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Figure 1: a) Arbitrary shapes on physical objects can be used to allow vision-based interaction with the object itself or its
surroundings. b) Given an outline, a marker can be generated and manufactured as a part of the object itself from materials

such as wood, acrylic or plastic with 3D printing or laser cutting

ABSTRACT

We present Seedmarkers, shape-independent topological markers
that can be embedded in physical objects manufactured with com-
mon rapid-prototyping techniques. Many markers are optimized for
technical performance while visual appearance or the feasibility of
permanently merging marker and physical object is not considered.
We give an overview of the aesthetic properties of a wide range
of existing markers and conducted a short online survey to assess
the perception of popular marker designs. Based on our findings
we introduce our generation algorithm making use of weighted
Voronoi diagrams for topological optimization. With our generator,
Seedmarkers can be created from technical drawings during the
design process to fill arbitrary shapes on any surface. Given dimen-
sions and manufacturing constraints, different configurations for
3 or 6 degrees of freedom tracking are possible. We propose a set
of application examples for shape-independent markers, including
3D printed tangibles, laser cut plates and functional markers on
printed circuit boards.
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1 INTRODUCTION

When interacting with tangible objects, camera-based detection
of their position and their orientation/pose allows rich interfaces
and input/output methods. To allow identification and tracking of
distinct objects, known natural or artificial visual features of these
objects are required.

For this computer vision markers are widely used. Mostly this is
done by printing a marker of a fixed size and shape on paper and
gluing the paper to a surface of the object. Common 2D codes such
as QR-codes, AR-markers or computer vision fiducials are highly
visible by design and use a fixed or known geometry to facilitate
detection. While several approaches exist to tag and identify physi-
cal objects in an invisible or unobtrusive way, these methods are
close-range and most do not allow to estimate the full 6 degrees of
freedom pose.

We envision a future where devices and household goods are
not mass-produced perfect copies but are unique and one-of-a-kind
customized objects, tailored to the needs and preferences of their
owners. Individual manufacturing of physical goods allows the cre-
ation of artificial features, embedded in objects at no further cost.
This is already true for prototypes used in research scenarios. While
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most markers and fiducials are optimized towards detection speed
[36], robustness [42] or quality of pose-estimation [4, 5], aesthetic
considerations are mostly neglected. Any marker system support-
ing tangible objects in a ubiquitous computing environment or
smart home would need to take user acceptance into consideration.
Adding known visual features to objects which are either unobtru-
sive or visually pleasing could allow camera-based interaction with
tangibles in an easier, more robust way.

We propose Seedmarkers, a family of generative shape-independent
visual codes that are suitable for direct embedding during manu-
facturing of prototypes and small-size production batches with 3D
printing or laser cutting and aim to satisfy basic aesthetic needs
(see fig.1).

Existing markers and fiducials can be subdivided into markers
which allowing estimation of 6 degrees of freedom (DoF), providing
full pose recovery and markers only allowing estimation of 3 or
2 DoF. The proposed Seedmarkers are flexible in shape and com-
plexity and allow multiple modes of operation. Due to supporting
arbitrary marker shapes, small and less complex Seedmarkers allow
tracking with 3 DoF, suitable for tangible objects on tables or walls.
In this configuration, markers can be generated which are com-
patible with ReacTIVision, allowing seamless integration of our
shape-independent markers in many existing ReacTIVision/TUIO-
based systems. When full 6 DoF pose estimation is required, side-
loading of each marker’s geometry information is necessary and
requires larger markers and thus larger surfaces to support complex
structures providing identifiable point correspondences. To allow
arbitrary shapes, depending on the geometry of object which needs
to be identified and its graspable elements such as knobs, buttons or
handles, flexible generation of markers during the design process
with CAD-software is necessary.

We contribute:

o adesign for complex shape-independent markers based solely
on topological structure and the necessary generator to cre-
ate files for digital manufacturing

e An example implementation of a detector for up to 6 DoF
pose estimation

o A technical evaluation of the concept, discussing generator
performance and pose estimation error

2 RELATED WORK

In general markers are symbols with a known geometry that contain
features that are fast and robust to detect based on their shape and
contrast or color. Nearly all markers use high-contrast black and
white regions, usually produced by Inkjet or laser printing on paper.
In wide use are round fiducials and square matrix markers.

Matrix Markers

Matrix-based markers such as ARToolkitPlus [46], AprilTags [36]
and ArUco [41] use a square black border containing a matrix of
white and black bits. Visually they closely resemble 2D-Barcodes
like DataMatrix or the widely known QR-Code. The pose is es-
timated by finding the projective-distorted square corners of the
marker border and derive orientation information by decoding the
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ID data bits in the matrix. The size of the square needs to be known
for 6 DoF pose estimation.

Point Markers

RuneTag [5] and Pi-Tag [6] encode information in a sequence of
circles. RuneTag conducts pose estimation by fitting and refining an
ellipse, resulting in more precise point correspondences compared
to the four corners of a square. Random Dot Markers [44, 45] are
randomly generated point sets that contain no coded information or
geometric relation. The circles comprising the point-based markers
are less obtrusive and small, at the cost of lower performance for
detecting small or far-away markers.

Topological Markers

A different approach to detection is encoding information in the
topological structure, the hierarchical sequence of black and white
regions. The topological structure does not depend on geometry, so
any arbitrary shape can be used. The d-touch [10] system and one of
the three approaches presented by Nishino [33] allow hand-drawn
markers, manually customizable for the given environment and task.
ReacTIVision amoeba markers [2] feature a default collection of
markers with fixed shapes generated by an evolutionary algorithm.
While other shapes are possible, the pre-generated set of markers
is optimized for detection robustness and small size. ReacTIVisions
markers allow 3 DoF pose estimation by deriving an orientation
vector from the placement of white and black leaves. There exist
several other approaches to improve topological markers by adding
orientation vectors or error-correction codes such as two of the
Nishino markers [32, 33] and Yamaarashi [21], creating hybrid
markers that rely on topological as well as positional or angle
information, requiring a fixed marker shape.

Shape-independent Markers

While d-touch, ReacTIVision, and the markers by Nishino [33] are
shape-independent markers, only ReacTIVision bundles a set of
default geometries, the amoeba markers. To create geometries for
new graphs, there exist tools such as the FidGen applet!. For other
solely topology-based markers drawing or creating the symbols it-
self is a manual task. As an extension to AprilTags [26], the uramaki
tag layout has been proposed that allows to manually define ignore
regions in matrix blocks. These ignore regions allow to influence
the outer boundary of the marker to an extent without intention-
ally destroying bits recovered by the error-correction. Random Dot
Markers are by default shape independent as well.

Aesthetic Markers

There are a few specialized approaches to create markers that ad-
here to common aesthetic principles or support customization to
allow for a visually appealing integration into images or visual
environments. ARTTag [20] integrates circles into specially crafted
artwork. Tenmoku et al. [43] proposed fiducials that follow geomet-
ric outlines of furniture such as cabinets and shelves to blend in.
The point-based Random Dot Markers are unobtrusive in their ap-
pearance by design and can be embedded into regular imagery such
as maps [48]. Farkas et al. [13] created colored marker elements
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Apriltag [36] Apriltag [36] ARtag [14] ARTTag [20]* ARtoolkit [22]* ARtoolkitPlus [46]
ArUco [16, 41] BinARYyID [15] BullsEye [24] Cantag [39] Cantag [39] CCC[17]

CC-Tag [7] Cho etal. [9] Chromatag [11] CyberCode [38] D-Touch [10]* Farkas et al. [13]
FourierTag [42] Intersense [31] Knyaz et al. [25] Matrix [37] Nishino1 [32] Nishino2 [33]*
Nishino3 [34] Pi-Tag [6] RandombDot [44, 45, 48] ReacTlIVision [2, 3] RuneTag [5] STag [4]
TopoTag [49]* Trip [29] Visual Code [40] WhyCode [28] WhyCon [28] Yamaarashi [21]

Table 1: Visual examples of common Augmented Reality markers and computer vision ducials. (Example markers are either
generated from available code or reprinted with permission) *High visual variety between di erent instances of the same
marker

for indoor robotic navigation that resemble abstract decoration Identi cation of Printed Objects

elements. TopoTagdd are hybrid markers. By using the topology =~ For 3D-printed objects, often a suitable way of creating tangibles,

for detection, elements of the marker can be customized but a ma- both visible as well as invisible techniques have been proposed.

trix structure allows error correction and 6-DoF pose estimation. From embedding visible bar-code3(q or QR-Codes 19 23 to

Grinchuk et al. [L§ did use neural networks and style transfer  invisible methods by using terahertz-scanne] for internal

techniques to encode and decode data in images for use as markersstructures, utilizing visible pockets and structured light in the ma-
terial [27] or encoding information in printing parameters and
resulting surface imperfections [12].
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However, these approaches require close-range image data or ex-

ternal hardware such as projectors or specialized cameras and thus
are not suitable for larger environments or fast identi cation and
tracking of objects. OnlyAirCode[27] supports 6 DoF pose estima-
tion.

Manufacturing techniques often used for creating prototypes, such
as 3D printing or laser cutting share common constraints. Especially
3D printing favors rounded corners or circles for small structures.
When cut on a laser cutter certain materials such as acrylic are more
robust when rectangular shapes are avoided for internal geometries.
Depending on process and material, minimum material strengths
and geometric constraints in uence the size or precision of produc-
ing objects with embedded markers. Matrix-based markers require

precise 90-degree corners and are thus less suitable for embedding.

Any marker that requires color instead of contrast for detection
would require an additional process step in manufacturing to add

Figure 3: Circle-based marker on tangible and household ob-
jects, such as a sewing machine, a speaker, a laptop and a

inks or dyes. Point-based markers such as Runetag, Pi-Tag, or the potted plant. Shown as visual examples of a marker in its

Random Dot Markers are by default simple to manufacture by ad-
ditive as well as subtractive methods. However, Runetag is limited
to a circular shape and Pi-Tag to a square shape, so they can not
fully utilize the available space for irregularly shaped objects, but
both support cutouts in the center region. Random Dot Markers
support arbitrary shapes and cutouts, but detection is complex and
knowledge of all dots' relative positions for every single detectable
marker is always required.

3 EXPLORATIVE SURVEY

To get a better understanding of how di erent types of markers
and their geometric attributes are perceived in everyday living
environments, we conducted an online questionnaire. We assume
that the willingness of people to accept objects with markers in their
personal space is depending either on how aesthetically pleasing or
at least how visually unobtrusive they are perceived. Five di erent
markers were selected representatively from a group of popular
markers with similar geometric attributes and visual appearance
(see g. 2).

Figure 2: Candidates to represent marker families with sim-
ilar visual appearance

Each marker was placed on several tangible objects (see g. 3).
As a within-subject study, the images were presented in random
order and all participants were asked to rate each marker on a 10-
point Likert-scale on how obtrusive, aesthetic and acceptable
a given marker is. In addition to that, participants could give a

environment during the survey.

short explanation of their choice. 30 participants completed the
questionnaire, 11 female/19 male, ranging from 18 to 35. 14 (46
percent) reported not to be familiar with markers at all.

An Omnibus test (Friedman test) was carried out for each variable
to see if there were di erences in the response based on marker type
(non-normally distributed data). There was a statistically signi cant
di erence in all three variables: for "obtrusive" €14° = 50479
p < 0:001), "aesthetic" (214° = 17:092 p = 0:0029 and "acceptable”

( 240 = 13057p = 0:01). Based on this each marker was compared
with all other markers using the non-parametrical Wilcoxon-signed-
rank test, resulting in 10 comparisons in total for each variable. See
table 2 for signi cant pairs.

Given Pearsons and a high (r>0.5) to medium (r>0.3) e ect
size, all signi cant comparisons were taken into consideration for
our analysis. Additionally, correlation between the three variables
was analyzed using the Kendall-Tau-b coe cient. The correlation
between aesthetic and acceptable is positive, (Circle: 0.533, Point:
0.450, Organic: 0.620, Color: 0.732, Matrix: Ofp2Y¥.001 each). Thus
a marker rated higher in aesthetics is usually rated more acceptable,
too. However, the negative correlation between obtrusiveness and
acceptance is not signi cant.

This allows us to focus on median and average values when com-
paring all ve markers. The representatives of thdatrix and
Colorgroups were rated most obtrusive, whil@ircleand Point
markers were most favorable (see g. 4). In terms of aesth€lic
cleand Organicmarkers were perceived bedtlatrix was rated
worst. The overall acceptance was highest in @gclemarker. The
obtrusiveness-results fdPointand Circleare signi cantly better in
comparison to all markers. This is also true for the results of the
Pointbased marker in terms of acceptance.

The Colormarker, in particular, was described by participants as
"ugly" and "obtrusive". In addition to that the block-shaped appear-
ance of theMatrix marker is best to be avoided, both in the colorized
version and the black and white example. Several participants con-
fused or compared it with QR-Codes, this may in uence perception
as well. This may be due to the choice of colors to increase contrast
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| Obtrusive | Aesthetic| Acceptable

Z7=-2.266
Organic  Matrix p=0.023
r=-0.414
Z7=-2.245
Organic Color p=0.025
r=-0.410
7=-4.272
Point Matrix p=0.001*
r=-0.780
Z=-4.488
Point Color p<0.001%
r=-0.819
Z=-3.757
Point Organic| p<0.001*
r=-0.686
7=-3.234| 7=-3.028| Z=-2.820
Circle Matrix p=0.001* p=0.002* p=0.005*
r=-0.590| r=-0.553 r=-0.515

Z=-2.733 Z=-2.231
Circle Color p=0.006* p=0.026

r=-0.499 r=-0.407

Z=-2.313| Z=-2.513| Z=-2.574
Circle Point p=0.021] p=0.012 p=0.010

r=-0.422| r=-0.459 r=-0.470

7=-2.688| Z=-2.241 Figure 4: Average, median and standard deviation plot for

Circle Organic p=0.007 p=0.025 all three variables (obtrusive, aesthetic, acceptable)

r=-0.491 r=-0.409
Table 2: Signi cant pairwise comparisons resulting from

the Friedman Test. *signi cant after alpha-correction with manufacturing techniques. While most marker designs make as-

Bonferroni-Holm sumptions about geometric relations such as a matrix or a radial
structure, this is not suitable for arbitrary shapes. The topological
structure used by topological markers however is independent of
the actual shape, only the sequence of encompassing white and

between violet and green. Especially t@rclemarker was well black regions encodes information.

regarded and described as a "nice logo" twice. We can conclude that  This topological structure of a marker can be represented as an

the Pointmarker is the least obtrusive one while circular shapes undirected acyclic graph, the topology tree. The size of a tree can

may be more obtrusive but rated higher in terms of being aesthetic be described by the maximum number of children of each node

and acceptable. (thewidth) and the maximum distance from root to leaf, itepth
While the order of the subtrees by itself is not unique, d-touch and
4 SEEDMARKER ReacTIVision use a unique representation of this topological tree:

In this section we give a reasoning for the design of Seedmarkers When labeling each node by its depth, sorting lexically and doing
and describe their generation process for arbitrary shapes. After- & depth-rst traversal of the tree, the resulting left-heavy-depth-
ward, examples for manufacturing objects with embedded Seed- Séquence is a unique description of a detected topological tree (see
markers are presented. The detection of Seedmarkers is discussed 9- 5)- See [3] for a detailed explanation.

only brie y as solely the di erences to detecting other topological

markers are relevant.

While the perception of aesthetics may di er, it makes sense
to focus on reducing obtrusiveness and increasing the aesthetic
perception of a marker at the same time. This can be achieved by
hiding the solely functional marker behind elements that may be
perceived as a purely structural or decorational part of an object.
This is easier to achieve if the marker is able to fully utilize the
available space on an object. At the same time using larger struc-
tures increases detection robustness and suitability for di erent

Figure 5: left-heavy-depth-sequence: 0123443333233233,
(same topological structure, di erent shapes)
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