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Figure 1: We present a novel method that is capable of analyzing and identifying interaction cues that lack critical information,
including: A) who should complete the action (subject-incomplete), B) what action should be taken (predicator-incomplete), C)
which object should be acted upon (object-incomplete), and D) how an action should be completed (modifier-incomplete) cues.

ABSTRACT

Augmented reality (AR) and virtual reality (VR) applications com-
monly employ interaction cues that denote to the user what inter-
action to take. In this paper, we present a Method for Analyz-
ing the Grammar of Incomplete Cues (MAGIC), which provides
an approach for evaluating the design of interaction cues based on
the completeness or incompleteness of the functional grammar that
they convey through perceptual stimuli. To demonstrate the im-
portance of complete cues, we also present a user study investi-
gating the effects of complete and incomplete cues on which in-
teractions participants choose. The results indicate that incomplete
cues do not afford sufficient information, so users make assump-
tions about the intended interactions. Furthermore, the results indi-
cate that users are more likely to choose intended interactions when
the cues are complete. Hence, we present MAGIC as a potentially
useful tool for helping interaction designers avoid usability issues
with incomplete interaction cues.

Index Terms: Interaction cues, analytical evaluation, AR, VR.

1 INTRODUCTION

Interaction cues are crucial for providing guidance to users on what
action to take next, particularly for virtual reality (VR) [20] and
augmented reality (AR) [12] applications. They are often used in
VR tutorials to explain how to interact with the system [22] or in
VR training systems to guide trainees through the steps of a proce-
dure [32] or how to practice psychomotor skills [6]. Similarly, in-
teraction cues are frequently used in AR applications to show users
how to physically execute real-world tasks [44] or how to navigate
real-world environments [3].

Numerous empirical studies have been conducted to investigate
and compare various interaction cues. Several studies have investi-
gated interaction cues that guide the user’s view to an object outside
of their field of view (FOV) [7, 16, 41]. Multiple studies have also
investigated guiding the user’s attention to an object within their
FOV [27, 45]. A few studies have compared interaction cues for
tasks requiring the user to manipulate objects [24, 33]. Some stud-
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ies have even investigated the presentation of multiple cues for mul-
tiple interactions in the near future, which is known as “precueing”
[28, 29, 47]. Generally, empirical studies of interaction cues take
extensive time and effort to design and conduct.

Outside of conducting empirical studies, researchers currently
lack a method for assessing the pros and cons of different inter-
action cue designs. A number of taxonomies or frameworks have
been presented for classifying interaction cues based on their vi-
sual qualities [12, 14] or other attributes [42, 48, 34]. In addition
to classifying interaction cues, these frameworks can be used as de-
sign spaces for creating new interaction cues. However, they are
not generally capable of analyzing the potential effectiveness of a
cue design based on the information it conveys (or fails to convey).

In this paper, we present the Method for Analyzing the Gram-
mar of Incomplete Cues (MAGIC). Unlike the prior frameworks,
MAGIC is specifically intended to be used as an analytical evalua-
tion method for understanding interaction cue designs and generat-
ing hypotheses for empirical testing, in addition to serving as a clas-
sification and design tool. MAGIC can help researchers and devel-
opers analyze important functional differences between interaction
cue designs to avoid lacking important information for completing
their intended interactions. Furthermore, MAGIC can help form
hypotheses for empirical evaluations of cue designs in advance.

MAGIC relies on the concept of functional grammar roles
[46, 17]. It involves defining a text that represents the intended
user interaction, identifying the functional grammar roles of that
text, mapping any relevant sensory stimuli provided by the inter-
action cue to those roles, and then assessing which roles are not
sufficiently conveyed (i.e., incomplete). MAGIC is capable of cat-
egorizing four types of incomplete cues based on four functional
grammar roles: A) subject-incomplete, B) predicator-incomplete,
C) object-incomplete, and D) modifier-incomplete cues.

After presenting the details of the MAGIC method, we then
present an empirical evaluation of incomplete and complete cues
to validate the theoretical implications identified through MAGIC.
We conducted 40 participants (20 females, 20 males) through an
evaluation of the different types of incomplete and complete inter-
action cues. The results of this study clearly indicate that incom-
plete interaction cues can have unintended consequences, as users
attempt to determine what action to take, given incomplete infor-
mation. Furthermore, the results indicate that users choose the in-
tended interaction significantly more often when the presented cue
is grammatically complete. Altogether, these results provide evi-
dence that MAGIC can be a useful tool for interaction designers by
highlighting potential usability issues with incomplete cues.



2 RELATED WORK

There is substantial prior work that is pertinent to the concept of
interaction cues, including perceived affordances [36, 23], feedfor-
ward [5, 34], and multimodal communication [4, 15]. As mentioned
above, numerous empirical evaluations have been performed that
compare a multitude of different interaction cues for a wide range
of different tasks and contexts (e.g., [7, 16, 41, 27, 45, 24, 33, 28,
29, 47]). However, the magnitude of prior studies is beyond the
scope of this paper, to which we recommend reading a recent sys-
tematic review of some interaction cues [40]. Instead, we focus on
the prior taxonomies and frameworks that have been developed to
classify interaction cues, which are most pertinent to MAGIC.

Dillman et al. [12] presented one of the first frameworks for clas-
sifying interaction cues. They developed their framework through
the review and analysis of numerous contemporary video games.
Their framework consists of three dimensions: purpose, marked-
ness, and trigger. They define the purpose of a cue as the interac-
tion being conveyed by the cue. They defined the markedness of a
cue as how much it stands out in the scene. Finally, they defined
the trigger of a cue as what causes the cue to appear.

Gattullo et al. [14] presented a taxonomy for classifying visual
assets commonly used in industrial AR applications. Their taxon-
omy is based on the results of a systematic review of the literature.
It includes three dimensions or questions: what, how, and why. For
their what dimension, Gattullo et al. [14] identified eight types of
visual assets, such as text, signs, and product models. For their how
dimension, they described the frame of reference, color coding, and
animation qualities of the visual assets. Finally, they classified their
why dimension into four categories of uses: locating, operating,
checking, or warning.

Rothe et al. [42] proposed a taxonomy for attention guidance
in cinematic VR experiences, in which the user views 360° content
and videos. They defined seven dimensions for attention guiding
techniques based on their review of the literature: diegesis, senses,
target, reference, directness, awareness, and freedom. While their
taxonomy is mainly focused on simply viewing 360° content, some
of their classification dimensions are very applicable to other types
of VR or AR applications.

Wauertz et al. [48] presented a framework for designing aware-
ness cues for distributed multiplayer games. They identified four
types of information provided by awareness cues, including who,
what, where, and how. In addition to identifying the types of in-
formation provided, they also discussed how that information is
encoded into the cue, including its modalities (e.g., visual or au-
ditory), consistency (i.e., whether it changes), and representation
(i.e., information visualization). They also describe the composi-
tion of cues, including their accessor (i.e., how the player accesses
the cue), diegesis (i.e., how the cue relates to the world), interdepen-
dence (i.e., the relationships between cues), and attachment (i.e.,
placement).

Most recently, Muresan et al. [34] have presented a feedforward
framework for VR, which essentially encompasses interaction cues.
Their framework is focused on three stages of presenting each cue,
including triggering, previewing, and exiting. For triggering, their
framework addresses the location of trigger relative to the action
and outcome, the conditions and mechanisms that trigger previews,
and optional signifiers. For previewing, their framework addresses
playback, level of detail, perspective, rendering, targets, duplica-
tion, and representation. Finally, for exiting, their framework fo-
cuses on how the cue is untriggered and its exit transition.

While the above frameworks are useful for differentiating, classi-
fying, and designing interaction cues, they do not afford the ability
to analytically evaluate interaction cues in order to identify potential
usability issues. On the other hand, our new method—MAGIC—
can assist interaction designers by highlighting potential usability
issues with incomplete interaction cues.
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3 THE MAGIC METHOD

As mentioned above, our method for analyzing incomplete cues
was inspired by the concept of functional grammar [46]. More
specifically, it involves identifying the functional grammar roles of
an intended user interaction and mapping any relevant perceptual
stimuli to those roles. First, we define a text that describes the in-
tended user interaction. Next, we identify the functional grammar
roles of that text. We then consider the perceptual stimuli afforded
by an interaction cue and identify how the stimuli map to the func-
tional grammar roles using the shared interaction state. Finally, we
assess which functional grammar roles of the intended interaction
are not addressed by the interaction cue’s perceptual stimuli to de-
termine whether, and if applicable, how the cue is incomplete.

Figure 2: After picking up the white bowl, a semitransparent green
“ghost” bowl! appears to an AR user to indicate where to place the
physical bowl on the table.

3.1

To demonstrate our method, consider the AR-based interaction cue
depicted in Figure 2. First, we must define a text that describes the
intended user interaction of the cue. Because interaction cues are
essentially commands from the interactive system, we use imper-
ative sentences to define our texts. For this example, we use the
following imperative sentence to describe the intended interaction:

M

It is important to note that MAGIC is robust enough to handle
nearly any variation of this text, as long as the variation is func-
tionally equivalent in terms of what the user should do to complete
the intended interaction. In fact, the text does not even need to be
an imperative sentence. To demonstrate this robustness, we will
also consider the following alternative text describing the intended
interaction portrayed in Figure 2:

Define the Intended Interaction

(You) Place the bowl on the table.

(@)

T he user moves the dish in front of the end chair.

3.2 Identify Functional Grammar Roles

Next, we need to identify the functional grammar roles of the text
representing the intended interaction. Traditional types of func-
tional roles in grammar include subjects, predicators, objects, com-
plements, and adjuncts, which are often represented by the SPOCA
acronym [46]. Due to the structural ambiguities of complements
and adjuncts [19], we have adopted the modifier functional role in-
stead of the complement and adjunct roles [10]. Hence, the SPOM
acronym represents the functional grammar roles that we use to an-
alyze the texts representing intended interactions:

* A subject (S) is a noun phrase that indicates an actor (i.e.,
the person or thing performing an action) [21]. In (1), (You)
is the subject. In our alternative text in (2), The user is the
subject. In both, the user meant to perform the interaction is
the subject.



* A predicator (P) is a verb phrase indicating the action being
performed by the subject [46]. In (1), Place is the predica-
tor, whereas in (2), moves is the predicator. While the verbs
place and move can have different meanings, the two verbs
are functionally equivalent for this interaction.

An object (0) is a noun phrase that indicates the entity that
the subject acts upon [21]. In (1), the bowl is the object. On
the other hand, in (2), the dish is the object. Again, while
the nouns bowl and dish can refer to different objects, the two
are equivalent for this interaction, with both referring to the
physical white bowl.

A modifier (M) is any word or phrase that affects the meaning
of a sentence [25]. Modifiers can take the form of adjectives,
adverbs, or prepositional phrases [37]. Hence, they can af-
fect subjects, predicators, or objects. In (1), on the table is
a prepositional phrase modifier. Similarly, in (2), in front of
the end chair is also a prepositional phrase modifier. In both
cases, the prepositional phrases are modifying their respective
predicators by providing more information on how the action
is to be performed, specifically how the predicator affects the
object. For this interaction, the modifiers indicate where the
bowl should be positioned.

Given these grammar roles, we can now label them in (1):

(You) Place the bowl on the table.

3
N 01 M ©)

Note that in addition to labeling the roles, we also use subscripts
to number the roles, in order of their appearance. We do this so
that our method can handle complex intended user interactions that
are best represented by texts with multiple modifiers and sometimes
even predicators in the case of simultaneous interactions. Similarly,
we can label the roles of the text presented in (2). However, for
clarity, we use different subscripts to distinguish the two texts:

The user moves the dish in front of the end chair.
Sz P2 02 M2

“

3.3 Map Perceptual Stimuli and Shared Interaction State

For our next step, we first consider all the perceptual stimuli af-
forded by the interaction cue. As seen in Figure 2, the interaction
cue is a semitransparent green bowl that is displayed on the table, in
front of the end chair. We need to map this perceptual information
to the interaction text and identified functional grammar roles. To
do so, we must first consider the shared interaction state.

The shared interaction state is a set of information available
to both the user and the system about what led to the interaction
cue and intended interaction. It includes information about recent
interactions, their objects, and their modifiers. It also includes what
inputs the user has recently provided to the system (e.g., button
presses and gestures) and what outputs the system has provided in
return (e.g., feedback and prior interaction cues). For the current
example depicted in Figure 2, the shared interaction state includes
the recent action of the user picking up the physical white bowl and
the semitransparent green “ghost” bowl appearing afterwards.

Now let’s map the perceptual stimuli to the functional grammar
roles in (3). Considering the perceptual similarities of the two bowls
and the shared interaction state that the “ghost” bowl appeared af-
ter the user picked up the physical bowl, we can reasonably map the
semitransparent green bowl to the white bowl, which is the object
0. Given the virtual bowl mapped to the physical bowl and consid-
ering that the user just moved the white bowl to pick it up, we can
reasonably map the placement of the green bowl to indicate that the
user should also move the white bowl to the cue (i.e., the predica-
tor Pp). Furthermore, we can reasonably map the positioning of the
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green bowl to indicate how the white bowl should be placed on the
table, which is the modifier M;. Finally, because the cue appeared
in response to the user picking up the physical bowl, we can reason
that the cue is intended for the user (i.e., the subject S7). The same
deductions apply for mapping the semitransparent green bowl cue
to the functional grammar roles in (4).

To track the mappings of perceptual stimuli and interaction state
information to functional grammar roles, we employ notations like:

(You) Place the bowl on the table.
St P 0, M,

S1 — The user picked up the white bowl.

Py — The positions of the white and green bowls are different.
01 — The semitransparent green bowl appeared.

M\ — The position of the green bowl on the table.

(6)

Now, let’s consider an alternative interaction cue: a green arrow
pointing down in place of the previous green bowl. Due to the lack
of perceptual similarities between the white bowl and green arrow,
we can no longer reasonably map the cue to the object O;. While
some users are likely to connect the appearance of the green arrow
to picking up the white bowl, many users may not make that con-
nection due to the perceptual dissimilarities. In turn, we can no
longer map the placement of the green arrow to indicate that the
white bowl should be placed on the table (i.e., the predicator P;).
For example, the system might have displayed the arrow to convey
that the user should simply look at the position on the table, not
involving any action with the white bowl at all. Alternatively, the
system might have displayed the downward arrow to convey that the
user should place the bowl upside down on the table. We believe
more users are likely to infer that the downward arrow is conveying
for the bowl to be placed down on the table, as opposed to the bowl
being placed downwards on the table. Hence, the alternative green
arrow cue would be perceptually ambiguous with regards to how
the bowl should be placed (i.e., the modifier M ):

(You) Place the bowl on the table.
M Py 0, M,

S1 — The user picked up the white bowl.
Py — Ambiguous.
01 — Ambiguous.
M| — Ambiguous.

©

It is also important to note how critical the shared interaction
state is to this mapping process. Reconsider the green bowl cue de-
picted in Figure 2. Now, consider an interaction scenario in which
the system expects the user to pick up the white bowl and preemp-
tively displays the semitransparent green bowl. First, it is no longer
clear that the user is the intended subject S| because the system
displayed the cue without any interactions or input from the user.
Second, we can no longer reasonably map the green virtual bowl
to the white physical bowl (i.e., the object O1). The system may
actually be indicating that the user should find and place a physical
green bowl at the indicated position. As such, we can no longer map
the cue to the predicator P; of just placing a bowl, as it would also
imply searching for the bowl. Given the lack of shared interaction
state, the only reasonable perceptual stimuli to map is the position
of the green bowl to how a bowl should be placed on the table:

(You) Place the bowl on the table.
St P 0, M,
S1 — Ambiguous.
Py — Ambiguous.

01 — Ambiguous.
My — The position of the green bowl on the table.

O]




3.4 Assess Incomplete Properties

After mapping the perceptual stimuli and shared interaction state,
we assess which functional grammar roles of the intended interac-
tion were not sufficiently addressed. For example, in (5), we can
see that all of the grammar roles were addressed by the semitrans-
parent green bowl cue depicted in Figure 2. On the other hand, in
(6), we note that only the subject is addressed by the alternative
green arrow pointing down. Similarly, in (7), we find that only the
modifier is sufficiently addressed due to the lack of shared interac-
tion state information. From these examples, it becomes obvious
that MAGIC inherently categorizes four types of incomplete cues,
one for each functional grammar role.

3.4.1 Subject Incomplete

A subject-incomplete cue is any interaction cue that does not ex-
plicitly convey the subject (i.e., the user) for the intended interac-
tion. In single-user applications, the user inherently serves as the
subject for any given interaction cue. Hence, subject-incomplete
cues are not problematic for such single-user experiences. How-
ever, in multi-user applications, whether co-located or remote [8],
interaction cues displayed to multiple users can be problematic.
If only one user is intended to execute the interaction, a subject-
incomplete interaction cue displayed to multiple users could result
in the wrong user executing the action. On the other hand, if anyone
can execute the interaction, users may hesitate to act upon the in-
tended action due to uncertainty about who the subject-incomplete
cue is intended for. While most multi-user applications can likely
show an interaction cue to only the intended user, it is important to
note that team-based VR training or AR guidance applications may
need to show such cues to everyone to promote teamwork [31].

3.4.2 Predicator Incomplete

A predicator-incomplete cue is any interaction cue that does not
sufficiently convey the predicator (i.e., the action) for the intended
interaction. Users may deduce what the intended interaction of a
predicator-incomplete cue is in some cases. This is evident in our
example above with the green arrow pointing down, which could
signal to the user that the action is to place the bowl. However, it is
not guaranteed that every user will be able to make such a deduc-
tion, which could result in the user simply looking at the position
on the table. When interaction cues are ambiguous, this can result
in critical incidents [18], in which the user does not know how to
progress within the application.

3.4.3 Object Incomplete

An object-incomplete cue is any interaction cue that does not
explicitly convey the object of the intended interaction. Object-
incomplete cues are most often the result of an application relying
on verbal or textual instructions to convey intended interactions to
users [14], which can make the object of the interaction ambiguous
(e.g., “Grab the screw” when multiple screws are present).

3.4.4 Modifier Incomplete

A modifier-incomplete cue is any interaction cue that does not ex-
plicitly convey any additional information required for the intended
interaction. For the interaction conveyed in Figure 2, information
about where to place the bowl is necessary to successfully complete
the interaction. Imagine if the virtual bowl cue was replaced with a
text prompting the user to “Place the bowl.” While some users may
use shared interaction state information (e.g., holding the physical
bowl while facing the table) or prior experiences (e.g., bowls are
often placed on tables) to infer that the physical bowl should be
placed on the table, it is unlikely that many users would know to
place the bowl in front of the end chair. Hence, depending on the
required accuracy of the intended interaction (e.g., exactly where
the virtual bowl is shown in Figure 2 compared to anywhere on the
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table), modifier-incomplete cues can be problematic for users and
cause critical incidents.

3.45 Complete

A complete cue is any interaction cue that conveys all the infor-
mation required for the intended interaction. Hence, we consider
any interaction cue that is not subject incomplete, predicator incom-
plete, object incomplete, or modifier incomplete to be a complete
interaction cue. However, it is important to note that our definition
of a complete cue regards all the necessary information required.
Hence, subject-incomplete cues that are complete in all other re-
gards would be considered complete for single-user experiences,
but not multi-user experiences. Similarly, it is important to note that
not all intended user interactions involve objects and/or modifiers.
For example, travel tasks often require modifiers (e.g., a direction
or a location [26]) but often do not involve objects. In contrast,
selection tasks always involve one or more objects [2] but rarely
require modifiers.

4 ANALYZING PREEXISTING CUES WITH MAGIC

In this section, we provide an example of using MAGIC to an-
alyze the completeness of interaction cues empirically compared
within the literature. First, consider the Image and SWAVE (Spheri-
cal Wave) interaction cues investigated by Renner and Pfeiffer [41]
and the intended interaction depicted in Figure 3. In their research,
Renner and Pfeiffer [41] found that the SWAVE cue afforded signif-
icantly faster completion times and less head movement than Image
cues. Hence, they determined that SWAVE is a significantly better
interaction cue than Image cues.

Figure 3: Recreations of interaction cues investigated in [41]: A) an
Image cue indicates what object to pick, and B) a SWAVE cue indi-
cates what object to pick and its direction through concentric circles.

Using MAGIC, we can see that the Image cue is predicator and
modifier incomplete when presented to the user:

(You) Pick the cof fee maker on the right.
N 0, M,

®

81 — The image is presented in the user’s field of view.
Py — Ambiguous.

01 — The image of the coffee maker.

M| — Ambiguous.

On the other hand, by using MAGIC, we can see that the SWAVE
cue is only predicator incomplete.:

(You) Pick the cof fee maker on the right.
St A 0, M,

(©))

S1 — SWAVE is presented in the user’s field of view..
P, — None.

O — The circled coffee maker.

My — The direction of the concentric circles.



By using MAGIC, we were able to analytically deduce the same
conclusion that Renner and Pfeiffer [41] empirically found indicat-
ing that the SWAVE interaction cue is better than the Image cue.
Furthermore, our MAGIC analysis provides a theoretical founda-
tion as to why. More specifically, it indicates that SWAVE conveys
the direction of the object (i.e., the modifier of the intended interac-
tion) while the Image cue does not (i.e., it is modifier incomplete).
This example demonstrates the potential usefulness of MAGIC as
an analytical tool for interaction designers.

5 USER STUDY OF INCOMPLETE AND COMPLETE CUES

We now present an empirical evaluation of MAGIC’s natural cat-
egories to investigate their theoretical implications and to further
demonstrate the usefulness and validity of employing MAGIC. We
were specifically interested in the following research questions:

Q1 How do wusers respond when presented with subject-
incomplete cues in the presence of multiple avatars?

Q2 How do users respond when presented with predicator-
incomplete cues that clearly indicate objects to act upon but
not what action to take?

Q3 How do users respond when presented with object-incomplete
cues that clearly indicate an action to take but not what object
to act upon?

Q4 How do users respond when presented with modifier-
incomplete cues that clearly indicate an action to take upon
an object but not in what manner?

QS How do users respond when presented with complete cues that
clearly indicate an action to take upon an object and how?

The following study was approved by the University of Central
Florida’s Institutional Review Board (IRB).

5.1 Empirical Online Method

Interaction cues convey intended actions to users via perceptual
stimuli and therefore should primarily affect perception and cog-
nition but not motor actions [9]. Hence, we designed an experiment
that primarily involved perception and cognition but not motor ac-
tions to avoid potential confounds due to motor skill differences
among our participants. We developed an experimental method
for evaluating interaction cues that consists of presenting a cue to
the participant in the form of a video and then presenting multi-
ple videos of potential interactions for the participant to choose
from (see Figure 4). This allowed us to investigate the perceptual
and cognitive effects of the different interaction cues without con-
founding the motor capabilities of our participants. Furthermore, it
enabled us to conduct our study online, beyond our own university,
to make our research more inclusive and accessible [43]. Hence,
we chose to use the Prolific platform, which has a more-reliable
pool of participants than Amazon’s Mechanical Turk [39] and has
important features like balancing male and female participants [38].

5.2 Experimental Design

With our evaluation method established, we needed to deter-
mine the experimental design for each of our cue categories.
We developed a total of 60 trials with 12 trials per category
of cue (i.e., subject-incomplete, predicator-incomplete, object-
incomplete, modifier-incomplete, and complete cues). We discuss
the details of these trials for each category below.

5.2.1 Subject-Incomplete Trials

Each of our subject-incomplete trials involved the presentation of
a cue within a multi-user scenario, and participants were required
to choose one of four possible reactions: 1) User—Executing the
intended interaction as the user, 2) Male—Allowing a male virtual
agent to execute the interaction, 3) Femalel—Allowing a female
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Interaction Cue

Interaction Responses

Figure 4: Our empirical online method involved presenting a cue to
the participant in the form of a video and then presenting multiple
videos of potential interactions for the participant to choose from.

virtual agent to execute it, or 4) Female2—Allowing a second fe-
male virtual agent to execute the interaction. In order to make the
cues subject-incomplete, we continuously rotated each cue over the
interaction’s target object such that it faced each of the four users
for approximately the same stimulus duration (see Figure 5). Note
that the male was not as prominent in every subject-incomplete tri-
als (see Figure 1A). In addition to these reaction types, we decided
to investigate three cue types based on the visual assets taxonomy
of Gattullo et al. [2022]: 1) Text, 2) Icon, and 3) Video.

Figure 5: Our subject-incomplete cues were continuously rotated to
face each person in our multi-user scenarios.

5.2.2 Predicator-Incomplete Trials

Each of our predicator-incomplete trials involved the presentation
of a cue clearly indicating an object to act upon with no information
about what action to take (see Figure 1B). Again, the participants



were required to choose one of four possible reactions: 1) View—
Looking directly at the object, 2) Grab—Reaching out and grasping
the object, 3) Move—Reaching out and moving the object, and 4)
Use—Interacting with the object based on its purpose (e.g., turning
on a lamp). We again investigated three types of visual cues: 1)
Lighting the object, 2) an Outline shader effect on the object, and
3) an Arrow pointing at the object. We chose these cues as we
considered them to be inherently predicator incomplete.

5.2.3 Object-Incomplete Trials

Each of our object-incomplete trials involved the presentation of
a cue indicating an action, such as “Pick it up.” (see Figure 4).
However, we carefully positioned each cue ambiguously above four
potential objects with respect to the user’s view: 1) FarLeft, 2) Left,
3) Right, and 4) FarRight. Again, we investigated three types of
visual cues: 1) Text, 2) Icon, and 3) Video.

5.2.4 Modifier-Incomplete Trials

Each of our modifier-incomplete trials involved the presentation of
a cue clearly indicating an object and the action to perform upon it.
However, these cues lacked information about how or to what ex-
tent to perform the action, such as what direction to move an object
or how bright to turn on a lamp (see Figure 6). For each modifier-
incomplete cue, we created four possible reactions for participants
to choose from based on the nature of the intended interaction. For
our move-oriented cues, participants chose from moving an object
backward, forward, left, or right. For our use-oriented cues, partici-
pants chose from four increasing degrees of use, such as how bright
to turn on a light or how far to open a book to. Again, we investi-
gated three types of visual cues: 1) Text, 2) Icon, and 3) Video.

Figure 6: Our modifier-incomplete trials involved choosing different
versions of the same action, such as setting the brightness of a lamp
to: A) 50%, B) 75%, C) 125%, and D) 150%.

5.2.5 Complete Trials

Each of our complete trials involved the presentation of a cue indi-
cating the subject (for multi-user scenarios), the action to perform,
which object to act upon, and any action modifiers. Each of these
trials were created by modifying one of the previous incomplete
trials to be complete. We took this approach to avoid making our
complete trials noticeably different from our incomplete trials, as
we did not want participants to mentally distinguish between com-
plete and incomplete trials when responding.

For completing the subject-incomplete trials, we no longer con-
tinuously rotated the cue over the target object to face everyone for
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approximately the same duration, but instead oriented the cue to
face one of the non-user avatars (i.e., the intended subject for the
interaction). For completing the predicator-incomplete trials, we
added an additional 7ext cue directly above the preexisting Lighting,
Outline, or Arrow cue. For example, we completed the predicator-
incomplete cue shown in Figure 1B with a “Look at it.” text prompt
positioned immediately above the lighted book. For completing the
object-incomplete trials, we used a variety of methods. For the Text
cue, we changed the text from “Turn it on.” to “Turn on computer.”
For the Icon cue, we positioned the icon directly above the water
bottle. For the Video cue, we switched from showing a user picking
up an object not present to picking up a coffee cup that was one of
the four choices. Finally, for completing the modifier-incomplete
trials, we used a similar variety of methods. We modified the Text
cue to “Open the book cover.” We modified the Icon cue to indicate
what direction to move the object, and we modified the Video cue
to show what brightness the lamp was turned on to.

For each complete trial, participants were presented with the
same four options as the original incomplete trial. However, for
analyses, we coded the intended reaction as the Correct option and
the other three possible reactions as Incorrect options. This also
enabled us to compare the frequency that the same option was se-
lected when it was the only correct option for a complete trial to
when it was one of four possible reactions for an incomplete trial.

5.3 Procedure

Once recruited through the Prolific platform, participants verified
their eligibility to participate, provided their informed consent, and
answered demographic questions. Participants were then presented
the 60 trials in random order. We did this to avoid participants re-
alizing the different categories of cues, which could influence their
decision making. Additionally, the responses for each trial were
randomly presented to avoid potential ordering effects. Participants
took approximately 17 minutes on average to complete the online
study and were compensated $5 USD via Prolific.

5.4 Participants

A total of 40 participants (20 females, 20 males) took part in this
study. The average age of all participants was 38.3 (SD = 15.2).
Average age was 39.8 for females and 36.8 for males. All partici-
pants were fluent in English and had no disabilities.

Participants took an average of 11.4 seconds to respond to each
trial, which consisted of five videos (one for the cue and one for
each of the four choices). For the complete trials, all of our par-
ticipants correctly answered a number of trials greater than chance
(25%), with an overall accuracy of 60.8%. Hence, we deemed each
participant’s data as acceptable in terms of quality research data.

5.5 Results

For each category of incomplete cues, we used a Chi-square
goodness-of-fit test to determine whether the distribution of op-
tions chosen by participants was equally proportionate. If the four-
action Chi-square test revealed that there were statistically signifi-
cant differences among the chosen options, we performed post hoc
Chi-square tests for each pairwise comparison with Bonferroni ad-
justments to correct for false positives due to multiple comparisons
(i.e., p must be less than 0.0083).

5.5.1 Subject-Incomplete Trials

We found significant differences among the options chosen for
our subject-incomplete trials (¥2(3) = 218.957,p < 0.001). The
post-hoc tests revealed that the User option was chosen signifi-
cantly more than the Male (x*(1) = 50.156, p < 0.001), Femalel
(x%(1) =126.295, p < 0.001), and Female2 (x*(1) = 128.030, p <
0.001) options. We also found that the Male option was chosen
significantly more than the Femalel (x*(1) = 21.951,p < 0.001)
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Figure 7: Frequencies that the reaction options for subject-

incomplete trials were chosen. We found that the User option was
chosen significantly more than the other three options. Lines at the
bottom link significantly different conditions (p < 0.05).

and Female2 (x*(1) = 22.828, p < 0.001) options. We did not find
a significant difference between the Femalel and Female2 options
(x%(1) = 0.010, p = 0.922). See Figure 7 for these results.

5.5.2 Predicator-Incomplete Trials

We found significant differences among the options chosen for
our predicator-incomplete trials (¥%(3) = 87.201, p < 0.001). The
post-hoc tests revealed that the Use option was chosen signifi-
cantly more than the Grab (3*(1) = 25.307,p < 0.001), Move
(x*(1) =61.594, p < 0.001), and View (3>(1) =47.401, p < 0.001)
options. We also found that the Grab option was chosen sig-
nificantly more than the Move option (32(1) = 8.989, p = 0.003)
but not the View option (x%(1) = 3.817,p = 0.051). We did not
find a significant difference between the Move and View options
(x*(1) = 1.119, p = 0.290). See Figure 8 for these results.
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Figure 8: Frequencies that the reaction options for predicator-
incomplete trials were chosen. We found that the Use option was
chosen significantly more than the other three options. Lines at the
bottom link significantly different conditions (p < 0.05).

5.5.3 Object-Incomplete Trials

We found significant differences among the options chosen for
our object-incomplete trials (x%(3) = 80.361,p < 0.001). The
post-hoc tests revealed that the Left option was chosen signifi-
cantly more than the FarLeft (x%(1) = 49.887, p < 0.001) and Far-
Right (x*(1) = 34.322, p < 0.001) options but not the Right op-
tion (¥2(1) = 0.113, p = 0.737). Similarly, we found that the Right
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Figure 9: Frequencies that the reaction options for object-incomplete
trials were chosen. We found that the Left and Right options were
chosen significantly more than the FarlLeft and FarRight options.
Lines at the bottom link significantly different conditions (p < 0.05).

option was chosen significantly more than the FarLeft (x>(1) =
45.586,p < 0.001) and FarRight (x>(1) = 30.678,p < 0.001) op-
tions. We did not find a significant difference between the FarLeft
and FarRight options (x2(1) = 1.718, p = 0.190). See Figure 9.

5.5.4 Modifier-Incomplete Trials

For our modifier-incomplete cues, we considered our move-
oriented trials (with options for backward, forward, leftward, and
rightward) separately from our use-oriented trials (with options for
increasing levels of use, such as the brightness to turn a light on to).
For our move-oriented, modifier-incomplete trials, we found sig-
nificant differences among the directional options chosen (2 3)=
8.408,p = 0.038). The post-hoc tests revealed that the For-
ward ogtion was chosen significantly more than the Backward op-
tion (x2(1) = 7.895, p = 0.005) but not the Leftward (x>(1) =
3.226,p = 0.072) or Rightward (x%(1) = 1.744,p = 0.187) op-
tions. However, we found no significant differences between the
Backward and Leftward (x*(1) = 1.064, p = 0.302), Backward and
Rightward (x(1) = 2.273,p = 0.132), and Leftward and Right-
ward (x%(1) = 0.229, p = 0.632) options. See Figure 10 above.
For our use-oriented, modifier-incomplete trials, we found sig-
nificant differences among the increasing-level options chosen
(x?(3) = 20.545,p < 0.001). The post-hoc tests revealed that
the Level3 option was chosen significantly more than the Levell
(x*(1) =9.800, p = 0.002) and Level2 (x(1) = 14.949, p < 0.001)

Options Chosen for Move-Oriented,
Modifier-Incomplete Trials
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Figure 10: Frequencies that the reaction options for move-oriented,
modifier-incomplete trials were chosen. We found that the Forward
option was chosen significantly more than the Backward option.
Lines at the bottom link significantly different conditions (p < 0.05).
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Figure 11: Frequencies that the reaction options for use-oriented,
modifier-incomplete trials were chosen. We found that the Level3
and Level4 options were chosen significantly more than the Level2
option and that the Level3 option was chosen significantly more than
the Level1 option. Lines at the bottom link significantly different con-
ditions (p < 0.05).

options but not the Level4 option (x*(1) = 0.667, p = 0.414). We
also found that the Level4 option was chosen significantly more
than the Level2 option (x2(1) = 9.481,p = 0.002) but not the
Levell option (x%(1) = 5.435, p = 0.020, i.e., not less than the Bon-
ferroni corrected 0.0083). We also did not find a significant differ-
ence between the Levell and Level2 options (x2(1) = 0.590,p =
0.442). See Figure 11 for these results.

5.5.5 Complete Trials

For our complete trials, we used a Chi-square goodness-of-fit test
to determine whether the frequency of correct options chosen by
participants was equal to the frequency of incorrect options. We
found that the correct option for each complete trial (N = 292)
was chosen significantly more (¥%(1) = 34.041,p < 0.001) than
any of the three incorrect options (N = 167). We also tested the
frequencies of correct and incorrect options for each type of com-
plete trial based on its incomplete counterpart. Interestingly, we did
not find any significant differences between the correct and incor-
rect options for the complete trials created from subject-incomplete
trials (x%(1) = 0.009, p = 0.926). However, we did find that the
correct option was chosen significantly more than any of the in-
correct options for the complete trials created from predicator-
incomplete trials (x2(1) = 12.45,p < 0.001), object-incomplete
trials (x2(1) = 25.31,p < 0.001), and modifier-incomplete trials
(x*(1) = 9.47, p = 0.002).

5.5.6 Complete vs. Incomplete Trials

As previously discussed in section 5.2.5, each of our complete trials
was created by modifying the interaction cue of one of the previous
incomplete trials to be complete. Hence, to further investigate how
complete cues affected our results, we used a Chi-square goodness-
of-fit test to determine whether the frequency that correct options
for complete trials were chosen by participants was equal to the
frequency that the same options for incomplete trials were chosen.
We found that for each option the complete trial version (N = 292)
was chosen significantly more (x2(1) = 78.039, p < 0.001) than its
incomplete trial counterpart (N = 114).

6 DiscussioN

In this section, we discuss why complete interaction cues are im-
portant, how MAGIC can be used to identify incomplete cues, that
MAGIC requires design experience to correctly use, the limitations
of our experimental design, and other limitations of this work.
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6.1 Completeness Matters

Incomplete interaction cues do not provide sufficient information,
which results in users making assumptions about the intended in-
teraction. For subject-incomplete cues, we found that participants
assume that they are the intended user of each cue. For predicator-
incomplete cues, we found that participants were more likely to use
objects based on their purposes (e.g., opening a book), as opposed
to viewing, grabbing, or moving the object. For object-incomplete
cues, we found that participants chose to interact with the objects
spatially closest to the cue. For our modifier-incomplete cues, we
found that participants were more likely to move objects forward
than backward and more likely to use objects at increased degrees
of interaction (e.g., turning a light brighter or opening a book to a
later page). Finally, our results indicate that participants were more
likely to choose the intended or correct interaction than another in-
teraction in complete trials (except for those created from subject-
incomplete trials) and that participants were more likely to choose
that interaction in complete trials than their incomplete-trial coun-
terparts. Altogether, these results indicate that complete interaction
cues are important for prompting users to choose the intended inter-
action of a cue and to not make assumptions about the interaction,
such as who is to perform it and on which object.

Outside of the presented study, there is evidence within the lit-
erature that incomplete cues are inferior to more-complete cues.
Renner and Pfeiffer [41] compared several visual cues for a series
of pick tasks. They found that the Image cue (see Figure 3A) was
significantly worse than their SWAVE cue (see Figure 3B) in terms
of completion times and excessive head movements. As analyzed in
section 4, MAGIC can be used to show that the Image cue is mod-
ifier incomplete while the SWAVE cue is modifier complete. Simi-
larly, Liu et al. [28] found that cues conveying objects and their spa-
tial directions afforded significantly better performances than cues
conveying only the objects for a path-following task. These results
from the literature support the theory that completeness matters and
that incomplete cues may be inferior to more-complete cues.

6.2 MAGIC is a Multipurpose Tool

In this paper, we have demonstrated that MAGIC can be used to
analyze the functional grammar of interaction cues based on their
intended interactions and perceptual stimuli. In section 3, we have
provided a detailed explanation of how to use MAGIC as an ana-
lytic tool, including two text examples describing the same intended
interaction. In section 4, we have demonstrated how MAGIC can
be used to analyze preexisting interaction cues to denote impor-
tant grammar differences, which further explain the empirical dif-
ferences previously found [41].

However, it is important to point out that MAGIC can also be
used as a tool for designing complete interaction cues. More specif-
ically, an interaction cue designer can use MAGIC to determine
if the perceptual stimuli of a cue design needs to be augmented
to be more complete. For example, consider a simple arrow posi-
tioned near and pointing toward the object of an intended interac-
tion, which is common within the literature [14]. By itself, this sim-
ple arrow is predicator incomplete. However, if the designer were
to place a label with the text “Pick Up” at the base of the arrow,
the cue would now be predicator complete. By using MAGIC in
this manner, interaction designers can improve the designs of their
interaction cues rapidly and iteratively prior to costly development
or conducting usability testing, thereby saving time, effort, and re-
sources. Hence, MAGIC may serve as a valuable analytic tool for
designing more-effective interaction cues earlier in the life cycle.

6.3 MAGIC Requires Experience

One limitation of MAGIC is that interaction cue designers are likely
not accustomed to writing texts that explicitly describe their in-
tended interactions. While this may seem challenging at first, we



want to stress the importance of focusing on the semantics and func-
tional grammar of these texts, as opposed to their syntax and lexi-
con. As demonstrated in section 3, different texts that are function-
ally equivalent can be analyzed using MAGIC to produce the same
inferences about an interaction cue and its completeness. Hence,
interaction designers do not need to be grammar experts to use
MAGIC. However, they do need to focus on the functional aspects
of their intended interactions, perceptual cues, and shared interac-
tion states, which will often require design experience.

An inexperienced or hurried designer may make three different
types of errors when applying MAGIC. First, a designer may fail
to fully describe an intended interaction when defining a text for
it. For example, many designers may not specify the on the table
modifier in (3) or a similar modifier, even if the intended interac-
tion requires a specific position for the bowl. Second, a designer
may assume that a perceptual stimulus clearly maps to an identified
grammar role when it is in fact ambiguous. For example, reconsider
the ambiguity of the green arrow in (6). Finally, a designer may
make a mistake when considering (or not considering) the shared
interaction state between the user and the system. For example, the
only difference between the green bowl interaction cues mapped
in (5) and (7) is the lack of a shared interaction state for the latter
due to the system preemptively displaying the cue regardless of the
user’s interactions or input. However, as a result, we find the inter-
action cue in (5) to be complete while the cue in (7) is found to be
predicator incomplete, object incomplete, and modifier incomplete.

6.4 Limitations of Our Experimental Design

One limitation of this work is that our empirical evaluation of in-
complete cues was conducted online via a web browser as opposed
to in an AR or VR headset. Furthermore, all of the investigated
trials were VR-based, which did not evaluate how users would re-
act in AR scenarios with both real and virtual stimuli. While this
approach afforded less ecological validity than an in-person AR or
VR study, it also eliminated the confounds introduced by differ-
ing motor skills of participants while focusing on the perceptual
and cognitive aspects of the interaction cues. By using the Prolific
platform, we were able to recruit a gender-balanced sample of par-
ticipants outside of our own university population. In particular, the
average age of all the participants was 38 years, which is more rep-
resentative of the world population than common college samples.

Another concern related to our experimental design is whether
the results are valid given that participants selected interactions
from four predefined options. On one hand, this approach precluded
participants from choosing interactions beyond those presented to
them, such as viewing an out-of-view object or grabbing an ob-
ject further away from the interaction cue. One way to address this
would be through an in-person elicitation study like some recent
gesture-elicitation studies [1, 11, 13]. However, we do not believe
that such an elicitation study would result in more-consistent re-
sponses for our incomplete trials due to the broader range of possi-
ble interactions. It is possible that such a broader range of possibili-
ties would decrease how often participants choose the correct inter-
action for complete cues. However, we believe we would still find
results indicating that complete cues result in the same interaction
being chosen significantly more than when the cue is incomplete.

Another possible concern about our experiment is the quality
of our participant responses (e.g., whether participants randomly
clicked options to progress through our study). Our statistically
significant results indicate that poor participant data and random
behaviors likely did not affect our results, particularly because we
randomized the order of both the questions and the responses for
each question. This is further supported by our results indicating
that complete cues resulted in the same interaction option being
chosen significantly more than with incomplete cues.

A final concern about our study is the variation and quality of
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our cue implementations. We originally designed different types
of visual cues (e.g., Text, Icon, Video) to investigate each type of
incomplete cue (i.e., subject, predicator, object, and modifier) to
ensure that our results were not skewed by a single perceptual stim-
ulus choice. However, it is possible that these variations created
confounds within our results. Furthermore, our choice to create
complete trials by modifying incomplete trials to be complete likely
negatively impacted the quality of their completeness and our re-
sults. This is particularly true for the complete trials created from
subject-incomplete trials, as we found no significant difference be-
tween the correct and incorrect options. Hence, future work should
focus on designing more-effective complete trials that are not no-
ticeably different from the incomplete trials.

6.5 Other Limitations and Future Work

Another limitation of the current work is that we have focused on
visual cues, particularly given our experimental design. However,
we believe MAGIC is applicable to any perceptual stimuli, includ-
ing auditory and haptic cues (e.g., [30]). For example, consider
the Image cue depicted in Figure 3A. If it were accompanied by
a 3D sound spatially co-located with the coffee maker (e.g., [49]),
it would become modifier complete and may have similar perfor-
mance to the SWAVE cue depicted in Figure 3B. However, future
work is necessary to verify that MAGIC is also applicable to other
perceptual stimuli, and we encourage other researchers to explore
such applications of MAGIC.

Another consideration about MAGIC is whether it can be applied
to languages other than English. The concept of functional gram-
mar has been applied to a number of non-English languages, such
as Spanish and Chinese [35]. Hence, we believe that MAGIC can
likely be applied with other languages, as it focuses on the func-
tional grammar roles of the underlying texts, as opposed to their
syntax and lexicon. Still, further research is necessary to demon-
strate how MAGIC can be applied to languages other than English.

7 CONCLUSION

In this paper, we have presented a Method for Analyzing the Gram-
mar of Incomplete Cues (MAGIC), which provides an analytical
approach for assessing interaction cue designs and hypothesizing
their efficacy based on the completeness or incompleteness of the
information that they convey. We have detailed and demonstrated
how MAGIC can be used to analyze preexisting interaction cues.
‘We have also presented an empirical evaluation of incomplete and
complete interaction cues that demonstrates completeness matters
and incomplete cues force users to make assumptions about the in-
tended interaction. Furthermore, we have discussed how MAGIC
can also be used as a design tool, in addition to being an analysis
tool for identifying potential usability issues.

SUPPLEMENTAL MATERIALS

All supplemental materials are available at https://osf.io/
62mbg/?view_only=8£53£89973ac4190b0b9af9f4fec7d2b,
released under a CC BY 4.0 license. They include (1) the materials
used for the user study, (2) the results obtained from the user study,
and (3) complete analyses of the results obtained from IBM SPSS
Statistics version 30.0.
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