal to 1920 × 1920
pixels and the total luminous flux above 11000 ANSI
lumens each (taking into account the losses caused
by the edge blending). The square pixel side length
equal to 1.77 mm implies the 0.06 degree (3.6
minutes of arc) size of pixel seen form the center of
the VR cave [10, 12, 13].
The Barco Galaxy projectors can use two alternative
methods of stereoscopy: separation in time with
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Figure 2. Spherical walk simulator in the middle
of VR cave in I3DVL (with open gate).
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Instead of the rotary sphere other walk simulators
(but lighter than 600 kg) can be used. This will allow
other models of locomotion interfaces to be tested,
such as improved rotary spheres or sliding surfaces
with the mechanism of placing feet centrally (e.g.
Virtuix Omni [16]). It is worth adding that all these
walk simulators (including spherical) can work
without the VR cave, just with a virtual reality
helmet.

society (DNV GL), I3DVL began work on the
adaptation of its ship inspection simulator to the VR
cave. At the time of this writing, it is possible to view
a 3D boat model and streamlines of airflow simulated
beforehand around sailboats (Fig. 4). Work on a
larger vessel is under way.

3. APPLICATIONS
The unique combination of hardware in Immersive
3D Visualization Lab makes it possible to execute
different simulations. The first year of the lab's
operation yielded numerous VR applications: some
of them are results of applied research, others have
been prepared during student projects.

Military and rescue training and
operations

Figure 4. Ship sightseeing simulator.

Scientific visualization

It is much cheaper and safer to simulate battlefields
and rescue operations (such as fires, floods,
earthquakes) with virtual reality, as opposed to real
training grounds. Infantrymen, firemen and other
specialists can train the procedures using virtual
reality. I3DVL has not yet had the opportunity to
cooperate with uniformed services, though we do
have a number of indoor and outdoor locations
modeled. Some of them include scripted events,
objects that can be interacted with, as well as AI
controlled agents. One example is a student's
application where one can attempt to catch horses on
an enclosed meadow (Fig. 3).

Virtual reality provides very useful tools for different
scientific applications. For example, chemists from
our university requested an application that allows
for visualization and manipulation of chemical
structures (e.g. proteins, enzymes). At the moment,
an application is being developed for the presentation
of 3D structures described in the Protein Data Bank
(PDB) format (Fig. 5).

Figure 5. Protein Data Bank structure presenter.

Architectural visualization
The Coal Market Square is a historical part of
Gdańsk. The area is being redesigned and a new
gallery is planned. Architects have come up with
many designs, three of which have been modeled.
I3DVL allows the governing decision makers to see
the submissions for themselves and walk through
virtual galleries and the Coal Market Square itself
(Fig. 6). It is possible to switch between day and
night, move freely or choose a point of view such as
from the roof of one of the buildings, or start a virtual
tour along a premade route.

Figure 3. Virtual horse catching simulation.

Industrial inspection training
Similarly, virtual inspection of ships or buildings is
safer and less expensive than on physical training
grounds. With the cooperation of one leading
international certification body and classification
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University of Social Sciences and Humanities
developed scenarios for a game that should help in
the treatment of acrophobia (fear of heights). Two
applications were developed by students, one where a
person can ascend high skyscrapers to measure at
what heights he begins to feel uncomfortable. The
other included coins placed on rooftops, ledges and
glass bridges and measured fear of height by the
number of coins a user was able to collect (Fig. 8).
This could provide psychologists with valuable
insight. While final versions of this software
prevented people from actually falling off the edges,
the ones that allowed it showed varying levels of
reaction from people, with some people largely
unaffected, while others experienced strong
emotions.

Figure 6. The virtual Coal Market Square.

Virtual tourism, exhibitions & museums
A masterpiece created by eighteenth century
craftsmen in Gdańsk, the Amber Room, was
considered one of the most valuable works of art ever
created in Europe. Until it's mysterious disappearance
during World War II, it's history took place in Berlin,
Tsarskoye Selo (for over two centuries) and finally
Königsberg. It took 24 years between 1979 and 2003,
to reconstruct the room in Tsarskoye Selo, although
there was a major division between the craftsmen
over the question whether the new room should be
artificially aged, with the proponents ultimately
winning. In I3DVL we can admire the Amber Room
as an example of immersive virtual tourism (Fig. 7).
This also shows how the laboratory could be used by
museums to plan and test expositions before building
them, or by artists who might want to see how their
sculpture or other form of art might look in a specific
room, or even how changing the different parameters
(such as material or age) would affect the final look.

Figure 8. Acrophobia treatment by gamification.

Phobia treatment
A number of anxiety disorders and phobias can be
treated through controlled exposure to the real phobic
stimuli (flooding technique) or to its image in the
patient's brain (implosive therapy). In I3DVL, virtual
stimuli can be used instead or real or imagined ones.
For example, arachnophobia can be treated by
controlled exposure to a virtual spider in different
forms and situations (Fig. 9), peristerophobia – to a
virtual pigeon, glassophobia – to a virtual crowd,
acrophobia – to a virtual height. Wandering on virtual
ledges and floors of a skyscraper allows a patient to
overcome their fear of heights.

Figure 7. The virtual Amber Room.

Analysis of human behavior
Observing how people react in an immersive virtual
environment can provide a lot of useful information.
One could for example present planned products to
customers and assess their attractiveness from their
reactions. A group of psychology students from
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Figure 9. Virtual implosive therapy.
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virtual world will require both hardware and software
solutions.

Entertainment – computer games
I3DVL is a very attractive platform for the
development of games focused on movement through
different terrains. We present a game made by
students, taking place in an old hospital, where a
player escapes from zombies (Fig. 10). The main
focus of this game was to test different navigation
schemes. For example, the forward direction could be
determined based on the direction a player is looking,
or the direction he is pointing the controller. Another
option was to use the player's position in the VR cave
(i.e. how much off-center they are and in what
direction).

Hardware development
New equipment will allow developers (e.g. students)
to test their projects on a smaller VR cave with only
three walls and a floor, so that the main VR cave is
only used when projects are nearing completion.
Initial programming work can be implemented on
single-computer stations, or a 4-computer mini VR
cave built on the basis of four monitors. All the
computers controlling these devices have identical
hardware and software configuration. The clusters
supporting the VR caves have the same network
architecture (InfiniBand and Ethernet). This solution
allows developers to use scalability rules during
development of virtual reality applications.

Interaction development
The VR caves will be equipped with more wands and
markers, which will allow extensive interaction and
accurate tracking of groups of users and their
gestures. Further improvements are planned to make
movement in the spherical walk simulator more
natural. We are also looking for ways to improve the
collisions with virtual obstacles – it is easy to detect
the collisions thanks to the user's position given by
tracking devices, but responding to collisions is
problematic. If a user tries to walk into a virtual wall
(by physically stepping forward), we can't stop him –
we can either allow him to walk through the wall, or
we can push the wall away, but both solutions break
immersion. The virtual amber room worked around
the problem by resizing the room to the exact size of
the CAVE, thus placing virtual walls where the
physical screens are located. The problem of reduced
immersion can also be alleviated by making colliding
objects appear fluid when approached closely. In
addition to the above solutions, visual and audio
feedback can be given to users when they collide
with objects. Haptic feedback would increase
immersion, but we are yet to acquire any haptic
devices for our lab. Similarly, interaction with the
virtual world may seem less or more natural
depending on the controllers used and how the
application reacts to the inputs, so there's plenty of
work that can still be done to find solutions that work
best for the given scenarios.

Figure 10. Escape from zombies.

Telepresence
I3DVL can display not only a virtual, computergenerated world, but also photos and video
recordings (Fig. 11). This can also be done in real
time, allowing users to feel as if present in a distant,
possibly dangerous, place. Telepresence could be
used to control robots, giving the operator 360 degree
view (assuming the robot has appropriately placed
cameras). This would be immensely useful for
operations in dangerous environments, but also any
other situation where the user cannot be physically
present at the chosen location.

Software development

Figure 11. Real scene projected onto cave screens.

Development of software applications for the VR
caves requires appropriate development frameworks.
Dedicated tools are very expensive (e.g. VBS), so we
are negotiating conditions for obtaining them for
educational and research purposes. On the other
hand, standard environments for game development
(e.g. Unity) tend to be useful, especially since their
cost is relatively low, but they require specialized

4. DIRECTION OF DEVELOPMENT
Currently, the laboratory is expanding in a number of
ways, such as installation of new hardware and
development of new software. For example, enabling
more users to interact at the same time with the
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libraries for synchronization of image generation on
each VR cave screen. Despite the fact that we already
have a simple library for Unity projects, we are
working on a new, improved library and framework
that will be more robust and extensible. Additionally,
we want to expand it to support connections with
other VR devices (caves, helmets, vehicle and flight
simulators etc.) to manage distributed VR
simulations. The framework should also support
usage of the high performance cluster (CI TASK) to
execute complex calculations (nontrivial physics,
advanced artificial intelligence, prediction of user
behavior etc.) Once our library is ready for use we
will also be able to make meaningful performance
measurments to see the full capabilities of our
CAVE's hardware (the temporary Unity library we're
using experiences major slowdowns with stereoscopy
active).

[6] K. J. Fernandes, V. Raja, J. Eyre: Cybersphere:
The Fully Immersive Spherical Projection
System. Communications of the ACM, Vol. 46,
No. 9ve, pp. 141-146, September 2003.
[7] J. Gantenberg, K. Schill, C. Zetzsche: Exploring
Virtual Worlds in a Computerised Hamster
Wheel. German Research 1/2012.
[8] Iowa State University News Service: The most
realistic virtual reality room in the world. 2006.
[9] S. "Cb" Kuntz: A VR Geek Blog. http://cb.
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5. CONCLUSIONS
Immersive 3D Visualization Lab is a complete virtual
reality environment. The greatest advantage of this
laboratory is the possibility to walk through a
computer-generated virtual world without limitations.
This creates endless capabilities to implement
scenarios for a wide range of practical applications.
The first year of I3DVL's operation proves that
virtual reality is a powerful tool for different human
activities.
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ABSTRACT
Studying links between phenotype/genotype and agricultural practices is one of the main topics in agronomy
research. Phenotypes can be characterized by informations like age, sex of animals/plants and more and more
often with the help of image analysis of their morphology. From now, getting good quality of images for numerous
individuals is easy but that leads to design automatic procedures to replace manual exploration of such amount of
images. Several bottlenecks have been identified to analyze automatically images. One of them is segmentation
of selected area and/or shapes, and another well-known one is setting automatically morphometric landmarks.
Landmarks are points on the object which can be used to identify or to classify the objects.
It exists a lot of methods to experiment landmarks setting, depending on the image contents. This work has been
initiated by using the article of Palaniswamy et al. "Automatic identification of landmarks in digital images"[6].
They proposed a method based on calculus of a probabilistic Hough transform coupling to a template matching
algorithm. They applied their method to the Drosophilia wings. In our study, we have gotten a set of 291 beetles
. For each one 2D images of 5 different parts of their anatomy have been taken: mandibles left and right, head,
pronotum and elytra. The first part of the project was to test how the Palaniswamy’s method could be used to
analyze them. We have implemented all the required algorithms to compute positions of mandibles landmarks and
compared the obtained results to landmarks which have been manually set by biologists. We will see that even
positions automatically obtained are not fully precised, if we used centroid size to characterize mandibles, the size
computed from automatic landmarks is closed to this one computed from the manual ones. Future works will focus
on definition of a semi-landmarks procedure which would add some features as the measure of the curve between
two landmarks.

Keywords
Landmarks identification, probabilistic Hough transform, morphometry of beetle mandible.

1

INTRODUCTION

of geometric characteristics are currently included into
classification procedures.

Morphology analysis is a way to characterize biological shape variations. In the aim to study potential links
between these variations and agricultural ecosystems,
a set of 291 beetles has been collected. Informations
as sex, place where they were found and agricultural
practices in this field were set. To grow richer phenotype data, morphometric operations could be done. To
do that, a set of landmarks has been defined. Morphometric landmarks are points that can be defined in all
specimens and located precisely [5]. Landmarks are
widely used in many biological studying and analysis

(a) Right mandible

In this paper, we focus on a method which addresses
automatic identification of landmarks in digital images.
Palaniswamy et al. [6] have proposed a method to set
landmarks on images of Drosophila wings. We have
investigated how this method can be implemented to
work on images of beetle mandibles (figure 1). The
method contains four stages: a features extraction of
mandible structure (segmentation stage), a recording of
the features using pairwise geometric histogram (PGH),

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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(b) Left mandible

Figure 1: The mandibles of beetle
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an estimation of the landmarks positions using Probabilistic Hough Transform (PHT) and finally a refinement of the estimated landmarks by cross-correlation.

2

list of points for each retrieved edge. To compute the
PGH another kind of geometric form, lines, is needed.
Extraction of approximated lines from the list of points
can be achieved by using the recursive algorithm [3] as
below:

METHODS

• Create a line connected by two edge endpoints

For each mandible image, a set of 18 landmarks
have been manually set by biologists corresponding to morphological points of interest (see
figure 2).
It will constitute our ground truth.
The automatic procedure to estimate
these positions extracts
features by analyzing
the image histogram
firstly. The obtained
parameters are then
used to approximate
edges of the mandible
by line segments.
These edges are presented to PGH using
geometric
relationships between them.
The shape correspondence is determined by
Figure 2: Manual landmarks
comparing the PGHs of the right mandible
of model and scene
data. A PHT is then used to identify hypothetical
location of model landmarks on scene image. Finally,
the hypothetical landmarks are performed by template
matching. We now describe in details all these steps.

• For each point in the edge :
· Calculate perpendicular distance to the line
· Keep the point at max distance, i.e. max point
· Divide edge at max point into two parts:
· Repeat with the two new parts of the edge.

The algorithm stops when the edge cannot be broken
more. Concretely, we stop the algorithm when the maximum perpendicular distance of max point is less than
3 pixels, i.e. enough small to create an approximated
line.
Comparison between model and scene
To determine the correspondence between the model
and the scene image, we compute the PGH[2] using the
approximated lines of each image. The steps to construct the PGH as follows:
• Create a PGH matrix,
• Choose a reference line,
• For each other lines in the shape,
· Calculating the perpendicular distance from two endpoints to the reference line,
· Computing the angle between the considered line and
the reference line,

Segmentation step

· Recording the perpendicular distance and angle into the
matrix.

Usual way to obtain automatically threshold value for segmentation is to take a
look to the image’s histogram (figure 5).
In our case, per
image we have
only one object,
the
mandible,
into a pretty uniform background,
consequently the
histogram exhibits
only two picks.
In this case, the
retained threshold
value is the average
Figure 3: Image Histogram
value (blue point in fig.3) between two mean values
(red and green points in fig.3) of these two pick
regions. The first region, begins from the beginning to
the median of histogram and the second region is the
rest.

• Repeat step 2 (choose reference line) to all the lines in the
shape considered as reference lines,

The algorithm stop when all lines of shape have been
considered as reference line.
To be able to compare model and scene, a similarity
metric is needed. The Bhattacharya[6] similarity metric
is used to compare the distribution (PGH) for the model
and the scene data. It computes the degree of match
between them as a dot product correlation of the PGHs
(equation 1).

π dmax q

dBhatt (Hi H j ) = ∑
θ

Hi (θ , d)H j (θ , d)

(1)

d

Where Hi (θ , d) is an entry at row θ (i.e. angle) and
column d (i.e. perpendicular distance) in the PGH of
the image i.

The Canny algorithm [4] is one of the relevant algorithms to detect segmentation edges. The result is a
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Selection of matching points

each pixel, cross-correlation will detect the best similarity
between model and scene image. The progress of template
matching as follows:

The Probabilistic Hough Transform (PHT) is then used
to determined the presence and location of the model
in the scene image, as well as to determine the hypothesis of the model landmarks in the scene image[1].
Applying PHT includes two steps: first, we find the
pair of scene lines that similar with a pair of model
lines (named training process); second, we estimate the
model landmarks in the scene image.

• Rotate the scene image (the angle has indicated by PHT),
• Create a bounding box around a model manual landmark
(in model image),
• Create a bounding box around a estimated landmark (in
scene image),
• Apply cross-correlation between the two bounding boxes.

Training process includes the duration to construct the
reference table for model image and process to find the
similar pair of lines between model and scene image.
The steps as follows:

The template matching finishes when all estimated landmarks are refined. Fig 5 shows a complete result on one
scene mandible with the segmentation (red lines), manual
landmarks (yellow points) and estimated landmarks (green
points).

• Create the reference table,
· Choose an arbitrary point in the model,
· Create a table to record the information,
· For each pair of model lines, calculate the perpendicular
distance and angle from each line to the point and save
into the table.
• Create an accumulator (a two dimension matrix (angle and
perpendicular distance)),
• For each pair of scene lines, find the pair of model lines
within correspondence in position, orientation and scale.
Select the respective value in reference table,
• Increase the value in accumulator at respective position and
keep the cell that have the maximum value.
The pair of scene lines having the best value is chosen. The
estimated landmarks in the scene obtained by calculating
the relatedness between the model’s reference point and the
model’s landmarks are recorded. Besides, we also record the
difference angle between model image and the scene image.
Fig. 4 shows an example of result, the red points are estimated landmarks on the scene mandible (right one) from a
model mandible (left one) landmarks.

Figure 5: Automated landmarks in scene image after refining

3

(a) The model image

(b) The scene image

Figure 4: The estimated landmarks by PHT

Template matching
The template matching is process to verify the landmarks estimation provided in the PHG stage. Cross-correlation method
is hired for this work. By sliding the template on image by

Poster's Proceedings

EXPERIMENTS AND RESULTS

All the algorithms have been implemented in a framework
MaeLab in C++ language1 . The set of beetles images have
been analyzed, right mandibles have been first studied. After verification of the image correctness, it remains 288 usable images. From the 3 images removed, 2 do not contain
mandible and in the last one, the mandible is broken in 2 parts.
All valid images have been segmented and the 18 landmarks
have been set for each. Biologists have chosen to use in a first
attempt the centroid size to measure the mandible. This size
is obtained by determination of the centroid of the mandible
and by sum of all square distances between each landmark
and the centroid (see [5] for details).
1

MaeLab is a free software, it can be directly obtained by request to the authors.
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in C++ language has been developed to facilitate the using to
biologists. From now, a next stage of this studying is to add
features as measure of curves, in that way the landmark positions have to be set more precisely. To solve this problem,
algorithms based on design of shape skeleton will be tried.

5
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We can observe in fig. 6 that for more than 150 images, the
error is less than 5%. Only 2 mandibles could be considered
as wrongly measured with the estimated landmarks and exhibit more than 30% of errors. Finally 90% of images have
less than 10% of error in their size computing and for which
we can consider estimated landmarks as good enough to replace manual landmarks.
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Perspectives and future works
Of course, centroid size is not the only feature we want to consider. It is also possible to compare image per image the exact position of manual and estimated landmarks, for example
if we want to work with semi-landmarks by adding of curve
measure between 2 landmarks.
In our case, the landmark couples 1 and 2 or 1 and 17 (figure
2) are good candidates to play this role. Figure ?? shows for
one mandible the results which have been obtained for each
landmark. What one can note is that for some of them, an
offset appears. For example

4

CONCLUSION

Morphometric analysis is a powerful tool in biology in order
to characterize species. Unfortunately, setting landmarks to
run such analysis is time consuming and difficult to replicate
through different experiments. In this project we have begun
to design set of procedures to segment 288 beetle mandibles
and to identify automatically landmarks which have been described by biologists. Each mandible is segmented by computing a approximated lines set. Using the Probabilistic
Hough Transform method, these lines are used to align all
mandibles scenes with one mandible model. The first results
shows that in order to compute the mandible centroid size,
the estimated landmarks are accurately enough. A framework
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ABSTRACT
Liveness tests are techniques employed by face recognition authentication systems, aiming at verifying that a live
face rather than a photo is standing in front of the system camera. In this paper, we study the resilience of a standard
liveness test under imposter photo attacks, under the additional assumption that the photos used in the attack may
have been processed by common image processing operations such as sharpening, smoothing and corruption with
salt and pepper noise. The results verify and quantify the claim that this type of liveness tests rely on the imposter
photo images being less sharp than live face images.
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INTRODUCTION

two categories of can lead to the development of an effective liveness test.
In this paper we study the effect of image processing
operations applied on the imposter images on the performance of a variant of the Tan et al. test based on
differences of Gaussians and sparse logistic regression.
As a possible explanation of why their algorithm is effective, Tan et al. observe that images of face photos
fed into the system by imposters tend to be smoother,
as they lack detail. The main contribution of our paper
is a verification and quantification of this claim by processing the imposter images and measuring the effect
on the performance of their algorithm. As expected,
the sharpening of the imposter images reduced the accuracy of the liveness test, while the smoothing of the
imposter images increased it.
The main limitation of our paper is that we process
the imposter images of an existing database (NUAA),
which are images of a photo of the subject, rather than
processing the photos of the subject and then taking
photos of them. While this approach allows for a better
quantitative understanding of the basic principle underlying the Tan et al. algorithm, we note that we have not
yet measured the effect of a direct attack consisting of
processing the photo of the subject and feeding it into
the system.

Compared to the other main biometric authentication
methods which are based on fingerprints or high resolution iris images, face recognition has the unique characteristic that it is based on data that can easily be found
in the public domain. For example, in many cases can
be very easy to obtain a photo of someone’s face, either
doing a quick online search or by logging into a social
network. As a result, face recognition based authentication is particularly vulnerable to imposter attacks,
when, for example, an attacker holds someone’s photo
in front of the camera trying to gain access through the
face recognition system.
To counter such concerns, liveness tests are binary classification algorithms aiming at determining whether the
recognized face is a live face, or a photo or video played
in front of the system’s camera. Developing accurate
liveness tests is a challenging task and they often require use of specialized hardware, such as infrared cameras. In [10] several commercial user authentication
systems that do not use additional hardware to support
liveness tests were evaluated and they were found vulnerable to even very crude imposter image attacks.
The research on liveness tests that do not rely on specialized hardware is motivated by the desire to have secure face recognition based authentication on machines
of everyday use, such low end laptops and smartphones.
The current state of the art, such as the Tan et al. paper
[16], is based on machine learning algorithms trained
to distinguish between images of live faces taken by the
face recognition system and images of photos fed to the
system by the imposters. In particular, it has been established that the different reflectance properties of these
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RELATED WORK

As biometrics based security applications become increasingly popular, the study of their vulnerabilities and
the development of countermeasures is becoming a research topic of current interest. Attacks on face recognition systems fall into two main categories; direct and
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indirect attacks. Direct attacks rely on the use of stolen
biometric data of some form; digital images displayed
on a screen, printed photos, or gummy fingerprints. Pan
et al. [11] classified direct attacks into three categories:
a photograph of the real user is used; a video; or a 3D
model. One particular strength of direct attacks is that
they do not require knowledge of the face recognition
system they attack.

In [16], Tan et al. proposed a series of liveness tests
where information sensitive to the reflectance properties of the scene is extracted from the image and it is
used to train a binary classifier so that it can distinguish
between images of live faces and images of photos of
faces. The variant we implemented extracts a difference of Gaussians from the image and uses it to train
a sparse logistic regression classifier. The implementation was done in Matlab and the SLEP package was
used for the sparse logistic regression.

Indirect attacks use algorithms to construct an input
face that will gain entry to the biometric security system. They presuppose some knowledge of the attacked
system and a certain level of information leakage from
it. Martinez et al. [9] uses similarities scores assumed
to be outputted by the face recognition system and the
hill climbing technique to construct an image giving access to the system. Galbally et al. [3] tested the vulnerability of a Principal Component Analysis (PCA) based
face recognition system against a Bayesian hill climbing attack algorithm and reported a 85% success rate
for such attacks. In [5], two face recognition systems
using a Gaussian Mixture Model (GMM) and PCA, respectively, were tested against a Hill Climbing indirect
attack and were both found vulnerable, with the GMM
system being nevertheless the more robust.

Following the recommendation in [16], we smooth the
image using Gaussian filters with σ1 = 0.5 and σ2 = 1.0
and compute the difference of the two smoothed images. Regarding the machine learning part of the algorithm, following the notation and parameter choices
in [16], we use the class labels {−1, 1}, where -1 corresponds to client images and 1 to imposter images
and the conditional probability of the the imposter class
y = 1 is given by
Prob(y|x) =

1
1 + exp(−y(wT x + b)

(1)

where x is the sample image, and w and b are the weight
vector and the intercept. To avoid overfitting, the values
of w and b are computed through the minimization of
the cost function

Liveness tests are binary classification algorithms developed as countermeasures to the imposter attacks to
distinguish between live faces and imposter images,
video or 3D models. Robust liveness tests that do not
require the use of any specialized hardware have been
developed based on the observation that the high frequency components of the imposter images are weaker
than those of the live faces.

min loss(w, b) + λ kwk1
w,b

(2)

where λ is a user defined constant favoring sparse
weight vectors and loss given by

The algorithm in Tan et al. [16] we study in this paper is based on this observation and will be discussed
in more detail in Section 3. Peixoto et al. [13] further
improved the Tan et al. algorithm by addressing limitations related to bad illumination conditions. Another
anti-spoofing approach proposed by Komulainen et al.
[7] uses support vector machine classification of histograms of gradient descriptors. Maatta et al. [8] uses
Local Binary Patterns to analyze the local texture of the
face and the resulting single feature histograms are classified with Support Vector Machines. Galbally et al. [4]
use image quality metrics and classify the lower quality
images as imposter.

loss(w, b) =

1 m
∑ log(1 + exp(−yi (wT xi + b))) (3)
m i=1

where m is the size of the training set of images xi with
associated labels yi .
The choice of λ has a significant effect in the performance of the algorithm and depends on the size of
the training set. In our implementation, using a training set of 1000 images we found experimentally that
λ = 0.25 gives good results. Figure 2 (top) shows the
ROC curves of the liveness test for several values of λ .

3.1

Other approaches to rely on biometric motion analysis, focusing on different types of motion such as: head
tilting [2], mouth movement [6] and eye-blinking [12].
Foreground and background motion correlation is used
in [1]. Finally, the accuracy rates of liveness tests can be
boosted with the use of specialized hardware. Socolinsky et al. [14] analyzed face thermograms acquired by
a thermal imaging camera, while Steiner et al. [15] recently proposed a liveness test based on the analysis of
the spectral signatures in the infrared.
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IMPLEMENTATION

Experimental design

We used the NUAA Photograph Imposter Database,
which contains grayscale images of 15 different subjects in various poses under different illumination conditions. The images are organized into the two categories: the client images which are images of live faces,
and the imposter images which are images of photos of
the subjects. The size of all images is 64 × 64 pixels.
Our training dataset consisted of 1000 client and imposter images. The test set consisted of several subsets,
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Figure 1: Test images. From left to right: (i) client, (ii) imposter, (iii) sharpened imposter, (iv) sharpened and
blurred imposter, (v) imposter with salt and pepper noise added to it.
by subtracting from them the response of the Laplacian
filter, or first sharpened and then blurred by a Gaussian filter. The performance decreased when the imposter images were sharpened even with the very basic sharpening algorithm we used. The performance
increased when the imposter images were first sharpened and then smoothed, further demonstrating the the
sharpness of the image is a key factor in distinguishing
between client and imposter images.
Next we want to establish that the differences in the
performance of the liveness test are commensurable
with the amount of sharpening and blurring applied on
the imposter images. Figure 3 (left) shows the ROC
curves when the imposter images are sharpened using
the imsharpen Matlab function which subtracts from
the images a blurred version of it. The strength of the
imsharpen command is controlled by a user defined parameter and we used values of 0.5, 1.0, 1.5 and 2.0.
We notice that larger amounts of sharpening on the imposter images result into larger decreases in the performance of the liveness test. Similarly, in Figure 3 (middle) we show the ROC curves when the Laplacian filter
sharpened imposter images are blurred with Gaussian
filters with σ = 0.1, 0.5, 1.25 and 2.0, respectively. We
notice that larger amounts of smoothing result to larger
increases in the performance of the liveness test.

Figure 2: Top: ROC curves for several values of λ .
Bottom: ROC curves for the unaltered imposter images
in test set (ii); the sharpened images in (iii); and the
sharpened blurred images in (vi) with σ = 1.25.

(v) the sharpened imposter images in (iii) are blurred
with a Gaussian filter with σ = 0.1, 0.5, 1.25 and 2.0.

Finally, we experimented with the addition of various
amounts of salt and pepper noise on the imposter images. This test is relevant in our context since in [10]
it was shown that commercial face recognition systems
can cope with large amounts of salt and pepper noise
and as a consequence they are also vulnerable to imposter image attacks even when imposter images contain large amounts of salt and pepper noise. Figure 3
(right) shows the results when salt and pepper noise
with probability 0.01, 0.1, 0.5 and 0.9 was added. We
notice that the addition of noise increases the performance of the liveness test and the performance gain is
commensurable with the amount of added noise.

(vi) imposter images with 0.01, 0.1, 0.5 and 0.9 amount
of added salt and pepper noise.

5

each one containing 105 images, i.e. seven from each
subject. More specifically, we used test sets of:
(i) client images.
(ii) imposter images without any alteration.
(iii) imposter images sharpened by subtracting from
them the response of the Laplacian filter.
(iv) imposter images sharpened with the imsharpen
Matlab function with parameter values 0.5, 1.0, 1.5 and
2.0.

Figure 1 shows typical examples of test set images.

4

In a real life situation, we should expect that an attacker will process an imposter photo before using it,
increasing their chances of successfully evading a liveness test. Motivated by that observation, we evaluated
the resilience of a standard luminance based liveness

RESULTS

Figure 2 (bottom) shows the ROC curves of the liveness
test when the imposter test images are either sharpened
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Figure 3: From left to right: ROC curves for the liveness test with different amounts of sharpening, blurring and
salt and pepper noise applied on the imposter images.
test in conjunction with certain image processing operations of the imposter database. Our results verified and
quantified the assumption that luminance based tests
rely on the different amount of sharpness between images of live faces and imposter images. In particular,
the sharpening of the imposter images decreased the accuracy of the liveness test while sharpening followed by
smoothing increased accuracy rates.

[7]

[8]

While we expect that the sharpening of an imposter image before using it for an attack will result into a sharpening of the image acquired by the face recognition system, this is an assumption that still has to be verified.
Thus, in the future we plan to simulate and evaluate imposter image attacks that use processed images.

[9]

[10]
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ABSTRACT
Fashion design expresses modernness, reflects changes in a society, economy, politics and culture. As a result, fashion also
changes very fast and distinctively, and for that reason the improvement and creativity are indispensable. Nowadays, there are
numerous fashion design systems/tools. However, they are more about making the clothes software, therefore the provided
shape is limited and the way of rendering is stiff since it does not take the shape of the body into account. Tools like Telesia
Creator Fashion Design CAD software provides more freedom in the way of representing the clothing shape. However, it
adopts a quite unintuitive way to change the shape of a curve. Consequently, we propose the idea of a 2D clothes design system
which allows a designer not only to manually create clothes but also to semi-automatically extract a clothes Spline shape from
the input image. In other words, our system is able to provide the reference shape for a designer, as well as allows a designer to
create his/her work by integrating some provided shape together or even directly modifying the reference shape to create a new
one.

Keywords: 2D Clothes, Spline, Interpolation Curve.

1

INTRODUCTION

In the world of fashion, ideas are foundations of every
creative task. Coming up with a new idea is always
encouraging and necessary especially when the fashion
trend changes dramatically. Moreover, since computer
has become more and more popular, clothing design
software has been used not only for professional purpose, but also for personal interests. It has inspired us
to propose a 2D clothing shape design system which
can be served as a supporting tool to make the clothing
design process easier for both professional and amateur
designers. In the fashion field, clothing design includes
many steps that range from marketing research, creativity to sketching and fabric selection; and fashion designers work in different ways. Some sketch their ideas
on a piece paper, while others drape fabric on a dress
form. The proposed system is designed to be suitable
for the first type of designers. It is different from the
software that gives the finished garment or so-called a
pattern marker. It helps a user easily create a new clothing shape from sketch or by modifying an existing design.
Nowadays, there is plenty of different fashion design software, such as: Virtual Fashion, Dress Assistant, Poser and Kaledo by Lectra, etc. For those 2D
fashion design software, most of them use lines or simPermission 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 2016 conference proceedings, ISBN 80-903100-7-9
WSCG’2016, May 30 – June 3, 2016
Plzen, Czech Republic.
Copyright UNION Agency – Science Press
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ple arcs to render clothes which might limit the shape
creation. Besides, common software like Photoshop or
other drawing tools might be more flexible by allowing
a user to create random shapes using an approximate
spline. However, using an approximate curve means the
target curve doesn’t go through control points (points
used to define the shape of the curve) and therefore,
the created shape will be modified by approximately
controlling those points not necessarily on the shape.
Some people may find it difficult to manipulate such a
shape and therefore need time to get used to this process. Understanding the situation, our system provides
a better way for designing a clothing shape by using
the interpolating Natural Cubic Spline Curve, or NCSC
for short. This kind of curves also allows us to create
complex clothing shapes; moreover, it allows a user to
design the shape in an intuitive way. It’s because the
interpolating NCSC has its curves go through control
points. In this way, when a user wants to modify the
shape of clothes, he/she only needs to directly manipulate the control points near that desired region.
Furthermore, our system can be used in the case users
want to create a clothing shape which is similar to the
shape within some kind of fashion image. Our system
allows a semi-automatic creation of the clothing Spline
shape which is specified in the input image provided
by a user. This way, the designing task becomes faster
and doable for people who do not draw well. On the
other hand, this system is more about giving an idea for
creating a clothes rather than making a clothes. And
since the trend is not what it used to be, many people
now follow their own fashion rules, inspired by what
they see on the fashion-animated streets, or the Internet.
Hence, together with the blooming of Internet, this system is suitable for anyone with interest in fashion and
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is able to access the Internet to get his/her own source
of clothes. This system will allow a user to extract the
shape that he/she wants from an image. As a result, the
system helps catch the clothing shape, as well as the
current trend, and then allows a user to modify shapes
according to his/her taste.

corner detection and boundary chasing algorithm. Finally, our system allows a user to show the shape with
different textures or pattern provided in the library in
order to give the clothing shape result a fruitful look.

2

4.1

4

RELATED WORK

Several prior works have used B-spline as a curve representation due to its compactness, continuity, and local
shape control. Cohen et al. [2] uses B-splines curves for
independently matching 2D objects of any affine transformations. Similarity, Mongkolnam et al. [5] uses Bspline curves to approximate the boundary of each segmented shape with finer details. Our work is mostly
similar to Tseng et al.’s work [8] in a way of sampling a
number of control points from the edge elements on the
shape. Our system also uses B-spline curves which are
more suitable to represent complex shapes in comparison with a higher degree Bezier curve due to its local
control property. However, we, instead of using an approximate curve, we use an interpolation curve NCSC
as an image contour representation. We think NCSC
has an advantage of providing an intuitive way for design since NCSC allows a user to directly manipulate
the shape by controlling the points on the curve.
For clothing shape design, over the last few decades,
several image segmentation approaches have been proposed, for example, the work by Wu et al. [9], Friedland et al. [3], Mortensen et al. [6], Chuang et al. [1],
and Rother et al. [7].

3

Poster's Proceedings

Experiments

Our implemented system runs on an Intel Core i7-2600
CPU at 3.4 GHz with a 32-bit Operating System. The
algorithm is written in Java, using NetBeans IDE 8.0.1.

PROPOSED SYSTEM

The purpose of this system is to let a user create a new
shape by modifying an existing shape. Therefore the
outline of a shape is a primary concern. In order to
have this outline, we need an image including the target
shape which we wish to extract. Then the system will
do all the works to give the user a modifiable version of
his/her desired shape in the input image. The flow chart
of the whole system is shown in Figure 1. We firstly
choose the Natural Cubic Spline Curve (NCSC) to be
our basic tool of rendering shapes which can be manipulated in the system. Then for clothes design modification of a shape-boundary retrieval approach we do
the following stages: 1) Shape extraction, 2) Boundary
extraction, 3) Spline-boundary creation. Our shape extraction uses SIOX, which needs some simple interaction from a user, to extract the desired object. After that,
the boundary extraction can be divided into two steps:
the first step uses the thresholding method to create a
binary image; and the second step uses an image morphology method to extract the boundary of that binary
shape; the third step is to recreate the boundary of the
extracted shape under the form of a spline curve which
makes use of the data information including: Harris

EXPERIMENTS AND RESULTS

2
84

Though most clothing worn for everyday wear falls
within a narrow range of conventional styles, unusual
garments are usually sought for special occasions such
as evening wear or party dresses. We observe that a
neckline or a collar and sleeves with cuffs of clothes
are the most distinguishable parts that make them different from one other. They are more complex and sophisticated. Other parts like a body of clothes or pants
are easier to manipulate. The body part usually covers
most of the upper human between neck and waistline.
The variety in shape of this area is not much. For example, the length of this area can be either mid-torso
or mid-thigh. Or, it can be loose or tight around the
bust or waist. Pants are also not too various in style and
therefore, are simple to modify. Hence, in our library,
we provide templates of different type of neck/collar,
several types of sleeves and hemlines. Figure 2 shows
an example of template library provided by our system. These templates were used to create all the results
shown in Figure 3.
Our system is designed for designers who would like
to sketch their ideas on a piece paper or electronic device to create a new clothes shape from sketch or modify an existing design. In order to understand more
about the contribution of our system, we want to make
a comparison between our system and others that are
available in the market. Nowadays, in the market there
are various kinds of design software. In general, we divide them into two main categories of design software:
one is an image processing tool bundling with multiple
design functions, for instance Photoshop; the other type
serves for specific professional design purposes, for example: CAD for precise and technical drawing; logo
and poster design likes CorelDraw; or artistic fashion
illustration likes KaledoV4R1 of Lectra.
For the first type of software described above, we
choose Adobe Photoshop CC as the candidate. Since
Photoshop published by Adobe Systems is a very popular bitmap graphics editor that not only allows users
to create and edit images, but also features even more
creative possibilities with new tools for design. Moreover, at the time of writing this thesis, Adobe Photoshop
CC is the latest version in the Photoshop series. Meanwhile, for the professional design software that serves
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Figure 1: Flow chart and results in each step (a) SIOX extracted result; (b) Harris corner points on the extracted
shape; (c) Yellow shape boundary being chased; (d) Final result represented in NCSC.

Figure 2: Template library.
for specific purpose we choose KaledoV4R1 of Lectra [4] since it is more relevant to our system when it
comes to clothing design. Lectra is a well-known company that provides technology solutions & associated
services for industries using fabrics, leather, technical
textiles & composite materials. Kaledo, professional
software for clothing design, is one of the most famous
creations of Lectra. It has all the necessary elements
and features that are ideal for creating designer clothing
meant for the catwalk, end even for a clothing business.
KaledoV4R1 is the latest 2D release of Lectra on June
24, 2014.
Table 1 shows the comparison features among three
different systems: Adobe Photoshop CC, Kaledo by
Lectra and our system.
Currently our system only works well with the image
that satisfies the three requirements listed as follows.

Poster's Proceedings

Figure 3: Results.
First, the clothes from the input image should not be
covered by the body part or hair (for woman garments).
Second, the extracted clothes should not appear more
than one time in the input image. Third, the target shape
has to be fitted well inside the image, which means the
shape cannot be cut by the image margin.
Finally, some results generated by our system are
shown in Figure 3.

5

3
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CONCLUSION AND FUTURE
WORK

Fashion design systems have been used more and more
by not only professional but also amateur designers.
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XXX
XXX System
XXX
Feature
X

Adobe Photoshop

Kaledo

Drawing Tools:
Curve Tools
approximating curve approximating curve
Smart Fill Tool
X
X
Design Assets:
Customizable Clothing Template
7
X
Semi-automatic Spline Shape Creation
7
7
Design Rendering:
Real Fabric Rendering
X
X
Textile Design
X
X
Table 1: System Comparison Matrix.
Considering that, we propose a new and easier way
of doing clothing design which allows for rapidly acquiring a clothing shape and rendering it in a way that
makes the designing task more intuitive. The whole
procedure consists of three steps: 1) obtain the silhouette of an object chosen by a user using SIOX;
2) apply Harris corner detection to extract a feature
points from the silhouette; 3) sort the feature points and
present the shape clothes using NCSC. Compared with
other systems, ours provides the functionalities of semiautomatic creating a clothes Spline shape from an input
image and a reference which helps to save users a lot
of time. Besides, it is different from the previous works
which use the approximation curve to do the shape creation. Here we change the way of curve manipulation
from approximation to direct control. As a result, it
is intuitive and more convenient for a user. Moreover,
our system can be used as a useful tool to complement
the existing design tool, such as Photoshop or Kaledo
of Lectra. The ability of using an arbitrarily provided
image enables the user to get more interesting results.
From our experiments, we observed some limitations
of our system, and the improvement over which leads
to directions for our future works. Firstly, the inaccurate shape extraction (parts missing or incorrectly classified foreground) when it comes to extract the clothes
from real-life photos or if background and foreground
share many identical shades of similar colors. It is because SIOX is color dependent. Using a better method
for shape extraction may significantly improve the results. Secondly, texture removal is also an important
step which needs to be considered before doing the
shape extraction. It helps to improve the result of shape
boundary creation. Next, our current system only provides the 2D texture which makes the garment look
flat and therefore deteriorates the liveliness of the design. For that reason, instead of using 2D B-Spline, we
could use Non Uniform Rational B-Spline(NURB) surface which allows a user to modify the surface of the
clothes to create folds of the garment, thus being able
to apply and render textures in a 3D form. Lastly, the
speed of the system decreases while working with more

Poster's Proceedings

Our System
interpolating curve
X
X
X
X
7

clothing shapes, and this is also a concern and needs to
be improved in the future.
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ABSTRACT
This contribution presents the results of a work in progress, attempting to use discrete curvature for triangle meshes
in order to automatically identify specific structures in remote sensing data. Specifically, the focus was on determining isolated trees, on the basis of data acquired through airborne laser scanning. Five methods for discrete
curvatures were tested and compared for a triangle mesh derived from a high density point cloud. The best performance was obtained for the mean curvature computed by using the shape operator.
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1

INTRODUCTION

triangle meshes, which can be derived directly from
the point cloud by using appropriate triangulation
techniques. The presence of vegetation structures can
be related to the lack of flatness of the canopy model,
which is quantified, in turn, by discrete curvatures
computed for the triangle mesh.

One of the applications of pattern recognition techniques is detecting specific vegetation structures
or measuring its characteristics. The development of
novel remote sensing technologies triggered the appearance of various approaches attempting to automatically
extract information related to vegetation features, such
as estimating tree height or crown diameter, determining the location of isolated trees, etc. The techniques
used cover a wide range of mathematical tools, such
as detection of local maxima [PWN03], second-order
image derivatives [BWLM03] or multi-resolution
techniques [FSH*06]. A comprehensive overview of
recent developments and several alternative methods
can be found in [KHY*12]. Generally, the techniques
are based on the use of the so-called canopy height
model in the form of a regular grid.

The aim of the study was to examine to which extent
discrete curvatures for triangle meshes indeed capture
remote sensing data information related to presence of
isolated trees. This was achieved by performing numerical experiments and by considering several state of the
art methods for computing Gaussian and mean curvatures.

2

Since the canopy grids are derived from point clouds
through interpolation techniques, some information
might get lost during the averaging process. In particular, fine structures might remain undetected. An
alternative to the regular grids could be the use of

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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APPROACH DESCRIPTION

We used a high density LiDAR point cloud (∼20
points/m2 ) acquired through customized airborne
laser scanning in a mountain region characterized
both by variable topography and presence of various
vegetation structures. The high quality of the laser
scanning together with a pre-processing step mitigated
the noise influence in the remote sensing data. The
point cloud contained approximately 400K points and
covered a surface of 20480m2 . Then, in the next step,
a 2.5 Delaunay triangulation was generated by using
a standard approach: the points were projected on
the horizontal plane, a Delaunay triangulation was
generated and then the topology was lifted to the
original set of points. The (x, y) duplicates (occurring
due to the multiple returns in regions with vegetation)
were removed. For the triangle mesh created in this
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way, we computed the values of discrete curvatures as
provided by five methods widely used and which rely
on various geometric elements of the triangle mesh
(Figure 1). Specifically, we considered a method based
on Euler’s theorem (ET), see [WB01]; two methods
based on the Gauss-Bonnet scheme (GB1, GB2), see
[DHKL01, MDSB03]; a method relying on the shape
operator (SO), see [HP04] and the tensor approach
(TA), see [Tau95]. A list of the methods as well as
the geometric elements required by each method for
defining the Gaussian and the mean curvature can be
found in Table 1.

Method

Gaussian curvature

Mean curvature

GB1

Weighted normals
Edges
Edge angles θ
Edge angles θ
Face areas

GB2

Edge angles θ
Mixed areas

Weighted normals
Edges
Edge angles θ
Face / normal angles η
Edge lengths
Face areas
Cotangent of angles α, β
Edges
Mixed areas
Normals
Edges
Face / normal angles η
Weighted normals
Edges
Face areas

ET

SO

TA
v

Normals
Edges
Face / normal angles η
Weighted normals
Edges
Face areas

Table 1: Methods for computing discrete curvatures
considered in the study. The geometric elements are
denoted as in Figure 1.

ni
ni−1
θi

ηi

vi−2

structures that can be visually detected in the LiDAR
point cloud are recovered very good when one uses the
shape operator method SO (Figure 3e). Other methods (such as the Gauss-Bonnet schemes GB1, GB2) detect false positives (Figure 3c,d), while the method ET
based on Euler’s theorem and the tensor approach TA
detect fewer trees (Figure 3b,f). It is worth to notice that
by using the shape operator one can detect not only circular structures such as trees, but also linear structures
such as fences (Figure 3e). Moreover, the variation of
the shape operator reflects the terrain variability (almost
null in flat regions), higher values were recorded exactly where some variability occurs.

vi+2
vi−1
αi
βi

vi+1

vi

Figure 1: Geometric quantities and the one-ring neighbourhood Nv of a vertex v. One denotes by θi the angle
→ −→
→
−→
between the adjacent edges e i =vvi and e i+1 =vvi+1 .
→
→
The angle between the vectors n i−1 and n i , normal to
the adjacent faces ∆vvi−1 vi and ∆vvi vi+1 , is denoted by
ηi . The angles vvd
i vi−1 and vvd
i vi+1 are denoted by αi
and βi , respectively.
Subsequently, we constructed a regular grid having cell
size 1m; such that each vertex belonged to a unique cell.
In this way, for each discrete curvature one got a ‘grid’
of averaged curvatures, having cell size 1m, obtained as
follows. For each cell one firstly considered the vertices
lying in that cell and then one computed the average
value of the curvatures corresponding to these vertices.
Finally, we used the Hough transform (e.g. [IK88]) for
detecting circles. The main reason for proceeding in
this way was that horizontal projections of tree crowns
usually yield circular shapes. This step was achieved by
using an appropriate function of the Matlab software.
The sensitivity factor was set to be equal to 0.85, which
is the default value.

3

a.
b.
Figure 2: a. The LiDAR point cloud. b. 3D Representation of the grid (the height of each cell is the average
of the height of the vertices lying in the cell; the colour
is the averaged mean curvature, computed by using the
shape operator).

RESULTS

It is a natural question for which reasons the methods
provide different outcomes. A first hypothesis could be
that the methods providing the best results are those that
explicitly use the lengths of the edges of the triangle
mesh. This could provide a certain ‘scale’ sensitivity
of these methods, enabling the detection of fine scale
structures. Another hypothesis refers to the existence of
a local autocorrelation for the methods providing better
results. This makes it possible the detection of spatial
structures and decreases the noise effects.

The points of the point cloud were classified in a preprocessing step. Due to the high point density, vegetation structures are already visible in the cloud (Figure
2a and Figure 3a), facilitating an empirical comparison.
The regular grids derived from discrete curvatures capture for certain methods the occurrence of isolated trees
(Figure 2b). While for the Gaussian curvature none of
the methods does provide consistent and conclusive results, the situation changes for the mean curvature. The
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a.

b.

c.

d.

e.

f.

Figure 3: a. 2D view of the LiDAR point cloud. Data was pre-processed and colours represent height above
ground. Trees are coloured in red. b.−f. Grids of averaged mean curvature: method based on Euler’s theorem ET
(b); methods based on the Gauss-Bonnet scheme GB1, GB2 (c, d) shape operator SO (e), tensor approach TA (f).
The colours are determined by the values of the averaged mean curvature: for each cell one considered the vertices
lying in that cell and computed the arithmetic mean of the curvatures corresponding to these vertices. The circular
shapes were detected by using the Hough transform, as implemented in the Matlab software.
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DISCUSSION

6

The method discussed in the paper has some strengths
compared to other methods. For instance, standard state
of the art techniques, such as the one based on local
maxima in [PWN03] require a preliminary field survey, enabling an appropriate calibration and developing
suitable regression models, while the method presented
in the paper is completely independent on any a priori
knowledge. Another advantage is the independence on
tree species, while other approaches are species sensitive. For instance, the method in [FSH*06] is based on
the Mexican Hat wavelet and is appropriate for coniferous trees. Finally, since one estimates the lack of flatness at local level, the method can be applied both to the
canopy height model and to the digital surface model:
the former includes only vegetation information and assumes the terrain to be flat while the latter includes both
the vegetation and terrain variability.
There are still some shortcomings that can be mitigated
and some issues that need to be further investigated. A
major assumption of the method is that the trees to be
detected are perfectly circular, which is not always the
case, and that they are completely isolated. In particular, a major challenge is to detect groups of trees or
to identify single trees in a forest. Both the lack of
roundness and the neighborhood influence could be addressed by adapting the shape detection algorithm. The
method works well for very high resolution data and it
is a natural question to what extent it could be useful
for less accurate input. The time complexity is a weakness of the method, since generating a triangulation for
a high resolution point cloud requires a higher computational effort. However, efficient algorithms, combined
with the increase of the computational power of modern hardware could decrease the running time even for
larger data sets.

5

7
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FUTURE WORK

Instead of conclusion, we briefly discuss some tracks
that can be further investigated. From a rather theoretical perspective, it is a need to understand the hypotheses related to the role played by the formal definitions and whether a certain autocorrelation exists for
some methods. Another important issue, regarding both
the theoretical and practical perspective, is to understand how the outcomes change when the sensitivity
parameter is changed in the circle detection step. Thus,
‘fine tuning’ could be crucial in improving the performances of the method. Last but not least, comparative
analyses with other methods relying on different techniques, combined with a field survey and a cross-check
of the results would be desirable. One could understand whether the method presented in this study could
be used as a stand-alone technique or could be useful
in hybrid approaches, by bringing added-value to other
well-established methods.
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ABSTRACT
Distributed Video Coding (DVC) is a very active research field that aims to provide simple encoders, needed by
many low resources applications. Unfortunately, all the proposed implementations of this type of coding claim
that there is no way to design such a system as described by the distributed Source Coding (DSC) theory. With
unconvincing results, such a system can only be combined with conventional coding. In this paper, we will show
that there is at least one situation where DVC can be applied directly and efficiently. Thus, we adapt and apply
the DVC concept to periodic video sequences (PVS). For these sequences, we will propose a new technique to
create the side information (SI), where intra coded frames and motion estimation are no longer needed, which
makes this technique very simple and yet very effective. The experimental results show a very good
performance, and in some cases, we can even outperform H.264 Inter coding.

Keywords
DVC, periodic video sequences, Side Information, WZ coding.
correlation is exploited at the encoder. In this case
the SI is the most important information in the whole
DVC paradigm because it plays a crucial role on the
overall achieved RD performance. It seems that there
are no situations where WZ coding can be applied
directly. It can be only combined with classical video
coding techniques. As a result, in all the proposed
DVC coding models [4], the video sequence is
divided into two parts: key frames and WZ frames.
The channel codes based DVC techniques exploits
the SI at the decoder to correct the main information.
In state of the art, all proposed SI generation
techniques are based either on interpolation or
extrapolation, using Motion Estimation (ME) and
Motion Compensation (MC). The intra coded key
frames [4], key blocks [5] or a hash [6] are selected
as spatial or temporal neighbors of the WZ
information, to ensure that a correlation exists (but
not completely known) between the two parts, to
extract a good SI. This problem doesn’t exist for
PVS, because when video sequence is divided into a
group of periods, we know that all frames located at
the same temporal position of each period are
extremely correlated. Thus, if we pick just one period
to be SI, we will have a very high degree of
correlation between SI and the main information.
Therefore, the DVC coding concept is well-suited for
PVS.

1. INTRODUCTION
Periodic video sequences (PVS) are a very interesting
field to study, because this phenomenon surrounds a
lot of imaging and video applications. As interesting
applications of PVS, we can list: the artificial satellite
motion and panning surveillance cameras, where the
scenes are monitored in a periodic way. When this
movement is regular, it can be perfectly predictable.
This allows both the encoder and decoder to know
exactly the correlation between the frames. This
situation makes them a good application candidate
for the distributed video coding (DVC). This
paradigm is based on two major theorems of source
coding: Slepian-Wolf (SW) [1], for lossless
distributed source coding and Wyner-Ziv (WZ) [2],
for lossy coding with side information (SI). DVC is
a new coding paradigm that shifts the compression
complexity task from the encoder toward the decoder
while maintaining the compression efficiency, where
it exploits the correlation between the main
information and the SI at the decoder, the DVC
claims that the result achieved is similar as when the
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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In this paper, we propose to apply WZ coding to the
PVS. In this case, WZ coding can be applied directly
without dividing the video sequences into group of
pictures; also ME and MC can be avoided. It results
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encoders or by the decoder only. Practical DVC
systems are based on WZ theorem for lossy coding
with exploiting the SI. The source X and the side
information Y are considered to be two independent
sources, separated by a virtual dependence channel,
where Y is considered as a “noisy” version of X.
Channel coding is used to correct the errors of Y to
reconstruct X. The capacity approaching Turbo codes
or Low Density Parity Check (LDPC) codes are the
most dynamic and efficient codes used nowadays,
because they only transmit a minimum number of
parity or syndrome bits [7].
In a WZ coding system, the main information to code
is X, while Y is produced by the decoder based on
local information that is supposed to be already
highly correlated to X. Where X is only a part of the
sequence and the other part is Intra coded [4] [5]. Y
is generated by motion compensation based on
prediction from the already decoded frames. The
obtained compression ratio depends on the amount of
used channel bits. If Y is very similar to X, only a
small number of channel coding bits are needed and
the bit rate is reduced. This makes creating the best
possible SI the most important way to improve the
coding efficiency of the WZ coding [3].

Fig 1. The proposed DVC architecture for PVS

3. THE PROPOSED DVC SYSTEM
In this section, we describe the proposed DVC
system designed specifically for PVS, along with the
technique used for SI generation. In these
applications, the correlation between the frames is
well known by the decoder. For example, if a camera
monitors a scene, by turning from left to right and
from right to left or around, the result is still a
periodic video sequence, composed of a group of
periods, where each period is composed of a defined
number of frames, as a result frames located at the
same temporal position will be extremely correlated.
In this case, if a frame is WZ coded, the
corresponding frame at the same position at any other
period will be highly correlated, and make a good SI
candidate. We exploited this idea to design an
efficient DVC system for PVS. In order to do this,
we picked only one period to be SI, and use it to
decode all frames which belongs to the other periods.

Fig 2. DVC coding for a periodic panning camera
on a very simple technique compared to others.
Differently from what is presented in the state of the
art on SI generation [3], our proposed technique is
based on the following four points, which make its
originality and its interest:
1- It is possible without use of ME or MC.
2- No image classification, i.e. there is no intra
images; we work only with WZ images
3-The SI can be generated before the starting of
coding and decoding procedure.
4- SI can be stored directly in the decoder without
being coded and decoded with a traditional coding, to
maintain the highest quality and degree of
correlation. The rest of this paper is organized as
follows: section 2 presents a short state of the art on
WZ coding. In section 3, we explain how SI is
generated in the case of PVS and how the correlation
is exploited. In section 4, we discuss the
experimental results. Finally conclusion is presented
in section 5.

Fig.1 illustrates the DVC architecture used in this
work. The coding and decoding procedures are
exactly the same as in [8] and the only changes are:
- SI generation and Estimation of the noise
correlation parameters

3.1 SI generation
Fig.2 explains how the SI is generated and how the
video is decoded and reconstructed using this SI. In
this example we assume that the video sequence is
captured by a panning surveillance camera. Each
period is composed of 5 frames. We extract only one
period from the whole sequence, store its frames

2. WINER-ZIV CODING
The Slepian-Wolf and Wyner-Ziv theorems state that
the rate achieved by encoding two statistically
dependent sources X and Y, is almost the same,
either when the correlation is exploited by the
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Fig 3. (a) Spinning earth sequence, (b) Train sequence and (c) Video surveillance sequence.
independently at the decoder and consider it as our
SI. To ensure the best decoding quality we may also
use the last decoded period as SI. To reconstruct the
sequence we proceed as follow: Each frame of each
period is reconstructed independently, using its
corresponding frame in the SI i.e. the frame located
at the same temporal position. For example, if we
want to reconstruct the frame number 1’of the first
period, we perform a correction procedure on the
frame number 1 of the SI (frame 1 is located at the
same temporal position as frame 1’) and so on, for all
frames of the being encoded sequence. If the
movement of the camera is perfectly or sufficiently
synchronized, this technique provides a very high
correlation between the SI and the main information,
and thus provides a very high quality of SI.

Test1: we test a number of different values and then
we pick the one which gives the best RD
performance.
Test2: the distribution parameter is estimated offline
between frames of two periods and we use it to
decode the frames of another period. For example, in
fig.2, we estimate the parameter from frames 1 and 1’
and we use it between images 1 and 1’’. Each band
has its own distribution parameter.

4. EXPERIMENTAL RESULTS
Because of the non-availability of standard periodic
video sequences, we were forced to design our own
periodic sequences. We designed three different test
sequences, illustrated in figure 3. In order to evaluate
the RD performance of the proposed technique, we
compare two different types of DVC with H.264 inter
and intra coding: The first is DVC1, where the
Laplacian distribution parameter is estimated as in
test1 and the second is DVC2, where the distribution
parameter is estimated as in test2. To obtain the six
RD points we used the six quantization matrices
illustrated in figure 4. The first matrix corresponds to
the lowest RD point and the sixth matrix corresponds
to the highest RD point.

3.2 Estimation of the noise correlation
parameter:
In DVC, decoding efficiency of WZ frames critically
depends on the ability of modeling the statistical
dependency between the main information and the SI
at the decoder. In state of the art, a Laplacian
distribution is used to model the correlation noise, the
distribution parameter is estimated online as in [8]. In
our system, we use a Laplacian distribution too, but
the distribution parameter is estimated offline,
because in our case the correlation between all the
frames of the different periods is almost the same.
This allows us to access them and to choose the best
distribution parameter. Here, the distribution
parameter is estimated by two different ways:

4.1 Spinning earth sequence
The Spinning earth is a QCIF synthetic periodic
sequence with 30 fps with 350 frames designed with
3DS max, characterized by a slow motion. This
sequence represents two spheres: the first is the earth
and the second is the moving clouds located above
and around the first one, as shown in fig.3a. By
adding clouds, we give to this sequence some sort of
reality. The pictures contained in SI period and those
in any WZ period are slightly different i.e. WZ
images are cloudier and darker than the others.
Fig. 5 illustrates the RD performance of our codec
for the earth sequence. We can see that the two DVC
models outperform the H.264 intra coding for low,
medium and high rates. We can also see that DVC1
outperforms DVC. The RD performance of DVC1
for the same PSNR is better than DVC2 by
approximately 50Kbps, for low medium and high
rates. DVC1 outperforms DVC2 because its
distribution parameter provides better probabilities

Fig 4. quantization matrices

Poster's Proceedings

93

ISBN 978-80-86943-59-6

ISSN 2464-4617 (print)
ISSN 2464-4625 (CD-ROM)

WSCG 2016 - 24th Conference on Computer Graphics, Visualization and Computer Vision 2016

Fig 5. RD performance of Spinning
earth sequence.

Fig 7. RD performance of Video
surveillance sequence.

and thus fewer correction bits used. Most important
DVC1 outperforms, even, H.264 inter coding due to
the high quality of SI. Although, the pictures are not
exactly the same due to the clouds movement, but it
seems that DVC prediction using the pictures from
different periods, is more efficient than the MC of the
complex clouds movement using by inter coding.

Fig 6. RD performance of
Train sequence.

application on DVC field of research, by proposing a
new technique of SI generation. It is designed
especially for PVS. The major advantages of this
technique are the absence of ME or MC, and also no
need for intra frames, since we work only with WZ
frames.
This makes this technique very simple but it remains
very efficient. The results show that our DVC
outperforms the H.264 intra coding for all test
sequences, and it is even better than H.264 inter
coding in some cases.

4.2 Train sequence
The train sequence is a QCIF test periodic sequence
with 15 fps with 290 frames, filmed by a camera
above the railway and used to follow a moving train,
as illustrated in fig 3b.
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5. CONCLUSION
The main contribution of this paper is to target a new
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