Computers & Graphics (2021)

Contents lists available at'ScienceDirect OMPUTER
&GRAPHICS

Computers & Graphics

journal homepage: www.elsevier.com/locate/cag

ARtention: A Design Space for Gaze-adaptive User Interfaces in Augmented Reality

Ken Pfeuffer®, Yasmeen Abdrabou?, Augusto Esteves™, Radiah Rivu?®, Yomna Abdelrahman?, Stefanie Meitner®, Amr Saadid,
Florian Alt*

“Bundeswehr University Munich, Munich, Germany

bITI ) LARSYS, Instituto Superior Técnico, University of Lisbon, Lisbon, Portugal
LMU Munich, Munich, Germany

4German University in Cairo, Cairo, Egypt

ARTICLE INFO ABSTRACT

Augmented Reality (AR) headsets extended with eye-tracking, a promising input tech-
nology for its natural and implicit nature, open a wide range of new interaction capa-
bilities for everyday use. In this paper we present ARtention, a design space for gaze
interaction specifically tailored for in-situ AR information interfaces. It highlights three
important dimensions to consider in the Ul design of such gaze-enabled applications:
transitions from reality to the virtual interface, from single- to multi-layer content, and
from information consumption to selection tasks. Such transitional aspects bring previ-
ously isolated gaze interaction concepts together to form a unified AR space, enabling
more advanced application control seamlessly mediated by gaze. We describe these
factors in detail. To illustrate how the design space can be used, we present three proto-
type applications and report informal user feedback obtained from different scenarios:
a conversational U, viewing a 3D visualization, and browsing items for shopping. We
conclude with design considerations derived from our development and evaluation of
the prototypes. We expect these to be valuable for researchers and designers investigat-
ing the use of gaze input in AR systems and applications.
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1. Introduction fully attend reality, but transition to the fore when relevant to
our interests [4, 5]. Within the reality-virtuality (RV) contin-
uum, this involves frequent moving between the real environ-

ment and virtual interfaces in AR [6]].

Augmented reality (AR) is a maturing technology poised to
become a popular personal device for everyday use [1]]. AR en-
ables the projection of context-relevant information anchored

to the real world into our view, facilitating spatial tasks and in-
situ knowledge generation and understanding [2]]. Recently, Lu
et al. introduced the Glanceable AR paradigm aimed at user
interfaces that can provide information at any time and place,
with interaction as effortless as a glance [3]]. We investigate this
paradigm for temporary information interfaces in the world,
aimed to reside in the background of our attention so we can
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One modality with promising potential to enable such transi-
tions, directly related to attentional processes, is our eye gaze.
Our eyes are always available, are easy to track, and implic-
itly tell what we are interested in; which fits to properties suit-
able for everyday AR usage. Research in this direction so far
has employed gaze as a technique to reveal AR information
[7, 18l O], and to trigger object selection by dwell-time (with
respect to gaze-only interaction techniques) [[10, [11]. However,
dwell-time has been originally developed for high-performance
screen selections, a very different nature to the open and poten-
tially information-rich AR environments. To complement prior
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art, we investigate combining interaction tasks of revealing?2. Related Work
traversing antbr selection of content. This yields a novel chal-
lenge, that is how to optimize dwell-time and gaze interaction Our work draws directly from prior art on adaptive AR, gaze
for a wider range of user intents in the context of AR. interaction, and glanceable AR.
In this paper we present ARtention, a design space for gaze-
input based interfaces for AR applications. This space coverd.1. Adaptive AR
three dimensions critical for designers and researchers in this pesigning for superimposed information on real environ-

space (see Figufg 1). First, understanding the role of gaze &gents involves information visualization and placement and has
a proxy for our engagement with real-world or AR content|ong peen a signi cant challenge in ART12]. Environments can
— reality-virtuality (RV) continuum transitions how can we  have many dierent buildings, streets, and other objects, in ad-
quickly access AR information, and how can we seamlessly regjtion to various Ul elements — each potentiallyesing numer-
turn to the task-at-hand? Second, understanding the role of gaggs information. To avoid experiencing information overload,
as a proxy for attention on speci ¢ AR informationirforma-  systems can be designed to contain explicit and implicit means
tion level transitions- how can AR systems hint at available g organize interfaces, each having various pros and €ons [13].
information, and continuously unfold this in response to our Explicit input, e.g. through a pointing gesture [14], will pro-
attention? And third, understanding how mechanisms such agge s with the exact information we desire. However, in ev-
dwell-time can still coexist in this space to e both informa- eryday settings it can become tedious to interact with many ob-
tion level transitions and eactive user interface (Ul) selections jects, and the need for an input device or hand gesture may not
that explicitly alter the system stateask transitions be desired. On the other hand, an implicit method avoids man-
To illustrate the three dimensions of this design space, Wgg| e ort by designing for a more proactive behavior where
have implemented and studied three prototype applications th@formation is revealed based on proxemics! [15] or context.
highlight di erent user needs in the context of AR. Each appli-context factors can include environmental knowledge (object
cation exempli es how particular transitions can be SUPPOftedlocatiorishape), or goals and rules to approximate relevance
and their evaluations allow initial insights regarding general USf16, 17]. Various AR systems were developed to follow this
ability to be collected as well as suitable gaze-adaptive timinggpproach [18, 19, 20]. A limitation of the implicit method is
for revealing and selecting AR information to be identi ed:  the approximated relevance, which need not necessarily be cor-
related with our real intent. An ideal interface is designed to
" Conversational Ul: The rstapplication illustrates a clas- sypport both means to show approximated relevant information
sical conversational interface where the person we are talket provide manual means to interact with it, which we argue
ing to is augmented with relevant information (e.g., namejs ideal to accomplish through gaze in consideration of various
interests). In this context our focus is on the person we argesign factors.
talking to, and transitions in and out of AR need to take Others have addressed this problem by presenting a series
place quickly and eortlessly. Our prototype also explores of strategies on how to adapt AR information based on our at-
transitions between three AR information levels, in a studytention and their surroundings [21]. While insightful, this work
where participants (N12) have this conversational expe- focuses on the technical challenges of spatially rearranging AR
rience with two confederates. content in a 3D scene, models attention via user orientation, and
was studied and motivated by speci ¢ mobility scenarios. These
. g : : and other technical implementations (e.g., [22]) are critical to
fqrma.non- level transmons by_provmg us with a large 3D the eld, but our contribution rests on a deeper understanding
visualization of evolutionary biology that carefully unfolds ¢ o1 attention via gaze as a rich mechanism to not only adapt
in response to our attention to particular nodes. This Wag g content, but facilitate user transitions to and from AR in

studied agan With .12 part_|C|pants, and assessed from a(L,:\/eryday tasks that require interaction with both physical and
user experience point-of-view. digital elements.

Tree of Life: The second application illustrates deeper in-

Shopping: The nal probe presents a supermarket-like
shopping interface that relies on gaze to provide AR infor-
mation on the items on display (e.qg., cost, origin), but also In the HCI literature, the gaze modality is often considered
item selections for purchasing. The study of this probe in-as an explicit input modality. Bolt's Gaze-orchestrated dynamic
volved various dwell-time implementations, and we reportwindows demonstrated how gaze can be leveraged for a better
task completion times and error rates. organization of visual content [23], i.etd’ help the observer
cope with the onslaught of events on the one hand, yet enable on
Contribution Statement: Our contribution is threefold: (1) a the other hand continued close contact with that ever changing
design space that articulates the role of gaze in AR across thremsemblé Gaze therefore has the potential to provide a dual
factors — RV continuum, information level, and task transi-advantage for information-rich interfaces (as AR): it can avoid
tions; (2) the design and implementation of three gaze-baseidformation overload and provide information on demand.
AR prototype applications; and (3) the study and discussion Gaze as interaction technique has been explored in Jacob's
of these applications, illustrating how can designers and reseminal paper where we select Ul elements by looking at them
searchers think of AR in the context of our design space. [24]. One of the main challenges identi ed was the 'Midas

2.2. Gaze Interaction
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Fig. 1. The ARtention design space in the context of the Reality-Virtuality (RV) continuum, illustrating the role of gaze across three dimensions: attending
to reality or to AR content (continuum transitiong, consuming such content or performing Ul selectionstésk transitiong, or continuously unfolding more
content in response to user's attention and interestijformation level transitions.

touch’, i.e. the ambiguity to distinguish simple 'looking' from to gaze information [9], as well as a VR system where infor-
'selection’ via gaze. The dwell-time con rmation technique at- mation is revealed when looking at the region around the target
tempts to addresses this, where selection is con rmed after 87, 38]. Finally, Esteves et al. provided a in-depth compari-
speci c viewing time. Similar approaches can be found in ason of selections techniques for AR and VR, including various
wide range of systems, including Vertegaal's Attentive User In-gaze-based approaches [39]. These works show that use of gaze
terfaces [5] or Quarfordt and Zhai's use of gaze intensity to into activate information is promising to provide a novel way to
fer interest during interaction with a tourist information appli- interact with lightweight AR content. We take this activation
cation [25]. In cases where dwell-time is not suitable (e.g., to@s a rst step, and extend this with more advanced interaction
long wait time), a additional manual input can con rm gaze se-tasks through our design space.

lection, such as keyboard and mouse [24, 26, 27], touchscreenOur work relates to Glanceable AR interfaces introduced
[28, 29], or gesture [30]. This approach has been extended 9y Lu and Davari et al. [3, 8]. We share the focus on tempo-
object selection in 3D environments by introducing gaze andary accessible information, and how our visual attention can
controller techniques [31, 11], a combination of gaze and freerevealconceal temporary information. However, we consider
hand gestures for object manipulation [32] and gaze-enhanceglorld- xed interfaces, which yields dierent challenges than
menu interfaces [33]. In this work, we focus on gaze-only asa personal Ul. The main distinction is our focus on transitions.
a potentially implicit and eortless method. As the technology We investigate the Ul factors of primasgcondary focus, and
moves to the mainstream, we believe it is crucial to gain a holissingle-taskmulti-task factors not separate, but potentially in
tic understanding of design factors in everyday AR. Along thisunison by designing for transitions. Finally, we expand our un-
line, Hirzle et al. recently introduced a design space for gazgerstanding of the occlusion techniques described by Davari et
interaction on head mounted devices, which includes AR [34]al. [8] to address the spatial positioning and translucency of AR
Their work focuses on human depth perception and technicahformation. These were studied in a task resembling our rst
issues, which we extend with a perspective on gaze interactigfrototype application, where our task resides primarily in the

tailored for everyday AR. real world and AR content is to be consumed sparingly and at a
o glance. We designed two other applications where our primary
2.3. Gaze Interaction in AR task gradually takes place further from reality to explore this

Research in immersive virtual environments exploited gazénterplay between occlusion and information access.
as context feature to adapt content in the user interface. Ajanki
et al. included features from objects, the environment, other
people, and gaze as interest metrics to make decisions on h
to organize virtual content in our eld-of-view [7]. Esteves et
al. explored the interaction with AR interface for smart homes
and devices via gaze-based controls [35]. Park et al. used an ad-The ARtention design space involves three dimensions: RV
vanced dwell-time approach based on gaze frequencies to triggontinuum, Information Level, and Task transitions (see Figure
ger AR content [36]. Kim et al. divided an AR object in three 1). In the following we detail these dimensions, and how gaze
areas that are each selectable with dwell-time [10]. McNamaraan be leveraged for not only interaction, but as a mechanism
et al. built a prototype where object labels are placed accordintp transition between these dimensions.

%Y The ARtention Design Space
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Fig. 2. Depending on the application context, the Ul considers the ratio  Fig. 3. Gaze interaction can be considered from two perspective€on-
between reality and virtuality in response to background and foreground ~ Sumptionis about revealing and seeing lightweight information — the sys-
attention. For example, in a real-world conversation the virtual annota-  tem analyses gaze in the background, and can adapt the content. During
tions will reside primarily in the background of the eld of view; while in selectionausers decide to voluntarily select a target normally via dwell.

an educational visualization, the interface will reside primarily at the fore.

3.2. Information Level Transitions

3.1. RV Continuum Transitions This dimension refers to the information content available in

The RV continuum spans all possible compositions betweefevels that users can traverse via gaze interaction. The dimen-
real and virtual objects [6]. Our attention describes whether weion extends the concise vs. detailed factor of a single informa-
are currently focusing on a real-world task, or on virtual con-tion layer, to the possibility to browse multiple layers to pro-
tent. Prior work focused on techniques that prioritize one or thevide users a way to gradually consume more information. The
other [8], but the advantage of gaze interaction is that we cak/l design can depend on various tradesoThis dimension is
easily transition between prioritizing what is real and what issimilarly considered in [3]. Such a feature is, for instance, use-
virtual. There can be applications where transitions occur moré&ul for more open-ended and exploratory applications. In them,
frequently, and others where it is less common. Based on thi@formation can gradually appear to match our increasing inter-
expected frequency of these transitions, and the ratio of timest and curiosity. We distinguish between a default single-layer,
spent in real or virtual, we can inform the design of a gaze-and the multi-layer information approaches.
based AR interface regarding how much it should remain in the
foreground or background of our attention. We describe twa®.2.1. Single-Layer Information

contrasting scenarios as examples for this dimension. This refers to content we can quickly glance at to get in-
formed about an element. Often it is the rst point of a con-
3.1.1. Reality-prioritized tinuum transition to virtual interfaces. In the case we are not

When the virtual Ul should remain mostly in the backgroundinterested, the interface needs to implement methods that avoid
of our attention, it should be designed subtly and with minimalclutter and are easy to ignore (e.g., a simple caption, iconic in-
potential distraction. For example, we could be talking to anformation). The rst layer can also be an indicator, i.e., a visual
other person and occasionally access some information abougdement demonstrating us that there is a virtual interface avail-
particular topic of the conversation (Figure 2-left). Initially, the able — but again should not be distracting if we decide to ignore
Ul should show indications that are so subtle that they do not rét to focus on the real-world.
ally change the user's perspective of its environment. However,
if looking precisely at them, they are easy to grasp and can eve®12.2. Multi-Layer Information
become interactive. When the user's gaze lands on such an indi- This refers to information where we can gain a deeper, more
cation, the corresponding content fully reveals itself and is easgletailed understanding of a topic or element, for which we also
to interpret. In addition, if our gaze has left the interface, thespend more time and ert engaged with. It can start with a
state of the interface can return to the previous indicative statsingle-layer and continuously unfold onto further layers. Inter-

to minimize the potential for distraction. faces can be designed toer two ways to access multi-layered
information. First, directly providing a lot of information at
3.1.2. Virtuality-prioritized once, for example, if it is important to access an overview or

On the other hand, other types of content do not necessari§jetailed information straight away. Second, via concise content
have to fade away when we avert our gaze; on the contrary, that can be provided over time so as to not overload or clut-
might be important to keep history of what has been viewed séer the real-world view, in parallel to allowing us to adapt to
we are aware of our process, and also can visually compare di continuous progression of information. Such progression can
ferent information. Figure 2-right illustrates an example wherede adapted in response to our increased visual attention on the
such a visualization is overlaying the real environment if necestinfolding element based on our dwell times.
sary for the virtual task. In other scenarios this AR content can
respond to not only gaze, but to the relation between the user$.2.3. Transition
body and the world or task such as looking at a building or item To transition from initial information to gradually more de-
from a di erent perspective, or the manipulation of a physicaltail, the interface should take our visual attention into account
artifact (see Figure 4). in the process of presenting multiple layers of information. This
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Fig. 4. Our three applications in the context of RV continuum transitions, highlighting the interplay of interactions taking place in reality and in AR. The
Conversational Ul illustrates an application where the main task takes places in the real-world, and we rely on AR information sporadically and for short
amounts of time. The Tree of Life illustrates the opposite scenario, where we primarily attend to AR content and sporadically take action in the real-world
(e.g., re-positioning us in space for a dierent perspective on this content). Finally, the Shopping application illustrates a more leveled approach, where we
can spend as much time attending to the real-world (e.g., navigating the supermarket) as to AR information (e.g., browsing item information).

can be designed by temporal and spatial multiplexing of the Ul
items in relation to gaze data. A temporal-only approach adapts
the content of an element after an estimated time of consump-
tion of the information provided to us. Thus, the new informa-
tion resides in the same spatial element, and can replace prior
information. To avoid replacement, the information can be pro-
vided spatially oset. To establish a sense of connection be-
tween information layers, the position of the new content win-
dow can be in the vicinity of the previous one; allowing us to
immediately understand and glance over to the next item.

3.3. Task Transitions

Gaze interfaces can be designed in consideration of two fun-
damental tasks in AR interaction: information consumption and
Ul selections. Both tasks are illustrated in Figure 3. We descnbgig 5. A diagram showing how our applications map to the two design di-
each, and the transitions between them. mensions (information level and task). All of the applications have slightly
di erentinformation consumption properties, but a particular unique case
is the Shopping example, as it supports both tasks in the same interface for
3.3.1. Information Consumption which we investigate the eect of di erent dwell timings. At the Informa-

] ) tion layer level, all applications starts with a basic layer; with the Con-
Here we call "Information consumption” as all the casesversational Ul investigating three layers that respond to user glances. The

where one reads or engages with a picture in the contextual iffree of Life demonstrates many layers and objects that gradually appear
formation displayed over an object in the AR interface. Manybased on what one_has seen before, and provides an interesting take on a
. . storytelling-based visualization.

use cases have been studied where such a task is common, e.g.,
in a library environment [40, 41, 42], at the computer desk [18],
or at a university campus [43]. A derence to a more formal se- 3.3.2. Selection
lection task, is that dwelling on an object is not consequential in  The most prominent selection method via gaze is the dwell-
that it triggers an action. Rather, when the user looks at the Utime mechanism, i.e. gazing at an object over a speci ¢ amount
it can expand to take more screen estate to convey more infopf time [24]. This is a dierent but important task to com-
mation, but return to original state when the user stops lookingmand the Ul. As such, tasks are more consequential, changing

Such a gaze-based revealing mechanism can be implementtigeir internal states. Duration of dwell depends on a sfeget
using various timings to improve the look & feel of the task. It trade-o . Timings for target selection can be considered from
includes: (1) the wait times required to acknowledge our attenprior art, such as from Park et al. [44]. The literature on dwell
tion and reduce information overload and the ickering of ele-times includes thresholds from 150 ms to 1500 ms [24, 45, 46,
ments when the eyes scan the Ul; (2) the fade-in and fade-odf7, 48, 49].
times that support a better transition between shothidgng
elements and error recovery; and (3) stay time — the time ag.3.3. Transition
element will remain visible after we looks away, supporting in-  Both tasks can be intertwined when it is possible to estimate
formation retrieval and peripheral awareness. the time to have looked "enough” at some information to trig-
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ger a transition to another. This includes time to read and unactual participant (wearing the AR HMD) and the two others
derstand information on an element, and time to dwell-select anonfederates. Since users sat in xed locations, we displayed
item without triggering accidental responses. The Ul can relythe augmented information at absolute positions in the vicin-
on spatial mechanisms by positioning Ul elements separate fity of the confederates' heads. The task was to imagine a rst
selection buttons. This can depend on the functionality neededay at university and getting to know new colleagues. The study
to cover the content. Simple descriptions of an object might noended with a usability questionnaire and interviews where we
need selection functionality, whereas a more advanced interfa@esked participants to re ect on the conversational experience.
can o er additional selection elements. For example, to share 12 participants (6F) aged between 21 and 30 yddrs 5,

the position and text shown to one of your contacts; or everSD= 2.99) took part in the study, mostly STEM students. Using
fully- edged applications to provide users with detailed menusa 3-point Likert scale (higher is better), users were asked to rate
and visualizations that one can interact with via explicit gazetheir experience with VRN = 2.2,SD= 0.7), mobile AR M =
input. 2.2,SD=0.7), head-mounted ARV = 1.7,SD= 0.9), and eye-
tracking M = 2.2, SD = 0.8). Three participants wore contact
lenses and two conducted the study without their glasses, with

4. Prototype Applications slightly impaired vision. Figure 7 depicts the study setup.

We built three applications, illustrating how the ARtention 412 Results

design space can be leveraged to conceptualize and design aU E ienceour ob i i . dint
wide range of gaze-based AR experiences. Figure 4 illustrates Ser EXperiencebur observations, questionnaireé and inter-

how the three applications can be thought of in the context o lew reveal that participants welcomed the idea of having gaze-

RV continuum transitions; while Figure 5 provides an overviewrevea“ng information during real-world conversations. We cat-

of how these applications map to the other two design dimenggorize our insights as follows: participants described the Ul as

sions (information level and task transitions). We describe thg;eful as it allows them to better remember information, espe-

design of these applications in the context of ARtention, and ins:IaIIy when one has to remember names of people (P4, P8, P9)

formal evaluations that focus on the user experience and desiﬁ‘; I vlvas nice tto Ssg m_:‘_ormanon ?bput iclrk?ec:jne 'before the)é
parameters relevant to our design space. A screenshot of eat k:nse vefslsayll .( ): o one Ipar;upan rlls e&gn sc:,-eme
application is provided: Conversational Ul (Figure 6), Tree of 0 D€ UselLl only In Speci ¢ applications such as when train-
Life (Figure 8), and Shopping (Figure 9). All applications wereng or teaching, rather than during everyday conversations (P5).

developed using a 1st generation Microsoft HoloLens (1268 Few p:rtllc[pantts felt t.h?t frorP a TQ‘OC'jl perspectlve,_ 'tuca’? be
720 px per eye, 60 Hz, 30° horizontal and 17.5° vertical FoV)OVerW elming to see information in advance, especially given

with a binocular attachment from Pupil Labs to record eye datéhey are unfamiliar with these types of interfaces. Participants

(200 Hz, 9-point calibration, 4.5 ms latency). The software wa%'vho ;Tﬁred S|m|Iar|;t_|es SbUCh as hObb'eS o:jsame coutrs:;oi\lstudy
written in C# using the Unity Game Engine. ound the conversation became easier and more natural)(

ScenariosMost participants suggested this type of system
to be helpful for meeting new people (P2, P3, P4, P9) and well
suited for a job interview (P3, P6, P9, P11), as they could gather

Continuum Transitionsthis application illustrates an exam- jnformation about the background of the interviewer and thus
ple of an AR system for tasks taking place primarily in the real-he "more con dent and open in the interview” (P3). Additional
world (i.e., a conversation), where users rely on AR informationnformation would also be conceivable at events such as a con-
sporadically and for short amounts of time (Figure 6) [50]. ference or meeting where many people come together, and use-

Information Level and Task Transitianthe application af- ) for people "with poor memory or even with dementia” (P7).
fords no time consuming Ul selections (and thus no task tran- Transitions.Overall we found that users preferred the gaze
sitions), and has soletyree information leveldn the rst,n0  pased transition concept due to this being less distracting (P1,
AR content is present when the user is not attending to the corp3 p7, pg, P11), in comparison to showing all AR information
versation partner (0% opacity). In the second, a small outlinggonstantly (one of the study conditions). The reasons for this in-
of the AR information is shown when the user's gaze is on the;|yde that information overload can occur during these types of
person shihe is talking to (5% opacity), allowing them to un- conversational scenarios, and a more selective approach using
derstand the location of the relevant AR content, while remaingaZe can mitigate the issue. Yet, several participants preferred
ing minimally invasive if they choose to ignore it. In the third, o see all AR information at all times. This was in part due to
AR information is provided when gazed-upon (100% opacity)iechnical limitations with our system which resulted in inaccu-

— this includes the person’ name (top), current projects they argyte gaze tracking and erroneous system behavior. This addi-
working on (left), and their job description (right). The transi- tional gaze pointing eort made it “harder to concentrate on the
tion between these information levels is performed via smoothgnversation” (P1). One user stated that "having to select a text
fade in (0.5s) and fade out (0.8s) animations. box by looking at it required more attention” (P10).

4.1. Application #1: Conversational Ul

4.1.1. Evaluation 4.2. Application #2: Tree of Life

We evaluate users' experience of revealing and consum- The Tree of Life is a large 3D visualization that supports in-
ing virtual information during a real-world conversation. We situ exploration of complex 3D visualizations which can bene-
scripted a conversation of three people of which one was the& from AR technology [51, 52, 53]. It is based on the concept
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