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Abstract: In the field of image detection, when focusing on multiple targets of interest with different
depths, in addition to optimizing the focusing speed of a single target, a comprehensive consideration
of the interrelationships among multiple targets can further enhance the overall focusing efficiency.
In this context, this paper presents a multi-target adaptive focusing algorithm based on image phase
difference. The algorithm improves the accuracy of phase difference calculation through multi-scale
image matching and adaptively adjusts the defocus estimation model based on the phase difference.
Additionally, the algorithm orders multiple target regions by defocus estimation to reduce the overall
focus time and combines the defocus estimate with image clarity to achieve precise focus on each
region. The experimental results show that the method not only effectively improves the accuracy of
defocus estimation and does not need to rely on lens calibration, but also significantly improves the
speed and efficiency of multi-target focusing compared with traditional focusing algorithms.

Keywords: autofocus; defocus estimation; image clarity; multi-target

1. Introduction

Autofocus technology is one of the key technologies in imaging systems [1]. With the
development of technology and the richness of application scenarios, people have higher
demand for the speed and reliability of autofocus technology. Currently, the mainstream
focusing algorithms [2,3] are mainly divided into two kinds: contrast detection autofocus
(CDAF) and phase detection autofocus (PDAF).

CDAF operates by measuring image clarity [4] at various positions, determining the
focus direction and position based on these values. The point of maximum clarity value
represents the theoretical focus position [5]. In recent years, researchers have actively been
exploring more sensitive image clarity evaluation functions and more efficient focus search
algorithms to improve the performance of contrast detection focusing [6-9]. Commonly
used search algorithms include the hill-climbing search algorithm, the golden-section search
algorithm, and the function fitting search algorithm. While CDAF offers high accuracy,
it struggles in low-contrast environments where it is difficult to estimate lens movement
direction, resulting in longer search times and slower focusing.

PDAF [10-12] achieves autofocus by detecting phase offsets in the images captured
by photoreceptors. When a phase difference is observed between the output signals
of two photoreceptors, the necessary focus position adjustment is calculated based on
this difference. Compared to CDAF, PDAF provides faster focusing, but at the cost of
lower accuracy, particularly in low-light conditions. To improve phase detection accuracy,
Jang et al. [13] proposed a multiresolution feature extraction algorithm that can more
rapidly and robustly estimate phase differences in defocus images under low illumination.
Additionally, they incorporated a hybrid focusing algorithm [14] to combine the strengths
of both CDAF and PDAF, further improving focusing speed. Chan et al. [15] introduced
the skewed normal distribution model for phase shift estimation and applied Bayesian
theorem-based techniques for more precise defocus distance estimation, enhancing the
accuracy of focus adjustments.
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The term multi-target in this paper refers to the presence of areas of different depths
in the field of view, which can be different feature areas of the same object or different
types of objects. Multi-target-focused image acquisition involves focusing on and capturing
images of multiple regions of interest within the field of view separately. This technique
is commonly applied in industrial and medical image detection [16], multi-target image
fusion, and other related scenarios [17-19]. The autofocus algorithms mentioned above
focus on the time required for single-target focusing, and thus are not optimal for the
continuous multi-target focusing photography. These algorithms also face limitations in
adapting to changes in lens parameters when employing calibration-based lens models [20]
for autofocus.

In this paper, defocus estimation is conducted for different target regions to optimize
the focus search path. This approach reduces the distance the motor must travel repeatedly,
thereby accelerating the overall focusing speed of the multi-target focusing algorithm.
Additionally, by refining the phase difference calculation method, the autofocus algorithm
provides more accurate defocus estimates, which further enhances the speed of focusing
on individual targets. The adaptive adjustment of the defocus estimation model during
the focusing process offers the advantage of not being constrained by lens calibration, in
contrast to traditional methods.

2. Principle

Contrast detection autofocus is performed based on the image clarity evaluation
function [21-23], and autofocus is realized by finding the position with the largest clarity
evaluation value [22]. Due to the real-time requirement of autofocus for image clarity, a
spatial domain evaluation function is usually chosen to evaluate the image clarity of the
current region by calculating the gray gradient value of the focusing region. Among them,
the commonly used Tenengrad function calculates the gray gradient of the image based
on the Sobel operator [24] and calculates the clarity value by adding the square of the
gradient amplitude:

-1 0 1 -1 -2 -1
Se=1|-2 0 2[,s,=|0 o0 o (1)
-1 0 1 1 2 1
Gx(x,y) = f(x,y) * Sx, Gy(x,y) = f(x,y)* Sy (2)
Goatet (x,4) = /G (x,9)* + Gy (x,y)? ©)
1
C= MXN;;GSObel(x/y) 4)

where Gy (x,y) and Gy (x,y) are the horizontal and vertical gradient values of the grayscale
image f(x,y) convolved with the Sobel algorithm kernels S, and S, respectively, * is the
convolution symbol, and Gg,pe (X, 1) is the gradient image with the image size of M x N.
C is the computed clarity factor, and the larger C is, the clearer the image.

Phase detection autofocus relies on shield pixels on the sensor [25]. Figure 1a shows
the imaging principle of a sensor with shield pixels. A mask in the form of a metal shield
is placed on the left or right pixel. When placed above the left (or right) pixel, it blocks
the light from the right (or left) side so that the light cannot reach the photodiode below
the mask. When in focus, the intensity of light arriving at the left pixel and arriving at the
right pixel is the same; when out of focus, the intensity of light deviates. The photodiode
converts the received light intensity into a voltage signal or a digital signal, which generates
the corresponding gray value. The gray pixel values obtained on the same row of masked
pixel points when the sensor is imaged are shown in Figure 1b, where the horizontal
coordinate is the horizontal position of the pixel point and the vertical coordinate is the
gray value. When out of focus, there is a certain pixel displacement between signals, i.e., a
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phase difference PD between the response signals of the rows of left pixels and those of the
rows of right pixels.

Object Left Pixel Right Pixel

255
Lens %
l :
>
s
_ Micro Lens ©
0

m Photodiode —— Left —— Right

Mask
(a) (b)

Figure 1. Sensor-based defocus phase difference generation principle: (a) sensor with shield pixels;
(b) phase difference between left and right signals.

Thus, the phase shift between the signal on the left pixel and the signal on the right
pixel can be modeled by a one-dimensional translation:

R(x) = L(x + PD) ®)

where R is the signal on the right pixel of a row and L is the signal on the left pixel of a row.
According to the correlation principle, the current signal offset, i.e., the phase difference
PD, is calculated: L
)y (R R)(LAx LAx)

—\2
VE (R = RS (Lay — Lay)

PD = arg max Corr(R, Lay) (7)
Ax

Corr(R,Lpy) = (6)

where Ly, is the signal offset Ax from the original L, R is the average value of R, La, is the
average value of L, and Corr is the correlation calculation function.

Focusing, in principle, involves controlling the focus motor to change the distance
from the lens to the sensor so that the imaging position is on the focal plane. As shown in
Figure 2, the clarity value and phase difference of the image in the region are calculated
when the lens is in different positions. For CDAF, the position when the image clarity is
maximal is the focus position; for PDAF, the phase difference of the image in focus is close
to 0, and the larger the absolute value, the further the lens is from the focus position of this
target [26]. Therefore, when defocusing, it is possible to estimate the current step size S
needed to move the lens to the focus position based on the current phase difference PD and
the proportionality relationship § between the phase difference and the lens position [27]:

S=-PD/# ®)
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Figure 2. Image phase difference and image clarity versus lens position.

3. Materials and Methods
3.1. Method of Calculating Phase Difference

The accuracy of the defocus estimation is directly related to the phase difference
computation, and this paper proposes a phase difference computation method based on
multi-scale two-dimensional image matching (MS2D Match) to improve the accuracy of
the phase difference computation. Since a single line of pixel signals may lack the feature
information of the object in focus, the present study splits the matching of the left image I;
and the right image I, from the original Raw format image I:

I=L+L+T ©)

where I/ is the image made up of non-shield pixels. When increasing the field of view angle,
the total light intensity that can be received by the left and right pixels will be different, as
shown in Figure 3a. By normalizing the left and right images to obtain Ig and I} to reduce
the effect of the difference in illumination on the matching result, this reduces the matching
error in the fringe field of view. Image pyramids are constructed for the normalized left
and right images, respectively [28]: a single image is continuously downsampled to obtain
images of different resolutions, as shown in Figure 3b, which shows a three-layer pyramid
(Ir1, Iro, I13) of the left image and a three-layer pyramid (Ir1, Ir2, Ir3) of the right image.
The left and right images of different scales are matched, respectively:

NCCI(AX) = COI‘I‘(IRi, ILi(Ax)) (10)

where I};(5,) denotes an image offset by Ax pixels horizontally compared to the original
image I;;, and NCC;(Ax) is the normalized correlation between the left and right images
at the current scale at the Ax offset, as shown in Figure 3c. After the correlation on each
scale is calculated, the results of the lower scales are scaled up to the original resolution for
fusion using interpolation:

Y NCG; (11)

where N is the number of layers of the image pyramid. The phase difference PD is the
subpixel level Ax at which the correlation is highest, obtained by secondary interpolation:

NCC(Axmax — 1) — NCC(Axmax + 1)

12
2 % (NCC(Axmax — 1) — 2 x NCC(AxXmax) + NCC(Axmax + 1)) (12)

PD = Axmax +

where Axmax = arg max(NCC).
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Figure 3. Phase difference calculation process based on MS2D Match: (a) separate left and right
images; (b) constructing multi-scale images; (c) calculating the defocused image phase difference
based on the correlation coefficient.

3.2. Adaptive Defocus Estimation Model

The defocus estimation model [29] concerns to the relationship between the phase
difference and the lens defocus distance. As shown in Figure 4, when defocused, the two
light rays originally converging at the same point receive the same response on the left and
right pixels of the sensor, respectively. The pixel distance between them on the sensor is
the phase difference PD, and the corresponding defocus distance is d. The ideal imaging
situation at different object distances is shown in the figure. Figure 4a shows a closer object,
resulting in a negative phase difference, indicating that the lens needs to move closer to
the direction of the sensor; Figure 4b shows a farther object, resulting in a positive phase
difference, indicating that the lens needs to move away from the direction of the sensor. The
PD generated by the objects between Object_1 and Object_2 satisfies PD; < PD < PDj, so
that the relative distances of the objects can be estimated based on the phase difference and
the desired lens-focusing situation can be obtained.

(a) ®
Object 2
Object 1
y D R D
u - =
! v, /
Vi
D, (-) |
dz:,
"dlt < < AN <l an
PD, (+)

Figure 4. Lens-focusing model. (a) Imaging situation that produces negative phase differences;
(b) imaging situation that produces negative phase differences.
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According to the imaging principle, the relationship between the phase difference and
the defocus distance can be estimated:

PD D F#=f PD  f
—_= — = 1

d v d vF# (13)
where v is the image distance, D is effective lens aperture, f is the focal length of the lens,
and F# is the aperture number of the lens. An estimate of the lens defocus distance for the
lens can be constructed as follows:

d=PD x 0 (14)

where 6 is the conversion coefficient between the phase difference PD and the lens defocus
distance d, which is related to the lens aperture, focal length, focus distance, etc. According
to the above principle, the lens module needs to be calibrated in advance to convert the
image phase difference into the defocus distance through the defocus estimation model,
and the conversion coefficient # under different parameters needs to be calibrated.

This paper uses an adaptive defocus estimation model to adjust the conversion coef-
ficient calculation under different lens parameters. When the lens is at a certain defocus
position Z;, the phase difference PD; of the image in the current motor position and its cor-
responding left and right image correlation coefficients w; can be calculated according to the
principle in Section 3.1, i.e., w; = max(NCC). Using the initial two sets of data—(Z, PDy)
and (Z1, PD;)—the initial conversion coefficient is estimated:

_ PD; — PDy

o= (15)

During the autofocus process, the conversion coefficient is adjusted by calculating
(Z;, PD;) at each position and using the weighted least squares method [30] linear fitting:

i
S =Y wj(PDj— (6;Zj+c)) (16)
j=1
i w;Z:(PD; — PD
a—sz,is:o_wl:zfil j%(PD; ~ PD) (17)
891‘ dc Z}:l a)ij(Z]' — Z)

where c is the intercept of the fitting line, and Z]-, PD]-, and w; represent the data calcu-

lated in the previous focusing process; they can be used to estimate the defocus model.

. i w.PD; — i w0

PD = Z"}iijf; Z = 2171762] In addition, when the lens changes the aperture or focal
j=17] j=1%]

length, it is necessary to re-estimate the conversion coefficient based on the phase difference

PD; before the change and the phase difference PD; after the change:

PD;
0 =60, X — (18)
i =YX Py

3.3. Multi-Target Focusing Algorithm

When focusing on a single target, the autofocus algorithm based on contrast detection
can obtain a more accurate focusing result, but the number of searches is much greater
than that of the focusing algorithm based on phase detection. In addition, when focusing
on multiple selected targets, since the focus positions of each target are different, focusing
in the order that the targets are selected will cause the motor to move back and forth
frequently, and the overall focusing time will be longer, as shown in Order1 in Figure 5.
Focusing in a certain order can shorten the focusing process, as shown in Order2 in Figure 5.
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Figure 5. Schematic of multi-target focusing and its focus paths.

This paper proposes a multi-target focusing algorithm based on the above phase

difference calculation method and adaptive defocus estimation model, sorts multiple
targets based on defocus estimation, and implements a multi-target focusing algorithm by
mixing a phase detection autofocus method and a contrast detection autofocus method.
The steps are shown in Figure 6:

(a)

(b)

(©

(d)

Focus initialization. For the selected n regions ROI[k] (1 < k < n), calculate the
phase differences PDy k| and PDj [k], respectively, at two focus positions, Zy and Z;,
that are distanced from Spin. Smin is the minimum search step of the hill-climbing
search algorithm.

Multi-target sorting. The conversion coefficient 8; of the initial defocus model is
calculated according to formula (15), and the defocus distance d; [k] of each focus
region is estimated using the phase difference PD;[k]. All focus regions are sorted
from near to far according to the defocus distance to obtain RO [k] Subsequent
autofocusing in the sorted order can reduce the repeated movement of the motor.
Autofocus on the region of interest. To autofocus on the current RO I [k], the focus
algorithm is divided into two parts: PDAF steps and CDAF steps. First, according
to the defocus distance dj, the defocus step length S; =|d; | required for the lens to
move to the position where the theoretical phase difference is 0 can be calculated. In
order to reduce the number of repeated movements of the motor, the search interval
is reserved during PDAF. The step length Spp of autofocus is as follows:

Spp =|Sq +4Smin| D= —-1,d <0 (19)

{ Spp :|Sd_4smin| D=1,d>0
where D is the direction of lens movement. Calculate the image phase difference
data (Z;, PD;, w;) after each movement and use the data to update the conversion
coefficient 0; of the defocus estimation to obtain a new defocus estimation distance d;.
Repeat this step until |d;| < 4Smin and perform CDAF by completing a hill-climbing
search focus based on the image clarity evaluation function. The judgment condition
for successful focusing using the hill-climbing search algorithm is as follows: when
the motor moves with a step length Spin, the image clarity values C corresponding to
five consecutive positions show two increases and two decreases. At the same time,
in order to prevent the peak from being missed due to calculation errors or image
instability, add the judgment condition: when the image clarity decreases three times
in a row, turn the focus direction.

Adaptive adjustment of the defocus estimation model. The defocus estimation model
is divided into two steps in the focusing process: model self-correction and model
prediction. Model self-correction is when it is focusing on the current region in
step (c). If there are certain data ((Z;, PDj,w;j), 0 < j < i) within the range of
Z; — Smin < Z; < Z; + Smin, these data will be eliminated, and at most the five latest
sets of (Z]-, PDj, wj) data will be retained during model self-correction to update the
current defocus estimation conversion coefficient 6;. Model prediction means that in
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the focusing process, in addition to calculating the phase difference and clarity of the
currently focused RO, k], the image phase difference data of the ROLsop¢ [k + 1] is
also calculated at each focusing position. These data are used to correct the defocus
estimation model in the next position, so that when starting to focus on the next
region, a more accurate conversion coefficient 6; corresponding to the RO Loyt [k + 1]
can be obtained.

(e) Multiple target focus. Repeat steps (c) and (d) in the order of ROI k| until all
regions are in focus.

—DC Start autofucs of ROL,.[Kk] )4—
| Focus on steps of Sa I{—

Select ROITK] Refresh 6; by (Zi, PD;) and
refresh ;7 of ROIon[k+1] N

[ Calculate PDo[K] |
+ W N
I Move Smir and calculate PD;[K] | Y

Focus on steps of Smin and
calculate image clarity

N
Y
Y

End

Calculate 67and estimate
defocus distance d; [k]

v

Sort the focus region |—

Figure 6. Multi-target focusing algorithm.

4. Experiments and Analyses
4.1. Experiment Environment

The sensor model of the camera used for the experiment was a Sony IMX410 with the
parameters shown in Table 1.

Table 1. Image sensor parameters.

Parameter Name Parameter Value

Image sensor size 43.3 mm (2.7 inch)
Pixel size 5.94 um (H) x 5.94 um (V)
Resolution 6064 (H) x 4040 (V)

H represents the horizontal direction and V represents the vertical direction. In full-resolution mode, there is
1 line of phase focus detection pixels for every 12 lines. The camera’s maximum frame rate at full resolution is
12 fps. The lenses used for the experiment were manual zoom and motorized focus lenses. The camera sends
commands to the lens through electronic contacts to control the movement of the lens to achieve focusing, and
the total moving range of the focusing group, which is the travel of the focusing motor, is 0-7000 steps, and
the current position of the motor is represented by the variable Z (steps). The focal length range of the lens is
24 mm-70 mm and the maximum aperture is F# = 4.0. The experiment was supplemented with ambient lighting
or a ring-light source.

4.2. Experiment of Phase Difference Calculation

This section verifies the effectiveness of the phase difference calculation method based
on image matching.

Figure 7 shows the phase relationship obtained by image matching using different
methods when the defocus distance is large. Notably, the 1D Match shown in Figure 7a uses
a single-row image for matching, the 2D Match shown in Figure 7b uses a two-dimensional
image of the focus region for matching, and the MS2D Match shown in Figure 7c performs
image matching based on multi-scale transformation. The curves represent the correlation
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between the two images when the left and right images are offset by X-Offset pixels and
when the focus motor is at Z = 100, Z = 200, Z = 300, Z = 400, and Z = 500. The theoretical
focus position is at Z = 2400. The closer Z is to 2400, the smaller the defocus distance,
and the smaller the absolute value of the theoretical phase difference. In other words, as
Z approaches the focused position at 2400, the X-Offset corresponding to the maximum
correlation coefficient, that is, the PD, gradually tends to 0. The specific PD values and
the relationship between PD and the current position of Z are shown in Figure 7d. The
experiments show that as Z increases, the overall trend in the phase difference calculation
results obtained using the 1D Match and 2D Match is an upward fluctuation in the value
of PD. The use of MS2D Match results in a smoother correlation curve and a reduced
fluctuation in the calculated phase difference (red line in Figure 7d), which aligns with the
theoretical upward trend. This is attributed to the consideration of the disparate scales of
the images and their two-dimensional nature.

@ [71D Match ®) ["2D Match
7=500
8 7=400 8
Z. 7 i;gg Z Z=500
: 7=100 7=400
1 Z=300
ﬂ,: 7=200
H A 7=100
=50 -50 0 50
X-Offset X-Offset
© [ Ms2D Match D4 =" —»
=5 | —e— MS2D
O S
O =~ -7k
Z 7=500 Y
Z=400 —8r
7=300
7200 -9r
. 7=100 . . . .
=50 0 50 100 200 300 400 500
X-Offset VA

Figure 7. Correlation curves and phase differences obtained by using different image matching
methods: (a) correlation curve of 1D Match method; (b) correlation curve of 2D Match method;
(c) correlation curve of MS2D Match method; (d) PD obtained from the correlation curves shown
in (a—c).

The phase difference is calculated for three different scenes, as shown in Figure 8a—c,
corresponding to a resolution board with patterns of different frequencies and contrasts;
a circuit board with complex geometries, irregular textures, and multi-depth features,
representing real industrial inspection scenarios; and a keyboard with a low-contrast area,
respectively. The three curves in Figure 8d—f represent the relationship between the phase
difference and defocus distance calculated by the matching methods of 1D Match, 2D
Match, and MS2D Match for the target region. The ordinate is the phase difference, and the
abscissa is the current position of the lens motor.
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Figure 8. Calculated phase difference vs. lens position in different scenes: (a) focus on a certain area
of a resolution board; (b) focus on a certain area of a circuit board; (c) focus on a certain area of a
keyboard; (d) phase difference results for (a); (e) phase difference results for (b); (f) phase difference
results for (c).

The experiments show that compared with 1D Match, the curves of the other two meth-
ods have smaller fluctuations, and the defocus distance and phase difference relationship
curve calculated using MS2D Match has the smallest fluctuation.

The experimental results are analyzed quantitatively below. According to Equation (14),
in a phase detection autofocus system, the defocus steps of the focus motor are calculated by
the product of the phase difference and a preset conversion factor. To determine the conversion

A
factor, a straight line f(Z) is fitted to the curve of the defocus steps versus lens position (the
original curve f(Z)). The coefficient of determination R? is taken as an evaluation index of
the correlation between the original curve and the fitted curve:

RSS

RZ=1-—"2
TSS

(20)

A 2
where the residual sum of squares RSS = }_ ( f(2)-f(z )) and the total sum of squares
Z

N2
TSS = Z(f(Z) - f(Z)) . f(Z) is the mean of f(Z). The closer the R? value is to 1, the
z

smaller the deviation is. Table 2 shows the R? of the curve with its fitted straight line.

Table 2. Goodness of fit of the curve to its fitted straight line.

8(d) 8(e) 8(f)
1D Match 0.7971 0.9681 0.9628
2D Match 0.9994 0.9927 0.9893
MS2D Match 0.9994 0.9989 0.9956

The smaller the deviation, the more accurate the results that can be obtained when
using this method to calculate the phase difference for conversion factor calibration and
defocus estimation. It can be seen from the results shown in Table 2 that using two-
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dimensional images for matching (2D Match and MS2D Match) can significantly improve
the accuracy of the phase difference calculation. On this basis, when using MS2D Match,
the image phase difference can be calculated more accurately, especially for scenes with low
contrast. As shown in Figure 8c, the accurate improvement effect of the phase difference
calculation is obvious.

4.3. Focusing Algorithm Experiment
4.3.1. Adaptive Defocus Estimation

In the traditional lens calibration method, when the lens is at the center of the motor
range, an object is placed at an object distance that can be clearly focused, and the rela-
tionship between the phase difference and the motor position is calibrated. According to
this method, for a lens with a travel range of 0~7000 steps that is focused at the center
of the travel range (3500), a calibrated conversion coefficient of 6c4; = 0.010255 can be
obtained as a reference. The results of the defocus estimation according to the calibration
parameters and the results of the defocus estimation according to the adaptive method
are compared. As shown in Figure 9, (A) is the overall defocused image, and five regions
(B)~(F) are selected for defocus estimation.

Figure 9. Multi-target focus region selection.

Table 3 shows the comparison of the defocus estimation results when the motor focus
clear range is within the range of 3250-3750, that is, close to the calibration center position
of 3500. The experimental results show that the focus region shown in the figure has
different fields of view and object distances, and the calibration results do not consider the
impact of different fields of view and actual focus position on the defocus model. Therefore,
in most cases, the adaptive defocus estimation performs better.

Table 3. Estimation of defocus steps near the calibration center.

. Estimated b Estimated b
Target Region Actual Defocus Steps Calibrated Def(})lcus Adaptive Mogl,el
(B) 1230 12221 1222
©) 1562 1450 1538
(D) 1890 1955 1866
(E) 1382 1412 1458
(F) 1112 1204 1070

I The underlined data indicate that the estimated value obtained by this method is closer to the actual value.

Table 4 shows the comparison of the defocus estimation results when the motor focus
clear range is within the range of 2000-2500, that is, not near the calibration center position.
The experimental results show that when the clear focus position is far away from the actual
calibration center position, the error of the defocus estimation based on the calibration
result will increase, and the result of the defocus estimation using the adaptive method is
more accurate.
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Table 4. Estimation of defocus steps away from calibration center.
. Estimated by Estimated by
Target Region Actual Defocus Steps Calibrated Defocus Adaptive Model
(B) 2016 2131 2015
©) 1536 1749 1567
(D) 1124 1329 1149
(E) 1754 1917 1839
(F) 2184 2429 2153

4.3.2. Autofocus Speed

This paper uses a high-resolution camera with a frame rate of 12 frames per second to
test the autofocus search algorithm. Since the autofocus algorithm needs to determine the
next movement based on the evaluation of the current image, that is, each time a motor
movement command is sent, it is necessary to ensure that the image has been refreshed,
which requires an interval of about 83 ms at least. Therefore, under the condition of a
certain frame rate, the fewer the number of movements, the shorter the time required for
the focus search.

Figure 10 compares the focusing processes of multi-target focusing, considering the
multi-target adaptive focusing algorithm in this paper and traditional methods, including
the golden-section search algorithm, the Fibonacci search algorithm, and the hill-climbing
search algorithm combining coarse-fine search steps. The horizontal coordinate in the
figure represents the search process, the vertical coordinate represents the current lens
position, and each point represents a focus movement. The parts represented by letters
B~F in Figure 10 correspond to the focusing process of the areas (B)~(F) in Figure 9. The
traditional methods focus according to the selection order of the focusing area (B)~(F),
while the multi-target adaptive focusing algorithm focuses according to its algorithmic
estimation in the order of (F)-(B)-(E)-(C)-(D). Based on the degree of fluctuation in the
graph, when using the golden-section algorithm and the Fibonacci algorithm for focusing,
the motor repeatedly moves over a longer distance, and therefore the total focusing stroke
is longer. When using the hill-climbing algorithm, the density of the points is greater, which
means that the number of focus searches is higher.

The focusing performance of the four methods is quantitatively analyzed in Table 5.
Overall, the multi-target adaptive focusing algorithm proposed in this paper has advantages
in terms of the number of searches, search trips, and focusing time compared with the other
three algorithms.

Table 5. Focusing algorithm comparison.

. Number of Searches Total Number Search Trips Focusing Time
Algorithm
(B) ©Q) (D) (F) (F) of Searches (Steps) (s)
Golden-section 11 11 12 11 11 56 76,194 18.9
Fibonacci 13 14 13 11 17 68 77,942 20.4
Hill-climbing 27 17 15 20 19 98 7684 11.2
Multi-target 8 7 6 1 7 39 3457 19

adaptive
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Figure 10. Multi-target focusing process.

The final result is shown in Figure 11, where (A) is the initial defocused image and
(B)~(F) are the focus results images of each focus target region. The red boxes in the figure
indicate the selected focus regions.
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Figure 11. Multi-target focusing results: (A) initial defocused image and regions to be focused;
(B)~(F) focus results of each region in (A).

The all-in-focus image obtained by merging all the focused regions is shown in
Figure 12.
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Figure 12. All-in-focus image.

5. Conclusions

The multi-target adaptive focusing algorithm proposed in this paper uses multi-scale
image matching to calculate the phase difference of the defocused image, improves the
accuracy of the phase difference calculation, and uses the image phase difference data for
adaptive defocus estimation. Then, the defocus distance estimation of targets in different
regions is realized by combining the phase difference and the defocus model, which is
used for the optimization of the multi-target focus path and the design of the autofocus
step size of the target. The advantage of this method is that through the optimization of
the focus path and the adjustment of the adaptive model, the speed of autofocusing on
multiple targets in the field of view is accelerated, thereby accelerating the acquisition
process of multi-focus images. With the introduction of the adaptive defocus estimation
model, this technology breaks away from the limitations of traditional lens calibration and
can flexibly respond to changes in lens parameters. It is particularly suitable for scenes
with frequent adjustment of magnification and depth, such as medical microscopes and
industrial microscopic detection systems. It can provide innovative technical solutions
for fields such as biology, medicine, materials science, and industrial detection, and has
important application value. Since this method needs to be implemented using phase
difference data, and the calculation of phase difference data has specific requirements
for image sensors, it is hoped that other methods such as deep learning models can be
introduced in the future to replace traditional phase difference calculations, so that the
algorithm can be applied to more types of imaging systems.
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