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Abstract—Most manufacturing processes rely upon the use
of industrial robot arms for different applications, such as
inline robotics, system assembly robotics and machine tending
robotics. In the pursuit of the highest industrial quality standards,
accuracy, precision, flexibility and a larger potential to increase
the competitiveness in the market, some industrial robot cells
make use of vision sensors. These vision sensors and cameras
are used to guide the robot cells in pick and place, perform
measurements and other applications. In order to successfully
execute these tasks, there is the need to relate the cameras’ 2D
projections with 3D positions of the robot’s coordinate system,
which can only be done after a calibration process. This master
thesis project’s main focus is to develop a standard application
capable of automatically calibrating the cameras in the robot’s
workspace, by estimating their exact position and orientation
with respect to the robot, while also compensating for the non-
linear distortion of its lenses. At the same time, 3D tools are
proposed and introduced. The developed calibration procedures
not only show an improvement in typical applications up to 11
times, when comparing a calibrated and uncalibrated camera,
but are also responsible for significantly decreasing human effort
in the process of teaching the tools’ positions to the robot. In
conclusion, the mentioned procedures were also implemented
with success at the company at which this project has been
developed.

I. INTRODUCTION

Most precise robotic applications require an overall submil-
limetric accuracy. This is an extremely hard task for standard
6 DOF industrial robots, which are able to achieve an accuracy
between 0.3 and 0.5mm when proper calibration is provided
and robot positions are taught and fixed, according to Kubela
et al. [1]. This drawback could be easily mitigated with the
use of any CNC machine or any other machine with less axes,
designed for precise machining, instead of an industrial robot.
Nonetheless, in the industry, robots are usually preferred,
considering that an industrial robot is designed to cope and
execute a wider scope of applications, offering more flexibility,
being its only trade-off accuracy.

In the end, the solution that seems to solve this trade-off
in the best way possible is the use of cameras in the robot
cell’s work-space. These can be used in a closed loop that
informs the robot of its actual position and the distance to
the targeted position. Adding vision to the system improves
general automation even more, as robots will not need teaching
and will be able to carry on applications independently. The
camera can then be used to guide the robots in pick and place,
perform measurements and other applications that demand
high levels of accuracy, precision and flexibility.

The camera can be mounted on its end-effector or detached
from the robot cell, fixed and facing it. This project focuses
mostly on cameras mounted on the end-effector given that
this setup requires a more complex calibration procedure. This
setup is also more versatile, since the camera is facing the
manipulator’s direction, being therefore able to do the same
translational and rotational motions along the desired path.

In order for the robot to relate the camera’s 2D positions in
its own coordinate system (3D), the camera must be calibrated.
The complete calibration procedure is responsible to compute
the camera’s intrinsic and extrinsic parameters, as well as its
spatial relation to the robot. Two calibration procedures are
then proposed: camera and hand-eye calibration.

Camera calibration, the essential process of determining the
internal camera geometrical characteristics (intrinsic parame-
ters) and the 3D transformation (position and orientation) be-
tween the camera and the world’s coordinate system (extrinsic
parameters) as well as the lenses’ distortion coefficients, can
be classified into two categories: photogrammetric calibration
and self-calibration. In photogrammetric calibration [2], [3],
[4], [5] an object whose geometry in 3D is precisely known
is used, while in self-calibration techniques [6], [7], [8] no
object is used. Instead, by simply moving a camera in a static
scene, constraints can be made in the intrinsics equation. While
photogrammetric is more stable and efficient, self-calibration
is more flexible, but less reliable.

Hand-eye calibration is the process required to obtain the
position and orientation of the camera with respect to the
robot base. Most authors [9], [10], [11], [12] formulate this
problem with the homogeneous matrix equation AX = XB,
where A is perceived as the homogeneous transformation
between the robot base and the hand, and B the perceived
motion of the camera with respect to a fixed calibrated
target. These two are then known transformations, since the
motion of the camera is extracted from the sensor and the
transformation of the robot’s hand given by the values of the
encoders of the robot. Shiu and Ahmad [11] were the firsts
to formulate this problem as AX = XB, but their solution
would double the linear system, every time a new frame was
added. Later, Tsai and Lenz [12] formulated this problem
with a fixed size system.

Although being uncalibrated cameras one of the main rea-
sons for the lack of precision during an application’s execution,
influencing product quality, other issues might as well have a
negative impact. This is the case of uncalibrated work-space



tools. Repetitive applications tend to wear down or deform
tools, e.g. glue needles, and the procedure of changing these
same tools usually results in a misalignment or displace-
ment from their original positional data. This is a substantial
problem for highly precise applications but especially time
consuming, since it requires an operator to manually align
and place the tool in the correct position. This procedure is
usually carried out with the robot’s camera which is moved
to a previously defined position facing the tool and informs
the operator whether the tool is finally within acceptable
boundaries or not.

Two additional calibration tools were then developed with
the intent of automating the work-space tools’ position. These
calibration tools, which require two cameras to be mounted
on the robot, are able to triangulate a feature in 3D and
automatically update all the work-space tools.

A. VisionPro

VisionPro is a product from Cognex, which offers a vast
set of machine vision tools. This will be the framework used
to developed this project, since it offers camera and hand-
eye calibration tools, as well as measuring, identification and
finding tools. VisionPro is used through an UI which allows
a user to interface different vision tools and create a global
solution. These global solutions, known as a vision jobs,
acquire an image from the camera, run it through the vision
tools and output the result. For more complex vision jobs, it
is also possible to create scripting tools. Scripting allows a
user to write code in C# and create inputs and outputs that
interface with the other tools.

II. ROBOCALIB

RoboCalib is the name given to the main application de-
veloped under this project. It envisions to be an application
suite where all calibration and related tools can be found
and automatically executed. Its main focus is to facilitate the
execution of calibration procedures, as well as to make all
calibration results available to anyone in the network. At the
same time, all results can be exported in their specific format
and directly integrated in external applications. Although being
all procedures automated, RoboCalib still makes it possible
for a user to request a manual override of a procedure, an
option suitable for situations where the robot cell is specifically
constrained and does not have enough space to move freely.
The manual procedures offer the user a thoroughly detailed
explanation guide of the procedure, and how to get the best
results from it.

Regarding its technical aspects, RoboCalib is an event-
driven Windows Form application supported by Microsoft
.NET Framework 4.0, written in C#. Although existing newer
and more recent releases, Microsoft .NET Framework 4.0 is
used in order to be compatible with VisionPro’s framework.

A. RoboCalib’s UI

RoboCalib’s UI consists of several different forms and
windows. Among them is RoboCalib’s main form where all

calibration settings and results are presented. It is also used to
prompt any calibration procedure.

A state machine is responsible for updating the correct
UI elements once a relevant event has occurred. This means
enabling/disabling buttons, changing labels and updating as
well as saving results. Thus, each time a calibration procedure
is executed, the state machine updates its state and acts
accordingly. The state machine is comprised of seven different
states, where four states handle the events after a calibration
procedure, remaining idle until some user input is received,
and the remaining three others which disable all tools while
a certain calibration procedure is being executed. Although
having the same functionality, these three last states were
given different separate states, instead of comprising them in
a general state, for a matter of simplicity and flexibility, so
that in the future different functionalities can be implemented
in each one.

Moreover, the state machine is also responsible for ensuring
the user is not allowed to perform incompatible calibration
procedures. This situation applies to configurations that are
not connected to the robot, and therefore cannot perform
the automated calibration procedures that require the robot’s
motion, and to configurations that make use of a single camera,
making them incompatible with calibration procedures that
require more than one camera.

B. Robocalib’s Calibration Class

RoboCalib’s Calibration class is the structure that holds all
the information prompted into RoboCalib for each ”Calibra-
tion” configuration, as well as all the information processed
by it. It contains the result objects returned by the calibration
procedures, along with all the configurations inputted by the
user. It is an essential class to organize all the fundamental
data, making its storage and repossession easier. This project’s
database is therefore comprised of a list of Calibration objects,
each one representative of one calibration configuration and
results.

Fig. 1. Calibration class UML.



A Calibration object is described by a name and a unique
identification number. It contains one or two Camera objects,
a configuration object and an object with the work-space tools
information. A Camera object holds all the information with
respect to the camera’s properties (name, serial identification,
video mode, zoom, focus, iris, exposure, description and MAC
address) as well as a reference to each object produced by the
calibration procedures.

A CameraCalibration and HandEyeCalibration classes,
hold the important objects returned by the calibration proce-
dures. These will be later used by other tools.

C. Application’s Architecture

RoboCalib is the central link of a complex system of
applications and interfaces, as well as the bridge between this
system and the user. It is responsible to ensure a flawless and
synced execution of all applications and eventually handle its
errors. The whole proposed system is actually comprised of
three main applications: RoboCalib, the robot’s application and
RoboVision.

Fig. 2. Application’s architecture.

Usually, RoboVision and RoboCalib are executed in the
same computer as two different processes. The computer’s
IP address is then used to establish a connection between
the robot and the two server applications, RoboVision and
RoboCalib. This connection is then used to send and receive
TCP/IP messages. RoboCalib and RoboVision use the com-
pany’s network in order to store and retrieve files. These files
are usually the vision jobs, but can be anything from temporary
files, created during the execution of the vision jobs, to files
where user configurations or calibration results are stored.

1) RoboVision: RoboVision is a computer application de-
veloped at AME which works as an interface between the
robot and VisionPro applications (vision jobs). When running,
it allows the robot to remotely connect to it using TCP/IP and
exchange request messages. With a connection established the
robot can then request RoboVision to run a specific VisionPro
application from its database. After executing the vision job,
RoboVision saves the input and output images as well as
its results, in the database. These results and images can be
immediately requested by the robot to RoboVision, through
their established connection.

2) Robot’s Application: The set of procedures the robot is
running are here referenced as the robot’s application. This is
the application that awaits orders from RoboCalib and then
executes the automatic calibration procedures. The robot’s
application is comprised of several modules, which include
procedures and functions.

It starts by establishing a connection with RoboCalib. This
TCP/IP connection is established in order for the robot’s ap-
plication to receive RoboCalib’s commands and send the pro-
cedures’ results. The robot’s calibration module goes through
the sequential steps of algorithm 1.

1 establish connection with RoboCalib;
2 while connection is alive do
3 wait for command;
4 if command has been received then
5 establish connection with RoboVision;
6 execute respective procedure;
7 send results to RoboCalib;
8 end
9 end

Algorithm 1: Robot’s application calibration module.

D. Camera Calibration

VisionPro’s camera calibration procedure, for single or
multiple cameras, requires the mandatory acquisition of five
viewsets, a set of n images acquired simultaneously from n
cameras viewing the same scene from different locations. For
better accuracy Cognex recommends to acquire four additional
viewsets.

The camera calibration procedure returns a list of
Cog3DCameraCalibrationResult objects, each corresponding
to one camera, which is then used to populate each Camera
object. RoboCalib uses these objects directly to display each
camera’s correct center as well as a to display a qualitative
description of the procedure’s performance. Even further,
once camera calibration has been executed, the user can
export it as a vision job tool, which can be directly dragged
to any vision job application. This tool acquires an image of
that camera with the user specified parameters (zoom, focus,
aperture and exposure) and corrects its radial distortion using
the camera calibration object.

The camera calibration procedure can be executed in an au-
tomated fashion, using the robot, or manually. The automated
mode uses the information the user made available regarding
the cameras’ position, with respect to the calibration plate, to
simulate moving the calibration plate to the viewsets, without
actually moving the calibration plate but the robot.

The manual mode uses a window with the cameras’ live feed
and an explanation of each different viewset to the user. Each
time a user acquires an image of a certain viewset, the window
explains the required steps to move the calibration plate to the
next viewset. Once all viewsets have been acquired by the
user, camera calibration is computed by this same process.



For the automatic mode, RoboCalib starts by sending this
procedure’s essential data to the robot’s application, such
as the number of cameras to be calibrated, whether the
user wants to perform height pose viewsets or not, and the
vertical distance from the calibration plate. The next step
is to clear the network’s databases (one for each camera)
where the calibration images are stored. In order to do so,
and considering that the robot has no write access outside
its controller, the robot’s application requests RoboVision to
run the vision jobs responsible for clearing images in the
databases. The first viewset does not require the robot to
move, but the last four viewsets do. Each of these last four
viewsets require the calibration plate to be rotated 90◦, for
each viewset, while always tilted about 20◦, with respect to
the cameras’ average optical axis. Being automation one of
the main objectives of this project, an algorithm was devised
to simulate the calibration plate’s motion using the robot’s
motion instead.

Fig. 3. Required camera transformation.

Let O be the coordinate system in one of the sides of the
calibration plate, where its Z axis runs along its edge. Then,
C ′ is the camera after being rotated θ degrees around OZ ,
which has the same position and orientation, with respect
to the new also rotated calibration plate than C with the
original calibration plate orientation. The required camera’s
displacement will then be ∆height, ∆side and a rotation of
θ degrees around its Y axis. Now, let O′ be the coordinate
frame O after a θ rotation around its Z axis. Its homogeneous
transformation is described by equation 1.

O′ = Rot(Z, θ) =


cos(θ) −sin(θ) 0 0
sin(θ) cos(θ) 0 0

0 0 1 0
0 0 0 1

 (1)

The position of C ′ center, c′, with respect to O is then
calculated:

c′ = O′ · c =


cos(θ) −sin(θ) 0 0
sin(θ) cos(θ) 0 0

0 0 1 0
0 0 0 1



l · cos(θ)2

d
0
1

 =


l · cos(θ)2 − d · sin(θ)

l · cos(θ)sin(θ)2 − d · cos(θ)
0
1

 , (2)

where l represents the width of the calibration plate.
∆height and ∆side are then calculated:

∆height = c′x−cx = l · cos(θ)
2
·(1−cos(θ))+d ·sin(θ) (3)

∆side = c′y − cy = d · (1− cos(θ)) + l · cos(θ)sin(θ)

2
(4)

The robot then moves the camera to the four sides of the
calibration plate and acquires those four viewsets, simulating
the calibration plate’s motion using the equations 3 and 4
displacements. If a second camera is attached to the robot,
and if the user configured both cameras to be focused on the
same calibration plate point, then the second camera acquired
images will simulate the calibration plate’s movement as well.

The next step is to acquire the height pose viewsets. For
these viewsets the robot moves vertically to the positions
−2d, −d, d and 2d, where d is the user defined height pose
displacement. Once again, in every pose the robot acquires a
viewset and saves it in the image databases.

Once all viewsets have been acquired, VisionPro’s cam-
era calibration method, is executed. The result of camera
calibration, a Cog3DCameraCalibrationResult object, is then
serialized and saved in the network. This object is serialized
and saved in the network and not sent directly to RoboCalib
so that other processes, which require a specific camera
calibration result, can use it later. It is saved under the name of
its respective Calibration object ID, a unique number assigned
to all calibration configurations, so that it can be distinguished
by others.

E. Hand-Eye Calibration

Hand-eye calibration is the second most important cali-
bration procedure in a vision guided robot. It estimates the
cameras’ position and orientation with respect to the robot’s
hand. It is then used to know exactly the distance between the
camera and the robot’s manipulator, and therefore knowing
how much the manipulator needs to move in order to be
centered with the camera’s target. Hand-Eye calibration is also
essential for positioning the camera’s optical axis normal to a
working plane.

Just as camera calibration, the procedure is initiated by
the user and can be automated or manual. Assuming that
the connection has already been established, RoboCalib sends
an initiating message which prompts the robot’s application



to query the number of camera, running mode (automatic or
manual) and the approximate distance to the calibration plate.
While viewswets in camera calibration are very specific, the
only consideration for hand-eye calibration viewsets is that
each viewset must be a rotation around all axes, with respect
to its last pose. To ensure the calibration plate is still visible in
the camera’s FOV after its rotation, three variables need to be
calculated. These variables are the distance the camera must
travel, with respect to its X and Y axes, to face the calibration
plate again, as well as the distance it needs to move in the
direction of the calibration plate to have a focused view of it.

The first two, denoted by vx and vy are equal to the distance
between each frame’s Z axis intersection with the calibration
plate’s plane. The height correction is then the difference
between the camera’s original height and the distance between
its Z axis intersection with the calibration plate’s plane, after
rotated, and its center.

Let matrix R be the camera’s homogeneous transformation,
after being rotated around all axes.

R =


cY − cZ cZsXsY − cXsZ cXcZsY + sXsZ 0
cY sZ cXcZ + sXsY sZ −cZsX + cXsY sZ 0
−sY cY sX cXcY 0

0 0 0 1

 ,
where ci and si represent cos(θi) and sin(θi), respectively,

being i the axis of rotation and θ the respective angle of
rotation.

Equation 5 is then used to calculate the point where the
rotated camera’s Z axis intersects with a plane of height
height, the known distance between the camera (before being
rotated) and the calibration plate.

vx
vy

height
1

 = R


0
0

∆Zb
1

 , (5)

The solution can then be expressed as:
vx = height

cXcY
· (cXcZsY + sXsZ)

vy = height
cXcY

· (−cZsX + cXsY sZ)

∆Zb = height
cXcY

(6)

For each viewset the camera moves −vx and −vy , rotates
around all its axes and finally compensates for its height
(∆Zb − height). Once more, if a second camera is attached
to the robot as well, it will also be pointed at the calibration
plate with its original distance.

Once the robot has stopped moving, each camera acquires
an image of the calibration plate. Before moving to the
next station the robot estimates its hand pose, position and
orientation, with respect to the robot’s base. These poses are
then sent to RoboCalib, which is saving them in a list, to be
later used by the hand-eye calibration.

VisionPro requires the robot’s poses together with the
images’ feature correspondences, of the calibration plate, in
order to execute its hand-eye calibration method. The result
is a Cog3DHandEyeCalibrationResult object, which is then
used to populate the cameras’ HandEyeCalibration object.
Cog3DHandEyeCalibrationResult also contains each camera’s
hand-eye transformation (position and orientation of the cam-
eras with respect to the robot’s hand), which is consequently
displayed in RoboCalib’s UI. It is displayed in the robot’s
programming language format, making it easier to implement.

F. Stereo Triangulation

Stereo triangulation refers to the process of determining a
point in 3D space knowing its projection into two images.
Triangulation needs therefore two different cameras, with a
shared FOV and their own camera calibrations. The hand-eye
calibration is optional, but necessary if required to relate the
triangulation results with the robot coordinates.

Fig. 4. Stereo Triangulation.

The analytical relationship, between a 3D point and its
projection, for camera i, is then given by:

k

xiyi
1

 =

αxi si x0i 0
0 αyi y0i 0
0 0 1 0


︸ ︷︷ ︸

intrinsic parameters

[
Ri ti
0 1

]
︸ ︷︷ ︸

extrinsic parameters︸ ︷︷ ︸
matrix Di


X
Y
Z
1

 , (7)

being Ri and ti the rotation and translation, respectively, of
the homogeneous transformation which relates the camera’s
coordinates to the world’s coordinates. Stereo triangulation
aims to evaluate the intersection (X,Y, Z)T between the two
rays by solving the linear system obtained by stacking equation
7 for the left and right camera. In order to it, a well known
technique, linear triangulation [13], [14], is used to solve the
following linear system with a least-squares technique:

xLd
T
3L − dT1L

yLd
T
3L − dT2L

xRd
T
3R − dT1R

yLd
T
3R − dT2R



X
Y
Z
1

 =


0
0
0
0

 , (8)



where the generic term dTni is the n-th row of the camera
matrix Di.

Triangulation has many practical applications in the
industry, from offering the perception of depth, in some
extent, to a robot, to the possibility of performing accurate
3D measurements using two triangulated points. In this
project, the stereo triangulation is proposed to be used
as a tool positioning estimator as well as for precise 3D
measurements. VisionPro’s method, used for triangulation
requires the cameras’ camera calibration and each cameras’
projections of the same point. The result is a 3D point in the
camera’s camera calibration space. This point itself has no
interest in a robotic’s application point of view, unless used
to perform a measurement together with another triangulated
point. In order to transform this point into a point in the
robot’s space, the hand-eye calibration is required. The
hand-eye calibration transformation is then used to transform
the point into the robot’s hand space. Finally, it is possible to
transform the point into the robot’s space by using the robot’s
current pose, position and orientation.

RoboCalib UI includes a dedicated window for stereo
triangulation, offering the user a vast set of options. The
UI includes two displays where each camera’s live feed is
displayed. The user can then choose to triangulate the points
manually, by selecting them in the cameras’ displays or using
a vision job to estimate a certain feature’s position on the
screen. These vision jobs can be either created or loaded.

The triangulation procedure then takes the available points
and uses the dedicated VisionPro’s method to triangulate
the point. The results are always displayed in the camera
calibration space, but if the user has previously performed
the hand-eye calibration, then results are also available in
the hand’s space. Moreover, if the robot is connected to
RoboCalib, it will be prompted to estimate its hand’s pose.
Its pose is then used as a transformation to display the results
in the robot’s space. It is important to display the points in this
space since tools’ definition, in the robot’s application, require
the tools’ position in the robot space.

When two points are selected in each camera, RoboCalib
calculates the precise distance between them in the camera
calibration. Measuring the distance between two points is a
feature of extreme importance in robotic application. Many
applications require measurements to be performed, but most
applications only use one camera, and can therefore only
perform measurements in 2D. RoboCalib allows an user to
perform these measurements in 3D, meaning that measure-
ments can even be made with points at different heights.

G. Work-space Calibration

Work-space Calibration is RoboCalib’s last calibration pro-
cedure, which requires all the other calibrations in order to be
executed. Its main goal is to close the automated calibration
gap and to ensure a fully automated calibration set-up. Being
all camera calibration procedures automated, there is a demand

for an automated tool calibration procedure. This calibration
procedure should assure the robot that the tools, which it needs
to use, are exactly where they are defined to be in the robot’s
code.

Usually, in order to ensure the right position of the tools,
the robot is moved to a pre-defined position where the tool is
discernible and noticeable to the camera. Once there, the robot
continuously runs a vision job that detects the 2D position of
a tool and calculates its distance from a previously defined
calibrated tool position. If the distance is bigger than a defined
threshold, the vision job will run again and a message will be
displayed to the user warning him that the tool is still not in
its calibrated position. Once the tool’s position is adjusted to
be within the threshold, the application will proceed.

Work-space calibration is the proposed solution to optimize
this procedure. It uses the triangulation method introduced
in the previous section to triangulate the tools’ position, thus
requiring a stereo system as well. In order to do so, it needs
to move to poses where the tools are visible and discernible
in both cameras. Since the robot does not know priorly where
to find the tools, this procedure has two phases: the teaching
phase and the execution phase.

The teaching phase requires the user to define a robot
path by jogging the cameras to the respective positions of
the tools. Opposed to the triangulation tool, the work-space
calibration cannot be used manually. This means that the points
to be triangulated cannot be inserted manually, but have to
be a result of a vision job. Since the path from one tool to
another might be constrained, the user has the option to set-
up auxiliary poses. In these poses no vision job is executed
and the robot will not be stopped. The position is just an
intermediary step before moving to the next tool, to avoid any
path constraint between two consecutive tools.

When the user intends to save a pose, auxiliary or a tool’s
pose, RoboCalib queries the robot’s application for the robot’s
current pose. This pose is then saved as a PositionInformation
object, together with the required vision jobs and triangulation
results. Once the user decides to end the teaching phase,
RoboCalib saves all PositionInformation objects in a list.

The execution phase executes the previously taught path,
where each pose corresponds to a PositionInformation object.
The robot will move from pose to pose and run its vision jobs
in the tool’s poses. The vision jobs are ran until they find its
respective tool and triangulation is successful. In the end, after
successfully finding all tools, results are displayed in a table
where the user has write-access to each cell, and where each
row represents a different tool. Each column has a different
tool parameter, required to define the tool in the robot’s code.
The user can then decide which tools to update in the robot’s
code.

III. RESULTS

In this section experimental results are discussed. Several
tests were proposed to estimate the improvements of camera



and hand-eye calibration, as well as to test the associated
accuracy and precision of these calibrations.

A. Camera Calibration

Camera calibration has three main practical deliverables:
lens distortion correction, the cameras’ center estimation
and the cameras’ relative pose to a reference (extrinsic
parameters). The lens distortion correction is used to mitigate
radial distortion, which is useful to ensure straight lines
remain straight and to keep the correct image’s perspective.
The camera’s center estimation is an important variable
since the camera’s center is never the actual image’s center
(width/2,height/2) due to the optical axis misalignment,
caused by mechanical constraints and lens imperfections. The
cameras’ relative pose to a reference, on the other hand, is
only useful if two cameras are used, as it will make stereo
triangulation possible.

1) Lens Distortion Correction: with a barrel type distortion,
found in most industrial cameras, a horizontal or vertical line
which goes through the center is not severely affected by
distortion, but a horizontal or vertical line close to the borders
of the image is deeply affected by it. To measure the curvature
of a distorted line a VisionPro’s tool which looks for a line
was used. This tool looks for an edge in several evenly spaced
points (known as Calipers) over the search area. The resulting
points are then used to fit a line. It is then possible to measure
each point’s distance to the fitted line, and evaluate the edge’s
curvature, as a straight line will have its error minimized when
compared to a curved distorted line.

Fig. 5. Caliper errors for distorted and undistorted lines.

Fig. 5 validates one of the most important deliverables of
distortion correction, making lines straight opposed to curved.
Although, the eliminated error, approximately 95.9%, does not
directly correspond to the amount of eliminated distortion,
but it is implicit that a perfect straight line corresponds to
no distortion in the image.

In order to understand if the distortion correction did not
affect the image’s scale, another test is proposed. Using
an object with precise known dimensions, after knowing an
approximate relation between the pixels’ size and a physical

unit, it is possible to characterize the performance of the
distortion correction across the FOV, by making linear con-
secutive measurements from the center to an image’s corner.
The measurement results should therefore be linear as well.

Fig. 6. Error across the FOV for distorted and undistorted images.

Fig. 6 illustrates the results of the proposed test for a
distorted and undistorted image. Results once again validate
the improvements of the camera calibration procedure, with
respect to distortion correction. It is shown that for distorted
images, the measuring error increases exponentially along with
the distance from the center. In this case, with a FOV of about
120 cm2, distortion can cause measuring errors up to about 2
mm, which is approximately 2.5% of the image’s diagonal
size.

RoboCalib’s solution improved the measurements’ accuracy
by an average factor of 23, when compared with the distorted
images. Furthermore, the calibrated camera measurements
had a maximum error of 0.1 mm, which was only measured
close to the image corner, where distortion is more severe.

2) Camera Center Estimation: this section does not test the
accuracy of the camera center estimation, but its precision.
The camera center accuracy can only be tested once the
transformation between the camera and the robot is known,
product of the hand-eye calibration.

Therefore, the camera calibration procedure was executed
repeatedly several times and the resulting camera center, for
two cameras with different resolutions and focal lengths,
noted.

Since a camera with a higher resolution is able to acquire
images with more detail and information, a more accurate
and precise calibration is estimated. Thus, the results of
the 5 MP camera were expected to be an improvement of
around

√
2.5 times (pixel ratio) when compared to the 2 MP

camera results. This was not exactly the result, since the ratio
between the RMS of the results of the two cameras was of
approximately 1.83. This difference, between the expected
result and the actual result, is the result of other variables
that are difficult to predict. These variables are the result of
the different characteristics of the two cameras, such as SNR
(Signal to Noise Ratio) or lens quality.



Fig. 7. Statistical results of the camera center estimation for different settings.

B. Hand-Eye Calibration

Hand-eye calibration has one main practical deliverable:
the estimation of the transformation between the camera and
the robot’s hand spaces. This transformation is then used for
four main applications: defining the cameras’ correct pose in
the robot’s application code, positioning the camera’s optical
axis exactly perpendicular to an object’s surface, offsetting
the camera’s position in the direction of its X and Y pixel
coordinates and relating a camera’s point to the robot’s space.

Previous tests, carried out with the 5 MP camera, pointed
the precision of the hand-eye calibration, using an average
deviation, to be of ±0.022 mm, ±0.007 mm, ± 0.015 mm for
X, Y and Z, respectively, and ±1.71E-05,±1.67E-05,±7.31E-
05 and ±1.74E-E05 for q1, q2, q3 and q4 respectively. These
results, although promising, are not as relevant as the accuracy
results.

Although not being possible to precisely quantitatively
evaluate the accuracy of the hand-eye results, it is possible
to characterize it in comparison with the results of an
uncalibrated camera. The first proposed test, developed
to characterize the position’s accuracy of the hand-eye
calibration, proposes rotating an object over its center, using
the robot’s suction cups. The displacement of that object,
after the rotation, quantifies the error of the position of the
camera, since the camera was used to center the object.
The second proposed test, which aims to characterize the
orientation’s accuracy of the hand-eye calibration, rotates the
camera over its Z axis. In an ideal situation, all points in a
perpendicular plane to the camera’s axis should rotate around
the camera’s center. Therefore, the camera is oriented to be
exactly perpendicular to a plane and then rotated 180◦. Every
4◦ a vision job is executed to calculate the position of a fixed
feature, with respect to the camera center.

The position accuracy tests, illustrated in Fig. 8 show
improvements up to 6 times. It also means, for a normal
robotic application where parts usually require to be rotated

Fig. 8. Respective displacement, d, for different heights and for a calibrated
and uncalibrated camera.

Fig. 9. Orientation accuracy test results for an uncalibrated camera.

Fig. 10. Orientation accuracy test results for a calibrated camera.

between 1◦ to 2◦, that the part’s displacement would be up to
0.081 mm for an uncalibrated camera, but only of 0.017 mm
for a calibrated one.

Regarding the orientation accuracy tests, illustrated in Fig.
9 and Fig. 10, it is proven that the uncalibrated camera test did
not result in a circular movement, but the calibrated camera
did, approximately, being the results an improvement by a
factor of 11. Furthermore, the distance at which the feature was
from the camera center varied by 99 pixels for the uncalibrated
camera, but only 10 pixels for the calibrated one. Being their
average errors of 29.97 pixels and 2.69 pixels, respectively.



IV. CONCLUSION

The main goal of this thesis project was to develop a
software suite comprised of camera calibration tools. The
ability of easily calibrating industrial cameras is a must for
precise robot applications, and without it robots are not able
to precisely relate its camera points to their own coordinate
system. Many works in this field have focused on camera
and hand-eye calibration procedures, but there is a lack of
a unified solution. Moreover, this project also focused on
other calibration tools that make use of camera and hand-eye
calibrations, such as the stereo triangulation and work-space
tool. These tools allow this project to close the gap on the
automatic calibration scope of industrial vision guided robot
cells.

Moreover, all the tools’ results were proven to be a consid-
erable improvement, when compared to the results acquired
with uncalibrated cameras. Camera calibration proved to be
able to mitigate the effects of radial distortion up to 97% and
to estimate the center of the camera with an optimal precision.
The hand-eye calibration results demonstrated that a calibrated
camera is able to achieve results better up to 6 and 11 times,
in the camera’s position and orientation tests, respectively.

Additionally, the transformation of a triangulated 3D point
from the calibrated cameras’ space to the robot’s hand space
was shown to have an average accuracy of at least 0.269 mm.
This accuracy, although smaller than the other results, it is
more than acceptable, if used to estimate the work-space tools’
position.
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