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Analysis of the effect of lens shutter on image

motion in aerial camera

YU Chun-feng"?*, CHEN Zhi-chao"?, JIA Ping"?*, WANG Nai-xiang"?, HOU Han"?
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Academy of Sciences, Changchun 130033, China;

2. Key Laboratory of Airborne Optical Imaging and Measurement, Chinese
Academy of Sciences, Changchun 130033, China)

* Corresponding author, E-mail: hou791016@163.com

Abstract: In order to improve the photographic resolution of aerial remote sensing cameras and obtain high-
resolution aerial images, besides optical system with high modulation transfer function and high-quality ima-
ging medium, the exposure time of shutter should be controlled correctly to ensure that the detector can ob-
tain an appropriate image motion value. Based on the structure and working principle of the lens shutter of an
aerial mapping camera, we establish the matrix relationship between the ground object and the image through
coordinate transformation method, that is, the relationship between the exposure time of the shutter and the
image motion value is determined. The image motion value and residual error of the image motion are ana-
lyzed by combining the parameters of the camera speed-height ratio and the pixel size. According to the dif-
ferent installation modes of the aerial camera, when the residual error of the image motion value is more than
1/3 of a pixel in size, the Image Motion Compensation (IMC) mechanism is necessary to the imaging system.
Thus a theoretical basis for the design of the IMC mechanism in an aerial camera is provided. The analysis is
validated by a static test and flight test. The test results show that the aerial camera clearly captures images
and the spatial resolution of its images reaches 36.8 Ip/mm, which meets the requirements of our technical index.
Key words: lens shutter; image motion; exposure time; residual error of image motion; Image Motion
Compensation (IMC)
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1 Introduction

The biggest difference between aerial remote
sensing photography and ground photography is that
the aerial remote sensor is always in motion during
the photography process, which results in the
change of the axis of sight of the remote sensor. For
a given exposure time, the relative movement
between the photographed scene image and the de-
tector will cause image motion'!. The degree of im-
age motion determines the ability of image to distin-
guish details. Therefore, reducing the image shift
can improve the image resolution'.

In the 1980s, the minimum exposure time of
the lens shutter produced by Vinton UK was 3/1 000 s;
The KC-6A mapping aerial photography camera
produced by Fairchild USA is equipped with a Rapi-
dyne lens shutter and has an exposure time range of
1/100~1/1 000 s. The shutter of China’s aerospace
cameras was developed relatively late. After years
of efforts, the exposure time range of the focal plane
shutter applied to Hangjia series aerial cameras
reached 1/800~1/1 600 s in the 1980 s.

The shutter of an aerial camera must satisfy
both the required image density and the necessary
quality factor of the sensor in the whole image
field®! . Otherwise, the image motion value will be
larger than its allowable value. The current method
of mechanical Image Motion Compensation (IMC)
and optical IMC can't completely compensate for

the image motion value of each point in the image!.

When the lens shutter opens aperture bars for expos-
ure imaging, the image motion will result in a de-
crease in the dynamic spatial resolution of the cam-
era, which will seriously cause image blurring and
tailing. In order to obtain a clear and accurate image,
it is necessary to also study the factors that affect the

size and direction of image motion value.,
2 Structural design of lens shutter

Combining the technical requirements of the
camera with the working characteristics of the shut-
ter, an airborne lens shutter mechanism was de-
veloped, which has wide exposure time, adjustment
range and high shutter efficiency to ensure that the
camera can obtain high-resolution and clear
images'®. The shutter is mainly composed of a fast
blade, a slow blade, a shutter shell, a transmission
gear train and a drive motor. The shutter object is
shown in Fig.1. By controlling the rotation of the
blade, the shutter exposes the aperture of the fast
blade and the slow blade simultaneously. The fast
blade controls the exposure time, and the slow blade
controls the exposure period, which is equivalent to
the shutter speed”".

Assuming the brightness of the target is uni-
form and unchanged, the aperture area changes with
time instead of light flux. As shown in Fig.2, during
the shutter operation period, the area of the light-
through aperture changes. Point O is the origin of
the coordinate system, which is the axis of blade ro-

tation. R is the radius of the light-through aperture.
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Fig. 1 Photograph of shutter

Fig. 2 Schematic diagram of blade scanning aperture

3 Analysis of image motion in differ-
ent camera installation modes

3.1 Analysis of image motion in camera moun-

ted vertically

When the camera is mounted vertically, its ax-
is of sight is perpendicular to the ground. As shown
in Fig.3, the camera flies forward at speed v, the sol-
id line is the position of the image plane at the be-
ginning of the exposure controlled by the shutter
and the dotted line is the position of the image plane
at the end of the exposure. At the beginning of the
exposure, the ground object point A is transformed
into conjugate image point A, on the image plane by
the optical system. After the time of exposure ¢
passes, the image plane moves to the dotted line,
and the image point A, moves to point A,. At this
time, the ground object point A appears on the con-

jugate image at point B on the image plane. There-

fore, during the time of exposure, the image of the
object point A on the image plane is a straight line
segment |BA,|, which is the image motion value.

As shown in Fig.3, the geometry of the vector
is as follows:

A
H

f

6= |DA/|~MB| = +(AC|~|AN]) = Zvt. (1)

The image motion velocity v; is as follows:

Vi:d—6:iv’ (2)
dd H

where v is image motion velocity ; f is length of the

focus; H is attitude of the plane; ¢ is the real expos-

ure time.

)

Fig. 3 Forward image shift in camera mounted vertically

When the lens shutter opens the aperture bar,
the whole image plane receives light energy at the
same time, this means that the exposure time of each
point on the image plane is exactly the same. Thus,
it is obvious that the scale of any image point on the
vertical mounted camera image plane is the same
and the image motion value is equal, as shown in
Fig.4.

Usually, when the camera receives speed and
attitude provided by the aircraft, the two parameters
are converted into one parameter for an IMC calcu-

lation, so formula (1) is converted into the follow-
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ing formulal'®:
6= fnt, (3>

where 7 is speed-height ratio.

direction |

]
1
4 RENNER
AN
1|

Fig. 4 Image motion vector in camera mounted vertically

In this paper, a digital aerial camera is used for
analysis. The focal length of the lens is 56 mm and
the pixel size of the CCD detector is 13 pmx
13 pm. It is believed that image quality is not af-
fected by forward image motion values less than 1/3
of a pixel, this means that, the IMC is not needed
when the image motion value is less than 4.3 pm.
The real range of the speed-height ratio n during
flight is 0.05<<1<<0.17(1/s). When the speed-height
ratio changes, the relationship between the expos-
ure time and the image motion value changes ac-
cordingly, as shown in Fig.5.

8:82(5) I 7=0.12 ..17:'9,_1_0_. '
0.030 — -"'
g 0.025 p7=0.17" .~

£0.020} Al ol AR il
S 0.015}

0.010 .~
0.005 [

}\\--"'

L

L i i L L L

No image motion é 3 4 5 6 7 8 9 10
compensation Exposure time #/s %1072

Fig. 5 The relationship between exposure time and image

motion value at difference speed-height ratios

It can be seen from Fig.5 that the image mo-
tion value increases with exposure time, and the im-
age motion value increases more quickly with a

higher speed-height ratio. The limit of the image

motion value is 0.095 mm and the minimum is
0.002 8 mm. When the exposure time is greater than
0.001 4 s or the speed-height ratio is greater than
0.07 rad/s, the IMC mechanism must be applied to
reduce image motion. The real range of IMC is
+1.8°the accuracy is 0.003°/s. Only when the ex-
posure time is less than 0.001 4 s and the speed-
height ratio is between 0.05 rad/s and 0.17 rad/s, it
is not necessary to apply the IMC mechanism to re-
duce the image motion value, as shown in the shad-
owed area.

3.2 Analysis of image motion in a camera moun-

ted with some tilt

The camera's forward tilt installation mode is
that the camera coordinate system (s,) rotates clock-
wise around the plane's transverse axis relative to
the body coordinate system (s,), i.e. the intersection
point £ and M of the camera coordinate system (s.)
with the ground and image plane moved to points C
and N. The process of generating forward image
motion on the image plane is shown in Fig.6. At the
beginning of exposure, the ground object point 4 is
transformed into the image point A, on image plane
after tranversing through optical system. After ex-
posure time ¢, ground object point 4 moves to point
B and becomes image point A, on the image plane.
The short line between image point A, and image
point A, is the image formed by object point A on
the image plane while the aircraft is in motion. ¢ is
the image motion value.

It is supposed that the coordinates of the image
point A, in the image plane coordinate system are
(x,y,z), z=0. The coordinate system s, is translated
to the coordinate system s, and the coordinates after

the counter-clockwise rotation angle 3 is as follows:

c1 10 0 .
y |=1 0 cosg sinB ||y W
z 0 -sing cosgB |l 2~ f

According to the geometric projection relation

of the optical system, it can be seen that object point
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A moves to point B after exposure time ¢, and the
coordinates of point B in the body coordinate sys-

tem are (x”,y",z"), as follows:

x’ H/Z 0 0 0 X
y’ 0 H/Z 0 —vt ||y
1| o o mHz ollz]|
1 0 0 0 1 1
(5)
A/LN |() ! ,'1_4221 .}mage plane

i / /. -
WCAE 7
s i Su d
A7 XB.

Fig. 6 Image motion in camera mounted tilting forward

The coordinates of the image point correspond-
ing to object point B formed by the optical system in
the body coordinate system s, are (x,,y,,z;). At this
time, the scale is z,/H, which can be obtained from

the geometric relationship of the image:

¥
xlzx”xz—:—H z —i, (6)
H H z

z y z, Yz, Viz,
=V'X—=|=H—-Vvt|X — = *— — —
NEI Y (z’ V) H- 7z w7

Zy =2y (8)

The body coordinate system s, coincides with
the coordinate system s, after the clockwise rotation
angle 8. The coordinates of the image points in the

coordinate system s, are (x,,y,,2,), as follows:

X, 1
[ ¥, } l 0 cosﬂ —sm,B ” ‘
z, 0 sing cosB

The coordinates (x,,y,,z,) in the coordinate sys-
tem s, are transformed into those in the image plane
coordinate system s,. In other words, the coordinate
system s, is moved negatively by f along the Z, ax-
is, and the coordinates (x;,y;,z;) after transforma-

tion are as follows:

X3 = X, (10
¥ = Vs, (1D
z=z,+f. (12)

From formula (4)~(12), it can be concluded
that both the image plane and the direction of the
camera installed in the forward tilt mode will pro-

duce image motion, whose values are as follows:

~ —vt(xsing + fcosf)’ (13)
~ vtsinB(xsinfB+ feosp)—Hf
—yvtsinB(xsinS + f cosB) (14)

- vtsinB(xsinB+ fcosB)—Hf
It can be seen from formula (13) and (14) that
the image motion value along the direction of flight
is only related to x of the image plane coordinate
system. Also, the image motion value in the vertical
flight direction is related to x and y, and the image
motion follows the flight direction of the the plane
X.0Z, and there is no image motion in the vertical
direction. For digital aerial cameras, it can be shown
from formula (14) that the maximum value of im-
age motion in vertical flight direction is 0.003 7 mm,
which is less than 1/3 of the pixel size when the
LOS (Line-of-Sight) inclination B= 3° speed-
height ratio  =0.17 and shutter exposure time ¢ =
0.01 s. The image motion mentioned will not affect
image quality. Therefore, only the image motion
along the flight direction is considered. When the
field of view angle is 0°, the image motion value of
the central field of view is as follows:

vt fcos’

—_— QL))
H—vtsinfcosp

X0 —
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6)‘020 . (16)

It can be seen from formula (15) that equation
(15) is the same as equation (3) when the forward
tilt angle of the viewing axis 8 is 0°. It also can be
seen that the vertical installation of the camera is a
special case of the forward tilt installation.

The distribution and histogram of image mo-
tion vectors in the full field of view on the image
plane of the camera installed in a forward tilt mode
are shown in Fig. 7. The image plane is 7 168 x 4 096,
the pixel and 105 image points are distributed on the
image plane for vector analysis. The direction of
flight is along the axis with 4 096 pixels. Fig.7
shows the distribution of image motion vectors on
the image plane when the speed-height ratio is
0.16 rad/s, the shutter exposure time is 0.01 s, and
the forward tilt angle is 5°. All vectors are analyzed

by histogram ",

2048 -
1500F 0 . . . | .
1ooofr |

5003 % %1 1

Pixel

=500 |, | .
-1000 11
—1500F 3 % 3 1 v 1 or R OLORLOTLOR
-2 048 L~ t

2 4
%1073

Fig. 7 Schematic and histogram of image motion vector in

camera lean mounted forward

The histogram only demonstrates the distribu-
tion of image motion along the flight direction.
Combining formula (13) and (14), we can see that
the maximum image motion value §,, which is per-

pendicular to the flight direction, occurs at the max-

imum values of x and y, i.e. in the image plane co-
ordinate system s,, (24.564,43.008) and (—43.008,
24.564), and the minimum 4§, occurs at y =0, i.e. in
the axis x of the coordinate system s,. The maxim-
um image motion value §, in the direction of flight
occurs at x = 24.564, and the minimum image mo-
tion value 6, occurs at x = —24.564. In the absence
of the influence of the attitude angle of the aircraft,
the installation of the camera's forward tilt mode
will also result in image motion at different speeds,
and the residual error of image motion value is as

follows:

__ vtfeosp vt(xsinS+ fcosB)’
" ytsinBcosf—H vtsinB(xsinf+fcosf)-Hf'
17

From formula(17), it can be seen that the shut-
ter exposure time is 0.01 s when the speed-height ra-
tio is 0.17 rad/s, and the forward tilt angle is 3°, the
maximum forward image motion value along the
flight direction is 0.004 49 mm, which is bigger than
1/3 of the pixel in size and therefore can't meet the
imaging quality requirements. If the exposure time
of the shutter is shortened to meet the requirements
of imaging quality, the shortest exposure time
should be 1/108 s. Through analysis, the distribu-
tion and histogram of image motion value residual
vectors in the full field of view on the camera's im-
age plane installed with a forward tilt mode can be
obtained, as shown in Fig. 8.

From Fig.8, the residual image motion value of
the central field of view is 0 and the larger the field
angle, the larger the residual image motion value.
The vector of the residual image motion value tends
to point to the axis of sight. In addition, the residual
image motion value of the whole image plane is dis-
tributed symmetrically with respect to the plane x,oz..

It can be seen from the histogram that the re-
sidual image motion value of more than 40 points is
greater than 0.004 mm at the edge of the image
plane. When the speed-height ratio changes, the re-

lationship between exposure time and the image
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motion value changes accordingly, as shown in
Fig.9.

2048
1500 p7¥, AV ox 8 & o
1000}~ = ~ » ¢
500 F="= " NN
=500 . .
=1000F . .
-1500F °

—2 048
-3

Pixel

584 —2000-1000 0 . 1 000 2 000
Pixel

3584

14
12+

—_
IOI\)JkO\OOO
T T T T T

x1073

Fig. 8 Schematic and histogram of forward residual image

motion in camera mounted leaning forward
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Fig. 9 The relationship between exposure time and image

shift at difference V/H and lean angle forward

From Fig.9, with the same shutter exposure
time, the forward image motion value of the central
field of view decreases gradually with a decrease of
the speed-height ratio, while the forward image mo-
tion value of the central field of view increases
gradually with a decrease in the rake angle 8. When
the rake angle is 0°, the relationship between image
motion and exposure time is the same as when the
camera is installed vertically. The maximum expos-
ure time of the shutter between the mirrors in the
shadowed area is 0.001 9 s.

3.3 Analysis of image motion in an aircraft with
attitude changes

The flight attitude of an aircraft changes at any
moment and there are three kinds of flight attitude
changes, namely pitch, roll and yaw, which are
equivalent to the three Euler angle changes between
the body coordinate system (camera coordinate sys-
tem) and the track coordinate system. The process
of the ground object's position transformation from
the fixed coordinate system on the vertical ground to
the image plane coordinate system is shown in
Fig.10M"2,

It is necessary to analyze the image motion
caused by a change in flight attitude to analyze the
relationship between the rotation of the track co-
ordinate system and the body coordinate system.

The transformation process is as follows:

, L0 0 o
X, H 1 0 0 0 cos 0O sinf O
Y1 _ | O —i 0 0 0 cosp sing O 0 1 0O O
z, | H f 0 —sing cosep O || —sin@ 0 cosf O
|1 0 0 H -f1{lo 0 0 1 0 0o 0 1
0 0 0 1
cosyy sing 0 O 1 0 0 -vt X,
—singy cosy 0 O || O I O O Ve (18)
0 0 1 010 0 1 -H|| z
0 0 0 1 0 00 1 1

When the attitude of the plane doesn't change
at the initial moment of exposure, the three Euler

angles are all 0. The coordinates of the ground ob-

ject points corresponding to (x,,y,,z,) at any point

on the image plane are (x,,y,,0) in the fixed coordin-

ate system of the vertical ground.
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Fig. 10 Diagram of coordinate transformation relation

The relationship between object points and im-

age points can be obtained from geometric optics as

mirrors passes, the aircraft flies vt with respect to
the ground in the direction of track coordinate sys-
tem X, that is, the body coordinate system moves vt
with respect to the fixed coordinate system on the
vertical ground. Euler angle can be obtained by the
angular velocity of the plane multiplied by ¢.

At this point, the coordinates (x,,y,,0) of the

ground object points in the fixed coordinate system

follows: ] )
of wvertical ground become the corrseponding
X, = _H Xy, = _H Y, (19) (x,y,,2,) through the optical system in the coordin-
f f ate system of the image plane. This can be obtained
After the exposure time ¢ of the shutter between from equation (18).
f f . S f .
.. . —ﬁcos(kosw —Ecosé)smw H siné . Evtcos@cos¢+fsm0 .
Yo | _ ‘ﬁ(sintpsinecosz{/+cos¢sinzp) g(sinapsinesinw—cosgocosw) —%singocosé) —%vt(sinapsinécosxp+cosgpsinxp)+fsimpc050 Ve
z, | 7| F ! ! . 0 |
1 %(coscpsinycosz//—simpsinz//) %(cosapsinesinw+singocosg[/) —%cosgﬁcose —%vt(ooszpsinacosw—sincpsing{x)+fcosgacos€—f 1
0 0 0 1
200
Substituting equation (19) into the above, we can get:
, . S .
X, = cosfcosyx, +cosdsinyy, + Evtcos@cosw+fsm9, QD

Y, = fsinpcosf+cospcosyry, — (singsinfcosyy +cospsing)x, — singpsinfsinyry, — %vt(sing&sin fcosy + cospsiny),

(22)

z/, = —(cosgsinfcosy — sinsiny)x, — (cos psin@siny + sinpcosy)y, — %vt(cos wpsinfcosy —singsiny) + fcosgcosf — f,

As can be seen from the above analysis, the im-
age motion caused by the flight attitude after shut-

ter exposure time ¢ occurs along the three axes of

0, =x',— x, = cosfcosyx, +cosfsinyy, + %vtcos@cos://—fsine— X, ,

(23)

the image plane coordinate system. The image mo-

tion value along the three axes are as follows:

(24)

0, =Y, =Y, = fsingpcosf+cospcosyry, — (singsinfcosy + cos g siny)x, —singpsinfsinyry, — %vt(simp sinfcosy + cospsiny) —y,,

0.=z2

p

From equation (24), the forward image motion
caused by the flight attitude is only related to the
speed-height ratio, the focal length of the lens, the
pitch angle and the yaw angle, but the roll angle has
nothing to do with the forward image motion. When

the attitude of aircraft doesn’t change, and all three

(25

—z, = —(cos @ sinfcosy — sing siny)x, — (cos sin@siny + sinpcosy)y, — %vt(cos psinfcosy —singsiny) + fcosgcosf— f—z,.

(26)
Euler angles are zero, equations (24) and (1) are
identical. The magnitude of the image motion value
in the three directions is related to x, and y,. Equa-
tion (26) is the amount of defocusing, which is also
related to z,.

Through an analysis of equations (24) and (25),
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it can be seen that image motion is mainly caused by
relative motion between the aircraft and the ground,
while image motion from other sources is smaller by
one order of magnitude. Therefore, as long as the
forward image motion is effectively compensated,
the effect of image motion on image quality can
practically be eliminated. The image motion value

of the central field of view is as follows:

O = %vtcos@cosaﬁ—fsin@, Q7D

0, = fsingpcosf— %vt(singpsin@cosdf + cospsiny).
(28)

According to equation (27), when both pitch
angle and yaw angle are equal to zero, equations
(27) and (3) are identical. The image motion vector
distribution and histogram on the field of sight of
the camera with varying flight attitude is shown in
Fig.11. The flight direction occurs along the 4 096
pixel axis. 105 points are uniformly selected on the
surface for vector analysis. In Fig.11, these were the
points where the speed-height ratio is 0.16 rad/s, the
shutter exposure time is 0.01 s and the three Euler

angles are 5°.

PR 3

X:0.01521
Y9

Q \ 3 o o N S D ©
\ Q \ N N\ > \ >
Q'Q Q-Q Q'Q Q'Q Q'Q Q'Q Q'Q Q'Q

Fig. 11 The schematic and histogram of image shift vec-

tors caused by aircraft attitude changes

The histogram displays the total statistical
points whose image motion value is bigger than

0.004 mm reaching 77 on the whole image plane.

4 The experiment and analysis

In order to verify the feasibility of this method,
an experiment was conducted. The test principle is

illustrated in Fig.12.

Dynamic .
target Mapping
generator U camera

Collimator

Fig. 12 Schematic diagram of experimental device

The mapping camera was installed in front of
the dynamic target generator and the alignment
between the visual axis and the target center was ad-
justed. The image of the dynamic target generator
from the camera was used to verify whether its dy-
namic resolution met the requirements!',

The experiment device is shown in Fig.13. The
imaging CCD detector is an aerial scan CCD with a
resolutionof 7168x4096,apixelsizeof 13 umx13 pm
and a frame rate of 30 frame/s. The focal length of
the mapping camera is 56 mm, relative aperture is
1:6 and the operating wavelength is 0.4~0.9 pm. By
adjusting the target generator to simulate different
speed-height ratios and shutter exposure time, the
discrimination rate plate image is obtained, as

shown in Fig.14.

Fig. 13 Measuring setup
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Fig. 14 Photo of the dynamic target

The obtained experimental results are shown in
Table 1. The visual resolution of the image can
reach 36.8 lp/mm. The image achieves the required
precision. In flight experiment test, the image is

clear as shown in Fig.15.

Tab.1 Imaging experiment results

Measurement times Visual resolution(lp/mm)

1 36.5
2 36.5
3 37.2
4 36.5
5 37.2
Average 36.8

Fig. 15 Radial drone image in flight

S 3CHk:

The diffraction limit spatial resolution of the
optical system is 38.5 Ip/mm. The spatial resolution
design index of the mapping camera is 34 lp/mm.
According to the control precision requirement, the
image motion value of the image is less than 1/3
pixel size, which means that the image motion value
is less than 4.3 um. The spatial resolution of the
identification plate imaging experiment can reach
36.8 lp/mm, which is close to the diffraction limit
resolution and meets the requirements for the tech-

nical index.

5 Conclusion

Based on requirements for digital aerial map-
ping cameras, a lens shutter of airborne remote
sensors was designed. The influence of the installa-
tion mode of a camera on image motion was ana-
lyzed. The influence of the aircraft flight attitude on
image motion was analyzed. Combined with cam-
era parameters such as speed-height ratio, the rela-
tionship between the lens shutter exposure time and
the image motion was derived. When there is min-
imal system signal-to-noise ratio, the short shutter
exposure time can reduce the image motion value,
which leads to clear images from an aerial camera,
which provides a theoretical basis for adding the
IMC mechanism. Through experimention and flight
tests, a clear image of the discrimination rate plate
and flight target were obtained. The spatial resolu-
tion of a flight target image can reach 36.8 lp/mm
using this method, which is close to the diffraction
limit resolution and meets the requirements of the

technical index.
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