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Abstract

This study proposed experimental protocols for evaluating user experiences and emotions within XR interaction environments by
using subjective and objective methods. First, we extracted diverse emotional adjectives elicited in XR environments from user
experiences and reviews. We then clustered these adjectives to determine fundamental dimensions representing emotions underlying
XR environments. To quantify these dimensions, we classified the emotional states of XR users using EEG data-centered DNN
models. We achieved an accuracy of approximately 91.7% in classifying emotional states that vary according to the temporal flow
and attributes of XR content. Our findings suggest that specific properties of emotional dimensions can further clarify emotional
experiences within dynamic XR environments. Moreover, our results can be utilized to monitor the experiences of XR users in
real-time and enhance the sense of presence in XR interactions.
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Fig. 1. Subjective questionnaire for evaluating user experiences underlying XR interaction
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Table 1. Representative adjectives of affect determined by K-means clustering(k=4)

Cluster Dimen
(size) sion1

Dimen
sion2

Emotion words

(143) Positive

High
presence

(Representative words=Active) Absorbed, Active, Addictive, Adequate, Adventurous, Amiable,
Apparent, Appropriate, Artistic, Attractive, Awesome, Believing, Boastful, Brief, Bright, Careful,
Characteristic, Clear, Clear.explanation, Clear.learning.system, Colorful, Commercialized, Convenient,
Convergent, Creative, Crucial, Curious, Dear, Decent, Definite, Delicate, Detailed, Detailed.functions,
Differentiated, Diverse.content, Easy.to.identify, Effectively.laid.out, Elated, Energetic, Engaged,
Enjoyable, Excellent, Excellent.immersion, Exciting, Execution.doing, Exhilarating, Exotic, Expensive,
Exquisite, Fantastic, Favorite, Focused, Free, Fresh, Friendly, Fun, Functional, Futuristic, Glad,
Good, Good-looking, Grand, Graphic, Happy, Harmonious.content, Highest, Highly.visible, Hopeful,
Ideal, Immersed, Imposing, Impressive, Individual, Informative, Innovative, Inspiring, Interactive,
Interesting, Intimate, Introductory, Light, Marvelous, Matching, Mechanical, Modern, Moving, Multiple,
Mysterious, Neat, Necessary, New, New.worlder, Nouveau, Novel, Odd, Optimistic, Optimized,
Original, Outstanding, Overwhelming, Palpitate, Pleasant, Possible, Practical, Precise, Progressive,
Proud, Quirky, Realistic, Realistic.content, Recommended, Rich.in.sound, Safe, Satisfactory,
Satisfying, Sensuous, Simple.to.use, Special, Specific, Stable, Striving, Stunning, Stylish, Sufficient,
Suitable, Surpassing, Technical, Three.dimensional, Thrilled, Thrilling, Tremendous, Trendy,
Trustworthy, Unfamiliar, Unique, Unrivaled, Useful, Valuable, Vivid, Watchable, Whimsical,
Wonderful, Wondrous

(89) Positive

Low
presence

(Representative words=Assisting) Agile, Amicable, Appropriate- solution, Assisting, Atmospheric,
Balanced, Brilliant, Calm, Casual, Cheerful, Cheery, Cherished, Cooperative, Cohesive,
Collaborative, Comfortable, Common, Comparative, Competitive, Composed, Concerted, Cooperative,
Coordinated, Cozy, Dazzling, Deep, Easy, Ecstatic, Effortless, Elegant, Emotional.intrinsic,
Enlightened, Enthusiastic, Exchanging, Experienced, Extraordinary, Faithful, Familiar, Famous,
Fast.response, Few.errors, Flexible, Formidable, Glitter, Glorious, Gorgeous, Grandiose, Great,
Harmonious, High, In.check, Joyous, Lasting, Lively, Luxurious, Natural, Negotiating, Nimble,
Opposing, Perfect, Perky, Persistent, Prominent, Pure, Repetitive, Romantic, Sacred, Simple,
Smooth, Sociable, Solidarity.doing, Sophisticated, Sparkling, Stability.guaranteed, Startling,
Straightforward, Strong, Superior, Thorough, Touching, Transparent, Twisted, Unalloyed,
Unconventional, Uniform, United, Unrealistic, Unusual, Warm

Negative

High
presence

(Representative words=Fearful) Abstruse, Aching, Bad, Bewildered, Billion-oppressive, Boring,
Chilling, Classic, Cramped, Dangerous, Dark, Dazed, Despondent, Disgusting, Disruptive, Distracted,
Distressing, Dizzy, Dizzying, Dull, Embarrassed, Empty, Fearful, Flinching, Forced, Frightening,
Gloomy, Grumpy, Hazy, Heartbreaking, Horrible, Impatient, In.two.minds, Indefinable, Indifferent,
Intense, Irritated, Lousy, Mindless, Nauseated, Nauseous, Negative, Nervous, Noisy, Not.very.good,
Nothing.to.see, Precarious, Profound, Queasy, Ramshackle, Regretful, Scary, Shameful, Shocking,
Slow, Squeamish, Staggering, Startled, Stiff, Suffocating, Suspicious, Tedious, Terrible, Tiresome,
Tragic, Trembling, Trivial, Uneasy, Unpleasant, Unreasonable, Unsettled, Unsightly, Urgent, Useless,
Vague, Vain, Well.worn, Wincing, Worried

Negative

Low
presence

(Representative words=Difficult) Annoying, Awkward, Cautious, Cloudy, Clumsy, Complaining,
Complex, Conflicting, Confusing, Crowded, Crude, Difficult, Disappointing, Disappointing.1,
Disapproving, Dissatisfied, Heavy, Hesitant, Inconvenient, Insufficient, Many.errors, Messy,
Monotonous, Optical.illusion, Perplexed, Puzzling, Reminded, Sick, Sloppy, Stressed, Struggling,
Stuffy, Tight, Tough, Troubled, Troublesome, Unfortunate, Untidy, Uproarious, Upset, Vacillating
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o AR FE Qe AHGE Histelr] 9lekd
5-fold Cross Validationg 53 5} th.

X 2¢ F=9 wAHs 54 dHolHE ol&3 H20
AutoML9] 3-level 724 7 A34E HoFH, g5 4
3} StackedEnsemble(AllModels) E o] &2 3} 0.083
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H 2. AutoMLS E6t EEG 2! 7]H2| XR ClE{24M Zid 27 ZIHGBM=Gradient Boosting Machine, DRF=Distributed
Random Forest, DNN=Deep Neural Networks, XRT=Extremely Randomized Tree)

Table 2. Results of emotion classification in XR interaction by EEG-based AutoML modeling(GBM=Gradient Boosting
Machine, DRF=Distributed Random Forest, DNN=Deep Neural Networks, XRT=Extremely Randomized Tree)

Models MeanClassError LogLoss RMSE MSE
StackedEnsemble(AliModels) 0.083 0.163 0.228 0.052
StackedEnsemble(BestOfFamily) 0.292 0.801 0.475 0.225
DNN_model1 0.375 3.917 0.601 0.361
DNN_model2 0.458 2.063 0.624 0.390
DNN_model3 0.500 10.772 0.692 0.478
DNN_model4 0.500 2.496 0.647 0.418
DNN_model5 0.500 1.144 0.604 0.365
DNN_model6 0.542 4.471 0.658 0.433
DNN_model7 0.542 3.893 0.679 0.461
DNN_model8 0.583 1.897 0.669 0.448
DNN_model9 0.583 6.451 0.750 0.563
XRT_model1 0.583 0.977 0.602 0.363
GBM_maodel1 0.583 1.283 0.671 0.451
DNN_model10 0.625 4.838 0.791 0.625
DNN_model11 0.625 3.229 0.741 0.550
GBM_model2 0.625 1.213 0.666 0.443
DNN_model12 0.625 5.001 0.770 0.592
DRF_model1 0.625 0.913 0.584 0.341
GBM_model3 0.625 1.239 0.661 0.437
GBM_model4 0.625 1.084 0.624 0.389

Relative Importance

1.000
I Top-5 features in DNN_model1
0.950

0.900
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T2l 7. S5 DNN Zdof st 2 4 ZF 24
Fig. 7. Importance analysis of features regarding the trained DNN model
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Fig. 8. EEG topographic map of different relative band powers as a function of affective flow
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