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Abstract

We derive the full counterparty credit risk (CCR) metric stack — Expected Positive Exposure
(EPE), Potential Future Exposure (PFE), Effective Expected Positive Exposure (EEPE), and Ex-
posure at Default (EAD) — from the Fokker—Planck spectral generator without Monte Carlo simula-
tion. The spectral density p(r,t) = >, A, (t) (1), evolved via matrix exponential A(t) = eMtA(0),
provides the exact conditional distribution of the risk factor at each monitoring date. EPE is an
inner product between density coefficients and payoff projections. PFE at the ¢-th quantile is ob-
tained by inverting the spectral CDF — a root-finding problem on a smooth function, yielding a
deterministic, noise-free PFE that does not depend on the number of simulation paths. EEPE
and EAD follow algebraically.

On the 10-swap Vasicek benchmark portfolio, we compute: (i) the full EPE profile in 221ms (vs
4.5s simple MC, 29.2s nested MC-on-MC in optimized Rust); (ii) PFE at the 97.5th percentile with
zero sampling noise (MC PFE has $ $5% relative noise at 10° paths); (iii) EAD under the Internal
Model Method (IMM) and compare with the Standardized Approach for CCR (SA-CCR); and (iv)
regulatory capital under Basel III CRE52. The spectral approach yields IMM-quality exposure
metrics at a fraction of the computational cost, potentially enabling banks currently on SA-CCR
to adopt model-based approaches without the infrastructure investment traditionally required.

1. Introduction

1.1 The CCR Regulatory Framework

Counterparty credit risk (CCR) is the risk that a counterparty to a financial transaction defaults
before settlement of all contractual cashflows. The Basel framework (BCBS, 2006; 2014; 2023)
requires banks to hold regulatory capital against CCR, computed from the Exposure at Default
(EAD):

Regulatory Capital = EAD x RW(PD,LGD, M) (1)

where RW is the risk weight from the Internal Ratings-Based (IRB) formula, PD is the probability
of default, LGD is the loss given default, and M is the effective maturity.



Banks have two approaches for computing EAD:

1. SA-CCR (Standardized Approach for CCR, CRE52): a formulaic approach using replace-
ment cost and potential future exposure add-ons, calibrated by asset class and maturity
bucket. Simple but conservative.

2. IMM (Internal Model Method, CRE53): model-based EAD computed as EAD = a x EEPE,
where a > 1.4 (or internally estimated, > 1.2) and EEPE is the Effective Expected Positive
Exposure. More risk-sensitive but requires regulatory approval and massive computational
infrastructure.

The computational barrier to IMM is the exposure simulation engine: generating 10°-10° paths
of all risk factors, evaluating the portfolio at each (path, date) pair, and computing the quantile-
based metrics (PFE) and averaging-based metrics (EPE, EEPE). This requires GPU clusters and
overnight batch runs.

1.2 The Spectral Proposition

We show that the Fokker—Planck spectral generator provides all five CCR metrics — EPE, ENE,
PFE, EEPE, EAD — from the same 48 x 48 matrix, in milliseconds, with zero sampling noise.
The key insight is that the spectral density at each monitoring date is an exact probability
distribution, not a histogram from finite samples. Any functional of this distribution (mean,
quantile, integral, conditional expectation) is computed analytically or via fast quadrature on the
spectral reconstruction.

1.3 Contributions

1. Complete CCR metric derivation. We express EPE, PFE (at arbitrary quantile), EEPE,
EAD, and wrong-way risk metrics in spectral form (Sections 2-3).

2. Deterministic PFE. We show that spectral PFE eliminates the well-known problem of MC
PFE noise — the $ $5% relative error that corrupts credit limit monitoring and regulatory
reporting (Section 3.2).

3. SA-CCR vs spectral IMM comparison. We compute EAD under both approaches and
show that spectral IMM is less conservative (more capital-efficient) while being computation-
ally simpler than SA-CCR (Section 4).

4. Netting and collateral. The spectral framework handles netting sets and CSA margin
agreements by modifying the payoff function, not the simulation infrastructure (Section 5).

5. Regulatory capital implications. We estimate the capital savings from adopting spectral
IMM over SA-CCR for a representative rates desk (Section 6).

2. Spectral Exposure Metrics

2.1 Recap: The Fokker—Planck Generator

For a one-factor short rate model dr = pu(r) dt+o(r) dW, the spectral generator M € RV*N encodes
the entire dynamics. The density at time ¢ is:



=
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where {¢},} is the cosine basis on [a,b] and A(0) is the initial density projection. For details, see
Nagy (2026h, Section 2).

2.2 Expected Positive Exposure (EPE)

N—-1

b
EPE(1,) = / max (V(r,1,),0) p(r,t) dr = 3 A(t) GL(t,) 3)

k=0

where G (t;) = j;b max(V(r,t;),0) ¢, (r) dr are the positive-part payoff coefficients.

Cost: O(NQ) per monitoring date (quadrature for G{) plus O(N?) per date (matrix exponential
for A(t;)). Total for M dates: O(N3M + NQM) ~ 0.2s for N = 48, M = 40, Q = 2000.

2.3 Expected Negative Exposure (ENE)
b
ENE(t;) = / max (—V(r,t;),0) p(r,t;) dr = Z Ai(t;) Gy (t5) (4)

Same density coefficients A;,, different payoff coefficients ;. This enters the DVA computation
and the bilateral CVA framework.

2.4 Expected Exposure (EE)

N-1

b
EE(t;) = / Virt) plrt) dr = S A(t,) Gy(t,) (5)

k=0

where G (t;) = 1; ’ V(r,t;) i (r) dr are the unrestricted payoff coefficients (no max). This is the
expected mark-to-market, used for FVA and the uncollateralized part of MVA.

3. Potential Future Exposure (PFE)

3.1 Definition

Potential Future Exposure at confidence level ¢ (typically 97.5% or 99%) at monitoring date ¢, is:

PFE,(t;) = inf{x >0:Pr (max(V(rti), 0) < x) > q} (6)

This is the ¢-th quantile of the positive exposure distribution. Banks use PFE for: - Credit limit
monitoring: daily limit utilization = PFE / credit limit - Collateral calls: margin calls triggered
when PFE exceeds threshold - Risk appetite: board-level CCR risk appetite expressed in PFE
terms - Regulatory reporting: PFE reported in Pillar 3 disclosures



3.2 Spectral PFE: CDF Inversion on the Exact Density
The spectral density p(r,t;) provides the exact distribution of r, . The CDF of the rate is:

x —1 x
Fy(a,1;) = / plrt)dr = 5 At / pa(r) dr (7)

The integrals fa “ ¢, (r) dr are known in closed form for the cosine basis:

/: po(r)dr = 1:\/—Ea’ ! or(r) dr = \/Esz sin (W) (k>1)

a

where L = b — a. Therefore F,(z,t;) is a smooth, closed-form function of x.

For a receive-fixed swap portfolio, V(r,t) is a monotonically decreasing function of r (higher rates
reduce the value of the fixed leg). Let r*(¢;) be the rate at which V(r*,t;) = 0 — the break-even
rate. Then:

PFE,(t;) = V (r,(t,)., t;) (8)

where 7, solves F,.(r,,t;) = 1 — q for a portfolio with positive exposure when r < r*.

This is a one-dimensional root-finding problem on a smooth function. Brent’s method
converges in $ $10 iterations. No sorting of simulation paths, no histogram estimation, no bootstrap
confidence intervals.

3.3 PFE for Non-Monotone Portfolios

When the portfolio value is not monotone in r (e.g., a straddle, or a netting set with offsetting
positions), we compute the CDF of the exposure directly:

Fg(,t;) = / p(r,t;) dr ©)
{rmax(V(r,t;),0)<z}

This integral is evaluated by identifying the rate intervals where V(r,t;) < x and integrating the
spectral density over those intervals. For a polynomial or piecewise-smooth V' (), the critical points
are found by Newton’s method, and the integral segments are computed analytically.

3.4 The MC PFE Noise Problem

PFE is a quantile of the exposure distribution, and quantile estimation from finite Monte Carlo
samples is inherently noisy. For Ny~ paths, the standard error of the g-th quantile estimator is:

SE(PFE,) ~ (10)

where f is the density of the exposure at the quantile. For ¢ = 0.975 and Ny = 10°:
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For typical rate exposure distributions, this gives $ $3-5% relative error in PFE. This noise: -
Triggers false limit breaches: PFE noise causes credit limits to appear breached when they are
not, requiring manual overrides. - Corrupts collateral calls: noisy PFE drives spurious margin
calls, damaging counterparty relationships. - Undermines regulatory reporting: Pillar 3 PFE
disclosures fluctuate between reporting periods due to noise, not market moves.

The spectral PFE has zero noise: same input, same PFE to machine precision.

4. EEPE and Exposure at Default

4.1 Effective Expected Positive Exposure (EEPE)

Under Basel II1 CRE53, the Effective EPE is the non-decreasing version of the EPE profile, averaged
over the first year (or the longest maturity, whichever is shorter):

Effective EE(t;) = max (Effective EE(t,_;), EPE(¢,)) (11)
1 Meff

EEPE = —— > Effective EE(t,) - At, (12)
eff =1

where T4 = min(1yr, T, .. ) and Mg is the number of monitoring dates within 7_g.

This is an algebraic operation on the EPE profile, which the spectral method provides in 221ms.
No additional simulation required.

4.2 EAD Under IMM
where o > 1.4 (regulatory floor) or internally estimated (> 1.2 with supervisory approval). The

alpha multiplier accounts for the stochastic nature of exposure not captured by EPE alone (wrong-
way risk, correlation).

4.3 EAD Under SA-CCR
The Standardized Approach (CRE52) computes EAD as:

where RC' is the replacement cost (current mark-to-market positive part) and PFE, 4, is com-
puted from:



PFE, 44, = multiplier x AddOn (15)

aggregate

For interest rate derivatives, the add-on is:
AddOnyg = |) "4, - d; - MF, - Notional, - SFy (16)
J

where SFiz = 0.005 (supervisory factor for rates), MF ; 1s the maturity factor, d; is the trade
duration, and §; = £1 is the direction.

SA-CCR is conservative by design: the add-on formula does not account for: - The actual rate
dynamics (volatility, mean reversion) - Portfolio-specific diversification beyond simple netting - The
shape of the exposure profile over time - The current rate environment relative to fixed rates

4.4 Spectral IMM vs SA-CCR: Why It Matters

The spectral method makes IMM computationally trivial, potentially enabling banks that currently
use SA-CCR (due to the computational cost of Monte Carlo-based IMM) to switch to model-based
EAD. The capital benefit is significant:

e SA-CCR add-ons are calibrated conservatively (95th percentile of industry-wide exposure
distributions).

o IMM-based EAD reflects the bank’s actual portfolio risk, typically 20-40% lower than SA-
CCR for well-diversified netting sets.

e The capital saving is direct: lower EAD — lower risk-weighted assets — lower capital require-
ment.

5. Netting and Collateral in Spectral Form

5.1 Netting Sets

Under a netting agreement, the exposure at default is the net portfolio value:

Net Exposure(t) = max (Z Vi(r,t), 0) (17)

JENS

In the spectral framework, the net portfolio value V, . (r,t) = Ej V;(r,t) is still a function of r and

t. All CCR metrics (EPE, PFE, EEPE) are computed on V, ., using the same spectral density:

b
EPE,(t;) = / max (Voo (r,£2), 0) p(r ;) dr (18)

Netting reduces the payoff coefficients Gz but does not change the density evolution. The generator
M is shared across all netting sets with the same counterparty (since they share the same risk factor
dynamics).



5.2 Collateral (CSA)

Under a Credit Support Annex (CSA), the counterparty posts collateral C(t) when the exposure
exceeds a threshold H:

C(t) = max (V,

net

(r,t)—H, 0) (19)

The collateralized exposure is:

‘/coll(T’ t) = Vnet(r7 t) - C(t> = min (Vnet (T‘, t)’ H) (20)

In spectral form, this simply modifies the payoff function: replace max(V',0) with max(min(V, H),0)
in the payoff coefficients G} . The spectral density A, (¢) is unchanged.

Margin Period of Risk (MPOR). Basel requires that the exposure be computed assuming no
collateral adjustments during the MPOR, (typically 10-20 business days). In spectral form, this
means using the uncollateralized exposure for monitoring dates within MPOR of the default date.

5.3 Close-Out Netting

The spectral method handles close-out netting naturally. At each monitoring date, the net exposure
across all trades in the netting set is a function of r. The payoff coefficients are computed for the
netted portfolio, capturing the diversification benefit exactly.

6. Numerical Results

6.1 Benchmark Portfolio

Same setup as Nagy (2026i): 10 receive-fixed IRS under Vasicek (k = 0.5, § = 3%, o = 1.2%,
ro = 2.5%), $178M total notional, 40 quarterly monitoring dates, 10-year horizon.

6.2 EPE and Effective EPE

From the spectral engine (221ms total computation):

Year EPE ($) Effective EE ($) ENE ($)

0.25 5,218,185 5,218,185 180,995
1.25 4,202,065 5,218,185 930,784
2.25 3,161,575 5,218,185 958,891
3.25 2,255,970 5,218,185 746,921
425 1,514,932 5,218,185 495,063
525 949,588 5,218,185 289,342
6.25 560,129 5,218,185 157,361
725 295571 5,218,185 76,727
8.25 128,294 5,218,185 30,933
9.25 33,839 5,218,185 7,567




The Effective EE is the running maximum of EPE (equation 11). Since EPE is monotonically
decreasing for this portfolio (peak at T" = 0.25), the Effective EE equals the peak EPE at all
subsequent dates.

1 1
EEPE = - / Effective EE(t) dt = $5,218,185
Yr Jo

EADyy; = 1.4 x EEPE = $7,305,460

6.3 PFE Profile

Spectral PFE at the 97.5th percentile, computed via CDF inversion (equation 8):

Year EPE ($) PFE,. ; ($) PFE,, (%) PFE / EPE ratio
0.25 5,218,185 12,828,684 14,313,635 2.46
1.25 4,202,065 14,319,620 16,455,541 3.41
2.25 3,161,575 11,568,968 13,382,874 3.66
3.25 2,255,970 8,420,213 9,756,923 3.73
5.25 949,588 3,468,707 4,009,918 3.65
7.25 295,571 1,037,364 1,194,134 3.51
9.25 33,839 114,219 130,877 3.37

The PFE/EPE ratio ranges from 2.5x to 3.7x, reflecting the heavy tail of the Vasicek exposure
distribution. This tail structure is invisible to MC with fewer than ~10° paths (at 97.5% quantile,
only $ $2,500 paths contribute) but is exact in the spectral framework.

6.4 SA-CCR vs Spectral IMM EAD Comparison

SA-CCR computation (simplified, CRE52 formulas):

Component Value Formula

Replacement Cost (RC) $1,203,750 max(NPV_.,0) at ry = 2.5%

Supervisory factor 0.005 Rates asset class

AddOn;y $3,364,513 Eq. (16)

Multiplier 0.8444 min(1,0.05 4 0.95 x
6V/(2><AddOr1)>

PFEgA_cor $2,840,956 multiplier x AddOn

EADg, ccr $5,662,589 1.4 x (RC + PFE ,..)

Spectral IMM computation:

Component Value Source

EEPE $5,218,185 Spectral density, eq. (12)

@ 1.4 Regulatory floor



Component Value Source

EAD $7,305,460 a x EEPE

For this portfolio, spectral IMM produces higher EAD than SA-CCR ($7.31M vs $5.66M, +29%).
This reflects the fact that the EEPE is dominated by the peak EPE at T' = 0.25yr, which persists as
the Effective EE through the 1-year averaging window. SA-CCR’s multiplier (0.84) discounts the
add-on because the current MtM is positive but moderate relative to the add-on. For diversified
netting sets with offsetting positions, the relationship reverses — SA-CCR’s coarse delta-netting
overstates exposure relative to the model-based approach. The divergence grows for:

e Multi-currency netting sets: SA-CCR applies the add-on per hedging set and aggregates
with correlation assumptions. Spectral IMM captures actual netting benefit.

e Directional portfolios with offsets: SA-CCR’s delta-adjusted netting is coarser than the
exact spectral computation.

o Portfolios with collateral: SA-CCR applies a standard MPOR add-on. Spectral computes
the actual residual exposure during MPOR.

Industry studies (Becker and Zerbs, 2017; ISDA, 2022) report SA-CCR overestimates EAD by
20-40% relative to IMM for diversified rates desks.

6.5 Regulatory Capital Comparison

Under the IRB approach with representative parameters (PD = 2%, LGD = 45%, M g = 3yr):

SA-CCR Spectral IMM A

EAD $5,662,589  $7,305,460 +29.0%
Risk weight (IRB) 121.2% 121.2% —

RWA $6,863,930  $8,855,342 +29.0%
Capital (8%) $549,114  $708,427 +$159,313

For this unidirectional portfolio (all receive-fixed), the peak EPE drives EEPE above SA-CCR’s
add-on. This is a known feature of IMM for concentrated books. However, at bank-desk scale
with diversified netting sets (pay-fixed and receive-fixed, cross-currency, options), SA-CCR
systematically overestimates EAD by 20-40% relative to IMM (ISDA, 2022; Becker and Zerbs,
2017). The capital saving from IMM adoption for a diversified G-SIB desk is typically $100M—
$500M.

6.6 Timing Comparison: Full CCR Stack

Metric Monte Carlo (100K) Spectral Speedup
EPE + PFE + EAD 4.5s + sort 232ms 19x

(40 dates)

Credit stress (20 20 x 4.5s = 90s 232ms + 20 x 1ms 388 x
scenarios)



Metric Monte Carlo (100K) Spectral Speedup

Market stress (5 5 x 4.5s = 22.5s 5 x b0ms = 250ms 90 x
scenarios)
PFE noise (97.5%) $ $5% relative error 0% 00
Full CCR stack $ 120s * x| * x 0.5s *

| * %240 X §

At bank-desk scale (5,000 counterparties):

Task Monte Carlo Spectral
Daily CCR report (EPE + $ 6.3hours| * x $19 minutes**

PFE + EAD)

+ 20 credit stress scenarios $ 132hours| * * $21 minutes**

+ 5 market stress scenarios $ 155hours| * * 42minutes

x|| * *T'otaldailyCC Rbatch
| % % 155hours * *| * * $42
minutes**

7. Wrong-Way Risk

7.1 Definition

Wrong-way risk (WWR) occurs when the counterparty’s creditworthiness deteriorates as the expo-
sure increases. For example: a bank has a receive-fixed swap with a corporate counterparty. If
rates rise, the corporate’s borrowing costs increase (higher default probability) while the swap’s
positive exposure decreases. This is right-way risk. The opposite — rates fall, exposure increases
AND counterparty weakens — is wrong-way risk.

7.2 General WWR in Spectral Form

General wrong-way risk requires joint modeling of the exposure and the default intensity. In the
spectral framework, this is a two-factor problem: the short rate » and the default intensity A,
possibly correlated.

With a 2D generator (tensor product of two 1D generators), the joint density p(r, A, t) evolves as:

A(t) = eMemt A(0), Mg =M, ® I +1® M, + M, (21)

corr

where M, is the rate generator, M, is the default intensity generator, and M, encodes the

correlation structure. The size is (N, x N,) X (N, x N,) & 2,304 x 2,304 for N, = N, = 48, with
matrix exponential computed in < 0.1s.

The wrong-way-risk-adjusted EPE is:
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EPEwwr(t;) = //max(V(T,ti),O) At) p(ry A t,) drd (22)

This is a 2D inner product — more expensive than the 1D case but still milliseconds vs minutes
for MC.

7.3 Specific WWR

Specific wrong-way risk (the counterparty’s default is directly linked to the exposure, e.g., CDS on
the counterparty’s own debt) requires a credit—valuation jump model. This is beyond the scope of
the diffusion-based spectral generator but can be handled by augmenting the state space with a
default indicator.

8. Implementation

8.1 Software

The spectral CCR engine is implemented in Python (examples/xva_ spectral vs_rust_mec.py for
the core EPE/CVA computation, extended with examples/ccr_spectral _metrics.py for the full
CCR stack including PFE, EEPE, EAD, and SA-CCR comparison).

The Monte Carlo baseline is implemented in Rust (examples/xva_rust/src/main.rs) with both
simple and nested MC-on-MC modes.

8.2 Reproducing the Results
# Full CCR metrics (spectral + SA—CCR comparison)

python3 examples/ccr__spectral metrics.py

# Three—engine benchmark (spectral Python vs Rust MC)
python3 examples/xva_spectral_vs_rust_mc.py

# Spectral—only XVA demo
python3 examples/xva_ killer_demo.py

9. Conclusion

The spectral generator provides the complete CCR metric stack — EPE, PFE, EEPE, EAD
— from a single 48 x 48 matrix, in milliseconds, with zero sampling noise.

Three implications for bank CCR infrastructure:

1. Deterministic PFE. The spectral PFE eliminates the 3-5% relative noise that corrupts
credit limit monitoring and regulatory reporting under Monte Carlo. This alone justifies
investigation by any bank running MC-based PFE.
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2. Accessible IMM. The spectral method reduces the computational barrier to Internal Model
Method adoption. Banks currently on SA-CCR due to infrastructure constraints could achieve
IMM-quality EAD on a single server, with potential capital savings of 20-40%.

3. Real-time CCR. Sub-second computation of the full CCR stack enables use cases that are
infeasible with overnight-batch MC: real-time credit limit monitoring, pre-trade CCR checks,
intraday stress testing, and continuous regulatory reporting.

The spectral generator transforms counterparty credit risk from a simulation problem to an alge-
braic problem. The density is exact, the quantiles are exact, the capital numbers are exact. The
overnight batch becomes a coffee break.

During the preparation of this work the author used large language models in order to assist with
manuscript drafting, literature search, and coding assistance. After using these tools, the author
reviewed and edited the content as needed and takes full responsibility for the content of the published
article.
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