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ABSTRACT

This paper presents insights from five lunar/Martian habitat simulator missions at
the University of North Dakota (UND)/NASA habitat simulator, focusing on the
integration of real-time cognitive monitoring technologies within human-system
collaboration in high-stress environments. By combining cognitive readiness and elite
mental performance tools, this research demonstrates that real-time EEG monitoring,
cognitive flexibility, and awareness tools can enhance decision-making, resilience,
and overall mental fitness under extreme conditions. Quantitative performance
improvements observed in astronauts underscore the potential of these systems, not
only in aerospace but also in healthcare, military, and other high-stakes fields.
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INTRODUCTION

Cognitive readiness, the mental preparedness and situational awareness
required to perform cognitive tasks effectively in demanding settings,
is crucial in high-stakes environments such as space missions, where
performance directly impacts mission safety and success. The unique
stressors in space—ranging from isolation and confinement to microgravity
and extended mission durations—can impair key cognitive functions like
attention, decision-making, and situational awareness (Flynn-Evans et al.,
2020; Strangman et al., 2014). Studies show that astronauts face heightened
risks of cognitive fatigue and performance decline due to circadian
misalignment and sleep deprivation (Flynn-Evans et al., 2016; Nasrini
et al., 2020). For instance, studies have shown that astronauts average
less than six hours of sleep per day during missions, which correlates with
cognitive impairments, including attentional failures and reduced situational
awareness (Basner et al., 2015).

The IQity™ cognitive monitoring system, initially developed for cognitive
remediation in terrestrial applications to support patients with traumatic
brain injuries (TBI) and children with developmental delays, was later
adapted for space mission demands through UND’s habitat studies. Insights
from these simulations refined the system for astronaut use and enhanced
its effectiveness for students, patients, and other high-functioning adults.
Built upon the Skill-Rule-Knowledge (SRK) model, IQity™ continuously
monitors cognitive states to support sustained performance under stress,
demonstrating improvements in decision accuracy and task response time.
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Figure 1: University of North Dakota’s (UND) habitat.

METHODS

The IQity™ system employs multi-channel, dry-electrode EEG to capture
and process brain signals in real time. EEG data is cleaned through band-
pass filtering and Independent Component Analysis (ICA) to reduce noise and
artifacts, ensuring high-fidelity cognitive predictions. Key EEG features—like
band power (delta through gamma), phase synchronization, and coherence—
are fed into machine learning models (Support VectorMachines and Random
Forests) to classify cognitive states, such as fatigue and attention. The
system generates real-time cognitive readiness scores, adjusting workloads
or prompting breaks as necessary.

Figure 2: UND space suit experiment.
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The IQity™ system is built upon the NeuroPerformance Mastery
Framework, a structured approach that leverages real-time cognitive
monitoring to optimize astronaut performance and resilience. Central to
this framework is the Skill-Rule-Knowledge (SRK) model, which categorizes
cognitive actions based on their complexity and cognitive demands.
Developed to address the varying reliability of human behaviors under
different cognitive loads, the SRK model is essential to IQity™’s design,
as it guides the dynamic adjustments and monitoring required to support
astronaut readiness and adaptability in high-stress environments.

Understanding the SRK Model and its Role in IQity™

The SRK model defines three levels of cognitive behavior:
Skill-Based Behaviors: These are automatic, low-conscious actions that

rely on well-practiced routines. Skill-based actions are highly reliable because
they operate with minimal cognitive strain, making them crucial during
repetitive tasks or emergencies where quick reactions are essential.

Rule-Based Behaviors: These behaviors follow established procedures or
guidelines, requiring a moderate level of cognitive engagement. Rule-based
tasks are adaptable but demand that astronauts correctly interpret and apply
procedural rules. In unexpected situations, astronauts must flexibly adjust
their approach while staying within protocol guidelines, making rule-based
behavior vital for task reliability under changing conditions.

Figure 3: Baseline testing.

Knowledge-Based Behaviors: These behaviors are high-level cognitive
processes that involve complex problem-solving, decision-making, and
situational analysis. Knowledge-based actions require the highest cognitive
load and are prone to errors, especially under stress or fatigue. In situations
where astronauts must rely on knowledge-based behavior, maintaining
mental clarity and resilience is essential to avoid critical mistakes.

By categorizing tasks within this SRK framework, IQity™ dynamically
adapts its cognitive support based on task complexity, prioritizing mental
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states that sustain high performance. The framework enables the system
to identify when an astronaut might struggle with transitioning between
skill-based, rule-based, and knowledge-based tasks, prompting real-time
interventions to prevent cognitive overload or decline.

Cognitive Control Networks and Their Importance in Monitoring

IQity™ monitors specific cognitive control networks that are vital to
cognitive readiness and situational awareness. These networks, such as
the Default Mode Network (DMN), Salience Network (SN), and Central
Executive Network (CEN), play distinct roles in task engagement and mental
state management.

Default Mode Network (DMN): Associated with self-referential thinking
and resting states, the DMN is essential for introspective processes. In high-
stress environments, reduced DMN activity can indicate heightened task
focus, while increased DMN connectivity can signal a shift toward cognitive
rest or mental fatigue.

Figure 4: Control networks in action.

Salience Network (SN): The SN acts as a cognitive switch, managing
transitions between the DMN and CEN. It detects salient stimuli and assesses
task relevance, playing a key role in maintaining adaptability and cognitive
flexibility. Monitoring SN activity allows IQity™ to identify when cognitive
flexibility might be waning, which could impact rule-based task adherence
or response to unexpected events.

Central Executive Network (CEN): The CEN supports working memory
and high-order cognitive functions critical for complex problem-solving. In
knowledge-based tasks, high CEN activity correlates with effective cognitive
control and decision-making.Monitoring CEN engagement helps ensure that
astronauts maintain focus and clarity during demanding cognitive activities.

These networks are continuously assessed in real-time by IQity™ to
maintain an optimal balance between cognitive engagement and readiness,
ensuring astronauts can transition smoothly across tasks and respond
accurately to mission demands.
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Cognitive Monitoring Indices: Purpose and Function Within the SRK

IQity™’s NeuroPerformance Mastery Framework implements several EEG-
based cognitive indices, each tailored to address specific SRK-related
demands and cognitive control network activities. These indices monitor
cognitive states, ensuring that astronauts maintain optimal engagement and
resilience throughout their tasks.

Figure 5: Brain network mission changes.

Task Focus Index (TFI): Aligned with the CEN and skill-based tasks,
TFI measures attention levels, issuing alerts when focus wanes, particularly
critical in high-stakes activities that require reliability and precision. TFI
measures attention levels to ensure astronauts remain fully engaged during
procedural or repetitive actions. A drop in TFI indicates waning focus,
triggering alerts to reinforce task attention, which is especially critical in
high-stakes, skill-based activities that require reliability and precision.

Fatigue Index (FI): Monitoring DMN activity, FI detects mental fatigue
and advises breaks, especially important during prolonged knowledge-based
tasks where clarity is essential. Fatigue negatively impacts all levels of the
SRK model but is particularly detrimental to knowledge-based tasks, where
mental clarity is essential. FI monitors fatigue over prolonged activities and
alerts astronauts to take breaks or redistribute cognitive resources, reducing
the likelihood of cognitive errors under knowledge-intensive demands.

Mental Flexibility Index (MFI): Tied to the SN, theMFI tracks adaptability
in rule-based tasks, helping astronauts stay within procedural guidelines
while responding to situational changes. Key to rule-based behaviors, the
MFI tracks astronauts’ adaptability in following and adjusting procedures
under varying conditions. For tasks where procedural adherence is required,
MFI signals an astronaut’s cognitive flexibility, helping them stay within
operational guidelines while adapting to real-time situational changes.

Cognitive Load Index (CLI): Associated with CEN load, CLI assesses
mental workload, providing alerts when cognitive strain is too high,
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particularly relevant for high-order cognitive functions in knowledge-based
tasks. This index assesses the astronaut’s mental workload, providing alerts
when cognitive load exceeds safe thresholds. CLI is particularly relevant for
knowledge-based tasks that require complex decision-making and analysis.
By monitoring cognitive load, IQity™ helps prevent overload, ensuring
astronauts can perform high-level cognitive functions without the risk of
errors due to excessive mental strain.

Cognitive Resilience Index (CRI): CRI evaluates the astronaut’s ability to
manage high cognitive loads over time, with a focus on stress management
and sustained performance in demanding situations. The index is vital for
knowledge-based tasks and assists in identifying when additional support or
interventions may be needed to bolster mental resilience under continuous
high-stress conditions.

Self-Monitoring Index (SMI): Monitors DMN and SN activity for
situational awareness and self-regulation. SMI measures self-regulation and
situational awareness, enhancing astronauts’ ability to monitor their mental
state and adapt as needed. By promoting situational awareness and self-
monitoring, this index supports transitions between SRK levels, helping
astronauts recognize when a shift in cognitive strategy is necessary.

These indices work together to provide a comprehensive, real-time view of
cognitive readiness, allowing mission control to monitor astronauts’ mental
states and adapt task demands as necessary. The NeuroPerformance Mastery
Framework enables IQity™ to deliver continuous, non-intrusive cognitive
support, using these indices to ensure that astronauts operate within an
optimal cognitive range tailored to their task level within the SRK model.

Implementation and Comparison With Traditional Tools

IQity™’s continuous EEG-based monitoring, grounded in these SRK-aligned
indices, differentiates it from traditional assessments like WinSCAT, which
require task interruptions for evaluation. IQity™’s real-time monitoring
enables mission control to track cognitive states seamlessly, enhancing
situational awareness and operational efficiency by providing immediate
feedback. The system’s FDA-registered software database incorporates age-
normed EEG comparative data, allowing for rapid detection of deviations
from both individual and population baselines, which is essential for
identifying risks associated with cognitive overload and fatigue.

RESULTS

The habitat studies demonstrated that real-time EEG monitoring effectively
supports cognitive readiness and elite performance. Metrics tracked through
IQity™, including the Mental Flexibility Index and Cognitive Load Index,
detected early signs of mental fatigue, cognitive overload, and stress, allowing
for timely interventions. Specific outcomes included a 15% reduction in
cognitive error rates during complex task phases and a 10% improvement
in situational awareness, as measured through response times and accuracy
consistent with previous studies (Strangman et al., 2014).
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By tracking cognitive states, mental operations, and strategies, IQity™
maintains high-level mental performance. For example, theMental Flexibility
Index monitors adaptability during sudden operational shifts, while the
Cognitive Load Index signals when astronauts may approach cognitive
saturation, triggering proactive responses to maintain performance stability.

CONSOLIDATED LESSONS LEARNED

Continuous Real-Time Cognitive Monitoring

Real-time EEG-based monitoring is essential for managing mental readiness
in high-stress environments. It enables the detection of fatigue, stress, and
lapses in attention, allowing timely interventions to sustain situational
awareness and enhance performance. By using indices like the Task Focus
Index and Cognitive Load Index, IQity™ ensures astronauts maintain an
optimal cognitive state for mission tasks.

Cognitive Flexibility and Adaptability

Cognitive flexibility—smooth transitions between skill-based, rule-based,
and knowledge-based actions—is crucial in dynamic environments. EEG
monitoring integrated with readiness tools helps astronauts adjust to sudden
changes, such as equipment malfunctions, without cognitive overload.
Indices like theMental Flexibility Index and Cognitive Control Index support
this adaptability, promoting resilience in task performance.

Targeted Interventions for Optimized Performance

Real-time feedback loops enable personalized interventions to counter
cognitive strain. When indices indicate fatigue or high cognitive load,
interventions like relaxation exercises, cognitive reframing, and task
recalibration maintain cognitive balance. Such dynamic adjustments prevent
mental fatigue, supporting sustained performance throughout prolonged
missions.

Broader Applications for Cognitive Readiness and Resilience

The integration of cognitive models and brain network dynamics extends to
other high-stakes fields, including healthcare and military operations. Real-
time cognitive readiness tools provide adaptive assessment and interventions,
promoting readiness, adaptability, and resilience. This framework enhances
individuals’ capacity for complex tasks, rapid adaptation to stressors, and
high performance in challenging environments.

DISCUSSION

The NeuroPerformance Mastery Framework within IQity™ enhances
cognitive readiness by leveraging real-time EEG monitoring and the SRK
model. This framework enables astronauts to transition smoothly across
cognitive levels as tasks require, providing continuous insights into mental
states. Essential attributes for elite mental performance—such as cognitive
flexibility, self-regulation, and situational awareness—are strengthened
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through this dynamic feedback system. Real-time EEG metrics offer
actionable data that maintain readiness, prevent cognitive overload, and
support accurate responses to changing demands, directly contributing to
mission success and reducing task failure rates consistent with previous
studies (Peng et al., 2022).

Implementing EEG monitoring in space presents unique challenges,
including maintaining signal fidelity amid microgravity-induced
physiological changes and integrating sensor arrays within the constraints of
spacesuit design. Advanced noise reduction algorithms and adaptable sensor
mounts are essential to counteract interference and ensure accurate readings.
Additionally, ongoing improvements in dry-electrode EEG systems are critical
for usability, as they offer reliable, gel-free contact and minimal maintenance
requirements in the demanding conditions of space. These technological
advancements collectively enhance the feasibility of continuous, high-
fidelity EEG monitoring for astronauts, supporting cognitive readiness and
performance in space environments (Gunkelman & Cripe, 2008).

The insights from NASA’s habitat simulator extend to multiple domains,
including aerospace, healthcare, and elite sports, where cognitive readiness
and mental resilience are crucial. The EEG-based cognitive readiness model
adapts dynamically, supporting safety, cognitive resilience, and operational
efficiency in complex environments (Neerincx, 2010).

CONCLUSION

This paper presents an integrated approach to cognitive performance
optimization, utilizing EEG-based monitoring, cognitive flexibility tools,
and the SRK model to dynamically support cognitive readiness in high-
stakes environments. Focused on addressing the mental demands of extreme
settings, this framework enhances decision-making, emotional regulation,
and mental resilience. Findings from NASA’s habitat simulator studies
confirm the framework’s effectiveness, offering valuable insights for high-
stress fields like healthcare, military, and elite sports, where sustained
cognitive readiness is essential for safety and success (Cripe, 2006).
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