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ABSTRACT

Developers of interactive systems have a variety of interaction tech-
niques to choose from, each with individual strengths and limitations
in terms of the considered task, context, and users. While there are
taxonomies for desktop, mobile, and virtual reality applications,
augmented reality (AR) taxonomies have not been established yet.
However, recent advances in immersive AR technology (i.e., head-
worn or projection-based AR), such as the emergence of untethered
headsets with integrated gesture and speech sensors, have enabled
the inclusion of additional input modalities and, therefore, novel
multimodal interaction methods have been introduced. To provide
an overview of interaction techniques for current immersive AR
systems, we conducted a literature review of publications between
2016 and 2021. Based on 44 relevant papers, we developed a com-
prehensive taxonomy focusing on two identified dimensions — fask
and modality. We further present an adaptation of an iterative taxon-
omy development method to the field of human-computer interaction.
Finally, we discuss observed trends and implications for future work.

Index Terms: Human-centered computing—Human computer
interaction (HCI)—Interaction techniques—; Human-centered
computing—Interaction design theory, concepts and paradigms—

1 INTRODUCTION

The research fields of augmented reality (AR) and virtual reality
(VR) have their origins more than 50 years ago in the 1960s [44].
Besides the AR/VR display technologies themselves, various tech-
niques, which allow users to interact with these systems, were pro-
posed and investigated ever since. Previous work has established
the systematization of interfaces and interaction techniques with a
focus on VR. For instance, in 1999, Bowman et al. [17] formalized
interaction techniques for immersive virtual environments (VEs)
in the form of a taxonomy. They identified three universal tasks —
(i) viewport motion control, (ii) selection, and (iii) manipulation,
which they decomposed into fine-grained subtasks. For each of these
subtasks, they identified several existing interaction techniques that
could be used to accomplish them. The resulting tree-like taxonomy
presented a broad overview of existing interaction techniques and
was also used as a basis for evaluating interaction techniques [17].
While this taxonomy was focused on immersive VEs only, in 2004,
Bowman et al. [18] collected 3D user interfaces that included both

*julia.hertel @uni-hamburg.de
fsukran.karaosmanoglu @uni-hamburg.de
*susanne.schmidt @uni-hamburg.de
$julia.bracker @uni-hamburg.de

I martin.semmann @uni-hamburg.de
Ifrank steinicke @uni-hamburg.de

Sukran Karaosmanoglu®

Julia Braker®
IT Management & Consulting
Universitat Hamburg

Susanne Schmidt
Human-Computer Interaction
Universitat Hamburg

Frank Steinicke'
Human-Computer Interaction
Universitat Hamburg

VR and AR. In their book, they suggest design guidelines for the
development of AR and VR interaction techniques.

Since these early approaches to systematically guide interaction
design, immersive AR has experienced enormous technical advance-
ments. In this context, we define immersive AR as technology, which
allows viewing AR content in an immersive way (e.g., via head-worn
displays or projection-based AR) without external displays as used
in mobile or hand-held systems. The recent launch of self-contained
untethered head-mounted displays (HMDs), such as the Microsoft
HoloLens in 2016 [34], paved the way to let consumers observe
virtual content in an unobtrusive manner. Due to the integration of
multisensory input systems, including voice recognition, head track-
ing, hand tracking, and even eye tracking (e.g., on the HoloLens 2),
developers and users have access to various interaction possibilities.
However, the lack of standardization in immersive AR interaction
techniques as well as the variety of options often complicates the
design process and might confuse AR developers and researchers.

In the last years, researchers reviewed, analyzed, and structured
various aspects of the field of AR. For instance, there are reviews
focusing on uses, advantages, and trends of AR in specific appli-
cation fields like education [12,27], medicine [22, 37], or mainte-
nance [23,24]. Further, taxonomies about subtopics of AR research
like visualization [46] and context awareness [28] were developed.
In 2018, Muhammad Nizam et al. [36] reviewed interaction tech-
niques in AR, focusing on multimodal interaction. Expanding the
existing body of research, we aimed to analyze interaction tech-
niques in immersive AR systems. We did not focus on specific kinds
of techniques but performed an explorative approach examining
common characteristics among techniques to develop a comprehen-
sive taxonomy. While in the field of human-computer interaction
(HCI) the concept of interaction can be understood as a reciprocal
exchange between a user and a system, we only focus on actions a
user performs actively. Hence, we considered techniques that allow
a user to provide any kind of input to an immersive AR system and
did not consider aspects like visualization and feedback.

Our work aims to capture the current state of research of im-
mersive AR interaction techniques, extract common characteristics
among these techniques, and develop a taxonomy that sorts and
groups them accordingly. The taxonomy is intended to provide
an overview, a common ground for discussion as well as an aid
to identify research gaps, emerging trends, and related interaction
techniques to evaluate new ones. For this purpose, we considered
research papers published within the last five years since 2016. In
the year 2016 — sometimes referred to as the “year of AR” [19] —
several AR milestones have been achieved such as the launch of
Microsoft HoloLens or Pokémon Go [38].

In this paper, we aim to answer the following research questions:

e RQ1: Which immersive AR interaction techniques are investi-
gated in the current literature?

e RQ2: Which characteristics can be found among these tech-
niques and how can these be systematized?



Data Source Query

Number of Papers

ACM "interact® AND ("augmented reality" OR "ar" OR "mixed reality" OR "mr")" 725
Search Date: April 23, 2021  Only Abstract and Title
IEEE "interact® AND ("augmented reality" OR "ar" OR "mixed reality" OR "mr")" 1540
Search Date: April 23, 2021  Only Abstract and Title

Table 1: Data sources, queries, dates, numbers and publication dates of results.

To answer these research questions, we conducted a literature review
on the Association for Computing Machinery (ACM) [2] and Insti-
tute of Electrical and Electronics Engineers (IEEE) [9] databases.
We derived a taxonomy of emerging immersive AR interaction tech-
niques based on 44 research publications, that were identified in an
iterative process [39]. In summary, our contributions are as follows:

* application and adaptation of a taxonomy creation methodol-
ogy to the field of HCI,

* presentation of a taxonomy of emerging immersive AR inter-
action techniques focused on the task and modality features,

* report and discussion of the implications of these techniques
based on the literature review.

The remainder of this paper is structured as follows. Section 2
introduces the methodology of the iterative literature review. Section
3 introduces the resulting taxonomy, supported by examples that
were considered during the literature review. Section 4 discusses the
findings and limitations of our approach. Section 5 concludes the
paper and gives an outlook on future work.

2 METHODOLOGY

In this work, we aimed to capture the current state of research
of immersive AR interaction techniques and categorize them in a
comprehensible form. We decided to develop a taxonomy, which
is “a system of groupings that are derived conceptually or empiri-
cally” [39]. Structured procedures to develop taxonomies are com-
monly used in other fields of research, like biology or information
systems (IS) [39]. We introduce and adapt an established taxon-
omy definition and development approach from the IS field to the
field of HCI. The approach was developed by Nickerson et al. [39]
in 2013 and is commonly used in IS research since then [32,45].
Nickerson et al. define a taxonomy as a set of dimensions, where
each dimension consists of characteristics. The characteristics are
mutually exclusive — no object can have multiple characteristics in
a dimension — and collectively exhaustive — each object must have
one characteristic in each dimension. We extended this definition by
subcategories, so that categories can be split up if needed to reflect
a more fine-grained characterization. Further, we noticed that forc-
ing interaction techniques to be mutually exclusive could conceal
valuable insights. Thus, we did not adopt the mutual exclusivity
restriction to depict, for example, multimodality.

To develop such a taxonomy, Nickerson et al. designed an it-
erative approach, which allows researchers to include a subset of
objects in each iteration until pre-defined ending conditions are met.
In each iteration, the current taxonomy is refined based on newly
emerged characteristics.

2.1 Meta-characteristics

The initial step in the taxonomy development process is the def-
inition of meta-characteristics. In general, they are conceptually
induced based on the researcher’s knowledge and should reflect
the intended purpose of the taxonomy. As meta-characteristics,
we chose people, activities, context, and technologies, the four di-
mensions of the PACT framework developed by Benyon [14]. The
framework’s premise is that people use technology to undertake ac-
tivities in contexts, and thus these dimensions should be considered
when designing interactive systems. Here, people include physical,

psychological, and social differences between users. For context,
aspects like physical and social environments should be analyzed.
Regarding activities, Benyon considers the overall purpose of the ac-
tivity as most important. Technology includes, for example, the input
and output of a system. By analyzing articles with regard to these
meta-characteristics, we expect to find characteristics of interaction
techniques that are valuable for researchers and designers.

2.2 Ending conditions

We also defined ending conditions before the actual iterative pro-
cess started. They are both objective and subjective and determine
when the taxonomy development process should terminate. We
used the ending conditions proposed by Nickerson et al. which
include objective ones (e.g., the taxonomy was not modified in the
last iteration, the taxonomy is valid in regard to the definition of a
taxonomy) and subjective ones (the taxonomy should be concise,
robust, comprehensive, extendable, and explanatory).

2.3 Data Acquisition

The following steps of our taxonomy development process aimed
at capturing the current state of research by extracting immersive
AR interaction techniques from research articles. To obtain an
initial set of articles, we followed the core steps of the PRISMA-P
protocol [43]. The PRISMA protocol of our study can be found in
the supplementary materials.

The PRISMA flowchart (Fig. 1) shows all steps we followed for
the literature review: identification of sources (N = 2265), removal
of duplicates and ACM articles that did not include our search terms
(N = 2100), identification of venues depending on their number
of papers (VR [7], CHI [1], TVCG [6], ISMAR [5], UIST [3],
IROS [8]), iterative screening step for identified records (N = 283),
full-text screening step for eligibility (N = 74). As a result of these
steps, a total number of 44 papers were integrated into our taxonomy.

We performed a search using the digital libraries of IEEE and
ACM, but only included venues with a CORE2020 rank [4] of
“good” or higher (A*, A, or B). We chose to use these databases
as they cover the best known and most relevant HCI conferences
in the field related to 3D interaction techniques. The goal was
to capture recent research interaction techniques with a focus on
immersive AR. An initial informal analysis revealed that terms
like “interaction technique” or synonyms are often not mentioned
directly. Thus, we included a more general term in our search query:
“interact*”. Since “immersive AR” is not an established term yet,
we searched for AR and MR in general and filtered for immersive
AR during the subsequent screening step. We restricted our search
to the document title and abstract since terms such as AR and MR
often appear in conference titles and keywords. Table 1 shows the
resulting search query. We included peer-reviewed research articles,
excluding posters, published since 2016. The search was conducted
on April 23, 2021.

The initial search resulted in 2265 research articles (ACM = 725,
IEEE = 1540) from which we removed 22 duplicates based on title
and year. The ACM website automatically included articles where
the venue title matched our search query but the article title did not.
We excluded these articles (N = 143). The remaining 2100 articles
were grouped by venue and the venues were sorted by the number
of articles in descending order. By this means, research papers
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Figure 1: PRISMA flowchart, which illustrates our literature review
process for creating a taxonomy with an iterative approach [39].

were divided into subsets to include them iteration-wise, with one
venue per iteration. In total, we performed 6 empirical-to-conceptual
iterations, resulting in the inclusion of 283 articles from 6 venues.
The remaining 1817 articles were not screened.

2.4 lterative Development Process

For each iteration, the researchers choose whether to follow an
empirical-to-conceptual or a conceptual-to-empirical approach. In
the former, new subsets of objects are included and common charac-
teristics among them are identified. Then, these characteristics are
grouped into dimensions and the taxonomy is created or revised. In
the latter, characteristics and dimensions are conceptualized based
on existing work or the researchers’ knowledge. Then, objects for
these characteristics and dimensions are examined and the taxonomy
is created or revised.

2.4.1 Empirical-to-conceptual lterations

In each empirical-to-conceptual iteration, we performed a literature
review of the corresponding subset of research articles as follows.

Screening In total, we screened the titles and abstracts of 283
papers and excluded articles (N = 209) which did not match the
following inclusion criteria:

 Papers should either present or evaluate one or more interaction
techniques. We excluded papers with a focus on an applica-
tion or experiment, where the used interaction technique was
mentioned but not described in detail.
Interaction techniques should clearly be intended for immer-
sive AR applications. We excluded papers about interaction
techniques for general or VR settings, where the authors only
mention the possibility to adapt the interaction technique to
AR. We also excluded interaction techniques for hand-held AR
systems. We included interaction techniques that were clearly
designed for AR applications but implemented or evaluated in
VR settings.
* We excluded literature reviews such as meta-analyses.

Three researchers were involved in this step, two of them having
a background in computer science and AR, and one of them
having a cognitive systems background. Each third of the data was
screened by two researchers, the third one acted as a tie-breaker.
Since this step requires rigorous consensus between the coders, we
conducted Cohen’s Kappa test to calculate inter-rater reliability
between the three researchers [26]. The findings indicated high
agreement between lead and second (97.9%; k = 0.956, z =9.37,
p < .0001), lead and third (94.7%; x = 0.846, z = 8.46, p < .0001),
and second and third (95.6%; k = 0.887, z = 8.52, p < .0001)
researchers. In this step, we excluded 209 papers based on our
inclusion criteria: duplicates (N = 7), AR is not the main focus
(N = 6), non-immersive AR (N = 26), interaction techniques are
not the main focus (N = 143), literature review (N = 1), and no
publication (N = 18).

Full-text Eligibility In this step, we considered the full text of the
remaining papers (N = 74) for eligibility and used keyword coding
as described below:

* Keyword coding: We searched keywords with regard to the
meta-characteristics (PACT [14]), for example, multi-user,
selection task, gestures, HoloLens (more examples can be seen
in the supplementary material). We used keyword coding to
facilitate the taxonomy development in the next step. This step
was done by the same three researchers and the same division
as in the previous step.

Taxonomy Development This step consists of determining the

characteristics and dimensions of the taxonomy by deriving them
from included papers. We considered 44 papers that resulted from

the full-text eligibility step.

* Characteristics and dimension identification: Each key-
word identified in the last step was transferred onto a digital
sticky note on the digital whiteboard platform Miro [10]. In
a group discussion with three researchers, these sticky notes
were grouped into characteristics and dimensions by moving
them around. Only characteristics and dimensions that seemed
relevant to the researchers were created while keeping the pur-
pose of the taxonomy and the main constraint (every object
must have one characteristic in each dimension) in mind.
Tagging: Based on the derived characteristics and dimensions,
the first and third authors tagged all interaction techniques of
the current batch. Subsequently, all previous interaction tech-
niques were retagged, since the taxonomy changed iteratively.
Further, the nuances from these assignments were discussed
after each iteration with a group of three researchers. This
step verified that the current taxonomy is valid and the main
constraint is fulfilled.

We note that we included at least two researchers (analysis trian-
gulation) for each step of our literature review to ensure reliability
and reduce potential errors [20,33].

2.4.2 Conceptual-to-Empirical Iteration

After the third iteration of our literature review, we noticed that
some identified papers use terms interchangeably, for instance, for
describing gestures and tangibles. Also, taxonomy development
generally requires an in-depth engagement with previous literature
in order to be valid, concise, and consistent. Hence, we decided to
use the conceptual-to-empirical approach after the third iteration.
We identified 8 papers to refine our taxonomy. These were
Bowman et al. [17]’s taxonomy on 3D VR interaction techniques
and tasks, Quek et al. [41]’s prior work on gestures and speech,
Shaer et al. [42]’s paper on tangible user interfaces, Besancon et
al. [16]’s work on touch/tangible spatial 3D selection tasks, Karpov
et al. [30]’s work on multimodal interfaces, Buxton et al. [21]’s work



on input devices, Nizam et al. [40]’s review of multimodal interac-
tion techniques, and Augstein et al. [13]’s taxonomy of interaction
modalities and devices from a human-centered perspective.

In this step, the first three authors read the above articles in detail
and hold a discussion to clearly define the characteristics and dimen-
sions of the current taxonomy at that stage. As a result, we renamed,
merged, or split some characteristics and dimensions. We applied
these changes to all previously considered papers. Afterwards, we
continued with an empirical-to-conceptual iteration.

3 DERIVED TAXONOMY:
IMMERSIVE AR INTERACTION TECHNIQUES

Our review aimed to develop a taxonomy of immersive AR interac-
tion techniques. As described in Section 2, a taxonomy is a set of
dimensions, where each dimension consists of characteristics. Since
the taxonomy has to be collectively exhaustive, all dimensions are
required to be applicable to every interaction technique and to con-
tain at least one characteristic suitable for each interaction technique.
By analyzing the empirically derived set of interaction techniques
with a focus on PACT as meta-characteristics, we finally identified
two dimensions matching these constraints: task and modality. Both
dimensions’ characteristics can be interpreted as categories com-
prising a set of similar tasks and modalities, respectively. In the
remainder of this paper, the terms characteristic and category will
be used interchangeably.

To add further details, we separated these into sub-characteristics
where appropriate. Fig. 2 shows the resulting taxonomy. To reflect
the concept of multimodality, we chose to apply a mutual exclusivity
restriction only to the task dimension: each interaction technique
has exactly one task, but one or more modalities. Table 2 shows the
frequency of each task-modality combination in both, uni-modal and
multimodal interaction techniques. This table acts as an overview
and guideline by presenting which modalities were commonly used
to perform certain tasks.

3.1 Tasks

Similar to Bowman et al. [17], we identified several granular tasks.
Each of them can either be used stand-alone or combined with other
tasks to create more complex, high-level functionalities. Below, we
will provide a brief definition of each task and present exemplary
interaction techniques examined in our literature review.

3.1.1  Creation

The task category creation includes actions a user can perform in
order to let virtual objects appear visually. We identified three
subcategories based on what kind of object is created and how much
user input is needed. An activation is performed when the user does
not define the geometry or visual appearance of the object. That
includes, for example, an existing digital object that is not rendered
until a user performs an activation to let it visually appear [70],
labels that are superimposed on objects [60], or details on demand
in the context of data visualization [71]. Furthermore, an activation
can generate a new virtual object. Here, properties like the object’s
position, rotation, and scale may be predefined in the application
(e.g., [54,84]), set through previous actions (e.g., copying an existing
object [71]), or are implicitly given by the user while performing
the activation, for example, via the user’s current head orientation or
hand position [69,77]. In contrast, the other subcategories contain
tasks that require the user to incrementally define the appearance of
the created object, either by modifying textures (2D drawing [47,78,
87]) or by modifying the object’s geometry (3D modeling [47,75]).

All subcategories of creation can also include the deletion of
objects. However, we did not include the deletion as a separate task,
since all of the reviewed deletion interaction techniques use the same
modality as their activation counterparts.

3.1.2 Selection

To interact with virtual objects, various interaction techniques re-
quire the user to identify an object through a selection. We identified
selection as the most common task as it was included in 32 out of
44 papers. A selection can be applied as a single task that triggers a
function linked to the selected object, for example, when interacting
with a button on a user interface (UI) (e.g., [68,75]) or highlighting
a part of the virtual scene (e.g., [71]). Moreover, a selection can
precede tasks like geometric manipulation by determining the object
to which the following operations should be applied (e.g., [83]).
The release of a selected object can be considered as a separate
task [17]. However, based on the literature review we examined that
arelease is typically performed indirectly by reverting or releasing
the selection activity, like stopping a gesture or releasing a button
(e.g. [63,67]). Besides, a release can not be performed standalone,
as it has to be preceded by a selection. Thus, our taxonomy does not
consider release explicitly.

We identified two subcategories based on the arrangement of
objects that can be selected: 2D selection and 3D selection. For 2D
selection, either a single or multiple virtual objects are placed on
a planar surface like a real or virtual wall or an abstract plane [66].
A common example is a Ul menu, consisting of multiple virtual
buttons arranged in a 2D grid structure [63, 68, 75]. In contrast, if
selectable objects are spatially arranged, like virtual furniture placed
in a room [63], a 3D selection is needed. The sub-categories differ
regarding the complexity of the required interaction technique. Some
of the reviewed interaction techniques used for 2D took advantage
of the planar arrangement to increase precision or overall usability.
For instance, a 2D menu can be displayed on the user’s own arm to
provide passive haptic feedback when touching buttons [87] or on
the floor to be selectable via foot to prevent arm fatigue [85].

For 3D selection, we observed different kinds of methods, mainly
used depending on the distance between the user and the objects.
Near objects were often selected directly by letting the user’s hand
or a hand-held device collide with the virtual object, like grabbing
or touching it [59, 63]. In contrast, distant objects were often se-
lected via pointing, a method to select via ray-cast, starting either
from the user’s head or eyes (gaze) [63], or hand (laser-pointer
metaphore) [83]. Both methods typically require the user to perform
a confirmation to finally select the indicated object.

Alternatively to the selection of distinct objects, a 2D area or 3D
range can be selected. Such techniques are deployed for high-level
use cases such as selecting a region inside a 3D data visualization
for subsequent filtering operations [51], or defining a viewport [76].

3.1.3 Geometric Manipulation

Based on the results of our literature review, geometric manipulation
is a commonly used group of tasks (N = 74). It comprises the manip-
ulation of an object’s position (translation), its orientation (rotation),
and its size (scale). While translation and rotation are rigid transfor-
mations and can also be applied to physical objects, the possibility
to scale objects is an inherent feature of virtual environments.

In our literature review, we observed that interaction techniques
often combine different geometric manipulations. We identified two
variants of combinations: an interaction technique can either support
multiple manipulations simultaneously or sequentially. For instance,
Gao et al. [57] evaluated a 6-degrees of freedom (DOF) manipulation
technique that allows a user to simultaneously rotate and translate a
virtual object by mapping the position and orientation of a handheld
controller to the object [57]. Chaconas et al. [50] evaluated different
two-handed gestures to rotate and scale objects. In their experiment,
they included techniques that allow the user to simultaneously ro-
tate and scale an object with a single hand movement as well as
techniques where the user defines which manipulation they want
to perform at the beginning of the gesture — either based on the
hand’s starting position or by the first detected moving direction after
starting the gesture [50]. However, since we consider an interaction
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Figure 2: Our derived taxonomy to categorize immersive AR interaction techniques. We examined two dimensions - Task and Modality. Both
dimensions contain a set of characteristics. For the task dimension, the characteristics are mutually exclusive.

technique as a combination of exactly one task and one or more
modalities, such combinations are not reflected in our taxonomy.

Interaction techniques can also limit the supported DOF of single
manipulations, which can be used to prevent undesired behavior. For
example, we reviewed interaction techniques to move furniture by
limiting translations to the floor plane [63], and to set a clock’s hand
by restricting the rotation to one axis [88]. In contrast, unlimited
interaction techniques were typically applied to abstract geometric
shapes like cubes [64] or tetrahedrons [57].

Geometric manipulations are not limited to 3D objects. Espe-
cially translation can also be applied to interact with Ul elements,
for example, by scrolling or swiping through 2D content, or by
moving slider handles [87, 89]. Further, interaction techniques can
extend the action provided by the user by automatically applying
manipulations, as Lee et al. [67] presented. Their approach enables a
user to translate, rotate, and scale 2D windows. When releasing the
window, it is projected (translated) to a surface while simultaneously
being scaled, keeping the apparent size for the user unchanged [67].

3.1.4 Abstract manipulation

While geometric manipulations interact with virtual objects rendered
in AR, abstract manipulations cover all user commands which are
not directly related to visualized objects. Based on the literature
review, common use cases for abstract manipulations are actions
to change the internal system state, for example, commands to
load content [58] or to switch between different modes [74, 77],
and actions to interact with physically existing objects like internet
of things (IoT) devices [72, 82] while the AR system is used to
supplement the user’s view with feedback or further information.

We identified two subcategories that differ regarding the pro-
vided input data type. A discrete command directly triggers a fixed
function (e.g., switch to menu mode [74], turn on a lamp [82]). In
contrast, for continuous control, an ongoing function is applied as
long as the user performs the corresponding action, like gradually
raising the volume of a speaker [82].

3.1.5 Text input

While text input is a common task for traditional desktop interfaces,
our literature review only included two papers presenting corre-
sponding techniques [68,90]. Theoretically, text input techniques
could be broken down to fundamental tasks presented in this tax-
onomy. For instance, a virtual keyboard could be considered as
a 2D selection technique, where the user selects multiple buttons
successively. However, such a classification would strongly depend
on the modality and type of visualization used. Instead, we included
text input as a characteristic to our taxonomy that covers all kinds of
techniques that enable a user to enter characters, words, or sentences.

3.2 Modalities

Here, we will introduce the modalities that were identified during
our iterative literature review. For each modality, we will provide a
brief definition as well as some insights into the observed variants
using the example of selected research papers.

3.2.1

Since AR allows to superimpose virtual content onto the real-world
surroundings of a user, physical objects can be naturally involved in
the interaction. Related analytical reviews use varying terms for
such interaction techniques, as for instance contact interaction [30]
or physical controls [35]. To not confuse our definition with the
partially different characteristics of those related concepts, we
introduce a new category of tactile interaction into our taxonomy, in-
cluding the subcategories touch, generic input devices, and tangibles.

Tactile interaction

Touch For interaction techniques that require the user to
contact a surface with their bare hands, we introduced the modality
of touch. We identified various kinds of surfaces acting as touch
recipients. Commonly known, even besides the field of AR research,
are touch screen devices like smartphones [62, 74]. Besides, the
deployment of various sensors allows developers to turn passive
surfaces into touchable, interactive surfaces, like parts of the
user’s physical environment (e.g., a table [61]) or even the user’s
own skin [87]. Most of the interaction techniques we reviewed
used single touch events as inputs for 2D selection tasks (N = 6),
however, continuous movements along the surface were also used,
for example, for 2D drawing [87] or translation [74, 89].

Generic input devices As a key differentiator between generic
input devices and tangibles, we consider the form of multiplexing as
suggested by Fitzmaurice [25]. According to the author’s definition,
all physical input devices can be classified to be either time- or space-
multiplexed. Time-multiplexing denotes a dynamic assignment of
functions over time and therefore allows the usage of one generic
input device for a diverse set of tasks. This characterization applies
to all traditional GUI input devices, such as mice and keyboards, as
well as to controllers that are delivered with modern VR/AR HMDs.

The reviewed input controllers featured a differing number of
DOF, including 2-DOF traditional mice and styli, 3-DOF controllers
with positional tracking, 3-DOF controllers with orientational
tracking, and 6-DOF controllers with a combination of both tracking
types. In addition, devices with discrete input, such as the button
of the HoloLens clicker, were used. While we observed such
input devices in comparatively many papers, they were mostly
used in multimodal input techniques or as baseline conditions for
comparing input via other modalities.

Tangibles In contrast to time-multiplexed generic input devices,
tangible user interfaces are space-multiplexed, meaning they involve
spatially distributed objects with dedicated functions. Due to the
spatial nature of such Uls, different tasks can be performed simulta-
neously, which can be considered as an advantage over the strictly
sequential task execution in time-multiplexed Uls.

Strictly following the original definition, tangible Uls have to
offer multiple input devices, each with a permanently assigned func-
tion. For creating our taxonomy, we loosen these requirements by
allowing Uls with (i) single-input devices that are reasonably ex-
tendable to space-multiplexed multi-device systems, and (ii) input
devices that fulfill the same task for extended periods of time but



TOTAL
Generi .
Touch I enene Tangible Hand Face Foot Eye Gaze Head Gaze
nput Device

Activation -1- 1]- 5]- 31 - - - 203 1] |2 | 126
Creation 2D drawing 1]- 1]- 1]- - - - - - - - - - | 3-
3D modeling - - 11 - - - - - - - - - - - | 1)1
2D 6]- 34 2]- 6|5 -]- 1] \ 113 217 | 21119

Selection
D 12 613 404 617 - Ny 15 1] 15 1]- 2126
Translation 3- 6| - 7]- 12)2 - - - 2|3 - [1 | 306

Geometric )

Milaon|  Rowtion | 11 61 9] 513 3k -] E -] 2 | 2|8
Scale - 4l- - 513 -1 - 12 - B | 1216
Discrete 1]- - 3 1]- 1| - 2(0 - 1] | 9-

Abstract

Manipulation:
Continuous -1- -1- L- 2| -1- -1 -1 -1 1] \ 41-
Text Input - 1- -1- -1- -1- -1 \ -1- I \ 2]-
TOTAL 152 298 334 40 | 21 1]- 1]- 9116 5|18 303 1]- 137 | 72

Table 2: From each reviewed article, we extracted one or more presented interaction techniques. This table shows the frequencies of task-modality
combinations examined in these interaction techniques. For each cell, the left and right values indicate the occurrences in unimodal and multimodal
interaction techniques, respectively. Hence, the total number of task-modality combinations is higher than the number of interaction techniques.
In total, we reviewed 173 interaction techniques: 137 were unimodal, 35 were bimodal, and one included three modalities, resulting in 137
occurrences in unimodal techniques and 72 occurrences in multimodal techniques.

not necessarily for their entire lifespan. These adaptations are meant
to take account of the prototypic nature of many research projects
(e.g., [51, 81]) and the trend towards reusable everyday tangible
objects (e.g., [58,89]), respectively.

Input devices that do not conform with the extended definition
of tangibles are classified as generic input devices, even if stated
otherwise in the respective paper (e.g., [53, 64]). By this means,
we aim to establish a consistent and transparent methodology for
building our taxonomy.

For tangibles, we observed a variety of different custom-built de-
vices (N = 6) as well as an emerging trend towards using everyday
physical objects (N = 7) to interact with the AR environment. By
coupling a virtual object and a tangible, the object can be naturally
viewed from different angles, hence implementing an intuitive form
of rotation and translation (e.g., [48,58]). Furthermore, tangibles
were used for the creation, selection, and abstract manipulation of
AR content (see Table 2). Besides these basic tasks, 2 papers that uti-
lized everyday physical objects took advantage of the object’s natural
affordances, for example, using a physical album to browse through
photos [58]. In contrast, 5 papers introduced an artificial mapping
between the tangible and its function, such as using a smartphone as
a bat [52] or a marker to cycle through playing cards [89].

3.2.2 Gestures

Gestures are commonly considered as a form of nonverbal com-
munication, in which body movements convey a message to inter-
locutors [31]. While some definitions focus on movements that are
performed using the hands only (e.g., [41]), others do not limit the
definition to the upper limbs but also include feet and facial gestures.
In the reviewed papers, we found instances of all mentioned body
parts and therefore use the latter, more broad definition of gestures in
our taxonomy. Further, we only categorized interaction techniques to

be primarily gesture-based when they are uninstrumented and, in the
case of hand gestures, performed in midair. In contrast, techniques

using additional input devices or touch input are classified as tactile
interactions, as described in Sect. 3.2.1.

In the reviewed literature, hand gestures are the most frequently
investigated modality for all selection and manipulation tasks (see Ta-
ble 2). Authors reason their choice with the interaction being natural
and intuitive [63, 67], allowing for direct manipulation of virtual
objects that are within arm’s reach [49, 84], without the need of
additional user instrumentation [79, 85]. Interactions with distant
targets can also leverage hand gestures by complementing them
with another modality such as gaze [83] or by visually extending
the arm [56]. Depending on the focused tasks, we found a prefer-
ence towards unimanual gestures (selection, translation) or bimanual
gestures (rotation, scale). For selection, users either performed a
predefined hand sign, such as the air tap, or a pointing movement.
In the literature, such gestures are also referred to as semaphoric
or deictic gestures, respectively [41]. In contrast, in manipulative
gestures, hand movements are directly controlling an object’s proper-
ties, such as the pose or scale. Since the correlation between the task
and the definitions of semaphoric, deictic, and manipulative gestures
is very strong, we decided to not include them as subcategories of
hand gestures in our taxonomy.

In contrast to the variety of reviewed papers investigating hand
gestures, only one paper each was considering foot gestures [85]
or facial gestures [72]. In the foot-based interaction technique [85],
users can select options of a floor-projected, circular menu using
directional motion. The authors report a lower overall workload and
higher usability than for a reference condition using hand gestures.
However, user feedback suggests that foot-based gestures are par-
ticularly useful for indoor scenarios, when actions are performed
in front of familiar people, such as family members or colleagues.
In comparison, interaction via facial gestures [72] was designed
to be particularly subtle and, therefore, could yield a higher social
acceptance in public settings.



3.2.3 Voice

Besides the non-verbal interaction methods described before, we
identified human speech as another modality in our taxonomy. Voice
commands were particularly used for simple tasks, such as choos-
ing from a limited set of discrete modes [77] or for activation and
deletion of a virtual object [71, 84, 86].

For more complex tasks, such as selecting from a pool of virtual
targets, voice was paired with gaze or pointing gestures and only
used as a confirmation [65, 83]. Whitlock et al. [83] even went a
step further by suggesting a multimodal interaction technique for
transforming virtual objects. In the presented study, users were able
to select an object via gaze before initiating a movement or rotation
using commands such as "Move up/down/left/right”. Another voice
stop command was necessary to terminate the transformation. How-
ever, when compared to hand gestures as well as controller input,
voice interaction was shown to be less accurate, slower, and the least
enjoyable condition. Another disadvantage of voice commands was
illustrated in a Wizard of Oz study by Williams et al. [84]. Partic-
ipants of their study were asked to manipulate a displayed virtual
cube using speech, however, without predetermining a correct com-
mand. An analysis of the collected responses showed that there was
much disagreement on the most appropriate utterances, showing that
voice interfaces have to be learned to a certain extent.

3.2.4 Gaze

While gaze could be considered as a deictic gesture in the broader
sense [41], we observed a high number of explicit mentions in the
literature and thus introduced a separate category in our taxonomy.

23 of the relevant interaction techniques were considering inter-
action via head gaze, while only 6 described an eye gaze technique.
One reason for this imbalance could be the advantage of head-based
input of being a “more affordable surrogate” [55] of eye gaze. While
the paper’s authors found that most study participants tended to use
the eyes rather than head movements to track objects, they also mea-
sured an improved accuracy of head gaze when participants were
explicitly asked to follow the targets with their heads.

Only four papers used gaze in a unimodal setting [49, 55,60, 71],
primarily because an additional mechanism is required to not only
hover over a scene object but for triggering a selection. This can
be either done by using time-based methods, such as dwell [49] or
smooth pursuit [55], or by adding a second modality. In our literature
review, we found combinations of gaze with hand gestures [50, 63,
66,69,71, 83, 85], generic input devices [66], and voice [65,77, 83].

3.2.5 BCI

Brain-computer interfaces (BCI) convert measured activity of the
central nervous system to control commands of an external de-
vice [29]. The mapping of neural signals to a meaningful output is
challenging since each natural task that is controlled by the brain
usually requires the involvement of multiple cerebral regions.

This complexity is also reflected in the fact that only one of our
reviewed papers considered this modality for the use in AR inter-
faces [80]. In the paper, the authors present an operational prototype
for mobile robot control using the combination of an EEG headset
for input and the HoloLens for augmented output. The EEG signals
are scanned for specific patterns that are associated with visual stim-
ulation at certain frequencies. By assigning different frequencies to
multiple visual targets, researchers are able to discriminate which
target the user is focusing, therefore supporting a 3D selection task.

4 DISCUSSION

Below, we will reflect on the results of the literature review as well
as the methodology itself.

4.1 Reflection on Empirical Research

During the review and the concurrent taxonomy design, we observed
some trends and possible future directions of research.

Real-world interactions One principal difference between AR
and VR is the role of the user’s real environment. While VR aims
at a full replacement of all sensory information provided by the
real world, AR still allows users to directly involve their physical
surroundings. This feature of AR particularly manifested in the
excessive use of techniques involving tactile interaction — a modality
that was not considered in the well-known taxonomy on 3D Uls by
Bowman [18]. 54 of the overall 173 interaction techniques that were
identified in our literature review were based on touch or tangibles.
Authors praised the intuitive, comfortable, and accurate use of tactile
interactions in general (e.g., [53,73,87,89]) as well as the potential
of collaborative use of tangibles in particular (e.g., [51,54,58]).

Besides physical objects being part of the input mechanism,
we also observed a range of tasks that were directly aiming at
manipulating the real environment of the user, for example, in
the context of smart home systems. AR interactions were used
to control inherent properties of real-world objects, such as the
brightness of a lamp [82], height of a desk [56], or volume of a
speaker [87]. To represent these AR-specific tasks, we introduced
the category of abstract manipulations in our taxonomy.

Multimodality 36 of the 173 identified interaction techniques
involved at least two different modalities. As can be seen in Fig. 3,
hand gestures were paired with all different modalities except
BCI. Furthermore, head gaze and voice were particularly used in
multimodal settings (cf. last row of Table 2). On their own, they
have limited power to support complex, fine-grained tasks such
as geometric manipulations. However, in combination with other
modalities, they act as a natural support for pointing or confirmation
actions — two subtasks that are involved in almost every identified
interaction. Besides the simultaneous use in pointing-confirmation
tasks, multiple modalities can also be used sequentially. For
example, voice commands can specify whether a following hand
gesture should be interpreted as a rotation or scaling operation [71].

Mobile optical see-through AR In the literature review, we
intentionally focused on the period of 2016 to 2021, thus starting
with the year of the Microsoft HoloLens launch. This milestone is
also reflected in the reviewed literature, to the effect that 29 papers
were using an optical-see through (OST) display while only 9 papers
draw on video-see through (VST) technology. With 3 mentions,
projection-based systems were the least used output technology in
the considered research papers (the remaining 3 papers were using
VR to simulate AR). Through further technological improvements,
this prevalence of OST displays may be even strengthened as some
authors mentioned the currently inferior field of view and render
quality as the main reasons to decide in favor of a VST device [75].

Another aspect of modern self-contained devices is their
suitability for mobile applications since they do not have to be
tethered to a powerful workstation. As such, involvement of the
current environment of the user is especially preferable, to eliminate
the necessity for dedicated input devices [72,89].

Subtle interaction Besides affecting the technical aspects
of interaction techniques, advancements in AR technology also
allow developers to have a stronger focus on user experience. We
observed attempts to replace expansive movements with more
subtle alternatives to increase perceived comfort in public or
other social settings. Examples include discreet finger and facial
gestures [49,72,87] as well as eye gaze [60,70]. While the easier
trackable alternatives, such as hand gestures and head gaze, were
still prevalent in the reviewed literature, it can be speculated that
we will experience a gradual shift towards the subtle variants with
improving technology such as integrated eye trackers.
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Figure 3: Observed combinations of multiple modalities, each represented by a dot, with the absolute numbers of occurrences (references can be
found in the supplementary materials). The last dot represents an interaction technique combining mouse and stylus.

Brain-computer interfaces In the literature review, we en-
countered one paper using neural signals to select 3D virtual objects
in an AR environment [80]. Considering current developments in
BClI research, such as the emergence of noninvasive systems [29]
and open-source platforms [11], it is reasonable to assume that
BClIs become more widespread beyond clinical usage and that more
complex AR tasks will be performed based on neural signals.

Application fields Throughout the literature review, we came
across a variety of application fields, which the authors envisioned
for their developed interaction techniques. The problem statement
that was addressed most frequently in the reviewed literature was
the interactive visualization of (abstract) data (e.g, [48,51,54,71]).
Authors suggested combining the spatial view of 3D data with the
precision of tangible devices to focus on different aspects. Another
trend was the usage in smart homes (e.g., [55,56,72,82]), which is
strongly related to the support of real-world interactions as stated
earlier in this section. Finally, we would like to mention interactions
with robots [65,77, 80, 88] and drones [69] that were facilitated by
using AR technology to preview future actions of the robot or to
provide a direct interface to the system’s current state. In summary,
we observed a strong connection between the suggested interaction
techniques and physical tasks, either in the form of directly control-
ling properties of the user’s real surroundings or by using tactile
interactions for working with abstract data.

4.2 Reflection on the Taxonomy Development Method

In this work, we applied Nickerson’s [39] iterative methodology,
which is widely used in the IS literature, to create a valid and ex-
tendable taxonomy. This methodology offers many advantages. For
example, a novice researcher can easily use this method and ob-
tain comprehensive information about the literature by following
the steps we mentioned above (e.g., the empirical-to-conceptual ap-
proach). Due to its iterative nature, it offers a time-efficient solution.
Therefore, researchers can get easily familiar with the literature in
each iteration. Finally, it provides a valid result: a taxonomy. Even
if some of the articles could have been missed in the literature re-
view, the taxonomy itself still serves its purpose and can easily be
extended by future work.

Despite Nickerson et al. [39]’s method being our basis for gener-
ating a taxonomy, we encountered aspects that are not applicable to
our case: (i) limitation of subcategory creation and (ii) mutual exclu-
sivity. We observed that many modalities differ fundamentally and
should be categorized in detail (e.g., stylus/pen and clicker) to create
a useful taxonomy, leading us to extend the original methodology by
subcategories. Moreover, we noticed that several modalities are used
as parts of the same interaction technique in the literature (e.g., voice
and gestures). Hence, we chose not to use the mutual exclusivity
feature of this method to avoid restricting the use of multimodality.

We also note that taxonomies within the field of HCI are often
presented without a thorough description of the applied development

method. To support transparency, we reported our methodology in
detail and, therefore, hope to provide guidance for future reviews.

4.3 Limitations

This work considered 44 articles from the 2016-2021 time frame.
Although we kept our search term broad, used an iterative approach,
and covered traditional techniques (e.g., the baseline condition of
several articles), this may be considered a limitation.

Due to the broadness of our search terms, we limited the included
venues by focusing on ACM and IEEE and restricting the scope
using the CORE rank. While this ensures that only high-quality
venues were included, it does not guarantee the inclusion of all
relevant sources.

Regarding our query, we observed many articles mentioning “in-
teract™” in their abstracts but focusing on either feedback or visual-
ization in their full paper. It is likely that some papers did not use
this term and, therefore, were not considered in our review. During
the process, we noticed that “input” could be used as one of the
key terms, e.g., to specifically capture text input articles. Although
this category is part of our taxonomy, we speculate that frequencies
might be higher when including the term “input” in the query.

At least two researchers were involved in each step [20,33] and the
inter-rater reliability was high, yet the researchers could introduce
bias because of their perspectives and backgrounds. Following the
recommendations of qualitative research practices [15], we reported
the backgrounds of the three main researchers in Sect. 2.4.1.

5 CONCLUSION

In this paper, we introduced a taxonomy for interaction techniques
for immersive AR technologies based on an iterative literature re-
view including 44 research papers from the period of 2016 to 2021.
Our taxonomy is based on emerging and immersive AR interaction
techniques and focused on two identified dimensions — fask and
modality. In the process of taxonomy formulation, we put emphasis
on the identification of distinctive characteristics for each category,
in order to create consistent terms and according definitions. This
holistic view on AR interaction techniques is of particular value
since we observed partially conflicting definitions of concepts in
previous reviews that only focused on specific sub-areas of AR
interaction, such as gestures or tangibles.

Our taxonomy can provide important guidelines for the develop-
ment of future AR interaction techniques. It could serve as a basis
for (i) developers to determine common uni- and multimodal meth-
ods to perform specific tasks in AR, and (ii) researchers to identify
research gaps and, accordingly, potential for future investigations.
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