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M Check for updates

COVID-19 accelerated a decade-long shift to remote work by normalizing working
fromhomeonalarge scale. Indeed, 75% of US employeesin a2021survey reported a
personal preference for working remotely at least one day per week’, and studies
estimate that 20% of US workdays will take place at home after the pandemic ends?.
Here we examine how this shift away from in-person interaction affects innovation,
whichrelies on collaborative idea generation as the foundation of commercial and
scientific progress®. Inalaboratory study and a field experiment across five countries
(in Europe, the Middle East and South Asia), we show that videoconferencing inhibits
the production of creative ideas. By contrast, when it comes to selecting which idea to

pursue, we find no evidence that videoconferencing groups are less effective (and
preliminary evidence that they may be more effective) than in-person groups.
Departing from previous theories that focus on how oral and written technologies
limit the synchronicity and extent of information exchanged* ¢, we find that our
effects are driven by differences in the physical nature of videoconferencing and
in-personinteractions. Specifically, using eye-gaze and recall measures, as well as
latent semantic analysis, we demonstrate that videoconferencing hampersidea
generation because it focuses communicators on a screen, which prompts a narrower
cognitive focus. Our results suggest that virtual interaction comes with a cognitive
cost for creative idea generation.

In the wake of the COVID-19 pandemic, millions of employees were
mandated to work from home indefinitely and virtually collaborate
using videoconferencing technologies. This unprecedented shift to
full-time remote employment demonstrated the viability of virtual
work atalarge scale, further legitimizing the growing work-from-home
movement of the last decade. In a 2021 survey, 75% of US employees
reported a personal preference for working from home at least one
dayaweek,and 40% of employeesindicated they would quit ajob that
required full-time in-person work. In response, leading firms across
various sectors, including Google, Microsoft, JPMorgan and Amazon,
increased the flexibility of their post-pandemic work-from-home poli-
cies’, and research estimates that 20% of all US workdays will be con-
ducted remotely once the pandemic ends?.

We explore how this shift towards remote work affects essential
workplace tasks. In particular, collaborative idea generation is at
the heart of scientific and commercial progress*®. From the Greek
symposium to Lennon and McCartney, collaborations have provided
some of the most important ideas in human history. Until recently,
these collaborations have largely required the same physical space
because the existing communication technologies (such as letters,
email and phone calls) limited the extent of information that is avail-
able to communicators and reduced the synchronicity of informa-
tion exchange (mediarichness theory, social presence theory, media
synchronicity theory* ). However, recent advances in network quality
and display resolution have ushered in a synchronous, audio-visual

technology—videoconferencing—that conveys many of the same aural
and non-verbal information cues as face-to-face interaction. If vide-
oconferencing eventually closes the information gap between virtual
andin-personinteraction, the questionarises whether this new technol-
ogy could effectively replacein-person collaborative idea generation.

Here we show that, evenif video interaction could communicate the
sameinformation, there remains aninherentand overlooked physical
difference in communicating through video that is not psychologi-
cally benign:in-person teams operate in afully shared physical space,
whereas virtual teams inhabit a virtual space that is bounded by the
screen in front of each member. Our data suggest that this physical
difference in shared space compels virtual communicators to nar-
row their visual field by concentrating on the screen and filtering out
peripheral visual stimuli that are not visible or relevant to their partner.
According to previous research that empirically and neurologically
links visual and cognitive attention®®, as virtual communicators nar-
row their visual scope to the shared environment of a screen, their
cognitive focus narrows in turn. This narrowed focus constrains the
associative process underlying idea generation, whereby thoughts
‘branch out’and activate disparate information thatis then combined
toformnewideas™ ™. Yet the narrowed cognitive focusinduced by the
use of screens in virtual interaction does not hinder all collaborative
activities. Specifically, idea generation is typically followed by select-
ingwhichideato pursue, whichrequires cognitive focus and analytical
reasoning’®. Here we show that virtual interaction uniquely hindersidea
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Fig.1|Laboratory experimentset-up.Inthelaboratory experiment, we
randomly assigned half of the pairs towork together in person and the other
halftowork togetherinseparate, identical rooms using videoconferencing.
The pairsinthevirtual conditioninteracted with areal-time video of their
partner’s face displayed on a15-inch retina-display screen with no self-view.
Theimage was taken during the first batch of data collectionin the laboratory.
Consent was obtained to use these images for publication.

generation—we find that videoconferencing groups generate fewer
creative ideas thanin-person groups due to narrowed visual focus, but
we find no evidence that videoconferencing groups are less effective
when it comes to idea selection.

Laboratory experiment

We first recruited 602 people to participate in an incentive-aligned
laboratory study across two batches of data collection (see the ‘Labo-
ratory experiment’ section of the Methods). The participants were
randomly paired, and weinstructed each pair to generate creative uses
foraproduct for five minutes and then spend one minute selecting their
most creative idea. Pairs were randomly assigned to work together on
thesetaskseitherin person or virtually (with their partner displayed by
videoacross from them and the self-view removed; Fig.1). We assessed
ideation performance by counting both the total number of ideas and
the subset of creative ideas generated by each pair'*1°2 We assessed
idea selection quality using two different measures: (1) the ‘creativity
score’ of the pair’s selected idea® and (2) the ‘decision error score’—the
difference in creativity score between the top scoring idea and the
selected idea—where smaller values reflect a better decision®* (see
the ‘Dependent measures’ section of the Methods).

Virtual pairs generated significantly fewer total ideas (mean
(M) =14.74,s.d. = 6.23) and creative ideas (M = 6.73, s.d. = 3.27) than
in-person pairs (total ideas: M=16.77, s.d. = 7.27, negative binomial
regression, n=301pairs,b=0.13,s.e.= 0.05,z=2.72,P=0.007, Cohen’s
d=0.30, 95% confidence interval (CI) = 0.07-0.53; creative ideas:
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M=792,s.d.=3.40, negative binomial regression, n = 301 pairs, b = 0.16,
s.e.=0.05,z=3.14,P=0.002, Cohen’sd = 0.36,95% Cl = 0.13-0.58; see
Extended Data Table 1for asummary of all of the analyses, Extended
Data Table 2 for results from alternative models and Supplementary
Information A for model assumption tests). By contrast, we found indi-
cations that virtualinteraction mightincrease decision quality. Virtual
pairsselected asignificantly higher scoringidea (M =4.28,s.d.=0.81)
and had asignificantly lower decision error score (M =0.78,s.d. = 0.67)
compared within-person pairs (selected idea: M=4.08, s.d. = 0.84, lin-
ear regression, n =292 pairs, b= 0.20,s.e. = 0.10, t,,, = 2.04,P=0.043,
Cohen’s d =0.24,95% Cl = 0.01-0.47; error score: M=1.01,s.d. = 0.77,
linear regression, n =292 pairs, b= 0.23,s.e.=0.08, t,5, =2.69,P=0.007,
Cohen’sd=0.32,95% Cl = 0.08-0.55; see Supplementary Information
B for model assumption tests). However, the effect of modality on deci-
sion quality attenuated when controlling for the number of ideas that
each pair generated (selected idea: linear regression, n = 292 pairs,
b=0.18,s.e.=0.10, t,5,=1.88, P=0.062; error score: linear regression,
n=292pairs, b=0.20,s.e.=0.08, t,3,=2.40, P=0.017).

We next examined our hypothesis that virtual communication ham-
persideageneration because the bounded virtual space shared by pairs
narrows visual scope, which in turn narrows cognitive scope. Specifi-
cally,inthe second batch of data collection, 151 randomly assigned pairs
generated creative uses for aproduct, eitherinpersonor virtually,ina
laboratory room containing ten props (five expected, such as folders;
and five unexpected, such as a skeleton poster; see the ‘Stimulus 2:
bubble wrap’ section of the Methods; Extended Data Fig. 1). We next
captured visual focus in two ways. First, at the end of the study, the
participants were asked to individually recall the props in the room
andindicate them on aworksheet. Second, werecorded and extracted
participants’ eye gaze throughout the task (Fig. 2; see the ‘Stimulus 2
process measures’ section in the Methods).

Supporting our proposition that virtual pairs narrow their visual focus
to their shared environment (that is, the screen), virtual pairs spent
significantly more time looking directly at their partner (M. = 91.4 s,
5.d.=58.3, My person =51.7 5, 5.d. = 52.2, linear mixed-effect regression,
n=270 participants, b =39.70, s.e.= 6.83, t;30=5.81,P < 0.001, Cohen’s
d=0.71,95% Cl = 0.47-0.96), spent significantly less time looking at the
surrounding room (M., = 32.4 5,5.d. = 34.8, M, person = 61.0'5,5.d. = 43.1,
linear mixed-effect regression, n =270 participants, b=28.75,s.e.=5.10,
t143=5.64,P<0.001, Cohen’s d = 0.74, 95% CI = 0.49-0.99; Fig. 2) and
remembered significantly fewer unexpected props in the surround-
ing room (M, =1.53, 5.d. = 1.38, My, person = 1.95, 5.d. =1.38, Poisson
mixed-effect regression, n =302 participants, b = 0.25, s.e. = 0.10,
z=2.47,P=0.014, Cohen’sd=0.30,95% Cl = 0.08-0.53) thanin-person
pairs. There was no evidence that the time spent looking at the task
differed by modality (M,;;, =176.15, 5.d. = 64.0, M;;, pers0n = 186.8 s,
s.d.=60.2, linear mixed-effect regression, n =270 participants, b =10.65,
s.e.=7.60, t,;s=1.40, P=0.162, Cohen’s d = 0.17,95% Cl = -0.07-0.41;
see Supplementary Information C for model assumption tests).

Importantly, unexpected prop recall and gaze around the room were
both significantly associated with an increased number of creative
ideas (roomrecall: negative binomial regression, n =151 pairs, b= 0.09,
s.e.=0.03,z=2.82,P=0.005; room gaze: negative binomial regression,
n=146 pairs, b=0.003, s.e.=0.001, z=3.14, P= 0.002), and both of
these measuresindependently mediated the effect of modality onidea
generation (10,000 nonparametric bootstraps, recall: 95% Cl =-0.61to
-0.01; gaze: 95% Cl=-1.14 to —0.08; Extended Data Figs. 2 and 3). This
combination of analyses converges on the view that virtual communica-
tion narrows visual focus, which subsequently hampersideageneration.

These findings provide causal evidence indicating that virtual (versus
in-person) interaction hampersideageneration. However, this highly
controlled laboratory paradigm may not fully capture the creative
process as it unfolds in typical workplaces. Thus, to test the general-
izability of the results, we replicated the study in an actual work con-
textin five country sites of alarge multinational telecommunications
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Fig.2|Eye gazeresults by modality. Pairsinteracting virtually spent more
time looking at their partner (M,; . = 91.4 5,5.d.=58.3, M\ person = 51.7 s,
s.d.=52.2,linear mixed-effect regression, n =270 participants (126 for
in-person pairs and 144 for virtual pairs), b =39.70,s.e.= 6.83, t;3,=5.81,
P<0.001,Cohen’sd=0.71,95% Cl = 0.47-0.96) and less time looking at the
surrounding room (My;qa = 32.4 5,5.d. =34.8, M, person = 61.0 5,5.d. =43.1, linear
mixed-effect regression, n=270 participants, b=28.8,s.e.=5.10, t,; = 5.64,
P<0.001,Cohen’sd=0.74,95% Cl = 0.49-0.99). Importantly, the time spent
looking around the room predicted creative idea generation (negative
binomial regression, n =146 pairs (69 in-person pairs and 77 virtual pairs),

infrastructure company. We selected this field setting because it
involved domain experts who are highly invested in the outcome,
typically know their partners and regularly use virtual-communication
technology in their work.

Field experiment

The company recruited1,490 engineers to participatein anideation work-
shop and randomly assigned the engineersinto pairs collaborating either
face-to-face or over videoconference (see the ‘Field experiment’ section
ofthe Methods). The pairs generated productideas foranhourandthen
selected and developed oneideato submitasafuture productinnovation
for the company. The engineers who worked on the task virtually (M =743,
s.d.=5.17) generated fewer total ideas than in-person pairs (M= 8.58,
s.d.=6.03, negative binomial mixed-effect regression, n = 745 pairs,
b=0.14,s.e.=0.05,z=3.13,P=0.002, Cohen’sd = 0.21,95% Cl = 0.06-0.35).
This pattern was replicated at all five sites (Table 1). In three of the work-
shops (n=1,238 out 0f1,490), engineers served as peer-evaluators and
provided externalratings. Inthese sessions, we found that virtual engineer
pairs generated both fewer total ideas (M =7.42, s.d. =5.19) and fewer
creativeideas (M =3.83,s.d.=2.83) compared within-person teams (total
ideas: M=8.66, s.d. = 6.14, negative binomial mixed-effect regression,
n=619 pairs, b=0.15,s.e.=0.05,z=3.07, P=0.002, Cohen’s d=0.22,
95% Cl=0.06-0.38; creative ideas: M=4.32, s.d. =3.18, negative bino-
mial mixed-effect regression, n= 619 pairs, b=0.12,s.e.=0.05,z=2.15,
P=0.032, Cohen’sd=0.16,95% Cl = 0.01-0.32).

By contrast, we found preliminary evidence that decision quality was
positively impacted by virtualinteraction. In-person teams had a signifi-
cantly highertop-scoringideaintheir generatedidea pool (M, = 3.86,
S.d.=0.56, My person = 4.01, 5.d. = 0.54, linear mixed-effect regression,
n= 619 pairs,b=0.14,s.e. = 0.04, t;os = 3.40,P < 0.001, Cohen’sd=0.27,
95% Cl=0.11-0.43), but the selected idea did not significantly differin
quality by condition (M,;us = 3.05,5.d. = 0.71, M, person = 3.04,5.d.= 0.78,
linear mixed-effect regression, n =591 pairs, b = 0.004, s.e. = 0.06,
ts, =0.07, P=0.945, Cohen’s d = 0.01, 95% Cl = -0.16-0.17). Further-
more, virtual pairs and in-person pairs significantly differ in their deci-
sion error score (M, = 0.81, s.d. = 0.76, M, person = 0.99, s.d. = 0.86,
Kruskal-Wallis rank sum, n = 591 pairs, x*, = 5.30, P= 0.021, Cohen’s
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b=0.003,s.e.=0.001,z=3.14, P=0.002) and mediated the effect of modality
(in-person versus virtual) onidea generation (10,000 nonparametric
bootstraps, 95% Cl=1.14-0.08).a, Example of how eye gaze during the task was
categorized.b, Differences in the amount of time (seconds) by modality
forlooking at one’s partner (partner gaze) and looking around the room (room
gaze). Dataare fromthe second batch of data collectionin the laboratory and
arepresented as mean + 95% Cls. All statistical tests were two-sided, and no
adjustments were made for multiple comparisons. Consent was obtained to
use theseimages for publication.

d=0.22,95% Cl=0.05-0.38, but this effect was attenuated when con-
trolling for number of ideas (linear mixed-effect regression, n = 591
pairs, b=0.11, s.e. = 0.06, ts5, =1.81, P=0.071).

Alternative explanations

We examined several alternative explanations for the negative effect
of virtual interaction on idea generation. A summary of our findings
isshown in Extended Data Table 3.

Incremental ideas

We found that in-person communicators generate a greater number
oftotal ideas and creative ideas compared with virtual pairs. Here, we
examine the possibility that the additional ideas that in-person pairs
generated could simply beincremental ideas that are topically similar to
each other. Specifically, to test the link between virtual communication
andassociative thinkingand whether in-persongroupsare truly engaging
in divergent thinking rather than simply generating ideas ‘in the same
vein’,we used latent semantic analysis to calculate how much each new
idea semantically departed from the ‘thought stream’ of previousideas®
ineachpair. Whenideationis divergent, ideas should depart from preced-
ingideas.In contrast to the alternative explanation thatin-person teams
simply generate many similarideas, we found that, if anything, in-person
pairsgenerated progressively more disconnected ideas over time relative
tovirtual pairs (Extended DataFig. 4 and Supplementary Information D).
Theseresults are consistent with our proposed process that virtual com-
munication constrains thinking relative to in-person pairs.

Trust and connection

Previous research found that feelings of connection and trust can
facilitate team creativity®®”, To examine whether virtual groups experi-
ence reduced feelings of connection and whether reduced feelings of
connection underlies the negative effect of virtual communication on
idea generation, we used three complementary approaches.

First, we examined whether modality affects subjective feelings of con-
nection using data collected through surveys at the end of the laboratory
study. Consistent with previous research?, we found that participants
did not report significant differences in feelings of similarity or liking,
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Table 1| Descriptive statistics

Total number of ideas

Number of creative ideas

Decision error score

Virtual In-person Virtual In-person Virtual In-person
Laboratory experiment: stimulus1  13.89 (5.65) 16.15 (5.51) 6.7 (3.21) 7.36 (2.89) 0.68 (0.65) 0.92(0.69)
Laboratory experiment: stimulus2  15.57 (6.67) 17.41(8.70) 7.27 (3.26) 8.49 (3.79) 0.88(0.67) 1.09(.82)
Field: Portugal 7.47 (511) 8.12 (5.65)
Field: Israel 717 (5.27) 8.42(4.94)
Field: Finland 8.56 (4.59) 1019 (5.91) 411(2.49) 5.00(3.17) 0.91(0.79) 1.44(.88)
Field: Hungary 6.83 (4.95) 815(5.82) 3.26(2.58) 3.86(2.85) 0.72(0.76) 0.95(0.85)
Field: India 7.65(5.42) 8.75(6.37) 418 (2.99) 4.51(3.37) 0.85(0.76) 0.93(0.84)

Descriptive statistics for the number of ideas generated, number of creative ideas generated, and decision error score by modality. We calculated the decision error score by taking the differ-
ence in creativity score between the top scoring idea and the selected idea—smaller values reflect a better decision. Data are mean (s.d). The laboratory study collected data from 301 pairs, 150
pairs in the first batch of data collection and 151 pairs in the second batch of data collection. The field study was conducted with a total 1,490 engineers, which amounted to 745 pairs (Portugal,

105 pairs; Israel, 18 pairs; Finland, 54 pairs; Hungary, 230 pairs; India, 338 pairs).

orin perceptions of how ‘in sync’ they were as ateam by modality. Sup-
porting these self-reported feelings, in aneconomic trust game, virtual
and in-person pairs did not significantly differ in the amount of money
they entrusted to their partner, although the amount of money entrusted
to their partner was positively correlated with the number of creative
ideasthat the pair generated (details of the methods and analyses in this
paragraph are provided in Supplementary Information E).

Second, we examined whether modality affects social behaviours
(bothverbal and nonverbal) by extracting behavioural datafrom unob-
trusiverecordings of laboratory participants during theidea-generation
task. Specifically, we quantified social behaviour using two methods:
(1)judgesblinded to the condition and hypotheses watched video clips
of the participants and scored the extent to which they observed 32
social behaviours; and (2) we transcribed each pair’s conversation and
ranthe transcripts through alinguistic analysis database®. Across these
analyses, we found that that virtual and in-person pairs significantly
differed in only 4 out of 32 observer-rated behaviours and the word
usage of only 3 out of 80 social and cognitive linguistic categoriesin the
database. Furthermore, we found that controlling for these differences
did not significantly attenuate the negative effect of virtual interac-
tiononideageneration (see Extended Data Table 4 forasummary and
Supplementary Information F and G for details of the methods and
analyses in this paragraph).

Finally, we examined whether modality affects mimicry, a subcon-
sciousindicator of connection®. Specifically, we assessed the extent to
which pairs exhibited linguistic mimicry* using each pair’s transcripts
and the extent to which pairs exhibited facial mimicry***? using facial
expressions extracted from the videos of their interactions®. We found
thatin-personand virtual pairs did not significantly differ inthe extent
to which they exhibited either form of mimicry (see Supplementary
Information H for details of the methods and analyses in this paragraph).

These results demonstrate how similar video interactions can be to
in-person communication. Across three complementary approaches
(subjective feelings of closeness, verbal and non-verbal behaviours,
and mimicry), we found little evidence that communication modality
affects social connection. Furthermore, the significant negative effect
of virtual interaction on idea generation holds when controlling for
these measures. Thus, it seems improbable that differences in social
connection or social behaviour by interaction modality are a main
contributor to the results that we report.

Conversation coordination

Although video and in-person interaction contains many of the same
informational cues, oneimportant distinction between these modali-
ties is the ability to engage in eye contact. When two individuals look
ateach other’s eyes on the screen, it appears to neither partner that
the otherislookinginto their eyes, which could affect communication
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coordination®.Indeed, previous research found that virtual pairs can
experience difficulty in determining who should speak next and when®
and, in our studies, virtual pairs reported struggling more with com-
munication coordination. We used three complementary metrics from
thelaboratory study transcripts to examine whether communication
coordination friction contributes to our effect: the number of words
spoken, the number of times the transcriber observed ‘crosstalk’ dur-
ing the interaction (which reflects when two people speak over each
other) and the number of speaker switches (back-and-forth) thateach
pair exhibited. The number of words spoken did not significantly differ
by modality, but virtual groups engaged in significantly fewer speaker
switches compared with in-person groups and significantly less cross-
talk. However, controlling for these measures did not significantly
attenuate the effect of modality on number of creative ideas generated
(see Supplementary Information I for details of the methods and analy-
sesinthis paragraph). Together, although communication coordination
is altered by the modality of interaction, it does not appear to fully
explain the effect of virtual interaction onidea generation.

Interpersonal processes

Inaddition tosocial connectionand conversation coordination, previous
research hasidentified arange ofinterpersonal processes that can affect
group ideageneration: fear of evaluation (and resulting self-censorship),
dominance, social facilitation, social loafing, social sensitivity, percep-
tions of performance and production blocking. We examined whether
interactionmodality alters any of these processes duringideageneration
and whether controlling for these processes meaningfully attenuated our
documented negative effect of virtual collaboration onideation (see Sup-
plementaryInformation] forarelevantliterature and details of the meth-
ods and analyses). In these supplementary analyses, we found that our
observed effect was robust to each of these alternative explanations.

Policy implications

Our results suggest that there is a unique cognitive advantage to
in-person collaboration, which could inform the design of remote
work policies. However, when determining whether or not to use virtual
teams, many additional factors necessarily enter the calculus, such as
the cost of commute and real estate, the potential to expand the tal-
ent pool, the value of serendipitous encounters®, and the difficulties
in managing time zone and regional cultural differences®. Although
some of these factors are intangible and more difficult to quantify,
there are concrete and immediate economic advantages to virtual
interaction (suchasareduced need for physical space, reduced salary
foremployeesinareaswithalower cost of living and reduced business
travel expenses). To capture the best of both worlds, many workplaces
are planningto or currently combinein-personand virtual interaction.



Indeed, a2021survey suggests that American employees will work from
home around 20% of the time after the pandemic?. Our results indicate
that, inthese hybrid setups, it might make sense to prioritize creative
idea generation during in-person meetings. However, it isimportant
to caution that our results document only the cognitive cost of virtual
interaction. Whenit comes to deciding the extent towhich a firm should
use virtual teams, a more comprehensive analysis factoring in other
industry and context-specific costs that the firm might face is needed.
We leave this important issue to future research.

Extensions and generalizability

Our studies examined the effect of virtual versus in-person interac-
tion in the context of randomly assigned pairs (a context relevant to
practice; Supplementary Information K). Here, we explore whether
the negative effect of virtual interaction on idea generation general-
izes to more established and/or larger teams. To investigate this, we
first examined the relevance to established teams by testing whether
familiarity moderated the effect of modality on ideation in our field
data. We found no evidence that the negative effect of virtual interac-
tionchanged depending on level of familiarity between members of the
pair (Supplementary InformationL). This hints that the effect of virtual
interaction on idea generation might extend to established teams.
Second, we examined the implications of our effect on larger teams by
manipulating the virtual group sizein an online experiment. Replicat-
ing previous findings on the counterproductivity of larger in-person
ideation teams?, virtual pairs outperformed larger virtual groups (see
Extended Data Fig. 5 and Extended Data Table 5 for summaries of the
set-up and our findings, and Supplementary Information M for details
ofthe methods and analysis). Putting our findings together with previ-
ous findings, research suggests that in-person pairs outperform larger
in-person groups and virtual pairs, and virtual pairs outperform larger
virtualgroups. Thus, our substantive recommendationis, cost permit-
ting, to generate ideas in pairs and in person.

In our laboratory study, we used 15.6-inch MacBook Pro retina dis-
play laptops because, at the time of data collection (2016 to 2021),
laptops were the most common hardware used in videoconferencing,
and 15.6 inch was the most prevalent screen size offered in the mar-
ket (Supplementary Information N). We examined whether our effect
would generalize to larger screen sizes in the online study described
above. Specifically, weleveraged participants’ natural variance inscreen
size to investigate the role of screen size in virtual idea generation.
We found no evidence that screen size is associated with idea genera-
tion performance in virtual pairs (even when controlling for income,
comfort with videoconferencing and time spent on the computer; Sup-
plementary Information M). This suggests that, at leastin the current
range available on the market, larger screen sizes would not ameliorate
the negative effect of virtual interaction on ideation.

Finally, our empirical contextinvolved both novices (college under-
graduates) and experts (engineering teams) and examined two types
of creativity tasks: alow-complexity task in the laboratory (generating
alternative uses for a product) and a high-complexity task in the field
(identifying problems that customers might have as well as generating
solutions the firm could offer). Although it is reassuring that we dem-
onstrate our effects with two different participant pools that vary in
their creativity training, task type and domain expertise, our contexts
arerepresentative of only asubset ofinnovation teams. Future research
is needed to examine the moderating factor of group heterogeneity
(Supplementary Information O and P) and extensions to other creative
industries (Supplementary Information Q).

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Laboratory experiment

Following the methodological recommendation® of “generaliz[ing]
across stimuli by replicating the study across different stimuli withina
single experiment”, we collected our laboratory data with stimulus repli-
catesintwo batches. Where possible, we combined the data from the two
batchestoincrease statistical power. Whenthe two batches of datawere
combined, our power to detect a difference in conditions at our effect
size was 89%. Below, we outline the methods for each stimulus batch.

Stimulus 1: frisbee

Procedure. Three hundred participants (202 female, 95 male,
M, =26.1;5.d.,, = 8.61; three participants did not complete the survey
and are therefore missing demographicinformation) fromauniversity
student and staff poolinthe United States participated in the studyin
exchange for US$10. We posted timeslots in an online research portal
that allowed each participant to enroll anonymously into a pair. The
participants provided consent before beginning the study. This study
was approved by the Stanford University Human Subjects Ethics Board
(protocol 35916). The laboratory study was conducted by university
research assistants blinded to the hypothesis who were not present
during the group interaction.

Onarrival, the pairs were informed that their first task was to gener-
atecreative alternative uses for aFrisbee and that their second task was
to select their most creative idea. These tasks were incentive-aligned:
each creative idea that was generated (as scored by outside judges)
earned the pair oneraffle ticket foraUS$200 raffle, and selecting a crea-
tiveidea earned the pair five additional raffle tickets. Half of the teams
(n=75) learned that they would be working together on the task in the
same room, whereas the other half (n = 75) were told that they would be
workingin separate rooms and communicating using video technology
(WebEXx, v.36.6-36.9). Groups were assigned inan alternating order, such
that thefirstgroup wasin-person, the second group was virtual and so
on. Thisensured an equal and unbiased recruitment of each condition.

Before being moved to the task room(s), one participant was ran-
domly selected to be the typist (that is, to record the ideas during the
idea-generationstage and indicate the selectedideain theidea-selection
stage for the pair) by drawing a piece of paper from amug. Inboth com-
munication modalities, each team member had an iPad with a blank
Google sheet open (accessed in 2016). The typist had a wireless key-
board and editing capabilities, whereas the other team member could
onlyviewtheideas ontheiriPad. Thus, only the typist could record the
generated ideas and select the pair’s top idea, but both members had
equalinformation about the team’s performance (that s, the generated
ideas and the selected idea). In-person pairs sat at a table across from
each other. Virtual pairs sat at identical tables in separate rooms with
their partner displayed on video across from them. The video display
wasafull-screenvideo streamof only their partner (the video of the self
was not displayed) on a15-inch retina-display MacBook Pro.

Each pair generated ideas for 5 min and spent 1 min selecting their
most creative idea. They indicated their top creative idea by putting
an asterisk next to the idea on the Google sheet. Nine groups did not
indicatetheir topideaonthe Google sheet;in the second batch of data
collection, we used an online survey that required aresponse to prevent
thisissue. Finally, as an exploratory measure, each pair was given 5 min
to evaluate each of theirideas onaseven-point scale (1 (least creative)
to 7 (most creative)).

Once pairscompleted boththeidea-generationand theidea-selection
task, eachteam member individually completed asurvey on Qualtrics
(accessedin2016) in aseparate room.

Stimulus 2: bubble wrap
Procedure. Participants (334) from a university student and staff pool
inthe United States participated in the study in exchange for US$15. We

alsorecruited 18 participants from Craigslistin an effort to accelerate
datacollection. However, the students reported feeling uncomfortable,
andideageneration performance dropped substantially with student-
craigslist pairs, so we removed these pairs from the analysis. Our final
participant list did not overlap with participants in the first batch of
data collection in the laboratory. The participants provided consent
before beginning the study. This study was approved by the Stanford
University Human Subjects Ethics Board (protocol 35916). The labora-
tory study was conducted by university research assistants blinded to
the hypothesis who were not present during the group interaction.

We a priori excluded any pairs who experienced technical difficul-
ties (such as screen share issues, audio feedback or dropped video
calls) andaimed to collect 150 pairsintotal. Our final sample consisted
of 302 participants (177 females, 119 males, 2 non-binary, M, = 23.5,
S.d.,e =7.09; we are missing demographic and survey data from four
of the participants). Mimicking the design of the first batch of data
collectioninthe laboratory, pairs generated uses for bubble wrap for
5Sminandthenspent1minselecting their most creative idea. Asbefore,
half of the teams learned that they would be working together on the
task in the same room (n =74), whereas the other half (n =77) were
told that they would be working in separate (butidentical) rooms and
communicating using video technology (Zoomv.3.2). The groups were
assignedin an alternating order, such that the first group wasin-person,
the second group was virtual and so on. This ensured an equal and unbi-
ased recruitment of each condition. Again, one partner was randomly
assigned to be the typist. The tasks were incentivized using the same
structure as the first batch of collection.

For in-person pairs, each participant had a 15-inch task computer
directly in front of them with their partner across from them and situ-
ated to their right. For virtual pairs, each participant had two 15-inch
computers: a task computer directly in front of them and computer
displaying their partner’s face to their right (again, self-view was hid-
den). This set-up enabled us to unobtrusively measure gaze by using the
task computer torecord each participant’s face during the interaction:
in both conditions, the task was directly in front of each participant
and the partner was to each participant’s right.

In contrast to the first batch of data collection, we used Qualtrics
(accessedin2018) to collect task data. Pairs first generated alternative
uses for bubble wrap. After 5 min, the page automatically advanced.
We next asked each pair to select their most creative idea and defined
acreativeideaasbothnovel (thatis, different from the normal uses of
bubble wrap) and functional (that is, useful and easy to implement).
The pair had exactly1 mintoselect their most creative idea. After 1 min,
the page automatically advanced. If the pair still had not selected their
topidea, the survey returned the selection page and marked that the
team went over time. Virtual and in-person pairs did not significantly
differ in the percentage of teams that went over time (that is, took
longer than a minute); 17.6% of in-person pairs and 16.9% of virtual
pairswent over time (Pearson’s y*; = 0.001, P= 0.926). Finally, as explora-
tory measures, each pair (1) selected anidea from anotherideaset and
then (2) evaluated how novel and functional their selected ideawas on
aseven-pointscale.

Importantly, inboth conditions, the task rooms were populated with
ten props: five expected props (that is, props consistent with abehav-
ioural laboratory schema (a filing cabinet, folders, a cardboard box, a
speaker and a pencil box)) and five unexpected props (askeleton poster,
alarge house plant, abowl of lemons, blue dishes and yoga ball boxes;
Extended DataFig. 1, inspired by ref.*?). Immediately after the task, we
moved the participantsintoanew room, separated them and asked the
participants toindividually recreate the task room on asheet of paper®.

After theroomrecall, to measure social connection, each participant
responded to an incentive-aligned trust game*’. Specifically, each
participant read the following instructions: “Out of the 150 groups
in this study, 15 groups will be randomly selected to win $10. This is a
REAL bonus opportunity. Out of the $10, you get the choose how much



tosharewithyour partner in the study. Theamount of money you give
to your partner willquadruple, and then your partner can choose how
much (if any) of that money they will share back with you.”

The participants then selected how much money they would entrust
totheir partnerin US$1lincrements, between US$0 and US$10. Finally,
the participants then completed a survey with exploratory measures.

Dependent measures

Measure of idea generation performance. Researchers conducting the
analyses were not blinded to the hypothesis and all data were analysed
using R (v.4.0.1). We first computed total idea count by summing the total
number of ideas generated by each pair. Then, for the key dependent
measure of creative ideas, we followed the consensual assessment tech-
nique* and had two undergraduate judges (from the same population
and blind to condition and hypothesis) evaluate each idea on the basis
of novelty. Specifically, each undergraduate judge was recruited by the
university’s behaviourallaboratory to help code datafromastudy. Each
judge was given an excel sheet with all of the ideas generated by all of
the participantsinarandomized order and was asked to evaluate each
idea for novelty on ascale of 1 (not at all original/innovative/creative)
to7 (very original/innovative/creative) in one column of the excel sheet
andto evaluate eachideafor value onascale of 1 (not at all useful/effec-
tive/implementable) to 7 (very useful/effective/implementable) in an
adjacent column. Anchors were adopted from ref. *2,

Judges demonstrated satisfactory agreeability (stimulus 1:
Cnovelry = 0.64, Ay = 0.68, stimulus 2: gy = 0.75, Ay = 0.67) On the
basis of intraclass correlation criteria delineated previously*. The
scores were averaged to produce one creativity score for each idea.
We computed the key measure of creative idea count by summing the
number of ideas that each pair generated that surpassed the average
creativity score of the study (that s, the grand mean of the whole study
foreach stimulus across the two conditions). Information about aver-
age creativity is provided in Supplementary Information R.

Measure of selection performance. We followed previous research
and calculated idea selection using two different methods??*. First, we
examined whether the creativity score of theideaselected by each pair
differed by communication modality (both with and without control-
ling for the creativity score of the top idea). Second, we calculated the
difference between the creativity score of the top idea and the creativ-
ity score of the selected idea. A score of O indicates that they selected
their top-scoringidea, and a higher score reflects a poorer decision.

Stimulus 2 process measures

Room recall. The room contained five expected props and five unex-
pected props. If virtual participants are more visually focused, they
shouldrecall fewer props and, specifically, the unexpected props that
cannotbe guessed using the schema of atypical behavioural laboratory.
Totest this, we counted the number of total props (out of the ten) and
unexpected props (out of five) that participants drew and labelled when
sketching the room from memory. We did notinclude other objectsin
the room (such as the computer and door) in our count.

Eye gaze. We used OpenFace (v.2.2.0), an opensource software pack-
age, to automatically extract and quantify eye gaze angles using the
recording of each participant taken from their task computer®. From
there, we had atleast twoindependent coders (blinded to the hypoth-
esis and condition) look at video frames of eye gaze angles extracted
from the software and indicate the idiosyncratic threshold at which
each participant’s eye gaze shifted horizontally (from left to centre,
and centre to right, « = 0.98) and vertically (up to centre, and centre
to down, a = 0.85). Out of 302 participants, 275 videos of participants
yielded usable gaze data. Nine videos were not saved, six videos cut off
participants’eyes, four videos were too dark to reliably code, two videos
were corrupted and could not load, two videos contained participants
with glassesthat resulted in eye gaze misclassification, two videos (one

team) did not have their partner to their right and two videos were
misclassified by OpenFace.

Using these thresholds, we calculated how often each participant
looked at their partner, the task and the surrounding room. To repeat,
therecording came fromthe task computer, and the partner was always
situated to the participant’s right (or fromthe perspective of a person
viewing the video, to theleft). As human coders marked the thresholds
(blind to the hypothesis and condition), we report the categorizations
fromthe perspective of an observer of the video. Specifically, looking
either (1) horizontally to the left and vertically centre or (2) horizon-
tally to the left and vertically down was categorized as ‘partner gaze’;
looking either (1) horizontally centre and vertically centre or (2) hori-
zontally centre and vertically downwas categorized as ‘task gaze’; and
the remaining areawas categorized as ‘room gaze’, whichencompassed
looking (1) horizontally left and vertically upward, (2) horizontally cen-
treand vertically upward, (3) horizontally right and vertically upward,
(4) horizontally right and vertically centre, and (5) horizontally right
and vertically down (Fig. 2; consent was obtained to use these images
for publication). We chose this unobtrusive methodology instead of
more cumbersome eye-tracking hardware to maintain organicinterac-
tions—wearing strange headgear could make participants consciously
aware of their eye gaze or change the natural dynamic of conversation.

We excluded six videos that were less than 290 s long. The effects
do not change in significance when these videos are included in the
analyses. With these excluded videos, as before, virtual groups spent
significantly more time looking at their partner (M, = 90.6 s,
$.d.=58.3, My, person = 52.6 5, 5.d. = 54.3, linear mixed-effect regression,
n=276participants, b=38.00, s.e.=6.95, t;3, = 5.46, P < 0.001, Cohen’s
d=0.68,95% Cl = 0.43-0.92) and spent significantly less time looking
at the surrounding room (M, =32.4 5, 5.d. =34.6, M person = 60.9 s,
s.d. =43.7, linear mixed-effect regression, n = 276 participants, b =28.44,
s.e.=4.96, t,;s=5.74, P<0.001, Cohen’s d = 0.73,95% Cl = 0.48-0.98;
Fig. 2). There was again no evidence that time spent looking at the
task differed by modality (M, =176 S, 5.d. = 63.6, My person = 184 s,
s.d.=63.0, linear mixed-effect regression, n = 276 participants, b =7.39,
s.e.=7.63,t,,=0.97, P=0.334, Cohen’s d = 0.12,95% Cl = -0.12-0.35).
Importantly, gaze around the room was significantly associated with
anincreased number of creative ideas (negative binomial regression,
n=146pairs,b=0.003,s.e.=0.001,z=3.10,P=0.002). Furthermore,
gaze around the room mediated the effect of modality onidea genera-
tion (5,000 nonparametric bootstraps, 95% Cl=0.05to0 1.15).

Field experiment

Procedure
Engineer teams (837) participated in an ideation workshop under the
aegisof an ‘intrapreneurship’ program. The workshop was conducted
by the employer at company offices in Finland, Hungary, India, Israel
and Portugal as part of a voluntary workshop during work hours. The
employer shared non-identifiable secondary datafromthe workshop
with us and, as a result, the Stanford Human Subjects Committee
deemed that no IRB or consent was required. The company gave us
permission to publish the results from our analysis, contingent on their
intellectual property from the workshops (the generated ideas) remain-
ing confidential. At eachsite, typically two sessions were run each day,
for a total of 26 sessions across sites, and each session was made up
of an organizational team (average session size, 32 teams; range of
session size, 8 teams to 56 teams). Research assistants (who were not
blinded to the hypothesis) ran the workshop and were present during
group interaction to answer any questions and fix technical problems.
In the workshop, engineers were first given a 60 min introduction
totheintrapreneurship program.In Hungary, for the first six sessions,
there wasanadditional 60 minlecture about creativity and ideaselec-
tion before the workshop. After observing fatigue, the order was
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switched for the remaining two sessions. Engineers then learned that
the workshop involved (1) generating new product ideas for the com-
pany and then (2) selecting and developing one idea to submit to the
intrapreneurship program. Engineers were instructed that the ideas
should notbe limited to current products offered by the company and
to consider ideas that could become products two years from now.
Theengineers were randomly assigned into pairs, with one engineer
randomly assigned as the typist, and the pairs were randomly assigned
into condition (in-person versus virtual). Thein-personand virtual con-
ditionswere splitinto two different rooms and thenissued the manipu-
lation. Pairs in the virtual condition (n = 434) learned that, because
they worked at a global company, the company was testing different
collaboration tools and the engineers would therefore be doing this
workshop virtually over Webex (a communication technology almost
all the engineers were familiar with and often used to collaborate with
their remote teams). The following Webex versions were used in each
workshop: Portugal, 38.3; Finland and Israel, 38.6; Hungary, 39.3; India,
40.1. Thetypists remained inone roomand their partners were brought
to another room. All of the pairs established their video connection
before the timed idea generation session began. Pairs in the in-person
condition (n=403) wereinstructed tospace out and findaplaceinthe
room to sit together before beginning the idea generation task.
InFinland, Israel and Portugal, the pairshad1 hto generateideas.In
Hungary and India, the pairs had 45 min to generate ideas to allow for
time at the end to peer-evaluate each other’sideas. After idea genera-
tion, the pairs selected one of theirideas to further develop and submit
to the intrapreneurship program. In Finland, Israel and Portugal, the
firm used a third-party platform for idea collection that didn’t allow
foridearating (Innostreams, betarelease, v.0.8). However, in Hungary
and India, the employer designed a workshop platform on Qualtrics
(accessedin2019 and 2020) and implemented a peer-evaluation system
at the end of each workshop session. Specifically, each engineer was
assigned 8 to 12 ideas from other pairs in the idea generation session.
Furthermore, toincrease power, the company also sent outa Qualtrics
survey (accessed in2021and 2022) to their engineers to score the ideas
collectedin Finland. Following the same procedure asin the workshop,
engineers were randomly assigned ten ideas to score. Given low par-
ticipationrates, the employer allowed engineers to submit up to three
scores. We analysed the first three submissions from each engineer. A
smallsubset of engineers participated more thantentimes (n = 6) and
were excluded from analyses. Participation was voluntary, and each
submission won a raffle ticket into a raffle for an iPad.
Toscoretheideas, theengineersindividually rated eachideaon four
dimensions identified by the intrapreneurship program: (1) this idea
identifies areal pain point that s significant to customers; (2) theidea
is potentially disruptive and game changing; (3) thisidea hasa unique
value proposition; and (4) the solution is realistic. Idea scores were
calculated by averaging these four dimensions for eachidea. To capture
idea selection, we calculated a ‘decision error score’ by subtracting
the score of the highest-rated idea from the score of the selected idea.

Exclusions

One site in Poland was predetermined to be excluded. Unlike the
others, this workshop was conducted by the company outside of
company offices, in a hotel meeting space. Perhaps for this reason,
participants exhibited rampant non-compliance, including anotable
preoccupation with the hotel catering’s coffee and cookie station.
The non-compliance was exacerbated in the in-person condition, as
many engineers brought coffee and snacks back to their workspace
and socialized with other teams; the headsets in the virtual condition
prohibited the same extent of socialization. Importantly, the results
donotchangeinsignificanceif weinclude this sixth site (My;; i = 7.38,
S.d. =5.18, My, person = 8.15, 5.d. = 5.78, negative binomial mixed-effect
regression, n =904 pairs, b=0.09, s.e.=0.04, z=2.24, P=0.025,
Cohen’s d=0.14,95% Cl = 0.01-0.27).

Across the remaining sites, we a priori dropped 32 pairs due to techni-
cal difficulties, 21 pairs due to non-compliance and 18 teams because
they arrived late or left early. We also excluded 5 teams who had par-
ticipated previously and 15 three-person teams (when the session size
contained an odd number of people). Thus, out of 837 teams, 745 pairs
(1,490 engineers) constituted our final sample. 365 pairs were assigned
tointeractinperson,and 380 groups were assigned to interact virtually.
Thereareslightly more virtual groups because, after afew workshops,
the company began to over-assign Webex groups by creating more
odd labels than even labels to pass out to compensate for afew Webex
groups each session being dropped due to technical difficulties.

Furthermore, forideaselection, we a priori dropped teams that rese-
lected theiridea (thatis, selected anidea, worked onit and then changed
their mind, n =14 pairs), and we are missing data from groups that did
not select their idea (n =1 pair), did not submit their ideas in time to
getscored (n =3 pairs), and teams whose ideas were not scored due to
attrition during the idea evaluation survey (n =13 pairs). Thus, out of
619 pairsinthe final two sites, 305 in-person pairs and 317 virtual pairs
constituted our final sample forideaselection. The results do not differ
insignificanceif weincludeall of the excluded teams (idea generation:
M icwar = 744, 5.d. = 5.51, Miy, person = 8.33, 5.d. = 5.99, negative binomial
mixed-effect regression, n = 822 pairs, b=0.11, s.e. = 0.05,z=2.52,
P=0.012, Cohen’s d=0.16, 95% Cl = 0.02-0.29; idea selection: M.
wal = 0.79,8.d.=0.76, My person = 0.92,5.d. = 0.84, Kruskal-Wallis rank sum,
n=656pairs, x*; = 5.46, P= 0.019, Cohen’s d = 0.21,95% Cl = 0.05-0.36).
Note that we still excluded three-person teams because they deviate
from our context.

Researchers conducting the analyses were not blinded to the hypoth-
esisand all datawere analysed using R (v.4.0.1).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Thedata (rawand cleaned) collected by the researchteamand reportedin
thisArticleandits Supplementary Information are available on Research
Box (https://researchbox.org/282), except for the video, audio record-
ings and transcripts of participants, because we do not have permission
to share the participants’ voices, faces or conversations. The cleaned
summary data for the field studies are available in the same Research
Box, but the raw data must be kept confidential, as these data are the
intellectual property of the company. The Linguistic Analysis databaseis
available online (https://liwc.wpengine.com/). Extended Data Tables1-5
and Extended Data Figs. 2 and 3 are summary tables and figures, and
the raw data associated with these tables are on Research Box (https://
researchbox.org/282). Source data are provided with this paper.

Code availability

All custom code used to clean and analyse the data is available at
Research Box (https://researchbox.org/568). The Linguistic Analysis
databaseisavailable online (https://liwc.wpengine.com/). OpenFace is
available at GitHub (https://github.com/TadasBaltrusaitis/OpenFace).
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In-person participant example.

Extended DataFig.1|Materials and example datafor roomrecall measure
inthe second batch of data collectionin thelab. (a) Photo demonstrating the
prop placementinthelabroom.Five props were expected (props consistent
withabehaviourallab schema): afiling cabinet, folders, acardboard box, a
speaker, and a pencil box; and five props were unexpected (props inconsistent
withabehavioural lab schema): askeleton poster, alarge house plant, abowl of
lemons, blue dishes, and yoga ball boxes. (b) Participantexample of the data

e ————

Virtual participant example.

materials. After leaving the lab space, participants recreated thelabroomona
piece of paper containing the basic layout of the room and then numbered each
element. We then asked participants tolist the identity of each elementona
Qualtrics survey. A condition- and hypothesis-blind research assistant
categorized eachlisting into one of the ten props and removed any other
responses. We then counted how many expected and unexpected props were
remembered by each participant.
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Extended DataFig.2|Roomrecall mediates the effect of communication
modality onideageneration. This mediation model demonstrates that
virtual participants remembered significantly fewer unexpected propsinthe
experimentroom and that this explains the effect of virtualinteraction on
creativeideageneration. Weranan OLS regression for the a-link
(communication modality predicting average recall of unexpected items per
pair, n=151pairs, OLSregression, b=0.42,s.e.=0.17, t,,o=2.44,P=0.016), and
weranaNegative Binomial regression for the b-link (number of average
unexpected items recalled per pair predicting number of creative ideas
generated, n =151 pairs, Negative Binomial regression, b=0.08,s.e.=0.03,
z=2.48,P=0.013). Amediation analysis with10,000 nonparametric

b=-.15,SE =.07,z=-2.18, p=.030

Negative Binomial Regressions

Performance

bootstrapsrevealed that recall of the room mediated the effect of modality on
creativeideageneration (95% confidence intervals of the indirect effect =-0.61
to-0.01). The total effect of modality condition on number of creative ideas
generated was significant (n = 151 pairs, Negative Binomial regression,
b=0.15,s..=0.07,2=2.18, P=0.030), but this effect was attenuated to
non-significance when accounting for the unexpected recall mediator
(n=151pairs, Negative Binomial regression, b=0.12,s.e.=0.07,z=1.73,
P=0.083).See Supplementary Information C for model assumption tests of
normality and heteroskedasticity. All tests are two-tailed and there were no
adjustments made for multiple comparisons (for a discussion of our rationale,
see Supplementary Information S).
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Extended DataFig. 3| Gaze mediates the effect of communication modality
onideageneration. Thismediation model demonstrates that virtual
participants spentless time looking around the room and that this explains the
effectof virtual interaction on creative ideageneration. Weranan OLS
regression for the a-link (communication modality predicting average room
gaze per pair, n=146 pairs, OLSregression, b=-29.1,s.e.=5.1,t,,,=5.69,
P<0.001),andweran aNegative Binomial regression for the b-link (average
roomgaze per pair predicting number of creativeideas generated, n = 146 pairs,
Negative Binomial regression, b=0.003,s.e.=0.001,z=2.34, P=0.020).

A mediationanalysis with10,000 nonparametric bootstraps revealed that recall

oftheroom mediated the effect of modality on creative ideageneration

(95% confidence intervals of theindirect effect = -1.14 to —0.08). The total effect
of modality condition on number of creative ideas generated was significant
(n=146 pairs, Negative Binomial regression, b= 0.17,s.e.=0.07,2=2.36,
P=0.019), butthis effect was attenuated to non-significance whenaccounting
for theroom gaze mediator (n =146 pairs, Negative Binomial regression,
b=0.09,s.e.=0.08,z=1.20,P=0.231). See Supplementary Information C for
modelassumption tests of normality and heteroskedasticity. All tests are
two-tailed and there were no adjustments made for multiple comparisons
(foradiscussion of our rationale, see Supplementary Information S).
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Extended DataFig. 4| The effect of virtual communication onforward flow
acrossthe progression ofideageneration. There was asignificant
interaction between modality and the position of anideain the pair’sidea
sequence on forward flow score across all studies (linear mixed-effect
regression,n=9966ideascores, interactionterm:b5=-0.01,s.e.=0.01,
t355=—2.09,P=0.038). At the beginning of the idea generation task, ideas
generated by in-person and virtual pairs were similarly connected to pastideas
generated by each pair. However, by the eleventhidea, ideas generated by
in-person pairs began to exhibit significantly more forward flow (thatis, the

ideas were less semantically associated) compared to those of virtual pairs
(linear mixed-effect regression, n=9966ideascores, simple effect of modality
onforward flowat the11™idea: b=-0.12,s.e. = 0.06, ts, = —2.00, P= 0.047).
Thus, in-person pairs generate progressively more disconnected ideas relative
tovirtual pairs. See Supplementary Information D for model assumption tests
of normality and heteroskedasticity. We truncated the graph at 30 ideas to
provide the most accurate representation of the majority of the data. All tests
aretwo-tailed and there were no adjustments made for multiple comparisons
(foradiscussion of our rationale, see Supplementary Information S).
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[Google Sheets Header]

Please generate CREATIVE ideas for alternative uses for a frisbee
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[Google Sheets Header]

Please generate CREATIVE ideas for alternative uses for a frisbee
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Extended DataFig. 5|Set-up for group size virtual study. In the virtual-only
study, we randomly assigned participantsinto groupsof 2or 4 people.
Participants worked onagoogle sheetand wereinstructed to set up their
screen such that half of their screen was the task and the other half of the screen

was their zoom window. The self-view was hidden, and participants either saw
one partner (2-person condition), or three teammates (4-person condition).
Consent was obtained to use these images for publication.




Extended Data Table 1| Summary of the analyses in the main text

Dependent Variables Virtual In-person Comparing the Measure by Condition
Mean (SD) Mean (SD) Regression Output Cohen’s d
Lab Study: Generation (N = 301 pairs)
Number of Ideas 14.74 (6.23) 16.77 (7.27) b=.13,SE=.05, z=2.72, p=.007 .30 (.07, 53]
Number of Creative Ideas 6.73 (3.27) 7.92 (3.40) b=.16, SE = .05, z=3.14, p=.002 .36 [.13, 58]
Average Creativity 3.92 (41) 3.95 (.39) b=.03, SE = .05, #299) = .60, p=.547 .07 [-.16, .30]
Lab Study: Selection (N = 292 pairs)
Top Idea 5.07 (49) 5.10 (.46) b=.03, SE = .06, £(299) = 51, p=.608 .09 [-.24, .41)
Selected Idea 4.28 (.81) 4.08 (.84) b=.20, SE = .10, £(290) = 2.04, p=.043 —-24[-47, .01]
Decision Error Score (DES) 78 (.67) 1.01(.77) b= .23, SE = .08, £(290) = 2.69, p = .007 32[.08, .55]
DES Controlling for Number of Ideas b=.20, SE = .08, (289) = 2.40, p=.017
Lab Study: Room Recall (N = 302 participants)
Total Props Remembered 2.29 (1.99) 2.72 (1.76) b=.19,SE=.10,z =197, p=.049 .23 .00, .46)
Unexpected Props Remembered 1.53 (1.38) 1.95 (1.38) b=.25,SE=.10, z=2.47 p=.014 .30 [.08, 53]
Lab Study: Eye Gaze (N = 270 participants)
Partner Gaze 91.4 (58.3) 51.7 (52.2) b=39.7, SE = 6.83, (139) = 5.81, p<.001 .71 (.47, 96]
Room Gaze 32.4 (34.8) 61.0 (43.1) b=28.8, SE =5.10, (143) = 5.64, p < .001 .74 (.49, 99]
Task Gaze 176.1 (64.0) 186.8 (60.2) b=10.7, SE = 7.60, 1(268) = 1.40, p=.162 17 [-.07, .41)
Field: Generation (N = 745 pairs)
Number of Ideas 7.43 (5.17) 8.58 (6.03) b=.14,SE=.05, z=3.13, p=.002 .21 [.06, .35]
Number of Creative Ideas (N = 619) 3.83 (2.83) 4.32 (3.18) b=.12,SE=.05, z=2.15, p=.032 .16 [.01, .32]
Average Creativity (N = 619) 2.98 (.40) 2.99 (.38) b=.01, SE = .03, #609) = .30, p=.766 .02 [-.14, .18]
Field: Selection (N = 619 pairs)
Top Idea 3.86 (.56) 4.01 (54) b= .14, SE = .04, £(608) = 3.40, p < .001 2711, .43]
Selected Idea (N =591) 3.05 (.71) 3.04 (.78) b=.004, SE = .06, #(582) = .07, p=.945 .01 [-.16, .17]
Decision Error Score (DES, N =591) .81(.76) .99 (.86) Kruskal-Wallis, y? (1) = 5.30, p=.021 .22 (.05, .38]

DES Controlling for Number of Ideas

b=.11, SE = .06, #(580) = 1.81, p=.071

We used a Negative Binomial regression model for all tests with number of ideas or number of creative ideas as the dependent measure (see Supplementary Information A for model justification
and assumption tests). For total props remembered, we used a mixed-effect Negative Binomial Regression and for unexpected props remembered, we used a mixed-effect Poisson regression
(Supplementary Information C for test assumptions). For all other dependent measures, when the measure was per participant (e.g., eye gaze), we used a linear mixed-effect regression with
random effect of group number. When the measure was per group (e.g., selected idea score), we used an OLS regression model (see Supplementary Information B and C for model assumption
tests of normality and heteroskedasticity and for robustness checks). All tests are two-tailed and there were no adjustments made for multiple comparisons (for a discussion of our rationale,

see Supplementary Information S).



Article

Extended Data Table 2 | Summary of idea generation analyses with alternative models

Lab Effect of Modality Condition on Measure

Alternative Model Lab: Number of Ideas (N = 302 pairs) Lab: Number of Creative Ideas (N = 302 pairs)
Quasipoisson b=.13, SE =.05, #300)=2.65,p=.008 b=.16, SE =.05, #{300) =3.16, p=.002
Adjusted Poisson b=.13, SE=.05, z=2.67, p=.008 b=.16, SE=.05 z=3.17, p=.002
OLS b=2.04, SE =.77, {(298) = 2.63, p = .009 b=1.20, SE = .38, #298) = 3.16, p =.002
Permutation Z=258,p=.010 Z =3.05, p=.002
(nonparametric)
Field Effect of Modality Condition on Measure

Alternative Model Field: Number of Ideas (N = 745 pairs) Field: Number of Creative Ideas (N = 619 pairs)
Quasipoisson b=.14, SE=.05, {(744)=2.79,p=.005 b=.12, SE =.06, #(618) =2.03, p =.043
Adjusted Poisson b=.14, SE=.05,2z=2.83, p=.005 b=.12, SE =.06, z=2.04, p =.042
oLS b=1.15, SE = .41, {(737) =2.79, p=.005 b =.49, SE = .24, #(608) =2.08, p = .038
Permutation Z=2.80, p=.005 Z=2.02, p=.043
(nonparametric)

For the idea generation analysis in the main text, we use a Negative Binomial regression model (see Supplementary Information A for model justification and assumption tests). As a robust-
ness check, we examined the effect of modality on idea generation (both number of ideas and number of creative ideas) using alternative models. We find our results are robust to different
regression models. Across all models, there is a significant negative effect of virtual interaction on idea generation. All tests are two-tailed and there were no adjustments made for multiple
comparisons (for a discussion of our rationale, see Supplementary Information S).



Extended Data Table 3 | Summary of our examination into the alternative processes by which modality of interaction
(in-person vs virtual) could affect the production of creative ideas

Alternative Processes Measure Sample Size Virtual In-person Comparing the Measure by Condition Measure Relatingto  Effect of Condition
Mean (SD) Mean (SD) Model Output Cohen’s d Idea Generation when Controlling
for Measure
Subjective Feelings of Connection
“How much do you like your partner? 298 participants 5.69 (1.14) 5.78 (1.11) {(148) = .643, p= 521 .09 [-.14, .32] z=1.03, p=.302 z=2.34, p=.019
“How similar are you to your partner?” 298 participants 3.86 (1.36) 3.98 (1.33) (147) = 741, p= .460 .08 [-.15, .31] z=.684, p=.494 z=2.36, p=.018
Perceptions of being “in sync” (o = .82) 298 participants 5.22 (1.09) 5.40 (.98) {148) =137, p=.173 .17 [-.06, .40] z=223, p=.026 z=219, p=.029
Money entrusted to partner 299 participants 8.29 (2.65) 8.42 (2.41) {(148) = .40, p=.690 .05 [-.17, .28] z=273, p=.006 z=2.12, p=.034
Verbal and Nonverbal Behaviors
Observer-Rated:
To what extent did the participant seem...
Self-conscious 1378 observations 3.47 (1.76) 3.83(1.77) {129) =3.12, p=.002 .20 (.09, .31]) z=-58, p=.559 z=249, p=.013
Dominant 1378 observations 3.45 (1.68) 3.08 (1.63) 4271) =3.56, p < .001 .22[.11, .33) z=-47, p=.637 z=2.28, p=.023
Confident 1378 observations 4.47 (1.64) 4.12 (1.64) {(139) =2.56, p=.012 21[.11, .32) z=.28, p=.783 z=241, p=.016
Comfortable 1378 observations 4.63 (1.64) 4.37 (1.67) {(137) =2.19, p=.030 .16 (.04, .26) z=-26,p=.798 z=231, p=.021
Semantic Category Usage (%s)
Secord Person Singular Pronouns 516 participants 4.12(1.79) 3.60 (1.49) 4(256) = 2.55, p=.011 .32(.07, .56) z=-1.05, p=.295 z=2.24, p=.025
Sad Words 516 pairs .16 (.28) .09 (.20) 7 (1)=5.04, p=.025 .26 (.01, .50] z=-152, p=.128 z=2.20, p=.028
Mimicry
Facial Action Units: Cosine Similarity 145 pairs .86 (.08) .85 (.09) {(143) = 40, p= .688 .07 [-.40, .26] z=-177, p= 076 z=2.17, p=.030
Linguistic: Language Style Matching 258 pairs .77 (.10) .77 (.08) (255) = .36, p=.720 .04 [-.20, .29] z=-2.18, p=.029 z=246, p=.014
Linguistic: Cosine Similarity 258 pairs .91 (.08) .92 (.07) 4(256) = .93, p=.354 .12 [-.13, .36] z=.53, p=.600 z=2.36, p=.018
Communication Coordination
Self-report 298 participants 2.15(1.47) 1.83 (1.31) 4(296) = 2.00, p=.047 .23 (.00, .46) z=-3.58, p<.001 z=1.94, p=.052
Transcript: Crosstalk 149 pairs .65 (1.12) 1.60 (2.40) 7(1)=8.12, p=.004 51[.19, .84) z=-101, p=313 z=247, p=.014
Transcript: Speaker Switches 149 pairs 50.1(19.3) 59.6 (21.1) {(147) = 2.87, p=.005 47 [.14,.79] z=135, p=.176 z=1.87, p=.062
Fear of Evaluation
How often did you not say an idea because 298 participants 157 (1.12) 1.52 (1.02) {(148) = 42, p=.676 .05 [-.18, .28] z=-250, p=.013 z=235, p=.019

you were worried about what your partner
would say about it?

Perceptions of Criticism (o = .85) 298 participants 1.48 (.87) 1.47 (.78) {(148) = .11, p= 917 .01 [-.21,.24] z=-281, p=.005 z=244, p=.015
Perceptions of Warmth (« = .87) 299 participants 5.89 (.93) 5.97 (.86) {148) = .72, p= 475 .09 [-.14, .31] z=.25, p=.800 z=212, p=.034
Self-Presentation Concerns (o = .81) 299 participants 2.83 (1.09) 2.58 (1.04) {(148) = 1.90, p=.060 .23 [0, .46] z=-06, p=.953 z=2.14, p=.033
Ilusion of Productivity
How much did you enjoy generating ideas? 599 participants 5.05 (1.37) 5.16 (1.34) «367) = .87, p=.387 .08 [-.08, .24] z=-28, p=.777 z=3.13, p=.002
How satisfied are you with your 599 participants 4.84 (1.31) 4.79 (1.31) 4350) = .39, p=.700 .04 [-.19,.12) z=134, p=.179 z=3.14,p =.002
performance?
Dominance
Verbal Dominance 258 pairs .26 (.17) .21 (.15) 4256) = 2.57, p= 011 .32 (.07, .57] z=-95, p=.341 z=226, p=.024
Observer-Rated Dominance 1,380 observations 3.45 (1.68) 3.08 (1.63) {271) = 3.56, p < .001 .22 (.11, .33] z=-47, p=.637 z=228, p=.023
Self-Perceptions of Dominance 299 participants 54.7 (17.2) 56.0 (17.0) 4297) = .64, p=.526 .07 [-.15, .30] z=-20, p=.844 z=2.14, p=.032
Asymmetry in Self-Perceptions of 150 pairs .20 (.20) .18 (.15) {(147) = 43, p=.667 .07 [-.39, .25] z=-1.34, p=.181 z=1.99, p=.047
Domi e
Did you do a fair share of the work in the 298 participants 5.37 (1.28) 5.49 (1.20) 4296) = .836, p=.404 .10 [-.13, .32] z=.64, p=.521 z=240, p=.017
idea generation task?
Did your partner do a fair share of the work 298 participants 5.71(1.21) 5.90 (1.17) 4296) = 1.34, p=.180 .16 .07, .38) z=432, p<.001 z=2.03, p=.042
in the idea generation task?
Social Facilitation
Self-Perceptions of Arousal 299 participants 46.2 (20.6) 41.8 (20.2) {(148) = 1.79, p=.076 .22 [-.01, .45] z= 80, p=.426 z=2.26, p=.024
Production Blocking
Were you able to voice all of your ideas? 298 participants 6.06 (1.23) 6.32 (1.02) {(148) = 1.88, p=.062 .23 (.00, .46 z=246, p=.014 z=2.18, p=.029
Ability to “Read” Partner’s Personality 298 participants .42 (.26) 41 (.29) {(147) = 56, p=.574 .07 [-.16, .30] z=139, p=.164 z=2.14, p=.033

Columns two through four examine whether each alternative explanation measure differs by communication modality. For these tests, we ran a linear mixed-effect regression (using the
ImerTest package, Bates, Maechler, Bolker, and Walker, 2013) when there was an observation for each participant (e.g., money entrusted to partner). Of note, this package approximates degrees
of freedom using Satterthwaite’s method. As such, the degrees of freedom vary between these analyses even in cases with the same number of data points. When there was an observation per
pair, such as the mimicry measures, we used an OLS regression. For all tests with measures that did not meet the assumptions of a linear model, we instead ran a non-parametric test, which
required that we analyse at the group level to account for nested data (Kruskal-Wallis rank-sum test; see Supplementary Information E, F, G, H, I, and J for model assumption tests of normal-

ity and heteroskedasticity and for robustness checks). Columns five and six examine the effect of the alternative explanation measure on idea generation. Specifically, column five examines
whether this alternative measure relates to the production of creative ideas, and column six examines the effect of modality condition on number of creative ideas when controlling for this
alternative measure. For the tests in column six, we used a Negative Binomial regression model (see Supplementary Information A for model justification and assumption tests). All tests are
two-tailed and there were no adjustments made for multiple comparisons (for a discussion of our rationale, see Supplementary Information S).
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Extended Data Table 4 | Analyses on Verbal and Nonverbal Behaviours

A. Judges Rating of Non-Verbal Behavior

To what e)'(tenl did t!’le participant engage in & Virtual In Person b SE t p
the following behaviors... Mean (SD) Mean (SD)
“act out” something .93 252 (1.77) 2.58 (1.77) 0.05 0.14 0.37 0.710
use body language 94 4.02 (1.79) 4.06 (1.79) 0.05 0.15 0.34 0.733
have facial expressions .94 472 (1.53) 4.94 (1.61) 0.22 0.14 1.55 0.123
react to their partner .92 4.8 (1.61) 4.90 (1.58) 0.14 0.14 1.01 0.314
laughing .97 3.49 (1.97) 3.54 (1.96) 0.07 0.22 0.33 0.742
nodding .93 3.28 (1.88) 3.48 (1.90) 0.21 0.15 1.40 0.164
touching their face .99 3.05 (2.18) 3.07 (2.26) 0.08 0.25 0.34 0.733
smiling .98 431 (1.94) 4.38 (1.93) 0.10 0.22 0.44 0.660
To what extent did the participant seem...
friendly .95 494 (1.57) 4.04 (1.57) 0.15 0.15 0.99 0.323
self-conscious .85 3.36 (1.74) 3.63 (1.74) 0.19 0.1 1.74 0.084
comfortable .91 455 (1.62) 4.48 (1.68) -0.02 0.13 -0.18 0.857
connected to partner .92 456 (1.58) 4.60 (1.60) 0.07 0.14 0.49 0.624
focused 81 495 (1.35) 487  (1.36) -0.05 0.09 -0.59 0.554
A. Judges Rating of Verbal Behavior
To what extent did the participant seem... a Mggrr:‘-l(ng) '\I/Ine:ﬁr(ssolr)\) b SE t p
comfortable .78 4.63 (1.64) 4.37 (1.67) -0.29 0.13 -2.19 0.030
friendly .81 5.18  (1.46) 508 (1.42) -0.12 0.13 -0.93 0.352
focused .70 507 (1.52) 488  (1.58) -0.18 0.12 -1.57 0.118
self-conscious .52 3.47 (1.76) 3.83 (1.77) 0.35 0.11 3.17 0.002
connected with partner .81 4.41 (1.74) 4.30 (1.72) -0.11 0.17 -0.65 0.517
dominant .64 3.45 (1.68) 3.06 (1.63) -0.4 0.11 -3.56 <.001
confident .81 4.47 (1.64) 4.12 (1.64) -0.37 0.14 -2.56 0.012
To what extent did the pair...
Work together as a team .83 4.35 (1.83) 4.35 (1.69) Kruskal-Wallis: z(1) = .25 0.614
Build on each other’s ideas .81 3.95 (1.89) 4.07 (1.89) 0.1 0.19 0.51 0.613
Intentionally interrupt each other 37 1.93 (1.43) 1.99 (1.40) 0.06 0.08 0.69 0.494
Accidentally talk over each other .73 2.49 (1.64) 2.69 (1.68) 0.16 0.13 1.22 0.225
Have moments of silence .83 3.99 (1.98) 4.2 (1.90) 0.22 0.19 1.18 0.241
To what extent did the communication
seem...
“Chit-chatty” .66 3.12 (2.08) 3.12 (2.01) -0.04 0.17 -0.24 0.810
informal .46 4.73 (2.13) 4.74 (2.08) -0.02 0.14 -0.13 0.893
conversational .74 4.36 (2.33) 4.27 (2.29) -0.15 0.21 -0.72 0.470
focused .68 5.33 (2.07) 5.16 (2.02) -0.18 0.15 -1.15 0.251
To what extent did the participant engage in
the following behaviors...
vocal pitch fluctuation .63 3.41 (1.52) 3.45 (1.61) 0.01 0.11 0.11 0.912
react to their partner .85 4.83 (1.75) 4.8 (1.69) -0.05 0.17 -0.28 0.778
volume fluctuation .63 3.68 (1.62) 3.69 (1.67) 0 0.12 -0.03 0.974

(a) Summary of the effect of communication modality on nonverbal behaviour (objective judges' scores of muted videos). (b) Summary of the effect of communication modality on verbal
behaviour (objective judges' scores of videos with sound). For these regressions, we ran linear mixed-effect regression (using the lmerTest package, Bates, Maechler, Bolker, and Walker, 2013)
and included a random effect of judge and group number because each judge evaluated five videos and we had two videos per pair (one for each participant). See Supplementary Information F
for model assumption tests of normality and heteroskedasticity and for robustness checks. When the measures did not meet the assumptions of a linear model, we instead ran a non-parametric
test (Kruskal-Wallis rank-sum test). For non-verbal behaviour, n=1,676 observations; for verbal behaviour, n=1,380 observations. All tests are two-tailed and there were no adjustments made for
multiple comparisons (for a discussion of our rationale, see Supplementary Information S).



Extended Data Table 5 | Summary of group size virtual study results

Task Performance 2-person 4-person Cohen’s d Regression Statistics
Mean (SD) Mean (SD)
b SE ___test statistic p-value
Idea Generation
Number of ideas per person 9.50 (3.20) 5.56 (1.75) -1.55[-2.09, -1.01]  Kruskal-Wallis: 7°(1) = 35.2 p<.001
Number of creative ideas per person 5.38 (2.21) 3.13 (1.11) -1.31[-1.81,-1.79]  Kruskal-Wallis: /(1) = 26.2 p<.001
Number of ideas (with nominal groups of 4) 30.67 (8.20) 22.23(6.98) -1.15[-1.77,-.51] -16 .03 z=-5.21 p<.001
Number of creative ideas (with nominal groups of 4) 18.10 (5.83) 1251 (4.44) -1.14[-1.75,-.50] -18 .03 z=-5.11 p<.001
Average creativity of all ideas 3.66 (.21) 3.68 (.22) .08 [-.35, .50] .02 .05 {(83)=.34 p=.731
Standard deviation of creativity of ideas .80 (.11) 77 (12) —-.27 [-.69, .16] -03 .02 {(83)=-1.21 p=.228
Idea Selection
Decision Error Score 1.29 (.88) 1.05 (.79) -.29 [-.72, .14] -24 18 ((83)=-1.32 p=.190
Creativity Score of Selected Idea 3.88 (.96) 4.10 (.79) .25[-.18, .68] 22 19 #(83) =1.14 p=.256
Creativity Score of Top Idea 5.17 (.57) 5.15 (.46) —-.04 [-.47, .38] -02 .11 #83) =-.19 p=.849
Process Measure 2-person 4-person Cohen’s d Regression Statistics
Mean (SD) Mean (SD)
Evaluation Apprehension (o = .84) 1.51 (.78) 1.67 (.97) .18 [-.08, .45] Kruskal-Wallis: (1) = 6.17, p =.013
s How often did your group member/s criticize your
ideas?
28 How often did you not say an idea because you
were worried about what your group member/s
would think of it?
3. Were you reluctant in offering an idea for fear of
criticism from your group member/s?
4. Did fear of possible disapproval from your group
member/s make you withhold any ideas?
59 How often did you sense a certain disapproval
from your group member/s, even if no overt
criticism was expressed?
Satisfaction with Performance (« = .88) 5.16 (1.43) 5.49 (1.14) .27 [.00, .53] b=.32, SE =.19, {(90) = 1.77, p=.080
1. How satisfied are you with your group's idea
generation performance?
2. Do you think your group performed well during
idea generation?
Social Loafing (o = .74) 4.61 (.73) 4.25(1.07)  -.38[-.65,—.11] Kruskal-Wallis: (1) = 10.28, p = .001
ik How much did the success of your group depend
upon you, personally?
2. To what extent did you feel high degree of
personal ownership over the ideas generated in
this task?
3. To what extent do you feel the ideas that were
generated during the task were your ideas?
4. How much effort did you put in to coming up with
ideas for this task?
Production Blocking (o = .80) 5.95 (1.32) 5.72 (1.50) -.16 [-.43, .10] b=-24, SE = .19, #(252) =-1.22, p=.223
1. Were you able to voice all of your ideas?
2. Did you say every idea that occurred to you
during the group brainstorming session?
Conversation Coordination (a =.72) 2.02 (.87) 2.30 (.88) .32[.06, .59] b=.28, SE = .13, #(100) =2.26, p = .026

o How often did your group struggle with
determining who would speak when?

28 How difficult was it to determine who would
speak next during idea generation?

3. How often did two people speak at once
accidentally?

4. How often did you feel like you were talking over
each other?

5 How often did you feel like there were awkward
silences during idea generation?

We used an OLS regression model for all tests with number of ideas per person and number of creative ideas per person as the dependent measure as these measures are not discrete integers.
We used a Negative Binomial regression model for number of creative ideas and number ideas for nominal groups of 4 (where we randomly assigned two 2-person groups into nominal groups
of 4 and removed redundant ideas). We used an OLS regression model for all other tests of task performance. We used a linear mixed-effect regression model for all other participant-level
dependent measures, including a random effect for group number. See Supplementary Information M for model assumption tests of normality and heteroskedasticity and for robustness
checks. When the measures did not meet the assumptions of a linear model, we instead ran a non-parametric test (Kruskal-Wallis rank-sum test). In these analyses, n=85 groups and n=254
participants. All tests are two-tailed and there were no adjustments made for multiple comparisons (for a discussion of our rationale, see Supplementary Information S).
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Data collection  For data collection in the lab studies, we used Qualtrics (accessed in 2016-2021) and Google Sheets (accessed in 2016 and 2021). The data
from the field studies were collected from the employer. The employer used a proprietary software called InnoStreams to collect the ideas
generated by teams (beta release, version 0.8). In the final two field studies, the employer used Qualtrics (accessed in 2019 and 2022) to
collect and score ideas. The first batch of lab data collection used WebEx for virtual interaction (versions 36.6 -36.9). The second batch of data
collection used Zoom (version 3.3). The virtual lab study used Zoom (versions 5.0.0 and 5.0.1). Engineers in the field studies used Webex
(Portugal: 38.3, Finland and Israel: 38.6, Hungary: 39.3, India: 40.1).

Data analysis We used R (4.0.1) and Python (3.8.1) to analyze ideas. OpenFace (2.2.0) was used to identify eye gaze. LIWC2015 (v1.6) was used to
investigate language usage.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All data collected by the research team reported in the main text and the supplementary materials is available on Research Box, https://
researchbox.org/282&PEER_REVIEW_passcode=GHJKW, except the videos and recordings of participants because we do not have IRB permission to share
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participants' voices or faces. The cleaned summary data is available in the same Research Box for the field studies, but the raw data must be kept confidential, as
these data are the intellectual property of the company. The Linguistic Analysis database is available at https://liwc.wpengine.com/.
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Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

In all studies, participants were randomly assigned into a group, and the group was randomly assigned to work together in-person or
virtually. Participants first generated ideas and then selected their best idea. Across all studies, we counted the number of ideas
generated, and counted the number of creative ideas generated (using scores from judges). For idea selection, we investigated the
score of the selected idea (and compared it to the score of the top idea).

Our research samples included undergraduates from two private universities in the United States (batch 1: 202 females, 95 males,
Mage = 26.1; SDage = 8.61; three participants did not complete the survey and thus are missing demographic information, batch
2:177 females, 119 males, 2 nonbinary, Mage = 23.5, SDage = 7.09; we are missing demographic and survey data from four
participants, virtual study: 76 male, 174 female, 4 non-binary, and 2 undisclosed, Mage = 24.7, SDage = 8.19) as well as adult
engineers. We do not have any demographic information from the engineers, as data were collected anonymously. During follow-up
surveys, we also collected data from MTurk. These samples are not nationally representative. However, we chose these populations
because they are relevant to our context of remote work. Both college undergraduates and engineers commonly engage in idea
generation and selection. Further, both populations are familiar with videoconferencing technology and thus were particularly
suitable for this study on virtual collaboration. In addition, both populations have engaged or will engage in remote work. Lastly, our
samples are not exclusively WEIRD (western, educated, industrialized, rich, and democratic) as we analyze data from Hungary and
India.

We used convenience sampling. No sample size calculations were performed. Given that the effect of virtual interaction on idea
generation had never been tested, we had nothing to base an effect size estimate on. Thus, in the first batch of data collection in the
lab, we selected a sample size that balanced reaching sufficient power for a medium to small effect with data collection efficiency.
We initially analyzed this data using a Poisson distribution, and determined that 75 per cell was sufficient sample size. We then used
the same sample size for our second batch of data collection. After data collection, we discovered that our count data (number of
ideas and creative ideas generated) in our studies are “overdispersed” and thus, strictly speaking, violate one of the Poisson model’s
assumptions. We identified an alternative model that includes an overdisperson parameter: the negative binomial regression.
However, the negative binomial regression decreases power by estimating an additional parameter and thus results in greater Type Il
error (Sturman, 1999). Indeed, a power analysis confirmed that each batch of data collection was underpowered for a negative
binomial model: for our effect size, we would need 116 per cell for 80% power. Since our lab studies are stimulus replicates, we
addressed this issue by combining these two batches of data, yielding 150 per cell and 89% power. For the field study, we were at the
mercy of our corporate partner and its willingness to dedicate resources to a field study. We expressed interest in collecting at least
1,000 participants and indicated that we would prefer to receive data from as many workshops as they would be willing to run (given
the additional noise that a field study creates and the need to drop groups that had technology failure). They were able to provide us
over 1,600 workshop participants. A power analysis determined that we had 88% power with our final sample size of 745 groups.

The research assistants who collected the data in the lab were blind to hypotheses. They were not present in the room while
participants worked together. Lab study 1: Participants were recorded using an audio recorder, generated and selected ideas on
Google Sheets, and responded to surveys on Qualtrics. WebEx was used in the virtual condition. Lab Study 2: Participants generated
and selected ideas and responded to surveys on Qualtrics. They indicated their memory of the room on a sheet of paper and then
listed these items in a Qualtrics survey. Video recordings were taken from the laptop camera and OpenFace was used to identify the
gaze directions. Zoom was used in the virtual condition. Skype was used to share the task screen of the writer in both conditions.
Field Study: The employer conducted field studies using Innostreams and Qualtrics. The engineers interacted on WebEx. The research
assistants were not blind to hypothesis and were in the rooms to answer questions about the workshop and aid with technology
issues. Group Size Survey: The employer collected data using Qualtrics. Screen Size Study: Participants on the Amazon Mechanical
Turk platform responded to a Qualtrics survey. Virtual Study: All Participants interacted on Zoom and were recorded using Zoom.
Participants generated and selected ideas on Google Sheets, and responded to surveys on Qualtrics. the research assistants were
blind to hypothesis.

Lab Study 1: 6/28/16 - 10/6/16; Lab Study 2: 5/4/18 - 10/3/18; Field Study Poland: 3/14/18 - 3/16/18; Field Study Portugal: 3/19/18 -
3/20/18; Field Study Finland: 6/18/18 - 6/20/18; Field Study Israel: 6/21/18; Field Study Budapest: 3/18/19 - 3/21/19; Field Study
India: 1/19/20 - 1/24/20; Field Study Finland Scoring: 1/20/22-2/11/22; Group Virtual Lab Study w/ Columbia Students: 2/12/21 -
3/31-21; Group Virtual Lab Study w/ Stanford: 1/4/21 - 5/12/21. Employer Group Size Survey: 11/10/21-11/16/21. MTurk Screen Size
Survey: 11/10/21-11/12/21.

No participants were excluded in Lab Study 1. In Lab Study 2, we excluded groups that contained any of 18 participants we recruited
from craigslist after students reported feeling uncomfortable. We a priori excluded any pairs who experienced technical difficulties
(e.g., screen share issues, audio feedback, or dropped video calls). In the field studies, we excluded 32 pairs due to technical
difficulties, 21 pairs due to noncompliance, and 18 teams because they arrived late or left early. We also excluded 5 teams who had
participated before and 15 three-person teams (when the session size contained an odd number of people). For the Finland idea
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scoring, engineers were instructed to submit the survey a maximum of 3 times. We only analyzed the first three submissions, and we
excluded "bad actors" who submitted 10 or more surveys. In the MTurk Screen Size Survey, we excluded anyone who indicated that
they were not using videoconferencing at work in the screener (162 participants out of 400). In the video analysis, we a priori
excluded nine videos because they were not saved, six videos because they cut off participants’ eyes, four videos because they were
too dark to reliably code, and two videos because they were corrupted and could not load. After coding, we excluded videos where
at least 5 judges said that they couldn't hear or see the face of the participant (6 muted videos, 7 videos with sound). For eye gaze,
we did not analyze eye gaze of 27 participants (out of 302) for the following reasons: Nine videos were not saved, six videos cut off
participants’ eyes, four videos were too dark to reliably code, two videos were corrupted and could not load, two videos contained
participants with glasses that resulted in eye gaze misclassification, two videos (one team) did not have their partner to their right,
and two videos were misclassified by OpenFace. For the virtual-only study, during data collection, we learned that some of the
participants recruited using the student pool (university in the northeast) included community members not officially affiliated with
the university. We a priori decided to drop those participants (4 groups) from analysis and continued collecting data until we reached
the predetermined sample size. We also excluded 4 groups who experienced technical issues (as preregistered).

Non-participation For the lab study, no participants dropped out. For the field studies, because we collected no information about the people attending
the session run by their employer, we have no information on dropout (i.e., people who attended the session but didn't participate in
the workshop).

Randomization For the lab studies, because an elaborate set up is needed for each condition, we alternated conditions (e.g., group 100 was face-to-
face, group 101 was in-person...). For the field studies, the employer randomly assigned engineers into pairs and randomly assigned
pairs into condition (in person vs. virtual) by passing out shuffled nametags with a number and an A or a B (e.g., 100A) to all
engineers. Each number represented a pair (e.g., 100A and 100B were assigned to work together), and all A’s were the typists. Odd-
numbered pairs were assigned to work together virtually, and even-numbered pairs were assigned to work together in person.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies g D ChlIP-seq
Eukaryotic cell lines IZI |:| Flow cytometry
Palaeontology and archaeology IZ D MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Human research participants

Policy information about studies involving human research participants

Population characteristics See above.

Recruitment Participants in the lab experiment were recruited from the Stanford university pool on SONA (a web platform). Participants
signed up for time slots. Participants in the virtual lab study were recruited from the Stanford and Columbia university pools
on SONA . As with any study where participants volunteer to participate, these studies are in principle susceptible to self-
selection bias. Although we have no concrete evidence supporting this, it is possible that participants who choose to
participate in lab studies are more well-adjusted than other college students, or maybe more social. However, this does not
pose a threat to the internal integrity of the study because participants were unaware of the experimental treatment or
hypotheses when signing up. Thus, there was no self-selection into conditions. It is possible that the effect size of virtual
interaction depends on the sociality of users. However, given that our effects replicated among engineers across multiple
countries, self-selection in the lab studies is not a great concern. Participants for the field studies were recruited by their
employer to participate in a voluntary workshop. They were paid for their time, but could also opt to not attend. Again, it is
possible that participants uninterested in participating in an innovation workshop would not attend to begin with. It is
possible that, for people uninterested in innovation, our effects would be weaker. We are not concerned about this because
we are interested in the effect of virtual interaction among people who are motivated to perform well, as this reflects most
idea generation contexts.

Ethics oversight We had research clearance from Stanford Human Subjects Committee for all three lab studies and the MTurk survey, and
Columbia Human Subjects Committee clearance for the virtual lab study. Participants in all lab studies and Mturk study
completed consent forms. Participants in the field studies were not given consent forms because the data was collected by
the employer as part of a voluntary workshop they conducted during work hours. We were provided with non-identifiable
secondary data, and the manager of the Stanford Human Subjects Committee deemed that no IRB was required for this
secondary data source. We received permission from the company to analyze the data given that we would not share the
raw data, as these ideas are the intellectual property of the employer.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

-]
Q
—t
<
=
@)
=
D
w
D
Q
=
(@)
o
=
D
o
]
=
-]
(e]
w
C
3
)
=
=




	Virtual communication curbs creative idea generation

	Laboratory experiment

	Field experiment

	Alternative explanations

	Incremental ideas

	Trust and connection

	Conversation coordination

	Interpersonal processes


	Policy implications

	Extensions and generalizability

	Online content

	Fig. 1 Laboratory experiment set-up.
	﻿Fig. 2 Eye gaze results by modality.
	﻿Extended Data Fig. 1 Materials and example data for room recall measure in the second batch of data collection in the lab.
	Extended Data Fig. 2 Room recall mediates the effect of communication modality on idea generation.
	Extended Data Fig. 3 Gaze mediates the effect of communication modality on idea generation.
	Extended Data Fig. 4 The effect of virtual communication on forward flow across the progression of idea generation.
	Extended Data Fig. 5 Set-up for group size virtual study.
	Table 1 Descriptive statistics.
	﻿Extended Data Table 1 Summary of the analyses in the main text.
	Extended Data Table 2 Summary of idea generation analyses with alternative models.
	﻿Extended Data Table 3 Summary of our examination into the alternative processes by which modality of interaction (in-person vs virtual) could affect the production of creative ideas.
	Extended Data Table 4 Analyses on Verbal and Nonverbal Behaviours.
	﻿Extended Data Table 5 Summary of group size virtual study results.




