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A disparity servoing based fast autofocusing method is proposed for stereomicroscopes according
to linear relationship between the disparity change in stereomicroscopic images and the move dis-
tance of a motorized translation stage. For a certain stereomicroscope, the calibration of a disparity
range of clear images at each magnification is implemented offline. After that, the disparity of the
stereomicroscopic image is used as an index to represent the sharpness of an arbitrary image. If
the disparity does not satisfy the requirement, move steps and direction of a step motor are calcu-
lated by utilizing the linear relationship between the disparity change and the move distance of the
stage. The iteration will be continued until the disparity of the captured stereomicroscopic image
approximates to the clearest disparity. The experimental results show that the proposed method
only requires a few iterations and less time to reach the focus position, and the disparity error is
less than 0.5 pixel.
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1. Introduction

Machine vision systems are widely used in the field of micromanipulation and inspec-
tion [1, 2], because of their reliability, relatively lower price, and high throughput. To
implement such systems, the sharpness of images captured by a camera should be guar-
anteed. In the automatic industry and in biomedical applications, such as high through-
put screening in manufacturing industry and microcell injection, autofocusing is one
of the fundamental techniques [3]. In a routine microscope use, such as in the micro-
assembling of microelectromechanical systems (MEMS) [4], fast stable autofocusing
methods are indispensable.

In visual systems, focusing helps obtain the clearest image from a series of images
by adjusting the objective. Autofocusing methods are classified into active and passive
types [5]. Active methods detect and adjust the distance between the object and camera
by using different transmitting equipment, such as infrared and ultrasonic generators.
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In contrast, passive methods select the clearest image by analyzing information from
a series of images.

Most traditional autofocusing methods first select an optimal sharpness function,
and then choose an image with the maximum sharpness function value as the focus image
through inputting a series of images with different focal distances. Different sharpness
functions have been studied for evaluating image sharpness [6, 7]. YU SUN ef al. con-
trasted 18 existing sharpness functions under different conditions, and two robust
sharpness functions were obtained [6]. BARAN et al. proposed a self-optimizing struc-
ture to realize autofocusing by analyzing the relationship of magnification and focus
position of microscopic system [8]. With regard to microscopic systems, it is time-con-
suming to move at fixed steps to capture a series of images under each magnification.
For solving this problem, many autofocusing methods have been proposed based on
optical theory [9, 10]. MARTURI et al. also proposed a fast robust autofocusing method
based on visual servoing in scanning microscopic systems [11].

This paper proposes a disparity servoing based fast autofocusing algorithm for
stereomicroscopes. The proposed algorithm chooses the disparity of stereomicroscopic
images as an index to represent the sharpness of stereomicroscopic images. In addition,
according to the relationship between the disparity of stereomicroscopic images and
the height of the motorized translation stage, the algorithm cannot only judge the sharp-
ness of an arbitrary microscopic image, but also calculate the move steps and direction
of the step motor to reach the focus position.

2. Disparity servoing based fast autofocusing method

For a monocular microscope, it is difficult to judge whether an arbitrary image is clear
enough to satisfy the requirement if there are no other reference images. Thus, for most
traditional autofocusing methods, it needs to capture a series of images from blurry to
clear and back to blurry again so as to choose the clearest one from those images by
comparing their sharpness function values. Since the magnitude of sharpness function
relates to the content of the image and magnification of the microscope, the above time
consuming process has to be implemented for each final obtained clearest image. How-
ever, this is different for a stereomicroscope, since there is useful information called
disparity relating to the sharpness of a stereomicroscopic image benefiting from its re-
lationship with the distance between the object and the cameras.

2.1. Relationship between disparity of stereomicroscopic image
and height of motorized translation stage

Figure 1 shows a schematic of the binocular imaging of stereomicroscopes, where
Ji and Jy represent the convex lenses of the left and right cameras, respectively;
X1 and Xy denote the left and right imaging planes, respectively; ¢; denotes the angle
between the motorized translation stage 7 and the left imaging plane, and o denotes
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Fig. 1. Schematic diagram of binocular imaging of stereomicroscope (see text for explanation).

the angle between the 7 and the right imaging plane; the dash-dot lines across the points
O, and Oy, are the optic axes of the left and right cameras, respectively; A, and By are
the magnification of the two cameras, respectively. The distance between the object
and the cameras of the stereomicroscope is determined by the height of a motorized
translation stage because the object is placed on the stage. A 3D point 4 exists on the
motorized translation stage T, and if this point is moved along with the motorized trans-
lation stage with a move distance AZ, it will reach another 3D point B. Further,
pi(x{, y{) and pg(x4, y{) are the respective image coordinates of point 4 imaging
on X; and Xp, while pf(xf, y8) and pg(x£, y£) are the respective image coordinates
of point B imaging on X; and Xg.

According to the imaging principle of a telecentric lens, the following equation can
be expressed with geometry knowledge

A _
xp = Prx

4
Xr = Brx,

(1

x8 = Blx +AZsin(ey)]

xg = PBrlx,+AZsin(oy)]

where x; and x, represent the distance from point 4 to the left and right optical axes,
respectively; and [x; + AZsin(¢; )] and [x, + AZsin(arg)] represent the distance from
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point B to the left and right optical axes, respectively. Let d, and dj be the disparities
of points 4 and B in corresponding stereomicroscopic images, calculated by

dy = x{—(=xp) = BLx + Byx,
()

dp

xP—(=xB) = Bilx;+ AZsin(oy)] + Brl x, + AZsin(or)]

The change Ad in disparity when the motorized translation stage 7 moves from
point 4 to point B can be inferred as follows:

Ad = dy—d, = B, AZsin(e) + BrAZsin(arg) =

= [/)’L sin(ay) + ﬁRsin(aR)}AZ 3)

which means that the relationship between the change Ad in disparity of the stereo-
microscopic images and the move distance AZ of the motorized translation stage is
linear for a certain stereomicroscope and each of its corresponding magnification.

The motivation to propose the method is that, whether an object in a microscopic
image is clear or not is determined by whether it is in depth of field (DOF) or out of
the DOF when the image is taken, and this is related to the distance between the object
and the camera. Additionally, the distance is related to the disparity of the object in
the stereoimage. Thus, if an appropriate distance range can be determined for each
magnification of a stereomicroscope, the corresponding appropriate disparity range
can also be determined. Then, with the help of the disparity information, the sharpness
of arbitrary stereomicroscopic images can be judged. Moreover, if the image is not
clear enough, the motorized translation stage 7 can be moved at that right place to cap-
ture a clear image according to the linear relationship between Ad and AZ.

2.2. Calibration of disparity range of clear stereomicroscopic image

The purpose of calibrating the disparity range of clear stereomicroscopic images is to
use disparity as an index of sharpness of captured stereomicroscopic images, because
disparity is inversely proportional to the distance between the object and the cameras
of the stereomicroscope for imaging systems with parallel camera configuration. This
calibration step only needs to be performed once for each magnification to obtain the
disparity range with respect to clear stereomicroscopic images under the specific mag-
nification.

It is assumed that a stereomicroscopic image exhibits the same sharpness when
captured at the same height of the motorized translation stage. The advantage of the
Tenengrad sharpness function has been previously verified for microscopic images [6].
Thus Tenengrad function values of the left (or right) view of a calibrated stereomicro-
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scopic image sequence are calculated. Here we use the left view of this calibrated stereo-
microscopic image sequence (herein-after referred to as “calibrated left microscopic
image sequence”). Let F Ty oo F T, fepresent the Tenengrad function values of the cal-
ibrated left microscopic image sequence which are captured from blurry to clear and
back to blurry again and N be the total number of images within the sequence. Then,
the maximum F__ is selected from Fr, to F° Ty and the corresponding calibrated left
microscopic images sequence number S, is recorded. According to the DOF range
with respect to the specific magnification, the S,,,,-th image and 2n calibrated left mi-
croscopic images symmetrically surrounding the S, ,.-th image are selected as the clear
images, that is, these (2n + 1) images are taken within the DOF, and the image numbers
of these (2n + 1) images are recorded as the interval [S¢y, Scrl, 1 <ScL <Scr <N

Then, the total N calibrated stereomicroscopic images are rectified to parallel cal-
ibrated stereomicroscopic images by employing the quasi-Euclidean epipolar rectifi-
cation algorithm [12]. The matching points of a parallel calibrated stereomicroscopic
image are found by using the speed up robust features (SURF) [13], and the disparity
of the parallel calibrated stereomicroscopic image is calculated. Finally, by linear fit-
ting the disparity and image number of the total N calibrated stereomicroscopic images,
the disparity range [dc, min, dc, max] With respect to the (2n + 1) clear stereomicroscopic
images is obtained and regarded as the disparity range of the clear stereomicroscopic
image under the specific magnification, where dc, min and dc_ p,,y are the smallest and
largest disparities of the clear stereomicroscopic images.

2.3. Capture of clear stereomicroscopic image

As mentioned above, it is difficult for traditional autofocusing methods to judge
whether an arbitrary image captured with a monocular microscope is clear enough to
satisfy the requirement if there is no other reference images. But for a stereomicro-
scope, the situation is different. In this paper, the sharpness judgment of an arbitrary
stereomicroscopic image captured at a specific magnification is simplified as judging
whether the disparity of the captured stereomicroscopic image is within the disparity
range of a clear stereomicroscopic image or not. Moreover, if the captured stereomi-
croscopic image cannot satisfy the requirement, the move steps and direction of the
step motor can be calculated by utilizing the linear relationship between the change in
disparity of the stereomicroscopic image and the move distance of a motorized trans-
lation stage, so that the motorized translation stage can be moved to the focus position
through several iterations.

Let d denote the disparity of an arbitrary stereomicroscopic image and r; be the
result of sharpness judgment. The judgment can be expressed as follows:

{1 if de [dC, min’ dC, max]

Td . 4)
0 otherwise
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If the value of ,; is 1, it indicates that the corresponding stereomicroscopic image
is clear; otherwise it is unclear.

Automatic movement to the focus position is performed according to the result of
the sharpness judgment. Since the disparity range of clear stereomicroscopic images
is calibrated symmetrically, the disparity at the focus position should be d,,. = (dc, min
+d¢, may)/2. Let the motorized translation stage move by height / (um) when the step
motor takes a step, and d,,, be the disparity of a micrometer (unit: pixel/um). The dis-
parity with respect to a move step d., can be defined as d,, = d,,, * /1. Thus, the move
steps and direction of the step motor can be determined according to the linear rela-
tionship between the change in disparity of a stereomicroscopic image and the move
distance of a motorized translation stage, with which the motorized translation stage
can be moved to the focus position. The move steps s, of the step motor are calculated
by

s = ﬂ (5)
mv d

step
The move direction d,,, of the step motor is determined as

I if s, <0
d., = 0 if s5,,=0 (6)

-1 if s5,,>0

when d,,, is 1, the motorized translation stage should be moved upward to reduce the
distance between the object and the cameras; it is opposite when d,,, is —1. When
d., 1s 0, it means that the motorized translation stage is just at the focus position, thus
no movement is required.

Finally, the computer sends the two parameters s,,, and d,,,, to a single-chip micro-
computer (SCM) through serial communication, and the SCM controls the step motor
such that the motorized translation stage performs the corresponding move to reach
the focus position.

In summary, for a certain stereomicroscope, the disparity ranges of clear stereomi-
croscopic images are first calibrated for all magnifications by using series of clear and
blurry stereomicroscopic images captured at each magnification, and the calibration
procedure only needs to be implemented once. After that, during the imaging proce-
dure, the disparity of a stereomicroscopic image captured at an arbitrary position is
calculated and compared with the calibrated disparity range with respect to the same
magnification of the stereomicroscopic image. If the disparity of the current stereomi-
croscopic image does not approximate to the clearest disparity, the move steps and di-
rection of the step motor are calculated by employing the linear relationship between
the change in disparity of a stereomicroscopic image and the move distance of a mo-
torized translation stage. Then, a SCM will drive the step motor to adjust the motorized
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translation stage to the focus position. The iterations are continued until the disparity
satisfies the requirement which means that the clearest stereomicroscopic image is ob-
tained.

3. Experimental results and discussions
3.1. Experiment platform

The experiment platform is composed of a digital stereomicroscope, motorized trans-
lation stage, SCM, and a computer. The digital stereomicroscope is a type of NSZ-800
produced by NOVEL Optics, and is with 1/2 inch CCD. The zoom multiple of objective
is from 0.7x to 3%, and 0.7% is used in this paper. The resolution of a single view (left
or right view) image is 720 x 576. A printed circuit board is placed on the motorized
translation stage (CHUO SEIKI XA07A-R2H) as the object. The minimum move step
of the motorized translation stage is 2 um. The SCM is a type of 80C51 and controls
the step motor to move the translation stage. The computer has an Intel Core(TM)i3
CPU at 3.19 GHz and 1.74 GB of memory.

3.2. Calibration of disparity range of clear stereomicroscopic image

In the experiments, 150 calibrated stereomicroscopic images are captured from blurry
to clearest, and then from clearest to blurry. The interval of the height of the motorized
translation stage of adjacent images is 10 wm. Figure 2 shows the left views of five of
the calibrated stereomicroscopic images captured at different heights of the motorized
translation stage.

The Tenengrad function values of the left views of the 150 calibrated stereomicro-
scopic images are shown in Fig. 3a. The values are fluctuant because the image con-
tents are a little bit different in the visual field of the microscope and the Tenengrad
function value is related to image content. However, the fluctuation does not change
the tendency of the function. The sequence number S, of the calibrated microscopic
image with the maximum Tenengrad function value Frr_ is 53. According to the DOF

S - -

Fig. 2. Partial calibrated left views of stereomicroscopic image sequence.

Clearest
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Fig. 3. Tenengrad function values of the left views of calibrated stereomicroscopic image sequence (a);
disparities of calibrated stereomicroscopic image sequence (b).

of this magnification (300), # is selected as 15. Therefore, the image number of the
(2n + 1) calibrated clear stereomicroscopic images is from 38 to 68, that is, [Scp, Scr]
is [38, 68].

The disparities of all the 150 calibrated stereomicroscopic images are shown in
Fig. 3b. It is seen that the disparity is linear with the image number. By linear fitting,
the disparity and image number of the total 150 calibrated left stereomicroscopic im-
ages, the disparity range [dc, min, dc, max] With respect to stereoimages whose image
number is within [S¢;, Scr] 1s determined as [115.405, 133.100]. This calibration step
can be performed only once because the disparity range is constant under the same
magnification for a certain stereomicroscope.

3.3. Sharpness judgment of stereomicroscopic image

To test the performance of the proposed disparity servoing based fast autofocusing
method, two types of stereomicroscopic images with different contents are used in this
experimental step, as shown in Fig. 4, where the upper row shows the left view of the
first type of four stereomicroscopic images captured at different heights of the
motorized translation stage, and the lower row shows the left view of the second type
of stereomicroscopic images.

According to the calibration method described in Section 2.2, disparities of all of
the stereomicroscopic images captured for the calibration of the disparity range of clear
stereomicroscopic images were calculated, the corresponding disparity range was de-
termined, and the sharpness judgments of the eight images shown in Fig. 4 were also
implemented. The results are given in Fig. 5. Alphabetical labels a—h in Fig. 4 are re-
placed by numerical labels 1-8 in Fig. 5. Figure 5a gives the sharpness judgment re-
sults. The vertical axis of Fig. 5a is disparity, the unit of which is pixel, and the two
dash-dot horizontal lines indicate the disparity range of clear stereomicroscopic im-
ages. According to Eq. (4), the disparities of stereomicroscopic images in Figs. 4a, 4b,
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Fig. 4. Left view of stereomicroscopic test images (see text for explanation).
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Fig. 5. Disparities and sharpness judgment results of stereomicroscopic test images (a); sharpness
judgment time of stereomicroscopic test images (b).

4e, 4f are out of the clear disparity range, which means that these four stereomicroscopic
images are blurred because they are captured out of the DOF. In contrast, the stereo-
microscopic images shown in Figs. 4c¢, 4d, 4g, 4h are determined to be clear. The time
of sharpness judgment for each stereomicroscopic image is also given in Fig. 5b.
The average runtime is about 223 ms, as the dash-dot line indicated in Fig. 5b. It is seen
that the time of sharpness judgment is low, because the proposed sharpness judgment
method only needs fast disparity calculation and one numeric comparison operation.
As mentioned above, traditional autofocusing methods cannot perform sharpness judg-
ment for arbitrary stereomicroscopic images without a series of reference images, but
the proposed method can do it fast and effectively. Moreover, it also lays a foundation
for the following moving step of the motorized translation stage, and speeds up the
entire autofocusing process.
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3.4. Iterated move of motorized translation stage

With the sharpness judgment results and theory described in Section 2.3, the move
step s,,,, and move direction d,, can be calculated. The computer then sends these pa-
rameters to the SCM to control the step motor that moves the translation stage. According
to previous results, dp,. is calculated to be 124.253, and dj, to be 2. For the images
shown in Fig. 4, the calculated s,,,, and d,,,, are listed in Table 1, from which the trans-
lation stage relative position can be inferred by comparing s,,, and d,,,.. The distance
between the translation stage current position and focus position is proportional to s,

The real disparities of the first moved stereomicroscopic images are shown in
Fig. 6a. The absolute difference between the actual disparity and the disparity with re-

Table 1. Moving steps and direction of stereomicroscopic test image.

Index 1 2 3 4 5 6 7 8
Smy 708 787 61 25 932 307 7 49
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Fig. 6. Actual disparity of moved stereomicroscopic image (a); disparity error of moved stereomicroscop-
ic image (b); actual disparity of iterated stereomicroscopic image (c); disparity error and iterations of
iterated stereomicroscopic image (d).
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spect to the focus position is given in Fig. 6b. According to Fig. 6a, the sharpness judg-
ment results in Fig. 5a and the disparity error in Fig. 6b, the error between the disparity
of the captured stereomicroscopic image after one move and the disparity with respect
to the focus position is small (<0.3 pixel) if the r; is 1 (i.e., the image is judged to be
clear). This is because the change in the clear disparity range is close to the ideal linear
relationship. However, the error is large (about 19.5 pixel) if the r,; is 0. The reason is
that the change in the non-clear disparity range belongs to an incompletely linear
relationship due to the relatively inaccurate disparity calculation of blurry stereomi-
croscope images.

Fig. 7. Captured left microscopic image after iteration (see text for explanation).

To reduce the error between the actual disparity of the captured stereomicroscopic
image and the disparity with respect to the focus position, the error threshold is set
to 0.5, as shown by the dash-dot line in Fig. 6b. Then, the camera will automatically
capture a stereomicroscopic image after moving translation stage, and the disparity will
be calculated and compared time and time again until the error is less than the threshold.
The final actual disparities of the stereomicroscopic images after iteration are shown
in Fig. 6¢. The final errors and iteration times are given in Fig. 6d. Further, the final
captured images after iteration are shown in Fig. 7. From the iterated results in Figs. 6¢
and 6d, the final errors are within the preset threshold (<0.5 pixel), and only a small
number of iterations are required. From Fig. 7, it is seen that the eight microscopic im-
ages are clear, and this demonstrates the effectiveness of the proposed disparity servoing
based autofocusing method.

3.5. Time complexity comparison with traditional autofocusing method

For traditional autofocusing methods, let the time taken for the step motor move the
motorized translation stage by one step be ¢,,,,., and the waiting time for capturing
a stereomicroscopic image be ¢, ,;;. The time for calculating the sharpness function val-
ue can be neglected because it is much less than the above two times. Therefore, the

autofocusing time of the traditional method is (¢y,oye T fwait)y, When ny is the number
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of stereomicroscopic images captured for finding the clearest image, and the image
sequence should be around the focus position symmetrically.

In contrast, the disparity range of a clear stereomicroscopic image just needs to be
calibrated once for a certain microscope in the proposed method, so the corresponding
time is not considered to the total autofocusing time. The main time of autofocusing
of the proposed method consists of disparity calculation, sharpness judgment, iterated
move, and the wait time for capturing a stereomicroscopic image at each of the itera-
tions. Compared with the time of motorized translation stage move and wait, the other
time is negligible. Since the entire move range is around the focus position symmet-
rically and the move direction can be determined by the proposed method, the step
number of moves of the proposed method is half that of the traditional autofocusing
method. Let the number of iteration be n,, then the autofocusing time of the proposed
method 1S f,4ye11/2 + by

According to the traditional autofocusing method and the experimental iterated
data in this paper, the times of waits for the traditional method are much greater than
those for the proposed method, i.e., ny > n,. For the experimental platform reported
in this paper is 1 second and ¢,,;, is 2 seconds. Therefore, the autofocusing time

’ tmove wai

of the proposed method is about 1/6 that of the traditional method.

4, Conclusion

This paper proposes a fast autofocusing method for stereomicroscopes. Different from
traditional autofocusing methods, the proposed method uses binocular image informa-
tion. After the disparity range of the clear microscopic images is calibrated for each
magnification of the stereomicroscope off-line, the disparity is selected as the sharp-
ness index for arbitrary stereomicroscopic images and can enable fast autofocusing for
the stereomicroscope. The proposed method also does not need plenty of experiments
for selection of the optimal sharpness function, but only requires the fixed index for
the calculations. Sharpness judgment for arbitrary stereomicroscopic images can be
performed by utilizing the calibrated clear disparity range. The experimental results
show that the translation stage can reach the focus position with a few times of itera-
tions, thus saving a lot of autofocusing time.
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