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I. INTRODUCTION

Networks of cameras are a component expected to play a
major role in the design and creation of smart cities. The
most common problem is that cameras are not calibrated, in
part because the calibration applications are not yet clear and,
therefore there is no immediate perception of the advantages
to justify the calibration costs.

An immediate consequence of not calibrating the cameras
is that acquiring metric information is, in general, not possible
or contains errors. Acquiring metric data enables novel appli-
cations. For instance, applications can be found in forensic
aspects or can be found in managing street illumination
systems.

Obtaining calibration data for surveillance cameras is usu-
ally difficult due to missing 3D data. We propose a mobile
calibration system based on a pan, tilt and zoom camera,
combined with a laser pointer, which allows estimating 3D
coordinates of scene points also imaged by the surveillance
cameras. The 3D information and the respective images allow
therefore calibrating the surveillance cameras.

A. Applications and Related Work

Studies on smart cities considering autonomous mobile
systems, target reducing energy wastes, while continuing to
provide comfort to the population. There is a particular interest
in reducing the waste of energy in the illumination of street
roads, highways, tunnels, etc.

Cameras can act as sensors that allow actuating the lights
that follow, i.e. in order of the direction of motion of the
vehicles [3]. For instance, a distant light will be turned ON
just upon the right computed time, having in consideration
the velocity of the vehicle, and can be turned OFF just after
the vehicle passage. This energy management can save energy
when compared to scheduling the lights to be turned ON
during the night outdoor, and during the day in the case of
tunnels [2].

Surveillance of public spaces, namely the tracking and iden-
tification of people, is an important research and development
subject due to e.g. forensic reasons. In [8], is shown that is
possible to determine the height of a person by calibrating a
camera with respect to the ground plane of the floor.

In this thesis, a calibration of a network of surveillance
cameras is proposed in order to acquire metric information of a
3D scenario. The calibration methodology is similar to the one
proposed in [8]. In this thesis is also considered an auxiliary
calibration camera but with a different hardware basis. The
auxiliary camera we consider is based on combining a pan-tilt-
zoom camera, PTZ, with a laser pointer instead of using a MS-

Kinect, which is in essence limited to indoor environments,
being insufficient when considering an outdoor environment.

The central subject of this thesis is the construction of a
setup that is capable of calibrating a network of surveillance
cameras. An ideal autonomous system consists on a mobile
platform which on top, has a camera with a laser attached
by some distance. The figure 1 is a suggestion for this
autonomous system.

Figure 1. Network of cameras calibration scenario. A mobile auxiliary camera
allows calibrating the fixed cameras into a single global coordinate system.

The purpose of this autonomous system is to calibrate a
network of cameras. The mobile platform should be capable
of locating itself relatively to a world frame. This mobile
platform moves along the scenario until the Field Of View,
FOV, from PTZ overlaps with the FOV of the surveillance
cameras scattered around the area. The setup, PTZ with laser,
will be capable of extracting the 3D world information of
the point seen by the laser. The 3D information obtained
respectively to the world frame can be used to calibrate the
surveillance camera. This process is made until the network
of cameras is calibrated. Those cameras are now referenced
to the world frame and so, can be used to follow a car or in
an autonomous surveillance.

B. Problem Formulation

This work proposes a methodology for calibrating a network
of cameras, with respect to a world frame by using an auxil-
iary pan-tilt-zoom camera (PTZ) combined with a laser. The
required knowledge of the position of the auxiliary camera is
assumed to be obtained by a GPS-like methodology. This last
point is, however not fully approached in this thesis. Emphasis
is placed on calibrating fixed cameras, one by one, based
on known intrinsic and extrinsic parameters of the auxiliary
camera.



2

The 3D information of the points imaged by the auxiliary
PTZ camera, also imaged by the cameras to be calibrated, is
acquired with the aid of rigidly attached laser pointer. Con-
trolling the pan-tilt-zoom degrees of freedom, affecting both
the auxiliary camera and the attached laser, is an important
aspect to consider.

Given the auxiliary camera providing depth measurements,
its information has to be registered with the information
acquired by the networked (fixed) cameras to calibrate. The
match points are obtain using SIFT.

II. CAMERA MODEL AND CALIBRATION METHODOLOGIES

The pin-hole approximates the geometry of a camera as a
sensor capable of transforming light energy at a three dimen-
sional space point Mi = [Xi, Yi, Zi]

T , to energy at a picture
element (pixel) in a two dimensional point mi = [ui, vi]

T .
The pin-hole model can be written as:

m ∼ PM = K[R | T ]M (1)

where ∼ denotes equal up to scale. The projection matrix (P )
is a 3x4 matrix that can be decomposed in: (i) a 3×3, intrinsic
matrix (K) and (ii) Extrinsic parameters (R,T ). Where R is
a 3× 3 rotation matrix and T a 3× 1 translation matrix, that
relate the camera frame with another frame. Each of these
parameters can be estimated if the projection matrix is known
[5].

Considering undistorted points mu = [uu vu]
T , which

follow the rectilinear projection, and distorted points md =
[ud vd]

T the ones who do not. The radial distortion starts at
the image principal point c0 = [cu cv] and expands radially.
According to this, the radial distortion function, F, can be
modeled by the equation 2.

md = F (mu; k1; k2) = L(r)mu (2)

where L(r) = (1+k1r
2+k2r

4) and r =
√
u2u + v2u,i.e. r is the

distance from mu to the center of the image and k1(kappa1),
k2 (kappa2), are the radial distortion coefficients.

A. Calibration based on the Direct Linear Transformation
(DLT)

The projection matrix, P, can be estimated by solving the lin-
ear system of equations that satisfies the pin-hole model, by the
application of the Direct Linear Transform (DLT), developed
by Aziz and Karara [1], [6]. Considering a set of 3D points
using homogeneous coordinates, Mi =

[
Xi Yi Zi 1

]T
,

and the correspondent 2D matches also in homogeneous
coordinates, mi =

[
ui vi 1

]T
, the application of the cross

product by mi, in both sides of the equation, results in
mi × mi = mi × (PMi), where the left hand side is null.
This results in [mi]x × (PMi) = 0, where [mi]x is the skew-
symmetric matrix of [mi]. By the properties of the Kronecker
product, it is possible to re-write the equation as follow:

(MT
i ⊗ [mi]×)vec(P ) = 0 (3)

where vec(P) is a representation of the matrix P where the
columns are stacked, creating a 12x1 column vector. These 12

unknowns can be estimated by choosing six pairs of points 3D-
to-2D (M,m), where each pair of them provides two linearly
independent systems of equations. As noted in [7] by Hartley,
a pre-normalization of the input data is crucial to obtain better
results. Also suggests that can be obtained if the data is scaled,
satisfying the distance between the data centroid and the origin
to
√
2 for a 2D data representation, and

√
3 for a 3D data.

B. Pan-Tilt-Zoom (PTZ) Camera Kinematics and Intrinsic
Parameters

There is a set of different frames that should be taken
into account when considering a PTZ camera. Being the
following: world frame, {W}, camera base, {B}, rotation
frames {PAN}, {TILT} and the camera frame, {C}. Using
4× 4 transformations matrices it is possible to relate the data
observed by the camera to the world reference frame as:

wM̃ = wT c.
cM̃ = wT b.

bT pan(α).
panT tilt(β).

tiltT c.
cM̃ (4)

where α and β are the angles from pan and tilt motors. It
is important to emphasize that these motors do not present
translation between them, resulting that, the only influence to
the base frame is caused by the rotational component.

The relation between tilt and the camera frame is the identity
(tiltT c = I4), and wT b, is given by the relation between world
frame and the base of the camera. The equality wT b = I4 will
also be considered because the used system is fixed.

Using these relations, it is possible to obtain the data taken
from the camera frame into the world reference.

C. PTZ Camera combined with Laser Pointer

Consider a non-parallel relation between the laser and the
world frame. In this case the projection matrix of the camera
will be given by the intrinsic parameters. The extrinsic are the
I4, because there is no actuation of the pan and tilt motors.
The laser ray has a known orientation (

[
ox oy 1

]T
) and

baseline (
[
s t 0

]T
).

A point projected by the laser in the world frame is

γuiγvi
γ

 =

f.Sx 0 Cx
0 f.Sy Cy
0 0 1

1 0 0 0
0 1 0 0
0 0 1 0



s+ ox.Zi
t+ oy.Zi

Zi
1


(5)

The depth estimation is obtained by:

Zi =
f.Sx.s

u− f.Sx.ox − Cx
(6)

The 3D world point of the laser can than be obtain by
substituting the value Zi

Mi =
[
s+ Zi.ox t+ Zi.oy Zi

]T
. (7)

III. CALIBRATION SCENARIO AND DEPTH MEASURING
HARDWARE SETUP

Let i ∈ {1 · · ·Ni} denote an index to Ni (fixed) surveillance
cameras to be calibrated. Each camera is referred as Ci, which
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encompasses a projection matrix, Pi. The surveillance cameras
have associated coordinate frames {Ci} defined with respect
to a world coordinate frame.

Let {Ca} denote the coordinates frame of an auxiliary cam-
era with a laser attached which moves within the calibration
scenario, see figure 1. The auxiliary camera is considered to
be calibrated (see details later, in IV-A). The GPS gives the
geographical position of the auxiliary system (PTZ with laser).

A. Automating the Calibration Process

Considering now the case where the auxiliary camera (PTZ)
has a field of view overlapped with the a surveillance camera.
The GPS information and direct kinematics (pan, tilt) solve
the problem of relating the {Ca} frame into the world frame.
Imaging a 3D point illuminated by the laser, combined with
the intrinsic and extrinsic parameters of Ca, allow computing
the 3D (illuminated) point. This process shall be repeated
until reaching a collection of, at least, six points, in order
to calibrate the surveillance camera with the DLT-points.

Considering the setup shown in the figure 1, the mobile
platform shall be re-positioned until the surveillance and the
auxiliary field of view are overlapped. Both camera images
shall use the Scale Invariant Feature Transform (SIFT) to
extract the key points. Those points shall be matched.

The 3D points (Mg,Mt), shall be placed in the world frame.
Collecting at least six pairs of points for the surveillance
camera, the calibration of it can be obtained by using the DLT-
points method. The Projection matrix P, can be decomposed
in the extrinsic and intrinsic Parameters.

The same shall be done for the rest of the network of
surveillance cameras.

B. PTZ Camera and Laser Pointer Hardware Setup

An autonomous system such the one presented in the figure
1, shall be capable of dislocating itself around the map, and
so it was proposed to join to the auxiliary system a Raspberry
pi that is going to work as an intermediate communicator. The
raspberry will be energized by a power bank.

The auxiliary camera chosen is a PTZ EVI D31. This
specific camera model is analog and so, an USB Grabber was
used to transfer the analog data to a digital one.

The raspberry pi send the camera commands over the cable
USB-Serial to a Serial-mini DIN 8pins.

The software has the responsibility of making the connec-
tion between the PC and the raspberry and will give the user’s
computer the control of the system, as turning the laser on or
off, moving the system and acquiring images.

1) Software and Communications: Once the necessary ma-
terial was chosen, is necessary to establish the communications
between the devices. A figure is presented bellow in 2 to
illustrate the communication network that was proposed in this
work.

Figure 2. Communication network, (a) Wi-Fi communication (b) Camera
motors actions (c) Camera video transmition (d) Turning laser on or off

As can be seen, the laptop will communicate over Wi-Fi
(a), with the raspberry. The raspberry will work as an inter-
mediate communicator between the laptop and the remaining
devices.The raspberry pi will run a server, given by the bottle
library. The laptop will send the commands and the raspberry
will execute them, sending a confirmation message back over
Wi-Fi.

The raspberry communication with camera operations, ex-
cluding the video, is given by the USB to mini DIN 8 pin port
(b). These operations are executed by sending specific mes-
sages in hexadecimal to the camera. This command messages
can be consulted in the users manual [4].

Considering that the video stream on the raspberry pi,
obtained by the camera, would have big latency, it was decided
to send images instead. The laptop will request for images
which is sufficient to the desired purposes. The image data
flow between the raspberry and the camera will be given by
the USB to RCA pin Jack (c).

Since the Raspberry ports only provide current until 16mA,
which is lower than what is requested by the laser (35mA), an
external power supply of 5V needs to be added. The raspberry
will only control the current on the transistors gate, in order
to turn it on or off. This control is going to be made by the
GPIO ports of the raspberry (d) and the indication to turn the
laser on or off is given by the laptop.

2) Prototype Setup: Considering the figure 2 the compo-
nents were join together and the figure 3 is a representation of
it. The raspberry is the intermediate communicator. The Laser
driver is the breadboard that contains the transistor and the
cables connected to the rasperry in order to turn on or off the
laser.

The setup, PTZ with laser, proposed in the section III-A,
was constructed and shown in the figure 3, by a PTZ camera,
Ca, with a Laser attached by an acrylic platform with 21
centimeters. It is an acrylic platform in order to be less
weightier than iron.
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(a) Front View (b) Back View

(c) Top view (d) Measured distances
Figure 3. Depth Measuring Hardware Setup. The PTZ camera is combined
with a Laser-Pointer rigidly fixed to the moving part of the camera.

The Laser Range Finder and the yellow metric rule, are used
to measure the distances between the setup, which is above the
wood platform, figure 3 (a), to the chessboard patters. Those
patterns are going to be placed in front of the wood platform,
as can be seen in the figure 3 (b). The fixed camera, C1 will
be used as a surveillance camera, which is distanced from the
auxiliary camera by 16.6 centimeters.

These components were placed in the wood platform in a
way that their depth were aligned with the projection center
of the auxiliary pan-tilt-zoom camera Ca, as shown in the
figures 3(a)(d). In order to estimate the projection center of
the auxiliary camera for no zoom, a test was made, which
consists in placing two sheets of paper in front of the camera,
in a way that those, only can be seen in the camera image as
a line. This two sheets of paper are place in the 3D world in
a form of funnel. Another camera takes a photo from the top
view of this scenario. Using that photo it is possible to extend
the sheet papers with lines into they intercept each other. This
interception gives the projection center estimation.

3) Test Scenario: The setup is composed by a wood plat-
form and above it we have a surveillance camera, C1, a laser
range finder, LRF , and our system which is composed by the
auxiliary camera, Ca, with a laser attached to it by an acrylic
extension.

a) Calibration Pattern: As a normal calibration using
Matlab Calibration toolbox requires, we use a chessboard of
15 × 15 squares, with 4cm of side each. A support platform
was developed for the chessboard in order to display it in front
of the cameras in 5 different poses with known rotations.

The support platform developed to hold the chessboard
pattern at different poses is shown in the figure 4. In the last
row of that figure are the 5 configurations, whose the platform
can display the chessboard patterns. Those configurations are
called Poses, represented in the last row of the figure 4
and vary from 1 to 5 respectively. The poses have 30 deg
inclination when compared to the Pose1 (3row, 1 column, of
the figure).

Figure 4. Platform for the chessboard in order to display the patterns with
known angles

b) PTZ Camera and Laser Pointer: As mentioned in the
last section, the components were placed on a wood platform,
with the axis aligned with the depth of the auxiliary camera,
Ca, which was given by the estimation of the projection center.

c) Auxiliary LRF: The Laser Range Finder, LRF, or
the yellow measuring tape, are responsible to measure the
distances from the wood platform, where the depth was
estimated to be zero (given by the OC of the PTZ), to the
objects placed in front of it.

d) Calibration Dataset: In this scenario the wood plat-
form is always fix and the components on it are static while
the support platform holding the calibration pattern, figure 1,
is moved to a number of distances w.r.t. the cameras.

The mobile platform could imply that the external param-
eters of the PTZ camera, would not be the identity for the
rotation matrix or null for the translation matrix. Those ex-
ternal parameters would be computed by the mobile platform.
Excluding this case, whenever the camera PTZ has null pan
and tilt angles, the rotation is the identity and the translation
is null.

In order to test the setup, chessboard patterns were placed
in front of the wood platform in five different poses (3rd row
of the figure 4). To ensure that those poses do not vary their
angles for each distance, a platform for the chessboard was
created, that can maintain known angles.

A data set was obtained, where those five poses were
displayed for different distances, from 1 to 5 meters, relative
to the wood platform. For each distance, different zoom
levels were applied to the pan-tilt-zoom camera, Ca. The
maximum zoom was defined by the percentage of occu-
pation of the chessboard in the vertical axis of the im-
age. The distances of the chessboard patterns vary from
(1m, 1.5m, 2m, ..., 4.5m, 5m). For each distance a zoom
level could be incremented. For the chessboard pattern at
5 meters distance, 9 zoom levels could, and were applied
(0000, 0230, 0370, 0460, 0520, 0570, 0613, 0642, 0673).

The data set images taken by the PTZ camera can be seen
in the figure 5.
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Zoom 0000, Pose 1 (1m,3m) , Pose 3 (1.5m), Pose 5 (3.5m)

Zoom 0460, Pose 1 (3m,5m), Pose 2 (5m), Pose 4 (2.5m)

Zoom 0642, Pose 1 (4.5m), Pose 2 (5m), Pose 3 (4.5m), Pose
5, (5m)

Figure 5. PTZ images of the data set, taken for different zoom levels and
distances

The data set contains images from the surveillance camera
without zoom, that can be seen in the figure 6

Figure 6. Surveillance camera, images of the data set. Fixed camera, Pose 1
(2.5m) , Pose 2 (3.5m), Pose 3 (4.5m), Pose 4 (1.5m).

The data set also contains the LRF measurements for each
pose and distance. The data set taken for this test scenario is
going to be used in the experimental section.

IV. POINT DEPTH MEASURING AND CAMERA
CALIBRATION

A. Calibration of the Point Depth Measuring Setup

The zoom capability of the PTZ camera implies that the
calibration must be performed for each zoom level. We con-
sider that a number of intrinsic parameters matrices can be
used to characterize the complete range of zoom levels by
interpolation of the intrinsic parameters.

For each zoom level, the camera calibration can be done
using standard tools. For instance, one can use the J. Y.
Bouguet’s calibration toolbox or, similarly, the Matlab Cal-
ibration Toolbox made by Mathworks.

Alternatively, given 3D data and its images, we propose
using the DLT. More in detail, as referred in section III-B3
we have a chessboard calibration pattern which can be placed
in a number of known poses, at known (measured) distances
with respect to the PTZ camera.

We have considered two ways for measuring the locations
of the chessboard patterns: (i) measuring points in the ground

plane using a measuring tape, (ii) using a laser range finder1.
These two ways are detailed in the next subsection.

1) Location of 3D Points on the Chessboard: In this section
it is pretended to obtain the 3D world points of the chessboard
patterns (point cloud) for different poses, using the laser and
the measuring tape, that can be seen in the figures 3 in yellow.
The floor’s pattern consisted of mosaics and the support
platform had a rectangular shape. This two particularities
allowed to align the chessboard pattern at desired distances
on the measuring tape.

The 3D points of the chessboard can be obtained by using
the square size of the patterns. The LRF is an instrument that
measures with an uncertainty in the scale of millimeters, and
so, was the device used for the experimental part. Since the
LRF hits always the chessboard and is seen in the PTZ images

m ∼ H [X Y 1]T (8)

where m are the corner pixels of the square around the LRF
and [X,Y ] are their metric units. The chessboard pattern is
a 15 by 15 squares with 4[cm] each. The metric units of the
LRF are obtained by[

XLRF

YLRF

]
= hrem

H−1.
uLRFvLRF

1

 . (9)

The 3D points of the chessboard pattern can be extracted
by considering the LRF as the origin, and the points where
the laser hits by

[
0 0 ZLRF

]
. The 3D points of the

chessboard pattern are obtained considering that the Zaxis
is perpendicular to the chessboard pattern in the Pose1 and
coincident with the LRF ray (orientation unconsidered).

For the Pose1 the point cloud of the chessboard can be ob-
tained by (i) Considering the LRF pointer as

[
0 0 ZLRF

]
,

(ii) the results of the equation 9 and (iii) Square size.
For the other poses the 3D point clouds require (iv) rotations

of the poses around the point where the LRF hit.
2) Calibration of the Laser-Pointer Ray w.r.t. the PTZ

Camera : Since the final objective is to have a setup capable
of calibrating a network of cameras it is important to recognize
that the construction of this system setup should be carefully
done to avoid errors. If the laser orientation is well placed,
which means, parallel to the optical center ray, then the
laser point for an object at the infinity would tend to the
image principal point. Although in case of errors in the
placement of the laser, this will not be verified. The PTZ
camera will be calibrated using the "CalibrationToolbox"
from matlab which requires a set of images of a chessboard
in different positions and orientations. In this section we will
focus in particular on the errors that come from the physical
construction of the system and how to minimize them.

The "CalibrationToolbox" output, gives the chessboard
plan, describe by πW and the chess points expressed in world
frame by pW , then if those points belong to the chess plan
the following is verified πW

T .pW = 0, which is similar to
πW .P

−1.P.pW = 0, where P.pW = pC , which are the points
expressed in the camera frame coordinates. Since the points

1The Bosch GLM80 Professional
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pC belong to the chess board, the same can be assume for
πC

T .pC = 0, where we can get the relation of the plane
expressed in the camera frame by πCT = πW .P

−1.
The plan in the camera frame can be decomposed in πC =[
~nC dC

]
, where ~nC is the normal to the plane and dC is

the distance from the optical center to the chessboard plane.
Lets assume that the laser points belong to the chessboard
plan and are given by l̃ =

[
uL vL 1

]T
in pixels and so,

we can extract the laser point coordinates in the world since
we already have the plan equation in the camera frame and
the intrinsic parameters of the camera given by the matlab
toolbox. The laser points can than be given by ~pL = λ.~L
where ~L = K−1.l and λ is obtain by satisfying the equation
~nC .λ.~L + dC = 0 which is equivalent to the distance of the

optical center to the laser point seen in the chessboard. Lets
denote the points of the laser for each image with coordinates
pl =

[
xl yl zl

]T
The laser optical ray can be re-write as a line in the space

where the baseline is at b =
[
s t 0

]T
, and has orientation

ψ =
[
φ θ 1

]T
and so, can be re-write as ~rl = b + λ.ψ.

Considering that we have N number of photos for a chessboard
in different orientations, distances and with the laser points
belonging to it, we can then find rl that passes through them
all. We can than obtain the parameters by applying the least
squares

(s∗, t∗, φ∗, θ∗) = args,t,φ,θmin

N∑
i=1

∥∥∥∥(s+ Zi.φ
t+ Zi.θ

)
−
(
xli
yli

)∥∥∥∥2
(10)

The parameters found, (s∗, t∗, φ∗, θ∗) describe the laser-
pointer optical ray. This ray can be used to help find the laser
reflection point on the image of the scene based on the epipolar
constraint.

B. Acquire 3D data with the PTZ and Laser Pointer Setup

In the previous sections, it was discussed the difference
between the frames such as the world, the PTZ camera and
the laser. Important concepts to remember for this section is
that:

1) Without any pan or tilt motor actuation the camera frame
has the same frame as the world.

2) If the pan or tilt motors are actuate, this do not influence
the frames relation between the PTZ and the laser,
although influences the relation between those with the
world frame.

3) The laser calibration, which detects the laser frame
relative to camera, is crucial for a better depth estimation
and to point the laser to the target point.

4) The PTZ camera needs to be calibrated.
1) Pointing the Laser to the Target-point: At this moment,

the PTZ combined with laser-pointer setup is calibrated.
More in detail, the intrinsic matrix, K, and the Laser ray
calibration,(s, t, ox, oy) are known. The camera frame is the
same as the world frame for a null pan and tilt.

As explained in the subsection II-C, it is possible to extract
the depth of a point touched by the laser and seen in the image

by applying the equation 6, and than substituting that value,
Zi in the projection of the laser expressed in the world given
by the equation 7. This is the way of extracting the 3D world
information of a point that is already contain in the laser ray.

To extract information of a certain point that is not contain
in the laser ray for a null pan and tilt it is necessary to actuate
the motors in order to point the laser to it.

Lets call this point, target point, and denote it by, Mt. This
Mt is the 3D correspondence of mt in 2D, although the 3D
coordinates of it are unknown.

This 2D point is seen in the PTZ camera image, and can
be represented in the pin-hole model asγutγvt

γ

 =

f.Sx 0 Cx
0 f.Sy Cy
0 0 1

1 0 0 0
0 1 0 0
0 0 1 0



Xt

Yt
Zt
1

 (11)

The extrinsic matrix has the identity, because for pan an
tilt null angles the camera frame is coincident with the world
frame. This equation can be simplified and the following is
obtained 

Xt = Zt ×
(ut − Cx)
f.Sx

Yt = Zt ×
(vt − Cy)
f.Sy

(12)

This is a system of two equations with 3 unknowns. This
restricted the 3D target point, Mt, to a line. Giving a depth
guess, Zg , and substituting in the equation 12 by Zt, a
3D world point, Mg =

[
Xg Yg Zg

]T
is obtained. An

optimization function called fminsearch was used in order
to discover the required pan and tilt angles that, ensure the
laser ray incidence with the point Mg .

In order to point the laser to the desired 3D point in the
world, an optimization function called fminsearch was used.
The figure 7 has the setup in blue and green. The blue,
describes the pose of the laser and camera for a null pan and
tilt value while the green describes the pose of the camera and
laser after the actuation of the pan and tilt that ensure that the
laser was pointed to the guess point Mg .

Figure 7. Optimization algorithm to find pan and tilt values.

Note that for this case the Mg is equal to Mt, which means
that the guess Zg given corresponds too the exact value of Zt.
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Actually the pan and tilt values are found in order to point the
laser to Mg . From now, it is going to be considered that Mg

is denoted by Mt.
As can be seen in the figure 7, the laser ray emitted by the

blue surface as two points,(p1, p2), with a distance between
each other. Since the laser is calibrated it is possible to
know infinity points in the 3D world that belong to that line
by substituting the depth,Zi in the equation 7. Substituting
(Z1, Z2), can be obtained the 3D points, (p1, p2) and the
normalized vectors to Mt, denoted by (v1t, v2t) in the figure.

This vectors will have the same value and direction when
the laser ray is coincident with the guess point (Mt in the
figure). Note that it is possible to have the laser pointing to
Mt, although it could not minimize if the point p1 is before
and p2 after Mt in the laser ray. To solve this problem it
is recommended to use a Z2 smaller than the baseline when
obtaining p2.

The optimization consists on minimizing the quadratic
difference of those vectors. The actuation of the pan and
tilt motors will influence the laser physical setup location,
baseline, as well the points,(p1, p2), that are already expressed
in the world frame with the laser ray orientation (ox, oy)
considered.

The fminsearch algorithm find values for pan and tilt
and create a rotation matrix given by Rwc = Rpan.Rtilt,
until it minimizes the quadratic difference of the vec-
tors min ||v′1t − v′2t||

2. Those vectors are given by v′it =
norm(Mt −Rwc.pi).

After finding the rotation matrix Rwc given by the optimiza-
tion function, the camera apply those pan and tilt values and
so, if the laser overlapped with the target image point, mt, it
means that Zg was equal to Zt. If the image point mg is not
overlapped with mt, another value of Zg shall be found.

Zg
∗ = argZg

min ||mt(α, β;ϑ)−mg(α, β;ϑ)||2 (13)

where α and β denote pan and tilt angles, functions of mt

and ϑ, denotes the setup parameters (P1, P2).

C. Surveillance Camera Calibration

The cameras, PTZ Ca and surveillance C1, shall have a
percentage of their fields of view (FOV) overlapped. For each
camera image, the Scale Invariant Feature Transform, SIFT, is
used in order to discover key points, which are going to be
matched between images.

Choosing one of those match points, the method in the
section IV-B can be used. Remember that, initially it was given
a guess depth point, that is applied into the equation 12, and
so, an optimization function was made in order to find a pan
and tilt to point the laser to it.

Looking back to the section III-A, after the actuation of
the pan and tilt motors, the laser pointer can, (i) hit the target
point, (ii) be seen in the surveillance camera and do not hit the
target point and (iii) not be seen in the surveillance camera.

If (i), the laser hits the target point, and the 3D world
coordinates of the target point are the ones for which, the
laser was pointed for.

If (iii), the laser does not hit the target point, and is not
seen in the surveillance camera then, the pan and tilt values
shall be actuated to the null values (World frame) and another
depth guess shall be given.

If (ii), the laser do not hit the target point, but is seen by both
cameras, PTZ and surveillance, than the 3D world coordinates
of that point, where the laser hit, can be obtained.

For the case (ii), lets consider Rwci as the rotation matrix
given by the actuation of the pan and tilt values. The laser
was moved for a point that is seen by the fixed camera C1,
denoted by mfi and by the PTZ camera Ca, denoted by mai.

Knowing the laser ray calibration and the pixel mai, the
equation 6 can be used, to extract the depth of that point.
Note that, the equation 6 came from the consideration of the
extrinsic matrix of the camera, as an identity, which means that
the distance measured Zi will be given between the rotated
baseline and the point of the laser that hit the chessboard
surface.

The laser point in the world frame is given by Mpi =
Rwci.[s + ox.Zi t + oy.Zi Zi]

T . where (s, t, ox, oy) are the
laser calibration parameters and Mpi is the point expressed in
the world coordinate frame, where i stands for the number of
the points extracted. Note that there is no translation matrix
because it was assumed that the pan and tilt motors rotate
around the origin of the world frame.

Collecting at least six pairs of points, (mfi,Mpi), that do
not belong to the same plane, then, the DLT points method
can be used in order to estimate a projection matrix for the
surveillance camera.

V. EXPERIMENTS AND RESULTS

A. PTZ Camera Calibration
As described in the section III-B3 it was made a setup

scenario were the chessboard patterns were placed in different
poses and distances in front of the prototype setup shown
in the figure III-B2. Those chessboard patterns distances to
the prototype setup were measured by a LRF. A data set
was obtained by taking images, using the PTZ camera, of
those patters for different zoom levels. In this section, it
is pretended to calibrate the PTZ camera, with the Matlab
calibration toolbox and with the DLT points for different zoom
levels. The figure 8 demonstrates the point clouds obtained by
the LRF and by the matlab calibration toolbox for the zoom
level (0000).

Figure 8. In a) is the point cloud obtain by the LRF. In b) is the point cloud
obtained by the LRF (green) and the Matlab toolbox (blue).

The LRF point cloud (green) is with the origin centred in
the LRF while the matlab calibration toolbox has the origin
in projection center of the PTZ camera.



8

(a) fSx (b) fSy

(c) Cx (d) Cy

Figure 9. Intrinsic parameters of DLT vs Matlab toolbox

Using the DLT-points method using the LRF point clouds,
a projection matrix was estimated. For the zoom level (0000),
the extrinsic parameters were, a rotation matrix close to the
identity and a translation matrix, T = −120.3 63.1 19.8

T
,

which is close to the values measured in the prototype setup
in the figure 3(d).

This two calibration procedures were applied for all the
available zoom levels. The intrinsic parameters obtained by
the matlab calibration toolbox and by the DLT-points method
are displayed in the graphs of the figure 9.

The fSx
and fSy

parameter for the matlab calibration
toolbox contain an irregularity of values for the zoom Power
(×7.54), that has a lower value than a smaller zoom (×7.2).
The DLT-points method results are not consistent with those.

Resorting to Sudipta N. Sinha and Marc Pollefeys, number
[9] in the bibliography, in the figure 7 of the article, it was
observed that, for higher the zoom level the lower are the
optical distortion parameters.

Consulting the Radial distortion parameters obtained for the
Matlab calibration toolbox is verified that, for the particular
irregularity of values f.Sx and f.Sy , the radial distortion
parameter KAPPA 2 had a notorious increase comparatively
to the other zoom powers. The radial distortion parameters are
increasing with the increase of the zoom power which goes
against the conclusion of the article [9].

The matlab calibration toolbox has this open parameter that
is more suggestible to increase in order to compensate the
increase of the intrinsic parameters.

B. Laser-Pointer Ray on the PTZ Coordinate System

The 3D points of the laser are contained in both point
clouds and can be, therefore discovered. In order to obtain the

laser 3D point for the LRF point clouds, the metric relation
from the LRF to the Laser shall be discovered, with the same
methodologies as the one used to discover the LRF metric
relation to the corners around it.

The laser rays can be estimated for the matlab toolbox by
applying the method in the section IV-A2, and for the LRF
point clouds by applying the Laser points in the equation 10.

The laser rays applied to the point clouds can be seen in
the figure 14.

Figure 10. Intersection of the laser ray with the chessboard patter for the two
point clouds in the same frame

Considering the figure 14, the point clouds can be related
to each other by using Procrustes. This method gives a
transformation between two sets of 3D point clouds in order
to fit one into each other.

(a) Procrustes transf. (b) Camera transf. (red)

Figure 11. Interpolation of the Point clouds of the chess patterns after
Procrustes transformations

The transformation obtained by the Procrustes method, are
illustrated on the relation of both cameras (blue with the
red). As can be seen the cameras transformation is almost
not notable.

In the last section it was concluded that, the matlab
calibration toolbox increased the radial distortion parameter
significantly for higher zoom level, which goes against what
was concluded in the article [9] (radial distortion parameter
should tend to zero while the zoom level increases).

The zoom level 0642 (highest values of the radial distortion
parameters) was chosen. The same process, of finding the point
clouds and the laser ray estimation, gave the results shown in
the figure 12.



9

Figure 12. Point clouds, Matlab Toolbox (blue) and LRF (green) for the zoom
0642.

As can be seen in the figure 12, the transformation dis-
covered by Procrustes for both point clouds is visible when
compared to the zoom level (0000).

In the next section it is pretended to clarify, the increase
of the errors, that were noted in the extrinsic parameters of
those cameras for different zoom levels by adding noise to the
image pixels.

C. Influence of Imaging Noise on DLT based Calibration
The experience consist on calibrating the PTZ camera

with the matlab calibration toolbox, for the zoom levels
(0000, 0460, 0642, 0673). Each calibration gives a projection
matrix, Pzoom, and the 3D world coordinates of the chessboard
patterns Mwzoom. Using the pin-model, the 2D noiseless
points mnoiseless are obtained. A Gaussian noise with mean
zero and variance 2, was applied to mnoiseless, resulting from
this, 2D noise points, mnzoom. This process was made 20
times for each zoom level.

Each pairs of points, (Mwzoom,mnzoom), were used in the
DLT-points method in order to obtain a projection matrix that
can be decomposed in R, T and K.

The figure 13, is a plot of the extrinsic parameters view of
the PTZ cameras due to the influence of noise in the image
points of the PTZ.

Figure 13. Extrinsic parameters view of the PTZ, due to the addition of noise,
for each zoom level, (black, noiseless) (green, 0000), (magenta, 0460), (cyan,
0642), (blue, 0673).

As can be seen in the figure 13 the addition of noise in
the image points have an higher influence in the extrinsic
parameters of the camera for an higher zoom levels.

D. Camera Calibration using the PTZ and Laser-Pointer
Setup

In this section it is pretended to use the setup, pan-tilt-zoom
camera, Ca, with laser, to calibrate the surveillance camera C1.

The metrics relation are the same as the ones shown in the
figure 3.

As mentioned in the section III-B3, the C1 camera, took
pictures of the chessboard patterns for all the poses and
distances. The LRF measured those poses distances. The same
methodologies used on the section V-A can also be used for
the calibration of the surveillance camera.

The calibration values can be seen in the table bellow.

K - Matlab toolbox
727.1 -1.2 317.5

0 722.8 241.1
0 0 1

K - DLT Points
723.8 0 331.1

0 722.8 257.0
0 0 1

To use the setup, PTZ with laser, an experiment was made.
In this experiment, a chessboard pattern is placed in the
Pose1, in front of the two cameras, Ca and C1, for 3 different
distances (1m,2m,3m). The camera Ca and the Laser are
calibrated.

For each distance, five points were chosen, by clicking in
the PTZ image, as can be seen in the figure 14.

(a) points at 1m (b) points at 2m (c) points at 3m
Figure 14. Points chosen for each distance

The points clicked can be projected in the world space
using the equation 12. This is a two system of equation with
3 unknowns. One of the unknowns, Zt, will be replaced by
the value measured by the LRF. This will grant a 3D world
point, correspondent to the clicked pixel. Pan and tilt values are
found in order to point the laser to that 3D point. In the figure
15, is presented the points where the laser hit after actuating
the discovered pan and tilt values, for the distance of 1 meter
from the setup to the chessboard pattern.

Figure 15. Laser point chosen vs the place where they hit after the pan and
tilt

The colored X are the values chosen while the colored
points are the places where the laser hit.

Those errors can be explain by the: (i) finite pan and tilt
angles (ii) Estimation of the intrinsic matrix and laser ray
(iii) LRF errors (iv) PTZ motors calibration (v) consideration
of pan and tilt motors overlapped with the camera projection
center. The errors in (i) can be despised because the calibration
of the surveillance camera do not depend if the laser hit the
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target point. The important is that the pixels are seen in the
surveillance camera as can be seen in the figure 16.

Figure 16. Laser pixels in the surveillance camera (fixed) after the actuation
of the pan and tilt values in the setup

The 3D world points of those pixels seen in the figure 16 can
be obtain by following the section IV-C. In the figure 17 it is
shown a simulation of a proposed scenario for the calibration
of the fixed camera using the setup.

Figure 17. PTZ moved the laser pointer and allow to estimate the posed of
the fixed camera. Scenario for fixed calibration (top) Cameras after pan and
tilt actuation (bottom).

In the end 15 pairs of points were collected and so can be
used in the DLT-points method. Decomposing the projection
matrix the results are shown in the table bellow.

K
654.9 -0.5 337.3

0 708.2 353.0
0 0 1

R
1.0000 -0.0012 -0.0058
0.0007 0.9961 -0.0883
0.0058 0.0883 0.9961

T
163.5
16.8

-110.3

VI. CONCLUSIONS

Two methodologies were used and compared for the cali-
bration of the auxiliary camera using chessboard patterns. One
consisted in the images from the auxiliary camera and the other
one in the measurements made by devices such as a measuring
tape and LRF. Those calibrations were effectuated for different
levels of zoom. It was concluded that for the increase of the
zoom levels the scale parameters of the intrinsic matrix have an
exponential variation for both methods, although one of them,
Matlab Calibration Toolbox, for a specific higher zoom level

have an outlier value. The explanation for those outlier values
is given by the increase of the radial distortion parameter
for higher zooms, which goes against what was expected,
demonstrated by the article in [9].

The increase of the zoom level will correspond to an
increase of the radial distortion parameters, that intrinsically
affect the image points detected in the chessboard pattern. An
experiment was made in order to understand the influence of
imaging noise on a DLT based calibration. It was verified that,
the same amount of noisy data would affect significantly more
the extrinsic parameters of the camera for higher zoom levels.

To finish, the calibration obtained for the surveillance
camera based on the setup, auxiliary camera with laser, was
compared with the other two methods (used for the auxiliary
camera calibration). It was concluded that the extrinsic param-
eters coincide with the measurements made for the physical
setup (auxiliary to surveillance camera), although the intrinsic
matrix presents forms but contains an error, of approximately
10 percent of the other methods. This can be explained by the
lack of points collected by the laser.
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