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Abstract

Immersive storytelling increasingly relies on distributed architec-
tures to enable collaborative co-creation across remote participants,
but network impairments such as delay and burst latency can intro-
duce inconsistencies in shared object states, avatar gestures, and
spatial audio cues that disrupt narrative coherence. While prior
work has examined the perceptual impact of de-synchronization,
existing approaches do not formally characterize the structural con-
ditions under which such inconsistencies break narrative coherence
and, consequently, narrative integrity. In this paper, we introduce
Narrative Interaction Coherence (NIC), a system-level metric that
captures causal event ordering violations, temporal misalignment,
and state divergence in distributed immersive environments. We
develop a simulation framework for collaborative storytelling un-
der controlled network impairments and compare latency-based
and QoE-inspired adaptation strategies with a coherence-aware ap-
proach. Results show that coherence-aware adaptation substantially
reduces narrative break events and incoherence duration, maintain-
ing high coherence even under adverse conditions. These findings
highlight the importance of explicitly modeling structural narrative
coherence as a design objective in immersive media systems and
provide a foundation for future validation in real multi-user XR
environments.
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1 Introduction

Immersive media experiences are evolving from passive consump-
tion to interactive and collaborative storytelling, where remote
participants jointly create narrative moments through shared ob-
jects, avatar gestures, and spatial audio cues. These experiences
rely on distributed architectures (edge—cloud, client-server, and
hybrid) to meet latency and scalability constraints [8, 10]. However,
under realistic network impairments (e.g., delay, jitter, and burst
latency), the replicated state of a shared scene may diverge across
users. Even when average latency is acceptable, inconsistencies
such as out-of-order events, misaligned interactions, or premature
audio cues can disrupt narrative flow and degrade engagement [8].
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Prior work has shown that network-induced de-synchronization
affects user perception and interaction behavior. However, most
approaches model synchronization using subjective QoE metrics or
latency-based measures, without capturing the structural conditions
under which inconsistencies become story-breaking events. As a
result, existing adaptation mechanisms may reduce delay while still
allowing causal inversions and prolonged incoherence.

We argue that preserving immersive storytelling requires explic-
itly modeling these structural disruptions. In this paper, we intro-
duce Narrative Interaction Coherence (NIC), a system-level metric
that captures (i) causal ordering violations, (ii) temporal misalign-
ment between dependent events, and (iii) divergence of replicated
interaction state. NIC enables coherence to be quantified and opti-
mized independently of subjective perception, bridging distributed
system behavior and narrative integrity.

Here, narrative integrity denotes preservation of the intended
story structure and progression, not cryptographic integrity or tam-
per protection. We operationalize it through narrative coherence,
captured by causal ordering, temporal alignment, and replicated
state consistency.

We develop a simulation framework that models collaborative
storytelling as a causally constrained event graph under controlled
network impairments, and compare latency-based and QoE-inspired
baselines with a coherence-aware adaptation strategy that priori-
tizes causally critical updates. Results show that coherence-aware
adaptation substantially reduces narrative break events and in-
coherence duration, maintaining high coherence under adverse
conditions.

Our contributions are threefold: (1) formalizing narrative in-
tegrity via NIC, capturing coherence breakdowns beyond latency
metrics; (2) proposing a simulation methodology for evaluating
narrative coherence under delay and burst-latency conditions; and
(3) demonstrating that coherence-aware adaptation outperforms
latency- and QoE-driven approaches in preserving narrative conti-
nuity.

2 Related Work

Distributed immersive environments rely on state replication and
event synchronization to maintain a consistent shared experience.
Previous work has explored latency compensation, prediction, and
state reconciliation techniques to mitigate delay and jitter in col-
laborative VR [1, 8]. These approaches typically optimize network-
centric metrics such as latency or packet loss, aiming to reduce
motion-to-photon delay or minimize divergence in shared object
states, but do not explicitly capture experience-level structural co-
herence [2, 9].
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Research on perception and Quality of Experience (QoE) has
shown that network-induced desynchronization can significantly
affect user perception and even physiological responses [6, 7]. QoE
models capture subjective satisfaction under varying delay condi-
tions, but they do not formalize the structural conditions under
which distributed inconsistencies translate into narrative break-
downs.

Adaptive orchestration strategies for distributed XR systems
dynamically allocate resources or adjust rendering and streaming
parameters based on network conditions. While such approaches
improve responsiveness, they primarily optimize latency or QoE in-
dicators [4] and do not consider causal dependencies or interaction-
level coherence as optimization objectives.

In immersive storytelling, narrative integrity depends on tem-
poral alignment, causal progression, and multimodal consistency.
Disruptions such as out-of-order events or prolonged state diver-
gence can break narrative flow even when average latency remains
acceptable. Prior work in computational storytelling has addressed
narrative coherence at the content and semantic level (e.g., sym-
bolic planning or inconsistency detection in generated stories), but
these approaches focus on centralized or text-based systems rather
than distributed interaction execution.

In contrast, our work models coherence at the level of distributed
interaction, where network-induced delay, jitter, and synchroniza-
tion errors can disrupt the causal structure of multimodal events.
We formalize Narrative Interaction Coherence (NIC) as a system-
level metric capturing causal ordering, temporal alignment, and
state consistency, and evaluate adaptation strategies based on their
ability to preserve structural narrative continuity under adverse
network conditions.

3 Narrative Interaction Coherence Model

We model collaborative immersive interaction as a causally con-
strained event graph, where narrative progression emerges from de-

pendent events across distributed participants. Inspired by dependency-

aware scheduling models (DAGs), we interpret dependencies as
narrative constraints, where violations correspond to breakdowns
in story continuity. This enables reasoning about narrative integrity
as a system-level property under network impairments.

Participants observe and manipulate a shared narrative state that
evolves through discrete events (e.g., object reveal, handover, ges-
ture response, spatial audio trigger) subject to causal and temporal
constraints.

Figure 1 illustrates the overall system architecture of the pro-
posed coherence-aware adaptation framework for distributed im-
mersive storytelling.

3.1 Event and Dependency Model

Let & = {ey, e, ..., e, } denote the set of narrative interaction events
during a session. Each event e; is associated with:

o Alogical timestamp t;
e A participant or source node
o A state update As;

Narrative structure is represented as a directed acyclic graph
G = (&,D), where D denotes causal dependencies. A directed
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Figure 1: System architecture of the coherence-aware adapta-
tion framework. Events are transmitted under network im-
pairments and scheduled using latency-based, QoE-inspired,
and coherence-aware strategies, followed by state synchro-
nization and NIC evaluation.

edge (e; — e;) indicates that event e; must occur after e; for the
narrative to remain coherent (e.g., object reveal — reaction gesture).

In the simulation, event types and dependencies are scenario-
defined. In real deployments, they could be obtained from inter-
action scripts, scene graphs, authoring tools, or runtime semantic
annotations. Each event may include metadata such as source par-
ticipant, target object, interaction type, and narrative role, allowing
the system to distinguish a gesture responding to a specific object
reveal from unrelated gestures by other participants.

3.2 Causal Ordering Violations

Under network delay or jitter, events may be observed in an order
that violates narrative causality. For each dependency (e; — e;),
we define an ordering violation indicator:

1 if tobs < tobs
Vorder(€is €j) = 4 !
oraerib 0 otherwise

where t°P% denotes the observed reception time at a participant.
The total ordering violation count over a session is:

total _
Vorder - Z

(ei—ej)eD

Vorder(ei) ej)

3.3 Temporal Misalignment

Even when ordering is preserved, excessive delay between depen-
dent events can disrupt narrative flow. For each dependency, we
define temporal misalignment as:
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Table 1: Feature-gap comparison of related work and the proposed NIC framework.

Work Primary Focus Optimization Multi-user | Causal Temporal State Div. | Coherence Coherence-
Dep. Const. Metric Aware Adapt.
Van Damme et al. [8] QoE/performance Latency/QoE Yes No Partial No No No
Becher et al. [1] Latency impact Latency Yes No No No No No
Yousefdeh & Oyelere [12] | Co- User perception Yes No No No No No
presence/collaboration
Fowler & Souihi [4] QoE optimization QoE maximization Yes No No No No No
Wang et al. [10] Edge scheduling Delay minimization Yes Yes No No No No
Dantas & Baquero [3] State synchronization Eventual consistency Yes No No Yes No No
Yi et al. [11]; Nishigori & | Narrative coherence (text) | Story consistency No Yes Partial No Yes No
Takeda [5]
This Work (NIC) Narrative coherence in | Structural coherence Yes Yes Yes Yes Yes Yes
XR

Miime (e, €;) = max(0, (t}’bs - t,?bs) - 7;j)
where 7;; is the acceptable narrative latency threshold for the
event pair. This threshold varies depending on the interaction type
(e.g., gesture reaction vs. ambient audio update) and is defined in
the evaluation setup.

3.4 State Divergence

Let s() (t) denote the replicated narrative state observed by partic-
ipant k at time t. State divergence between two participants k and
1 is defined as:

plkd)

wate(®) = [Is¥ () = sV (0]

In practice, this distance is computed as a weighted combination
of modality-specific differences (e.g., spatial position, animation
phase, and audio synchronization), normalized to a common scale.

The aggregate state divergence across all participants is:

)
Pl kleP k<l
where # denotes the participant set.

plkd)

Dyate(t) = state (1)

3.5 Narrative Interaction Coherence

We define Narrative Interaction Coherence as a composite metric
capturing structural narrative integrity:

total
order

NIC=1-|a-
DI

+ ﬁ : Mtime + Y- Dstate

where:

Miime is the normalized average temporal misalignment,
Dstare is the normalized average state divergence,

a, f, y are weighting coefficients,

0 < NIC < 1 (higher values indicate better coherence).

In our evaluation, we set &« = 0.5, # = 0.3, and y = 0.2, reflecting
the relative importance of causal ordering, temporal alignment, and
state consistency. Ordering violations are weighted highest as they
directly break narrative causality, while temporal misalignment
and state divergence have progressively lower impact.

We assign higher weight to ordering violations as they directly
break causal structure (e.g., reaction preceding action), which is
typically more disruptive than gradual temporal drift. However, the

sensitivity analysis (Figure 5) demonstrates that the relative perfor-

mance of coherence-aware adaptation remains consistent across

different weighting configurations, indicating that the proposed

approach is not dependent on a specific parameter choice.
Temporal misalignment is normalized as:

M 1 Miime (e, ej)
rime = —— e 7
ime |D| (ei5e)) Tij

State divergence is normalized over time:
Dstate(t)

1 /T
T 0 Dmax

where Dj,4x denotes the maximum allowable divergence and T
is the session duration.

Unlike latency or QoE metrics, NIC explicitly penalizes structural
violations of narrative causality and prolonged state divergence, en-
abling adaptation strategies to prioritize coherence-critical updates
rather than minimizing delay alone.

NIC currently targets discrete interaction events and state up-
dates. Continuous media streams could be represented through
synchronization checkpoints, segment-level events, or stream-state
descriptors. The approach is intended as a sidecar or middleware-
layer mechanism that assigns coherence-aware priorities above
existing transport or delivery protocols.

dt

Dstare =

4 Coherence-Aware Adaptation

To evaluate the practical utility of NIC, we design an adaptation
strategy that explicitly prioritizes updates contributing most to
restoring structural narrative integrity. We compare this approach
against two representative baselines that optimize latency and QoE-
related objectives.

4.1 Baseline Strategies

Latency-Based Adaptation. This baseline prioritizes events with
the smallest transmission delay and minimizes average end-to-end
latency. Events are scheduled using earliest-deadline-first (EDF)
or minimum-delay-first policies. While effective in reducing mean
delay, this strategy does not differentiate between coherence-critical
and non-critical events.

QoE-Inspired Adaptation. This baseline reflects common QoE-
driven approaches that prioritize perceptually salient updates such
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as visual consistency and interaction responsiveness. Events are
weighted according to their media type (e.g., visual updates over am-
bient audio) and delay sensitivity. Although this improves perceived
smoothness, it does not explicitly consider causal dependencies or
structural ordering constraints.

4.2 Coherence-Aware Scheduling Policy

In contrast, our proposed strategy dynamically prioritizes events
based on their expected contribution to NIC improvement.
For each pending event e;, we define a coherence impact score:

C(ei) =a- AVoral'er(ei) + ﬂ . AMtime(ei) +y- ADstate(ei)

where:

o AV,,qer(e;) estimates the reduction in ordering violations,

® AM;ime(e;) estimates the reduction in temporal misalign-
ment,

® ADg;qt0(e;) estimates the reduction in state divergence,

e a, f,y are NIC weighting parameters.

These quantities are estimated using local predictions derived
from the event dependency graph and current system state. In our
implementation, these estimates are derived from local dependency
tracking: events whose predecessors have already been delivered
are assigned higher ordering impact, while events with delayed de-
pendencies contribute more strongly to temporal and state-related
terms. This lightweight heuristic enables efficient online scheduling
without requiring global state knowledge.

Events are inserted into a priority queue ordered by decreasing
C(e;) and transmitted accordingly, effectively treating coherence
restoration as an explicit scheduling objective.

4.3 Adaptive Resource Allocation
Under bandwidth constraints or burst latency, the scheduler:

(1) Identifies coherence-critical dependencies in the event graph,

(2) Prioritizes events whose delay would introduce ordering
violations or significant temporal misalignment,

(3) Temporarily deprioritizes non-critical background updates
(e.g., ambient animation or low-impact audio),

(4) Allocates transmission opportunities to events that restore
causal alignment and reduce divergence.

This results in controlled degradation of low-impact updates
while preserving narrative continuity (e.g., ensuring object han-
dover precedes reaction).

4.4 Expected Behavior Under Network
Impairment

Under burst delay or jitter, latency-based scheduling may reduce
average delay but still allow causal inversions. QoE-inspired policies
may smooth perceptual disruption yet fail to prevent prolonged
incoherence between dependent events.

By contrast, coherence-aware adaptation minimizes:

o The frequency of ordering violations,
o The duration of incoherent narrative states,
o The magnitude of replicated state divergence.
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As a result, the system prioritizes structural narrative correct-
ness over uniform delay reduction, enabling more stable and inter-
pretable interaction sequences under adverse network conditions.

5 Simulation Setup and Evaluation

5.1 Scenario Description

We simulate a distributed collaborative immersive storytelling ses-
sion involving three remote participants jointly enacting a struc-
tured narrative sequence. The scenario consists of recurring inter-
action chains of the form:

object reveal — handover — reaction gesture — spatial audio cue

Each chain is modeled as a causally constrained subgraph within
the global event graph defined in Section 3. Background events (e.g.,
ambient animation updates) are also generated to emulate realistic
scene activity but are not critical to narrative progression.

Events are timestamped at generation time and transmitted
through a simulated network layer. The framework models event
generation, dependency tracking, delay injection, scheduling, state
synchronization, and NIC computation for three participants. Each
condition is evaluated over 10 independent trials.

5.2 Network Impairment Model

Network delay is modeled as:

d= dbase + djitter

where dpgs. is a constant propagation delay and djjsser is drawn
from a bounded uniform distribution. To emulate adverse condi-
tions, burst latency episodes are introduced, during which delay
temporarily increases by a fixed offset for a limited duration.

This controlled stress-test model combines baseline delay, jitter,
and burst episodes to isolate delay variability effects on causal event
delivery, consistent with prior multi-user VR latency studies [8].
Trace-driven conditions are left for future work.

We evaluate three network conditions:

e Stable: low jitter, no burst events,
e Moderate: increased jitter,
o Adverse: burst latency episodes.

5.3 Compared Adaptation Strategies
We compare:

(1) Latency-based scheduling (minimum-delay-first),

(2) QoE-inspired weighted scheduling,

(3) Proposed coherence-aware scheduling.

All strategies operate under identical bandwidth constraints and
event generation patterns.

5.4 Evaluation Metrics

We report:

total
Vorder’

e Average temporal misalignment M;;e,
e Mean state divergence Dssqte,
e Overall NIC.
Additionally, we measure incoherence duration, defined as the
cumulative time during which NIC falls below a threshold 6 = 0.8.

o Total ordering violations
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Causal Ordering Violations by Condition and Strategy
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Figure 2: Total causal ordering violations across network
conditions and adaptation strategies.

NIC Scores by Network Condition and Adaptation Strategy
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Figure 3: NIC scores across network conditions. The dashed
line indicates the coherence threshold (NIC = 0.8).

5.5 Results

All reported results correspond to mean values across multiple
independent trials.

Causal Ordering Violations. Figure 2 shows the total number
of ordering violations. The latency-based strategy produces the
highest number of violations, particularly under adverse conditions
where burst latency leads to frequent event inversions. The QoE-
inspired baseline reduces violations but still exhibits substantial
causal inconsistencies.

In contrast, the coherence-aware strategy substantially reduces
ordering violations compared with latency-based scheduling and
achieves the best overall NIC across all conditions. Under adverse
conditions, QoE-inspired scheduling produces fewer ordering vio-
lations, but the coherence-aware strategy better controls the com-
bined effects of ordering, temporal misalignment, and state diver-
gence, resulting in higher overall coherence.

Narrative Interaction Coherence. Figure 3 presents NIC scores
across conditions. Under stable conditions, all strategies maintain
high coherence. However, under moderate and adverse conditions,
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Cumulative Incoherence Duration (NIC < 8) by Condition and Strategy
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Figure 4: Cumulative incoherence duration (NIC < 0.8) across
conditions.
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Figure 5: NIC sensitivity to weighting parameters under ad-
verse conditions.

both latency-based and QoE-inspired strategies exhibit significant
degradation, often falling below the coherence threshold.

The coherence-aware strategy maintains consistently higher
NIC values and remains above the threshold even under adverse
conditions, demonstrating improved preservation of narrative in-
tegrity.

Incoherence Duration. Figure 4 shows the cumulative duration
during which NIC falls below the coherence threshold. Latency-
based scheduling results in prolonged incoherent periods, while
QoE-inspired adaptation reduces but does not eliminate such dis-
ruptions.

The coherence-aware strategy significantly reduces incoherence
duration, indicating faster recovery from network-induced inconsis-
tencies and more stable narrative progression. In several scenarios
(e.g., stable and moderate conditions), incoherence duration drops
to zero, indicating that the system maintains narrative coherence
above the threshold throughout the session. This reflects the ability
of the coherence-aware strategy to completely prevent narrative
breakdowns under moderate impairment levels.
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Sensitivity Analysis. Figure 5 evaluates NIC under different weight-
ing configurations. The coherence-aware strategy consistently out-
performs both baselines across all configurations, demonstrating
robustness to parameter selection.

Under adverse conditions, coherence-aware scheduling increases
NIC from 0.758 (latency-based) and 0.733 (QoE-inspired) to 0.913,
improving coherence by 20.4% and 24.6%, respectively. Although
QoE-inspired scheduling has fewer ordering violations under ad-
verse conditions, it does not adequately control temporal misalign-
ment and state divergence, resulting in lower overall coherence.

Under moderate conditions, coherence-aware adaptation reduces
ordering violations from 765.2 to 107.3, an 86.0% reduction over
latency-based scheduling, and achieves the highest NIC score of
0.986. Under stable conditions, it also achieves the highest NIC
(0.99), showing that it preserves structural narrative integrity even
in low-impairment scenarios.

Table 2: Performance comparison across network conditions,
averaged over 10 trials.

Condition  Strategy Vorder ~ NIC  Incoherence
Duration (s)
Adverse Latency 2503.6 0.758 194.57
Adverse QoE 1009.6  0.733 194.43
Adverse Coherence 15155 0.913 2.04
Moderate  Latency 765.2  0.851 90.90
Moderate  QoE 1242  0.786 90.02
Moderate  Coherence 107.3 0.986 0.00
Stable Latency 0 0.885 37.83
Stable QoE 0 0.790 85.22
Stable Coherence 0 0.990 0.00

6 Discussion and Implications

Traditional synchronization in distributed XR mainly optimizes
latency or QoE, but our results show that preserving narrative
integrity also requires causal structure, temporal alignment, and
consistent shared state between dependent events.

In collaborative immersive environments, participants act as co-
creators of narrative content. Coherence-aware adaptation can op-
erate as a middleware layer that prioritizes causally critical updates
to preserve shared narrative context under fluctuating network
conditions. Although NIC is independent of subjective perception,
it complements QoE-driven approaches and may improve perceived
engagement, which requires user-study validation.

This work uses predefined dependency graphs and simplified im-
pairments. Packet loss, retransmissions, heterogeneous devices, and
variable wireless conditions are not explicitly modeled. Likewise, au-
tomatic event classification in complex multi-user XR may require
semantic scene understanding, intent recognition, or authoring-tool
support. Thus, the results validate NIC scheduling under controlled
dependency structures, while future work will consider trace-driven
networks, real XR deployments, dynamic dependency inference,
and larger groups.
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7 Conclusion

Distributed immersive storytelling enables remote collaborative
co-creation, yet latency- or QoE-driven approaches do not explic-
itly capture the structural conditions under which synchronization
failures disrupt story continuity. We introduced NIC, a system-level
metric that operationalizes narrative integrity through causal order-
ing, temporal alignment, and state divergence. We also proposed a
coherence-aware adaptation strategy that prioritizes updates criti-
cal to narrative alignment and evaluated it under controlled network
impairments. Results show that optimizing for coherence reduces
narrative break events and incoherence duration, maintaining high
coherence even under adverse conditions. Future work will validate
NIC in real multi-user XR environments.
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