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Calibration is crucial for mapping cameras. Traditional calibration methods assume the geometric parameters 

are unchanged during the imaging process. However, aerial mapping cameras perform earth observation during 

a moving process. Owing to the forward flying of airplane, the exterior orientation parameters are changed 

during the exposure process. This leads to problems if directly applying the traditional methods to aerial mapping 

cameras. This paper presents a set of working time sequence and a new high-precision calibration method for 

aerial mapping cameras. We prove that the aerial mapping on a moving platform can be transformed into a 

mapping on a stationary platform by using the proposed method. Specifically, three steps are given to perform 

as follows. First, a proper distance is selected to decide a spot for the detector. We fix the detector at the selected 

spot and calibrate intrinsic parameters by exploiting traditional calibration methods. Second, the working time 

sequence of camera imaging is designed. The camera starts to expose an image and the exterior orientation 

parameters are obtained when the detector is driven to move to the calibrated spot. Third, a distortion model 

is proposed to correct distortions. We show that the dynamic measurement is identical to static measurement 

by using the proposed method. Experiments based on both simulated and real data are provided to show the 

effectiveness of the method. 
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. Introduction 

Aerial mapping cameras perform earth observation during a moving

rocess and it is not possible to reduce the airspeed under a certain lim-

ts, which means there is a fast movement between the camera and the

bject. Therefore, Aerial mapping cameras need to consider the influ-

nce of motion on image quality. Otherwise, it will lead to the decline

f mapping accuracy [1] . Film aerial cameras have been widely used

n the early days. Due to their large frame, film cameras can use colli-

ation mark and internal orientation technology, and perform forward

otion compensation (FMC) to improve image quality and mapping pre-

ision. However, nowadays, film cameras are gradually being replaced

y the digital camera due to the need of film chemically processed. Gen-

rally, traditional aerial digital mapping cameras cannot perform FMC

ecause of CCD-matrix is not as large as film frame. However, FMC is

 must to achieve high resolution images and mapping precise from

ow altitudes for medium to large scale applications [2] . Specifically, a

amera system without FMC is limited to applications with medium to

mall photo-scale and can only be applicable for a low flight speed and a

hort exposure time [3] . To achieve a blur-free image and high mapping

ccuracy under large-scale mapping conditions, FMC is an absolute ne-
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essity for traditional digital mapping [4] . Aerial mapping camera with

orward motion compensation (AMCWFMC) was one of the most impor-

ant milestones in aerial photography of the last years [5] . For instance,

he GTSZ camera developed by CIOMP drives the imaging detector to

ove reversely relative to the lens and compensates the motion between

he camera and the object to achieve a high-quality imaging. Another is

MC camera, which has been successfully used all over the world and

ffers an outstanding ground resolution due to the fact that FMC is real-

zed in time delayed integration (TDI) method [6] .AMCWFMC is differ-

nt from the traditional mapping camera and has prominent advantages

ncluding high-efficiency and high-precision mapping. AMCWFMC can

rovide high-precision products such as digital elevation model (DEM),

igital orthophoto map (DOM) and digital line graph (DLG) [7–9] . 

Camera calibration is a necessary step to extract metric information

rom image when the acquired images are meant for metrology pur-

oses [10] . With respect to the traditional cameras, many calibration

ethods have been developed [11–19] . Nevertheless, there are few re-

orts about the calibration of AMCWFMC. Note that the interior and

xterior orientation parameters are unchanged during the imaging pro-

ess for traditional mapping cameras. However, these parameters are no

onger unchanged for AMCWFMA owing to forward flying of airplane
Liu). 
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Fig. 2. Diagram of AMCWFMC in mechanical method. 

Fig. 3. General view of AMCWFMC (GTSZ camera). 
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nd the FMC. Furthermore, the distortion type is not known a prior.

hus, accurate calibration of AMCWFMC is still a challenging problem.

owever, the calibration technique for traditional camera is mature and

an provide direct guide for the effectiveness of calibration method. 

Classical calibration methods for cameras recover the projection

apping of the imaging system by the pinhole model [20] with supple-

ental polynomial corrections. One of the commonly used approaches

s non-linear minimizing based on linear model [ 21 , 22 ] to estimate the

alibration parameters including the interior and exterior orientation

arameters and distortion polynomial coefficients. The parameters in

inhole model are assumed to be unchanged during the imaging process

y traditional methods. Hence, there are several disadvantages by di-

ectly applying the traditional calibration methods to AMCWFMC. First,

he exterior orientation parameters differ during the exposure time be-

ause of airplane motion. Second, the intrinsic parameters are changed

s well due to the compensation motion of detector relative to lens.

hird, the existing lens distortion mode is failed to calibrate the distor-

ion of cameras when the detector moves. In one word, the traditional

alibration methods are inapplicable for aerial mapping cameras. 

In this paper, we propose a precise calibration method for AM-

WFMC based on the pinhole model of the traditional calibration meth-

ds. First, we analyze the changing rules of the interior and exterior ori-

ntation parameters while camera is imaging under motion. Second, we

onstructively prove that the measurement under motion can be equiv-

lent to a static measurement. Third, we establish the distortion model

nd propose the corresponding calibration method for AMCWFMC. At

ast, the effectiveness of the proposed method is verified by experiments

ased on both simulated and real data. 

The rest of the paper is organized as follows. Some preliminaries,

roof of applicability and proposed calibration method are given in Sec-

ion II. The proposed distortion model is described in Section III. Results

rom validating the method both in simulation and on real data are pre-

ented in Section IV. Finally, Section V presents the conclusions. 

. Theoretical proof of equivalent measurement 

.1. Preliminaries 

In principle, exposure time of cameras is supposed to be long enough

typically vary from 1/50 to 1/300 s.) to acquire energy for imaging

23] . The traditional camera does not move relative to the object during

he exposure time. Thus, the exterior orientation parameters are con-

tants. However, there is a rapid movement between aerial mapping

ameras and the object during the exposure process. This leads to two

evere issues (issue 1 and issue 2). First, the images obtained become

lurred. Second, the exterior orientation parameters are changed at any

ime. The alteration can be up to a few meters. 

FMC can deal with the first issue. Two images before and after FMC

re given in Fig. 1 . It can be seen that the image degrades substan-

ially without FMC, which has a great impact on the measurement pre-

ision. Generally, FMC can be divided into mechanical method and TDI
ig. 1. Comparison of image quality before and after motion compensation. (a). 

ithout motion compensation. (b). with motion compensation. 
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2 
ethod. In TDI method, FMC is accomplished by dividing the exposure

ime into a number of intervals, and composing a virtual frame by sam-

ling the output of different physical pixels for each time interval, as

he image moves across the focal plate. In mechanical method, the de-

ector is driven by motion compensation components to reversely move

elative to the lens as illustrated in Figs. 2 and 3 . AMCWFMC consists of

ens, detector, shutter and FMC components. The detector will be driven

y FMC components to move relative to the lens to compensate for the

elative motion between the camera and the object. The two methods

ave similar effects on calibration, so we take mechanical method as an

xample to introduce the proposed method, which is also applicable to

DI method. 

According to optics, the principal point is exactly the perpendicular

oot from the optical axis of lens to the detector [24–27] . Even though

he relative motion of detector to lens solves the issue of image degra-

ation, it causes another two issues (issue 3 and issue 4). First, the lens

nd the imaging sensor of the traditional aerial digital mapping cameras

re integrated together and the lens distortion is unchanged. However

MCWFMC is not the case, to perform FMC, the imaging sensor will be

riven to move relative to the lens, and the perpendicular foot from the
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Fig. 4. Installation of camera and Gyro- stabilizer on the airplane. 

Fig. 5. Schematic diagram of central projection with FMC. 
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ptical axis to the detector changes. Therefore, the principal point keeps

hanging as well (The change can be up to a few pixels). Second, the

raditional distortion model is inapplicable for AMCWFMC. 

.2. Proof of applicability 

In general, AMCWFMC is mounted on an airplane by a Gyro-

tabilizer, which is shown in Fig. 4 . A Gyro-stabilizer is a device that pro-

ides angular motion compensation, perfect vertical photography and

utomatic drift control for a wide range of airborne sensors. Hence, the

yro-stabilizer can compensate for the variation of Euler angles during

xposure process. Therefore, we only analyze the change of the position

ver exposure time. 

For simplicity, at the beginning of imaging, i.e., t 0 , the world coordi-

ate system and image coordinate system are defined as follows. At time

 0 , the intersection of optical axis of lens and the ground plane, i.e., A OZ1 ,

s chosen as the origin of the world coordinate system A OZ1 -Z W 

X W 

Y W 

,

s illustrated in Fig. 5 . The flying direction and the optical axis of cam-

ra lens are chosen as X -axis and Z -axis, respectively. The pixel corner

f the detector is chosen as the origin of the image coordinate system

- u 1 v 1 , where v 1 is parallel to the X -axis of the world coordinate system.

he image coordinate system is steadily connected to the detector, and

ove with the detector. 

The exterior orientation parameters include the position and the

rientation of a camera relative to the world coordinate system.

et ( 𝑋 𝑠 𝑡 0 
, 𝑌 𝑠 𝑡 0 

, 𝑍 𝑠 𝑡 0 
) denote the position of camera’s exterior orientation

arameters, ( 𝑋 𝐴 , 𝑌 𝐴 , 𝑍 𝐴 ) denote the coordinate of measured object in

he world coordinate system, respectively. Let ( u 0 ,v 0 ) and ( u x ,v x )

e principal point 𝑂 𝑡 0 
and the image of measured object A in the

mage coordinate system. At time 𝑡 0 + Δ𝑡 during the exposure pro-

ess, the position of exterior orientation parameters is changed to

 𝑡 0 +Δ𝑡 ( 𝑋 𝑡 0 +Δ𝑡 , 𝑌 𝑡 0 +Δ𝑡 , 𝑍 𝑡 0 +Δ𝑡 ) due to the forward motion of airplane. After

MC, the detector moves reversely with a displacement of 𝛿. Let ( 𝑢 Δ𝑡 , 𝑣 Δ𝑡 ) ,
 𝑢 𝑥 Δ𝑡 , 𝑣 𝑥 Δ𝑡 ) be the coordinate of principal point 𝑂 𝑡 0 +Δ𝑡 , the image of A in

he image coordinate system, respectively. 
3 
Then, according to the pinhole model, at time t 0 , we have [28] . 

𝑋 𝐴 − 𝑋 𝑆 𝑡 0 

𝐻 

= − 

𝑢 𝑥 − 𝑢 0 
𝑓 

𝑌 𝐴 − 𝑌 𝑆 𝑡 0 

𝐻 

= − 

𝑣 𝑥 − 𝑣 0 
𝑓 

, 

(1) 

Where f denotes principal distance of camera in pixels and 𝐻 =
 𝑆 𝑡 0 

− 𝑍 𝐴 represents the height of the airplane, respectively. Since the

hange of the X axis has a similar mathematical behavior as the Y axis,

e only discuss the X axis here. For the position information of exterior

rientation parameters at time t 0 and 𝑡 0 + Δ𝑡 , the following relationship

olds: 

At time 𝑡 0 + Δ𝑡 , we obtain 

𝑋 𝐴 − 𝑋 𝑆 𝑡 0 +Δ𝑡 

𝑍 𝐴 − 𝑍 𝑆 𝑡 0 +Δ𝑡 
= − 

𝑢 𝑥 Δ𝑡 − 𝑢 Δ𝑡 
𝑓 

(2)

For the position information of exterior orientation parameters at

ime t 0 and 𝑡 0 + Δ𝑡 , the following relationship holds: 

 𝑆 𝑡 0 +Δ𝑡 
= 𝑋 𝑆 𝑡 0 

+ 𝑉 Δ𝑡 
 𝑆 𝑡 0 +Δ𝑡 

= 𝑍 𝑆 𝑡 0 
 Δ𝑡 = 𝑢 0 + 𝑉 𝑓 Δ𝑡 

(3) 

Where V denotes the flying speed of the airplane. V f denotes the

peed of FMC. 

During the imaging process, the image point of A in the o- u 1 v 1 coor-

inate system is supposed to be unchanged owing to FMC. i.e., 

 𝑥 Δ𝑡 = 𝑢 𝑥 
 𝑥 Δ𝑡 = 𝑣 𝑥 

(4) 

Substituting Eqs. (3) and (4) into Eq. (2) , yields 

𝑉 Δ𝑡 
𝐻 

= 

𝑉 𝑓 Δ𝑡 
𝑓 

(5) 

Define 𝐹 𝐼 𝑀 𝑜𝑢 = 

𝑉 Δ𝑡 
𝐻 

, 𝐼𝑂 𝐸 𝑖𝑛 = 

𝑉 𝑓 Δ𝑡 
𝑓 

. It can be seen from Eq. (5) that

 𝐼 𝑀 𝑜𝑢 represents the change amount of exterior orientation parameters

t time 𝑡 0 + Δ𝑡 caused by flying and 𝐼𝑂 𝐸 𝑖𝑛 refers to the change amount of

he principal point in the intrinsic parameters measure in pixels at that

ime due to FMC. Eq. (5) indicates that the change of exterior orientation

arameters caused by the forward flying of the airplane cancels out the

hange of intrinsic parameters caused by the FMC at any time in the

maging process. Therefore, we draw conclusions in the following. 

(1) During the imaging process of AMCWFMC, the interior and exte-

ior orientation parameters keep changing all the time. However, they

ancel out each other when imaging at any given time. Since it has noth-

ng to do with time, dynamic measurement is transformed into static

easurement. 

(2) During the imaging process of AMCWFMC, the imaging point of

he measured object is fixed at the detector due to FMC. Thus, some

ssues such as tailing and blurring, caused by camera motion, can be

voided such that the imaging quality is improved. On the contrary,

ithout FMC, the imaging of one measured object produces several im-

ge points due to the variations of exterior orientation parameters. It

urther results in many issues for images such as tailing, distortion and

ow resolution. Especially when the flying speed is large or exposure

ime is long, the image quality deteriorates significantly and imaging

recision is substantially decreased. Thus, FMC is of essential impor-

ance to improve image quality. 

(3) The measurement under motion can be equivalent to a static mea-

urement through the proposed working time sequence and the calibra-

ion method. Theoretically, our method is applicable for cameras used

or dynamic measurement and is not limited by zoom lens, flying speed,

ying height and exposure time. But when the speed-to-height ratio is

oo large or the exposure time is too long, the speed and displacement

f FMC will increase, which may lead to manufacturing difficulties. 
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Fig. 6. Flowchart of the proposed method. 

Fig. 7. Sequence diagrams of the proposed method. 
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4 Form the derivation process, factors affecting the accuracy of the

roposed method is as follows: Eq. (1) is established under perfect ver-

ical photography, so the stability of proposed method is affected by the

ccuracy of Gyro-stabilizer. Eq. (5) illustrates that V f should be equal

o 𝑓 𝑉 ∕ 𝐻 

. The accuracy of the FMC motion compensation has effect on

he proposed method. 

.3. THE proposed calibration method 

According to the analysis above, the steps of the calibration method

f AMCWFMC can be summarized as follows. 

(S1): Move the imaging detector relative to optical system to a cer-

ain point Δ𝛿and fix it ( Δ𝛿 should be no less than the distance that the

etector moves when it speeds from zero to the velocity required for

MC. FMC is a mechanical mechanism and self-locking mechanism can

e added to the transmission chain. In this paper, worm gear mechanism

s used to fix the detector.). Then, calibrate the intrinsic parameters in-

luding principal point, principal distance and distortion coefficients at

his point in laboratory by exploiting the traditional calibration method,

.e., Zhang’s method [29] . The procedure can be summarized as follow:

he camera images the precisely measured calibration grids at different

ngles and the calibration parameters are obtained by solving the non-

inear equations according to the coordinates of the calibration grids and

he image points. Two technologies are used to eliminate the changes of

alibration parameters may be caused by inconsistency between the lab-

ratory and actual condition. On the one hand, the airtight and thermal

ontrol technology is adopted to ensure that the environment is consis-

ent. On the other hand, the calibration parameters are optimized by

sing aerial triangulation. 

(S2): Design the working time sequence of AMCWFMC. When the

otion compensation components drive the detector to move to the

oint Δ𝛿, camera starts to expose an image. Meanwhile, we acquire the

xterior orientation parameters. By performing the two operations, the

nterior and exterior orientation parameters are accurately acquired at

he same time. Note that the dynamic measurement is transformed into

tatic one. Therefore, the issues 2 and 3 in Section 2 are solved. 

S3): Analyze the distortion model to solve the issue 4 in Section

. The reason why it is needed to analyze is as follows. The principal

oint varies during all the imaging process of AMCWFMC. The distortion

aused by the variation affects the position of the image point. Thus, the

raditional distortion model is inapplicable. 

The flowchart of the proposed is shown in Fig. 6 . The sequence dia-

rams are shown in Fig. 7 . 

. The distortion model for AMCWFMC 

.1. THE impact factors for distortion 

Distortion is an intrinsic defect for optical measuring system. The dis-

ortion is defined as the difference between the real and the theoretical

mage point after the object is imaging by imaging system. 

According to optical aberration theory, Camera distortion can be di-

ided into radial distortion, eccentric distortion, etc. Long-focus aerial

apping cameras generally require precise optical adjustment. The ec-

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

adial distortion. For most mapping camera, it is enough to consider

nly the first second order. Therefore, this paper only considers radial

istortion. Considering too many kinds of distortions will lead to com-

utational instability. The radial distortion Δ𝑃 𝑥 , Δ𝑃 𝑦 of image point ( x,

 ) can be expressed as 

Δ𝑃 𝑥 = 𝜙( 𝑥 0 , 𝑦 0 ) = 𝐾 1 𝑥 𝑟 
2 + 𝐾 2 𝑥 𝑟 

4 

𝑃 𝑦 = 𝜑 ( 𝑥 0 , 𝑦 0 ) = 𝐾 1 𝑦 𝑟 
2 + 𝐾 2 𝑦 𝑟 

4 . 
(6) 

Where ̄𝑥 = 𝑥 − 𝑥 0 , ̄𝑦 = 𝑦 − 𝑦 0 , 𝑟 
2 = ( 𝑥 − 𝑥 0 ) 2 + ( 𝑦 − 𝑦 0 ) 2 and ( x 0 , y 0 ) de-

otes the coordinate of the principal point. 
4 
According to Eq. (6) , the distortion changes with the principle point.

hat is why the traditional distortion model is inapplicable here. 

.2. The variation of principle point and impact on distortion during fmc 

eriod 

Note that the motion of the imaging detector relative to the lens

eads to the variation of perpendicular foot of optical axis in the image

lane. According to the definition of principal point, it varies during all

he imaging process. 

The main distortion type of AMCWFMC is radial distortion. Accord-

ng to the properties of the radial distortion [30] , at time 𝑡 0 and 𝑡 0 + Δ𝑡 ,
e obtain 

 𝑂𝑍1 𝐴 ∕∕ 𝑎 𝑡 0 𝑂 𝑡 𝑜 
, 𝐴 𝑂𝑍2 𝐴 ∕∕ 𝑎 𝑡 0 +Δ𝑡 𝑂 𝑡 0 +Δ𝑡 

Where 𝐴 𝑂𝑍1 and 𝐴 𝑂𝑍2 denote the intersection of optical axis and the

round at time 𝑡 0 and 𝑡 0 + Δ𝑡 , respectively. It can be rewritten as 
 

𝐴 𝑂𝑍1 𝐴 × 𝑎 𝑡 0 
𝑂 𝑡 𝑜 

= 0 
𝐴 𝑂𝑍2 𝐴 × 𝑎 𝑡 0 +Δ𝑡 𝑂 𝑡 0 +Δ𝑡 = 0 

Then, we arrive at 
 

( 𝑣 𝑥 − 𝑣 𝑡 𝑜 
)( 𝑋 𝐴 − 𝑋 𝑆 𝑡 𝑜 

) − ( 𝑢 𝑥 − 𝑢 𝑡 𝑜 
)( 𝑌 𝐴 − 𝑌 𝑆 𝑡 𝑜 

) = 0 
( 𝑣 𝑥 − 𝑣 𝑡 𝑜 +Δ𝑡 )( 𝑋 𝐴 − 𝑋 𝑡 𝑜 +Δ𝑡 ) − ( 𝑢 𝑥 − 𝑢 𝑡 𝑜 +Δ𝑡 )( 𝑌 𝐴 − 𝑌 𝑡 𝑜 +Δ𝑡 ) = 0 
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Table 1 

Parameters for experiments of AMCWFMC. 

Parameters Values 

Focal length 56.03mm 

Pixel dimension 5 𝜇m 

Δ𝛿 1000pixs 

Distortion coefficients at Δ𝛿 K1 = 4.7249e-6, K2 = − 2.2441e-9 

Principal point at Δ𝛿 (45.674 mm,24.339 mm) 

Typical height 1000 m 

Typical velocity 230.4 km/h 

Typical exposure time 1/100 s 

The accuracy of the Gyro-stabilizer(Residual deviation form vertical photography) 0.1°

The displacement accuracy of FMC in typical exposure time 1/3 pixel 
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Fig. 8. The distortion of image point for different positions of principal point 

(1.4pixs, 2.8pixs, 4.2pixs, 5.6pixs and 7pixs). 

Fig. 9. The distortion of a certain image point during the exposure time. 

Table 2 

Comparison of the errors for the proposed distortion method and tradi- 

tional distortion method. 

The proposed method The traditional method 

Maximal error (pixels) 0.05 3.7 

RMSE (pixels) 0.018 1.45 
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By solving the two equations, we have 

 

𝑡 0 +Δ𝑡 
− 𝑣 𝑡 0 

= 𝑓 
𝑉 

𝐻 

Δ𝑡 (7)

When the period of exposure time is t , the overall variation of the

rincipal point is 

= ∫
𝑡 

0 
( 𝑣 

𝑡 0 +Δ𝑡 
− 𝑣 𝑡 0 

) 𝑑𝑡 = ∫
𝑡 

0 
𝑓 
𝑉 

𝐻 

𝑑 𝑡 = 𝑓 
𝑉 

𝐻 

𝑡 (8)

According to the properties of motion compensation components, the

ariation of the principal point is composed of two parts. The first part,

roduced before the beginning of exposure 𝑡 0 , is the moving distance

𝛿of the detector driven by motion compensation components relative

o optical system. During the moving period, the detector speeds up

rom zero to the velocity required for compensation. Since the intrinsic

arameters are calibrated at Δ𝛿, this part has no impact on the measure-

ent. The second part, produced from time 𝑡 0 to the end of exposure, is

he displacement of the detector 𝛿. During the moving process, the cam-

ra is exposing an image while the principal point is changing. Thus,

he distortion of image point keeps changing all the time. As a result,

he distortion of the final image point becomes the centroid of distor-

ion area during the exposure. It can be obtained by employing the first

orm curve integral [31] . Let Δ𝑃 ′
𝑥 2 and Δ𝑃 ′

𝑦 2 be the distortion caused by

otion compensation. Then, we have 

 

 

 

 

 

 

 

Δ𝑃 ′𝑥 2 = 

∫
𝐿 
𝑥𝑑𝑠 

∫
𝐿 
𝑑𝑠 

= 

∫ 𝛿
0 𝜙( 𝑥 0 , 𝑦 0 ) 

√
𝜙′2 ( 𝑥 0 , 𝑦 0 )+ 𝜑 ′2 ( 𝑥 0 , 𝑦 0 ) 𝑑 𝑥 0 

∫ 𝛿
0 

√
𝜙′2 ( 𝑥 0 , 𝑦 0 )+ 𝜑 ′2 ( 𝑥 0 , 𝑦 0 ) 𝑑 𝑥 0 

Δ𝑃 ′𝑦 2 = 

∫
𝐿 
𝑦𝑑𝑠 

∫
𝐿 
𝑑𝑠 

= 

∫ 𝛿
0 𝜑 ( 𝑥 0 , 𝑦 0 ) 

√
𝜙′2 ( 𝑥 0 , 𝑦 0 )+ 𝜑 ′2 ( 𝑥 0 , 𝑦 0 ) 𝑑 𝑥 0 

∫ 𝛿
0 

√
𝜙′2 ( 𝑥 0 , 𝑦 0 )+ 𝜑 ′2 ( 𝑥 0 , 𝑦 0 ) 𝑑 𝑥 0 

(9) 

Eq. (9) presents the expression of the distortion resulted from motion

ompensation. It can be solved through the use of Simpson’s rule. 

. Experiments and results 

In this section, the proposed distortion model is verified by numeri-

al simulation. Meanwhile, the proposed calibration method is verified

y real data. The parameters used in the following experiments for AM-

WFMC are given in Table 1 . 

.1. Verification by mumerical simulation 

It can be seen from Table 1 that the variation of camera’s exterior

rientation parameters caused by flying is 0.64 m during exposure time.

he image obtained is significantly blurred and distorted, as illustrated

n Fig. 1 . According to Eq. (8) , the principal point moves 7.17 pixels

aused by FMC during the exposure process. From Eq. (9) , the distortion

f image point varies over all the exposure time because of the position

ariation of the principal point. The relationship between the distortion

f image point and the change of principal point for AMCWFMC is de-

icted in Fig. 8 . 

In Fig. 8 , it can be seen that the distortion of image point changes

ith the variation of principal points. Note that both the value and the
5 
irection of the distortion are altered. The distortion during the exposure

ime for the top right-hand corner image point is plotted in Fig. 9 . It can

e seen that the change amount is more than one pixel. 

In practice, grayscale extraction algorithm is a typical method to

easure the coordinates of the image point [ 32 , 33 ]. Thus, the image

oint of the curve in Fig. 9 is measured by utilizing grayscale extraction

lgorithm. We compare the errors of the proposed distortion method

ith that of the tradition distortion method in Table 2 . The proposed

ethod corrects the distortion by using Eq. (9) after the exposure time.

t can be clearly seen that the proposed method has much smaller errors

han the traditional approach. Thus, the image precision is improved by

sing the proposed method. 
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Table 3 

Summary of statistic results for residual errors using different calibration methods. 

Method 1 Method 2 Method 3 

Number of check points 47 47 47 

Maximum error in the aerial triangulation (pixel) 1.86 3.1 12.5 

RMSE in the aerial triangulation (pixel) 0.76 1.75 4.8 

Maximum error of plane in the orthophoto generation(m) 0.17 0.28 1.13 

RMSE of plane in the orthophoto generation(m) 0.091 0.1228 0.45137 

Maximum error of elevation in the orthophoto generation(m) 0.45 0.66 3.45 

RMSE of plane elevation in the orthophoto generation(m) 0.387 0.659 1.897 

Fig. 10. The distribution of the 21 control points which are shown as yellow 

and the 43 check points which are shown as red in the area. 

Fig. 11. Measure the control points and check points using RTK method. 
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Fig. 12. Re -projection error for three different methods. 
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.2. Flying experiments with real data 

To verify the effectiveness of the proposed calibration method, ex-

eriments based on real data are performed. Firstly, we fix the imag-

ng detector at the certain point and calibrate the intrinsic parameters.

he results are set as shown in Table 1 . Then, we chose an area of

0 km 

2 and make a flight experiment. The parameters are set as shown

n Table 1 including the flying height, flying speed, the accuracy of Gyro-

tabilizer, and exposure time. There are 60 precision-measured points

laced on the ground. These points are measured by Global Naviga-

ion Satellite System (GNSS) Real Time Kinematic (RTK) method. The

easuring equipment is survey-grade GNSS receivers I70 made by CHC-

AV. The positions accuracy for points is centimeter-level. The mea-

ured points distributed in the clear signs such as roads, intersections

nd so on. Among the points, there are 21 control points and 43 check

oints. The details are shown in the Figs. 10 and 11 . 

The evaluation criterions are the re-projection error and the pixel

alue difference between the actual point and the calculated projection

oint. Taking the measured 3D points projected in the cameras with

he camera calibration parameters again, obtaining new points in the
6 
amera. Then calculate the pixel value between the original points and

he "re-projected" ones. 

We use three different methods in the following to compute the re-

rojection error. 

Method 1: The proposed calibration method and distortion model,

ith FMC. 

Method 2: The proposed calibration method and the traditional dis-

ortion model, with FMC. 

Method 3: the traditional calibration method and traditional distor-

ion model, without FMC. 

In the process of aerial image data processing, it mainly goes through

wo steps: aerial triangulation and orthophoto generation. We use three

ethods to calculate the re-projection error of aerial triangulation and

rthophoto generation. The corresponding numerical statistical results

re illustrated in Fig. 12 and Table 3 . It can be seen that the method

 has a significant systematic error and the re-projection error is the

argest, which is due to the fact that there is no compensation for the

ariation of camera’s exterior orientation elements caused by flying. 

By comparing method 1 and method 2, it can be seen that the pro-

osed distortion model promotes the maximum value of re-projection

rror from 3.1 pixels to 1.86 pixels compared with the traditional distor-

ion method. The precision is improved by using the proposed method.

By comprehensive comparison of method 1 and method 3, it can

e seen that FMC can significantly improve the measurement accuracy

hen there is relative motion between the camera and the object. We

an see that the proposed method promotes the maximum value of re-

rojection error from 12.5 pixels to 1.86 pixels in the process of aerial

riangulation. From the Table 3 , we can see that the proposed method

romotes RMSE of plane in the orthophoto generation from 0.45 m to

.091 m, and promotes RMSE of elevation in the orthophoto generation

rom 1.897 to 0.387 m, which proves that the method 1 can effectively

mprove the mapping accuracy. 

The following conclusions can be drawn through the experiment: 

(1) When there is relative motion between the cameras and objects,

uch as in the flight of the aircraft, it will lead the exterior orientation

arameters to be in a changing state. There will be problems if the tra-

itional geometric calibration method (method (3) is still adopted. 
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(2) The proposed method is effective and the dynamic measurement

an be transformed into static measurement. 

(3) The experimental results show that in the experimental circum-

tances shown in Table 1 , the proposed method effectively improves the

apping accuracy. It indicates that most Gyro-stabilizer can meet the

equirements of the proposed method. 

. Conclusions 

In this paper, we proved that the interior and exterior orientation pa-

ameters for cameras cancel out each other at any time of FMC process,

o the interior and exterior orientation parameters at any time point can

e used. We also derived the distortion model of cameras, and then a

recise three-step calibration method for AMCWFMC was proposed. In

he first step, select a proper to decide a point for the detector, move

he detector at this point and fix it. Calibrate the elements of interior

rientation by exploiting traditional calibration methods. In the second

tep, design the working time sequence of cameras. When the motion

ompensation components drive the detector to move to the point, the

amera starts to expose an image. Meanwhile, the exterior orientation

arameters are acquired. In the third step, correct the distortion accord-

ng to the proposed distortion model. In this step, note that we con-

uct the transformation from the dynamic measurement to static mea-

urement. The effectiveness and efficiency of the proposed calibration

ethod and the distortion model were verified through numerical simu-

ation and real data. Experiments demonstrate that the proposed method

utperforms the traditional method. In particular, the proposed method

romotes the maximum value of re-projection error from 12.5 pixels to

.86 pixels compared with the traditional method without FMC in the

rocess of aerial triangulation . The proposed method promotes RMSE

f plane in the orthophoto generation from 0.45 to 0.091 m, and pro-

otes RMSE of elevation in the orthophoto generation from 1.897 to

.387 m. 

In practice, however, there may be two problems. First, due to some

navoidable uncertainties in actual engineering, such as that of manu-

acturing and assembly errors, the displacement of the detector has bias.

t implies that the interior and exterior orientation parameters do not

ancel out accurately. Second, due to optical axis displacement relative

o image plane, the image may become blur because of the distortion

f image point varies over all the exposure time. Therefore, in future

ork, first, we will analyze the errors of the motion compensation com-

onents and expound the way to correct. Second, we will research on

eal-time distortion correction. Third, we will apply the proposed cali-

ration method to several applications where have a fast movement be-

ween the camera and the object, such as industrial measurement (for

xample, the camera is fixed and the object being measured is place on

 moving conveyor belt) and computer vision. 
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