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Cost-Sensitive Local Binary Feature
Learning for Facial Age Estimation
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Abstract—1In this paper, we propose a cost-sensitive local
binary feature learning (CS-LBFL) method for facial age esti-
mation. Unlike the conventional facial age estimation methods
that employ hand-crafted descriptors or holistically learned
descriptors for feature representation, our CS-LBFL method
learns discriminative local features directly from raw pixels
for face representation. Motivated by the fact that facial age
estimation is a cost-sensitive computer vision problem and local
binary features are more robust to illumination and expression
variations than holistic features, we learn a series of hashing
functions to project raw pixel values extracted from face patches
into low-dimensional binary codes, where binary codes with
similar chronological ages are projected as close as possible,
and those with dissimilar chronological ages are projected as
far as possible. Then, we pool and encode these local binary
codes within each face image as a real-valued histogram feature
for face representation. Moreover, we propose a cost-sensitive
local binary multi-feature learning method to jointly learn
multiple sets of hashing functions using face patches extracted
from different scales to exploit complementary information. Qur
methods achieve competitive performance on four widely used
face aging data sets.

Index Terms—Facial age estimation, feature learning, cost-
sensitive learning, multi-feature learning, biometrics.

I. INTRODUCTION

N RECENT years, facial age estimation has attracted

much attention in computer vision and numerous facial age
estimation methods have been presented in the literature [3],
(5171, [11], [12], [15], [16], [18], [21], [23], [24], [27], [32],
[33], [36], [63]. The objective of facial age estimation is to
predict the age value/group of a person of interest from his/her
face image, which has wide potential applications such as
human-computer interaction, soft biometrics, and social media
analysis.

There are two key modules in a practical facial age esti-
mation system: feature representation and age prediction.
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Representative facial feature representation methods include
active appearance model (AAM) [15], [16], [33], Gabor
wavelets [38], holistic subspace features [12], [18], local
binary patterns (LBP) [1], and bio-inspired features (BIF) [24].
Having obtained the feature description for each face image,
age prediction can be formulated as a classification [16],
[24], [32], regression [12], [18], or ranking [5], [36] problem,
respectively.

Most existing facial age estimation methods usually employ
hand-crafted feature descriptors such as LBP and AAM for
face representation, which require strong prior knowledge
to engineer them by hand. There have also been some
attempts on learning-based feature representation in facial age
estimation [11], [12], [18], [21], [23], [24], which learn
discriminative features directly from raw pixels. However,
features learned by these methods are holistical so that they
are not robust enough to local variations.

In this paper, we propose a cost-sensitive local binary
feature learning (CS-LBFL) method for facial age estimation.
Fig. 1 shows the pipeline of our proposed approach.
In contrast to existing facial age estimation methods, our
approach learns discriminative local face descriptor directly
from raw pixel values for face representation. Specifically, we
learn a series of hashing functions to project raw pixel values
into low-dimensional binary codes so that codes with similar
chronological ages are projected as close as possible and those
with dissimilar chronological ages are projected as far as possi-
ble. Then, we pool and encode these local binary codes within
a face image into a real-valued histogram feature for face
representation. We also propose a cost-sensitive local binary
multi-feature learning (CS-LBMFL) to learn multiple sets of
hashing functions for face patches extracted from multiple
scales to exploit complementary information to improve the
performance. Experimental results on four widely used face
aging datasets show the effectiveness of the proposed methods.

II. RELATED WORK

In this section, we briefly review three related topics:
1) facial age estimation, 2) cost-sensitive learning, and
3) feature learning.

A. Facial Age Estimation

Recent years have witnessed a considerable interest in facial
age estimation [5]-[7], [11], [12], [15], [16], [18], [21], [24],
[27], [32], [33], [36], [63]. For example, Lanitis et al. [33]
proposed a quadratic function with AAM for age regression.
Yan et al. [61] presented a semi-definite programming
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Pipeline of the proposed facial age estimation approach. In the training phase, we extract a neighbor-center difference vector (NCDV) for each pixel

in the original face image and learn a projection matrix W to map these NCDVs into low-dimensional binary codes, where a cost function is applied to reflect
the age relationship of different age classes. Then, we cluster these binary codes into a codebook and encode them within a face image into a real-valued
histogram feature for face representation. Lastly, we train an age ranker using these histogram features of the training samples. In the testing phase, for each
given testing face image, we first extract all NCDVs within the image and project them into binary codes using the learned projection matrix W. Then, we
encode these binary codes within the same face as a histogram feature vector. Finally, the age is predicted using the learned age ranker.

regression model with nonnegative label intervals.
Montillo and Ling [45] performed age regression from
features selected by random forests. Zhang and Yueng [63]
presented a multi-task Gaussian process method to learn
person specific age estimator. Chang er al. [4] proposed
an ordinal ranking method by casting the age estimation
problem as a series of binary classification subproblems.
Geng et al. [15] presented a label distribution learning method
to model the relationship of face samples and age labels.
Guo and Mu et al. [20], [22] used biologically inspired
features and exploited the information of human gender and
race for facial age estimation. While these methods have
achieved reasonably good performance, most of them use
hand-crafted features for face representation, which require
strong priors to engineer these descriptors by hand. More
recently, Guo et al. [18], [23], [24], Guo and Mu [21],
Fu et al. [11], and Fu and Huang [12] proposed several
holistic feature learning methods using discriminative
manifold learning techniques. However, these methods learn
feature descriptors holistically so that they are not robust
to local variations. In contrast to these previous works, we
propose a feature learning approach to learn discriminative
local binary face descriptor directly from raw face images.

B. Cost-Sensitive Learning

Cost-sensitive learning is an important topic in data mining
and machine learning, and many cost-sensitive learning algo-
rithms have been proposed in the literature [8], [10], [37], [39],
[42], [47], [51], [53], [62], [64]. For cost-sensitive learning,
cost information of different samples is utilized to characterize
their importance to reflect different amounts of losses in
a classification system. Representative cost-sensitive learn-
ing methods include cost-sensitive boosting [42], [51], cost-
sensitive support vector machine [63], cost-sensitive neural

networks [47], cost-sensitive subspace analysis [40], [41],
cost-sensitive semi-supervised learning [37], cost-sensitive
subspace learning [40], [41], and cost-sensitive feature selec-
tion [43]. Facial age estimation is a typical cost-sensitive
computer vision problem because mis-estimating face samples
with 20 years old as 30 years old incurs higher loss than that as
25 years. Motivated by this, Chang et al. [5] presented a cost-
sensitive ordinal ranking approach for facial age estimation,
where the cost-sensitive information is exploited in ranking
model. Even if they have achieved encouraging performance,
they only utilized the cost-sensitive information in the age pre-
diction stage because they employed AAM and LBP features
for facial feature representation. In this work, we propose a
cost-sensitive local feature learning approach for age estima-
tion, where the cost information is exploited in the feature
extraction stage. Hence, our approach is complementary to
the existing cost-sensitive learning methods.

C. Feature Learning

A number of feature learning methods have been proposed
in recent years [2], [28], [29]. Representative feature learning
methods include sparse auto-encoder [2], restricted Boltzmann
machine [28], convolutional neural networks [29], denoising
auto-encoders [49], and reconstruction independent component
analysis [34]. Among these feature learning methods, convo-
lutional neural networks [29], [52] has achieved the superb
performance in various computer vision tasks. However, a
large number of labeled samples are required for convolutional
neural networks to train the model because there are usually
extensive parameters to estimate. For facial age estimation,
it is difficult to collect such large number of labeled training
data. Hence, it is desirable to learn discriminative features with
limited number of training samples. Since facial age estima-
tion is a cost-sensitive computer vision problem, it is also
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Fig. 2. TIllustration of extracting a NCDV within a face patch. For a face
patch of size n x n, the neighbor to center difference vector (NCDV) is
extracted by subtracting the neighboring pixels to the center pixel, which is
a (n2 — 1)-dimensional feature vector. In this figure, n is selected as 3 and
hence the extracted NCDV is an 8D feature vector.

desirable to exploit such cost information in discriminative
feature extraction. Moreover, most existing feature learning
methods only learn real-valued features from raw data, which
have been proven to be less robust to expression and illumina-
tion variations than local binary features because the quantized
binary codes can alleviate these variations [1], [26], [46], [50].
In this work, we learn local binary discriminative features for
facial age estimation in a cost-sensitive manner.

III. PROPOSED APPROACH

In this section, we first detail the proposed CS-LBFL
method and then present the extended CS-LBMFL method.

A. Cost-Sensitive Local Binary Feature Learning

Unlike most existing feature learning methods [29], [34]
which use the original raw pixel patch to learn feature repre-
sentations, we learn discriminative features using the neighbor-
centroid difference vectors (NCDV). NCDV computes the
difference between the center point and neighboring pixels
within a patch so that it better describes how pixel values
change and implicitly encode important visual patterns such
as edges and lines in face images than raw pixels. Moreover,
NCDV has been widely used in many previous local face
descriptors, such as hand-crafted LBP [31] and learning-based
DFD [35]. Fig. 2 illustrates how to extract one NCDV from a
face patch.

Let X = [x1,...,Xx4,...XN] € RN pe the training set,
where x, (1 <n < N) is the nth NCDV and d is the feature
dimension of each NCDV, respectively. We aim to seek a
mapping to project each NCDV into p bits of binary codes,
where the ith bit is computed as follows:

bni = sgn(w] x,), (1)

where w; is the projection vector for the ith bit, sgn(v) equals
to 1 if o > 0 and —1 otherwise.

By combining all w; (1 <i < p) into a projection matrix
W =[wi,wa, - ,wpl € R4*P we map each NCDV into a
binary feature vector b, € R? as follows:

b, = sgn(W'x,). 2)

For each NCDV x,, in the training set, we select two other
NCDV vectors x; and x, to construct one positive pair and
one negative pair to learn the projection matrix W, where
Xn, x,f and x,7 are NCDV feature vectors extracted at the
same position from different face images, x, and x, are
from face images in the same age class, and x, and x,
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Fig. 3. The basic idea of our cost-sensitive feature learning approach.
There are 4 NCDV samples in the training set, where two of them form
a positive pair (two circles) and three of them form two negative pairs. The
first negative pair have a large age gap (the circle and the square) and the
other negative pair have a small age gap (the circle and the triangle). We learn
the projection matrix W so that the distance of positive pairs is smaller than
a threshold and those of negative pairs are larger than the threshold, and the
negative pair with larger age gap has larger distance than those with smaller
age gap in the learned feature space.

are from face images in different age classes. Assume
there are M NCDV face pairs in the training set and the
mth face pair is represented as (X1,, X2m» Yim»> Y2m» {m), Where
X1m and xo,, are the NCDV vectors in this pair, yi,;, and ya,
are the corresponding age labels, ¢, is a flag number which
is set to 1 if this pair is positive and —1 otherwise.

Our proposed CS-LBFL method aims to learn / discrim-
inative hash functions to obtain a binary feature vector for
each NCDV, which is formulated as the following optimization
problem:

M
min J = E(l — Cn(t — d(Bx1m)s b(2m)) Q(Vims Yom)),

3)

where d(b(x1m), b(x2,)) is the hamming distance between the
binary code of x1,, and x3,,, b(x1,) and b(x2,,) are computed
according to (2), 7 is a pre-specified parameter, Q(Yim, Y2m)
is the cost information to reflect the relative relationship of
binary codes from different classes. Fig. 3 shows the basic
idea of our cost-sensitive feature learning approach.

There are two key objectives for (3):

1) The distance between the learned binary codes of
two NCDV vectors from the same age class is expected
to be less than a threshold and that from different classes
is higher than the threshold, so that the margin between
positive pairs and negative pairs is maximized and
discriminative information is exploited in the learned
binary codes [55].

2) The difference between binary codes from a negative
pair with a small age gap is smaller than that from a
negative pair with a large age gap because the estimation
error of a negative pair with smaller gap is less than
that with a larger gap. Hence, different weights should
be assigned to different negative pairs with different age
gaps.

Generally, there are a number of possible functions which

can be used to exploit the cost information in differ-
ent age classes. In our work, we exploit the following



LU et al.: CS-LBFL FOR FACIAL AGE ESTIMATION

(a) (®)

Fig. 4.

5359

(c) (C))

Tlustration of different cost functions to define the matrix Q(cy, ¢2), where (a) linear-truncated, (b) Gaussian-truncated, (c) truncated and (d) linear

functions are used, respectively. In these examples, ¢ is set as 20 and L is set as 5. When ¢, is near to ¢y, the cost value is small because mis-estimating

samples in the cth class as the cpth class occur a small error.

four cost functions:

lea—ci| |C
S, la—el =L
O(cr,e) =1, L .
1, otherwise
| ,(62361)2
— L — <L
Q(cr,en) = 1 =P o1 — el =
1, otherwise
lca —cil
C1,C2) = ————
0cr,e2) = =
0, [er—c2| =L
Q(c1,2) = .
1, otherwise

where L is a constant parameter that describes the tolerance
level of varying age relationships. Fig. 4 illustrates these four
cost functions to show how they exploit different relations for
neighboring age classes.

While the cost functions in our method are similar to those
used in robust statistics, there are two key difference between
them:

1) Their physical meanings are intrinsically different
because the value Q(cy,cp) of the cost functions in
robust statistics is to measure the probability of the
sample from the cith class to the cth class while that
in our method is to measure the loss of mis-estimating
samples from the cith class as the c»th class.

2) Their objectives are different because the cost functions
in robust statistics are used for parameter estimation
while those in our method are employed for feature
learning.

Since (3) is an NP-hard problem because of the non-linear
sgn(-) function, we relax the binary term by replacing the sign
of projection with its signed magnitude [17], [54]. Then, the
objective function of CS-LBFL can be rewritten as follows:

M
mwi/n J = ;(1 — Ll (t — dz(xlm, xXom)) X QVtms Yom)  (4)

where

d*>ims xam) = |IWTx1m — W x| %
T T
=W (xlm - x2m)(x1m - x2m) 4

)

To solve the optimization problem in (4), we use the sto-
chastic sub-gradient descent scheme to obtain the parameter W
in an iterative manner. At each iteration, we sample a pair of

Algorithm 1 CS-LBFL

Input: Training set: A/ NCDV face patch pairs,
iteration number: 7', learning rate: 7.

QOutput: Feature projection matrix: W.

Step 1: Initialize W = W°.

Step 2: Update W using (6).

Step 3: Output feature projection matrix: W = W*.

feature patches and update W as follows:

W — gl Wi Sngm, if € =—1,

Wi = 3w — e, WS,  if G =1, (6)

wt, otherwise
where g, = Oim, yam), which is determined from the
cost matrix, 9, = (X1m — *2m)(X1m — X2m)! is the outer

product of xy,, and x3,, # > 0 is the learning rate. In our
implementations, Wy is initialized by selecting the p largest
eigenvectors of the PCA subspace which is learned from
these NCDV vectors. Algorithm 1 summarizes the proposed
CS-LBFL method.

B. Cost-Sensitive Local Binary Multi-Feature Learning

While CS-LBFL learns discriminative features from raw
face patches, only a single scale face patch is used for
feature learning. Previous studies have shown that face patches
extracted from multiple scales provide complementary infor-
mation for discriminative feature extraction [41]. Hence, it
is desirable to extract multiple NCDVs to learn discrimina-
tive features from different scales to extract complementary
information to improve the performance. A naive solution
is to combine multiple NCDVs into a longer NCDV feature
vector and then apply CS-LBFL for feature learning with these
concatenated NCDVs. However, this operation is suboptimal
because each NCDV has a specific statistical characteristic
and such a concatenation sacrifices the diversity of different
descriptors. To this end, we also propose a cost-sensitive
local binary multi-feature learning (CS-LBMFL) method to
jointly learn multiple feature projection matrices for feature
learning. Specifically, one feature projection matrix is learned
for each size of NCDV under which the characteristic of
CS-LBFL is preserved in each NCDV feature space and the
interaction of different feature projection matrices is also
exploited, simultaneously.

Assume there are K NCDV feature vectors extracted
at each position from different scales in each face image.



5360

S 1
K s \
19151721222331 )
Local |id2205¢ 305640 %8%2
oca 929
2224 242930/46(49 24/24p9p9|46
patches 2 246 49 2346
2423293543 4853 2329354348
26283741455257
NCDVs [ s 5 2 5
v
[0 44 a2 4 5]
CS-LBMFL
Learn W1,W2, W3
Fig. 5. To perform multi-feature learning, we extract multiple NCDVs of

different sizes at the same position. In this figure, we extract three different
sizes of NCDV feature vectors at the same position, whose sizes are 5 x 5,
7 x 7, and 9 x 9, respectively. Hence, three corresponding NCDV feature
vectors are obtained, and their dimensions are 24, 48, and 80, respectively.
For each size of NCDV feature vector, we learn one projection to map it into
a binary feature vector. In our CS-LBMFL method, these multiple projections
are jointly learned so that both discriminative and complementary information
is effectively exploited.

For the kth NCDV feature space, there are M face pairs,
1 < k < K, and the mth pair of face patches for the
kth feature is represented as (xlm, xzm, Yims Y2ms €m), where

xll‘m and x2 are the face pair of NCDV feature vectors in the

kth NCDV feature space, y1;,; and yy, are the corresponding
age labels, ¢, is a flag number which is set to 1 if the face
pair is positive and —1 otherwise. Fig. 5 shows how to extract
multiple NCDV feature vectors from different scales at the
same position for feature learning.

Similar to CS-LBFL, CS-LBMFL aims to jointly learn
K feature projection matrices under which the distance of
each positive pair in the corresponding feature space is less
than a threshold and that of each negative pair is higher than a
threshold, and the difference of feature representations of each
position across NCDV feature spaces is minimized because
the NCDV feature vectors share the same semantic label, so
that both the discriminative information and complementary
information can be simultaneously exploited. To achieve this,
we formulate our CS-LBMFL method as the following opti-
mization problem:

K
i H = ...
y, min > d(We) + AG (Wi, -+, W)
k k=
subject to Zak =1,0r > 0. 7

k=1
where

M
W) =D (1= ti(z — d*(b(x},), b(x5,)))
< Qims Yom) @®)

IEEE TRANSACTIONS ON IMAGE PROCESSING, VOL. 24, NO. 12, DECEMBER 2015

K M
WKy = D > (@b, b))
ki,kp=1 m
ki #ky

G(W],"'

+d(bES)), b(xR2)) )

Wy is the feature projection matrix for the kth NCDV feature,
A is a parameter to balance these two terms, a = [ay, -+ , ok ]
is the weighting vector and ay is the weight of the kth NCDV
feature, a; > 0.

There are two objectives in (7):

1) The distance between the learned binary codes of each
pair of NCDV vectors is optimized with the CS-LBFL
criterion in each single NCDV feature space.

2) The difference between the learned binary codes of
different NCDVs extracted at the same position is
minimized in the jointly learned feature spaces.

Similar to CS-LBFL, we relax the binary term to a signed-

magnitude vector. To our best knowledge, there is no closed-
form solution to (7) because we need to solve the weighting
vector a and K feature projection matrices Wy, .-, W
simultaneously. To address this, we propose an alternating
optimization algorithm to obtain a local optimal solution.
Specifically, we first initialize Wy, - -+, Wy_1, Wiy, -+ -, Wk
and o and solve Wj sequentially, and then update o with the

learned Wy, --- , Wk accordingly.
When Wy, ---, Wi—1, Wit1,--- , Wk and a are fixed, (7)
can be rewritten as follows:
Hvlvin H(Wi) = o Sk (W) + AGr (Wy) (10)
(3
where
G(Wy) = Z Z(u Ext, — Whxl, 13
I=1,1%k m=1
+ W, xzm xzm”F) (11)

The stochastic sub-gradient descent scheme is used to obtain
the parameter W/ iteratively as follows:

ofi(oW] oG (W}

W) (/‘)) W)

Wy ow;

Wt+1 W]i _ 7’/(06k

where # > 0 is the learning rate, and

DI (W) W ongm, if Cn=—1
k k .
0, otherwise
oG (W!
# = 24(K — YW/ Z Z(xlm) <
k I= 1l#km—1
+2M(K — )W} Z Z(me) xh,
I= llyﬁkm—l
—22W; Z Z(xlm) X
I= ll;ékm_l
—2.W} Z Z(xzm)szm (14)

I=1,1k m=1
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Algorithm 2 CS-LBMFL

Input: Training set S = [S*] and the iteration number
T.
Output: Projection matrices W1, ..

weighting vector a.
Step 1 (Initialization):

1.1. Initialize W}, by selecting the D largest
eigenvectors of the PCA subspace which is
learned from the NCDV vectors in the kth
feature, and o = [1/K, ..., 1/K].

Step 2 (Local Optimization):

Fort=1,2,--- 7T, repeat

2.1. For k=1,---, K, Update W} using (12).

2.2. Update « using (20).

Step 3 (Output projection matrices):
3.1. Output projection matrices Wy, = W,

., Wk and the

Having obtained Wy, --- , Wk, we can obtain o by solving
the following objective function:
K
min H = zakfk(Wk)
k=1
K
subject to Zak =1, ar >0 (15)
k=1

The trivial solution to (15) is a;y = 1, which corresponds
to the minimum Ji (W) over different NCDV features, and
o = 0 otherwise. This means that only the best NCDV is
selected and the complementary property of multiple NCDVs
cannot exploited. To address this, we modify o; to be
ay (r > 1), and rewrite the following objective function:

K
min H = Za,ﬁ]k(Wk)
k=1
K
subject to Zak =1l,0r >0 (16)
k=1
We construct the following Lagrange function:
K K
H(a.p) =D g W) = fQ ax = 1) (A7)
k=1 k=1
Let %";’ﬁ) =0 and %Z’ﬁ) = 0, we have
ray " I(We) —¢ =0 (18)
K
Zak -1=0 (19)
k=1
Combining (18) and (19), we update o as follows:
(1/ W)/ =D 20)

k =
St (1 (Wi V=D
Algorithm 2 summarizes the proposed CS-LBMFL method.

C. Discussion

In this subsection, we highlight the difference between our
cost-sensitive local binary feature learning model and several
recently proposed methods.
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1) Cost-Sensitive Subspace Learning and Cost-Sensitive
Feature Selection [40], [41], [43]: In our recent work, we
introduced cost-sensitive subspace learning for face recogni-
tion. The basic idea of cost-sensitive subspace learning is to
learn a feature projection matrix to map each face sample
from the original space into the feature space so that the
cost-sensitive information can be preserved. More recently,
Miao et al. [43] proposed a cost-sensitive feature selection
method to select the most important features which yield
the minimal loss for pattern classification. However, both
of them are holistic feature learning approach because each
sample is considered as a whole feature vector and the most
informative features or subspaces are learned globally. In our
CS-LBFL and CS-LBMFL methods, we exploit cost-sensitive
information in raw face patches and learn local binary feature
descriptor locally so that it is more robust to local variations in
face images because our model inherits the advantage of LBP.

2) Discriminative ~ Manifold  Feature  Learning [24]:
Recently, Guo er al. [18], [23], [24], Guo and Mu [21],
Fu et al. [11], and Fu and Huang [12] proposed several
discriminative manifold feature learning methods for facial
age estimation, where discriminative manifold features and
the age information are modeled by a regressor. However,
these methods learn feature descriptors holistically so that
they are not robust to local variations. In contrast to these
previous works, our feature learning approach learns local
binary feature representation directly from raw face images,
so that it is more robust to variations of illumination and
expression.

IV. EXPERIMENTS

We evaluate our CS-LBFL and CS-LBMFL on the widely
used FG-NET [33], MORPH (Album 2) [48], LifeSpan [44],
and FACES [9] datasets. The following describes the details
of the experiments and results.

A. Experimental Settings

For CS-LBFL, we extracted each NCDV feature vector
from a 7 x 7 local patch. Hence, each extracted NCDV is
a 48D feature vector. We learned the project matrix W to
map each NCDV into a p-dimensional binary feature vector.
In our experiments, p was set as 15. Having obtained the
binary codes for each NCDV, we clustered them to learn a
codebook using K-means and pooled them to represent each
image as a histogram feature. Previous studies have shown
different face regions have different structural information [58]
and it is desirable to learn position-specific features for face
representation. Motivated by this, we divided each face image
into 8 x 8 non-overlapped local regions and learn a CS-LBFL
feature descriptor for each local region. Lastly, histogram
features extracted from different regions are concatenated as
the final representation for the whole face image. In our experi-
ments, the codebook size, learning rate #, and threshold z were
empirically set as 500, 0.000001 and 2, respectively. Fig. 6
illustrates how to use CS-LBFL for face representation.

For CS-LBMFL, we extracted three sets of patches for each
pixel at the same position. The patch sizes were set as 9 x 9,
7x7,and 5 x5, which yield three NCDV feature vectors which
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in CS-LBFL. Having learned the codebook and parameter W in the training
stage, we perform histogram representation for each face region. Specifically,
each NCDV is then converted to local binary features using our method and
is then converted as a real-valued histogram feature for face representation.
In our method, the whole face is divided into several local regions and each
patch is extracted from each local region to obtain the NCDV. In this figure,
we use 4 x 4 blocks for easy of presentation. In our experiments, each face
image was divided into 8 x 8 non-overlapped blocks.

are 80-, 48-, and 24D, respectively. Then, each NCDV feature
set was clustered to form a codebook, which follows the same
procedure in CS-LBFL. The binary codes length p, codebook
size and parameter 1 was empirically set as 15, 500, and 0.1,
respectively,

Having obtained the feature representation of each face
image, we used the ordinal hyperplanes ranker (OHRank) [5]
as the age estimator because it has shown excellent perfor-
mance in previous facial age estimation studies [5].

We employed two widely used measures for performance
evaluation: 1) mean absolute error (MAE) [7], [12], [16], [18],
[21], [63], and 2) the cumulative score (CS) [7], [12], [16],
[18], [21], [63], which are defined as follows:

Nis

MAE = " |l =il /Nss
i=1

CS(@) = Negg/Nts x 100%

where [; and [; are the predicted and original age labels of
the ith testing sample, N,y is the testing sample number,
N,<p is the number of testing samples whose absolute errors
are less than 6 years old.

B. Experiments on the FG-NET Dataset

There are 1002 face images from 82 persons in the
FG-NET face dataset [33]. Each person has 12 face images on
average, and the age range is from 0 to 69 years old. There
are large variations in pose, illumination, and expression.
Fig. 7 shows some face examples from the FG-NET dataset.
For each face image, we manually cropped and aligned it
into 64x64 according to the eye positions. For color images
in this dataset, we first converted them into gray-scale ones
and then applied our feature learning methods for feature
extraction.

We adopted the leave-one-person-out (LOPO) strategy to
conduct age estimation experiments. Specifically, face images
of one person were used as the test set and those of other
persons were used for training. Finally, the average result over
all 82 folds was used as the final age estimation performance.
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Fig. 7. Several example facial images of one person in the FG-NET dataset,
where the number below each image is the age value.

TABLE I
MAESs (YEARS OLD) AND CS (%) OF CS-LBFL WHEN DIFFERENT
COST FUNCTIONS ARE EMPLOYED ON THE FG-NET DATASET

Cost function MAE | CS (0 =5)
Linear-Truncate 4.43 74.6
Gaussian-Truncate | 4.51 73.8
Truncate 4.54 73.4
Linear 4.47 74.3
5
g, .

Mean Absolute Error
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Fig. 8. MAE (years old) of our proposed methods versus different codebook
sizes on the FG-NET dataset.

1) Parameter Determination: We first investigated different
cost functions of our CS-LBFL. Table I shows the MAE and
CS of our CS-LBFL with different cost functions. We see that
the linear-truncate cost function achieves the best performance
than other functions. Compared with other cost functions, the
linear-truncate function exploits the cost-sensitive information
on neighboring age labels, which is reasonable because when
the label difference is large, the influence of such age differ-
ence is limited because there is no much difference between
the age gap of 25 years old and 26 years old. Hence, we used
the linear-truncate cost function for performance evaluation
in the following experiments.

We also investigated the performance of our methods versus
different codebook sizes. We varied the codebook size from
100 to 800. Fig. 8 shows the MAEs of our CS-LBFL and
CS-LBMFL versus different codebook sizes. We see that
our methods are not sensitive to the codebook size and the
best estimation performance is obtained when the codebook
size was set in the range of [300, 500]. In the following
experiments, we set the codebook size as 500 for performance
evaluation.
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TABLE II
MAEs (YEARS OLD) COMPARISON OF DIFFERENT AGE ESTIMATION METHODS ON THE FG-NET DATASET

Method MAE | Method description year
KNN 8.24
SVM 7.25
MLP 6.95
RUN [60] 5.78 | AAM + RUN 2007
AGES [16] 6.77 | AAM + Aging pattern subspace 2007
LARR [18] 5.07 | AAM + Locally adjusted robust regression | 2008
PFA [19] 4.97 | AAM + Probabilistic fusion approach 2008
KAGES [14] 6.18 | AAM + Kernel AGES 2008
MSA [13] 5.36 | AAM + Multilinear subspace analysis 2009
SSE [59] 5.21 AAM + submanifold embedding 2009
mKNN [57] 5.21 AAM + metric learning 2009
MTWGP [63] 4.83 | AAM + Multi-task warped GPR 2010
RED-SVM [4] | 5.21 | AAM + Red SVM 2010
OHRank [5] 4.48 | AAM + Ordinal hyperplanes ranker 2011
PLO [36] 4.82 | Feature selection + OHRank 2012
IIS-LLD [15] 5.77 | AAM/BIF+learning from label distribution | 2013
CPNN [15] 476 | AAM/BIF+learning from label distribution | 2013
CA-SVR [6] 4.67 | AAM+cumulative/joint attribute learning 2013
CS-LBFL 4.43 | Feature learning + OHRank
CS-LBMFL 4.36 | Multiple feature learning + OHRank
90 TABLE III
80 MAESs (YEARS OLD) COMPARISON WITH EXISTING FEATURE
LEARNING METHODS ON THE FG-NET DATASET
70t
o ol Method MAE
3 —e— CS-LBMFL LQP [30] 4.70
@ - @ - CS-LBFL DFD [35] 4.57
2 _ “Rﬁev'gg"‘" RICA [34] 6.09
2 AGES CS-LBFL 4.43
3 —=— OHRANK-RAW/] MDFD 5.35
——é— OHRANK-LBP MLQP 4.61
— SIVFR 1 MRICA 5.65
—o— RUN2 CS-LBMFL | 4.36
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Fig. 9. CS curve comparison of different age estimation methods on the
FG-NET dataset.

2) Comparisons With State-of-the-Art Age Estimation
Methods: Table II tabulates the MAEs of our CS-LBFL
and CS-LBMFL on the FG-NET dataset, compared with
state-of-the-art facial age estimation methods. Fig. 9 shows
the CS curves of different facial age estimation methods.
Results of the existing state-of-the-art methods are obtained
from the original papers. As can be seen, our proposed
CS-LBFL achieves competitive performance with the existing
state-of-the-art facial age estimation methods. Moreover, the
performance of our CS-LBFL can be further improved when
it is extended to CS-LBMFL. This is because multiple feature
information is exploited in CS-LBMFL, which can extract
more complementary information to improve the estimation
performance.

3) Comparisons With Existing Feature Learning Methods:
We compared our CS-LBFL and CS-LBMFL with three exist-
ing feature learning methods including LQP [30], DFD [35]
and RICA [34]. These methods have been successfully applied
in face and object recognition in recent years [30], [34], [35].

In this work, we applied them for face feature learning in
our age estimation task for comparison. The source codes
of DFD and RICA are publicly available. We implemented
LQP by carefully following the details of the paper. For
fair comparison, we carefully tuned the parameters of the
compared methods to achieve the best result. Specifically,
for DFD and RICA, the patch size was set as 7 x 7 to
learn the features and the codebook size was set as 500 to
learn the dictionary. For LQP, the patch size was set as 7x7
and the threshold was set as 6 to learn two binary codes
sets. Then, we learned two codebooks using K-means, where
each codebook size was selected as 250. For all these three
compared methods, the OHRank [5] age estimator was used
for age prediction. Table III shows the MAEs of different
feature learning methods. As can be seen, our proposed
CS-LBFL outperforms LQP and RICA and achieves
comparable performance with DFD.

To fairly compare our CS-LBMFL with these feature
learning methods, we also performed feature learning using
multiple scales for LQP, RICA and DFD, where multiple
scales of local patches are used for feature learning.
Specifically, we extended them into multi-scale LQP (MLQP),
multi-scale (MDFD) and multi-scale (MRICA) by following



5364

TABLE IV
MAES (YEARS OLD) COMPARISON WITH EXISTING COST-SENSITIVE
LEARNING METHODS ON THE FG-NET DATASET

Method MAE
CS-LDA [40] | 7.36
CS-FS [43] 7.41
CS-LBFL 4.43
CS-LBMFL 4.36
TABLE V

MAESs (YEARS OLD) COMPARISON WITH DIFFERENT
AGE ESTIMATORS ON THE FG-NET DATASET

Method MAE
CS-LBFL + SVR 4.98
CS-LBMFL + SVR 4.73
CS-LBFL + OHRank 4.43
CS-LBMFL + OHRank | 4.36

the same extension procedure from CS-LBFL to CS-LBMFL.
The age estimation performance of different feature learn-
ing methods are also shown in Table III. We see that our
CS-LBMFL outperforms the other multi-scale feature learning
methods.

4) Comparisons With Existing Cost-Sensitive Learning
Methods: We compared our cost-sensitive feature learning
approach with two existing cost-sensitive learning methods:
cost-sensitive linear discriminant analysis (CS-LDA) [40] and
cost-sensitive feature selection (CS-FS) [43]. For CS-LDA,
we used the linear-truncate cost function to compute the
between-class variation. For CS-FS, we selected the top 1000
important features for feature representation. The OHRank [5]
age estimator was used for age prediction. Table IV shows the
MAE:s of different cost-sensitive learning methods. As can be
seen, our CS-LBFL and CS-LBMFL outperform the existing
cost-sensitive learning methods.

5) Comparisons With Different Age Estimators: We investi-
gated the performance of our CS-LBFL and CS-LBMFL when
different age estimators are used. We compared OHRank with
support vector regression (SVR) [24]. For SVR, we followed
the same setting in [24]. Table V shows the MAEs of different
age estimators. As can be seen, OHrank outperforms SVR.
However, the difference is not very large.

6) Performance Analysis of Different Factors: We
conducted experiments to analyze the performance of our
CS-LBFL method when the cost information and binary
features were employed individually. We created two baseline
methods: LBFL and CS-LFL. For LBFL, the cost function
was not employed in our CS-LBFL, which means that the
cost matrix is set as an equal matrix where each element in
this matrix is set as the same cost value. For CS-LFL, the sgn
function was not used in (1), which means that the learned W
only projects each NCDV into a real-valued feature vector.
All other procedures of both LBFL and CS-LFL followed
the same settings of those in CS-LBFL. Table VI shows
the MAEs and CSs of different variations of our feature
learning method on the FG-NET dataset. We see that both the
cost-sensitive information and binary information contribute
to the final age estimation performance of our feature
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TABLE VI
MAEs (YEARS OLD) AND CS (%) COMPARISONS OF CS-LBFL
OF OUR CS-LBFL METHOD WITH DIFFERENT LEARNING
STRATEGIES ON THE FG-NET DATASET

Method MAE | CS (0 =5)

LBFL 4.55 73.7

CS-LFL 4.75 72.5

CS-LBFL | 4.43 74.6
TABLE VII

COMPUTATIONAL TIME (SECOND) COMPARISON OF
DIFFERENT FEATURE LEARNING METHODS

Method Time
DFD 0.60
LQP 0.10
RICA 0.35
CS-LBFL 0.06
CS-LBMFL | 0.18

Fig. 10.  Several example facial images with different age values in the
MORPH (Album 2) dataset, where the number below each image is the age
value of the person.

learning method. Moreover, binary feature representation
can improve the performance of our methods more than the
cost-sensitive information. That is because binary information
can extract binary feature descriptor which is robust to local
variations in many real-world face images.

7) Computational Time: Lastly, we investigated the com-
putational time of CS-LBFL and CS-LBMFL and compared
them with other feature learning methods such as DFD, LQP,
and RICA. All experiments were conducted on a PC with
a 3.40GHz i7 CPU and a 24Gb RAM under the MATLAB
platform. Table VII shows the computational time of different
feature learning methods for one face image. We see that our
CS-LBFL is faster and our CS-LBMFL are comparable with
other feature learning methods.

C. Experiments on the MORPH Dataset

There are 55608 face images from more than 13000 subjects
in the MORPH (Album 2) database [48]. The average number
of face image per person is 4, and the age range of this
dataset is from 16 to 77 years old. Fig. 10 shows some face
images from the MORPH dataset. For each face image, we
manually cropped and aligned it into 64x64 according to
the eye positions. The color images were also converted into
gray-scale ones before feature learning.

We applied the 10-fold cross validation strategy for per-
formance evaluation on the MORPH (Album 2) dataset
because there are more than 13000 subjects and it is very



LU et al.: CS-LBFL FOR FACIAL AGE ESTIMATION

TABLE VIII
MAEs (YEARS OLD) COMPARISON WITH THE STATE-OF-THE-ART
FACIAL AGE ESTIMATION METHODS ON THE
MORPH (ALBUM 2) DATASET

Method MAE
KNN 9.64
SVM 7.34
AGES [16] 8.83
MTWGP [63] 6.28
RED-SVM [4] 6.49
OHRank [5] 5.69
IIS-LLD [15] 5.67
CPNN [15] 4.87
CA-SVR [6] 5.88
MFOR [56] 4.20
BIF+OLPP [20] 4.45
rKCCA [22] 3.98
rKCCA + SVM [22] | 3.92
CS-LDA [40] 6.03
CS-FS [43] 6.59
CS-LBFL 4.52
CS-LBMFL 4.37
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Fig. 11. CS curves comparisons of different facial age estimation methods

on the MORPH (Album 2) dataset.

time-consuming to perform the LOPO test. Specifically, we
divided the whole dataset into 10 folds and each fold has
the nearly equal size. We used one fold as the testing
set and the other nine folds for training. We repeated this
procedure 10 times and computed the average result as the
final estimation performance. We compared our methods with
state-of-the-art facial age estimation methods and two exist-
ing cost-sensitive learning methods, as shown in Table VIII.
Results of the existing state-of-the-art methods are obtained
from the original papers and these two cost-sensitive learn-
ing methods are implemented by ourselves. The methods of
BIF+OLPP [20] and rKCCA [22] exploited the information
of human race and gender in their age estimation systems.
Fig. 11 shows the CS curves of different age estimation
methods. As can be seen, our CS-LBFL and CS-LBMFL
achieve very competitive performance with existing state-of-
the-art facial age estimation methods.

D. Experiments on the LifeSpan Dataset

There are 844 face images in the LifeSpan dataset [44],
and the age range is from 18 to 94 years old. Unlike the
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Fig. 12. Several example facial images with different age values in
the LifeSpan dataset, Each column represents one person, where the top
image shows a happy expression while the bottom image shows the neutral
expression. The number below the image is the age value of the person.

TABLE IX
MAESs (YEARS OLD) OF DIFFERENT FACIAL AGE ESTIMATION
METHODS ON THE LIFESPAN DATASET

Method Neutral | Happy
BIF [25] 8.93 10.75
BIF+MFA [25] 6.05 7.36
CS-LDA [40] 8.18 9.35
CS-FS [43] 9.29 10.01
OHRank (SIFT) [5] 9.56 10.00
OHRank (LBP) [5] 8.63 8.69
CS-LBFL 5.79 5.84
CS-LBMFL 5.26 5.62

FG-NET and MORPH datasets, the LifeSpan dataset con-
sists of face images of the same person captured from two
different expressions. Specifically, there are 590 subjects in
this dataset, and each subject has some face images with the
neutral expression. Among these 590 subjects, some of them
also contain the happy expression. Fig. 12 shows some face
examples with different ages and expressions. For each face
image, we manually cropped and aligned it into 128x128
according to the eye positions.

In our experiments, we performed age estimation for face
images which were captured under the same expression.
In other words, face images in both the training and testing
sets have the same expression from different subjects. We per-
formed the five-fold cross validation for each expression set
and computed the MAE for comparison. We compared our
methods with OHRank using two other hand-crafted features:
LBP and SIFT. Specifically, we extracted LBP and SIFT
histogram features from 8x8 non-overlapping blocks, and
extract 59D LBP feature and 128D SIFT feature for each
block, respectively. Finally, features from all blocks were
concatenated together as the final feature representation, and
OHRank was used for age prediction. We also compared our
methods with CS-LDA and CS-FS, which are implemented
by ourselves. Table IX shows the performance of differ-
ent facial age estimation methods on the LifeSpan dataset.
Fig. 13 shows the CS curve of different methods for the
happy expression subset. As can be seen, our CS-LBFL
and CS-LBMFL significantly improve the existing facial age
estimation methods.

E. Experiments on the FACES Dataset

There are 2052 frontal face images of 171 subjects in the
FACES dataset [9], and the age range of this dataset is from
19 to 80 years old. For each person, there are six expressions:
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TABLE X
MAESs (YEARS OLD) OF DIFFERENT FACIAL AGE ESTIMATION METHODS ON THE FACES DATASET

Representation Neutral | Happy | Disgust | Fearful | Sad | Angry
BIF [25] 9.50 10.70 13.26 12.65 | 10.78 | 13.26
BIF+MFA [25] 8.14 10.32 12.24 10.73 | 10.66 | 10.96
CS-LDA [40] 5.97 7.52 9.20 8.63 8.48 9.16
CS-FS [43] 7.83 8.78 8.85 9.44 9.16 | 10.99
OHRank (LBP) [5] 5.16 7.64 8.31 7.00 6.87 7.87
OHRank (SIFT) [5] 6.36 8.88 9.20 7.30 9.09 8.86
CS-LBFL 5.06 6.53 7.15 6.32 6.27 6.94
CS-LBMFL 4.84 5.85 5.70 6.10 4.98 5.50
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Fig. 13. CS curves of different facial age estimation methods on the LifeSpan
dataset.

Fig. 14.  Several example facial images with different age values in the
FACES dataset, Each column represents one individual where the top image
shows a specific expression (happy, sad, surprise, disgust, and fear) while the
bottom image shows the neutral expression. The number below the image is
the age value of the person.

neutral, sad, disgust, fear, angry and happy. Fig. 14 shows
some face examples of three subjects with different ages and
expressions in the FACES dataset. In our experiments, each
face image was cropped and aligned to 128x 128 according
to the eye coordinates. We performed the five-fold cross
validation and computed the age estimation performance under
the same expression. We compared our methods with OHRank
with LBP and SIFT features, where the procedure of extracting
these two features is the same as that on the LifeSpan dataset.
We also compared our methods with CS-LDA and CS-FS,
which are implemented by ourselves. Table X shows the
performance of our methods and the other baseline methods.
Fig. 15 shows the CS curves of different methods on the sad
expression subset of the FACES dataset. As can be seen, our
CS-LBFL and CS-LBMFL methods significantly improve the
existing state-of-the-art facial age estimation methods.

Error Level

Fig. 15. CS curves of different facial age estimation methods on the sad
expression subset of the FACES dataset.

F. Discussion

We make the following two observations from the above
experimental results:

1) Our CS-LBFL and CS-LBMFL achieve very competitive
performance with state-of-the-art facial age estimation
in all the four datasets. This is because our CS-LBFL
and CS-LBMFL automatically learn feature representa-
tion from raw data, which are more data-adaptive than
the hand-crafted feature descriptors which are used in
most existing methods. Moreover, both CS-LBFL and
CS-LBMFL are binary feature descriptors, which
demonstrate stronger robustness to local variations.
Both the cost-sensitive information and binary infor-
mation contribute to the performance of our proposed
methods, and binary information can improve the per-
formance more than the cost-sensitive information. That
is because binary information can extract binary feature
descriptor which is robust to local variations in many
real-world face images.

2)

V. CONCLUSION AND FUTURE WORK

In this paper, we have proposed a cost-sensitive local
binary feature learning (CS-LBFL) method for facial age
estimation. Since facial age estimation is a cost-sensitive com-
puter vision problem and local binary features are robust to
different variations, we learned a series of hashing functions to
project raw pixel values into low-dimensional binary codes and
encoded them into a real-value histogram feature for face rep-
resentation. Moreover, we proposed a cost-sensitive binary
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multiple feature learning (CS-LBMFL) method by extracting
multiple NCDVs to exploit complementary information to
further improve the performance. Experimental results on four
widely used face aging datasets show the efficacy of the
proposed methods.

There are two interesting directions for future work:

1) Our CS-LBFL and CS-LBMFL are general feature

learning methods and it is interesting to apply them
to other visual recognition applications besides age
estimation in this study.

2) In this work, we only learned features from one single

[1

—

[2]
[3]

[4]

[5]

[6

—

[7]

[8]

[9]

(10]

[11]

[12]

(13]

(14]

[15]

(16]

[17]

[18]

[19]

layer and it is interesting to learn deep and hierarchal
features for future study.

REFERENCES

T. Ahonen, A. Hadid, and M. Pietikédinen, “Face description with local
binary patterns: Application to face recognition,” IEEE Trans. Pattern
Anal. Mach. Intell., vol. 28, no. 12, pp. 2037-2041, Dec. 2006.

Y. Bengio, P. Lamblin, D. Popovici, and H. Larochelle, “Greedy layer-
wise training of deep networks,” in Proc. Adv. NIPS, 2007, pp. 153-160.
K.-Y. Chang and C.-S. Chen, “A learning framework for age rank
estimation based on face images with scattering transform,” IEEE Trans.
Image Process., vol. 24, no. 3, pp. 785-798, Mar. 2015.

K.-Y. Chang, C.-S. Chen, and Y.-P. Hung, “A ranking approach for
human ages estimation based on face images,” in Proc. 20th ICPR,
Aug. 2010, pp. 3396-3399.

K.-Y. Chang, C.-S. Chen, and Y.-P. Hung, “Ordinal hyperplanes ranker
with cost sensitivities for age estimation,” in Proc. IEEE Conf. CVPR,
Jun. 2011, pp. 585-592.

K. Chen, S. Gong, T. Xiang, and C. C. Loy, “Cumulative attribute space
for age and crowd density estimation,” in Proc. IEEE Conf. CVPR,
Jun. 2013, pp. 2467-2474.

Y.-L. Chen and C.-T. Hsu, “Subspace learning for facial age estimation
via pairwise age ranking,” IEEE Trans. Inf. Forensics Security, vol. 8,
no. 12, pp. 2164-2176, Dec. 2013.

P. Domingos, “MetaCost: A general method for making classifiers
cost-sensitive,” in Pros. 5th ACM SIGKDD Int. Conf. KDD, 1999,
pp. 155-164.

N. C. Ebner, M. Riediger, and U. Lindenberger, “FACES—A database of
facial expressions in young, middle-aged, and older women and men:
Development and validation,” Behavior Res. Methods, vol. 42, no. 1,
pp. 351-362, 2010.

C. Elkan, “The foundations of cost-sensitive learning,” in Proc. 17th
IJCAL 2001, pp. 973-978.

Y. Fu, G. Guo, and T. S. Huang, “Age synthesis and estimation via faces:
A survey,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 32, no. 11,
pp. 1955-1976, Nov. 2010.

Y. Fu and T. S. Huang, “Human age estimation with regression on
discriminative aging manifold,” IEEE Trans. Multimedia, vol. 10, no. 4,
pp. 578-584, Jun. 2008.

X. Geng and K. Smith-Miles, “Facial age estimation by multilinear
subspace analysis,” in Proc. IEEE ICASSP, Apr. 2009, pp. 865-868.
X. Geng, K. Smith-Miles, and Z.-H. Zhou, “Facial age estimation
by nonlinear aging pattern subspace,” in Proc. 16th ACM Int. Conf.
Multimedia, 2008, pp. 721-724.

X. Geng, C. Yin, and Z.-H. Zhou, “Facial age estimation by learning
from label distributions,” IEEE Trans. Pattern Anal. Mach. Intell.,
vol. 35, no. 10, pp. 2401-2412, Oct. 2013.

X. Geng, Z.-H. Zhou, and K. Smith-Miles, “Automatic age estimation
based on facial aging patterns,” IEEE Trans. Pattern Anal. Mach. Intell.,
vol. 29, no. 12, pp. 2234-2240, Dec. 2007.

Y. Gong and S. Lazebnik, “Iterative quantization: A procrustean
approach to learning binary codes,” in Proc. Conf. CVPR, Jun. 2011,
pp. 817-824.

G. Guo, Y. Fu, C. R. Dyer, and T. S. Huang, “Image-based human age
estimation by manifold learning and locally adjusted robust regression,”
IEEE Trans. Image Process., vol. 17, no. 7, pp. 1178-1188, Jul. 2008.
G. Guo, Y. Fu, C. R. Dyer, and T. S. Huang, “A probabilistic fusion
approach to human age prediction,” in Proc. IEEE Comput. Soc. Conf.
CVPRW, Jun. 2008, pp. 1-6.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

5367

G. Guo and G. Mu, “Human age estimation: What is the influence across
race and gender?” in Proc. IEEE Comput. Soc. Conf. CVPRW, Jun. 2010,
pp. 71-78.

G. Guo and G. Mu, “Simultaneous dimensionality reduction and human
age estimation via kernel partial least squares regression,” in Proc. IEEE
Conf. CVPR, Jun. 2011, pp. 657-664.

G. Guo and G. Mu, “A framework for joint estimation of age, gender
and ethnicity on a large database,” Image Vis. Comput., vol. 32, no. 10,
pp. 761-770, 2014.

G. Guo, G. Mu, Y. Fu, C. Dyer, and T. Huang, “A study on automatic
age estimation using a large database,” in Proc. IEEE 12th ICCV,
Sep./Oct. 2009, pp. 1986-1991.

G. Guo, G. Mu, Y. Fu, and T. S. Huang, “Human age estimation
using bio-inspired features,” in Proc. IEEE Conf. CVPR, Jun. 2009,
pp. 112-119.

G. Guo and X. Wang, “A study on human age estimation under
facial expression changes,” in Proc. IEEE Conf. CVPR, Jun. 2012,
pp. 2547-2553.

A. Hadid, M. Pietikdinen, and T. Ahonen, “A discriminative feature
space for detecting and recognizing faces,” in Proc. IEEE Comput. Soc.
Conf. CVPR, Jun./Jul. 2004, pp. 1I-797-11-804.

H. Han, C. Otto, and A. K. Jain, “Age estimation from face images:
Human vs. machine performance,” in Proc. ICB, Jun. 2013, pp. 1-8.
G. E. Hinton, S. Osindero, and Y.-W. Teh, “A fast learning algorithm
for deep belief nets,” Neural Comput., vol. 18, no. 7, pp. 1527-1554,
2006.

G. B. Huang, H. Lee, and E. Learned-Miller, “Learning hierarchical
representations for face verification with convolutional deep belief
networks,” in Proc. IEEE Conf. CVPR, Jun. 2012, pp. 2518-2525.

S. ul Hussain, T. Napoléon, and F. Jurie, “Face recognition using local
quantized patterns,” in Proc. BMVC, 2012, pp. 1-11.

J. Kittler, A. Hilton, M. Hamouz, and J. Illingworth, “3D assisted
face recognition: A survey of 3D imaging, modelling and recognition
approachest,” in Proc. IEEE Comput. Soc. Conf. CVPR Workshops,
Jun. 2004, p. 114.

Y. H. Kwon and N. da Vitoria Lobo, “Age classification from facial
images,” Comput. Vis. Image Understand., vol. 74, no. 1, pp. 1-21,
1999.

A. Lanitis, C. J. Taylor, and T. F. Cootes, “Toward automatic simulation
of aging effects on face images,” IEEE Trans. Pattern Anal. Mach. Intell.,
vol. 24, no. 4, pp. 442455, Apr. 2002.

Q. V. Le, A. Karpenko, J. Ngiam, and A. Y. Ng, “ICA with recon-
struction cost for efficient overcomplete feature learning,” in Proc. Adv.
NIPS, 2011, pp. 1017-1025.

Z. Lei, M. Pietikdinen, and S. Z. Li, “Learning discriminant face
descriptor,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 36, no. 3,
pp- 289-302, Feb. 2014.

C. Li, Q. Liu, J. Liu, and H. Lu, “Learning ordinal discriminative
features for age estimation,” in Proc. IEEE Conf. CVPR, Jun. 2012,
pp. 2570-2577.

Y. Li, J. T.-Y. Kwok, and Z.-H. Zhou, “Cost-sensitive semi-supervised
support vector machine,” in Proc. 24th AAAI Conf. Artif. Intell., 2010,
pp- 500-505.

C. Liu and H. Wechsler, “Gabor feature based classification using the
enhanced Fisher linear discriminant model for face recognition,” IEEE
Trans. Image Process., vol. 11, no. 4, pp. 467-476, Apr. 2002.

X.-Y. Liu and Z.-H. Zhou, “The influence of class imbalance on
cost-sensitive learning: An empirical study,” in Proc. 6th ICDM,
Dec. 2006, pp. 970-974.

J. Lu and Y.-P. Tan, “Cost-sensitive subspace learning for face
recognition,” in Proc. IEEE Conf. CVPR, Jun. 2010, pp. 2661-2666.
J. Lu and Y.-P. Tan, “Cost-sensitive subspace analysis and extensions
for face recognition,” IEEE Trans. Inf. Forensics Security, vol. 8, no. 3,
pp. 510-519, Mar. 2013.

H. Masnadi-Shirazi and N. Vasconcelos, “Cost-sensitive boosting,” IEEE
Trans. Pattern Anal. Mach. Intell., vol. 33, no. 2, pp. 294-309, Feb. 2011.
L. Miao, M. Liu, and D. Zhang, “Cost-sensitive feature selection
with application in software defect prediction,” in Proc. 21st ICPR,
Nov. 2012, pp. 967-970.

M. Minear and D. C. Park, “A lifespan database of adult facial stimuli,”
Behavior Res. Methods, Instrum., Comput., vol. 36, no. 4, pp. 630-633,
2004.

A. Montillo and H. Ling, “Age regression from faces using random
forests,” in Proc. 16th IEEE ICIP, Nov. 2009, pp. 2465-2468.

T. Ojala, M. Pietikdinen, and T. Méenpdid, “A generalized local binary
pattern operator for multiresolution gray scale and rotation invariant
texture classification,” in Proc. 2nd ICAPR, 2001, pp. 399—408.



5368

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

(58]

[59]

[60]

[61]

[62]

[63]

[64]

IEEE TRANSACTIONS ON IMAGE PROCESSING, VOL. 24, NO. 12, DECEMBER 2015

S. Raudys and A. Raudys, “Pairwise costs in multiclass perceptrons,”
IEEE Trans. Pattern Anal. Mach. Intell., vol. 32, no. 7, pp. 1324-1328,
Jul. 2010.

K. Ricanek, Jr., and T. Tesafaye, “MORPH: A longitudinal image
database of normal adult age-progression,” in Proc. 7th Int. Conf. FGR,
Apr. 2006, pp. 341-345.

S. Rifai, P. Vincent, X. Muller, X. Glorot, and Y. Bengio, “Contractive
auto-encoders: Explicit invariance during feature extraction,” in Proc.
28th ICML, 2011, pp. 833-840.

C. Shan, S. Gong, and P. W. McOwan, “Facial expression recognition
based on local binary patterns: A comprehensive study,” Image Vis.
Comput., vol. 27, no. 6, pp. 803-816, 2009.

Y. Sun, M. S. Kamel, A. K. C. Wong, and Y. Wang, “Cost-sensitive
boosting for classification of imbalanced data,” Pattern Recognit.,
vol. 40, no. 12, pp. 3358-3378, 2007.

Y. Sun, X. Wang, and X. Tang, “Deep learning face representation
from predicting 10,000 classes,” in Proc. IEEE Conf. CVPR, Jun. 2014,
pp. 1891-1898.

K. M. Ting, “A comparative study of cost-sensitive boosting algorithms,”
in Proc. 17th ICML, 2000, pp. 983-990.

J. Wang, S. Kumar, and S.-F. Chang, “Semi-supervised hashing for
scalable image retrieval,” in Proc. IEEE Conf. CVPR, Jun. 2010,
pp. 3424-3431.

K. Q. Weinberger and L. K. Saul, “Distance metric learning for large
margin nearest neighbor classification,” J. Mach. Learn. Res., vol. 10,
pp. 207-244, Feb. 2009.

R. Weng, J. Lu, G. Yang, and Y.-P. Tan, “Multi-feature ordinal ranking
for facial age estimation,” in Proc. 10th IEEE Int. Conf. Workshops FG,
Apr. 2013, pp. 1-6.

B. Xiao, X. Yang, Y. Xu, and H. Zha, “Learning distance metric for
regression by semidefinite programming with application to human
age estimation,” in Proc. 17th ACM Int. Conf. Multimedia, 2009,
pp. 451-460.

S. Xie, S. Shan, X. Chen, and J. Chen, “Fusing local patterns of Gabor
magnitude and phase for face recognition,” IEEE Trans. Image Process.,
vol. 19, no. 5, pp. 1349-1361, May 2010.

S. Yan, H. Wang, Y. Fu, J. Yan, X. Tang, and T. S. Huang, “Synchronized
submanifold embedding for person-independent pose estimation and
beyond,” IEEE Trans. Image Process., vol. 18, no. 1, pp. 202-210,
Jan. 2009.

S. Yan, H. Wang, X. Tang, and T. S. Huang, “Learning auto-structured
regressor from uncertain nonnegative labels,” in Proc. IEEE 11th ICCV,
Oct. 2007, pp. 1-8.

S. Yan, D. Xu, B. Zhang, H.-J. Zhang, Q. Yang, and S. Lin, “Graph
embedding and extensions: A general framework for dimensionality
reduction,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 29, no. 1,
pp. 40-51, Jan. 2007.

B. Zadrozny, J. Langford, and N. Abe, “Cost-sensitive learning by
cost-proportionate example weighting,” in Proc. 3rd IEEE ICDM,
Nov. 2003, pp. 435-442.

Y. Zhang and D.-Y. Yeung, “Multi-task warped Gaussian process for
personalized age estimation,” in Proc. IEEE Conf. CVPR, Jun. 2010,
pp. 2622-2629.

Z.-H. Zhou and X.-Y. Liu, “Training cost-sensitive neural networks with
methods addressing the class imbalance problem,” IEEE Trans. Knowl.
Data Eng., vol. 18, no. 1, pp. 63-77, Jan. 2006.

Jiwen Lu (M’11-SM’15) received the B.Eng.
degree in mechanical engineering and the M.Eng.
degree in electrical engineering from the Xi’an
4 University of Technology, Xi’an, China, and the

/-

3 y Ph.D. degree in electrical engineering from Nanyang
u.'.:.} Technological University, Singapore. He is currently
- a Faculty Member with the Department of Automa-
= tion, Tsinghua University, China. His research inter-
\ : / ests include computer vision, pattern recognition,
L [N and machine learning. He has authored/co-authored
over 110 scientific papers in these areas. He serves
as an Associate Editor of Pattern Recognition Letters, Neurocomputing, and
the IEEE ACCESS. He was a recipient of the First-Prize National Scholarship
and the National Outstanding Student Award from the Ministry of Education
of China in 2002 and 2003, the Best Student Paper Award from the Pattern
Recognition and Machine Intelligence Association of Singapore in 2012,
the Top 10% Best Paper Award from the IEEE International Workshop on
Multimedia Signal Processing in 2014, and the National 1000 Young Talents
Plan Program in 2015, respectively.

L4

Venice Erin Liong received the B.S. degree from
the University of the Philippines Diliman, Quezon
City, Philippines, in 2010, and the M.S. degree from
the Korea Advanced Institute of Science and Tech-
nology, Daejeon, Korea, in 2013. She is currently
pursuing the Ph.D. degree with the Interdisciplinary
Graduate School, Rapid-Rich Object Search Labora-
tory, Nanyang Technological University, Singapore.
Her research interests include computer vision and
pattern recognition.

Jie Zhou (M’01-SM’04) received the B.S. and
M.S. degrees from the Department of Mathematics,
Nankai University, Tianjin, China, in 1990 and 1992,
respectively, and the Ph.D. degree from the Institute
of Pattern Recognition and Artificial Intelligence,
Huazhong University of Science and Technology,
‘Wuhan, China, in 1995. Since 1997, he has served
as a post-doctoral fellow with the Department of
Automation, Tsinghua University, Beijing, China.
Since 2003, he has been a Full Professor with
the Department of Automation, Tsinghua University.
His research interests include computer vision, pattern recognition, and image
processing. He has authored over 100 papers in peer-reviewed journals and
conferences. Among them, more than 30 papers have been published in top
journals and conferences, such as the IEEE TRANSACTIONS ON PATTERN
ANALYSIS AND MACHINE INTELLIGENCE, the IEEE TRANSACTIONS ON
IMAGE PROCESSING, and CVPR. He is an Associate Editor of the Interna-
tional Journal of Robotics and Automation and two other journals. He received
the National Outstanding Youth Foundation of China Award.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


