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Abstract

This thesis addresses two fields of interest. The first one is the implementation of structured light 
techniques for the 3D object reconstruction. This is done with methods such as phase shifting and 
Fourier profilometry. In this paper, different methods involving structured light will be discussed, 
combined and compared and a complete scanning and reconstruction process combining existing 
techniques will be described. The advantages and inconvenients of this implemented method will be
shown through some examples of reconstructed shapes with off-the-shelf components and a basic 
experiment. 
The second field of interest is augmented reality, and particularly mobile augmented reality. This 
paper will explain how knowing the shape of an object or terrain can help when designing an 
application aiming to augment the surroundings, and a mobile augmented application will be 
described. 
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 1 Introduction

3D  reconstruction  techniques  allow  scanning  an  object  and  acquiring  a  map  of  all  its  spatial
coordinates. This is used in many fields where objects have to be measured accurately, such as
checking the size of an item in the industry, or analyzing faults or damage done to an object. In the
case of this paper, it will be used as a way to implement au angmented reality application. Indeed,
augmented reality deals with conneting real and virtual worlds. To get better interaction between the
two, knowing the shape of some real-world objects can be a valuable asset (for example to project
images on non-planar surfaces).
Different  types  of  objects  will  be scanned within this  project,  such as artwork or  small-details
objects, or other shapes to be used later on for an augmented reality application. In the first case , it
is possible for example to analyze the quality and state of a painting by observing the 3D surface:
whether there are small holes or imperfections, or if the paint has deteriorated.  There are other
techniques to do this but most of them are intrusive, while in this paper it will be done in a way that
doesn't need physical contact with the artwork. The second case is for objects with bigger height
variations and shapes, such as a terrain. It is this case which will be further developped and used in
the second part of this paper, where, after acquiring the 3D surface, it will be used in the demo
application to illustrate how this data can be used in a mobile augmented reality application[17].

To perform the scanning, several methods already exist, each with its advantages and drawbacks. 
The first part of this project is to try and compare different existing techniques, and sometimes
combine them. 
The experiments mostly rely on a method called Fourier Transform Profilometry [1-2].  However,
due to the way it is implemented, and considerations specific to ths project, it is not used alone. This
will  be  detailed  and  explained  further  ahead,  as  the  first  part  will  consist  in  analyzing  and
comparing different methods, as well as combining them into one reconstruction model.

In section 2, the state of the art in both augmented reality and 3D reconstruction fields will be
briefly discussed to see how the project fits in this. In section 3, the theory of all the different
methods involved will be described, and in section 4 some of the results will be presented and the
experiments  described.  Section  5  will  show  how  the  3D  surface  acquisition  came  into  play
regarding a smart-phone application, and finally we will conclude by discussing the results of the
project in section 6. 

 2 State of the art 

 2.1 Augmented reality 

In this field, two branches can be distinguished, although they deal with very similar approaches.
Virtual reality is all about making you feel that you are in a place where you are actually not .
While virtual reality (VR) creates a whole new world in which the user is immersed, and cannot see
the real  world anymore,  augmented reality (AR) adds elements to  the existing world.  To some
extent, VR can be seen as AR being pushed to the extreme where what is real and what isn't cannot
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be discerned anymore. 
Azuma [3] describes Augmented Reality through three characteristics : combining real and virtual
worlds, being interactive in real time, and registering the environment in three dimensions (real and
virtual objects align in space). 
If Augmented Reality has such a success today, it is because it can be used in almost every field and
many purposes, whether they are commercial, industrial, scientific, or for everyday use. Since AR is
about adding information and content to the real world, and given the great advancement in new
technologies in the last decade – particularly in the fields of image processing and computer science
– it is particularly interesting when combined with mobile devices such as smart-phones, tablets,
eye-wear and other types of light display. AR covers a tremendous range of systems [16], from the
smallest camera-and-display system on some glasses to a full-scale projection on a building for a
light show. Today, the most accessible devices are mobile devices [17], for two reasons : there is no
need to further design hardware, as smartphones always present the two necessary components for
AR – camera, and display – and mobile devices are already very present in our every day life,
meaning that mobile applications can target a wide audience, from a marketing point of view. 

Augmented reality can be criticized in some cases, for reasons of individual liberties – for instance
with the upcoming development of 'Google Glasses' and the advanced facial recognition algorithms
that exist today, many fear an easy access to anyone's private life, and an abuse of a tool which was
at  first  created  to  enhance  one's  vision  and  display information  that  the  user  normally  cannot
percieve with his own senses. However, new technologies should serve men, and not become a
penalty. In this regard, there are many applications and hardware elements that are developed with a
purpose of improving a given field of work, such as to assist in surgery. AR has also been seen in
other fields [3]. In the military, it can be used for better navigation or enhanced targeting, and in
aeronautics, a lot of cockpits are already augmented with information projected on the windscreen
for example – a practice which is also becoming popular in car industry, particularly luxury. In
maintenance and repair it helps agents visualize how a machine is made, whats parts compose it,
and gives extra information useful to maintenance. In [4], Fitzgeral E. et al. Give their insight as to
how augmented reality can help educational purposes. 
Another category is entertainment and it might be the most widely known, as it usually concerns a
wider audience. One can quote the recent (and ongoing) success of Oculus Rift, which, although it
is more virtual reality than augmented reality, is made to immerse the user into a virtual world,
usually to play a game and feel as if it were real. 

One of the reasons why augmented reality has come to take a more significant place in our lives is
that it has also become widely used by various businesses to promote their products, and thus has
become more accessible and has gained visibility. A good example of this recent use of augmented
reality is the virtual catalog of home furniture designer IKEA. The company designed a mobile
application which aims at  helping people preview how a piece of furniture would look in their
living room. To achieve this, the user only needs a tablet or smart-phone with the app installed and a
physical version of the catalog which serves as a marker that can be put on the ground where the
virtual piece of furniture is to be placed (see figure 1). 
By holding the mobile device screen in the direction of the spot, one can then see the element would
be, with its real dimensions calculated depending on the angle and view point. 
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This is but a tiny part of augmented reality but definitely the type of applications seen by most
people. However, it is clear that one of the strong points of augmented reality is how accessible it
can be. There is much that can be done with just a mobile device and some physical markers. 

From there, what can be improved – among other things – is the type of surface on which virtual
objects can be implemented. The most basic ones are planes, but supposing that the shape of a
surface is known, we can imagine the interaction between virtual objects (or projections, images),
and a more complex surface, with any random components. 

This was but a taste of what Augmented Reality can be, and this paper is not aimed at doing an
extensive list of existing AR applications, but merely introducing how being able to reconstruct a
surface's shape can be interesting for AR considerations. 

 2.2 Scanning and 3D Reconstruction

The purpose of structured light techniques is to provide codified images (in which the object's 
height is embedded), acquired by projecting periodical patterns, in order to reconstruct object's 
shapes with triangulation. Scanning an item with a probe has been an accurate method for a long 
time, but it requires contact, and in some cases, this is not recommendable, as it could alter or 
damage the target.
A way to reconstruct a 3D shape without contact is to use stereophotogrammetry, which is using
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two cameras seeing an object with an angle between them. In this case the 3D cloud of points is
obtained by intersecting the rays between the object points and the two cameras.
But it is also possible to only use one camera and one projector, if one disposes of some calibration
of the two and hence knows the exact position of one as regard to the other, and to the object. 
One of the restrictions of this project was that the algorithm implementation had to be adapted to
the  use  of  one  camera,  following a  procedure  that  had  been started  in  another  project,  so  the
following thesis also relies on this. 
Different techniques for 3D reconstruction will be discussed and they are all based on the use of one
camera and one projector. Techniques of correspondence, phase shifting, phase-to-height conversion
and Fourier profilometry will be mentioned. 
In  “Implementation  and  results”  we  will  give  examples  of  the  results  obtained  with  this
reconstruction method, as well as comparisons of results when we use different parameters.

 3 Motivation

ARTEC group (a branch of IRTIC institude in Valencia, Spain) started a new research line in 
structured light methods. Another company contracted the Institute to make a 3D reconstruction 
algorithm, as part of another project. They already had some working phase shifting and Fourier 
Transform algorithms in Matlab which had to be translated into C++, within the frame of this 
project. This is what started my own work at IRTIC
Over the development of this algorithm, it appeared that it would be interesting to analyze other 
algorithms in order to compare their performances. It also became apparent that many variables and
parameters were important for the final results, and particularly the projected images specificities, 
as well as the configuration of the scanning system. 
This is why we made our own experiment in the Institute's lab, with off-the-shelves components.
Figure 7 gives an overview of the methods that were implemented so far. 
I was mainly involved in the translation into C++ and the development of the Fourier Transform 
Profilometry (FTP) and Phase Shifting (PS) techniques, as well as participating in the setting up of 
the experiment and acquiring a lot of different data. The other methods, such as the ones present in 
Xiao [5] or Pribanic [Multi Phase Shifting, 8], were implemented by my colleague and supervisor 
Cristina Portales. Together we tried to analyze and compare the different methods and come up with
a good robust one that could further be used. 
I then used that method in my own Augmented Reality project which will be detailed in section 6. 
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 4 Theory of 3D reconstruction methods used in this project

In this chapter, we will go through a rapid review of the theories involved, as separate blocks. As 
shown in the figure below (2), these blocks consist of phase shifting techniques, unwrapping 
techniques, and phase-to-height conversions. There are different variables that need to be 
considered when approaching 3D reconstruction methods. In [12], Salvi J. et al. do a classification 
of existing 3D reconstruction techniques, sorting them mathematically into different categories, 
such as discrete and continuous methods, spatial or time multiplexing. They won't be all covered in 
the following section. 

After describing each step independently, we will be able to see how they can be incorporated into 
one general process. 
It should be noted that the method that was initally planned was the Fourier profilometry + phase 
shifting. However, after meeting certain issues, other methods were implemented, and they will be 
detailed as well. 

 4.1 Obtaining a wrapped phase 

 4.1.1 Phase-Shift method 

Phase Shifting [8] is a reconstruction technique that has been known for some time now, and is at
the foundation of many other methods, that use an improved version of it, for example by changing
the unwrapping method, or adding several periods.
The goal of Phase Shifting is to acquire a relative phase map of the object that is scanned, with
reference to a plane.
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Figure 2: 3D reconstruction process with different methods.



The principle of phase-shifting is as follows : we consider a vertical pattern of sinusoidal fringes,
such  as  the  intensity  is  the  same  with  vertical  translations,  but  varies  sinusoidally  along  the
horizontal axis.

This pattern is then projected onto the object we want to acquire the 3D shape of, each time shifted
by a value of fi. 

ϕi=
2 .π
N

. i , I = 0 , 1 , … , N-1;

This means that N images of the object will be acquired, each with a different shift of the projected
pattern, so that the whole period of the sinusoidal pattern is covered. For instance, four images can
be taken with the pattern shifted respectively by 0, p/2, p, and 3p/2. 

It is then known that the intensity that is detected from the camera, for each projection with a shift
fi, will be :

I i=I 0+A .sin (ϕR−ϕi)

where I0 is  the intensity of the object  itself  with the background light,  without  considering the
projection  pattern.  The  parameter  A represents  the  detected  projection  of  a  sinusoidal  signal,
including reflectivity, and fR is the relative phase map that we want to extract. 
The sequence of all these shifted patterns is projected onto the object and the result is a sum of Ii. In 
order to get fR out, the following sum can be minimized: 

ϵ=∑
i=0

N −1

[ I i−(I 0+A.sin(sinϕR−ϕi))]
2 .

Such minimization can be achieved through the least square method, and for N > 2, we get a 
reduction of fR to : 

ϕR=atan(−∑
i=0

N −1

I i . cos (ϕi)

∑
i=0

N −1

I i .sin (ϕi) ) .
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This  will  give  the  relative  phase  maps  of  values  between  -p and  p,  which  means  that  before
converting these phases into heights, multiples of 2p will have to be added or substracted to get an
absolute phase map : this process is called unwrapping and will be described in section 4.2.

This is the basics of phase shifting techniques, but it can be divided in different categories. There
was a lot of research on the topic, especially since the technological evolutions allowed to compute
and process images in a much faster way. The different methods will differ for example by the
number of images they use, the number of periods they use (while the most basic methods only use
one period, some more complex ones use different period values in order to get a better accuracy),
the ways the systems are calibrated and the phase-to-height conversion is done [2, 5, 6, 7, 8, 9, 10]. 

 4.1.2 Fourier Transform Profilometry method 

In parallel of the Phase-Shift method exists another method called Fourier Transform Profilometry.
It is another way to get the relative phase map, which also needs to be unwrapped before being
converted to height. 
This  method is  described by Takeda et  al.  In  [2]  and is  the  one  I  relied  on to  implement  the
algorithm. 

The first difference with the Phase Shift method is that the Fourier one takes only one image as
input : the object to be reconstructed with a projected sinusoidal pattern on it of frequency f0. 

In  Takeda et  al.[2],  two different  system configurations  are  considered:  crossed-optical-axes,  in
which the camera axis and projector axis intersect at the reference plane, and parallel-optical-axes.
The first one is used, as it is much easier for the physical setup. Some tests were also done with
parallel configuration but they won't be treated in this paper. 
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As seen on figure 3, the projector Ep and the camera Ec cross at the reference plane. The object can
be situated regardless of the reference plane position, as the latter is ficticious.

For the calculations, it is first assumed that the projector is telecentric, and hence that the rays are
parallel  (infinite),  so  that  the  pattern  that  is  projected  is  regular  and  can  be  expressed  in  the
following form : 

gT (x , y )= ∑
n=−∞

∞

An exp(2π i n f 0 x) ,

where f 0=
1
p0

=
cosθ

p
is the fundamental frequency of the sinusoidal pattern. 

It  should be noted that the sinusoidal variation is along the x axis, meaning that the sinusoidal
variation should be parallel to the axis defined by the projector and camera centers. 

Then, the same pattern is considered, but projected from a finite distance, and hence deformed
because the rays are divergent (and not deformed because of an object). The image aboves shows
that if the system were telecentric, the ray going towards A would hit the reference plane at B, but in
reality it hits it at point C.
So the deformed grating intensity can be expressed: 

g0( x , y)= ∑
n=−∞

∞

An exp { 2π i n f 0[ x+s0( x)]} ,

where s0(x) = BC.

For the sake of the rest of the calculations, this expression can be rewritten as a spatially phase-
modulated signal : 

g0( x , y)= ∑
n=−∞

∞

An exp {i [2πnf 0 x+nϕ0(x )]} ,

where ϕ0(x )=2 π f 0 s0(x)=2π f 0 BC .

Then when an object is added, we will have to consider the point where the ray that sees the object
point crosses with the reference plane, and this point is called D on the figure above.  Then the
phase will be related to the distance BD and the pattern can be expressed taking into consideration
the deformation due to the divergence of the projected rays, and the non-uniform shape of the object
: 

g ( x , y)=r ( x , y) . ∑
n=−∞

∞

An exp{ i [2πn f 0 x+n ϕ( x , y)]} ,
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where  ϕ(x )=2 π f 0 s( x)=2π f 0 BD and  r(x,y)  is  the  reflectivity  of  the  object,  since  the

expression is that seen by the camera. 

The goal is to extract the phase f(x) from the epression above. This is where the Fourier Transform
comes into place. The deformed grating expression can be rewritten for easier calculations : 

g ( x , y)= ∑
n=−∞

∞

qn(x , y ). exp(2π i n f 0 x) ,

where qn(x , y )=An r (x , y ). exp [i n ϕ( x , y)] .

Now the Fourier Transform as regard to the x coordinate can be computed: 

TF { g ( x , y)}=G( f , y )=∫
−∞

∞

g (x , y )exp (−2π i f x )dx

=∑
−∞

∞

Qn( f −n f 0, y)

Qn(f,y) is the Fourier spectrum of qn(x,y) with respect to x. 
The frequency f0 is normally much faster than any other frequency present within the signal, so that
the spectra Qn(f,y) are all separated from each other with a distance that allows filtering one of
them. 
Filtering gives Q1 which then goes through Inverse Fourier Transform which gives : 

ĝ ( x , y)=A1r (x , y )exp{i [2π f 0 x+ϕ(x , y )]} ,

fron which the phase can be extracted, which is the value in the exponential, by definition (since A 1

and r are both real), and the result is 2pf0x + f(x,y) . 

Now the whole process is done once more, but this time on g0 instead of g, and after extracting the
phase, the expression 2pf0x + f0(x,y) is retrieved. 
It is then trivial to get the phase Df(x,y) = f(x,y)-f0(x,y) by substracting both of them. 
The following expression stands true: 

Δϕ( x , y)=ϕ(x , y )−ϕ0(x , y )=2 π f 0(BD – BC)=2π f 0 CD.

As this is a phase difference, the result is directly the phase modulation due to the object only, so the
Fourier Transform allows getting rid rid of the deformation due to non-telecentricity of the system,
while being able to calculate everything with the fundamental frequency f0 (and not the frequency at
the object like in some other methods).
This is a strong point of the Fourier Transform Profilometry method.

What is done in this implementation is taking the resulting phase map of phase shift, which is 
periodic, as an input for the Fourier analysis, a procedure introduced by  Fukigaki [14]. Since it is a 
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phase image, it has no zero order, which makes the filtering step easier since all that has to be done 
is to take the maximum intensity (first order). This will be explained furthermore in section 5.1.

 4.2 Unwrapping the phase

Basic Phase Shift methods, as well as Fourier Transform Profilometry, give as an output what is
called a wrapped phase, meaning the phase values are all between 0 and 2p (or -p and p). 
Some more advanced Phase Shift techniques allow getting directly an absolute phase but in our case
it will need to be unwrapped. 

 4.2.1 Two-dimensional Unweighted Phase Unwrapping 

This is explained by Ghiglia and Romero [11] which present a robust iterative unwrapping method
using least-squares and fast transforms. 
The principle steps in the theory are summarized below. The part that is of interest for this project,
in this paper, is the Two-dimensional Unweighted Phase Unwrapping segment (2.A.).

First two phases are defined : the wrapped phase that is a result of Phase Shifting, fi,j, for each pixel
i,j, and the unwrapped phase which is wanted,  yi,j   . 
So we can write : 

Ψi , j=ϕi , j+2π k ,

with k an integer.

Then two sets of phase differences are defined that we compute from the phase obtained from phase
shifting. Dx

i,j (for i = 0 … M-2, j = 0 ... N-1) is the matrix of the differences between adjacent pixels
on the x axis, and Dy

i,j  ( for i = 0 … M-1, j = 0 … N-2) is the same matrix but for the y axis of the
image. For the points where the difference cannot be calculated (at the edges), the difference is set
to 0. 
The least-squares solution is the solution fi,j that minimizes the following expression : 

∑
i=0

M −2

∑
j=0

N −1

(ϕi+1, j−ϕi , j−Δi , j
x )2+∑

i=0

M −1

∑
j=0

N−2

(ϕi , j+1−ϕi , j−Δi , j
y )2 .

This seemingly complex equation can be simplified to a simpler one that gives the unwrapping 
solution : 

ϕi+1, j+ϕi−1, j+ϕi , j+1+ϕi , j−1−4ϕi , j=Δi , j
x

−Δi−1, j
x

+Δi , j
y

−Δi , j−1
y .

It is then shown in [11] that the following procedure, gives the unwrapped phase:

First, defining a matrix r from the previous matrices Dx and Dy that were calculated : 
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ρi , j=(Δi , j
x

−Δi−1, j
x

)+(Δi , j
y

−Δi , j−1
y

) .

Then, computing the Direct Cosine Transform (DCT) of r :

ρ̂=DCT [ρ]

From this matrix another matrix is calculated : 

ϕ̂=
ρ̂

2((cos
π i
M

+cos
π j
N

−2))
.

And from this matrix, by computing the inverse Cosine Transform, the phase f is obtained, which is
in fact the unwrapped phase that was wanted. 

This allows for a quite robust phase unwrapping algorithm to be implemented in a rather simple
way. However, one of the main restrictions to this method is that it can only be applied to smooth
surfaces. Indeed, if the difference between 2 adjacent pixels in the phase map is too big (several p),
then the algorithm cannot figure out the jump in the phase in a stable way and this can lead to
irrelevant results. 

 4.2.2 Multi Phase Shifting

Pribanić T.  et  al.[8] describe another unwrapping algorithm using Multi  Phase Shifting (MPS).
According to its authors, the algorithm is robust to objects with sharp discontinuities and depth
changes, among others (see the paper).  However, it should be noted that within the frame of this
project, this algorithm was not implemented exactly as described in this theory (see section  5.3.2 ).

As  was seen in  4.1.1 , basic phase shifting methods give us the relative phase fR.  Pribanić et al.
propose a way to get directly the absolute phase fS.. 

For a more simple approach, we consider two patterns with different periods l1 and l2. As shown in
fig, the intensity of a certain point on the pattern depends on its position on the x axis.We see the
two relative phases fR,1 and fR,2, as well as the absolute phase on the abscissa axis. 
We have the following equation between these variables : 

ϕABS=k1⋅λ1+ϕR ,1=k 2⋅λ2+ϕR ,2 .

As stated in Pribanić's paper, the main point of this approach is that for “suitable” period pairs, one
gets a unique set  of absolute phases  fR,1 and  fR,2 which allow us to access the absolute phase.
Normally, “suitable” means that the periods have to be relative primes. However, this method is
slightly more flexible as the condition is that the algorithm unwraps correctly the absolute phase
until a value equal to lcm(l1,l2), lcm being the “least common multiplier” function. 
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In other words, the lcm of the two periods should be greater than the width of the projected image. 

 4.3 Obtaining  a  height  from  the  phasePhase-to-height  conversion
models can be sorted into two categories: analytical and empirical. 
The first one is called analytical as it gives an explicit formula, linking both height and phase with
known system parameters. 
This type of methods has a major drawback : they are often very sensitive to parameters variations,
meaning that some conditions of perpendicularity for example, will have to be achieved with a good
accuracy, or some non-negligible errors may be induced. 

The other type of models is the empirical. Empirical models give a relation between phase and
height through numerical multiplying functions. An empirical model can be obtained by measuring
the phase distribution for a known and calibrated object and doing a numerical data fitting. This
numerical  multiplying  function  can  then  be  used  for  any  object,  assuming  that  the  same
projector/camera system is kept. 
The main drawback of such a model is that the influence of a given parameter cannot be known,
because there is no explicit geometric relationship. 

It is important to note the difference between the two types of methods : while an analytical model,
uses the calibration only to know with a good accuracy the parameters that are needed to calculate
the height (parameters that could otherwise be retrieved by directly measuring them in the setup),
the empirical one is entirely based on the calibration, as it is what allows computing the height.
Section  4.3.1 describes en analytical model and sections  4.3.2 and  4.3.3 introduce two empirical
models.

 4.3.1 Takeda's method

In the article from Mitsuo Takeda and Kazuhiro Mutoh published in  1983 [2], a phase-to-height
conversion method is included. 
It will be explained briefly, using the same setup and drawing as before. 
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When looking at the triangles HCD and HEpEc, the following expression can be written : 

CD=
−d.h( x , y)
[ l0−h( x , y)]

where the height h is positive when measured upward from the reference plane R. 

It was previously seen in 4.1.2 that the phase was given by: 

Δϕ(x , y)=2π f 0 CD .

When combining these two formulas, we get the conversion formula : 

h( x , y)=
l 0 Δϕ( x , y)

[Δϕ( x , y)−2π f 0 d ]
. 

This is what is called in this paper an analytical phase-to-height model, as there is a formula linking 
the height and phase with system parameters. 
These parameters are the distance between camera and reference plane l0, the distance between the
camera and the projector d (both these distances are obtained from the system calibration), and the
frequency of the projected pattern when using a telecentric projector, f0, which is known. The latter
is directly derived from the period that we know in term of pixels in the object plane, and is also
function of the focal length of the projector.

It should be noted that as FTP is based on filtering, it has a limit as to what frequencies can be
separated.  Thus the maximum range that can be measured by FTP is  limited and, as shown in
Takeda,  the following constraint stands true : 

∣δh( x , y)
δ x ∣

max

<
1
3

.( l 0

d ) . 

This formula gives us important information : the Fourier profilometry method does not limit the
depth of the heights that can be measured, but how fast they're allowed to vary. If the slope of an
object is too steep, or if, for example, the object is a cube, the height variation is too fast and this
method will not work well. 
This means the FTP method is best used with smooth object without sharp edges or steep variations.

It should also be noted that, as this paper was published in 1983, there was a substantial amount of
research since then, and some corrections – or some more general formulas – have been proposed.
One of them comes from Rajoub et al.'s  paper [6] where the height is recalculated, assuming that
the camera and projector are not at the same distance, and they explain an error in Takeda's paper,
that they attribute to a wrong collimated light assumption. 
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However, in a more recent paper [7], Maurel et al. explain a different point of view regarding the
error in Takeda's work. They give four different formulas, 

– for noncollimated projection in parallel-optical axes geometry

h( x ' , y ' )=
l 0 Δϕ

Δϕ−2π f 0 d

where x '=x−
h
L

x , y '= y−
h
L

y ;

– for noncollimated projection in crossed-optical axes geometry, 

h(x ' , y ' )=
l0 Δϕ(1+sin² θ y /d )²

Δϕ(1+sin² θ y /d )[1−sin² θ(1−y /d )]−2π f 0d
;

– for collimated projection in parallel-optical-axes geometry, 

h( x ' , y ' )=
−l0 Δϕ

2π f 0 y
;

– for collimated projection in crossed-optical-axes geometry, 

h( x ' , y ' )=
l 0 Δϕ

2π f sinθ( L−cot θ y )
. 

The first formula is the same as the one derived in Takeda's paper. This means there should be no
problem when using a non-collimated projection in parallel-optical-axes geometry. 
It will be seen that it can be extended in the case of crossed-optical-axes geometry, as the biggest
errors  that  will  be found will  not  come from this  formula difference but from the camera and
projector which are not exactly at the same distance from the reference plane R.

 4.3.2 Phase-to-height conversion after calibration with 3D surfaces

As mentioned above,  this  method,  described at  length in  the paper  from Xiao et  al.  [5],  is  an
empirical one, meaning it is using a reference object for calibration, in order to compute a numerical
function to get the height from the phase. This type of methods has the advantage of being much
less restricted to the system setup – for instance the fact that in basic phase-measuring profilometry
the optical axes of the projector or camera must be normal to the reference plane, and the line
joining the optical centers of the projector and camera must be parallel to the reference plane. This
condition in particular is difficult to achieve, especially when using off-the-shelves components as
was done in this project (see figure 5). 
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In the method proposed in [5], only seven coefficients independent of the coordinate system need to
be calibrated. 

The height is given by the following, 

h(u , v )=
C1 ΔϕCD (u , v )+C2 u ΔϕCD(u , v )

1+C3 u+C4 ϕCD(u , v)+C5ΔϕCD(u , v)+C6 uϕCD (u , v )+C7U ΔϕCD(u , v)
, 

where the coefficients C1,  ..,  C7 can be determined by applying a transformation to seven other
coefficients c1, .., c7 which are determined explicitly [5], but the equations are very long and not
practical for a real experiment, and this is why those coefficients are determined numerically. 

For informational purposes, the following is a list of the coefficients (which have to go through a
coordinate transformation before becoming the actual C1, .., C7 coefficients) : 
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Figure 5: Classic setup with strong restrictions (left) vs. more general setup used in Xiao et al. [5] 
(right)



For more detailed theory, refer to [5].

In the experiment, those seven parameters are obtained by applying a least-squares procedure. We
then obtain (x,y,h) values for all points of the image, which we can transform into (x,y,z) for our
system coordinates by applying a triangulation using the camera calibration. 
This will be detailed further down when the implementation of the different theories is described. 

 4.3.3 Phase-to-height conversion  after calibration by shifting the
reference plane.

Wen, Li et al.  give  a so-called Universal calibration method for Fourier Transform Profilometry
[13]. The main advantage of this method is that it allows a free system arrangement as depicted in
figure 6, which makes for a much easier to set up experiment :
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Figure 6: Configuration for the Universal 
Calibration method.



The equation followed to compute the height is the following: 

1
h( x , y)

=a (x , y)+b (x , y )⋅
1

Δϕ(x , y)
+c (x , y )⋅

1
Δϕ ² (x , y )

As it can be seen, the coefficients (a, b and c) vary for each pixel coordinate. Thus, they have to be
calculated for the entire image. To that purpose, the reference plane has to be shifted at least three
times  in  the  direction  of  the  object  height,  for  which  the  height  shifts  are  known.  Then,  the
coefficients are derived after a minimum squares procedure.

 5 Implementation and results of 3D reconstruction

The organigram above (figure 7) shows the different parameters taken into account in this project. 
First, the idea was to implement a Fourier Transform Profilometry method, combined with a basic
phase shift method. One such combined method is described in Fujigaki [14], but it uses a different
calibration and setup.
The FTP method as described by Takeda et al. [2] (section 4.1.2) can be implemented using just one
image with a sinusoidal pattern projected on it,  while normal  phase shifting techniques need a
certain number of images, usually at least 5 (section  4.1.1). However, in the FTP process, after
computing the Fourier transform, one needs to filter the image, by selecting only the first order,
centering  it,  and  then  taking  the  inverse  Fourier  transform.  The  difficult  step  when  trying  to
automatize such a process is the filtering. Indeed, a window must be found – the simplest one being
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Figure 7: Summary of the different methods implemented.



a rectangle – which takes the first order, and only the first order, but doesn't cut it. The position of
the first order is related to the frequency f0 of the pattern projected onto the object, so it can be
known approximately, but still, the image in Fourier space may vary depending on the input image,
and it can be hard to automatize the filtering, and be sure it always filters the right part of the image.
This is the reason another approach was intented : the 0th order is taken away by doing the phase
shift, and then the Fourier analysis is done on the resulting image. Since it is already a phase image,
it doesn't have an intensity component.
Section 5.1 will cover this approach (the one that took up most of the time dedicated to this project),
and then sections 5.2 and 5.3 will cover the other methods implemented and some results. 

 5.1 Fourier profilometry + Phase Shifting 

The work was started by implementing the phase shifting including the Fourier analysis [2, 8, 14] in
C++ language, with the help of OpenCV library, which is an image processing bank of algorithms,
such as Fourier transforms. The unwrapping algorithm following the method described in 4.2.1 was
also  implemented  in  C++  using  the  same  library.  At  first,  the  project  was  only  about  the
programming of an algorithm to do 3D reconstruction. However, it turned out that many details
were not always clear in the different papers, such as the influence of different parameters. For the
algorithm that had been required by the contracting company, a set of images of some artwork were
provided, with certain specificities : black and white horizontal fringes with a period of 5 pixels.
The  further  the  algorithm  was  developped,  the  more  those  parameters  appeared  to  have  an
importance, and it was unclear from the different papers exactly how much they mattered and how
experiments should be conducted. So it was decided to re-create a simple lab experiment, with very
basic components, to assess the influence of said parameters.

Figure 8 shows the initial experiment we set up for some basic tests. It was done with a webcam and
a  projector  both  connected  to  the  computer.  Different  sets  of  fringes  were  generated  from the
computer, and then were projected onto the object to scan. There was a “projection-acquisition”
procedure,  and  then  the  acquired  images  were  processed  on  the  computeThis  experiment  was
aiming  to  replicate  the  setup  in  Takeda's  paper  (crossed  axes,  figure  4),  which  is  a  fictitious
reference plane behind the object, perpendicular to the camera axis, an object to be scanned, and a
projector which axis makes an angle q with the camera axis. The projector and camera centers form
a line which must be parallel to the reference plane. 
It should be noted from the picture above that the projector is one made to project images above
itself, for instance in a room where it can be put on a table and project on a screen further ahead. 
This  is  important  to  consider  because it  means the actual  center  of  the  projector  is  not  at  the
projector lens, but on a vertical above it. This is the reason why the camera looks higher on figure 8,
but its center and the projector's are actually at the same height (approximately, as this experiment
wasn't aiming to be accurate but rather testing the influences of different parameters). 
Originally the projections were supposed to be in white light, but it turned out that the projector had
a lot of chromatic aberrations, so it was decided to use monochromatic green light for the projected
patterns, as cameras are more sensitive to the green region.
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Three different types of objects were used for these tests, as seen in figures 9 and 10, each of them
having different characteristics. The first one was a body dummy, which had a smooth surface and
slow variations. We expected the best results with this object. The second one (which can also be
seen on figure 8) was made of some cubes and basic geometric objects stuck to a board. These had
sharp variations. The third object was composed of random/different things collected around the
lab: some scrambled paper to see what resolution we could get on small  details, a piece of art
(mosaic) to see the influence of holes in an object as well as reflectivity, and some leaves that had
also sharp variations. 
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Figure 9: On the left, the body. On the right, the assembly of sharp and angular objects. 

Figure 8: First lab setup. Projector and camera are on the 
horizontal plane.



The parameters and settings that were tested during this phase of the project are the following : 

• Periods and number of images:

◦ 5 pixels, 5 images

◦ 10 pixels, 10 images

◦  20 pixels, 20 images

◦ 50 pixels, 10 images

◦ 100 pixels, 10 images

◦ 300 pixels, 10 images

• Kind of projected stripes

◦ Sinusoidal

◦ Black and white

• Orientation of projected stripes

◦ Horizontal

◦ Vertical

• Objects

◦ Body (smooth surface) (figure 9)

◦ Sharp object (sharp discontinuities and depth changes) (figure 9)

◦ Random object (with different objects presenting small details) (figure 10)
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Figure 10: The object refered to as "random", made of several items collected around the lab, with
different heights, variations, reflectivity and angularity.



 5.1.1 Virtual vs physical ref plane

Two cases had to be distinguished: using a physical reference plane, or using a virtual reference
plane. In their paper, Mitsuo Takeda and Kazuhiro Mutoh [2] mention that the reference plane R is a
fictitious plane, meaning that it only serves as a reference to measure heights but it does not need to
be an actual plane placed behind the object to be measured. The main advantage of using a virtual
reference plane is that it is much easier to set up. Indeed, as was seen in the description of Takeda's
method,  the  reference  plane  has  to  be  orthogonal  to  the  camera  axis.  Such  conditions  of
perpendicularity can be tricky to achieve in a lab setup, while having a virtual plane makes things
easier. A ficticious plane will be created exactly at the intersection between the camera and projector
axes, and perpendicular to the camera axis. Then all that has to be kept in mind is that the heights
are measured from this plane, but it does not matter much if what is wanted is the surface itself and
not the position of the object with regard to another surface. 
However, using a physical reference plane has its own advantages. A practical advantage is that it
gives an idea as to where the reference is, when wanting to analyse whether the resulting height
map is coherent compared to the actual object. But more importantly, the camera and projector's
optics are far from being perfect, especially in this lab's scenario. This means that aberrations and
other problems will be present, first at the projection, and then at acquisition. If images of a physical
reference plane are taken, with the same camera and projector setup, some of these faults can be
corrected, as one phase will be substracted from the other. 

 5.1.2 Sinusoidal vs. black and white fringes

As seen in the methodology section (4.1.2), the Takeda method needs sinusoidal patterns, as stated
in the formulas in the paper. However, the first images that had been provided to us by the company
that wanted the algorithm were black and white fringes (rectangular function). This is what drove us
to do this test. 
The following results (figures 11 and 12) were obtained with the same period and fringe orientation,
but one has sinusoidal patterns and the other one rectangular. The files are simply some .txt files
containing the x, y and z values in lines, and with the software CloudCompare we can open these
files as a 3D shape as seen below :

We can see that the second one is much smoother, which confirms that we should use sinusoidal 
fringes. We do see a periodic default on both images (b/w stripes in the first image, and sinusoidal 
in the second) but these are explained in the paragraph of the “stair effect”.
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 5.1.3 Vertical vs. horizontal fringes:

The theory tells that the periodical variation of the fringes should be parallel to the axis defined by 
the centres of the camera and projector, as also stated in the methodology section, which means that 
the fringes should be vertical. The following images show what happens horizontal fringes are 
taken instead of vertical ones.
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Figure 12: Height map of the body, vertical 
black/white fringes of period 50 pixels.

Figure 11: Height map of the body, vertical 
sinusoidal fringes of period 50 pixels.

Figure 13: Body height maps taken with vertical fringes (left) and horizontal fringes (right), seen 
from the camera angle.



On figure 13, both images are seen from the perspective with which the pictures were taken by the 
camera, and the shapes look identical. 
However, on figure 14, both shapes were rotated (within CloudCompare) and it is clear that the 
horizontal lines (image on the right) give a much distorted shape. This is due to the phase-to-height 
conversion which is adapted to vertical lines (through calibration and configuration of the system). 
So, from the camera perspective, both reconstruction look identical while they are very different in 
reality. 

 5.1.4 Projected periods

The projected fringes’ period has an influence on the resolution that can be achieved on the object
shape. If a 300-pixels period is used while the picture has some details that are much smaller, they
won't be resolved. For example on the “random” object, the crumpled paper at the bottom left of the
object has details that cannot be seen by a 100 pixels projected period. On figure  15 below, the
piece of paper at the bottom left is almost invisible on the right, while it is distinguishable on the
left.
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Figure 14: Body height maps taken with vertical fringes (left) and horizontal fringes (right), seen
from a different angle. It can be seen how the right image is highly distorted.



Additionally, we observe that when starting to use big periods, another default appears: lines that
are all pointing towards an apparent centre, on a much bigger scale than the object itself (figure 16).

At that point in the experiment, it was unclear where this error came from, but what was sure is that
the bigger the period, the longer these lines are, because the period amplifies the errors, until the
object is no longer visible, as its scale is negligible. They are also present with smaller periods but
less visible because they’re not magnified.
This effect might be due to the borders of the object,  as well as the background which is also
acquired by the camera. By superimposing a mask over the picture before processing it, we were
able to greatly reduce this default, as shown in figures  17 and  18, confirming that the error was
related to a boundary issue.
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Figure 15: Warped phase after PSM/FT, where left image: random object with a sinusoidal 
vertical period of 10 pixels and 10 images; right image: random object with a sinusoidal 
vertical period of 100 pixels and 10 images.

Figure 16: Random object with a period of 
100 pixels and 10 images.



Some errors can still be seen (the mask does not eliminate all the background noise), but they are
much smaller and the image is cleaner.

 5.1.5 Smooth vs sharp objects

As was seen before, the theory says that both phase shifting and Takeda can be applied to surfaces 
with smooth transitions. Here some examples of how sharp objects affect the quality of the 3D 
reconstruction are shown.
In figures 19 and 20, a sample of the sharp object is seen. It can be observed how the heights of the 
object are not well achieved, especially when the object is rotated and seen from a different angle 
than that of the camera.
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Figure 17: Mask to be applied to the picture on the right, to get rid of unneeded background.

Figure 18: Random object with a period of 50 
pixels and 10 images and with the mask.



Figure 19: Sharp object wiht vertical sinusoidal stripes 
with a peiod of 50 pixels and 10 images. 3D view from the 
point of view of the camera.

 5.1.6 Reflectivity

Another default comes when we have reflecting objects, such as the mosaic of the random object
which has very smooth and polished little elements that reflect the light quite a lot.
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Figure 21: Random object with a period of 10 pixels and 10 images. Left: one of the images 
aquired. Right: detail of the 3D shape for the mosaic.

Figure 20: Sharp object wiht vertical sinusoidal stripes 
with a peiod of 50 pixels and 10 images. 3D view from the 
point of view different of that of the camera.



 It should be noted that the problems coming up on the second image are not only due to the 
reflectivity but also the sharp edges and the abrupt variation in height of the mosaic pieces.

 5.1.7 Stair effect 

A non-desirable effect that will be called in the paragraph that follows “stair effect” was detected, as
it seems to follow the shape of a stair. This effect appears after applying phase shifting, and it seems
to be due to the abrupt transitions from black to white of stripes.
One of the possible cause of this effect is the non-uniformity of the stripes as captured by the
camera (this is a limitation of the camera). Additionally, the stripes do not appear focused in all
parts of the image (this is a limitation of the projector).
Other possible sources of error causing this effect are the black and white fringes, or the fact that
when the period is too small, the sinusoidal fringes are too discretized, due to the pixel size. For
example if we have a period of 5 pixels, there will only be 5 values for the sinusoide, and it won't
look smooth enough.  Figures  22,  23 and  24 illustrate  this  discretization.  For  large periods,  the
sinusoides are well-achieved and the “stair effect” can only be seen for the black/white stripes, but
for small periods, the effet can be seen on both images. 
It should be noted that our conclusions regarding this effect are solely based on our observations, as
we have not found any reference to it in the bibliography.
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Figure 22: Detail images of wrapped phase of the virtual reference plane after FTP for 
period of 20 pixels with 20 images, for b/w stripes (left) and sinusoidal stripes (right). The 
stair effect appears in both cases, as the sinusoidal fringes are too discretized.



 5.1.8 Summary of the FTP+PS method

The setting that seems to yield the best results is the following : 

– period of 10 pixels

– acquisition of 10 images

– vertical sinusoidal pattern

– reconstruction of the body, which has a smooth surface and slow height variations

The image below is the best body reconstruction achieved through this method.
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Figure 23: Detail images of wrapped phase of the virtual reference plane after FTP for 
period of 50 pixels with 10 images, for b/w stripes (left) and sinusoidal stripes (right). The 
stair effect appers only for the b/w stripes.

Figure 24: Detail images of wrapped phase of the virtual reference plane after FTP for 
period of 100 pixels with 10 images, for b/w stripes (left) and sinusoidal stripes (right). The
stair effect appers only for the b/w stripes.



 5.2 Calibration with 3D surfaces (Xiao et al.)

The method proposed in Xiao et al. [5] has been implemented, which provides a phase-to-height 
mapping with an alternative calibration method by using a 3D reference object. The equation of the 
height is:

h(u , v )=
C1 ΔϕCD(u , v)+C2 uΔϕCD(u , v)

1+C3u+C 4 ϕCD(u ,v )+C5 ΔϕCD(u , v )+C6 u ϕCD (u , v )+C7 U ΔϕCD (u , v )

Where C1, …, C7 are seven parameters that can be obtained by applying a least-squares procedure if 
more than 7 points are measured. 
The rest of the process (phase shifting and unwrapping) is implemented in the same way as in the 
previous paragraph. A case was also added : phase shifting with or without Fourier transform. The 
unwrapping process is the same as before, using the two-dimensional unweighted phase 
unwrapping algorithm. 

This method presents several advantages:

1. More flexible configuration than the one in FTP, as the reference plane does not need to be 
orthogonal to the camera optical axis and the camera and projector can be located at different 
distances to the reference plane.
2. The calibration of the projector is not needed, what can avoid lots of problems related to the 
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Figure 25: Best-achieved reconstruction of the body through FTP+PS
method.



projector lens distortions and the accuracy of the calibration method.
3. A “virtual” reference plane does not need to be generated. On the other hand, a “physical” 
reference plane is needed, and it should be located at the intersection of the optical rays of the 
camera and projector. Some height distances have to be measured orthogonal to this reference 
plane.

 5.3 Other methods implemented

Two other methods were implemented but they did not yield entirely satisfying results and they 
won't be developed at length. 

 5.3.1 Wen, Li et al. 

The first one is the “universal calibration” method depicted in section 4.3.3. 

1
h( x , y)

=a (x , y )+b (x , y )⋅
1

Δϕ(x , y )
+c (x , y)⋅

1
Δϕ ²( x , y)

The steps and implemented functions are:

1. The coefficients a, b and c are calculated for the entire image with a least squares 
procedure. Results are stored on disk. As input, a minimum of three shifted planes should be 
entered, apart from the reference plane (at Z=0). Different cases have been considered:

a. Case 0. General case, with no linear system. The three coefficients a, b and c are 
calculated for the entire image.

b. Case 1. A linear system is assumed (only coefficients a and b).
c. Case 2. Equal to case 0, but assuming that the coefficient a is known (a = 1/r, 

where r is the perpendicular distance of the projector to the reference plane).
d. Case 3. Equal to case 1, but assuming that the coefficient a is known.

2. A function reads the coefficients a, b and c, and applies the equation (3) in order to 
compute the height values of an object.

We have managed to reconstruct planes, but we still  do not have good results in reconstructing
objects. 

 5.3.2 Multi Phase Shift

The algorithm is implemented as described in Pribanic et al. [8] but with two cases for the phase-to-
height conversion : the first one as described in Pribanic [8] and the second one like in Xiao [5]. 
The second option was prefered because it avoids the need to calibrate the projector. 

The steps and implemented functions are:
1. First the seven parameters are calculated, but applying MPS instead of PS. Phase shifting is 

applied to the images of the two reference planes and the two objects, obtaining the so-
called relative phases. Then, the absolute phases (for the reference plane and for the object) 
are computed. Afterwards, the seven parameters are computed and stored on disk. 
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2. The height values of an object are calculated from the seven parameters obtained with the 
previous function. Internally, the function computes the absolute phase images of both the 
reference plane and the object, as done in the previous function. Then, it applies the equation
from Xiao et al. [5] to obtain the height values. Finally, it computes the XYZ values with 
triangulation.

As seen in section 4.2.2, one restriction of the method is that the least common multiplier (lcm) of 
the two periods should be greater than the width of the projected image. In this sense, we have 
looked for different combinations, also ensuring that the periods are divisible by a number greater 
than six, in order to do at least six shifts if reducing the projected images number. We have 
considered the following periods and number of images (or shifts):
45 pixels (45 or 9 images) – 64 pixels (64 or 8 images); lcm(45,64) = 2880
35 pixels (35 or 7 images) – 64 pixels (64 or 8 images); lcm(35,64) = 2240
32 pixels (32 or 8 images) – 45 pixels (45 or 9 images); lcm(32,45) = 1440
When calculating the  lcm in all cases, the value is greater than the width of the projected image
(that in our case is W=1280).

While some shapes did get reconstructed, there were often problems with the results from these
tests, such as lines crossing the shape, or sudden height variations where there shouldn't be any. 
As this method was not primarily the purpose of this project, there was no time to investigate it any
further. 

 6 Integrating the method into an augmented reality 
application 

According to the experiments conducted in the 3D reconstruction section , it can be said that a
complete procedure to scan and digitalize a surface with the following specifitcities was achieved: a
rather smooth surface with no sharp angles and preferably no height “jump” or brutal variation
(such as horizontal-vertical-horizontal combination in a cube or a similar object). Terrains are types
of objects that fit quite well with these restrictions, so a demonstration application was made with a
desert-like terrain. 
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Figure 26: Sand box to be scanned.



As shown on figure 26, a small bow was built, in which sand was poured. Sand has the advantage
that it can be remodeled in any shape wanted, it holds into place and can simulate different types of
terrains. The setup here is the same as the one seen in Takeda [2] but rotated 90 degrees for a more
practical and accurate set up of the experiment. The method seen in 5.2 yielded good results for this
particular object, and it allowed us not to have to redo the projector calibration, it was used here.
The process was as follows : the object was created and put in place on the reference plane. The
scanning was performed and then after going through the algorithms on the computer a text file was
obtained containing the x, y, and z values of each point in the surface. 

When it comes to developing applications related to augmented reality, it is good to have an adapted
environment. Unity3D is a development engine that was created for videogames design, but as it
allows dealing with objects and scripts quite easily, it is well-fitted for an augmented reality project.
A C# script was created in Unity that allowed creating a mesh from the list of points (or vertices) by
triangulating them, so that the acquired terrain was a game object that could be further used. This
object is made of a mesh collider and a mesh renderer. For the purpose of this application, the
renderer will be hidden (so that the virtual terrain looks insivible to the eye) and only the collider
will be kept (so our character appears to walk on the real sand and doesn't fall through).

Then comes the augmented reality itself, which is about finding a way to tell the camera (and the
smartphone behind it) that there should be a character standing there, on the terrain. This was done
with the help of Vuforia developing tools [15] which are made available to anyone via their website
and have a module compatible with Unity3D. These tools include some detection and tracking
algorithms that can be used with certain reference objects, such as image targets, cylinder targets,
text, or frame markers for example. The latter is the one that was used in this project. A frame
marker (as seen below) is a square marker with a certain pattern that, when seen by the camera, is
able to help it determine its position. This way, we can bind an object (for example a character) to
the marker in Unity, and be able to see the object from the camera when we look at the marker. 

Image 27 shows how testing was performed on the computer. The developemnt kit had an 
integrated webcam-managing script which allowed testing directly from the computer without 
having to export the application to the phone for every test, which helped programming a lot. 
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Frame marker



After testing the augmented scene with static models provided by Vuforia, they were replaced by 
customized models imported from a video game. Those models, such as the one on the image 
above, present the advantage that they can be animated – walking, running, and many others. This 
was done by importing some .pcc files via a script in 3dsmax, which is a modeling software, and 
applying animations to them. Then the models were exported from 3dsmax to Unity3D in .fbx 
format, which is the typical object format in Unity developing. 
Then, the models had to be textured (given a physical material and colors, otherwise they would 
appear black). At this point, we had a model that appeared on top of the marker when the latter was 
in the field of view of the camera. 
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Imported character.



However, in order to actually see what happens with the terrain structure, we need to be able to 
move the model. To that end, we import several animations, such as walking, running, and an idle 
animation that is to be played in a loop when the character is not moving. To manage these 
animations, a third person character controller is created, with a C# script and animator attached to 
the object (the model). 
We then modify this script so that it takes touch inputs instead of keyboard actions. This is all done 
with Unity, and once some arrow GUI textures are added, the character is movable from the screen 
of a mobile device. 
The application is built within Unity, thanks to the Android SDK (Software Development Kit) and 
then can be exported to any android mobile device. Figure 28 shows such an example. On the 
image, we can see in the background the sand dunes without anything on top, but as the phone 
camera views the scene, it detects the marker and creates the model on top of the dunes, model 
which we can then move with the help of the four directional arrows. Here the character appears to 
be climbing the dune. 
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Figure 27: Setup used to do the testing. Foreground : frame marker detected by the webcam. 
Background : Unity3D with augmented scene.



 7 Conclusions

As stated in the beginning of this paper, the project was carried out so as to try and compare new 
combinations of existing methods. This paper gives an overview of the experiments conducted. Not 
all methods implemented gave satisfying results, and they were not all implemented with the same 
purpose in mind. For instance, the method from Xiao [5] was first implemented for its ease to set up
and calibrate, but it had a smaller range of measurements. On the other hand, it could scan objects 
with sharper edges than the Takeda [2] method which didn't have good results for objects with sharp
angles. 
While it has some restrictions and a few problems, the Fourier profilometry method as we 
implemented it was working and gave satisfying results. Trying to overcome these problems by 
investigating other methods did not prove entirely successful, but it was a good way to review what 
the different existing methods were as well as give more perspective on the first method. 
There is still a lot of investigation to be done on this subject, but it is a very wide one, and there are 
researchings looking into specific topics. A lot of steps in the process could be improved 
independently, for example unwrapping, or calibration methods. 
In the AR part, we were able to see how knowing an object's shape can be of use within a mobile 
application to enhance interactions between real and virtual worlds. The application that was 
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Figure 28: A demonstration of an augmented scene with a controllable character on a 
smart-phone screen.



developped in this project is for entertainment only, but the uses for such a technology can be 
numerous.
Being able to detect a shape and reconstruct it virtually will have a tremendous impact in the future.
We can mention augmented reality of course, but not only : for instance, detecting shapes with a 
portable device could prove most useful for visually impaired people.
Some devices already exist that can do something similar. We can mention the Kinect, but also 
other devices that can be added to a mobile phone and use its camera to detect shapes.
There is certainly a lot to be done in this area and no lack of projects and ideas.
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