
349

Naturally Together: A Systematic Approach for Multi-User
Interaction With Natural Interfaces

CARMEL SHAVITT∗,Magic Lab, Industrial Engineering & Management, Ben Gurion University of the
Negev, Israel
ANASTASIA KUZMINYKH∗†, Faculty of Information, University of Toronto, Canada
ITAY RIDEL, Magic Lab, Industrial Engineering & Management, Ben Gurion University of the Negev, Israel
JESSICA R. CAUCHARD,Magic Lab, Industrial Engineering & Management, Ben Gurion University of
the Negev, Israel

Fig. 1. Model of multi-user interaction built upon the environmental and user factors: Privacy of space,
Owner’s presence, Proximity, Familiarity between co-users, Social Hierarchy, User’s sense of Responsibility,
User’s sense of Autonomy, and User’s sense of Self-Efficacy. These factors affect interaction patterns with a
natural interface system.

∗Both authors contributed equally to this research.
†Also with Cheriton School of Computer Science, University of Waterloo.

Authors’ addresses: Carmel Shavitt, carmelshavitt@gmail.com, Magic Lab, Industrial Engineering & Management, Ben
Gurion University of the Negev, Be’er Sheva, Israel; Anastasia Kuzminykh, Faculty of Information, University of Toronto,
Toronto, Ontario, Canada, anastasia.kuzminykh@utoronto.ca; Itay Ridel, ridel@post.bgu.ac.il, Magic Lab, Industrial Engi-
neering & Management, Ben Gurion University of the Negev, Be’er Sheva, Israel; Jessica R. Cauchard, jcauchard@acm.org,
Magic Lab, Industrial Engineering & Management, Ben Gurion University of the Negev, Be’er Sheva, Israel.

Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee
provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the
full citation on the first page. Copyrights for components of this work owned by others than the author(s) must be honored.
Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires
prior specific permission and/or a fee. Request permissions from permissions@acm.org.

Proc. ACM Hum.-Comput. Interact., Vol. 5, No. CSCW2, Article 349. Publication date: October 2021.



349:2 Carmel Shavitt et al.

New technology is moving towards intuitive and natural interaction techniques that are increasingly embedded
in human space (e.g., home and office environment) and aims to support multiple users, yet their interfaces
do not cover it to the full. Imagine that you have a multi-user device, should it act differently in different
situations, people, and group settings? Current Multi-User Interfaces address each of the users as an individual
that works independently from others, and there is a lack of understanding of the mechanisms that impact
shared usage of these products. Thus we have linked environmental (external) and user-centered (internal)
factors to the way users interact with multi-user devices. We analyzed 124 papers that involve multi-user
interfaces and created a classification model out of 8 factors. Both the model and factors were validated by a
large-scale online study. Our model defines the factors affecting multi-user usage with a single device and
leads to a decision on the most important ones in different situations. This paper is the first to identify these
factors and to create a set of practical guidelines for designing Multi-User Interfaces.

CCS Concepts: • Human-centered computing → HCI theory, concepts and models; Collaborative
and social computing theory, concepts and paradigms; Empirical studies in HCI ; Empirical studies in
collaborative and social computing.

Additional Key Words and Phrases: Multi-user interaction; Collaboration; Natural interfaces; Voice interfaces;
Taxonomy; Review.
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1 INTRODUCTION
Alongside the growing ubiquity of technology, the systems design community faces an increasing
need to learn how to appropriately support multi-user interactions, in particular, scenarios requiring
simultaneous interactions between several people and a system. Multi-User Interactions (MUIs)
differ from single-user scenarios, since they often require management and negotiations on input
between co-user [77, 102, 111], especially when a device can handle limited number of simultaneous
users. For example, interaction patterns of co-users can be shaped through turn-taking or through
an “appointment” of a user responsible for input in a collaboration group [16]. Management and
negotiation around interaction patterns, i.e. group decision making on who and how manipulates
the device to achieve harmonic and mutually satisfying interactions, is guided by the situational
factors [122], which highlights a particular importance of technologies’ ability to understand social
and environmental contexts to support proper multi-user interaction patterns [92]. However, while
research actively investigates diverse application domains for multi-user interactions (e.g., smart
homes [44, 119, 139, 146], collaborative digital surfaces [102, 113, 118, 123], collaborative writing
[72, 134]); there is still no systematic understanding of the mechanisms that define multi-users
interactions patterns [35].
This gap becomes particularly apparent as we move toward natural language communication

(e.g., conversational agents [2] or robotic user interfaces [8, 23]), challenging the ability to ap-
propriately generalize the results from previous research on multi-user interactions, which has
been predominantly done on graphical interfaces. Specifically, the distinguishing characteristic
of voice interfaces is the lack of physical token of control over the system, which would allow
to explicitly manage inputs of multiple users and provide cues for organization of multi-user
interaction space. Due to the absence of visual clues, affordances, and spatial organization, the use
of natural language communication is associated with the decreased sense of control. For example,
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current conversational technologies (e.g., Amazon Alexa, Google home) tend to be designed for a
single user input, while they are actively expanding in home spaces, which are inherently multi-
user [10]. As a result, when a situation prompts several people to interact with a conversational
agent simultaneously, they either have to carefully negotiate turn-taking [43, 104, 106], or run
into a danger of potentially overwriting another user’s request or being ignored by the system
[6]. Unsurprisingly, such interactions tend to result in unfulfilled requests and conflicts between
co-users [43].
The systematic understanding of factors affecting multi-user interaction patterns would allow

technology designers to identify the commonalities and differences in users’ group input manage-
ment between different types of systems, and adequately apply previously accumulated knowledge
to the design of novel multi-user systems. Correspondingly, the goal of this paper is to develop a
theoretical model of the relevant factors based on a systematic review of prior works on multi-user
interactions, and to identify its fitness for voice interfaces as an example of natural language com-
munication systems with no physical token of control. To develop this model, we first present an
extensive review of the literature on multi-user interactions with diverse technologies and identify
factors affecting multi-user interaction patterns. These factors were organized into a classification
which identifies them as either environmental or user-centered (Figure 2). Environmental factors,
which might represent physical, social, or jointly physical and social environments, are external to
a given user and defined by the composition of the interaction situation. Examples include where
the interaction is taking place (the privacy of space factor), who the co-users are (factors of the
owner’s presence, familiarity, and social hierarchy between co-users), and how the co-users are
positioned (factors of proximity to the device and between co-users). Environmental factors can be
explicitly manipulated and either directly sensed, or inferred, by the system to assess the interaction
context. Unlike environmental factors, user-centered factors are internal to a given user and cannot
be sensed or inferred by the system without the user’s self-report. In our classification, these user
factors include the sense of responsibility, autonomy, and self-efficacy; as they are experienced by
each of the co-users in a multi-user scenario. We then validated the fitness of this classification for
conversational systems in a user study exploring various scenarios of use.

Overall, our results led to design implications that highlight the importance of physical and social
environments on future system design. To apply the overall results to the design space of natural
language communication systems in multi-user scenarios, we further derived a corresponding
model (Figure 1), which encompasses factors from the classification and additionally provides a
conceptual separation between physical and social environments. The theoretical model offers a
systematic understanding of the factors that are associated with multi-user interaction patterns, i.e.,
what factors affect who interacts with a system and when, in multi-user scenarios. The implications
of this structured synthesis contribute, first, to the understanding of how to bridge our accumulated
knowledge on graphical user interfaces with the needs of natural language communication systems
design. In the future, this model can be used to measure the relative weight of each factor and
their interdependencies. Additionally, the holistic and systematic view on these factors provides
an approach that allows designers to be more deliberate when deciding and articulating how
specific features of a natural language communication system support multi-user interactions, e.g.,
informs the system’s awareness of environmental factors (sensing and inferring - physical and
social environments) as well as its ability to account for factors internal for each co-user, which
currently cannot be sensed.

The paper first presents the results of the literature analysis, structured according to the derived
classification of factors affecting interaction patterns in multi-user scenarios. We then show the
results of the experimental study (n=100), conducted as an initial validation of the classification
fitness for natural language communication systems as example of voice interfaces. Finally, we
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conclude by synthesizing our theoretical and empirical findings into the model, and discussing the
theoretical and design implications of the model.

2 BUILDING A THEORETICAL MODEL: LITERATURE ANALYSIS
The goal of this paper is to explore what situational factors affect interaction patterns in multi-user
scenarios. In particular, we were interested in what factors affect input negotiation when several
users interact with the same device, when the device presents a natural interface with no clear token
of control, e.g. a voice interface. Due to the paucity of research in this area, we begin addressing this
question, by, first, analyzing the relate literature broadly covering multi-user interactions, which
includes multi-user interactions with diverse types of technology, beyond natural user interfaces.
Based on this analysis, we synthesize a classification of factors affecting interaction patterns in
multi-user scenarios (Figure 2). The classification distinguishes environmental factors (external
to a given user and defined by the interaction environment) and user factors (internal to a given
user in an interaction scenario). In this section, we first describe the review method, and then we
present the results of our literature analysis, structured according to the suggested classification.

2.1 Method
The body of the covered literature was initially collected via Google scholar, with emphasis on
recently-published works. The search was performed using a set of keywords that included but were
not limited to: multi-user interactions/devices/interface, group interactions, sharing, co-use, and all
combination between those and different types of technology, such as: tabletops, conversational
agents, interactive walls, smart homes, Internet of Thing. The papers were reviewed and assessed
according to their fitness to the research goal described above. The body of the analysed research
included 124 papers from diverse HCI venues, including CHI/TOCHI, CSCW, Ubicomp/IMWUT,
DIS, and GROUP. The factors affecting multi-user interaction patterns, covered in the papers, were
synthesized by the research group using affinity diagrams. Specifically, in this paper, we present
a model (Figure 1), structured around a classification of factors affecting interaction patterns in
multi-user scenarios (Figure 2).

2.2 Environmental Factors
The first group of factors, identified as affecting multi-user interaction patterns, includes external
factors, i.e. defined by the environment in which a particular multi-user scenario is taking place. In
the model (Figure 1), developed based on the suggested classification (Figure 2) we differentiate
between users’ physical environment and social environment. While some factors are specific to
the physical environment only: Proximity to the Device and Other users and Owner’s presence; others
are factors of the social environment only: Familiarity Between Co-users and Social Hierarchy; and
finally Privacy of Space is shared between these two types of environments.

2.2.1 Privacy of Space (Physical and Social Environment). While physical space is constructed of all
tangible objects around us, the social space is a conceptual term that refers to a multi-dimensional
concept, in which we are all present as different agents with a particular position [13, 14]. Physical
and social spaces are inevitably intertwined with each other and are interdependent [137]. For
instance, Terrenghi et al. [124] discuss how the physical space can affect the social ecosystem
around an interaction device. In this paper, we refer to the privacy of space as an expected breadth
of the potential audience, differentiating public spaces (e.g. streets of a city), semi-, or "in-between"
spaces (e.g. a school or a workplace), and private spaces (e.g. home).
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Fig. 2. Classification of factors affecting multi-user interaction patterns. The classification distinguishes
environmental (external) and user-centered (internal) factors, and specifies the continuums, elicited to define
each factor.

Proc. ACM Hum.-Comput. Interact., Vol. 5, No. CSCW2, Article 349. Publication date: October 2021.



349:6 Carmel Shavitt et al.

Multi-user interactions in public spaces are characterized by higher likelihood of encountering
unfamiliar co-users [60] and having a broad audience [21, 31, 102, 111, 112]. The effects of potential
audience facilitate the perception of the interaction space as a unique “performance space” [9, 140],
changing social behaviors in response to the environment’s feedback [45, 140]. For example, users
might try to entertain the audience [21, 102], or experience the social pressure to interact “properly”,
without making mistakes [12, 16]. However, while interactions in public spaces indeed often allow
to observe co-users’ actions [31, 97, 102] and learn more about the system [16, 85, 137], unfamiliar
simultaneous co-users tend to structure their work to stay independent from each other [77].
The degree of privacy of the interaction space grows alongside the likelihood of knowing

potential co-users [15, 59]. Therefore, there is a need to approach “publicness” of the interaction
space gradually, e.g. “publicly private” and “privately public” behaviours and self-presentation styles
discussed by Lange [71] and Papacharissi [99] respectively. While some researchers consider the
differences between semi-public and semi-private spaces (e.g. [31, 39, 56, 59]), the lack of consensus
on their boundaries motivates other researchers to avoid any fixed definitions. For instance, Can
and Heath [19, 20] suggest to term them jointly as “in-between” space. Examples of “in-between”
spaces can include hospital environment [37], work environments [123, 128], classrooms [1, 54, 98],
community centers [77], etc. Overall, the general assumption of users in “in-between” spaces is
that they would probably work towards a shared goal, may it be a better studying environment,
resolving a work conflict, or to increase productivity and support decision making [22, 42, 59].
Finally, multi-user interactions in private spaces, e.g. at home [61, 65, 94], tend to involve most

familiar and trusted co-users [24, 43, 69]. Such interactions seem to be heavily influenced by
the inequality of roles in managing the devices [26]. Specifically, while technologies in private
spaces tend to be actively shared [18, 62, 80, 89, 122], they are usually associated with a particular
user’s account [62, 120] and have a primary user responsible for their configuration [44, 145, 146].
Correspondingly, the primary user ends up playing a dominant role [44, 145], even when a more
nuanced agency and access levels for multiple users are more suitable and desirable [43, 62, 95].

Furthermore, primary ownership of the device by a particular user leads to this user’s preferences
and concerns about which types of data should be available to different co-user [64], strongly
affecting patterns of shared use of technology [61, 122]. For example, exploring the practices of
sharing of smart devices, Garg and Moreno [43] showed that the owners of shared devices establish
specific rules regarding acceptable activities and content access. Breaking these rules in the use of
shareable devices leads to reworking the rules or patterns of shared use; but breaking them in use
of the owner’s personal devices leads to revoking permission to use the device. In a similar vein,
Brush and Inkpen [18] discuss the need to support both the shared usage model of appliances in
domestic environments and the ability to access a personal profile.

2.2.2 Owner’s Presence (Physical Environment). For the purpose of this research, we focus on the
owner’s presence in the physical environment of a multi-user interaction scenario, whether in person or
via social presence. Such focus is motivated by our interest in exploring the multi-user interaction
patterns, i.e. strategies to coordinate input from each co-user. For instance, developing a smart
home multi-user application, Zeng and Roesner [146] found that some users are willing to allow
visitors of their home to access and control the home devices, but only in presence of the home
owner. Similarly, Karlson et al. [64] showed that owner’s presence strongly influences the comfort
level during phone sharing – the owner’s discomfort would significantly rise if the phone were out
of sight. Jacobs et al. [61] demonstrated that when a particular device is shared within intimate
couples, users predominantly feel comfortable with their partners’ accessing their devices and
accounts only when they are both present. Finally, exploring access-control systems for the home
environment, Mazurek et al. [82] found that users believed that being physically present during
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the file sharing process would allow them to exercise additional control over who accessed what,
as well as providing social pressure to encourage desired behavior and prevent potential violations.
Therefore, there is a differentiated line between the owner and the rest of the users since in most
cases they cannot reach the full functionality of the device [24]; and in the cases of full access, the
majority of co-users will not use those devices as the owner would, to show respect to the actual
owner [61]. However, while all the discussed studies have focused on multi-user interactions from
the owner’s perspective, there is a drastic paucity of research on how the owner’s presence affects
input coordination from the perspective of each co-user.

2.2.3 Proximity (Physical Environment). In this paper, we consider proximity as the factor reflecting
the users’ physical position and orientation with regard to each other (proximity between users) and
the physical characteristics of a device (proximity to the device) [5].
There is an extensive body of research that demonstrates the effects of user’s proximity on

interaction patterns. While some interface designs obligate user to get closer to the device to
interact with it [77], interactions with other displays might require a certain distance, e.g. due
to physical surrounding [77, 84, 124]. In public space, the specifics of input type might affect the
discoverability and interaction visibility of the device [91]. For example, the grouping of people
next to a device signals to others the presence of an interesting event in that location, drawing more
users to this location and to the interaction with the device – otherwise known as the ‘honey-pot’
effect [16]. More distant interaction techniques, e.g. remote control, tend to be more discreet and
don’t draw as much attention [128].
Proximity has also been shown to facilitate the initiation of the interaction [5, 133], mediate

the levels of users’ engagement [16, 103], and correlate with the degree of user’s collaboration
[52, 54, 136]. For instance, in non-collaborative scenarios, users tend to keep some distance from
each other within the device limitations [76], or might attempt to establish their control by excluding
others from the device space [55, 76]. On the other hand, in collaborative scenarios, a shared goal
seems to facilitates physical closeness between users to increase their efficiency [52].

The effects of proximity are tightly linked to the mechanisms of territoriality as a reflection of a
perceived ownership towards an object [17, 100, 117, 125]. For instance, in co-use of visual displays,
users tend to create an arc around the device, while a “manager” of the task stands in front of the
display [112]. Close proximity, however, might cause the sense of invasion of each other’s personal
territory, leading to conflicts over interface real estate and even physical space [11, 31, 52, 76, 142].
At the same time, close proximity might facilitate users’ coupling (i.e. dependency on each other in
task performance) [31, 117, 123], prompting users to create rather flexible inner-territories [123],
spatially organize a display to ensure approachability of artifacts for the co-user [43, 117], or even
choose to interact in a less comfortable territorial setup to maintain their group’s abilities [43].
Correspondingly, the proximity factor is linked to the user’s ability to take control over part or the
whole system [3, 52, 54], which is particularly noticeable in collaborations around sequential input
interfaces, since the control over the devices needs to be handed over [54, 144]. A number of systems
use different proxemic zones on interactive displays to trigger functionalities based on the user’s
location or to handle multi-user conflicts [3, 5, 118]. However, in addition to physical accessibility
and ease-of-use [80], users’ movements around displays are influenced by the corresponding social
norms [16, 118] and act as signals to the rest of the group [40].

2.2.4 Familiarity Between Co-Users (Social Environment). For the purpose of this research, we
understand familiarity as the knowledge of the other person (varies in degrees of intimacy) and the
behaviors around them, reflecting the socially acceptable behaviors corresponding to the degree of
intimacy [33, 108].
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The current literature suggests that the levels of familiarity, first, affect the efficiency of multi-
users interactions [33, 102]. For instance, when multiple strangers perform a shared task which
requires tied coupling, e.g. performing a musical ensemble, the efficiency of such performance
tends to be lower compared to the one with a familiar person [110]. The lack of familiarity damages
the ability to synchronize their actions, which most of the time leads to a poor execution [114].
However, when users are familiar with each other, their performance efficiency can double compare
to a team of unfamiliar user [114]. Familiarity with a co-user may reduce the “Curse of knowledge
bias” [66], which suggests that when collaborating with someone else, one tends to assume that his
personal information is known to all, and therefore judge the other performance based on their
knowledge. When working with unfamiliar others, users may be more likely to show this bias [66].
Second, the level of familiarity between co-users seems to have an effect on the level of each

user’s control over the task and territory. For instance, users tend to use more explicit management
of the situation when cooperating with strangers [34]. However, but when co-users are familiar
with each other, they are more likely to assist one another and to behave more “freely” with each
other’s territory in a shared task [33]. Furthermore, sharing one’s device with co-users requires
prioritizing the simultaneous needs of multiple users [43], and familiarity between co-users affects
the management of content access. In particular, when one allows others to use their devices, there
may be some different “categories” for each of the potential co-users [93]. Those who are more
intimate with the owner (usually family member or a life partners), may be granted higher-level
access [64] compared to less familiar co-users (e.g., a friend or an acquaintance), whom the owner
tends to supervise [81, 146].

2.2.5 Hierarchy (Social Environment). In a multi-user scenario, the factor of hierarchy refers to
the social acceptability for one person to outrank others in their right to control a device [83]. The
specifics of users’ social hierarchy can be impacted by the user’s social position (e.g., a house guest,
a teacher, a parent, etc.) [29, 57, 77, 131, 146], their role in a collaborating team (a collection of
responsibilities) [115, 129], or characteristics such as age [51, 94, 109] or gender [11, 25, 130, 143].
Through establishing social hierarchy in each particular situation, groups can ensure following
social norms appropriate for different contexts [121].
The effects of the social hierarchy in multi-user interactions rely on each user’s awareness of

the social positions of others [96]. Some interaction contexts (e.g., between students and teachers
[98], or parents and children [47, 146]) are characterized by more established specifics of social
hierarchy. For instance, in family settings, parents tend to have higher positions in social hierarchy
compared to childrenwith respect to device interaction. Correspondingly, parents take a supervisory
role in the co-use of technology by guiding and assisting children in managing the interactions
[22], limiting children’s access to the devices [57, 102, 131, 146], and controlling the consumed
content [77, 131]. The parental supervisory role also includes their responsibility for how the child’s
interaction impacts other users, (e.g., interfering or distracting interactions [55, 102]).

In some interaction contexts, identifying appropriate social hierarchy might be more challenging
[82, 122]. Overall, each person tends to have a combination of different social roles, e.g. inter-
personal and within-team roles [135], continuously switching between them according to the
relevance to a particular interaction [78, 129]. The formalized aspects of hierarchy, such as formal
ownership of the device or a project, can result in one user’s greater access to more of the system
functions compared to other users [61, 129, 146], supporting the management capabilities of the
higher-hierarchy users [121]. However, high-tension environments that are usually characterized by
higher collaboration and require fast response have been demonstrated to suffer from a formalized
interaction hierarchy [70]. Similarly, social hierarchy can be out-weighted by the importance of
specific outcomes. For instance, families might allow younger children to interfere with others’
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interaction for the sake of learning [43], or lower-hierarchy users can “overwrite” a peer or a higher-
hierarchy users to intentionally create an amusing situation [6, 27, 102]. While some interfaces
attempt to map and categorize design guidelines of the system’s behavior in different scenarios
[7, 86], most of the current solutions do not draw user distinctions to reflect the complexity of the
social hierarchy. For instance, the majority of the smart speakers empowered with conversational
agents mark all users as equal, without addressing the different social hierarchies they might have.
As a result, a child can override his parent’s request - an action that couldn’t have happened outside
of this multi-user interaction [105, 116].

2.3 User-Centered Factors
The second group of factors, identified as affecting multi-user interaction patterns, includes factors
internal to each actor in a multi-user scenario. In particular, in the suggested classification, this
group includes factors of the user’s (1) sense of responsibility for a particular technology, (2) sense
of autonomy in using this technology, and (3) sense of self-efficacy.

2.3.1 User’s Sense of Responsibility. The user’s sense of responsibility towards a particular tech-
nology or a device reflects their voluntary or enforced obligation to take care of it, including related
performances, consequences, and issues [47, 67].
A broad body of evidence from the literature suggests that the user’s sense of responsibility

affects multi-user interaction patterns. For instance, exploring collaborative writing processes,
Larsen-Ledet and Korsgaard [72] found that while co-writers can share the overall sense of owner-
ship over the document, they tend to feel responsibility specifically towards their own contribution.
Wang et al. [134] found a strong desire from collaborating writers to be able to display each collabo-
rator’s responsibility and contributions over time. Indeed, Yuill and Rogers [144] argue that higher
awareness of others’ actions and intentions presents is one of the mechanisms for the success
of multi-user collaborative interfaces. Similarly, work by DiMicco et al. [30] showed systematic
effects of providing real-time awareness of speaker participation on group communication and
collaboration; but, paradoxically, they found that in some cases, such awareness harmed other
collaboration success measures (e.g., decreasing productivity and equitable participation). Addi-
tionally, the effects of displaying actions and responsibility of a given user has been explored in
the context of multi-user interactions in home environments and digital housekeeping [27, 47, 94].
For example, Niemantsverdriet et al. [94] explore the design space for multi-user interaction with
domestic systems by adopting the social translucence framework by Erickson and Kellogg [36] and
investigating the corresponding constructs of visibility, awareness, and accountability.

Exploring groups collaboration over digital tables, Ryall et al. [113] showed that users separate
the tabletop display into areas according to their reachability for one or for several users. Their
study found that one’s “personal” sections were clearly seen as the responsibility of this particular
user, while “shared” sections of the table were the responsibility of “someone” (often not them) and
required group coordination. Scott and Carpendale [118] suggested that types of tabletop territories
(e.g. personal, group) provide common social protocols for collaboration by clarifying which
areas of the shared display are available for individual or joint task work and for delegating task
responsibilities. On the other hand, Tang et al. [123] found that when users have joint responsibility
for the outcome of the task, they generally prefer to work together, regardless the task structure.

Thus, the user’s sense of personal responsibility as well as their awareness of recognized respon-
sibility of each co-user affects their interaction patterns with technology. Yet, there is a noticeable
paucity of research exploring how the degree of intelligence of a system affects the role of personal
responsibility in multi-user interactions. Specifically, system’s intelligence allows users to dele-
gate aspects of a task performance to it. Such delegation of responsibility to the system implies
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reduced control over the system’s performance [58, 88], which could be expected to affect the
interaction pattern, both for single-user and multi-user scenarios. For instance, research on smart
home environments shows that users are often willing to delegate their responsibility to smart
systems [119, 139]. However, it is still unclear whether and how this affects other family members
in their interactions with these systems, especially given that users tend to feel higher levels of
responsibility when the delegated task outcome is successful [132].

2.3.2 User’s Sense of Autonomy. The sense of autonomy reflects the user’s internal judgement of
their capability to independently initiate decisions and actions with a particular technology [46, 47, 67].

In a multi-user scenario, one’s sense of autonomy affects their level of collaborative contributions
and is often influenced by social hierarchy, e.g. in child-parents relationship [57, 68, 131]. Conse-
quently, the sense of autonomy can both affect and be affected by the level of control accessible
to the user. Testing a prototype for a smart home multi-user application, Zeng and Roesner [146]
found that users, concerned about other family members making changes to control policies or
device configuration, would set the control possibilities of these members at the child privilege
level, thus, restricting their autonomy. On the other hand, some users wanted to allow visitors (e.g.
guests or domestic workers) restricted access and control over the home devices, thus, increasing
the visitors’ autonomy.

Additionally, one’s sense of autonomy can be influenced by the specifics of control mechanisms.
For example, based on a long-term study on a shared lighting system in an open plan office, Van
de Werff et al. [128] found that control interface affects user’s sense of autonomy. Specifically, the
study showed that having a control interface on a personal multi-purpose device or on a central
device dedicated to lighting, influences whether people make individual or more collective lighting
adjustments and decisions.

Furthermore, we suggest to consider the user’s sense of autonomy in interactions with a technol-
ogy as two-fold: the autonomy in initiating the interaction and the autonomy in executing specific
tasks using the system. The need for such distinction becomes specifically apparent in multi-user
scenarios, particularly due to the privacy considerations (e.g., [69]). Exploring ethical concerns of
using smart devices in the home environment, Seymour et al. [119] discuss how people associate
using smart speakers with a risk of compromising the privacy of others in their environments,
e.g. family members. Research on technology sharing practices in intimate couples [61] shows
that although a user might sense autonomy in initiating interaction with a shared device (e.g.
laptop), the autonomy in execution of tasks depends on the type of accessed context (i.e. public,
tailored/personalized for one user, or private).

2.3.3 User’s Sense of Self-efficacy. The sense of self-efficacy reflects the user’s judgement of their
capability to successfully perform a task and competence to control the technology [46, 67].
The level of the user’s sense of self-efficacy has been demonstrated to affect their strategies

to overcome difficulties or technical barriers [75, 87], interpretations of causes of unsuccessful
interactions [87, 106], and overall willingness to use the technology [75, 127]. Specifically in
multi-user scenarios, the existing literature mostly covers the effects of the user’s self-efficacy
on their level of initiative in interaction, and on potential social dynamics between co-users. For
instance, while past experiences significantly influence the way users expect to interact with new
technology [50, 77, 85], young children tend to be more willing to interact with new and unfamiliar
systems [85, 111], usually through playful exploration [131]. Older users, on the other hand, tend to
demonstrate higher resistance in adoption of new technology [32, 127], and often rely on others, e.g.
relatives, to assist them [29]. Correspondingly, users that had a chance to interact with the system,
especially if the interaction was successful, tend to find themselves in a tutoring or managing role,
regardless of other social hierarchies [43, 85, 102, 106, 138]. For instance, exploring the adoption of
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smart homes with non-expert household members, Geeng and Roesner [44] found that there is
often the leading “active” user who takes initiative to learn about and use devices, while “passive”
users adapt to their decisions and rely on them to make changes, thus, practically, having access
to less functionality and information than active users. Research also demonstrates that more
technologically-savvy users tend to be more open and feel more comfortable towards interacting
with new technology [77, 138], especially if it shares similarities with systems encountered earlier
[50, 85, 106]. Thus, the user’s sense of self-efficacy is affected by the recognizable/familiar aspects
of interaction design and system’s feedback matching users’ mental model [73, 75].

3 EXPERIMENTAL VALIDATION
The second phase of this research presents an empirical user study, which focused on participants’
interpretation of interaction patterns in multi-user scenarios. These empirical results allowed us to
provide an initial validation of the proposed classification of factors and to gain insights into the
applicability of this classification to multi-user interactions scenarios with natural user interfaces.

3.1 Study design
The design of the experimental validation followed a within-participant model and included a
presentation of 12 stimuli with a questionnaire for each stimulus. Each stimulus included an image
of an interaction scene and a verbal description of the scene. The set of questions for each stimulus
was designed to capture the role of each of the factors, identified in section 2, in participants’ external
perception of the interaction situation. The choice to focus on an external bystander’s perception
is motivated by its similarity with the system’s perspective. The following subsections describe the
allocation of the factors into dependent and independent variables; the design of image stimuli
representing various multi-user interaction scenarios; the design of the questionnaire enabling us
to gather participants’ perception of the different factors for each stimulus; the participants who
took part in the study; and the study procedure.

3.1.1 Study Variables. In the literature analysis (section 2), we identified and classified eight factors
as affecting multi-user interaction patterns. The goal of the study being to assess the role of each
factor in the perception of a character as interacting with a device, the primary dependent variable
was whether a character is perceived as an Interactor. The classification discriminates environmental
and user factors (Figure 2) and forms the basis for the study variables with: environmental factors
representing independent variables manipulated through the stimuli design, and user factors
representing dependent variables due to their internal nature. The factor of the owner’s presence
was manipulated to represent a variable of ownership (i.e., a character being perceived as an owner)
since the effects of the owner’s presence cannot be assessed in a per character analysis. Following
the same rationale, the factor of familiarity between co-users, which can only be captured in per
scene analysis, was omitted from study variables.
Correspondingly, the independent variables included: Privacy of space (3 categories: private,

in-between, and public), Proximity (2 categories: proximity user to device and proximity between
co-users), and Hierarchy (3 categories: even and uneven (low and high). The dependent variables
included: the perception of a character being an Interactor with the device, the perception of their
Ownership of the device, their Responsibility towards the device, and theirAutonomy and Self-efficacy
with regards to operating the device. For the summary of the variables and the corresponding
coding system see Table 2.

3.1.2 Stimuli Design. The set of stimuli included 12 images of multi-user interaction with a device
and a corresponding verbal description of the presented scene. Each image included 3 characters
(all unique potential users), and one device with a natural interface (without a physical token of
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control). Each character was labeled with an arbitrarily assigned name to allow participants to
identify the said character in the description. All stimuli were presented at the same size (width:
400px, height: 315px) and were located in the center of the screen. Stimuli set was equally split
into three groups of four, each group representing a different level of Privacy of space (private,
in-between, or public). Within each group, stimuli were equally distributed to represent even and
uneven (low or high) hierarchy; and different proximities between co-users, and between users and
the device (see figure 3 as an example). The images for the set of stimuli were gathered via online
image search and were selected based on the following criteria:
(1) Exactly three human characters are present in the image to establish a consistent number of

potential co-users.
(2) Each character can be perceived as interacting with the device, e.g., the characters are looking

at the device, or pointing at it.
(3) The position of each character and the device in relation to the characters can be seen clearly

without occlusion on the image.
(4) Scenes are taking place in (1) private (e.g., home) spaces, (2) in-between (e.g., hospital), or (3)

public space (e.g., street, mall).
(5) To control the effect of the presented device, the stimuli were equally distributed to demon-

strate interactions with a smart speaker and a robot.
We did not consider images that involve visible feedback that could point out to a specific

character (e.g., a robot with eyes, looking at a specific character) and devices with a clear token of
control (e.g., a remote control being held by a character).

Fig. 3. Example of a stimulus image with the following description: Three brothers (Tyson, Jeffery, and Seth) are
together at home. On the floor, there is a smart speaker with a conversational agent (e.g., Alexa or Google Home).

3.1.3 Questionnaire Design. Each stimuli was followed by a questionnaire designed to capture the
participant’s perception of each dependent variable in the prompting scene. The questionnaire
included the following questions.

• Interactor: In your opinion, who is/are interacting with the device in this scene? (mark all that
apply)

• Owner: In your opinion, who is the owner of the device? (mark all that apply).
• Responsibility: In your opinion, how responsible are each of the characters for the overall
maintenance of the device and its proper functioning? 7-point Likert scale for each character.
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• Autonomy: In your opinion, how independent is each character from the other 2 people in the
image in initiating action with the device? 7-point Likert scale for each character.

• Self-efficacy: In your opinion, how confident is each character in their ability to use this technol-
ogy? 7-point Likert scale for each character.

Additionally, participants were invited to provide open-ended explanations for each of their
responses.

3.1.4 Participants. In total, 100 participants were recruited for the study on the Amazon Mechan-
ical Turk (mTurk) online crowdsourcing platform. The Turkers were sampled with an excellent
performance history, HIT approval rate ≥ 97, and an approved number of HITs ≥ 100, all located in
the USA. Out of the 100 participants, 96 passed the attention question (see study procedure below).
On average, participants were 41.5 years old (SD = 11.2 y.o.) ranging from 24 to 76 y.o.; 73.9% with a
college degree or higher; 52% self-identified as female, 48% as male. The average study completion
time was 47 minutes and participants were paid on average US$5.17, including an additional bonus
ranging from US$0.5-$2 for participants who put extra effort into answering the questionnaire,
such as elaborating on the open questions.

3.1.5 Study Procedure. Our research method focusing on perception using static images is based
off prior work [53, 63, 79, 141]. Two pilot studies (n=5, n=10) were conducted to verify the protocol
and to ensure the clarity of the image stimuli and questions. Consequently, several questions were
rephrased, and two image stimuli were replaced. At the beginning of the experiment, participants
were presented with a description of the study and asked to read and sign an electronic consent
form. They then received instructions on how to fill out the questionnaire. In the next step, they
were asked to fill in a demographics questionnaire. Participants were then presented with each
of the 12 stimuli and questionnaires, one by one, assigned in a random order for each participant.
Halfway through the questionnaire, participants were asked to answer an attention question, for
which they were asked to identify the names of the characters on a prompting image.

4 DATA ANALYSIS AND DISCUSSION OF RESULTS
To analyze the participants’ perception of each factor in different scenarios and the effects of each
factor on the perception of a character as an interactor with the device, we first prepared the data.
The values of the dependent variables (Interactor, Owner, Responsibility, Autonomy, and Self-

Efficacy) were extracted from the participants’ responses to the questionnaire. The values of the
independent variables (Privacy of space, Proximity, and Hierarchy) were based on the stimuli. The
dependent and independent variables were then coded, data was normalized, and datasets were
formed. The datasets included a full dataset (3,456 data points) and three sub-sets corresponding
to the different types of Privacy of space (private, in-between, public) following the three major
groups of stimuli (1,152 data points each).

The aim of the empirical study was to provide an initial validation of the classification of factors
by exploring whether and how each factor contributes to the perception of interaction with a
device, in diverse multi-user settings. Within our analysis, we considered two questions. The first
one related to the effects of each factor on the perception of a character as an interactor with the
device (per character), and the second one focused on how each factor was perceived for each
stimulus (per scene), including across different types of spaces. The following subsections describe
the data preparation, the analysis process, and the results for each of these questions.
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4.1 Per Character Analysis
The following subsections describe how the data was coded and analysed for the per character
analysis.

4.1.1 Data Coding. The study dependent and independent variables resulted in raw data, which
was presented using one of three scales: binary, ordinal, and categorical. To prepare for analysis,
the data was transformed as follows: the binary data (Interactor and Owner) was kept unchanged;
the ordinal data (Responsibility, Autonomy, and Self-Efficacy) was normalized from a 7-point Likert
scale into a value in a 0-1 range; and the categorical data (Proximity and Hierarchy) was assigned a
numerical value describing its category in a 0-1 range (Table 2).

4.1.2 Analysis Process. To understand the impact of the identified factors on the perception of
interactor, we created a regression model, which was designed to verify the underlying assumption
that the factors, composing the model of multi-user interactions, can predict the perception of an
interactor. Correspondingly, we used a Generalized Linear Mixed Model regression (GLMM) which
is used to predict a binary variable by transforming both fixed-effects and random effects into linear
predictor [38]. In the model, participants were treated as a random factor. The variables of Owner,
Responsibility, Self-Efficacy, Autonomy, Proximity, and Hierarchy were treated as explanatory to the
explained (primary dependant) variable of being perceived as an Interactor.

Before running the GLMM, and to investigate the relationships between the explanatory variables,
we first verified the correlations between them. The correlation for categorical and binary variables
– Privacy of space, Proximity, Hierarchy, Owner – were calculated using a Cramer’s V statistical
test and the correlation for the ordinal variables – Responsibility, Autonomy, Self-efficacy – were
calculated using a Pearson’s test. Table 1 presents the resulting correlations, all showing significance
(p < 0.01).

While most of the correlations were moderate, the Privacy of space had correlations > 0.4 with
the variables (Proximity (User-Device & Between co-users) and Owner). We then measured potential
multicollinearity between Privacy of Space and these variables using the Variance Inflation Factors
(VIF). The test results showed a moderate multicollinearity for the Privacy of space variable (VIF
= 3.99) [28]. However, given that this value rounds up to the threshold of 4 [49], we opted to run
the regression model first with Privacy of Space as a single explanatory variable (see Table 3) and
to separate it from the global GLMM (see Table 4). Note that all models accounts for participants’
responses for each character individually, and did not take into account potential relationships
between the characters.

4.1.3 Results. The output of the GLMM for all four datasets is presented in Tables 3 and 4. Each
model includes the name of the explanatory variables, including the coding of the categorical ones,
and the fixed effects of the odds values, in each dataset. The baseline group is represented by the
intercept, composed of all the 0 values of the categorical explanatory variables, as well as other
explanatory variables. To fully understand the effect of each explanatory variable on the explained
one, each value should be interpreted as a multiplication factor which can then explain the direction
of the prediction. We further describe the role of each factor on a character being perceived as
Interactor for different Privacy of space.

Privacy of space. This factor has a significant effect and we found that characters are more
likely to be perceived as interacting with the device in private and in-between spaces as compared
to public spaces. For instance, if the scene depicts a home or school environment, a character is
more likely to be seen as interacting with a device than on the street or in a mall.

Proximity. This factor is divided into two subfactors: the proximity between a character and
the device (User-Device) and between characters (Between co-users) which both proved significant.
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Table 3. GLMM output on the effects of the Privacy of space factor on explaining the Interactor. Statistical
significance is represented by: * (p < 0.05).

Values of the categorical data Full dataset
Intercept 1.124

In-between (0.5) 1.185Privacy of Space
Public (1) 0.773*

AIC 4584.2
R^2 (R2c) 0.131

Table 4. GLMM output on the effects of all factors on the perceived Interactor in multi-user scenarios. Factors
with empty cells (-) were not kept in the regression model. Statistical significance is represented by:
** (p < 0.01); * (p < 0.05).

Values of categorical variables Full dataset Private In-between Public
Intercept 2.188** 4.707** 0.123** 0.499

2-arm’s reach (0.5) 0.483** 0.078** 1.368 1.642User-Device
Further away (1) 0.295** 0.022** 0.028** 0.985
1 co-user is at arm’s reach (0.25) 0.282** 1.534 0.133** -
2-arm’s reach from all (0.5) 0.397** 0.201** 1.344 -
2-arm’s reach from a co-user and
further away from the other (0.75) 0.040** 0.230 - -

Proximity
Between co-users

Further away from all co-users (1) 0.376** - 0.933 0.200**
Even (0.5) 0.348** 0.085** 7.493** 0.967Hierarchy
Uneven - High (1) 0.419** 0.055** 1.960* 0.642*

Owner 2.547** 2.423** 205.203** 4.415*
Responsibility 0.433** 0.954 0.687 1.311
Autonomy 1.293 0.825 0.958 1.495
Self-Efficacy 6.508** 9.689** 25.508** 4.208**

AIC 3815.2 1126.2 817.6 1391.9
R^2 (R2c) 0.426 0.449 0.811 0.404

The results demonstrate that, overall, the closer a character is to the device, the more likely they
will be perceived as interactor. This effect is also significant in Private spaces. In in-between spaces,
this effect is only significant when participants are further than 2-arm’s reach away from the device.
While the tendency to get closer to a device to interact is expected with devices that include a
physical token of control (see subsection 2.2.3), we observe that this is also the case with natural
interface devices when technically, input does not require close proximity. Furthermore, we did not
observe statistical significance in User-Device distance in public spaces, which might be explained
by the fact that when people interact with public displays for example, different types of interactions
will occur at different interaction distances [133], therefore not necessarily requiring the user to
approach the device to interact.

The factor of between co-users proximity also showed significant differences. We find that overall
a character is most likely to be perceived as interactor when within arm’s reach from the other two
characters. They will be significantly less likely perceived as interactor when within two arm’s
reach or further away from the other two characters; and even less likely with only one character
at arm’s reach or when one is at arm’s reach and the other further away. In private environment,
significance difference is found when characters are at 2-arm’s reach of either one or both co-users;
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while in in-between spaces, significant difference is found when the character is at one’s arm reach
of only one other character. The model drops this factor for public spaces. These results highlight
the importance of the distance between co-users in defining who will be chosen as interacting with
the device, and how this distance could create some ranking behaviors, probably based off social
norms between characters. In addition, it confirms that, as for user-device distances, proximity does
not appear to play a role when interacting in public spaces. These results also lead us to believe
that the position of the device, compared to each character individually and as a group has an
affect on who is perceived as interactor. Further research is needed to understand how the factor of
Proximity is interwoven between people and device.

Hierarchy. The data suggests that the factor of hierarchy has a highly significant effect across all
datasets. Interestingly, the nature of this effect varies between different privacy of space. Specifically,
in private spaces (e.g., at home) and in public spaces (e.g., on the street), higher social hierarchy
significantly lowers the chances of a character to be perceived as an interactor, such that a parent
is less likely to be seen as an interactor than a child. In in-between spaces, the nature of this effect
is reversed – a higher hierarchy (e.g., an employer) significantly increases a character’s chance
to be seen as an interactor compared to those with a lower hierarchy status (e.g., employee). In
the study materials, we defined Hierarchy both through the age of characters (children vs. adults)
and professional relationship (manager vs. employee), but the latter has predominantly appear
in in-between environments. This might potentially explain the negative correlation between
hierarchy and interactions, since, while parents tend to have higher positions in social hierarchy
compared to children and control their interactions [22, 57, 102, 131, 146], children are often allowed
to interfere interaction of others for the sake of learning [43], and are generally more willing to
interact with new systems [85, 111, 131]. In addition, we found that when a character is at an even
level (i.e., no hierarchy) with the other two characters, they are significantly less likely to be seen
as interactors in private and public spaces, but significantly more likely to interact in in-between
spaces. This is indicative of the role of the social structures and norms and their part in choosing
the interactor.

Owner. When observing the full dataset, the results show that being perceived as an owner
significantly improves the chances of being perceived as interactor. This effect is significant in
each dataset. It is even more prominent in in-between spaces, which means that if a character is
perceived as the owner of the device in a semi-public or semi-private space (e.g., at work), then the
person is more likely to be perceived as interactor.

Responsibility. The output on the full dataset shows that the factor of responsibility towards
the device has negative effect on a character’s likelihood to be perceived as an interactor, i.e.,
the lower perceived responsibility increases the character’s chances to be seen as an interactor.
However, for each particular type of privacy of space, this effect does not appear to be significant.

Autonomy. This factor did not appear to be a predictor of a character’s likelihood of being
perceived as an interactor.

Self-efficacy. The results show that the higher the perceived self-efficacy of a character, the
more chances this character has to be chosen as an interactor. This factor has a significant effect
across all datasets, i.e., the result holds across all types of privacy of space. This would suggest that
the more confident a character seems to be in their ability to use the technology (i.e., perceived
higher Self-efficacy), the more likely they are to be perceived as interacting with it.

To further understand our results beyond each individual character, we analyze our data for each
scene.
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4.2 Per Scene Analysis
The following subsections describe how the data was coded and analysed for the per scene (i.e.,
stimulus) analysis.

4.2.1 Data Processing. The data used in this analysis corresponds to the dependent variables
extracted from the study questionnaire. For each stimulus, the following values were computed:
Number of perceived Interactors, summing up the number of characters chosen as interacting with
the device (none, single, multiple); Number of Owners, summing up the number of characters
chosen as owner of the device (none, single, multiple); Level of Responsibility corresponding to the
mean value of the responsibility scale; Mean level of Autonomy, computed as the mean value of the
autonomy scale; and the mean level of Self-efficacy, computed as the mean value of the self-efficacy
scale.
These descriptive values were calculated for all datasets and were then compared between the

three subsets, i.e., different levels of Privacy of Space. For the binary variables (Interactor and Owner),
we ran a within-group analysis using 𝜒2 (Figure 5), and a between-group analysis using a proportion
test. For the other variables (Responsibility, Autonomy, and Self-efficacy), we used an ANOVA test
with Tukey HSD post-hoc tests to identify differences between the groups, with the statistical
significances reported in Figure 4.

4.2.2 Results. The results of the descriptive statistics are summarized for each of the four datasets
in Table 5 and the significance of the differences is demonstrated on Figure 4. We further describe
below how each factor was appraised by the participants.

Table 5. Overview of the distribution of responses of the participants for each dependent variable.

Factor Full dataset Private In-between Public
None 15.5% 12.7% 8.5% 25.2%
Single 45.7% 48% 49.5% 39.8%Interactor
Multiple 38.8% 39.3% 42% 35%
None 57% 21.3% 54.5% 95.5%
Single 23.5% 30.7% 35.5% 4.5%Owner
Multiple 19.5% 48% 10% 0%
Mean 2.5 3.7 2.6 1.4Responsibility SD 2.2 2.4 2.2 1.2
Mean 4.3 4.3 4.1 4.5Autonomy SD 2 2 2.1 2
Mean 4.5 5.2 4.5 3.7Self-efficacy SD 1.9 1.6 2 1.9

Interactor. The most frequent response across all datasets was that the device is being used by a
single character, whereas the least frequent response was that no one uses it. This data collaterally
supports the initial assumption of interaction patterns, i.e., that in multi-user scenarios, users tend
to engage with a device through non-simultaneous interaction actions. While the prevalence of a
single character being seen as an interactor is consistent across the different levels of the Privacy of
space, it should be noted in all types of space, the differences between perceptions of a single and
of multiple characters as interactors are insignificant. Furthermore, the perception that nobody
is interacting with the device is significantly more common for public spaces, and the perception
of a single interactor is significantly less common compared to other environments. The joint
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Fig. 4. Plotting of the responses distribution for each dependent variable, with a statistical comparison
between different Privacy of space (Private, In-between, Public) for each variable. Statistical significance is
represented by: ** (p < 0.01); * (p < 0.05).

consideration of this data with the results on the effects of the Privacy of Space factor (see section
4.1.3) further confirms that in public spaces, characters are less likely to be perceived as interactors
in general. While the causes and mechanisms leading to this effect need to be further investigated,
we note that, arguably, it is not yet common for people to be interacting with non-personal devices
in public spaces, which may have influenced participants’ interpretations.

Owner. In private spaces, ownership tends to be assigned to multiple characters (48%); while in
public spaces, in almost all instances (95.5%), no character is perceived as an owner. Interestingly,
our data shows high frequencies both for a single (35.5%) and no owner (54.5%) in in-between
spaces. This evidence first illustrates the transitional position of interaction processes in in-between
spaces, from public to private. Second, this finding opens a question on the perception on the
nuances of ownership assignment in semi-public and semi-private environments, e.g., at work or in
school. Given that the results of the per character analysis showed that if a character is perceived
as an owner of a device, their likelihood of being seen as an interactor significantly increases
(see the results for the Owner factor in section 4.1.3), the lack of ownership assignment in public
spaces further contributes to the frequency of no character being seen as an interactor in these
spaces. However, while private spaces most often include multiple perceived owners, the prevalent
perception of interactors is still as a single character. This suggests that, although the perceived
ownership affects the perceived role in interaction, this effect might not be linear and requires
further investigation.

Responsibility. The perceived level of Responsibility is below average in all spaces. The lowest
appears to be in public spaces (1.4 out of 7) and the highest in private spaces, still remaining
below average (3.7). Furthermore, the perceived level of responsibility for in-between spaces is 2.6,
confirming the transitional position of in-between spaces. These findings open a discussion on
both the role and mechanisms of the users’ sense of responsibility towards devices in multi-user
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Fig. 5. Plotting of the responses proportion for the Interactor and Owner dependent variables, with a statistical
comparison within each level of Privacy of space (Private, In-between, Public) for each variable. Statistical
significance is represented by: ** (p < 0.01); * (p < 0.05).

scenarios, as well as the differences in the sense of responsibility in different levels of privacy of
space (e.g., at home vs. at work vs. on a street).

Autonomy. Although, the perceived Autonomy level of the characters is around average in all
spaces (4.3 out of 7), it is significantly lower in in-between spaces compared to other environments.
Since the sense of autonomy towards a device reflects the perceived independence in initiating
actions with this device, the lower levels of autonomy in in-between spaces (e.g., at work) suggest a
need for a particular attention to interaction empowerment when designing for these environments.
Furthermore, the difference between the participants’ responses in the private space when compared
to the public space was not statistically significant and they were perceived similarly. This could be
due to the perceived equity of social landscape, i.e., social actors having similar “rights” to initiate
actions, both in private spaces where multiple characters act as owners, and in public spaces where
no character is an owner.

Self-efficacy. The sense of self-efficacy of characters, i.e., the perceived level of their confidence
in interacting with a device, was observed to be the highest (and above average) in private spaces (5.2
out of 7). The lowest levels of self-efficacy appeared for public spaces, although it should be noted
that the mean value is only slightly below the average (3.7). We found significant differences in self-
efficacy between all types of Privacy of space. Arguably, these results could be corroborated by the
fact that people are expected to be more experienced with devices in familiar spaces (e.g., at home)
compared to devices situated in other shared environments; however, an in-depth understanding
of these tendencies require further exploration.

5 DISCUSSION OF THE MODEL AND IMPLICATIONS
The goal of this work is to propose an initial model of multi-user interaction with natural interfaces
by classifying the factors affecting co-use patterns in multi-user scenarios. The initial set of eight
factors was derived from an extensive literature analysis and categorized into environmental and
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user factors based on the nature of these factors (i.e., external vs. internal). This structure aids in
system design by offering a systematic approach that allows a developer to identify what specific
features of a system should support multi-user interactions and how. The fitness of these factors
for multi-user interactions with specifically voice interfaces as examples of natural interfaces,
was explored empirically through an experimental user study. The results of the study provide
an initial validation of the structure of the model and reveal the nuances of the significance and
the effects of the constituting factors. In this section, we first discuss the heterogeneity of factors
in the model, followed by the outline of the design implications on future interfaces supporting
multi-user interactions.

5.1 Discussion of the Model
When empirically evaluating the fitness of the model for voice interface systems as an example of
natural interfaces, we observe that while each factor has a role, these factors are not homogeneously
affecting the perception of interaction. Scenarios when several users might need to interact with a
system simultaneously might occur in different environments. In the current research, based on
evidence from literature, we first defined the differences in these environments on a continuum
from private, through in-between (i.e., semi-public), to public environments; referring to this
factor as privacy of space. While other environmental factors reflect the further nuances in the
composition of the interaction environment, the privacy of space seems to offer a rather
cumulative approach for separation of interaction contexts, suitable for design purposes. In
particular, HCI researchers often tends to position their work within application domains, e.g., smart
home design (private space) [44, 119, 139, 146], design for work [118, 123, 128] or learning [1, 78, 98]
(in-between space), or design for city environments (public space) [100, 102, 140]. Furthermore,
our empirical results support such approach to the high-level separation of the environments
by suggesting the differences in the role of other constituting factors on being perceived as an
interactor in private, in-between, and public spaces. For example, scenarios in public spaces are
characterized by significantly more often lacking an assigned owner of the system, lower levels of
the average responsibility and self-efficacy. On the other hand, in private space, e.g., at home, the
ownership is most often assigned to multiple characters, compared to other environments, and the
average responsibility and self-efficacy assigned to the characters, are significantly the highest.

In addition, the literature analysis found proximity between co-users to be a reflection of shared
ownership of a device or its content [117], as well as a sign of collaborative behavior between
co-users [52, 112]. This was similarly observed in our empirical study where 48% of the participants
perceived the device as owned by multiple characters in the private space (shared ownership) and
as we found the proximity between co-users – as well as the proximity to the device – to be a
significant predictor of interaction with the device. Overall, the study results, first suggest that,
although the distinguishing characteristic of voice interfaces is the lack of physical token
of control over the system, territoriality and physicality parameters still hold relevant
to these systems. In a similar vein, exploring the effects of physicality of the device on the mental
model of conversational agents, Lee et al. [74] found that users’ perceptions, expectations, and
interactions toward the agent differed depending on the presence of a physical entity. Second, these
results suggest that, in multi-user scenarios, the mechanisms of the perceived interactions
with voice interface systems generally agree with the mechanisms defining multi-user
interaction patterns with graphical interfaces. Finally, the significance of the responsibility
factor across all environments, but the lack of it for each particular environment might be potentially
explained through the users’ underdeveloped mental model of shared ownership of systems in
general [43, 83, 128], and the natural interface systems specifically [8, 24, 74].
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5.2 Leveraging the Model in Design
By systematically approaching the factors affecting input patterns of co-users, the model offers
an opportunity to navigate the multi-user design space and formulate design decisions
based on the combination of relevant factors. For instance, the model describes the social
hierarchy between co-users (e.g., children and parents, workers and managers) as one of the
environmental factors affecting who interacts with a system. In particular, our model details how
people are more likely to be seen as interacting with a device in in-between (i.e., semi-public) spaces
when there is no hierarchy between users, or when they have higher hierarchy over other co-users.
Moreover, our empirical results suggest that the presence of the owner – also environmental factor
– is exceptionally relevant in these in-between spaces. Both factors therefore become of a particular
interest to the deployment of natural interface systems in spaces such as work environments,
hospitals, or community centers. Furthermore, a conceptual separation of environmental and user
factors addresses the diversity of the nature and sources of the identified factors, and informs
the procedural heterogeneity of how a system can approach the assessment of these contextual
parameters.

5.3 Leveraging Environmental Factors
The model includes five environmental factors, which we defined as being external to a given user
and determined by the composition of the interaction situation, including where the interaction is
taking place, who the co-users are, and how the co-users are positioned spatially both with regards
to each other and to the device. While the environmental factors might represent parameters
of physical, social, or jointly physical and social environments; their external nature makes
them potentially available for the direct assessment by the system through either sens-
ing (physical environment) or inference (social environment). Indeed, this approach finds
reflection in the design of context-aware systems. In particular, to capture the heterogeneous nature
of context, researchers distinguish types of contextual data through the dichotomy of “physical”
versus “logical” context [4, 7, 48, 107, 126]. Physical context refers to sensable environmental state
(e.g., location, light, movement) [4, 48, 107], while the logical context describes users’ state, experi-
ence, and activity [4, 48], which tends to be inferred based on a combination of parameters (e.g.,
“communication availability” of a user) [41, 90, 92]. Regardless of whether the environmental factors
are directly sensed or inferred, the system’s ability to systematically assess the composition and the
interaction situation allows for designing autonomous context-aware adaptations for dynamically
changing settings, as required for efficient support of multi-user interactions [101].

5.4 Leveraging User Factors
Unlike environmental (external) factors, user (internal) factors affecting multi-user interac-
tion patterns are currently accessible to a system only through the users’ self-report. Yet,
the initial understanding of the structure of this internal context is critical for informing the design
of multi-user interactions for targeted tasks and populations. For instance, the identified factor of
self-efficacy, which was empirically shown to be relevant in all private, in-between, and public
environments, is known to manifest differently in different age groups. Specifically, while young
children tend to be more willing to interact with new and unfamiliar systems [85, 111], older users
have a tendency for higher resistance in adoption of new technology [29, 32, 127]. Interestingly,
all three user factors – sense of responsibility, autonomy, and self-efficacy – represent
a subset of dimensions defined for the sense of ownership of technology [67]. While the
question of ownership perception towards technological possessions currently remains in early
stages for the HCI research community, particularly for shared ownership [47, 125], our results
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collaterally support the heterogeneity of the ownership dimensions, and suggest the different
affects of these dimensions on multi-user interaction patterns in different environments.

6 LIMITATIONS AND FUTURE WORK
The initial experimental validation to assess the fitness of the model of multi-user interaction and
its relevance for systems with voice interfaces was performed in an online experiment. It was
designed to validate the role of identified factors in a bystander’s perception of who interacts with a
natural interface systems and why, in intentionally ambiguous scenes depicted in a set of prompting
image stimuli. The advantages of the online format of the study include, first, the ability to access a
socially diverse set of participants, minimizing the similarity bias occurring when recruiting from
familiar social circles. Second, this format offers convenient presentation of prompting stimuli and
efficient collection of a diverse body of quantitative data in controlled conditions.

However, some limitations of themethod should also be acknowledged. For instance, the format of
the data collection does not allow dynamic understanding of the scene or follow-upwith participants
to further expand the understanding of their responses. Thus, the data collection method provides
high replicability but potentially lacks the contextual richness of the narrative, produced by purely
qualitative methods. In our analysis, we acknowledge these shortcomings but argue that the
format is suitable for the initial validation, focused on a quantitative approach. Furthermore, the
study was designed to capture participants’ perceptions of the scenes as a bystander. While the
interpretations provided by the participants were formed based on their prior knowledge and
experience, this approach to data collection can potentially affect the generalization of the results
on actual behavioral outcomes and limit the predictive power of the model.

Consequently, we suggest that further research is required for detailed validation of the model.
First, more investigations are needed to define the calibration, relative intensity, and inter-dependencies
between identified factors. Second, further behavioral experimental studies would allow to ensure
the persistence and relevance of identified factors in different interaction spaces. Finally, targeted
studies with specific user groups, such as children, older users, co-workers; will provide insights
into the potential variations of the relative intensities of the factors for diverse use-cases.

7 CONCLUSION
The goal of this work was to develop a systematic approach to the parameters affecting multi-user
interaction patterns with a particular focus on natural user interfaces, and to create a theoretical
framework of the factors that impact the way people use multi-user devices together. This paper
presents the first systematic view on the factors affecting interaction patterns inmulti-user scenarios
with voice interfaces, as an example of natural user interfaces. The factors are organized into a
model, which was first derived from the existing literature, and then preliminary validated through
an empirical user study. The model distinguishes five environmental factors (external to a given user
and directly available for the system through sensing and inference) and three user-centered factors
(internal to a given user and unavailable directly for the system). By synthesizing theoretical and
empirical findings, we explore the relevance of the factors in the model for conversational systems
and discuss the model’s implications for the development of future multi-user conversational
interfaces.
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