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Abstract 
We characterize 16 challenges faced by those investigating and de-
veloping remote and synchronous collaborative experiences around 
visualization. Our work reflects the perspectives and prior research 
efforts of an international group of 29 experts from across human-
computer interaction and visualization sub-communities. The chal-
lenges are anchored around five collaborative activities that ex-
hibit a centrality of visualization and multimodal communication. 
These activities include exploratory data analysis, creative ideation, 
visualization-rich presentations, joint decision making grounded in 
data, and real-time data monitoring. The challenges also reflect the 
changing dynamics of these activities in the face of recent advances 
in extended reality (XR) and artificial intelligence (AI). As an orga-
nizing scheme for future research at the intersection of visualization 
and computer-supported cooperative work, we align the challenges 
with a sequence of four sets of research and development activities: 
technological choices, social factors, AI assistance, and evaluation. 

CCS Concepts 
• Human-centered computing → Visualization application 
domains; Computer supported cooperative work. 

Keywords 
Collaborative visualization, remote collaboration, synchronous col-
laboration, multimodal communication & interaction, device & role 
asymmetry. 
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1 Introduction 
Across educational institutions, businesses, government bodies, and 
non-profit organizations, people come together to engage in ac-
tivities that are supported by visualization [24]. These activities 
include analyzing, generating, monitoring, and presenting data, 
often with the goal of arriving at data-informed decisions [21, 37]. 
With broadband internet access now connecting the world, these 
activities are increasingly being carried out synchronously at a 
distance, with geographically distributed configurations of partic-
ipants. Typically, people use teleconference tools (e.g., Microsoft 
Teams, Zoom, Google Meet) along with a patchwork of productivity 
tools. The global COVID-19 pandemic, with its associated shift to 
remote and hybrid work, accelerated the use of these tools [35]. 
While general-purpose remote collaboration technologies have ad-
vanced significantly with respect to multimodal communication via 
simultaneous video and chat, they do not fully support the nuances 
of activities that call for synchronous engagement with complex 
data visualization and analytics artifacts such as computational 
notebooks and dashboards [19]. As a result, people manually inte-
grate multiple disjointed tools with limited interoperability, leading 
to inefficiencies, cognitive overload, and fragmented workflows. 
Consider, for example, a person presenting a slide deck containing 
static charts, and the audience asks questions that cannot be an-
swered directly with support from the slides, prompting the speaker 
to toggle to their analytical notebook tool. These limitations are 
particularly evident in collaborative data analysis, modeling, and 
interpretation, where it is critical to seamlessly interact with visual-
ization and analytics artifacts. Meanwhile, artificial intelligence (AI) 
functionality is increasingly prominent in collaboration platforms 
and visual analytics tools alike, but the social and data context 
accessible to AI assistants operating in these tools remains siloed. 
Finally, consider that in co-located settings, subtle interpersonal 
cues and nonverbal communication coordinate collaborative visual 
analysis, where people indicate areas of focus and intent in response 
to dynamic visualization; maintaining interpersonal awareness is 
ever more difficult in remote settings. 

We are by no means the first to reflect on the intersection of vi-
sualization and computer-supported cooperative work (CSCW) [62, 
74]. However, much of the prior work in collaborative visualization 
either addresses synchronous co-located collaboration or asynchro-
nous collaboration, or it predates the combined rise of immersive 
social extended reality (XR) technology and real-time AI assistance. 
Our goal is thus to focus attention on research and design issues 
given these current and emerging technologies that will shape how 
people collaborate around visualization with remote peers. 
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Table 1: A summary of our challenges across four themes, in order of appearance in (Sections 5 — 8). 

Theme Index & Name Challenge 

techno- 5.1 Looking back Reflecting on the viability of approaches initially designed for collaborative visualization across time and space. 
logical 5.2 Looking outward Considering the viability of tools, techniques, and technologies initially designed for remote collaborative knowledge work. 

5.3 Asymmetries Anticipating technological asymmetries between collaborators, such as different devices’ display and interaction modalities. 
5.4 Transferability Identifying transferable collaborative visualization techniques across scenarios, application domains, and data abstractions. 

social 6.1 Scaling Scaling collaboration activities to accommodate varying numbers of participants, from dozens to hundreds and thousands. 
6.2 Dynamic roles Supporting dynamic roles, from contributors to presenters, viewers, and decision makers, with varying levels of expertise and authority. 
6.3 Agency & trust Promoting agency and trust as well as awareness of others’ agency, toward a sense of collective ownership and responsibility. 
6.4 Accessibility Increasing accessibility and inclusivity across modalities via direct and indirect approaches. 

ai 7.1 Paradigms Selecting interaction paradigms for AI agents as collaborators, mediators, and assistants, beyond command-and-response exchanges. 
7.2 Provenance Conveying provenance by capturing and representing the semantics of shared interaction histories across modalities. 
7.3 Reliability Assessing reliability and expectations of AI agents’ capabilities so that human collaborators can assess the risk of error and bias. 
7.4 Privacy Balancing personalization and privacy in shared collaboration spaces, particularly when the former requires extensive data collection. 

evaluation 8.1 Scope Expanding the scope of collaborative visualization evaluation, balancing precision, generalizability, and realism. 
8.2 Questions From asking the right research questions to selecting appropriate methods and metrics that reflect both individual and group experience. 
8.3 Logistics Navigating the logistics of observing remote collaboration and instrumenting tools to collect multimodal data. 
8.4 Analysis Analyzing richer data capturing remote collaboration; contextualizing across activities and scenarios, and generalizing across groups. 

This paper contributes a series of 16 actionable challenges for 
researchers and practitioners working on synchronous and remote 
collaboration around visualization (Table 1); we summarize these 
challenges in the verb phrases titling the subsections of Section 5 
— Section 8. We start with Technological challenges universal to 
remote and synchronous collaboration around visualization: identi-
fying viable combinations of interface technology and visualization 
techniques, including recent developments in immersive analyt-
ics and XR. We then characterize four Social challenges that may 
further constrain technical design choices. Next, given the increas-
ing prominence of AI in collaboration tools and visualization tools 
alike, we profile the challenges of integrating AI Assistance for 
synchronous and remote collaborative visualization. Finally, we 
speak to researchers who study and seek to demonstrate the effi-
cacy of sociotechnical interventions with four challenges relating 
to Evaluation. The challenges we pose reflect the perspectives and 
prior research efforts of 29 authors representing sub-communities 
across human-computer interaction and visualization, and while 
they are informed by prior literature, this paper should not be seen 
as an exhaustive survey. Throughout the paper, we ground the chal-
lenges in five carefully scoped activities (Figure 1): ☼ exploratory 
data analysis,  divergent ideation,  presentations around data, 
 joint decision making grounded in data, and  real-time data 
monitoring. For each challenge, we also suggest one or more near-
term research opportunities. An articulation of these challenges 
will serve to onboard researchers and practitioners to this inter-
section of topics, and to provide a holistic perspective to industrial 
partners and funding agencies. 

2 Background: Situating Our Work 
We structure this paper in a fashion similar to prior work reflecting 
on the challenges of visualization evaluation [89], teaching visual-
ization [8], and immersive analytics [44]. As in those papers, we 
are not proposing a new framework or theory, but rather charac-
terizing challenges, scenarios, and research opportunities for the 
visualization community. 

We ground our discussion throughout this paper in categories 
of activities where conversations are supported by one or more 

data visualization or visual analytics artifacts (Figure 1). These arti-
facts include individual 2D and 3D representations of data as well 
those appearing within interactive dashboards [144], static data 
reports [144], slide presentations [19], spreadsheet workbooks [9], 
and analytical notebooks [31]. Across these artifacts, the underlying 
data could be abstract (i.e., non-spatial) or associated with spatial 
positions. Finally, the data being represented could include histori-
cal observations, simulations and future predictions, or outcomes 
of the activity itself, such as in the case of collaborative ideation. 
Intersecting communities, overlapping interests. We position 
this work at an intersection of research communities. Our focus 
is most aligned with the visualization community, while the col-
laborative nature of these activities reflects an alignment with the 
computer-supported cooperative work (CSCW) community. While 
we cast a visualization lens on social- and evaluation-related chal-
lenges in this paper, many aspects of them are not unique to visu-
alization applications, so it is therefore helpful to look to CSCW 
research concerned with other forms of collaborative knowledge 
work and consider how that research addresses these challenges. 
Beyond CSCW, our specific interest in remote and synchronous 
communication and collaboration around data led us to research 
territories and emerging technologies being explored by the sub-
communities of immersive analytics, social XR, explainable AI, and 
visualization for communication and education. 

An established framework in CSCW [80] distinguishes activ-
ities according to time (i.e., synchronous vs. asynchronous) and 
space (i.e., co-located vs. remote). Two often-cited papers reflect 
on this framework from a visualization perspective: Heer and 
Agrawala [62] present design considerations for asynchronous col-
laborative visualization taking place in online communities, while 
Isenberg et al. [74] outline challenges and a research agenda span-
ning the four quadrants of this framework. In this paper, we are 
primarily concerned with synchronous and remote (or hybrid) ac-
tivities. This quadrant has long been a concern of the CSCW com-
munity [116], however, the COVID-19 pandemic and the pivot to 
remote work attracted a renewed interest. Yet, remote collaboration 
continues to challenge researchers and designers because interper-
sonal interaction and awareness are difficult to provide without 
physical proximity [88]. 
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While the collaborative visualization guidance offered by Heer 
and Agrawala [62] and Isenberg et al. [74] continues to be relevant, 
we must also acknowledge that it has been eighteen and fifteen 
years, respectively, since these papers were written. Their reflec-
tions predate the recent rise to prominence of remote knowledge 
work, AI assistance, and social XR. These technologies have evolved 
rapidly in the past half-decade alone, with AI being particularly 
disruptive. Even Ens et al.’s 2021 characterization [43] of challenges 
in immersive analytics, which includes five challenges relating to 
collaboration, merits a new reflection on progress made in the face 
of these developments. In summary, our present contribution of 
research challenges should ultimately be viewed as a modernization 
of these prior discussions of collaborative visualization. 
A landscape of commercial collaboration tools. Today, tele-
conference tools such as Zoom [164], Webex Meetings [29], Google 
Meet [56], and others are omnipresent in workplaces, organizations, 
and educational institutions. These tools typically support real-time 
multi-party video and audio transmission, screen sharing, breakout 
rooms, polls, reactions, as well as back-channel and side-channel 
text conversations. These tools are generic enough to address a 
multiplicity of social interactions, including business meetings, ed-
ucational lessons, international conferences, and family gatherings. 
Often, they are integrated or used in conjunction with cloud-based 
knowledge work or productivity suites, including collaboration plat-
forms such as Teams [104] and Slack [136], forming synchronous 
episodes within a larger timeline of asynchronous communication. 
Despite the increasing prominence and expanding functionality of 
these tools, recent studies have shown that co-located collabora-
tion has better cross-brain synchrony compared to screen-based 
collaboration [162], and that remote collaboration tools contribute 
to what has become known as Zoom fatigue [112]. 
Toward immersive remote collaboration experiences. Remote 
work during the pandemic prompted a collective desire for collabo-
ration experiences that are more immersive than desktop telecon-
ference calls. This is reflected in workplaces co-opting open-world 
video games to host meetings [32] and by the recent resurgence 
in business travel to pre-pandemic levels [54, 153], incurring both 
personal and environmental costs. 

Extended reality (XR) technology presents another path toward 
immersive collaboration experiences. There appears to be renewed 
willingness to embrace this technology based on the uptick in the 
adoption of head-mounted displays (HMDs) by enterprise organi-
zations [130]. Responding to this trend, Microsoft introduced Mesh 
for Teams [103], and Apple has prioritized collaborative enterprise 
applications in visionOS, encouraging developers to use its Share-
Play framework [3]. This trend is also reflected in vendors offering 
bespoke VR office spaces and conference venues for organizations 
and events (e.g., [6, 71, 72, 137, 147]). 
The emergence of AI collaboration assistants. Finally, collab-
oration tools are increasingly employing AI assistance, and not 
only in the form of generated conversation summaries and live 
transcription. AI’s role is transitioning into an active participant 
alongside multiple human collaborators [145]. Accordingly, one 
category of challenges we consider in this paper address the impact 
of AI’s expanding role on remote collaboration activities involving 
shared visualization and analytics artifacts. 

3 Methodology 
We began identifying challenges for synchronous and remote col-
laboration around visualization (Table 1) in discussions at a 2024 
NII Shonan seminar (meeting #213: Augmented Multimodal Interac-
tion for Synchronous Presentation, Collaboration, & Education with 
Remote Audiences). These discussions continued in weekly remote 
working sessions with seminar attendees in the following months. 
Participants: Twenty-seven of the authors attended the seminar 
in person, while an additional two joined remotely. Our collec-
tive expertise spans multiple areas of human-computer interac-
tion research, including information visualization, user interface 
software and technology, interactive surfaces / spaces, computer-
supported cooperative work, and extended reality (or XR: encom-
passing mixed, augmented, and virtual reality), along with the 
intersections of these areas (e.g., immersive analytics, collaborative 
visualization, and visualization beyond the desktop). The authors 
also brought expertise in several application areas, including edu-
cation, knowledge work, business intelligence, emergency training 
/ response, and air traffic management. Finally, the diversity of the 
authors is reflected in terms of level of seniority (from postdoctoral 
researchers to full professors), affiliation type (including academic 
institutions, industrial research groups, a national research labo-
ratory, and a nonprofit policy research organization), gender, and 
global representation (i.e., nine countries across four continents). 
Seminar focus: Our seminar was preceded by a half-day workshop 
at the 2023 IEEE VIS conference [17], which concluded with a panel 
on remote communication around data. Several distinct topics of 
conversation arose in this panel discussion, including the impact 
of role diversity in remote communication, the need for situation 
awareness, the impact of AI and automation, alternative design 
paradigms, the relative advantages and disadvantages of remote 
communication relative to co-located communication, and a future 
research agenda. The panel topics seeded the discussion of our 
2024 Shonan seminar. The organizers (i.e., the first four authors) 
also deliberately broadened the scope of the seminar relative to the 
workshop, to be more inclusive of those with expertise in areas of 
HCI beyond information visualization. To prepare for the event, the 
organizers introduced several additional topics of discussion: the 
potential of XR technology for supporting remote communication 
around data; low-cost technology solutions for supporting the same; 
the potential of multimodal interaction; and taking inspiration from 
how professional broadcast journalists communicate narratives 
supported by visualization to their audiences. 
Seminar organization: Our seminar took place over the course 
of four days, consisting of twelve sessions, each lasting up to two 
hours. After two initial sessions of brief introduction presentations 
from the organizers and participants, seven of the seminar sessions 
that followed were breakout group discussions that took place in 
parallel, while the remaining sessions were dedicated to larger 
group discussions and presentations from the breakout groups. 
The organizers also encouraged attendees to participate in multiple 
breakout group discussions, and to split or combine breakout groups 
as their conversations digressed or overlapped. From these breakout 
discussions we identified four challenge themes along with an initial 
set of challenges for each. 



Challenges in Synchronous & Remote Collaboration Around Visualization CHI ’26, April 13–17, 2026, Barcelona, Spain 

Working sessions: After the seminar, the authors met in weekly 
virtual working sessions via Zoom between December 2024 and 
March 2025, each one hour long. To align with the working hours of 
contributors across different continents, those in Asia and Australia 
met every fortnight, while those in Europe and North America 
met in the interleaving weeks at a different time. The first author 
attended both series of sessions to moderate and relay information 
between the groups. Between meetings, the authors used Slack for 
asynchronous discussion. 
Artifacts and outcomes: The seminar and working sessions pro-
duced several artifacts including digital whiteboards, photographs 
of physical whiteboards, annotated bibliographies, and slide pre-
sentations from breakout groups. All of the authors also had access 
to meeting notes, recordings, and AI summarization for the post-
seminar working sessions. 

The challenge themes (Table 1) reflect the final organization of 
the breakout groups, while the scope of activities and scenarios (Sec-
tion 4) reflects a consensus achieved over the course of the working 
sessions. One to two authors volunteered to lead each breakout 
group and liaise with the organizing authors. Moreover, each break-
out group included at least one author who assumed a top-down 
perspective, which involved enumerating possible challenges and 
opportunities associated the group’s topic for each activity. Mean-
while, another author assumed a bottom-up perspective, which 
involved collecting prior work relevant to the group topic and rec-
onciling each work’s use cases, limitations, and future research 
with the activities and challenges emanating from the top-down 
perspective. 

4 Types of Activities Involving Synchronous & 
Remote Collaboration Around Visualization 

We anchor our challenges in five categories of activity (Figure 1, 
hyperlinked throughout the paper with icons ☼    ). Three 
traits are common to these activities: (1) they involve two or more 
people; (2) they can take place in co-located, hybrid, or remote 
settings; and (3) participants use one or more visualization and 
analytics artifacts. We adopt this classification because in different 
activities, collaborators have different goals, and consequently, dif-
ferent needs for the tools they use. Our classification also allows us 
to reason about the specific implications of particular challenges to 
different activities, which we highlight throughout Sections 5 — 8. 
☼ Collaborative exploratory data analysis. We characterize 
this activity as one where collaborators share a goal of attaining a 
preliminary understanding of patterns in data [161]. While there 
may be asymmetries of prior knowledge or subject matter expertise 
among collaborators, their roles are similar in this activity with 
respect to agency and authority. This activity may be retrospective 
(i.e., analyzing data collected from the world) or predictive (i.e., 
analyzing data produced by simulation models or generative pro-
cesses). Outcomes could include the generation of new hypotheses 
and ideas, the testing of existing hypotheses, or the identification 
of new questions or directions of inquiry. 

Examples: business intelligence analysts analyze the 
sales of product categories across market sectors over 

time [19]; intelligence analysts sift through a document 
corpus related to a person of interest [101]. 

 Collaborative divergent ideation. Whereas the previous ac-
tivity described the analysis of collected or modeled data, this one 
involves a collaborative generation of data. Despite this difference in 
data provenance, collaborators may have similar roles and exhibit 
similar levels of engagement. Outcomes could include an enlarged 
design space or an optimal design given a set of constraints. In 
other words, the data generated is the expected outcome of this 
activity, whereas in the previous one, the expected outcomes are 
new insights and questions. 

Examples: automotive engineers use a generative pro-
cess to ideate on building climate-friendly agricultural 
vehicles [33]; interface designers undertake a collabora-
tive co-creation process with AI for designing innovative 
tangible and embodied interfaces [131]. 

 Presenting data. Unlike the previous activities, we characterize 
presentation as having a marked role and knowledge asymmetry 
between presenters and audience. There is also an asymmetry of 
agency, wherein a presenter uses representations of observed or 
modeled data to support their narrative, directing the audience’s 
attention with multimodal cues, including speech, gesture, and dy-
namic visual aids [19]. Meanwhile, the audience could be passive 
or active depending on the context. While audiences in many pre-
sentation activities watch passively, more active audiences may 
question and reply to polls [69] as well as distract or challenge the 
presenter. Ultimately, the intended outcomes of this activity include 
informing, educating, entertaining, persuading, or provoking the 
audience, potentially to change what they believe. 

Examples: an instructor of a visualization course intro-
duces students to alternative interaction paradigms [8]; 
a public relations team at a publicly traded company 
reports on earnings to investors [19] 

 Joint decision-making grounded in data. This activity pre-
sumes that multiple participants are jointly responsible for nego-
tiating and deciding upon a course of action that is informed by 
observed or modeled data [37], where a course of action could in-
volve choosing among options, agreeing upon threshold values, or 
creating new artifacts [21]. Beyond role and knowledge asymme-
tries, this activity could involve asymmetries of authority, and the 
relationships between participants could either be collaborative 
or adversarial. Outcomes include achieving a state of consensus 
or productive dissensus, identifying a compromise, or a resolution 
to a conflict. The collection and visualization of opinions could be 
performed during the activity to achieve these states [20]. Like the 
previous activity, the diversity of relationship dynamics and stakes 
of the decisions to be made underscore the importance of emotional 
and nonverbal cues between participants. 

Examples: recruiters at a news outlet rank submitted 
essays to select candidates to interview [163]; a group of 
colleagues visiting another country evaluate and decide 
upon aspects of their itinerary [61] 

 Real-time collaborative data monitoring. Whereas the previ-
ous activities were characterized by the use of observed or modeled 



CHI ’26, April 13–17, 2026, Barcelona, Spain Brehmer et al. 

☼ Exploratory Data Analysis  Divergent Ideation  Presentation  Decision Making  Data Monitoring 

Figure 1: We anchor our challenges for synchronous and remote collaboration around visualization with these five activities. 

/ simulated data, a defining characteristic of this activity is the 
dynamic nature of the data, changing in real time in response to 
conditions that may or may not be within the collaborators’ con-
trol. In this activity, some of the collaborators may be physically 
adjacent to the event, system, or process that is generating the data 
being monitored. The desired outcome of this activity is to identify 
urgent threats or deficiencies and to respond accordingly. 

Examples: forecasters and field operators make avalanche 
risk assessments [114]; coaches, trainers, and athletes 
coordinate in response to an opposing team’s behav-
ior [55]. 

5 Technological Challenges in Synchronous & 
Remote Collaboration around Visualization 

As a starting point for supporting synchronous and remote col-
laboration around visualization, the first four challenges we pose 
(Table 1, rows 5.1-5.4) pertain to navigating the design space of 
collaborative techniques and technologies. 

5.1 Looking Back on Collaborative 
Visualization Techniques. . . 

. . . across the space / time framework [80]. Early work, including 
Sense.us [62] and Many Eyes [146], focused on ☼ analytical activi-
ties and asynchronous experiences. Similarly, studies of co-located 
and synchronous collaborative data analysis involving pairs [4] or 
groups [101] of people shed light on the interplay between visu-
alization tools and social dynamics, or on how people use shared 
displays such as tables [75]. 

Opportunity: Survey the affordances of previously 
proposed techniques in collaborative visualization to 
assess the viability of each technique for synchronous 
and remote collaboration. 

Arguably, the advantages of co-located over remote collaboration 
are weakly defined. In Section 2, we remarked upon different brain 
activation [162] and fatigue levels [112] induced by screen-based 
collaboration tools. However, remote collaboration has benefits 
beyond personal and environmental costs, with experiences that 
transcend the conventions of teleconferencing. For synchronous 
and remote collaboration around visualization, teleconference plat-
forms’ screen sharing functionality has enabled these conversa-
tions to take place where one participant  presents a dashboard 
or notebook application [19]. However, this limits how other par-
ticipants can interact with the content, leaving audiences disen-
gaged or feeling left out of  decision-making processes. Reminis-
cent of the real-time collaboration features in Google Docs, recent 

work [60, 111, 127] has demonstrated analogous collaborative inter-
action and multi-user awareness with web-based interactive charts, 
such that participants can see the selections, manipulations, and 
annotations of others in real time, facilitating the use of deictic 
utterances when used in conjunction with teleconference tools [60]. 
However, these experiences remain unlike those taking place in 
co-located settings, as participants’ interpersonal awareness is split 
across a patchwork of applications and communication modalities. 

5.2 Looking Outward to Tools, Techniques & 
Technologies for Synchronous & Remote 
Collaboration. . . 

. . . to assess their viability for supporting visualization activ-
ities. Some teleconference tools have recently introduced ways 
to restore interpersonal awareness and non-verbal cues made by 
a presenter as they screen share content. For instance, Zoom and 
Teams offer functionality to segment the presenter’s outline from 
their webcam video and composite it in front of screen shared con-
tent. Virtual camera applications have also become popular, such 
as OBS Studio [115] and Airtime [106]. However, only a single pre-
senter can interact with shared content, and they must do so using 
standard mouse and keyboard interfaces. The emerging medium 
of augmented video [57, 94] represents a progression from simple 
speaker segmentation and compositing, integrating gestural control 
and deictic highlighting to direct an audience’s attention, such as 
in recent demonstrations in  data storytelling [59]. 

Opportunity: Survey the affordances of commercial 
applications and CSCW techniques intended for remote 
and synchronous collaboration to assess the viability of 
each technique for collaboration around visualization. 

Departing desktop technology altogether, social XR [47, 77] is 
promising in that it can elicit a feeling among remote collaborators 
of being in a shared space. Effective remote collaboration in XR 
requires precise gesture tracking for effective nonverbal communi-
cation, the sharing of proxies for physical artifacts, and support for 
the awareness of the positions of remote participants’ avatars in 
a common virtual space. It is therefore unsurprising that synchro-
nous and remote collaboration around visualization also appears 
among grand challenges in immersive analytics [43]. 

Opportunity: Determine if social XR techniques bring 
participants closer to a feeling of co-located collabora-
tion for activities ☼    , a feeling of “bridging 
the distance gap” [12]. 

In 1992, Hollan & Stornetta [64] asked if “imitating face-to-face 
communication [should] be the end goal of digital communication.” 

https://Sense.us
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However, there is evidence that physical co-presence may not al-
ways be beneficial for collaboration [14]. The benefits of face-to-face 
communication (e.g., nonverbal conversation cues) may not be simi-
larly critical between activities ☼    . We believe that remote 
and hybrid collaborative experiences around data can offer some-
thing qualitatively different, echoing Hollan & Stornetta’s ‘beyond 
being there’ mentality, one that has continued with recent work 
discussing the future of XR meetings [102]. Similarly, Willett et al.’s 
reflection on ‘superpowers’ as inspiration for visualization [151] 
includes collaborative capabilities that would be difficult or imprac-
tical to realize in co-located settings. For instance, Willett et al. 
proposed emotion vision for  presentation activities, in which 
collaborators’ video feeds or avatars are augmented with real-time 
representations of their inferred emotional states. For visualization-
rich presentations, a presenter might find it useful to associate these 
states with the data observations being shown. 

Over the last decade, XR collaboration research has continued 
to reflect a ‘beyond being there’ mentality, such as Kim et al.’s ap-
proach [83] which allows participants to inhabit a common visual 
perspective and augment each other’s field of vision with visual 
cues relevant to the task at hand. Sharing a perspective in this 
manner could be particularly beneficial in the presence of 3D visu-
alization artifacts. Another example is StreamSpace’s anachronistic 
portals that bridge time and space [124], in which remote partici-
pants can provide situated and perspective-aligned snapshots of a 
physical environment within a virtual reconstruction of that envi-
ronment. This portal approach could be augmented with situated 
visualization, enabling a real-time collaborative analysis of data 
associated with a physical environment alongside its digital twin. 

Finally, emerging technologies offering new display and interac-
tion modalities may have untapped potential with respect to sup-
porting synchronous remote collaboration around data. Exploring 
sensory modalities beyond vision and sound (e.g., data haptifica-
tion [121], information olfactation [11]) is also an exciting direction 
for future work. Whether these modalities are employed in a com-
plementary or substitutive manner, participants in collaborative 
activities involving visualization and analytics artifacts stand to 
gain new levels of interpersonal awareness, or a more acute aware-
ness of the dynamics of changing data in the context of real-time 
data monitoring . 

Opportunity: Expand and document the design space 
of multisensory interface technology with respect to its 
applicability to remote and synchronous collaboration 
around visualization. 

5.3 Anticipating Technological Asymmetries. . . 

. . . between collaborators. When activities ☼     mani-
fest synchronously with remote or hybrid arrangements of partici-
pants, variations in technological affordances and display capabili-
ties quickly become apparent. Similarly, asymmetries in broadband 
connectivity can also impact the fidelity of the experience. The 
impact of these technological asymmetries go beyond simple ex-
periential aspects: device choices will determine how visualization 
artifacts are perceived and interacted with, particularly when dis-
play sizes, resolutions, and stereoscopic capabilities vary, or when 
input modalities have differing degrees of freedom. 

Opportunity: Identify, design, and evaluate instances 
of remote collaboration around visualization involv-
ing asymmetric technologies, and explore the effects of 
device interoperability on collaborative dynamics and 
whether activity goals are met. 

From early videoconferencing systems to first-generation XR 
platforms, there was little flexibility with respect to device interop-
erability [138], and thus, technological asymmetries were seldom 
encountered. However, with the development of cross-platform 
middleware, the potential to enable collaboration across asymmet-
ric devices is growing, such as when teams of people interact with 
the same content via different XR devices [7]. Device heterogeneity 
should not be seen as a drawback, but rather as an opportunity 
to elicit different perspectives on data. Moreover, devices range 
considerably in cost, and this is particularly true of XR devices; we 
should therefore expect and design for technological asymmetries, 
wherein a subset of participants use expensive and powerful devices 
while others use commodity equipment. Technological asymme-
tries also elicit a question of how shared and private content could 
manifest across display types, as prior work [123] shows that the 
personalization of content in collaborative settings can be benefi-
cial. For example, domain experts can refer to data representations 
visible only to them during  decision-making activities, or  
audiences can answer their own questions without interrupting 
the presenter. Selective asymmetric visibility of data may elicit a 
greater overall sense of transparency among audiences and provide 
a sense of immediacy beyond what would otherwise be a passive 
and indirect consumption experience. 

In prior visualization research, technological asymmetries appear 
in the context of co-located collaborative data analysis [49, 67], and 
in scenarios of asynchronous collaboration between a distributed 
team of analysts [10]. Recently, the DashSpace project [15] within 
the Spatialstrates collaborative XR platform [16] anticipates these 
asymmetries in synchronous remote or hybrid collaborative data 
analysis ☼. Beyond analysis activities, Flow Immersive’s  data 
storytelling platform [36] is notable for its accommodation of au-
diences joining via diverse devices, from desktops to phones and 
head-mounted displays, in which viewers can assume various per-
spectives around shared 3D data representations. 

5.4 Identifying Transferable Collaborative 
Visualization Techniques for Remote 
Collaboration. . . 

. . . across activities, application domains, and data abstrac-
tions. One instance of prior applied research in synchronous col-
laborative visual analytics addresses the well-resourced use case of 
intelligence analysis [28]. As our community accrues visualization 
design studies that involve remote and synchronous collaboration, 
we can reflect upon and distinguish between design choices that are 
uniquely suited for particular application domains from those that 
may be more easily adapted across domains [129]. Particularly as 
we consider nascent immersive technologies for remote collabora-
tion around data, we must determine if these technologies are better 
suited for application domains associated with inherently spatial 
data (e.g., [100]) and three-dimensional representations (e.g., [90]) 
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relative to those associated with non-spatial data and a familiar 
canon of 2D charts and dashboards. 

Opportunity: Survey learnings from prior collabora-
tive visualization work conducted in specific application 
domains and determine aspects that can be adapted 
across activities ☼    . 

6 The Social Challenges of Synchronous & 
Remote Collaboration Around Visualization 

In the preceding section, we largely sidestepped discussion about 
the number of collaborators, the heterogeneity of their roles, and 
their qualitative experiences when collaborating around visualiza-
tion, which is the focus of the following four challenges (Table 1, 
rows 6.1-6.4). Overall, these challenges speak to the need for sup-
porting interpersonal awareness and individual differences. While 
aspects of these challenges are not unique to remote collaboration 
around visualization, our discussion and the projects we cite in this 
section reflect our community and the centrality of data in activities 
☼    . 

6.1 Scaling Activities . . . 

. . . to accommodate varying numbers of participants. Visual-
ization techniques designed to support synchronous and remote 
collaboration between pairs of individuals or small groups may 
not scale to a larger number of participants. In an investigation of 
synchronous collaboration and presentation in enterprise business 
intelligence settings, Brehmer and Kosara [19] described activities 
along the dimensions of scale and formality: (1) small groups of 
business analysts jointly perform ☼ exploratory data analysis, in 
which a few participants (i.e., fewer than ten) share data artifacts 
and the interactive control of tools; (2) partially structured and par-
tially improvised  presentations between cross-functional teams, 
anticipating interruptions and digressions regarding specific as-
pects of the data; and (3)  formal presentations, such as those 
prepared for executives, investors, partners, or customers. Each 
activity along this progression of scale could feasibly correspond 
with a 10x increase in the number of participants. The challenge is 
therefore to adapt progressions like this across remote collaboration. 

Part of this challenge is determining the threshold number of par-
ticipants at which to support particular devices, expose functional-
ity, or prioritize different modalities of communication and interac-
tion. For example, immersive analytics research [159] suggests that 
head-mounted displays (HMDs) could benefit small groups engaged 
in ☼ sensemaking activities, and recent research in astronomical 
pedagogy [105] demonstrates that classroom presentations can suc-
cessfully incorporate dozens of HMD-wearing students. However, 
it remains unclear if HMDs would remain viable for activities in-
volving even larger groups of participants. Further complicating 
this challenge are hybrid collaboration scenarios, in which the mag-
nitudes of co-located and remote participants differ. In these cases, 
designers must strike a balance between leveraging asymmetries 
while ensuring that co-located and remote participants are similarly 
engaged. 

Opportunity: Classify remote and synchronous col-
laborative visualization techniques according to how 
many collaborators they can accommodate. 

Instances of large-scale collaboration and communication activi-
ties in prior visualization research are uncommon, particularly if we 
are looking for synchronous and remote case studies. These activi-
ties could scale from dozens of participants [78] to hundreds [69] 
and thousands or more [70]. One such case study is Jasim et al.’s mu-
nicipal town hall meeting tool that collects and aggregates citizens’ 
feedback as the meeting unfolds [78], along with their adaptation 
of this tool for remote town hall meetings [79]. For events such 
as these, part of the challenge is determining how to exploit, re-
lay, and summarize both back-channel communication [38, 69, 70] 
and participants’ engagements with shared data artifacts, poten-
tially blossoming into a full-fledged  real-time data monitoring or 
collaborative  ideation activity [20]. 

Opportunity: Replicate and extend prior studies assess-
ing collaborative visualization techniques with varying 
numbers of participants. 

When considering the challenge of scale, it can be useful to look 
beyond remote meetings around data to live broadcasts with re-
mote audiences, particularly for  presentation. While storytelling 
and journalism continue to motivate visualization research, a fo-
cus on visualization in live television or streaming broadcasts is 
rare [40, 70]. In recent years, it has become increasingly common 
to see news anchors explain observations in data while interacting 
with or gesticulating before dynamic representations of data [30], 
whether shown on a large touchscreen display or via a greenscreen 
composite. On a smaller scale, data visualization practitioners and 
educators took to livestreaming platforms during the COVID-19 
pandemic to demonstrate and talk about their craft [81]. Both medi-
ums have the potential to engage audiences via back-channel con-
versations, either as a "second-screen" experience [110] or as an 
integrated experience within a livestreaming platform. 

6.2 Supporting Dynamic Roles. . . 

. . . from contributors to presenters, viewers, and decision 
makers. In collaborative knowledge work, activities are often 
marked by collaborative phases and coupling styles [141], referring 
to the alignment of tasks each person is performing. Collaboration 
can also be described as parallel, coordinated, cooperative, or fully 
collaborative [25]. Particular categories and combinations of phase 
and style are often reflected in the affordances of tools and devices, 
in nonverbal cues for interpersonal awareness, and in participants’ 
territoriality with respect to workspaces and artifacts. The activi-
ties ☼     reflect this dynamism of roles. For instance, in 
 visualization-rich presentations, a participant may transition 
between being a speaker, a note-taker, a moderator, or an audience 
member, and in formal presentations about data [19], it is not un-
usual for one participant to speak while another controls interactive 
assets like dashboards or slides. In other activities, role asymmetries 
manifest in various ways. An asymmetry of expertise, whether with 
respect to the domain or to the tools, changes at different paces for 
each participant. In  decision-making activities in particular, we 
encounter an asymmetry of authority, in which those who lack this 
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authority appeal to or attempt to persuade those who have it. Mean-
while, in  real-time data monitoring activities, we may find an 
asymmetry of awareness along with an asymmetry of agency, espe-
cially for remote participants responding to or observing an event 
associated with the data being monitored (e.g., emergency response 
and preparedness, on-the-ground journalistic reporting), wherein 
the nature of the event may impose situational impairments on 
these participants. 

To respond to the challenge of dynamic roles in remote col-
laboration, designers should allow participants to componentize 
data artifacts and surface them on a common application substrate 
(e.g., [154]) where it is possible to grant agency to any participant, 
in contrast to a single participant screen sharing their local content. 
Additionally, in the context of  presentation and  persuasion, 
componentization could take the form of partially-constructed nar-
ratives and alternative argument structures [87], allowing partici-
pants to adapt their messaging in response to audience engagement. 

Opportunity: Design and conduct studies with desig-
nated participant role diversity, either by deliberately 
recruiting those outside of university student participant 
pools [48] and those who self-identify as novices [22], 
or by assigning roles and providing selective contextual 
information to different participants prior to and during 
study execution. 

6.3 Promoting Agency & Trust . . . 

. . . as well as awareness of others’ agency. Beyond situational 
impairments, the affordances of tools can bring about an asymme-
try of agency among participants, particularly if these affordances 
follow from asymmetries of device and display capabilities (Sec-
tion 5.3), from scale limitations (Section 6.1), or from immutable 
roles (Section 6.2). This challenge is concerned with reducing this 
asymmetry where possible, empowering individuals to make in-
formed decisions and actively contribute to a group activity. Pro-
viding personalized views (e.g., [123]) and other functionality that 
allows participants to privately and immediately ask their own ques-
tions about the data is one way to address this challenge. Increasing 
agency also calls for a greater awareness of others’ agency, which 
is especially critical when establishing trust in ☼ collaborative data 
analysis and  ideation, in which participants strive toward col-
lective ownership and responsibility with respect to visualization 
artifacts. In the context of collaboration activities around visualiza-
tion, interventions should promote trust both in one’s collaborators 
as well as in shared representations of data. We revisit the topic of 
trust below in Section 7 when discussing instances in which these 
shared representations of data are AI-generated. 

Opportunity: Extend recent research on workspace 
awareness for collaborative productivity tasks in XR [7] 
to ☼ collaborative data analysis and  ideation. 

6.4 Increasing Accessibility & Inclusivity. . . 

. . . across modalities via direct and indirect approaches. Given 
the multimodal nature of remote collaboration involving shared vi-
sualization and analytics artifacts, accessibility issues can limit the 

engagement of participants with visual, auditory, mobility, or cog-
nitive impairments. For example, in the case of vision impairments, 
data could be represented in alternative ways, including adaptive 
text descriptions read using text-to-speech assistive tools [99] or 
displayed via tactile objects [45]. Similarly, tools for  collaborative 
ideation and  presentation authoring can integrate established 
accessibility tools and workflows [34]. 

Beyond accessible representations of data and collaborator activ-
ity, this challenge also calls for inclusive interaction design. Prior 
work distinguishes between two inclusive design approaches: in-
direct approaches such as creating or adopting existing accessible 
interaction design guidelines [139]; and direct approaches, or devel-
oping ways to modify a tool’s affordances to adhere to accessibility 
requirements, such as by using a screen reader or a sensory substi-
tution tool to interactively navigate data representations (e.g., [27]). 

Inclusive design for collaboration tools also encompasses con-
necting multilingual and multicultural sets of collaborators, as well 
as those who lack context. Summarization, transcription, and activ-
ity replay tools for asynchronous reviewing speak to these needs, 
however in the case of activities ☼    , care must be taken 
to capture the state of shared visualization and analytics artifacts 
alongside recorded conversations. 

Opportunity: Survey synchronous and remote collab-
orative visualization techniques using Kim et al.’s com-
parative approach to assessing visualization accessibil-
ity [82]. 

7 Challenges of Integrating AI Assistance into 
Synchronous & Remote Collaborative Around 
Visualization 

Artificial intelligence (AI) assistance is increasingly prevalent in 
commercial communication and collaboration applications, such 
as Zoom’s [164] live transcription and meeting summarization fea-
tures. Anticipating a further expansion of AI functionality, HCI re-
search has recently explored the potential of proactive AI assistance 
for moderating meetings [26], onboarding newcomers to existing 
conversations [134], and encouraging ideation [131]. Meanwhile, 
visualization research has also been investigating the integration of 
AI assistance in the form of conversational question-answering in-
terfaces in visual analytics tools [66]. The challenges in this section 
therefore address the inevitable integration of this AI assistance in 
synchronous and remote collaboration around visualization. 

7.1 Selecting Appropriate Interaction 
Paradigms. . . 

. . . for AI agents as collaborators, mediators, and assistants. 
AI’s effectiveness as an assistant, collaborator, or mediator depends 
on its alignment with a group’s expectations and trust levels, as 
well the goal of the activity. When engaged in technology-mediated 
collaborative activities, people build working relationships and a 
shared mental model of their collaborators through interaction [53]. 
Despite the benefits of AI assistance to enhance remote collabora-
tion [134, 163], existing interaction models rely heavily on natural 
language communication [52, 91, 131], which may not sufficiently 
capture the broader context that human collaborators have, context 
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apparent through implicit cues and procedural task knowledge that 
is not externalized in language [95, 163]; instead, this task knowl-
edge may be externalized in visualization artifacts. This disparity 
leads to misunderstandings and unpredictable AI responses that hin-
der collaboration, especially in settings where people with varying 
levels of experience with respect to AI collaborate together [163]. 
Furthermore, AI agents are often seen as “black boxes” [41] and 
are expected to serve as informational assistants rather than as 
productive collaborators. These perceptions constrain interactions 
to command-and-response exchanges that in turn limit the ways 
in which human collaborators can clarify their intentions. 

As AI models grow more sophisticated [93], it is crucial to de-
velop systems that both support and understand human collabo-
rators [5, 95]. When collaborating around visualization artifacts, 
these models must integrate these artifacts into their context. With-
out such advancements, human-AI miscommunication risks persist, 
leading to inefficiencies, frustration, and reduced collaborative ef-
fectiveness [52, 163], particularly in the case of synchronous and 
remote collaborative activities where miscommunication between 
people is a problem enough on its own. This challenge calls for new 
interaction and feedback paradigms to mitigate these risks, from 
explaining feedback in XR environments [155] to explicitly assign-
ing new roles to AI agents beyond information retrieval assistants. 
These roles might involve taking initiative as a fellow qualitative ☼ 
data analyst [51], recommending visualization aids to a  presenter 
based on audience profiles and questions asked [140], facilitating 
and eliciting ideas from human collaborators in  ideation activi-
ties [50, 131], and moderating deliberations in  group decision-
making [52]. Each of these roles could potentially be reinforced 
by giving these agents a multimodal embodied presence as an 
avatar [126]. To this end, carefully designed personification through 
avatars could enable more natural and empathetic interactions dur-
ing human-AI collaborations. 

Opportunity: Compare collaborative visualization in-
terfaces in which an AI assistant either: (a) passively 
monitors conversations unless explicitly invoked; (b) 
offers side-channel contextual commentary on shared 
visualization artifacts; or (c) proactively modifies visu-
alization artifacts. 

7.2 Conveying Interaction and Analytic 
Provenance. . . 

. . . by capturing and representing relevant shared interac-
tion history. As collaboration assistants, AI agents can promote 
a sense of continuity [26, 39, 52, 131, 160]. However, without a 
clear understanding of how or why attempts to maintain continuity 
are generated, they may lead to misinterpretation [163], a loss of 
trust [131], or dismissal by human collaborators [52]. Prior work 
demonstrates how AI agents visualize past interactions with human 
collaborators [23, 73, 107]. This work also highlights the critical 
need to understand the semantics of these interactions. Without 
these semantics, we limit the opportunities for manipulating visu-
alization artifacts or iterating upon the AI agents’ interpretations. 

Opportunity: Adapt visualization research platforms 
(e.g., reVISit [113]) that support the recording and anal-
ysis of non-collaborative interaction with visualization 

applications, allowing researchers to record and dis-
tinguish interactions with collaborative visualization 
applications accessed synchronously by multiple actors, 
including AI assistants. 

As interactions between remote human collaborators, visualiza-
tion artifacts, and AI agents become increasingly complex in collab-
orative activities [23, 118, 150], it is critical to develop approaches 
to effectively capture, classify, and visualize human collaborators’ 
interactions across multiple modalities, such as where they point 
and click, the text they type, the gestures they make, and the things 
they say. In the case of collaborative immersive analytics, an even 
richer interaction history is needed, one incorporating the topology 
of participants and artifacts, such that each participant’s intent 
could be modeled via their proxemic and embodied interaction [23] 
with these artifacts. Without robust representations of semantics 
in this interaction history, AI systems may not be able to fully 
make use of previous actions and insights [51, 156]. This lack of 
continuity can result in disjointed communication [91], inefficient 
task progression [46], and diminished trust [163] in AI’s role. Fu-
ture AI agents for collaboration around visualization must consider 
activities beyond ☼ collaborative data analysis, capturing and visu-
alizing the provenance of  collaborative ideation across multiple 
interaction modalities and communication channels [118, 150], or 
by highlighting and attributing both human and AI contributions 
to deliberations in  collaborative decision-making [68, 131]. 

Opportunity: Explore and compare approaches that 
communicate provenance information synchronously 
and those that surface it retrospectively after synchro-
nous activities end. 

7.3 Assessing Reliability. . . 

. . . and aligning expectations of AI agents’ capabilities when 
collaborating around visualization. Contemporary AI agents 
demonstrate a potential to support both creative and analytical 
tasks, however when initiated into collaborative activities, the ex-
pectations that human collaborators have with respect to an agent’s 
capabilities and its reliability may not consistently align. AI agents 
can only learn from the training data provided, data that may con-
tain biases and lack relevant information about the collaboration 
context. Prior work suggests that placing trust in an AI agent as 
it completes a task correlates with the tendency to delegate the 
task [98]. Trust is also fragile; high expectations or minor errors 
can quickly deteriorate it [51], making it challenging to use AI-
generated content in a synchronous collaborative activity. Although 
demonstrations of generating and interacting with visualizations 
via natural language [92, 108] predates the rise of large language 
models (LLM), the advent of these models has led to increasingly 
complex visualization and explanation [133, 142]. Capable of pro-
cessing complex prompts (e.g., those using images as input), these 
LLMs provide new modalities through which to provide context. 
However, these same capabilities add complexity when assessing 
their reliability. Moreover, the artifacts produced by these models 
may propagate errors and biases that negatively affect how people 
interpret them [86]. 
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Opportunity: In  collaborative ideation activities, 
assess techniques that allow human collaborators to 
distinguish between human- and AI-generated content. 

Improving the trustworthiness of AI agents is one of the most sig-
nificant challenges in AI research today [1]. Determining whether 
these agents are trustworthy in synchronous collaborative activities 
requires continuous vigilance on the part of human collaborators; 
given the non-deterministic behavior of LLMs, it is imperative to 
provide reliability metrics that help human collaborators assess 
model outputs together. 

Opportunity: Assess dedicated backchannels for fact-
checking and bias mitigation of AI-generated visual-
ization artifacts shown in  presentations, supporting 
 real-time collaborative monitoring among audience 
members. 

To successfully integrate AI agents in activities ☼    , we 
must identify the tasks that can be safely delegated or supported by 
these agents. Recent work investigating the visualization literacy 
of LLMs [65] suggests the possibility of agents acting as ☼ fellow 
visual analysts who can visually annotate features of interest, pro-
vided that human collaborators can tune and direct this capability. 
However, we require methods of assessing the reliability of this 
behavior, particularly as models evolve or supersede one another. 
To this end, recent results [132] are promising with respect to using 
LLMs to understanding spoken conversations about charts, suggest-
ing the viability of using AI assistance to annotate and manipulate 
charts as a conversation progresses in real time. 

Opportunity: In  collaborative decision-making ac-
tivities, assess how to clearly identify AI agents’ modifi-
cations of shared visualization artifacts, so as to provide 
human collaborators relevant metadata so that they 
can assess risk of error or bias. 

7.4 Balancing Personalization & Privacy. . . 
. . . in shared collaboration spaces. AI-assistance in collaborative 
activities present opportunities for enhanced customization and 
personalization at the individual and group level, adapting dynami-
cally to human collaborators’ preferences and interaction patterns. 
Prior research suggests that personalization enhances efficiency and 
engagement in remote  collaborative ideation activities [96, 154]. 
However, this personalization necessitates extensive data collec-
tion, surfacing ethical concerns with respect to data security and 
visibility when collaborating around visualization. 

Opportunity: Design and evaluate adaptive [157] or 
adaptable visualization and analytics techniques for 
use in synchronous and remote collaboration activities, 
so as to support individual differences [97]. 

Historically, privacy considerations in remote collaboration have 
revolved around permission settings, such as toggles for camera 
and microphone access. With the advancement of AI capabilities, 
systems are increasingly requesting a greater diversity of data, 
encompassing environmental information (e.g., objects and their 
spatial arrangements in collaborators’ surroundings), spoken ut-
terances, facial expressions, and documents related to the topic of 
the conversation, such as emails, search histories, and calendars. 

This broadening of data collection complicates the definition of 
privacy boundaries, where vulnerabilities could lead to data misuse, 
unauthorized access, and a loss of trust. An erosion of trust is likely 
to lead to a rejection of AI agents in ☼ collaborative data analysis 
and  decision-making, particularly in application domains like fi-
nance, healthcare, and education, where sensitive data protection is 
paramount. To address this challenge, tool builders must integrate 
privacy-preserving methodologies, such as differential privacy, fed-
erated learning, and on-device processing, each of which minimizes 
the exposure and centralization of collaborators’ data. For instance, 
whenever possible, personal sensitive data should be processed 
on-device or at the network edge, so raw information never leaves 
a person’s local environment [84]. In other words, personalization 
strategies should not depend on continuous surveillance or the 
permanent storage of sensitive information. 

Opportunity: Design and evaluate collaborative visu-
alization techniques that responsibly collect and ensure 
the privacy of the personal data used to generate per-
sonalized interfaces. 

8 Challenges in the Evaluation of Synchronous 
& Remote Collaboration Around Visualization 

As collaborative visualization activities are rapidly evolving, such 
as by adopting AI assistance techniques and social XR technologies, 
evaluating the design and use of new technologies and techniques 
to support these activities must necessarily address both forma-
tive and summative questions. Formative assessment happens at 
the stages of characterizing the problems and improving design, 
while summative studies examine how well a given design affects 
performance and usability. The visualization research community, 
and particularly its information visualization sub-community [89], 
has traditionally relied on the scientific method of controlled ex-
periments as summative evaluation, a method yielding statistically 
validated results. Defining research questions with testable hy-
potheses is accordingly a common practice. While these methods 
are highly rigorous and reproducible, they may not fully reflect the 
richness and complexity of the “real world” [128], inviting questions 
of ecological validity. While these methods form an essential part 
of an evaluation timeline, researchers must complement them with 
formative studies that seek to understand practices and issues in 
the field [2]. Moreover, unlike task-based visualization studies with 
individual participants, evaluating collaborative visualization ex-
periences introduces the distinct research and practical challenges 
discussed in this section. 

8.1 Expanding the Scope. . . 

. . . of collaborative visualization evaluation. While the visual-
ization research literature contains many examples of evaluations 
focusing on individual task performance [76], there are fewer in-
stances of evaluations examining collaboration around data (e.g., [19, 
74]). In these evaluations, our methodologies must account for a 
range of possible group dynamics, where hierarchies, personali-
ties, and mixed social and professional backgrounds interact and 
ultimately determine a group’s performance [2]. 
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Opportunity: Conduct ethnographic inquiries, multi-
dimensional in-depth long-term case studies [135] and 
longitudinal insight-based evaluations [125] across ap-
plication domains to better understand remote and hy-
brid work environments and their collaborative work 
practices involving visualization artifacts. 

As remarked upon in Section 2, much of the prior work in collab-
orative visualization addresses asynchronous or co-located synchro-
nous collaboration and ☼ analysis activities, and the evaluations 
reported in this work are summative in nature, focusing on usability 
and lower-level task performance. Studies focusing on collaborative 
activities ☼     and the needs of systems to support them 
are only recently emerging [117]. Lam et al.’s questions for evalu-
ating visual data analysis and reasoning are well-aligned with the 
activities of ☼ exploration,  decision-making, and  monitoring. 
However, new research questions and data collection methods may 
be needed for  presentation and  ideation activities. The former 
recalls Lam et al.’s scenario of evaluating communication through 
visualization where questions relate to how an audience learns from 
visualization artifacts and how a visualization tool helps people 
explain or communicate concepts. 

Opportunity: For  presentation activities, conduct 
post-presentation interviews and focus groups with au-
diences. 

Beyond expanding the scope of evaluation to consider more 
synchronous and remote activities around visualization, there are 
also opportunities for future studies to investigate the impact of the 
emerging technologies discussed in this paper, namely AI assistance 
and XR. 

When planning any evaluation, we seek precision, generaliz-
ability, and realism, but achieving all three is rare; we must make 
compromises and innovate with respect to how we capture salient 
details of synchronous and remote collaboration around visualiza-
tion. If prioritizing precision, we could strive to design simulations 
(e.g., [42, 143]) of activities ☼    , with assigned participant 
roles, prescribed tasks, and multimodal communication channels 
instrumented to capture group dynamics. However, the assigned 
roles and low stakes of simulated activities are unlikely to expose 
the effects of domain expertise and collaborator rapport on dis-
tributed cognition in a ☼ collaborative analysis session. Nor are 
they likely to elicit genuine engagement and interest in the topic of 
a  presentation. Finally, they are unlikely to produce a pressure to 
produce results that underlie the give-and-take of  group ideation 
or the negotiation process in  joint decision-making. 

8.2 From Asking the Right Research 
Questions. . . 

. . . to selecting appropriate methods and metrics. Studies of 
synchronous and remote collaboration around visualization can 
have different goals. For those studying existing practices, a goal 
could be to inform the design of future systems, while for those who 
have built a novel system or technique, goals might include evalu-
ating its utility or usability. The goals in turn determine research 
questions and methodological choices, including the definition of 
metrics that reflect both individual and group-level experience, as 

well as the operationalization of how these metrics are measured 
and analyzed. 

Research questions are further shaped by the logistical com-
plexities of studying groups of varying size, structure, and role 
heterogeneity [109]. As researchers undertake a series of studies 
reflecting an iterative process of requirements analysis, design, and 
summative evaluation, asking the right research questions at the 
outset of this process is critical. A diversity of research questions de-
mands a more comprehensive toolbox that includes (among others) 
empirical, observational, participatory, co-design, and reflective 
methods [63, 89, 109]. There is a perception that more qualitative 
approaches are not sufficiently verifiable and lack external validity 
(i.e., generalizability) [76], although they are common to critical 
systems where collaborative decision-making is essential [148, 152]. 
In the visualization community, experience with these methods, 
and how to refine the research questions that benefit from them, 
is beginning to emerge, and we must be willing to employ these 
methods in the study of collaboration around visualization. 

Opportunity: Design and conduct studies that consider 
multiple aspects of collaboration around visualization, 
including effectiveness and efficiency, group insight gen-
eration, and group dynamics including engagement and 
the facilitation of social exchange. 

Framing the problem space for collaborative visualization ac-
tivities beyond analysis is more likely to generate new research 
questions than answer existing ones. Some prior work has taken 
steps in this direction, including a study of  decision makers 
within organizations [37] and a study of experts who routinely 
engage in  collaborative distributed data monitoring [114]. While 
neither of these studies resorted to complete ethnographic immer-
sion, defining what constitutes a  “good” but divergent idea or a 
 “good” decision may necessitate a more ethnographic approach 
to fully understand possible nuances. 

Opportunity: Survey research questions and methods 
used to study collaborative systems and particularly 
collaborative visualization systems intended for remote 
and synchronous collaboration. 

8.3 Navigating the Logistics. . . 

. . . of observing synchronous and remote collaboration around 
visualization. Observing the use of complex systems involving 
asymmetries of role and technology can be arduous [122, 143]. Un-
surprisingly, constrained by technology, many prior studies focus 
on unimodal interaction and symmetric collaboration [74, 116]. 

Looking to the future, researchers will need to coordinate with 
multiple participants and instrument various devices and applica-
tions to collect observations across locations [149]. This will require 
careful scheduling and access to tools and devices, access that is 
complicated by remote participants’ use of their own devices, from 
computers to mobile devices and head-mounted displays (HMDs). 

Opportunity: Adapt interaction logging tools (e.g., re-
VISit [113]) for synchronous and remote collaborative 
visualization activities spanning multiple devices. 

Throughout this paper, we have emphasized the role of multi-
modal communication across collaborative activities ☼    , 
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which suggests a need to collect observations across the modali-
ties [85] of speech, gesture, gaze, and touch. However, subtle com-
munication cues can easily be lost in remote collaboration settings 
without careful instrumentation. A recent review [48] shows that 
such multimodal instrumentation is already apparent in the evalua-
tion of immersive analytics systems, suggesting that we could simi-
larly instrument tools and devices for remote collaboration around 
data, and not just for activities involving immersive technology. 
We stress the importance of multimodal data collection because 
familiar evaluation methods such as the “think aloud protocol” are 
impractical in collaborative activities. Finally, multimodal data col-
lection also invites additional scrutiny with respect to data security 
and privacy, for combinations of observations across modalities can 
be used to de-anonymize participants or reveal sensitive material. 

Following from the challenge of scale (Section 6.1), special lo-
gistical consideration is warranted for large-scale collaborative 
activities, such as those with hundreds or thousands of participants 
and a greater diversity of roles [38, 69]. For such activities, eval-
uation is often opportunistic, for which we can study a targeted 
deployment of a prototype tool that allows people to  monitor and 
discuss real-time data associated with a significant event, such as an 
election, a public forum, a climate emergency, a sporting event, or a 
cultural spectacle. Large-scale  formal presentations focusing on 
data [19] where audiences interact with one another via backchan-
nel conversations are particularly interesting instances to consider. 
While prior “in the field” studies have shed light on large-scale, 
ecologically-valid, and collaboration activities [69, 70, 78], these 
studies impart additional complexity, such as by coordinating with 
a cast of stakeholders that could impose legal, technical, or orga-
nizational constraints on research. For example, experimentation 
during a live TV show [70] or a conference [69] could involve secu-
rity delays, as stakeholders bear legal responsibility for broadcast 
content. 

8.4 Analyzing Richer Data. . . 

. . . capturing synchronous and remote collaboration around 
visualization. Applying qualitative, quantitative, or mixed-method 
frameworks to the analysis of collaborative activities can each 
provide distinct insights. 

Researchers evaluating collaborative technology commonly col-
lect both quantitative and qualitative data, combining interaction 
logs, surveys, and questionnaires with video recordings and ethno-
graphic observations [119]. In doing so, they capture task per-
formance as well as subtler aspects of group dynamics, such as 
workspace awareness [58] or social presence [13], constructs that 
are pivotal to ☼ collaborative analysis and  ideation activities. 
However, quantitative observations can overlook nuanced interper-
sonal cues critical to effective collaboration, and standardized ques-
tionnaires are sometimes too generic to capture context-specific 
phenomena [109]. Similarly, interaction log data may mask small 
but meaningful signals of coordination spread across modalities 
and timeframes [158]. Meanwhile, video analysis and ethnographic 
methods can be time-consuming, are dependent on identifying the 
right unit of analysis, and are prone to observer bias or the tendency 
to focus on specific details [120]. Moreover, in high-stakes  deci-
sion making activities, these methods may be intrusive absent an 

established rapport with participants. As a consequence, the volume 
and diversity of observations can overwhelm traditional analysis 
approaches, making it difficult to identify overarching patterns. 

Ultimately, researchers must construct meaning from their ob-
servations. When studies yield both observations of individual par-
ticipants as well as observations of group dynamics, merging these 
perspectives does not guarantee a comprehensive understanding 
of the larger collaborative processes at play. 

Opportunity: Cohesively interpret findings from stud-
ies of synchronous and remote collaboration around 
visualization and contextualize them within the fabric 
of ongoing longitudinal asynchronous collaboration. 

Finally, groups will differ in size, composition of co-located and 
remote collaborators, distribution of expertise, and device usage, 
and while these factors will make it difficult to generalize findings, 
a thorough accounting of the idiosyncrasies of group dynamics will 
provide useful nuance to other data collected. 

9 Final Reflections 
In this paper, we contributed a characterization of 16 challenges 
pertaining to synchronous and remote collaboration around visual-
ization that present entry points for a range of stakeholders. For 
researchers, our work presents an organizing scheme for future 
work, with one or more near-term research opportunities suggested 
for each challenge. While any of the other challenges identified 
in this paper could become the focus of enterprising young re-
searchers and students, evaluation challenges call for an evolution 
of methodological maturity for the entire community. We also in-
vite future research to expand on our set of activities and identify 
challenges unique to specific application domains, such as those 
addressed in collaborative visualization design studies [129]. For 
practitioners and technology developers, our paper highlights 
the shortcomings of remote collaboration tools with respect to sup-
porting data work. Remote collaboration today means a patchwork 
of teleconference and productivity tools that altogether limit how 
participants can contribute to a collaborative activity. Improving 
the interoperability, extensibility, and integration of collaboration 
and visualization platforms while supporting vibrant external devel-
oper communities can foster such innovation and allow researchers 
to evaluate their approaches at scale. Finally, for policymakers 
and funding agencies, the activities described in Section 4 un-
derscore the central role of remote and synchronous collaboration 
around data in domains such as public health, climate science, edu-
cation, and urban planning, all fields where deliberations must be 
grounded in data and decisions made through inclusive and collec-
tive intelligence. For at a societal and global level, effective remote 
collaboration in which people can share and discuss data is part 
of a project of resiliency, particularly in times where international 
travel is disrupted by environmental emergencies, public health 
crises, and geopolitical unrest. 

Progress in the face of these challenges goes beyond publications. 
First, we must build upon each others’ open-source prototypes, 
and on open data from field observations of deployed systems 
and existing practices. Second, we need more international and 
interdisciplinary collaborations like those which led to this paper, 
with project meetings, reading groups, and federated seminars 
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mediated by remote collaboration technology, with visualization 
researchers speaking to social scientists and technologists across 
other HCI communities including CSCW and accessibility. 

In closing, we believe that our interdisciplinary take on the in-
tersection of visualization and collaborative technology will invite 
further bridge-building between these communities. By taking ac-
tion together, we can design, evaluate, and deploy collaborative 
systems that are trustworthy, adaptive, inclusive, and ready for the 
future of remote data work. 
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