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Figure 1: Cross-temporal physiological synchrony in VR concert recreation. We compare EDA patterns between live concert
audiences (N=40) and VR participants (N=22) across three visualization conditions with varying abstraction levels.

ABSTRACT

Live cultural experiences like concerts generate shared physiologi-
cal arousal among audience members, a collective resonance that
contributes to their emotional power. Recreating such experiences
in virtual reality therefore requires not just audiovisual fidelity,
but reproduction of this physiological dimension. Yet current VR
evaluation methods rely on post-hoc self-reports that interrupt im-
mersion and cannot capture moment-to-moment arousal dynamics.
We propose cross-temporal physiological synchrony as an unobtru-
sive methodology for evaluating VR cultural recreations: measuring
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how closely a VR participant's arousal patterns align with those
of the original live audience. In a two-phase study, we recorded
electrodermal activity from 40 live concert attendees, then created
three VR recreations with varying abstraction levels (realistic 360-
degree video, mixed video-plus-visualization, and fully abstract
physiological representations) and measured synchrony with 22
laboratory participants using Dynamic Time Warping. Contrary
to assumptions favoring realism, abstract visualizations achieved
the strongest synchrony with live audiences (Symbolic: r(258) = .96,

p <.001; Mixed: r(258) = .92; Video: r(258) = .91), with substantial
e ect sizes (Cohen's d = 0.94 Symbolic vs. Video, d = 0.73 Sym-

bolic vs. Mixed). During musical climaxes, the abstract condition
maintained correlation while realistic video showed none. These
ndings suggest that abstract physiological representations may be
more e ective than realistic footage for evoking authentic collective
engagement in VR cultural recreations.
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1 INTRODUCTION

Live performances such as theater and concerts are complex, socia
and physiological experiences. While such performances them-
selves can be recorded, capturing the atmosphere, involvement
and physiological responses of their audiences proves to be a more
challenging task. This raises methodological questions: how can

we assess whether VR recreations achieve authentic engagement,

and can the physiological patterns observed in live audiences serve
as reference signals for evaluating such recreations?

The recreation of real-life experiences is often the focus of vir-
tual reality research, games, and experiences. To evaluate user

Meng and Ju, et al.

signals follow each other)J9, ranging from simple eye blinks
and head nods in conversations to heart rate features in music
performances and EDA in theater plays [30, 32, 62, 63].

Cultural events require more than physical co-presence. They
need deeper physiological information integrated into recreations.
Music concerts provide excellent examples because they invoke
measurable arousal responsés ] and connect people through
shared physiological pattern®[l]. Di erent people exhibit similar
autonomic nervous system reactions to musical stimuli [38].

Live concerts o er unique physiological and interpersonal expe-
riences. VR recreations struggle to capture the same physiological
response patterns. We compress the live event experience into 5-
minute VR sessions and examine whether they show similar arousal
patterns.

We propose cross-temporal physiological synchrony as an evalu-
ation methodology for VR experiences. Current evaluation relies on
guestionnaires that disrupt experiments or su er from retrospective
bias [14, 19, 25].

EDA re ects sympathetic arousal rather than specic emo-
tions [11], while excitement and anxiety produce comparable
responses despite opposite valence. We measure cross-temporal
physiological alignment as shared autonomic activation, not emo-
tional contagion.

Research Questions

| Given these considerations, we investigate three interconnected
questions:

RQ1 (Methodological Validity): Can cross-temporal physi-
ological synchrony, the alignment of VR participants' arousal
patterns with those of a live audience, serve as a valid mea-
sure for evaluating cultural recreations in VR? We examine
whether this approach yields consistent, interpretable signals
that complement traditional self-report measures.

RQ2 (Abstraction E ects): How does the level of visual
abstraction in representing audience physiological data a ect
cross-temporal arousal synchrony? We compare realistic
video, mixed representations, and fully abstract symbolic
visualizations to understand whether realism is necessary
or even bene cial, for achieving physiological alignment.
RQ3 (Subjective-Physiological Relationship): What is

the relationship between physiological synchrony and par-

ticipants' subjective experience of presence, arousal, and

responses to these recreations, researchers use concepts such as connection? This addresses whether physiological measures

presence44, 64, game experienced7], and liveness4]. While re-

searchers often measure these concepts via questionnaires deployed
before and after events, they could also measure some responses

via physiological devices [39].

Even for seated, preecorded content, VR a ords immersive,
embodied viewing with spatial context, scale, and visual occlu-
sion distinct from desktop video. We scope the present work to
non-interactive replay and explicitly examine how integrating prior
audience physiology into the VR scene a ects a viewer's arousal
synchrony with the original audience.

The other attendees and the social atmosphere they create form
an integral part of any live performance. When we are with people,
we often observe interpersonal physiological synchrony (our body

capture something distinct from what questionnaires assess,
or whether they simply mirror self-reported experience.

We prototype a system that encodes physiological data from 40
concert audience members into VR visualizations (Figure 2), inves-
tigating whether abstract representations produce cross-temporal
physiological alignment. We make three contributions:

1) Methodological Innovation: We introduce a cross-temporal
evaluation methodology that uses physiological synchrony to assess
arousal alignment in VR cultural recreations. We employ Dynamic
Time Warping analysis to measure alignment between live concert
audience responses and VR participants. This provides an alterna-
tive to traditional questionnaire-based evaluations. Our approach
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captures moment-to-moment autonomic responses without dis- responses including changes in heart rate, skin conductance, and
rupting the experience. We demonstrated very strong correlations respiration that re ect that of emotional arousaBb8 81]. Research
between live and VR audiences 258 ="96,? Y '001 for the most on virtual concerts reveals mixed outcomes: while users report
e ective condition). it to be “the future of the music industry'§4], VR musical expe-

2) Technical System and Empirical Validation: We developed riences lack the embodied engagement of live performark. [
a modular 3D visualization system that transforms physiological This gap between reported presence and physiological authenticity
data from 40 live concert audience members into ambient biomet- Motivates investigation of physiologically-informed VR design.
ric interfaces for VR. Our within-subjects studyt (= 22) across Recent work has explored incorporating physiological data into
three abstraction levels demonstrates that abstract physiological VR concerts to bridge this gap. Horie et akq demonstrated VR
visualizations showed higher physiological synchrony comparedto Concert systems that generate visual e ects from brainwaves and
realistic recreations. The Symbolic condition showed signi cantly ~heartbeat, nding that users felt correspondence between their
higher synchrony than Video (Cohen'8 = 0'94,? Y '001) and excitement and the visualizations. Research on frisson detection
Mixed conditions (Cohen'S = 073,? = '021). Peak synchrony ~ demonstrates that collective aesthetic responses can be captured in
occurred during musical climax periods (100 160s) with medium musical contexts32 33, while physiological soni cation systems

e ect sizes across all conditions4[= "069 "079). show promise for enhancing audience-performer connectiodd.[

] Preliminary work by Meng et al.49 explored visualizing audience
physiological data in VR concert replays, investigating whether
such visualizations could enhance emotional response. However,
our recent investigations reveal placebo e ects where users' knowl-
edge that data represents real audience responses impacts engage-
ment, even when fabricateb[). Underscoring the importance of
validating whether authentic physiological integration provides
measurable bene ts.

Presence research increasingly recognizes social dimensions,
with co-presence theory highlighting how shared virtual experi-
ences create di erent engagement patterns than solitary onggd.[

2 RELATED WORK Collaborati\_/e VR experienc_es validatg this gxtension, with shared
tasks showing measurable increases in social presence and collab-
Cultural experiences create moments of collective engagement graior awareness43. Yet little work examines whether virtual

through shared presence and physiological alignment. However, recreations can preserve collective physiological patterns that de-
temporal and spatial constraints limit access to these experiences. pe authentic cultural experiences.

We ask whether virtual reality can help recreate aspects of these mo-
ments by integrating prior audience physiology. Our cross-temporal
approach captures live audience physiological responses and in-
tegrates them into VR replays, and we evaluate whether abstract
representations of collective arousal can elicit similar synchrony
patterns in subsequent VR audiences.

3) Design Insights and Implications: Abstraction is associ-
ated with higher perceived social connection and arousal synchrony.
Removing visual realism while preserving physiological patterns
corresponded to higher autonomic alignment. The abstract con-
dition achieved the highest tonic EDA correlatioA 258 = "96)
compared to Mixed A 258 ="92) and Video A 258 ="91) condi-
tions. Contrary to expectations, higher abstraction correlates with
stronger arousal synchrony. This provides initial design insights for
biometric-responsive environments and contributes a multi-modal
dataset of synchronized physiological and environmental data.

2.2 Physiological Measurement in HCI and VR

2.1 VR Cultural Recreation and Presence Physiological sensing has become instrumental in HCI for under-
Virtual reality's capacity to recreate cultural experiences has been standing user states that traditional interaction measures cannot
studied in relation to presence theory. Witmer and Singer's pres- capture. Wearable biosensors quantify autonomous nervous system
ence framework 7§ identi es perceptual immersion, attentional responses during interactive experienc&y[67], providing objec-
focus, and involvement as factors relevant to culturally signi cant  tive measures of engagement, stress, and emotional aro@al [
events. Slater's complementary work4, 65 demonstrates that This capability is particularly valuable in VR contexts where tra-
convincing VR depends on both technological delity and psycho- ditional usability metrics may not adequately capture embodied
logical engagement, with place illusion and plausibility illusion as  experiences.
core elements. Electrodermal activity (EDA) and blood volume pulse (BVP)
Cultural VR applications span diverse domains. Educational serve as reliable indicators of sympathetic nervous system acti-
recreations foster empathetic understanding through embodied ex- vation. EDA comprises phasic (rapid, stimulus-responsive) and
perience P], while virtual museums help to visualize and spatialize  tonic (slower baseline) component8][ with both increasing during
abstract concepts<2d. However, these studies predominantly focus  heightened emotional arousal. EDA's linearity has proven useful
on visual and auditory factors. Outside VR, audience physiology has for emotion recognition [L8 6(. Recent VR studies demonstrate
predicted responses to Im conten6d and shown entrainment that EDA reliably di erentiates virtual task complexity17] and
during live performance ], and collective EDA acquisition in the predict cognitive load 7€, while interactive VR tasks can reliably
wild is feasible with wearables [8]. enhance positive emotions through EEG-based measuremé#s [
Concert recreation represents a particularly challenging domain. BVP measurements capture cardiovascular responses re ecting
Music exerts profound physiological e ects, triggering autonomic  both emotional valence and arousal intensity [45].
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Figure 2: The pipeline processes data collected during both a live concert and a VR experiment. During the live concert we
recorded a 360° video and physiological data of the audience. In the user study the participant is presented with three types of
visualizations, the Video recording, Symbolic condition visualizing physiological data of the concert audience and Mixed, a
combination of these two. The physiological data of the VR participant is recorded, analyzed and compared.

Methodological challenges persist. Motion artifacts from head- time warping [2§ to quantify synchrony across contexts including
mounted displays can compromise signal quali#i], while suit- VR [51].
able measures may be in uenced by movement and signal robust-  Critical gaps remain: most work examines contemporaneous
ness, complicating interpretation of these measures across individu- synchrony between co-present individuals, while cross-temporal
als [1]. Others report that challenges arise through signi cantinter-  alignment between groups remains unexplored. Group synchrony
individual variability in physiological responses to workload§. may di er from dyadic mechanisms4(, which is an important
More fundamentally, most VR physiological studies focus on in- consideration for collective VR experiences.
dividual responses rather than collective patterns, limiting under-
standing of how VR might recreate social physiological dynamics. 2.4 Evaluation Methodologies for Immersive

The integration of physiological feedback into VR represents Cultural Experiences
an emerging frontier. Research on adaptive visulisations demon-
strates that real-time physiological feedback can improve the user
experience 17, while H66k's Somaesthetic Appreciation frame-
work [35 suggests that physiological rhythms, "following the rhythm
of the body", can serve as meaningful interaction modalities. EDA
has been employed to assess engagement with artistic performance
videos @7 and to gage audience reactions to varied conte®[
However, these approaches typically focus on individual biofeed-
back rather than collective physiological patterns.

Traditional evaluation methods su er from recall biad §, atten-
tion diversion [41, 69, or the need to interrupt the VR experience
by either removing the headset between conditions or to Il out
in-VR questionnairesgl]. Timeline-corresponding retrospective
approaches$4 still depend on conscious recall. These limitations
are problematic for cultural experiences where social and emotional
dimensions may be di cult to articulate.

2.5 Research Gaps

Presence theoryd4, 7§ lacks development around collective pres-
ence and temporal preservation. VR physiological research empha-

2.3 Physiological Synchrony and

Cross-temporal Analysis sizes individual responsed§, 8( rather than collective patterns.
Physiological synchrony indicates social connection and shared Scherer's Component Process Mode8[59 suggests similar event
experience quality 16. Levenson and Gottmandfg the estab- appraisals produce synchronized responses, but cross-temporal VR

lished the use of physiological and a ective measurements in re- applications remain unexplored.

search on social interaction; subsequent work extended this to Our work introduces cross-temporal physiological synchrony
therapeutic (g, educational P4, and performance contextsh| as a framework for evaluating VR cultural recreation, extending
40. Researchers employ correlation approach®4 gnd dynamic presence theory to include collective physiological dimensions.
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3 RECREATION: BRINGING A LIVE CONCERT
TO VR

We developed a system that transforms live concert physiological
data into VR visualizations, enabling study of whether abstract
representations enhance cross-temporal physiological alignment.

Our pro_totype consists .Of three phases: eId_data_ col!ection (N:‘E’_O‘ Figure 3: The visualization pipeline processes recorded phys-
40 retglned 3fter cle;anlng), 3 rEoduIar 3D v(;s.L.Jallzatllok?.system. in- iological data of audience members into visualizations dis-
tegratlng audience data, and three VR conditions with increasing played in multiple scenes for the VR user.

abstraction levels.

3.1 Live concert

3.1.1 Data collection. We recorded physiological data from 50 au-  The visualization system was developed in Blender using the Cy-
dience members (25 female, 20 male, 5 unspeci ed; ages 7 73,cles Render Engine. Organic nature metaphors were selected based
" = 3348,( = 1465) seated near the stage. A GoPro OMNI on biophilic design research showing that natural fractal patterns
360 rig captured 360-degree video. Shimmer3 GSR+ serkgrs [ reduce stressfg and that intuitive physiological visualizations
recorded EDA and BVP data, following established nger-placement € ectively communicate bodily states [52, 53].

protocols [72]. IRB approval and informed consent were obtained.

_ 3.3 Conditions in VR: Levels of visual
3.1.2 Performance. We recorded a 260-second solo piano perfor- .
abstraction

mance of Beethoven's Sonata No. 28 ( rst movement), performed
by a professional pianist with 26 years of experience. The piece We integrated recorded 360-degree video, audio, and visualized
progresses from a tranquil opening through a climactic section (100  Physiological data from the concert into the VR environment. To
160s) before returning to a peaceful state. The performer identi ed Study the level of abstraction for recreation in VR, we presented VR
the 100 160s segment as the emotional climax, which informed our users with the same piano performance across three conditions with

time-segmented physiological analysis. abstraction levels ranging from the original video recording to ab-
stract visualization of audience responses. The three VR conditions
3.2 Recreation process are as follows:

Video: A recorded 360-degree video of the concert performance
(see Figure 5¢). Users observe the pianist's expressions and move-
ments while viewing surrounding audience members and the con-
cert hall architecture. We position 360° video as cinematic VR
empirical evidence shows no signi cant di erences in presence
3.2.1 Data processing. We recorded physiological signals from 50or emotional responses compared to computer-simulated VR for
audience members who attended the concert. After data cleaning passive viewing tasks [12].
procedures, we retained 40 complete EDA and BVP datasets for Mixed: The video recording combined with abstract physiologi-
visualization. Data reduction occurred for two reasons: First, some cal visualizations (see Figure 5 (b)). Spherical models derived from
wearable devices did not record BVP or EDA data, so we selected audience physiology oat like dandelions, dynamically illustrating
only complete datasets to present both signal types for each au- arousal states over time.

This section presents a prototype for visualizing physiological data
collected from live concert audiences. Our goal is to trigger phys-
iological synchrony in VR users by integrating concert audience
physiological data into the recreation to convey arousal patterns.

dience member. Second, after integrating the data with the initial Symbolic: A fully abstract virtual environment based on au-
model and conducting an inspection, we discarded all EDA data that dience physiological data (see Figure 5 (c)). Performers and audi-
did not conform to Boucsein's de nition of EDA response3 B4. ence are not visible; they are represented through audio (music,
We applied Itering processes to both raw EDA and BVP dafd]| applause) and abstract visualizations. Each ower represents an

We normalized the EDA and BVP data to t the dimensions of audience member's heartbeat (BVP) and changes size accordingly;
the paired model and resampled them at 30 Hz to align with the  ower height and grass height represent arousal (EDA).

animation setting (FPS=30).

3.2.2 Design Process. We developed the visualization through iter-4 USER STUDY: AROUSAL SYNCHRONY

ative design informed by feedback from HCI researchers, musicians, DURING VIRTUAL RECREATIONS

and designers at a public exhibition. Key design principles included: We conducted an experiment to examine the physiological re-
(1) visual e ects must be clear and easily discernible; (2) e ects sponses of multiple recreations compared to the recording of a live
should re ect the performance's aesthetic; and (3) visualizations concert performance. We recorded the concert (see subsection 3.1)
should highlight physiological characteristics. with a 360-degree video. During the experiment, we exposed partic-
Our design draws on modularity and bio-art concepts (see Fig- ipants to the original video recording, the mixed condition, and the
ure 3). We transformed the 40 complete BVP and EDA datasets into fully reconstructed symbolic condition within the VR context. We
individual 3D models, each representing one audience member's conducted data collection using sensing devices (EDA and BVP sen-
physiological state. Organic forms (dandelion spheres, grass) were sors, consistent with those used during the concert recording) and
chosen because perceiving expressive biological cues like heartbeatsquestionnaires. The physiological data acquisition devices comprise
enhances physiological insight and interpersonal connection [77]. electrodermal activity sensors and heart activity sensors.
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