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Abstract

following is a good example of the importance of collaboration: suppose a person-of-interest (POI) enters the field-ofview (FOV) of a PTZ camera. Knowing the POI’s current
location and its current pan-tilt-zoom values, the question
is: is this camera capable of informing the others where to
look, so that they simultaneously track the POI and get as
much information as possible?
Depending on how one defines the domain of applications, a variety of solutions may be proposed to this problem. If a sub-function of the system is to generate very accurate and high resolution panoramas, calibration may be the
only answer [10]. On the other hand if the algorithm is designed solely for a particular application, such as only pairwise tracking, then a simple polynomial model may solve
the problem [2].
In this paper we have exploited the geometric restrictions
imposed by PTZ cameras. The result is a set of expressions,
that may be evaluated in constant time, to obtain accurate
point-correspondences between any two configurations of
a PTZ camera. This simple and purely geometric “selfawareness” approach is not restrictive in the application domain sense and it neither requires iterative linear/non-linear
optimizations nor complex matrix decompositions. It may
be used as an efficient initial step in many applications of
PTZ cameras.
Without requiring any prior knowledge of the camera optics, or a calibration setting, our approach estimates the focal length and the radial lens distortion coefficient of the
camera. Then for any given point in a configuration, the
corresponding point in another configuration is computed
by: 1) finding the undistorted coordinates of the selected
point, 2) applying the derived geometric relationship on the
undistorted coordinates, and 3) finding the distorted coordinates of the correspondence.
The rest of the paper is organized as follows: Section 2
focuses on the related work and reviews the generic structure of conventional approaches that make use of the ro-

A pan-tilt-zoom (PTZ) camera, fixed in location, may
perform only rotational movements. There is a class of
feature-based self-calibration approaches that exploit the
restrictions on the camera motion in order to obtain accurate point-correspondences between two configurations of
a PTZ camera. Most of these approaches require extensive
computation and yet do not guarantee a satisfactory result.
In this paper, we approach this problem from a different
perspective. We exploit the geometric restrictions on the image planes, which are imposed by the motion restrictions on
the camera. We present a simple method for estimating the
camera focal length and finding the point-correspondences
between two camera configurations. We compute pan-only,
tilt-only and zoom-only correspondences and then combine
the three to derive the geometrical relationship between any
two camera configurations. We perform radial lens distortion estimation in order to calibrate distorted image coordinates. Our purely geometric approach does not require any
intensive computations, feature tracking or training. However, our point-correspondence experiments show that, it
still performs well-enough for most computer vision applications of PTZ cameras.

1. Introduction
PTZ cameras are becoming one of the essential elements
of both small-scale indoor and large-scale outdoor surveillance systems. Due to their pan and tilt capabilities, they
may observe a scene with a large field of view and their
zooming capability enables them to act as high-resolution
sensors as needed.
Improving the effectiveness of such surveillance systems
through the employment of PTZ networks is a common approach. However, these camera networks may only be utilized by efficient and accurate pairwise collaboration. The
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tational movement. Section 3 explains our proposed approach. Experiments are presented in Section 4 and Section
5 concludes the paper.

8] are built on the method explained in Hartley [7].
Perspective cameras are usually modeled as a projective
mapping from the 3D scene to 2D image plane. This mapping may be represented by a 3 × 4, rank-3 matrix P . The
central projection equation is then given by x = P X, where
x = [x y 1]T is the image point and X = [X Y Z 1]T is
the scene point in homogeneous coordinates. The matrix
P may be decomposed as P = K[R|t]. In this decomposition, R is a rotation matrix and t is a translation vector. These two define the location and the orientation of the
camera with respect to an absolute coordinate frame. K, on
the other hand, is called the calibration matrix and encodes
the intrinsic parameters of the camera:


γf sf u0
f v0 
(1)
K= 0
0
0
1

2. Related Work
In order to obtain point correspondences between any
two configurations of a PTZ camera, conventional approaches employ a camera self-calibration step. Both translational and rotational motion may be (and have been)
used for camera self-calibration. However, a surveillance
type PTZ camera is not expected to alter its optical center,
hence this section will only focus on the rotation-based selfcalibration approaches.
Hartley [7] used the rotational motion of a camera to obtain overlapping images. Then point correspondences are
established using feature matching and the pairwise 2D projective transformations are computed. Using the rotational
motion restriction, he related the computed homograpies to
the calibration matrix and then solve for the parameters using a factorization method. However, in case of noisy input,
this factorization may not be possible.
Du and Bardy [4] computed the intrinsic parameters step
by step, rather than trying to solve for all parameters at once.
They explored the effects of the camera parameters on the
feature motion. This approach requires a very accurate feature tracking algorithm and hence may not be scalable to
challenging environments.
Agapito et al. [1] built on Hartley’s approach and introduced a non-linear calibration algorithm. The main
highlight of this work is the calibration matrices are
parametrized in terms of their internal parameters. This
way, specific constraints may directly be applied. They are
also required to make assumptions about the intrinsic parameters in order to obtain good results.
Frahm and Koch [6], Li and Shen [8] and Sinha and
Pollefeys [10] all addressed some shortcomings of the initial approach of Hartley. However, out of all these selfcalibration approaches, only Frahm and Kock [6] did actually use rotation information as a constraint when solving
for the camera parameters. The rest just made use of the
restrictions imposed by the rotation.
More recently Sankaranarayanan and Davis [9] proposed
an efficient active camera model. The authors focused on
the geometric relationships in order to centralize any given
point in any given camera configuration. The proposed approach requires only the focal length of the camera, and this
is estimated through a feature extraction based method.

Here, f is the focal length and γ is the aspect ratio, The
principal point is (u0 , v0 )T and s is the skew parameter.
The camera may be positioned in the center of the absolute coordinate frame, making t = 0 and x = KRX.
For a PTZ camera, one may assume that K will not be
changed as long as the focal length f is kept constant. With
e onto two
this in mind, the projection of a scene point X
configurations of the PTZ camera is given by:
xi

=

xj

=

e
KRi X
e
KRj X

(2)

It follows that:
xi

=

Hij xj

Hij

=

KRij K −1

(3)

This is the first important observation; in a camera subject to rotation, points in two configurations are related by
a 3 × 3 projective transformation (homography). Section 3
explains how this relation may be estimated purely geometrically.
The next step in self-calibration is to relate the pairwise
homographies to the calibration matrix. From Equation 3,
Rij = K −1 Hij K. Since R is a rotation matrix, R = R−T ,
and hence:
−T
K T Hij
K −T = K −1 Hij K
T
(KK T ) = Hij (KK T )Hij

(4)

The second important observation is that R, rotation information, will not be used from this step on because these
conventional approaches compute Hij through featurebased methods (until K is estimated, then Equation 3 may
be used to compute point correspondences between configurations).

2.1. Conventional Approach Details
In this section the conventional way of using the rotational movement of a camera is explained. Most of the existing rotation-based self-calibration approaches [7, 1, 6, 10,
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It should also be mentioned that these rotation-based
self-calibration approaches usually impose some constraints on the intrinsic parameters. The common constraints are setting s to be zero, assuming aspect ratio and
principal point are known or constant.

The rest of the section is outlined as follows: first focal length estimation is explained. Then, pan-only, tiltonly and zoom-only correspondences are derived assuming
undistorted image coordinates. Next, these three are incorporated to form a full correspondence relation. Finally, a
blind radial lens distortion correction approach is explained
to relate distorted image coordinates to assumed undistorted
coordinates. This approach focuses on image-dependent
higher-order correlations in the frequency domain and requires neither prior knowledge of the camera optics nor automatic feature extraction and matching.

3.1. Estimating the focal length
Assuming that the focal length is kept constant, image planes associated with two configurations C1 =
hΘ1,P , Θ1,T , Z1 i and C2 = hΘ1,P + α, Θ1,T , Z1 i intersect
along a line (note that α is the pan-angle between the two
configurations, and is obtained from the PTZ system). In a
pan-only movement this line will be parallel to the y-axis as
illustrated in Figures 1 and 3.
At this point the following may be observed: 1) in both
image planes, the perpendicular distance between the y-axis
and the intersection line should be the same (denoted by d1
in Figure 3), and 2) both image planes should have exactly
the same scene projection along this line.
Hence given two images, I1 and I2 , d1 is estimated as
follows: using the α between C1 and C2 , compute on which
half of I1 the two planes should intersect. Take that half of
I1 , and the other half of I2 , flip the order of columns in one,
and calculate the column-wise normalized sum-squared errors (SSE) between the two. The column with the minimum
SSE should correspond to the intersection. Figure 2 illustrates the results of this calculation. It is clear that the error
at one column is significantly less than the error in other
columns.

Figure 1. Image planes corresponding to two configurations of a
PTZ camera (3D rendering).

3. Exploiting Geometric Restrictions
Figure 1 illustrates a sample PTZ camera and its two configurations. In the rest of the section a configuration Ci is
defined as the triplet: hΘi,P , Θi,T , Zi i, where Θi,P is the
pan angle, Θi,T is the tilt angle and Zi is the zoom parameter of Ci .
Note that, in Figure 1, optical axes intersect the image
planes perpendicularly at the centers, in other words, the
principal point, (u0 , v0 )T is assumed to be at the center.
One might initially think that the homography between
any two configurations of a PTZ camera may easily be computed using the pan and tilt rotation matrices. However, this
is not the case. As shown in Equation 3, this computation
also requires the knowledge of the calibration matrix. Even
with common assumptions such as unit aspect ratio, zero
skewness and centralized principal point, the only remaining intrinsic parameter, focal length, precludes the direct
use of Equation 3. For this reason, traditional approaches
follow two main paths: 1) manual calibration, or 2) feature
extraction and matching to obtain the desired homography
matrices.
With the above assumptions, Equation 3 may be rewritten in the following form:




f 0 0
1/f
0
0
−1
1/f 0  xj (5)
xi =  0 f 0  Ri Rj  0
0 0 1
0
0
1

Figure 2. Column-wise SSE in the calculation of d1 .

and can easily be evaluated once the focal length is known.
This paper provides a novel way to estimate the focal length
and explains an alternative derivation based merely on geometric intuition.

d1 is estimated from the image contents using the above
procedure. Here, one may argue that doing a column-wise
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Figure 3. Pan-only two configurations of a PTZ camera (top view).

comparison is ill-conditioned due to the radial distortion of
the lens. However, using small α guarantees that the plane
intersection is close top
the y-axis. Since the radial distortion
is a function of r = x2 + y 2 , it has less effect near the
axes. This may be further improved by just considering the
mid-sections of the columns in the SSE calculations.
Once the d1 is estimated, focal length may be computed
using (see Figure 3):
d1
f=
tan α2

tilt operations of the camera. It follows from the figure that:
d4

=

d3

=

d4

=

d1 + d2 + d3
cos α
d4 sin α tan β
d1 + d2
cos α − sin α fdy2

(7)

where d2 is the x-coordinate of the point in image plane 2.
Hence, the x-coordinate of the same point in image plane 1,
x1 , may easily be calculated as:

(6)

x1 = d1 +

In our experiments we have done this calculation for six
configuration pairs and weighted the f estimation of each
pair with the corresponding column-wise SSE to get our final value for the focal length. It is necessary to mention that
this f is not the real focal length since it also incorporates
the y-direction magnification. That is why two values may
be calculated for increased accuracy: fy through pan-only
rotation and fx through tilt-only rotation.
Note that we are not doing a camera self-calibration. We
are not even calculating the real focal length. However,
the following sections show that none of these are actually
required to obtain accurate point correspondences between
two configurations of a PTZ camera.

d1 + x2
cos α − sin α fxy2

(8)

It may be noted that Equation 8 depends only on the rotational information and the estimated focal length fy . Hence,
we do not need a full camera calibration, as it is the case for
conventional approaches.
Also note that none of the planes have a y component in
their equations. That is why, all points on the line x = x2
on image plane 2, will project back to the line x = x1 in
image plane 1, with different y-coordinate distortions (see
Section 3.3).

3.3. Pan-only y-direction correspondences
Figure 4 illustrates the side view of the image frames.
One may easily realize that the distortion in y-dimension
depends on the distance d5 from Figure 3. This is expected
since two image planes intersect with a particular angle. As
a point in image plane 2 moves away from the intersection line x = −d1 , the distance between the planes also
increases.

3.2. Pan-only x-direction correspondences
Figure 3 illustrates the pure geometric relationship between two points from different configurations. A very important point is that this relationship does not depend on the
actual depth of the corresponding object. This is because
the optical center remains to be stationary during pan and
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3.5. Zoom-only correspondences
Even though zoom-related geometric relations are more
intuitive than the pan/tilt-related ones, exploiting them requires stricter assumptions about the camera intrinsic parameters. This is because, when it comes to changing the
focal length, one may expect to see varying results especially about the principal point. Results presented in [1]
and [10] show that, assuming constant and centralized principal point definitely introduces some error in the point correspondence equations.
In the zoom-only correspondence calculations it is assumed that there is a linear mapping between the focal
length and the zoom parameter steps of the camera. This
linear mapping may be identified by computing the focal
length ratio between the maximum and minimum allowed
f
zoom values: fmax,y
, where fmax,y and fmin,y are the maxmin,y
imum and the minimum allowed focal lengths, respectively.
Both of these values may be estimated using the approach
explained in Section 3.1. Let this value of the camera be ny
and there are a total of m zoom steps. Then step-wise zoom
increase is given by:
ny − 1
(13)
m−1

Figure 4. Pan-only two configurations of a PTZ camera (side
view).

From Figure 3:
d5 =

tan α(d1 +d2 )
d
1−tan α fy2

cos β

(9)

Substituting x2 for d2 , and using the similar triangle in
Figure 4, the y-direction correspondence in pan-only rotation may be derived as:
y1 = y2 + y2 q

tan α(d1 +x2 )
x
1−tan α fy2

fy2 + x22 cos(arctan( xfy2 ))

Figure 5 illustrates a zoom-only change in the PTZ camera. Assume the image plane 1 and image plane 2 are associated with zoom steps p1 and p2 , respectively. Then:

(10)

Equations 8 and 10 hold only for x2 ≥ −d1 . For x2 <
−d1 there are other correspondence equations. These are
omitted since the calculations are similar.

3.4. Tilt-only correspondences
Both pan and tilt are pure rotations (in reality even
mounted PTZ cameras may undergo a small translation during rotation, but this may be neglected). Hence, all geometric exploration of Sections 3.2 and 3.3 also apply for
tilt-only rotations. However, since the image coordinates
remain the same, the exploration done for the x-direction in
pan-only rotation, now corresponds to the y-direction in tiltonly rotation. The other direction is no different. Therefore,
the tilt-only correspondences are:

x1 = x2 + x2 p

tan γ(d8 +y2 )
y2
1−tan γ fx

fx2 + y22 cos(arctan( fyx2 ))

y1 = d8 +

d8 + y2
cos γ − sin γ fyy2

f1
f2

x1

=

x2

fi

=

f (1 + (pi − 1)

x1

=

x2

ny − 1
)
m−1
ny −1
(1 + (p1 − 1) m−1
)
n −1

y
(1 + (p2 − 1) m−1
)

(14)

(11)
(12)

Note that, also d1 is replaced with d8 since a new focal
length fx may be used for tilt-only correspondences. If separate focal lengths are estimated for pan-only and tilt-only
f
rotations, then one may also compute the aspect ratio by fxy .

Figure 5. Zoom-only two configurations of a PTZ camera (top
view).

492
430

where P is the power spectrum:

and for the y-direction:
y1 = y2

(1 + (p1 −
(1 + (p2 −

x −1
1) nm−1
)
nx −1
1) m−1 )

P (ω) = E{F (ω)F ∗ (ω)}

(15)

The lens distortion coefficient, κ, is computed using
the following procedure: 1) select an arbitrary value for κ
within a predetermined range, 2) get a presumably undistorted image using this κ and Equations 16 and 17 (solving
for xd and yd for proper warping), 3) compute the squared
bicoherence index of this undistorted image (actual analysis is limited to one-dimensional radial image slices for
avoiding the memory and computational demands), 4) repeat steps 1-3 for all κ in the range, 5) κ with the minimum
squared bicoherence index is the desired lens distortion coefficient. We refer to [5, 11, 3] for details.
Point-correspondences are then computed in three steps:
1) find the undistorted coordinates of a selected point, 2)
apply point-correspondence expressions on the undistorted
coordinates, and 3) find the distorted coordinates of the new
point.

3.6. Combining pan, tilt and zoom correspondences
The ultimate goal of this approach is to find the geometric relationship between any two configurations, C1 =
hΘ1,P , Θ1,T , Z1 i and C2 = hΘ1,P + α, Θ1,T + γ, Z2 i.
Since, the optical center is fixed, a complex looking transition such as C1 → C2 may actually be decomposed into
pan-only, tilt-only and zoom-only transitions, where at each
step there is only one-degree of freedom.
As Table 1 shows, zoom-only transitions introduce the
least amount of error in our experiments. Hence, our ordering of the simple transitions was: pan-only, followed by
tilt-only, and for last zoom-only. Different orderings had
little effect on the results.

3.7. Handling the radial lens distortion
It is clear from Figures 3, 4 and 5 that the derived expressions assume undistorted image coordinates. This assumption is not practical in surveillance applications where the
cameras are relatively low quality. Hence, using the above
expressions without taking the radial distortion into consideration will result in not so accurate point-correspondences,
especially in the regions close to the image boundaries.
In order to address this issue, we assumed a first-order
quadratic radial distortion model, where undistorted coordinates are given by:
xu
yu
p

x2d

=

xd (1 + κrd2 )

(16)

=

κrd2 )

(17)

yd (1 +

4. Experiments
In our experiments we used a Toshiba IK-WB15A PTZ
camera. It has a pan range of 112◦ , tilt range of 56◦ and
a 2.6× optical zoom with only 5 steps. The focal length
changes from 2.8mm to 7.3mm. This camera provides images with 640 × 480 resolution.
We estimated the focal length in various zoom levels
of the camera. We calculated the zoom ratios between
the maximum and minimum allowed zoom values to be
ny = 1.9651 and nx = 2.0526, using previously mentioned ffmax
ratio. One may think that these ratios should
min
be equal to 2.6. However, our estimated focal lengths are
not the actual focal length values. Moreover, our very accurate zoom-only correspondence results (see Table 1) show
that: 1) these estimated ratios are highly accurate as they are
defined in this approach, 2) our proposed focal length estimation remains effective even when the image energy gets
relatively low (zoomed in images have less features, hence
less energy).
We selected various configuration pairs. For each configuration pair, we randomly selected 10 corner-points in the
reference frame. Then computed the point correspondences
and find the mean and the standard deviation of the error in
estimated pixel locations. Table 1 summarizes our results,
both with and without blind radial lens distortion correction.
The maximum mean pixel error value presented in Table
1 is less than 1.3% of the image diagonal length (the average
being less than 1.1%). For many applications (such as target
centralizing or collaborative pairwise tracking) these error
values are insignificant. Please note that these points were
selected randomly, not favoring a central region, and the focal length was just “estimated” using the simple approach

yd2 .

where rd =
+
Then the minimization of average
bicoherence index approach, explained in [5], is employed
to estimate the lens distortion coefficient κ. This approach
exploits the fact that the nonlinearity of the camera optics
(lens distortion) introduces higher-order correlations in the
frequency domain. Moreover, these higher-order correlations increase proportionally to the amount of distortion.
Hence, the distortion in an image may be estimated by simply minimizing these correlations.
Bispectrum is used to estimate third-order correlations in
the frequency domain, and is defined as follows:
B(ω1 , ω2 ) = E{F (ω1 )F (ω2 )F ∗ (ω1 + ω2 )}

(18)

where E is the expected value operator, and F is the Fourier
transform. Bispectrum has an undesirable property: variance of the estimate depends on signal energies at the bifrequencies. Therefore, a normalized bispectrum, or bicoherence, is preferred:
b(ω1 , ω2 ) =

B(ω1 , ω2 )
P (ω1 )P (ω2 )P (ω1 + ω2 )

(20)

(19)
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∆ΘT
0
0
20
40
20
0
10

Conf.
∆ΘP
20
40
0
0
30
0
20

∆Z
0
0
0
0
0
4
4

With corr.
µ
σ
7.50 4.18
10.19 9.35
7.56 5.30
10.15 6.92
9.51 2.90
5.63 2.78
7.24 5.30

Without corr.
µ
σ
10.66 9.20
17.76 18.49
12.24 7.95
21.22 11.52
14.29 7.94
3.88
1.97
9.64
9.63

Table 1. Configuration pairs and the corresponding pixel errors.
(Conf.: Configuration. With and Without corr.: With and without
radial lens distortion correction. ∆ΘT , ∆ΘP , ∆Z: difference in
tilt, pan and zoom values of the two configurations. Mean and
standard deviation values are given in pixels.)
(a) Configuration 2 hΘP = 30◦ , ΘT = 5◦ , Z = 4i

explained in Section 3.1. As Figure 7 shows, central points
have less error. Also note that radial lens distortion correction has two major effects: 1) it significantly improves the
accuracy, and 2) it significantly reduces the variance in the
results. Figures 6 and 7 show the qualitative performance
of our approach.
Table 1 shows that complex looking transitions may successfully be decomposed into simple transitions. Moreover,
the accumulated error, which we mentioned in Section 3.6,
is not significant since all of the three simple transitions are
very accurate.
Last, but not least, the results show that our assumptions about camera intrinsic parameters were acceptable.
Especially the centralized and constant principal point assumption did not result in a significant error, both in pointcorrespondence expressions and lens distortion coefficient
estimation. These are common assumptions for many applications. For a more detailed analysis of the effects of
centralized principal point and square-pixel assumptions on
blind radial lens distortion correction, we refer to [11].

(b) Configuration 1 hΘP = 10◦ , ΘT = −5◦ , Z = 0i

Figure 6. Qualitative results for finding the objectcorrespondences between two camera configurations. (Red
quadrilateral: selected object boundary in image plane 2. Green
quadrilateral: estimated object boundary in image plane 1.)

average error being less than 1.1% of the image diagonal
length.
This “self-awareness” approach may be the first step of
an accurate “peer-awareness” algorithm in a PTZ camera
network, which constitutes our future work.
Acknowledgements. The research was supported in part
by Texas Higher Education Coordinating Board award #
003658-0140-2007.

5. Conclusions
In this paper we present a novel perspective to PTZ camera “self-awareness” problem. Rather than just exploiting
the motion restrictions of the camera, we exploited the geometric restrictions on the image planes.
We derived purely geometric point-correspondence expressions that relate the two configurations of a PTZ camera
to each other. We improved the accuracy of our approach by
handling the radial distortion in an unsupervised manner,
using only the image contents.
Our constant time point-correspondence calculation approach does not require any intensive computations or training. The experimental results show that the overall accuracy
of our approach is sufficient for most computer vision applications. The maximum mean pixel error of our experiments
was less than 1.3% of the image diagonal length with the
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