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Abstract⎯In this paper, we present a high speed 

autofocus system for micro system applications and 
design a look-up-table based autofocusing algorithm for 
applications when a target object is always visible, e.g., 
manufacturing parts with alignment fiducials. We 
perform an evaluation of 24 focus measures to verify 
that which focus measure is the best for the 
look-up-table based method. From the evaluation, we 
find that the Chebyshev moments-based focus measure 
(CHEB) is the most suitable. Furthermore, we also 
develop a look-up-table based autofocus system that 
uses CHEB as the focus measure. In training phase, we 
offline construct a table from training images of an 
object that are captured at several lens distances. Each 
entry of table consists of focus measure computed from 
image and lens distance. In working phase, given an 
input image, the algorithm first computes the focus 
measure and then finds the best match focus measure 
from the table and looks up the corresponding lens 
position for moving it into the in-focus position. Our 
algorithm can perform autofocusing within only 2 steps 
of lens moving. The experiment shows that the system 
can perform high speed autofocusing of micro objects.   

Index Terms⎯High speed autofocusing, look-up 
table, micro system. 

1. Introduction 
Machine vision systems are widely used in industrial 

applications such as visual inspection, part measuring, and 
identification. Machine vision on the micro system requires 
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a high magnification optical component that consists of 
macro lens. This high magnification system generally has 
narrow depth of field that is susceptible to the out-of-focus 
problem. For the inspection task, well-focused images are 
necessary for machine vision algorithms. Generally, passive 
autofocusing systems are used to tackle the problem. There 
are many related works on passive autofocusing 
systems[1]-[8]. Generally, an autofocus system consists of 3 
major parts: focus measure, focusing method, and actuator. 

Focus measure: The focus measure is a quantity that 
measures degree of image blurring. The value of focus 
measure is maximum when the image is taken at focus 
position. And the values are decreasing as the degree of 
blurring increases. There are many works on focus 
measures[9]-[13]. These focus measures have different strong 
points and weak points. 

Focusing method: The goal of focusing method is to 
find the focus position that yields to the sharpest image 
acquired by the system. Most of works in the literature[4]-[8] 
present fast searching technique. On the other hand, some 
works[1]-[3] are based on the look-up table based focusing 
technique. 

Actuator: Normally, a defocus image is occurred 
because different rays reflecting from the same object point 
pass through the lens and do not meet at a single point in 
charge-coupled device (CCD) of camera. A focused image 
can be obtained by changing the focused point. Currently, 
there are kind of techniques to adjust the focused position 
such as motor, piezoelectric and voice coil, liquid 
lens[14]-[18], and auto zoom lens[19]-[21]. 

Generally, it takes more focus adjustment steps if we 
use an autofocusing method based on searching algorithms. 
However, in many cases, the target object for autofocusing 
is fixed, e.g. manufacturing part. That is, the input images 
for analyzing to adjust focus are similar, as shown with 
examples in Fig. 1. Therefore, we can use the fixed object 
constraint to design a fast look-up table based focusing 
technique that requires less number of steps to adjust the 
camera system before the in-focus image is obtained. In this 
work, first we present an evaluation of 24 different focus 
measures in the context of how suitable they are for look-up 
table based focusing. Second, we present an autofocusing 
system using look-up table based technique that uses the 
best focus measure operators explored in the first part. 
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Fig. 1. Examples of input images for part inspection. 

The remaining of this paper is organized as follows. In 
Section 2, we review the related works. In Section 3, we 
explain the evaluation of focus measures in the aspect of 
look-up table based focusing. In Section 4, we explain our 
proposed autofocus system. Then we present the 
experiment results of our system in Section 5. Finally, the 
conclusions are drawn in Section 6. 

2. Related Works 
The works related to ours can be divided into two major 

groups: i) the works about focus measures, and ii) the 
works about focusing technique. 

In the passive autofocusing system, a focus measure 
function is used for analyzing the sharpness of acquired 
images. Generally, the position that yields to the maximum 
focus measure value means the focused position. And, the 
less value of focus measure means that the image is more 
defocused. Normally, the focus measure should have the 
following properties: unimodality, monotonicity, defocus 
and noise sensitivity, effective range, computational 
efficiency, and robustness[13]. The ideal focus measure 
curve (plot of focus measure value vs. lens distance) can be 
shown in Fig. 2. Criteria for selecting the focus measure 
depend on applications. 

 
Fig. 2. Ideal focus measure curve. 

References [9]-[11] presented different focus measures, 
while [12] and [13] compared the performances of different 
focus measures under several conditions.  

The goal of focusing method is to find the focus 
position that yields to the sharpest image acquired by the 
system. Generally, the high value of focus measures means 
that the image is well-focused. Meanwhile the low value of 
focus measures means that the image is out of focus. 
Therefore, finding the focus position is equivalent to find a 
position that when we acquire the image, the value of focus 
measures computed from the image is the maximum. In the 

related literature, there were two different techniques of 
focusing methods, i.e., searching technique and look-up 
based technique. 

The key idea of searching technique[4]-[8],[22] is to 
iteratively acquire several images at different focus 
adjustment positions until the maximum focus measure 
value is obtained. Different search strategies were presented 
in literature, e.g., global search, Fibonacci search, 
rule-based search, and Hill-Climbing search. To apply 
searching method in autofocusing system, the focus 
measure curve should be unimodal to guarantee that an 
unambiguous peak position is obtained during the search 
for best-focused position. 

The key idea of look-up based focusing technique[1]-[3] 
can be explained as follows. First, a table is created offline 
from a set of training images. This table relates to the focus 
measure values and the corresponding distances that we 
need to move actuator into the focused position. Second, in 
autofocusing, we calculate the focus measure value of an 
input image and use this value to match the closest focus 
measure in the table. Then the distance of the matched 
entry of table is used to adjust the actuator into the focused 
position. 

3. Evaluation of Focus Measure for 
Look-Up Table Based Focusing 

In this section, we present the evaluation of 24 different 
focus measure operators, as listed in Table 1, to investigate 
that which focus measure is suitable for look-up table based 
focusing with the constraint on a fixed target object. 

Table 1: Abbreviations of focus measures 

Focus measure Abbr. 
Chebyshev moments-based[1] CHEB 
Image contrast[4] CONT 
Image curvature[4] CURV 
DCT energy ratio[4] DCTE 
DCT reduced energy ratio[4] DCTR 
Eigenvalues-based[4] EIGV 
Gaussian derivative[4] GDER 
Focus measure Abbr. 
Gray-level variance[4] GLVA 
Gray-level local variance[4] GLLV 
Normalized gray-level variance[4] GLVN 
Modified gray-level variance[4] GLVM 
Gradient energy[4] GRAE 
Thresholded absolute gradient[4] GRAT 
Modified gray-level variance[4] GRAS 
Helmli and Scherer’s mean[4] HELM 
Image phase congruency[2] IPC 
Energy of laplacian[4] LAPE 
Centered forth-order image moments[3] M22 
Steerable filters-based[4] SFIL 
Spatial frequency measure[4] SFRQ 
Tenengrad[4] TENG 
Tenengrad variance[4] TENV 
Image variance[5] VAR 
Vollath's autocorrelation[4] VOLA 
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(a)                       (b) 

Fig. 3. Test object: (a) slider bars and (b) ROI image.  

In general, the focus measure that can be used with 
look-up based technique must have a property that it must 
give an almost constant value at a particular distance and 
does not depend on image intensity changes and noise. 
Indeed, there is also an image scaling effect on the focus 
measure. However, in our work, we use tele-centric lens to 
circumvent such effect. 

3.1 Setup 
The slider bars used in our system are small electronic 

components in hard disc drive (HDD). It has 247.65 µm in 
height as shown in Fig. 3. Note that, due to intellectual 
property issue, we hide some details of the slider bar with 
red boxes in all figures appeared in this paper.  

The autofocus system consists of a camera, a telecentric 
macro lens, and a motor actuator, as shown in Fig. 4. The 
motor can be considered as linear motor axis that has a 
linear guide rail driven by an AC servo motor. The lens and 
CCD camera are installed on the linear motor axis. The 
distance between the lens/camera and the object can be 
changed so that the focused point of the image is obtained 
by moving linear motor axis. In particular, we use Basler 
camera (acA1300-30gm) and the macro lens (MORITEX 
MML6-HR65D) which are installed on the linear motor 
axis IAI (DS-SA6M-350-AQ-T1-INC-SP). 

 
Fig. 4. Proposed autofocus system. 

To test the robustness of focus measure to intensity of 
image change, we use a red LED light source, i.e., CCS 
(PJ-1505-3CA) so that we can change the level of 
illumination that has a direct effect on image intensity 
change. The LED light source is installed with the macro 
lens in the form of coaxial lighting. 

We take three sets of slider bar images which have 
different levels of light source intensity. For each set, we 

take 41 images in sequence. The lens distance of each 
image in the sequence is stepped with 10 µm by controlling 
the motor. The first image in the sequence is the most 
defocused image from one side of focus. Meanwhile, the 
last image is the most defocused image from the other side 
of focus. Some examples of images are shown in Fig. 5. 

 
Fig. 5. Some examples of images, Sets 1 to 3 (darkness to 
brightness) 

The region of interest (ROI) of images used for 
computing focus measure is a cross-mark fiducial as shown 
in Fig. 3 (b). For each image, we locate the cross mark by 
NCC-based template matching. The ROI is extracted in 
relation with the detected cross mark. The portion of images 
inside ROI is cropped to compute the focus measure. 

To test the robustness of focus measure to noises, we 
choose 3 different noises: poison noise, speckle noise, and 
Gaussian noise in the evaluation. We use the image of Set 2 
(normal level of light source intensity) that is previously 
used for evaluating the robustness of intensity change. Then 
we add the noises to this image set by using the MATLAB 
function imnoise. The parameters of noise models are listed 
as follows.   

• Gaussian noise: Zero mean with variance 0.001, 
• Speckle noise: Zero mean with variance 0.01, 
• Poisson noise: Unit rate of Poisson process is local 

mean around the pixel. 
Examples of images with noises are shown in Fig. 6. 

Then we repeat the same evaluation procedure as we do for 
testing the robustness to intensity change as explained 
earlier. 

 
Fig. 6. Some examples of images with noises. 

3.2 Evaluation Result 
For the experimental result of robustness to intensity 

change, we show the focus measure curve with plot 
between the focus measure values (Y-axis) at different lens 
distances (X-axis). We consider a focus measure to be 
robust to intensity change if the focus measure curves at 
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different intensity levels are almost superimposed to each 
other. This could be helpful for look-up table based 
focusing in which the focus measure values at the same lens 
distance are almost invariant to illumination changes. We 
found that CHEB, DCTR, and EIGV are the focus 
measures that have the characteristic of robust to intensity 
change explained above. 

Due to the page space limitation, in Fig. 7, we show 
only the focus measure curves of CHEB, DCTR, and EIGV 
that perform well under intensity changes. We also show 
the focus measure curves of VAR, GRAE, and LAPE 
which are some examples of focus measures that are not 
robust to intensity change. 

 
(a)                               (b) 

 
(c)                               (d) 

 
(e)                               (f) 

Fig. 7. Respond of focus measure to image intensity change: (a) 
CHEB, (b) DCTR, (c) EIGV, (d) VAR, (e) GRAE, and (f) LAPE. 

Similarly, for the experimental result of robustness to 
noises, we found that CHEB, DCTR, GLVN, and VOLA 
are robust to Poisson noise. Meanwhile CHEB, DCTR, and 
EIGV are robust to Speckle noise. And, GDER, GLLV, and 
VOLA are robust to Gaussian noise. Due to the page space 
limitation, we show only focus measure curves of CHEB, 
DCTR, EIGV, GDER, GLLV, and VOLA in Fig. 8. 

Furthermore, we evaluate the processing time for 
computing different focus measures as shown in Table 2. 
The specification of computer used is Intel Core2 Duo 
processor (2.0 GHz FSB, 2 MB L2 cache) RAM 2GB 
DDR2. The size of ROI image is 70 pixels×70 pixels. Note 
that the processing time is measured on the program written 
in MATLAB. 

 
(a)                               (b) 

 
(c)                               (d) 

 
(e)                               (f) 

Fig. 8. Respond of focus measure to noises: (a) CHEB, (b) DCTR, 
(c) EIGV, (d) GDER, (e) GLLV, and (f) VOLA. 

Table 2: Processing time of focus measures 

Focus 
measure 

Computing time 
(ms) 

Focus 
measure 

Computing time 
(ms) 

CHEB 0.0010 GRAT 0.0004 
CONT 1.7174 GRAS 0.0003 
CURV 0.0053 HELM 0.0024 
DCTE 1.0116 IPC 0.0523 
DCTR 0.9983 LAPE 0.0015 
EIGV 0.0022 M22 0.0010 
GDER 0.0045 SFIL 0.0056 
GLVA 0.0004 SFRQ 0.0004 
GLLV 0.0046 TENG 0.0022 
GLVN 0.0005 TENV 0.0024 
GLVM 0.0034 VAR 0.0001 
GRAE 0.0003 VOLA 0.0004 

4. Our Proposed Autofocus System 
From the evaluation results of different focus measures 

presented in the previous section, we select the focus 
measure CHEB to use in our proposed look-up table based 
autofocus system. The brief explanation of this focus 
measure is presented in Appendix A. The main reason to 
select CHEB among the three focus measures (CHEB, 
EIGV, and DCTR) is based on its lowest processing time 
(fastest) as shown in Table 2. 

The hardware of the system is similar to the one used in 
the evaluation presented earlier. For the software, the block 
diagram of our proposed algorithm is shown in Fig. 9. 
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Fig. 9. Autofocus block diagram. 

The look-up table is constructed offline in learning 
phase from a set of learning images. This set of images is 
acquired at different lens positions varying from the most 
blur position to the focus position. Generally, the distance 
between two consecutive steps of lens positions for 
building the look-up table should be less than the 
depth-of-field (DOF) value of lens. In our system, we use 
the telecentric lens that has 60 µm of DOF. This value is 
obtained from the data sheet. Therefore, we use the lens 
distance of 10 µm for each lens step in the look-up table.     

Note that since the focus measure curve is symmetry 
around the peak, we acquire the images only one side of 
focus. The other of side of focus is inferred from the 
acquired data. Each entry in the look-up table consists of 
two major fields: i) focus measure value computed from the 
image and ii) lens distance, dL (the position that needs to 
move lens to be in-focus). An example of look-up table is 
shown in Table 3. 

Table 3: Look-up table 

dL (µm) FV dL (µm) FV 
0 3.1853 120 0.7940 
10 3.0272 130 0.7312 
20 2.7589 140 0.6515 
30 2.4326 150 0.6008 
40 2.1134 160 0.5338 
50 1.8073 170 0.4979 
60 1.5705 180 0.4593 
70 1.3996 190 0.4124 
80 1.2501 200 0.3809 
90 1.1308 210 0.3513 
100 1.0220 220 0.3263 
110 0.9088 230 0.3064 

 
Given an input image, the details of algorithm with 

regard to Fig. 9 can be explained as follows. First, we 

locate the cross mark using NCC-based template matching. 
Second, we crop the ROI in the area around the cross mark. 
After that, we calculate the focus measure value of ROI 
image by CHEB focus measure algorithm. We suppose that 
the focus measure value obtained is FVO. And then, we use 
this value to match the closest focus measure in the table. 
We suppose that the distance to move the lens in the table is 
dL. Then the distance dL is used to control the motor 
actuator to move the lens into the focused position. 

Since the focus measure curve is symmetry, therefore 
the focus value FVO can correspond to either front or back 
of the focus position, as shown in Fig. 10. In this work, we 
always enforce to move the lens only one side (either 
forward or backward). Therefore, we need to capture a new 
input image after moving lens. The steps of cross mark 
localization, ROI cropping, and focus value calculation are 
repeated to obtain the second focus value, which is referred 
to as FVN. If the value of FVN >FVO, it indicates that we 
move into the focus position (i.e., the focus measure value 
is increased). The example of this case is shown in Fig. 10 
(a). 

On the other hand, If the value of FVN <FVO, it means 
that we control the lens to move farther from the focus 
position. Therefore, we need to make the second focus 
adjustment by controlling the motor actuator to move the 
lens with the two times of position dL in the opposition 
direction of the first move. The example of the second case 
that needs two lens moving is shown in Fig. 10 (b). 

 
(a) 

 
(b) 

Fig. 10. Lens moving step in the 1st move: (a) case of true 
direction and (b) case of false direction. 
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Fig. 11. Screenshot of our developed program. 

 
(a)                      (b) 

 
(c)                      (d) 

 
(e)                      (f) 

 
(g)                      (h) 

 
(i)                      (j) 

Fig. 12. Autofocusing results: (a), (c), (e), (g), and (i) images 
before autofocusing, and (b), (d), (f), (h), and (j) images after 
autofocusing. 

5. Experimental Results 
We implemented the algorithm presented in Section 4 

by NI LabVIEW. The screenshot of our developed program 
is shown in Fig. 11. The program controls the motor 
actuator via serial communication. For image processing 

part, we use NI Vision library module. 
To evaluate our developed system, we show qualitative 

results of autofocusing on 5 different initial lens positions, 
as shown in Fig. 12. The images on the left side (Fig. 12 (a), 
(c), (e), (g), and (i)) show the images captured at 5 initial 
positions before autofocusing. The images on the right side 
(Fig. 12 (b), (d), (f), (h), and (j)) show the images after 
autofocusing is executed. We also crop and show the 
images of cross marks to show the effectiveness of our 
autofocusing algorithm. 

In the experimental results we found that, our autofocus 
system can perform autofocus at different object distances. 
Specifically, our system is robust to image intensity change, 
as shown in Fig. 12 (h) and Fig. 12 (j), therefore, our 
system can successfully perform autofocus. 

However, our system is still failed to do autofocus 
when the initial input image (captured at a far initial lens 
position) is very blur.  

For the speed of our system, the averaged processing 
time is about 126.2 ms per part based on Intel Core2 Duo 
processor (2.0 GHz FSB, 2 MB L2 cache) RAM 2 GB 
DDR2. Note that this processing time includes a delay that 
we need to wait for the steady state after we drive the motor. 
Currently, we put 60 ms for each delay. From the 
algorithmic aspect, our algorithm requires only 1 or 2 steps 
of lens move before the focus point is obtained. 

6. Conclusions 
In this paper, we presented a high speed autofocus 

system for micro system applications. Our proposed 
autofocusing algorithm is based on look-up table technique. 
Our proposed algorithm is designed for the case that the 
target object is fixed, e.g. part inspection task. Particularly, 
first we present an evaluation of 24 focus measures to 
verify that which focus measure is suitable for our look-up 
table based method. We found that Chebyshev moments- 
based focus measure (CHEB) is the best focus measure in 
which it performs best under intensity changes and noise 
and its processing time is low. Second, we develop a 
look-up table based autofocus system that uses CHEB as 
the focus measure. The algorithm can adjust the focus 
within only 2 steps of lens moving. Our experiment shows 
that the system can do autofocus for micro systems at a 
high speed. 

Appendix 
Focus measure operators: Chebyshev moments-based 
(CHEB)[1] 

( ; )

( ; )

H I p

L I p
=ϕ     (1) 

where || ( ; ) ||H I p and || ( ; ) ||L I p are the high-order and 
low-order Chebyshev moments order p of the normalized 
image I  that is calculated by 
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