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Abstract—A fiducial marker is a system of unique planar
markers, that are placed in an environment and should be
automatically detected with a camera through marker-specific
detection procedures. Their application varies greatly, while the
most popular are industrial systems, augmented reality, and
robot navigation. All these applications imply that a marker
system must be robust to such factors as view angles, types
of occlusions, distance and light condition variations etc. Our
paper compares existing ARTag, AprilTag, and CALTag systems
utilizing a high fidelity camera, which is a main vision sensor of
a full-size Russian humanoid robot AR-601M. Our experimental
comparison verified the three marker systems reliability and
detection rate in occlusions of various types and intensities and
a preferable for AR-601M robot applications marker system was
selected.

I. INTRODUCTION

Fiducial markers are automatically detected and identified
systems with a camera using the recognition algorithm. Their
application varies from industrial applications of parts iden-
tification in manufacturing and storage information gathering
to augmented reality (AR) field. Fiducial markers play also
an important role in robotics and automation, allowing to
calibrate cameras and mechanical parts of robotic systems.
Such applications are necessary for almost every robotics field,
that apply visual sensors and algorithms: industrial manip-
ulator calibration [1], successful multi channel human-robot
interaction [2], humanoid robot control [3] and swarm control
[4], visual simultaneous localization and mapping applications
[S], rescue robotics [6], visual navigation and search [7], multi-
robot exploration [8], UAV path planning [9] and operations
in GPS-denied environments [10], and many other areas.

Fiducials differ from each other by such characteristics as
external design, technique of detecting the unique features of
the tag and algorithm for recognizing (identifying) the tag.
The pioneer of such markers, ARToolKit, is a popular system,
which uses square fiducial markers with a black exterior
that enclose a unique image interior [11]. While processing
video feed, outer black square edges help turning a potential
fiducial marker localization into a rather simple task. After
successful localization, the potential marker’s interior is used
in the identification process, which is based on comparison
and recognition within a set of predefined markers. Usage
of square markers enables to utilize the four corners of the

located fiducial marker for a direct evaluation of position and
orientation of the marker within the camera coordinate frame.

Selection of a best suitable marker system for a particu-
lar application is always a complicated procedure, which is
strongly task dependent. In our laboratory we are interested
to select a marker system for calibration of a humanoid 601M
robot arms [3] and a manipulator of a crawler robot Servosila
Engineer [12]. Three markers systems were selected for ex-
perimental comparison: ARTag, AprilTag, and CALTag. In this
paper we test their reliability and detection rate in presence
of occlusions of various types and intensities using humanoid
robot AR-601M mono camera acA640-90gc by Basler AG. In
particular, these preliminary experiments are important prior
to verification of real occlusions within AR-601M robot field
of vision, which often occur due to self-collisions and self-
occlusions by its manipulators. The experimental analysis
helped us to select a best-fit option among the three marker
systems.

The rest of the paper is organized as follows. Section II
introduces ARTag, AprilTag, and CALTag marker systems and
also briefly overviews a number of other available marker
systems without pretending to cover all variety of existing
marker systems. Section III describes experimental design,
while Section IV presents the experimental results of the
experiments. Finally, we conclude and discuss our future work
in Section V.

II. FIDUCIAL MARKER SYSTEMS

This section introduces ARTag, AprilTag, and CALTag
marker systems in details. It also briefly overviews several
other available marker systems without pretending to span the
broad space of all existing marker systems.

A. AprilTag

AprilTag (Fig. 1, center) is a marker system which was
devised by Edwin Olson [13], and this system found a
widespread usage in variety of tasks. Most common tasks
include camera calibration, mobile robotics and augmented
reality. Detection system of the tag evaluates exact position,
orientation and identity of a marker relatively to a camera
frame of reference. AprilTag represents a two-dimensional
barcode, as the tags themselves look very similar to QR code,
but AprilTag is designed to encode less information (varying



from 4 to 36 bits), that allow quick and accurate detection of
the tag in any situation.

Basic discovery process consists of several stages, which
include search of lines in a image, detecting squares from
a set of lines, calculation of the position and orientation of
the squares, decoding the information from square’s interior.
The search of lines is very similar to ARTag approach. A
square detection applies a recursive 4-level depth search within
the line set and at each level, the tree adds one side of
the square. The identification stage validates the tag using
information inside the discovered tag. Encoding process in
AprilTag implements a lexicode system using two parameters:
number of codeword bits and minimal Hamming distance
between any two resulting codes. Using lexicographic en-
coding allows detection and error correction. Lexicodes are
greedily generated error-correcting codes, characterized by
two parameters: number of codeword (internal pattern) bits
n and minimal Hamming distance between any two codes
d. Generation of valid codewords performed as follows: a
codeword is added to a codebook only when its distance
corresponds at least to specified distance d to each codeword
previously added to the codebook. The lexicode in a system
always starts with a zero code. However, AprilTag system
uses modification of the lexicode algorithm and rejects tags
with a too simple codewords, which result is simple geometric
patterns [13]. There are several tag families in AprilTag system
that differ in two parameters (the number of encoded bits and
used minimal Hamming distance). For example, family named
”Tag36h10” consists of 36-bit tag (6x6 array) with a minimal
Hamming distance of 10 bits between any two represented
codes, while ”36h15” refers to a 32-bit tag (6x6 array) with
a minimal Hamming value of 15 bits between any two codes.
The obvious advantages of AprilTag system are increased
number of different tags, usage of error-correction, reduced
rate of false positives and inter-marker confusion between the
tags, and decreased tag size.

B. ARTug

ARTag (Fig. 1, left) was inspired by ARToolKit system
(an open-source computer tracking library for implementing
augmented reality applications) [14] and uses more complex
data processing in order to increase reliability and minimize
effect of lighting conditions. Improved 2D markers of ARTag
resolve a known issue of ARToolKit of detecting a non-
existing markers, i.e. marker detection where markers do not
exist (false positive). ARTag labels use a square design with an
internal image inside (as a barcode) similarly to ARToolKit,
while internal image decoding is replaced by a digital approach
of reading an internal pattern of a binary code. The system uses
2002 individual square tags, featuring by a black frame (1001
tags) or white frame (also 1001 tags) with an image inside.
The detection algorithm uses edge points based approach.
Edge pixels that form segments are detected and then are
grouped into squares. Internal image of the tag is divided
into 6x6 cell grid, which in turn is composed of black and
white pixels, each representing one of the 36 bit-values of

AprilTag

ARTag

Fig. 1. Examples of selected marker systems: ARTag, AprilTag and CALTag
(from left to right).

”1” and ”0”. Sequence of first 10 bits encodes marker ID,
while the remaining 26 bits (that are added for redundancy)
are used to detect and correct errors. This also insures the
uniqueness of four possible marker orientations [15], as for
the four possible orientations only one orientation could be
decoded correctly, as all other (wrong) orientations would
cause errors in the decoding process. Marker ID is decoded
during the identification phase. ARTag system also ensures
fast marker identification as it does not require matching of a
tag image with a library of predefined tags, as, for example,
ARToolKit system does.

C. CALTag

CALTag marker system was designed specifically as a
camera calibration solution [16]. CALTag marker is a grid
tag, which is externally identical to a chessboard, but tags
are laid within this grid using two variations of tags per
dimension. A grid with most markers provides a larger number
of calibration points and thus is more reliable and efficient for
recognition, but is more space consuming. Each of CALTag
markers consists of M by N dimension matrix of black and
white tags, which are surrounded with a boundary frame that
contains only black or white pixels (Fig. 1, right). Filtration
and verification are performed by accessing their binary codes
after the stage of potential markers detection is completed.
Missing template calibration points could be reconstructed as
the chessboard layout is applied. Furthermore, the binary code
is validated by evaluating checksum of the first P bits and
comparing it with a test checksum, which is calculated from
the four possible positions.

D. Other Fiducial Marker Systems

e ARToolKit
The referenced above ARToolKit Marker System is a
open-source library, which was originally created for aug-
mented reality applications in 1999. Its main application
was evaluation of camera position and orientation in
space relatively to a set of static tags (markers). AR-
ToolKit tag is has a square shape black boundary frame
with a user-defined image inside. By default, internal
image contains icon “Hiro”, which is the name of its in-
ventor Hirokazu Kato from Nara Institute of Science and
Technology (Fig. 2, top row, first column). ARToolKit



uses a simplified marker detection algorithm and any
detected potential marker is then matched against existing
tag templates. If the marker is successfully mapped, it
is accepted as valid and next the value inside the black
frame is decoded [17].

Circular Data Matrix

Circular Data Matrix Marker (Fig. 2, top row, second col-
umn) is a concentric circular marker, which is generated
applying three basic criteria: an unambiguous identifica-
tion of marker points with high accuracy and speed, an
ability to generate thousands of different variations of
internal codes, and a high degree of reliability of marker
recognition [18]. The structure of the tag is as follows:
the first external ring is always black, the internal ring (in
the centre) consists of a black circle and a white dot in the
centre (often referred as an “eye”). The other data rings
in between are used to determine the marker orientation
and contain its identification.

RuneTlag
RuneTag is a relatively new marker system, which was
proposed by Filippo Bergamasco et al. from the Univer-
sity of Venice. The marker is characterized by a circular
arrangement of points at fixed angles constituting one or
several concentric rings (Fig. 2, top row, third column).
The tag is built by partitioning the disk into several evenly
distributed sectors. Each sector, in turn, can be divided
into several concentric rings, which are referred as levels.
The level determines the slot where a dot can be placed
[19]. Each dot is actually a circle with a radius that is
proportional to the level at which the dot is located. With
the help of the generated design, the user could place
some information into the tag, and also easily localize it.
ARToolKit Plus
ARToolKit Plus Marker (Fig. 2, top row, last column)
is a newer version of ARToolKit that was inspired by
ARTag design and technology. The marker uses the same
principle of detection as the original ARToolKit, but
differs in its approach to tag identification [17]. Although
the marker looks similar to ARTag, the process of coding
an internal image is completely different.

Fourier Tag
Fourier Tag is synthetic fiducial marker that is used
to visually encode information and provide controllable
positioning (Fig. 2, bottom row, fist column). Also this
marker could be used for interactive control - employing
fiducial markers to directly facilitate human-robot interac-
tion. For example, its may be utilized by a scuba driver for
communication with a swimming robot vehicle in order
to indicate desired actions or behaviors [20].

Blur Tag
Blur tag system’s algorithm relies on the ability to detect
blurred patterns. For this reason, Alexander Reuter, Hans-
Peter Seidel and Ivo Ihrke designed a checkerboard pat-
tern that is well suited to estimate point spread functions
and that could be robustly detected in a presence of blur
(Fig. 2, bottom row, second column). The idea of making

Fig. 2. Example of existing marker systems. Top set of images, from left to
right: ARToolKit, Circular Data Matrix, RuneTag, ARToolKit Plus. Bottom
set of images, from left to right: Fourier tag, Blur tag, MaxiCode, Cantag.

the pattern at out-of-focus considered the situations, when
a camera may have various focus settings. Then blurred
patterns have a power of maintaining a full coverage of
the image and a comparable apparent resolution of the
target at different distances without changing the pattern
on the target [21].

e MaxiCode
MaxiCode marker (Fig. 2, bottom row, third column)
is a high-capacity, two-dimensional machine-readable
code, that was originally created for shipping and load-
receiving systems. The code is reduced to one standard
size - inch per inch, with tolerances corresponding to
thermal laser printing. Any information regarding the
product in question may be included, namely its weight,
a serial number, material type, classification, and a degree
of danger.

e Cantag
Cantag marker system is an open source software toolkit
for building marker-based vision systems that can identify
and locate markers (Fig. 2, bottom row, last column).
The system implements two design types of tags: a circle
shape tag (CircleTag) and a square shape tag (SquareTag).
Square tags carry a larger symbolic data payload than a
circular tag of the same size, whereas circular tags offer
better location and pose accuracy [22].

III. EXPERIMENT DESIGN

To identify advantages and disadvantages of each system
with regard to their resilience for occlusion, two sets of
experiments with ARTag, AprilTag, and CALTag markers were
performed. We define occlusion as a partial overlapping of
a marker with other objects (Fig. 3). Experiments that were
conducted used two types of occlusion - a systematic type
occlusion and a random type occlusion, which is an arbitrary
overlap of a tag with an object. The experimental setup for
each type of occlusion is described in details in the next two
subsections.

Image capturing during experiments was performed with
AR-601M humanoid robot (Fig. 3). AR-601M robot uses
Basler acA640-90gc camera as front facing camera (Fig. 4).
Each individual marker was put the same conditions, such as



Fig. 3. Preparing AR-601M hardware and the equipment for experimental
work.

Fig. 4. Basler acA640-90gc camera used in experiments. Courtesy of Basler
AG.

room illumination and camera pose with respect to the tag. To
improve the quality of camera images we removed plastic front
screen of the robot head, which protects the single robot eye
(camera). In the future we plan to convince the manufacturer,
” Android Technics”!, which acts as industrial partner for a
number of our projects, to improve robot head construction.
Comparing effects of the occlusion on tag detection and
identification was performed using four ARTag tags, four
AprilTag tags and two CALTag tags. CALTag tags used 4x4
and 9x6 grid size respectively.

Official sources of AprilTag and CALTag code were com-
piled and utilized for the experiments. For ARTag we used
ArUco library, which also detects and recognizes various kinds

Thttp://npo-at.com/

of other tag families [23]. The tags were printed on white paper
with the following sizes:

o ARTag: 15.2 x 15.2 cm, total area 231.04 cm?

o AprilTag: 13.5 x 13.5 cm, total area 182.25 cm?

o CALTag 4x4: 9.8 x 9.8 cm, total area 96.04 cm?

o CALTag 9x6: 21.7 x 14.7 cm, total area 318.99 cm?

A. Type 1 - Systematic occlusion

In systematic occlusion experiments a part of each marker
was covered with a solid white non-transparent paper template
of a rectangular shape, and the template size was gradually
increased. The template was growing from image bottom to
the top so that it would hide 0%, 10%, 20%, 50%, and 70% of
the markers area. Figure 5 demonstrates an example of 5 trials
of type 1 experiments for CALTag marker of 9x6 grid size (top
set of image) and for AprilTag (bottom set of images).

ARTags and AprilTags individual marker IDs were selected
randomly. For our experiments, all AprilTags were selected
from 36h11 tags family, i.e., each of IDs was encoded into
a 36 bit codeword with a minimum Hamming distance of 11
bits. Further, from this family we have arbitrarily selected tags
with IDs 4, 6, 8, and 9. Each ID of AprilTag was encoded into
a 36 bit codeword.

B. Type 2 - Arbitrary overlap with an object

For these type of experiments each tag was randomly
occluded with one of two different objects. We only tested
situations where an object was entirely located within a tag so
that overlap percentage was always kept constant (Fig.6). The
first selected object was a white non-transparent paper strip
of rectangular shape with size of 13 cm width and 2.5 cm
length, and a total area of 32.5 cm?. The second object was a
metal scissors with estimated area of 7.99 cm?. For each test,
a percentage of occlusion stayed always constant as tags and
objects area were constants. Figure 6 presents image set with
arbitrary occlusion of the ARTag ID2 with the first (top set of
images) and the second (bottom set of images) objects. Special
case took place for the 4x4 sized CALTag. When the white
strip was placed strictly along the marker side, the occupied
area percentage decreased as strips width exceeded marker
size. Such case introduced occlusion percentage that varied
between 25.5% and 33.84%.

IV. EXPERIMENTAL RESULTS

It is worth mentioning that the two types of occlusion had
slightly different experimental implementations. With Type 1
occlusion, which is representing a very typical real world
occlusion situation (e.g., when a robot hand is occluding a
calibration marker or a marker is not entirely visible because
of an arbitrary obstacle), tag interior occlusion would directly
implicate at least partial occlusion of at least one of tag’s
edges. As such edges represent unique feature for the tag
detection, this type of occlusion influenced both tag discovery
and tag identification stages. On the opposite, definition of
Type 2 occlusion imply an object, which is located completely



Fig. 5. CALTag 9x6 (top set of images) and AprilTag (bottom set of images)
occlusion for 0,10, 20, 50, 70% (from left to right).

Fig. 6. Arbitrary overlap of the AprilTag ID6 with the scissors object (top
set of images) and ARTag ID2 with the strip object (bottom set of images).

within internal pattern of the tag, and thus it effects only the
identification stage of tag pattern detection.

In our previous research work was performed with a sim-
ple inexpensive Genius FaceCam 1000X camera [24]. The
experiments with ARTag and AprilTag markers demonstrated
relatively high sensitivity to edge occlusions. These markers
provided satisfactory level of detection only in the cases when
the occluding object was overlapping internal part of the tags
with the success rate of tag detection varying between 50 to
100% for different tag IDs. CALTag showed a significantly
better occlusion resilience, including edge occlusions. For sys-
tematic occlusions, CALTag successfully performed even with
50% of the tag being occluded. Among the two variations of
CALTag markers, CALTag 4x4 demonstrated better occlusion
resilience, and thus we concluded that this tag should be
selected if we expect significant systematic occlusions of the
tags, which reflects typical real world scenarios. The results
of Type 1 systematic occlusion experiments using Genius
FaceCam 1000X camera [24] are presented in Table I.

The new experimental results for Basler acA640-90gc cam-

TABLE I
RESULTS OF TYPE 1 OCCLUSION EXPERIMENTS FOR GENIUS FACECAM
1000X CAMERA [24]

Tag / occlusion percent 0% 10% 20% 50% 70%
AprilTag (ID=4) 1 0 0 0 0
AprilTag (ID=6) 1 0 0 0 0
AprilTag (ID=8) 1 0 0 0 0
AprilTag (ID=9) 1 0 0 0 0

ARTag (ID=2) 1 0 0 0 0
ARTag (ID=3) 1 0 0 0 0
ARTag (ID=6) 1 0 0 0 0
ARTag (ID=34) 1 0 0 0 0
CALTag 4x4 1 1 1 1 0
CALTag 9x6 1 1 1 0 0

TABLE 11
RESULTS OF TYPE 1 OCCLUSION EXPERIMENTS WITH BASLER
ACA640-90GC CAMERA

Tag / occlusion percent 0% 10% 20% 50% 70%
AprilTag (ID=4) 1 0 0 0 0
AprilTag (ID=6) 1 0 0 0 0
AprilTag (ID=8) 1 0 0 0 0
AprilTag (ID=9) 1 0 0 0 0

ARTag (ID=2) 1 0 0 0 0

ARTag (ID=3) 1 0 0 0 0

ARTag (ID=6) 1 0 0 0 0

ARTag (ID=34) 1 0 0 0 0

CALTag 4x4 1 1 1 1 1

CALTag 9x6 1 1 1 1 1
TABLE III

RESULTS OF TYPE 2 OCCLUSION EXPERIMENTS WITH A STRIP OBJECT
WITH BASLER ACA640-90GC CAMERA

Tag occlusion percent(%) Success rate(%)
AprilTag (ID=4) 17.83 25
AprilTag (ID=6) 17.83 0
AprilTag (ID=8) 17.83 0
AprilTag (ID=9) 17.83 0

ARTag (ID=2) 14.06 0
ARTag (ID=3) 14.06 0
ARTag (ID=6) 14.06 0
ARTag (ID=34) 14.06 0
CALTag 4x4 25.5-32.5 100
CALTag 9x6 10.18 100

era are summarized in Tables II-IV. Table II presents the
results of Type 1 occlusion experiments. 1 marks successful
detection of the tag, while 0 means that the process failed to
detect the tag. ARTag and AprilTag demonstrated particular
sensitivity to tag edges occlusion even for a better camera.
Edge occlusion disables tag unique feature (edge) detection,
which in turn results in failure of tag discovery stage. Ad-
ditional experiments confirmed that these markers families
could be only be discovered in a cases of minimal edge
occlusions. CALTag was the only marker that was resistant
to edge occlusions, which could be explained by its process
of detection. As some parts of the CALTag grid are occluded,
not all parts of calibration grid are required to reconstruct
the grid [16]. CALTag 9x6 and 4x4 was successfully detected
with 50% and 70% of its area being occluded, showing better
performance with a better camera (compare Table I and Table
II). Thus, CALTag system showed to be more adapted for real
situations with partial visibility of the tag.

Table III demonstrates the results of Type 2 occlusion
experiments using white strip object. Because the tags have
different areas and the strip area is constant the percentage of
occluded tag area vary between the tags. During experiments,
the strip was randomly placed within an internal part of the
tag; for each tag, four experiments were performed so that
the position of the strip on the tag was different in each
experiment. In all four experiments, CALTag 4x4 and 9x6
were successfully detected. While ARTag and AprilTag were



TABLE IV
RESULTS OF TYPE 2 OCCLUSION EXPERIMENTS WITH A SCISSORS WITH
BASLER ACA640-90GC CAMERA OBJECT

Tag 1 2 3 4 Success rate (%)
AprilTag (ID=4) 3.45 3.45 345 3.45 100
AprilTag (ID=6) 345 345 345 345 75
AprilTag (ID=8) 3.45 345 345 345 100
AprilTag (ID=9) 3.45 3.45 345 3.45 75

ARTag (ID=2) 4.38 4.38 4.38 4.38 100
ARTag (ID=3) 4.38 4.38 4.38 4.38 100
ARTag (ID=06) 4.38 4.38 4.38 4.38 75
ARTag (ID=34) 4.38 4.38 4.38 4.38 100
CALTag 4x4 8.32 8.32 8.32 8.32 100
CALTag 9x6 2.5 2.5 2.5 2.5 100

not resistant to this type of occlusion (only once AprilTag with
ID=4 was detected), both CALTag markers were recognized at
any position of the strip due to markers design and recognition
algorithm.

V. CONCLUSION AND FUTURE WORK

As in our previous work using inexpensive Genius FaceCam
1000X camera we came to the conclusion that most the
occlusion resilient marker is CALTag. Although using a better
Basler acA640-90gc camera we obtained improved overall
results, CALTag again outperformed AprilTag and ARTag
marker systems and demonstrated significantly more reliable
performance. For our future work, we plan to conduct more
occlusion resilience experiments, including rotations around
all three principal axes, and to increase number of experiments
to discern the advantages and disadvantages of tag families.
We plan to verify marker resistance with regard to other
criteria such as inter-marker confusion, resistance for lighting
conditions changes, influence of marker size (or distance to a
marker). Special attention will be paid to the behavior of CAL-
Tag marker, which have demonstrated the best performance in
our current empirical research with the two different cameras.
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