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Abstract
Designing extended reality (XR) for high-stakes, stressful environments requires understanding how stress
reshapes cognition. This position paper translates an empirical finding into a concrete neurocognitive design
criterion for resilient XR. A controlled virtual reality study refined the classical emotion-memory model by
inducing a sustained high-arousal negative state during incidental encoding of neutral targets. Results revealed
a dissociation governed by task relevance: memory for bindings between discrete, task-relevant elements was
enhanced via unitisation, while relational binding to spatial context was impaired. This establishes a core
criterion: under high-arousal stress, cognitive resources unitise task-critical information into a static memory
blend, attenuating its links to fragile contextual relations. Consequently, goal-critical information in XR must
be structured to be unitisable. This criterion mandates memory-aware XR information architectures and is
fundamental for achieving resilience, trust, and situated explainability. The paper concludes by outlining a
research agenda on the limits of unitisation, binding as an evaluation benchmark, and the ethics of adaptive
cognitive scaffolding.
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1. Introduction

Extended Reality (XR), an umbrella term for virtual reality (VR), augmented reality, and mixed reality
technologies [1], is increasingly being deployed in high-stakes, stressful environments like emergency
response and surgery [2].

However, its use in this particular context requires understanding how these states reshape cognition,
particularly memory, a function on which operational performance critically depends. Indeed, a core
challenge lies in designing for memory: an operator must reliably encode critical information (e.g.,
procedures, asset locations, and their associations) amidst high arousal and negative-valence emotional
states. Although literature has shown that stress fundamentally alters memory processes [3, 4], current
XR design paradigms often lack an empirically grounded model of how stress alters fundamental
memory processes [5], creating a gap between design and cognitive reality.

This gap is critical for episodic memory binding, the neurocognitive system that integrates disparate
elements of an experience (the ‘What’, ‘Where’, and ‘When’) into a coherent memory episode [6]. Indeed,
binding is supported by two distinct mechanisms: relational binding, which creates flexible associations
between separate items and their context (e.g., linking a tool to its location), and conjunctive binding,
which fuses related elements into a single, static representation (e.g., visual features on a control panel).
The former is particularly fragile under high-arousal and negative-valence emotional states [7].

Decades of research have established a predictablememory trade-off under negative arousal: enhanced
memory for central details at the expense of context [8]. Critically, this prioritisation is governed by
task relevance, not merely emotional salience [9]. Neutral information can become central if it is
critical to the operator’s goal. This adaptive reallocation has direct, yet unexplored, consequences for
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designing XR information architectures, where all displayed elements may be emotionally neutral but
are differentially critical to goal success.

This paper addresses that gap by translating an empirical investigation into a concrete neurocognitive
design criterion for XR. A controlled VR study was conducted to isolate how a sustained, high-arousal
negative state, operationalised as a realistic stressor, modulates the memory binding of task-relevant
neutral information. The study tested a dissociation between two binding types: face-name binding, a
challenging association that normally relies on conjunctive and relational processes, and face-context
binding, a main relational process [10]. These findings refine the classical emotion-memory trade-off
and provide an empirical foundation for resilient, memory-aware XR design.

2. Empirical grounding: The adaptive memory trade-off

To investigate the modulation of memory binding under a state analogous to operational stress, a
controlled VR paradigm was designed and implemented. Its objective was to induce a sustained
high-arousal negative state (EI) versus a neutral state (EN) during incidental encoding of emotionally
neutral targets [11]. This design was based on incidental encoding, controlling for deliberate mnemonic
strategies, and the effects of intrinsic emotional properties of the memoranda themselves (e.g., gesturing
faces).

A mixed between-subjects design was employed. Forty-four participants completed an incidental
encoding VR task as a gate agent, sequentially encountering twenty-four full-body animated characters
[12], each endowed with a unique photorealistic face and a name. It should be noted that the characters
were artificially created for the occasion, guaranteeing that no participant could have seen their faces
before. Presentations were evenly split between two visually distinct virtual locations, serving as the
spatial contexts for memory binding. The emotional induction was embedded multi-modally across
the experience: a pre-encoding narrative video established the emotional state, while continuous,
emotionally congruent auditory and visual elements were presented during encoding. The emotional
condition used a video of an aircraft crash-landing followed by pre-validated images (e.g., spiders, snakes)
and a soundscape of alarms and crying. This methodology elicited a genuine, sustained emotional
response rather than a transient reaction.

Memory performance was assessed via forced-choice recognition tests administered immediately
after encoding and after a 24-hour delay. This study measured face-name binding, which requires
associating a complex visual percept with an arbitrary lexical label, and face-context binding, which
requires associating the same face with its correct spatial location. The 24-hour delay was included to
examine effects after memory consolidation.

The effectiveness of the emotional induction was confirmed by self-report measures, with participants
in the EI condition reporting significantly higher negative-valence and arousal immediately post-
encoding compared to those in the EN condition, before returning to baseline levels after the 24-hour
delay.

The central memory findings revealed a clear and theoretically meaningful dissociation. Confirming
the adaptive model, high-arousal negative emotion did not cause uniform impairment. Instead, a
selective reallocation was observed. Memory for face-name associations was significantly enhanced
in the EI condition compared to the EN condition, an advantage that was more pronounced after the
24-hour delay. Concurrently, memory for face-context associations was impaired in the EI condition,
with a significant deficit emerging clearly in the delayed test. This indicates the stressful state prioritised
binding of task-relevant elements, likely through a unitisation mechanism that fuses them into a single,
static representation. In parallel, it attenuated the relational binding of those same elements to their
spatial context. The magnification of both effects after consolidation underscores their relevance for the
design of systems where information encoded under stress must be retained and retrieved over time.

Thus, the empirical results demonstrate that under sustained high-arousal stress, the long-term fate
of information in memory is predictably governed by its task relevance, and that separate, task-relevant
elements of high complexity (e.g., faces and names) can survive high-stress encoding experiences via



conjunctive binding, while relational binding fails. This dissociation provides the direct evidence for
the neurocognitive design criterion advanced in the following section.

3. The neurocognitive design criterion and its implications

The empirical dissociation establishes a core neurocognitive criterion for the design of XR systems
destined for stressful operations. Under high-arousal negative emotion, cognitive resources are allocated
to unitise task-critical information, actively attenuating its links to contextual peripheral information,
which becomes predictably fragile in memory. Unitisation refers to the process by which two or more
discrete items are encoded such that they are remembered as a single ensemble, rather than as separate
elements requiring relational binding. This reallocation is a fundamental constraint that must shape XR
information architecture for high-stakes use. Critically, this prioritisation is governed by task relevance,
not by the intrinsic emotional properties of stimuli or their mere spatial proximity to an emotional
source. Neutral, spatially distributed elements that are goal-critical will be drawn into a unified, central
representation.

A primary implication is that context cannot be a reliable medium. In a high-stakes XR environment,
an interface that communicates vital procedural data through contextual association, for example, by
instructing a technician to “use the tool placed near the malfunctioning panel passed-by earlier” builds
upon a relational binding that the operator’s cognitive system is actively deprioritising. Consequently,
design must ensure that essential data is spatially and conceptually fused with its immediate referent.
This could manifest as persistent, world-locked tags on key objects, or by designing procedural steps
as unified perceptual chunks where an action icon is inherently linked to a tool model, rather than
associating them through layout or narrative.

This necessitates a shift from designing for salience to designing for unitisation. The goal is to
structure presented information so that discrete elements are encoded as a single, static representation.
For instance, an interface alert should not merely appear near a schematic diagram; it should be visually
integrated such that the alert and the relevant component are processed as a unified entity. This
design principle challenges prevailing notions of “seamless” or contextual interfaces, arguing instead
for deliberate fusion of critical data organisation to withstand the cognitive reallocations induced by
stress. This complements existing heuristic approaches to mitigating interface-induced stress [13] by
providing a predictive, mechanistic account of why certain information architectures fail under high
arousal.

A crucial caveat accompanies this benefit of unitisation. The resulting memory representation is a
static blend. While this ensures the survival of the fused information, it simultaneously impairs the
flexible, relational processing required to decompose the blend and recombine its elements with new,
incoming information during recall or problem-solving. The very process that protects the data under
stress also renders it cognitively less adaptable. Therefore, XR systems must not only create unitised
representations but also provide external, real-time support for any required relational manipulation of
that information, as the user’s capacity for such mental operation is compromised.

Finally, this rule poses a significant challenge to concurrent goals of trust and situated explainability
in human–Artificial Intelligence (AI) teaming. An AI explanation that is contextually situated, such as an
overlay stating “close this valve because the pressure in the adjacent pipe is critical”, relies on the user’s
intact memory for the relational link between the valve and the earlier pressure reading. Under stress,
this link is precisely what is impaired. Therefore, achieving trustworthy and explainable AI collaboration
under these conditions may require a new paradigm for explanations, unitising the rationale with the
actionable object in real-time. This reframes the workshop’s call for situated explainability, suggesting
it must be pursued in tandem with conjunctive unitisation strategies for long-term resilience.

In synthesis, these implications converge on the need for memory-aware XR information architectures.
Such architectures would treat the user’s binding resources as a key system variable, prioritising unitis-
able presentation for core task elements while minimising reliance on fragile contextual associations,
and providing external scaffolding for the relational reasoning that stress inhibits.



4. Conclusion and future directions

In summary, XR design for high-stress environments cannot ignore neurocognitive reality. The empirical
finding of a selective memory trade-off, where stress enhances unitisation of task-critical elements while
impairing relational context binding, provides a fundamental criterion for resilient design. This leads to
a core proposition: resilient XR must be memory-aware, and memory-aware XR treats the user’s binding
resources as a key system variable, prioritising unitisable presentation for core task elements while
reliance on fragile relational associations is minimised and external scaffolding is provided. Integrating
this perspective raises three central questions.

First, the spatiotemporal parameters for conjunctive binding. The study outlined here demonstrates
that conjunctive binding can fuse separate, task-relevant elements presented in proximity (e.g., a face
and an adjacent name). For XR designers, this raises a critical, unexplored parameter: what is the
threshold of spatial and temporal separation beyond which two goal-critical elements will not be
fused, and instead require fragile relational binding? Defining this unitisation boundary is essential for
creating interfaces that reliably promote resilient memory under stress.

Second, memory binding as a benchmark: Given that stress impairs memory selectively by binding
type, should binding-type accuracy become a standard cognitive benchmark for evaluating XR assistance
in stressful scenarios? How can assays for unitised versus relational binding, inspired by paradigms
like the incidental encoding task used here, be integrated into the iterative design and testing cycles of
high-stakes XR systems?

Third, the ethics of adaptive cognitive scaffolding. A memory-aware XR system implements the
neurocognitive criterion by making autonomous adjustments to information architecture based on an
implicit cognitive diagnosis (e.g., ”user is stressed, relational binding impaired”), a technical capability
increasingly explored through embedded sensor data [14]. This shifts the system’s role towards a
cognitive prosthesis and raises critical questions for trustworthy XR. These can be framed as two
interconnected challenges: the design and engineering challenge of creating robust, comprehensible
systems that maintain user agency, and the human-systems challenge of ensuring such adaptations
avoid dangerous skill atrophy and operate with appropriate consent and transparency. Defining these
boundaries is a prerequisite for responsible innovation in high-stakes XR.

Addressing these questions is a necessary step in moving beyond designing for an idealised, stable
user. It implies engineering for a dynamic symbiosis with the cognitively adaptive human in the loop, an
endeavour that requires cognitive science as its grounding discipline. It is therefore recommended that
the XR community treat the operator’s cognitive architecture as a core system variable to be measured,
modelled, and ethically engaged.
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