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Figure 1: We support cross-device collaboration in VR, through a handheld device and a head-mounted display. A: The Hand-
held User can create and highlight building blocks through his touchscreen interface, to guide the onlooking HMD User (or-
ange humanoid avatar). B: The HMD User can manipulate objects (e.g., scale a cylinder) directly with his hands. 

ABSTRACT 
Collaboration in virtual reality (VR) across heterogeneous devices 
poses challenges for efectively supporting manipulation, naviga-
tion, and communication through diferent interfaces. We explored 
these in the design and development of a collaborative VR sys-
tem that allows interaction through a mobile touchscreen device 
(Handheld User) and a head-mounted display (HMD User). In a 
qualitative evaluation, we further analyzed how these interfaces 
afect social roles and user interactions during collaboration. Our 
observations reveal that Handheld Users achieved presence in the 
virtual environment, despite the non-immersive interface, and as-
sumed similar spatial positions in a conversational scenario as they 
would in the real world. In a collaborative building task, we found 
leadership roles not tied to immersion, but potentially infuenced 
by users’ eye-level. Further, Handheld Users exhibited stronger 
movement patterns than HMD Users. Based on such behavioral 
patterns, we contribute a classifcation framework for Handheld 
Users that facilitates future analysis of interactions in shared virtual 
environments through handheld devices. Finally, we ofer several 
design considerations for collaborative cross-device VR, which are 
based on our observations and exemplifed in our presented system. 
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1 INTRODUCTION 
Since at least the early ’90s, work on shared virtual environments 
(SVEs) has demonstrated that VR can efectively support multi-user 
collaboration [3, 7, 9]. Today, state-of-the-art multi-user VR systems 
typically present high-fdelity virtual content in a head-mounted 
display (HMD), allowing users to explore the virtual environment 
(VE) through natural head movements and locomotion, while collab-
orating by directly manipulating the virtual world with their hands, 
and communicating naturally through voice and body language 
[49]. To enable this highly immersive experience, such systems 
usually intend all users to interact through identical interfaces (e.g., 
HMD and hand tracking), placing strict requirements on the inter-
action space and hardware. In this work, we are interested in how 
collaboration can be enabled across devices, such as an HMD and a 
smartphone, that ofer diferent degrees of immersion and support 
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distinct interaction techniques. We thereby aim to address the gap 
in literature of heterogeneous cross-device interaction in VR. 

We have developed a collaborative VR system that enables si-
multaneous interaction of a fully immersed user wearing an HMD 
(HMD User), and a second user with a handheld touchscreen device 
that represents a metaphorical window into the virtual world (Hand-
held User). In VR, the HMD User embodies a human-sized avatar 
(see Figure 1, left), refecting their ability to move through natural 
locomotion and manipulate objects with their virtual hands. In con-
trast, the Handheld User is represented as a foating, box-shaped 
head (see Figure 1, right). Since they interact through touchscreen 
input and their fast movements are not bound by the same physical 
and spatial constraints, a triangular tail highlights their movement 
direction. We thereby enable interaction with diferent levels of 
immersion, hardware availability, and mobility, supporting scenar-
ios where not all users have access to a full VR setup. This may be 
relevant, for example, in remote assistance scenarios [37], where a 
worker (e.g., in immersive VR) wishes to consult a remote expert. 
The quality of the expert’s assistance depends on the information 
they can gain about the task space, and what guidance they can 
provide through the communication medium used (e.g., textual 
description with pictures, voice chat, video chat, virtual site visit). 
This may in turn be restricted by requirements imposed from the 
expert’s environment, e.g., while commuting on a train their full 
virtual telepresence gear might not be accessible, but they could use 
a smartphone. These interfaces are substantially diferent in how 
they support interaction, which raises questions about how they 
afect users’ experience, behavior, and perception of collaborators 
in VR. Thereby, interaction through hand-held touchscreen devices 
is of particular interest to us since it is yet under-explored. 

We assessed the capabilities of our system for collaboration in 
a user study with 20 participants (10 Handheld User+HMD User 
pairs). In this study we specifcally evaluated the spatial formations 
of users in a conversational scenario, as well as the efect of a non-
immersive interface on the distribution of leadership roles during 
a collaborative building task. Our results show that, analogous to 
conversational scenarios in the real world [6, 24], users prefer to 
face each other when socializing in VR, independent of the interface 
they use. Contrary to related work that reports strongly immersed 
users as more actively leading partners [33, 45], we observed no 
such efect in terms of perceived leadership. While this may be due 
to an asymmetry in available information, since the Handheld User 
was in possession of the building plans, our observations also point 
to other potential factors, such as eye-level (i.e., vertical position 
of the Handheld User). Further, we observed strong movement 
patterns for Handheld Users, while HMD Users usually remained 
stationary. 

In summary, this paper makes four main contributions: (1) a 
multi-user VR system that supports collaboration across hetero-
geneous devices (see section 3); (2) insights from a user study on 
how these diferent interfaces afect users’ spatial formations (RQ1), 
behavior (RQ2) and leadership roles (RQ3) (see section 4); (3) a 
framework for classifying Handheld Users with respect to their 
collaboration strategies and movement patterns (see section 6.2.3); 
(4) a list of design guidelines and considerations for cross-device 
collaboration in VR (see section 6.3). 

2 RELATED WORK 
In our work we applied HCI concepts and perspectives for interac-
tion, focusing particularly on collaboration in Virtual Reality (VR) 
and Mixed Reality (MR). We review respective related work in the 
following section. Further, we outline several concepts relating to 
social interaction, to provide a basis for later discussion. 

2.1 Collaborative Interaction in Mixed Reality 
Milgram’s Reality-Virtuality continuum [25] allows classifcation of 
our perceived reality, based on its ratio of real vs. virtual content. VR 
lies at a far extreme of this continuum, describing an environment 
that consists solely of virtual objects. Any combination of real and 
virtual content is considered MR. While our collaborative system 
falls into the category of VR, we also discuss several MR examples 
to illustrate relevant concepts. 

2.1.1 Presence & Social Presence. In the context of VR, presence 
refers to experiencing a VE as a ‘place’ and being more invested in 
this virtual space than in one’s physical environment (see Schuemie 
et al. [39] for a survey until 2001). This is related to immersion, 
which describes characteristics of technology (e.g., reproduction 
fdelity) that can facilitate the experience of presence [44]. Presence 
is frequently evaluated through questionnaires [27, 48]. Similar to 
presence, social presence is assessed for multi-user mixed-reality 
experiences. This term does not merely describe the sense of “being 
together”, but also considers attention, mutual awareness, compre-
hension of emotions and content, and the afective and behavioral 
interdependence of two entities [2, 17]. Arguably, communication 
is a prerequisite for social presence, and voice communication may 
be most preferable, since it does not occupy our visual attention 
(e.g., in contrast to text chat [12]). A high degree of social presence 
is thought to support shared interaction and may become evident 
through the use of non-verbal communication [23, 33, 42]. 

2.1.2 Shared Virtual Environments. Shared Virtual Environments 
(SVEs) are software systems through which users can join virtual 
worlds, regardless of their location, and interact in real-time with 
these worlds and other users that share them [47]. Within the SVE, 
a virtual avatar serves as User Representation [40]. In MR appli-
cations, this avatar can be introduced into the real world, e.g., as 
a hologram [29]. Systems like the CAVE [8], MASSIVE [14] and 
Diamond Park [46], were pioneers in the feld of SVEs. Carlsson and 
Hagsand [5] presented the frst immersive SVE using HMDs, allow-
ing two users to remotely see and interact with each other through 
text chat and 3D avatars. The common goal these researchers pur-
sued, was to create believable worlds in which multiple users would 
feel present and where they could play, socialize, and work together. 

Nowadays, as technological limitations diminish, asymmetric 
SVEs become increasingly important [11]. Recent advancements 
have led to new considerations for the design of SVEs, such as the 
implementation of awareness cues that strengthen non-verbal com-
munication, and techniques that enable working simultaneously in 
a multi-user context. For example, MiniMe [34] shows that having 
an adaptive avatar, which refects the user’s gaze direction and 
mimics body gestures, can convey the non-verbal communication 
cues required to increase performance in an asymmetric object 
placement task. SpaceTime [49], a scene building tool that supports 
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Figure 2: Three common F-Formation confgurations: (A) 
corner-to-corner, (B) face-to-face, and (C) side-by-side. 

fuid and uninterrupted collaboration in a large VE, also demon-
strates the potential of using animated avatars to emote and convey 
non-verbal interaction to support efective collaboration between 
collaborators. Further, VR-Guide [31] emphasizes the importance of 
object highlighting for conveying deictic information in a heteroge-
neous co-located multi-user system. Similarly, CoVAR [32] presents 
diferent combinations of visual awareness cues that inform collab-
orating users about their partner’s feld of view and head/eye-gaze. 
Their fndings confrm that awareness cues can improve user perfor-
mance and usability in the given context. Piumsomboon et al. [35] 
showcase the benefts of summoning collaborators as well as en-
abling non-verbal communication. However, the described systems 
usually involve identical use interfaces and only few heterogeneous 
cross-device multi-user VR systems exist. One such example is 
ShareVR [15], which allows co-located users to share collaborative 
experiences across two diferent interfaces: While one user wears 
an immersive HMD, a second non-immersed user interacts through 
a VR controller and views the VE through a foor projection. Sim-
ilarly, DollHouseVR [20] enables an immersed user to redecorate 
a house alongside non-immersed users, who collaborate through 
an interactive tabletop. The immersed user manipulates and points 
at objects with a controller, while the non-immersed collaborators 
see a top-down view of the house and can interact with their hands 
through a “God-like” interaction technique. While DollHouseVR 
does allow collaborators to see each other, the immersed user is 
represented as a humanoid avatar, while the non-immersed users 
are projected onto the ceiling of the virtual house. This strengthens 
the metaphor of them having a bird’s eye view of the virtual world. 

The work presented above highlights the importance of shared 
awareness cues, conveyance of deictic information, and the ability 
to act independently to aford social collaboration. While most 
research focuses on multiple HMD users, recent work on cross-
device multi-user VR has found an increase in social engagement 
between collaborators [20, 31, 34, 36], when each device used had 
purposely designed input techniques. It is our goal, to build upon 
this work. 

2.2 Concepts of Social Interaction 
In this paper, we are interested in analyzing how people behave 
when they engage in Focused Interaction [13], i.e., coordinated face-
to-face interaction between two or more actors, through hetero-
geneous interfaces. In particular, we explore two characteristics 
of behavior: 1) the spatial arrangement of actors and 2) leadership 
roles. 

2.2.1 Spatial Arrangement of Actors. Attempting to understand the 
spatial arrangement of actors in regard to their focus and periper-
sonal space is not a new endeavor. For example, Benford et al. 

introduced the concept of avatar auras during Focused Interaction 
within a virtual world [1]. In their work, they present a rudimentary 
framework for categorizing the efects of the spatial arrangement of 
actors on inter-personal communication. Focusing in particular on 
conversational encounters, Ciolek and Kendon found that people 
assemble around a common space, which allows them to "efectively 
exchange the glances, gestures, and words out of which conver-
sations are constructed" [6]. However, the actual arrangement of 
actors varies, depending on characteristics of the environment, so-
cial relations between the communicating parties, etc. Therefore, 
the authors identifed a range of F-Formations (e.g., see Figure 2) 
to describe the most common spatial confgurations of people in 
social interaction. 

We apply the F-Formation framework [6, 24] and its PolySocial 
extension [10], as well as Hall’s concept of interpersonal distances 
(Intimate, Personal, Social, Public) [16], to evaluate users’ behavior 
during interaction with our collaborative VR system. In particular, 
we aim to analyze how users position themselves with respect 
to each other, depending on the SVE they inhabit and the type 
of interface they experience it through (HMD User vs. Handheld 
User). 

2.2.2 Leadership in Multi-User Systems. Prior research has found 
vast evidence for a connection between perceived presence and 
leadership roles [33, 39, 43, 45]. For example, the authors of CoVAR 
[36], which supports collaboration through both AR and VR inter-
faces, report that the leadership role predominantly fell to the fully 
immersed VR user. They explain that VR users were actively and 
consistently moving around the space, while the AR users just went 
along. This notion is supported by the conclusion of Slater et al. 
that asymmetric interfaces cause imbalance and the leadership role 
is taken on by the individual who masters the environment best 
[43]. Along with the fnding that leadership can also be adopted by 
a non-immersed collaborator in a heterogeneous cross-device VR 
system [28], this indicates that there are clearly factors beyond pres-
ence that impact leadership. For example, a more elevated position 
in the VE appears to facilitate leadership [38], while complexity of 
the context may also have an efect [45]. It is the aim of this paper 
to further elucidate this topic. 

3 ENABLING CROSS-DEVICE 
COLLABORATION IN VR 

We developed a system that permits collaboration through a state-
of-the-art immersive interface (HMD) and a mobile interface (smart-
phone). In the following we provide details on the iterative design 
process of this system, which was developed in Unity1 and makes 
use of the Photon Networking Engine2. 

3.1 Virtual Environment and Avatars 
We designed the VE as a large virtual room (10x10m foor space, 
20m high), that resembles a warehouse (see Figure 1). A table and 
chair in the center of the room serve as cues for the scale of the 
environment. To further aid spatial perception, the walls of the 

1Unity (v.2018.3.1f): https://unity.com/ 
2Photon Networking Engine: https://www.photonengine.com/ 
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Figure 3: A: The Handheld User perceives the HMD User as 
an abstract humanoid avatar. B: A semi-circular compass 
alternates from side to side to indicate the collaborator’s 
respective location. E.g., on the Handheld User’s compass 
(left), the red slice shows the HMD User to their left. The 
blue slice on the HMD User’s compass (right) points to the 
Handheld User about 10◦ to their right. C: The HMD User 
sees the Handheld User as a box with eyes, with a trailing 
tail to indicate their direction and speed of movement. 

room are lined with 1.8-meter tall shelving units and lockers and 
include doors (2-meters tall). 

The HMD User’s avatar (Figure 3, A) represents the head and 
torso of a humanoid mannequin with detached hands, similar to 
the ones used by Xia et al. [49]. This abstract appearance was cho-
sen intentionally to avoid the uncanny valley [22]. By applying 
the position and rotation of the HMD to the avatar, it appears co-
located with the user and the virtual head refects the user’s head 
rotation. The avatar’s torso "loosely" follows this head rotation, 
refecting our typical behavior when shifting our gaze to new a 
target: the head turns frst, followed by the torso. The user’s hand 
motions, which are captured by a hand tracking sensor attached to 
the HMD, are refected by the virtual hands. This allows HMD Users 
to directly manipulate virtual objects with their hands. Further, in 
social interaction, where 60% of communication has been found 
to be non-verbal [18], the avatar plays an important role for com-
munication (e.g., hand gestures, gaze direction) and provides cues 
about the user’s peripersonal space (e.g., space within arms’ reach) 
[40]. The avatar of the Handheld User consists only of a head-sized 
cube (see Figure 3, C). The eyes, indicated simply by two spheres, 
allow collaborators to discern the user’s direction of gaze. The non-
humanoid representation of this avatar conveys, that the Handheld 
User’s behavior is not restricted by the usual laws of physics and 
natural body movement: they navigate the VE in a manner that 
resembles fying and can easily reach distant or far up places. The 
lack of continuously animated hands indicates the missing ability to 
directly manipulate virtual objects, as is described in the following 
section. Both avatars can be personalized, by setting their color and 
assigning a name that shows up on the collaborator’s compass (see 
section 3.3.2). 

All used 3D assets were either basic components available in 
Unity or obtained for free from the Unity Asset Store3. 

3Unity Asset Store: https://assetstore.unity.com/ 

Figure 4: A: Three primitive shapes are available for build-
ing in the VE. These can be manipulated by the HMD User. 
E.g., (B) rotating an object by 45-degree increments using the 
rotational gizmo, or (C) scaling it along three axes using the 
scaling gizmo. D: The HMD User can access a palm menu, 
showing the collaborator’s name and icon at the top. This 
can be selected to summon said user. Beneath are icons for 
creating primitive objects and deleting them again. E: The 
Handheld User can tap buttons on the top left corner of the 
touch screen to create objects or trigger pre-animated hand 
gestures. The button in the bottom-center of the screen al-
lows for snapping to the HMD User’s point of view. In the 
VE they see a hologram of the building plan. 

3.2 Manipulation of Virtual Objects 
To enable collaborative work, the system supports manipulation 
of three primitive virtual objects (Figure 4, A). Both the HMD User 
and the Handheld User can create and delete these building blocks. 
To create an object, the HMD User grabs the respective icon in 
their palm menu and drags it into the VE (see Figure 4, D). To 
delete a building block, the HMD User grabs it and pulls it onto the 
delete icon in the palm menu of the other hand. The Handheld User 
creates objects by tapping the respective buttons on their touch 
screen (see Figure 4, E). Similarly, a building block can be deleted by 
frst tapping the object on the screen to select it, and then hitting 
the delete button that appears in the menu. 

Beyond creating and deleting, the HMD User can also manipu-
late building blocks by grabbing and pulling the handles of scaling 
and rotation gizmos, as shown in Figure 4 (B and C). These are 
inspired by 3D modelling tools and support more precise control 
for translating, rotating, and scaling, compared to direct manipu-
lation of virtual geometry. Pilot tests led to the implementation 
of snapping, restricting changes of position and scale to a 5 cm 
grid and rotation by 45-degree increments. This helped overcome 
hand tracking issues and was well suited for the explored task (see 
4.3.2 Collaborative Building Task). Further, the HMD User can copy 
building blocks, preserving their rotation and scale. To compensate 
for the lack of haptic feedback when grabbing virtual objects, in-
teractive elements, such as handles and menu items, change color 
when touched with the virtual hands. 

https://assetstore.unity.com/
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No corresponding manipulation techniques were provided for 
the Handheld User. This was done for two reasons: Firstly, the 
handheld interface does not readily ofer the opportunity for hand 
tracking and supporting multiple manipulation techniques would 
introduce further confounding variables. Secondly, we envision 
the Handheld User in a consulting role (e.g., as assisting expert), 
where the asymmetry in manipulation capabilities may be com-
pensated by an asymmetry in available knowledge. To facilitate 
this consulting role and support communication, Handheld Users 
have the ability to highlight objects. The highlight is visualized as a 
thick border in the Handheld User’s color (see Figure 1, A), which is 
applied automatically to any object that the Handheld User creates 
or selects. 

3.3 Communication and Social Awareness 
Communication and social awareness are critical for achieving a 
sense of co-presence. Beyond the HMD User’s ability for gesturing 
and the Handheld User’s ability to highlight objects, we support 
voice chat and spatial awareness cues. 

3.3.1 Voice Chat. We support ongoing verbal communication be-
tween users through integrated speakers/headphones and micro-
phones in the HMD and mobile device. By attaching 3D AudioSource 
components to each avatar in Unity, the users’ voices seemingly 
emanate from each user’s respective location in the VE. Such spatial 
sound cues can enhance the sense of presence and support users’ 
awareness of each other in the SVE. 

3.3.2 Spatial Awareness Cues and Viewpoint Negotiation. Knowing 
a collaborator’s location is vital for understanding what they can 
see or interact with, and the interpretation of deictic cues. However, 
supporting such spatial awareness is a common challenge in SVEs. 
It becomes particularly difcult in large environments, or if users 
move in an unnatural manner - as is the case with the Handheld 
User, who can fy around the VE at moderately high speeds. Be-
sides the aforementioned spatial sound, we addressed this issue by 
implementing two additional spatial cues: Firstly, when moving, a 
tail extends out behind the Handheld User’s avatar, enabling HMD 
Users to interpret the direction and speed of the movement more 
easily (see Figure 1, B). Secondly, a "compass" points in the direction 
of the collaborating user (see Figure 3, B). Pilot studies confrmed 
that the latter was helpful, in particular, for locating the Handheld 
User. 

A further approach to support spatial awareness, is to defne or 
share the collaborators viewpoint. For the frst, our system allows 
the HMD User to summon a Handheld User to a specifc point, 
by pulling a summoning box from the palm menu (Figure 4, D), 
similar to the implementation in SpaceTime [49]. Upon accepting 
the summons, the Handheld User is immediately transported to the 
indicated position. The Handheld User can also choose to snap to 
the HMD User’s point of view at any time through an on-screen 
snapping button (Figure 4, E). 

3.4 Special Considerations: Handheld Interface 
Supporting exploration of a large VE through a handheld touch-
screen device presents several unique challenges. We wish to dis-
cuss two of these in detail. The frst is the efect of the feld of view 

(FoV) on our perception of distances. For judgements of distance 
we rely on visual depth cues (occlusion, familiar size of objects in 
environment and our own body, etc.) [21], as well as length of our 
reach, and the speed with which we move. Generally, these cues 
are interpreted similarly by all people, allowing the formation of 
common spatial concepts, such as personal space. However, pilot 
evaluations revealed a lack of shared spatial perception between the 
HMD User and the Handheld User, with the latter frequently invad-
ing their collaborator’s personal space. We found that diferences 
in viewing perspectives across interfaces caused the HMD User 
to appear further away on the Handheld User’s screen than vice 
versa. The smartphone is represented in Unity as a virtual camera 
with 91◦ horizontal FoV (based on default camera setting with 60◦ 

vertical FoV). In contrast, the HMD provided a stereoscopic view of 
the VE with a horizontal FoV of approximately 110 degrees. A series 
of distance estimations with 72◦, 91◦, and 121◦ horizontal FoV (cor-
responding to 45◦, 60◦, and 90◦ vertical FoV) for the smartphone, 
revealed that a virtual camera with 72◦ horizontal FoV resulted in 
a comparable depth perception as with the HMD. Thus, this setting 
was chosen for the prototype evaluated in the user study (section 
4). 

The second challenge is efectively supporting navigation of the 
SVE through a touchscreen device. Nabiyouni et al. [26] show the 
importance of natural locomotion in VR for presence, while Hürst 
et al. [19] evaluated diferent navigation techniques on handheld 
devices. Since our handheld interface does not facilitate sufcient 
tracking capabilities for natural locomotion, we took inspiration 
from both of these papers to design our navigation technique for 
the Handheld User. We explored three approaches for forward and 
backward movement: 1) gamepad-like buttons that apply constant 
speed and instant acceleration to the avatar, 2) a slider that allows 
continuous adjustment of the movement speed, with 0 at the center 
and maximum movement speed (forward/backwards) at opposing 
ends, and 3) a pinching/spreading gesture with two fngers, as when 
zooming in our out of a picture. Further, we compared three meth-
ods for changing the viewing direction: 1) relative rotation through 
an on-screen joystick, similar to that on a gamepad; 2) absolute 
rotation based on the device’s gyroscope, allowing the user to look 
around by physically turning, and 3) relative rotation based on 
gyroscope readings that are captured only while touching an on-
screen button, similar to clutching with a mouse. A pilot evaluation 
showed clear preference for moving with the pinching/spreading 
gesture, and rotating the view using the smartphone’s gyroscope. 
Multiple users communicated their desire to switch between use 
both absolute and relative gyroscope mode on the fy. This could 
enable natural movements for small changes in viewing direction 
(i.e., looking around in absolute gyroscope mode), while also facili-
tating large movements without getting out of the chair (i.e., turn 
full circle using relative gyroscope mode). The latter also allowed 
users to lock their view so they could move freely in the physical 
world, without afecting the orientation of their virtual avatar (and 
hence their view of the VE). Based on these fndings, the presented 
system supports the pinching/spreading gesture for moving, along 
with the ability to switch between absolute and relative gyroscope 
mode for controlling the viewing direction. 
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4 EXPLORATORY USER STUDY 
Aiming to demonstrate the feasibility of our proposed approach and 
the usability of our system, and to explore the efect of heteroge-
neous interfaces on users’ experience and behavior, we conducted 
an exploratory user study. This involved two exemplary multi-user 
scenarios: First, we studied participants’ behavior during a Conver-
sational Scenario, analyzing their spatial confguration depending 
on the layout of the SVE. Then we analyzed their activity and social 
roles during a Collaborative Building Task. These scenarios were 
chosen to explore the following research questions: 

RQ1 What spatial confgurations [6, 24] do users adopt in a 
conversational scenario within the SVE? How does this con-
fguration change when virtual obstacles may cause avatar 
intersections or obstruct line of sight? 

RQ2 How are users’ actions and behavior in a collaborative 
building task afected by a handheld, non-immersive inter-
face (Handheld User)? 

RQ3 How is leadership in a collaborative building task im-
pacted by factors like the users’ degree of immersion, their 
ability for direct manipulation, and the amount of available 
information [33, 45]? 

4.1 Measurements 
Throughout the study, data was collected by direct observation and 
annotation of video material, as well as the quantitative measures 
reported below. 

4.1.1 Subjective measures. Following considerations from previous 
work [33], we applied Brooke’s System Usability Scale (SUS) [4] to 
identify problems, distractions and interference with the prototype. 
The questionnaire items, rated on a 5-point Likert scale (1 ‘Strongly 
Disagree’ - 5 ‘Strongly Agree’), were converted and accumulated, 
resulting in a fnal score between 0 and 100 per participant. A higher 
score indicates better usability. Social Presence was evaluated based 
on 24 items from the Networked Minds Social Scale [17], focusing on 
co-presence, attention allocation, perceived message understanding, 
and perceived behavioral interdependence. These items were rated 
on a 7-point Likert scale (1 ‘Strongly Disagree’ - 7 ‘Strongly Agree’). 
The full questionnaires and detailed results are included in the 
Appendix. 

4.1.2 Objective measures. The avatar’s pose (head position and 
gaze direction) was recorded for each user in every frame (at 50fps 
on both interfaces). This allowed analysis of the users’ spatial con-
fgurations (F-formations) (RQ1) in the conversational scenario and 
evaluation of movement patterns (RQ2) in the collaborative building 
task. Further, the eye-level of the Handheld User was determined, 
based on their vertical position in comparison to the HMD User. In 
particular in the context of leadership roles (RQ3), we were inter-
ested in the investigation of Handheld Users who preferred to “look 
down” on the HMD User. Hence, we fagged all Handheld Users 
who spent >= 40% of the time above the HMD Users eye-level, and 
consequently annotated video recordings of these sessions, to verify 
whether higher vantage points were only visited briefy or indeed 
maintained for an extended amount of time. These Handheld Users 
were then marked as having elevated eye-level. In both scenarios, 
we also analyzed the user’s visual focus as the amount of time that 

virtual objects or collaborators were in view. This was computed 
based on head gaze direction/orientation of the hand-held device 
and the respective FoV of the virtual camera. It should be noted that 
this approach could lead to both a virtual object and the collaborator 
being marked as in visual focus simultaneously. 

4.2 Experimental Apparatus 
The experimental prototype was developed in Unity. The HMD 
User experienced the VE through an HTC Vive4, while an attached 
LeapMotion5 sensor supported hand tracking. This setup was run 
on a Dell PC6. The Handheld User accessed the VE via a Huawei 
smartphone7, interacting through touch gestures and tilting of the 
device. 

4.3 Procedure 
Participants were recruited in pairs (usually close friends or cou-
ples) through social media and word of mouth. The 20 volunteers (8 
female) were all between 20 and 30 years of age and either pursued, 
or already held, an academic degree. None of the participants had 
prior experience with immersive VR, or with exploring a VE using 
a smartphone. As is common practice at our department, partici-
pation was voluntary, and no material compensation was ofered. 
Generally, our participants are intrinsically motivated to try out 
VR and to be part of ongoing research activities. 

After receiving an introduction to the experimental procedure, 
participants were asked for informed consent and demographic 
information. The recruited pairs were then instructed to negotiate 
amongst themselves, who would act as the Handheld User and 
the HMD User, respectively. Participants were informed that they 
would get a chance to try the other interface after the study. Then 
the participants were led to separate rooms and introduced to their 
respective interfaces. Both rooms were empty 5x5 meter spaces, 
which they could explore before the experiment. Then followed two 
experimental trials: frst a conversational scenario, which allowed 
users to get acquainted with the VE and their partner’s avatar, 
followed by the more complex collaborative building task. Both 
trials are described in detail below. 

4.3.1 Conversational Scenario. The HMD User and Handheld User 
were asked to have a conversation about a virtual object by playing 
an association game, i.e., share any memories, ideas or thoughts 
that came to mind when considering the object. This object was 
shown as a hologram, foating above a table in the center of the 
SVE. The conversational scenario was repeated with diferent objects 
presented in six scenarios: In each, a number of obstacles was 
distributed in the VE, potentially blocking the Handheld User’s view 
of the hologram and the HMD User (see Figure 5). The Handheld 
User was always initially positioned in a random corner of the room, 
close to the ceiling. This should entice them to practice navigating 
through the VE and decide on a desired location, instead of simply 
remaining at the initially defned position. To reduce the complexity 

4HTC Vive: https://www.vive.com/eu/product/#vive%20series 
5LeapMotion: https://www.leapmotion.com/ 
6Dell PC - CPU: Intel Xeon 2.40GHz, GPU: NVIDIA GeForce GTX1070, Memory: 24GB 
RAM, OS: Windows 10
7Huawei Mate 20 Pro - Display: 6.39” 2K, CPU: Kirin980 Octo-core, Memory: 6GB 
RAM 

https://www.vive.com/eu/product/#vive% 20series
https://www.leapmotion.com/
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Figure 5: Positions of Handheld Users when conversing about the object on the table. Numbers inside circles indicate the 
number of Handheld User inhabiting said position. Low obstacles were the height of the table, while tall obstacles measured 
2 meters. 

of our study, we did not vary the position of the HMD User, who 
always started out in the same central position facing the table. We 
thus neglect the HMD User in favor of the Handheld User, since a 
vast amount of work focused on fully immersive VR experiences 
allows us to make assumptions about the behavior of the former, 
while the latter is largely under-explored. The order of scenarios 
was counterbalanced, and each was experienced for about three 
minutes. 

4.3.2 Collaborative Building Task. The HMD User and the Hand-
held User were asked to collaboratively assemble an abstract object 
using the building blocks shown in Figure 4 (A). The task consisted 
of three stages, with constructions increasing in complexity: frst 
an array of cubes, then a primitive arch, and fnally a couple of 
abstract trees. To enforce collaboration and simulate a scenario 
in which the Handheld User is a consulting expert, the detailed 
task instructions were available exclusively to this participant, in 
the form of “blue prints”. These were visualized as a hologram of 
the object that was to be assembled (see Figure 4, E). Users were 
asked to negotiate among themselves how to build the structure 
and jointly decide when they were “done” and wanted to proceed 
to the next stage. 

After completing this stage, both participants were separately 
interviewed about how they had distributed tasks and how they 
had perceived leadership. Finally, they each completed the Social 
Presence and System Usability questionnaires. 

5 OBSERVATIONS & FINDINGS 
The fndings presented in this section stem from both the qual-
itative and the quantitative data collected. Statistical tests were 
performed on questionnaire responses, as well as position and gaze 
data: One-way ANOVA and Kruskal Wallis tests were used for 
parametric and non-parametric data respectively (α = 0.05), with 
homogeneity of variances verifed through Bartlett’s test. However, 
due to the mixed study design, confounding factors, and the low 
number of participants, our fndings should not be considered con-
clusive results. Nevertheless, they support the qualitative analysis 
and categorization of user behavior and roles during collaboration. 

5.1 System Usability and Presence 
On the SUS, our system scored an average of 80.25/100. Following 
the commonly accepted interpretation, a score greater than 68 indi-
cates above average usability. For example, on a 5-point Likert scale, 

users rated the system as easy to use (Q2: median = 4.5, IQR = 1), 
and found its functionalities well integrated (Q4:median = 4, IQR = 
0). No signifcant diference in usability score was found between 
Handheld Users and HMD Users (χ2(1) = 3.16,p = 0.76). 

Responses to the Social Presence Questionnaire reveal positive 
ratings across all four categories: Co-presence, Attention Allocation, 
Perceived Message Understanding, and Perceived Behavioral Inter-
dependence. For example, on a 7-point Likert scale users generally 
found their partner’s presence obvious (Q3: median = 5.5, IQR = 2), 
remained focused on their partner throughout their interaction (Q9: 
median = 5.5, IQR = 2.5), found their partner easy to understand 
(Q15: median = 6, IQR = 2), and perceived their behavior as closely 
tied to that of their partner (Q24: median = 6, IQR = 1.75). Again, 
we found no signifcant diference in ratings of social presence 
between the Handheld User and the HMD User (see Appendix for 
detailed results). 

The presented results support the feasibility of our proposed 
approach for heterogeneous cross-device collaboration in VR and 
provide evidence for a comparable sense of social presence across 
both interfaces. Further details on results from both questionnaires 
can be found in the Appendix. 

5.2 Main Findings: Conversational Scenario 
The association game was found efective in encouraging natural 
conversation between participants. Often the hologram reminded 
users of a movie or book, leading to conversations directly or indi-
rectly relating to past experiences. In the following, we will present 
our observations based on recorded position and gaze data. 

5.2.1 Spatial Configurations. For each of the six scenarios, the 
positions of Handheld Users were analyzed and categorized into 
F-Formations [6]. The results, illustrated in Figure 5, show that 
Handheld Users predominantly positioned themselves in a face-
to-face F-Formation, when the location across the table from the 
HMD User was unobstructed (scenario 1: 10/10, scenario 3: 8/10, 
scenario 6: 7/10). However, when the face-to-face confguration was 
obstructed by tall obstacles, Handheld Users adopted a corner-to-
corner F-formation (scenario 2: 10/10). Interestingly, in scenario 4, 
where a low obstacle obstructed the foor space across the table, only 
5/10 Handheld Users opted for the corner-to-corner F-Formation. 
The remaining 5/10 users adopted a face-to-face confguration by 
positioning themselves above the low obstacle. Finally, when the 
position across the table and both sides were blocked by obstacles 
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Table 1: This table presents fndings based on quantitative data about object/partner in view, both in the conversational scenario 
(left) and the collaborative building task(right). Percentages indicate the proportion of time (note: both object and partner could 
be in view simultaneously). Further, it details the participant’s subjective perception of leadership during the collaborative 
building task. 

Conversational Scenario Collaborative Building Task 
Partner in View Object in View Partner in View Object in View Perceived Leader 

G# HMD Handheld HMD Handheld HMD Handheld HMD Handheld HMD Handheld 
1 82% 61% 79% 77% 31% 93% 98% 42% Myself Myself 
2 71% 70% 85% 82% 45% 82% 91% 61% Collaborator Myself 
3 92% 68% 72% 64% 13% 72% 95% 57% Collaborator Myself 
4 63% 49% 97% 86% 33% 86% 93% 63% Collaborator Myself 
5 87% 37% 78% 95% 42% 69% 99% 68% Collaborator Myself 
6 78% 53% 88% 70% 17% 73% 89% 52% Myself Myself 
7 66% 44% 76% 72% 57% 70% 92% 51% Collaborator Myself 
8 78% 66% 84% 81% 23% 68% 97% 67% Collaborator Equal 
9 83% 21% 62% 89% 34% 90% 98% 59% Myself Myself 
10 97% 35% 59% 79% 43% 58% 96% 72% Myself Equal 
Avg 79,7% 50,4% 78,0% 79,5% 33,8% 76,0% 94,8% 59,2% 
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Figure 6: Presenting the average recorded positions fromall
Handheld Users (left) and HMD Users (right) as heat maps
reveals dominant movement patterns: The Handheld User
actively navigates the SVE, while the HMD User predomi-
nantly remains stationary.

Figure 7: These heatmaps of average recorded positions
from Handheld Users illustrate two observed movement
patterns:Asteroids (left) navigate across the entire space on
long, straight trajectories passing by the HMD User, while
Satellites (right) tend to move around the HMD User on
close, circular paths.

6 DISCUSSION
Here we discuss implications of our findings, as well as some limi-
tations of our work.

6.1 F-Formations in Conversational Scenario
To explore the spatial arrangement of actors in a Conversational
Scenario (RQ1), we distributed virtual obstacles in the VE to ex-
plore whether the Handheld User was inclined to adopt different
positions. According to prior research, such obstacles would affect
F-formations in real-world scenarios [6, 24], which may allow con-
clusions about how Handheld Users experience the VE. In line with
related work, the F-Formations resulting from the Handheld User’s
position reveal a clear preference for the face-to-face formation,
allowing the Handheld User to simultaneously view the hologram
and the HMD User, and facilitating non-verbal communication. The
obstacles never interfered with the HMD User’s habitual central
position at the table, which offered a good view of the hologram,
and HMD Users were never observed to move away from it. Inter-
estingly, our observations suggest that the conditions under which
a certain position is adopted by a Handheld User may depend on in-
dividual differences regarding levels of immersion or embodiment,
and assumptions about their avatar. Interviews revealed that, since
these users never saw what their own avatars looked like and only
rarely learned about them through conversation, some expected to
have the same avatar as the HMD User. Incidentally, this was the
case for all 5 Handheld Users, who avoided the face-to-face forma-
tion in scenario 4, where a low obstacle was placed along the table
opposite the HMD User. (The remaining 50% of users assumed the
face-to-face formation by simply positioning themselves above the
obstacle, while remaining at eye-level with the HMD User.) Hence,
we could speculate that the possible intersection of their assumed
humanoid avatar with the obstacle made this formation undesirable.
It remains for future work to explore how such behavior might
change, if Handheld Users were made aware of their small avatars,
which could easily float above low obstacles without intersecting.

Regarding visual focus we observed that the Handheld User
paid less attention to the HMD User than vice versa. This may be

surprising, since the HMD User could potentially communicate
through gestures. Possibly, Handheld Users were not sufficiently
aware of the HMDUser’s ability to gesture at this point. Further, the
topics of conversation may not have been conductive to using body
language in the first place, and, since there were few distractions
during the Conversational Scenario, the redundancy of additional
language cues may not have been needed.

Gaining further knowledge about users’ preferred spatial con-
figurations with respect to each other and objects of interest can
inform the design of virtual environments. For example, it may
further inform the optimal placement of information (e.g., situated
notifications) within the VE [41]. Thoughtful arrangement of ob-
stacles and objects of interest may also encourage users to assume
certain configurations. For example, in a virtual classroom scenario,
where students are seated side-by-side to face the teacher during
a lecture, the space might be reconfigured ad-hoc, encouraging
students to transition to a face-to-face formation for discussion.

6.2 Behavior in Collaborative Building Task
Our analysis of participants’ movement patterns, actions and verbal
utterances provide insights regarding the impact of the handheld
interface on users’ behavior (RQ2) and leadership roles (RQ3). In
part, the division of activities was likely dictated by the abilities
offered through the respective interfaces. These design decisions
were made consciously, to enforce collaboration. For example, HMD
Users were in charge of assembling the building blocks, since only
they could manipulate the virtual objects. Meanwhile, Handheld
Users communicated the building instructions since they had exclu-
sive access to the blueprints. However, several observations regard-
ing their task negotiation, behavior, and experience are remarkable.
In the following, we briefly discuss leadership and movement pat-
terns of the HMD User. Thereafter, we focus more extensively on
classifying the behavior of the Handheld User, since use of such
touchscreen interfaces has not been widely explored in this context.

6.2.1 Leadership of Handheld Users. As reported in section 5.3.3,
Handheld Users were predominantly perceived as leaders. This was

Figure 6: Presenting the average recorded positions from all 
Handheld Users (left) and HMD Users (right) as heat maps 
reveals dominant movement patterns: The Handheld User 
actively navigates the SVE, while the HMD User predomi-
nantly remains stationary. 

(scenario 5), most Handheld Users (8/10) resorted to a side-by-side 
F-Formation. 

5.2.2 Visual Focus. Evaluating the head gaze direction of both 
users reveals that the HMD User had more visual focus on the 
Handheld User than vice versa (signifcant efect of Interface Type 
on %Partner in View: F (1, 18) = 22.41, p < 0.01; see data in Table 1). 
The hologram presented above the table appears to have received 
the same amount of attention from both users (no signifcant efect, 
F (1, 18) = 0.102, p > 0.7. Further, all Handheld Users remained 
at eye-level with the HMD User throughout the conversational 
scenario. 

5.3 Main Findings: Collaborative Building Task 
To explore the users’ collaborative behavior during the collabora-
tive building task, we analyzed their movement patterns, visual 
attention, and leadership roles. 

5.3.1 Movement Paterns. Similar to the approach by Piumsom-
boon et al. [33], we visualize the users’ positions in the VE as heat 
maps. As can be seen in Figure 6 (right), this reveals that the average 

Figure 7: These heatmaps of average recorded positions 
from Handheld Users illustrate two observed movement pat-
terns: Asteroids (left) navigate across the entire space on 
long, straight trajectories passing by the HMD User, while 
Satellites (right) tend to move around the HMD User on close, 
circular paths. 

HMD User remained stationary in front of the virtual table for the 
vast majority of time. The average heat map of Handheld Users 
on the other hand (Figure 6, left), shows much stronger movement 
patterns, with visible paths across the SVE and hot-spots signifying 
stationary positions in the vicinity of the HMD User. Upon closer 
inspection, we identifed two predominant Movement patterns of 
Handheld Users: Asteroid or Satellite. The Asteroid user remained 
further away from the HMD User, often choosing positions that 
allowed a good overview of the scene. An exemplary heat map, 
shown in Figure 7 (left), illustrates movements across the entire 
SVE in long straight lines that often intersect with the HMD User’s 
position. Satellite users, on the other hand, primarily stayed within 
arm’s reach of the HMD User, moving around them as if in or-
bit. The exemplary heat map in Figure 7 (right) shows circles and 
horseshoe-like patterns close to the HMD User’s location. Users 
consistently exhibited one of these movement patterns throughout 
all trials. 
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5.3.2 Visual Focus. The evaluation of head gaze shows that Hand-
held Users paid a lot of attention to their collaborator, while HMD 
Users only rarely looked at the Handheld Users (signifcant efect of 
Interface Type on %Partner in View: F (1, 18) = 58.04, p < 0.01). As 
can be seen in Table 1, HMD Users almost constantly focused on the 
object being constructed, while the Handheld User regarded it only 
half of the time (signifcant efect of Interface Type on %Object in 
View: F (1, 18) = 58.04, p < 0.01). Annotations of video recordings 
further elucidate that Handheld Users spent some of their time 
looking at the blueprints for the building task instead. However, 
since this was not logged during the study, no detailed analysis can 
be made. 

5.3.3 Leadership Roles. At the end of the experiment, both partici-
pants were separately asked to indicate, who had been the leader 
during the collaborative building task. Possible answers were "my-
self", "my collaborator" or "equal roles". 

The vast majority of Handheld Users perceived themselves as 
leaders (8/10), while the 2/10 perceived roles as equal. Remarkably, 
none described the HMD User as leader (see Table 1, Perceived 
Leader). HMD Users saw themselves as leaders in only 4/10 groups 
and otherwise attributed leadership to the Handheld User. In 5/10 
groups both participants were in agreement about the leadership 
role (groups 2, 3, 4, 5, 7). 

In addition to evaluating the participants’ subjective perception 
of roles, we analyzed the types of instructions or commands collab-
orators issued to each other. We annotated video recordings of the 
study, counting verbal utterances that directly requested a physical 
or mental action (e.g., “put that there” or “plan out the next steps for 
this”). While in most groups both the HMD User and the Handheld 
User issued a similar number of commands, the communication 
in others was less balanced: in groups 2, 3 and 8 the HMD User 
issued 86%, 78% and 84% of commands respectively; in group 7 the 
Handheld User gave 77% of all direct instructions. While verbal 
commands could be interpreted as indicators of leadership, we see 
no evident connection with the participants’ indications of per-
ceived leadership: e.g., in groups 2 and 3 the Handheld User was the 
perceived leader, despite the HMD User issuing more commands. 

6 DISCUSSION 
Here we discuss implications of our fndings, as well as some limi-
tations of our work. 

6.1 F-Formations in Conversational Scenario 
To explore the spatial arrangement of actors in a Conversational 
Scenario (RQ1), we distributed virtual obstacles in the VE to ex-
plore whether the Handheld User was inclined to adopt diferent 
positions. According to prior research, such obstacles would afect 
F-formations in real-world scenarios [6, 24], which may allow con-
clusions about how Handheld Users experience the VE. In line with 
related work, the F-Formations resulting from the Handheld User’s 
position reveal a clear preference for the face-to-face formation, 
allowing the Handheld User to simultaneously view the hologram 
and the HMD User, and facilitating non-verbal communication. The 
obstacles never interfered with the HMD User’s habitual central 
position at the table, which ofered a good view of the hologram, 

and HMD Users were never observed to move away from it. Inter-
estingly, our observations suggest that the conditions under which 
a certain position is adopted by a Handheld User may depend on in-
dividual diferences regarding levels of immersion or embodiment, 
and assumptions about their avatar. Interviews revealed that, since 
these users never saw what their own avatars looked like and only 
rarely learned about them through conversation, some expected to 
have the same avatar as the HMD User. Incidentally, this was the 
case for all 5 Handheld Users, who avoided the face-to-face forma-
tion in scenario 4, where a low obstacle was placed along the table 
opposite the HMD User. (The remaining 50% of users assumed the 
face-to-face formation by simply positioning themselves above the 
obstacle, while remaining at eye-level with the HMD User.) Hence, 
we could speculate that the possible intersection of their assumed 
humanoid avatar with the obstacle made this formation undesirable. 
It remains for future work to explore how such behavior might 
change, if Handheld Users were made aware of their small avatars, 
which could easily foat above low obstacles without intersecting. 

Regarding visual focus we observed that the Handheld User 
paid less attention to the HMD User than vice versa. This may be 
surprising, since the HMD User could potentially communicate 
through gestures. Possibly, Handheld Users were not sufciently 
aware of the HMD User’s ability to gesture at this point. Further, the 
topics of conversation may not have been conductive to using body 
language in the frst place, and, since there were few distractions 
during the Conversational Scenario, the redundancy of additional 
language cues may not have been needed. 

Gaining further knowledge about users’ preferred spatial con-
fgurations with respect to each other and objects of interest can 
inform the design of virtual environments. For example, it may 
further inform the optimal placement of information (e.g., situated 
notifcations) within the VE [41]. Thoughtful arrangement of ob-
stacles and objects of interest may also encourage users to assume 
certain confgurations. For example, in a virtual classroom scenario, 
where students are seated side-by-side to face the teacher during 
a lecture, the space might be reconfgured ad-hoc, encouraging 
students to transition to a face-to-face formation for discussion. 

6.2 Behavior in Collaborative Building Task 
Our analysis of participants’ movement patterns, actions and verbal 
utterances provide insights regarding the impact of the handheld 
interface on users’ behavior (RQ2) and leadership roles (RQ3). In 
part, the division of activities was likely dictated by the abilities 
ofered through the respective interfaces. These design decisions 
were made consciously, to enforce collaboration. For example, HMD 
Users were in charge of assembling the building blocks, since only 
they could manipulate the virtual objects. Meanwhile, Handheld 
Users communicated the building instructions since they had exclu-
sive access to the blueprints. However, several observations regard-
ing their task negotiation, behavior, and experience are remarkable. 
In the following, we briefy discuss leadership and movement pat-
terns of the HMD User. Thereafter, we focus more extensively on 
classifying the behavior of the Handheld User, since use of such 
touchscreen interfaces has not been widely explored in this context. 

6.2.1 Leadership of Handheld Users. As reported in section 5.3.3, 
Handheld Users were predominantly perceived as leaders. This was 
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unexpected, since Handheld Users interacted through a less immer-
sive interface, which has been shown to have the contrary efect 
[33, 45]. However, it is important to note that we introduced an 
obvious factor that favored the Handheld User, namely an asymme-
try of available information. By possessing the building plans, the 
Handheld User had a disproportionate amount of information about 
the task at their disposal. This asymmetry was chosen intentionally 
to refect common cross-device collaboration scenarios, such as in 
remote assistance, where a worker consults a remote expert, who 
accesses the VE through a non-immersive setup [37]. Analysis of 
video recordings provide the insight that many Handheld Users 
indeed focused on these building plans and actively planned out 
future steps, which became evident from the detailed instructions 
they gave to the HMD User. In addition, the Handheld User had less 
abilities for afecting the VE (i.e., no direct manipulation of objects 
with hands), which may have further encouraged the supervisor 
role. This is also refected by our visual focus data, which shows 
the Handheld User mainly keeping their collaborator in view but 
looking at the construction only when asked for additional input. 
In contrast, the HMD User predominantly focused on the virtual 
objects related to the delegated task and rarely looked at the Hand-
held User. Interestingly, the amount of visual focus bestowed on the 
collaborator appears to be contrary compared to the earlier Conver-
sational Scenario, where the HMD User paid more attention to the 
Handheld User. Future studies could employ eye trackers to further 
explore visual focus, and perhaps elucidate whether participants 
strategically positioned themselves to keep both the work piece 
and collaborator in view, so that a swift change of focus is possible 
and important cues might be picked up in the peripheral vision. 

At this point, a limitation of our study must be noted: partic-
ipants were recruited in pairs who knew each other beforehand. 
Thus, their behavior and perceived leadership may have been in-
fuenced by their pre-existing social relationship. When choosing 
their respective interfaces at the beginning of the study, most pairs 
(7/10) reached a decision through some form of negotiation (e.g., 
coin fip or short discussion). On three occasions, one of the partic-
ipants either expressed a strong wish to experience immersive VR, 
or simply claimed the HMD without prior negotiation (groups 2, 
5, 8). Interestingly, all participants who claimed the HMD without 
negotiation, perceived the Handheld User as leader, which is con-
trary to our expectations from such dominant behavior. The present 
study only allows speculation on this topic and further research is 
needed to explore in how far the observed behavioral patterns are 
predefned by personality traits (e.g., using the Multidimensional 
Personality Questionnaire [30]) or social relationships, and how 
strongly they are impacted by an asymmetry in creative ability or 
available information. 

6.2.2 Immobility of HMD Users. Our data indicates that HMD 
Users were very reluctant to move away from their initial position. 
In the collaborative building task this is somewhat surprising, since 
movement was supported through natural locomotion and the "con-
struction site", indicated by the location of the blueprint, was some 
distance away from the table. However, HMD Users predominantly 
bent over and struggled to reach and manipulate the objects at 
their intended locations, instead of taking a few steps closer. This 

Table 2: Categorization of Handheld Users according to their 
behavioral patterns, based on the three main parameters. 

G# Instruction Eye-Level Movement 
1 Corrective Matched Satellite 
2 Preemptive Elevated Asteroid 
3 Preemptive Elevated Satellite 
4 Corrective Elevated Asteroid 
5 Corrective Elevated Satellite 
6 Corrective Matched Satellite 
7 Corrective Elevated Satellite 
8 Preemptive Elevated Asteroid 
9 Preemptive Matched Asteroid 
10 Preemptive Matched Satellite 

may stem from the fear of running into unseen physical obsta-
cles: While HMD Users initially inspected the physical VR lab, and 
should therefore have been aware of it being empty, seeing a virtual 
desk and virtual obstacles during the Conversational Scenario, may 
have caused insecurity about the issue. Furthermore, the absence of 
visible legs of the virtual avatar removes the possibility of looking 
down at ones’ feet to verify that it is safe to take a step and may 
have afected the users’ sense of embodiment. Yet another factor 
may be the high degree of mobility that was typically displayed by 
Handheld Users, which could have made further movement on be-
half of the HMD User seem “risky”, since they might inadvertently 
move into their collaborator’s path. 

6.2.3 Classification Framework for Handheld Users. In analyzing 
the behavioral patterns of Handheld Users, we identifed three 
main parameters by which they can be categorized: Instruction, 
Eye-level, and Movement. 

In terms of Instruction, we diferentiate Corrective Handheld 
Users, who mostly gave brief, non-detailed task descriptions and 
then repeatedly corrected the HMD User during task-relevant ma-
nipulations. In contrast, Preemptive users appeared to plan ahead, 
elaborating more on desired manipulations and the goal in advance 
and interfering less during the task, while often issuing fewer in-
structions overall. The Handheld User’s Eye-level was categorized 
either as Matched with the HMD User, or Elevated, in which case 
the Handheld User usually monitored the HMD User from a higher 
vantage point. Finally, Movement refers to the Handheld User’s 
previously identifed movement patterns: Asteroid and Satellite. We 
applied this framework to analyze our Handheld Users, as shown 
in Table 2. Each user was frst evaluated individually by two re-
searchers, and then jointly categorized. The following are the main 
conclusions: 

Preemptive users collaborate actively: Analysis of the In-
struction parameter in conjunction with the number of objects 
created reveals that all Preemptive Handheld Users (groups 2, 3 and 
8 in Table 2) informed their collaborators about the goal of the task 
upfront, and participated actively in the building task by creating 
virtual objects. In these groups, most orders were issued by the 
HMD User, who frequently prompted the Handheld User to create 
certain objects in preparation for the next step. Thus, it is possible 
that the latter assumed this creative role only as a result of the HMD 
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User’s requests. However, it should be noted, that initially the HMD 
User had no knowledge about the Handheld User’s ability to create 
- the latter could freely choose to share and exercise this ability. 
Interestingly, despite issuing more commands, the HMD Users in 
these groups consistently perceived the Handheld Users as leaders, 
and the Handheld Users mostly agreed with this attribution of roles. 
In the seven remaining groups, the behavior of Handheld Users was 
categorized as Corrective. They shared only little information about 
the task initially and then continuously monitored the building 
process, delegating all creative tasks to the HMD User. In these 
groups 4/7 HMD Users perceived themselves as leaders, though 
this assessment was not shared by their collaborators. 

We might now speculate that allowing Handheld Users to ac-
tively take part in a creative task, may support collaboration more 
efectively, since information about next steps can be provided 
implicitly through actions (e.g., created objects), requiring less ne-
gotiation. Anecdotal evidence further suggests that negotiations 
are conducted in a less assertive and potentially more friendly tone, 
when the Handheld User is Preemptive instead of Corrective (i.e., 
issuing instructions instead of corrections). However, further re-
search is needed to verify these theories, e.g., by measuring task 
completion times and errors, and systematically coding verbal ut-
terances of both users. 

Eye-level afects perceived leadership: Analyzing the Hand-
held Users’ vertical position in conjunction with perceived leader-
ship (see Table 1 "Collaborative Building Task: Perceived Leader", 
and Table 2 "Eye-Level"), we observed that all Handheld Users who 
had elevated eye-level, were perceived as leaders by their collaborat-
ing HMD Users (groups 2, 3, 4, 5, 7, 8). Conversely, in the remaining 
four groups with Handheld User’s that matched eye-level, the HMD 
Users perceived themselves as the dominant party (groups 1, 6, 9, 10). 
This may suggest a possible efect of eye-level on the HMD User’s 
perception of leadership, which would be in line with observations 
by Schubert et al. [38]. However, this warrants further research 
in a carefully controlled study. Interestingly, Handheld Users only 
very rarely moved below the HMD User’s eye-level, hence, this was 
not systematically categorized. A possible conjecture with pending 
confrmation is that the users’ assumptions about the size of their 
avatar play a role in this (i.e., if they expected to have a full-body 
avatar, moving further down might make it intersect with the foor). 

Satellite users may have superior navigation skill, or higher 
consideration for personal space: Refecting on the distinct 
movement patterns observed in Handheld Users, we arrived at (a 
combination of) two possible explanations. Firstly, it may depend 
on the user’s skill level in using the touch and tilt mechanic to 
navigate the space. Users classifed as Asteroids were frequently 
observed applying an iterative 2-step approach to reach their desti-
nation: frst rotating their view, then moving straight. This results 
in a series of straight trajectories across the VE (see Figure 7, left). 
In contrast, the horseshoe patterns of satellite users (see Figure 7, 
right) seem to emerge when a Handheld User moves around the 
HMD User by simultaneously turning and moving forward. The 
latter arguably requires a higher degree of coordination. In future 
this theory should be verifed, by letting Handheld Users complete 
a virtual obstacle course. Secondly, movement patterns may depend 
on the user’s feeling of presence and whether they perceive their 
collaborators as embodied avatars. While Asteroid users were often 

observed passing very close by and even through the HMD User, 
Satellite users appeared to display more consideration for the HMD 
User’s personal space. 

6.3 Design considerations for future 
cross-device collaboration in SVEs 

Based on insights from our design process and user study, as well 
as related work, we would like to propose several important consid-
erations when designing future heterogeneous cross-device virtual 
reality systems for collaboration. 

(1) Inform the design of the VE and content placement with the 
theory of F-Formations. 

(2) Design an avatar’s appearance to convey afordances and 
limitations of the used interface. 

(3) Enable non-verbal communication through viewing direc-
tion, hand gestures, body posture, etc. 

(4) Support navigation on mobile devices through familiar in-
teraction techniques, e.g., pinching gestures and tilting. 

(5) Carefully consider potential predominant movement pat-
terns, when assigning interfaces and tasks to users. 

(6) Provide awareness cues for fast-moving or of-screen collab-
orators (e.g., tail and compass). 

(7) Adapt the FoV for consistent distance perception across de-
vices, to avoid invading personal space. 

(8) Facilitate ‘genuine’ collaboration between users by support-
ing similar capabilities across heterogeneous interfaces. 

The present work aims to demonstrate the beneft of pursuing these 
as guidelines and highlight some of the challenges that are entailed 
in their implementation. 

7 CONCLUSION 
In this paper we present a heterogeneous cross-device system that 
allows collaboration through various interfaces, e.g., an immersive 
interface (HMD User) and a handheld smartphone (Handheld User). 
In a qualitative evaluation, we demonstrate the technical feasibility 
of heterogeneous cross-device SVEs and explore users’ behavior 
in a conversational scenario and a collaborative building task, while 
placing particular focus on the Handheld User. For conversational 
scenarios, we fnd that in shared cross-device VR participants adopt 
similar spatial confgurations as in the physical world. This may 
indicate a sense of presence and embodiment across interfaces. 
Further, our fndings from the collaborative building task suggest 
that leadership may be infuenced by the Handheld User’s eye-level, 
and that Handheld Users exhibit stronger movement patterns than 
HMD Users. Finally, based on observed behavioral patterns in the 
collaborative building task, such as task delegation, movement, and 
leadership roles, we propose a framework for classifying Handheld 
Users, to facilitate future analysis and comparison of cross-device 
systems for collaborative work in VR. 
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A APPENDIX: DESIGNING FOR HETEROGENEOUS CROSS-DEVICE COLLABORATION 
AND SOCIAL INTERACTION IN VIRTUAL REALITY 

Figure 8: Stacked bar graph showing participants’ ratings for each item on Social Presence from the Networked Minds Ques-
tionnaire by Harms and Biocca. These ratings are visualized separately for Handheld Users (M) and HMD Users (H), followed 
by an indication of the median (MD) and interquartile range (IQR). Statistical test results of a comparison between M and H 
are indicated by p. 
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A.1 Social Presence Questionnaire 
The Networked Minds questionnaire by Harms and Biocca [17] 
was used to evaluate social presence during the study. The 24 ques-
tionnaire items can be found in Figure 8, along with a visualization 
of participants’ ratings on the 7-point Likert scale, as well as the 
median (MD) and interquartile range (IQR), per item and device. 
Kruskal Wallis tests were used on the responses to each question-
naire item, to explore the efect of interface type on social presence 
(α = 0.05). The results p-values show no diference between HMD 
Users and Handheld Users. 

Across both interfaces, our results show that almost all users 
noticed their partner (Q1: 19/20 indicated agreement, 1/20 disagree-
ment), and felt that their partner also noticed them (Q2: 19/20 
indicated agreement, 1/20 disagreement). Likewise, a vast majority 
of users felt the presence of their partner was obvious to them (Q3: 
19/20 indicated agreement, 1/20 disagreement)), and that they felt 
their own presence was obvious to their partner (Q4: 19/20 indicated 
agreement, 1/20 disagreement). In terms of attentiveness, a majority 
of users felt they were able to catch their partners attention (Q6: 
17/20 indicated agreement, 2/20 were neutral, 1/20 disagreement), 
and indicated that they themselves remained focused on their part-
ner throughout their interaction (Q9: 15/20 indicated agreement, 
5/20 disagreement). In regards to understanding between the Hand-
held User and the HMD User, a majority of users both felt that 
their partners thoughts were clear to them (Q14: 16/20 indicated 
agreement, 1/20 was neutral, 3/20 disagreement), and that their 
own thoughts were clear to their partner (Q13: 14/20 indicated 
agreement, 4/20 neutral, 2/20 disagreement). In relation, most users 
answered that it was easy to understand their partner (Q15: 18/20 
indicated agreement, 1/20 neutral, 1/20 disagreement), and that they 
themselves were easily understood (Q16: 16/20 indicated agreement, 
4/20 neutral). This is refected by most users disagreeing with both 
their partner being difcult to understand (Q17: 17/20 indicated 
agreement, 2/20 neutral 1/20 disagreement), and their themselves 
being difcult to understand by their partner (Q18: 14/20 indicated 

agreement, 2/20 neutral 1/20 disagreement). Most users also per-
ceived their behavior as closely tied to that of their partner (Q24: 
17/20 indicated agreement, 2/20 neutral, 1/20 disagreement). 

A.2 System Usability Questionnaire 
The System Usability Scale by Brook [4] was used to evaluate the 
usability of the prototype during the study. The eight questionnaire 
items can be found below in Figure 9, along with a visualization 
of participants’ ratings per item and device on the 5-point Likert 
scale. Again, the median (MD) and interquartile range (IQR) are 
indicated. 

Each participants’ ratings were converted and accumulated, re-
sulting in a fnal score between 0 and 100. Overall, our system 
scored an average accumulated score of 80.25/100 (the avg. Hand-
held Users: 78.5/100, avg. HMD Users: 82.0/100). This indicates 
good usability, with scores above 68 commonly considered above 
average. A Kruskal Wallis test with α = 0.05 reveals no efect of 
interface type on usability score (χ2(1) = 3.16, p = 0.76), suggest-
ing that both Handheld Users and HMD Users found the system 
similarly usable. Overall, the majority of users agreed that the sys-
tem was easy to use (Q2: 16/20 indicated agreement, 4/20 neutral),
and that the functions were well integrated (Q4: 19/20 indicated 
agreement, 1/20 neutral), and they felt confdent about using the 
system (Q7: 16/20 indicated agreement, 2/20 neutral, 2/20 disagree-
ment). Nobody felt that system was unnecessarily complex (Q1: 
0/20 indicated agreement, 1/20 neutral, 19/20 disagreement), or and 
most did not fnd it inconsistent (Q5: 2/20 indicated agreement, 
3/20 neutral, 15/20 disagreement). They generally felt that they did 
not need to learn many things to start using the system (Q8: 3/20 
indicated agreement, 1/20 neutral, 16/20 disagreement), and were 
not in need of technical support while interacting (Q3: 1/20 indi-
cated agreement, 2/20 neutral, 17/20 disagreement). Finally, while 
there was more uncertainty about the issue, most participants did 
not think the system was cumbersome to use (Q6: 1/20 indicated 
agreement, 8/20 neutral, 11/20 disagreement). 
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Figure 9: Stacked bar graph showing results on System Usability from the System Usability Scale Questionnaire by Brooke. 
Participant’s ratings are visualized separately for Handheld Users (M) and HMD Users (H), followed by an indication of the 
median (MD) and interquartile range (IQR). 


	Abstract
	1 Introduction
	2 Related Work
	2.1 Collaborative Interaction in Mixed Reality
	2.2 Concepts of Social Interaction

	3 Enabling Cross-Device Collaboration in VR
	3.1 Virtual Environment and Avatars
	3.2 Manipulation of Virtual Objects
	3.3 Communication and Social Awareness
	3.4 Special Considerations: Handheld Interface

	4 Exploratory User Study
	4.1 Measurements
	4.2 Experimental Apparatus
	4.3 Procedure

	5 Observations & Findings
	5.1 System Usability and Presence
	5.2 Main Findings: Conversational Scenario
	5.3 Main Findings: Collaborative Building Task

	6 Discussion
	6.1 F-Formations in Conversational Scenario
	6.2 Behavior in Collaborative Building Task
	6.3 Design considerations for future cross-device collaboration in SVEs

	7 Conclusion
	Acknowledgments
	References
	A Appendix: Designing for Heterogeneous Cross-Device Collaboration and Social Interaction in Virtual Reality
	A.1 Social Presence Questionnaire
	A.2 System Usability Questionnaire




