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Abstract— Obtaining realistic three-dimensional (3D) 
representations of objects is one of the key research topics in 
Computer Vision. The applications of such researches, in fact, 
are multifaceted and range from serious scenarios, such as 
medical imaging systems, to leisure ones, including entertainment 
systems which support filmmaking (e.g., 3D movies such as 
Avatar), gaming (e.g., Microsoft Kinect) and music (e.g., House of 
Cards video by Radiohead), citing here only a few. Several 
techniques have been employed in the past three decades to 
acquire 3D information from generic objects: photogrammetry, 
stereovision, holography, time-of-flight cameras, interferometry 
and structured light, among others. Many of such techniques are 
capable of providing 3D information with high fidelity, and are 
also apt to track any surface movements with great precision and 
great performances, but often require the use of specialized and 
proprietary hardware and software. We here present a system 
that prevents from falling into such a nuisance, as it is based on 
existing 3D information extraction algorithms and solely requires 
off-the-shelf devices: a projector, a webcam and a notebook. In 
addition, the proposed system avoids the fall of any complexity on 
users’ shoulders, as all settings and tuning procedures are 
implemented in software.  

Keywords – 3D representation; Gesture Recognition; Human 
Computer Interfaces. 

I.  INTRODUCTION 
The three-dimensional (3D) representation of real objects is 

not only an ingredient that can greatly enrich any contemporary 
and future application, but also an element that can 
progressively change the way in which people perceive reality. 
The world that today surrounds many people’s life, in fact, is 
not just composed of real objects, but also made of an 
incredible quantity of bits that blend together with reality, 
influencing, modeling, and at time confusing, old and new 
ways of thinking and moving. An exemplar case of how 
confusing it can get is given by a popular episode, that has been 
filmed and can be easily found on Youtube, where a child 
becomes disappointed, as he tries to zoom in, touching with his 
fingers an image that is displayed on a regular newspaper.  

Now, although the increasing resemblance that is being 
achieved between digital and real objects opens the gates to 
new and interesting discussions regarding which are the 
ultimate perceptual limits of human beings, it is undeniable that 
closer digital representations of reality can be put to good use 
in any field of interest, be it medical, artistic or other [1]-[12]. 
Computed axial tomography (CAT) scans, for example, 

integrate surface and volume rendering techniques, providing 
medical professional staffs with easy to understand 3D 
representations of human organs and tissues. David Cameron’s 
stereoscopic cameras, instead, paved the way to 3D 
filmmaking, giving people the opportunity of feeling not only 
as part of the audience, but also as part of a movie itself. In 
perspective, even driving will be delegated to cars capable of 
seeing 3D obstacles and, hence, capable of independently 
deciding when to accelerate, brake or stop. 

The point, however, does not reside in justifying why it 
would be useful to create an accurate 3D digital representation 
of objects, but rather in how this can be made possible in a 
simple and efficient way. As a matter of fact, many different 
technologies have been employed in the past decades, 
including structured light, time of flight, holography, speckle, 
moiré, stereo vision, etc., but none, to this date, has proved to 
be sufficiently efficient and sufficiently simple to let any user 
and any application take advantage of it. Good news, however, 
has arrived with the recent advances made in the domain of 
fringe analysis, a technique whose basic principles have been 
around for long, but whose recent advancements have attracted 
the attention of many researchers.  

Fringe analysis, as other reconstruction techniques known 
as structured-light 3D scanners, evolves from methodologies 
that, based on the sole use of a simple video camera and a 
projector, extract 3D information from the projection of binary 
structured patterns of light on an object of interest. In fact, 
while binary structured patterns of light are projected on an 
object, computer vision algorithms process the frames streamed 
by the video camera, constructing 3D knowledge from the 
distorted patterns of light (i.e., the phase distortions) that are 
recorded on the object itself. However, the main problem of 
such approach is that it does not support high spatial resolution 
reconstructions, as the detail obtained for 3D digital 
representations is limited by the resolution provided by the 
utilized projector. Fringe analysis-based techniques solve such 
problem as, instead of utilizing the projection of binary 
structured patterns of light, they utilize sinusoidal changing 
values of light intensity, guaranteeing resolutions that are 
higher than those that would be otherwise obtainable.  

Now, within this context, the missing link is given by the 
lack of easy to use software systems that can aid in the process 
of creating 3D representations of objects in a fast and simple 
way. We here move one step in such direction, with the devise 
and implementation of a multiplatform application that, based 



on state-of-the art algorithms in the area of fringe analysis, can 
easily create the 3D representation of an object. In particular, 
the software system that we will here describe: 

1. Can adapt to any video camera and any mainstream 
operating system platform (i.e., Windows, Linux and 
Mac OSX); 

2. Implements the algorithm introduced in [13], 
introducing modifications that lead to an easily 
tunable and customizable 3D representation. 

  Now, the rest of this paper is organized as follows. In Section 
II we provide a more in depth explanation of how 3D fringe 
analysis techniques work, in order to provide a more complete 
overview of the potential and the fallacies connected to such 
approaches. In Section III, instead, we describe the systems that 
are today available for the implementation of 3D imaging. We 
then move on to describe the architecture of our software 
system in Section IV, also providing preliminary results 
regarding its performance. We finally conclude with Section V. 

II. FRINGE ANALYSIS BACKGROUND 
As anticipated, the scopes of a 3D scanner are those of 

analyzing an object or a surface and extract its most relevant 
points, converting them in a format that can be represented as 
a 3D model. Many different technologies exist that can 
execute such tasks, all differing in terms of their offered speed, 
quality, hardware requirements and in terms of the scale of the 
objects that can be analyzed. Our particular choice of utilizing 
fringe analysis techniques mainly derives from the flexibility 
they exhibit, as they require no specific hardware to be 
employed in practical applications, but a simple video camera 
and a projector. Let us now move on to explain how such type 
of techniques work. 

We begin considering a situation where two video 
cameras, with optical axes parallel between each other, face a 
subject S (Figure 1) laying at some unknown distance dS. It is 
possible to obtain the distance dS using the principle of 
triangulation and applying the formula: 

                           
dS =

l ! sin(!)! sin(" )
sin(! +" )

,                          (1) 

where the angles !  and !  can be obtained knowing the 
relative positions of S on the images captured by the two 
cameras. Now, if one of the two cameras is replaced with a 
beam of light source (e.g., a projector), Equation 1 does not 
change and the distance of that illuminated point on S can be 
computed utilizing the same exact methodology: computing 
this distance solely requires the angle between the light emitter 
and the optical   axis   of   the camera and the coordinates that 
individuate the point within the image captured by the camera. 
If instead of a single point, we project a line (i.e., a secant 
plane) on the object, it is still possible to utilize Equation 1 to 
compute the distance of every single that has been illuminated 
on the object (x, y coordinate in Figure 2). 
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Figura 1.1: Triangolazione.

Figura 1.2: Il proiettore illumina una sfera con un piano di luce.

 

Figure 1. Triangulation principle. 
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Figure 2. Triangulation principle, projecting a plane over a sphere. 
 

Wanting now to analyze an entire surface it is sufficient to 
shift the projected plane and repeat the calculations acquiring 
every time a new image a new set of points. Clearly, the 
utilization of a technique such the one described is unfeasible, 
as it would require many repetitions of the same procedure for 
each full scan, thus resulting not suitable for a real time scan 
operation. However, the described methodology is at the basis 
of other techniques that can reduce the time of exposure. In 
fact, projecting a series of spaced lines of light, which hence 
result to be displayed simultaneously on the object, it is 
possible to produce multiple profiles that can then be analyzed  
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Figura 1.5: Descrizione del gradiente lineare: xp rappresenta le coordinate x di

ogni punto (o pixel); l rappresenta l’intensità di bianco con scala

[0− 255].

Figura 1.6: Risultato del gradiente lineare visualizzato dal proiettore.
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Figura 1.7: Descrizione di un gradiente ripetuto nello spazio: xp rappresenta

le coordinate x di ogni punto (o pixel); l rappresenta l’intensità di

bianco con scala [0− 255].

Figura 1.8: Risultato del gradiente lineare ripetuto, visualizzato dal proiettore.
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Figura 1.7: Descrizione di un gradiente ripetuto nello spazio: xp rappresenta

le coordinate x di ogni punto (o pixel); l rappresenta l’intensità di

bianco con scala [0− 255].

Figura 1.8: Risultato del gradiente lineare ripetuto, visualizzato dal proiettore.
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Figura 1.10: Descrizione di un gradiente ripetuto nello spazio: xp rappresenta

le coordinate x di ogni punto (o pixel); l rappresenta l’intensità di

bianco con scala [0− 255].

Figura 1.11: Risultato del gradiente lineare ripetuto, visualizzato dal proiettore.
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le coordinate x di ogni punto (o pixel); l rappresenta l’intensità di

bianco con scala [0− 255].

Figura 1.11: Risultato del gradiente lineare ripetuto, visualizzato dal proiettore.

 

Figure 3. Left to right, three different projections of light gradients on an 
object: single, four linear ones, four sinusoidal ones. 

  
within a single captured image. As anticipated, if instead of 
projecting lines we emit a monochromatic linear gradient scale 
transitioning from white to black (Figure 3), every point of the 
object can be analyzed and hence located. The methodology is 
simple, to locate each point it is sufficient to find the relation 
that exists between the opening angle of the employed camera 
and the illumination value (i.e., brightness) of every point. 

Now, using a video projector and a camera, it is important 
to consider the factors that influence the results of the 
scanning process. In fact, video projectors and cameras usually 
do not handle more than 256 possible opening angles since 
RGB channels utilize 8 bits. This simply means that any 
scanning system that uses a light projection like the one shown 
in the leftmost image of Figure 3 would have a spatial 
resolution of at most 256 revealed positions. Furthermore, any 
variations that are due to both the color and the reflection of 
light on a given object are not taken into account since it is 
assumed that the subject is light colored and made of opaque 
materials. Finally, the technique that we are here describing 
does not model the decay of light intensity that naturally 
occurs increasing the distance between an object and a video-
projector.  

The main aforementioned limitation, given by the 8 bits 
limit of RGB channels, can be overcome projecting n 
gradients of light on an object, instead of a single one. In fact, 
in this way the resolution of scanning procedure is increased 
by a factor n. Hence, simply projecting a sequence of n 
gradients, slightly shifted one from the other, it is possible to 
capture n different values for each stripe of projected light, 
allowing to trace beyond the color and the decay of light 
intensity. Furthermore, if the gradient is repeated in space, just 
as shown in the central and rightmost parts of Figure 3, it is 
possible to overcome the limit of 256 possible angles by 
introducing a phase unwrapping algorithm whose scope is that 
of restoring unique values among the various measured angles.  

To decrease the possibility that the object is out of focus it 
is usually preferable to utilize a sinusoidal gradient function, 
like the one shown in the rightmost part of Figure 3. Taking 
now n = 3, we have three gradients described by:  

                                 I1=cos(! -2 ! / 3),                           (2) 

                                        I2=cos(! ),                                (3) 

                                I3=cos(! +2 ! / 3),                          (4) 

which are three gradients translated by 2 ! / 3. Now, the 
construction of the 3D information regarding the object that is 
illuminated with the three gradients given by Equations 2, 3 
and 4 can be done analyzing how the light that is projected 
over the object is reflected. This is performed as follows. 
Equation 5 returns the intensity distribution of a point at 
coordinates (x, y):  

                I(x, y) = I '(x, y) + I'' (x, y) cos[! (x, y)],         (5) 

where I'(x, y) represents the average intensity of light reflected 
by the object, I'' (x, y) the intensity modulation and ! (x, y) the 
phase that allows us to trace the angle of each point as 
described previously. Hence, the three functions that describe 
the projected light waves, with a 2 ! / 3 shift between each 
other, are given by: 

       I1(x, y) = I'(x, y) + I''(x, y) cos [! (x, y)- 2 ! / 3],    (6) 

             I2(x, y) = I'(x, y) + I''(x, y) cos [! (x, y)],           (7) 

      I3(x, y) = I'(x, y) + I''(x, y) cos [! (x, y) + 2 ! / 3],   (8) 

Now, let us show how it is possible to solve the phase 
! (x, y) from any of the above equations. For this scope, let us 
consider, for simplicity, Equation (7). Equation (7) is 
composed of two main functions, a DC one represented by 
I'(x, y) and a high frequency one, given by I''(x, y) cos [! (x, 
y)], that can be rewritten as I''(x, y) ( e  i! (x, y) + e  -i! (x, y) )/2. The 
recovery of ! (x, y), hence, can be performed first processing 
the signal represented by Equation 7 with a band pass filter, in 
order to first eliminate the I'(x, y) component, secondly 
shifting in frequency the resulting signal and finally 
processing it again with a low pass filter. Without getting any 
more into the details regarding this process, we here provide 
the final result, that is: 

                         ! (x, y) = tan-1 ,                               (9) 

which is the equation of most interest, as it permits to find the 
coordinates of the points that describe the object under 
analysis in the space.  



III. COMMERCIAL AND OPEN SOURCE SYSTEMS 
Several commercial 3D scanners solutions exist that are 

available on the market, providing very different results in 
terms of performance and as well as very different costs.  

The most common projectors are based on arrays of 
infrared points (e.g., products of Artec, but also Microsoft 
Kinect). Others products, such as the industrial produced by 
Faro and  Nikonmetrology are based on laser technology, are 
very accurate, even if their costs, both in terms of their setup 
and their scans, are quite high. On the market it is possible to 
find less expensive alternative products that are based on laser 
technologies. These are products that follow the DIY (do it 
yourself) philosophy, just as the David laser scanner. It is also 
possible to find open source libraries and toolkits that allow 
the development of 3D scanning systems; the Open Kinect 
Project represents a relevant example of such systems. 

Although a number of different systems are available for 
3D scanning purposes, in general existing systems are not 
designed for the casual user, since they all require an initial 
investment in hardware and/or in the knowledge that is needed 
for their proper use and setup. In addition, none of the 
mentioned systems has the ability to be executed 
simultaneously on different platforms. In fact, even the few 
systems open source that are available require specific 
hardware, such as in the case of the Open Kinect Project and 
in the case of the David laser scanner.  

Currently on the web, some libraries have been made 
available to support the development of 3D scanning systems 
(e.g., see Kyle McDonald’s structured light 3D scanning 
project) [14]-[17]. In this work we instead opted to develop 
our system basing it on the research described in [13]. 

IV. ARCHITECTURE AND PERFORMANCE 
The system that we implemented, named xTrack, analyzes 

an object or an area captured by a webcam or camera and 
displays its three-dimensional description. xTrack consists of a 
multi-platform software that has been built for all main OS 
(i.e., Windows, Linux and Ma OSX) and solely requires the use 
of a video camera and a video projector, as hardware 
components.  

xTrack can perform real-time 3D scans. This aspect confers 
a degree of flexibility to the user, which results to be useful for 
the recognition of objects that are moving. In addition, as we 
shall see, the obtained output 3D frame rate is sufficient to 
record, analyze and support complex applications such as 
gesture recognition ones.  

A. How it works 
The system was developed using OpenFrameworks 

software modules that gave us the possibility of: (a) developing 
xTrack as a multiplatform software system, and, (b) utilize a 
unique interface with the libraries provided by OpenGL, GLUT 
and QuickTime. 
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Figura 2.3: Collocazione del posizionamento della telecamera rispetto al video-

proiettore.

Figura 2.4: Oggetto della scansione: Pippo e Pinta.

 
Figure 4. xTrack at work: scanned objects. 

20 2. Panoramica di xTrack

Figura 2.5: L’oggetto della scansione codificato dal sistema xTrack e visualizzato

in OpenGL.

Figura 2.6: Visualizzazione del soggetto della scansione con i comandi avanzati.

È possibile notare in alto a sinistra le tre immagini di input lette

dalla videocamera. L’immagine sotto la didascalia Decode Controls

è una rappresentazione a 256 livelli della mappa di profondità della

scena codificata da xTrack.

 
Figure 5. xTrack at work: graphical user interface that includes the cloud of 

points representing the given objects. 
 

xTrack is composed of 3 principal software modules: the 
controller, the reader and the 3D visualization interface.  

Once xTrack is started, the controller takes care of 
initializing the other four modules. After this step, it takes care 
of executing a cycle, named glutMainLoop(), which in 
OpenFrameWorks is composed of two different routines: 
update() and draw(). During the update() the controller 
evaluates if any blocking input has been entered by a user. 
There are three modes of interaction, in fact. The Default one 
does not require any user interaction, as it acquires a new 
image at a time and and performs the decoding utilizing the 
trail resulting from the three last images that have been read. 
The second mode is the Burst one: with this mode any new 
decoding is performed only after reading three new images. 
Finally, the third mode is the On Hold one that does not use 
any new image, but simply encodes the last three images that 
have been acquired applying any new policy that is input by the 
user. The draw() routing, instead, manages the graphical 
portion of the modules. It deals, for example, with the method 
read() of the class xRead that displays the cloud of points that 
are tracked from an object.  

The reader module reads stream of frames captured from 
any webcam or video camera supported by the computer 
system in use. During the construction phase of this module the 



necessary memory is allocated for the buffer that will store all 
input frames.  During this routine, the module takes care of 
decoding all read frames and to start of the phase unwrapping 
algorithm.  

This 3D visualization module handles the display of the 
cloud of points that are detected on an object. This is the 
module that directly communicates with the GLUT libraries. In 
practice, it mainly handles the representation of the points that 
compose the 3D cloud as the output given by the phase 
unwrapping algorithm varies. 

B. Performance 
Before getting to the preliminary results that have been 

obtained with our system, let us briefly explain how it should 
be used. In order to use xTrack, it is necessary to point a 
projector and a webcam in the direction of the object that is 
going to be scanned. For a better performance, however, the 
camera must be set back of 20-30 cm with respect to the 
projector, which is instead located at slightly higher height (10-
15 cm).  

Now, the main bottleneck for xTrack is certainly given by 
the performance of the employed webcam. In fact, the amount 
of frames that the webcam can process per unit of time 
significantly slows down the process of decoding the three-
dimensional information. Being this limitation intrinsic of the 
hardware in use, this also directly affects the performance of 
the scan module. 

Under conditions of moderate complexity, which we 
identify for a standard resolution of 640 by 480 pixels, the 
frame reading time and memory allocation fluctuates between 
8 and 12 milliseconds. A certainly more time-consuming 
operation is given by the memory allocation and display of the 
cloud of points that describe an object: modern average power 
hardware (e.g., 2.66 GHz Intel Core 2 Duo processor with 4GB 
of RAM) requires times that lie in the 28-34 ms interval, for a 
situation where the application allocates 307,200 triplets of 
floats. 

In Table I we summarize all the information that concerns 
the performance of our software system. As it is possible to 
see, the read and decoding process only requires 40 ms on 
average, value that is compatible with many different real-time 
applications. 

Table 1. Performance figures of xTrack. 
Read [ms] Decode [ms] Display [ms] 

10 30 33 

V. CONCLUSION 
In this paper we described the ideas that lie at the base of 

3D scanning, with a focus on fringe analysis. The state of the 
art in 3D scanning techniques, and recent advancements, allow 
us to think that it will be soon possible to perform accurate and 
fast 3D scans with the use of simple hardware devices. Our 
work has here gone in such direction, as we implemented a 
system that supports the real-time scanning of an object with 

the sole use of a video camera and a projector. The possible 
applications of such software are left to the imagination of 
developers and practitioners.  
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