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Figure 1: View of the collaborative virtual environment from the desktop (A&F) and the participant’s field of view (B-E). A: The cuboid-
lattice inspection object. B: Recorded avatar annotation menu. C: Asynchronous collaboration with playback control interface and pink,
semi-transparent avatar annotation. D: Bichronous collaboration with pink, semi-transparent avatar annotation and orange, opaque live
collaborator. E: Bichronous collaboration with live collaborator and their avatar annotation. F: An example defective strand in a cell of the

cuboid-lattice inspection object.

Abstract

Virtual environments (VEs) empower geographically distributed
teams to collaborate on a shared project regardless of time. Existing
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research has separately investigated collaborations within these
VEs at the same time (i.e., synchronous) or different times (i.e.,
asynchronous). In this work, we highlight the often-overlooked
concept of bichronous collaboration and define it as the seamless
integration of archived information during a real-time collaborative
session. We revisit the time-space matrix of computer-supported
cooperative work (CSCW) and reclassify the time dimension as
a continuum. We describe a system that empowers collaboration
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across the temporal states of the time continuum within a VE dur-
ing remote work. We conducted a user study using the system to
discover how the bichronous temporal state impacts the user expe-
rience during a collaborative inspection. Findings indicate that the
bichronous temporal state is beneficial to collaborative activities
for information processing, but has drawbacks such as changed
interaction and positioning behaviors in the VE.

CCS Concepts

+ Human-centered computing — Virtual reality; Empirical
studies in collaborative and social computing.
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1 Introduction

As globalization continues to revolutionize how people work to-
gether, the ability to communicate effectively and efficiently be-
tween team members and stakeholders has grown in importance
[42]. This has led to the common practice of using telecommunica-
tions and messaging platforms such as Zoom [25] and Slack [35]
to empower geographically dispersed teams to share information
and coordinate future work at the same time (i.e., synchronously)
and different times (i.e., asynchronously). However, these platforms
are still limited compared to the practice of working together in
a shared physical space, where team members can communicate
face-to-face while working with objects or documents [50].

Extended Reality (XR) technologies offer a means to resolve
previously identified issues such as collaborator representation
[17], content visualization [33], and engagement [18] prevalent
in 2D telecommunications platforms. By embodying users in a
Collaborative Virtual Environment (CVE), collaborators can view
and interact naturally with each other and complex visualizations
[4, 39]. For these reasons, commercial organizations have developed
such CVEs for professional work (e.g., Spatial.io [23]) and social
activities (e.g., VRChat [24]).

Due to the potential of CVEs to enable organizational work
regardless of physical location, researchers have contributed signif-
icantly to understanding their nuances and capabilities in recent
years [11]. However, most existing contributions adhere strictly
to Johansen’s time-space matrix, which represents both time and
space as binary dimensions: synchronous or asynchronous for time
and co-located or remote for space [28]. While the binary represen-
tation of the space dimension has been revisited and evolved into a
continuum [54], the time dimension has remained the same since
its induction. We argue that the time dimension must also be re-
visited, as time during collaboration is a continuum with extremes
of asynchronous and synchronous work. Although these extreme
temporal states generally characterized CSCW in its early years
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[43], recent work suggests that in the continuum, we should con-
sider bichronous collaboration, a mixed temporal state with aspects
of both synchronous and asynchronous collaboration. We define
bichronous collaboration as the seamless integration of archived
information during a real-time collaborative session.

In this paper, we describe our early work to investigate the
bichronous temporal state in the context of a CVE. We contribute
the following: (i) the formal identification and definition of the col-
laborative time continuum; (ii) a prototype developed to investigate
collaboration in Virtual Reality (VR) across the synchronous, asyn-
chronous, and bichronous temporal states; (iii) findings from an
evaluation conducted with the prototype detailing the advantages
and limitations of the bichronous temporal state in the context of
VR collaboration.

2 Related Work

CSCW has developed a substantial body of research on collabora-
tive applications. Although many manuscripts exist in this area of
research, we focus our literature review on publications concerning
XR collaboration systems.

2.1 Synchronous Collaboration

When performing task work during a synchronous collaboration in
XR, existing research has examined how to direct attention towards
active tasks [9]. One such method is by controlling the point of view
of specific team members [55]. Lanir et al. examined the impact
of point of view control during an assistance scenario between a
remote expert helper and local worker performing real-time manual
construction tasks [32]. They found that the point of view should
generally be controlled by the more knowledgeable collaborator
during the task. Expanding on the importance of point of view
during synchronous collaboration, Kim et al. and Teo et al. explored
visual cue methods to direct attention to task actions using AR and
360° video views [29, 53]. Kim et al. found that drawn cues were
more effective at conveying where to direct attention in a shared
view than simple dot reticles for 2D viewports offered by the AR
2D-viewport, whereas Teo et al. indicated further work was needed
to examine the influence of such cues in 360° video.

Aside from the live view of individual members, the representa-
tion of collaborators via avatars is integral for real-time collabora-
tion using XR technologies [49], as they influence communication
and interaction within CVEs [22, 34]. Yoon et al. investigated the
impact of body part visualization and realistic styling of avatars
during collaboration on social presence and perception [61]. They
found that styling did not impact sense of social presence and that
full- or half-body visualizations were sufficient when observing
collaborators during task work. Pakanen et al. explored user pref-
erences of body part visualization and styling when embodying
rather than observing an avatar [44]. They found that participants
generally preferred embodying photorealistic, full-body avatars due
to their human-like representation and affordances for interaction.
These contributions indicate that task activities in immersive ex-
periences must consider methods to direct collaborators’ attention
in the environment and avatar representations of collaborators to
ensure effective synchronous collaboration.


https://doi.org/10.1145/3756884.3766036

Exploring Bichronous Collaboration in Virtual Environments

2.2 Asynchronous Collaboration

When conducting asynchronous collaboration using XR technolo-
gies, it is critical for collaborators to be aware of what tasks have
been done [52]. Annotations, defined as “generic units of informa-
tion ... that can consist of text, images, animations, sounds, and
other forms” [56], have been researched for their ability to spatially
index and promote awareness of changes in XR systems for this
reason [20, 26]. To make collaborators aware of asynchronous con-
tributions, Marques et al. investigated various notification methods
for remote experts to guide onsite technicians to spatial annotations
[37]. They found tactile cues provided greater worker attention and
awareness to remote expert annotation updates. Additionally, they
later examined concerns of live technician annotation consump-
tion ordering and step-by-step instruction generation for experts
operating at different times, receiving positive feedback for their
system from both types of users [36].

Chow et al. used avatar annotations (i.e., recordings of user
avatar(s) in the VE capable of being played back by observing
user(s)) in an effort to improve understanding of asynchronous con-
tributions [8]. They identified design considerations for these an-
notations, including accommodating viewpoint control, supporting
navigation of their playback, and coordinating proxemic behaviors.
Wang et al. developed a similar communication tool for asynchro-
nous collaboration for ease of environment referencing in interior
design [57]. From a resulting study with their tool, users preferred
the use of the avatar recordings for communication clarity, percep-
tion of partners, and perceived performance. These contributions
demonstrate the importance of creation and retention of informa-
tion via annotations for time-distributed observers to become aware
of and understand task activities in asynchronous collaboration.

2.3 Bichronous Collaboration

Bichronous collaboration is a term that has only recently been
coined in the field of e-learning research as “the blending of both
asynchronous and synchronous online learning, where students can
participate in anytime, anywhere learning during the asynchronous
parts of the course but then participate in real-time activities for the
synchronous sessions” [5, 38]. However, to our knowledge, no work
has explicitly investigated bichronous collaboration in the context
of XR technologies. While some XR systems have incorporated
features that could support bichronous collaboration, they have not
framed or analyzed their work through this lens. The use cases for
such systems have included reliving personal experiences with a
partner [58], conducting comprehensive literature reviews [51], and
joint viewing of avatar annotations for social behavior analysis [27].

Bichronous collaboration has the potential to promote real-time
discussion from collaborators inhabiting a given CVE by blending
the attention directing properties of live peers via synchronous col-
laboration with the retention and understanding of expert insights
via asynchronous collaboration. For this reason, we developed our
own VR system to investigate bichronous collaboration and explore
its benefits and drawbacks.
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Figure 2: The proposed collaborative time continuum. The
arrows represent the extremes of the continuum turning into
the continuous range of the bichronous intermediary state.

3 Rethinking the Collaborative Time
Dichotomy

With the adoption of technology in collaborative activities, Jo-
hansen proposed a widely adopted matrix that defined a discrete,
binary classification for collaboration across time and space [28].
Space, referred to as “place” in the matrix, was described as where
users conducted collaborative actions, being either at the same
physical location (i.e., collocated) or by using remote media (e.g.,
teleconferencing). Time was described as when users conducted
collaborative actions, working together at the same time (i.e., syn-
chronous) or at different times (i.e., asynchronous).

Many research contributions have been made to understand and
support the four discrete combinations defined by the time-space
matrix in the context of XR [2, 11, 16, 46]. From these contributions,
space has grown from its binary classifications to a continuum,
spanning an intermediary state of “hybrid locality” in which there
are both co-located and remote collaborators in the same collabora-
tive session [3, 54]. However, research about the time dimension in
XR collaboration has only investigated its discrete states. Johansen
acknowledged that the time-space matrix was “simple” and “would
evolve in a similar fashion” as technologies supporting collaborative
work did before it [28].

Synchronous collaboration occurs when two or more live collab-
orators work with one another toward a common goal in real time.
Asynchronous collaboration occurs when authoring collaborator(s)
create and store information that is reviewed at a different time by
observing collaborator(s) via annotations. Such annotations allow
members of the collaborating group to discover, engage with, and
learn the progress of a task. These temporal states of collaboration
are distinguished by their reliance on either live collaborators or
annotations.

Bichronous collaboration is a blend of synchronous and asyn-
chronous states, where information captured in annotations is used
during a real-time meeting consisting of two or more live collabo-
rators. It provides ease of access to archived information such that
many people are able to consume that information and discuss it in
real time. Thus, we argue that bichronous collaboration exists on a
continuum between the asynchronous and synchronous extremes
in the collaborative time continuum (Fig. 2). The extent to which the
bichronous temporal state gravitates more towards synchronous or
asynchronous extremes depends on the quantity of the annotation
content inhabiting the scene during a live collaboration compared
to the quantity of live collaborators.
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Figure 3: Visual representation of the study review task. Temporal states are fixed above the entities involved. Transitions and

their causes are transcribed between the temporal states.

Let us consider a set of transitions between temporal states in a
scenario to showcase the proposed time continuum. A work group,
consisting of three workers (i.e., W1, W2, and W3), uses a CVE
for quality assurance reviews (QARs) of products made by their
organization. W1 enters the CVE to perform a QAR on a product
model, entering the asynchronous temporal state once they start to
create and store their findings using annotations. W1 then leaves
the CVE. Later in the day, W2 enters the CVE to continue the QAR.
W2 opens an annotation from W1 to discover what has been done
and to determine what to inspect in more depth, thus entering the
asynchronous temporal state. W3 then enters the CVE while W2 is
reviewing W1’s annotation. W3 joins W2 in the review and they
discuss information provided by W1’s annotation, thus entering
the bichronous temporal state. Since there is only one pair of live
collaborators and one annotation, we consider this to be in the
middle of the continuum between synchronous and asynchronous.
Continuing the example, not enough context is provided by W1’s
annotation, so another annotation from W1 is opened by W2 and
W3. This is still a bichronous collaborative temporal state, but
because of the additional annotation, we consider this to be closer
to the asynchronous extreme of the continuum. After discussion
regarding the second annotation’s information, W2 and W3 close
all of W1’s annotations and resume the QAR, thus entering the
synchronous temporal state.

4 Experiment

We conducted an exploratory study investigating the influence of
temporal states during a collaborative scenario using a custom-
developed bichronous collaboration prototype. The prototype’s use
case focuses on additive manufacturing (AM), a recently identified
specialty for engineering-based VR collaboration [7]. In AM, it is
common for workers to be distributed geographically across manu-
facturing and design facilities, requiring collaboration to take place
remotely and across temporal states. We focused on the task of
inspecting an AM part for defects, which often requires collabora-
tion between design and manufacturing specialists. The prototype
allowed users to record their work in the VE as avatar annotations,
and these recordings could be played back by future users, who
would see the past user as a semi-transparent avatar interacting
in the system. Using this prototype, we designed an experiment to
obtain insights on the following research question: Compared to syn-
chronous and asynchronous temporal states, how does the bichronous
temporal state impact the user experience of collaboration within a
virtual environment?

4.1 Apparatus & Technologies

We opted to develop our system for use with the Meta Quest 3
head-worn display (HWD) and its touch controllers. The HWD has
a 108° horizontal and 98° vertical (43° upward and 55° downward)
field of view and a resolution of 2064 X 2208 pixels per eye with
a refresh rate of 90 Hz. The native headset tracking allowed us to
track users’ movements in our system. The Meta Quest 3 features
integrated speakers and a microphone for audio input/output.

We created our system using version 2022.3.30f1 of Unity Game
Engine. We used version 2.13.0 of the Normcore networking library
to enable multiple users to join the CVE, communicate with each
other, and interact with virtual objects in real time. We leveraged
a locally-hosted server and the Secure File Transfer Protocol to
access, download, and upload recordings.

4.2 System

Our system features a VE consisting of a ground plane within an
empty skybox and a cuboid-lattice model positioned at its center, as
shown in Fig. 1A. The model was generated using an open-source
computed tomography dataset [30]. Each user is represented in
the VE by a low-poly avatar, as low-poly avatars support effective
communication regardless of their abstract nature [48]. The avatar
consists of the user’s head, shown as a generic HWD, and their
touch controllers, shown as generic oblong controllers. Anchored
above the avatar’s HWD is a name label to identify the user (hidden
in Fig. 1 for submission anonymity). The avatar is colored to act
as another identifiable trait. An avatar’s opacity distinguishes its
temporal state: fully-opaque avatars are of real-time users and
translucent avatars are recordings (see Fig. 1C-E).

Users can physically move within an unobstructed 2 m X 2 m
guardian boundary to perform smaller position and rotation ad-
justments. Users can navigate within the VE using ray-cast telepor-
tation from either of their controllers by pushing the controller’s
joystick forward to cast the ray, then releasing it to teleport to wher-
ever the ray contacted the ground plane. Multi-scale navigation is
supported via the PRIMO technique [45], in which users cast the
ray at a specific octant of the cuboid-lattice model, causing them to
be scaled down so they can view the selected octant more closely.
Pulling the joystick backward then releasing it when the user is at
a smaller scale causes them to grow to their previous scale.

By pressing the primary button on either controller, users can
toggle the view of the recording menu (Fig. 1B). This menu is pop-
ulated with a list of recordings created by previous users, prefixed
with the date of their creation. Users may create recordings by
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selecting a “Start Recording” menu option fixed to the top of the
recording menu using the trigger button on their controller. This
will close the recording menu and display a head-fixed recording
icon (i.e., a red circle in the top-right corner of the viewport). They
can stop the recording and upload it for recording menu access by
again opening the menu and selecting the top menu option, labeled
as “Stop Recording.” Users can download a recording for playback
by navigating in the menu using the joystick and pulling the trigger
button to select the currently hovered menu option. The menu is
closed once the recording is downloaded successfully. We chose to
use avatar recording annotations due to their multi-modal nature,
which provides benefits for collaborative tasks via speech and body
gestures including deictic referencing and expressivity in CVEs [8].

When a recording has been downloaded, pressing the primary
button will toggle the playback control interface (Fig. 1C). The
playback controls can be navigated by using the joystick and allow
users to toggle the play/pause state of the recording, rewind by five
seconds, fast-forward by five seconds, or close the recording. When
they select to close the recording, the playback control interface
closes; the next time they press the primary button, the recording
menu will display. The CVE was symmetric between collaborators,
such that a recording opened and interacted with by one collabora-
tor was uniformly displayed to all joined users. While it is possible
to allow asymmetry of the CVE by providing unique instances for
individualized viewership of recordings [31], we wanted our CVE to
resemble a physical space, where collaborators would be aware of
all actions performed inside the CVE by their peers upon entering.

4.3 Narrative & Task

We created a study narrative in order to investigate the influence
of temporal states on collaboration. In this narrative, the partici-
pant was instructed to act as a quality assurance agent tasked with
summarizing reported defects in a cuboid lattice model for a manu-
facturing company. The task consisted of sequentially reviewing
two previously recorded defect inspections in the VE. To progress
between recordings and to complete the task, the participant was re-
quired to verbally report the name and cause of the defect described
and shown in the given recording. A live collaborator (confeder-
ate) joined in the middle of the first recording, which was made
by themselves, causing a temporal state transition from Asynchro-
nous to Bichronous. After the participant reported the defect name
and cause, they closed the recording and entered the Synchronous
temporal state. The live collaborator then helped the participant
determine the second recording they needed to select, recorded by a
different collaborator, thus causing a temporal state transition from
Synchronous to Bichronous. In the middle of the second recording,
the live collaborator left the VE, causing a temporal state transition
from Bichronous to Asynchronous. Fig. 3 portrays the transitions
between temporal states during the task.

4.4 Design

This exploratory study was within-subjects, where each participant
completed the defect inspection task in two trials. In the first trial,
participants performed the task continuously, without any inter-
ruptions from the investigator. In the second trial, the investigator
interrupted the task at each temporal state transition to administer
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Figure 4: Mean control actions. Significantly different pairs
are marked with * when p < 0.05 and ** when p < 0.01.

surveys (refer to Sec. 4.5). The order in which participants viewed
recordings was counterbalanced across trials. The independent vari-
ables consisted of the Task Trial (i.e., Continuous and Interrupted),
Temporal State (i.e., Asynchronous, Bichronous, and Synchronous),
and Entity (i.e., Annotation and Live Collaborator).

4.5 Measures

We collected a variety of data regarding the social behaviors of
participants per temporal state across objective and subjective mea-
sures. As an individual’s actions are dependent on their team mem-
bers in a work group [1], we logged the number of playback, tele-
port, and multiscale navigation actions conducted during the study
by the participants. We additionally logged the position, orienta-
tion, and scale of the participant, annotation and live collaborator
during the study, as variations in interpersonal space influence col-
laborative behaviors [19, 59]. These were our objective measures.

Since attention has been identified as influential to the effec-
tiveness of collaborative exchanges across temporal states [46], we
used three questions on a 7-point Likert scale to determine the par-
ticipants’ attention allocation during temporal states throughout
the Interrupted Task Trial. We additionally used three questions
on a 7-point Likert scale to measure the participants’ perceived be-
havioral interdependence to supplement the objective measure of
total actions, subjectively. Survey questions were administered sep-
arately for each collaborative entity. More specifically, participants
completed one survey assessing attention allocation and behavioral
interdependence after the Asynchronous temporal state regarding
the annotation (see A.2), one after the Synchronous state regarding
the live collaborator (see A.1), and two after the Bichronous state:
one for the annotation and one for the live collaborator. The at-
tention allocation and behavioral interdependence questions used
were each subsets taken from prior work for measuring these char-
acteristics [21].

Finally, we recorded responses from a semi-structured interview
conducted after completing the Continuous Task Trial (see A.3).
The questions posed were intended to provide context as to the
impact of each temporal state on the collaborative experience for
the participant. These comprised our subjective measures.
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Figure 5: The mean attention and behavioral interdependence scale scores per entity. Whiskers are the +S.E. spread of the data.

4.6 Participants

Twenty participants were recruited for our study using email lists
and newsletters. All completed a screening questionnaire before
being able to schedule a study session, stating they were: (1) 18
years of age or older, (2) had normal or corrected vision, (3) were
able to walk and stand for long periods without assistance, and (4)
were fluent in English. The ages of the participants ranged from
20 to 36 years (M=23.95, SD=5.11). Ten participants were female
and ten were male. Five participants reported they had used VR
once or twice, four had used VR three to ten times, and 11 had
used VR more than ten times. The study was approved by our local
Institutional Review Board.

4.7 Procedure

The study followed a three-phase procedure: pre-study, study, and
post-study. In the pre-study phase, the participant was introduced to
the investigator and the confederate, reviewed and signed a consent
document, and was introduced to the equipment to be used during
the study. Their interpupillary distance was measured and set in
the HWD, followed by adjustments to the HWD straps to fit the
participant. The participant was briefed on the study scenario and
trained by the investigator on how to use the equipment, completing
a series of actions where they used the HWD and controllers to
interact with the system. They then moved on to the study phase.

The study phase consisted of two task trials: the Continuous
Task Trial and the Interrupted Task Trial. During the Continuous
Task Trial, the participant followed the task requirements specified
in Section 4.3. However, no surveys were administered following
collaborative state transitions. Following completion of the Contin-
uous Task Trial, the participant removed the HWD and responded
to a semi-structured audio interview. After the interview, the par-
ticipant put the HWD back on and did the Interrupted Task Trial,
where the scenario would pause after each collaborative state tran-
sition. During the pause, the participant verbally responded to
attention allocation and behavioral interdependence Likert scale
questions according to their most recent experienced collaborative
state, resuming the review task after answering them.

Once the participant completed the Interrupted Task Trial, they
moved on to the post-study phase, where they completed a back-
ground questionnaire on basic demographic information (see A.4).
This concluded the post-study phase and the study. The study pro-
cedure took approximately 60 minutes to complete.

5 Results
5.1 Control Action Count

As the sample size of the control action count exceeded 50, a
Kolmogorov-Smirnoff goodness-of-fit test was performed to test
normality for each entity [41]. The data was not normally dis-
tributed, so we applied an Aligned Rank Transform (ART) [60]
before using an Analysis of Variance (ANOVA) for both. If any
statistically significant effect was reported by the ART-ANOVA,
we performed post-hoc pairwise comparisons using the ART-C
procedure with False Discovery Rate (FDR) corrections [10].

The ART-ANOVA indicated a significant main effect of the Tem-
poral State (F(2,175) = 70.79, p < 0.01, n%p = 0.45) and no effect of
the Trial (F(1,175) = 0.52, p = 0.47) or the interaction of the Trial
and the Temporal State (F(2,175) = 0.01, p = 0.99). Post-hoc com-
parisons for the Temporal State indicated significant differences for
all pairs. Participants performed significantly fewer actions during
the Synchronous temporal state compared to both the Asynchro-
nous (p < 0.01) and Bichronous (p < 0.01) temporal states. They
also performed fewer actions during the Bichronous state compared
to the Asynchronous state (p = 0.04). The mean count per action
type and the significant pairings are shown in Fig. 4.

We conducted additional analyses for each type of action. The
ART-ANOVA for the Playback action indicated a significant main
effect of the Temporal State (F(2, 175) = 94.99, p < 0.01, %p = 0.52)
and no effect of the Trial (F(1,175) = 2.54, p = 0.11) or the interac-
tion of the Trial and the Temporal State (F(2, 175) = 0.89, p = 0.41).
Post-hoc comparisons for the Temporal State indicated that partici-
pants performed significantly fewer playback actions during the
Synchronous temporal state compared to both the Asynchronous
(p < 0.01) and Bichronous (p < 0.01) temporal states.
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Figure 6: The mean distance of the participant to each entity per temporal state.

The ART-ANOVA for the Multiscale action indicated a signifi-
cant main effect of the Temporal State (F(2,175) = 36.15, p < 0.01,
n?p = 0.29) and the Trial (F(1,175) = 3.99, p = 0.05, n?p = 0.02),
but no effect for the interaction of the Trial and the Temporal State
(F(2,175) = 0.87, p = 0.42). Given the small effect of the Trial, we
only conducted post-hoc comparisons for the Temporal State. Par-
ticipants performed significantly fewer multiscale actions during
the Synchronous temporal state compared to both the Asynchro-
nous (p < 0.01) and Bichronous (p < 0.01) temporal states. They
also performed fewer multiscale actions during the Asynchronous
state compared to the Bichronous state (p < 0.01).

The ART-ANOVA for the Navigation action indicated a signifi-
cant main effect of the Temporal State (F(2,175) = 32.52, p < 0.01,
n?p = 0.27) and the interaction of the Trial and the Temporal State
(F(2,175) = 3.03, p = 0.05, n?p = 0.03), but no effect of the Trial
(F(1,175) = 1.16, p = 0.28). Given the small effect of the interaction
between Trial and Temporal State, we only conducted post-hoc
comparisons for the Temporal State. Participants performed sig-
nificantly fewer navigation actions during the Synchronous tem-
poral state compared to both the Asynchronous (p < 0.01) and
Bichronous (p < 0.01) temporal states.

5.2 Attention & Behavioral Interdependence

We analyzed the Temporal States for each entity for our attention
and perceived behavioral interdependence scales. We conducted
a non-parametric analysis on the Likert scale responses using the
Wilcoxon signed-rank test for each of the scales. The mean scores
per scale and the significant pairings are shown in Fig. 5.

Annotation. Statistically significant differences emerged between
temporal states, with the Bichronous state showing lower attention
allocation (Z = 3.00, p < 0.01, r,;, = 0.69) and behavioral interde-
pendence scores (Z = 2.26, p = 0.02, r,;, = 0.58) compared to the
Asynchronous state.

Live Collaborator. Statistically significant differences emerged
between temporal states, with the Bichronous state showing lower
attention allocation (Z = —-3.31, p < 0.01, r,, = —0.76) and behav-
ioral interdependence scores (Z = —3.43, p < 0.01, r,;, = —0.83)
compared to the Synchronous state.

5.3 Proxemics

The sample sizes of the mean distances between the participant and
the other entities exceeded 50, so a Kolmogorov-Smirnoff goodness
of fit test was performed across the Continuous and Interrupted
Task Trials and Temporal States to test normality. The data was
not normally distributed, so we performed an ART-ANOVA. If any
statistically significant effect was reported by the ART-ANOVA, we
performed post-hoc pairwise comparisons using the ART-C proce-
dure with FDR corrections. The mean distances and the significant
pairings are shown in Fig 6.

Annotation. Looking first at the distances between the partic-
ipant and the annotation, the ART-ANOVA indicated a signifi-
cant interaction effect between the Trial and the Temporal State
(F(1,137) = 17.65, p < 0.01, »?p = 0.11) and no main effects of the
Trial (F(1,137) = 0.89, p = 0.34) or the Temporal State (F(1,137) =
0.31, p = 0.58). Post-hoc comparisons for the Trial X Temporal
State interaction revealed significantly greater distance between the
participant and the annotation in the Asynchronous X Continuous
condition compared to the Bichronous X Continuous condition (p =
0.03). In contrast, the Bichronous x Interrupted condition showed
significantly greater distance than the Asynchronous X Interrupted
condition (p < 0.01).

Live Collaborator. Considering the distance between the partici-
pant and the live collaborator, the ART-ANOVA reported a signifi-
cant main effect of the Temporal State (F(1,97) = 26.70, p < 0.01,
n?p = 0.22) and no effect of the Trial (F(1,97) = 3.28, p = 0.07) or
the interaction of the Trial and the Temporal State (F(1,97) = 0.95,
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p = 0.33). Post-hoc comparisons for the Temporal State revealed
significantly greater distance between the participant and the live
collaborator in the Bichronous state compared to the Synchronous
state (p < 0.01).

5.4 Qualitative Analysis

We conducted an inductive thematic analysis of the 20 semi-structured
interviews. The interview audio recordings were first transcribed
in Microsoft Word Online. This was followed by an initial read-
ing of the transcripts to identify recurring phrases and concepts,
which were given general descriptors as themes. These themes were
than organized in spreadsheets using Microsoft Excel Online. The
themes were iteratively refined, with their underlying content be-
ing assigned to specific sub-themes. We briefly describe the themes
and sub-themes in this subsection.

5.4.1 Interactional Constraints. This theme arose from participants
reporting changed interaction behavior due to collaborator crowd-
ing and annotation clutter per temporal state. It encompasses two
sub-themes: social pressures and visual occlusion.

Social pressures. 13 participants described a difference in the
way they behaved while observing the annotation in the presence
of a live collaborator during the Bichronous temporal state. P2
explained “if there’s one part that I'm trying to get more detail on
and everyone else is caught up, then I wouldn’t want to slow it all
down.” P11 described “when the live collaborator is there ... I could
potentially be wasting someone else’s time,” and P14 stated “you
feel pressured because someone is there waiting for you.” Similarly
for the Synchronous temporal state, P6 stated that just the live
collaborator made them “feel a little bit of pressure at times” and P10
said “the presence of [the live collaborator] in the long term would
be bothering” However, when in the Asynchronous temporal state,
participants indicated that they were more comfortable performing
playback control actions and felt they had more time. P6 reported
“I can rewind as many times and, I guess on a personal level, I don’t
feel as judged for rewinding so many times” and P8 mentioned
“I felt when there is no live collaborator, ... I felt more free to go
forward and back in the playback.”

Visual occlusion. While performing collaborative activities in the
Bichronous temporal state, 11 participants indicated that visual
obstructions were an issue. P1 stated when “I was trying to follow
the recording and my collaborator was standing next to me, I felt
that I may collide with them or obstruct their view” and P15 ex-
plained “it was kind of hard to view the defect and be in a good
spot to see everything [that] was going on” A similar concern of
visual obstruction when working with only the live collaborator
was brought up for the Synchronous temporal state by P8: “if you're
the same height [as the live collaborator], your headset can get in
the way” However, when describing the annotation representation
during the Asynchronous temporal state without a live collaborator,
participants reported no such issues. P5 stated “I could visually see
it and I could follow where to go along with the recording” and
P14 described that “the recording was pretty nice because you were
able to see them in the VR environment”
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5.4.2  Information processing. This theme developed based on par-
ticipant feedback that information recall and understanding during
collaboration were impacted by the temporal state. It has two sub-
themes: information recall and information understanding.

Information recall. When reviewing the annotations, 15 partic-
ipants noted the difficulty of locating information in an efficient
manner during the Asynchronous temporal state to complete the
task. P13 described that they would “lose track of some information
that I need” and P17 remarked that they would “just go through
[the annotation] a couple times to get the information back and also
just to remember the answer.” Conversely, the Bichronous temporal
state enabled participants to find information more reliably with
the help of their live collaborator. P12 noted that it was “nice to
have the live collaborator there so that if I had a question about the
[annotation], they can direct me to what the [annotation] is talking
about” and P20 stated that if they needed “to find the part that
talked about specific information, [the live collaborator] saves you
more time.” In this regard, the Bichronous temporal state is akin
to the Synchronous temporal state, where conversations with the
live collaborator could help steer the participant toward required
information. When discussing the Synchronous temporal state, P5
stated having the live collaborator gave them “immediate feedback,
so you're able to go and get the information that you need imme-
diately” and P12 mentioned the live collaborator could “walk me
through showing me what I'm trying to look for”

Information understanding. While annotations provide an under-
standing of an asynchronous contribution, they are static units of
information that cannot provide clarification beyond their contents.
17 participants mentioned this issue throughout the semi-structured
interview, with P4 stating if “you don’t understand a certain part
of [the annotation] and you review it a couple of times and you
still don’t understand ... you’re basically stuck” and P9 remarking
“all the information that’s there is all that will ever be there.” In
contrast, the Bichronous temporal state provides an advantage to
the Asynchronous temporal state, as the annotation provides a
baseline knowledge to guide discussion between collaborators, di-
vulging new context and understanding in real time. Participants
described this, with P5 saying in the bichronous they could review
the annotation “with [the live collaborator] to explain context or
what’s going on” and P13 stating they could review “the detailed
description of the whatever you are looking at and also you can
ask questions if you don’t understand.” Furthermore, with the ab-
sence of the annotation during the Synchronous temporal state,
no knowledge baseline is established to guide initial discussion as
in the Bichronous temporal state. P16 noted that they would not
know what to talk about “if the collaborator never talked about the
[defect] causes” and P17 said “the collaborator won’t know what
you want unless you know what to ask”

6 Discussion

In this section, we identify distinguishing characteristics of the
Bichronous temporal state found by our user study. We initially
base these characteristics from our qualitative analysis themes,
using the quantitative data and CSCW research to support them.
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6.1 Bichronous Amplifies Interactional
Constraints

Participants reported two distinct drawbacks when collaborators
and annotations populated the CVE during the user study task in
the Bichronous temporal state. The first drawback of bichronous
collaboration was the social pressure participants felt when review-
ing annotations with a live collaborator. While assistance from the
collaborator may have reduced the need for playback actions, inter-
views revealed that participants felt self-conscious, as if they were
taking time away from the collaborator. As a result, they engaged
in significantly fewer playback actions during the Bichronous tem-
poral state, as compared to the asynchronous state when no live
collaborator was present. Participants in the Bichronous temporal
state showed a significantly lower Total Action Count compared to
the Asynchronous temporal state, reinforcing their claimed change
in interactive behavior. The presence of a real-time observer ap-
peared to alter participants’ interaction patterns in the CVE, similar
to the Hawthorne effect during synchronous collaboration [14, 40].
Although such pressure might increase task efficiency [12], it can
negatively impact user experience by making participants feel re-
stricted in how they interact with the system.

The second drawback of bichronous collaboration was increased
visual occlusion during the study task. Participants explained dur-
ing the semi-structured interviews that the simultaneous presence
of a live collaborator and annotation in the CVE disrupted their
positioning, as they consciously tried to avoid colliding with either
entity. This impacted their ability to maintain an optimal view in-
side the CVE. This reported impact is supported by Proxemics data,
which show participants keeping greater distance from both the
annotation and live collaborator during the Bichronous temporal
state compared to the other temporal states. While visual occlusion
is also a known issue in synchronous and asynchronous collabora-
tion [6, 8, 15], the bichronous temporal state appears to exacerbate
it by combining both sources of interference within the same space.

6.2 Bichronous Improves Information
Processing

Participants outlined two beneficial impacts on information pro-
cessing while in the Bichronous temporal state. The first benefit
of bichronous collaboration was participants’ improved ability to
recall information during the study task. In semi-structured inter-
views, participants noted that the live collaborator helped direct
them to details embedded in the asynchronous annotation that they
may have otherwise forgotten. This enhancement is reflected in
their perceived Behavioral Interdependence: rather than relying
solely on one collaborator, participants in the Bichronous temporal
state drew on both live and annotated contributions to locate rele-
vant information. This strategy aligns with prior work regarding
synchronous information search, where collaborators maintain mu-
tual awareness but often carry out the search independently [13].
Bichronous collaboration scaffolds this dynamic more effectively
by supporting both independent exploration using the annotation
and real-time prompting of the live collaborator.

The second benefit of bichronous collaboration was participants’
improved ability to understand the information presented during
the study task. Participants explained that while the annotation
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in the Asynchronous temporal state helped them ground their
knowledge, it lacked the ability to expand or clarify its content.
In contrast, the synchronous state offered real-time interaction,
but participants often felt uncertain about how to initiate discus-
sion without a shared starting point. This issue was resolved in
the Bichronous temporal state: participants used the annotation
to establish a baseline understanding, and then turned to the live
collaborator to ask clarifying questions and explore the material in
greater depth. This finding is supported by results from the Atten-
tion Allocation survey, which showed that the Bichronous temporal
state required significantly less attention for managing both the
annotation and the live collaborator compared to the Asynchronous
and Synchronous temporal states. Participants were able to effi-
ciently divide their attention by first grounding themselves in the
annotation content and then using the live collaborator to enrich
their comprehension. Prior work regarding collaborative literature
review supports this perceived improvement in information com-
prehension [47], suggesting that performance benefits could also
be garnered from bichronous collaboration.

7 Limitations & Future Work

Our work had various limitations. First, our study task did not fully
assess the Synchronous temporal state comparably to the Asynchro-
nous or Bichronous temporal states. Participants only discussed
with the live collaborator what annotation to review next, rather
than being guided by the live collaborator through a defect’s name
and cause. Future work should have the Synchronous temporal
state task match the other temporal states. Second, a confederate
acted as the live collaborator for the study. Future work should
examine two or more participants working in the bichronous tem-
poral state together to complete a shared task with equal expertise.
This would help to examine a peer-to-peer relationship, where the
participants learn and discuss the information inside the CVE to-
gether. Third, the study task was fixed (i.e., find the defect name and
cause in an annotation). Future work should investigate different
tasks to examine how difficulty influences user behaviors across
the temporal states. Finally, the system had participants review
only avatar annotations. Annotation media such as text, speech, or
images could be used to relay contributions instead. Differences in
visual occlusion and social pressures may exist between the media
types. Future work should investigate the use of other annotations
and their influence on the temporal states.

8 Conclusion

We revisited the time-space matrix of CSCW and proposed the
time continuum, including the bichronous state. Our exploratory
evaluation indicated that the bichronous temporal state is benefi-
cial to collaborative activities for information processing, but has
drawbacks such as changed interaction and positioning behaviors
in the CVE.
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