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Abstract Extended Reality (XR) technologies have recently expanded into various fields, including smart
manufacturing, digital twins, remote education, and healthcare. However, real-time XR collaboration
still faces challenges such as network latency, input synchronization errors, global state inconsistency,
and limitations of static feedback. To address these issues, this study proposes an adaptive Edge-
Cloud-based XR collaboration framework. The proposed framework classifies input data into State and
Event information for synchronization and distributes processing tasks between Edge and Cloud
according to latency sensitivity, global state consistency requirements, and processing complexity. It
also integrates Al-based context prediction and adaptive feedback into a unified process from input
processing to user feedback. Through a comparative analysis with conventional XR collaboration
architectures, the proposed framework was examined in terms of input processing, real-time
responsiveness, data consistency, and feedback. This study presents an integrated mechanism that
jointly determines synchronization methods and processing locations according to input characteristics

and processing requirements.
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O A3KDigital Transformation)¥}t Al, 5G/6G
Al7]&o] BHo g 3d A (eXtended Reality, XR)
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T30l EAEITH13L. HZolle F WAy S ARet
stolB = 1F 57]sKHybrid Input Synchronization)
7b S8EL Qlrh SlolHR|E HRAl2 X&A o7 W3t
Sk AH= A 7Rke =2, B Al WAgsks oE
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Aol A= ol2et 8AE she] A&H Ay PO
2 AAlste] AAZEXR 9 AF 5713k A2 A,
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3. X2% Edge—Cloud

3.1 DY X

AARE XR WY BN ke A8 Qe A
AZEO.2 HBheA] Al QeI e AANE 6
Aeta, Aol whe 2gY Mg Algsof gk, 1

AU 71E XR Y Al2E2 o2 A, oy 5713
9 m=w 7)5o] fEao s ARl H9vt wWol S
A AT} e ELA7F PS4 Qlek B3 Cloud F+4
A= HEYA AR AHAIZHo] Astd 4= 31,
24 F4 A= A9 A ol A} itk Hell=
ol& ®Esl7| ¢l Edge—Cloud A% 32t Al 7|4t
A Q1A 7lEs EEotke At A=A QIeHe-111.

olof £ Aox= 4 41} A2 7= ] w2t
713 WA Ay AXE Ak 487 Edge-
Cloud & ZJ92E AR At =T+
AL Ae(State)2t oHE(Event) FHE FEI}IL,
AA s, A9 e dig a7 9 4 BT E
71502 Edge®t Cloude] A & A4, A
AIE Al 7|5 3% o5 2 283 muua) AAste
5 AAISHI

[Fig. 113} Zo] Z AT AREAF JTabe, 9
4 9 AA, stelEZE AY 5713t Edge—Cloud
A A, Al 715E A} oS, 289 wed 2 Azt
XR gAY 770 F48A= o|FojArt. Ao Wzt
A& EdgeollAl A APotal, A A JHe} =&

User Interaction Layer

HMD - Eye Tracking - Voice - Gesture - Controller

!

Input Acquisition & Preprocessing

Sensor Collection - Timestamp - User ID - Noise Filtering

!

Hybrid Input Synchronization

State Synchronization + Event Synchronization

.

y

Edge Server

[« ]
|- | Real-Time Processing |[#——
-¢ Local Rendering Al Model Learning

Low Latency Session Mgmt.

I I
v

Al-based Context Prediction

¥

Cloud Server
Global State

User Behavior - Network Status - Workload - Context Awareness

!

Adaptive Feedback Layer
Visual - Audio - Haptic - Ul Adaptation - QoE Control

'

Real-Time XR Collaboration

Low Latency - Synchronization - Scalability - Immersion

[Fig, 1] Proposed Edge—Cloud Framework
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d4kFol @7=E A CloudollA 3gict. o]
=35 98 BF—57|3-Edge/Cloud A4F B4
3 A& 4%%‘ mowe dsxoz o
sto] S Adx} e ELAo thgotes F/dstoirt.

o

3.2 slojEE|E YUY 37|83

AAIRE XR EY @401 = HMD, A4 33 (Eye
Tracking), &7, AAA 9 HEZY 5 ohget 424
Ao A == HolHE AR At HE 3
AqzoA e Fd FHE A= Zo] Fasith
J8u 49 HolHs I F719 B4l AR tER
2 @ 5713 BARke 2= AXTHIT} glofE g
< Aol 1E5l7] oYt} o= ol=fgt EAIE o
Ast7] sl AHi(State) 5713kt o[HIE(Event) 5713}
£ 233 slolBRE Y 5713} 710l XR EY AlA
dlo] A% QlrH12-15].

[Fig. 2] & dtollA Ajtel= stolBg|E o &
718} & HojEot YF2 Input Acquisition T
oA £HE T =9l AKGT WY ELS VISR
BH JHel oME FEE RREch A&HoF W}
SH= JBL State Synchronization 28, E4 AJH0
Bhgs= L Event SynchronizationO& 2|3t
% Integrated Input StreamO& 53t=o] Edge-
Cloud Processing Al&0 & HEHL},

=

Ae 575K ALgAte] 91K, A, AL W 9 A
A Aeoh do] A&HoR Wk AuE AHT F
712 AIste] B7H QTE §AsHs ol ol

[ Hybrid Input ]

[ Integrated Input Stream ]

[Fig. 2] Hybrid Input Synchronization Process
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£ 9ol AIZF 2’ zet H7Kinterpolation) 71HE& &
&oto] YEA AAd W& 917 2AE EolkE
J5toaTHl3, 14]. §HH oHIE 57]3k= A4 A9, &
B9 9 vl 223} Zo] B4 Al sk 4
= T =A0 wEt APsie, ARl 5= i
(conflict resolution) 71" 485t T A=Y &
LA th-g_IeH15, 10].

ARt stelBHE dY 5713} TR JE 40
e} e JEe} o|HlE FHO] A7 Al RS
o] Edge—Cloud @Y A=t dAAZt Aol vizish
At 9 o]HlE Q12 Edge ServerolA 241 25},
AL 7F FR7F E8d A9 Y FEE Cloud
Server®} &718F5to] AAIZE S7/93} dlolH ddde
A ast=R A0, 11, 171.

3.3 Edge—Cloud & X2

AAIZE XR EholA= ThdRt AREA HlolHE Al
SHA A2stHAl Ed AdEY 4 fAIsks Aol
Z83lt} oo & Aoxs A wFAE(Latency
Sensitivity), A9 Afe] I 7(Global Consistency
Requirement), ¥4+ B85 (Processing Complexity)

£ 71€0 & A A& A5k 48F Edge—Cloud
AY F2E AldetAnt. Edge Server= AJHI/OHIE
5718k} Aol wiztst A =E ©@3slal, Cloud Server=
A e e, =2 A4F A E AL 75 A% o
23} v BeE RAEE A0, 1]

[Fig. 313} o] 4421 vhgo] a3t 9%, AlA,
AAA W A 22 5-9] glolE = EdgeollAl $-4 A2
sto] AAIZE XR FFol A3 wrodsta, A9 A JH

User Devices

(Position, Gaze, Gesture, Voice, Controller)

User Input

Edge Server

+ State/Event Syncl

Selective Offloading
(Global State /
High-complexity Data)

Cloud Server

+ Global State Management

+ High-complexity Processing

Low-latency Output
(Visual / Audio / Haptic)

*+ Real-time Interaction

Real-time XR Collaboration

State / Model Synchronization
(Global Updates / Model Update)

* Al-based Context Prediction

'
| Context Prediction
1| /Global Updates
1

v

+ Visual / Voice Guidance
+ Ul & Priority Adjustment

Adaptive Feedback

i —— Edge Direct Path
H (Low-latency Processin 9)

——» Selective Offloading to Cloud

(Global / Heavy Processin 9)

1
<= Bidirectional Synchronization |
(State / Model Update)

[Fig. 3] Adaptive Edge-Cloud Prosessing for XR
Collaboration
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{Table 1> Comparison between Conventional XR Collaboration and the Proposed Framework

Comparison Item Conventional XR Collaboration

Proposed Framework

Input Processing Single input synchronization

State/event classification and
hybrid synchronization

Processing Decision Fixed or centralized processing

Decision based on latency sensitivity, global
consistency, and processing complexity

Data Processing Cloud-centric processing

Edge—Cloud collaborative processing

Real-time Response Dependent on network latency

Latency-sensitive edge—first processing

Data Consistency Possible global state inconsistency

Cloud-based global state synchronization

User Feedback Static interface

Al-based context prediction and adaptive feedback

Scalability Limited by centralized processing

Distributed Edge—Cloud architecture

{Table 2) Structural Validity Analysis of the Proposed Framework

Problem Decision Criterion

Proposed Mechanism

Expected Effect

Input synchronization
error

Input continuity /
occurrence

State/Event synchronization

Improved synchronization consistency

Cloud processing Latency sensitivity

Edge-first processing

Reduced processing path and response

latency delay
Global state Global consistency Cloud-based state .
. ’ ; — Consistent shared state
inconsistency requirement synchronization

High processing load Processing complexity

Edge—Cloud task allocation

Distributed processing load

Static feedback

User/system context

Al-based adaptive feedback

Context-aware response

9 =2 AAlFo] Q== Hloje= AH¥ o= Cloud
of @EZY(Selective Offloading)dttt. ESH Edge}
Cloud 7t 9F4eF Ae 57]13KState Synchronization)
£ &9l A9 JHY ddS FAHEE okt o=t
A AA WIRETE =2 A= Edges, A9 AH
A Ee 4 BT 997 52 AP Cloudg
. Cloud®] Al 7|49t A% &3t
Tt AAGH] A7/ QA
FAE9 270 &8zttt ot
@2 S AAH Cloude] A
T 9 ik S AD HAotES AAsHlH

)

> Ho 1o
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34 A N2 05 Y TSy TEH
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A&H o g HletER o] HYsE oS3t mtuio]
879 oo & o)A Edge-Cloud #2] Ao}
AR e AE RS EAsH] $Jsi LSTM(Long
Short-Term Memory) 7|8t AJAE A& #+2& &
Steg AASHITE ARGARY] IR, AlA, AlAA 9 A

A 22} 03 5 7NMIOR e BET BY HFL o
2311, o2 A Wat Hel S449) 2% BEY
o ER NEEE P 9 A4 23 e Fof ohe
J5A8T} A4 FE 1AL BUSIEE TSt
[14, 16]

489 W= o

2 Aue} AgA B AL A
o4 4, QETols Ax 2%

A4S 2o TR

A7) 3Bt Y 0F F5Hol B B9 X224
QhhE Ao, HEYZ Aot He| ot 37t
She F2 A9 A% 2 ALY SHE5lE 2
oS o) 4 oI — Y B — W= 2 e o
{9 2HOR olojAl 23y T2E T
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2t XR EholA Tk 48 5718 2F, Cloud &
] A JH ELA 2 FA g oA
geotes AARIET 71E XR FY Alage 49
718}, ©lolg A2 3l ARGA} mEwo] FpEAo R £
BEe 497 ol HEHA A s ARA B
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SEo8 A
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A Azlekal, A AgE R w2 Aol 875 A
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3% T=d AASHES S TEbA AIjE
ddeae 48 E2F — %k B 2 —
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259 HEo] ALHl A HAYSS /5,
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2] SBAE SR F2F HS 24T
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4.2 M2t HHUZS F=H BFY 24

ARE = AZ9] B2 AAZE XR FPolA T
Aotz g4 EAILE ofof 8ol A2 HAUE 1k
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9] ALga WY B0l mE State/Event £ 571
3+ A85ta, Cloud 4 Al TE A doll= A
UHEE 7|E 0= 3 Edge 4 A& &5tk &
gt ohg AR 7 A A EYAoll= Cloud 718 &
A A= 5713k, 44 FEue] Sl Al 719 4%
A& AgE HuwS AR

(Table 2)2} Zo] A%t Ze|AYPF+= 2+ EAl0 s
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AR, 53] A YXE 1 H R ASHA] gL
AA WHAE, AY A G 84E 9 A4k B
w2} Edge®t Cloud?] 9gs EHdIth=s HolA 71&
Cloud 4 28} A}o]7} Qlrt. ol=igt £42 Aot
29 =24 24 B Aok Ao=, AA A
AZrolu s S FHEoR YSohe A ot
oo tigt AFA A3 AA| Edge—Cloud 7|9k XR =
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Q,
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£ A= AAZE XR Y 75004 sk= o
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