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Abstract Surveillance of a scene with computer vision faces the challenge
of meeting two competing design objectives simultaneously: maintain a sufficient field-of-view coverage and provide adequate details of a target object
if and when it appears in the scene. In this paper we propose a dual-camera
system for tracking small objects based on a stationary camera and a pantilt-zoom (PTZ) camera. The utilization of two cameras enables us to detect
a small object with the stationary camera while tracking it with the second
moving camera. We present a method for modeling the dual-camera system
and demonstrate how the model can be used in object detection and tracking
applications. The main contribution of this paper is that we provide a model
for explicitly computing the extrinsic parameters of the PTZ camera with
respect to the stationary camera in order to target the moving camera at
an object that has been detected by the stationary camera. Our mathematical model combines stereo calibration and hand-eye calibration algorithms
as well as the kinematics of the pan-tilt unit, in order for the two cameras
to collaborate. We present experimental results of our model in indoor and
outdoor applications. The results prove that our dual camera system is an
effective solution to the problem of detecting and tracking a small object with
both excellent scene coverage and object details.
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1 Introduction
In recent years visual surveillance research has attracted considerable attention due to its importance in both civilian and military applications [1, 2].
However, such a system faces the challenge of meeting two competing design objectives simultaneously: maintain a sufficient field-of-view coverage
and provide adequate details of a target object if and when it appears in the
scene. On one hand, a wide-angle camera can provide a large field of view,
but it can capture only a small number of pixels of the target object. On the
other hand, a PTZ camera can pan, tilt and zoom to improve the resolution
of a small object in the scene; however, tracking small objects with a PTZ
camera is still an open problem in computer vision. To overcome the limitation of either type of camera, there have been some surveillance systems that
involve the collaboration between a moving camera with a large zoom range
and a wide-angle stationary camera (see Section 2).
This paper deals with the problem of capturing a moving object in high
resolution with two collaborating cameras, one stationary and the other on a
PTU with a variable focal length (zoom). The role of the stationary camera
is to detect the object of interest in the scene, and that of the moving camera
is to place the object of interest in the center of its field of view at a high
resolution. For capturing the close-up of a moving object, the moving camera
must move and change its the position and orientation with respect to the
stationary camera. To handle this change and map the location of the target
object in the field of view of the stationary camera to the center of the
field of view of the moving camera with an appropriate scale, we introduce
a mathematical model for computing the pan and tilt angles and the focal
length of the moving camera. Note that we make no assumption about the
placement of the two cameras and that, if we choose the world reference
frame to be that of the stationary camera, then the problem becomes one of
computing the extrinsic parameters of the moving camera in order to target
it at the object of interest.
The reminder of this paper is organized as follows. In Section 2, we discuss
related works. In Section 3, we introduce our model for controlling the moving
camera, based on the results of offline camera calibration and the object
location detected online by the stationary camera. Experimental results in
indoor and outdoor environments are described in Section 4. Finally Section
5 summarizes our method and concludes the paper.

2 Related Works
Tracking moving objects using moving cameras and specially PTZ cameras
is found in many applications. In general, the existing methods can be divided in two approaches in terms of the camera configuration. In the first
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approach, there is a PTZ camera for both detection and tracking of moving objects [2, 5, 6], while in the second approach multiple cameras are involved [3, 7, 9, 16]. Methods using the first approach work by extracting
features from the moving object, and this is often not robust in cluttered
and dynamic backgrounds, especially when the object is small, due to the
fact that the background is moving when the camera moves. Methods following the second approach is more robust to track small objects, with the
fixed camera extracting the moving object by using background subtraction
methods and the second camera tracking it. Some of the previous works use
a master-slave camera configuration [3, 9, 16] where the master fixed camera
detects and tracks the moving object in the scene while the PTZ camera is
employed to acquire a close-up. This approach relies on offline calibration
between the stationary and the PTZ camera; however, the basic assumption
in existing methods is that either the offset between the fixed and the moving
camera is ignored or the moving camera is placed in a special configuration
with respect to the fixed camera with well aligned optical axes. Xu et al. [16]
reported an autonomous surveillance system with multiple PTZ cameras assisted by a fixed wide-angle camera. The wide-angle camera provides large
but low resolution coverage and detects and tracks all moving objects in the
scene. Based on the output of the wide-angle camera, the system generates
spatio-temporal observation requests for each moving object, which are candidates for a close-up using PTZ cameras. The basic assumption in their work
is all cameras are already calibrated and all transformation between cameras
are available.
Recently, Choi et al. [3] proposed a camera system consisting of one PTZ
camera and two stationary cameras to acquire high resolution face images.
They used a camera calibration method based on the coaxial configuration
among the three cameras. Specifically, they configured two stationary cameras, one above (horizontal camera), and one beside (vertical camera) the
PTZ camera, so that the x coordinate (y coordinate) of the horizontal (vertical) camera’s focal point coincides with the x coordinate (y coordinate) of
the PTZ camera’s center of rotation. The limitation of their system is that
they have assumed all cameras are configured to have parallel camera axes.
Marchesotti et al. [9] used two cameras including one stationary and one
PTZ camera to capture high resolution face images. The first camera monitors the entire area of interest and detects the moving objects using change
detection techniques, while the second camera tracks the objects at high
resolution. They employed the standard calibration procedure to obtain the
intrinsics of the individual cameras. The extrinsics between the cameras however are assumed to consist of simple translations in a 2D plane. No general
calibration method is employed to obtain these translations.
Hampapur et al. [7] used stationary and PTZ cameras to estimate the 3D
world coordinates of the objects and then zoom to capture a high resolution
image. Stillman in [14] used multiple stationary cameras to estimate the
location of objects in a calibrated scene and then applied the PTZ camera
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Fig. 1: (a)Schematic of a system with two cameras and a PTU supporting one of the
cameras and (b) view of our experimental platform

for tracking them. Bodor et al. [1] proposed a dual-camera system which is
comprised of a wide-angle fixed field of view camera coupled with a PTZ
camera to make detailed measurements of activity recognition applications.
Zhou et al. [17] proposed a different kind of master/slave system. This system
collaborates based on one fixed camera and one camera that can zoom in
and out as well as pan and tilt using a Pan Tilt Unit (PTU). Geometric
models were proposed for calibrating between a camera and a PTU [4, 10]
and active calibration of a multi-camera system consists of zoom cameras
mounted on PTU [15]. After a coarse initial calibration, the probability of
each relative pose is determined using a probability distribution based on the
camera image. Works in [1, 8, 5] described the mathematical model of the
collaboration between two cameras, but made the same limiting assumption
as in [9] of simple 2D translational change between the camera positions.
The methods in [7, 14, 18] assumed that known crude relationship among
the cameras, and no formal treatment for the spatial relationship among the
collaborating cameras was attempted.
In this paper, we introduce a dual-camera detection and tracking system
in which there is no limitation for configuration of the locations of the two
cameras. We derive a mathematical model for controlling the moving camera
based on the location of the target object in the view of the stationary camera.

3 Modeling of a General Active Dual-Camera System
In this section we present a summary of our system which contains one fixed
wide-angle camera and one camera with a changeable focal length mounted
on a PTU. We will also describe the mathematical model for our system. An
example of such a system is shown in Fig. 1.
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Fig. 2: Platform of active dual-camera coordinate system

In this system when PTU moves not only does the camera rotate but it
also translates to a new position. As a result, the extrinsic parameters of
the moving camera are changed with respect to the stationary camera. In all
mentioned methods in Section 2, authors a simple spatial relation between
the active camera and the stationary camera. This assumption could be acceptable with some errors when the active camera has a small zoom range
or if the two cameras are mounted in a special configuration. Alternatively
and more appropriately, we can build an exact mathematical model for the
relationship between the fixed camera and the moving camera on the PTU
to compute the variable extrinsic parameters from the moving camera to the
stationary camera online.
To establish this mathematical model, we first define the coordinate frames
associated with the various objects of importance in the system as shown
in Fig. 2. Assume that the left camera is stationary and right camera is
mounted on the PTU. Let X be a space point of interest, and XL and XR
be its 3D coordinates in the left camera coordinate frame {L} and right
camera coordinate frame {R}, respectively. {R} is initially at {R0 } before
PTU motion. We further define Γ to be the transformation of {L} with
respect to {R0 }, T the transformation of {R0 } with respect to the PTU’s
coordinate frame {O}. Finally, when the PTU moves, its new position {P }
with respect to the original {O}, is defined by the transformation P , which
can be computed from PTU’s direct kinematics. Note that after the PTU
moves to {P }, the right camera’s coordinate frame {R} with respect to the
PTU’s initial position {O} can be obtained through transformation P and
the known transformation T (see below).
Upon detection of a point of interest X by the left camera, the goal is move
the right camera by way of the PTU from {R0 } to {R} in such a way that
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X is centered in the field of view of the right camera. X in the left camera
and in the right camera are related by
XR = ∆Γ XL

(1)

XR = T −1 P −1 T Γ XL or T XR = P −1 T Γ XL

(2)

where ∆ = T −1 P −1 T , so that

From Eq. (2), we are now able to compute the control variables of the
PTU given XL . Specifically, XL and XR are projected to {L} and{R} via
xL = CL XL and xR = CR XR where CL and CR are the camera matrices
and they are available through camera calibration. For xL that defines an
object of interest in the left camera’s image plane, its 3D coordinates XL
are estimated, using prior knowledge about the object size (e.g., the rough
height of a person or dimensions of a bird) and the camera’s intrinsics. In
addition, Γ is known through the stereo calibration between {L} and {R0 }.
The only remaining unknown is the transformation T , which can be obtained
with hand eye calibration as described in the next section.

3.1 Hand-Eye Calibration
The unknown transformation T can be obtained by one of the existing algorithms in robot hand-eye calibration. This is the common task of computing
the relative 3D position and orientation between the camera mounted on the
end effector of a robot (such as a PTU) and the coordinate frame of the
robot wrist in a so called eye-on-hand configuration [13]. In our model PTU
works the same as robot. Therefore, hand-eye calibration is defined between
coordinate frames {O} and {R0 } in Fig. 2, and it is redrawn in Fig. 3. Different algorithms have been proposed for hand-eye calibration and they all
attempt to solve a system of linear equations of the form: AT = T B where
A and B are known from robot forward kinematics and from stereo camera
calibration, respectively [13, 11]. To solve for T , it is necessary to make at
least two independently movements and form a system of equations such as
Eq. (3).
Ai T = T Bi
i = 1, ..., n
(3)
For each configuration of the robot (PTU), Ai is available through direct
kinematics and Bi can be found by using a stereo calibration algorithm with
the camera observing a calibration target. T can be obtained optimally by
minimizing the error:
η=

n
X
i=1

E(Ai T, T Bi )

(4)

Cooperative Targeting: Dual Camera System

7

Fig. 3: Schematic of the hand-eye calibration for finding T by solving AT = T B

where E is a distance metric on the Euclidean group [11].

3.2 Computation of PTU Variables
The final task is to obtain the pan and tilt angles, θ1 and θ2 , in order to center
X in the right camera {R}. This is equivalent to requiring XR = (0, 0, z)
where z is the depth of X which has been estimated with the camera intrinsics
and known object size, as mentioned. To begin, we rewrite Eq. (2) as follows:
0

0

0

0

XR = P −1 XL or P XR = XL
where

0

0

XR = T XR and XL = T Γ XL

(5)
(6)

For the PTU, P is a rotation transform and Eq. (5) can be expanded as
   
a
x
0
0
(7)
P XR = R(θ1 , θ2 ) y  =  b  = XL
c
z
where from the forward kinematics of the PTU, P is given by


c1 s1 s2 s1 c2
P = R(θ1 , θ2 ) = Rot(Y, θ1 )Rot(X, θ2 ) =  0 c2 −s2 
−s1 c1 s2 c1 c2

(8)

where si and ci are sine and cosine functions of the two joint angles. From
Eq. (8) and the second row of Eq. (7) we have
c2 y − s2 z = b

(9)

Eq. (9) may be solved by making the following trigonometric substitution [12]:
r1 cosϕ = z and r1 sinϕ = y

(10)
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where
p
r1 = + (y 2 + z 2 ) and ϕ = tan−1 (y/z)

(11)

Substituting Eq. (11) into Eq. (9) we obtain
sin(θ2 − ϕ) = −b/r1

(12)

Therefore, we obtain two solutions to θ2
θ2 = tan−1

y
−b
y
−b
+ sin−1
and θ2 = tan−1 + π − sin−1
z
r1
z
r1

(13)

With Eq. (7) and Eq. (13), we have
 0  
x
a
0

Rot(Y, θ1 ) y  =  b 
0
c
z

(14)

 0
 
x
x
0
where y  = Rot(X, θ2 ) y  . Eq. (14) expands into
0
z
z
  0  
x
a
c1 0 s1
 0 1 0  y 0  =  b 
0
c
−s1 0 c1
z


0

(15)

0

From the first row of Eq. (14), we have c1 x + s1 z = a. This equation can
be solved the same as Eq. (9), and the solutions are
0

0

θ1 = tan−1

a
z
+ cos−1
x0
r2

and θ1 = tan−1

z
a
− cos−1
x0
r2

(16)

q
0
0
2
2
where r2 = (x0 + z 0 ) and ϕ = tan−1 (z /x )
Once the object is centered in the right camera, we can vary its size in
the camera by controlling the focal length. Since the camera is calibrated, for
a given desired object size ud in pixels, we can easily find the desired focal
length of the right camera using trigonometry and the pinhole camera model
and, it is, in pixels and millimeters (fp and fmm ), given by:
fp = ud

z
x

or

fmm = pud

z
x

(17)

where z and x are the depth and the size of the object, and p is the pixel size
of the camera in mm. Note that that fmm is limited by the maximum focal
length of the zoom camera.
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The model for controlling the PTU is summarized in Table 1, and it shows
how the image coordinates of the target in the left view are mapped to the
pan and tilt angles and the focal length of the moving camera.

Table 1: Cooperative Targeting Algorithm
Offline Calibration
• Calibrate each camera independently to determine their intrinsics CR , CL ,
and pixel size p
• Identify the transformation Γ by stereo calibration between the fixed and the
moving camera with pan/tilt angles = 0
• Perform hand-eye calibration to find T by Eqs. (3) and (4)
Online Detection and Tracking
•
•
•
•

In the fixed camera, detect the object of interest centered at xL in image
Estimate XL using known object size and camera model xL = CL XL
Set XR = [0, 0, z]T where z is the depth of the object in XL
0
0
Compute XL , XR with Eq. (6), and pan and tilt angles by Eqs. (13) and
(16),
• Find the focal length fmm by Eq. (17)
• Command the PTZ with θ1 , θ2 and fmm accordingly

4 Experimental Results
We are interested in the use of a multi-camera system for object detection and
tracking in indoor and outdoor environments. In this section, we will present
experimental results to demonstrate the utility of our proposed model in this
application. Our system (see Fig. 1) consists of a stationary camera with a
fixed lens (a Philips LTC 0600) and a zoom camera (a Canon PowerShot S5
IS with 12x optical zoom). The Philips camera is interfaced to a Linux PC via
an Axis video server (241Q) using http, and the Canon camera is connected
to the PC through a USB serial port. The communication between the Canon
camera and the PC is established with the camera’s publicly available API
that allows the remote capture of its images and the selection of its focal
length. Finally the pan tilt motion of the Canon camera is achieved through
a PTU by Directed Perception (D46), which has a pan range of −180◦ to
180◦ , and a tilt range of −80◦ to +30◦ . While target detection is performed
with images from the stationary camera, object tracking and zooming into
the region of interest are handling by the moving camera by the algorithm
described in Table 1. The control software is developed in Matlab.
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4.1 Offline Calibration
As described in Table 1, our model has an offline calibration step, followed
by an online detection and tracking step. In the first step we calibrate each
camera in turn to determine its intrinsics. The camera intrinsic parameters
are shown in Table 2. Also, we identify the transformation by the stereo
calibration algorithm between the fixed camera and the initial position of
the moving camera. Furthermore, we need to compute the transformation
between the PTU and the moving camera so as to determine the extrinsic
parameters of the moving camera when the PTU moves. For this we apply
hand eye calibration algorithm described in Section 3.1. Table 3 shows the
numerical values of transformation Γ and T .

Table 2: Intrinsic parameters of the cameras
Camera model

Focal length Camera center CCD Size Pixel Size p
(pixels/mm)
(pixels)
(mm)
(mm)

Canon PowerShot∗
[693, 692]
(zoom camera)
[6.237, 6.228]
Philips Camera
[684, 686]
(stationary camera) [6.840, 6.860]
∗

[235, 326]

[5.74, 4.31]

0.009

[239, 325]

[6.40, 4.80]

0.01

: The focal length for the Canon camera was calibrated at its minimum.

4.2 Online Detection and Tracking
In the second step we perform online detection and tracking. Figure 4 shows
an example of target detection and tracking based on our model. The target
(a book) is small and far from the camera, and Fig. 4(a) and Fig. 4(b) show
its initial view in the stationary (left) and moving camera (right). Using a
color-based appearance template, we first detect the target, and then find its
pixel coordinates to be [529, 275], in the 640×480 left image. We can estimate the depth of the object with respect to the stationary camera knowing
the real size of the object using (17) and Table 2. For illustration purposes,
we assume the estimated depth of the target to be z = 10000 mm, and we
compute its 3D coordinates with respect to stationary camera using Table 2.
The estimated position of the object, XL = [2973, 519, 10000, 1]T in mm in
homogeneous coordinates. So, the 3D coordinates of the point with respect
to the moving camera before any pan-tilt motion can be computed, also in
homogeneous coordinates, as follows:

XR = Γ XL = [811, 563, 10464, 1]

T

(18)
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Table 3: Transformation matrices for our dual camera system


0.02 −0.24 356.18
93.59 

38.30 
0
0
1


0.97

−0.02 1.00 0.00
Γ =
 0.24 −0.00 0.97

0



0.99 0.0032 0.00 −159.97



0.00 1.00 0.00 −90.01 

T =
0.00 0.0011 1.00 −39.98 

0

0

0

1

For the object to be at the center of the moving camera, we need to control
the PTU it is centered with respect to the moving camera. We compute its coT
ordinates according to Eq. (6) and Table 2. Setting XR = [0, 0, 10464, 1] ,
we have
0

T

XR = T XR = [−143.26, − 79.54, 10424, 1]
0

T

XL = T Γ XL = [661.92, 481.35, 10426, 1]

!"#$

!'#$

(19)
(20)

!%#$

!&#$

Fig. 4: Result of an indoor experiment (a) and (b) show position of the target before
tracking in both cameras, (c) shows the detected target after tracking, and (d)
shows the close-up of the target in the moving camera
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Finally, from Eqs. (16) and (13), pan and tilt angles are θ1 = −3.08◦ and
θ2 = 4.44◦ .
After applying the rotation of [θ1 , θ2 ] to the PTU, the object of interest
moves to the center of the image as shown in Fig. 4(c). In addition, we
use Eq. (17) to compute the focal length of the camera zoom in order to
capture a high resolution view of the object. The object (book) has a size of
x = 234 mm in this case. If its desired size in the image is ud = 160 pixels,
then the focal length should be 64.14 mm or we need a zoom factor of 10.3,
which our camera is able to provide with its 12x zoom. Fig. 4(d) shows the
close-up of the target object in the moving camera.
We have also applied our algorithm in a background subtraction application. Fig. 5 shows the results from one experiment in the indoor environment
where a person moves across the scene and is detected by the stationary
camera using the standard adaptive Gaussian mixture model (GMM) for extracting moving pixels and simple connected-component tracking to identify
the object. The pixel coordinates of the object are used to compute the pan
and tilt angles of the moving camera, with the close-up shown in Fig. 5(b).

(a)

(b)

Fig. 5: Result of another indoor experiment (a) shows position of the detected
moving object by stationary camera, and (b) shows position and close-up of the
moving object in moving camera after PTU motion

We have also conducted experiments with our system in video surveillance
in the outdoor environment. Fig. 6 shows some example results where the left
column displays the detecting foreground moving objects in the scene, the
middle column wide-angle view of the monitored scene from the stationary
camera, and the right column the close-up of the detected objects in the
PTZ camera. The detection is once again performed with the straightforward Gaussian mixture model background subtraction, and the control of
the camera is done through our proposed model. The detection and tracking
is conducted in real time. In case of multiple objects in the view, we choose
to track the first object in the scene until it disappears, before the system
switches to the next object of interest in the stationary camera. The advan-
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tage of our system to target an object through cooperative control of the two
cameras is clearly demonstrated, with the stationary camera maximizing the
coverage of the scene and the moving camera providing a clear view of the
object of interest to all its identification and further analysis.

(a)

(b)

(c)

Fig. 6: Result of an outdoor experiment (a) shows results of adaptive GMM by
stationary camera, (b) shows the position of the detected moving object by
stationary camera, and (c) illustrates the close-up of the detected object.

5 Conclusion
We have presented a novel dual-camera system in which a stationary wideangle camera detects an object of interest in its view, and the moving PTZ
camera is directed at the moving object and zooms in appropriately to acquire
a high-resolution view of the object. The transformation between the two
cameras is explicitly modeled mathematically and used in real time to control
the moving camera. Our model does not ignore the offset between the two
cameras, a common practice in previous systems when an active camera was
involved. We have validated our approach through extensive real experiments
in both indoor and outdoor environments.
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