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Abstract. An approach for carrying out depth profile measurement of an object with the plenoptic camera is
proposed. A single plenoptic image consists of multiple lenslet images. To begin with, these images are proc-
essed directly with a refocusing technique to obtain the depth map, which does not need to align and decode the
plenoptic image. Then, a linear depth calibration is applied based on the optical structure of the plenoptic camera
for depth profile reconstruction. One significant improvement of the proposed method concerns the resolution of
the depth map. Unlike the traditional method, our resolution is not limited by the number of microlenses inside the
camera, and the depth map can be globally optimized. We validated the method with experiments on depth map
reconstruction, depth calibration, and depth profile measurement, with the results indicating that the proposed
approach is both efficient and accurate. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.57.3
.033106]
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1 Introduction
As plenoptic imaging can obtain three-dimensional (3-D)
information from just a single shot, it has gained much atten-
tion since Lytro1 and Raytrix2 produced their commercial
plenoptic cameras. These cameras consist of a main imaging
lens and a microlens array to record the light ray intensity
and directionality,3 from which depth information can be
acquired.

Recently, intriguing research has involved reconstructing
the depth map using data recorded by a plenoptic camera by
decoding the raw plenoptic data into several subimages.4 By
applying the multiview theorem,5 corresponding points
from different subimages can be matched. Since the subi-
mages can be arranged into a pinhole image array,6 a depth
map reconstruction method using epipolar plane images
(EPIs) has been studied.7–12 The corresponding points in
EPIs form a straight line and the slopes of the lines are pro-
portional to the depth of objects in a scene.13,14

However, each of these methods requires the generation
of subimages, which means that the raw plenoptic image
must be decoded before depth map calculation, and that the
final resolution is limited by the number of microlenses (as
the resolution of one subimage corresponds to the number of
microlenses). For example, the first-generation Lytro camera
has a final depth map resolution of 380 × 380,6 which is very
low when compared with the resolution of its raw data, of
3280 × 3280. The decoding progress is also very complex
and can introduce additional errors due to the hexagonal
arrangement of the microlens array. Therefore, Raytrix,2,15

Georgiev and Lumsdaine,16 Zeller et al.,17 and Hog et al.18

have attempted to improve depth map resolution by trying to
reconstruct them directly using raw plenoptic data. For these

lenslet-based methods,2,16,17 corresponding points are found
along the horizontal and vertical directions, or along the
baseline direction, and then rendered from the processed ple-
noptic data into the final depth map. Unfortunately, these
methods cannot apply the global optimization method, as
this will generate a coarser depth map as the texture of the
object is not rich enough and the relationship among the
neighborhood is not taken into consideration as well. The
method of Hog et al. requires only two refocusing images,
which can be used to process the plenoptic data very quickly.
However, the result depends on the chosen refocusing
planes, and the raw plenoptic data should be rectified to
remove misalignment between the detector and the micro-
lens array. In addition, some other works19–21 used the deep
learning technique to reconstruct the depth map, which is
a promising way. But the deep learning technique is only
applied on feature matching, and the plenoptic image still
needs to be decoded into multiviews, which is the same
as Refs. 7–12.

We propose to address these problems with a depth profile
measurement method with a new cost volume reconstruction
strategy for global optimization, and considering the position
of the microlenses for linear depth calibration as well. As
points in different object planes are focused on different
image planes, and the correct image plane is determined
by the minimum cost, the depth map is constructed by
image refocusing22 and multilabel techniques.23 It is then
possible to optimize the map using the global optimization
method. To carry out the depth profile measurement, a linear
depth calibration method24 is adopted to calculate the abso-
lute depth, with the error compensation for the absolute
depth also being taken into consideration.6 With the pro-
posed method, the resolution of the depth map is improved
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compared with traditional subimage methods,8,23 the level
of which can be decided manually, and the depth map
can be optimized for smoothing, which is different from
Refs. 16 and 17. We do not need to adjust the raw data to
guarantee alignment between the detector and the microlens
array for comparison with the related work.18 To validate
the proposed method, experiments have been carried out,
with the results presented in Sec. 4. The details can be
referred to in Fig. 1.

2 Depth Map Reconstruction
In this section, we provide a detailed explanation of image
refocusing and depth map calculation. As the image refocus-
ing and multilabel techniques are the basis of depth map
reconstruction, the imaging area of the refocused images
on different refocused depths (labels) should be the same
to allow comparison. This means that the image coordinate
of a point should not be changed on the refocused images.
Hence, we use the angle of view of the plenoptic camera to
define the image size and keep the same image coordinate of
the point in the refocused images.

2.1 Angle of View

For a traditional camera, the angle of view defines the im-
aging area, and can be obtained by reference to the detector
size and backward focal length of the lens. However, with the
plenoptic camera, the detector records the lenslet images,
which cannot provide a clear image of an object directly, and
so the angle of view cannot be calculated in the same manner
as for the traditional camera. To define the angle of view of
the plenoptic camera, the positions of the microlenses are
used, since the light rays passing through the center of
a lens will not change direction, as shown in Fig. 2. There-
fore, using this geometry, the angle of view of the plenoptic
camera is defined as

EQ-TARGET;temp:intralink-;e001;63;234AOV¼ 2 arctan

�jXNL
L −X1

Lj
2B

�
¼ 2 arctan

�jX2
p−X1

pj
2ðBþbÞ

�
; (1)

where X1
L and X

NL
L are the coordinates of the marginal micro-

lenses, X2
p and X1

p are the image coordinates of correspond-
ing points in the raw plenoptic data, and the main lens is
assumed to be a single lens for convenience. B is the distance
between the microlens and the main lens, while b is the dis-
tance between the microlens and the detector array, as shown
in Fig. 2.

When the angle of view is determined, the boundary of
the refocused image can be subsequently calculated as

EQ-TARGET;temp:intralink-;e002;63;87X−ðaÞ ¼ X1
L − a tan θ1; (2)

EQ-TARGET;temp:intralink-;e003;326;614XþðaÞ ¼ XNL
L þ a tan θ2; (3)

where θ1 þ θ2 ¼ AOV and X−ðaÞ and X−ðaÞ are the upper
and lower boundaries, respectively, of the refocused image in
x dimension. The same will also be true for the y dimension.
If the main lens is a compound lens without an optical center,
Eqs. (2) and (3) can still be used, as the values θ1 ¼
arctanðjX1

p − X1
Lj∕bÞ and θ2 ¼ arctanðjX2

p − XNL
L j∕bÞ do not

rely on the optical center of the main lens.
The refocusing area is uniquely constrained by the boun-

daries of the refocused image, and the image coordinates of
a refocused pixel in the refocused image, such as P 0 in Fig. 2,
can be calculated as
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(4)

where ðMre; NreÞ is the resolution of the defined refocused
image, XP 0 and YP 0 are the point coordinates, and xP 0 and
yP 0 are the image coordinates of the refocused point P 0.

In this work, the sizes ðMre; NreÞ of the refocused image
and depth map are set according to the size of the raw ple-
noptic data together with a scale constant δ, which helps to
improve the resolution of the depth map. During processing,
ðMre; NreÞ is defined in advance, and hence xP 0 and yP 0 are
known prior to calculation of the point coordinates XP 0 and
YP 0 using Eq. (4).

Fig. 1 Steps involved in depth profile measurement using a plenoptic camera. The parallel light setup is
adopted to measure the position of microlenses, which can ensure a linear depth calibration.
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Fig. 2 Angle of view of the plenoptic camera. The refocused pixel is
represented by a small rectangle. p1 and p2 are the image coordi-
nates in the raw image, and are collinear with the microlens coordi-
nates and the optical center O of the main lens.
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2.2 Image Refocusing

For the plenoptic camera, light rays are split by the micro-
lenses and subsequently recorded by the detector array. This
can be seen in the two light rays emitted from object point P1

shown in Fig. 3. Therefore, light rays emitted from the same
point can be selected specifically to reconstruct a new pixel,
such as the refocused point k

l P
0, while the radiance of point

k
l P

0 can be calculated using a weighted average

EQ-TARGET;temp:intralink-;e005;63;455Iðkl P 0Þ ¼
X

wiIðpiÞ; (5)

where Iðkl P 0Þ is the image radiance at point k
l P

0, IðpiÞ
is the image radiance of point pi (i ¼ 1;2; 3; · · · ; Np)
in the raw plenoptic data, wi ¼ expð− di

3DÞ, and di ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxpi

− x̄pi
Þ2 þ ðypi

− ȳpi
Þ2

q
.

Similarly, the radiance of the refocused point j
lP

0 on the
refocused plane at distance j

la can be calculated. However,
the potential corresponding points of jlP

0 contain a pixel pwr,
which records the radiance emitted from the object point P2.
Therefore, the refocused point jlP

0 should be a blurred point,
while the refocused point jlP

0 is clear. Under such conditions,
the refocused distance k

l a is the correct depth of the object
point P1.

2.3 Depth Calculation

As mentioned in Sec. 2.2, the imaging distance of a clear,
refocused point represents the depth, but difficulties arise
when trying to determine the correct refocused plane; this
is because whether the point is the clear one or not cannot
be determined by one refocused image. To obtain depth

information, the multilabel technique23 is applied, with
each possible refocused distance, such as k

l a and j
la, being

assigned a label l. With the refocusing technique, each
point in the refocused image can be assigned a cost value as

EQ-TARGET;temp:intralink-;e006;326;708costðlP 0Þ ¼ min

�
1

Np

XNp

i¼1

½lIðpiÞ − lĪ�2; τ
�
; (6)

where l is the refocused distance label, lĪ is the radiance
calculated by Eq. (5), Np is the number of possible
corresponding points pi, and τ is the truncated threshold.
The corresponding points pi can be calculated according to
the collinear relationship between the refocused point and
the centers of the microlenses.

As the observed object is assumed to be a Lambert radi-
ator, the ideal cost for the correct label should be subject to
the condition costðlP 0Þ ¼ 0. Therefore, the depth informa-
tion of P 0 can be calculated as

EQ-TARGET;temp:intralink-;e007;326;547DepthðP 0Þ ¼ min
l

costðlP 0Þ: (7)

In addition, the refocused distance a is represented by
v ¼ a

b,
15 where the distance b is shown in Fig. 3. The param-

eter v is the virtual depth, and so the label l is referred to as v
in later sections. With the cost volume calculated using
Eq. (6), the depth map can be obtained using a global opti-
mization method, such as graph cuts,23 to provide dense and
smooth depth maps.

2.4 Positions of the Microlenses

The position of the microlenses is a significant variable, as
the potential corresponding points pi in Eq. (5) are calculated
using the collinear relationship between the refocused point
and the centers of the microlenses. However, the positions
cannot be obtained directly from the normal image. Under
such circumstances, we utilize a parallel light setup, as
shown in Fig. 4.

When using parallel light, the plenoptic data obtained
with this setup can be used to determine the positions of the
microlens, even though the Raytrix camera contains micro-
lenses with three different focal lengths. In this setup, the
main lens of the camera is removed, and the detector array
is kept perpendicular to the incident ray.

3 Depth Calibration
To carry out the depth profile measurement, the absolute
depth between the object and the camera (Z in Fig. 3) must
be calculated based on the depth map. Therefore, depth cal-
ibration should be conducted to determine the relationship
between virtual depth v and the absolute distance. These
are related to the image depth as Refs. 15, 17, and 24,
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Fig. 3 Image refocusing progress. Labels l j and l k denote the refo-
cused planes at different distances j

l a and k
l a.

Fig. 4 Parallel light setup to obtain the positions of microlenses. The camera used here does not contain
a main lens.
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EQ-TARGET;temp:intralink-;e008;63;597

1

aþ B
þ 1

Z
¼ 1

f
: (8)

Hence, Eq. (8) can be rewritten as

EQ-TARGET;temp:intralink-;e009;63;552zv ¼ bvþ B; (9)

where zv ¼ ðf−1 − Z−1Þ−1 and v ¼ a∕b.
The calibration progress is shown in Fig. 5, where several

plenoptic images of a checkerboard are recorded to acquire
both the virtual depth v, and the absolute distance Zm. This is
measured from a fixed point6 of the plenoptic camera, with
the camera being kept perpendicular to the checkerboard.

As the distance Zm is not equal to zv, the difference is
assumed as a constant.25 Therefore, the difference is esti-
mated with the camera calibration6,26 as

EQ-TARGET;temp:intralink-;e010;326;752eZ ¼ Δlffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi	
x1−x2
fx



2 þ

	
y1−y2
fy



2

r − Zm; (10)

where ðx1; y1Þ and ðx2; y2Þ are two corner points forming
the longest diagonal in the checkerboard, Δl is the absolute
distance, and ðfx; fyÞ are the intrinsic parameters of the
camera.

4 Experiments
In this section, depth profile measurement experiments are
conducted with the R42 camera from Raytrix, with a 172 ×
222 hexagonal microlens array and a raw image with 5364 ×
7716 pixels; the working F# is 2.8. In addition, several data
provided by the Raytrix camera are used to carry out the
depth estimation as well.

4.1 Positions of the Microlenses

To acquire the positions of the microlenses, the plenoptic
data obtained from the setup shown in Fig. 4 are processed.
The positions of the microlenses are also compared with the
lenslet image centers calculated from the white image pro-
vided by 25 and 50 mm main lenses, as shown in Fig. 6.
From Figs. 6(c) and 6(d), we see that the lenslet image cen-
ters move far away from the positions of the microlenses in
the marginal area, which demonstrates the necessity of the
calculations provided in Sec. 2.4.

Using the plenoptic images obtained with the parallel
light setup (25 and 50 mm main lenses), the calculated

Fig. 5 Depth calibration progress. A plenoptic camera is placed
perpendicular to the checkerboard.

Fig. 6 Positions of the microlenses obtained from the parallel light setup. (a) Plenoptic data captured by
the setup. (b) Magnified image of the red rectangle in (a). (c) White image captured with a 25-mm main
lens. The red points denote the positions of the microlenses and the small green circles denote the lenslet
image centers of the 25-mmmain lens. (d) White image captured with a 50-mmmain lens. The red points
denote the positions of the microlenses and the small green circles denote the lenslet image centers of
the 50-mm main lens.
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intervals of the positions of the microlenses and lenslet
image centers are given in Table 1.

4.2 Depth Map Computation and Depth Calibration

In this section, experiments on depth map estimations are
given (Figs. 7–9). Datasets are provided by Raytrix, and
the results are compared with those calculated by software

Table 1 Intervals of the positions of the microlenses and intervals of
the lenslet image centers of the 25- and 50-mm main lenses.

Parallel light
setup

25 mm main
lens

50 mm main
lens

Interval (pixels) 34.83 34.89 34.93

Fig. 7 A picture of a human face (Andrea). (a) Raw image. (b) Depthmap obtained fromRaytrix software.
(c) Depth map obtained by us with the method proposed by Ref. 18. (d) Depth map obtained using
the proposed method.

Fig. 8 A picture of a mechanical work piece. (a) Raw image. (b) Depth map obtained from Raytrix soft-
ware. (c) Depth map obtained by us using the method proposed by Ref. 18. (d) Depth map obtained with
the proposed method.

Fig. 10 Depth calibration. (a) Focal length 25 mm. (b) Focal length 50 mm.

Fig. 9 A picture of a pile of fruit. (a) Raw image. (b) Depth map obtained from Raytrix software. (c) Depth
map obtained by us using the method proposed by Ref. 18. (d) Depth map obtained with the proposed
method.
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also provided by Raytrix (with parameters set to achieve
the best performance) and the method of Hog et al.18 From
the results, we see that the proposed method can provide
smoother depth maps while still preserving details. In con-
trast, the results obtained using the Raytrix software [e.g.,
Figs. 7(b) and 9(b)] seem noisy, and the edges in Fig. 8(b)
appear eroded. For the results obtained with implementation
of the method proposed by Ref. 18, which can provide
smooth depth results, incorrect depth values are obtained and
detailed information is lost, such as in Fig. 9(c). Additionally,
the performance is also affected by the chosen refocusing
planes and the binocular stereo algorithm.

According to the calculated depth map of the checkboard,
the linear depth calibration results for the 25 and 50 mm

lenses are provided in Fig. 10. Table 2 lists the parameters
of the camera, which are calculated using Eq. (9). The
correlation coefficients of the linear regression are 0.9998
and 0.9987, showing the efficiency of the linear depth
calibration.

4.3 Depth Profile Measurements

With the depth map and depth calibration results, four groups
of depth profile measurement are carried out for different
step-like objects, for which the true values can be easily
obtained for validation. The results of the first two groups
using a 25-mm main lens are shown in Figs. 11 and 12.
The raw plenoptic images of the second two groups are
captured with a 50-mm lens, which can measure large-scale
objects, with the results shown in Figs. 13 and 14. During
each of the measurements, the plenoptic camera is kept
perpendicular to the objects at all times. For each group, the
result is compared with those obtained using the Raytrix
software, and the profile plots for the two different methods
are presented for comparison. Benefitting from the graph-cut
optimization,23,27 the depth results are much smoother than
those obtained using the Raytrix software, which can be
clearly seen in Figs. 11(e), 12(e), 13(e), and 14(e). It should

Table 2 Depth calibration results.

Focal length (mm) b (mm) B (mm)
Correlation

coefficient R2

25 0.135 25.258 0.9998

50 0.130 49.868 0.9987

Fig. 11 Depth profile measurement for two steps. (a) Raw data. (b) Depth map obtained by the Raytrix
software. (c) Depth map implemented with the method proposed by Ref. 18. (d) Depth map implemented
with our proposed method. (e) Profile curves of the red lines in (b) to (d).

Fig. 12 Depth profile measurement for stair corner. (a) Raw data. (b) Depth map obtained by the Raytrix
software. (c) Depth map implemented with the method proposed by Ref. 18. (d) Depth map implemented
with our proposed method. (e) Profile curves of the red lines in (b)–(d).
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be noted that the data exported from Raytrix software only
includes 3-D points, which are projected to a two-dimen-
sional plane along the depth direction to obtain Figs. 11(d),
12(d), 13(d), and 14(d).

As each plane (step) is perpendicular to the plenoptic
camera, an average depth value of the step is adopted to
reduce noise. The depth between the two steps in each group
is shown in Table 3. In the first group, the nearest two steps
are measured, and in the second group, the depth between a
step and a wall is studied. In the last two groups, a checkerboard

and a poster board are used to build artificial steps with different
distances. From the results presented in Table 3, we see that the
proposed method achieves the same precision as the Raytrix
software,18 while the depth map performs better. Statistical
analysis shows that the largest relative error is less than 3%,
which indicates the high level of accuracy of our method.

5 Conclusions
In this work, the optical structure of the plenoptic camera is
studied in detail. The depth map is computed by using a

Fig. 14 Depth profile measurement for a checkerboard and a poster board, with 200 cm distance.
(a) Raw data. (b) Depth map obtained by the Raytrix software. (c) Depth map implemented with the
method proposed by Ref. 18. (d) Depth map implemented with our proposed method. (e) Profile curves
of the red lines in (b)–(d).

Fig. 13 Depth profile measurement for a checkerboard and a poster board, with 140 cm distance.
(a) Raw data. (b) Depth map obtained by the Raytrix software. (c) Depth map implemented with the
method proposed by Ref. 18. (d) Depth map implemented with our proposed method. (e) Profile curves
of the red lines in (b)–(d).

Table 3 Depth profile results (average values).

A: Raytrix (cm) B:18 (cm) C: our value (cm) Real value (cm) Relative error A∕B∕C

1 34.7 34.9 34.8 34.5 0.58%/1.16%/0.87%

2 15.4 15.1 15.9 15.5 −0.65%∕ − 2.58%∕2.58%

3 138.1 146.5 138.5 140.0 −1.36%∕ − 2.50%∕ − 1.01%

4 195.0 199.9 200.5 200.0 −2.50%∕ − 0.05%∕0.25%
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refocusing technique instead of decoding the raw data into
multiview pinhole images, which improves the spatial reso-
lution of the final depth map, improving from a resolution of
172 × 222 to 1341 × 1929 for the Raytrix 42 camera.
Additionally, the misalignment of the detector and the micro-
lens array has no influence on the final result. Finally, with
the steps shown in Fig. 1, depth profile measurements are
carried out, and our results indicate the efficiency, accuracy,
and, therefore, feasibility of the proposed method, for which
the largest relative error is 2.58%.
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