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Automatic Face recognition of people is a challenging problem which has re-
ceived much attention during the recent years due to its potential multimedia ap-
plications in different fields such as 3D videoconference, security applications or 
video indexing. However, there is no technique that provides a robust solution to 
all situations and different applications, yet. Face recognition includes a set of 
challenges like expression variations, occlusions of facial parts, similar identities, 
resolution of the acquired images, aging of the subjects and many others. Among 
all these challenges, most of the face recognition techniques have evolved in order 
to overcome two main problems: illumination and pose variation. Either of these 
influences can cause serious performance degradation in a 2D face recognition 
system.Some of the new face recognition strategies tend to overcome both re-
search topics from a 3D perspective. The 3D data points corresponding to the sur-
face of the face may be acquired using different alternatives: A multi camera sys-
tem (stereoscopy), structured light, range cameras or 3D laser and scanner devices 
The main advantage of using 3D data is that geometry information does not de-
pend on pose and illumination and therefore the representation of the object does 
not change with these parameters, making the whole system more robust. Howev-



2  

er, the main drawback of the majority of 3D face recognition approaches is that 
they need all the elements of the system to be well calibrated and synchronized to 
acquire accurate 3D data (texture and depth maps). Moreover, most of them also 
require the cooperation or collaboration of the subject during a certain period of 
time. All these requirements can be available during the training stage of many 
applications. When enrolling a new person in the database, it could be performed 
off-line, with the help o human interaction and with the cooperation of the subject 
to be enrolled. On the contrary, the previous conditions are not always available 
during the test stage. The recognition will be in most of the cases in a semi-
controlled or uncontrolled scenario, where the only input of the system will prob-
ably consists of a 2D intensity image acquired from a single camera. This leads to 
a new paradigm where 2D-3D mixed face recognition approaches are used. The 
idea behind this kind of approaches is that these take profit of the 3D data during 
the training stage but then they can use either 3D data (when available) or 2D data 
during the recognition stage. Belonging to this category, some of 2D statistical ap-
proaches like Eigenfaces of Fisherfaces have been extended to fit in this new pa-
radigm leading to the Partial Principal Component Analysis (P2CA) approach. 
This algorithm intends to cope with big pose variations (±90◦) by using 180◦ c y-
lindrical texture maps for training the system but then only images acquired from 
a single, normal camera are used for the recognition. These training images pro-
vide pose information from different views (2.5D data). Nevertheless they can al-
so be extended to a complete 3D multimodal system where depth and texture in-
formation is used. This chapter is structured as follows: First, a brief overview of 
the state-of-the-art in face recognition is introduced. The most relevant methods 
are grouped by multimedia scenarios and concrete applications. Afterwards, novel 
2D-3D mixed face recognition approaches will be introduced. 
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1. Introduction: Face Recognition in Multimedia Applications 

One of the reasons face recognition has attracted so much research attention and 
development over the past 30 years is its great potential in numerous multimedia 
commercial applications.  Zhao and Chellappa [Zhao06] grouped face recognition 
technology into five different categories of multimedia applications and described 
their advantages and disadvantages. Another example of the evolution of face 
processing research is the continuously proposal of different benchmarks and per-
formance evaluation initiatives [FRVT02, FRGC05], indicating that the field is far 
from maturity. In this subsection, face processing approaches are briefly described 
or mentioned depending on how suitable they are for the addressed multimedia 
application scenario. A total of five different scenarios have been proposed: 
Access Control Points, Intelligent Human Computer Interfaces, Virtual Collabora-
tion, Video Indexing and Retrieval and Video Surveillance. 

1.1 Access Control Application Scenario 

Nowadays, there are multiple access points where the verification or identifica-
tion of the person is required. Most of them use a card that should be passed 
through a magnetic card reader. The main problem is that the card is not asso-
ciated with a person. If the card is lost or stolen, anyone that gets it, will access the 
restricted area without any further problem. Thus, it is becoming more common 
the use of biometric technology together with the card to improve the security of 
the system. Access control by face recognition has several advantages in compari-
son with other biometrics systems: First, there are no requirements for expensive 
or specialized equipment since the system consists on a simple video camera and a 
personal computer. Secondly, the system is passive and the complete cooperation 
of the user is not needed. Any user walking or staying in front of the camera is 
processed by the recognition system. Generally speaking, control access applica-
tions are not only entering a physical place but also a virtual one. For instance, 
imagine a communication system or any other multimedia application where the 
person is recognized and some settings are loaded depending on the privileges of 
this person.  

The main characteristics of this kind of scenario are that conditions are con-
trolled and the subject to be recognized may cooperate in acquiring an almost 
frontal image without any kind of occlusions and with a neutral facial expression. 
Furthermore, the illumination should not vary significantly since the access points 
are in most of the cases indoors localizations. Hence, this scenario implies a low-
medium challenge for the current face detection and recognition technologies. 
Skin detectors [McKenna98, Albiol01, Jones02, Vezhnevets03, Chenaoua06, Au-
reli07, Pierrard07], template-based face detectors [Craw92, Yuille92, Sinha94, 
Kwon94, Samal95, Miao99] or the well known state-of-the-art Adaboost face de-
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tector [Viola01, Lienhart02] may achieve a very good performance in this kind of 
applications. For the recognition stage, 2D statistical approaches like Principal 
Component Analysis (PCA) or Eigenfaces [Turk91], Fisherfaces [Belhumeur97], 
Independent Component Analysis [Barlett02], Kernel PCA [Kim02], or 2D PCA 
[Yang04] may be enough for solving the problem with a high performance. 

1.2 Intelligent Human Computer Interface (IHCI) 

In Intelligent HCI applications a key goal is usually to give machines some per-
ceptual abilities that allow them to interact naturally with people: To recognize 
people and remember their preferences and peculiarities, to know what they are 
looking at, and to interpret their gestures and facial expression changes. This could 
be very useful to facilitate typical tasks with machines especially for illiterate, 
blind or dumb people. An example of these tasks could be getting money from a 
cash machine. The IHCI may be able to recognize and interpret the movements of 
the lips or gestures of the hands as different commands. This can be extended to 
other environments such as smart rooms where a gesture may indicate to switch 
on the light projector or to pass the slide of a presentation.  

The a priori requirements can vary from controlled conditions (office desk) to 
semi-controlled conditions (outdoor cash machine). Thus, the methods proposed 
have to be more robust towards some challenges such as small (mid-) pose and il-
lumination variations, or even they have to consider the possibility of some occlu-
sions like wearing sun glasses or any other clothing accessories. Nevertheless, 
since the goal is the interaction with the machine it is also supposed that the user 
will collaborate with the system; thus, an almost frontal image of the face with an 
acceptable resolution may be acquired.  

For this reason, the previous commented face detection and recognition me-
thods proposed in the “access control scenario” may also be used. However, since 
some small pose and illumination variations should be taken into account, face de-
tection approaches based on neural networks [Propp92, Rowley98] and variations 
of the Adaboost method [Lienhart02] may produce better results. The recognition 
stage requires also pose robust algorithms; thus, variations of the previous statis-
tical approaches like Self-Eigenfaces [Torres00], Eigenfeatures [Pentland94, Emi-
dio00] can be applied. Additionally, 2D-3D mixed schemes like the Partial PCA 
or the Partial LDA, that will be described in detail in the next section, show their 
robustness towards pose variations and can be more efficient for this kind of IHCI 
applications. Finally, Active Appearance Models (AAM) [Cootes01, Batur05] and 
Elastic Graph Matching (EGM) [Lades93, Wiskott99] are also more suitable in 
this IHCI multimedia scenario since there are supposed to be very robust for even 
big pose variations. 
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1.3 Virtual Collaboration 

Intelligent Human Computer Interface is only a small, but important, part from 
bigger applications for a virtual collaboration scenario. Virtual collaboration en-
closes different areas or possibilities like smart rooms, e-learning, or entertain-
ment. In these cases, face detection and recognition should be applied under semi-
controlled conditions. Here there are a lot of possibilities or requirements since 
this kind of applications could go from a conventional 2D video conference with 
only one single camera available, to a complete 3D tele-inmersive system with 
multiple cameras acquiring different images simultaneously. Nevertheless, almost 
all virtual collaboration scenarios are indoors so that the illumination conditions 
should be relative well controlled to avoid problems of shadows. Furthermore, oc-
clusions may also not be one of the biggest challenges in this kind of applications 
since the person is supposed to collaborate with the environment. However, pose 
and facial expression changes may occur continuously.  

Thus, one main multimedia application of the Virtual Collaboration scenario 
represents a meeting between people in different places. An example is repre-
sented in Figure 1. A team of four individuals from a university (Terminal 1) were 
teamed up with a fifth individual, who is at a remote office (Terminal 2), through 
the Virtual Collaboration Desk for a discussion on producing a promotional video 
for the university. 

 
Figure 1 Sample screenshots from a Virtual Collaboration recordings at ter-
minal T1 (left) and terminal T2 (right) 

 
One important point is to know which person is talking for producing, for in-

stance, automatic reports or summaries of the meeting. Thus, face recognition may 
be fused with other information such as audio to detect who is talking at each 
moment. As an example, the audio of the sequence can be recorded not only using 
a conventional microphone but also a microphone array. This is useful for audio 
source localization which can be combined with face detection in order to identify 
which person is talking. Another possibility could be to fuse speaker recognition 
with face recognition. A visual example of output of such automatic e-meeting re-
ports can be illustrated in Figure 2. 
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Figure 2 E-meeting multimedia application for automatic minutes extraction 

 
Thus, in this kind of multimedia applications face detection methods that may 

cope with different view angles should be developed. Examples are neural net-
work approaches or techniques that use deformable templates. In the case of the 
identification stage, 3D face recognition methods [Cartoux89, Lee90, Beymer95, 
Beumier01, Georghiades01, Blanz03, Bowyer04, Papatheodorou04, Tsalakani-
dou04, Bronstein05 , Chang05, Lu05, Feng06, Lu06, Onofrio06, Samani06, Anti-
ni06, Mahoo07, Yueming07, Sen07, Kakadiaris07, Faltemier08] can improve face 
recognition results in virtual collaboration applications due to the possibility of ex-
tracting 3D data in a more or less accurate way since multiple cameras can be in-
tegrated and the view area of the application may be spatially limited.    

1.4 Video Indexing and Retrieval 

Nowadays, the amount of created digital data each year exceeds the 250 Ex-
abytes, and more or less the 90% of this corresponds to audiovisual data. The sto-
rage of this data is a quite small problem compared with the management and the 
intelligent reuse of this data. Therefore, video indexing and retrieval has become a 
main issue in the video processing field.  It has been demonstrated that faces are 



8  

an important clue for searching visual data (images or videos) in large databases. 
Thus, automatic labeling of persons in visual databases is an important application 
scenario for face processing. Regarding personal multimedia applications, nowa-
days people use digital cameras and usually they shot hundreds of pictures during 
the holidays. All these pictures are stored in folders and sometimes the quantity of 
them is so huge that these are never again viewed. This occurs basically due to the 
time needed for searching to some specific picture in those folders. Thus, face 
recognition may be a very useful tool for making intelligent searches like “I want 
to seek pictures where person A and person B appear”. This automatic photo al-
bum indexing is one of the main issues in face processing and particularly in face 
recognition. In this case, a 100% of recognition accuracy is not needed since it can 
be improved by the user by means of a verification process. 

Particularly, video indexing and retrieval of faces depends a lot on the features 
of the data that wants to be catalogued. For this reason, faces can vary from con-
trolled conditions to uncontrolled conditions depending on the nature of the video. 
Nevertheless, it is not necessary that the recognition rate is above the 100% since 
errors can be solved manually in most of the cases. Additionally, the detection and 
recognition stages should not be performed in real time since all the video index-
ing process may be done off-line. Consequently, the methods proposed in this ap-
plication area have to be more robust towards more challenges such as pose and il-
lumination variations, or some occlusions independently of the computational 
cost. 

Face detection methods robust to illumination variations and occlusions such as 
a techniques using illumination robust features like Local Binary Patterns (LBP) 
[Heusch06, Ahonen06] or Gabor filters can be developed; or algorithms based on 
topology verification like the component-based face detector proposed by Gold-
mann et al. [Goldmann07]. In the case of face recognition for video indexing ap-
plications methods based on multiple still images [Arandjelovic05] or video-based 
approaches [Li01, Zhou03] would be a good selection. 

1.5 Surveillance Application 

Video surveillance is one of the most common application scenarios in face 
processing. One or various cameras placed in some special positions in order to 
detect and recognize suspicious or dangerous persons without the cooperation of 
those. This kind of scenarios represents a big challenge in face processing since 
the conditions may range from semi-controlled to uncontrolled. Faces might be 
hidden either intentionally (with sunglasses or a mask), or unintentionally 
(crowded places, scarves). Furthermore, the scenario permits the presence of mul-
tiple frontal and non-frontal faces in a crowded background, with some inclination 
due to the angle of the camera, with changes in illumination, and another impor-
tant challenge: The low resolution of the images (faces). Nevertheless, in some 
small or medium places the cameras could be installed in strategic places where 
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almost frontal faces can be acquired with relatively controlled conditions. An ex-
ample of this kind of VS applications is illustrated in next Figure. 
 

 
Figure 3 Sample screenshots from the Video Surveillance recordings using (a) 
Standard Definition camera in the frontal desktop and (b) High Definition 
camera pointing the main entrance 
 
If a more complex scenario is defined, such as VS for huge places like airports or 
train stations, then the results produced by face recognition systems may not be 
very reliable. Only recent infrared-based face recognition approaches [Cutler96, 
Wilder96, Socolinsky04, Jinwoo06] can represent an alternative to cope with all 
the challenges mentioned for this application scenario. 
 
The most important multimedia application scenarios for face processing have 
been presented at this point of the chapter together with some references to the 
more representative methods of the literature that work better in such scenarios or 
challenges. Now an alternative method for face recognition is described. Concrete-
ly, this method is an extension of conventional statistical approaches that tries to 
add a new concept: Training the system with 3D data, but then performing the test 
stage using 3D or 2D data depending on the main features of the scenario, i.e. if it 
is possible or not to acquire the 3D data during the test stage.  
 
The rest of the chapter is structured as follows: Section 2 describes the novel con-
cept of 2D-3D face recognition schemes. Section 3 explains some improvements 
in terms of accuracy and computational cost together with a novel method for the 
automatic creation and alignment of the 3D training using a multi-camera system. 
Finally, section 4 presents some results and also how the method may perform in 
the scenarios explained in Section 1. Finally, conclusions and future work are 
briefly commented.  
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2. Mixed 2D-3D Face Recognition Schemes 

Recently some of the new face recognition strategies tend to overcome the dif-
ferent challenges from a 3D perspective. The 3D data points corresponding to the 
surface of the face may be acquired using different alternatives: a multi camera 
system (stereoscopy), structured light, range cameras or 3D laser and scanner de-
vices. The main advantage of using 3D data is that depth information does not de-
pend on pose and illumination and therefore the representation of the object do not 
change with these parameters, making the whole system more robust. However, 
the main drawback of the majority of 3D face recognition approaches is that they 
need all the elements of the system to be well calibrated and synchronized to ac-
quire accurate 3D data (texture and depth maps). Moreover, most of them also re-
quire the cooperation or collaboration of the subject making them not useful for 
uncontrolled or semi-controlled scenarios where the only input of the algorithms 
will be a 2D intensity image acquired from a single camera. For this reason, the 
main objective of this work is to intend to ask the following question: “It is possi-
ble to develop a face recognition framework that takes advantage of 3D data dur-
ing the training stage of the system, but then, use either 2D or 3D data in the test 
stage depending on the possibilities of the scenario?” Thus, this work is focused 
on the development of a 2D-3D face recognition framework. This framework 
would provide the recognition system a great flexibility so that it could be adapted 
to the application scenario, i.e. the recognition system will use only the informa-
tion available in each situation.  

2.1 Overview of Partial Principal Component Analysis (P2CA) 
Approach 

The objective of P2CA is to implement a mixed 2D-2.5D method (2D-3D when 
using texture and depth maps [Onofrio06]), where either 2D (pictures or video 
frames) or 2.5D data (180º texture images in cylindrical coordinates) can be used 
in the recognition stage. However, the method requires a cylindrical representation 
of the 2.5D face data for the training stage. Like in the majority of face recogni-
tion methods, in P2CA the dimensionality of the face images is reduced through 
the projection into a set of M optimal vectors which composed the so called fea-
ture space or face space. The vectors representing the ith individual are obtained 
as: 

Mkk
T

i
i

k ,..,1=⋅= vAr   (1) 
 
,where Ai

T is the transposed if the HxW image representing individual i, and vk 
are the M optimal projection vectors that maximize the energy of the projected 
vectors rk averaged over the entire database. These vectors could be interpreted as 
unique signatures that identify each person. The projection described in equation 
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(1) is depicted in Figure 4. The (training) texture map of the subject i is repre-
sented by the M vectors rk

i. Each vector rk
i has W elements, where W is the width 

of the matrix Ai. 
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Figure 4 Description of a texture map (Ai

T) by means of projection vectors us-
ing P2CA (training stage) 

  
The main advantage of this representation scheme is that it can also be used 

when only partial information of the individual is available. Consider, for instance, 
the situation depicted in Figure 5, where it is supposed that only one 2D picture of 
the individual is available. In this case, the M vectors rk representing the 2D pic-
ture, have a reduced dimension W’. However, it is expected that these W’ compo-
nents will be highly correlated with a section of W’ components in the complete 
vectors rk

i computed during the training stage.  
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Figure 5 Projection of a “partial” 2D image through the vector set vk (recog-
nition stage) 

  
Therefore, the measure proposed below has been used to identify the partial 

available information (W’ components) through the vectors rk
i [Rama05]: 
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 (2) 
,with L being the total number of gallery images (subjects) of the database. 
In other words, the training texture maps coded 180º angle information of the 

person in the database. So during the test stage, any pose view image acquired 
from a single camera can be used to perform the recognition. It is expected that 
this 2D partial information after the projection in the face space is highly corre-
lated with some part of the higher dimensionality vector of the texture map as 
shown in Figure 6. 
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. vk = rk
i

vk = rk
.

 
 

a) b) 
Figure 6  a) Projection of the training texture map and a test image using 
only one eigenvector (face space is one dimensional). b) High correlation area 
of the test feature vector and the training feature vector 

 
The Square Differences (SD) similarity measure of equation (2) has been pro-

posed due to its relatively low computational cost. However, other measures have 
been used with better results for pattern matching like Normalized Cross Correla-
tion (NCC) but at the expense of a higher computational cost: 

( )

( )

',..,0;,..,1

)()(

)()(
max

1

'

1 1

'

1

22

1

'

1
,

WWjLi

jlrlr

jlrlr

M

k

W

l

M

k

W

l

i
kk

M

k

W

l

i
kk

ji

−==





















+⋅

+⋅

∑∑ ∑∑

∑∑

= = = =

= =

 (3) 
  

In section 3, the computation of P2CA in the frequency domain is formulated al-
lowing us the introduction of the NCC for identification efficiently. The other 
limitation of the method is that the training image (Figure 4) should be well 
aligned when computing the face space [Rama05, Rama06]. If this is not the case, 
the correlation between test and the gallery images will be reduced after projecting 
them into the face space leading to a reduction of the face recognition rate. This is 
especially important for the relevant facial features since these are the key points 
used for the creation of the training texture maps. A process for a more accurate 
alignment of these texture maps is presented. 

2.2 Computation of the face space using P2CA 

The set of vectors which maximize the projection of Eq. (1) may be obtained as 
the solution to the following optimization problem: Find vk for k=1,..,M such that 
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 is maximum, where rk
n is defined as the projection of im-

age n through the vector vk and n accounts for the number of images in the train-
ing set. The function to be maximized may be expressed as: 
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,which states that the optimum projection vectors may be obtained as the eigen-
vectors associated to the M largest eigenvalues of the mxm positive definite matrix 
Cs 

∑ ⋅=
n

T
nns AAC

    (5) 
This vector set will be used for feature extraction and recognition from partial in-
formation: 
{ }Mvv ,...,1  

The procedure for feature extraction from an intensity image A consists in project-
ing the transposed image through every eigenvector:  

MkA k
T

k ,...,1=⋅= vr
  

Therefore, a total of M feature vectors are available, with n (width) components 
each, for the image. The image has been compressed to a total of nxM scalars with 
M always being smaller than m.  
When a complete image sample A (mxn) is available, the recognition stage is 
straightforward. First, the projected vectors of the sample image are computed us-
ing the previous equation and then, the best match is found as the individual i 
whose representing vectors minimize the Euclidean distance: 
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,where L represents the number of individuals in the database. 
The most outstanding point of this procedure is that the image projected in the n-
dimensional space does not need to have dimension mxn during the recognition 
stage so that partial information can be used. It is possible to use a reduced pxn 
(p<m) image which is projected to a smaller subspace. 
If only partial information is used, a classification method is needed to compare 
the partial projection with the data in the whole space. In this case, it is not possi-
ble to use nearest neighbour classifier like in conventional PCA and correlation of 
partial difference methods like the criteria defined in (2) or (3) have to be applied. 
The procedure is quite different from conventional PCA.  Certainly, in PCA a sca-
lar number is obtained when the vector image is projected to one eigenvector, 
whereas in P2CA, an n-dimensional vector (rk) is obtained, when the image (in 
matrix form) is projected to an eigenvector. It can seem that the P2CA approach 
demands more computational cost because it uses vectors instead of numbers to 
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represent the projections. However, the number of eigenvectors {vk} needed in 
P2CA for an accurate representation is much lower than in PCA. 
It should be mentioned that the mathematical theory behind this approach is simi-
lar to one recent method which has extended the conventional PCA method 
[Turk91] from 1D to 2D; this technique was called 2DPCA [Yang04]. 

3. Improvements in P2CA Approach 

3.1. P2CA in the frequency domain 

In [Lewis95] the author presented an efficient way of computing NCC (equa-
tion (3)) in the frequency domain. Based on this work a new formulation of P2CA 
is presented.  The numerator of the NCC in equation (3) can be expressed 
again as: 
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For convenience we have accepted a change in the vector index l, choosing the 

zero coordinate in the center. In this case, we have to correlate vectors of L com-
ponents with vectors of W’ components in ½(W-W’) lags. This condition can be 
implemented very efficiently in the frequency domain. So taking the Discrete 
Fourier Transform (DFT) of the inner sum of the previous equation: 

 
)()()( * uRuRuS k

i
k ⋅=   (8) 

  
The correlation between rk and rk

i has a total of W+W’-1 lags from which only 
W-W’-1 samples are interesting for the computation. Thus, we have to avoid that 
spectral overlapping occurs when transforming these W-W’-1 central. For this rea-
son it is necessary to compute the W-points-DFT of rk

i and the W-points-DFT of 
rzp

k which consists on the zero padded version of rk. Now taking equation (1), 
Rk(u) can be expressed as follows: 

[ ] [ ] [ ] '2)( k
T

ik
T

i
i

kk DDFTDFTDFTuR vAvAr ⋅=⋅==   (9) 
,where vk’ are the eigenvectors that minimize the energy projection of a given 
training set after applying two dimensional DFT. The demonstration of this state-
ment have already been proved for the 1D case in [Savvides04] but the same par-
allelism can be followed if the images (Ai) are treated like matrices. 
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The test stage of the P2CA in frequency domain will be summarized as follows: 
 
• Given an image Atest, normalize this image (same as P2CA in spatial do-

main [Rama05]). 
• Extend Atest with columns of zeros until we have Azp

test with W columns 
(same width as the training texture maps). 

• Compute the DFT-2D of Azp
test and project the result into the face space 

vk’ obtained during the training stage. 
• Obtain the product between the frequency domain test coeffients and the 

frequency domain weights of each identity (equation (8)). 
• Compute the IDFT of (8) for the M different coefficients vectors where 

only the W-W’-1 central samples should be considered because these are 
not affected by aliasing. 

• Identify the identity of the database that gets a max value of the sum of 
the M IDFT vectors. 

 

3.2. Automatic Creation of the Texture Maps and a Local 
Alignment method 

3.2.1 Introduction 

The goal is it to create a cylindrical projection of a face, like the one shown in 
Figure 7 with a desired view angle range of ±90° using multi view images. Such 
image can be used as texture map for 3D models or pose invariant face recognition 
tasks. The creation of texture maps from one or multiple views are described in 
many publications. The common idea is to project the captured images onto a cy-
linder using a more or less detailed surface representation or to find registration 
data, which related one captured view to another. Blending rules at the overlap-
ping areas define the quality of the synthetic image. The approach implemented 
here is based on a simple approximation of a human head in contrast to a detailed 
surface representation used for similar results. Therefore a detailed reconstruction 
of the face is not required. Registration techniques require high frequency parts, 
which maybe not available for the complete face or hair. Marker points are not 
very likely, because of the more complicated capture and removal process. On the 
other hand, ghost edges are very likely, if the cylindrical approximation is not 
placed at the right position or the system calibration is not adequate. Another im-
portant issue in the creation of this kind of images is the correct aligned of the im-
ages for the posterior face space creation. 
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Figure 7 Texture map created from an image set of nine images captured 

with a multi-view camera setup 

3.2.2 Image stitching 

Image stitching algorithms blend images in a seamless manner, taking care to 
deal with potential problems such as blurring or ghosting caused by parallax and 
scene movement as well as varying image exposures. Our goal is the creation of 
cylindrical face projections from several different views. Thus, the idea is to use a 
cylinder as approximation of a human head. The combination of several views 
captured with a system as shown in Figure 8 to a synthetic image as shown in Fig-
ure 7 requires information about the surface of the captured object. Such informa-
tion can range from an exact 3D model over some points in 3D space to an ap-
proximation of the basic shape. If such surface information is not available, they 
can be extracted from the captured view images with a wide variety of methods. 
Triangulation only requires corresponding point pairs in two views. Surface point 
reconstruction for a couple of corresponding point pairs allows the definition of an 
approximation of the desired surface up to a detailed representation. If the cap-
tured images show a unique silhouette, a method known as shape from silhouette 
can be used to reconstruct a volume model. This method is limited to convex sur-
faces. Other methods use registration information, created from gradients or mark-
er positions. 
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Figure 8 Capture system for training data acquisition consists of nine cam-
eras at different horizontal angles. (left) face surface point displacement due 
to the circular approximation. (middle) Blending rule for the combining of 
the input images 

 
A cylindrical approximation is adapted to the captured head and positioned in 

the middle of the assumed head axis. Head dimensions are defined in the book of 
Farkas [Farkas95] with average values of 151mm for the width of a head and 
197mm for the depth of a head. Similar numbers can also be found in the report of 
Young [Young93]. Considering a head with hair and two ears, a circular assump-
tion is one possible approximation to the ellipse shaped head therefore suitable for 
the given problem. Besides the head size (radius for the cylinder), which can be 
taken from the mentioned statistical publications, there are other remaining un-
known positions. Both offsets (x- and z-axis) have to be estimated. 

Therefore the following equation describes the problem. 
( ) ( )222

zx ozoxr −+−=   (10) 
This non-linear equation can be solved by Levenberg-Marquadt approach as de-

scribed in the book of Scales [Scales85]. We have used the 3D reconstructed loca-
tions of both eye pupil centers as well as left and right eye corner of both eyes as 
fitting locations. The radius was fixed to a slightly bigger value than given for the 
head depth by the statistical publications, because of the requirements for the re-
sulting texture map (±90°). The determined cylinder offset parameter for the x- 
and z-axis are used to place the cylinder at the face surface with the highest impact 
for the alignment, like the eyes and mouth. Therefore, the edges of these features 
are aligned and the displacement error for other features are not visible, e.g. nose 
tip. The fitted cylinder and a face surface model are shown in Figure 9. Therefore, 
some face surface points are reconstructed using the calibration data and perspec-
tive projection. Due to the fact, that several views provide 2D locations of the 
same feature point, a multi view approach for the reconstruction is used for more 
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reliable 3D feature point locations. The handling of outliers, which can be a result 
of the point correspondences or calibration data, is crucial at this step. The average 
of permuted reconstructed 3D point locations using two views as well as a closed-
form solution for all views has the drawback of moving the solution to one or 
more outliers. We have used a combination of the permutation and closed-form 
solution, which takes advantage of the back projection error in all considered 
views and is therefore an iterative solution. The consideration of the minimum 
back projection error as measurement for the 3D point localization accuracy leads 
to reliable surface points and identifies possible problems with 2D point locations. 
The evaluation result can not only be used for more exact 3D point locations by 
excluding outliers, but also to define weights according to the quality of back pro-
jection and therefore to define the influence of each view to the to be created tex-
ture map. 

 

 
Figure 9 Interpolated face surface model with a cylinder fitted at both eyes. 
 
The composition is mainly described by the projection of each view onto the 

object surface and in our case a cylindrical approximation. The perspective warp-
ing of images onto a cylindrical surface is described in the technical report of Sze-
liski [Szeliski06]. Afterwards a projection will take place, in order to create the 
texture map. Sampling the cylinder surface with the desired resolution of the vir-
tual view is used for this approach. This method allows a set of DOFs, like the 
horizontal and vertical resolution as well as defining a specific region of interest. 
A linear blending rule, like the one shown in Figure 8 is used to incorporate adja-
cent views. For each horizontal position along the circumference left and right 
views are selected according to the camera rotation around the y-axis. The angle 
differences between the view vector and the selected left and right views are con-
verted to weights. This method is constrained on the assumption, that the views 
are now rotating around the head and cylinder center and not longer around the 
convergence point of all views. The 3D reconstructed face features show a very 
small offset along the x axis and a strong offset along the z axis, so that middle 
view still refers to the most frontal face view. Using a linear interpolation between 
adjacent views leads to a weight of 0.5 in the middle of these both views. 
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The result is a texture map shown in Figure 7, where nine views are incorpo-
rated to one cylindrical projected face image showing ±90°. At the top and the 
bottom of the created image some ghost parts are visible. These wrong stitched 
parts are caused by the cylindrical assumption and the difference to the real object 
surface. A more detailed 3D object would decrease such miss alignments of the 
regions below the chin. 

3.2.3  Image Alignment 

The importance of local aligned face features for recognition is described by 
Tsapatsoulis et al. [Tsapatsoulis98]. There, the local alignment is described as re-
sizing in contrast to a complete affine transformation. In most face recognition 
systems, the eye centers are used for the alignment of the images, whereas other 
face features have usually not received attention although it has been demonstrat-
ed that they are as important as eyes centers for performing recognition [Kouz-
ani99]. In this work, a two step alignment approach is proposed. First, a global 
alignment is applied to the training texture maps, which is based on 2D affine 
transformation. The parameters for the transformation are determined by using a 
limited number of manually selected face feature locations. The average feature 
point location is used as reference and all transformations are calculated with re-
spect to these data. 

In order to achieve a better alignment result, the regions of the selected face fea-
tures are additionally aligned locally. The generic triangle mesh of Figure 10 is 
adapted and placed at the global transformed face feature locations and the asso-
ciated texture information for each triangle is extracted. The face feature locations 
are transformed to the desired position and thus affine warping is performed local-
ly for each triangle. 

 
Figure 10 Adapted triangle mesh for the local alignment of face features in-
cluding eyes, nose, mouth and chin. 

 
Using this approach leads to a better alignment of the local features as depicted 

in Figure 11. Figure 11a) shows the point clouds for the selected feature points on 
the texture maps (only frontal features). Figure 11b) represents the same points af-
ter applying the 2D affine global transformation to each image. And finally, Fig-
ure 11c) illustrates the consistency of all the facial feature points after the local af-
fine transformation. Since alignment of the feature points is done jointly for each 
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feature, the feature points shown in Figure 11c) do not match in one center. A 
more visual comparison between just global or global plus local aligned texture 
maps is given in Figure 12.  

 
Figure 11 Facial Feature localizations of the facial images a) before any trans-
formation, b) after global transformation, and c) after local transformation 
using the wired mesh 
 

 
Figure 12 Average image. Top: after global alignment. Bottom: after global 
plus local alignment. 
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4. EXPERIMENTAL RESULTS 

4.1. Dataset and Experiment Description 

Two different databases are used for the experimental results. The first one is 
the HHI face database which is composed of 10 different subjects. The HHI data-
base contains one 180º texture map for each subject that have been aligned using 
only global alignment; and another texture map using the global and local align-
ment process described in Section 3.2. These texture maps are used as the training 
and gallery sets. The test set for recognition is composed of a total of 9 views with 
different head poses (0º, ±6º, ±16º, ±25º and ±37º) for each subject (90 test im-
ages) acquired in a second session. 

The second database is the UPC database [UPC-FaceDatabase]. This database 
includes a test set of 30 persons with 9 pictures per person which correspond to 
different pose views (0º, ±30º, ±45º, ±60º and ±90º). Furthermore, a total of 30 
different 180º texture maps have been created by morphing only five views 
[Rama05], these texture maps are aligned and used as the training and gallery en-
semble. 

The first database is used for testing the improvement of the recognition rate 
when using the alignment images with the proposed approach of section 3.2, 
whereas the second one is used for testing the computational time when perform-
ing the P2CA approach in the frequency domain. Finally, both databases are used 
for comparing the results using the SD and the NCC measures. A final experiment 
is focused on a comparative between the Partial Principal Component Analysis 
technique and the conventional Eigenfaces approach using the UPC-Face Data-
base.  

4.2. Experimental Results 

Table 1 summarizes the recognition accuracy for the two correlation methods 
proposed in equations (2) and (3). From the results it is clear that using NCC im-
proves the recognition rate results since this measure is more robust towards slight 
changes in illumination. For the UPC database the improvement is more visible 
since 10 out of the 30 identities have been enrolled on the database in a different 
session with slightly different illumination conditions. 

 
Table 1. Recognition Accuracy 

Dataset SD NCC 
HHI 94.44% 96.66% 
UPC 81.85% 89.63% 
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Table 2 presents the results for face recognition when using the alignment 

process described above. Although only 10 different persons are used in the expe-
riments, results show that the locally aligned images present a slight improvement 
in the recognition rate. The improvement of this rate has been obtained for the 0º 
and ±6º views since these enclose all the face features used for the alignment. 

 
Table 2. Face Recognition Results using NCC 

Dataset 
 

FR  
(global alignment) 

FR (global + local 
alignment) 

HHI 93.33% 96.66% 
 
The computational time is analyzed when using the P2CA approach in the spa-

tial and in the frequency domain. Simulations have been run in MATLAB using a 
2.0 GHz µP with 1GB of RAM. Table 3 shows the computational time for P2CA 
in Spatial and in Frequency Domain depending on the total number of eigenvec-
tors used for computing the face space. This time comprises the matching of one 
image to the 30 enrolled persons. Results illustrate the importance of performing 
P2CA in FD for higher dimensions since the reduction in computational time is be-
tween 70 and 150.  

Table 3. Computational Time for NCC measure 
dim P2CA in SD P2CA in  FD factor 

1 0.14 sec 0.011 sec 12 
20 0.96 sec 0.042 sec 22 
60 8.15 sec 0.114 sec 71 

122 32.9 sec 0.222 sec 150 
 
In the final experiment, we verify the robustness of P2CA in front of the con-

ventional 2D strategies. Thus, Eigenfaces (PCA), and 2DPCA have been imple-
mented. For the training of the conventional 2D strategies, 5 different face views 
for each subject have been used as training and gallery data (the same 5 images 
used for the creation of the texture maps as explained in [Rama05]). 

 
Table 4. Recognition Accuracy of the different algorithms 

Method \ Exp. Neutral illumination 3 illuminations 
PCA / Eigenfaces 72.22% 60.45% 
2DPCA 75% 61.24% 
P2CA 89.63%% 72.9% 

 
The results presented in Table  show that the novel 2D-3D mixed scheme 

(P2CA) outperforms its respective two dimensional approaches (PCA and 
2DPCA) when varying pose. 
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5. CONCLUSIONS 

5.1. Performance of the system in the different application 
scenarios 

Although the experiments have been carried out on a small database, the idea is 
to present a framework for the extension of any statistical approach such as LDA, 
ICA, Kernel-PCA to this novel 2D-3D mixed framework. Thus, the performance 
of the Partial PCA may decrease for some scenarios such as Video Surveillance 
since PCA is sensitive to illumination changes. However, if there were enough 
training samples, a Partial LDA or even a Partial ICA could be implemented to 
make the face recognition system more robust towards these illumination changes. 

Partial PCA is supposed to get good results for Access Control, HCI or VC sce-
narios. In those scenarios, the main challenge is pose variation and as already 
demonstrated in the previous section P2CA is developed considering this chal-
lenge. In these 3 scenarios the illumination may not vary considerably and the res-
olution of the images is medium high. For the Video Surveillance it may depend a 
lot on the type of room or place of the scenario. In a bank-hall like the one illu-
strated in Figure 3, P2CA may perform acceptable since the face can be acquired 
in semi-controlled conditions. Nevertheless, the accuracy may decrease considera-
bly in VS for airports or train stations where the resolution of the face is smaller, 
the inclination of the cameras or, for all of them, illumination and occlusions. In 
the case of video and image indexing and retrieval, the illumination conditions 
may vary a lot. Nevertheless, the main problem is to acquire for all the persons of 
the photo album or video database different views for the creation of the 3D train-
ing data. In this case, manual interaction for the creation of the texture and depth 
maps may be needed. This could be one of the main drawbacks of the 2D-3D 
mixed face recognition schemes for the image and video indexing scenario.  

5.2. Future Work 

Face processing is a very hot topic for several multimedia applications like vid-
eo surveillance, virtual collaboration, HCI, video indexing or control access 
points. In each multimedia application there are different challenges that should be 
overcome, but pose is one common problem in all of them.  Recently, a new trend 
of 3D face recognition approaches showed an increase in the recognition rate un-
der the presence of big pose and illumination variations if 3D data is available. 
Nevertheless, cost of the set-up, acquisition time and cooperation of the subjects 
are still some of the requirements for obtaining accurate 3D data that may not be 
available during the recognition stage. Thus, we have presented here a possible al-
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ternative following a mixed 2D-3D face recognition philosophy, i.e. the system is 
trained with 3D data but it can use either 2D or 3D data in the test stage. However, 
this philosophy may be extended also to other face recognition statistical ap-
proaches like LDA or ICA which have shown a higher robustness in the presence 
of illumination variations. Additionally, we have presented an automatic approach 
for the creation of aligned virtual view images using nine different views. These 
aligned virtual view images are used as training data for the P2CA technique. The 
virtual view image is created by using a cylindrical approximation for the real ob-
ject surface. 

Furthermore, two improvements for the P2CA approach have been proposed: 
First, a local alignment method of the training images. Second, a reformulation of 
the complete approach in the frequency domain is proposed. Both improvements 
lead to an increase of the recognition accuracy and a reduction of the computa-
tional time making it suitable for face recognition multimedia scenarios such as 
security control access point, Human Computer Interface or Virtual collaboration 
applications where the processing should be on real time. 
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