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ABSTRACT
Tracking errors severely impact the effectiveness of augmented reality display techniques for indoor navigation.
In this work we take a look at the sources of error and accuracy of existing tracking technologies. We derive
important design criteria for robust display techniques and present objective criteria that can be used to evaluate
indoor navigation techniques without or in preparation of quantitative user studies. Based on these criteria we
propose a new error tolerant display technique called Bending Words, where words move along the navigation path
guiding the user. Bending Words outranks the other evaluated display techniques in many of the tested criteria and
provides a robust, error-tolerant alternative to established augmented reality indoor navigation display techniques.
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1 INTRODUCTION
Augmented Reality (AR) device tracking systems are
not perfect and errors can accumulate over time enforc-
ing cognitive compensation of the user [MMC00]. In
this work we compare the robustness of AR display
techniques (interfaces) for indoor navigation to provide
useful navigation information even in the presence of
tracking errors.

AR provides location-aware user experience by overlay-
ing spatially registered, digital information on a screen
for real-time interaction with the physical and virtual en-
vironments [BCL15]. An important application scenario
is pedestrian navigation. With recent advances in user
tracking technologies and sufficient processing power
of modern smartphones, the more challenging indoor
navigation has become feasible [MKH+12].

However, the technology is still in its infancy and re-
liability for an extended amount of time has not been
achieved [YNA+17,FPS+20]. McIntyre et al. stated that
the problem of accumulation errors within a tracking
system will not be solved in the near future [MCJ02].
And 20 years later he is still right. Relying on such a
faulty system results in digital objects being far off their
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supposed position. One way to tackle this problem is
to increase the user’s awareness of the tracking imper-
fections using different display techniques [PDCK13],
e.g., by using 3D arrows that can change in color and
shape, or similar feedback. Error visualization generally
improves AR navigation systems but it is challenging to
design suitable visualizations [PDCK13]. Even worse
the system might not be aware of the tracking errors,
lulling the user into false security.
In order to reduce the impact of tracking errors on indoor
navigation instead of only making users aware of it, we
contribute the following: We first define the problem
of uncertain tracking errors in the context of tracking
systems (section 2). Next, we classify AR navigation
display techniques (section 3), and investigate typical
representatives. We present objective criteria to evaluate
AR display techniques with regard to error-robustness
(section 4) and evaluate the representatives (section 5).
In section 6, we propose our own display technique
Bending Words and discuss (section 7) its advantages.

2 RELATED WORK
Pedestrian navigation services have gained attention for
several years now [MRBT03,RC17]. They evolved from
2D paper maps to digital maps on mobile devices to
location-based turn-by-turn instructions [Kim10]. Mod-
ern positioning systems enable AR systems to guide
the user in real-time. These systems require a very
high accuracy to correctly display information and avoid
confusion and misguidance of the user. Yet, there is
still no generally accepted solution for localization sys-
tems [MKH+12], e.g., Adler et al. who analyzed
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and categorized 183 indoor localization techniques pub-
lished between 2010 and 2014 [ASWK15].

A user generally expects accuracy to be perfect or at
least good enough to rely on the displayed information
which is often a mistake and may lead to navigation fail-
ures. Visualization techniques that adapt to the amount
of tracking errors have the power to decrease the impact
of inaccurate tracking solutions [PDCK13]. To under-
stand why tracking solutions are always imperfect it is
important to take a look at the underlying types and
sources of error.

Localization

Localization is the process of tracking a user’s position
or more precisely the position of the device used for
navigation. Applications for localization include pedes-
trian navigation, robotics, dynamic personalized pricing,
product placement, advertisement, fleet management or
intelligent spaces [YNA+17, LLY+15].

Localization systems rely on physical properties of sig-
nals, e.g. speed of light, or other measurable forces, such
as earth’s magnetic field. Sensor and information fus-
ing may improve the overall performance, e.g. Wi-Fi
and magnetic signals [SBS+15] or incorporating a pri-
ori knowledge, such as a map of the environment, to
make the localization systems more robust and accu-
rate [HFH04].

Despite constant improvements in localization tech-
niques, a perfect solution seems almost impossible. De-
velopment times for indoor navigation systems are of-
ten several years and currently might not result in a
widely accepted solution which has the high precision
required to accurately display AR content within the
camera feed [LLY+15, MSTSP+21, GFW21].

The cognitive load posed on the user of indoor naviga-
tion systems correlates with the accuracy of localization.
This effect is especially prevalent in AR applications
where the wrong positioning of visual media within the
camera feed becomes distracting at best or misleading
at worst [MCJ02].

Generally, two types of error exist: Rotational error, the
angular difference between the direction to the assumed
position of the next waypoint and the direction to the ac-
tual next waypoint; and translational error, the distance
between the current position and the assumed position
of the tracking device (Figure 1).

Tracking Systems

Different tracking systems have different sources and
degrees of errors. Signal-based localization techniques
(Wi-Fi, GPS, Bluetooth, etc.) are more prone to er-
rors caused by changes in the environment. Cluttered
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Figure 1: Types of error: Rotational errors (left) re-
sult in misleading direction information as the tracking
system’s assumed goal and the real goal differ. Trans-
lational errors (right) result in irritating positioning of
the augmented content due to disparity between the as-
sumed position and the real position as well as assumed
goal and real goal of the tracking device.

Tracking System Accuracy
Ultra-wideband Positioning [YNA+17] 1 cm - 0.3 m
Wi-Fi Based Positioning [YS15] 1 - 10 m
Magnetic Positioning [SBS+15] 1 - 8 m
Global Positioning System [LGD+15] 1 - 10 m
Bluetooth [RLJ+15] 0.5 - 10 m
Vision-Based Positioning [KJ08] resolution dependent
Pedestrian Dead Reckoning [KH15] distance dependent

Table 1: Accuracy of user tracking systems

environments introduce multipath, non-line-of-sight,
and shadowing artifacts that affect either the arrival
time, angle, or strength of a signal reaching the sen-
sor [RC17, YNA+17]. Even the human body affects
tracking accuracy [APM+16].
In Table 1 we provide an overview of several tracking
techniques commonly found in pedestrian navigation
systems and list typical accuracy ranges.
AR applications require a high precision tracking in or-
der to display the virtual content correctly. This makes
vision-based positioning systems currently the only al-
ternative. These systems mostly rely on feature point
tracking with one or more cameras and/or depth infor-
mation [KJ08]. Due to their computational demands
vision-based techniques are often coupled with faster
techniques [BEP15]. While lighting conditions, surface
properties (reflecting/refracting), and occlusion may neg-
atively impact tracking precision [DRMS07], accuracy
of vision-based positioning systems is theoretically only
limited by image resolution.
Other exotic positioning systems utilize sound, light
beacons, FM radio, or RADAR, to localize a user within
a building but are rarely used in practice [YNA+17].

3 AR NAVIGATION DISPLAY
TECHNIQUES

Commonly all AR indoor navigation display techniques
require the following input:

1. The path from the current position towards the goal,
usually provided as a list of 3D coordinates
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2. The geometry of the building, including walls, doors,
stairs, or elevators.

3. The user’s pose that represents their position and
rotation within the building.

Using this information the user gets feedback where to
head next in order to reach their goal.

Besides the technical accuracy of these tracking sys-
tems, the way navigation information is presented has
a strong impact on how accuracy of the navigation sys-
tem is perceived by the user [PDCK13]. Misaligned
or constantly jittering visual elements are distracting at
best or misleading at worst [MCJ02]. Adapting how
these instructions are delivered strongly increases per-
formance of users when navigating through unknown
environments [RC17]. But instead of interface design,
the focus in indoor navigation applications is mostly put
on their localization techniques.

The user’s expectation of the system influences how
they perceive it. If a technique is usually perceived as
very accurate, based on past experiences, an inaccurate
tracking will be overly distracting [MBMH01]. Whereas
a less common technique which makes an imperfect
tracking state less obvious could more easily prepare the
user for the actual experience when using the system
[MMC00].

Extending on Pankratz et al. [PDCK13] we distinguish
three categories of AR navigation display techniques:

1. Discrete information which shows navigation hints
as one or a series of next steps;

2. Guiding information which shows only the direction
towards the next waypoint;

3. Context information which shows also the area
around the user in an exocentric view.

Within these we found several representative techniques,
see Table 2. Examples for the display techniques em-
phasized within the table are shown in Figure 2.

Discrete Information

Discrete Information display techniques provide infor-
mation about the next steps along the path at any time.
A common example is Lines on the Ground that lead
towards the goal. Instead of providing a continuous path,
waypoint markers display only the next corner. These
techniques are prone to tracking errors as they do not
provide much context information to allow the user to
compensate for the error. A typical example are non-
aligned waypoints due to rotational error. A line on the
ground makes it sometimes hard to guess where the sys-
tems wants the user to go if the line is off it’s intended
direction (Figure 2, top left).

Discrete Information Lines on the Ground
Waypoint Marker
Bending Words

Guiding Information Guiding Arrow
Shining Light
Digital Avatar
Haptic Feedback

Context Information Paper Map
World in Miniature

Table 2: Display technique examples. We evaluate
the representatives most resilient against tracking er-
rors (marked in bold) in section 5, and present Bending
Words in (section 6).

Guiding Information

Guiding Information display techniques provide a se-
ries of guiding step-by-step information that are always
limited to the next waypoint. This reduces cognitive
load of the user and thereby positively affects their per-
formance [WLPO94]. One contributing factor is the
egocentric point of view that these display techniques
provide [SCP95].

An example of such a technique is a Guiding Arrow that
is positioned at the user and points towards the next way-
point [LMM16], or a Shining Light cone [MEN15]. This
has the advantage of being perceived as less accurate
than an arrow, which can dictate the users’ expectations
beforehand. The last approach in this category is the
Digital Avatar that guides the user towards their goal by
walking ahead of them [PDCK13].

A somewhat different approach to Guiding Information
display techniques is the design of interfaces for vi-
sually impaired people [ZYZH19]. In this approach
information is mapped to auditory or haptic cues (Hap-
tic Feedback) to guide the user towards the next way-
point using different rates of tone frequencies or vibra-
tions [ZYZH19].

Context Information

Context Information display techniques provide the user
with additional information about their surroundings.
This includes the traditional paper map. Users are shown
the context in which they are positioned instead of direct
navigation hints. By providing landmarks or other iden-
tifiable information about their surroundings, users are
able to orient themselves using these techniques even
without displaying their approximate location [BP13].
The goal of providing contextual information is to under-
stand the connections between places within an environ-
ment and eventually help the user form their own route
memory. This comes at the cost of an increased cogni-
tive load while using the navigation system [RC17].
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0◦ 5◦ 10◦ 15◦ 0◦ 5◦ 10◦ 15◦
Figure 2: Simulated rotational error, increased in 5◦ steps from left to right for each display technique. Top left:
Lines on the ground, top right: Bending Words (section 6), bottom left: Digital Avatar, bottom right: World in
Miniature. As a non-visual technique, Haptic Feedback is omitted here.

A classic example is World in Miniature (WIM). It es-
sentially is a bird-eye view onto a small model of the
building. Self-localizing is made easier by aligning the
orientation of the miniature with the orientation of the
real building and showing a marker for the position of
the user within that model [HFH04, SCP95].

4 OBJECTIVE EVALUATION
CRITERIA

In the following we describe how to evaluate naviga-
tion techniques based on objective criteria. We gathered
these from multiple previous works to provide a com-
prehensive approach to rank display techniques within
the context of creating error-robust indoor augmented
reality navigation. They are not intended to replace sys-
tematic user studies but may be useful for preliminary
investigations beforehand or to complement small-sized
user studies in times where elaborate user studies are
difficult to conduct, e.g. during a pandemic. The cri-
teria are not metrics but instead provide guidelines to
compare two or more display techniques against each
other argumentatively. A score-based comparison was
considered, as it can show variations between methods
better, but due to the lack of calculable measures in
some criteria it was decided against. Assigning each
criterion a weight can be done and should be based on
the individual requirements and target group.
We partition the aggregated list of criteria into two main
categories: visibility (how to present information, sub-
section 4.1) and interaction (how to promote interaction,
subsection 4.2). Each criterion within these categories
was chosen based on the relevance to not only AR in-
terfaces in general, but also to diminish the problem
of uncertainty in tracking. Both technical aspects and
human factors, including familiarity [AZLK12], are cov-
ered.

4.1 Visibility

Visibility describes elements that influence the ability of
a user to perceive the navigation information and process
it. This includes the visibility of elements, how often
and how much of the information is located within the
screen, and how effective it is in guiding the user.

Deviation Range: The deviation range refers to the
range in which a display technique is still perceived as
conveying the right information even though tracking
errors exist [MKD+14]. The more precise the alignment
between the desired position within the world and the
position as shown on the display, the lower the chance
of user failures such as taking a wrong turn or follow-
ing a wrong path [MSS11]. It was shown that target
detection performance decreases notably from precise
(< 7.5◦ rotational error) to partially degraded (< 22.5◦)
to poor (< 45◦) given the increase in error [YWMB01].
Möller et al. also showed that users "perceived [wrongly
estimated orientation] more negatively than a wrongly
estimated location" [MKH+12]. Thus, tolerance against
angular tracking error is an important evaluation factor,
which we call the Deviation Range criteria. The display
techniques can be evaluated and compared using the
above mentioned thresholds in a qualitative manner or
by comparing the overlap between the displayed content
and the next goal on the display.

Path Information Visibility: To help prevent naviga-
tion errors, instructions have to be comprehensively dis-
tributed across the path and must be visible at appro-
priate points in time [RC17, SK00]. An overview of
the upcoming tasks and especially the ability to easily
see the next target location can also increase the perfor-
mance of users [MSS11]. To summarize these effects,
we devised this criterion where one needs to compare
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the amount of displayed path information for each tech-
nique.

4.2 Interaction
The way a display technique promotes interaction with
the user, influences the user experience, but also impacts
the tracking system itself. In the following we will
explain the different criteria related to user interaction
and their relevancy.

Device Orientation: The device orientation is mainly
relevant for non-head-mounted vision-based tracking
devices such as smartphones. The natural way for a
user to hold these devices is at a 45◦ angle towards the
ground [MKD+14]. This limits the number of feature
points visible to the camera which negatively impacts the
performance of a vision-based tracking system. A dis-
play technique should therefore enforce an upright posi-
tion of the tracking device in a subtle and non-disturbing
manner, which increases robustness.

Instant Feedback: Reaction time to changes in the
tracking information of a display technique is an im-
portant factor for overall performance and user experi-
ence [RC17, SG04]. A technique, which updates the
displayed information e.g. only at the next waypoint or
at too large of a translational or rotational error can lead
to deteriorated performance as the user might overshoot
the target. Displaying lengthy animations are problem-
atic for the same reasons.

Environmental Awareness: The awareness of the sur-
rounding environment is an important factor when using
digital navigation aids in general [BP13,MOP+09]. It de-
creases the requirement to use a navigation aid over time
as the user becomes familiar with their surrounding and
it also improves safety to avoid dangerous situations and
obstacles. During times where the positioning system ac-
cumulates too much error to display reliable information,
users can continue their navigation in the right direction
using their acquired spatial knowledge [KAZ04]. A dis-
play technique can increase environmental awareness by
using landmarks as part of the localization method or
by making the environment stand out more. Techniques
that cover too much of the screen or require the user
to constantly look at it decrease environmental aware-
ness. Environmental awareness using different display
techniques is not measurable but needs to be compared
argumentatively.

Multimodality Count: Multimodality Count is a mea-
sure counting the number of natural sensory receptors
being utilized to convey information [GLB05]. In other
words, how many senses does the display technique ad-
dress? The main modalities relevant to current AR appli-
cations and the most researched within that context are:
visual, auditory, and haptic modalities [Liv05, KSS20].
It is important to choose the right combination and num-
ber of modalities for the task at hand: Using more than

one creates a more natural interaction with the system
that grants more flexibility in a mobile situation such
as during navigation [Gri09]. It can also increase the
application’s accessibility by allowing a user to freely
choose their preferred modality [KSS20]. And it can
reduce navigation errors of users, especially in reduced
visibility conditions or if one modality conveys ambigu-
ous information, therefore increasing effectiveness of
the user-computer system [CFBM13].

Familiarity: A familiar display technique can help users
build trust in the navigation information [AZLK12]. Ex-
isting navigation applications have introduced a set of
display techniques that are widely accepted and under-
stood, such as arrows or lines. Using these known forms
can help users understand the system’s intention when
being guided. New, unfamiliar, technologies can some-
times lead to inadequate user experience for users with
no previous knowledge of it and increase the cognitive
load [ASB18]. This criterion is not directly measurable
and depends on previous user experiences, though we
expect differences to be mostly cultural. Therefore, a
ranking using the familiarity criterion must be based on
argumentative comparisons.

5 CRITERIA APPLICATION
To apply the presented evaluation criteria, we chose at
least one representative from each navigation visualiza-
tion category. From the Discrete Information category
we chose lines on the ground as they generally pro-
vide more information than waypoint markers. From
the Guiding Information category we chose the Haptic
Feedback [ZYZH19], as the only non-visual naviga-
tion technique; and the Digital Avatar [PDCK13], as
Guiding Arrow and Shining Light are conceptually only
specialized instantiations of the Digital Avatar. As Paper
Map is a non-digital navigation technique we opted for
World-in-Miniature [SCP95] from the Context Informa-
tion category.

In the following, we briefly describe the implementa-
tions of the techniques. Lines on the ground are im-
plemented as stripes of arrows, that lead from the user
along the path (Figure 2, top left). The walking direction
is indicated by the arrow directions. The entire path
is visible as occlusions from the environment are not
taken into account. World in Miniature (WIM) shows
the surrounding area as a small model within the view
(Figure 2, bottom right). The model, including the user’s
tracked position depicted as a red dot, is fixed in front
of the user, while its orientation is constantly aligned
with the tracked orientation of the real building for an
improved user performance [WLPO94]. Besides model
and user position, the only additional information is the
very next step of the navigation path, displayed as a
yellow dot. The Digital Avatar (Figure 2, bottom left),
is a humanoid robot entity that guides the user towards
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the next waypoint along the path. It walks in front of
them and waits when the user is not moving. Haptic
Feedback links angular difference between current view-
ing direction and next waypoint to vibration frequency
of the tracking device. If the tracking device is pointed
towards the correct direction (the next waypoint is in-
side the green region), it vibrates at the highest rate. If
the next waypoint is in the outer thirds of the screen it
vibrates with a medium frequency. If it is to the left or
right of the screen the slowest vibration is applied to
make the user aware that the system is still running.

5.1 Results
We obtain the deviation range ranking by measuring
the range of rotational error that a display technique
can be exposed to until it no longer overlaps with the
position of the next waypoint. We verified the results
qualitatively by simulating the rotational error in steps
of 2.5◦ (Figure 2 showing every 2nd step).
Lines on the ground shows perceptible mismatch already
at a small rotational error, the Digital Avatar and Hap-
tic Feedback display accurate navigation information
within a 5◦ rotational error. The value for Haptic Feed-
back has been obtained by measuring the range in which
the vibration rates change. Besides the quantitative value
of the deviation range we also include unique character-
istics of the display techniques. E.g., even though the
deviation range of WIM is only 5◦ it can still be used
to identify the next steps by comparing the landmarks
within the model with landmarks of the surroundings.
Concerning the path information visibility Haptic
Feedback provides the fewest information as it only
roughly points towards the next waypoint. Digital Avatar
gives hints on where the waypoint is as a user approaches
it. Because of the lack of occlusion, Lines on the ground
can show more than just the path to the next waypoint,
although information further down the path becomes
more and more disassociated to the environment. WIM
performs best, as it displays the complete environment
as a map and can potentially show the complete path.
Most techniques that rely on displaying spatially reg-
istered information, such as lines on the ground and
Digital Avatar, enforce an upright device orientation of
90◦ which is beneficial for feature tracking. With Lines
on the ground the user has a slight tendency to look down
and follow the arrows. Haptic Feedback is designed to
aid visually impaired people who don’t use visual cues
and therefore tend to hold the device at a more natu-
ral angle of 45◦. The camera then tracks mostly the
floor which has fewer features. Linkage of the displayed
model in WIM with the orientation of the tracking de-
vice [WLPO94] makes a rotation of smaller degrees
more likely to improve visibility of path information,
which has an inverse effect on the device orientation
criterion. WIM also never gives incentives to point the
camera in the direction of travel, making it rank worst.

Instant feedback All techniques except Digital Avatar
update the navigation information or a deviation from
the planned path in real-time. The Digital Avatar is
restricted to human speed to not break the immersion.
Note that this is strongly implementation dependant and
should not be generalized.

Environmental awareness describes the trade-off be-
tween providing information from the navigation tech-
nique and environmental information to avoid obstacles
and to become familiar with the environment over time.
The WIM model shows the best support by providing
context information in form of a model of the surround-
ings. Lines on the ground provides some but lesser
context information in the form of directional changes at
junctions and corners. Haptic Feedback was ranked third
due to its minimum amount of information. We consider
the digital avatar to be the least awareness-friendly tech-
nique, as it not only provides very little path information
and occludes a large area of the screen, but also inher-
ently enforces the user to focus on the avatar instead of
the actual path.

The multimodality count refers to the number of natural
senses addressed. All techniques solely rely on visual
information except haptic feedback, which vibrates the
device and even generates acoustic feedback thereby.
Again, this is strongly implementation dependent.

The familiarity of each technique is based on how often
elements of it are found within other everyday naviga-
tion situations. Digital Avatar implements the common
situation where a user has to follow someone through an
unknown environment. Lines on the ground in a similar
form is broadly used for car and pedestrian navigation
systems. Transferring this to AR preserves this familiar-
ity. WIM resembles the well-known paper maps. Haptic
Feedback is the least common approach as it makes
the assumption that users can correlate an increase in
vibration speed to positive directional feedback.

6 BENDING WORDS
Bending Words is our proposed discrete information dis-
play technique based on optimizing the criteria from
section 4. In its core, this technique takes advantage
of a person’s ability to naturally follow turn-by-turn in-
structions. [Kim10] Yet, it overcomes the problem that
turn-by-turn instructions are usually unable to show the
exact location of the next turn [PB10]. During navi-
gation Bending Words shows a three-dimensional text
containing turn-by-turn instructions and adapts to the
path in front of the user (Figure 2, top right, and Fig-
ure 3) both in terms of position and displayed text. The
displayed text consists of two parts: The action keyword
which is either Go or Destination reached to indicate
if the goal is reached; and the direction keyword which
is one of right/left/straight/up/down to indicate the next
action at the next waypoint.
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Figure 3: Bending Words: From left to right: The text aligns roughly with the path and the foreshortening as well as
the content guide the user. If a new waypoint, e.g. corner, is approached the direction keyword changes and snaps to
the waypoint’s position. Once the waypoint is passed the technique returns to it’s initial setup but always using the
foreshortening effect to gently guide the user towards the next waypoint.

The displayed text is large enough to be easily readable
but small enough to hide as little as possible of the
environment. To improve readability and let the text
stand from the envrionment, we opt for a black text with
white contour.

The text aligns with the navigation path in front of the
user. The action keyword Go is positioned at a small
distance from the user and rotated around the y-axis to
face the user at an angle. Due to the resulting foreshort-
ening effect this indicates a walking direction for them.
The absence of precise directions makes the user aware
that this is only an approximate guidance. The direction
keyword is placed at a larger distance and aligns with
the path similarly as the action keyword. Its rotation is
adjusted to keep a viewing angle that ensures readabil-
ity. The angle adapts so that the foreshortening guides
towards the next corner. When approaching a waypoint
where the directional change would indicate an upcom-
ing corner, the direction keyword snaps to the waypoint
to emphasize this change before continuing along the
path. An example is shown in Figure 3.

The advantage of this technique is that it shows users
where to go and it tells them in text form, too. This
supposedly increases the user’s ability to understand the
system’s intention even if it suffers from low tracking
accuracy. This way the user sees where they are headed
to, based on the position of the words while the words
themselves provide clear instructions in case of unclear
situations.

7 DISCUSSION
In the following we discuss the proposed Bending Words
display technique. Comparing it to the previous four dis-
play techniques, we obtain the ranking summarized in
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Lines on the ground 5 2 3 1 3 2 1 2.43
WIM 2 1 5 1 1 2 3 2.14
Digital Avatar 4 4 1 5 5 2 1 3.14
Haptic Feedback 3 5 3 1 4 1 5 3.14
Bending Words 1 3 1 1 2 2 3 1.86

Table 3: Ranking of the different display techniques
(left) within the selected criteria (top), where lower num-
bers are better.

Table 3. A lower number means a better ranking in the
respective category. The ranking of the baseline tech-
niques has been discussed in section 5, here we only
address the performance of Bending words in compari-
son to these techniques.

The weighting of the criteria should be adapted based
on the goals, given environment or target group. For ex-
ample when developing a solution for people with mild
cognitive impairments, the Familiarity criterion could be
weighed more than Path of Information Visibility. The
exact weights would need to be determined using a user
study. For this work, we weight all criteria equally. In
many criteria, the proposed Bending Words outranks the
other display techniques (Table 3), followed by WIM.

Deviation Range: As the words in Bending Words only
hint towards the next waypoint the text supports a clear
decision making, resulting in strong robustness even
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with a rotational error of up to 10◦ ranking it the highest
among the compared techniques. While the user can
also correct any error when using WIM by comparing
the map with their surroundings, this comes at a slightly
stronger cognitive load though.

Strong translational and rotational errors can also have
more drastic negative effects. The less dramatic effect
would be that the system guides the user against a wall,
in a more dramatic case, which we encountered during
our own tests, Digital Avatar and Haptic Feedback would
guide the user right down the stairs, even though the
correct path continued to the right directly after the stairs.
WIM can make it hard for the user to decide for the
correct path, as the goal is displayed in the map but
not necessarily the path. Even though the placement
of Bending Words may also guide the user towards the
stairs, the textual information always gives the user the
possibility to correct the presented information. E.g. if
Bending Words states “Go right” it is obvious that one
should not go down the stairs as it would state “Go down”
or even “Go down the stairs” instead.

Path Information Visibility: While Haptic Feedback
and Digital Avatar only roughly indicate the current di-
rection, Bending Words and Lines on the ground provide
some contextual information (position of next waypoint,
direction beyond that), and WIM even reveals the whole
surrounding. We deem Bending Words to be slightly
worse than Lines on the ground with this regard but bet-
ter than Digital Avatar as it provides more information
about the next waypoint earlier on.

Device Orientation: Similar to the Digital Avatar,
Bending Words enforces the desired upright orientation
of the tracking device. All other techniques implicitly
enforce a worse orientation towards the ground.

Instant Feedback: Bending Words constantly reflects
updates from the tracking system and quickly corrects
known errors. Therefore, all techniques, except for Digi-
tal Avatar, perform equally well.

Environmental Awareness: An active process of
localization supports the learning process of spatial
knowledge required to independently navigate the build-
ing [Kui16]. Bending Words provides a neat way to give
just enough guidance to stay on track, supporting memo-
rization of the path. Therefore, we rank it slightly better
than Lines on the ground. While we could give more
precise context information, e.g. "Go right at elevator",
this might clutter up screen space. Such extensions to
our basic approach should be evaluated in the future.

Multimodality Count: As all techniques, except for
Haptic Feedback, Bending Words mostly focus on the vi-
sual sense. It would be very simple to include additional
senses, though, e.g. through audio feedback.

Familiarity: One can argue that we are used to tex-
tual instructions e.g. from assembly manuals or street

signs which resemble Bending Words. Though, we are
probably more used to follow other persons, as with the
digital avatar. However, few of us are used to interpret
vibrations as an information channel.

Limitations: Within our study we did not investigate
how display techniques could be combined to improve
the shortcomings of each other. For example, the Digital
Avatar could be combined with an indicator that tells
the user where the avatar is currently waiting for them,
or the non-visual Haptic Feedback technique could be
combined with a visual technique for a similar effect.

Bending Words is also limited by its reliance on turn-
by-turn instructions, which can have adverse effects
on spatial learning [KAS]. Its utilization of 3D space
imposes an additional constraint on the number of words
that can be displayed, further limiting the amount of
instructive information that can be conveyed.

8 CONCLUSION
This article has presented a set of seven objective evalua-
tion criteria for error-robustness in AR indoor navigation.
Based on these, we have introduced a new display tech-
nique called Bending Words that can reduce the impact
of tracking errors within an AR navigation application.
We have evaluated and compared it to four other base-
line techniques. Bending Words ranks best within the
criteria, closely followed by WIM. Bending Words ex-
pands the spatially registered information provided by
an AR display with precise instructions that can be easily
interpreted.

In the future, new display techniques could be con-
structed for each visualization category, using the criteria
presented in this work. It would be interesting to see
how these criteria and other human factors interact with
each other.
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