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Abstract: The control of robotic manipulators is a fundamental task to ensure accuracy and reliability of industrial pro-
cesses. The real-time acquisition of high accurate pose- data of a manipulator, such as to enable online error correction,
usually demands expansive equipment. In this work we explore the employment of augmented reality fiducial markers
and a stereo digital camera as a low-cost alternative to track the pose of a Stewart platform. Three approaches were
implemented and assessed. The first consists of obtaining the pose of the robot using just one fiducial marker. The sec-
ond states the pose of a point amidst a plane generated by the position information from three markers. And the third
repeats the last, adding a photogrammetry algorithm. Data fusion is implemented in the third scenario. Fiducial markers
detection and computation is performed by the ArUco library, using the ROS environment coded in C++. The photogram-
metry algorithm is implemented by means of the OpenCV library, also coded in C++. The stereo camera employed was
a ZED2 model. Its intrinsic and extrinsic camera parameters are provided by the manufacturer. A robotic total station
was employed in the frame calibration. The best strategy resulted in average positioning errors smaller than 1 mm,
and orientation errors smaller than 0.2 ◦, with respect to the nominal pose stated by the previously calibrated Stewart
platform.
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1. INTRODUCTION

The measurement of a robot’s pose in space is required for both online and offline error correction schemes. These
strategies are used to enhance pose accuracy and thus improve process quality and reliability. The applicability of so-
phisticated real-time six degrees of freedom (6-DoF) measurement system, such as indoor-GPS (Porath et al., 2019) and
laser trackers (Muralikrishnan et al., 2016), has been demonstrated. However, the high cost of these equipment is still a
limiting factor. As an alternative, low cost solutions that employ digital cameras and image processing can be explored.

A set of image processing techniques with fiducial markers was originally developed for augmented reality applica-
tions and is now widely employed in dynamic robotics. In this context, an augmented reality fiducial marker (AR-FM) is
an encoded plane marker that is positioned in the environment or on the object to be tracked and observed by a camera
(Muñoz-Salinas et al., 2018). After the calibration of the system, it is possible to estimate via AR-FM the pose of the
marker, or the camera pose in a given coordinated system, in real time, by evaluating the positions of the marker vertices
on the image. Besides, when one has the coordinate in pixels of the same point in space with several cameras placed on
different spots, it is possible to integrate online close-range photogrammetry algorithms (O-CRP) to estimate the position
of this point in space. Since managing and synchronising frame images from several cameras is not easily practicable, an
interesting approach would rely on the deployment of stereo cameras to empower O-CRP.

In this work we explore both AR-FM and O-CRP, employing digital image processing to track in real time markers
attached to a calibrated parallel robot manipulator, namely a Stewart platform, and through the pose of the markers
estimate the pose of the robot. A stereo camera is employed. Three measurement strategies were implemented and
evaluated. The first estimates the pose of the robot from calculations of a single marker using just AR-FM. The second
explores the performance of pose estimation from three markers, also using AR-FM, but only the position information of
each marker. The third scenario repeats the last, but employing also the O-CRP strategy, so that a data fusion is deployed
between AR-FM and O-CRP in order to evaluate the manipulator’s pose.
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2. Materials and Methods

In this section we describe the experimental setup and methodology.

2.1 Augmented reality fiducial marker and photogrammetry

In this work we employed the AR-FM technology from Garrido-Jurado et al. (2015), named as ArUco. The algorithm
consists of applying image processing techniques to detect the black outline of a marker (Figure 1) and consequently its
corners. Known the pixel coordinates of the corners, a series of computations and estimations are performed to finally
determine the pose of the centre of the detected marker. The estimation of the marker’s pose considers the marker’s
resolution, in pixels, in the image frame processed. Therefore, the more pixels represent the marker, more accurate is the
estimation of the pose. Thus, markers that are closer to the camera, or larger in size, will be more accurately characterised.
The resolution of the image frame is also relevant in this context.

Figure 1: ArUco’s fiducial markers.

Each marker has a unique code that allows the detection of multiple markers in the same image frame. In this work the
maximum amount of markers deployed was three. We used an open source library, coded in C++, that the developers of
ArUco made available (Romero-Ramirez et al., 2018). The library has been assessed by Kalaitzakis et al. (2021) and the
authors concluded that ArUco has good position and orientation results, great detection rate and low computational cost,
when contrasted against other AR-FM technologies. The authors also alert that ArUco is sensitive to smaller marker’s
size and larger distances, and that the computational cost scales with multiple markers.

There are several photogrammetry image processing techniques available. Since the goal of this work is to estimate
the pose of a manipulator from data obtained form a set of markers, we adopted the linear triangulation technique (Hartley
and Zisserman, 2003). We used the implementation in C++ of the algorithm provided by the OpenCV open source library
(Bradski, 2000).

The execution of the triangulation requires the image pixel frame, the coordinate in pixels of the same point seen by
two cameras and the projection matrix of the two cameras. All the intrinsic and extrinsic camera parameters employed
in this work were adopted as stated by the manufacturer’s datasheet. The triangulation also requires rectification of the
image frame, thus the very same rectified frame of pixels is deployed in ArUco and in the triangulation’s algorithm. The
pixel coordinate of the centre of the marker is yielded by ArUco’s application programming interface (API). The Figure 2
pictures the procedure’s sequence. In order to render an application that manages the camera operation and the ArUco and
triangulation computations, we employed the Robot Operation System (ROS) environment (Quigley et al., 2009), which
contributes to ease the exchange of data among modules through a node based publisher-subscriber paradigm.

2.2 Stewart platform

This work has been carried out in the UFSC1 laboratory LGI2, which has its own Stewart platform. The robot was
originally designed and constructed to investigate the feasibility of automated alignment and assembly processes in the
shipbuilding industry. The nominal pose of the robot regards the position and orientation at the centre point of its movable
platform w.r.t. a stationary frame attached to the robot’s base. It is adopted the ZYX (roll, pitch, yaw) angle convention,
assuming α, β and γ being the rotations of the platform frame in respect to the base frame about axes x, y and z.

The Stewart platform was previously calibrated (determination of the kinematic parameters) using an indoor-GPS and
a total station. The average pose errors after calibration are presented in Table 1. The calibration and pose accuracy
evaluation is presented by Porath et al. (2020).
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Figure 2: Sequence of dependences and operations performed to achieve the marker’s pose.

Ex [mm] Ey [mm] Ez [mm] Eα [◦] Eβ [◦] Eγ [◦]
Average errors -0.25 0.27 0.09 0.052 -0.025 0.023

Table 1: Stewart platform average pose errors.

2.3 Robotic total station

A robotic total station was employed in this work to enable a mathematical correlation among the coordinate frames
of the camera, the movable platform and the fixed base. Total stations are measurement equipment evolved from theodo-
lites. The LGI owns a model Leica TS 12, produced in 2015. The precision (repeatability), according to ISO 17123-4
(International Organization for Standardization, 2012), is 1.0 mm + 1.5 ppm for length measurement and 7 " for angle
measurement.

2.4 Camera ZED2

A digital stereo camera of model ZED2, manufactured by Stereolabs, was employed in this work. The maximum
camera’s resolution, which was deployed, is 2208x1242. For the application hereby presented, a frame rate of 15 fps
was configured. The camera was powered through USB 3.0 connected to a computer, which is also the communication
protocol of the device. All the methods and libraries employed to communicate with the camera were programmed in
C++, according to the API provided by the manufacturer. Figure 3 portraits the camera device used in this work.

Figure 3: Stereo ZED2 camera.

2.5 Pose measurement strategies

The final pose measurement at the centre point of the moving platform w.r.t. the fixed base, deploying the camera, is
deducted from a calibration procedure that correlates the system coordinate frame B,P, and F (Base, Platform and Fiducial
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marker, respectively) measured by the robotic total station in the frame TS, with the frame F measured by the camera in
the frame C. The Figure 4 illustrates the concept.

yF	

xF	

zF	

yP	

xP	

zP	

yB	

xB	

zB	

yTS	

xTS	

zTS	

yC	

xC	

zC	

Figure 4: Calibration approach representation.

This calibration is performed with the moving platform at a fixed initial pose, termed as position home. Three fiducial
markers yield the homogeneous transformation matrices (HTM) TB

C and TF
P. Afterwards, when performing movements

with the platform and measuring the markers’ pose with the camera, it is possible to deduct the pose at the platform’s
centre point from Equation 1 and find the translation and orientation values from Equation 2, 3, 4 and 5, respectively.

TB
P =


t11 t12 t13 t14
t21 t22 t23 t24
t31 t32 t33 t34
0 0 0 1

 = TB
CT

C
FT

F
P (1)

oB
P = [xP , yP , zP ]

T (2)

Rα = atan2(t32, t33) (3)

Rβ = atan2(−t31,
√
t232 + t333) (4)

Rγ = atan2(t21, t11) (5)

It is possible to derive the very same calibration and approach for just one single marker. In this case, the marker’s
corners are used to simulate the other two markers. Since the markers’ size is know, namely a square of size 100 mm, and
since the HTM from the marker’s frame w.r.t. the camera frame is also provided via ArUco, two other markers centre can
be mimicked and the same procedure so far presented might be followed.

As mentioned, this work aims to evaluate three strategies of pose measurement using digital video frames. The
strategies are as follows.

2.5.1 Strategy 1

Strategy 1 employs just one marker, and the pose is estimated with AR-FM. The stereo camera yields two image
frames, for the left and right camera. Thus, the ArUco’s AR-FM algorithm is deployed for both the image frames. The
average of the pose reported by both cameras is taken as final pose measurement at the platform’s centre point.

2.5.2 Strategy 2

Strategy 2 employs three markers. Only position data, provided by AR-FM, is used for each marker. The pose is
calculated from these three point positions. As for strategy one, here the average value of both cameras is taken as final
measurement.

2.5.3 Strategy 3

Strategy 3 employs three markers. The pose is estimated from AR-FM and O-CRP. As in Strategy 2, AR-FM is
used to determine the position of the center point of each marker with each camera and the pose is calculated from these
points. Additionally, the position of each marker is determined by O-CRP using both cameras simultaneously and the pose
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calculated from these points. Data fusion is performed attributing weights to each of both pose measurements reported.
Let PL, PR and PT be the pose reported by the left camera, right camera and O-CRP, respectively, and let the indices T
and R stand for the translation and rotation parts of the pose. The following equations are proposed to state the final pose
measurement:

PoseT = c1 · PLT + c2 · PRT + c3 · PTT (6)

PoseR = c4 · PLR + c5 · PRR + c6 · PTR (7)

Where [c1, c2, c3] and [c4, c5, c6] are weight coefficients of real values, so that c1 + c2 + c3 = 1 and c4 + c5 + c6 = 1.
The values of theses constants are determined empirically. The goal of this strategy is to explore the redundancy of data
in order to reduce biases in the final measurement, contributing therefore to a higher accuracy.

2.6 Evaluation experiments

A set of verification measurements has been performed to evaluate the accuracy of the pose measurement after imple-
menting each one of the strategies. A total of 13 different poses has been selected, shown in Table 2. Poses 1 to 5 refer to
positions placed on a diagonal plane of the workspace of the Stewart Platform as shown in Figure 5. This pattern follows
the recommendation of ISO 9283:1998 (International Organization for Standardization, 1998).

Pose nº x [mm] y [mm] z [mm] α [◦] β [◦] γ [◦]
1 -120 120 1235 0 0 0
2 -120 -120 1235 0 0 0
3 0 0 1175 0 0 0
4 120 120 1115 0 0 0
5 120 -120 1115 0 0 0
6 0 0 1175 -5 0 0
7 0 0 1175 5 0 0
8 0 0 1175 0 -5 0
9 0 0 1175 0 5 0

10 0 0 1175 0 0 -5
11 0 0 1175 0 0 5
12 0 0 1175 -5 -5 -5
13 0 0 1175 5 5 5

Table 2: Poses for performance evaluation of the three strategies. Figure 5: Measurement volume.

The 13 poses were evaluated three times, resulting in 39 pose measurements. For each measurement, a new frame
calibration was carried out. The three strategies were processed with the same set of image frames, for each pose. The
measurement of each pose was carried out 100 times, discarding the first 30. So that the final measurement of a pose, for
each strategy, is the average value of 70 samples.

Camera ZED2

Figure 6: Camera and robot experiment’s setup.

The final measured pose reported by each strategy is compared to the nominal robot pose.
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The Figure 6 portraits the placement of the markers, the Stewart platform and the camera. The distance between the
camera and the closer marker is approximately 120 mm.

3. RESULTS

Pose errors of each camera using ArUco for pose estimation through one single marker (strategy 1), are presented in
Figure 7. The pose error is computed as the difference of the measured pose from the nominal pose. The figure presents
the performance of just one of the three pose measurement runs. The repeatability of strategy 1, measured as the greatest
absolute value of the difference between the maximum and the minimum error value among the three runs of a pose,
among all the poses’ numbers, is as presented in Table 3.
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Figure 7: Pose error performance of data for strategy 1.

The pose errors for strategies 2 and 3, where the pose estimation is deducted from three markers, are presented in
Figure 8. The figure presents the outcomes of strategy 2, namely from each of the cameras, and for strategy 3, where
both cameras are used simultaneously in a O-CRP scheme. Again, the figure presents the performance of just one of the
three runs. The repeatability of strategy 2 and 3, measured as the greatest absolute value of the difference between the
maximum and the minimum error value among the three runs of a pose, among all the poses’ numbers, is as presented in
Table 3.

Repeatibility
Strategy 1 Strategy 2 Strategy 3

Tx [mm] 4.1 2.9 0.8
Ty [mm] 3.7 3.5 1.0
Tz [mm] 14.2 0.2 0.1
Rα [◦] 3.5 0.1 0.0
Rβ [◦] 0.1 0.0 0.0
Rγ [◦] 1.1 1.0 0.2

Table 3: Repeatability of each strategy of pose estimation.

For strategy 3, the coefficients of Equations 6 and 7 were empirically optimised, aiming at a general improvement of
performance. The resulting coefficients are:

[c1, c2, c3] = [0.4, 0.4, 0.2]

[c4, c5, c6] = [0.25, 0.25, 0.5]
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Figure 8: Pose error performance of data for strategy 2 and 3.

Figure 9 presents the average of the absolute pose errors, considering all poses and all measurement runs, for each
strategy. The error bars represent the standard deviation of all measurements for each pose. The nomenclature Si stands
for strategy 1, 2 or 3. Table 4 presents the data from the figure.
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Figure 9: Average pose’s errors, respectively for each strategy.

Strategy 1 Strategy 2 Strategy 3
E s E s E s

Tx [mm] -1.3 4.4 0.34 1.3 -0.33 0.88
Ty [mm] -1.9 1.7 -0.075 1.0 -0.15 0.59
Tz [mm] -6.3 2.6 1.4 0.42 0.99 0.32
Rα [◦] 1.9 0.62 -0.087 0.040 0.46 0.047
Rβ [◦] -0.14 0.090 -0.11 0.030 -0.13 0.035
Rγ [◦] 0.071 0.97 -0.76 0.22 -0.063 0.29

Table 4: Average and standard deviation of the pose’s errors of each strategy.
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4. DISCUSSION AND CONCLUSION

The performance of pose measurement using just one marker has achieved results with the highest bias and variability.
The pose estimation using three markers has been proved more accurate than the estimation from one single marker,

and the strategies’ results presented a good repeatability, especially strategy 3. Overall, translation errors were below 4
mm, and orientation errors 1◦, in average.

The integration of O-CRP triangulation algorithm and data fusion could contribute to enhance measurement accuracy
concerning the translation along the z-axis and orientation around the same axis. But apart from this benefit, we could not
identify other advantages that justify its employment.

The employment of the strategy 1 might be justified in some applications with line-of-sight limitations, and just the
identification of less than 3 markers is feasible. Yet, the pose measurement from the three markers approach, deployed
in strategy 2 and 3, achieved a competitive accuracy. The fact that the robot’s positioning errors are in the same order of
magnitude of the outcomes of our experiments might suggest that part of the pose’s errors can actually come from the
positioning uncertainty of the manipulator. However, this hypothesis has not yet been further investigated.

In this work we did not investigate the distance of the camera to the markers. All the procedures reported in this
work were carried out with the camera distancing 120 mm from the closest marker. However, since it is reported that the
ArUco’s accuracy is sensible to the distance (Kalaitzakis et al., 2021), it is expected that the achievable performance with
the three strategies here employed would be affected.

From the measurements performed in this work using strategy 3, one may conclude that it is quite competitive when
assessing the translation along the x and y-axis, and the orientation around the z-axis. However, performance in z-direcion
and rotations around the x an y-axis are rather poor. This is expected, since the later measurements strongly depend on
measurements taken in the direction of the optical axis of the camera.

The authors conclude that using a high accuracy equipment is still preferable for applications that require high accuracy
and precision, however, the low cost strategy might be an alternative, depending on the application’s requirements.
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