
Abstract

Vanishing points provide valuable information regard-
ing the camera model used to capture an image. To explore
the relationship between classes of camera models and the
location of vanishing points, typical consumer photo-
graphic behavior is considered. Based on these findings,
an algorithm is presented that can automatically remove
the tilted appearance of an image captured with a camera
rotated about the principal axis. The algorithm includes
detecting vanishing points in an image, determining if any
vanishing points are associated with vertical lines in the
scene, computing the angle of rotation, and rotating the
image. Results of the algorithm are shown for a set of
images. The algorithm performs well and produces pleas-
ing images from original images that contain undesirable
levels of tilt.

1. Introduction

It is well understood that the projection of a three-
dimensional world onto a two-dimensional image results in
the convergence of parallel world lines at a vanishing point
in an image. The locations of vanishing points in the image
provide a wealth of information about the camera. For
example, the focal length of the camera can be calculated
from two vanishing points associated with orthogonal
scene directions [7]. Furthermore, the orthocenter of the
triangle formed by three vanishing points associated with
three orthogonal scene directions is the principle point [2].
Likewise, those same three vanishing points can be used to
determine both the internal camera parameters (under cer-
tain simplifying assumptions) and camera rotation [3].

Even a single vanishing point can provide valuable
information about the camera model. In turn, this informa-
tion can be used to improve the composition of the image.

The location of vanishing points in the image plane con-
veys a great deal of information describing the position of
the camera relative to the scene. This paper shows that van-
ishing point location can be used to determine the rotation
of the camera about the principle axis. A camera positioned
in such manner often results in an aesthetically unattractive

image that appears to be tilted, as shown in Figure 6. A tilt
as small as can negatively affect the visual com-
position of an image.

In some cases, a tilted camera position is consciously
chosen by the photographer for purposes of composition.
However, in many cases, this tilted position is unintentional
and can result in an image with the aforementioned unde-
sirable tilted appearance. This occurs because the camera is
difficult to hold steady, especially in the case of small,
lightweight cameras. It can also be caused also from the
rotational inertia associated with depressing the shutter
button.

Humans tend to prefer images where the horizon is level
rather than tilted. In the world of art, where the artist has
full control of the rendering of a world scene, it is common
practice to begin drawing by laying out perspective with a
horizontal horizon [9]. This ensures that the completed
work will not appear as if it were tilted or rotated. A digital
image captured with a camera rotated about the principal
axis can be improved by rotating the image by the proper
angle to remove the appearance of tilt.

2.  The camera model

Using homogeneous coordinates, the projection of a
scene point to the image is described by the equation:

(1)

where P is the camera model, X is a world point, and x is
the corresponding image point.

The camera model P describes the relationship between
the scene coordinate system and the image coordinate sys-
tem as well as the internal camera parameters.

The camera model [6] can be written as
(2)

where:
K is a 3 x 3 matrix describing the internal camera param-

eters.
R is a 3 x 3 matrix describing the rotational mapping

from the world coordinate frame into the camera coordi-
nate frame.
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T is a 3 x 1 vector that describes the translational map-
ping from the world coordinate frame into the camera coor-
dinate frame.

The vanishing points of the world coordinate directions
are the columns of the matrix V and are found by determin-
ing the mapping of points at infinity along the axes’ direc-
tions:

(3)

For simplicity, we assume the camera has no skew, has
square pixels, and the principle point has assigned coordi-

nate [0 0 1]T. The matrix K reduces to:

(4)

where  is the focal length of the system in pixels.

3. The world coordinate frame

The world coordinate system is given a specific natural
assignment. The XZ-plane is parallel to the ground plane
and the Y-axis is parallel (but the negative of) the vector
describing the force of gravity (which is normal to the
ground plane.) The Y-axis is parallel to the vertical edges of
walls and windows, for example, commonly found in
human construction. The Z-axis is parallel to the principal
axis of the camera. Thus, the vanishing point vy is the verti-
cal vanishing point, and the vanishing points vx and vz are
horizontal vanishing points.

4. The effect of camera position

The effect of various common camera positions on van-
ishing point locations can be examined by modeling the

camera position with the R matrix. Of course, this matrix
actually describes a rotation of the world coordinate frame
(rather than the camera), but a rotation of the camera is
equivalent to an inverse rotation of the world.

Technically, the R matrix is any matrix in the special
orthogonal group SO(3). In practice, the camera positions
used by consumer photographers follow a fairly predict-
able nonuniform distribution. For example, it is relatively
rare for a photographer to capture an image with the cam-
era pointed either straight up or straight down. Several
classes of R matrices emerge, and these classes can be eval-
uated to determine which are related to the problem of
images having a tilted appearance.

4.1. Default camera position

In this simplest case, the rotation matrix R is the iden-
tity. Each axis of the camera coordinate frame is parallel to
its respective axis in the world coordinate frame as illus-
trated by Figure 1. Therefore, the vanishing point locations
are:

(5)

The vertical vanishing point vy is located at infinity on the
image y-axis. Horizontal vanishing point vx is located at
infinity on the image x-axis, while vz is located at the prin-
cipal point.

Figure 2 shows an image of a church building captured
with a camera model with identity R.

4.2. World rotation about theY-axis

In general, a photographer does not carefully align the
principal axis of the camera so that it will be parallel to the
horizontal lines of a building. In fact, such behavior would
often result in uninteresting images. A more flexible model
allows the photographer to walk around and shoot at the
scene from an arbitrary position. This situation can be
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Figure 1: The geometry of the camera coordinate frame and
the world coordinate frame for the default case.
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Figure 2: An image of a church
facade captured with the world and
camera coordinate frames, as
described by Section 4.1. The
vanishing point of the vertical lines is
at infinity on the image y-axis. The
vanishing point of one set of
horizontal lines is at infinity on the
image x-axis and the vanishing point
of the other set of horizontal lines is
at the principal point.
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modeled as a world rotation by angle θ about the Y-axis,
and is illustrated in Figure 3. For this category of R, the
principal axis is parallel with the ground plane, but not nec-
essarily parallel to either of the X- or Z-axes. In this case,
the vanishing point matrix V is:

(6)

Again, the vertical vanishing point falls at infinity on the
image y-axis because the vertical axis is still parallel with

the image plane. Also, the horizontal vanishing points are
confined to the image x-axis.

Figure 4 shows an image of the example church cap-
tured with a camera model exhibiting a rotation of the
world about the Y-axis.

4.3. Tipping the world about theX-axis

Rotating the world by an angle about the X-axis is
equivalent to tipping the camera up or down. This position
is commonly used when photographing objects that are
either above (e.g. the top of a tall building) or below (e.g. a
puppy) the photographer. The principal axis of the camera
is no longer necessarily parallel to the ground plane.

As a result, the vanishing point matrix is:

(7)

Each of the world coordinate axes’ vanishing points are
still located on an image axis.

Figure 5 shows an image of the church captured with a
camera model having an R describing a rotation of the
world about the X-axis. It is easily observed that the verti-
cal vanishing point is no longer at infinity. However, as
shown by (7), the vertical vanishing point is constrained to
the image y-axis.

4.4. World rotation about theZ-axis

The camera can be rotated by angle -β about its princi-
pal axis. This is equivalent to rotating the world by angle β
about the Z-axis, and often it results in an undesirable
image composition.

In this case, the vanishing points are located at:

(8)

The vanishing points vx and vy are rotated from the
image x- and y-axes by the amount of the world rotation.
Figure 6 shows an example image of the church with the
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Figure 3: The geometry of the camera coordinate frame and the
world coordinate frame where the world is rotated about the Y-

axis by angle θ.
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Figure 4: An image of a church
facade captured with the world and
camera coordinate frames as
described by Section 4.2.
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Figure 5: Tipping the scene about the
X-axis. An image of a church facade
captured with the world and camera
coordinate frames as described by
Section 4.3.

Figure 6: Rotating the scene about

the Z-axis (by ). An image

of a church facade captured with the
world and camera coordinate frames
as described by Section 4.4. The
result is an image with poor
composition.

β 5.8°=

V
α βcos α βsin– 0
α βsin α βcos 0

0 0 1

=



camera rotated by about the principal axis. The hori-

zontal and vertical vanishing points are from the
image x and y-axes. In this image, the rotation clearly
results in a distracting, unappealing appearance.

4.5.  World rotation aboutX- andY-axes

For this class of rotation matrix R, the flexibility pro-
vided by the rotation matrices in Sections 4.2 and 4.3 is
encompassed. This case best typifies general photography
except with no rotation of the scene about the Z-axis. In
other words, this model includes all “preferred” camera
positions, ensuring that images contain no rotation as
exhibited in Figure 6. In the most general sense, this sce-
nario includes all camera positions for which the x-axis of
the camera is kept parallel with the ground plane. It is
equivalent to rotating the world about the Y-axis by angle θ,
then rotating about the original X-axis by angle . The

rotation matrix associated with this model is:

(9)

The vanishing point matrix is calculated to be:

(10)

The important result for this case is that the vertical van-
ishing point vy is still constrained to fall on the y-axis of the
image. For images where the camera’s x-axis is held paral-
lel to the ground plane, the vertical vanishing point will be
on the image y-axis.

In addition, the horizon is the vanishing line asso-

ciated with the XZ-plane. The horizon has equation:
(11)

In this case, the horizon can be shown to be parallel with
the image x-axis.

It is interesting to observe the range of vanishing point
positions that can occur for this camera model for reason-
able ranges of and θ. When , the vanishing point
representation is identical to a homographic representation
of the vanishing point. The vanishing point vector is nor-
malized to magnitude 1, and the x- and y-components are
plotted in Figure 7. The range over which vertical vanish-
ing points (green) can be positioned is small compared to
the possible locations of horizontal vanishing points (blue).
Furthermore, the distributions of the horizontal and vertical
vanishing points do not overlap.

Figure 8 shows an image of the church captured with a
camera model exhibiting a rotation of the world about the
Y-axis, then rotating about the original X-axis. As shown by
(10), the vertical vanishing point is constrained to the
image y-axis.

4.6. Additional rotation aboutZ-axis

Recall the vanishing points of the world coordinate axes
as given in (3). Suppose that the world undergoes an addi-
tional rotation by an amount β about the original Z-axis.
This rotation is equivalent to multiplying the original R
matrix of the camera model by , where

(12)

The new vanishing point locations, including the assump-
tions of square pixels, no skew, and assigning the principle

point coordinate [0 0 1]T, are
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Figure 7: Range of vertical (green) and horizontal (blue) vanishing
point locations for the camera model of Section 4.5 when
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Figure 8: An image of a church
facade captured with the world and
camera coordinate frames as
described in Section 4.5. The vertical
vanishing point is forced to fall on the
image y-axis. Also, the horizon is
forced to be parallel with the image x-
axis.
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(13)

Therefore, rotating the world about the principal axis
has the same effect as rotating the vanishing points by the
same angle about the principal point. This can be shown in
general for any coordinate assignment of the principal
point. This is a powerful result that can be exploited in an
algorithm to automatically remove effects of accidental
camera tilt from images.

Using the same plotting technique as in Figure 7, the
range of possible positions of the vanishing points is shown
in Figure 9 for magnitudes of up to . The range of the
vertical vanishing points (green) is still small and separated
from the range of the horizontal vanishing points (blue).
This leads us to suspect that location alone provides
enough evidence to classify a vanishing point as a vertical
vanishing point.

Figure 10 shows an image of the church captured with a
camera model having an R representing a rotation about the
X-axis followed by a rotation about the Z-axis.

4.7.  Camera position summary

To summarize, vanishing point positions of the common
orthogonal set of directions found in human construction
are a function of the camera’s position. Under all normal
camera positions (10), the vertical vanishing point is con-
strained to fall on the image y-axis. When the vertical van-
ishing point does not fall on the y-axis, the reason can be
attributed to a rotation about the principle axis. Further-
more, the angle of rotation is equivalent, whether measured
in the world or in the image (13). In addition, the horizon-
tal vanishing points can be located in many different posi-
tions on the image coordinate system. Finally, vertical
vanishing points have a small distribution, which is well
separated from the distribution of horizontal vanishing
points.

5. Ground truth data

A set of images was analyzed to determine whether the
assumptions about typical camera positions have validity.
Vanishing points from 352 typical consumer images were
manually determined. From these images, 160 vertical van-
ishing points and 197 horizontal vanishing points were
identified. The vanishing points were represented as unit
vectors in 3-space by assuming a focal length f equal to the
length of the diagonal of the image in pixels:

(14)

Figure 11 shows a plot of the x- and y-coordinates of the
manually identified vanishing point locations. As expected,
the distribution of vertical vanishing points is small and
clustered about the y-axis, while the distribution of the hor-
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Figure 9: Range of vanishing point locations for the camera

position of Section 4.6 when , and
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Figure 10: An image of a church’s
facade captured with the world and
camera coordinate frames as
described by Section 4.6.
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Figure 11: The distribution of manually identified vanishing
points. Green dots represent vertical vanishing points and blue
circles represent horizontal vanishing points. The vertical
vanishing points are generally near the y-axis.
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izontal vanishing points is large. Because of the similarity
between Figures 9 and 11, it appears that the camera posi-
tions examined in Section 4 adequately represent the typi-
cal camera positions of consumer photographers.
Furthermore, the data confirms that in practice, the distri-
butions of vertical and horizontal vanishing points have
very little overlap, and classification of an unknown van-
ishing point can be accomplished with a high degree of
confidence.

6. Automatic tilt correction

A camera unintentionally rotated about the principal axis
(i.e., the Z-axis) results in an image with the undesirable
appearance that the subject of the photograph is tilted or
leaning. Fortunately, this situation can be improved by
modifying the image in a manner that places the vanishing
points at more desirable locations (i.e. the vertical vanish-
ing point onto the image y-axis).

The goal of automatic tilt correction is to determine the
amount of the rotation about the principle axis in the cam-
era model from an analysis of the image’s vanishing points.
Then, the image is rotated to remove the effects of the Z-
axis rotation. The result is a more aesthetically pleasing
image that appears as if it had been captured with a camera
having no rotation about the Z-axis. This result can be
shown when the projection of the world onto the image is
represented as:

(15)

by representing the rotation matrix R from (2) as .

Then, rotating the image by the angle can be written
as:

(16)

where
 represents a rotation about the Z-axis by .

which, when K is assumed to be of the form in (4), can be
shown as:

(17)

This result is independent of the focal length.
By the result of Section 4.5, the rotated image has

its vertical vanishing point on the image y-axis. In other
words, rotating the image by the negative of the world rota-
tion about the Z-axis results in the image of the world as if
the camera model had no component of rotation about the
Z-axis. For practical purposes, this excludes the effects
related to the limited field of view of the camera.

6.1. The algorithm

Images captured with a tilted camera can be corrected
by finding the vanishing point of vertical scene lines, deter-
mining the angle of camera rotation based on the vanishing
point, and rotating the image to produce a corrected image.
With images from uncalibrated cameras, the assumption is
made that the camera has no skew and has square pixels.
To compute the angle of rotation, the principal point must
be known or assumed (e.g. as the center of the image). It is
assumed that the image is oriented correctly.

First, the image’s vanishing points are identified. An
automatic algorithm [1][4][5][8] can be used for this pur-
pose.

Next, the detected vanishing points are examined to
determine if any are candidate vertical vanishing points.
Each vanishing point is represented as a unit vector, with
(14). A pre-defined region, shown in Figure 12 and based
on the ground truth data, is used for classification. Vanish-
ing points falling within the shaded region are classified as
vertical vanishing points, and other vanishing points are
considered to be horizontal vanishing points. Considering
only the ground truth data, this classification correctly clas-
sifies all vertical vanishing points (100%) and misclassifies
only two horizontal vanishing points (99.0% correct) for an
overall performance of 99.4% correct.

Next, if exactly one vertical vanishing point has been

detected for the image, the estimated angle of rotation is

determined. The angle is the angle between the y-axis
and the line connecting that vanishing point and the princi-
pal point of the image.

The magnitude of the correction angle is determined

using , and an empirically derived relationship that is
shown in Figure 13. This relationship was created based on
the following observations:
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Figure 12: Vanishing points located inside the shaded region are
classified as vertical vanishing points.
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a) the effects of smaller rotations (e.g., ) are diffi-
cult to observe in images. The image quality degradation
associated with sharpness losses incurred by rotating the
image probably outweigh any benefits of applying a rota-
tional correction, and

b) very large camera rotations (e.g., ) are often the
result of intentional camera tilt, and therefore should not be
modified.

Finally, the image is rotated by to produce a cor-

rected image. The rotational correction also incorporates
the proper amount of zoom to avoid the appearance of void
areas in the corners of the corrected image. The corrected
image has its vertical vanishing point positioned on the
image y-axis.

As alluded to in Section 4.5, an alternative method for
estimating the camera tilt angle is to determine two hori-
zontal vanishing points corresponding to orthogonal direc-
tions in the scene. The line connecting these points is the
horizon. The angle between the horizon line and the image

x-axis is the estimate of the angle . In practice, this
method is difficult to automate because it requires the accu-
rate detection of both horizontal vanishing points.

7. Results

Example original images and the corresponding cor-
rected images are shown in Figure 14. The vertical vanish-
ing point was correctly found on each image. In each case,
the corrected image appears to be a large improvement
over the original image.

One limitation of the algorithm is that the effect of cam-
era rotation in images of non-structured scenes cannot be
removed because a vertical vanishing point cannot be
detected. Recall that in the Section 5, a vertical vanishing
point exists for only 45% of the images. However, this is
not as severe a limitation as it first seems. Empirically, the
image content affects the perceived quality loss associated
with the camera rotation. Typically, images of structured
scenes suffer greater quality losses than images of non-

structured scenes at the same levels of camera rotation.
These structured scenes images are more likely to contain a
detectable vertical vanishing point. Thus, the algorithm has
its best reliability on images that are most important to fix.

8. Discussion and conclusions

In this paper, the relationship between commonly occur-
ring camera models and the location of vanishing points in
the image has been explored. It has been shown that, when
the camera is in a desirable position relative to the world,
the vanishing point of vertical scene lines is located on the
image y-axis. However, undesirable camera positions can
occur as a result of photographer error where the camera is
rotated about the principal axis. The result of this condition
is a vertical vanishing point rotated from the image y-axis
and an unattractive image that appears to be tilted.

When this occurs, the image can be improved using the
novel algorithm presented here. The vertical vanishing
point of the image is found with an automatic algorithm,
and the angle of rotation is determined. The image is
rotated by the negative of this angle. This places the image
vanishing point on the y-axis and results in a more pleasing
composition of the image. The algorithm assumes that the
principle point is in the center of the image, but requires no
knowledge of the focal length.

Results of the algorithm are shown for a set of images.
The algorithm performs well and produces pleasing images
from original images that were undesirably tilted.
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Figure 14: Examples of automatic tilt correction. Left column:
Original Images. Middle Column: Detected lines associated with
an automatically detected vertical vanishing point. Right Column:
The resulting images after tilt correction. The corrections were -
2.8 degrees, 5.8 degrees, 11.3 degrees, and -5.7 degrees from
top row to bottom.
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