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Introduction:

Camera focus can be done manually by rotating the lens focus ring or automatically by the system. An autofocus (AF) optical system uses a sensor, a control system,
and a motor to focus on an automatically or manually selected point or area. Many auto-focusing techniques was developed throughout the years. For example,
active AF systems [1] measure distance to the object independently of the optical system, and subsequently adjust the optical system for correct focus. On the other
hand, passive AF system [1] determined the correct focus by performing passive analysis of the image that is entering the optical system. One example of passive AF
system is Phase detection (PD) [2,3]. Phase detection auto-focus is achieved by dividing the incoming light into pairs of images (figure 1) and finding the disparity
between them [4]. Objects that are in focus will have minimal disparity and blur compared to object that are out of focus. One way to divide the incoming light and
generate the two images is done by using dual pixel type sensor (figure 2). The dual pixel-type sensor contains sub-pixels [5,6], which separates an input light path
into two paths to generate the images. Several methods for calculating the disparity from the two images have been proposed. Among them, cross correlation
methods based [7], multiscale features extraction and hierarchical motion estimation [8], and lately deep learning based [9]. So far, most of the auto-focusing
algorithms were trained and examined on 2D scenes. In this work we implemented the dual pixel auto-focusing algorithm on a simulated 3D scene in ISET3D.
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Figure 1: Phase detection (PD) methods are based on splitting the incoming light into pairs of images and estimating the disparity between them. Objects that are in
focus, like the King piece, will exhibit low disparity in comparison to objects that are out of focus, like the Rook piece.

Background:

Dual Pixel Image Formation:

Dual Pixel are sensors where each pixel is split into two photodiodes sites (figure 2). Incident light is focus on a microlens, which splits the light into two pixels: left and
right.
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Figure 2: Incident light is focused into the microlens, which splits the light into two different photodiodes (left and right)

This split-pixel design enables the acquisition of two sub-aperture views [6], because each half of the DP accumulate light over one half of the aperture (figure 2). The
two sub-views are kind of stereo pair, in which objects exhibit horizontal shift between the two sub-views (figure 3). The sum of the two views accounts for all the light
going through the aperture and is equal to the ordinary full-pixel image that would be captured by a non dual-pixel sensor [5].
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Figure 3: An example of the Bayer pattern dual pixel. The red, green, green, blue pattern consists of 8 photodiodes, where each per has it own microlens. This
pattern enables to capture two images of the same scene from two sub-aperture views

Dual Pixel & Focus:

Figure 4 depict the effect of focusing on the forming two images. Objects in the scene that are out of the optical depth of field will be blurred and shifted (exhibit
disparity) in the two sub-aperture views images. On the other hand, objects that are in focus (inside the optical depth of filed) will be sharp and have minimal disparity
in the two form images (figure 5).
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Figure 4: The affect of defocusing on the sub-views images. When a point source is placed at the object focal plane the camera lens focuses the light on the
microlens, which splits it into to two different photodiodes (yellow and purple), with minimal shift and blur. On the other hand, when a point source is placed out of the
object focal plane the light will no longer be focused on the microlens and the sub-aperture views images of the point source will be blurred and will exhibit disparity
(shift) between them.

As aresult, the disparity between the two views in a dual-pixel image is proportional to the defocusing of different objects in the full-pixel image. Phase Detection
auto-focusing algorithms, which Dual pixel is one of them, take advantage of this phenomena in order to determine when different objects in the scene are in focus, by

minimizing the disparity between the images.
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Figure 5: an example of the two sub-view images (left and right image), and their overlay image. The rook piece, which is out of focus, will exhibit disparity (as can be
seen by the green and purple colors in the overlay image). On the contrary, the king piece which is in focus will exhibit no disparity (as can be seen by the absent of
the green and purple colors in the overlay image)

Disparity Estimation:
As we saw in the section above, we need a way to estimate the disparity between the two sub-views images in order to determined when an object in the scene is in

focus. One optional algorithm is Template Matching using Zero Mean Normalize Cross Correlation (ZNCC) [7]. In this algorithm a template image is shifted pixel by
pixel in the horizontal and vertical directions across a reference image using the origins of the two images as a reference points (figure 6). For each shift the ZNCC

function is evaluated (figure 7).
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Figure 6: The Zero Mean Normalize Cross Correlation (ZNCC) function, the reference image (left image) and the template image (right image). The template image
is shifted pixel by pixel in the horizontal and vertical directions across the reference image, and for each shift the ZNCC function id evaluated.

The maximum correlation occurs when the two images (template and reference image) are most similar to each other, which also corresponds to the location when
the two are most align with each other. We can use this coordinated (of maximum correlation) in order to estimate the disparity. It is important to mentioned that this
type of dual-pixel design result in one dimension (horizontal direction) shift, so only the X coordinate of the maximum correlation was used to estimate the disparity.
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Figure 7: Zero Mean Normalize Cross Correlation (ZNCC) function. The disparity in the horizontal direction can be estimate from the X coordinate of the maximum
correlation.

The ZNCC function is sensitive to low contrast and noise. This means that for low contrast template and reference images the algorithm will be more susceptible to
errors in the disparity estimation. As a result, to improve the performance and robustness of the algorithm, the ZNCC function was evaluated over the RGB channel
with maximum contrast. The contrast of each channel was calculated according to the following formula:

Imaa( - Imin

Imax + Imin

Script Outline:

As was stated in the introduction, the main goal of the project was the implementation of the dual pixel auto-focusing algorithm on a simulated 3D scene in ISET3D.
The script at ISET3D contains the next following steps:

1. Uploading a PBRT recipe of a 3D scene (Slanted bar or Chess set).
2. Defining the optics to capture the scene (lens, aperture diameter, etc.)
3. Defining a dual pixel sensor and calculate the optical and digital image.

4. The user now can choose a region of interest (ROI) to focus on (figure 8)



Figure 8: An example of the graphical user interface (GUI). The user is asked to choose a region of interest (ROI) to focus on

5. Looping over different focal planes to find the plane with minimal disparity (using the ZNCC) in order to determine when the object is in focus (figure 9)
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Figure 9: An example of the auto-focusing algorithm. The script generates digital images for different object focal planes, and for each of them calculate the ZNCC in
order to estimate the disparity.

6. The algorithm then return the image with the chosen ROl in focus, by choosing the object focal plane with the minimal disparity (figure 10)

Figure 10: The script summary of the dual-pixel auto-focusing algorithm. The user chooses a region of interest (ROI) to focus on, and the algorithm automatically find
where the object is in focus.



Improving Algorithm Robustness:

We noticed that sometimes the algorithms find the same minimum disparity value (zero shift) for adjacent focal plane (figure 15). This can happens because the
ZNCC is sensitive to low contrast and noise. For example, the Rook background color is similar to the Rook color, which result in low contrast. To resolve this
ambiguity we added another measure (image sharpness) in addition to the disparity estimation. The image sharpness was calculated for the summed image (left and
right) using the following procedure. We take the cropped (over the ROI) summed image, and calculate the image magnitude gradient and image edges using the
Sobel operator. Then, we multiply the two images to get the image magnitude gradients that correspond to edges, and calculate the mean (for non zero values) over

the image. The larger the mean the sharper the image.

Figure 11: Image sharpness calculations. The image (cropped image) magnitude gradient and edges were calculated using the Sobel operator. The multiplication of
the two result in an image magnitude gradients that correspond to the edges. Sharpness value is calculated by taking the mean (non zero values) over the result
image.

To summarize, the algorithm starts by estimating the disparity of different object focal planes. Then, if ambiguity (same minimum disparity value for adjacent focal
planes) occurs, the image sharpness is estimated, and the final object focal plane is chosen according to the maximum sharpness.

Results:

Slanted Bar:

A 3D scene with four slanted bar targets was created. Each target was put in different distance (2,3,4,5 meters) from the camera (to be more precise from the optical
imaging film). The scene was capture using a double gauss 22 degree 50 mm lens, with an aperture diameter of 6 mm, and 50 rays per pixels. 256 by 256 microlens
with a 2.8 um diameter, film diagonal of 1.0137 mm, and film resolution of 512 by 512 pixels (1.4 um pixel size) were chosen.

Figure 12: A GIF file demonstration of the dual pixel auto-focusing algorithm. The user first choose an ROI around the wanted target, and then the algorithm finds
where the target is at focus. As can be seen, the algorithm succeeded to put each of the targets in focus.

The object focal plane was varying from 1 meter to 6 meters with 0.5 meter step (figure 12), while the algorithm goal was to place each target in focus automatically.
Figure 13 depict the disparity result for each of the target as a function of focus distance. As can been seen, the minimum disparity (zero) for each target matched the
correct distance (where the targets were placed). As was discussed in the section above (Dual Pixel & Focus) we expect the disparity to have larger values further
away from the target focus. As can be seen, this is true for targets 1, 2 and 3, but not for target 4 (the disparity for 1 meter focus distance should be higher than 2
meters focus distance). Target 4 does not follow the correct trend, because the disparity estimation algorithm (ZNCC) is sensitive to low contrast. As can be seen in
figure 12, at 1 meter focus distance the signal of the forth target is vert low, so the error in the disparity estimation is large. Nonetheless, this does not affect our final

results.
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Figure 13: Disparity estimation as a function of focus distance for each of the four targets. As we can see the algorithm has succeeded to identify the correct object
focal plane for all target.

Chess Set:
A 3D Chess Set 3D scene was captured using a double gauss 22 degree 50 mm lens, with an aperture diameter of 15 mm, and 200 rays per pixels. 512 by 512

microlens with a 14 um diameter, film diagonal of 10.1371 mm, and resolution of 1024 by 1024 pixels (7 um pixel size) were chosen. The imaging parameters were
chosen to enable enough filed of view, with short depth of field in order to create a noticeable disparity effect.

Figure 14: A GIF file demonstration of the dualOpixel auto-focusing algorithm on a real simulated 3D scene (Chess Set). An ROI around the wanted piece (Kind and
Rook) was chosen, and the algorithm found where the targets were at focus.

The object focal plane was varying from 1 meter to 2.4 meters with 0.2 meter step (figure 14), while the algorithm goal was to place the Rook and Kind piece in focus
automatically. Figure 15 depict the disparity result for each of the two pieces as a function of focus distance. As can be seen, a single minimum disparity (zero) was
detected only for the King piece. This minimum corresponded to the correct object focus position. On the other hand, the algorithm estimate the same minimum
disparity value for the Rook piece in two adjacent focus distances (1.6 & 1.8 meters). As was discussed in the section above (Improving Algorithm Robustness), this
ambiguity was solved by estimating the cropped image (Rook piece) sharpness and choosing the one with the largest sharpness. One should also notice that the
same disparity trend detected in the forth slanted bar plot is also exhibit in the Rook piece. The disparity at 1 meter focus distance should be higher than the one in
1.2 meter focus distance. As before, this error occurs due to the high sensitivity of the ZNCC function to low contrast and significant blurring.
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Figure 15: Disparity estimation as a function of focus distance for the Rook and King pieces. As can be seen the algorithm has succeeded to identify the correct
object focal plane for the King piece, but found the same minimum disparity value for two adjacent focal distances (1.6 and 1.8 meters) for the Rook piece.

Figure 16 depict the mean magnitude gradient edges (sharpness estimation) as a function of focus distance for both the Rook and King pieces. Here we show the
results for both pieces (King and Rook), but focuses on the result obtained for the Rook piece for the 1.6 and 1.8 meters focus distances. As can be seen the
sharpness estimation for the 1.8 meter is greater than the 1.6 meter, which mean the algorithm chose it as the best focus for the Rook piece. This choice corresponds

to the correct focus location (sharper image) of Rook piece. One should notice that the correct focus location could have been determined straight from the sharpness
results. Due to lack of time, we did not explore this more into depth and it will have to be done as a part of the future work.
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Figure 16: Mean magnitude gradient edges (sharpness estimation) as a function of focus distance for the two pieces (King & Rook). As can be seen, the sharpness

estimation for the Rook piece for 1.8 meters is greater than 1.6 meters focus distances, which correspond to the correct focus distance (sharper image) of Rook piece

1.4 1.6

2.2

Conclusions:

In this work we demonstrated the dual pixel auto-focusing algorithm on two simulated 3D scenes (Slanted Bar and Chess Set) in ISET3D. Our main contribution is a
simple graphical user interface (GUI) script that will be added to the ISET3D repository, and will enable future users to learn about the dual pixel auto-focusing
algorithm. The dual pixel auto-focusing algorithm is part of the Phase Detection family auto-focusing algorithms, where focusing different objects in the scene can be

achieved by estimating the disparity between the objects in the two forming sub-view images. The small the disparity the more in focus (sharper) the object in the
image his. As we saw in the result section, our algorithm succeeded in the task to put different objects in the scenes in focus.

In general, the algorithm performances can be affected by many factors. For example, our implementation used the Zero Mean Normalize Cross Correlation (ZNCC)
as a disparity estimator. This algorithm can not achieved sub-pixel (up to a certain degree) disparity resolution, so one potential future direction could be testing
different disparity estimators. This is important because in this project we choose our optics to result in small depth of filed. This minimize the ambiguity (same
minimum disparity values for two or more adjacent object focal planes), and enables better demonstration of the dual pixel auto-focusing algorithm. In many cases, for
example smart phone cameras optics, the depth of filed is much larger, and better disparity estimation is necessary in order to put different objects in the scene in the
correct focus.

In addition, the 3D scenes were captured in "ideal conditions”, with high SNR and high contrast (in most of the cases). As we discussed, the ZNCC can be very
sensitive to low contrast and noise, so another future direction could be exploring the affects of these parameters on our algorithm. Furthermore, as we saw in the last
part of the report, a simple sharpness analysis yield the correct focus locations (for Rook and King pieces), so another interesting direction could exploring the

performances of purely image processing methods, and where do they break. We suspect that these type of methods will perform poorly in different real life
scenarios, because if that would not have been the case, other methods (like phase detection) would not have been developed.



In addition, our algorithm relies on the user choice of a region of interest (ROI) to focus on. As we can assume, different users will choose ROIs of the same object
differently, which might affect the algorithms performances. As a result, it will interesting to test the error in focus estimation as a function of different ROIs around
different objects. Finally, our algorithm was tested on a single simulated 3D real scene (Chess Set), so one important step will be testing it on a larger dataset of
simulated scenes.
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Appendix:

The script and code for this project can be found on: https://github.com/ISET/iset3d/tree/master/tutorials/camera
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