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ABSTRACT

Face recognition is a specific and hard case of object recognition. The human face is not a unique, rigid object.
Indeed, there are numerous factors that cause the appearance of the face to vary. The sources of variation in the
facial appearance can be categorized into two groups namely, Intrinsic factors and Extrinsic factors. Intrinsic
factors are due purely to the physical nature of the face and are independent of the observer. A good face
descriptor is desired to have following properties such as Distinctiveness, Robustness, and Computationally
inexpensive cost. These properties allow the system to quickly deliver high recognition result at the end. The
feature producing high quality recognition results are computationally intensive. In this a unified principle
component analysis with Eigen values and Euclidean distance features are used. Transform-invariant PCA
(TIPCA) technique goal is to accurately transform the human’s natural face for analysis of training image.
Normal alignment is different from TIPCA alignment which generates the favourable Eigen space. The objective
of the Eigen space is to minimize the error of mean square error between the aligned images and their
reconstructions. Experimental results also suggest many spatial and frequency domain methods can benefit
from using the TIPCA-aligned faces, instead of the manually eye-aligned faces. Favourable accuracies against

the state-of-the-art results on face coding and face recognition are reported.

Index Terms: Face Alignment, Face Representation, Face Coding, Face Recognition, Eigen Faces,
and Principal Component Analysis

I. INTRODUCTION

As early as 1987, Sirovich and Kirby first found that faces can be represented efficiently as a mean face plus a
weighted linear combination of the eigenvectors of a covariance matrix of face images [1]. In this context, Turk
and Pentland [2] developed a well-known Eigen faces method, where the Eigen faces define a “face space”
which drastically reduces the dimensionality of the original space, and face detection and recognition are then
carried out in the reduced space. While undoubtedly successful in appearance based recognition, the theoretical
foundation for the use of Eigen faces is less clear [3]. In practice, automatically detected faces are often
subjected to random transformations, such as translation, rotation, and scaling, in images. In these cases, the
Eigen face method possibly produces severely blurred components that mostly account for the transformations
and ignore the more interesting and useful structure. To address this problem, Eigen face based approaches, as
well as other face-related studies [4], [5], [6], have aligned the faces by the similarity transformation defined by

landmarks such as two eye centres. This handcrafted alignment makes the recognition performance largely
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depend on the accuracy of landmark localization [7], [8]. Further, even all the facial landmarks have been
precisely manually marked; it cannot guarantee that the resulting aligned faces are optimized for recognition. In
this sense, a fundamental limitation of current face recognition methods is the lack of the connection between
the face alignment and face representation.
In this paper, we develop a transform-invariant PCA (TIPCA) technique which aims to automatically learn the
Eigen face bases by characterizing the intrinsic structure of the human faces that are invariant to the in-plane
transformations of training images. To achieve this objective, TIPCA alternately aligns the image ensemble and
derives the optimal Eigen space in a manner that the mean square error (MSE) between the aligned images and
their reconstructions is minimized. The optimization is effectively solved by iteratively: 1) creating the Eigen
space of the aligned image ensemble using PCA; and 2) aligning each image to the Eigen space using
simultaneous inverse compositional algorithm. The resulting TI-Eigen space defines a unified coordinate system
for various applications on face alignment, representation, and recognition.
The effectiveness of the TIPCA technique is successfully tested on the large-scale FERET image ensemble
involving the facial images of 1,196 subjects. Experimental results validate the mutual promotion between
image alignment and Eigen face coding, which can eventually improve the recognition performance. On one
hand, improved alignment of the images leads to a compact image coding. On the other hand, the TI-Eigen
space that excludes the trans-form-related components helps precise image alignment. For the recognition
application, by aligning the training and test images to the unified TI-Eigen space, the transformation variation
among images is minimized.
It should be noted that the alternating optimization between Eigen space and alignment has been explored in
image coding, first developed by Schweitzer for holistic image [9], and then extended for the active appearance
model by Baker et al. [10]. However, due to the difficulty in avoiding bad local minima, their works [9], [10]
were limited to encode and align the small image ensemble of the same face, object or scene, and were not
applicable to the multi-class recognition problem. Compared with previous works, the contributions of this
paper are as follows.
We develop a practical optimization procedure that is effective to simultaneously encode and align a large
ensemble of thousands of faces under complex variations. The proposed low-to-high dimensional Eigen space
alignment strategy helps the alternating optimization of TIPCA to find the good local minimum to accurately
align complex image ensembles. The MSE between the aligned images and their reconstructions keeps
decreasing by more iteration, and, finally, is 30 percent lower than that of the manually eye-aligned images.
By aligning the gallery and probe images to a unified TI-Eigen space, we develop a fully automatic recognition
system, and show that the recognition performance keeps improving as more iteration are taken at the training
stage of TIPCA, which provides a paradigm for improving fully automatic recognition performance by the close
relationship among image alignment, representation, and recognition.
Extensive experiments are conducted to demonstrate that state-of-the-art invariant feature descriptors, such as
local binary patterns (LBP), histogram of the oriented gradient (HOG) and Gabor, and classification methods,
such as sparse representation-based classification (SRC) and sup-port vector machine (SVM), can benefit from
using the TIPCA-aligned faces, instead of the manually eye-aligned faces that have been used by almost all the
current studies on face coding, recognition, and classification as the ground-truth alignment.
The rest of this paper is organized as follows: Section 2 describes the algorithm steps of TIPCA, Section 3
introduces the applications on image alignment, representation, and recognition by TIPCA and Section 4
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provides experimental results and discussions. Section 5 summarizes our conclusions and predicts future works.

I1. INITIATION OF UNIFIED TI-EIGEN SPACE
2.1 PCA - Eigen space
Eigen faces rely on the observation first made by Kirby and Sirovich that an arbitrary face image, denoted as I €
IR®, can be compressed and reconstructed by adding a small number of basis imageswje IRd

I=p+3Y" a0 +e, 1)
where [ is the average image, @ ,. . . .., @, are the ordered basis images derived from an ensemble of training
images using principal component analysis. e represents noise components. The process of estimating the
coding parameters a = (ay, ....,a,)” is equivalent to projecting the image onto a linear subspace, which we can
call the face space, i.e., @ = (D]T(I — ). Turk and Pentland recognized that this set of coding parameters
themselves could be used to construct a fast image matching algorithm

argmin, g %Z?’:l (minai 1" = (u+ XL, af 0 ||2) . @

In more detail, given a set of N example training images: I'wherei= 1,2, ...., N, the formulation of Eigen faces
is based on a general principle that the mean square error between input patterns and their reconstructions is
minimized. While undoubtedly successful in appearance based recognition, the theoretical foundation for the
use of Eigen faces is less clear. Formally, PCA assumes the face images, usually normalized in some way, such
as co-locating eyes to make them comparable, are usefully considered as (raster) vectors [3]. However, the
uncertainty on feature locations would makes Eigen face bases characterize the transform-related components,
rather than the intrinsic structures of the human face. In this sense, the fundamental limitation of current
methodology is lack of the connection between the alignment of face images and the construction of face space.
How to align the face such that the resulting face space could be as compact as possible is n interesting question.
2.2 Unified Transform-Invariant PCA

For the clearness of the formulation, we represent the (unaligned) training images I‘(x) and the basis images
@; (x) in the pixel form, where x = (x, )T is a column vector containing the pixel coordinates, rather than the
vector form. Let W (x; p)denote the parameterized set of possible transformations, where p = (py, ..., p,)" is a
vector of parameters. In TIPCA, the transformed image is represented as the linear combination of a small

number of basis images as follows.

IW(p) = 1) + ) G 8;(0) + (@),
j=1

Where the warp W(x;p) takes the pixel x in the basis image (Z)j(x) and maps it to the sub-pixel location W(x;p)
in the image |. Given a set of unaligned facial images{I‘}_,, we assume that the transformed images, denoted
byl (W(x; pi)), reside near on a low dimensional face space, and seek a set of basis images that minimize the

sum of distance from the transformed images to the face space. In other words, the transform-invariant Eigen
faces are learned based on a modified principle that minimizes the mean square error between transformed

patterns and their reconstructions.
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As the introduction of the transform parameter pi for each training image I', the minimization in (4) require
more effort than computing eigenvectors of the covariance matrix. We solve it by iteratively optimize {|, @; }

and {p', a'} in turn, assuming where necessar estimates of the others are available.

argmin, g %ZN {mln i g Lxle' ()] } (4)

el =11 (W () — () + Ty 4,0, (0)],

The training of TIPCA is initialized by the “coarse” Eigen space derived by applying standard PCA on the
detected faces, and then starts to learn the transform invariant Eigen space by alternately conducting the two

following steps:
Step 1) Alignment based on Eigen space, i.e., fix pu, {(2),-} and optimize {p‘}_,. Given m and {Q) } ,that

define a Eigen space, we use the simultaneous inverse compositional (SIC) algorithm1 to optimize {p', a' }each
image I' respectively so that the square error between the transformed image and its reconstruction is minimized.
Specifically, the SIC algorithm performs a Gaussian-Newton gradient descent optimization simultaneously on
the transform parameters p' and the coding parameters a'. Let q' be the concatenated parameter vector of p' and

a', and the Jacobian (steepest descent) images of (4) is

ow
J@) = [V85r . VO 5, 01(), o, O ()] 6)
Where VO = Vu + Z =14 V(Z) In each step, the increment of the parameters is computed by

Aq = ~[3 ] IO X (et (x) ()
where e(x) is the square error with current parameters. At each step, the transform parameters are updated
W (x;pt) « W(x;p")°W~1(x; Ap) and the appearance parameters are updated by a' « a' + Aa. After limited
steps, the square error between the transformed image and its reconstruction would converge to a local

minimum with respect to p' and a'.

“lYES
o Bl

Fig. 1. The mean face and leading Eigen face computed during the learning process of TIPCA. (a) those of

the initialization. (b) those of the second iteration. Interestingly, the alternating optimization seems to
“deblur” the basis images, which suggests that the alignment step is effective to reduce the transform-

related components.

Step 2) Updating Eigen space, i.e., fixes {pi}i\]:1 and optimizey, {(2),-};1:1. If pi is known, we can compute the
transform W (x; p') for each input image I'. The problem then reduces to a transformed version of principal
component analysis. Specifically, we transform each image onto the aligned coordinate to give I' W (x; p"),
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stack it as a vector, and then perform PCA on these vectors, update m to be the mean vector of the aligned
ensemble, and ¢;,j = 1,..., d to be the eigenvectors of the covariance matrix with the d largest Eigen value. Fig.
1 illustrates some example mean vectors and eigenvectors (in the image form) obtained during our experiment
on the FERET database. The alternating optimization of TIPCA terminates when the MSE in (4) stop to reduce.
2.3 Complexity Control

The iterative “image alignment—Eigen space update” procedure guarantees that the MSE can be reduced to be a
local minimum. However, in complex problem with a large number of training faces, there may be millions of
parameters and the algorithm tends to converge at a local minimum that is not good enough to address the
subsequent representation and recognition tasks. In order to make TIPCA practical for real-world applications,
we control the complexity of the optimization by the two following key strategies.

Low-to-high dimensional Eigen space for alignment. An important problem in TIPCA is the choice of m for
alignment, which takes into account both the sufficient representation and the transform removal. If m is too
small, the Eigen space cannot characterize enough variation of the image appearance that ensures the alignment
algorithm to be converged. On the other hand, high dimensional Eigen space of the poorly-aligned images
would include blur components that are misleading for alignment. To address this dilemma, the alignment step
should select a relatively low dimension “blurred” Eigen space at initial iterations, which ensures the
convergence and, at the same time, excludes most blur components. Although the initial alignment is coarse, as
the algorithm iterates, the alignment could become more and more precise. The precise alignment of the image
ensemble makes principal Eigen space exclude the blur components, and thus allows the next alignment step to
select higher dimensional “deblurred” Eigen space, which in turn benefit precise alignment. In summary, as the
coarse-to-fine Eigen space is used for alignment, the mutual promotion of alignment and Eigen face coding
would iteratively reduce the MSE.

Similarity transformation for alignment. The goal of this paper is to make PCA invariant to image-plane
transformation, while maintaining the clarity and spirit of Eigen face and without resorting to more complex
models, such as active appearance model [10] and morph able model [12]. Therefore, we prefer to focus on the
deformations with few degrees of freedom, i.e., similarity transformations, which preserve linearity, angles and
ratios of lengths. This geometric information (the relationship between facial features) is essential to the
recognition of identity, gender, and expression. In addition, similarity transformation, which involves only four
parameters, might simplify the optimization of the alignment and thus increase the converge rate for practical

usages.
IILAPPLICATIONS OF UNIFIED TIPCA

The training stage of the TIPCA algorithm is an unsupervised iterative learning procedure with two outputs: an
ensemble of aligned training images and a set of transform-invariant Eigen face. Taking the former as the final
result, TIPCA can be regarded as a approach to batch image alignment. More importantly, the set of TI-Eigen
face, which define a TI-Eigen space, provides an invariant appearance model leading to broad applications. This
section details how the TI-Eigen space can be applied to align, encode, and recognize the unseen images.

3.1 Alignment of Image Based on unified TIPCA

Image alignment aims to align a facial image, typically the out-put of the face detector, to the transform-

invariant Eigen space defined by the Eigen face corresponding to the top m Eigen value. This problem is well
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established in the computer vision domain, and we use the SIC algorithm because of its good converge rate [13].
Specifically, for an input image I, the SIC algorithm simultaneously recovers the transform parameter p and the

appearance parameter a by solving following optimization problem:
2

min » H1(WCp) - @ + ) ag,@|r O
j=1

x
The complexity of the alignment algorithm increases dramatically with a large m, but, fortunately, low
dimensional TI-Eigen space, e.g., m = 20, is sufficient to perform precise alignment. For the recognition/
classification problem, the gallery and test images should be aligned to the same TI-Eigen space to make them
comparable within an unified coordinate.

3.2 Feature Extraction Based on unified TIPCA

Feature extraction aims to encode the image by identifying the most expressive features, i.e., the eigenvectors
with the largest Eigen value @1; . . . ; ®@d, while those with small Eigen value are assumed to contain noise and
are cut off accordingly. Furthermore, in order to achieve the transform-invariant property, the feature extraction
of TIPCA are conducted by two separated procedures: 1) align the image by solving (7) with a selected
dimension m, as detailed in Section (3.1), and 2) project the aligned image vector onto the leading d TI-

eigenvectors.
g- ) OTOI(Wp) —uC)]i=1,d  (®)

The number of principal components for subsequent reconstruction or recognition is typically user-defined. In
face recognition, the aligned image could be normalized to zero mean and unit length for better invariance to
illumination before projected to the Eigen space.

3.3 Reconstruction of Image based on unified TIPCA

In the Eigen face method, the principal components and eigenvectors (Eigen face) can be combined to

reconstruct the image of a face. Similarly, TIPCA can be used to reconstruct a face image in the following way.
m
(W) ~ k@ + ) 40, O
j=1

In addition, TIPCA also extracts the transform parameters p. The original (unaligned) image can be recovered
by backwards transforming the reconstructed aligned image of (9) from the aligned coordinate to the original

coordinate as following:
m
I(x) =~ u(W™(x;p)) + Z a0 (W t(x;p), (10)
j=1

Where a pixel x in the aligned images is mapped to the original pixel W "(x; p).

3.4 Fully Automatic Face Recognition Based on TIPCA

By combining the TIPCA-based image alignment and feature extraction, a fully automatic Eigen face based
recognition algorithm can be readily figured out, as illustrated in Fig. 2. In the training stage, a TI-Eigen space is
first automatically learned from an ensemble of training images, and the Tl-principal components of those
gallery images are then extracted, as detailed in Section 3.2, and stored. In the testing stage, the Tl-principal

components of the probe image are first extracted. Finally, the nearest neighbour classifier is used for
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classification. In our experiments, the distances between two arbitrary feature vectors, a', a € IR used in our

experiment are defined as follows:

dgq = (a' —a/)'(a' — /)
dyg = (@' —a/) 37 (@' — )

_ (a'=ad)'3 (@' -a))

d = . : 11
we Tl (1)

where 3! € IR**?_d is the covariance matrix of the training data. For the de-correlated principal components, S
is diagonal and the diagonal elements are the (Eigen values) variance of the corresponding components. Ed, Md,

Wec defines the Euclidean distance, Mahalanobis distance, whitened cosine distance, respectively.
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Fig. 2. The TIPCA based framework for fully automatic face alignment, representation, and recognition.
In the training stage, the alternating optimization of TIPCA reduce the transform-related component
within the Eigen space progressively, and finally output a transform-invariant Eigen space. In the test
stage, the test images are aligned and projected to the TI-Eigen space for representation and recognition.
State-of-the-art recognition algorithms can benefit from aligning the gallery and probe images to a
unified TI-Eigen space.

Beyond the direct matching of the Eigen face codes, TIPCA can benefit various recognition methods via precise
image alignment. By automatically learning the TI-Eigen face from the training ensemble, and aligning both the
gallery and the probe images to an unified Eigen space defined by TI-Eigen face, any subsequent recognition
method would benefit from the precise alignment. In this manner, TIPCA can be incorporated with most state-
of-the-art recognition algorithms, besides the Eigen face based approaches, and makes them operated in a fully

automatic way. Some applications will be demonstrated in the following experiment section.
IV. EXPERIMENTS

In this section, we evaluate the effectiveness of TIPCA on image alignment, coding, and recognition using 3,307
facial images of 1,196 subjects from the gray-level FERET database, which is a standard test bed for face
recognition technologies [14]. The tested images display diversity across gender, ethnicity, and age, and were
acquired without any restrictions imposed on expression, illumination and accessories (See Fig. 3 for examples).

Specifically, the experiment follows the standard data partitions of the FERET database:
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@) (b)

Fig. 3. Three types of aligned faces with the size of 150 x130 used in our experiments. (a) manually eye-

aligned faces which has been used in most studies on face recognition, gender and expression
classification. (b) the detected faces, which are directly cropped and resized from bounding box of the
face detector. (c) TIPCA-aligned faces, which are generated by aligning the images to a unified low-
dimensional TI-Eigen space

Gallery training set contains 1,196 images of 1,196 people.

o fb probe set contains 1,195 images taken with an alternative facial expression.

o fc probe set contains 194 images taken under different lighting conditions.

e dupl probe set contains 722 images taken in a different time.

e dup2 probe set contains 234 images taken at least a year later, which is a subset of the dupl set.
Practical face recognition algorithms commonly consist of two parts: alignment (normalization) and recognition.
In the influential FERET’97 evaluation, partially automatic algorithms are given the coordinates of the eye
centres for normalization [14]. Since then, the eye-aligned facial images have become the de facto standard for
face recognition research. To ensure the reproducibility of our results, the ground-truth eye coordinate file of the
FERET database is used, and the publicly available CSU face identification evaluation system [15] was utilized
to provide the eye-aligned images, which registers the two eye centres at (30, 45) and (100, 45) in a 150 _ 130
facial image. Fig. 3a shows some eye-aligned faces which are used in our experiments and one can see from the
figure that the intra-personal variability of this database is complex. Even though we have used the manually
labelled eye coordinates of the FERET distribution, a few faces are not well aligned due to the slight errors of
manual label (See the second row of Fig. 3a).

Our algorithm starts with facial images detected by the common face detectors. Viola and Jones A face detector?
which outputs a square bounding box indicating the predicated centre of the face and its scale, is applied for its
stable performance and high speed. Given a detected face image of the width w, we crop the face according to
the eye locations 3 of (0:305w; 0:385w) and (0:695w; 0:385w) using the CSU face identification evaluation
system [15]. The cropped and scaled face images of a standard size 150 x 130, which subsequently is referred to
as “detected faces”, is illustrated in Fig. 3b. These detected faces are used for the initialization of TIPCA

learning.
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4.1 Study of Transform-Invariant Face Space

The alternating optimization of TIPCA starts with the detected faces of the 1,196 gallery images, and the
iterative learning of our experiment involves 23 iterations. As the algorithm iterates, the dimension of the Eigen
spaces used in the alignment step increases from 20 to 100 as detailed in Fig. 4 a. As the detected faces display
natural variations on translations, scales, and rotation angles, they are expanded by 30 pixels all around, forming
a 210 x_ 190 input image, for the SIC algorithm to seek the optimal similarity transformation. At each iteration,
the SIC algorithm is initialized with the 150 x 130 bounding box of the detected face, and its maximum number
of gradient descent steps is set to 20.

To monitor the effectiveness of the alternating optimization in each iteration, we reconstruct the aligned images
by their first 100 Eigen face, and compute the MSE of all the 1,196 training images. Fig. 4b plots the MSE as a
function of the number of iterations, which monitors how the objective function value (4) changes in each
iteration. One can see from the figure that the MSE keeps deceasing, which clearly shows the mutual promotion
of the Eigen face coding and image alignment. In other words, as the algorithm iterates, more and more intrinsic
structures are represented by the TI-Eigen face, and at the same time, the transformation among the images are
largely reduced by the alignment step.

For comparison purpose, Fig. 4b also displays the MSE between the eye-aligned images and the reconstructions
by their first 100 Eigen face. As expected, the MSE of the eye-aligned faces are lower than that of the detected
faces (the MSE at iteration 0), which explains the feasibility of eye-aligned faces for image coding and
recognition. However, eye-based alignment is a heuristic approach without any theoretical justification, and we
find that TIPCA-aligned faces are better reconstructed than eye-aligned faces after only one iteration. After 23
iterations, the MSE of the TIPCA-aligned faces is about 30 percent lower than that of eye-aligned faces.

To evaluate the generalization ability of TIPCA, in each iteration, we align the probe images using the identical
Eigen space that used in the alignment step, then reconstruct the aligned probe images by the first 100 Eigen
face (computed from the aligned training images at that iteration), and finally compute the MSE of the 2,111
probe images. The results are shown in Fig. 4c. Comparing Figs. 4c and 4b, we find 1) the MSE of the unseen
probe images are higher than that of the training images; 2) the MSE of TIPCA-aligned faces is also notably
lower than that of eye-aligned faces; and 3) the MSE of the probe images also generally deceases as the
algorithm iterates. These results indicate the TIPCA has improved generalization ability to represent facial

images than traditional Eigen face based approaches.

octavee)

Mean 57 o' Hecovsrussor

Esgertucn roas

Fig. 5. The Average Signal-To-Noise Ratio As A Function Of Number Of Eigen Face Used For

Reconstruction.
Besides the MSE, we also measure the quality of reconstructed images by signal-to-noise ratio (SNR) [17]. Fig.
5 plots the average SNR as a function of dimension, i.e., the number of the components, used for reconstruction.
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When the dimension is larger than 100, the SNR of training set increase linearly as the dimension. For the test
set, however, the SNR seems saturated. Similar to the results on reconstruction error, TIPCA outer-forms PCA
(by about 0.5-0.8 dB) on both the training and the testing image sets. On the unseen probe images, TIPCA
achieves about twice the coding efficiency of PCA. Specifically, TIPCA uses 75 components to obtain an SNR
of 7 dB while PCA requires about 150 components. To reach a SNR of 8 dB, TIPCA uses 250 components
while PCA requires over 500.
To visualize the reconstruction effects of TIPCA, Fig. 6b shows five reconstructed images of a probe image
using the first d (d = 20, 40, 60, 80, 100) TI-Eigen face. The reconstructed images become clearer as the number
of Eigen face is increased. For comparison, Fig 6a shows the PCA based reconstruction on the same (eye-
aligned) probe image, where the same number of Eigen face, learned from the eye-aligned ensemble by PCA
were also used. Clearly, Fig. 6b displays more appearance details, such as the eyeglass frame and the texture of
the beard, where Fig. 6a are blur. Although optimal for coding in the least MSE sense, PCA performs worse
than TIPCA because of two possible reasons: 1) the traditional Eigen face characterize the transform-related
components that contain in the eye-aligned training ensemble, and thus their linear combinations inevitably
become blur; and 2) although aligned by manually labelling, the input (eye-aligned) image is not well aligned to
the Eigen space. In practice, one or two pixel alignment error may cause reconstruction to be blur, such as that
in eye-glass frame. Fig. 3c shows some examples of the precisely aligned faces by TIPCA which ensures
efficient coding and high-quality reconstruction.
4.2 Appearance Based Face Recognition
This experiment evaluates whether the transform-invariant coding of TIPCA can directly improve the
recognition accuracy. As in the common scheme, Eigen face are constructed from a train-ing set of face images
and particular probe faces are recognized by comparing the principal components (Eigen face weights). The
number of principal components to remains is typically use-defined. Recognition performance will suffer from
insufficient information if dimensionality is underestimated. On the other hand, an overestimate of dimension
will introduce noisy components which also reduce performance [17]. Our empirical results validated that
optimal recognition performance is achieved with a dimensionality roughly 150, using nearest-neighbour
classification based on three popular distance measures defined in (11), namely the Euclidean distance, the
Mahalanobis distance, the whitened cosine distance.

Table 1 shows the face recognition performance in 150 dimensional Eigen space derived by PCA and TIPCA.

PCA is evaluated using both eye-aligned faces and detected faces. Besides the finally optimized performance,

acbdadugag
atheche}

Fig. 6. Some reconstructed images based on (a) PCA and (b) TIPCA with the dimension d=20; 40; 60; 80;
100g. Note that reconstructed region of PCA is manually defined by two eye centres, but that of TIPCA is

we also test the

automatically selected from the detected face.
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intermediate results of TIPCA after 1, 5, 9, 13, 17 iterations. The averaged accuracy over four probe sets and the
three distance measures keeps increasing as more iterations of TIPCA learning is applied. This finding indicates
that the MSE in Fig. 4b and 4c is a effective indicator of the quality of face alignment for recognition. After five
iterations, the average accuracy of TIPCA starts to surpass that of the Eigen face approach based on eye-aligned
face. Finally, TIPCA outperforms PCA by a margin of about 8 percent in average. The superiority of TIPCA
seems more apparent when the latter two distances are applied. For instance, using the whitened cosine distance
on the dup2 probe set, TIPCA boosts the accuracy of PCA by about 15 percent (from 27.8 to 42.3 percent). This
may be because the latter two distances, which weight the low-variance components more heavily, makes the
blur components of PCA to be more harmful for recognition.

By observing the finally optimized performance with TI-Eigen space learned from 23 iterations, we find that the

performance differences using different Eigen space dimensions for alignment is not significant. This suggest

that TIPCA can be applied in an efficient way using low dimensional Eigen space for alignment, while keeping

highly accurate recognition performance. By comparing the performance with equivalent #D and different #I,

one can find that better recognition performance can be achieved by more training iterations.

4.3 Face Recognition With Local Descriptors

By reducing the transform-related components among the aligned faces, TIPCA boosts the performance of

appearance based recognition. However, the recognition accuracy is relatively low since the TIPCA based

appearance features still suffer from the intra-personal variations caused by illumination, expressions, and
occlusion. One possible solution is to apply local descriptors to represent the aligned faces rather than the pixel.

It is interesting to evaluate the effectiveness of TI-Eigen face based alignment on face recognition with local

descriptors, which are robust to misalignment by themselves.

In this experiment, we compare the TIPCA-aligned face with eye aligned face for face recognition with three

widely used local descriptors:

e Local Binary Patterns [18]: The basic idea of LBPs is that binary values are calculated from a pixel
neighbourhood and the binary values are concatenated to one binary value. The LBPg".,” operator [18] is
adopted in 7 x 7 pixel cell, for each cell accumulating a local histogram of 59 uniform patterns over the
pixels of the cell. The combined histogram entries from the representation, resulting a 23,364 (22 x 18 x
59) dimensional feature vector.

e Histogram of the Oriented Gradient [19]: The basic idea is that local object appearance and shape can often
be characterized rather well by the distribution of local intensity gradients. The image is first divided into
multiple 5 x 5 pixel cells, a local histogram of 18 signed gradient directions over the pixels of the cell are
accumulated for each cell. For better invariance to illumination, “L2-Hys” contrast-normalization [19] with
the threshold 0.2 is applied over each 10 x 10 pixel blocks. The combined histogram entries form the final
14,040 (30 x 26 x 18) dimensional feature vectors.

e Gabor Energy Filters (GEF) [20]: A family of five scales and eight orientations of Gabor filters are adopted.
Each energy filter consists of a real and imaginary part which are squared and added to obtain an estimate
of energy at a particular location and frequency band. The response of each filter is down sampled by a
factor of 64, and then normalized to zeros mean and unit length. The combined responses of the 40 filters
result ina 12,160 (19 x 16 x 40) dimensional feature vector.

The local feature vectors are first normalized to zero mean and unit length, and then subjected to PCA for

dimensionality reduction. The previous experiment has shown that the whitened cosine similarity distance
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performs best for Eigen face code, we therefore apply it again to evaluate the performance of local feature based
Eigen face code. Different from the appearance based recognition, local feature based recognition does not
suffer from low-variance components. Hence, we select the full dimensional, i.e., 1,195-dimensional, Eigen face
codes for recognition, and the results are tabulated in Table 2. As expected, the recognition accuracies are
largely improved by 15-40 percent compared with the appearance based results in Table 1.
TIPCA-aligned face based local descriptors achieve successively increased accuracies as the algorithm iterates,
start to outperform eye-aligned face based descriptors after five iterations, and finally boosts the average
accuracy by about 3.5 percent. It is a significant improvement considering that the accuracies using eye-aligned
face are already very high, especially on the fb and fc sets. The superiority of TIPCA-aligned face seems more
apparent on the dupl and dup?2 probes.
TABLE 1
Comparative FERET Recognition Rates PCA and TIPCA Using the three Popular Distance Measure of
150 Principle Component

Alignmen! and Fuclidean Mahalanobis Whitened Cosine P—
fealure extraction 3 fc  dupl dup2 | b fc  dupl dup2 | b fc  dupl dup2
Eye-aligned face+PCA 731 17.0 300 128 [ 687 454 287 171 | 754 603 391 278 41.29
Detected face+PCA 674 108 21,3 103 | 592 160 199 192 | 677 340 280 312 3208

TIPCA (#I= 1, #D=20) 618 98 276 124 | 662 335 328 239 | 736 S10 439 342 39.23
TIPCA (#1= 5, #D=30) 664 124 209 132 | 726 485 353 269 | 791 686 440 359 4440
TIPCA (#1= 9, #D=40) 670 55 292 140 [ 731 505 367 278 | 797 660 472 402 45.58
TIPCA (#1=13, #D=50) || 68,7 44 312 128 | 747 821 370 261 | 807 680 486 393 46.13
TIPCA (#1=17, #D=70) || 690 55 305 132|747 S3.1 411 338 | 800 706 508 432 47.96
TIPCA (#1=23, #D=20) || 698 155 312 137|754 S10 409 286 | 809 670 521 432 4744
TIPCA (#1=23, #4D=30) || 699 144 328 158 | 751 S00 417 308 | 814 665 499 410 4744
TIPCA (#I=23, #D=40) THO 44 310 154 | 751 35035 400 308 | 808 0691 4960 393 47.25
TIPCA (#1=23, #D=50) || 713 139 303 137|763 546 403 346 | 808 742 493 410 48.36
TIPCA (#1=23, #D=70) || 710 129 314 158 | 761 S46 4056 291 | 816 701 517 423 48.10
TIPCA (#1=23, #D=100) || 721 139 324 158 | 759 56,7 427 338 | 815 758 514 413 49.52

TABLE 2
Comparative FERET Recognition Rates of Detected Face, Eye-Aligned Face, and TIPCA-Aligned Face

Using the Whitened Cosine Distance Measure of three Popular Local Description

LBP HOG GEF

Aligunment b fc  dupl dup2 b fc  dupl dup2 b fc  dupl dup2 Avarige
Eye-ahgned face 981 933 805 709 [ 973 943 799 718 | 956 990 752 756 85.96
Detected face 922 722 645 632|891 727 578 60.7 (936 964 659 697 74 83

TIPCA (#1= 1, #D=20) 93.1 887 748 697 (908 881 712 650|936 969 71.7 718 81.28
TIPCA (#l= 5, #D=30) 956 938 792 744 | 940 954 777 714 | 965 985 753 765 85.69
TIPCA (#1= 9, #D=40) 966 964 806 761 | 951 969 813 79.1 | 964 990 756 774 87.54
TIPCA (#1=13, #D=50) 97.1 974 832 782 (964 979 819 778|966 995 763 774 88.31
TIPCA (#1=17, #D=70) 967 979 849 808 (959 974 839 821 | 968 985 77.1 778 89.15
TIPCA (#1=23, #D=20) 969 959 856 79.1 [ 954 985 860 RBO8 | 965 985 795 795 89.35
TIPCA (#1=23, #D=30) 964 948 842 799 | 949 943 B53 825|962 990 770 782 88.56
TIPCA (#1=23, #D=40) 96.7 964 848 812 | 958 964 B50 829 | 965 995 769 786 89.23
TIPCA (#1=23, #D=50) 967 985 843 786 | 952 969 849 833 (966 990 774 795 89.24
TIPCA (#1=23, #D=70) 969 985 850 799 | 957 985 B49 829 | 966 990 787 812 89.82
TIPCA (#1=23, #D=100) || 97.2 974 843 79.1 | 962 969 850 829 (962 990 784 81.2 89.48

Interestingly, the precise alignment by TIPCA could alter the relative recognition ability of the local descriptors.
For instance, compared with LBP and HOG, GEF performs better on the most challenging dup2 probe set using
eye-aligned faces, but becomes worse using TIPCA-aligned faces. This may be because the GEF is more robust
to the mis-alignment by eye-based alignment, but become less dis-criminative when precise alignment is

available.
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4.4 L eave-Out Test
Previous experiments use the full set of gallery images for the training of TIPCA, which indicates all the
identity-related information is encoded in the TI-Eigen space. However, in the large-scale face
recognition/retrieval applications, it is difficult to collect the entire gallery subject for model training. This
experiment aims to test the generalization capability of TIPCA to align and represent unseen subjects.
Specifically, the 234 images of dup2 probe set involves 75 subjects. We leave the corresponding 75 gallery
images out of the training stage of TIPCA, and then compare the “leave-out” recognition performance with
those reported in previous experiments.
Table 3 reports the comparative FERET dup?2 recognition rates with/without the involved subjects for TIPCA
training. It is somehow surprising that the recognition accuracies of the TIPCA-aligned faces are almost
equivalent whether the recognized subjects are involved in the training set or not. In the cases where only 20
dimensional TI-Eigen space is used for alignment, the “leave-out” recognition accuracies are even slightly better
than those of previous experiments. This extraordinary generalization ability to align and represent unseen
subjects endows TIPCA the practical usefulness in the large-scale face recognition/retrieval applications. It is
possible to build a subject-independent TI-Eigen space by which generic facial images can be efficiently and
precisely aligned for accurate recognition.
4.5 Sparse Representation Face Recognition
Sparse representation-based classification [21], [22] is a face recognition breakthrough in recent years. To solve
the misalignment problem in SRC, a deformable sparse recovery and classification (DSRC) [23] have used tools
from sparse representation to address the alignment problem given sufficient number of gallery images per
subject. In contrast, TIPCA builds a unified appearance model for aligning all gallery subjects, regardless of the
sample size per subject, which might be a good alternative for DSRC in the under-sampled situation. Therefore,
it is interesting to combine TIPCA-based alignment and SRC-based recognition,* and compare its performance
with DSRC.
TABLE 3
Comparative FERET dup2 Recognition Rates with/without the Involved subjects for TIPCA traiing

TIPCA
#1=23 Pixel LBP HOG GEF

#D=20 | 43.2/43.6 | 79.1 /803 | 80.8 /829 | 795/ 799
#D=30 | 41.0/41.9 | 799/786 | 825/825 | 782/ 81.6
#D=40 | 393/449 | 81.2/778 | 829/816 | 786/ 80.8
#D=50 | 41.0/43.6 | 786/79.5 | 83.3/816 | 795/ 808
#D=70 | 423/427 | 799/782 | 829 /816 | 81.2/81.6
#D=100 | 42.3/406 | 79.1 /79,1 | 829 /808 | 81.2/ 799

TABLE 4
Comparative FERET Recognition Rates on Differently Aligned faces Using SRC

Alignment b fc  dupl dup2
Eyc-aligned faces+SRC 832 742 461 308
Detected faces+SRC 735 387 345 333
DSRC [23] 95.2 284 46.1 203
TIPCA-aligned faces+SRC | 86.0 809 609 50.0

4.6 Preliminary Results On Gender Classification
Besides the identify recognition, it is also useful to extract categorical information from faces, such as gender or

ethnicity. Makinen and Raisamo presented a systematic study on gender classification with automatically
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detected and aligned faces [5]. One of the findings was that current automatic face alignment methods, such as
AAM [24] and integral projection [25], perform worse than the manually located eye-based alignment for
gender classification. Therefore, we evaluate whether the TIPCA based alignment can be better than manually
located eye-based alignment for gender classification. We follow the training and testing partitions® of Makinen
and Raisamo [5]. There are 304 training images (152 males/152 females) and 107 test images (60 males/ 47
females). We compare the performance of eye aligned faces and TIPCA-aligned faces (#1 = 23, #D = 40).
Further, as the gender classification is related to image resolutions, we resize the aligned images by factors from
0.05 to 1, with an interval of 0.05, to better examine the quality of image alignments. Classification is performed
by support vector machine,® which is widely regarded as the best gender classifier, and the resulting accuracies
are illustrated in Fig. 7. TIPCA based alignment improves manually located eye-based alignment for gender

classification by an accuracy of 1-5 percent under varying image resolutions.
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Fig. 7. The Gender Classification Rate of SVM As A Function Of Image Resolution Using Three
Alignment Method
To evaluate the generalization ability against the uncontrolled lighting condition, we further test the gender
classification accuracy on 200 images (100 males/100 females, one image per subject) from the FRGC
uncontrolled image sets. Note that both the TI-Eigen space (#1 = 23, #D = 40) and the SVM model are learned
from the FERET database. Fig. 7 shows that cross-database classification performance on FRGC database drops

to 70-75 percent.

=, a.' »' ﬂ

Fig. 8. The TIPCA-Aligned Facial Images Of FRGC Database For Gender Classification Test. Note That
The TI-Eigen Space Learned From FERET Database Is Used For Alignment.
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TABLE 5
The CPU Time Spent for TIPCA Training and Alignment
# | Offline TIPCA || # | Alignment time
Iterations | training ume || Dimension | per test image
1 | 0.09 hours ' 20 | 0.24 seconds
5 | 0.56 hours 30 | 0.43 seconds
9 | 1.32 hours 40 | 0.68 seconds
13 | 2.42 hours 50 | 0.96 seconds
17 | 4.09 hours 70 | 1.65 seconds
23 | 8.74 hours | 100 | 3.25 seconds

Although the training set of does not contain uncontrolled illuminations, TIPCA aligns the FRGC uncontrolled
images precisely, as shown in Fig. 8. As a result, the accuracies on TIPCA-aligned faces are comparable to
those on the eye-aligned faces at all resolutions. It should be noted that the main concern of our work is face
recognition, and these preliminary results are only aimed to show some other potential applications of TIPCA.
To design the dedicated protocol for gender classification, we refer the reader to the recent work of Grosso et al.
[27].

4.7 Computational Issues

Table 5 enumerates the CPU time of the training process (with different numbers of iterations) of TIPCA on the
1,196 images using our C++ implementation on a PC with Quad Core 2.80 GHz Pentium CPU and 4 GB
memory. In particular, training with 23 iterations takes about 8.74 hours. Although this training process is
relatively slow, it is offline, fully automatic (avoid tedious manual labelling), and scalable to a huge number of
training images by parallelized training. Because over 99 per-cent computational cost focuses on the alignment
step which is independent for each training image, one can easily implement training parallelism by distributing
the alignment step to multiple machines. At each iteration, one central machine collects the aligned faces for
updating Eigen space, and duplicates the updated Eigen space on other machines.

The applications of TIPCA are efficient. Because TIPCA builds a unified TI-Eigen space for aligning both
gallery and probe images, the alignment time per image is not related to the number of images per gallery
subject or the number of subjects involved in the system. The alignment time per image depends only on the
dimension of Eigen space used. As enumerated in Table 5, alignment with 20 dimensional Eigen space takes
only 0.24 seconds, but the time increases to 3.25 seconds if 100 dimensional Eigen space is used, using our C++
implementation. Fortunately, our automatic alignment method can surpass manually eye-alignment with 20
dimensional TI-Eigen spaces, and thus the computational cost is acceptable for most applications, even for some

real-time applications.
V. CONCLUSION

The experiments suggest a number of conclusions:

1) The proposed TIPCA technique is effective to automatically learn a set of Eigen face that characterizes
intrinsic structure of the faces from a large set of training images with various in-plane transformations. By
removing the transform-related components, the MSE between the TIPCA-aligned images and their
reconstructions is about 30 percent lower than that of the manually eye-aligned images.

2) There is a close relationship among alignment, representation, and recognition: Image alignment and Eigen
face representation mutually promote each other, which can eventually improve the image reconstruction and

recognition performance.
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3) State-of-the-art invariant descriptors and classification methods can benefit from using the TIPCA-aligned

faces, instead of the eye-aligned faces, in the applications such as face recognition and gender classification.

4) The TI-Eigen space can define a subject-independent coordinate for face alignment. Provided that the

numbers of training images are sufficiently large, TIPCA provides equivalently precise alignment for the

images from seen (training) and unseen subjects.

5) A considerable amount of transform-related components exist in the eye-aligned face ensemble, even though

the eye centres are manually located. The relatively high MSE, low SNR, low face recognition/gender

classification accuracies suggests that the eye-aligned faces are far from optimal for face processing.

Although these eye-aligned faces have been used by almost all the current studies on face coding,

recognition, and classification as the ground-truth alignment, TIPCA based alignment can improve its

performance to a large extent.

We should point out that TIPCA is shown to be effective only for the frontal faces with in-plane transformation.

Current algorithm is likely to break down under out-of-plane pose changes, and so new transformation models

are needed to support the algorithms presented in this paper. We are currently investigating the possibility of

aligning and representing the 3D face using the methodology of TIPCA.
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