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Abstract

Passive ranging is a critical part of machine vision measurement. Most of passive ranging methods based on
machine vision use binocular technology which need strict hardware conditions and lack of universality. To
measure the distance of an object placed on horizontal plane, we present a passive ranging method based on
monocular vision system by smartphone. Experimental results show that given the same abscissas, the
ordinatesis of the image points linearly related to their actual imaging angles. According to this principle, we
first establish a depth extraction model by assuming a linear function and substituting the actual imaging angles
and ordinates of the special conjugate points into the linear function. The vertical distance of the target object
to the optical axis is then calculated according to imaging principle of camera, and the passive ranging can be
derived by depth and vertical distance to the optical axis of target object. Experimental results show that ranging
by this method has a higher accuracy compare with others based on binocular vision system. The mean relative
error of the depth measurement is 0.937% when the distance is within 3 m. When it is 3—10 m, the mean relative
error is 1.71%. Compared with other methods based on monocular vision system, the method does not need to
calibrate before ranging and avoids the error caused by data fitting.
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1. Introduction

As a key parameter in object positioning, distance measuring has been widely studied in many areas,
like 3D reconstruction, new military technology for high technique weapons, and so on [1-4]. Traditional
ranging method, such as tape and total station, are time and labor intensive and inefficient. With the
development of laser radar and machine vision, non-contact measurement methods have emerged [5,6].
These methods are mainly divided into active and passive ranging [7-9]. Laser scanning is one of the
mainstream active ranging methods [10,11]. It has a higher measurement accuracy and can be used to
describe the 3D structure of one object [12]. However, for general public who are not expert in this field,
this kind of active measurement instrument is limited. It requires expert knowledge, which limits its’ use

in daily practice. Passive ranging can also be realized based on machine vision. It estimates distance and
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obtains object size through image pixel information and camera imaging principles [13,14]. It has the
advantages of rich image information and low cost. Machine vision measurement includes both
monocular vision and binocular vision measurements [15,16]. The early image information extraction
methods were mostly based on the binocular stereo vision principle or camera motion information, and
required multiple images to extract the depth [17-19]. In contrast, monocular vision method does not
require strict hardware conditions during image acquisition and allows for device integration. Recently,
researches on information extraction based on monocular vision have been gradually progressed. Liu et
al. [20] designed a method to extract depth map from video based on non-parametric fusion of multiple
cues. This method combined with clues, including the image contour, geometrical perspective and space-
time correlation among contours to estimate a more accurate video depth. The depth information of the
whole image could be obtained by monocular depth clues, and the algorithm did have a simple structure.
However, its application might be limited because it needs prior information such as the scene structure
of the image.

The calibration methods based on monocular vision system, which involve the camera’s intrinsic and
extrinsic parameters, can also be used to obtain the depth information [21-23]. When combined with a
camera projection model, camera calibration can be used to study the conversion relationship between
the image coordinate system and the world coordinate system. This method requires more than three
checkerboard images in different orientations, and records the corresponding coordinate of each point in
the world coordinate system and image coordinate system. Thus, calibration has a great influence on
measurement accuracy. Wu et al. [24] established a mathematical model to fit the mapping relationship
between the object distance and pixel, and used this relationship to extract depth. The accuracy of this
method may be affected by long-distance measurement and data fitting. Huang et al. [25] proposed a
method to obtain the depth information by detecting the corner point of the vertical checkerboard image
and establishing the mapping relationship between ordinate pixel and actual imaging angle. Because
different cameras have different intrinsic parameters, the model established by this method had poor
applicability and could not calculate the target distance in any direction.

Based on the above analysis of depth extraction and distance measurement methods, given the target
contour, we present a method for depth estimating and passive ranging. To investigate the mapping
relationship between the ordinate pixel of the image point and actual imaging angle of its corresponding
object point, we do the following works: first, we combine the corner detection method proposed by
Andreas Geiger and the cornerSubPix() function provided by OpenCYV to extract sub-pixel corners. Then,
the Pearson correlation analysis is used to verify the relationship between the actual imaging angle of the
object point and ordinate pixel of the corresponding image point for different models of cameras and
rotation angles. Experiment results show that given the same abscissas, the ordinatesis of the image points
linearly related to their actual imaging angles. So, according to this principle, the actual imaging angles
and ordinate pixels of the special conjugate points are substituted into the assumed linear function. Then
we can calculate the constant coefficients. And a depth extraction model suitable for different models of
smartphones is established. Furthermore, by substituting the intrinsic parameters of the camera and the
ordinate pixel of the target point into the camera calibration model, we can calculate the depth of any
image point. Finally, the vertical distance from target object to optical axis of the camera is calculated by
the principle of camera stereo imaging system, and the distance from target object to the camera is

calculated according to Pythagorean theorem. The main difference between our study and the others
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mentioned above can be summarized as: it can measure depth by a smartphone which is portable and
flexible. It leads this method to be practicable in daily works. The research is also of great significance
for the autonomous obstacle avoidance and path planning of unmanned vehicles in horizontal roads,
remote monitoring of unmanned sweeping vehicles, and automatic measurement of tree factors in forestry

resource survey.

2. Principle of Passive Ranging based on Monocular Vision System

The image is collected by camera of smartphone. To calculate the distance from any point on the
horizontal ground to the camera, we first use Pearson correlation analysis method to prove that given the
same abscissas, the ordinatesis of the image points linearly related to their actual imaging angles. Then,
we establish a depth extraction model by assuming a linear function and substituting the actual imaging
angles and ordinate pixels of the special conjugate points into the function. Furthermore, by substituting
the intrinsic parameters of camera obtained from camera calibration and the ordinate pixel into that
model, we can calculate the depth of target object. According to the camera imaging principle, the vertical
distance from any point to the optical axis can be calculated. Finally, the Pythagorean theorem is used to

derive the distance from any points to the camera plane.

s - A
Optical axis

Fig. 1. Projection geometry model of shoot.

The projection geometry model of image acquisition is shown in Fig. 1. Where 0 denotes half of the
camera’s field of view, f'denotes the focal length, and / denotes the height of camera. The camera rotation
angle S derived from the gravity sensor of the smartphone. a denotes the object’s actual imaging angle.
D denotes the depth of a target object. As is shown in Fig. 1, ignoring the nonlinear distortion, the depth

of any target object can be derived:

D =h-tan €))
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Fig. 2. The diagram of each coordinate system in the Pinhole model.

Fig. 2. shows the relationship of each coordinate system in the pinhole model. To calculate the distance
from any point to the camera plane, according to the depth that has been calculated above, we also need
to calculate the vertical distance 7x from the target object to optical axis (in Fig. 2, 7. denotes the distance
from the target object to its corresponding virtual object placed on the optical axis). Then 7: can be
expressed as:

r 4D @)

where d denotes the parallax between the target object and its corresponding virtual object in the image
plane. According to the Pythagorean theorem, we can calculate the distance from the target object to

camera L:

L=+T>+D? 3)

3. Checkerboard Design and Corner Detection

3.1 Design of Checkerboard

While detecting and extracting corners, a perspective transformation may lead to an inaccurate corner
detection and extraction results. To counter this problem, based on a traditional checkerboard [26], we
improve it with a fixed cell width and increased length. Empirically, the checkerboard is found to be

sufficient for corners detection over a wide range of perspective transformations.
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We extract the corner of the traditional checkerboard tiled on the ground horizontally which has equal
length and width, and analyze the relationship between the distances of each two adjacent rows and
ordinate pixels of the corners in the same line. Then we can calculate the increment cell length according
to the relationship. The two adjacent row of the new checkerboard has an equal pixel difference in the
image (the image is acquired when the camera rotation angle equals 0). This checkerboard can improve
the accuracy of long-distance corner extraction with a wide range of perspective transformation.

In order to calculate the length increment between two adjacent rows, we design six groups of
experiments and extract the traditional checkerboard that contains 45x45 mm cells. Then we calculate
the actual distance of the unit pixel between two adjacent rows in the world coordinate system. To make
sure the same ordinate pixel differences of two adjacent rows, the length of each cells yi in new
checkerboard is shown in Table 1. Let x; be the distance from the ith row of corners in traditional

checkerboard to the camera, and the length difference Ad; of two adjacent rows can be expressed as:

Adi =Y~ Vi = M-Axi )
X. 1_.xl»

i+
Suppose the relationship between y; and x; is f(x), according to formula (4), we can get:

Ad = Ax- f'(x) ©)

Table 1. Computing length of each grid

Numbers A L I I Is I
» 45.00 45.00 45.00 45.00 45.00 45.00
» 50.35 51.05 51.59 49.78 48.74 4791
3 56.40 55.36 64.33 60.08 61.59 60.99
V4 66.34 72.48 61.24 65.99 69.91 73.62
s 70.03 65.47 81.26 67.28 82.31 77.22
V6 94.91 78.90 90.26 83.54 81.74 99.12
7 79.09 99.68 97.33 100.45 104.27 103.76
)8 114.10 107.99 106.91 100.23 127.06 109.91
9 122.64 119.63 116.49 120.33 124.32 118.93
yio 117.24 137.79 129.57 130.12 136.04 110.40
yi 137.94 119.36 123.13 139.19 123.29 137.63
yi2 153.43 154.18 155.12 162.88 151.05 152.64
yi3 147.57 157.29 194.69 150.60 163.18 183.68
V4 154.58 171.54 181.73 172.29 162.24 195.40
yis 172.33 192.72 189.07 192.20 190.60 192.52
Vi6 226.15 207.61 193.33 212.60 219.43 207.77
yi7 239.35 194.01 218.59 193.19 225.88 199.82
yi8 231.79 237.05 215.06 230.12 236.40 210.73
yio 255.18 255.28 239.22 245.36 246.67 258.52
120 276.53 225.38 251.38 269.27 283.88 278.13
y21 264.24 242.15 276.81 278.70 294.44 282.98
Y2 252.99 269.33 297.21 312.88 316.30 287.61
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According to Pearson correlation analysis, there is a highly significant linear correlation between the
length of each cells in new checkerboard and the distance from the ith row of corners in traditional
checkerboard to the camera (p<0.01), and the correlation coefficient  is 0.975. The least squares method
is used to calculate the derivative of f(x), f'(x)=0.262.

Therefore, when the checkerboard’s first row contains d*d mm cells, the remaining rows are fixed in
width, and the length difference Ad between two adjacent rows is 0.262xd mm. The new checkerboard
is shown in Fig. 3. Corners of this checkerboard can be accurately extracted. Furthermore, the influence
of the perspective transformation can be reasonably avoided.

Fig. 3. New checkerboard.
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Fig. 4. Implementation process of corner detection algorithm.

3.2 Corner Detection Algorithm

While taking photos on the horizontal ground, due to the perspective transformations, traditional corner
detection algorithms, such as Harris and Stephens [27] and Shi [28], are poor in robustness. Additionally,
these methods also fail to detect corners when the smartphone rotates at a large angle. Therefore, we
optimize Geiger’s corner detection method [29] to extract sub-pixel corners. The corner detection
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algorithm implementation process is shown in Fig. 4.
The algorithm does not require the size of cells and checkerboards when detect corners, and it is robust

enough when extract corners from images with high distortion. The corner extraction results are shown
in Table 2.

Table 2. Result of sub-pixel corner point detection

1D Initial corner Sub-pixel corner Distance (mm)
1 (158, 3454) (158.429, 3453.30) 895

2 (242, 3377) (242.818, 3377.01) 958

3 (332, 3295) (331.134, 3294.45) 1034

4 (418, 3216) (418.893, 3215.49) 1123

5 (506, 3135) (506.277, 3135.20) 1186

6 (590, 3057) (589.468, 3057.80) 1288

7 (668, 2986) (667.982, 2985.12) 1403

4. Passive Ranging Model based on Monocular Vision

4.1 Correlation Analysis

Three smartphones, like Xiaomi, Huawei, and iPhone are selected to analyze the relationship among
actual imaging angle of object point a, the ordinate of image point v, and rotation angle of camera /. The
camera rotation angle f are set as -10°, 0°, 10°, 20°, 30°, respectively. The corner detection algorithm
mentioned in Section 3 is used to extract pixels, and we use SPSS version 22 do regression analysis based
on these data. The results are shown in Fig. 5: Fig. 5(a) shows the relationship of the ordinate pixels and
actual imaging angles for three different models of smartphones when § = 10°; Fig. 5(b) shows the
relationship between ordinate pixel values and imaging angles for different camera rotation angles.

As can be seen from Fig. 5, the actual imaging angle of the object point decreases as the ordinate pixel
of the corresponding image point increase. And for varying rotation angles and smartphones, the
relationship between ordinate pixel and actual imaging angle are different. Additionally, given the same
abscissas, the ordinatesis of the image points linearly related to their actual imaging angles, where p<0.01
and the correlation coefficient #=0.99.

+p=10

68 . PN X = X p=0
" A p=10
66 66 = =20

N s = 4 X B30

I3
B
actual imaging angle o«

60 60
1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500 4000

ordinate pixel v ordinate pixel v

(a) (b)
Fig. 5. Relationships of image ordinate pixels and actual imaging angles: (a) for three different models
of smartphones and (b) for different camera rotation angles.
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4.2 Passive Ranging Method

4.2.1 Camera intrinsic parameters acquisition

In photogrammetry, to determine the projection transition between the coordinate systems in the
pinhole model, it is necessary to use camera parameters to construct a projection geometric model. We
combine Zhang’s calibration method [30] and a camera calibration model with nonlinear distortion term
to calibrate camera of smartphone. It can correct nonlinear distortions and acquire camera intrinsic
parameters.

According to the pinhole camera imaging principle, image points have the following relationship in
the image plane coordinate system and the pixel coordinate system:

u=x/d_ +u, ©)
v=yld, +v,

where d., dy (unit: mm) denotes the length and width of pixel on the image plane, respectively. Since a
pixel projected on the image plane is a rectangle, the length and width of each physical pixel cannot be
kept consistent, dx is not equal to dj. (1o, vo) denote the origin o of the image plane coordinate system in
the pixel coordinate system. In the camera coordinate system, point P (X, Ye, Zc) is projected on the
image coordinate system (x, y, f). The image plane is perpendicular to the optical axis, and the distance
from the origin to the image plane is /. According to the principle of similar triangles, we get:

x=f-X_1Z

f c c (7)
y=r-Y./z

The transformation from the world coordinate system Pw (Xw, Yw, Zw) to camera coordinate system P

is a rigid body motion, including translation and rotation. So from world coordinate system to camera
coordinate system:

P=R-(P,—C)=R-P, +T (8)

Combining Egs. (6) to (8), the relationship of the coordinate system can be expressed by homogeneous
coordinates and matrix as:

] X, X,
u /dr 0 u £ 00 ” f0 u w 9
* R T\Y, R T\, ©)
Z|v|=| o /1' L AR PO i ARSI i
o "0 1]0 01 TlLo oo N

where Min denotes the camera intrinsic parameters and Mex denotes the extrinsic parameters. Camera
external parameters include rotation matrix R and translation matrix 7.

4.2.2 Depth extraction model

For different models of smartphone and camera rotation angles, the image points’ ordinates and the
actual imaging angles of the corresponding object points are extremely negatively linearly related. Thus,
we get:
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a=FWv,B)=k-v+b (10)

The constant coefficients k£ and b are related to the camera rotation angle . The camera projection
geometric model is shown in Fig. 6. As can be seen from Fig. 6, when an object point is projected on the
bottom of image, its a takes the minimum value 90—6—f, while v takes the effective number of pixels in

column coordinates of the image sensor. Then, we have:

90-p-0=k-v,, +b (11)

Target Target

Optical axisl Optical axis 1
2o R PR T
Y .
A Optical axis 2
. \ Optical axis 2
(a) (b)

Fig. 6. Projection geometry model of shoot: (a) projection geometry model of shoot with FOV above
horizontal line and (b) projection geometry model of shoot with FOV under horizontal line.

When omin + 26 > 90°, the field of view (FOV) of the camera is above horizontal line—projection
geometry model of shoot is shown in Fig. 6(a), a takes the maximum value 90°, v infinitely close to vo-
tanf*f,. If the camera rotates counterclockwise, o and v takes the same values. Additionally, when omin +
260 <90°, the FOV is lower than the horizon—projection geometry model of shoot is shown in Fig. 6(b),
the maximum of actual imaging angle amax = 90—+6, and v = 0. Therefore, substituting into formula (10)

results in:

90 =k-(v,-tan g-f,)+b, 6>p (12)
90-4+60=b, 0<p

According to the construction principle of the pinhole camera, the tangent value of 8 is equal to half
the length of the camera CMOS or CCD image sensor Lcmos divided by the camera focal length f. The
physical unit is converted into pixel units to calculate 6:

Y (13)

Sy

L
—MOS_ — arctan

6 = arctan

Therefore, combining (5)~(8), F(a, p) can be obtained:

- 018 op L0 9PBS) OB, oy
F(v, )= Vinax -V Ttang- £, Vanax = Vo Htang- f,, (14)
a=-——v+90+6-f+5 0<p

Vinax
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The imaging principle of smartphone’s camera lens is pinhole imaging whose object point, image point
as well as camera optical center are in one line. However, because of the manufacturing error, it is actually
not an ideal linear model that lead to nonlinear distortion of the image and ¢ in Eq. (14) is its distortion
parameter.

Then, the depth extraction model can be established by combining formula (14) and (1):

arctan L% 4+ p (v -tanB-f)- (arctan‘;"% +5)
h-tan( 4 v+90+ 4 )to' 6> p5
D= VmaX_V0+tanﬂ'fy Vmax_v0+tanﬁ'fy (]5)
- Viy
2arctan—"8% 2
h-tan(-————=L v+ 90 + arctan—12% Vimax -pto o<p
Vinax 27,

4.2.3 Distance measurement

Based on the depth of the target object derived from above, we also need to calculate the vertical
distance 7x from the target object to the optical axis. Fig. 7 is a schematic diagram of a camera stereo
imaging system, where point P denotes the camera position, and line segment AB is parallel to the image
plane. Let coordinates of 4 be (X, Y, Z) in the camera coordinate system. And the coordinates of point B
are (X+Ty, Y, Z) in the camera coordinate system. Points 4 and B are projected on the image plane, where

A' (x1, y1), B' (xr, yr). According to formula (7):

x=f-X/Z, v, =f-Y/Z 16)
=f(X+T)/Z, y,=f-Y/Z

Combining Egs. (6) and (16), The horizontal parallax d of the two points A' and B'—with the same Y

and depths—can be expressed as:

d=x—x
=f(X+T)/Z-f-XI/Z=fT,/Z 17
:(ur_u())'dx_(ul_MO).dx :(ur_ul)'dx

Therefore, given camera focal length £, image center point (uo, vo), the physical size dx of each pixel in
the x-axis on the image plane and depth of the target object, the vertical distance 7 from the target object

to the optical axis can be calculated:

Tx:u—uoj;dx'D (18)

According to formula (3), we can obtain the distance L from the target object to the projection point of

the camera:

L=4T. +D2 \/[” ty|- /j +(h-tana )’ (19)
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Fig. 7. Principle of camera stereoscopic imaging system.

5. Experiment Result and Discussion

To verify the feasibility and accuracy of the passive ranging method, we conducted experiments used
Xiaomi 3 (MI 3) smartphone. Java combined with C++ were used to write a passive ranging application
for smartphones. After the application was written and debugged according to the above method, the
accuracy of the depth extraction model and passive ranging were verified separately in the laboratory and
natural environment.

The intrinsic parameters of the camera are: f; = 3486.5637, uo = 1569.0383, f, = 3497.4652, v =
2107.98988, and the image resolution is 3120 x 4208. Substituted the parameters into the model to get

the specific depth extraction model of the camera:

b Jhan 2100.0? 121;76‘ iy 2107:99 -34974Tan ) 490) 57 0> 20)
h-tan(-0.0147v+121.03 - f) £ 5" o0<p
Table 4. Data of depth measurement

Ordinate .Actu.al C.alculfl ted Angle error True depth e Depth error Relative

Group ; imaging imaging > depth D’ o
pixel v angle @ (°) angle a’ (°) ©) D (mm) (mm) (mm) error (%)

I 4075.79 60.81 60.92 0.11 546 548.50 2.50 0.458

3840.65 64.38 64.39 0.01 636 636.52 0.52 0.082

3646.92 67.21 67.26 0.05 726 727.71 1.71 0.236

3490 69.51 69.58 0.07 816 819.21 3.21 0.393

3364.75 71.39 71.43 0.04 906 907.85 1.85 0.205

3257.5 72.97 73.01 0.04 996 998.52 2.52 0.253

b 3144.6 74.61 74.68 0.07 1035 1040.36 5.36 0.517

3079.58 75.58 75.64 0.06 1108 1113.23 5.23 0.472

3013.13 76.58 76.62 0.04 1194 1198.16 4.16 0.348

2948.42 77.57 77.581 0.011 1293 1294.21 1.21 0.093
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Table 4. (Continued)

Group Or'dinate iggtgui?llg Cﬁ:}?g‘;:;d Angleoerror True depth C;;;ltll:a;;fl Depth error Relative
pixel v angle @ (°) angle &’ (%) ©) D (mm) ) (mm) error (%)
2885.83 78.22 78.50 0.28 1366 1400.82 34.82 2.549
2827.4 79.09 79.36 0.27 1478 1517.03 39.03 2.640
2772.96 79.92 80.17 0.25 1603 1644.84 41.84 2.610
2722.87 80.71 80.91 0.2 1741 1781.31 40.31 2315
2676.69 81.44 81.59 0.15 1892 1927.69 35.69 1.886
2635.39 82.11 82.20 0.09 2056 2080.55 24.55 1.194
2597.41 82.73 82.76 0.03 2233 2243.41 10.41 0.466
2562.52 83.30 83.28 0.02 2423 2418.80 4.20 0.173
2530.99 83.80 83.75 0.05 2626 2602.32 23.68 0.902

5.1 Ranging in Laboratory

In experiment 1, the camera rotation angle f was 0°. In group 11, the height of camera 41 was 305 mm.
In group I, the height of camera /> was 285 mm. The corners pixels were extracted, and their actual
imaging angles and depths were calculated based on the depth extraction model and ordinate pixels. The
experimental data are shown in Table 4. The true depth was measured by a tape. The actual imaging angle
of the corner can be calculated according to the cosine value of it, which equal to the actual depth divided
by height. And the relative error was obtained by dividing the absolute error (the difference between the
calculated depth and the true depth) by the true depth.

From Table 4, we can conclude that the relative error of the depth calculated by depth extraction model
does not exceed 3%. The average relative error of depth is 0.93% when the distance is from 0.5 to 2.6
meters. The errors of the depth extracted by depth extraction model may related to many factors, such as
the accuracy of the image processing algorithm, different light conditions or some other factors. In
addition, due to the nonlinear distortion of camera lens, the closer the target object is to the optical axis
of the camera, the smaller the image distortion error and the more accurate the measurement, and vice
versa. However, from Table 4 we can conclude that in a certain rang, the measurement error is random,
and is acceptable in our next tree DBH and height measurement works.

In experiment 2, the camera rotation angles  of experimental groups 11, I, I3, 14, Is were -10°, 0°, 10°,
20° and 30°, respectively, the height of camera /1 was 408 mm. We also calculated the relative error root
mean square (rRMS) of depth D, vertical distance 7x and distance L under different camera rotation

angles. Experimental data is shown in Table 5.

Table 5. Root mean square of the relative error of the measured values with different camera rotation
angles

Root mean square of relative error

b D Tx L
-10° 0.0319 0.0362 0.0323

0° 0.0179 0.0207 0.0176
10° 0.0199 0.0280 0.0205
20° 0.0280 0.0331 0.0291
30° 0.1241 0.1351 0.1253
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The experimental results show that when the camera rotates counterclockwise, the relative error RMS
of the depth D, the vertical distance 7. and the distance L were relatively larger. Otherwise, the relative
errors RMS were smaller. It is because that once the smartphone camera is rotated clockwise, the range
of imaged ground will be far away from the centre of the image and more closer to the bottom of the
image, where the nonlinear distortion is larger. It is beneficial to improve the measurement accuracy
when we collect image by rotated the smartphone clockwise. The measurement error was also affected

by the height of camera, camera intrinsic parameter accuracy and so on.

5.2 Ranging in Nature Environment

To verify the accuracy of the passive ranging method in nature scene, we took five images by
smartphone camera and each image contained three target objects. In experiment 3, the camera rotation
angle f was 0°, the height of camera # was 1285 mm. Experimental data are shown in Table 6. The
experimental results showed that the relative errors of this method were no more than 6%, while its
average relative error was 1.71% within a range of 3—10 m. Sheng et al. [31] developed an underwater
binocular vision ranging system with an average relative error of 2.34%, Zou and Yuan [32] achieved a
relative error less than 10% of the passive ranging based on monocular vision. Therefore, compare with
other passive ranging methods based on machine vision, this method had a relative higher measurement
accuracy. In addition, our method is not as accurate as it reported by Huang et al. [25] (a relative error
less than 3%). However, compare with this method, we should not to simulate linear relation for all kind
of cameras, different camera rotation angles or heights of camera.

The accuracy of this passive ranging method may directly determined by the accuracy of depth

extraction model and 7x measurement result.

Table 6. Measurement accuracy of target object distance

Group True distance L Pixel Calculated distance L’ Absolute error Relative error
(mm) (mm) (mm) (%)
I 2609 (3921.23, 1338) 2576.28 32.72 1.25
4977 (3116.51, 2215.3) 4949.51 27.49 0.55
6000 (2947.6, 1008.67) 5956.71 43.29 0.72
I 3000 (3735.74, 904.7) 2961.45 38.55 1.28
4010 (3339.2, 1472.43) 3946.42 63.58 1.59
10320 (2584.7, 580.25) 10425.44 516.58 5.01
JE 5002 (3112, 1097.92) 4933.8 68.20 1.36
7720 (2761.7, 1502.4) 7590.05 129.95 1.68
8000 (3762.32, 789.55) 7768.54 231.46 2.89
Is 3617 (3477.88, 1049.93) 3556.47 60.53 1.67
5214 (3056, 1473.02) 5191.46 22.54 0.43
7000 (2849.52, 692.23) 6885.23 114.78 1.64
Is 3215 (3614.7, 591.6) 3292.41 77.41 2.41
4500 (3214.54, 1489.1) 4417.75 82.25 1.83
5207 (3057.1, 896) 5278.95 71.95 1.38
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6. Conclusion and Future Work

In this paper, we present a depth extraction model and passive ranging method based on monocular
vision system using smartphone. First, we use an optimized corner extraction algorithm to detect and
extract the sub-pixel corners of a checkerboard with a fixed width and increased length, and investigate
the linear relationship of the actual imaging angle of the object point and the ordinate pixel of the
corresponding image point with different camera rotation angles. It is verified that given the same
abscissas, the ordinatesis of the image points linearly related to their actual imaging angles (p<0.01,
7>0.99). Therefore, by assuming a linear function and substituting the actual imaging angles and the
ordinate pixels of the special conjugate points (maximum and minimum values) into the linear
relationship function, we establish a depth extraction model suitable for various of smartphones. What’s
more, an improved camera calibration model with a nonlinear distortion term is used to obtain the
distortion parameters and intrinsic parameters of camera, and the intrinsic parameters are used to calculate
the depth of the target object. According to the principle of camera stereo imaging system, we calculate
the vertical distance from the target object to the camera optical axis, and range the distance by
Pythagorean theorem. To verify the accuracy of the model, we conduct two sets of experiments in both
close and long-distance ranging in the laboratory and nature environment. The experimental results show
that the average relative error of the depth measurement is 0.937% when the distance is within 0.5-2.6
m. What’s more, the relative error of measurement is 1.71% when the distance is 3—10 m. Therefore,
using this method to measure distance has a high measurement accuracy.

Compared with other passive ranging methods, this method uses a smartphone to measure distance and
extract depth which is convenient, portable and easy to be used in daily practice. It does not require a
large scene calibration site and avoids errors caused by data fitting. In addition, we only need to obtain
the intrinsic parameters by camera calibration at the first time, and then we can calculate the distance
from the target object to the camera by a single image. It does not require any calibrations or known
dimension objects to be placed in the measuring scene. However, when the target object to be
photographed is far away from the camera, due to the perspective transformations, the detection accuracy
of its contour is reduced and the measurement accuracy may also be affected. To solve this problem, in
the next step we will devote to use the deep learning method to detect and extract a more specific object
contour. Moreover, this technique can further be used as the basic of an object’s height and width
measurement. Therefore, in the future of our work, we will also engage to use this method to measure
the 3D information of an object.
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