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Abstract— Effective and safe human-robot collaboration re-
lies on the clear communication of information relevant to
the shared task. Contextual information, such as work areas,
object placement locations and safety zones can be projected
on the work space, observable by the human operator, in an
unobtrusive way. To facilitate this, a projector-camera system
needs to be installed alongside a robotic arm as perception
and communication tool. As the camera, projector and robot
all operate in their own work space, calibration is needed to
align the workspaces and compensate for distortion effects. This
paper describes the calibration processes and all required tools
for such system, including calibration between projector and
camera, robot end-effector and camera, and camera intrin-
sics. As outcome the calibration should find the relationship
between projected points and the world coordinate frame.
The approach is evaluated with two workcells; a collaborative
robot workcell and an industrial robot workcell, each with
different configurations for the projector-camera system. The
results demonstrate the procedures for all three calibration
methods in detail, showing that an accurate calibration can
be obtained for both workcells. The software is available at
https://github.com/cogrob-tuni/projector-interface.

I. INTRODUCTION

Industry is increasingly looking for higher customization
and lower production times, thereby aiming to integrate more
flexible systems into production lines. To keep up with this
changing demand the manufacturing domain needs to adapt.
Robots are thus transitioning from being dedicated to mass
production to operating on smaller batches. Furthermore,
collaboration between robots and human operators offers
new possibilities for increased flexibility of manufacturing
processes. As a result, technologies that support this col-
laboration have seen a growing interest. Augmented Reality
(AR) technologies [1], [2] can facilitate interaction between
robots and human operators by helping to gain insight into
robot operations. Projector-based AR, by overlaying digital
elements directly in the real world, has the advantage of
augmenting the whole workspace, not just the user’s field
of view and allows for interaction without the addition
of wearables (see Fig. [T). This concept is referred to as
spatially augmented reality (SAR) [3]. Application areas for
AR projects in manufacturing include robot programming,
task guidance, safety awareness, etc.

This paper presents and discusses the different calibration
processes required for camera, projector and robot in order
to achieve a functional and accurate projector-based SAR
system (see Fig.[I). Accurate calibration enables correspond-
ing coordinate frames between camera, projector and robot
such that projected digital information aligns with the real
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Fig. 1: Industrial robot workcell with cameras and projectors
mounted on a truss, to enable projector-based Human-Robot
Collaboration.

environment as accurately as possible without the need for
visual detection of objects or markers during operation. The
paper also presents and explains the practical steps needed
for calibration and identifies several challenges that must
be tackled. Our suggested calibration process includes four
calibration steps:

1) Intrinsic camera calibration

2) Camera hand-eye calibration
3) Projector-camera calibration
4) Calibration refinement

First, intrinsic camera calibration aims to identify the in-
trinsic parameters of a camera, to compensate for distur-
bances such as lens distortions. Second, camera hand-eye
calibration aims to find the correspondences between the
camera and the origin of world coordinates, i.e., the robot
base coordinate frame. Third, projector-camera calibration
aims to find the transformation between the camera and
the projector, in image coordinates. Finally, any residual
misalignment between projection and world coordinates is
captured by a calibration refinement step. The calibration
procedures are evaluated and validated by two different
setups; a collaborative robot setup and industrial robot setup,
each with different camera-projector configurations. The
motivation behind the developments of the projector-based
SAR system is to enhance communication between human
and robot in collaborative scenarios, ideally leading to more
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intuitive and more explainable collaboration.
In summary, this paper offers the following contributions:

o Detailed procedures for camera-projector-robot calibra-
tion including calibration between projector and camera,
robot end-effector and camera, and camera intrinsics.

e An experimental analysis of our methods with two
industrially relevant scenarios, including both collabo-
rative and industrial robot

II. LITERATURE REVIEW

A. Augmented Reality in manufacturing

Augmented Reality (AR) is commonly used to augment
the environment in which robots and workers operate [2].
Operators can wear hardware, in the form of body-attached
displays or rely on spatial displays, such as projectors.
Fixed projection-based Spatial Augmented Reality (SAR)
typically assumes a static distance between the projector
and the projection surface. Projected elements can be purely
visual or can be used to interact with the system, creating
a Mixed Reality (MR) experience. Virtual elements are then
not just information being displayed but coexist with real-
world objects. In some cases, systems allow users to inter-
act with digital information through real physical objects.
This is referred to as a Tangible Graphical User interface
(TUI) [4]. Frameworks such as reacTIVision [5] allow for
the development of TUIs and some proprietary tools are
commercially available [4]. However, most projection-based
systems rely on custom-built software with specific hardware
configurations, making quick deployment and reuse of the
technology challenging.

Depth sensing has become a popular approach for monitor-
ing shared workspaces [6], [7]. This combines a robot model
with elements perceived during runtime, such as human
hands or objects to manipulate, allowing to calculate the
distance between the robot and humans or human body parts
and projected elements. [6] shows a method to maintain
safety and offer interactive buttons to control the flow of
robot actions. The authors divide safety violations in two
cases. One if something gets in the way of the projected
image, the other if something get in the way of the camera.
A mask is created corresponding to the expected position
of projections without any obstruction, comparing it to the
actual state of the image. In [8], wearable AR and projector-
based AR were compared to a traditional monitor-based
display. AR was found advantageous, however, compared to
current state-of-art in wearables, the projector-based AR was
found to be more realistic.

Mobile projection systems have been explored as a more
flexible alternative to fixed setups. For instance, [7] describes
a mobile interface to interact with the robot action flow. Such
interface has the benefit of being flexible and being usable
in different setups. In [9] a mobile projector attached to a
robotic arm for collaborative assembly was utilized, enabling
assembly operations without any prior instructions. In a
context where small batch sizes forces manufacturing lines
to change, [10] addresses the issue of projection uncertainty.

Finally, works also exist dedicated to specific tasks and
specific application areas for SAR, such as mobile industrial
robot teams [11] and robot grasping [12].

These related works describe significant developments for
SAR, however, often the importance of calibration is given
little attention, or assumed as a problem easy to solve. In this
work, we present all the calibration steps needed for SAR,
as well as their different practical tools, such as calibration
patterns, software and data collection.

B. Calibration techniques

A taxonomy of calibration techniques is provided in [13],
identifying four criteria to take into account when deciding
which calibration technique to use:

o Projection surface type or geometry - Projection map-
ping is the process of turning non-planar surfaces into
projection surfaces.

o Static or dynamic displays - Moving displays require
geometric calibration, considering the projector as an
inverse camera.

o Ease of use of the calibration procedure.

o Accuracy - Higher accuracy is needed in case of robot
tasks while lower accuracy is sufficient for information
overlay.

The two main ways of calibrating a projector SAR are
pixel-by-pixel mapping, using structured light patterns such
as in [14] to compute point correspondences and estimate
depth or finding the linear correction between two planes by
calculating a homography matrix. Recent works commonly
employ the approach of [15] in which a checkerboard pattern
is placed in different positions and orientations and calibra-
tion parameters are computed using homographies. In [16],
this method is extended to use a marker from the ARToolkit
and compute a set of homographies.

[17] proposes a method for calibrating a projector using an
RGB-D camera. Some methods fix the location of a printed
calibration pattern and require the projector to be moved
[18]. Others try to iteratively fit a projected pattern onto a
printed pattern [19]. To calibrate multi-projector setups, [20]
identifies two types or corrections needed - intra and inter-
projectors. In other words, the calibration of the projector
itself with respect to the display surface and the alignment
of all projectors with each other, when boundaries do not
match. Different levels of self-calibrating setups have been
investigated [21]. Self-calibrating systems have the advantage
of not requiring human intervention, saving time and effort
during the original installation. It also ensures that if the
parameters being calibrated change over time, the system
remains accurate. Common approaches involve embedding
cameras or sensors to detect calibration patterns or features
on the projection surface automatically [22]. Some systems
use iterative feedback loops in which the projector adjusts
its output based on sensor data to correct misalignment or
distortions dynamically [23].



III. CALIBRATION METHODS

The calibration process involves the coordinate frames of
the robot base, which is also the world frame W, the camera
C and the projector P, as depicted in Fig. 2] The goal of
the calibration is to find the relationships between all three
frames, meaning that a projected point on the surface plane
can be expressed in world frame coordinates. In addition,
calibration should compensate for the inaccuracies that occur
due to lens distortions. The transformation chains in the eye-
to-hand camera-projector-robot setup illustrate the known
(solid line) and unknown (dashed line) transformations be-
tween components. The robot’s end effector pose E relative
to the world W is denoted by T}, known from forward
kinematics. TVC;,, represents the hand-eye transformation from
world W to camera C, and Tg, denotes the transforma-
tion between the calibration board B and the robot’s end-
effector pose F. TS, denotes the transformation between
the projector P and the camera C, and TSC , denotes the
transformation between the surface projected image Ip and
the camera image I¢.

A. Intrinsic Camera Calibration

Intrinsic camera calibration is the process of determining
a camera’s internal parameters that affect how it projects
3D points onto a 2D image [15]. These parameters can be
captured by a pinhole model [24] and include the focal length
(fz, fy) and principal point (cz, c;), in matrix-form as:
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Lens distortion can be taken into account to compensate
for radial and tangential effects [25] . Radial distortion
affects how points deviate from the optical center and can
be modeled as:
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where (x,y) are the normalized (undistorted) coordinates,
(2',3y') are the radially distorted coordinates and ki, ko, k3
are the radial distortion coefficients.

Tangential distortion occurs due to lens misalignment and
can be modeled as:
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where: (z”,y") are the tangentially distorted coordinates and
p1, P2 are the tangential distortion coefficients.
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B. Camera Hand-Eye Calibration

The goal of hand-eye calibration is to find the position of
the camera with respect to the world or robot coordinate
frame, denoted as the transformation 7T.;. Formally, the
procedure aims to minimize a cost function [26], representing
the discrepancy between the observed pose of the calibration

Fig. 2: Camera-Projector-Robot system depicting known
(solid line) and unknown (dashed line) transformations be-
tween different coordinate frames.

target in the camera frame and the pose predicted via forward
kinematics from the robot base through the estimated camera
transform:
N
Ti =min Y || B; — T Ai%, (7)

=1

where B = TYWTE is the pose of the calibration pattern
expressed in robot frame and A is the pose of the same
calibration object as observed by the camera.

C. Projector-Camera Calibration

Projector-camera calibration aims at finding the transfor-
mation T between points in the 2D image of the camera
I and 3D points projected on a planar surface /p. As Tg is
difficult to obtain, Tg can be estimated by taking advantage
of the planar relationship between the camera image I¢
and the projector image Ip, which can be estimated by
the homograpy H. As a transformation between two planes
can be captured by a perspective projection, homography
estimation was used to find this relationship:

z, = Hz,, (8)

where x,, is a point in the projector image and z. is a
point in the camera image. To estimate the homography
matrix, there are different approaches [24]. Here, the Direct
Linear Transform (DLT) is used, requiring at least 4 pairs
of known correspondences. Using these point pairs, Eqn. (§)
can be rearranged in the form Ah = 0, where Singular Value
Decomposition (SVD) can be used to solve for h.

D. Calibration refinement

After completion of the different calibration steps for a
robot—camera—projector system, residual systematic errors
may persist due to imperfections in the calibration process.
A compensation function can then be calculated to correct
for such inaccuracies, taking into account the discrepancy
between the actual observed positions of projected features
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Fig. 3: Collaborative Robot (CR) workcell (left) and Industrial Robot (IR) workcell (right), annotated with relevant

components and the projection area (green).

and their intended positions within the shared coordinate
frame of the system. By analyzing the error vectors between
corresponding points a compensation function can be derived
as a transformation that minimizes these residuals, such as
polynomials or Radial Basis Functions (RBF). This correc-
tion is then applied to subsequent projection operations to
improve the overall accuracy of the system.

IV. IMPLEMENTATION

A. Experimental workcells

To evaluate our developments, two human-robot collabora-
tive scenarios were prepared, one with a collaborative robot
(UR5) and one with an industrial robot (ABB IRB 4600).
Both scenarios use the same camera (Azure Kinect) but dif-
ferent projectors with same 1920 by 1080 pixels resolution;
BenQ MW550 projector with a throw ratio of 1.55:1 to 1.7:1
(pixel size = 0.39 — 0.44mm), for the collaborative robot
workcell and Optima DZ500 projector with a throw ratio of
1.4:1 to 2.4:1 (pixel size = 0.72—1.23mm), for the industrial
robot workcell. The robot workcells can be seen in Fig.
[l which further emphasizes their differences. In particular,
the collaborative robot workcell has relatively short distance
between projector and surface (= 1.3m), while the industrial
robot workcell has larger distance (=~ 3.3m). An additional
difference between both workcells is their projection area.
While for the collaborative robot workcell the projection area
covers a large share of the image, for the industrial robot
workcell the area is much smaller, owing to the height of
the installed projector and camera.

Our developments are implemented through ROS noetic,
with the transformation tree (tf) defining all relevant coordi-
nate frames. The calibration results are exported with formats
that can be loaded by the projector interface. Scikit-learn [27]

was used for the calibration refinement. All software will be
provided open-source after publication, including all required
calibration tools, i.e., external libraries, calibration patterns
and image processing software, and graphical user interfaces
to streamline the different calibration steps.

B. Data collection methodology

A checkerboard pattern was used for intrinsic camera
calibration as depicted in Fig. #aland Ad] Aruco [28] markers
were used for hand-eye calibration, as depicted in Fig.[@b]and
[ el Both were mounted on the robot’s end effector and moved
around to collect a suitable number of calibration samples.
To determine the homography matrix, visual markers were
projected onto the projection surface and detected as 2D
coordinates with respect to the camera coordinate frame, as
depicted in Fig. and [df] The correspondences between
individual 2D marker points are maintained such that two
arrays are obtained, one with points from the camera image
and one with points from the projector image, respectively.

To evaluate the calibration steps, a set of circles were
projected onto the projection surface and the robot was sent
to these same locations to draw a circle with a pen. For each
circle, the distance between the center point of the drawn cir-
cle and the projected circle is measured. From these values,
the Root Mean Square Error (RMSE) between corresponding
circles in . on the workspace can be calculated:

X
€RMSE = NZ
i=1

2
(p) (r) , (9)

P, —Pb;

where pgp ) and plm are the coordinates of the i — th circle in

the projected coordinate frame and robot frame, respectively,
| - | denotes the Euclidean norm, and N is the total number
of circle correspondences.
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Fig. 4: Calibration images. Top row depicts the intrinsic camera calibration (a), the hand-eye calibration (b) and the projector-
camera calibration (c) for the collaborative robot (CR) workcell. Bottom row depicts the intrinsic camera calibration (d), the
hand-eye calibration (e) and the projector-camera calibration (f) for the industrial robot (IR) workcell.

TABLE I: Calibration data collection for industrial (IC) and collaborative robot workcells (CC).

i . Intrinsic camera Hand-eye Projector-camera Calibration
Calibration . . . 4 . .
calibration calibration calibration refinement
Method Reprojection error Reprojection error Homography compensation
minimization minimization estimation function
Pattern Checkerboard Aruco/Charuco markers Aruco m.arkers Projected an robot
6D poses 2D points drawn circles
. 10 images, 1 image, 12 circles
Samples CR 30 images
P ¢ 3 X 4 marker pattern 12 x 20 markers 5 image
. 10 i S, 1i 12 circles
Samples IR 30 images 1mages 1mage ,Clrc e
3 x 5 marker pattern 12 x 20 markers 5 images
The coordinates of each circle in robot space are trans- V. RESULTS

formed using the results from the calibration steps to obtain
the center point in projector space. First, the 3D pose in robot
space is transformed to 3D pose in camera frame. Then, that
pose is projected onto 2D camera space before using the
homography matrix to obtain its corresponding pixel value
in the projector image. Note that in practice, for the robot to
grasp the marker, a special end effector was designed and 3D
printed. Therefore, an extra calibration step was necessary
to obtain the tool center point (TCP). For the collaborative
robot workcell, this is done through the teaching pendant,
which requires moving the TCP around the same 3D point
and recording four different poses. A similar approach was
utilized for the industrial workcell. Image processing was
finally used to process the images and calculate the center
point of both sets of circles in the projected frame and robot
frame.

The calibration data collection details are summarized in
Table [

A. Individual calibration results

The results for each of the calibration steps are reported
in Table [T and visualized in Fig. 5] indicating how each step
influences the final projection accuracy. In the figure, egarse
was calculated according to Eqn. (@) with the circle center
and the projected red point. Overall, each calibration step
(i.e., intrinsic, hand-eye and projector-camera calibration)
leads to an error of roughly < 10 mm for the collaborative
workcell and roughly < 5 mm for the industrial workcell,
indicating a well executed calibration procedure.

As expected, intrinsic camera calibration effects the ac-
curacy in a non-uniform way, as shown by the non-uniform
distortion effect for the set of project circles (see Fig. [5a).

Despite the accuracy of each of the three calibration
steps, still an error remains (ezprsg) before the calibration
refinement of 22 px (= 9mm) for the collaborative workcell
and 3.4 px (= 3mm,) for the industrial workcell. Calibration
refinement thus aims to capture this disturbance by finding a



Fig. 5: Calibration results for the CR workcell (top row) and the IR workcell (bottom row). The black circle is drawn by
the robot and the red point indicates the projected point. The influence on accuracy is depicted for intrinsic calibration (a),
hand-eye calibration (b, e), projector-camera calibration (c, f) and calibration refinement (d, g).

function and its parameters that disturb the projected image.
For both workcells the functions that returned the best results
were polynomial models. As final results, the calibration
steps for both workcells achieved an error eryrsg of 8.2 px
(= 3mm) for the collaborative workcell and 3.4 px (= 4mm)
for the industrial workcell. Considering that the size of a
single pixel can be as small as 0.4mm for the collaborative
workcell and 0.7mm for the industrial workcell, we conclude
that these are satisfactory results.

B. Workcell specific calibration results

The baseline error for the collaborative workcell is signif-
icantly higher than for the industrial workcell. The industrial
workcell presents errors that are more localized and therefore
easier to capture. After hand—eye calibration, the error is
already reduced to below 5 mm. In this case, the homography
calibration almost perfectly captured the transformation so
the polynomial refinement did not lead to any real improve-
ment. In contrast, for the collaborative workcell the polyno-
mial correction step was impactful, reducing the reprojection
error by nearly a factor of three. Despite these differences in
sources of inaccuracy, the final errors are comparable across
both workcells. This shows the importance of understanding
which calibration steps address which sources of inaccuracy
in order to achieve robust results.

C. Projection use cases

Contextual information projected by spatial augmented
reality serves to provide contextual information to the op-

erator, such as work areas, object placement locations, and
safety zones, and offer collaborative functionalities, such as
virtual buttons and task instructions. Accurate calibration
thus ensures that projected information aligns with correct
work areas and placed objects, without requiring sophisti-
cated perception tools.

Fig. [6] depicts different use cases for the collaborative
robot workcell (a) and the industrial workcell (b), where
virtual buttons are projected on a table within the projection
area (green square). In addition, Fig. shows projected
areas (small green square) in which objects can be placed,
highlighting that the projected information and the world
coordinate frame are aligned. The difference in complexity
between the use cases can be seen by the difference in
distance for projection; for the CR workcell the projection
area covers a large part of the image, as the distance from
projector to table is around ~ 1.3m, while for the IR
workcell the distance is around ~ 3.3m, resulting in a small
projection area and a configuration where the (movable) table
can partly leave the projection area.

VI. DISCUSSION

Calibration is a crucial and well-studied topic in robotics
and vision-related fields, as demonstrated by the many solu-
tions available in literature. Despite these, with several cali-
bration steps in sequence, identifying where an inaccuracy or
error has slipped in, or how much data is needed to capture
all disturbances, is not an easy task. In this work, we aimed to
provide an overview of all calibration steps needed, reported



Root Mean Square Error (RMSE)

TABLE II: Root-mean-square error (RMSE) after calibration steps for industrial (IC) and collaborative robot workcells (CC).

roinal Intrinsi

i . Origina ntrinsie Hand-eye Calibration
Calibration camera camera . .

. R . . calibration refinement
calibration calibration
IC CC IC CcC IC CC IC CC

Method [px] [mm] | [px] [mm] | [px] [mm] | [px] [mm] | [px] [mm] | [px] [mm] | [px] [mm] | [px] [mm]
Eror 1426 52 |230 1041
minimization
Eror 41 50 |25 99
minimization
Error — 34 42 [220 97
minimization
Polynomial 34 42 |82 36
correction

(b)

Fig. 6: Spatial Augmented Reality (SAR) for the Collaborative Robot (CR) workcell (a) and the Industrial Robot (IR)
workcell (b). The largest green square indicates the projection area, while the circular buttons indicate the virtual user

interface buttons for human-robot collaboration.

the data captured and analyzed how each step influences the
final accuracy.

The main limitation of our work is that there is no single
solution that works for all camera-projector-robot setups.
Each calibration step might need a different algorithm to
achieve optimal accuracy as different components might be
affected by different disturbances.

The presented approach relies on a planar surface for
projection, making it suitable for workspaces such as table-
tops. Projection on non-planar surfaces can lead to blur or
misalignment, if the depth variation of the surface is too
large. The solution to this would be to map the surface
of the projection area and finding a suitable pixel-wise
transformation that can be applied to compensate for the
surface variations.

The calibration procedures presented in this paper are
primarily for static setups, i.e, the camera, projector, and
robot maintain fixed relative positions during operation.
Expanding the system to handle dynamic projection areas in
the environment would increase its applicability but would
require recalibration of certain steps (e.g., camera-projector
calibration). Alternatively, self-calibration could be a poten-
tial solution that, at regular intervals, performs re-calibration,

allowing for changes in the position of the camera, projector
and projection area. As can be seen in Fig. [6b] small
variations in table positions (linear translation and rotation)
can already be captured by the detection of a marker attached
to the tabletop surface.

Finally, as depicted in Fig. 6 projection of information and
virtual buttons is possible without active perception tools.
Future work will enable collaboration between the human
and the projector system by perception of the human such
that projection acts as an active user interface.

VII. CONCLUSIONS

This paper presented the different calibration routines
needed for a camera-projector-robot system, including cal-
ibration between projector and camera, robot end-effector
and camera, and camera intrinsics. An additional refinement
step to compensate for misalignment between projection
and world coordinates is then applied by measuring the
error between projected and robotically drawn circles. The
calibration steps are evaluated with two workcells, one with
a collaborative robot and one with an industrial robot.

Results demonstrate that a projector-based Spatial Aug-
mented Reality system can be successfully used to overlay



contextual information in shared workspaces and assist hu-
man operators in manufacturing tasks.
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