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Abstract. A novel autofocusing technique using a self-imaging ap
proach is developed for a space camera having large aperture and long 
focus . Its optical system consists of an emitting system, receiving sys
tem, and two pentagonal prisms. The emitting system has three parts: a 
light source, beamsplitter, and aim slit. The receiving system includes a 
field lens, two separate lenses, and CCD. Using two little pentaprisms 
instead of a large planar mirror makes the autofocus system simple and 
compact. A defocused signal is acquired by measuring the change of the 
slit self-image position imaged on the CCD. The algorithm to calculate 
the movement of the slit self-image position is analyzed to achieve sub
pixel position estimation. The results of the experiments show a ::t 10-µ.m 
precision of autofocusing in a range of ::t 5-mm defocusing. The system 
demonstrates high resolution, easy adjustment, and high reliability. Also 
this method can meet the requirements of various accurate focus mea
surement systems. © 2005 Society of Photo-Optical Instrumentation Engineers. 
[DOI: 10.1117/1.1901686] 
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1 Introduction 

The autofocusing technique is one of the commonly used 
techniques for space cameras to ensure a high-quality im
age. The focal plane of the camera goes beyond the permit
ted bounds due to many influential factors, such as the 
influence of the impulsion or jitter in the process of launch
ing, changes of temperature and air pressure, changes on 
the surface of the lens and refractive index, etc. Although 
some compensation such as thermoregulation and material 
matching technology are used in space cameras, spatial 
resolution cannot be improved if focusing is not done be
fore photographing. 

Three main autofocusing methods applied to space cam
eras are: program operating, image process ing, and photo
electric autocollimation methods. For program operating 
methods, defocus amount-temperature-air pressure correla
tions need to be determined, which are carried out accord
ing to the parameters of temperature and air pressure from 
the sensors in the camera. The condition used in this 
method may not exactly represent the real space circum
stance. Image processing methods are just applied in elec
tronic transmitted cameras. In this approach, typically a fo
cus measurement is performed by computing images 
acquired at several different lens positions, and the lenses 
are moved to the position where the evaluation function 
becomes extreme. The last method utilizes the full aperture 
of the camera and represents the optimum focus to infinite 
object, so it is adopted widely in measuring focal lengths 
for large optical instruments. 

The photoelectric autocollimation method requires a 
high-quality planar mirror with large aperture, which in
creases the weight of the camera and adds many difficulties 
for the adjusting, fabricating, and control system. In addi
tion , the vertical photographing space camera does not al-
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low placement of a planar mirror in front of the camera 
lens. In this work, an alternative technique is developed, 
where two little pentagonal prisms replace the large planar 
mirror. The pentaprism has the property of reflecting rays at 
right angles. The property turns the measuring defocus 
along the ax is to radial measurement, and the vertical mea
surement is sensiti ve. This system can adjust easily and has 
a compact diminutive structure: its accuracy is within I 0 
µm with a measurement range of ± 5 mm.1-

6 

2 Results and Discussion 

2.1 Principle of Autofocusing 

2.1.1 Optical configuration 

The principle of the self-imaging technique is shown in 
Fig. I . The optical path of the focusing system contains the 
emitting system, receiving system, pentagonal prism as
sembly, and signal process unit. The emitting system con
sists of the light source, beamsplitter, and slit. The receiv
ing system consists of a field lens, two separate lenses, and 
CCD. The position of the slit and image plane of the cam
era are the conjugate plane, and the field lenses are copla
nar with the slit. 

2.1.2 Principle 

In Fig. 1, the two pentaprisms are placed along a radius in 
front of the camera aperture. The two right-angled surfaces 
of the pentaprism are an output plane: on the other hand, 
they are also an input plane. First, a light source collimated 
by an objecti ve is divided into two beams by a split prism 
and illuminates the slit. The slit is imaged by a camera 
optical system on the pentagonal prisms. Second, the two 
images of the slit are reflected by the pentaprisms, then go 
through the camera optical system again and are reimaged 
by two separate lenses on a CCD, respecti ve ly. Finally, the 
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5. Light source 

(a) 

Fig. 1 Schematic diagram of the focusing system: (a) emitting sys
tem and (b} receiving system. 

two lit elf-i mage are converted into a dig ital ignal , and 
the defocusing amount i determined by calcul ating the di s
placement between the two slit images. 

2.1.3 Relationship between defocus and the 
displacement of two slit self-images 

When the camera ystem defocuses an amount of ± 1'.l, each 
of the two li t elf-image wi ll generate a displacement 
± 8/2 along the CCD. The relation between 8 and il can be 
determined ba ed on the theory of geometrical optics: 

8F 
il=-

M ' 

(1) 

(2) 

where D is the di stance between the two pentagonal prism 
in front of the camera, the magnification of the separate 
len i M , f' is the focal length , and F i the f number of 
the camera. The minus denotes the direction of defocus. 

2.1.4 Analysis of sensitivity 

A hown in Eq. (2), the displacement of the two lit self
image on the CCD i proportional to the defocused 
amount. If F= S.6, the CCD pixel pace is 7 ,um and M 
=2. The foc using resolution is il = l9.6 ,um. 

The depth from focus of a camera is il z = 2 X. F 2
. The 

resolution ~= 19.6 ,um is not suffi cient. It is necessary to 
adopt digital ignal proces ing technology. Certainly, in
creasing magnification M can improve the re olution, but it 
will enlarge focu ing system con truction and decrea e in
cidence energy. 

2.1.5 Calibration 

This focusing approach require measuring the di stance be
tween the two lit self-images when the camera is focused 
on an optimized level. In other words, the origin in the 
relative coordinate for setting up the basi of comparing 
with other environments is investigated. 

Here we u ea parallel light pipe with 30-m foca l length 
and a large vacuum tube to mea ure the optimal focus in 
the laboratory. 

The calibration error influences the foc using preci ion, 
but the focus position is measured relatively in thi method . 
Reproducibility precision rather than ab olute accuracy is 
more important. 

2.2 Algorithm for Estimating the Displacement of 
Slit Images 

2.2.1 Analysis of the algorithm 

According to the focusing principle, the key issue is to 
estimate the locations of the lit elf-image to calculate the 
displacement between the two slit self-images on the CCD. 
To reach the expected focu s resolution, a ubpixel proce s
ing approach needs to be used. Several typical approaches 
to detect spot position are centroid en ing, energy di stri 
bution fitting, and correlative methods. Centroid sensing 
and fitting methods are perfect for the ignal with regula
tive and homogeneous energy distributions. The correlation 
method ha ome stati stical characteri ti cs, and stati tical 
processi ng for light spots help to reduce random noise, the 
influence of nonuniformity of light, and the CCD response. 

As mentioned previously, since the two slit self-image 
are similar, the correlation peak of the two light signals can 
be calculated, and the shift of the peak point ver u the 
movement of the two light spot can be obtained u ing 
Eq. (2). 

2.2.2 Comparison of correlative methods 

To compare the performance of the correlation algorithm , 
different types of correlative method are di cu sed in thi 
section. 

The product correlation function is defi ned by: 

N 

Rp(k )= L x 1(n)·x2(n+k), k = O,± 1,± 2, .. . ± M , 
n= I 

where n is the number of sample point along the CCD, k i 
the shift of ignal x 2 re lative to x 1 , and x 1(n), x2(n) are 
the discrete digital signals for n = l ,2, ... N. 

The mean square difference (MSD) correlation functi on 
i given by: 

N 

Rs(k)= L lx( n )-xi(n+k)l2, 
n= I 

and the mean absolute difference (MAD) correlation func
tion is expre ed as: 

N 

R L(k)= L lx( n )-xi(n +k)l- (3) 
n= I 

Equation (3) means that the sequence x 1 (n) compares with 
x 2 (n) that hift left unit k. The minimum value is obtai ned 
when x 1 (n) and x2(n ) are clo e t, then the movement 8 is 
achieved. 

2.2.3 Simulation 

Using numerical imulation, the performance of MAD, 
MSD, and the product methods mentioned before are 
evaluated in a noise environment. 
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Fig. 2 The capability comparison of several correlation measure
ment methods. 

An exponent function is proposed for characteri zing the 
intensity distribution of the slit self-image: 

[ 
2(x - x0)2] 

£(x)=£0 -exp - P
2 

, 

where £ 0 is the max imal intensity, x 0 is the center position 
of the lig ht spo t, and p is the half width of the Gauss ian 
spot. 

To understand the effect of noise on the detection accu
racy, we defined the signal-to-noise ratio (SNR) as: 

Eo 
SNR =201g - , 

a,. 

where a ,, is the standard deviation of whjte noise. 
The standard deviation a of position location is used to 

characteri ze the re liability at various SNRs, such as 5, 10, 
20 and 00 dB , since a represents the performance of reitera
tion and stability. The simulation resul ts are shown in Fig. 
2. It is fo und that the product has the highest precision, and 
MSD has the lowest. 

Considering the computation speed and complexity, the 
MAD algorithm is employed in hard implementation of an 
algorithm. 

2.3 Design of the Autofocusing System 

2.3.1 Design of the illuminated setup 

To make the illumjnating beam fulfill the aperture of the 
pentaprism in front of the camera aperture, two optical set-

ups are applied. In the fi rst one, a semiconductor is em
ployed as light source to produce a stripe by a cy linder lens. 
The main advantage of the laser beam is suffic ient achiev
able incidence. The di sadvantage is the high loss of the 
emi tted power because the beams are magni fied man y 
times and only a small portion of inc idence light can be 
collected by the pentaprism. Moreover, since the stripe is 
nonuni form in energy d istribu tion, the e lectrical signa l 
qua li ty is poor. 

In the second version, an LED with a fl at-truncated 
package, which is equipped with a pinhole aperture, gener
ates a semipoint light source, and the beams leav ing the 
pinhole are co llimated with an objecti ve lens. 

The des ig n process stri ved to maximjze the system en
ergy and enhance the SNR. The emitting syste m employs a 
split prism to make two LEDs illuminate the slit simulta
neously, therefore doubling the inc ident light energy. The 
two beams emitted from LEDs pass through the split prism, 
illuminate the slit, go through the camera optical system, 
and then they are incident on the pentaprism, respecti ve ly 
(Fig. 3). The di spersed ang le of the two beams should 
match the position of the two pentaprisms located in front 
of the camera aperture. 

2.3.2 Design of receiving system 

The receiving system consists of a field lens located at the 
same plane with the slit, two separate lenses, and the CCD. 
The fi e ld lens serves to enhance the capability of lateral 
rays going into the receiving system. Its effective focus 
length (EFL) is f' = 26.6 mm, ¢,= 5 mm . Tiling into ac
count the sli t self -image w idth, position measuri ng accu
racy, and arrangement in the space camera, the magnifica
tion of the separate lens in the receiving system is 
determined finally as M = 2. The EFL of the separate le ns is 
f ' = 19.6 mm, NA = 0. 1. 

The CCD is selected as a photoelectric device (model 
IL-C7-4096, Dalsa Incorporated, Canada). After an ampli
fier, the signal is sampled, converted through an AID con
verter, and stored in a RAM. It is processed by a micropro
cessor. The signal waves are shown on Fig. 3. The output 
signal after the power amplifier gives a step motor to drive 
a cam mechanjsm. 
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Fig. 3 The weave of two light signals showing on oscillograph HP54645O. 
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2.3.3 Design of width of the slit self-image 

Considering the diffraction effect of the pentaprism and the 
magnification of the receiving system, the width of the slit 
self-image is calculated as: 

(4) 

where d is the width of the slit, f' is the focal length of the 
camera, D is the aperture of the pentaprism, X. is the wave
length of the LED, and M is the magnification of the epa
rate lens in the receiving system, as mentioned before a 
M =2. 

The measurement of position of the slit self-image is the 
key to determining the focusing accuracy. The pos ition es
timating error is impacted by the slit width d'. From Eq. 
(4), d' is a function of D, d, and M. An optimized compro
mise would be made to enable the width of slit self-image 
d' to be suitable for measuring. 

On one hand , to receive more energy, the pentapri m 
aperture D should be enJarged as high as possible. On the 
other hand, to avoid the pentaprism cutting into the camera 
optical system, it is necessary to limit the s ize of the pen
tapri sm aperture. However, from Eq. (4), the smaller the 
size of D, the larger the obvious diffraction effect, which 
makes the signaJ occupy more CCD pixe ls. Parameter D 
was determined based on analysis and experiments in this 
work. 

The width of the slit dis given similarly in compromise. 
If the slit is too narrow, it brings difficulties to the illumi
nating system design, and as a result, the signaJ energy is 
decreased. If the slit is too wide, it makes the grayscale 
variation of the slit image degrade, which makes the SNR 
decline. Optimizing mu t be done when de igning the slit 
mode. 

2.4 Experimental Results and Analysis 

After the system was completed, tests were implemented 
on a prototype camera with EFL = 2700 m, l/F= 5.6. 

In our experiment setup, the foc using assembly was 
mounted on a prec i e x -y stage with minimal scale 0.01 
mm . Positive or negati ve defocus can be obtained by turn
ing the tub wheel of the x -y stage at each defoc u pos ition . 
The di splacement of the two slit image was calculated. The 
test was performed ten times in every pos ition, and the 
results are shown in Table 1. 

The results show that a reso lution of 0.01 mm is ob
tained with the mea urement range of ± 5 mm . The stan
dard deviation is ~ 0 .004 mm . In our focus approach, it is 
expected to find the variable of the focal plane, not the true 
vaJue of the defocus amount. So the absolute measurement 
error of the defocus amount is not sig nificant, although it 
seems big. The newly designed autofocusing system in thi s 
work demonstrated the following characteristi cs. 

The systematic error does not affect the focus accuracy. 
It shows the advantages, such as the higher reproducibility 
and resolution, easy adjustment, and compact structure. 

The measuring uncertainty is mainly caused by the fol
lowing factors: I. light source waves in intensity and their 
di stribution induce the reproducibility error of location; 2. 
photoelectric converts introduced fixed pattern noise, dark 

Table 1 Displacement of the two-slit image. 

Defocus Defocus 
Reading of amount amount Standard 
the wheel in theory by measured deviation 
Z(µm) t.,(µm) t.= (FI M) · 8 O'(µm) 

10 - 50 - 45.2 3.34 

20 - 40 - 42.6 2.43 

30 - 30 - 34.6 2.70 

40 - 20 - 24 2.65 

50 - 10 - 13.3 1.44 

60 0 0 1.07 

70 10 10.6 1.98 

80 20 18.6 2.30 

90 30 26.6 2.50 

100 40 40 2.11 

110 50 48 3.85 

current noise, KTC noise (reset noise), and photoresponse 
nonuniformity, etc; 3. the sampling errors are due to the 
integer pixel; 4 . adjustment is not perfect; and 5. some er
rors remain due to calibration. 

The focu ing system has no inherent systematic error , 
but is limited by the random noise in the signal. When the 
wheel of the x -y stage turn half a minimal scale, which i 
0.005 mm, the movement of the light spot is not detected, 
since the information of shift of the spot is indulged in 
random noise, as mentioned before. 

3 Conclusion 

The focusing method studied in thi s work proves to be an 
autofocusing method having high resolution , good iteration, 
and reliability. This device has a compact structure. The 
experiment results indicate that focusing precision can 
reach ± 0 .0 1 mm. The system has high re liability and can 
meet the autofocusing requirements of various large aper
ture optical in truments. 
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