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Abstract. PTZ (Pan-Tilt-Zoom) cameras are powerful devices in video
surveillance applications, because they offer both wide area coverage and
highly detailed images in a single device. Tracking with a PTZ camera
is a closed loop procedure that involves computer vision algorithms and
control strategies, both crucial in developing an effective working system.
In this work, we propose a novel experimental framework that allows to
evaluate image tracking algorithms in controlled and repeatable scenar-
ios, combining the PTZ camera with a calibrated projector screen on
which we can play different tracking situations. We applied such setup
to compare two different tracking algorithms, a kernel-based (mean-shift)
tracking and a particle filter, opportunely tuned to fit with a PTZ cam-
era. As shown in the experiments, our system allows to finely investigate
pros and cons of each algorithm.

1 Introduction

This paper proposes a platform to evaluate different single-target tracking al-
gorithms for PTZ cameras. Our aim is toward repeatability, which is complex
in such case because PTZ cameras “see” a different scenario given the choice of
pan, tilt and zoom parameters, and such parameters are differently set by the
diverse tracking algorithms taken into account. This means that there cannot
be a unique video benchmark which allows a genuine global testing. The pro-
posed system provides the same scenario to the PTZ camera as many times as
desired, in order to test different tracking algorithms. The core idea consists in
projecting a video containing the target on a screen in front of the camera. In
this way, we are aware at each instant about the position of the target on the
projector screen. This setup makes possible to compare the localization error
and other metrics of the target during tracking. The setup, shown in figure 1, is
composed by 3 different steps: (1) camera calibration, (2)implementation of the
PTZ tracking algorithm, (3) projection of the video with the target on the wall
and comparison of the different tracking results with the ground-truth (GT).

The paper is organized as follow. In section 2 the state-of-the-art is presented.
In section 3 the whole system will be presented, describing the 3 parts introduced
above. A quantitative evaluation of the effectiveness of our framework so as the
comparison between two particular tracking algorithms are provided in section
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Fig. 1. The whole system

4, whereas in section 5 final considerations about the importance of our contri-
bution and a possible future work are discussed.

2 State of the Art

PTZ cameras can be exploited and studied from different points of view. In our
work, we are interested in the geometrical modeling for the PTZ camera control
and target projection, as related to visual object tracking. Hence, this section
presents the most relevant state of the art regarding four different aspects, PTZ
camera modeling, visual object tracking in general and using a PTZ camera, and
evaluation of tracking algorithms.

PTZ Geometry. The problem of calibrating a PTZ camera has been addressed
in many papers with different methods and levels of approximation. One of
the most important work on self-calibration of rotating and zooming camera is
the paper of Agapito et al. [1]. It considers in particular how the changes of the
zoom and the settings of the focus affect the intrinsic parameters. Other works
are related to estimation of a geometrical model for a rotating camera, linking
the rotation angles to the camera position in the 3D world. In [7], pan and tilt
rotations are modeled as occurring around arbitrary camera axes in space, and
the relative position between the axis is estimated.

Visual Object Tracking. An overview on different techniques can be found in [15].
The Bayesian recipe is one of the most widely used framework for tracking, that
considers both an a priori information on the target (dynamical model), and
the information from the current image acquired from the camera (observation
model). The choice of the dynamical and the observation models characterizes
each different algorithm together with the approximation of the evolution of the
probability density function that describes the target state. Nowadays, particle
filters are the most employed techniques; here we considered the classical filtering
approach of Condensation [10]. A different philosophy sees the tracking as a
mode seeking procedure, here represented by the Mean Shift tracker [6], and in
particular by the CamShift approach [3]. The target model is an histogram and
the area of the image that exhibits the most similar histogram is searched at each
iteration. This algorithm proposes an extremely efficient technique to minimize
the Bhattacharyya distance between histograms. In the last years both these
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algorithms have been extended and improved, like in [4] for particle filter or [5]
for mean-shift.

PTZ Cameras in Video Surveillance Systems. Typically, in video surveillance
settings, a master-slave architecture is adopted using a wide zoom fixed camera
(master) and a PTZ camera (slave) that is moved to highlight the relevant
subjects of interest in the scene, as in [9]. When using multi-camera architectures,
calibration between cameras is a key element and usually requires considerable
effort. For this reason, methods that only require weak calibration or implements
automatic calibration algorithms (e.g. [2]) are the most popular ones. Among
them, two recent works are [13] and [14]. In the former, the scenario consists of
a single PTZ camera that tracks a moving target which lies on the floor, and the
focus of the work is on the control part of the process: the choice of the camera
position at each step is formulated as an optimization problem. In the latter,
the camera tracks the upper-body of a person that walks in a room with a fuzzy
algorithm. It also compares the results obtained with other tracking algorithms,
but such a comparison is performed off-line, using the frames obtained from
their PTZ tracking algorithm. As a result, only the visual tracking algorithms
are evaluated and not the performance of the system that also accounts for the
camera motion.

Evaluation of Tracking Algorithms. The evaluation of tracking algorithms is
often related to a specific application, for example surveillance in [8] or low frame
rate areal imagery [12] or for a specific category of algorithms, e.g. template-
based in [11]. In this work we will adopt similar metrics for the evaluation, but
apply them to different, unexplored PTZ scenario.

3 Methodology

In this section, we present the different components of the whole system: the ca-
libration of the PTZ camera, the implementation of the two tracking algorithms,
and finally the performance evaluation testbed.

3.1 PTZ Camera Calibration

We adapt a standard pinhole camera model to a specific PTZ camera, shown in
Fig. 1, used for our evaluation.

Intrinsic parameters. First, we calibrate the intrinsic or internal parameters,
according to the pinhole model with one coefficient for the radial distortion.
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where (xr, yr, zr) are the coordinates in the optical center reference system,
(xd, yd) are the coordinates after the distortion due to the camera lens and
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(u, v) are the pixel coordinates on the image plane. The intrinsic parameters
(fx, fy, cx, cy, k) are estimated for each zoom level between 1x and 20x, with a
step of 1x.

Rotation Axis Model. The PTZ camera can rotate around two axes that are not
aligned with the camera reference system. The rotation axes do not intersect in
any points and do not pass through the optical center, so the correct misalign-
ments should be computed to avoid approximations. Let (φi

C , θi
C) indicate the

camera pan and tilt angles as measured by the motor encoder and (xi
r , y

i
r, z

i
r) the

coordinates of a point in the optical center reference system in that pose. When
the camera is rotating from the initial pose φ0

C = 0 and θ0
C = 0 to a new pose

(φ1
C , θ1

C), the transformation between the two reference systems can be described
by the composition of two rotations, each of them around a translated axis:
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where s(·) and c(·) stand for sine and cosine trigonometric functions. R0 and
T0 represent the roto-translation from the screen to the camera given the initial
position (φ0

C , θ0
C). Finally we indicate with (x0

r , y
0
r , z0

r ) in the optical center refer-
ence system when in the initial position. These parameters are estimated at the
beginning of each experiment, because they depend on the relative position be-
tween the camera and the screen. This is achieved by projecting a checkerboard
of known size on the screen. On the contrary, the translation vectors [tθx, tθy, tθz]
and [tφx, tφy , tφz ] are fixed and can be estimated by minimizing the projection over
a set of checkerboard images. Please, note that they depend on the zoom values,
actually, the focal length increases as the zoom increases and the position of the
optical center with respect to the rotation axis also varies. For this reason the
calibration of such parameters must be performed for different zoom values, as
for the intrinsic parameters. Note also that (2) could be used to go from the
coordinates (x2

r , y
2
r , z

2
r ) in a given position (φ2

C , θ2
C) to coordinates in the initial

configuration (φ0
C , θ0

C) by simply inverting the matrix T−1
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Finally, using the transformation from (x2
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from (x0
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0
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1
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r ) it is possible to express a general transformation
from two camera poses (φ2

C , θ2
C) and (φ1

C , θ1
C).

3.2 Tracking Algorithms for PTZ Camera

Two different tracking algorithms have been implemented for the PTZ camera.
They are based on two well-known algorithms: the Camshift proposed in [3],
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and the Particle Filter of [10]. They represent baselines of two different track-
ing philosophies here embedded in a PTZ scenario; this required to handle the
position displacement and size variation of the target on the image plane due
to the camera movements, as well as the control of the camera movements. In
Algorithm 1, we present a general scheme for tracking using a PTZ camera, and
later we will provide the details about the two different implementations. One of
the crucial point of this scheme is that from frame to frame, the target is tracked
using spheric coordinates, that is azimuth φt

T and elevation θt
T with respect to

the reference coordinate system in the initial camera pose C0 = (φ0
C , θ0

C ,Z0
C).

This is achieved in two steps: first, the estimated bounding box (BB) vertices are
transformed in the initial camera pose reference system according to (2), then
the spheric coordinates are computed knowing the zoom and focal length:

⎧
⎨
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In our algorithm, unlike similar previous works, at each frame, we assign to the
camera a new speed and not a new position, in this way, we can produce a

Algorithm 1. A generic tracking algorithm for a PTZ camera
1: Initialization t = 0

– Move the camera to the starting point C0 = (φ0
C , θ0

C ,Z0
C)

– Acquire the first frame from the camera
– Manually select the target Bounding Box:(cx, cy , lx, ly)
– Calculate the target model: (depends on the adopted algorithm)
– Transform the target position into the spheric coordinates (cx, cy, lx, ly) →

(φ0
T , θ0

T , 1), the third coordinate representing the target scale, with respect to
the initial zoom value.

2: for t = 1 to T do
3: – Receive the current frame It from the camera and the camera configuration:

Ct = (φt
C , θt

C ,Zt
C) from which it was captured

– Transform the previous target estimation from polar coordinate to the cur-
rent view (φt−1

T , θt−1
T ,Zt−1

T ) → (ĉt
x, ĉt

y, l̂tx, l̂ty);
– Perform the tracking (depends on the adopted algorithm) starting from the

initial guess (ĉt
x, ĉt

y , l̂tx, l̂ty) and obtaining the new estimation (ct
x, ct

y, ltx, lty);
– Transform the new target estimation into polar coordinate considering the

current camera position (ct
x, ct

y , ltx, lty) → (φt
T , θt

T ,Zt
T );

– Set the new camera speed and the zoom values, (depends on the adopted
control strategy), for both :

vt
φ = fφ(φt

C , φ̂t
T ), vt

θ = fθ(θ
t
C , θ̂t

T ), Zt
C = fZ(·)

4: end for
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smoother trajectory for the camera and the resulting video is more easily usable
by a human observer.

CamShift. The target model is a 16-bin hue histogram and the target is repre-
sented as a rectangle whose sides are parallel to the image plane axis. CamShift
(CS) algorithm estimates the position and scale of the rectangle at each frame.
The camera control, basically proportional to the error, is set as follows:

vt
φ = λφ(kφ

φ̂t
T − φt

C

Ts
) + (1 − λφ)vt−1

φ , vt
θ = λθ(kθ

θ̂t
T − θt

C

Ts
) + (1 − λθ)vt−1

θ

Zt
C = λZZt

opt + (1 − λZ)Zt−1
C

(4)

where Zt
opt is computed according to the estimated target size. Given the target

spheric coordinates we can measure its horizontal and vertical angular extension,
Δφ and Δθ, and set the zoom adequately:

Zt
opt = min

(
tan(Δφ0/2)

tan(kZΔφ/2)
,

tan(Δθ0/2)
tan(kZΔθ/2)

)
(5)

where Δφ0 and Δθ0 are the fields of view at zoom 1x and kZ expresses the
desired ratio between the camera field of view and the object angular extension.

Particle Filter. We implemented a Particle Filter (PF) tracker that uses the
same observation model as CS, the histogram on the hue values. The state xj

of each particle j has 4 dimensions, 2 for the position and 2 for the lengths
of the rectangle. At each iteration t, the particle are sampled from a Gaussian
distribution N (xj

t−1, Σ).
To avoid the ambiguity on the target scale in case of a uniform target we also

consider an external frame around the target BB and combine two histogram
distances. Let hT the histogram of the target, hj

int the histogram of the region
inside the candidate, and hj

ext the histogram of the region external to the j
candidate. The best candidate should have a small distance for the internal
histogram d(hj

int, hT ) and a large distance for the external histogram d(hj
ext, hT ),

where d(h1, h2) is the Bhattacharyya distance. The weights wi of the particles
should be proportional to the likelihood p(hj

int, h
j
ext|xj), so we could factorize

and exploit the log-likelihood formulation:

wi ∝ p(hj
int, h

j
ext|xj) ∝ el(hj

int|xj)el(hj
ext|xj) = e−(d(hj

int,hT ))2e−(1−d(hj
ext,hT ))2

At each iteration t, the set of N samples and their weights {xj
t , w

j
t } are used

to set the camera control commands. The speeds are set again with (4), where
(φ̂t

T , θ̂t
T ) are obtained from the particle with the highest weight (MAP criterion).

Differently from (5), the Zt
opt is chosen considering all the particles in order to

keep all of them in the field of view of the camera. As shown in Sect. 4, this
choice is important since it will enhance the tracker robustness.
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3.3 Performance Evaluation

The camera is placed in front of a projector screen. Before starting a video, the
extrinsic parameters R0 and T0 are estimated for the camera in the initial config-
uration C0 = (φ0

C , θ0
C ,Z0

C) as explained above. At each iteration of the tracking
algorithm, the following 3 values are saved for the next comparison with the GT:
(1) the estimated target position on the current image plane (ct

x, ct
y; ltx, lty), (2)

the current pose of the camera Ct = (φt
Cθt

C ,Zt
C), (3) an absolute timestamp T t

r .
After that, in an off-line stage, the four vertices of the bounding box at time t
are projected on the current image plane according to the camera pose, using
(1) and (2), and compared with the tracker estimation at the same time. Ob-
viously, this requires a quite precise synchronization between the ground-truth
data and the actual tracking data, when they are stored during the tests. We
indicate with T the number of frames in the sequence, collected by the tracker,
and with Tc the number of frames before the target is lost (i.e., when it is no
more recovered before of the end of the sequence). Given the target GT and the
tracker estimation we use five criteria to evaluate the performances:

– the mean ratio between the estimated area ‖Aest‖ and the GT area ‖AGT ‖
over the valid frames: rT

A;
– the mean distance between the GT and the estimated centers (normalized

on the target diagonal) over the valid frames: dct;

– the rule
‖AGT ∩ Aest‖
‖AGT ∪ Aest‖ ≥ 1

2
to establish if the target is tracked properly, rc

is the percentage of correctly tracked frames over the valid frames;
– the mean ratio between the target area ‖AGT ‖ and the image area ‖Ai‖: ri

A;
– the mean distance between the GT target and the image center: dci.

The first three parameters evaluate the accuracy of the algorithms in tracking
the target, while the last two evaluate the ability of the system to keep it in the
center of the field of view and at the desired dimension on the screen.

4 Experiments

The system described above has been implemented in C++, using OpenCV func-
tions for most of the vision algorithms. It works in real-time on a laptop, Intel
Core 2 Duo CPU 2.8 GHz, 3.48 GB RAM. The projector is a commercial one,
with resolution 1280×1024. The PTZ camera is an Ulisse Compact by Videotec,
an analog camera, PAL format, whose pan, tilt and zoom are controlled through a
serial port. The intrinsic parameters have been computed as in Sect. 3 and inter-
polated to get the intermediate values. The parameters used in the experiments
are the following: [tφx, tφy , tφz ] = [50, 0, 180− 21Z], [tθx, tθy, tθz] = [0, 60,−40− 21Z],
for the camera model, kφ = 0.3, kθ = 0.3, kZ = 5, λφ = 0.7, λθ = 0.7, λZ = 0.4
for the control part. The CS parameters are set to the default values Vmin = 10,
Smin = 30, Vmax = 256, and the sampling time is set to Ts = 0.1. For the PF we
used 400 particles, with variance Σ = diag(25, 25, 2, 2), a 16 bin hue histogram
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Fig. 2. The synthetic videos used in the comparison. (a): a black rectangle occludes the
target; (b): the targets splits into two identical target, then one disappears;(c): a red-
shape is in the background; (d) some dots similar to the targets appear and disappear
in the background.

Table 1. Comparison between the CS and the PF trackers on a set of videos in which
a synthetic target is projected in different scenarios

video tracker T end Tc rc rT
A dct ri

A dci fps

basic
CS 165 yes 165 100.00 0.815 0.070 0.070 36.361 2.86
PF 158 yes 158 82.91 1.306 0.106 0.017 20.239 3.77

occlusion
CS 998 yes 998 65.31 0.822 0.151 0.080 107.776 11.20
PF 530 yes 530 66.26 0.826 0.183 0.020 40.918 5.90

splitting
CS 171 no 76 20.48 0.841 0.175 0.045 119.826 9.60
PF 313 yes 313 28.74 1.191 0.560 0.012 81.189 3.90

red back
CS 153 no 86 56.29 0.844 0.043 0.051 74.479 10.07
PF 316 no 204 14.57 3.369 1.841 0.004 40.654 3.81

lighting
CS 863 yes 863 81.88 0.897 0.122 0.057 25.546 12.35
PF 348 yes 348 69.50 1.371 0.161 0.017 28.969 4.62

and Ts = 0.2. In Table 1, we report some examples on the effectiveness of the
experimental evaluation setup and the comparison between the two algorithms.
First, we applied the system to the simples case: a red ball moving in a cyan
background. In this case, the CS algorithm works perfectly and this allows us to
verify the precision of the evaluation testbed, the percentage of correctly tracked
frames rc is 100%, the area ratio rT

A is almost 1, and the normalized distance
between the centers dct is very small, as we expect in this successfully tracked
sequence.

Then, we created some more challenging scenarios, shown in Fig. 2. In all
these cases the red target follows a circular trajectory and its dimension varies
periodically, with a global period of 40 secs. The more complex experiments
allow a deep comparison between the two algorithms. The main difference is
that PF can successfully track the splitting sequence, while CS breaks after some
frames. As shown in Fig. 3, this is due to the control strategy for the zoom, that
aims to keep all the particles in the field of view. On the contrary, CS is forced
to choose only one hypothesis, and if it is the wrong one it fails. Nevertheless,
this choice allows CS to provide a higher magnification of the target as listed
in the column rT

A of Table 1. Moreover, CS is typically more precise in term
of percentage of correctly tracked frames, mainly because PF best candidate
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(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 3. Comparing CamShift (CS) and Particle Filter (PF) on the splitting sequence.
The black BB is the target estimation from the tracking algorithm and the white one
is the projection of the GT on the current image plane. Top row: some frames from
the CS sequence; bottom row: some frames from the PF sequence. The CS algorithm
(top row) works properly with a single target (a), but then when multiple targets are
present (b) and the two candidates move in different direction, it chooses to follow a
single one (c). If the wrong one is chosen, the tracking fails as soon as it disappears (d).
On the other hand (bottom row), PF can recover from the error because both target
candidates are automatically kept in the field of view of the camera by zooming out
(f), (g); then, when the wrong one disappears the correct one is tracked again (h).

does not always fit perfectly the target, or the dynamic model do not succeed to
follow quick changes of the target size. Finally, as the target in the PF tracking
smaller because of a lower zoom, it is closer to the center of the screen as shown
in column dci of the table.

5 Conclusions

In this work, we have proposed and implemented a novel method to test diffe-
rent PTZ algorithms. We adapted two classical tracking algorithms to the PTZ
framework and evaluated them using the same experimental conditions. The ob-
tained results show the effectiveness of the system and highlight the different
behaviors of the two algorithms. Future work will focus on the tuning of the
precision of the evaluation system and the comparison of the algorithms in more
complex scenarios.

Acknowledgments. The authors would like to thank Michele Stoppa for
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