A Novel Approach to Expression Recognition from Non-frontal Face Images
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Abstract

Non-frontal view facial expression recognition is impor-
tant in many scenarios where the frontal view face images
may not be available. However, few work on this issue has
been done in the past several years because of its technical
challenges and the lack of appropriate databases. Recently,
a 3D facial expression database (BU-3DFE database) is
collected by Yin et al. [10] and has attracted some re-
searchers to study this issue. Based on the BU-3DFE
database, in this paper we propose a novel approach to ex-
pression recognition from non-frontal view facial images.
The novelty of the proposed method lies in recognizing the
multi-view expressions under the unified Bayes theoretical
framework, where the recognition problem can be formu-
lated as an optimization problem of minimizing an upper
bound of Bayes error. We also propose a close-form so-
lution method based on the power iteration approach and
rank-one update (ROU) technique to find the optimal so-
lutions of the proposed method. Extensive experiments on
BU-3DFE database with 100 subjects and 5 yaw rotation
view angles demonstrate the effectiveness of our method.

1. Introduction

Automatic facial expression recognition has become a
very hot research topic in computer vision and pattern
recognition community due to its technical challenge and
the wide potential applications in many fields. A major task
of facial expression recognition is to classify a given facial
image into six categories, i.e. angry, disgust, fear, happy,
sad, and surprise, based on some facial features. During
the past several years, many facial expression recognition
methods have been proposed. For a literature survey, see
[3][8][11]. A major limitation of the previous facial expres-
sion recognition methods is that most of them focus on the
frontal or nearly frontal view facial images. In many scenar-
ios, however, frontal or nearly frontal view face images may

not be available. Moreover, people have found that non-
frontal facial images may be more informative than frontal
ones because in non-frontal facial images the heights of the
nose and cheek may be available, while frontal ones are usu-
ally symmetric and redundant.

Recently, a publicly available 3D facial expression
database, called BU-3DFE, was collected by Yin et al. [10]
at State University of New York at Binghamton. The BU-
3DFE facial expression database attracted some researchers
to investigate the non-frontal view facial expression recog-
nition issue and had obtained some interesting findings. For
example, Wang et al. [9] found that the expression recogni-
tion performed poorly when the facial images suffered from
large view variation by comparing the expression recogni-
tion performance under the different testing facial view re-
gions based on the classifier trained on the frontal-view fa-
cial images. Another interesting finding was conducted by
Hu et al. [6] who conducted various facial expression exper-
iments on five yaw views, i.e., 0°, 30°, 45°, 60°, and 90°.
They found that using the face images under the non-frontal
view can obtain better recognition performance than under
the frontal view. The major limitation of their non-frontal
view approache is that they are view-dependent between the
training and testing face images, i.e., they train the algo-
rithm with the face images of some specific views. Hence,
they need to know the viewing angles of the testing images
before the recognition procedure is performed, which is still
a challenging work in computer vision.

In this paper, we propose a novel approach to the ex-
pression recognition from non-frontal view facial images.
The novelty of the proposed method lies in recognizing the
multi-view expressions under the unified Bayes theoreti-
cal framework. More specifically, we formulate the multi-
view facial expression recognition problem as the optimiza-
tion problem of minimizing an upper bound of Bayes error,
which boils down to solve a series of principal eigenvector
of matrices, which can be efficiently solved via the power it-
eration approach [5] and rank-one update (ROU) technique.
Moreover, to obtain better recognition performance, we use



the SIFT (Scale Invariant Feature Transform) features [7] to
represent the face images. The SIFT features are known
to be invariant to image scale and rotation, and also ro-
bust across changes in illumination, noise, and a substantial
range of affine distortion [7]. In this paper, we extract the
sparse SIFT features loacted 83 facial feature points (FPs)
of each face image to represent the the face images.

The rest of this paper is organized as follows: In sec-
tion 2, we address the BU-3DFE database and the SIFT
features representation. In section 3, we address our non-
frontal view facial expression recognition approach. The
experiments are presented in section 4. Finally section 5
concludes our paper.

2. Description of the BU-3DFE Database and
SIFT Features Representation

The BU-3DFE database consists of 100 subjects (56 fe-
male and 44 male) of different ethnicities, each of whom
elicits 6 universal facial expressions (anger, disgust, fear,
happiness, sadness, and surprise) with 4 levels of intensi-
ties. The 2400 3D facial expression models are described
by both 3D geometrical shapes and color textures. To fa-
cilitate correspondences, 83 FPs are identified on every 3D
model. A more detailed description of the database can be
found in [10]. We render the 3D models with OpenGL by
selecting proper viewpoints, resulting in 5-view projected
face images corresponding to 0°, 30°, 45°, 60°, and 90°
yaw angles. As a result, the 83 FPs are also projected onto
the same 2D faces. Fig. 1 shows some examples of the 2D
face images rendered from the 3D face models.
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Multi-view face images generated from BU-3DFE database

Figure 1. Some facial images of different expressions obtained by
projecting 3D face models in BU-3DFE onto different views.

For each 2D face image, we extract the sparse SIFT fea-
tures located in 83 FPs to represent that image, where the
sparse SIFT features are extracted as follows:

1. For each 2D face image, we use the 83 FPs as the key
points where the SIFT features to be computed. If the
key points are occluded by the face, we simply com-
pute the SIFT features in the corresponding positions
of the image.

2. In computing the SIFT features, the same fixed hori-
zontal orientation is used for all the 83 key points.

3. The orientation histograms of 4 x 4 sample regions of
each key points are used to calculate the SIFT features.

By computing the 128 dimensional SIFT descriptors at the
83 sparse feature points, we obtain a 10624 dimensional
feature vector to represent each 2D facial image. To re-
duce the computational cost, all the SIFT feature vectors
are reduced from 10624-dimensional vector space to 500-
dimensional feature vector space via a common principal
component analysis (PCA) transformation matrix.

3. Our Approach to Expression Recognition
for Non-frontal View Facial Images

In this section, we will derive our new approach to the
non-frontal view facial expression recognition. For the sim-
plicity of the derivation, let C' denote the number of the fa-
cial expression classes and let K denote the number of the
views of each class.

3.1. Two-class Multi-view Facial Expression Recog-
nition Under Bayes Theoretical Framework

Let Eﬂ denote the Bayes error of classifying the expres-
sions between the ith view of the rth class and the jth view
of the Ith class, where r # [. Then we have [4]

E:;j - /min<PiTpir (x), Pjipji(x))dx. (1)

P;, and Pj; are prior probabilities, and p;(x) and pj;(x)
are class-conditional probability density functions.

The basic idea of our method is to handle the two-class
facial expression recognition problem, i.e., classifying the
rth class and the [th class, as a multi-class facial expres-
sion recognition problem, where the facial images from the
same view and class is viewed as an independent subclass.
However, it should be noted that the Bayes error between
any two subclasses that belong to the same basic expression
category should be zero. The Graph illustrated in Fig. 2
shows the basic idea of our method, where the multi-class
Bayes error problem was divided into several pairs of two-
class Bayes error problem. Based on Figure 2, we obtain
that the Bayes error between the rth class and the Ith class,
denoted by E,.;, satisfies the following inequality [2]:
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Figure 2. The Graph describing the Bayes error between the rth
class and the [th class, where each class contains K different
views.

If we suppose that each subclass is Gaussian distributed,
i.e.,

pir(x) = N(my, 35, 3)
then applying the following inequality

min(a,b) < Vab, Va,b> 0. 4)

to the expression in (1), we obtain that the Bayes error Eﬂ
can be expressed as:
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where d”/ is the Bhattacharyya distance defined by d' =
=5
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where % = L(Zir + Zj0).

Now projecting the sample vectors to 1D feature by a
vector w, the distribution of p;,(x) becomes

pir(x) = N(w"mj,, 0" 5j,w), (6)
and the Bhattacharyya distance becomes
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and the Bayes error £7 can be expressed as
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Without loss of generality, we assume the equal prior prob-
ability for all subclasses, ie., P, = P (¢ = 1,--- ,K;
r=1,---,C), then (9) can be simplified as

2
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3.2. Multi-class Multi-view Facial Expression
Recognition Under Bayes Theoretical Frame-
work

For the C-class facial expression recognition problem,
we use Fig. 3 to illustrate the components of the overall
Bayes error, where E,; and L), denotes the same Bayes er-
ror between the rth class and the Ith class. Let E denote the
overall Bayes error probability of classifying the C' classes
expressions, then from the multi-class Bayes error theory
[2] and (10) we have

c-1 C 1 C c

E < En=35% >, En (11)
r=1 l=r+1 r=1 | =1,
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Combining (2), (9) and (11), we obtain that the Bayes error
in (11) can be expressed as
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Recursively applying the following inequalities
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Figure 3. The Bayes error between any two different classes, where the number of the facial expressions is fixed at the 6 basic emotions. It
should be noted that the Bayes error £,; and £}, means the same problem and thus they should be equal.

to the error bound in (12), we have
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LetB =73, Zl#‘ Do Z'j‘(m m;)(m; —m;)", and
2 =3, 2 > PP} Then we obtain that to min-
imize the Bayes error, we should minimize its upper bound,
which boils down to maximizing the following discriminant
criterion:
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For the ease of computation, we use the following formula
as the discriminant criterion:

where 0 < 4 < 1 & 0 < p < iis a parameter for
compensate the change of the second item in J(w).
On the other hand, we note that
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Let 35 = £ >_/*, ;. Then, from (17) and (18), we ob-
tain
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we obtain that maximizing criterion g(w, 4) will also max-
imize criterion J(w, ). To simplify the computation, we
use the criterion g(w, ) as the discriminant criterion to de-
rive the optimal discriminant vectors for the dimensionality
reduction of the facial expression feature vectors.

Based on the criterion g(w, i), we define the following
optimal set of discriminant vectors:

T 2),,T ij
Tony) = 9IBw A 2D 20 0 Pl AB ) wi = argmaxg(w,p),
o wl'Sw = 2P? BED ) @
B wI'Bw Z Zz;&rz Z W (i — Eja)w]
wITSw wITSw Wp = arg Jnax (w, 1) (20)

7



Letw = 2_% 2@ = 2_%Eiri_%, f:l = 2_%212_%
= BX 3. Then the discriminant criterion
g(w, p) can be expressed as
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Hence, solving the optimization problem in (20) is equiva-
lent to solving the following optimization problem:

= argmaxg(a, p)
o, = arg max  glap) QD
OZTUk71 =0
where U,_1 = [2_1041, 2_1042, BN 2_10%_1}.

3.3. Solution method

Let S = [s,1;] be a C x C' x K tensor whose elements
spii € {41, —1}. For simplicity, we call any matrix like S
as a sign tensor. Now we define a matrix T'(S, ;1) associated
with S and p as:

T(S,n) =

B+ szzsrli(ﬁ)ir - ZQJJ)

rol#Er 4

Let Q = {S|S = [s,4], 501s € {+1,—1}} denote the sign
tensor set. Then we obtain that

¥ (22)

From (21) and (22), we obtain that the optimal vectors «;

(i=1,2,--- k) can be expressed as
aT(S, u)a
ap = argmaxmax ————
! SRR aTo
T
o’ T(S, pa
. = _— 23
Qg argmax  max = (23)

3.3.1 Solving the first discriminant vector o

To solve the first vector c; in (23), it is crucial to find the
optimal sign tensor S associated with . If the sign tensor
S is fixed, then the optimal discriminant vector is the eigen-
vector associated with the largest eigenvalue of the matrix
T(S, i). Solving the principal eigenvector of T(S, i) can
be efficiently realized via the power iteration approach [5].

Necessary Condition 1: Suppose that S is the optimal
sign tensor and « is the associated principal eigenvector of
T(S, u). Let s,4; be the element of S in the » X [ X 7 posi-
tion. Then the following holds because the sign of both s,;

and aT(Eir — X)) are the same:

srliaT(Eir —¥)a>0.

Definition 1: Let S; and S, be two sign tensors and
a1 and ao are the associated principal eigenvector of
T(S1, 1) and T(Sa, 11), respectively. If ol T(Sy, u)ay >
ad T(Sa, 1) s, then we say that S is better than S.

Suppose that S7 is the sign tensor associated with the op-
timal vector cv1. Then from definition 1 and (23), we obtain
that S7 is better than any sign tensor S € 2. Consequently,
finding the optimal sign tensor S7 is the process of finding
the best sign tensor in €2.

In what follows, we propose a greedy approach to find
the suboptimal sign tensor S and then find a suboptimal
vector «v1. The basic idea of this approach is to fix a proper
value (4+1 or —1) for each element of S. We show our ap-
proach as the following steps:

1. Set an initial value for S, e.g, s,;; «— —1;

2. Solve the principal eigenvector of T'(s, u)a = A via
power iteration method, and set Ay «— A;

3. Forr = 1,2,--
1,2,--- ,K Do

-,C, 1 = 1,2,---,C, and i =

o Set 8,1 = —Sris;

e Solve the principal eigenvector of T(S, u)a =
A« via power iteration method, and set A\; < A;

o If \y < )\, then s,; < —S,55, €lse Ao «— A1;

After performing the above steps, we can obtain a better
sign tensor S. Moreover, we can repeat steps 2 to 3 until the
sign parameter vector S converges.

3.3.2 Solving the (k + 1)-th discriminant vector 1

Suppose that we have obtained the first k£ vectors
ag, - ,ag. To solve the (k 4+ 1)-th vector ay41, we
introduce the following lemma and theorems [12].

Lemma 1. Let Q be a d X p (p < d) matrix with orthonor-
mal columns. If a7 Q = 0, then there exists a (non-unique)
B € R? such that « = (I — QQT)S.

Proof: We can find the complement basis Q- such that the
matrix Q = (Q Q%) is an orthogonal matrix. Then we
have Q-(QH)T = I; — QQ” due to QQ” = I;. From
aTQ = 0, there exists a v € RY"P such that « = Q1.
On the other hand, rank{(Q*)"} = d — p. Therefore,
the columns of (Q*)7 form a basis of R, So there
exists a # € RY, such that v = (Q*)”3. Thus, we have
a0 =QHQ)T5 = (I, - QQT)A.

Theorem 1. Let Q,R, be the QR decomposition of
U,, where R is an r X r upper triangular matrix. Then
a,4+1 defined in (23) is the principal eigenvector corre-
sponding to the largest eigenvalue of the following matrix
(I — Q-Q)T(S, ) (Ta — Qs Q).

Proof: Since o’ U, = 0, Q,R, is the QR decompo-
sition of U,, and R, is non-singular, we obtain that



aTQ, = 0. From Lemma 1, there exists a § € R? such
that o« = (I — Q,QY)3. Moreover, it should be noted
that (I - QTQZ)(I - QTQZ) =I- QTQZ Thus,

we have « = (I — Q, Q)3 = (IT— Q.Q))a.

Hence, we obtain that max,ry,—o % =
T T T

max,, & 1=QrQ. )z(TS&“)(I_QTQT)O‘. Therefore, ;11

is the principal eigenvector corresponding to the largest
eigenvalue of the matrix (I — Q, Q)T (S, u)(I - Q, Q™).
Theorem 2. Suppose that Q.R, is the QR de-
composition of U,. Let Uya = (U, apq1)s

q = Qpy1 — Qr(Qfam), and Q41 = (QT ﬁ)'

T
Then Q11 ( I})T Q7|’|z’|”|+1 ) is the QR decomposition

of Ur+1.

Proof: From q = a,41 — Q,(QF ;1) and the fact that
Q,R, be the QR decomposition of U,, we obtain that
Ql'q = 0 and QT'Q, = I, where I, is the r x 7 identity
matrix. Thus, we have

QrQ. Q' 4.
QZ+1QT+1 = ( Q. 1||q\| =L

llall

(24)

where I,.;1 is the (r + 1) x (r + 1) identity matrix. On the
other hand,

T
(QT‘ 9 ) ( ]?)T QT r+1 ) = (QTRT ar—i—l)

llall lall

= (Ur

From (24) and (25), one can see that the theorem is true.

Based on the above two theorems, we can solve (23) in
an efficient way: Theorem 1 makes it possible to use the
power method to solve (23) and Theorem 2 makes it pos-
sible to update Q,.;; from Q, by adding a single column.
Moreover, we have

I, -QQ =1, - Q1Q )T —aq.al) (26

where q, is the rth column of Q,. Equation
(26) makes it possible to use the ROU technique
for fast updating the positive semidefinite ma-
rix (I; — Q.QNT(Sis1, )Ty — Q,QL) from
T — Q1 Q)T 1, )0 — Qr1Ql;). We
give the pseudo-code of solving these £ discriminant
vectors of the proposed method in Algorithm 1.

4. Experiments

In order to validate our algorithm, we conduct facial ex-
pression recognition experiments with the multi-view face
images of 100 subjects that we have generated from the BU-
3DFE database, as described in Section 2. We compare our
algorithm with PCA [4] and Fisher’s LDA [1] based on the

ary1) = Upyy. (25)

Algorithm 1:
17 23 e 7k)

Solving the optimal vectors w; (1 =

Input:

e Data matrix X, class label vector L, and parameter .
Initialization:

1. Compute the covariance matrices X, and s =
1,---,Candi=1,---,K), 3, and B;

2. Perform SVD 0112: 3 = UAUT, compute s: =
UA~2UT and &' = UA-'U7;

3. Compute )N = f]:%Eirgf% (r=1,---,C;i =
1,--- ,K)andB = £~ 2BZ 2, and let C' = max(L);

Fori=1,2,---  k,Do

1. Set S « ones(C,C,K), S; < —S, and T(S, 1) «—
By > 20 5ri (B — X0);

2. Solve the principal eigenvector of T(S, u)a = A« via
power iteration method, and set Ay «— A;
While S # Sy, Do

(a) SetS; «+— S;
(b) Forr,l=1,2,--- ,C;i=1,--- K, Do
e Set s,y «— —sp; and T(S,p) «— B+

1D D 2o Srti(Bar — 20);

e Solve the principal eigenvector of
T(S,u)a = Aa via power iteration
method, and set A\ < A;

e If \y < Mg, then s,y < —S,44, €lse \g —

A1;
(c) Compute T(S, 1) = B +
B D 2 50i(Zir — ;) and  solve
the principal eigenvector of T(S, u)a; = A
via power iteration method;
3. Ifi=1,q; « o, q; < qi/[|qil|, and Q; « q;;

, and

else q; — o — Qi—1(QL ), 4 — qi/||qil
Qi — (Qi-1 qi)s

4. Compute ¥, «— ¥, — (£,q,)q] — q;(al'Z,) +
qai(a! Spq)al p=1,---,0);

5. CompuAte g — Bpg — (Bpedi)d] — aia) Tpg) +
ai(al Tpeai)al p=1,---,C; q=1,---  K);

6. Compute B« B — Baqq/ — q;(a/B) +

qi(qZTqu)qZT
QOutput:
o1
® W; = /aiiilalai’i:1527"'ak‘




same K-Nearest Neighbor (KNN) classifier. More specifi-
cally, our experiments are carried out as follows: For each
experiment, we run 10 independent trials. In each trial, we
randomly partition the 100 subjects into two groups. One
group contains face images of 80 subjects of all 6 expres-
sions, 4 intensities, and 5 views and comprises a training set
of 9600 face images. The other group contains faces images
of 20 subjects of all 6 expressions, 4 intensities, and 5 views
and comprises a test set of 2400 face images. Each trial of
an experiment involves a different random partition of the
100 subjects into a training set and a test set, and the results
of the 10 independent trials are averaged.

Table | shows the overall error rates of the three methods
and Fig. 4 shows the overall confusion matrix of recogniz-
ing the six expressions using our method, where the overall
error rate of each recognition method is obtained by averag-
ing all the error rates tested on all the views and expressions
of testing images. From Table 1, we can see that the lowest
overall error rate is achieved as low as 21.65% by using our
method, which is much better than the result obtained by
Hu et al. [6] (=33.5%). From Fig. 4 we can see that, among
the six expressions, happy expression and surprise expres-
sion are easier to be recognized whereas fear expression and
angry expression are more difficult to be recognized.

Table 1. The overall error rates (%) of various methods.

Our method Fisher’s LDA  PCA

Error rate (%) 21.65 23.10 33.84

HA

Figure 4. The overall confusion matrix of our method.

To compare the recognition performance with respect to
different facial views, we plot the average error rate versus
the different facial views using the three methods in Fig. 5.
From Fig. 5 we can see that, for each facial view, the aver-

age error rate of our method is lower than the other two
methods. We can also see from Fig. 5 that, among the
various views, the best recognition performance is achieved
when the facial views are between 30° and 60°. Moreover,

40

I view in 0°

I view in 30°
[ Iviewin4s°
I view in 60° —
Il view in 90°

W
(3]

Average error rates (%)
w
o

N
a1

Our method LDA PCA
Methods

Figure 5. The average error rates of six expressions with the dif-
ferent choices of views using the different recognition methods.

we also show the average error rate (%) of different emo-
tions versus different views using our method in Table 2,
from which we can see the different recognition results of
each expression with the change of the views and the best
results are achieved when the facial views are between 30°
and 60°.

Table 2. Average error rate (%) of different emotions versus differ-
ent views using our method.

| [ 0°  30° 45°  60°  90° [ Ave |
Hap || 1250 1250 12.87 11.88 16.87 | 13.32
Sad || 27.87 23.00 22.00 21.13 2425 | 23.65
Ang | 1975 1912 1875 19.63 27.12 | 20.88
Fear | 3825 3838 3812 3575 39.75 | 38.05
Sur | 888 9.2 9.00 887 10.50 | 9.27
Dist | 2500 2325 23.00 2550 26.75 | 24.70

Moreover, to compare the recognition performance of
the three methods in recognizing each expression across all
the views, we plot the average error rate of each expression
across all the views in Fig. 6. From Fig. 6 we can see again
that, for all the three recognition methods, the happy expres-
sion and the surprise expression are the easier expressions
to be recognized whereas the fear expression is the most
difficult expression to be recognized.

Finally, we investigate the influences of the dimension-
ality of the reduced features on the recognition performance
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Figure 6. The average error rates of each expression across all the
views using the different recognition methods.

of our method. For this purpose, we show the overall recog-
nition results versus the different choices of the number of
reduced features under the various views in Fig. 7. It can be
clearly seen from Fig. 7 that the error rate of recognizing the
expressions in each facial view decrease with the increase of
the number of projection features until the number of pro-
jection features reach 25 or so. After that, the error rates
become insensible to the increase of the projection features.

60
View in 0°
55 View in 30°|}
50 == View in 45°|
View in 60°
45} = View in 90° 1
Overall

Average error rate (%)
() S
o o
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5

Figure 7. Average error rates versus the number of features se-
lected by our method.

5. Conclusions

In this paper we developed a novel theory of multi-class
classification, based on minimizing an estimated closed-
form Bayes error for an important, difficult, and much

less studied problem, i.e., the non-frontal facial expression
recognition. The extensive experimental on the BU-3DFE
database showed that the non-frontal view face images can
achieve better recognition rates than the frontal view face
images, especially when the facial views fell into the re-
gion between 30° and 60°, where the lowest error rate (=
21.65%) is obtained.

The major limitation of the proposed method is that the
83 ground truth points we used as the key points for SIFT
feature extraction was provided by the BU-3DFE database
rather than automatically located by computer. For our fu-
ture work, we consider to use the real-time facial point de-
tecting and tracking techniques to solve this problem.
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