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ABSTRACT. To accomplish the face to camera distance estimation, a method based on
monocular vision by using a single camera is proposed. There are three key steps to com-
plete the estimation: extracting and locating the feature region in face, calculating pizel
area of characteristic triangle, and constructing the measurement formula. To detect
and locate the feature region fast, the traditional AdaBoost algorithm is improved by re-
ducing the features’ quantities and expanding samples. The measurement formula which
is revealed the relationship between pixel area and distance is derived from the pinhole
camera model, camera calibration and area mapping. The measurement formula can be
constructed dynamically during the system initialization. The optimum moving range for
measurement formula constructing is also defined. After analyzing experimentation, the
accuracy of measurement is above 95% and the time each measurement cost is about 230
ms which satisfied the precision and real-time requirement.

Keywords: Monocular vision measurement, Feature region location, Measurement for-
mula constructing, Image processing

1. Introduction. Vision system for distance estimation is extensively concerned as one
of the fundamental techniques in the field of machine vision [1]. As shown by increasing
interest on the subjects [2,9,20] distance measurement by computer vision is an impor-
tant component in vehicle guidance, robotic automation and many other computer vision
applications. Broadly, the distance estimation algorithm can be divided into 3 categories:
stereopsis, motion parallax and monocular cue. By far, stereo vision is the most common
study for this problem. Depth-from-motion is based on motion parallax. Both methods
need to find correspondence points in multiple images. Assuming that accurate correspon-
dence can be established, both methods can generate very accurate distance estimation.
However, the process of searching for image correspondences is computationally expensive
and error prone. Many researchers have studied how to use monocular cues for distance
estimation. Such studies done both on humans show that cues like texture, texture gra-
dient, linear perspective, defocus and known object size provide information to distance
estimation.
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In the human and computer interaction system based on computer vision, the distance
between user and computer is an essential parameter for HCI algorithm. Besides, it
also decides the effect of interaction. In our distance estimation algorithm, we set two
constraints: (1) The camera and screen are in the same plane; (2) User’s face is straight
to the screen (means user’s face is parallel to the screen). Under the constraints, it is easy
to find that when the user’s face is closer to the screen, the image is bigger, the converse is
smaller [3]. The distance can be estimated by using the law we mentioned above and the
formula we constructed by establishing the mathematic relationship between pixel and
distance [4]. The flowchart of distance estimation algorithm is given as Figure 1.
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FiGURrE 1. Flowchart of distance estimation algorithm

The algorithm is composed of 4 parts:

(1) Tmage Preprocess: Reducing the resolution of the images and enhancing the image
for further processing [5].

(2) Feature Extraction and Location: Extracting the eyes and nose from the face and
locating them in the image, constructing the eyes-nose characteristic triangle, calculating
the pixel area.

(3) Measurement Formula Constructing: By the use of the optimal movement to con-
struct the mathematic model between pixel and distance, determining the image and
distance formula.

(4) Error Correction: Reducing the errors through multiple measurements and con-
straints.

This paper is organized as follows. Section 2 introduces how to extract and locate the
feature region from the face. The principle of distance estimation is derived in Section 3.
Experimental results are illustrated in Section 4. Conclusions are drawn in Section 5.

2. Feature Region Extraction and Location in Face. Extracting and locating fea-
ture region in face is the basis of the system. Feature region here means the triangle
constructed by eyes and nose. By locating the feature region and constructing the char-
acteristic triangle in image, it is possible to calculate the pixel area of the characteristic
triangle. In order to satisfy the real-time requirement, we improved the traditional Ad-
aBoost algorithm, optimized the set of characteristic of eyes and nose and trained a more
efficient classifier [6]. The improved AdaBoost algorithm has many benefits such as higher
efficiency, stronger robust and higher accuracy. In consideration of different features of
eyes and nose, we trained the improved Adaboost algorithm respectively (which is named
Eye-AdaBoost and Nose-AdaBoost).

2.1. Feature region extraction. It is common to use the cascade AdaBoost algorithm
to detect the features in face [7]. As for traditional AdaBoost algorithm, the speed of
training procedure is slow and the detection relies excessively on the training samples.



NOVEL APPROACH FOR FACE TO CAMERA DISTANCE ESTIMATION 661

In this paper, we fully consider the features of eyes and nose, and improve the speed of
training and detection rate by reducing the quantities of features and sample expanding.

In order to improve the detection rate, we use the method of sample expanding to make
the features more efficient [8]. The first step is to select a training set of positive and
negative samples randomly. After that, training the weak classifier by the set we have
selected and combining a collection of weak classification functions to form a stronger
classifier. At last, by using the strong classifier to detect the different features, we can
expand the characterless samples through detecting the characterless features existing in
false detection images. In the same way, we expand the characteristic samples by adding
the characteristic features existing in the missing images. Thus, we can have a more
efficient strong classifier by re-training the sample. The result of detection is shown as
Figure 2.

F1GURE 2. Feature region detection

To compare the efficiency between improved and traditional AdaBoost algorithm, we
made some experiments. Table 1 shows the results.

TABLE 1. Comparison of feature detection in face

Feature Detecting

Method o . Accuracy
quantities time/ms
Traditional AdaBoost (eye detection) 3000 87 97.16%
Eye-AdaBoost 2563 49 98.62%
Traditional AdaBoost (nose detection) 5000 45 98.23%
Nose-AdaBoost 4425 27 98.69%

2.2. Feature region location. Locating the pixel coordinate of features in image is the
key step before estimation. In order to locate the eyes more accurately, the maximum pixel
area for single eye is restricted to 25x25. After the classifier detects the eyes for the first
time, the range of searching will be expanded for 5% and will repeat 5 times continually
with recording the coordinates. If the eyes can be detected for 5 times, we define that the
eyes are detected and the final coordinate is the average value of accumulating 5 searching
coordinates. To locate the nose pixel coordinate, we use the Nose-AdaBoost algorithm to
detect and record the coordinate directly. The result shows that this method has strong
robust and high accuracy [9-12].

3. The Principle of Distance Estimation.

3.1. Pinhole camera model. There are four coordinates that have been used: world
coordinate, camera coordinate, image coordinate and pixel coordinate [13]. Among the
coordinates, the image and pixel coordinates are both in the image plane but the origin
and the direction of coordinate axis are different [14]. The image collected by the HD
Webcam is projected onto the two-dimension image plane. As for the world coordinate,
the pinhole camera model (also known as linear camera model) can satisfy the requirement
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FIGURE 3. Pinhole camera model

[15]. As shown in Figure 3, based on the definition of pinhole camera model, point P on the
object plane projects onto the image plane p’ though the camera coordinate. According
to theory of pinhole camera, we have:

X

T £ 000 .
Z.ly|l=10f00 7 (1)
1 0010 -

where, (z,y) is the physical coordinate of p’ under the image coordinate, and (X,, Y, Z.)
is the coordinate of P under the camera coordinate. And f is the focus of camera [16].

Images stored in the computer are in the form of digit, we have to create a pixel
coordinate that can describe the digital image in the image plane. As shown in Figure
3, (u,v) is the general pixel coordinate we describe above. It is easy to get the following
equation by the knowledge of camera calibration:

x d, 0 —upd, u
y| =10 d, —vd, v (2)
1 0 0 1 1

d,d, describe the pixel counts in unit physical size. To compare the camera coordinate
with world coordinate, it is easy to find that:

X, Xy
Y, | [RT]| VY,
AR ®
1 1

(Xw, Y, Zy) is the coordinate of point P under world coordinate. R is a orthogonal
rotation matrix in the size of 3x3, T is a Translation Vector in the size of 3x1. By
substituting Equation (1) and Equation (2) into Equation (3), the relationship between
world and image pixel coordinate system can be derived:

X

U a, 0 wuy O v
Zelv | =10 a v O [ ]g 7; } ?" (4)

1 0 0 1 0 lw

where, a, = di, ay = di. Thus, it is available to obtain the object’s pixel coordinate from

the world coordinate [17—19].
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3.2. Measurement formula constructing. Measurement Formula Constructing means
to establish a formula that can describe the relationship between pixel area and distance
that we are willing to estimate. As stated above, the feature region we defined is a char-
acteristic triangle which consists of the iris of the eyes and the nose. Figure 4 shows the
characteristic triangle [20,21].

FiGurE 4. Characteristic triangle in face
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FIGURE 5. Coordinate transformation

To establish the world and camera coordinate as Figure 5 shows, we can obtain: R =
100 0

0 1 0|,7T=1] 0 |,substituting them into Equation (4), we have:
0 01 d
u a; 0 wug O (1) (1) 8 8 )éw ;X + gLy + ugd
Ze|lv =10 a v O Yol = ayYy +ueZy, + vod (5)
1 0 0 1 O 001 d Zu Zy+d
0 001 1 v

In this paper, we consider the features in face are in the same plane, so Z,, = 0. Further
simplifying Equation (5), we can obtain:
U 1 Gz Xy + Ugd
vl=2 ay Yy, + vod (6)
1 d

Saapc represents the area of triangle AABC in the object plane. Similarly, Saape
represents the pixel area of triangle Aabc in the pixel plane. In the object plane, the



664 X. DONG, F. ZHANG AND P. SHI

physical coordinate of point A, B, C'is (X4, Ya), (Xg, YB), (X¢, Ye). In the pixel plane,
the pixel coordinate of point a, b, ¢ is (uq, v4), (Up, Vp), (Ue, Ve).

— —
The vector expression for the area of a triangle is Saapc = % ‘AB X AC" converting it

into coordinate expression, we have:

g B 1 Xpg—X4 Yg—-Y,4
AABC 2 XC - XA YC’ - YA (7)
1
=5 |(Xp = Xa) (Yo = Vi) = (X — Xa) (Y — Va)|
Similarly:
1
SAabc — 5 ' |(ub - ua)('Uc - 'Ua) - (U'c - Ua)(?)b - Uﬂ)| (8)

Substituting Equation (6) into Equation (8), we can obtain:

gy

a0
SAabe = S [(Xp — Xa)(Yo = Ya) — (Xo — Xu)(Yp = Ya)| = 2d2y Saapc (9)

We can derive the formula between distance and pixel area of characteristic triangle
from Equation (9), the formula is given as follows:

_1
d = /Gy - SAABC * Spgpe (10)

a,, a, are the camera intrinsic parameters that can be calculated by camera calibration.
Saapc is the physical area of characteristic triangle in face. The area of the Saapc
is defined by the volunteer and will not change according to the distance. We define

azy - Saapc to express the intrinsic coefficient of Equation (10). Thus, we have
constructed the measurement formula and derived an ideal formula that can express the
relationship between variation of pixel area and distance. We call this formula: Ideal
Measurement, Formula (IMF).

To establish the measurement formula, we have to calculate the Saapc first [22,23]. As
for every volunteer, measuring the characteristic triangle in face artificially is impossible,
that means it have to calculate k£ automatically in the period of system initialization. In
order to solve this problem, we propose a method which utilizes the volunteer’s movement
vertical to the screen one time in the initialization stage. In this way, it can calculate k
automatically and build the measurement formula depending on the specific volunteer.
We call this formula Actual Measurement Formula (AMF). The steps to establish the
AMEF are as follows.

During the system initialization stage, we record the pixel area of characteristic triangle
twice. For the first time, it has to make sure the volunteer’s face is parallel to the
screen (assuming camera and screen are in the same plane), and record the pixel area

1

marked Sagper, 80 di = \/azay - Saapc + Sple- After that, the volunteer moves toward
(or backward) to the screen and record the pixel area Sagpes for the second time, and dy =
1

\/ 0zly - SAABC - SalZe- The moving distance is marked [, and [ = |dy — d;|. Substituting
dy and dy into [ = |dy — d;], we can calculate k = that means we can build

the AMF.

AMF has a great matter with the precision of estimation. In order to match the
AMF closer to IMF, we have an experiment to discuss the optimal range of d; and [. The
intrinsic parameter of the camera that we used in this experiment can be calculated though
camera calibration: a, = 870.41, a, = 866.26. The physical area of the characteristic
triangle of the volunteer who is selected randomly is Saapc = 13.20 cm?, substituting it
into Equation (10), the IMF is d = 3154.79 x S.%°. k; is the intrinsic coefficient of IMF

[
—0.5 —0.5
SAabcl _SAabc2
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and k4 is the intrinsic coefficient of AMF. p presents the error rate of intrinsic coefficient,

p= kAk;kl
of dy and [.

x 100%. Table 2 shows the error rate of intrinsic coefficient in different range

TABLE 2. Error rate of intrinsic coefficient for AMF

r ! 5 cm 10 em 15 cm 20cm  25cm  30cm
d;

20 cm 18.13% 13.79% 9.47% 7.65% 5.51% 3.93%
25 cm 10.10% 0.76%  2.19% 246% 1.50% 1.51%
30 cm 8.40% 1.99% 0.52% 0.44% 0.04% 2.01%
35cm 15.06% 2.08%  1.52% 1.29% 0.72% 2.33%
40 cm 229% 2.28% 1.36% 0.01% 2.63% 4.52%
45 ¢m 3.26% 2.89% 1.42% 0.73% 2.60% 6.57%
50 cm 7.60% 5.22% 6.77% 8.61% 9.17% 13.83%
55 cm 11.19% 10.42% 9.15% 7.73% 9.42% 16.54%

We can learn from the experiment, when d; € (25,45) and [ € (10,25), the intrinsic

parameter of AMF is closer to the IMF.

4. Analysis of Distance Estimation. The experiments are running on a PC (Domi-
nant Frequency: 3.1GHZ, Memory: 2G) with a Logitech HD webcam. The resolution of
the input image is 640x480 and the system process 5 frames per second. The interface
for measurement is shown in Figure 6.
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FIGURE 6. Interface for measurement

In order to verify the accuracy, adaptability for the complicated environment and us-
ability of the algorithm, we performed the following experiments:

Test I: In order to verify the usability of measurement formula, we choose a permanent
volunteer #1 to measure the distance in the range of 20-80 cm by the step of 5 cm. The
IMF of volunteer #1 is d = 3154.79 x 552;,50, the experiment result is given in Table 3.

The verifying experiment indicates that the maximum absolute error of estimation made
by IMF is 2.08 ¢cm, and the accuracy is above 97.41%, the feasibility of IMF is verified.
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TABLE 3. Distance estimation using IMF

Actual Pixel Estimated Absolute Time
NO Distance/CM  Area  Distance/CM Error/CM Accuracy Costing/MS
1 20 23729.32 20.48 0.48 97.60% 233.07
2 25 16688.52 24.42 0.58 97.68% 223.45
3 30 11571.31 29.33 0.67 97.76% 229.66
4 35 8422.72 34.38 0.62 98.21% 221.32
5 40 6399.38 39.44 0.56 98.59% 231.95
6 45 5021.33 44.52 0.48 98.93% 236.62
7 50 4062.81 49.49 0.51 98.99% 229.32
8 55 3330.17 54.67 0.33 99.40% 239.46
9 60 2825.13 59.35 0.65 98.92% 234.96
10 65 2452.33 63.71 1.29 98.01% 242.82
11 70 2119.83 68.52 1.48 97.89% 233.56
12 75 1694.51 76.64 1.64 97.82% 231.32
13 80 1639.07 77.92 2.08 97.41% 242.17
TABLE 4. Distance estimation using AMF
NO Actual Pixel Estimated Absolute  Error Time
Distance/CM  Area  Distance/CM Error/CM %  Costing/MS

1 20 23618.33 20.83 0.83 4.15% 221.36

2 25 15363.17 25.78 0.78 3.12% 231.32

3 30 10980.5 30.68 0.68 2.27% 224.62

4 35 8120.17 35.50 0.50 1.43% 221.79

5 40 6448.27 39.52 0.48 1.20% 231.33

6 45 4980.17 45.37 0.37 0.82% 234.98

7 50 3970.33 50.81 0.81 1.62% 229.33

8 55 3294.67 55.73 0.73 1.33% 239.64

9 60 2773.33 60.83 0.83 1.38% 220.63

10 65 2378.67 65.97 0.97 1.49% 245.19

11 70 2183.17 68.64 1.36 1.94% 238.61

12 75 1831.83 73.94 1.06 1.41% 240.31

13 80 1660.67 78.29 2.14 2.68% 226.65

In addition, in order to verify the reliability of AMF which is established dynamically
during the system initialization, we have the same experiment. The AMF of volunteer
#1 is d = 3239.29 x S.%° the error rate of intrinsic coefficient is p = 1.52%. The result
is shown in Table 4.

By analyzing the data, we can easily find that the absolute error is less that 2.14 cm
and the maximum error rate is 4.15%. Considering the absolute error and error rate are
acceptable, we can conclude that the estimation made by AMEF is feasible.

Figure 7 shows that when the error rate of intrinsic coefficient p is less than 3%, the
accuracy of measurement is higher that 95%. And the higher the p is, the lower the
accuracy will be.

Test II: In order to test the system’s adaptability in different illuminations, we also
choose volunteer #1 to make the experiment under 4 different illuminations. p represents
the accuracy of measurement.
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TABLE 5. Result comparison under 4 different illuminations

Accuracy in specified Effective Ti
Condition distance p (%) Range HHe
30cm  55cm 70 cm  Jem (p >95%) Costing
Condition (1) 97.54% 99.31% 97.32% 18-86 233 ms
Condition (2) 97.11% 98.92% 97.04% 21-81 241 ms
Condition (3) 95.12% 96.45% 93.23% 27-66 272 ms
Condition (4) 96.29% 97.94% 95.21% 24-73 253 ms

Condition 1: Experiment is run in daytime. There are 2 incandescent lamps above the
volunteer without intense light source disturbing. The illumination is adequate during
the whole experiment.

Condition 2: Experiment is run in daytime. There is no incandescent lamp above the
volunteer without intense light source disturbing. The illumination is medium during the
whole experiment.

Condition 3: Experiment is run in daytime. There are 2 incandescent lamps above
the volunteer with intense light source disturbing. The illumination is strong during the
whole experiment.

Condition 4: Experiment is run in night. There are 2 incandescent lamps above the
volunteer without intense light source disturbing. The illumination is weak during the
whole experiment.

The measurement result is given in Table 5.

Learning from Test IT we can conclude that the system performs stable under different
illuminations. The final result is reliable, but the accuracy of measurement is changed
great according to the illuminations. The system performs best in the condition of ade-
quate illumination. When the system is disturbed by the outside light source, the accuracy
and effective range is decreased and real-time performs worse simultaneously.

Test III: In order to verify the system’s adaptability for different users, we choose 6
volunteers marked #1-#6 to test the measurement accuracy in range of 20-80 cm.

To make the test realistic, we constrain all the tests are running in Condition (1) which
is indicated in Test II. The former 3 volunteers do not wear glasses while the latter 3 do.
The result is shown in Figure 8.

The system can detect features and accomplish the distance estimation for all the
volunteers. The usability of the system is good. After analyzing the result, we can find
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that the accuracy which estimated by the volunteers who do not wear glass is higher than
those who wear. However, for all the volunteers, the accuracies are above 95%.

5. Conclusions. In this paper, we propose a novel approach for face to camera distance
estimation by monocular vision. The estimation system has a simple structure and can
get a good accuracy. With the Eye-AdaBoost and Nose-AdaBoost algorithm put forth
in this paper, the system can quickly extract the characteristic area of face and locate
the coordinate of eyes and nose and construct the characteristic triangle in pixel coordi-
nate. Based on the pinhole camera model and coordinate transformation, we can deduce
the Ideal Measurement Formula. To establish the AMF, we design a new method which
utilizes the volunteer’s movement vertical to the screen one time during the system initial-
ization stage. The specific distance and system adaptive experiments verify the feasibility
of proposed method and the general applicability of the system. The experiment results
show that system’s performance is robust under complicated environment, the accuracy
is high in the effective range and the system operating frequency is about 5 frames per
second.
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