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Abstract- Monocular depth cues allow us to perceive depth from
two-dimensional (2-D) images, and linear perspective is one of
the most important monocular depth cues. In order to insert
improved depth perception into the images, we propose a new
method for enhancing linear perspective based on adaptive
intrinsic camera parameters in this paper. The threedimensional (3-D) warping technique is utilized to rearrange
textures according to their depth values. Using directional
dilation and in-paint methods, we fill holes generated by the 3-D
warping operation. Experimental results show that the
proposed algorithm can enhance linear perspective and
improve depth perception of 2-D images without considerable
distortion.

I.

INTRODUCTION

With the rapid developments of technologies related to
image processing, sensing and display, the interest in threedimensions (3-Ds) broadcasting is rising. The main goal of
3-D broadcasting is to capture a 3-D scene and display it in a
different place. In order to provide realistic feeling, 3-D
broadcasting gives viewers cues for depth perception.

include stereopsis and convergence. Those are based on the
simple fact that our eyes are located at different positions.
In contrast, the monocular depth cues help us to perceive
depth when viewing a scene with one eye and contain linear
perspective, occlusion, aerial perspective, and so on. Because
we can estimate relative depth on the basis of monocular
depth cues from pictures having no 3-D information, the
monocular depth cue is often called the pictorial cue.
Among both depth cues, many researchers have focused
on the binocular depth cue to generate 3-D contents and to
provide realistic images to viewers due to its extreme effects.
Various types of approaches have been developed [5][6]. In
order to appreciate 3-D contents based on the binocular
depth cues, we should be equipped with special devices such
as stereo and multi-view display devices, but the number of
these special devices in use is not enough yet. Hence the
methods based on binocular depth cues are not suitable for
the present states. The monocular depth cue cannot provide
extreme effects as the binocular depth cue does, but it can be
displayed on conventional display devices.
In this paper, we focus on the enhancement of the
monocular depth cues, especially linear perspective. Linear
perspective is one of the most powerful depth cues.
Enhanced linear perspective of 2-D images makes us
impressive and immersive. This enhancement is effective for
conventional display devices, especially low-resolution
display devices such as mobile phones and portable media
players.
II. DEPTH PERCEPTION WITH CUES

Figure 1. 3-D broadcasting and special display devices

Depth perception is the visual ability to perceive the world
in 3-Ds. In the human visual system, the 3-D world projects
onto the curved surface, the retina, at the back of the eye, but
the retina is a two-dimensional (2-D) surface. Since we
cannot have direct access to the depth of visual space, we
estimate depth information based on two cues: binocular and
monocular depth cues [1]. The binocular depth cues provide
depth information when viewing a scene with both eyes and

We always sense the distance between objects, and this
process is called depth perception [2]. It arises from a variety
of depth cues. They play an important role in the field of 3-D
broadcasting. These cues are typically classified into two
types according to the number of required eyes. Binocular
depth cues that require input from both eyes, and include
stereopsis, yielding depth from binocular vision through
exploitation of parallax. Monocular depth cues that require
input from one eye, and include relative size: distant objects
subtend smaller visual angles than near objects.

A. Binocular Depth Cues
Binocular cues enable us to sense depth when watching
objects with both eyes. There are two binocular depth cues:
stereopsis and convergence.
Since animals have two eyes placed at different position,
they can use information derived from the different
projection of objects onto each eye. Based on these two
images of the same scene captured at slightly different
position, it is possible to triangulate the distance to an object.
When an object is far away, the disparity of two images
projected on both eyes will be small, and vice versa. This
principal is known as stereopsis and is the main reason why
we can perceive depth when viewing Magic Eyes, 3D
movies and stereoscopic photos.
Another binocular depth cue is convergence come from
the oculomotor behavior of two eyes. When the two eye
focus on the same object, they converge. The convergence
will stretch the extraocular muscles, and the effect from these
this muscle help in depth perception. The angle of
convergence is smaller when the eyes focus on far objects as
can be seen in Fig. 2.
Although we can experience the extreme 3-D feeling
through the binocular depth cues, these cues are only enabled
on special display devices.

Figure 2. Principal of binocular depth cues

B. Monocular Depth Cues
Different from binocular depth cues, monocular depth
cues provide depth information without special equipments
when viewing a scene with one eye.
When we move, the apparent relative motion of several
stationary objects against a background provides cues of
their relative distance [3]. This cue is called motion parallax
and can be seen clearly when driving a car nearby things
pass quickly, while far off objects appear stationary. We can
calculate absolute depth information with information about
the direction and velocity of movement.
In the opposite manner, we can perceive depth information
from dynamically changing object size induced by motion.
As objects in motion become smaller, they appear to recede
into the distance or move farther away; objects in motion that
appear to be getting larger seem to be coming closer. When
driving, we are constantly judging the dynamically changing
headway by kinetic depth perception.

Light is scattered by the atmosphere, hence far objects
with a great distance have lower luminance, contrast and
lower color saturation [4]. Therefore the foreground has
higher contrast than the background’s one. The color of
distant objects is shifted toward the blue end of the spectrum
because they have short wavelength. Warm pigments bring
features forward towards the viewer, and cool pigments
indicate the part of a form that curves away from the plane.
Occlusion, which is used to describe the manner, in which
an object closer to the viewport masks an object further away
from the viewport, is also a clue which provides information.
However, this information only allows the observer to
perceive relative distance.
At the outer extremes of the visual field, parallel lines
become curved, as in a photo taken through a fish-eye lens.
This effect, although it's usually eliminated from both art and
photos by the cropping or framing of a picture, greatly
enhances the viewer's sense of being positioned within a real,
3-D space.
Suppose you are standing on a gravel road. The gravel
near you can be clearly seen in terms of shape, size and color.
As your vision shifts towards the distant road the texture
cannot be clearly differentiated.

Figure 3. Examples of monocular depth cues

Of these various cues, only convergence, focus and
familiar size provide absolute distance information. All other
cues are relative. Stereopsis is merely relative because a
greater or lesser disparity for nearby objects could either
mean that those objects differ more or less substantially in
relative depth or that the object is nearer or further away.
C. Linear Perspective
Linear perspective is one of monocular depth cues and a
very powerful cue. Lines that are parallel in the 3-D world
appear to get closer together as they recede in the distance.
The fact that this happens can help us figure out the distance
between two objects. This property is called linear
perspective.
Linear perspective can be explained as a phenomenon of
Emmert’s law[6] which was reported in 1881. A retinal
image appears to change in size, according to whether it is
seen as lying nearby or far away.

This makes intuitive sense: an object of constant size will
project progressively smaller retinal images as its distance
from the observer increases. Similarly, if the retinal images
of two different objects at different objects at different
distances are the same, the physical size of the object that’s
farther away must be larger than the one that is closer.
Fig. 4 shows the principal of linear perspective. Linear
perspective occurs with the observation of objects located on
different distances.

directional dilation and the in-paint methods [9] are used to
fill holes induced by the 3-D warping.

Figure 5. Concept of enhancing linear perspective

Figure 4. Principal of linear perspective

When watching the near object, we need the wider
viewing angle (α) than the viewing angle (β) for the far
object. As a result, the size of the projected near object on
the retina is larger than that of the projected far object. The
sizes of objects depend on their distances in our perception.
In the case of camera systems, the basic principal is
equivalent excepting the fact that the retina is replaced with
the optical sensors. Linear perspective depth cue is related to
not only relative size but also vanishing and motion parallax
effects, and those often work together. Hence it provides the
strong effect for depth perception.
If two objects are known to be the same size (e.g., two
trees) but their absolute size is unknown, relative size cues
can provide information about the relative depth of the two
objects. If one subtends a larger visual angle on the retina
than the other, the object which subtends the larger visual
angle appears closer.
Since the visual angle of an object projected onto the
retina decreases with distance, this information can be
combined with previous knowledge of the objects size to
determine the absolute depth of the object. For example, we
are generally familiar with the size of an average automobile.
This prior knowledge can be combined with information
about the angle it subtends on the retina to determine the
absolute depth of an automobile in a scene.

A. 3-D warping with Adaptive Intrinsic Camera Parameters
The 3-D warping is a very popular technique to synthesize
a virtual-viewpoint image with a current viewpoint image
and corresponding depth image. In this case, extrinsic
camera parameters are modified according to the position of
virtual-viewpoint, whereas we apply the 3-D warping to get
the enhanced linear perspective in this paper. Fig. 6 shows
the main algorithm of texture rearrangement using the 3-D
warping. We virtually capture near and far objects with a
wider and narrower viewing angles, respectively.

Figure 6. 3-D warping with adaptive intrinsic camera parameters

III. PROPOSED ALGORITHM
The concept of enhancing linear perspective is
demonstrated in Fig. 5. A color and a depth images are used
as an input set, and the output is the image containing
enhanced linear perspective. In order to enhance linear
perspective, we make the size of near objects larger and the
size of far objects smaller, and move the objects to proper
positions. The degrees of resizing and moving should be
determined under physical calculation considering distances
and viewing angles. In this paper, we employ 3-D warping
technique [8] with adaptive intrinsic camera parameters. A

The 3-D warping converts the coordinates of 2-D images
to the 3-D world coordinates by (1)

( x , y , z )T = R A -1 ( u ,v ,1 )T d + t

(1)

where d is distance between the camera and the pixel, A is
the intrinsic camera parameter, and R and t are the
extrinsic camera parameters. We can get the value of d from
the corresponding depth image. The extrinsic camera
parameters describe the orientation and position of the
camera and explain the relationship between the world

coordinate system and the camera coordinate system. We do
not rotate and move the camera position in our algorithm.
The 3-D warping re-projects objects in the world
coordinates into 2-D image coordinates by (2) which is the
reversed form of (1).

A R -1 {( x , y , z )T - t )} = ( u , v ,1 )T
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where p̂ = ( û ,v̂ ,1 )T is the vector of homogeneous
coordinates of the projection of the point into the normalized
image plane. The physical retina of the camera is in general
different. In addition, pixels are normally rectangular instead
of square, so the camera has two additional scale parameters
k and l, and
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In general, the origin of the camera coordinate system is
at a corner of the retina and not at its center, and the center of
the CCD matrix usually does not coincide with the principal
point. This adds two parameters u0 and v0 that define the
position of the principal point in the retinal coordinate
system. The camera coordinate system may also be skewed
due to some manufacturing error, so the angle between the
two image axes is not equal to 90°.
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The detail elements of the intrinsic parameter are shown in
(6), and f, contained in a and b, relates to the focal length.
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In both formulas, (1) and (2), the intrinsic parameter
relates the camera’s coordinate system to the idealized
coordinate system and includes physical parameters such as
the focal length of the lens and the size of the pixels [11]. It
is possible to associate with a camera a normalized image
plane parallel to its physical retina but located at a unit
distance from the pinhole. We attach to this plane its own
coordinate system with an origin where the optical axis
pierces it. The perspective projection can be written in this
normalized coordinate system as

ì
ïû =
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î

In (6), u0 and v0 define the position of the principal point
in the retinal coordinate system, k and l represent a pixel
dimensions, and θ is the angle between the two image axes.

(6)

(7)

Putting it all together, we obtain

p=
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(8)

and P = ( x , y , z ,1 )T denotes the homogeneous coordinate
vector of P in the camera coordinate system. In other words,
homogeneous coordinates can be used to represent the
perspective projection mapping b the 3x4 matrix.
For our approach, we fix other parameters excepting the
focal length. The large and small focal length induces zoomin and zoom-out effect of camera. Hence we adjust the focal
length parameter according to the depth value of objects and
then project the objects to the 2-D image coordinates. The
new focal length is calculated by (9).
-1
f ' = (( DepthROI - Depth ) / DepthROI )- C 1 / C2 + ( 1 - C2 ) (9)

where DepthROI stands for the depth value of the region of
interest, and Depth is current pixel’s depth value. Two
coefficients, C1 and C2, control the degree of rearrangement:
C1 is for non-linearity and C2 controls the range of
rearrangement. A small C2 coefficient induces large
enhancing effect, but it distorts the original image. There is a
trade-off between the degree of effect and distortion. Users
can control two coefficients according to its applications and
input images.
After this process, we can obtain the output image having
enhanced linear perspective, but it contains holes induced by
the 3-D warping. The hole is a newly exposed region due to
the texture rearrangement, and the input image does not have
any information for this region. Because the holes act like
distortion, they should be filled with appropriate values.
B. Hole Filling using Directional Dilation
During the 3-D warping the holes often are filled with zero
values, thus it looks like huge shadow as shown in Fig. 7(a).
Since these regions degrade the image quality, we should fill
them with proper values by considering adjacent regions. In
this paper, we use the in-paint technique to fill holes, which
reconstructs small damaged region of an image. It refers
texture information of neighboring region and restores the
values in the holes. The in-paint method selects the region to
be filled, and color information is propagated inward from
the region boundaries. In order to produce a perceptually
plausible reconstruction, it should attempt to continue strong
features as smoothly as possible inside the reconstructed
region.

(a)

(b)

(c)

Figure 7. (a) 3-D warped image and the enlarged image (b) with and (c)
without the in-paint process

The 3-D warping generates holes in the background
region due to its smaller depth value, and both foreground
and background often surround the hole region. Although
the value for the holes should be estimated on the basis of
only background’s information, the in-paint algorithm
refers both foreground and background information, and
recovers values with them. It induces serious distortion in
the restored image as shown in Fig. 7(c). The dilated depth
image can solve this distortion, since it makes the holes be
surrounded with only background region. Gray-scale
dilation of f by b is defined as

Figure 8. Directional dilated regions

Applying the in-paint algorithm with both color and
directionally dilated depth images, the clear output image is
obtained, and the example is shown in Fig. 9(c). While the
conventional dilation induces unnecessary expansion of
foreground region as shown in Fig. 9(b), the directional
dilation method selectively expands the foreground so as to
minimize visual distortion.

( f Å b )( s ,t ) = max{ f ( s - x ,t - y ) + b( x , y ) |
( s - x ),( t - y ) Î D f ;( x , y ) Î Db } (10)

where f(x,y) is the input image, b(x,y) is a structuring
element, and Df and Db are the domains of f and b,
respectively [10]. The dilation process for a depth image
enlarges the size of foreground regions.
This approach can prevent above problem, but it causes
another problem that unnecessary background regions are
attached to foreground region during 3-D warping as shown
in Fig. 9(b). We propose therefore the directional dilation
method for this problem. As a result of the 3-D warping
with adaptive intrinsic camera parameter, the holes are
located near to the foreground objects, especially to the
direction toward the image center. Based on this property,
we define 3x3 mask and the dilation process is only adapted
to the neighboring pixels when the following conditions are
satisfied. These conditions are for distinguishing the
direction of holes.
1. The depth value of the neighboring pixel is
smaller than that of the current pixel.
2. The neighboring pixel lies on the extended
line connecting the current pixel and the
image center.
3. The distance between the neighboring pixel
and the image center is shorter than that
between the current pixel and the image
center.
Fig. 8 shows the regions where the directional dilation
method is applied. The white lines represent the dilated
regions, and they are only located at the boundaries toward
the image center as can be seen in the enlarged image. This
process avoids unwanted attachments of background
regions.

(a)

(b)

(c)

Figure 9. Results of the in-paint algorithm (a) without dilation, (b) with
dilation, and (c) with directional dilation

IV. EXPERIMENTAL RESULTS
In order to evaluate the performance of the proposed
algorithm, we utilized Soccer, Ballet, Book and ConesF
images. For calculating a new focal length, we set C1 and C2
values in (9) with 6 and 5, respectively. To remove outer
holes, the output images were cropped by considering the
region of interest.

(a) Input image

(b) Output image

(c) Depth image

(d) Warped image

Figure 10. Result of Ballet image

(a) Input image

(b) Output image

As you can see in Fig. 10, Fig. 11, Fig. 12 and Fig. 13,
linear perspective of the input images was enhanced. On
the basis of depth values, the size of near objects became
larger, and the size of far objects became smaller. To
easily compare the output images with the input images,
input, depth, warped and output images are arranged by
counterclockwise order. Since the holes in the warped
images were filled with proper values by the in-paint
process, we can know that the output images do not
contain significant distortions. The output images provide
improved depth perception compared to the input images.
V. CONCLUSION

(c) Depth image

(d) Warped image

Figure 11. Result of Soccer image

(a) Input image

Among the monocular depth cues, linear perspective
provides the strongest depth perception effects. In this paper,
we have proposed the method enhancing linear perspective
for 2-D display devices based on adaptive camera parameters.
By considering the depth values, we utilized the 3-D warping
technique. In addition, to reduce image distortion caused by
the 3-D warping, we also proposed the directional dilation
for depth maps. From the experimental results, we could
confirm that the proposed algorithm enhances linear
perspective of 2-D images without considerable distortion
and, it can provide improved depth perception.

(b) Output image
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(c) Depth image

(d) Warped image

Figure 12. Result of Book image

(a) Input image

(b) Output image

(c) Depth image

(d) Warped image

Figure 13. Result of ConesF image
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