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Abstract

Passive and convenient depth estimation from single-
shot image is still an open problem. Existing depth from
defocus methods require multiple input images or special
hardware customization. Recent deep monocular depth es-
timation is also limited to an image with sufficient contex-
tual information. In this work, we propose a novel method
which realizes a single-shot deep depth measurement based
on physical depth cue using only an off-the-shelf camera
and lens. When a defocused image is taken by a camera,
it contains various types of aberrations corresponding to
distances from the image sensor and positions in the im-
age plane. We call these minute and complexly compound
aberrations as Aberration Map (A-Map) and we found that
A-Map can be utilized as reliable physical depth cue. Addi-
tionally, our deep network named A-Map Analysis Network
(AMA-Net) is also proposed, which can effectively learn and
estimate depth via A-Map. To evaluate the validity and ro-
bustness of our approach, we have conducted extensive ex-
periments using both real outdoor scenes and simulated im-
ages. The qualitative result shows the accuracy and avail-
ability of the method in comparison with a state-of-the-art
deep context-based method.

1. Introduction

Single-shot depth measurement using an off-the-shelf
camera is still an open problem despite remarkable ad-
vances in computational photography. In particular, the si-
multaneous pursuit of high robustness, low cost, and high
depth accuracy are challenging requirement for realizing
production.

For the single-shot approach, deep monocular depth es-
timation (DMDE) [17, 2] and depth from defocus (DfD)
[5,14,7,19,23,25, 24] are mainly proposed in recent years.
DMDE is the most successful method, has greatly advanced
the accuracy of depth estimation by extracting contextual
information with a deep learning technique. Despite the re-
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Figure 1. Depth measurement from a single-shot image by super-
vised learning of Aberration Map (A-Map) which contains various
types of aberrations, position of image, and distance information.

markable progress of DMDE, it has a fundamental limita-
tion that a correct depth map cannot be estimated without
sufficient contextual information, for instance, in a scene
without the ground because it does not incorporate physical
depth cues. Conversely, single-shot DfD estimates depth
by purely simulating a model of defocus blur, without uti-
lizing contextual information. Although the depth cue is
physically given as defocus blur, the depth still has the near
side or far side ambiguity from the focal plane. While sev-
eral proposals which insert different types of color filters
[5, 7, 23, 25, 24] into the lens aperture solve this prob-
lem. Another approach of single-shot DfD focuses on axial
chromatic aberration [28, 9]. However, these approaches
need hardware customization to generate the desired aber-
ration. Moreover, it is difficult to model the actual point
spread functions (PSFs) because a camera lens generally
contains various types of aberration. Recently, a combina-
tion of DMDE and DfD named as deep depth from defocus
(DD1D) is proposed in [22]. Its main idea is to improve
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depth estimation by deep learning both defocus blur based
on DFD and contextual information. DDfD shows that out-
of-focus blur helps to improve the depth accuracy but it still
depends on contextual information and thus unavoidable the
inherent limitation of DMDE.

Since the actual aberrations are very minute and com-
plex in comparison with contextual information and defo-
cus blur, there has not been investigated yet how they affect
depth measurement, regarding to such both on-axis aberra-
tions and off-axis aberrations. Through our PSF measure-
ment experiment, we observed that actual defocused PSF
shapes produced by an off-the-shelf camera lens are unique
with respect to the distance from the image sensor and it
also has a position dependence in the image plane. We
call an image which contains this position-dependent and
distance-dependent aberrations as A-Map.

In this paper, we present a single-shot depth measure-
ment method using only an off-the-shelf camera. We
also propose A-Map Analysis Network (AMA-Net) which
learns the relationship between A-Map and corresponding
depth in a supervised manner. We demonstrate that our
method outperforms a conventional method in qualitative
evaluation, including various outdoor scenes. The main
contributions of this paper are listed below:

e We present a novel approach of physics-based single-
shot depth estimation by utilizing A-Map of an off-the-
shelf lens.

e We propose an original deep network, AMA-Net, which
consists of two branches, such as gradient brunch and
positional brunch, and efficiently estimates depth from
A-Map without involving contextual information.

o We demonstrated not only the robustness of our method
through qualitative and quantitative evaluations with
various outdoor textures, but also the validity of aber-
rations as depth cues by simulation studies.

2. Related work

One of the major methods for physics-based depth esti-
mation is depth from defocus (DfD). DfD is a passive depth
estimation based on modeling a defocus blur radius. A blur
radius b is derived from the lens-maker’s formula,

avy 1 1 1

b= 7% ok (1)

where u, a = %, f, F, p and vy are an object’s distance,
a diameter of the lens aperture, a focal length, an aperture
number, a sensor pitch and a distance between the lens and
the image sensor, respectively. Although the depth cue is
physically given as defocus blur, the depth still has the am-
biguity of near side or far side of the focal plane, because
there is same blur radius in both planes. Thus, DfD method

usually uses more than two-shot images to estimate the blur
radius [27].

For single-shot depth estimation with physical depth cue,
there are several proposals of color-coded apertures (CCA)
which insert different types of color filters [5, 14, 7, 19, 23,

, 24] into a lens aperture. Another approach for generat-
ing depth cue in [28] is focusing on axial chromatic aberra-
tion (ACA) by using customized chromatic lens. Although
CCA and ACA can solve the depth ambiguity, they require
hardware customization to obtain sufficient physical depth
cue.

In recent years, deep learning approaches have greatly
advanced in computer vision, and there is no exception
for depth estimation. One of the successful methods is
DMBDE [17, 2]. Generally, deep neural network is trained
with a large RGB-D dataset to learn variation of contex-
tual information. However, this method has limitation of
using images in the wild, for instance, in a scene without
the ground, sky or simple pattern such as a stripe.

The method of [22] combines DMDE with DfD to im-
prove depth estimation. They investigate that defocus blur
can be utilized as an additional depth cue. Although they
present great potential of blur information as physical depth
cues besides contextual information, it still depends on con-
textual information and is not yet detailed enough to analyze
blur information.

3. Method

The key point for accurate depth estimation is to find the
physical depth cues which should be unique within mea-
sured distances. To investigate various types of aberrations
can be utilized as a depth cue, first we describe lens aberra-
tion in Section 3.1 and then explain A-Map with measuring
and analyzing PSFs of an RGB camera lens in Section 3.2.
Finally, our deep network, A-Map analysis network (AMA-
Net) is proposed in Section 3.3.

3.1. Lens aberrations

Lens aberrations are generally categorized as chromatic
aberrations (CA) and monochromatic aberrations (MA). As
CA, there are two types such as axial chromatic aberrations
(ACA) and transverse chromatic aberrations (TCA). MA is
widely known as five Seidel aberrations: spherical aberra-
tions, coma, astigmatism, curvature of field and distortion.
In most cases, ACA and spherical aberrations occur at the
center of the image. On the other hand, TCA and coma
occur around the corner of the image. These types of aber-
rations depend on the angle of incidence (on or off axis) of
the light on the lens.

Some types of aberrations are illustrated in Figure 2. In
the case of single lens, each color, blue, green and red light
has different focal length due to dispersion (Figure 2 (a)).
When an object is in the far or near plane, blue or red
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Figure 2. Various aberrations of actual lens. (a) ACA of single
lens, (b) ACA of achromatic lens, (¢) Coma aberration, (d) Exam-
ple of actual coma PSF, and (e) Example of fringes produced by
actual camera lens aberrations.

fringe can be seen around the edge of captured images. Fig-
ure 2 (b) shows the simplest structure of achromatic lens
which typically corrects red and blue light. Nevertheless,
still purple and green fringes are observed in the near and far
plane since CA cannot be perfectly removed. Coma aberra-
tions are also difficult to remove and off-axis lights appear
as a comet-like tail on the image plane (Figure 2 (c) and (d)).
Even though a digital single-lens reflex camera (DSLR)
lens has a more complex structure with many lenses, the
colored-edge fringe is still visible (Figure 2 (e)).

3.2. Aberration Map

When considering the case of using product lens, blur
is produced from not only ACA but also other aberrations
which are hard to be suppressed perfectly. To investigate
the behavior of both on-axis and off-axis aberrations at the
same time, we first measure PSFs because various types of
aberrations are eventually expressed in the form of PSFs.
PSFs can be efficiently measured by using DSLR camera
and capturing an image of point light sources (a matrix of
white dots) which is displayed on high resolution display, at
various distances (details are described in Section 4.1). Fig-
ure 3 shows an example of measurement results, the mea-
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Figure 3. PSF measurement results. The point light sources
were measured with f=50mm RGB-SDLR camera, F1.8 and F4,
at, near, in-focus, and far side, respectively. (a) is the example of
sampled A-Map F1.8. Pink and yellow square show on-axis and
off-axis PSF. (b) and (c) show expanded images of the on-axis and
off-axis where the position is squared in (a). The numerical val-
ues of the PSF in the horizontal direction (white arrow) are shown
below the expanded PSF images.

surement distance was 1000mm (near), 1500mm (in-focus)
and 2000mm (far). As the figure shows, PSF has a position
dependence of the image.

We named these images which show the distance and
position dependency of PSFs as A-Map.

Figure 3 (b) and (c) shows the results of on-axis and off-
axis with F1.8 and F4. In addition, the numerical values of
the PSF across horizontal direction are also shown. There
are two major differences between the near-plane and the
far-plane. The first one is the shape of the PSF, the over-
all rough shape is induced by defocusing, and the detailed
shape is induced by various aberrations. For example, the
near plane PSF forms a concave surface of the center por-
tion and the far plane forms a convex surface. The second
is the color fringe, the purple and green fringe is generated
by CA, observed at near and far, respectively. Furthermore,
the off-axis PSF’s shape (Figure 3) is different from on-axis
PSF, which is caused by off-axis aberrations such as TCA,
coma, and field curvature.

From the measurement results, it can be observed that the
shape of the PSFs of the defocused plane has corresponding
distance. In addition, it is clear that the PSF of the product’s
camera lens is too complicated to simulate, as the PSF is
generated from various kinds of aberrations. Therefore, the
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Figure 4. The architecture of AMA-Net based on ResNet. A main Figure 5. Experimental system. The 12m automatic slide stage is
branch extracts blur from the gradients. A positional branch makes placed orthogonally to the display consisting of four 8K displays (to-
attention maps. The main branch feature map is multiplied by the tal 140 inches, 15360 x 8640, 16K). RGB-DSLR camera is mounted

attention maps.

deep learning method is considered to effectively analyze
complex A-Map.

3.3. AMA-Net

Archtecture. We developed A-Map analysis network
(AMA-Net) to analyze aberration blur efficiently. AMA-
Net architecture, shown in Figure 4, is based on
ResNet [10], and it has two branches: gradient branch
(main) and positional branch. Since A-Map contains var-
ious types of aberrations blur corresponding to position of
image and distance information, we adopt patch-based ar-
chitecture learning method [30, 26, 31, 21, 4, 3] to ana-
lyze only aberration blur. The architecture takes a patch
extracted from a captured image as an input, and then out-
puts a single depth value corresponding to the patch. This
network can be trained by patchwise images with flat depth
data only. Such data can be collected easily by our experi-
mental system (described in Section 4.1).

In the gradient branch as a main branch, the color gra-
dient of an image patch is calculated with respect to the
horizontal and vertical axis. All of the color gradients are
concatenated to a position z(, j) in positional branch. It
is well known that gradients give better results than color
images do for blur analisys [5, 7, 23, 25, 24]. The network
infers the defocus blur with learnable weight parameters 6
as b(i, j) = f(2(i, ); 0).

In the positional branch, the position (¢, j) is broadcasted
into the same size of the patch in order to handle the aber-
ration position dependence.

We introduce the self-attention mechanism [32] which
can put large weights on important features, therefore it al-
lows to focus on aberration blur efficiently. In contrast to
the main branch feature, this positional branch generates the
attention maps. After concatenating the positional informa-
tion to the gradients, the attention maps are calculated by
sigmoid functions from each feature map.

The proposed networks are trained as a regression prob-

on the stage moving with 1mm accuracy.

lem with supervision similar to stereo matching [13, 8] and
DMDE [17, 2]. The ground truth distance u(, j) is con-
verted to the blur radius b(z, j) by using Equation 1. A tu-
ple of (k,x(, 7), u(i, 7)) is the element of a training dataset,
where k € {0,..., K — 1} is the index. L1 loss function is
defined as L(0) = + >_, [b(i, ) — f(x(i,5); 0)|(2), where
N is the total number of training patches.

Implementation details. AMA-Net operates on an input
patch size of 16x16 pixels with five Resblocks for each
branch as shown in Figure 4. The convolutional layers in
all of our networks have 3x3 kernels and 1 stride. The
number of channels is fixed, 64 from the beginning to the
end to avoid overfitting. The network parameters with the
convolutional and fully connected layers are initialized ran-
domly according to the approach of [18]. To train our net-
works, we use ADAM [15] with the default parameters
a = 0.001,5; = 0.9,8; = 0.999,¢ = 10~° and 128 as
the batch size. Following [1 1], we do not use both L2 regu-
larization on all model weights and dropout to the output of
the last layer.

4. Experiment

First, we introduce settings of the experimental system
for training and testing. Then we verify following items:

(1)Performance and robustness of our method (quantita-
tive and qualitative evaluation).

(2)Validity of physical depth cue.

(3)Validity of AMA-Net’s positional branch to handle po-
sition dependence of aberrations.

4.1. Settings

We developed an indoor experimental system for gener-
ating training and testing datasets, as shown in Figure 5. We
put a disital single lens reflex (DSLR) camera (Nikon D810)
with a f=50mm double-gauss lens (Nikon AI AF Nikkor
50mm {/1.8D) attached on the moving stage, then captured
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the images displayed on the screen. The captured image
size is 7360x4912 pixel RAW. Meantime the distance from
the camera was also recorded as ground truth. Before in-
putting images to AMA-Net, they were down-sampled to
1845x1232 to reduce learning costs. We fixed the focal
distance at 1500mm and automatically captured 4 images
at each 100 different distances (total 400 images) ranging
from 1000mm to 2000mm. We carefully constructed our
training recipe to analyze only blur information instead of
contextual one. Therefore, we introduce various randomiza-
tion techniques to our training recipe to make the deep net-
work focus on blur information. We randomly picked im-
ages from the MSCOCO dataset [29] under various subject
conditions, arranged in matrix form as shown in Figure 5.
Horizontal or vertical flipping and random scaling was ap-
plied to each image to remove its shape and scale informa-
tion. Several data augmentation techniques [ 6] are usually
applied to avoid overfitting. For example, horizontal or ver-
tical flipping, random scaling, and shearing are usually em-
ployed [6]. We select random crop [6], brightness [6] and
random erasing [33] that do not affect blur. Note that this
experimental system is not only for generating datasets but
also for evaluation at a distance close to the outdoor scene.

4.2. Performance and Robustness results

Distance measurement. Regarding versatility, we evalu-
ated our method by measuring the distance with lens aper-
ture size (F value) of F1.8, F4 and F8 using the experimen-
tal system (Section 4.1). We used pre-trained model of each
aperture and tested with images of MSCOCO dataset. Fig-
ure 6 shows estimated depth vs ground truth. The mean
error at F1.8, F4 and F8 is 10, 20 and 46.3mm, respectively,
which is roughly proportional to the F value. This is intu-
itively understandable because blur radius is basically in-
versely proportional to F value. From the results, we con-
firmed that our method can accurately estimate the depths.
Measurement range extension. Although we set the fo-
cus distance at 1500mm in the training, theoretically the
blur radius is defined by relative distance from the focus
distance, which means it can be normalized and applied to
different measurement range. Thus, we shifted the focal
distance from 1500mm to 6500mm for the longer measure-
ment range. We obtained estimated depth without any mod-
ification, but simply multiplied it by 4.3. Figure 7 shows
the error curves over the ground truth. The mean errors are
also shown in the Figure 7. It also shows the depth accuracy
with the basic stereo method as a reference.

The stereo method composed of two cameras with
250mm baseline. To get stereo depth, we used semi-global
matching (SGM) [12] implemented in [1].

As the result shows, the mean error of F1.8 and F4 is
equivalent to the stereo method F4. Therefore, our method
can effectively apply to different measurement range with-
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Figure 6. Estimated depth vs ground truth of apertures F1.8, F4
and F8. We set the focal distance to 1500mm (see Section 4.1).
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Figure 7. Comparison with our method and stereo method on the
error curves vs ground truth. We set the focal distance to 6500mm.

out any additional training. The stereo camera has far
stronger depth cue than our method (monocular) because
of the large baseline. In contrast, the depth cue of our
method is much smaller because the baseline is equivalent
to 27.7mm in the stereo conversion. Despite the advanta-
geous setting of the stereo, our method is comparably ac-
curate except for the far plane. Although the mean error of
F8 is 2.5 times larger than stereo method, still it has enough
accuracy to tell the relative position between each object.
Robustness in the wild. The robustness in another depth
range test was carried out with focal distance 6500mm,
and then depth accuracies were compared with contexture-
based [20] and basic stereo method as a reference. We
used the pre-trained AMA-Net that is trained with only the
indoor dataset without any fine-tuning.

Figure 8 shows the qualitative results on outdoor scenes
and human photos. From the results of context-based
method, in the case of having contextual information such
as sky or ground, it can estimate depth, as shown in Fig-
ure 8§ (a) and (b). On the other hand, if there is no ground,
as Figure 8 (c) and (d), large depth errors occurred. More-
over, when the whole human body is captured, errors often
occur around the face area, as shown in Figure 8 (b) and (e).

As for the result with the stereo method, depth can be ac-
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Figure 8. Qualitative results in the case of various outdoor scenes. We compare context-based, stereo method F4, and our method F1.8, F4

and F8. We used AMA-Net trained images only for indoor data taken by the experimental system without fine-tuning to the outdoor data.
Gray indicates that there is no depth cue.

curately estimated, however, errors often occurred with oc-
clusions, short distances, thin branches, or horizontal wire
meshes.

In contrast, our method achieved accurate depth maps
for the failure cases of both methods, especially, the wire
mesh (Figure 8 (b)) and no ground image (c) and (d). Al-
though the measurement range depends on training depth
range, robust depth estimation was possible as we showed
in Figure 7. Despite theoretical limitations, F8 still can esti-
mate near and far depths. Some errors occur on the shading
pattern such as clothes wrinkles (Figure 8 (e)), and light-
ing condition need to be adjusted, however, our method can
estimate the depth of the whole human body’s outline. In
addition, a potential issue may arise by differences of spec-
tral power distributions between display and natural scene
irradiance. In places of direct sunlight, a purple fringe may
be seen at wavelengths close to an ultraviolet range which
TV light does not have. However, UV filters can be applied
to cut such wavelength regions and solve the issue.

Scalability evaluation of other lenses. To evaluate the
scalability to other lenses, we tested two different focal
length lenses, f=24mm (AF-S NIKKOR 24mm {/1.4G ED)
and f=105mm (AF-S VR Micro-Nikkor 105mm f/2.8G IF-
ED). With these two lenses, we estimated the depth with-

Ours F4

Ours F1.8 Ours F8

i B :‘__ :

out any re-training, just applied the f=50m F4 pre-trained
model as described in Section 4.1. Figure 9 (a) shows the
depth map of trained f=50mm, (b) and (c) are the depth
map applying the trained model of f=50mm to f=24mm and
f=105mm respectively. We changed the focus distance in-
dividually to align the depth range.

The results of untrained lenses achieve reasonable depth,
suggesting that geometric scaling is possible without re-
training. Actually, most lenses share very similar character-
istics on secondary ACA because this phenomenon arises
from a refractive index dispersion of available glasses.
Therefore, this relationship can be well maintained as the
lens changes, then AMA-Net learns these characteristics.
Thus, even a lens interchanges, it is possible to scale the
depth by using such common properties. However, because
aberrations depend on the lens specifications and the posi-
tion in the lens, retraining each lens achieves more accurate
depth.

4.3. Validity of physical depth cue

We verified the validity of physical depth cue based on
the experimental system (Section 4.1). We used the follow-
ing patterns for testing: (a) AR Maker pattern, (b) Step pat-
tern, and (c) Color image. Each image has the correspond-
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(a) Trained f=50mm

(b) Untrained f=24mm

(c¢) Untrained f=105mm

Figure 9. Scailability evaluation of three different focal length lenses: (a) Trained f=50mm, (b) Untrained f=24mm, and (c) Untrained

f=105mm. All lenses were set to F4.

ing distance; thus, one image ideally has uniform depth.
Figure 10 shows that our method correctly estimated depth
of the near and far plane because the images show a uni-
form color for the corresponding plane, even there is no
contextual information image as Figure 10 (b). Therefore,
our method was not deceived by contextual information; we
verified the validity of using aberrations as a depth cue.

4.4. Validity of AMA-Net’s Positional branch

We tested the pre-trained model with and without a po-
sitional branch in AMA-Net (described in Section 3.3) in
order to verify the validity of positional branch. We fixed
the lens aperture F1.8. Figure 11 (a) presents an example
of sampled A-Map. As can be observed from Figure 11
(a), the shape of PSF varies depending on the position. We
chose the stripe pattern image, to simply analyze the posi-
tion dependence of aberrations. The comparison of with and
without a positional branch on depth estimation are shown
in Figure 11 (b) and (c). The results demonstrated that the
pre-trained model with the positional branch correctly (uni-
formly) estimated the depth, whereas many errors occurred
on without the positional branch depth. The mean error of
with positional branch is 10.0mm, that is about 2.5 times
smaller than the error of without position branch (mean er-
ror: 25.1mm). As the result, we verified that the positional
branch of AMA-Net can efficiently analyze all aberrations
simultaneously.

5. Discussions

We have already presented the performance of our
method above. From here, to discuss the validity of our
method, we carried out simulation study, and then verified
the following two items:

(1) Discrimination ability of various aberrations.

(2) Effectiveness of aberration type.

5.1. Simulation framework

We introduced a simulation framework, as shown in Fig-
ure 12. First, we convolved the PSF kernel obtained by
the system (Figure 5) into the focus image to simulate the
defocused image. We used the measured PSF because of
the difficulty involved in simulating the lens (image) posi-
tional dependence on PSF. Variations of PSF to simulate

Captured image

(a)

—ﬂrrr‘»i
I \1[,

(b) OFF (c) ON

Figure 11. Comparison of estimated depth with and without the
positional branch. (a) The sampled A-Map, (b) Without the posi-
tional branch, and (c) With the positional branch of AMA-Net.

(a) Sampled A-map

defocused image are also shown in Figure 12 (A) - (E).
The magnified images demonstrated the purple and green
fringe on the edge of the near and far image which is equiv-
alent to Figure 2 (E). Secondly, the simulated defocus im-
age is passed to AMA-Net. As defocus images, we used
MSCOCO dataset with a size of 1845x1232 pixels to match
the experimental settings (Figure 5). Next, the simulated
defocused images are input to AMA-Net for testing the pre-
trained model, and finally depth accuracy is estimated.

5.2. Discrimination ability of AMA-Net (sim)

To verify the AMA-Net’s ability to discriminate vari-
ous types of aberrations, first, defocused images were sim-
ulated using three types of PSF: (A) Mathematically de-
fined pillbox shape, (B) Actual PSF at the image center,
and (C) Actual PSF at the corner of the image (Figure 12).
Next, we trained AMA-Net with (A) - (C) individually, then
compared the estimated depth values under the following
five conditions: (a) pre-trained A-model with A image, (b)
pre-trained B-model with B image, (c) pre-trained C-model
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Figure 12. Simulation framework for depth estimation based on
AMA-Net. We used five PSF variations: (A) pillbox and (B) - (E),
the designations of which are RGB for full color PSF, Mono for
Monochromatic PSF whose shape is the same as that of the Green
PSF, C for Center of the image, and E for corner of the image.

with C image, (d) pre-trained B-model with C image, and
(e) pre-trained C-model with B image. Only A is convo-
luted with a simulated PSF based on Equation 1, and the
shape of which is pill box, imitating an ideal lens. B and C
uses the center and corner PSF of the lens. In the case of (a)
- (c) pre-trained models of PSF use for training and testing
are identical, while (d) and (e) are cross-test to verify that
AMA-Net is distinguishing different PSF shapes. Note that
one type of PSF is convoluted in one entire image to indi-
vidually verify aberration type only for simulation study.
Figure 13 shows the comparison of the estimated depth
vs ground truth in the respective conditions (a) - (e). As for
the results, (a) cannot accurately estimate distance because
the ideal lens has no aberration synonymous with lack of
depth cue. Moreover, (d) and (e) also have large errors in
both the near and far planes, whereas (b) and (c) accurately
estimate distance (equivalent to ideal line). However, (b) -
(e) have slight difference near the in-focus plane because of
the smallness of the PSF. From the results, AMA-Net can
distinguish differences during analysis of the PSF.

5.3. Effectiveness of aberrations (sim)

To verified the effectiveness of aberrations, we compared
the mean error of depth with various PSF shapes. Techni-
cally, aberrations have a position dependence on the lens
(described in Section 3.2); therefore, we used following
PSF kernels in training and testing images: (B) on-axis
RGB-PSF, (C) on-axis Mono-PSF, (D) off-axis RGB-PSF,
and (E) off-axis Mono-PSF, as shown in Figure 12 (B) - (E).
RGB-PSF includes both a CA and MA feature, whereas,
Mono-PSF has only MA. In this verification, we individu-
ally train our AMA-Net with images of (B) - (E) with F1.8

1800
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Figure 13. Comparison of estimated depth vs ground truth in five
different conditions.
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Figure 14. Comparison of estimated depth mean error on eight
different types of PSF such as CA and MA in both on-axis and
off-axis with F1.8 and F4, respectively.

and F4 PSF (see Figure 3). Figure 14 shows the compari-
son of the above four conditions of each F1.8 and F4 on the
mean error of depth.

From the results, containing only MA still can be utilized
as a depth cue; however, CA achieves even higher accuracy.
Furthermore, on-axis and off-axis results denote the same
tendency of depth mean error. That is to say, AMA-Net can
analyze various types of aberration. Finally, we verified the
effectiveness of CA and MA as a depth cue.

6. Conclusion

We have presented a novel method for passive single-
shot depth measurement using only an off-the-shelf camera
without customization or additional supportive devices. We
have verified that A-Map, which contains various types of
aberrations and distance information, can be utilized as a
depth cue. We also have proposed AMA-Net that is addi-
tionally equipped with a self-attention-to-position mecha-
nism to focus on only the aberration feature of A-Map. We
demonstrated the effectiveness of A-Map for depth mea-
surement through experimental and simulation analyses.
The results of the experiments, supports this approach’s
achievement of highly accurate depth measurement and
highly robust performance.
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