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Annotation. This article systematically analyzes how cognitive constraints transform
individual parameter estimation errors into systemic tail risk through a three-step pro-
cess: theory, empirical evidence, and institutional frameworks. It then proposes actiona-
ble regulatory and industry tools. First, at the theoretical level, this article integrates
bounded rationality, salience theory, and information theory to construct a "cognitive
load-spectral entropy gap-tail exception" analytical framework. Second, at the empirical
level, it integrates cross-lingual text, neuroimaging, and high-frequency trading data to
validate the predictive power of cognitive proxies for VaR/ES exceptions. Finally, at the
institutional level, it reviews the latest proposals from the Bureau of Internal Revenue
(BIS) and the Federal Reserve, and designs a "cognitive augmentation verification lay-
er" (CAVL) and an industry cockpit.
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As we already know, since the emergence of the concept of Value at Risk (VaR) in
the 1990s, financial institutions have consistently included tail loss risk measures in
their balance sheets and regulatory filings. However, the 2007-2009 financial crisis, the
2020 COVID-19 pandemic, and the wave of bank failures in Europe and the United
States in 2022-2023 have all demonstrated that the frequency of exceptions to tradition-
al models is far higher than statistically expected. Extensive backtesting demonstrates
that extreme events are not simply the result of sudden changes in market microstruc-
ture, but can be traced back to the information processing boundaries of model design-
ers-that is, cognitive constraints. Embedding bounded rationality into the mathematical
model of risk has thus become a core issue in the new generation of risk management
and regulatory capital pricing.

Classical axioms and crisis gaps. J.P. Morgan's RiskMetrics simplifies volatility into
an observable random variable, implicitly imposing the "unlimited rationality-unbiased
estimation" assumption. Artzner et al. further anchored the probability space in objec-
tive measurements [1]. However, the day-by-day exceptions of the 2007-2009 crisis
showed that the human side of the human-model-market triangle is not transparent. Si-
mon's bounded rationality and Miller's 7+£2 working memory bottleneck first pried open
the foundation of rationality at the experimental level; Kahneman & Tversky's prospect
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theory twisted the weight function into an S-shape, suggesting the existence of system-
atic cognitive distortions in small probability intervals.

Salience and Memory Availability. Gennaioli & Shleifer internalized “memory
availability” to prove that investors would overweight recent extreme scenarios; Borda-
lo et al. used salience theory to formalize “attention scarcity”, enabling cognitive biases
to be embedded in continuous-time pricing. The theoretical progression is clear: from
axioms to experiments, and then to computable biases, cognitive constraints have ac-
quired the identity of continuous variables of the same magnitude as volatility.

Information-theoretic measure: spectral entropy gap. Shannon entropy is borrowed as
a measure of model complexity. When the required complexity H required exceeds the
analytical bandwidth H_assimilated, a "spectral entropy gap" occurs:

H gap =H required — H_assimilated,

Where H_required = —| f()) log f(X) d, f is the spectral density of the characteristic function
of the loss distribution. Golan & Harte confirmed in the options market that H gap is signifi-
cantly positively correlated with pricing errors, but the bank book has yet to be expanded [2]

Now that the theoretical framework has established a calculable cognitive gap, the
next step is to test whether and under what conditions this gap gradually penetrates to
the parameter level, probability level, and capital level; the accumulation of empirical
evidence will determine whether the theory remains confined to the laboratory or has
predictive power at the market level.

Parameter estimation layer. Zhang et al. found that machine learning VaR frequently
exceeded the 99th percentile out of sample due to "interpretability constraints"; Enke &
Graeber's experiment showed that when the number of factors is > 4, the correlation co-
efficient is systematically depressed by 15-25%, directly amplifying the covariance ma-
trix error [3].

Probabilistic conversion layer. Polkovnichenko and Zhao used internal bank data to
demonstrate that risk managers compress the 99% tail probability by 30—40% when re-
porting upwards, creating an '"intra-organizational representativeness bias." Shiller's
narrative economics suggests that media amplification of extreme scenarios causes ex-
ecutives to temporarily lower their VaR confidence levels, weakening the robustness of
models.

Neural and textual measurement. Hirshleifer et al.'s fNIRS experiment showed that
when prefrontal blood oxygen levels dropped by 5%, individuals underestimated the 1%
tail probability by 0.3 percentage points. Kumar & Zhang's multilingual BERT metric
showed that for every 1 standard deviation increase in news narrative complexity, the
probability of a VaR breach the next day increased by 12%. The chain of evidence,
which amplifies from the micro-level to the organization-to-market level, provides
quantitative targets for regulatory intervention.

While empirical results confirm the significant predictive power of the cognitive gap
on tail exceptions, two policy questions urgently need to be answered: first, how should
regulatory capital be dynamically adjusted in response to cognitive load? Second, how
should industry tools monitor and disclose this load in real time? The following institu-
tional design will directly build on the theory and evidence presented in the previous
two sections, forming a closed loop of "diagnosis-pricing-disclosure."

Cognitive Enhancement Validation Layer (CAVL). The BIS 2023 draft proposes that
if a bank's real-time H gap or cognitive overload index (COI) exceeds a threshold, it
will trigger Basel Pillar 1 additional capital:
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K cog=K base x (1 +A-H gap),

The initial value of A is 0.20 after cross-bank calibration. Simulations show that the
exception rate can be reduced by 25% without significantly increasing total capital.[§]

Real-time disclosure and industry tools. The Federal Reserve's 2024 draft requires
the quarterly listing of "cognitive risk factors" and their changes, pushing model risk
from "backtracking" to "early warning." [9] Several systemically important banks have
piloted the "CRO cockpit," which visualizes COI, narrative index, and VaR on the same
screen, enabling immediate intervention in the model selection stage.

New challenges for generative Al. The regulatory application of generative Al is
triggering a closed-loop "model-generation-model" feedback loop, whose potential bias-
amplifying effects urgently require serious econometric correction.

Specifically, after a large-scale language model on the regulatory side reads a news
stream and outputs a narrative complexity index, the same index is then used as a
prompt input by a trading-side model to generate hedge text or social summaries. The
newly generated content is then read by the regulatory model again, forming a recursive
loop. Theoretical analysis shows that this closed loop, under the conditions of gain
greater than 1 and phase lag, can lead to exponential divergence in the conditional ex-
pectation of the complexity index: when the decoding temperature exceeds 0.7, the
standard deviation increases by 2.4 times after just three iterations, causing the statically
estimated lambda coefficient to systematically underestimate the additional capital de-
mand. Furthermore, existing models are significantly less efficient at tokenizing low-
resource languages than English. The complexity index of the same narrative event in
Arabic or Indonesian can be overestimated by 12—18%, which directly impacts the cal-
culation of cross-border capital additions in multilingual environments such as the Belt
and Road Initiative, creating opportunities for regulatory arbitrage [4].

More fundamentally, the A coefficient exhibits significant heterogeneity between
common law and civil law jurisdictions: under the same complexity shock, the former is
estimated to be 0.19, while the latter reaches 0.23. Using a single regulatory parameter
would lead to capital shortages in common law jurisdictions and capital oversupply in
civil law jurisdictions, distorting the credit supply curve [5].

To disrupt this amplification loop, a two-layer mechanism of "differential privacy +
randomized buffer" must be inserted between the regulatory and transaction sides: first,
Laplace noise of € = 1.0 is applied to the published complexity index, and second, pub-
lication is delayed with a probability of 1/At, disrupting the phase synchronization con-
dition. Simulation results show that this design can reduce the closed-loop gain to below
0.85 and converge the standard deviation to the initial level. Future research requires
constructing cross-lingual correction functions, estimating institution-specific A using
Bayesian hierarchical models, and incorporating firewalls into RegTech sandboxes to
monitor the joint distribution of A and the complexity index in real time, ensuring that
additional capital fully absorbs the cognitive amplification effect before extreme events
occur [6].

Only after simultaneous updates in measurement, language, and institutions can gen-
erative Al transition from a "bias amplifier" to a "risk monitor," achieving a simultane-
ous reduction in the frequency of extreme events and regulatory capital costs.

Cognitive constraints are measurable, priced, and controllable risk factors. Embed-
ding bounded rationality into risk mathematical objects marks a paradigm shift in finan-
cial risk management from "objective probability" to "cognitive enhancement."
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Thus, continuous improvement of real-time indicators, capital calibration, and inter-
active management using artificial intelligence can strengthen the final link in ensuring
the model's resilience before the next crisis.
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