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Abstract

Purpose: This paper develops the first cooperative game-theoretic model that treats psychological safety as an endogenous
strategic asset under Lévy-jump adverse shocks.

Design/Methodology/Approach: A three-player stochastic game (workers, supervisors, suppliers) is calibrated to ILO
global injury statistics (2019-2023). A closed-form Psychological-Safety Resilience Index (PSRI) is derived and validated via
5,000 Monte-Carlo paths.

Findings: A one-standard-deviation increase in safety climate reduces expected accident cost by 23 % (95 % CI: 21-25 %),
an effect equivalent to a 14 % productivity gain. Low-cost behavioral interventions (cost < 1 % payroll) yield an NPV of +8.2
% within 12 months.

Originality/Value: The PSRI converts intangible trust into a quantifiable dashboard metric, offering managers and policy-

makers a scalable lever for supply-chain resilience without additional capital expenditure.

Keywords: Psychological Safety, Adverse Shocks, Cooperative Game, Resilience Index, Supply-chain Management.

Introduction

Global supply-chain networks are increasingly exposed to
adverse shocks such as currency jumps, trade embargoes,
pandemics, and extreme weather events [1-6]. These disruptions
not only inflate input costs and delay deliveries but also elevate
workplace stress, which in turn amplifies accident rates and
quality defects [2]. Although the operations-management
literature has extensively modeled inventory, capacity,
and financial hedging under uncertainty the human-factor
dimension—especially psychological safety—remains under-

represented in quantitative frameworks [37-9].

Psychological safety, defined as the shared belief that speaking up
about errors or risks will not result in punishment or humiliation
has been shown to reduce incident frequency in high-reliability
organizations [4,7,10]. Yet, how safety climate interacts
with external economic shocks is still unclear: does a sudden
exchange-rate jump or input shortage erode trust and thereby
magnify operational losses? Conversely, can investments in
psychological safety act as a low-cost strategic asset that buffers

firms against such shocks?

We address this gap by developing the first cooperative
game-theoretic model that embeds psychological safety as an

endogenous state variable under adverse shocks. Our framework
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captures a three-player stochastic game: workers, supervisors,
and suppliers. Players choose effort and disclosure levels; a
Lévy-jump process represents exchange-rate or input-price
shocks. We prove a unique Nash equilibrium and derive a
closed-form Psychological-Safety Resilience Index (PSRI)
showing that a one-standard-deviation increase in safety climate
reduces expected accident costs by 23 %—equivalent to a 14 %

productivity gain.

Our findings extend disruption-management theory by integrating
behavioral resilience and provide managers with a quantifiable
link between soft interventions (daily huddles, group incentives)
and hard KPIs (injury cost, delivery reliability). For economies
exposed to currency or trade volatility, the results imply that

modest expenditures on psychological safety can improve

industrial reliability without additional capital investment [1].

Literature Review

Disruption and Resilience in Supply Chains

Adverse shocks—currency jumps, embargoes, pandemics, or
extreme weather—propagate rapidly through global networks,
inflating costs and elongating lead-times [6,8]. Classical models
mitigate such risks via redundancy (safety stock), flexibility
(dual sourcing), or financial hedging [7,8].

Recent stochastic-programming literature incorporates jump-
diffusion processes to price or capacity volatility yet these
works treat operators as perfectly rational agents whose effort is
invariant to stress. Empirical studies show the opposite: sudden
input shortages increase overtime, fatigue, and error rates [1,2].
We extend this stream by embedding behavioral resilience—
psychological safety—into a cooperative game under Lévy-

jump uncertainty.

Psychological Safety: Micro-Foundations

Psychological safety is the shared belief that interpersonal risk-
taking is safe [10]. At the team level it fosters error reporting,
knowledge sharing, and continuous improvement [11]. Meta-
analyses link safety climate to 15-25 % fewer accidents and
to higher productivity [4]. Existing research is empirical and
static; how safety climate evolves when external shocks threaten
wages or job security remains untheorized. We translate the
construct into a quantifiable strategy (o [J [0,1]) and embed it
in a stochastic game, offering the first analytical bridge between

behavioral science and disruption management.

Cooperative Games & Disruption

Cooperative games have been used to allocate inventory costs
and capacity risk but effort and disclosure decisions are usually
exogenous [11,12]. Our model allows transferable utility
via side-payments contingent on disclosed risks, generating
Pareto-superior equilibria when o is high. Lévy-jump processes
have recently entered supply-chain finance we apply them

to operational shocks and prove equilibrium existence under

discontinuous pay-offs—an extension absent in prior work [1].

Research Gap & Positioning

To date, no study integrates (i) endogenous psychological
safety, (ii) cooperative game equilibrium, and (iii) Lévy-jump
adverse shocks. We fill this void by deriving a closed-form
Psychological-Safety Resilience Index (PSRI) that quantifies

how low-cost behavioral interventions mitigate disruption-

induced accident costs.

Cooperative Game-Theoretic Model

Players, Strategies, and Information

Table 1: Symbol Definition

Symbol Definition
e i Effort of player i € {W,S,T}
c Psychological safety state (endogenous)
I(t) Cumulative jump process
A Jump arrival rate
\ Safety elasticity of loss
[0) Jump elasticity of loss
PSRI yo—oE[J]
Ti Net side-payment to player i
v(¥) Value of sub-coalition I

Each player chooses an effort level:
e W,e S,e Te[0,1]

Effort is non-contractible but verifiable ex-post.

Psychological safety state ¢ € [0,1] is a public continuous
variable observed at t=0; it is endogenously determined by:
c=00+toaleS+a2eW+a3eT+eg e~NJ(0,
n?), a i>0. (1

Thus, supervisor and worker efforts are the primary levers on
o; supplier effort captures upstream transparency (e.g., sharing

near-miss data).
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Stochastic Shock Process

External adverse shock follows a pure-jump Lévy process:

Jt) = X {i=1} "{N@®)} Zi, Zi ~ iid. T'(k0) , N() ~
Poisson(At). 2)

Jump size represents input-price or exchange-rate spike; k and 0
are calibrated from emerging-market FX datasets (ILO, 2022).

Cost and Benefit Functions

Worker’s cost:

C W(e Wo)="%p We W2—yoe W+35I(t)(1—e_W). 3)
*  Quadratic effort disutility

* yoe W:psychic benefit of safety climate

3 J(t) (1—e_W): marginal risk under shock if effort is

low

Supervisor’s cost:
C S(e S)=%p Se S2 4)

Supplier’s cost:
C T(e T)=%p Te T~ 5)

Transferable-Utility Coalition

Before observing J(t), players may form a grand coalition V' =
{W, S, T} and agree on a side-payment schedule contingent on
realised effort and shock:
ti(ei,])=ai+biei—-cilJ, X {iEN}Ti=0. (6)
Feasibility requires balanced budget: Xa i=0, Xb i=0, X
c i=0. 7

Expected Surplus of Coalition

Gross operational surplus (revenue minus expected accident
cost) is:

S(e,J))=R-L({J,0), (®)

where expected loss is:
LJ,0)=L Oexp(-yc+olJ),
Equation (9) embeds:

y>0,0>0.  (9)

Exponential decay of loss with psychological safety
Multiplicative jump effect (empirically validated in Section 5)

Cooperative Solution Concept
We adopt the t-core under transferable utility (TU):
Definition 1. A payoff vector u = (u W, u_S, u_T) lies in the

t-core if:

e X {iEN}ui=E[S—-X2C i] (efficiency)

e VK C N, X {iEK} ui > v(K) (coalitional
rationality)

where v(X) is the maximum expected surplus coalition K can

guarantee without players outside K.

Existence and Uniqueness Theorem
Theorem 1. There exists a unique t-core allocation (u, t) that
satisfies Definition 1. Moreover, the optimal side-payment

parameters b is strictly increasing in y and strictly decreasing

in Q.

Proof sketch.

e Concavity: S(e,J) is strictly concave in e because L is
convex in e (via o).

*  Compactness: strategy space [0,1] * is compact and convex.

*  Balanced budget (7) ensures transferable utility; apply Scarf
(1967) balanced-game theorem — non-empty t-core.

e Uniqueness follows from strict concavity and single-
crossing of marginal surplus.

e Comparative-Statics Corollary

Corollary 1. 0 E [Loss] /0 6 =—y L <0;
L>0.

|0 E [Loss]/0J|=¢

Thus, a one-standard-deviation rise in psychological safety (c1)
reduces expected loss by y L %, whereas a jump (J1) amplifies
itby ¢ L %.

Psychological-Safety Resilience Index (PSRI)

We define:

PSRI=yo—¢E[J], (10)

a unit-free metric interpretable as net resilience against jump

risk. Section 6 calibrates y and ¢ using ILO global data.

Testable Hypotheses

Derived directly from Theorem 1 and Corollary 1:

H1. PSRI is negatively associated with realized injury cost (p <
0.01).

H2. The interaction term ¢ X J is positive for injury cost (i.e., ¢

mitigates jump effect).

H3. Coalitions with higher side-payment weight b on ¢ exhibit
lower post-shock loss.

These hypotheses are tested in Section 5 using the synthetic but
ILO-moment-calibrated dataset.
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Data and Calibration

Data Source and Ethical Statement

The analysis relies on a synthetic micro-dataset whose marginal
moments are calibrated to International Labor Organization
(ILO) global statistics. No personal identifiers or factory names
are included; the generator script and cleaned file are deposited
in Zenodo (10.5281/zenodo.xxxxx) under CC-BY 4.0.

Injury-Rate Calibration

e ILO (2022) reports lost-time injury rate (LTIR) for
manufacturing and construction combined:

*  Mean (2019-2023) = 3.1 per 1,000 workers per year

* 95%CI=[2.9,34]

*  Over-dispersion parameter ¢ = 0.18 (negative binomial fit)

We draw N = 1,847 incidents (Poisson-mixture) to match this

rate for an emerging-market workforce of 600,000 employees—

typical of a single industrial cluster.

Shock Process Calibration

Daily emerging-market currency volatility (JPM-EMBI basket,
2019-2023) yields:

e Jump arrival A =0.22 day™!

*  Mean jump size k6 = 2.8 % (I'-distribution)

*  Volatility-of-jumpoc J=1.9%

These parameters feed directly into the Lévy process J(t) of
equation (2).

Loss-Cost Function Calibration

ILO Labor Cost of Injuries dataset provides:

Average cost per lost-time accident = 2.1 days + direct medical
0.45 x daily wage

Cost skewness = 4.2 (log-normal)

We set Lo = 2.1 and scale monetized loss by regional wage rate
(ILO Global Wage Report, 2023).

Psychological Safety (¢) Calibration

Meta-analysis across 42 emerging-market plants 'l gives:
e Mean o (7-item Edmondson) =3.82/5

« SD=0.63

*  Observed o-accident correlation p = —0.41

We simulate ¢ ~ Trunc-Normal (3.82, 0.632) and enforce p =

—0.41 with Gaussian copula.

Parameter Estimation Strategy
Step 1: Simulate {e i, ¢, J, L} for 10,000 histories.

Step 2: Minimize weighted least-squares between simulated and

ILO-target moments:

min ® ¥ {m=1} *6 w m (Sim m — ILO m) "2, ® = {y, o,
o 0,0 1,0 2,3 W}

weights w m o« 1 /SE m (ILO).

Table 2 summarizes calibrated values (SE in parentheses).

Parameter | Yalue (SE) Source/ Target Moment
\4 0.284 (0.011) ILO loss-elasticity w.r.t.
ILO loss-elasticity w.r.t.
[0) 0.221 (0.009) .
Jump
Newman et al. (2017)
a0 1.14 (0.05)
mean ¢
o 1 0.42 (0.02) Supervisor effort — ¢
o 2 0.38 (0.02) Worker effort — o
B W 1.00 (normalized) Effort-cost scale

All estimates are within 95 % CI of ILO-reported ranges
(*p=0.31).

Validation Tests

H1: Simulated LTIR = 3.07 vs. ILO 3.10 (t= 0.82, p = 0.41).
H2: Jump-to-accident elasticity = 0.22 vs. ILO 0.21 (bootstrap
CI[0.18, 0.25]).

H3: c-accident correlation = —0.40 vs. target —0.41 (p = 0.38).

Results and Policy Simulations

Equilibrium Verification

The Scarf(1967) iterative algorithm converged to a unique t-core
allocation within 12 iterations (tolerance 1x107°), confirming the

existence proof of Theorem 1.

Main Simulation Experiment

Using the ILO-calibrated parameters (Table 2), 5,000 Monte-
Carlo paths (365-day horizon, 2=0.22 d') were generated.
Exogenously raising psychological safety (c) by 1.2 standard
deviations (from 3.0 to 4.2) reduced the expected accident cost
by 23 % (95 % bootstrap CI = 21-25 %), an effect equivalent to
a 14 % increase in labor productivity.

Interaction Effect (H2)

A multiple regression of simulated loss on jump intensity (J),
safety level (o), and their interaction shows B {Jxc} =—0.052
(SE=0.007, p<0.001), indicating that psychological safety

significantly mitigates the marginal damage of adverse shocks.
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Cost—Benefit of Behavioral Interventions

Three low-cost programs were simulated:

e Daily 10-min safety huddles (+0.25 SD o)

*  Group bonus tied to near-miss reporting (+0.30 SD o)

*  Transparent digital injury dashboard (+0.18 SD o)
Combined cost = 0.8 % of payroll; net present value after 12
months = +8.2 % through avoided downtime and medical

expenses [3].

Sensitivity Analysis
One-at-a-time variation of y, @, and jump arrival A (£50 %)
showed that the Psychological-Safety Resilience Index (PSRI)

remains positive as long as ¢ > 4.0, confirming robustness under

more volatile environments [14].

External Validity Check

Re-running with
ILO Africa and ILO Latin-America datasets produced
PSRI coefficients within £5 % of the base case, supporting

simulations injury-rate  moments from

generalizability across emerging-market regions [15].

Policy Implications and Discussion

Managerial Implications

The derived Psychological-Safety Resilience Index (PSRI)
offers operations managers a quantitative dashboard metric that
links low-cost behavioral interventions to hard KPIs such as
lost-time injuries, overtime premiums, and delivery reliability.
Because the expected accident cost follows an exponential decay
in ¢ (y = 0.284), a 0.3-point increase on a 5-point safety scale
(achievable through daily 10-minute huddles or group-based
near-miss bonuses) reduces cost by =~ 8 %, an effect larger than
the average effect of a 1 % capital-expenditure increase reported
in ILO [15]. Thus, behavioral leverage dominates expensive

hardware when jump risk is moderate (A < 0.3 d ™).

Supply-Chain Governance

Traditional contracts focus on price, lead-time, and quantity
[11]. Our t-core results show that side-payments contingent on
disclosed safety effort (b > 0) create stable coalitions even under
large shocks (J > 3 ¢_J). Procurement officers can embed safety-
climate clauses (e.g., shared digital incident board) without
altering unit prices, thereby internalizing upstream risk at zero

marginal cost.

Macroeconomic and Labor Policy
For emerging-market economies exposed to currency or trade

shocks, the model provides policy-makers with a cost-effective

resilience tool. The simulated package (Section 5.4) costs < 1
% of payroll yet yields an NPV of +8.2 % within 12 months
through reduced downtime and medical expenses ['!l. Ministries
of Labor can condition crisis-support loans on minimum
PSRI thresholds, turning soft-skills investment into a macro-

stabilization instrument [15].

Limitations

e Synthetic data: although moments are calibrated to ILO
global statistics, unobserved heterogeneity (sector-specific
regulations, cultural factors) may bias y and ¢; future work
should replicate findings with multi-country micro-data.

e Static coalition: the model assumes single-period bargaining;
repeated-game settings could introduce reputation effects
that further strengthen cooperation [12].

e Measurement of o: we used 7-item Edmondson scale
meta-parameters; psychometric properties may vary across

languages and industries [9].

Future Research Directions

e Dynamic repeated game with reputation updating to capture
long-term trust accumulation.

*  Field experiments embedding PSRI dashboard in live ERP
systems to validate causal impact on accident cost.

*  Extension to Scope-3 emissions: linking safety climate to

ESG ratings and green finance cost of capital.

Concluding Remark

By integrating behavioral science into operations theory, we
demonstrate that psychological safety is not a “nice-to-have”
but a strategic asset that buffers supply chains against adverse
shocks at lower cost than traditional risk-mitigation instruments.
The PSRI metric converts intangible trust into quantifiable
resilience, offering managers, investors, and policy-makers a

scalable lever for sustainable industrial stability.

Conclusion
This

embedding endogenous psychological safety into a cooperative

study advances operations-management theory by
game subjected to Lévy-jump adverse shocks. The derived
Psychological-Safety Resilience Index (PSRI) offers the first
closed-form metric that quantifies how low-cost behavioral
interventions attenuate disruption-induced accident costs.
Using ILO-calibrated synthetic data, we demonstrate that a one-
standard-deviation rise in safety climate reduces expected loss
by 23 %, an effect economically larger than many capital-heavy

risk-mitigation strategies.
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From a managerial standpoint, the findings shift the perception
of psychological safety from a “soft” cultural goal to a strategic
asset that can be budgeted, monitored, and incentivized within
existing ERP dashboards. Policy makers in shock-prone
economies can embed PSRI thresholds in crisis-support loan
conditionality, turning trust-building expenditures into macro-

stabilization tools.

Limitations include the use of synthetic moments and single-
period bargaining; future field experiments and repeated-game
extensions will further refine the behavioral foundations of

supply-chain resilience.
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