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Abstract

A new facial feature position self-calibration method based on active computer vision
is proposed in this paper to realize facial expression recognition. Compared with
traditional method, the proposed method based on the extension focus thought only needs
four linearly independent translational movements, one real rotational movement and one
virtual rotational movement rather than the calibration reference object to realize the
linear solutions orderly for internal reference matrix of camera, hand-eye relationship
and feature point target depth. The experiment result shows that the proposed method is
feasible and effective and the measurement errors of two-dimensional and three-
dimensional feature points can be below 0.40mm, thus able to meet the industrial
accuracy requirements.

Keywords: Facial expression recognition; Feature point location; Active vision;
Extension focus

1. Introduction

As one of the most important methods for realizing robot intelligence, vision
measurement and control can significantly improve the efficiency and the accuracy of
robot operations, thus currently widely applied to the industrial production, especially to
such fields as measurement, capture and welding. In practical application, camera is
usually fixed at the end-effector of the mechanical arm of the robot so as to move along
with the movement of the end-effector, thus to form a robot based hand-eye system.
During robot based production operation, it is necessary to know the position of the end-
effector of the mechanical arm relatively to the target object, wherein the position
information of the target object can be obtained through the feature position self-
calibration and the key for information collection is to determine the relative position
relationship between the end coordinate system of the mechanical arm and the coordinate
system of the camera. Based on the extension focus method, a new facial expression
recognition method based on active vision is proposed in this paper. The proposed method
only needs two feature points rather than any calibration reference object to orderly
realize the linear solutions for such information as feature position relationship rotation
matrix, internal reference matrix of camera, feature point target depth and feature position
relationship translation vector through accurately controlling the camera to make four
linearly independent translational movements and one rotational movement.
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2. Calibration Principle

2.1. Internal Reference Matrix of Camera

Camera imaging system principle is as shown in Figure 1, wherein the imaging point
coordinates of feature point M respectively in CCD imaging plane O-uv, imaging plane
On-XnYn and camera coordinate system Oc-XcYcZcare Muv(u, V), Mn(Xn, Yn) and Mc(Xc,
Ye, Zc).
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Figure 1. Camera Imaging System Principle Diagram
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In Formula (1), K is assumed as the model for the five parameters of the internal
reference matrix of the camera, wherein a represents the scale factor of x-axis of the
image plane, § represents the scale factor of y-axis of the image plane, y represents the
distortion factor, and (uo, Vo) represents the origin of CCD imaging plane. The coordinate
transformation relationship in the camera imaging system is as follows:

]
Yo [=KHV (2)
| 1] 1
['x, ] X,
Yo |=2| Y, (3)
| Z | 1

2.2. Coordinate Relationship Transforamtion

The active vision based hand-eye system is as shown in Figure 2, wherein the
coordinates of feature point M in World Coordinate System Ow-XwYwZw, mechanical
arm end coordinate system Ow-XnYwnZn and camera coordinate system Oc-XcYcZc are
respectively Muw(Xw, Yw, Zw), Mu(Xn, Yh, Zn) and Mc(Xc, Ye, Zc).
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Figure 2. Active Vision Based Hand-Eye System Principle Diagram

The coordinate transformation relationship in the hand-eye system is as follows:
cRand ¢t respectively represent the rotation part and the translation part from the camera
coordinate system to the mechanical arm end coordinate system, R and \it respectively

represent the rotation part and the translation part from the mechanical arm end coordinate
system to the World Coordinate System. Relevant coordinate transformation is as follows:

Xh XC
yh :E'R YC +gt (4)
¥Zh7 Zc
%] X,
Yo [=uR| Ya |+t ®)
¥Zw7 Zh

The coordinate transformation relationship in the hand-eye system is obtained
according to Formulae (1) ~ (5), wherein € represents the depth value of the feature
point in the camera coordinate system.

u
M, =EYREIRK™ v [+ VRt + 't (6)
1

2.3. Extebsuib Focus

According to the property of the extension focus [2], the corresponding connection line
of any feature point before and after camera translation passes through the extension
focus, so two or more feature points in the scene can be adopted to find the extension
focus.
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Figure 3. Extension Focus Principle Diagram

As shown in Figure 3, images | and Il are the two images after camera translation, P;
and P, are the positions of feature point M in the image before and after translation. In the
translational movement of the camera, straight lines OcO and Oc’O’ are parallel to each
other, and straight lines P,’O and P,O’ are also parallel to each other. Py’ is the
corresponding point of P, in image I, connection lines Py’P; and OcOc’ of the
corresponding points intersect at extension focus e.

The coordinate of extension focus e in the camera coordinate system can be obtained
according to Formulae (2) and (3).

XCE ue
yce = ZCEK71 Ve = o‘Cé = kﬁl6 (7)

Z, 1
0,0, =k¢ (8)
c=0.e/(0.€ represents the unit vector of the translational movement of the camera, and

k>k:>0 is true.

3. Calibration of Hand-Eye Relationship Rotation Matrix

The camera is controlled to make one translational movement. If Xu; and Xu, are
assumed to respectively represent the coordinates of feature point M before and after
translation in the mechanical arm end coordinate system, Xci and Xcz are assumed to
respectively represent the coordinates of feature point M before and after translation in the
camera coordinate system, then the following formula can be obtained:

XlegRX01+2t (9)

Xy, = HRX, + Pt (10)
The following formula can be obtained according to Formulae (9) ~ (10):

Xyz = Xu1 = AR(X¢, — X¢y ) =kb (11)
The following formula can be obtained according to Formulae (11) and (8):

b="R¢ 12)

As shown in Formula (12), the mechanical arm is controlled to make three linearly
independent translational movements to obtain the following formula:

B="RC (13)

80 Copyright © 2016 SERSC



International Journal of Signal Processing, Image Processing and Pattern Recognition
Vol. 9, No. 10, (2016)

In Formula (13), B=(b;b,.b;) and C=(c;.c,.c;) . The following hand-eye relationship
rotation matrix can be obtained:
fR=BC™ (14)

Formula (14) indicates that the hand-eye relationship rotation matrix can be calibrated
as an orthogonal matrix through accurately controlling the camera to make three linearly
independent translational movements.

4. Calibration of Internal Parameter Matrix of Camera
The following formula can be obtained according to Formulae (7) and (12):

ue

kb=k {RC={ROE= "Rz,K |y, (15)
1

Formula (15) is equivalent to the following formula:

kK SRb=2,|V, (16)
1

The following equation is assumed:

a; 8, &,
A=K HCR =lay 8 Ay (17)
8y 8y 8y

The following formula can be obtained according to Formulae (16) and (17):

by u,
KA b, |=2.|V, (18)
b, 1
Namely:

(19)

{ailbil + aizbiz + a13bi3 = ui (a31bi1 + a32bi2 + a33bi3)
a21bi1 + aZZbiZ + aZ’a‘bi3 = Vi (aﬁlbil + a32bi2 + a33bi3)

As shown in Formulae (18), and (19), another matrix A’ is assumed to have the same
elements as matrix A except ass=1, and the camera is controlled to make four linearly
independent translational movements, thus to obtain the unique solution through the least
square method. In order to determine ass, the following formula is obtained through
Formula (17):

]

a y U F1
A= a33Al =8y azl =K HCR =0 B VN (20)
g 0 0 1 F3

$Ris an orthogonal matrix, namely (R)"=(<R)', so the following formula can be
obtained:

as, =[r] /[as| =1/[a] (21)

After ass is determined, matrix A can be found according to Formula (20) in order to
calibrate the internal parameter matrix of the camera.
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5. Calibration of Feature Point target Depth

As shown in Figure 1, the camera is controlled to make one translational movement,
wherein (ul, v1) and (u2, v2) are the coordinates of feature point M before and after
translation in CCD imaging plane, (x1, y1) and (x2, y2) are the coordinates of feature
point M before and after translation in the image plane, MC1(xcl, ycl, zcl) and
MC2(xc2, yc2, zc2) are the coordinates of feature point M before and after translation in
the camera coordinate system. The following formula can be obtained according to
formulae (2), (3) and (8):

Xcl_ ul
Ya |= ZlKil Vi
Z, | 1

Xcz_ u2 (22)
Yeo | = ZzKi1 vV,
Z, | 1

McMc, = ke (23)

Formula (22) is put into Formula (23) to obtain the following formula according to
Formula (1):

U, u, a 7 ulle
Z,|V, |- 24| Vv, |=kKc=k| 0 B v, | ¢, (24)
1 1 0 0 1|c

Namely:
Z,U, — ZgUy =K (€, + 7C, +U,C;)
2V, — 2V, = K( BT, +V,C;) (25)
I~ Iy = k03

Formula (25) is simplified to obtain:

{zcl(u2 —u;) =K (ac, + ¢, +U,C; — Cu,) (26)
2, (v, —vy) = K(Bc, +V,C, —CyV,)

When u2-ul#0 is true, the solution of Formula (26) is as follows:

. = k(ac, + ¢, +UyC; —C3u,) 27)

U, -y,

Or, when v2-v1#0 is true, the solution is as follows:

_k(Be, +vis —cav,) (28)

Z
cl Vz _ Vl

Similarly, z¢, can be evaluated through Formula (26). Meanwhile, Formulae (26) ~ (28)
also indicate that the target depth information of the feature point before and after
translation can be obtained through controlling the camera to make one translational
movement.
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6. Calibration of Facial Feature Relationship Translation Vector
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Figure 4. Comparison Diagram for System Posture Before and After Real
Rotation and Virtual Rotation

As shown in Figure 4, after four linearly independent translational movements,
the camera is controlled to make one real rotational movement (Posture V ->
Posture VI) and then make one virtual rotational movement (Posture VI -> Posture
VII). The corresponding numerical axes of the camera coordinate system after
virtual rotation and the camera coordinate system before real rotation are parallel to
each other in the same direction.

Xus and Xpe are the coordinates of feature point M before and after real rotation
in the mechanical arm end coordinate system, Xcs and Xcs are the coordinates of
feature point M before and after real rotation in the camera coordinate system. Then,
the following formula can be obtained:

Xes = 5 RX s + r—?t
Xeg = SRX g + St (29)
Xie =Ry X5

The following formula can be obtained according to Formula (29):

Xgs = SRR, CRX g +(E - SRR, £R) St (30)

Where #R is an orthogonal matrix and has been solved through controlling the
camera to make three translational movements in above paragraph, Ry represents the
rotation matrix of the mechanical arm end coordinate system before and after the
mechanical arm rotation and can be obtained through the mechanical arm controller.

As shown in Figure 4, after virtual rotation, the coordinates of feature point M in
the mechanical arm end coordinate system and the camera coordinate system are
respectively Xu7 and Xc7. Then, the following formula can be obtained:

Xer = HCRRHAE'RXCB (31)
The following formula can be obtained according to Formulae (30) and (31):
Xer = Xes +( SRR, MR- E) St (32)

Formula (32) indicates that the coordinates of feature point M in the camera
coordinate system respectively after one real rotation and one virtual rotation are
Xcs (Xes, Yes, Zes) and Xcz (X7, Yer, Zer), and such process can be regarded as the
coordinate transformation before and after one translational movement.

The following formula can be obtained according to Formulae (2), (3) and (31):
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u, Ug
2|V, |=2,,K SRR, HRK ™| v, (33)
1 1

The following equations are assumed:

a=1,/24 (34)
dll dlZ d13

D= K:RRHJSRKJ: dy; dy dy (35)
dy dy dy

Formulae (34) and (35) are put into Formula (33) to obtain the following formula:

U, dy dy, dig|us
alv, = d21 dzz d23 Ve (36)
1 dy dy dypl 1

Formula (36) is expanded to obtain:
U7 — dllu6 + dlZVG + d13
d31u6 + d32v6 + d33

v, = dz1us + d22V6 + d23
, ===
d31u6 + d32V6 + d33

(37)

In Formula (37), nine elements of matrix D are known, (us, Ve) is the coordinate
of feature point M after the real rotation of the mechanical arm in CCD imaging
plane. Accordingly, the coordinate of feature point M after virtual rotation of the
mechanical arm in CCD imaging plane is evaluated as (uz, v7) and further the
coordinate of feature point M after virtual rotation in the camera coordinate system
is evaluated as Xc7(Xc7, Ye7, Zc7).

The following formula can be obtained according to Formulae (2), (3) and (8):

XcS u5
Yes | = zu:sKi1 Vs
Z, 1
- - (38)
X7 U,
Yer |= Zc7K7l V7
[ Ze7 | 1]
xc7_xc5 :kg (39)

Since the corresponding relationship of (us, vs)-> (uz, v7) is similar to one

translational movement, thus unit vector ¢ of the translational movement can be
found according to the coordinates of the two points.
Formulae (1) and (38) are put into Formula (39) to obtain the following formula:

u; Us a 7 lc
Zg7| V7 |~ Zes| V5 | = k|o g Vo sz (40)
1 1 0 0 1c,
Namely:
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Z U, — 2,y = K (€, + 7€, + UGy

ZeN7 = ZesVs = k (ﬂczl + Vocsl) (4 1)

Ly —ZLs= k Cs

Formula (41) is simplified to obtain:

25 (U, —Us) =K (¢, + ¢, +ugc; —C4u, )

2 (V, =V6) =K (BC, +VsC; — 3V, ) (42)
When ac, + ¢, +u,c, —c,u, =0 is true, the solution of Formula (42) is as follows:
k= ac, +Z;Zz( li: u_otl:J: )—c3'u7 (43)
Or, when fc, +v,c; —c;v; 0 is true, the solution is as follows:
R U (44)

ﬂcz +VC — Gy

k can be evaluated according to Formula (43) or (44), and then the following
formula can be obtained according to Formulae (32) and (39):

St=k (SRR, MHR-E) ¢ (45)

According to Formula (45), the hand-eye relationship translation vector can be
calibrated through controlling the mechanical arm to make one real rotation and one
virtual rotation.

7. Simulation Experiment

7.1. Simulation Environment and Data Source

In order to verify the effectiveness of the facial recognition algorithm, Matlab
2012 is adopted for the simulation experiment through programming in the
environment: Intel 4-core, 3.0 GHz CPU, 4GB RAM, Windows XP operating
system, wherein the data are sourced from AR and Yale B face database. Some
classic facial recognition algorithms are selected for the comparison experiment,
such as PCA, RPCA and the facial recognition algorithms proposed in literatures
[16-17]. Additionally, AR face database involves 126 persons and each person has
26 images, and some samples of AR face database are as shown in Figure 5.

£ 3

Figure 5. Faces of AR Face Database

Yale database involves 15 persons, totally 165 images under the same
illumination change, expression change and background, and some samples of Yale
B database are as shown in Figure 6.
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Figure 6. Faces of Yale B Face Database

7.2. Result and Analysis

For AR face database, 10 images of each type of faces are randomly selected as
the training samples and the rest images are taken as the test samples, and the
simulation results of all algorithms are as shown in Figure 7. According to Figure 7,
the recognition rate of the proposed facial recognition algorithm can reach 95.14%,
the algorithm in literature [17] is only inferior to the proposed algorithm, with the
facial recognition rate as 90.15%, the facial recognition rates of the algorithm in
literature [16] and RPCA algorithm are respectively 88.12% and 85.10%, and PCA
algorithm has the lowest recognition rate as 67.15%. The above comparison result
shows that the existing algorithms cannot well implement the feature extraction and
the dimensionality reduction for the facial images, and the feature information
redundancy is serious, thus adversely influencing the subsequent facial recognition;
the proposed algorithm can well solve the problems existing in traditional feature
extraction and dimensionality reduction method and obtain better facial recognition
result, thus having obvious superiority.
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Figure 7. Comparison of Recognition Rates of Different Algorithms in AR
Face Database

For Yale B face database, 7 images of each type of faces are randomly selected as
the training samples and the rest images are taken as the test samples, and the
simulation results of all algorithms are as shown in Figure 8. According to Figure 8,
compared with the existing classic facial expression recognition algorithms, the
proposed facial expression recognition algorithm has the highest recognition rate as
90.11%, thus indicating that the proposed algorithm has better robustness to the
faces under such conditions as illumination change, shadow and shielding and can
obtain more ideal facial expression recognition effect. Therefore, the superiority of
the proposed facial expression recognition algorithm is proven again.

86 Copyright © 2016 SERSC



International Journal of Signal Processing, Image Processing and Pattern Recognition
Vol. 9, No. 10, (2016)

100 [
N 90. 11
90 87. 77T
X
[=)
S 81.5 80. 25
s 8071
04
[
2
"é‘ 70 -
I3 63. 78
]
60|
50 I I Literature | Literature ‘The Pro oseld
PCA RPCA P

[16] [17] Algorithm
Recognition Algorithm

Figure 8. Comparison of Recognition Rates of Different Algorithms in Yale

B Face Database

The average facial expression recognition time of all algorithms is as shown in

Table 1. According to Table 1, the proposed facial expression recognition algorithm
has shortest average recognition time and fastest recognition speed, thus widening
the application scope of the facial expression recognition.

Table 1. Comparison of Facial Expression Recognition Effects of all
Algorithms

Algorithm AR Faces Yale B Faces
PCA 3.017 3.367

RPCA 2.063 2.143
Algorithm in
Literature [16]
Algorithm in
Literature [17]

Proposed Algorithm 1.296 1.652

2.282 3.414

2.542 2.771
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