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ABSTRACT

The two-dimensional quality metric Peak-Signal-To-Noise-
Ratio (PSNR) is often used to evaluate the quality of cod-
ing schemes for integral imaging (II) based 3D-images. The
PSNR may be applied to the full II resulting in single accumu-
late quality metric covering all possible views. Alternatively,
it may be applied to each view results in a metric depending
on viewing angle. However, both of these approaches fail to
capture a coding scheme’s distribution of artifacts at different
depths within the 3D-image. In this paper we propose a met-
ric that determines the 3D-image quality at different depths.
First we introduce this 1D measure, and the operations that
it is based on, followed by the experimental setup used to
evaluate it. Finally, the metric is evaluated on a set of 3D-
images; each coded using four different coding schemes and
compared with visual inspection of the introduced coding dis-
tortion. The results indicate a good correlation with the cod-
ing artifacts and their distribution over different depths.

1. INTRODUCTION

The research into 3D-images and 3D-video is becoming more
and more extensive. 3D-images captured by integral imag-
ing (II) cameras are like other light field variants (e.g. multi-
view) a data representation that is demanding in the context of
storage and transmission. Thus, coding is next to mandatory
and lossy coding is preferred to achieve data rates feasible for
present transmission channels. To achieve an optimal trade-
off between rate and distortion, a relevant quality metric is a
vital tool in the coding process.

A commonly used metric when evaluating image and video
coding schemes is the Peak-Signal-To-Noise-Ratio (PSNR).
This also holds for 3D-images and -video. For example, when
coding II-based 3D-images the PSNR has been applied to the
full 3D-image directly as well as to single elementary images
(EI), i.e. the subset of the pixels that are beneath a single
lenslet [1, 2]. There are both pros and cons with metrics that
result in a single accumulated value for a 3D-image. The ad-
vantage is that the quality of all possible views contained in
the 3D-image is aggregated into a single easily comparable
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value. However, a single value fails to capture how a coding
scheme explicitly affects the 3D-image from specific viewing
angles or at different scene depths. The quality metric pro-
posed by Forman et. al [3] address this problem by extending
the single valued PSNR into a PSNR-based quality matrix;
each element in the matrix representing the quality of the 3D-
image perceived by a virtual viewer from a specific viewing
angle at an infinite viewing distance from the display.

Recently we have investigated a set of coding schemes
that introduce codings artifacts that are scattered heteroge-
neously within the depth range of the 3D-image [4]. The
depth varying distortion is a coding property that can neither
be explicitly captured by a single global quality value nor by
an angle dependent quality metric. In this paper we propose
a quality metric that evaluates the quality of the 3D-image at
different depths. The result, which is a 1D quality measure,
provide a tool for investigating how a certain coding scheme
affect the 3D-image in the depth dimension.

2. PROPOSED DEPTH DEPENDENT QUALITY
METRIC

This section first gives a synoptic description of the proposed
quality metric followed by three subsections giving a detailed
description of the constituting parts.

Figure 1 illustrates the different steps that are performed
when calculating the metric. As a full-reference metric it re-
quires access to the coded and the original 3D-image. From
these two 3D-images:

1. a set of 2D-image pairs are synthesized at different depth
layers using image based rendering (IBR),

2. pixels that can be discerned to belong to each depth
layer are identified and

3. the image pairs are masked and the coding artifacts at
each depth layer is evaluated using a 2D quality metric.

Combined these steps result in a quality metric that is able
to measures a coding scheme’s depth distribution of artifacts.
As can be noted from Figure 1 there are three operations that
are the main parts of the proposed metric:

• Rendering
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Fig. 1. Block diagram for the proposed depth enabled quality
metric.

• Layer selection

• 2D-quality metric

2.1. Rendering

The image pair of each depth layer is synthesized using a
plane-model IBR, i.e. novel virtual images are rendered us-
ing the EIs captured by the II-cameras lenslets. This section
will elaborate on how we use IBR to synthesize a single depth
layer from an II-based 3D-image.

To utilize the information captured by all lenslets in the II-
camera, the field-of-view α of the virtual camera is set equal
to the lenslets’ field-of-view. This is achieved by positioning
the virtual camera CIBR on the optical axis at xyz-position
[0, 0, −f

Δ ] behind the image plane of the II-camera (at z = 0)
according to Figure 2. The positioning of a depth layer d
(parallel to the xy-plane) is normalized with respect to the II-
camera such that it is a multiple of the lenslet focal length
f .

When rendering the virtual image pair it is vital to pre-
serve the coding artifacts located at that specific depth layer
(from this virtual camera position) for the subsequent quality
measurement. Therefore when calculating each pixel, only
one lenslet’s EI pixel should contribute to the color. Inte-
grating over a set of pixels should be avoided since this has
a low-pass filtering effect and would smear the coding arti-
facts. In Figure 2 this implies that the color of the image pixel
Xd(m, n) (marked red) is taken to be the color of a pixel in
the EI covered by C0,1. Which EI-pixel to use is derived by
projecting the virtual image pixel’s position onto the xy-plane
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Fig. 2. Geometry of the virtual camera placement relative to
the II-camera’s lenslets. To simplify the figure only the xz-
plane with the first row of lenslets (C0,k) is shown.

using the virtual camera’s projection matrix. Linear interpo-
lation is adopted to allow for non-integer EI-pixel positions.

2.2. Layer selection

Not all of the depth layer’s rendered pixels correspond to ob-
jects that are intersected by the plane of that particular depth
layer. A selection must be performed for the depth depen-
dent metric to distinguish each layer. Pixels that correspond
to objects outside the depth layer must be discarded prior to
applying the 2D-quality metric.

To select which pixels to include we derive a depth map
from the uncoded original 3D-image using the focus measure
proposed by Takahashi and Naemura [5]. They conclude that
synthesizing and combining a base image Bd(m, n) with a
reference image Rd(m, n) – each derived by integrating over
different sets of EIs – allows for calculating a measure of how
likely it is for a pixel Xd(m, n) to belong to depth layer d.
Image pixels that correspond to a diffuse reflecting object lo-
cated at the depth layer (e.g. the red pixel in Figure 2) will
have similar EI-pixel contributions. Other image pixels (e.g.
the blue pixel in Figure 2) will be an average of objects out-
side the depth layer and the EI-pixel contributions will vary.
Evaluating the focus measure at different depths allows for a
pixel-resolution depth map to be constructed by:

D(m, n) = arg min
d

(|Bd(m, n) − Rd(m, n)| ∗ h) , (1)

where h is a filter kernel that is used in a convolution step
(operator ∗) to enhance the result, as described in [5].

Contrary to the rendering stage, this layer selection pro-
cess benefits from including a larger set of EIs when render-
ing the base and reference images. Averaging over a larger
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Fig. 3. Relative lenslet positions that are used to derive a
specific image pixel for the base- and reference virtual image
respectively.

set increases the reliability of the focus measure and conse-
quently the accuracy of the depth map. Compared to the orig-
inal focus measure definition we therefore increase the num-
ber of EIs that contribute to each image pixel from 2 to 25.
Figure 3 shows the EIs patterns that are used to select which
EI pixels (relative to the one found using intersection as de-
scribed previously) that contribute to the color of the base and
reference image. Based on the depth map D, a mask Td (cor-
responding to a specific depth layer) is derived as:

Td(m, n) =
{

1 if D(m, n) = d
0 otherwise

, (2)

2.3. 2D-quality metric

Any type of 2D image quality metrics could be used to mea-
sure the coding artifacts, e.g PSNR. However, by choosing the
Mean Structural Similarity index (MSSIM) [6], its sliding-
window principle allows for capturing inter-pixel effects that
the pixel-to-pixel difference approach of the PSNR is unable
to do.

Combining this with the previous two steps leads to the
proposed quality metric Qd defined as:

Qd = MSSIM
(
Id(m, n) · Td(m, n), Îd(m, n) · Td(m, n)

)
,

(3)
where Id(m, n) and Îd(m, n) are the virtual images synthe-
sized from the original and coded II respectively.

3. EXPERIMENTAL SETUP

Four II-based 3D-images were synthesized using a II-camera
model with a pinhole lenslet approximation [7]. To simulate
thermal noise in the camera pixel sensor, normally distributed
noise N(μ = 0, σ = 1) was added to each of the three 8
bit color components. In Table 1, details about the II-camera

Table 1. Experiment setup
Parameter Value
Number of lenslets (EI)- K × L 64 × 64
EI resolution - U × V [pixels] 64 × 64
Lenslet focal length - f [mm] 0.73
Lenslet pitch - Δ [mm] 0.39
Pixel sensor resolution - M × N [pixels] 4096 × 4096
Pixel sensor size [m2] 25 × 25
Pixel pitch - δ [μm] 6.1

are summarized. The image capturing pixel sensor is in pair
with e.g. the CMOS 16MP sensor used in Canon’s digital
SLR camera EOS-1Ds Mark II. When evaluating the metric’s
depth dependency, three coding schemes were studied: two
H.264-based pseudo video coding schemes and JPEG 2000
[8]. A bit rate of 0.09 bpp where used to distinctly bring out
the coding schemes’ characteristic artifacts.

4. RESULTS

Figure 4 shows the four 3D-images that have been coded with
three different coding schemes. The studied depth layers are
distributed approximately logarithmic throughout the scenes.
The coding artifacts of coding scheme #1 shows a pronounced
low-pass characteristic throughout all depths whereas coding
scheme #2 tend to have less distortion at low d. Out of the
three schemes, coding scheme #3 shows the most apparent
and severe distortion for all images – excluding Twins.

Figure 5 collects the results from evaluating these images
using the proposed metric. Note the significant dip in Apples
at d = 60 for coding scheme #3. This depth layer corresponds
to the middle apple, which can be seen in Figure 4 to also be
severely affected by coding scheme #3. Another observation
that can be made is the single sharp dip in quality for Car
which is in line with the shallow depth range occupied by
objects in that scene. Cuboid on the other hand has a wider
quality reduction corresponding to the wider depth range of
relatively large number of objects. In Twins, the quality dip at
d = 25 corresponds in part to pixels forming the left woman’s
face. The high frequency content of this region, together with
the homogenous smearing character of coding scheme #2, re-
sults in a more severe quality reduction compared to the other
schemes. A result that is in line with what can be seen when
inspecting Twins in Figure 4.

5. CONCLUSION

We have presented an objective quality metric for II-based
3D-images that explicitly captures how a lossy coding scheme
distributes the coding artifacts within the depth range of the
3D-scene. Next to single valued metrics, and angle dependent
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Fig. 4. Coding artifacts at r = 0.09 bpp (set low to pro-
voke distortion) for the four reference scenes. The top im-
ages in (a) are synthesized from the original uncoded 3D-
images whereas (b) – (d) correspond to three different coding
schemes
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(d) Cuboid
Fig. 5. Proposed quality metric evaluated on the II-based 3D-
images (a) Twins, (b) Apples, (c) Car and (d) Cuboid shown
in Figure 4.

metrics, this depth dependent metric is a supplementary tool
when evaluating II-based 3D-image coding schemes.

This 1D quality measure shows good correlation with what
can be perceived when visually inspecting the introduced cod-
ing artifacts. Still, the keen reader recognizes that the de-
grees of freedom in the metric’s subsystems allows for further
optimizations. Removing the restriction on virtual camera
position can extend the metric to include viewing angle de-
pendence. Despite being a straightforward extension it must
be balanced against the complexity of a metric that then ap-
proaches the dimensionality of the signal itself.

Future work includes evaluating other depth map algo-
rithms as this stage has a direct affect on the depth discrimi-
nation of the metric. Also, to speed up the base and reference
image rendering for large number of depth layers, Fourier
Slice Photography will be investigated [9]. Layer dependent
normalization of the MSSIM will also be studied to increase
the metric’s swing and thereby its sensitivity to small scale
artifacts.
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