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Abstract 

With the rise of full-color, low-latency video passthrough in mixed reality (MR) headsets, this 

study explores how this medium’s technological characteristics influence group communication. 

Using a mixed-factorial design, 159 university students across 24 groups completed a spatial 

assembly task and a group discussion. Results indicate that video passthrough increased mental 

and physical demand during spatial tasks. Behavioral and linguistic analysis revealed that video 

passthrough mediation led to longer task completion times and lower levels of positive-emotion 

language compared to face-to-face settings. These findings suggest that the cognitive and social 

costs of video passthrough are contingent upon specific demand dimensions. 
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1.​ Introduction 

​ Mixed reality (MR) with full-color, low latency video passthrough has been marketed as 

a transformative medium for everyday social interactions, fundamentally altering how we 

perceive and engage with both physical and digital environments (Doughty, 2022; Rolland et al., 

1995). Recent technological advances in MR headsets with full-color video passthrough such as 

the Meta Quest 3, Apple Vision Pro and the HTC Vive XR Elite have positioned video 

passthrough as not only a tool for specialized tasks but increasingly as a medium for group 

communication and collaboration such as music education, theatrical performances, medical 

training, architectural visualizations and exergames  (Banquiero et al., 2024; Salter et al., 2023; 

Zeng et al., 2024; Schier et al., 2023; Guo et al., 2024).  

​ Group interactions introduce unique complexities that are not present in dyadic 

interactions, including multi-party gaze coordination and speaking order (Harrigan & Steffan, 

1983; Kalma, 1992; Lesko & Schneider, 1978), peripheral awareness (Kantharaju & Pelachaud, 

2021), social facilitation effects (Buck et al., 1992), and complex turn-taking behaviors (Sacks, 

Schegloff, & Jefferson, 1974; McKinlay et al., 1994), all of which may be fundamentally altered 

by the perceptual constraints of video passthrough (Bailenson et al., 2024).  

​ While MR devices are increasingly integrated into collaborative workflows (Holt, 2023; 

Yoon et al., 2025), empirical research has largely overlooked group-level dynamics, often failing 

to utilize unmediated face-to-face (FtF) benchmarks. This study addresses this gap by comparing 

passthrough MR directly to FtF interaction to isolate the medium specific cognitive load and 

nonverbal coordination. By establishing this benchmark, we move beyond describing MR as a 

novel tool and instead quantify the specific behavioral and attitudinal shifts that occur when 

collaborative environments are mediated by current hardware constraints.  
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​ Two theoretical frameworks that together shed light on group communication in video 

passthrough environments are Social Information Processing Theory (SIPT) and Cognitive Load 

Theory (CLT) (Walther, 1992; Hart & Steveland, 1988; Bobis et al., 1993). We integrate these 

perspectives into an integrative account: technological constraints in video passthrough are 

associated with increased perceptual and attentional demands (CLT), which may limit the 

cognitive resources available for encoding, transmitting, and interpreting social cues (SIPT), 

potentially influencing behavioral coordination and perceived social presence in groups. 

SIPT suggests that mediated communication results in less social information transfer 

and requires more time for processing due to reduced nonverbal bandwidth. CLT offers a 

complementary perspective, suggesting that the additional processing requirements of video 

passthrough, such as depth perception adjustments and limited field of view, consume an 

individual's processing capacity (Walther, 1992). In our framework, cognitive load functions as a 

plausible intermediary through which technological affordances influence social information 

processing. Rather than an omnibus effect, these theories suggest that MR mediation taxes 

specific subdimensions of mental and physical demand, which may in turn restrict the resources 

available for social coordination. 

When applied to video passthrough together, SIPT and cognitive load theory suggest that 

performance differences in tasks will differ due to the attentional demands of video passthrough 

compared to face-to-face, however, with enough interaction between participants and familiarity 

between individuals in groups, groups will eventually achieve comparable communication 

effectiveness across conditions. Additionally, Social Presence Theory functions as the 

downstream outcome layer of our model. Social presence provides scaffolding for understanding 

how changes in social information processing manifest in perceived connection and belonging 
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(Biocca et al., 2001). In our integrative account, technological constraints lead to increased 

cognitive load, which causes reduced social information exchange and altered behavioral 

coordination, creating potential shifts in perceived social presence. This is particularly relevant 

when considering outcomes such as social presence and loneliness in MR collaboration resulting 

from technological affordances such as limited field-of-view (Biocca et al., 2001).  

2. Background and Previous Work  

2.1 Cognitive Load Theory in Video Passthrough Mediated Environments 

Cognitive load refers to the mental resources used during task performance (Sweller, 

1988). Hart and Steveland’s (1988) construct consists of six subdimensions: (1) mental demand, 

(2) physical demand, (3) temporal demand, (4) performance, (5) effort, and (6) frustration. 

Measuring how these specific dimensions are influenced by video passthrough is important as it 

may not necessarily increase overall load in all contexts; rather, it taxes the mental and physical 

resources required to process a video-recorded version of reality. In video passthrough, 

measuring cognitive load is particularly relevant as users must process both physical and digital 

information simultaneously through a video recorded version of reality (Kockord & Bodensiek, 

2021; Michalski et al., 2023).   

Video passthrough in MR headsets introduces unique sources of cognitive load that are 

not present in face-to-face interactions. First, the reduced field of view leads to users needing to 

maintain spatial awareness through increased head movements, which may be especially true in 

group settings where participants are distributed all around the individual (Bailenson et al., 

2024). Second, the stereoscopic rendering of the physical environment through front-facing 

cameras introduces individuals to subtle but significant alterations to depth perception (Rolland 

et al., 1995). Third, latency, wherein there exists a difference between the physical and digital 
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signal, results in a perceptual mismatch between proprioceptive feedback and visual information. 

Finally, the physical presence of the headset itself, introduces a physical discomfort that requires 

attentional resources to manage due to its weight over one’s head - 18.20 oz (Santoso & 

Bailenson, 2024).  

These technological constraints have been shown to impact performance in individual 

tasks. Baumeister et al. (2017) demonstrated that video passthrough elicits higher mental effort 

and longer task completion times compared to optical see-through AR or desktop displays. Even 

simple tasks like brewing coffee required greater cognitive resources when performed using AR 

headsets (He et al., 2019).  

While these cognitive load demands have been studied for individuals using AR, there 

has been limited research examining these effects in collaborative group contexts. In group 

settings, users must simultaneously manage technology-related cognitive burdens while 

attending to complex social dynamics. This situation parallels the general "dual-task 

interference" effect studied in cognitive psychology research (Pashler, 1994), where attempting 

to perform two attention-demanding tasks concurrently can lead to performance decrements in 

either or both domains. 

2.2 Social Information Processing Theory 

Social information processing theory (SIPT) provides a framework for understanding 

how communication adapts to the constraints of mediated environments. Walther (1992) 

proposed that computer-mediated communication (CMC) transfers social information at a slower 

rate than face-to-face interaction. However, given sufficient prior interactions, communicators 

can achieve equivalent relational development. Information transfer is slower in CMC primarily 

because nonverbal cues that typically accompany face-to-face communication, such as facial 
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expressions, body language, and paralinguistic cues, are either absent, reduced, or transformed 

when filtered through technology (Walther, 1992). This reduced bandwidth necessitates more 

explicit verbal encoding of social and affective information that might otherwise be 

communicated nonverbally. 

 When applied to group contexts, research has illustrated that participants in 

computer-mediated conferencing used two to three times as many communication units than 

face-to-face groups during the same elapsed time and were less likely to reach agreement and 

more recent research illustrated that individuals have greater facial expressivity in face-to-face 

compared to computer-mediated conferencing (Hiltz et al., 1986).  In video passthrough 

specifically, while many visual cues remain accessible, they are degraded by technical limitations 

mentioned above, for instance, reduced field of view constraints peripheral awareness, subtle 

facial expressions may be less discernible, and spatial perception alterations may impact 

proxemic communication (Santoso & Bailenson, 2024).  

2.3 Group Dynamics in Mediated Communication 

​ Unlike dyadic interactions, group interactions rely heavily on peripheral awareness, the 

ability to monitor multiple participants simultaneously, including those not engaged in the 

current exchange (Spring & Vathanophas, 2003). The interactivity and fidelity of a medium and 

how accurately it reflects real-time social signals, is crucial in group communication. Group 

contexts also introduce complex mutual gaze and attention patterns that are fundamentally 

different from dyadic exchanges. For instance, being part of a dyad led to more social attention 

compared to being in a group situation as measured through gaze behavior (Maran et al., 2020). 

This is because in groups, attention becomes distributed, and the ability to perceive when other 
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group members are attending to each other through mutual gaze provides crucial information 

about subgroup formation and conversation flow (Jokinen et al., 2013; Vertegaal et al., 2001).  

Word count has been used as a proxy for such investment (Huang & Hancock, 2021). 

Additionally, research in group conversational flow has illustrated that there is a correlation 

between perceived high- or low-influence of group members among one another by the number 

of words spoken and conversational flow. Group members with more spoken words had higher 

perceived social influence and groups with higher conversational flow had more entitativity 

compared to those with lower conversational flow (Koudenberg et al., 2013; Brooke & Ng, 

1986).  

Moreover, cooperative behavior is a result of theory of mind activation (Neufeld et al., 

2025). Theory of mind posits that social interactions become egocentric when individuals are 

unable to predict others’ behaviors and thoughts, whereby they then predict others’ behaviors 

and thoughts to be similar to their own (Epley et al., 2004). Direct eye contact is an essential 

factor for theory of mind activation (Calder et al., 2002) and research has shown that eye contact 

can influence cognitive and affective processes (Neufeld et al., 2025). Given that individuals are 

unable to see eye-to-eye in many MR headsets, this could lead to a lack of full theory of mind 

activation leading to increased egocentrism in making social predictions and a lack of 

cooperation in groups.  

2.4 Social Presence and Absence 

Social presence refers to the sense of being with another person and experiencing 

authentic interpersonal interaction, even when that interaction is mediated by technology (Biocca 

et al., 2001). Social absence, on the other hand, occurs when individuals in a shared environment 

are perceived as less real or less present (Bailenson et al., 2024). While video passthrough 
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preserves many visual and auditory cues present in face-to-face interaction, subtle technological 

mediations, such as the slight delay in video processing, distortions in spatial perception, and 

reduced field of view, may nonetheless undermine the perception of others as fully present 

(Bailenson et al., 2024). Moreover, participants positioned at the periphery of one's visual field 

may experience greater social absence effects than those in direct focus (Miller & Bailenson, 

2021), potentially creating uneven participation patterns and fracturing the group.  

Connected to social presence is the subjective experience of loneliness, where belonging 

needs are being insufficiently met (Baumeister & Leary, 1995). While seemingly paradoxical in 

physically co-located groups, loneliness can emerge even in shared physical spaces if the quality 

of social connection is perceived as insufficient in quality (Wheeler et al., 1983). Prior research 

in social VR has linked social presence with perceived social support (van Brakel et al., 2023), 

suggesting that diminished social presence in mediated environments might contribute to 

feelings of isolation despite physical proximity. In group MR contexts, if participants experience 

reduced social presence from their peers due to technological mediation, they may paradoxically 

feel lonelier than in unmediated interaction, despite being physically co-present.  

​ Beyond social presence, how individuals are socially perceived in MR headsets has also 

been studied. Due (2015) found that Google Glass wearers exhibited poorer rapport development 

in conversations compared to unmediated dyads, while Koelle et al. (2015) documented more 

negative social perceptions of AR users in non-work contexts. Miller et al. (2019) investigated 

dyadic interactions where one participant wore a Microsoft HoloLens, finding that AR users felt 

less connected to non-headset-wearing partners than to fellow headset users. These findings 

connect directly to the presence theories discussed earlier, demonstrating how technological 

interfaces can fragment the social experience even in physically shared spaces. 
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2.5 Theoretical Integration  

Integrating CLT and SIPT provides a conceptual framework for interpreting how video 

passthrough may influence group outcomes. Our central argument is that technological 

affordances (e.g., restricted field of view, latency, depth distortions) are associated with 

additional perceptual and attentional demands (CLT). A plausible account is that these demands 

limit the cognitive resources available for encoding and decoding social cues (SIPT), particularly 

in multi-party contexts that require distributed attention. This theoretical lens suggests that the 

resulting behavioral coordination and perceived social presence in groups are shaped by these 

underlying resource constraints. 

While this study focuses on video passthrough in MR headsets, it is important to situate 

these findings within broader dimensions that characterize communication technologies. 

Scholars such as Poole and Walther emphasized that technologies vary along theoretically 

meaningful continual, such as media richness (Carlson & Zmud, 1999), interactivity (Burgoon et 

al., 2002), and social bandwidth, that predict social and cognitive outcomes. Video passthrough 

in MR headsets can be considered a highly rich medium due to its multimodal visual and 

auditory cues yet constrained in interactivity and nonverbal transparency due to field-of-view 

and latency limitations. Conceptualizing MR along these dimensions allows our findings to 

generalize beyond current hardware specifications to future systems, providing a future-proof 

framework for understanding how increasing sensory fidelity and responsiveness influence group 

processes and outcomes. 

3. Current Study 

The current study addresses several critical gaps in the existing literature on group 

communication in mixed reality. First, while previous research has examined either cognitive or 
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social dimensions of MR interaction, few studies have integrated these perspectives to 

understand how cognitive load might influence social dynamics in group settings. Second, the 

specific effects of video passthrough MR on co-located group communication remain largely 

unexplored, with most existing group studies focusing on either fully virtual environments or 

optical see-through AR. Third, methodologically, our use of both subjective measures and 

objective behavioral coding provides a more comprehensive assessment of group dynamics than 

previous studies relying primarily on self-report. Finally, our inclusion of both spatial assembly 

and discussion tasks enables examination of how task characteristics influence technological 

mediation on group processes.  

 We hypothesize several outcomes for groups in video passthrough compared to 

face-to-face conditions: (1) increased cognitive load, particularly mental and physical demand; 

(2) longer task completion times, especially for spatially complex tasks; (3) reduced quantity and 

emotional richness of verbal communication; (4) diminished awareness of group members, 

particularly those positioned peripherally; and (5) potential behavioral-perceptual dissociation, 

defined as a gap where objective behavioral markers of connection decline while subjective 

perceptions of presence remain stable.  

To systematically examine these complex group dynamics in MR environments, we 

developed a comprehensive codebook based on established educational observation frameworks. 

This methodological approach is necessary because standard questionnaires alone cannot capture 

the nuanced behavioral patterns and social interactions that emerge in group MR settings. Our 

codebook, adapted from the Behavioral Observation of Students in Schools (BOSS) and 

Classroom Assessment Scoring System (CLASS), provides a structured way to evaluate critical 

dimensions of group behavior including emotional climate, engagement levels, and off-task 
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behaviors. This observational codebook is particularly valuable for examining how the cognitive 

and perceptual constraints of MR technology, as predicted by our theoretical framework, 

manifest in observable group behaviors. By coding dimensions such as positive and negative 

climate, sensitivity to peers, and active versus passive engagement, we can better understand 

how the technological mediation of MR affects not only task performance but also the quality of 

social connection and collaborative engagement beyond self-report. To evaluate the potential for 

behavioral-perceptual dissociation, we mapped objective behavioral indicators to their 

corresponding subjective self-report counterparts. Social presence was paired with behavioral 

coding of group sensitivity scores; closeness and loneliness were paired with total word count 

and behavioral coding of group awareness; and perceived cognitive load was paired with task 

completion time. This mapping allows us to identify where technological mediation impairs the 

objective mechanics of interaction without necessarily degrading the subjective experience of the 

social bond. 

Drawing on our integrated framework combining Cognitive Load Theory (Sweller, 1988; 

Hart & Steveland, 1988) and Social Information Processing Theory (Walther, 1992), and 

supported by Social Presence Theory (Biocca et al., 2001), we derive hypotheses that directly 

test the proposed framework: 

H1: Groups interacting in video passthrough will experience higher overall cognitive load than 

face-to-face groups, particularly in mental and physical demand. 

H2: Video passthrough groups will take longer to complete tasks due to increased perceptual and 

attentional demands than groups without MR. 

H3: Video passthrough groups will exchange fewer words and less emotionally rich language 

than face-to-face groups due to reduced nonverbal bandwidth and higher cognitive load. 
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H4: Behavioral indicators of connection (e.g., verbal engagement, sensitivity to peers) will 

diverge from self-reported presence in video passthrough groups, indicating a 

behavioral-perceptual dissociation between self-reported and behavioral social presence. 

These hypotheses provide a link between our theoretical frameworks and the measurable 

outcomes in this study, clarifying the expected directions of effects across cognitive, behavioral, 

and affective dimensions of group communication. 

4. Methods 

4.1 Experimental Design 

This study employed a 2 (Condition: Video Passthrough vs. Face-to-Face) x 2 (Activity Type: 

Spatial Assembly vs. Group Discussion) mixed-factorial design. Condition was a 

between-groups factor, while Activity Type was a within-groups factor. The unit of assignment 

was the group (N = 24 groups). The unit of analysis was determined by the level at which the 

dependent variable was measured. For variables with individual variance (e.g., NASA-TLX 

subscales, Social Presence, and Closeness), the individual was the unit of analysis. To account 

for the social interdependence and non-independence of observations, we employed linear mixed 

models (LMMs) with a random intercept for Group ID. For variables where the metric was 

inherently shared by all members (e.g., task completion time, total word count), the group served 

as the unit of analysis.  

During the study, participants in the Video Passthrough condition remained in-headset for both 

the spatial assembly and the group discussion tasks. 

4.2 Procedure 

Participants met in groups of 6 to 10. Groups were randomly assigned to one of the two 

between-subjects levels of the Passthrough Function: (1) video passthrough or (2) face-to-face. 
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Within these groups, a within-subjects manipulation of Activity Type was applied; every group 

completed both the spatial assembly task (assembling an HTC Vive tracking system) and the 

seated group discussion. To prevent order effects, the sequence of activities was counterbalanced 

across groups. Specific instructions for each activity are presented in Table 1. This study was 

approved by the Institutional Review Board at [institution blinded] (protocol blinded).  

Table 1. Instructions provided to participants for the study tasks.  

Task Type Task Instructions 

Spatial  Assemble an HTC Vive headset, controller, and tracking space.  
1)​ First, you want to set up two tripods on opposite sides of the 

room to outline your tracking space.  
2)​ Set up the base stations on top of the tripods.  
3)​ Connect the base stations with their cables to an outlet and wait 

till you see a green light that means your base stations are 
communicating with each other. 

4)​ Setup your headset by connecting its cables to the computer 
and to an outlet. 

5)​ When you have connected these, check the computer and run 
Steam and SteamVR, two applications on the desktop.  

6)​ Look at the SteamVR application. You should see the 2 base 
stations and headset light up.  

7)​ Next, connect your controllers by clicking the menu in 
SteamVR and click on Controllers.  

8)​ Follow the instructors in the pop-up window. 
9)​ When they have all lit green in your steam VR, you are now 

ready to set up your tracking space.  
10)​Follow the instructions on the PC to set up your tracking space.  

Discussion Discuss the following questions:  
1)​ How does ENGAGE, the social VR application you used for 

discussion last week, enhance or diminish the experiences of 
individuals with disabilities, such as mobility or visual 
impairments? 

2)​ In what ways can VR provide inclusive educational 
opportunities for students with different learning needs? 

3)​ How can VR platforms facilitate social interactions for 
individuals who may find in-person interactions challenging?  

4)​ How does ENGAGE’s ability to customize VR environments 
improve accessibility for diverse user groups?  

5)​ How does tracking play a role for accessibility?  
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A researcher was present in the room with the groups to help participants with headset 

logistics, such as putting on headsets, answering questions on the task, and troubleshooting 

hardware-related issues. This researcher guided participant groups through the tasks. Following 

the completion of each task, participants completed a questionnaire that inquired about cognitive 

load, closeness, social presence and loneliness.  

Participants were video and audio recorded throughout the session. Video recordings 

were captured using two cameras that taped the entirety of the activity and researchers used a 

timer to assess task completion time. Similarly, audio recordings were captured by an external 

microphone by researchers for the activity in the form of .mp4 files that were then uploaded to 

Otter.ai for transcription. Given the 85-90% accuracy of Otter.ai, research team members 

manually reviewed and edited the automated transcription. Edited transcripts were then inputted 

to the Linguistic Inquiry and Word Count (LIWC) software, which uses dictionary-based natural 

language processing to extract emotions and sentiments (Pennebaker et al., 2015).  

4.3 Apparatus and Setup 

Participants used the Meta Quest 3 headset (515 g) with 2064 x 2208 pixels per eye, 110 x 

96-degree field-of-view, 39 milliseconds latency, 120 Hz refresh rate, and full-color video 

passthrough. Hand controllers were not required for use during this study, however, participants 

were able to hold them. By default, participants' hands were tracked in the video passthrough 

system and participants were able to see their hands.   

Image 1.  Images taken from inside video passthrough in the Meta Quest 3 and on an Apple 

iPhone held at eye level of the same speaking position to illustrate field of view limitations. The 
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headset (left) has a 110° field of view while the Apple iPhone has a 130° field of view (right). 

Both are considerably less than the human field of view at 200°.  

 

4.4 Participants 

Participants were drawn from a sample of university students enrolled in a 10-week 

course about VR. At the start of the course, students were invited to participate in a study of how 

VR learning influences individual and group behavior. All students who were part of the course 

took part in all the activities, however, we only included the data of those who consented to 

participate in this study after signing a consent form authorized by the university’s IRB and an 

additional oversight organization for students. To eliminate any potential perceptions of coercion, 

the procedure ensured that researchers and teaching team members were unaware of the 

identities of participating students until after the course finished by using a third-party arbiter to 

allocate individuals into groups. Of the 198 student participants who participated in the course, 

182 were present for the study, and 159 consented to participate in the study. All participants had 

the opportunity to interact with others in the group 5 times for group activities prior to the study. 

These participants were divided into 24 groups, 12 which used video passthrough in MR 

headsets and 12 which did not (Supplemental Information A illustrates the distribution of 

participants per group).  
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The 159 participants who participated in this study (M = 78, F = 76, Nonbinary= 2, 

Decline to Respond = 3), were between 18 and 32 years of age (M = 20.76, SD = 1.74) and 

identified as Asian-American or Asian (n = 65), Indigenous/Native American, Alaska Native, 

First Nations (n = 1), White (n = 39), Middle Eastern (n = 4), Native Hawaiian or other Pacific 

Island (n = 1), African, African-American or Black (n = 14), Hispanic or Latinx (n = 14), more 

than one race  (n = 17), other not listed (n = 2) and decline to answer (n = 2). Participants 

reported varying levels of experience with VR (M = 2.66, SD = 1.29).  

A post-hoc power analysis for a factorial mixed effects model with fixed and interaction 

effects was run on G*Power shows that this sample size with an N = 159, an effect size of 0.30, 

error probability of 0.05, for 4 groups reveals a power of 0.89, indicating that there is a relatively 

high likelihood of detecting a true effect. 

4.5 Codebook Development 

In addition to the use of validated questionnaire items, we conducted top-down 

evaluations of classroom group behavior in MR through video observation, as research has 

illustrated that observational research increases the sensitivity with which one can capture 

interpersonal relationships and affect (Jones et al., 2021). Drawing from the categories of the 

Behavioral Observation of Students in Schools (BOSS) and Classroom Assessment Scoring 

System (CLASS) (Allen et al., 2013), we formulated a coding scheme that fits the nature of 

classroom tasks in MR. Through an iterative process with two raters, the first author and the two 

raters discussed and modified the previously published coding schemes.  

Following the development of the scheme, the two raters independently labeled each 

video. Each dimension was rated on a 7-point Likert scale, with 1 = low evidence of behavior 

reflected in the classroom and 7 = high evidence of behavior reflected in the classroom during 



Mixed Reality Groups 

the observation cycle. Each observation cycle was the length of the full video, where coders 

labelled how many times each behavior was displayed for each dimension. All variables in the 

codebook were coded at the group-level. Disagreements in coding were discussed synchronously 

after the completion of all videos to ensure an interrater reliability score of 0.90. Prior to the 

discussion, kappa scores ranged between 0-0.86 (none to near perfect agreement) across all 

groups. Following the discussion of discrepancies, coders had perfect agreement (κ = 1) for all 

dimensions (Cohen, 1960). The group-level measures collected from our codebook were:  

Positive Climate. Positive climate refers to the emotional connection between peers and the 

amount of warmth, respect, and enjoyment communicated through classroom interactions. 

Examples of positive climate include helping peers with tasks, attending to what peers say in a 

discussion.  

Negative Climate. Negative climate refers to the negativity expressed in the classroom. 

Examples of negative climate include being distracted from the task and pulling peers’ attention 

away from the task. 

Sensitivity. Sensitivity is defined as the participants’ awareness of and responsiveness to their 

peers’ academic and emotional needs, high levels of sensitivity for their peers to be able to 

actively explore the task and the levels of comfort, reassurance and encouragement the group 

displayed. Examples include being attentive to peer needs, helping out when a peer needed a 

hand with the spatial task.  

Passive Engagement. Passive engagement was defined as times when the participant is 

passively attending to the assigned work, on task, but passively participating. Examples include 

head turning when someone asks for help but does not go over to help with a task, looking 

around instead of at the speaker when they are speaking.  
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Active Engagement. Active engagement was defined as times when the participant is actively 

attending to the assigned work and is on task and actively participating. Examples include 

reading the instructions on tasks together, actively participating in assembly tasks or discussion 

tasks.  

Off-Task Technology Use. Off-task technology was defined as using technology for other 

purposes rather than to stimulus or activity that is assigned or using technology present not in the 

way that was directed by the instructor during a lesson. Examples include using controllers when 

they did not need to, opening social media sites during activity, texting.   

Irrelevant Discussion. Irrelevant discussion was defined as discussion that was not relevant to 

the task at hand. Example: discussing social plans during group discussion, making out-of-task 

related discussion with peers.  

Image 2. (1) Participants in the face-to-face condition participated in a group discussion 

(top-left); (2) Participants in the video passthrough condition participated in a group discussion 

(top-right); (3) Participants without headsets engaged in assembling an HTC Vive tracking 

space (bottom-left); (4) Participants in video passthrough engaged in assembling an HTC Vive 

tracking space (bottom-right).  
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4.6 Behavioral Group-Level Measures 

Task Completion Time. Task completion time was measured by the amount of time taken by a 

group to complete the spatial task. A researcher timed the duration of each task during the task 

performance by groups (Miller et al., 2019).  

Number of Messages Exchanged. The number of messages exchanged between group members 

is coded by the number of words that are exchanged by participants during the interaction 

(Walther, 1992).  

Positive Emotion Language. Positive-emotion language was calculated using the text analysis 

program, LIWC, which provides the percentage of total positive and negative emotion words 

within each corpus that fall under psychologically relevant language categories (Pennebaker et 

al., 2015).  

4.7 Self-Reported Measures 

Social Presence. Social presence was measured using the Networked Minds Social Presence 

Inventory (Biocca et al., 2001) using a 7-point Likert scale (1=Not at all, 7 = A very high degree) 

(McDonald’s Omega = 0.86). This scale was adapted to ensure that participants were aware that 

the question queried on their social presence among the peers in their same room, as opposed to 

avatars or agents in virtual environments (see Appendix for scale).  

Closeness. Closeness was measured using the one-item Inclusion of the Other in the Self scale 

where participants reported their levels of self-other overlap with their group members by 

selecting one of seven drawings with different degrees of overlapping circles (1=Not 

overlapping, 7=Almost fully overlapping) (Aron et al., 1992).  

Loneliness. Loneliness was measured using the adapted UCLA Loneliness Scale (Russell, 1996) 

using a 4-point Likert scale (1 = Never, 4 = Always) (McDonald’s Omega = 0.80).  



Mixed Reality Groups 

Cognitive Load. Cognitive load was measured using the NASA TLX Cognitive Load Scale 

(Hart & Steveland, 1988) using a 7-point Likert scale (1 = Very Low and 7 = Very High) 

(McDonald’s Omega = 0.72).  

5. Results 

To compute our results, the unit of analysis varied depending on the nature of the 

dependent variable. For individual-level outcomes (e.g., NASA-TLX subscales, Social Presence, 

and Closeness), we employed Linear Mixed Models (LMMs) with a random intercept for Group 

ID to account for the nested structure of individuals within groups.  This analytical approach was 

chosen to account for the non-independence of individual observations nested within groups (the 

unit of assignment). Prior to analysis, we assessed the normality of the data using Shapiro-Wilk 

tests. Due to non-normal distributions in several dependent variables, we applied the Aligned 

Rank Transform (ART) to the data before conducting the LMMs. All outliers were winsorized. 

Pairwise comparisons were performed using Bonferroni adjustments and post-hoc Tukey’s HSD 

tests. As noted in the procedure, no order effects were observed for any outcome variables. In 

these models, Passthrough Function and Activity Type were treated as fixed effects, while Group 

ID was included as a random effect to control for group-level variance. To verify the necessity of 

the multilevel modeling approach, we computed Intraclass Correlation Coefficients (ICC) for 

each variable across the 24 groups. ICC values ranged from .00 to .14, confirming that up to 14% 

of the total variance was attributable to group membership, necessitating the nested analysis 

structure (Supplemental Material B). For group-level outcomes where the metric was shared by 

all members and not measured at the individual level (e.g., task completion time, total word 

count, and the observational codes for emotional climate and engagement), the group served as 

the primary unit of analysis (N = 24 groups), we employed Wilcoxon tests and t-tests.  
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Table 2. Means and Standard Deviations of Self-Reported Measured Variables.  
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Variables In Video Passthrough – 
Means (SD) 

Face-to-Face –  Means 
(SD) 

Social Presence   

    Spatial Activity 4.62 (0.62) 4.56 (0.76) 

    Discussion Activity 4.79 (0.45) 4.61 (0.70) 

Closeness   

    Spatial Activity 4.47 (1.39) 4.19 (1.57) 

    Discussion Activity 4.42 (1.67) 4.13 (1.51) 

Loneliness   

    Spatial Activity 1.92 (0.43) 1.98 (0.53) 

    Discussion Activity 1.90 (0.48) 2.04 (0.60) 

Cognitive Load    

    Spatial Activity 3.41 (0.89) 3.07 (0.87) 

    Discussion Activity 3.04 (0.84) 3.04 (0.75) 

  Mental Demand   

    Spatial Activity 3.20 (1.44) 2.58 (1.26) 

    Discussion Activity 3.08 (1.38) 2.90 (1.30) 

  Physical Demand   

    Spatial Activity 2.80 (1.51) 2.17 (1.23) 

    Discussion Activity 2.08 (1.37) 1.70 (1.19) 

  Temporal Demand   

    Spatial Activity 2.59 (1.22) 3.06 (1.51) 

    Discussion Activity 2.18 (1.16) 2.89 (1.53) 

  Performance   
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    Spatial Activity 5.79 (1.36) 5.55 (1.80) 

    Discussion Activity 5.02 (1.68) 5.34 (1.44) 

  Frustration   

    Spatial Activity 2.53 (1.49) 2.02 (1.22) 

    Discussion Activity 2.42 (1.53) 2.23 (1.27) 

  Effort   

    Spatial Activity 3.53 (1.57) 3.10 (1.51) 

    Discussion Activity 3.41 (1.61) 3.12 (1.39) 

 
Table 3. Means and Standard Deviations of Behavioral and Linguistic Variables.  
Variables In Video Passthrough – 

Means (SD) 
Face-to-Face –  Means 
(SD) 

Task Completion (seconds)   

    Spatial Activity 558.83 (27.34) 378.42 (41.40) 

    Discussion Activity 608.75 (72.82) 574.33 (22.48) 

Linguistic Indicators   

  Word Count   

    Spatial Activity 338.00 (103.09) 488.83 (132.24) 

    Discussion Activity 688.21 (291.19) 1228.50 (297.47) 

  Negative Emotion   

    Spatial Activity 0.05 (0.11) 0.15 (0.23) 

    Discussion Activity 0.25 (0.22) 0.31 (0.19) 

  Positive Emotion Language     
  through LIWC 

  

    Spatial Activity 0.40 (0.46) 0.74 (0.39) 

    Discussion Activity 0.39 (0.26) 0.42 (0.24) 

 
Table 4. Means and Standard Deviations of Behavioral Variables with Coding Scheme.  
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Variables In Video Passthrough – 
Means (SD) 

Face-to-Face –  Means (SD) 

Passive Response   

   Spatial Activity 5.67 (1.56) 6.50 (1.00) 

   Discussion Activity 5.00 (1.65) 6.50 (0.80) 

Active Response   

   Spatial Activity 5.94 (1.13) 4.92 (0.72) 

   Discussion Activity 5.75 (1.04) 5.57 (0.53) 

Off-Task Use of Technology   

   Spatial Activity 2.67 (1.56) 1.25 (0.45)  

   Discussion Activity 2.75 (1.42) 1.25 (0.45) 

Positive Climate   

   Spatial Activity 6.18 (0.83) 6.60 (0.50) 

   Discussion Activity 6.02 (0.74) 6.67 (0.49) 

Negative Climate   

   Spatial Activity 1.03 (0.08) 1.00 (0.00) 

   Discussion Activity 1.05 (0.09) 1.00 (0.00) 

Sensitivity   

   Spatial Activity 4.75 (1.48) 4.92 (1.38) 

   Discussion Activity 5.91 (1.31) 6.75 (0.45) 

Irrelevant Discussion  

   Spatial Activity 1.18 (0.27) 1.24 (0.29) 

   Discussion Activity 1.00 (0.00) 1.00 (0.00) 

Productivity   

   Spatial Activity 6.20 (0.83) 6.59 (0.50) 

   Discussion Activity 6.35 (0.77) 6.83 (0.39) 



Mixed Reality Groups 

Bolded findings illustrate significant differences with significant levels detailed under each category 

in Results.  

All descriptives and correlations between dependent variables tested in the study are present in 

Supplemental Material C, D, E and F.  

Cognitive Load 

While results illustrate no significant findings in cognitive load as a composite factor, 

assessing the emotional and cognitive processing variables associated with cognitive load, we 

found differing effects of cognitive load on video passthrough use and tasks, namely, (1) mental 

demand, (2) physical demand, (3) temporal demand, (4) frustration, and (5) performance. Results 

revealed a significant main effect of condition (Headset vs. FtF), F(1, 33.12) = 7.16, p = .012. 

There was also a significant interaction between condition and activity type, F(1, 292.42) = 

10.27, p = .002 (Table 2). A similar pattern was observed for frustration. The LMM indicated a 

significant main effect of Condition, F(1, 29.51) = 4.71, p = .038, with headset users reporting 

higher frustration levels than face-to-face participants. However, unlike the other demand 

dimensions, frustration did not vary significantly by activity type (p = 0.81), nor was there a 

significant interaction (p = .34). 

Beyond mental demand, linear mixed-effects models revealed significant main effects of 

Condition for both physical demand, F(1, 37.84) = 9.90, p = 0.003, and temporal demand, F(1, 

40.80) = 4.68, p = 0.036. In both instances, participants in the video passthrough condition 

reported higher levels of demand than those in the face-to-face condition. Additionally, a main 

effect of Activity Type was found for both physical (p < 0.001) and temporal (p < 0.001) 

dimensions, indicating that the spatial assembly task was inherently more taxing in these areas 

than the group discussion (Figure 1, Table 2).  

Figure 1. Cognitive Load Subscale Values by Activity and Passthrough Condition. 
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A mixed-factorial ANOVA revealed a significant main effect of Condition, F(1, 22) = 

5.16, p = 0.033, indicating that participants were generally faster without a headset than with 

one. There was also a significant main effect of Activity Type, F(1, 22) = 13.01, p = 0.002, as 

groups completed the discussion task more quickly than the assembly task (Figure 2).  

Figure 2. Task Completion Time by Activity and Video Passthrough Condition. 
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Social Presence and Emotional Language 

The behavioral measure of the number of messages exchanged also differed significantly, 

with participants in the video passthrough condition having exchanged less words in the spatial 

activity than in the discussion activity (W = 416, p = 0.01) (Table 3).  

​ Moreover, on analyzing results from our linguistic behavioral measure through LIWC for 

positive emotion language, our results found that participants had more positive emotional words 

in the face-to-face condition compared to the video passthrough condition (W = 392, p = 0.03) 

(Table 3).  

Passive and Active Engagement 

​ Results from our linear mixed effects model on passive engagement illustrated that 

compared to the video passthrough condition, the face-to-face condition had more passive 

engagement across activities (t (24) = 3.14, p = 0.004) (Table 4). Number of group members 

significantly decreased passive engagement where more group members resulted in higher 

passive engagement (b = -0.49, SE = 0.19, df (24) = -2.56, p = 0.02).  

Off-Task Technology Use 
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​ Results from our linear mixed effects model on off-task technology use illustrated that 

compared to the video passthrough condition, the face-to-face condition had more off-task 

technology use (t(24) = -6.43, p = 0.001) across conditions (Table 4). Number of group members 

significantly increased off-task technology use where more group members resulted in higher 

off-task technology use (b = -0.59, SE = 0.12, df (24) = 5.11, p < 0.001). 

Sensitivity 

​ Results on sensitivity illustrated that compared to the video passthrough condition, the 

face-to-face condition had greater awareness of their peers in the spatial activity and the 

discussion (t (24) = 4.21, p = 0.001) (Table 4).  

Positive and Negative Climate 

​ Results on positive climate illustrated that compared to the video passthrough condition, 

the face-to-face condition had no significant difference on positive climate. In terms of negative 

climate, our results illustrated that participants in the video passthrough condition had no 

significant differences in negative climate than in the face-to-face condition. A higher number of 

group members resulted in significantly lower positive climate (b = -0.29, SE = 0.13, df (24) = 

-2.14, p = 0.04) and significantly increased negative climate (b = 0.19, SE = 0.08, df (24) = 2.11, 

p = 0.045). 

Irrelevant Discussion and Productivity 

​ No significant differences in the video passthrough condition were found for both 

irrelevant discussion and productivity. However, significant differences were found in activity 

type for both irrelevant discussion and productivity wherein participants had higher irrelevant 

discussion in the assembly task (F (1, 29) = 1.06, p = 0.02) and higher levels of productivity in 

the discussion (F (1, 23) = -0.92, p = 0.005) (Table 4). The number of group members 
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contributed to the amount of irrelevant discussion with higher number of members significantly 

increasing irrelevant discussion (b = 0.45, SE = 0.21, df (17.31) = 2.20, p = 0.04).  

6. Discussion 

6.1 Impact of Passthrough and Everyday Tasks 

This study extends prior work on social VR group behavior in MR by evaluating the 

effects of video passthrough on group communication through the lens of fundamental 

technological dimensions (Walther, 1992; Guo et al., 2019). The current results illustrate that in 

the video passthrough, groups of student participants experience higher cognitive load in video 

passthrough compared to face-to-face interactions, particularly in assembly tasks, supporting our 

theoretical framework integrating cognitive load theory and social information processing theory. 

However, the types of load they experience in video passthrough differ in the video passthrough 

compared to the face-to-face condition. Participants in video passthrough felt higher mental 

demand compared to those having to complete the task face-to-face. Participants in video 

passthrough were also seen adjusting their headsets frequently, suggesting that discomfort from 

the headset and wearing one resulted in higher cognitive load as found in prior work, which 

could be due to accommodation and binocular convergence (Bailenson et al., 2024; Santoso & 

Bailenson et al., 2024; Chan et al., 2022).  

Although the assembly task may appear distinct from decision-making discussions, 

including both task types allowed us to demonstrate that media effects are not limited to verbal 

deliberation but also extend to embodied, spatial coordination, an increasingly common 

component of mixed reality collaboration (Brument et al., 2025). 

Task completion patterns further support our theoretical integration. Spatial assembly 

tasks were completed more slowly in the MR condition. In addition, discussion durations were 
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longer in the headset condition, both of which can also be explained by cognitive load theory, 

which posits that perceptual and attentional demands can interfere with processing efficiency and 

group coordination (Kim et al., 2025). Moreover, the technological affordances of video 

passthrough, including latency, depth misperception and distortions may interfere with natural 

spatial processing, resulting in mismatched physical and visual feedback, causing users to take a 

longer time orienting themselves to manipulate objects (Westermeier et al., 2025). Nevertheless, 

with the use of well-designed, spatially integrated MR overlays, better head and hand tracking, 

as well as the use of MR guides over real human instruction, task performance may be increased  

(Wiethuchter et al., 2024; Zaldivar-Colado et al., 2017; Cheng et al., 2024).  

Speech behavior also varied across conditions. Participants in video passthrough engaged 

in shorter conversations with fewer positive emotion language words as measured through 

LIWC, consistent with our hypothesis that increased cognitive burden may reduce conversational 

richness and emotional expression. This pattern suggests a shift toward more utilitarian 

communication in passthrough contexts, where limited cognitive resources are prioritized for 

task completion rather than social engagement. These findings are consistent with the plausible 

account that when perceptual and attentional resources are taxed, fewer resources remain 

available for social engagement.  

The observed effects of increased cognitive load and reduced behavioral coordination are 

likely intertwined with the physical and optical constraints of current-generation video 

passthrough headsets. Despite advancements in visual fidelity and low latency, inherent 

limitations in the passthrough system, such as a restricted field of view and residual system 

latency, impact the fidelity of social cues (Jerald, 2015). A reduced field of view diminishes 

peripheral awareness, forcing participants to exert extra mental demand to monitor the group 

https://ieeexplore.ieee.org/document/10536149
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=8172385
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=10765356
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environment, which in turn explains the reduced indicators of group awareness and the 

displacement of attention toward off-task behavior (Billinghurst et al., 2015). This suggests that 

the current findings reflect the limitations of the medium's implementation rather than a 

fundamental flaw in the concept of MR, pointing to future hardware improvements as a crucial 

factor in mitigating these friction points and enhancing collaborative efficacy. 

Finally, while prior work has illustrated social presence in video passthrough and found 

lower social presence in video passthrough than face-to-face (Bailenson et al., 2024; Santoso & 

Bailenson, 2024), our work illustrates non-significant results as it relates to social presence, and 

closeness, perhaps due to a ceiling effect. Similarly, we found floor effects for loneliness. This 

aligns with prior work on social interaction in augmented reality, wherein dyads who did not 

know one another did not exhibit less closeness when interacting with an individual with a 

headset than without one (Miller et al., 2019). Moreover, we recognize that prior work has found 

social presence between a researcher and a subject that did not know one another (Santoso & 

Bailenson, 2024), where the concept of civil inattention may come into play (Goffman, 1971), 

the groups of participants in this study have interacted with each other at least once before and 

anticipate having to interact with one another again, different social-psychological relationships 

come into play. Additionally, Walther’s social information processing theory (SIPT) further 

suggests that relational tone in mediated communication converges with face-to-face interaction 

over time, provided sufficient message exchange (Walther, 1992). Thus, while MR impairs 

behavioral indicators of connection, subjective measures of social presence may remain stable in 

familiar groups as seen by the dissociation between sensitivity scores of participants. However, it 

can also be posited that while behavioral indicators showed reduced word count and lower 

awareness of group members in MR, self-reported measures revealed no condition differences in 
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loneliness or closeness. However, we see that for cognitive load self-reported measures and task 

completion time, both behavioral and self-reported measures align. This behavioral-perceptual 

dissociation highlights an important insight: while the MR medium may support a stable internal 

sense of subjective closeness in familiar groups, the cognitive costs of the technology manifest as 

measurable declines in verbal engagement and group awareness. 

6.2 Limitations and Future Work 

This study is limited by a lack of precise control over participants’ prior social familiarity 

and interaction history. While participants had previous group contact, the degree of existing 

relationship strength was not systematically measured. Future work should examine the role of 

interpersonal history and anticipated future interaction in moderating MR communication effects, 

as this could influence social presence as cited through impression management theory 

(Goffman, 1971; Sanaria, 2016; Baumeister, 1987). Another avenue of future research could also 

look into modeling when participants begin to exhibit similar relational tone in CMC as they 

would in face-to-face interactions.  

Another limitation concerns the sampling method. Participants were university students 

enrolled in a VR course, who likely possessed above-average motivation to engage with 

immersive technology and greater familiarity with mixed reality systems compared to the general 

population. This may have introduced a selection bias that limits the external validity of the 

findings, as individuals less experienced or less enthusiastic about technology might respond 

differently to passthrough MR environments. Future research should aim to replicate these 

findings in more diverse populations and professional contexts to assess whether similar 

cognitive and social effects emerge among users with varying levels of technological experience 

and motivation. 
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Additionally, although self-reported measures showed no condition differences in 

linguistic and behavioral indicators revealed reduced word count and lower awareness of group 

members in MR, echoing prior work (Due et al., 2015; Koelle et al., 2015). These findings 

suggest that behavioral metrics may be more sensitive to subtle shifts in social investment and 

engagement. Future studies could leverage and build on our behavioral coding scheme of MR 

behaviors in everyday tasks and also explore whether frustration mediates affective expression in 

mediated communication environments and assess the validity of linguistic proxies in 

interpreting group rapport. 

 Another avenue for future work involves examining the temporal dynamics of relational 

development in MR, particularly as it relates to interpersonal variables such as trust in teams, 

which have been shown to affect face-to-face interactions (Webber, 2008). Longitudinal designs 

may reveal whether extended exposure mitigates the initial cognitive and affective costs 

observed in video passthrough environments. Moreover, we acknowledge that we are 

generalizing about MR based on experiences with the Meta Quest 3. Device-specific features 

such as field of view, resolution, and passthrough quality may influence user behavior and 

perception, and findings may not generalize to other MR systems. However, by focusing on the 

dimensions of richness and interactivity, we provide a roadmap for future hardware evaluations 

for groups. Future work should investigate whether increasing sensory richness (e.g., expanding 

FoV to 180°+) or interactivity (e.g., reducing latency to <10ms) changes communication 

dynamics in groups. 

Moreover, while our analysis drew primarily from Social Information Processing Theory 

and Cognitive Load Theory, future research could examine how groups adapt to MR over longer 

time horizons. Such extensions would build on, rather than replace, the theoretical relationship 
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articulated here. As mixed reality tools become more integrated into ongoing organizational and 

educational settings, groups with shared histories may develop stable patterns of technological 

adaptation, potentially mitigating some of the cognitive and social costs observed here. 

Examining how group history and culture interact with MR affordances would be a valuable 

direction for future research. 

7. Conclusion 

This work provides empirical evidence that video passthrough alters group behavior 

across cognitive and affective dimensions. As organizations and educational institutions 

increasingly explore MR for collaborative work and learning, these insights become crucial for 

developing systems and protocols that support, rather than hinder, effective group interaction. 

These findings underscore the need for further research into MR systems that are not only 

socially attuned to support subjective presence but also cognitively supportive to maintain 

high-fidelity behavioral coordination. 
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Supplemental Material A. Number of Participants Per Group.  

Section Number Number of Participants Type of Group 
1 6 Mixed Reality Passthrough Condition 
2 7 Mixed Reality Passthrough Condition 
3 10 Mixed Reality Passthrough Condition 
4 8 Mixed Reality Passthrough Condition 
5 9 Mixed Reality Passthrough Condition 
6 7 Mixed Reality Passthrough Condition 
7 7 Mixed Reality Passthrough Condition 
8 6 Mixed Reality Passthrough Condition 
9 7 Mixed Reality Passthrough Condition 
10 9 Mixed Reality Passthrough Condition 
11 7 Mixed Reality Passthrough Condition 
12 6 Mixed Reality Passthrough Condition 
13 7 No Mixed Reality Passthrough Condition 
14 7 No Mixed Reality Passthrough Condition 
15 8 No Mixed Reality Passthrough Condition 
16 9 No Mixed Reality Passthrough Condition 
17 8 No Mixed Reality Passthrough Condition 
18 8 No Mixed Reality Passthrough Condition 
19 8 No Mixed Reality Passthrough Condition 
20 7 No Mixed Reality Passthrough Condition 
21 9 No Mixed Reality Passthrough Condition 
22 9 No Mixed Reality Passthrough Condition 
23 7 No Mixed Reality Passthrough Condition 
24 6 No Mixed Reality Passthrough Condition 
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Supplemental Material B. Interclass Correlations for Self-Reported Measures. 

Measure ICC CI [95% 
Lower 
Bound] 

CI [95% 
Upper 
Bound] 

Between 
Group 
Variance 

Within 
Group 
Variance 

Number 
of 
Groups 

Number of 
Observations 

Discussion - Social Presence 0.14 0.02 0.32 0.12 0.73 24 160 
Spatial Activity - Social Presence 0.09 0.00 0.27 0.09 0.85 24 161 
Discussion - Loneliness 0 0.00 0.13 0 0.12 24 160 
Spatial Activity - Loneliness 0 0.00 0.13 0 0.16 24 161 
Discussion - Mental Demand 0 0.00 0.13 0 1.73 24 160 
Spatial Activity - Mental Demand 0.09 0.00 0.27 0.18 1.8 24 160 
Discussion - Physical Demand 0.04 0.00 0.20 0.05 1.04 24 157 
Spatial Activity - Physical Demand 0.06 0.00 0.23 0.14 2.02 24 161 
Discussion - Temporal Demand 0.19 0.06 0.39 0.32 1.37 24 159 
Spatial Activity - Temporal Demand 0.09 0.00 0.26 0.19 2.01 24 160 
Discussion - Performance 0.04 0.00 0.20 0.1 2.22 24 160 
Spatial Activity - Performance 0.22 0.09 0.42 0.58 2.1 24 160 
Discussion - Effort 0.004 0.00 0.14 0.01 2.19 24 159 
Spatial Activity - Effort 0.007 0.00 0.14 0.02 2.44 24 160 
Discussion - Frustration 0 0.00 0.13 0 1.78 24 160 
Spatial Activity - Frustration 0 0.00 0.13 0 2.05 24 161 
Discussion - Closeness 0.01 0.00 0.15 0.03 2.47 24 160 
Activity - Closeness  0.06 0.00 0.22 0.13 2.1 24 161 
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Supplemental Material C. Descriptives for Individual-Level Variables.  

Variable Mean SD Min Max Median 
Discussion - Social Presence 5.35 0.92 2.75 7.13 5.38 
Spatial Activity - Social Presence 5.47 0.96 2.25 7.13 5.63 
Discussion - Loneliness 2.38 0.35 1.63 3.63 2.38 
Spatial Activity - Loneliness 2.42 0.40 1.00 3.63 2.38 
Discussion - Mental Demand 2.91 1.32 1.00 6.00 3.00 
Spatial Activity - Mental Demand 2.94 1.40 1.00 6.00 3.00 
Discussion - Physical Demand 1.64 1.04 1.00 5.00 1.00 
Spatial Activity - Physical Demand 2.68 1.47 1.00 7.00 2.00 
Discussion - Temporal Demand 2.43 1.29 1.00 7.00 2.00 
Spatial Activity - Temporal Demand 2.92 1.48 1.00 7.00 3.00 
Discussion - Performance 5.05 1.52 1.00 7.00 5.00 
Spatial Activity - Performance 5.78 1.62 1.00 7.00 6.00 
Discussion - Effort 3.22 1.48 1.00 7.00 3.00 
Spatial Activity - Effort 3.31 1.57 1.00 7.00 3.00 
Discussion - Frustration 2.27 1.34 1.00 7.00 2.00 
Spatial Activity - Frustration 2.30 1.43 1.00 7.00 2.00 
Discussion - Closeness 4.21 1.58 1.00 7.00 4.00 
Spatial Activity - Closeness  4.37 1.49 1.00 7.00 4.00 

Supplemental Material D. Descriptives for Group-Level Variables.  

Variable Mean SD Min Max Median 

Passive Response 5.92 1.41 2.00 7.00 6.50 

Active Response 5.42 1.15 3.00 7.00 5.00 
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Irrelevant Discussion 1.55 1.31 1.00 6.00 1.00 

Off-Task Technology Use 1.98 1.30 1.00 6.00 1.50 

Positive Climate 6.19 1.02 3.00 7.00 6.00 

Negative Climate 1.21 0.65 1.00 4.00 1.00 

Sensitivity 5.58 1.44 2.00 7.00 6.00 

Productivity 6.13 1.33 2.00 7.00 7.00 
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Supplemental Material E. Correlations of Individual-Level Dependent Variables.  

 Discussion 
- Social 
Presence 

Discussion 
- 
Loneliness 

Discussion 
- Mental 
Demand 

Discussion 
- Physical 
Demand 

Discussion 
- 
Temporal 
Demand 

Discussion - 
Performance 

Discussion 
- Effort 

Discussion 
- 
Frustration 

Discussion 
- 
Closeness 

Discussion - Social 
Presence 

1         

Discussion - 
Loneliness 

-0.10 
[-0.25, 
0.06] 

1        

Discussion - Mental 
Demand 

0.12 
[-0.04, 
0.27] 

0.24** 
[0.09, 
0.38] 

1       

Discussion - Physical 
Demand 

-0.13 
[-0.28, 
0.03] 

0.16* 
[0.00, 
0.31] 

0.16* 
[0.00, 
0.31] 

1      

Discussion - Temporal 
Demand 

0.01 
[-0.15, 
0.16] 

0.08 
[-0.08, 
0.23] 

0.31*** 
[0.16, 
0.44] 

0.22** 
[0.07, 
0.37] 

1     

Discussion - 
Performance 

0.32*** 
[0.17, 
0.45] 

-0.07 
[-0.22, 
0.09] 

0.02 
[-0.14, 
0.17] 

-0.09 
[-0.24, 
0.07] 

0.02 
[-0.13, 
0.18] 

1    

Discussion - Effort 0.13 
[-0.03, 
0.28] 

0.17* 
[0.02, 
0.32] 

0.40*** 
[0.26, 
0.53] 

0.25** 
[0.10, 
0.39] 

0.24** 
[0.09, 
0.38] 

0.05 [-0.11, 
0.20] 

1   

Discussion - 
Frustration 

-0.15 
[-0.30, 
0.00] 

0.32*** 
[0.17, 
0.45] 

0.21** 
[0.06, 
0.35] 

0.30*** 
[0.15, 
0.44] 

0.24** 
[0.09, 
0.38] 

-0.20** 
[-0.35, -0.05] 

0.25** 
[0.10, 
0.39] 

1  

Discussion - Closeness 0.40*** 
[0.26, 
0.52] 

-0.02 
[-0.17, 
0.14] 

0.02 
[-0.14, 
0.17] 

-0.15 
[-0.30, 
0.01] 

-0.05 
[-0.21, 
0.10] 

0.30*** 
[0.15, 0.43] 

0.16* 
[0.00, 
0.31] 

-0.21** 
[-0.35, 
-0.06] 

1 
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 Spatial 
Activity - 
Social 
Presence 

Spatial 
Activity - 
Loneliness 

Spatial 
Activity - 
Mental 
Demand 

Spatial 
Activity - 
Physical 
Demand 

Spatial 
Activity - 
Temporal 
Demand 

Spatial 
Activity - 
Performance 

Spatial 
Activity - 
Effort 

Spatial 
Activity - 
Frustration 

Spatial 
Activity 
- 
Closenes 

Spatial Activity - 
Social Presence 

1         

Spatial Activity - 
Loneliness 

-0.18* 
[-0.32, 
-0.02] 

1        

Spatial Activity - 
Mental Demand 

0.08 [-0.08, 
0.23] 

0.19* 
[0.04, 0.34] 

1       

Spatial Activity - 
Physical Demand 

0.09 [-0.07, 
0.24] 

0.07 [-0.09, 
0.22] 

0.49*** 
[0.36, 0.60] 

1      

Spatial Activity - 
Temporal Demand 

0.04 [-0.11, 
0.20] 

0.18* 
[0.03, 0.33] 

0.37*** 
[0.23, 0.50] 

0.38*** 
[0.24, 0.50] 

1     

Spatial Activity - 
Performance 

0.46*** 
[0.32, 0.57] 

-0.01 
[-0.16, 
0.15] 

-0.13 
[-0.28, 
0.02] 

0.05 [-0.11, 
0.20] 

0.06 [-0.10, 
0.21] 

1    

Spatial Activity - 
Effort 

-0.03 [-0.19, 
0.12] 

0.06 [-0.10, 
0.21] 

0.38*** 
[0.24, 0.51] 

0.47*** 
[0.34, 0.59] 

0.41*** 
[0.27, 0.53] 

0.07 [-0.08, 
0.23] 

1   

Spatial Activity - 
Frustration 

-0.24** 
[-0.38, 
-0.08] 

0.34*** 
[0.20, 0.47] 

0.41*** 
[0.27, 0.53] 

0.46*** 
[0.33, 0.58] 

0.34*** 
[0.19, 0.47] 

-0.10 [-0.25, 
0.06] 

0.34*** 
[0.19, 0.47] 

1  

Spatial Activity - 
Closeness 

0.54*** 
[0.42, 0.64] 

-0.02 
[-0.18, 
0.13] 

0.13 [-0.02, 
0.28] 

0.07 [-0.09, 
0.22] 

0.05 [-0.10, 
0.21] 

0.21** [0.06, 
0.35] 

0.07 [-0.09, 
0.22] 

-0.25** 
[-0.39, 
-0.10] 

1 

Supplemental Material F. Correlations of Group-Level Dependent Variables.  

Variable Passive 
Response 

Active Response Irrelevant 
Discussion 

Off-Task 
Technology 
Use 

Positive 
Climate 

Negative 
Climate 

Sensitivity 

Passive 
Response 

1       
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Active 
Response 

0.58*** [0.28, 
0.77] 

1      

Irrelevant 
Discussion 

-0.72*** 
[-0.85, -0.48] 

-0.56** [-0.76, 
-0.25] 

1     

Off-Task 
Technology 
Use 

-0.75*** 
[-0.85, -0.59] 

-0.40* [-0.66, 
-0.05] 

0.46* [0.12, 
0.70] 

1    

Positive 
Climate  

0.75*** [0.59, 
0.85] 

0.73*** [0.51, 
0.86] 

-0.54** 
[-0.75, -0.23] 

-0.62*** 
[-0.77, -0.41] 

1   

Negative 
Climate 

-0.65*** 
[-0.79, -0.45] 

-0.39* [-0.66, 
-0.04] 

0.63*** [0.35, 
0.80] 

0.71*** [0.54, 
0.83] 

-0.51*** [-0.69, 
-0.26] 

1  

Sensitivity 0.79*** [0.65, 
0.88] 

0.60*** [0.31, 
0.79] 

-0.65*** 
[-0.82, -0.39] 

-0.70*** 
[-0.82, -0.52] 

0.79*** [0.65, 
0.88] 

-0.59*** 
[-0.75, 
-0.36] 

1 

Productivity 0.61*** [0.39, 
0.76] 

0.75*** [0.54, 
0.87] 

-0.78*** 
[-0.89, -0.59] 

-0.50*** 
[-0.69, -0.26] 

0.69*** [0.50, 
0.81] 

-0.35* 
[-0.58, 
-0.07] 

0.65*** [0.45, 0.79] 
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