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ABSTRACT Calibration of aerial mapping camera has an important influence on the applications of earth

observation. However, the traditional aerial mapping cameras calibrations depend on large-scale calibration

target or collimated light, moreover, it is difficult to build the large-scale calibration targets and the collimated

light method requires an accurate turntable and a high-precision goniometer, which is a kind of expensive

instrument. To solve this problem, this paper proposes a novel high-precision calibration method which is

not restricted by the rigorous conditions, such as small aperture, unevenly energy distribution and expensive

equipment. Specifically, a collimator and an elaborately designed multiple pinhole mask are firstly used to

generate the collimated light of a large aperture with known directions to simulate the calibration targets at

infinity. Then, the camera takes pictures for the aperture of the multiple pinhole collimator at multiple angles

to ensure that the image points cover the entire detector. Thirdly, the final calibrated results are obtained by

solving the data acquired from multiple angles. Finally, the proposed method is verified by Monte-Carlo

simulation and real experimental data, whose results indicate that our method can reach the same accuracy

performance as the existing methods at lower cost and faster speed, and thus is practical for engineering

application.

INDEX TERMS Aerial mapping camera, calibration, collimator, multiple pinhole mask.

I. INTRODUCTION

The aerial mapping camera is usually mounted on the aircraft

for imaging long-distance ground, and can achieve the advan-

tages of high precision, fine resolution and long focal length.

Therefore, it is widely used in earth obser-vation applications,

such as aerial mapping, photogram-metry, resource survey

and military, etc. In practice, the mapping camera must be

calibrated before usage and the calibration accuracy has sig-

nificant influence on the ortho-rectification, digital elevation

model (DEM) generation [1]–[3], surface change detection

and measurement accuracy [4].

Camera calibration is one of the most active research

areas [5]–[7]. In the past decades, lots of methods have

been proposed to calibrate the camera. The classical labora-

tory calibration method can be divided into two types: the

calib-ration grid method [8]–[10] and the collimated light

method [11], [12]. In the scheme of calibration grid method,
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approving it for publication was Wei Liu.

the camera images the precisely measured calibration grids at

different angles and the calibration parameters are obtained

by solving the nonlinear equations according to the coordi-

nates of the calibration grids and the image points. This

scheme does not need to measure the angle of the camera

relative to the calibration grids, and the data processing is high

precision and easy to be implemented. However, when cali-

brating a long focal length camera, the calibration grids must

have a large-scale due to the long imaging distance which

does not cause defocusing. In the scheme of the collimated

light method, a collimator is employed to generate a single

beam of collimated light and adjusts the angle of the parallel

light relative to the camera through a precision turntable,

in which the angle is measured by a high-precision goniome-

ter. The calibration parameters are calculated according to

the angle value of the parallel light and its image coordinate.

Although this method is suitable for long focal length cam-

eras, the experiment condition is very critical and expensive.

Recently, there is an urgent demand to invent a novel

calibration method to combine the advantages of these two
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classic calibration methods. References [13], [14] proposed

an approach based on lasers and diffractive optical elements,

in which a single beam of parallel laser light is divided into

a plurality of parallel beams through a diffraction element,

and then will produce multiple calibration targets at infinity.

Although this method is suitable for both long and short

focal length cameras, there are safety issues in the usage of

laser and the technique is limited by the fabrication process

of the diffraction element. In addition, the aperture of the

colli-mated beam in ref. [14] is less than 5 cm, which will

cause vignetting (pupil mismatch) while calibrating the large

aper-ture aerial mapping camera. Therefore, on one hand this

method is only suitable for small aperture camera calibration,

on the other hand this method only can make calibration

based on a single photo since the camera can’t image the

parallel light at multiple angles, which finally influence the

calibration accuracy. Moreover, collimated light with differ-

ent propagation directions has different energy distributions,

resulting in different brightness of pixels at different positions

of the calibration photo and introduces difficulties in extract-

ing image coordinates.

The existing problems can be overcome by using the

equipment of multiple pinhole collimator. Multiple pinhole

collimator is a collimator with a multiple pinhole mask

on its focal plane, thus it has the capability of generat-

ing collimated multi-beams with even energy distribution.

Wei Zhang et al. [15] used a two-pinhole collimator to

generate two X-ray collimated beams and update X-ray

photon utilization efficiency. Benedikt Menz et al. [16]

employed a multiple pinhole collimator with much more

holes to generate multi-beams parallel light with large aper-

ture and known directions. These applications [15], [16] show

that multiple pinhole collimator is very suitable for camera

calibration.

The aim of our research of to provide a compact and

accu-rate calibration setup to satisfy the requirements of long

focal length and large aperture camera calibration. In this

paper, we employ a collimator and an elaborately designed

multiple pinhole mask to generate the collimated light of a

large aperture with known directions to simulate the cali-

bration targets at infinity, moreover, the energy evenly dis-

tributed to multiple collimated beams which is equivalent

to have calibration grids at infinity. Thanks to the large

aperture of the collimator, the camera can image parallel

light at multiple angles and ensure the image points cover

the entire detector, which guarantee the calibration accu-

racy. The method combines the advantages of two classic

methods and works well without dependence on large-scale

calibration target or precise measuring equipment, such as

delicate turntable and high-precision goniometers. The main

calibration equipment used on this paper is collimator, which

is a common optical equipment and has been used in many

optical systems, therefore, the calibration procedure is effi-

cient and low-cost, and thus is practical for engineering

application.

FIGURE 1. Schematics of multiple pinhole collimator. (a) Pinhole at
position M i(MX iMY i, 0) yields parallel beam Pi with transmission
directions of ϕi, θi . (b) Schematic diagram of ϕi . (c) Schematic diagram
of θi.

II. CAMERA CALIBRATION WITH MULTIPLE

PINHOLE COLLIMATOR

A. SCHEME OF THE MULTIPLE PINHOLE COLLIMATOR

According to geometric optics, when an object at infinity

passes through the optical lens, it will image itself on the focal

plane of the lens. Conversely, placing a calibration object

on the focal plane of the lens will produce parallel light

representing the calibration target at infinity. According to the

position of the calibration object on the focal plane of the lens

and the focal length of the lens, the propagation angle of the

parallel light can be accurately calculated [17].

A multiple pinhole mask is mounted on the focal plane of

the collimator, and the light passing through the holes passes

through the optical system of the collimator, which becomes

a multi-beams parallel light. According to the position coor-

dinates of the hole and the focal length of the collimator,

the propagation angle of each parallel light can be accurately

obtained [18]. The schematics of a multiple pinhole colli-

mator are shown in Fig. 1. A spherical coordinate system

O− XYZ and a Cartesian coordinate system O− xyz are

constructed. Coordinate system origin O is the center of the

multiple pinhole mask (z) is the optical axis of the collimator;

X(x) is horizontal axis; Y(y) is vertical axis.
The propagation direction ϕi and θi of the collimated light

Pi in the spherical coordinate system O− XYZ are given by

Eq. (1)

θi = a tan(f ′

/

√

MX2
i +MY 2

i )

ϕi = a tan(MYi
/

MXi) (1)

where f ′ is the focal length of the collimator. Convert the

propagation direction of collimated light Pi from the spheri-

cal coordinate system O− XYZ to the Cartesian coordinate

system O− xyz as shown in Fig. 2.
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FIGURE 2. Transfer Pi from the spherical coordinate systems to the
Cartesian coordinate systems.

FIGURE 3. Schematics of aerial mapping camera calibration with multiple
pinhole collimator.

Fig. 3 shows the schematics of calibration with multiple

pinhole collimators. The multiple pinhole mask is placed on

the focal plane of the collimator which generates multiple

calibration targets at infinity. The aperture of the collimated

light can up to ϕ =600mm, which is 12 times larger than the

existing method using diffractive optical elements. Multiple

pinhole mask has 16 pinholes with diameter of 5 mm. The

pinholes are fabricated by photolithography, the technology

is mature and cheap (about $150 for manufacturing) and the

position error is less than 0.0002 mm.

The propagation directions of 16 collimated beams can be

calculated by Eq. (2). Camera takes photos of the aperture of

the multiple pinhole collimator at different angle and ensures

images cover the whole detector of the mapping camera.

B. CALIBRATION MODEL

1) CAMERA IMAGING MODEL

Considering that a light ray travels along a straight line [19],

Object (Pi), image (mi) and camera projection center (Oc)

are linearly aligned as shown in Fig. 4(a). Incident beam

Pi and vector Ocmi are collinear. According to the collinear

equation [20], the relationship between Pi and mi as Eq. (3):

s
[
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= H
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where, s is photography scale factor, H is projection matrix,

which is as follow:

H = CR (4)

FIGURE 4. Camera imaging model. (a) the equations of a line in space on
which lie three points: Pi, Oc and mi ; (b) angle dependence of camera
coordinate OC − XCYCZC with respect to O− xyz of the multiple pinhole
collimator.

where, C is inner orientation parameters matrix.

C =





f 0 x0
0 f y0
0 0 1



 (5)

where, x0, y0 are coordinates of the principal point and f is

the principal distance of camera.

In Eq. (4), R is matrix which represents the rotation of

camera coordinate OC −XC YC ZC with respect to O− xyz

of multiple pinhole collimator,

R =





a1 a2 a3
b1 b2 b3
c1 c2 c3



 = [r1r2r3] (6)

where, ai, bi, ci(i = 1, 2, 3) are direction cosines [20] of

ϕ, ω, κ in Fig. 4(b), r1, r2, r3 are column vectors of R.

Substitute Eq. (5) and Eq. (6) into Eq. (3), the imaging

model of the aerial mapping camera using multiple pinhole

collimator is:

s
[

xi yi 1
]T

= C[r1r2r3]
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(7)

Eq. (7) is the derivation of the relationship between object

and image in calibration. Incident beam Pi and its image mi
is related by a 3×3 projection matrixH , which is the product

of C and R.

From Eq. (4), we have

H = C[ r1 r2 r3 ] =





h1

h2

h3



 (8)

where h1, h2, h3 are row vectors of H .
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2) SOLUTION OF INNER ORIENTATION PARAMETER

The calibration model for camera is established based on

R. Hartley et al. [6] as Eq. (9). Given an image of multiple

collimated beams, a projection matrix H can be estimated

(see Appendix A).

[

0 −PTi yiP
T
i

PTi 0 −xiP
T
i

]





h1T

h2T

h3T



 = 0 (9)

Defining coefficient matrix A as:

A =

[

0 −PTi yiP
T
i

PTi 0 −xiP
T
i

]

(10)

As shown in Eq. (10), coefficient matrix A contains inci-

dent light Pi and its image coordinate xi, yi. Since each

incident light and its image have 2 equations, so 16 collimated

beams bring about 32×9 coefficient matrix A. Solving Eq.

(9), we have projection matrix H . Camera takes picture of

the multiple pinhole collimator at n different angles, and gets

n projection matrix H1, H2 . . .Hn.

Setting G = C−T. C−1, C−T means (C−1)T or (CT)−1,

then:

G =





1/f 2 0 −x0/f
2

0 1/f 2 −y0/f
2

−x0/f
2 −y0/f

2 x0/f
2 + y0/f

2 + 1



 = GT

(11)

Here G is a symmetric matrix, defined by a 6D vector g:

g =
[

G11 G12 G22 G13 G23 G33

]T
(12)

where,G11,G12,G22,G13,G23,G33 are elements inmatrixG.

Using vector hk = [hk1hk2hk3](k = 1, 2, 3) in Eq. (8),

due to orthogonality of the rotation matrix R, we can get (see

Appendix B):
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There is:
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·
[

G11 G12 G22 G13 G23 G33
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= 0

(15)

Matrix V is defined as:

V =
[

V12 V13 V23 V11−V22 V11−V33 V22−V33
]T

(16)

Eq. (15) is simplified as V · gT = 0, matrix V is composed

by the elements of projection matrix H . Taking n pictures,

there areH1,H2 . . .Hn. Substituting Eq. (16), we have 6n ×

6 matrix V . Based on least squares, the best solution g is

solved. The inner orientation parameters are solved by using

Eq. (17):

x0 = −G13/G11, y0 = −G23/G22,

f =

√

G33 + G13 + G23

G11
(17)

Matrix V in Eq. (15) is 6n × 6. According to Eq. (15), our

method requires at least one photo to solve the inner orien-

tation parameters, while adopting classical method, matrix V

is 2n × 6. Ref. [9] requires at least three photos to solve the

same problem.

3) CALCULATION OF DISTORTION COEFFICIENTS

Camera distortion can be divided into radial distortion, eccen-

tric distortion, etc. Long-focus aerial mapping cameras gener-

ally require precise optical adjustment [22]. The eccentricity

of the optical lens is small, and the main distortion type is

radial distortion. Therefore, this paper only considers radial

distortion. Considering too many kinds of distortions will

lead to computational instability [23].

In ideal imaging, pinhole T has image t and its coordinate

is (x, y). Because of radial distortion, the actual image coor-

dinate is (xd, yd)

x = xd (1 + k1r
2 + k2r

4)

y = yd (1 + k1r
2 + k2r

4) (18)

where k1, k2 are radial distortion coefficients, and r2 =

x2d + y2d . The origin of the radial distortion is the origin of

the camera.
[

(xd − x0)r
2 (xd − x0)r

4

(yd − y0)r
2 (yd − y0)r

4

]

·

[

k1
k2

]

=

[

x − xd
y− yd

]

(19)

Simplified to D.k = d . Considering there are 16 cal-

ibration points in each photo and calibration at n angles,

Eq. (19) has 16n equations which can be solved by least

squares method:

k = (DTD)−1DT d (20)
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FIGURE 5. Flowchart of the proposed method.

Once k1 and k2 are estimated, we can refine the estimation

of the projection matrix H by solving (9) with coefficient

matrix A replaced by (19). Matrix V is then given accord-

ing to the equation (16). Lastly, all the intrinsic elements

can be computed by calculating the Eq. (15) and Eq. (17).

We can alternate these two procedures until the convergence

is achieved. Through this iterative method, the camera can be

accurately calibrated even if there is a large distortion.

C. FLOWCHART OF THE CALIBRATION METHOD

The flowchart of the proposed method is shown in Figure 5.

the input is the information about the multiple pinhole colli-

mator and the output is the intrinsic parameters and the radial

distortion coefficients.

There are three steps in this method. Firstly, ‘‘preparation’’,

an elaborately designed multiple pinhole mask should be fab-

ricated and mounted. The camera should be fixed facing the

collimator. Secondly, ‘‘data acquisition’’, the camera should

take photos for the aperture of the collimator at multiple

angles and ensure that the image points cover the entire detec-

tor. Thirdly, ‘‘estimation’’, we estimate projection matrix H

with coefficient matrix A, which is calculated by the param-

eters of multiple pinhole collimator and image coordinates.

Once H is estimated, matrix V can be given by the elements

of H . Finally, the inner orientation parameters, as well as

radial distortion coefficients are solved. The camera can be

accurately calibrated through the proposed iterative method.

III. EXPERIMENTS

The accuracy and reliability of the proposed method were

verified by both computer simulation and real data. Detailed

TABLE 1. Specifications of calibration setup and camera.

information about the aerial mapping camera and themultiple

pinhole collimator is given in Table 1.

Firstly, we simulated the calibration accuracy by Monte

Carlo algorithm. Then, the aerial mapping camera was cal-

ibrated by using the method of this paper. Moreover, the pro-

posed method and classic Collimated light were compared.

A. COMPUTER SIMULATIONS

The simulation test device is shown in Fig. 5, whose camera

was mounted on the turntable. In the simulation, the camera

imaged the aperture of the collimator at 16 angles, which

ensured that the image points of the parallel light cover

the entire detector. In practice, calibration data from more

widely distributed view angles is more helpful in reducing

the estimation errors. Empirically, we found calibration data

from more than 16 widely distributed view angles can yield

satisfying results. Different from the conventional collimated

light method, our method requires neither precise adjustment

nor angle measurement of the camera relative to the parallel

light.

The parameters of the simulation are summarized

in Table 1. Two simulated experiments are performed.

Section 1) examines the effect of measurement noise of the

hole position on the estimated intrinsic parameters. Section 2)

models the effect of projected image points on the estimated

intrinsic parameters.

1) MEASUREMENT NOISE OF THE HOLE POSITION ON

INTERNAL ORIENTATION ELEMENTS

The effect of measurement noise of the hole position on cali-

bration result is tested by adding increasing levels of Gaussian

noise, ranging from 0.001mm to 0.005mm. For each noise

level, we perform 200 independent trials. The statistics of the

error in the intrinsic parameter estimates are shown in Fig. 6.

As we can see from Fig. 6, errors increase with the noise

level. For σ = 0.002mm, the errors in principal point is

around 0.1 pixel and principal distance is around 0.19 pixel.

2) NOISE OF THE PROJECTED IMAGE POINTS ON INTERNAL

ORIENTATION ELEMENTS

Gaussian noise with variance of 1/20 pixels to 1/5 pixels was

added to projected image points and the results are shown
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FIGURE 6. Simulation of an aerial mapping camera facing a multiple
pinhole collimator.

FIGURE 7. (a) Influence of the calibration object noise on the principal
point accuracy. (b) Influence of the calibration object noise on the
principal distance accuracy.

FIGURE 8. (a) Influence of the noise of projected image points on the
principal point accuracy. (b) Influence of the noise of projected image
points on the principal distance accuracy.

in Fig 7. For σ = 1/10 pixels (which is larger than the normal

noise in practical calibration), the error in principal point is

around 0.29 pixels and principal distance is around 0.5 pixels.

B. REAL DATA

The aerial mapping camera was calibrated using the method

of this paper. Calibration facilities are shown in Fig. 8.

The specifications of the collimator and camera are listed

in Table 1. The camera was mounted on a turntable to adjust

the angle of the camera with respect to the multiple pinhole

collimator. In total, 16 angles were used to take photos and

256 image points were obtained. Fig. 9 shows the distribution

of the image points.

Calibration results were calculated by combining image

points acquired at all angles. The standard deviation of the

residuals between model and measurement points on the

entire measurement points is about 0.12 pixels (1.33µm) and

the maximum residuals is less than 0.3 pixel (2.22µm). The

results were compared with the calibration results taken by

the standard collimated light method. We try our best to con-

duct two experiments with the same experimental conditions,

such as the aperture of the collimated light, focal length of

the collimator, the parameters of the aerial mapping camera,

FIGURE 9. Calibration facilities.

FIGURE 10. Images captured by the calibrated camera.

TABLE 2. Calibration results.

temperature, pressure, humidity et al.. The only difference

is that the standard collimated light method employs high-

precision equipment, and we can work well without depen-

dence on it. All the corresponding results are listed in Table 2,

where n is the number of photos.

According to Table 2, the calibration results agree well

with the collimated light method using a high precision and

expensive calibration device, but our method uses fewer cali-

bration photos, which means saving lots of time. In addition,

it was shown that our method can separate the parameters

of the interior orientation from the exterior orientation of the

camera. Hence, a complex alignment of the calibration setup

components is not necessary, which significantly simplifies
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TABLE 3. The time and money spent by the two methods.

the calibration process. On the contrary, the total calibration

time will increase about 33% because of complex bundle

adjustments in conventional collimated light method.

The time and money spent by the two methods in this

experiment are shown in Table 3.

As we can see from Table 3, our method can achieve

the same accuracy as that of the traditional collimated light

method, but is cheap and fast, which meets the requirements

of engineering application very well.

Our method is similar to the method proposed in [13], [14]

but differs in two aspects: (1) The method proposed

in [13], [14] generates the multi-beam parallel light by the

diffractive element, which requires a laser, a collimator and

a diffractive element etc. The generated collimated light has

a large angle of view, but a small aperture, and an uneven

energy distribution. In our method, the collimated light is

generated by placing a porous plate on the focal plane of the

collimator, and the aperture of the generated parallel light is

limited only by the collimator, and can generate parallel light

of 12 times of the aperture of [14] and the energy distribution

is uniform. (2) Method proposed in [13], [14] is only suitable

for cameras with small aperture and the camera can’t image

the parallel light at multiple angles because of the small aper-

ture. Therefore, method proposed in [13], [14] can only do

calibration based on a single photo. In ourmethod, the camera

can image parallel light at multiple angles and ensure the

image points cover the entire detector, which provides better

calibration accuracy.

IV. CONCLUSION

The low-cost and efficient calibration of aerial mapping cam-

era is the key challenge encountered in earth observation

applications. Traditional calibration methods require large-

scale calibration target, high-precision and expensive equip-

ment. This paper proposed a new method for calibrating the

aerial mapping camera only based on a multiple pinhole col-

limator without any dependence on complex and expensive

instruments. Firstly, a collimator and an elaborately designed

multiple pinhole mask are firstly used to generate the col-

limated light of a large aperture with known directions to

simulate the calibration targets at infinity. Then, the camera

takes photos for the aperture of the multiple pinhole collima-

tor at multiple angles to ensure that the image points cover

the entire detector. Thirdly, the final calibrated results are

obtained by solving the data acquired from multiple angles.

In general, highlights from two aspects can be drawn as

follows:

1) On one hand, the proposed method does not

require large-scale calibration target, high precision

turntable or goniometer, etc. On the other hand,

the calibration process is simplified and has fewer

requirements on precision adjustments. Moreover,

the proposed method can achieve the same accuracy

as that of the traditional collimated light method which

depends on the high precision calibration device.

2) In this method, the aperture of collimated light is

600 mm, which is 12 times larger than the exist-

ing method using diffractive optical elements and the

energy distribution is more uniform. Such aperture is

suitable to calibrate camera with long focal length and

large aperture.

After verifying by Monte-Carlo simulation and real exper-

imental data we know that the proposed method can reach

high accuracy calibration result without use of any large-

scale calibration target or expensive equipment. This method

is not only suitable for large-aperture long-focus aerial map-

ping cameras, but also for other cameras with calibration

requirements. The analysis results show that the proposed

method has the advantages of efficient and low-cost, and thus

is practical for aerial mapping camera applications.

APPENDIX

A. ESTIMATION OF THE PROJECT MATRIX H BETWEEN

MULTI-BEAMS PARALLEL LIGHT AND ITS IMAGE

Let P andm be the incident beam and correspondences image

points, P and m have relationship as Eq. (1).

sm = HP

Therefore, the 3-vectors m and HP have the same direction

and differ in magnitude by a scale factor s. Due to vector cross

product, the equation can be expressed as:

m× (HP) = 0

where H =
[

h1 h2 h3
]T

The cross product gives a set of three equations:

m× (HP) =





yh3T · P− h2T · P

h1T · P− xh3T · P

xh2T · P− yh1T · P



 = 0

Since hjT .P= PT .hj (j =1, 2, 3), this gives explicitly

equations as:





0T −PT yPT

−PT 0T xPT

−yPT xPT 0T









h1T

h2T

h3T



 = 0

Notably, although there are three equations, only two of

them are independent (since the third row is obtained from
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the sum of x times the first row and y times the second), like:

[

0T −PT yPT

PT 0T −xPT

]





h1T

h2T

h3T



 = 0

B. ESTIMATION OF THE MATRIX G

H is the product of C and R, which as follows:




h1

h2

h3



 = C[r1 r2 r3]

where h1, h2, h3 are row vectors ofH,hk = [hk1hk2hk3](k =

1, 2, 3) and r1, r2, r3 are column vectors of R, due to orthog-

onality of the rotation matrix R, we can get:

rTk rj = 0

rTk rk = rTj rj

Then, we can get:

(C−1hk )T (C−1hj) = 0

(C−1hk )T (C−1hk ) = (C−1hj)T (C−1hj)

Setting G = C−T. C−1, C−T means (C−1)T or (CT)−1,

we can get:

hk · G · (hj)T = 0

hk · G · (hk )T − hj · G · (hj)T = 0

Here G is a symmetric matrix, defined by a 6D vector g.

Using vector g =
[

G11 G12 G22 G13 G23 G33

]T
, we can

get:

hk · G · (hj)T

=
[

hk1hj1 hk1hj2 + hk2hj1 hk2hj2 hk3hj1 + hk1hj3

hk3hj2 + hk2hj3 hk3hj3
]

















G11

G12

G22

G13

G23

G33

















= 0(k 6= j)

Based on least squares, the best solution G is solved.

REFERENCES

[1] B. Emmanuel, Z. Li, and H. Eisenbeiss, ‘‘DSM generation and inte-

rior orientation determination of IKONOS images using a testfield in

Switzerland,’’ Photogrammetrie-Fernerkundung-Geoinf., vol. 2006, no. 1,

pp. 41–54, Oct. 2009.

[2] B. Sun, J. Zhu, L. Yang, S. Yang, and Z. Niu, ‘‘Calibration of line-

scan cameras for precision measurement,’’ Appl. Opt., vol. 55, no. 25,

pp. 6836–6843, 2016.

[3] M. Lee, H. Kim, and J. Paik, ‘‘Correction of barrel distortion in fisheye

lens images using image-based estimation of distortion parameters,’’ IEEE

Access, vol. 7, pp. 45723–45732, 2019.

[4] B. Ma, Z. Liu, F. Jiang, Y. Yan, J. Yuan, and S. Bu, ‘‘Vehicle detection

in aerial images using rotation-invariant cascaded forest,’’ IEEE Access,

vol. 7, pp. 59613–59623, 2019.

[5] C. B. Duane, ‘‘Close-range camera calibration,’’ Photogramm. Eng.,

vol. 37, pp. 855–866, Dec. 2002.

[6] R. Hartley and A. Zisserman, Multiple View Geometry in Computer

Vision, vol. 3, 2nd ed. Cambridge, U.K.: Cambridge Univ. Press, 2003,

pp. 1865–1872.

[7] R. Sandau,Digital Airborne Camera Introduction and Technology. Berlin,

Germany: Springer, 2009, pp. 261–267.

[8] R. Lenz and R. Tsai, ‘‘Techniques for calibration of the scale factor and

image center for high accuracy 3D machine vision metrology,’’ in Proc.

IEEE Int. Conf. Robot. Automat., vol. 4, Mar./Apr. 1987, pp. 713–720.

[9] Z. Zhang, ‘‘A flexible new technique for camera calibration,’’ IEEE Trans.

Pattern Anal. Mach. Intell., vol. 22, no. 11, pp. 1330–1334, Nov. 2000.

[10] R. Y. Tsai, ‘‘A versatile camera calibration technique for high-accuracy

3D machine vision metrology using off-the-shelf TV cameras and lenses,’’

IEEE J. Robot. Autom., vol. 3, no. 4, pp. 323–344, Aug. 1987.

[11] R. Schuster and B. Braunecker, ‘‘The calibration of the ADC (airborne

digital camera)-system,’’ Int. Arch. Photogramm. Remote Sens., vol. 33,

no. B1, pp. 288–294, Jan. 2000.

[12] L. N. Zheng, ‘‘Calibration method for mapping camera based on a precise

grouped approach method,’’ Int. J. Pattern Recognit. Artif. Intell., vol. 32,

no. 11, pp. 20241–20248, 2018.

[13] M. Bauer, D. Grießbach, A. Hermerschmidt, S. Krüger, M. Scheele, and

A. Schischmanow, ‘‘Geometrical camera calibration with diffractive opti-

cal elements,’’ Opt. Express, vol. 25, no. 25, pp. 20241–20248, 2008.

[14] S. Thibault, A. Arfaoui, and P. Desaulniers, ‘‘Cross-diffractive optical

elements for wide angle geometric camera calibration,’’Opt. Lett., vol. 36,

no. 24, pp. 4770–4772, Dec. 2011.

[15] W. Zhang, ‘‘Multiple pinhole collimator based X-ray luminescence com-

puted tomography,’’ Biomed. Opt. Express, vol. 7, no. 7, p. 2506, Jul. 2016.

[16] M. Benedikt, ‘‘Large areaX-ray collimator-the zone plate approach,’’Appl.

Opt., vol. 54, no. 26, pp. 7851–7858, Sep. 2015.

[17] R. E. Fischer,Optical System Design. New York, NY, USA: McGraw-Hill,

2000.

[18] Y. Gao, ‘‘High-precision rolling angle measurement for a three-

dimensional collimator,’’ Appl. Opt., vol. 53, no. 29, pp. 6629–6633,

Oct. 2014.

[19] T. Toutin, ‘‘Review article: Geometric processing of remote sensing

images: Models, algorithms and methods,’’ Int. J. Remote Sens., vol. 25,

no. 10, pp. 1893–1924, May 2004.

[20] S. K. Ghosh, ‘‘Image motion compensation through augmented collinear-

ity equations,’’ Opt. Eng., vol. 24, no. 6, pp. 1014–1017, Nov. 1985.

[21] C. Chen, ‘‘Calibrate multiple consumer RGB-D cameras for low-cost

and efficient 3D indoor mapping,’’ Remote Sens., vol. 10, no. 2, p. 328,

Feb. 2018.

[22] P. R. Yoder, Opto-Mechanical Systems Design, 3rd ed. Bellingham, WA,

USA: SPIE, 2006, pp. 157–298.

[23] G.-Q. Wei and S. D. Ma, ‘‘Implicit and explicit camera calibration: Theory

and experiments,’’ IEEE Trans. Pattern Anal. Mach. Intell., vol. 16, no. 5,

pp. 469–480, May 1994.

GUOQIN YUAN received the M.S. degree from

Jilin University, in 2007, and the Ph.D. degree

in optical engineering from the University of

the Chinese Academy of Sciences, in 2012.

He is currently an Associate Researcher with the

Changchun Institute of Optics FineMechanics and

Physics. He is the author of three books, more than

20 articles, and more than 10 inventions. His cur-

rent research interests include optical imaging and

mapping techniques for the aerial remote camera.

LINA ZHENG received the B.S. degree in elec-

tronics from Jilin University, in 2003, the M.S.

degree in mechatronics from the University of the

Chinese Academy of Sciences, in 2008, and the

Ph.D. degree in optical engineering from the Uni-

versity of the Chinese Academy of Sciences,

in 2013. She is currently an Associate Researcher

with the Changchun Institute of Optics Fine

Mechanics and Physics, and also a Supervisor

of postgraduate at the University of the Chinese

Academy of Sciences. Her current research interests include optical imaging

and mapping techniques for the aerial remote camera.

39732 VOLUME 8, 2020



G. Yuan et al.: Practical Calibration Method for Aerial Mapping Camera Based on Multiple Pinhole Collimator

JIANJUN SUN received the M.S. degree from

Beihang University, in 2012. He is currently a

Research Assistant with the Changchun Institute

of Optics Fine Mechanics and Physics, Chinese

Academy of Sciences. His current research inter-

ests include optical imaging and mapping tech-

niques for the aerial remote camera.

XUEJI LIU received the master’s degree from

the National University of Defense Technology,

in 2015. He is currently a Research Assistant with

the Changchun Institute of Optics Fine Mechanics

and Physics. His current research interests include

optical system design and mapping techniques for

the aerial remote camera.

XUE WANG received the B.S. degree in soft-

ware engineering from the Dalian University of

Technology, in 2008, and the M.S. degree in soft-

ware engineering from Jilin University, in 2012.

She is currently a Research Assistant with the

Changchun Institute of Optics Fine Mechanics

and Physics, Chinese Academy of Sciences. Her

current research interests include machine learn-

ing, software designing and testing, and software

maintenance.

ZHUANG ZHANG received the B.S. degree in

applied physics from Hehai University, in 2013.

He is currently an Engineer with the Changchun

Institute of Optics, Fine Mechanics and Physics,

Chinese Academy of Sciences. His current

research interests include image processing and

mapping techniques for the aerial remote camera.

VOLUME 8, 2020 39733


