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Abstract

This study aims to address the cognitive dissonance caused by sequence mismatches resulting from latency in the interaction
between multiple human senses—such as vision, hearing, and gestures—the physical environment, and the virtual information
environment generated by systems in XR-Al converged contexts. To achieve this, this study propose a user experience (UX)-based
system design strategy that focuses on restoring cross-sensory coherence. Rather than prioritizing mere physical sensory alignment,
the proposed approach emphasizes contextual meaning construction and predictability, which are shown to more effectively enhance
cognitive coherence, user immersion, and system reliability. As a preliminary strategic study for future technology development, the
research suggests narrative-based contextual information delivery and temporal cues in visual stimuli as methods to induce
emotional responses and facilitate real-time adaptation. These strategies are embodied in a conceptual model featuring an on-device
Al-powered predictive interface. The contribution lies in establishing a foundation for human-centered UX design in XR-Al
integrated systems and supporting the practical commercialization of XR technologies.
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Triadic(Human-System-Environment(Virtual/Physical) Interaction

{ 1/

‘n

Physical World Environment System Environment (Input) Human Senses + Human Cognition
Multi-sensual Triggers & Information Visual / Tactile (Haptic) / Auditory Visual / Touch / Gesture /Auditory/Spatial
(More than Human Senses) Gesture /SLAM/Olfactory(partially) Olfactory/ Gustatory/Proprioception

) ) r System Scale Sound(Audio)

- (+Physical Scale Sound Environment)

SO s

System Scale, Vison

(+Phy5iﬂ;f Scale Vison)

T2 1. 91Zh- AlAR - ThAYER| B 2i0) MR ABEE
Fig. 1. Triadic(Human - System - Environment(Virtual/Physical) Interaction

Comparison of Information Processing Speed: Virtual vs. Physical Sensory

Modality Physical Virtual Key Differences & Causes
Visual Light Speed(299,792 km/s) Rendering + display latency - Screen refresh rate (60-120 Hz)
(motion-to Simultaneous Arrival ~10-50 ms or more - GPU rendering delay

-photon) - XR lens distortion correction

<20 ms latency is generally
tolerable for natural visual

response
Auditory Speed of sound in air & Digital audio processing delay - DSP (Digital Signal Processing)

343 m/s ~5-30ms - Bluetooth transmission latency

Latency depends on distance - 3D spatial audio engine
Haptic Skin contact: ~0ms Vibration/haptic actuator delay - Motor/actuator responsiveness

Direct physical stimulus ~10-100 ms - Need for synchronization with Ul event
Spatial sense Immediate response to System tracking + mapping - Sensor processing (SLAM, IMU, GPS)

bodily movement latency~20-50 ms or more - Engine response time (Unity/Unreal)

~0ms (3D space perception latency

threshold ~ 128-158 ms)

Tl 2. JpekiEE| oMol 2zt HE ME S0 FE Hlu
Fig. 2. Comparison of Information Processing Speed: Virtual vs. Physical Sensory
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Table 1. User-centered Factors to Sensory-Cognitive Mismatch in XR Environments

Attribution of Factors to Sensory-Cognitive .
. Underlying Causes
Cause Mismatch
System ) When virtual objects are not accurately aligned with real-world elements or when
) Visual Coherence Matter . A . 12)
-driven depth cues and motion are distorted, visual-perceptual errors may occur'<.
Delays caused by system processing time in recognizing and responding to users'
System . . ; . . - ; ;
driven Latency in Interaction Response physical actions lead to temporal desynchronization. Repeated prediction failures in
cognitive processing can result in confusion!™,
Sy§tem Lack or Absence of Presence Inaccurate lighting and shadovy directions, qr |0W-f|d€."!lty r?ndennq qf mages, can
-driven cause users to perceive the experience as "fake" or artificial''®.
System . . In XR environments, if stimuli such as sound, vibration, and visuals are delivered
. Multi-modal Mismatch . - 15]
-driven asynchronously, inter-sensory de-synchronization occurs'™.
. . . Variations in vestibule sensitivity, cortical activation, and visual processing capability
Human Individual Neuro-physiological . .
. e influence tolerance to sensory mismatch. (Some users may gradually adapt through
-driven Sensitivity S
repeated exposure, a phenomenon known as sensory adaptation)'™.
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6. User
Feedback
(Real Time)
Al-based

adjustment
and refining
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Real-time input from vision, hearing, touch, and gesture sensors

1. Sensory Input Stage J

2. Sensory Mismatch Detection

Detect sequence errors, latency, or absence across sensory channels )

l

3. Cognitive Compensation (UX Strategy Adaption)
Select optimal compensation path by user context and predictability

l

4. Al-based Prediction Ul
Apply visual metaphors(animations)
or design cues to substitute missing or mismatched sense

l

5. User Perceived Coherence
Assess user response immersion and emotional state

242t WE K BEe| NF £24 B

Fig. 4. Detailed Solution Phases of the UX-Based Sensory Congruence Support Model
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Adjustment equation for virtual visual interface
(Intentional latency in XR UX Design)

’ —
tyisual = tvisual T tadj

tadj = min(At, Ttn)

* tyisual - Original visual latency

* tyisual : Adjusted visual latency

* taqj: Intentional adjustment delay

« At : Latency difference between auditory and visual signals
* Ty, - Human perceptual threshold

20 6. 7H AlZE elEufo]20] HA(S|=H X|2d) JHE A
Fig. 6. Conceptual Adjustment equation for XR interface

Final Cognitive Coherence Model

’
Ec = | (tauditory - tvisual) |
Post-compensation Condition

I

T2 7. 3E XR XA HEte 2Y

Fig. 7. Final Cognitive Coherence Model for XR
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