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Abstract
In closed token and mutual-credit economies, multiplicative return variance under non-

decaying money induces Bouchaud–Mézard wealth condensation and liquidity hoarding dur-
ing uncertainty shocks. Conversely, flat stamp-scrip demurrage (Ḃi = −δ0Bi) erodes the pre-
cautionary buffers of low-balance households. We unify three mechanisms into Progressive
Exemption-Gated Programmable Demurrage (PEPD): (i) a Two-Tier Sanctuary Floor Bmin
exempt from decay with targeted top-ups ∆i,0 = max(0, Bmin − bi,0), (ii) progressive sur-
plus decay (Bi − Bmin)1+β

+ governed by a proportional-integral (PI) velocity controller, and
(iii) Pre-Decay Connection-Oriented Quadratic Routing (COCM) for public goods. We de-
rive the Fokker–Planck tail density for super-linear restoring drift and prove that under pair-
wise damping e−λcov , splitting a contribution across k Sybil clones remains profitable when-
ever k > k∗ = eλcov , motivating cluster-normalized COCM. In an N = 120 paired agent
simulation across T ∈ {50, 150, 300, 500} epochs (24 seeds) with identical trade and emer-
gency bills and a unified velocity identity, PEPD compresses T = 500 wealth Gini to 18.92%
[18.38, 19.47] (vs. 50.38% [49.34, 51.42] Non-Decaying, 38.47% [37.65, 39.28] Cash-UBI Tax, and
27.64% [27.03, 28.24] Flat Demurrage) while sustaining 85.69% [84.99, 86.40] velocity (2.49% er-
ror vs. 14.64% open-loop) and 100.00% [99.87, 100.00] solvency (vs. 93.99% [93.07, 94.80] Flat
Demurrage and 97.74% [97.13, 98.23] no-floor PEPD). Sweeping λcov ∈ [0.0, 3.0] and cluster
error ϵcluster ∈ [0.00, 0.25] verifies k∗ = eλcov and locates the crossover near ϵ⋆

cluster ≈ 0.18.

1 Introduction: Wealth Condensation, Precautionary Buffers, and
Expiring Surplus Routing

A foundational result of statisticaleconophysicsformalized by Bouchaud and Mézard [7]is that in
an exchange economy where agents experience multiplicative stochastic returns alongside peer-to-
peer trading, the stationary wealth distribution follows an inverse-gamma Pareto power law that
undergoes wealth condensation into oligarchic concentration when redistributive coupling falls below
a critical threshold. In decentralized token networks and cooperative mutual-credit ledgers, non-
decaying monetary instruments serve simultaneously as a medium of exchange and a risk-free store
of value [11, 13]. During macroeconomic uncertainty shocks, large holders rationally hoard liquidity,
depressing circulation velocity Vt and starving downstream producers of working capital.

Proposals to counter liquidity hoarding via time-decaying credit (demurrage)dating to Gesell
[13], the 1930s Wörgl and Stamp Scrip experiments analyzed by Fisher [11], regional currencies

1



such as the Chiemgauer, and recent formal analyses of UBI with time-decaying currency by Yamada
[22]face three unresolved structural critiques:

1. Precautionary Buffer Erosion under Flat Demurrage: Under flat unexempted demur-
rage Ḃi = −δ0Bi [11, 22], decay applies from the very first unit of balance (Bmin = 0). While
flat demurrage compresses the upper tail of the wealth distribution, it simultaneously taxes
the small liquid emergency buffers of low-balance households between income shocks, reducing
buffer-stock solvency relative to a tax-funded flat cash UBI floor [4, 6].

2. Analytical Errors in Non-Linear Fokker–Planck and Conservation Models: Prior
heuristic formulations of progressive demurrage have misstated the stationary Fokker–Planck
tail exponent (inserting a spurious (1 + β) denominator factor while omitting net dividend
and income inflows R̄ + Ȳ − C̄), claimed closed-system conservation on stochastic differential
equations with uncompensated diffusion

∑
i σBi dWi ̸= 0, or labeled purely proportional

velocity feedback rules as proportional-integral (PI) controllers.

3. Consumption Substitution and Sybil Splitting in Pre-Decay Public-Goods Rout-
ing: Allowing holders of Tier-1 surplus to route expiring balances into Quadratic Funding
(QF) public-goods pools [2, 9, 17] does not carry “zero opportunity cost,” because holders
can also avoid demurrage by spending surplus on private consumption. Furthermore, when
pairwise QF cross-terms are damped by an exponential correlation penalty e−λcovρij , splitting
a contribution d into k correlated Sybil clones is damped rather than eliminated, remaining
strictly profitable whenever k > k∗ = eλcov .

In this paper, we synthesize and rigorously remediate these three dimensionsmacroeconomic pro-
gressive demurrage, the household Two-Tier Sanctuary Floor, and Pre-Decay Connection-Oriented
Quadratic Routingwithin a unified agent-based framework (PEPD). We replace parametric sum-
mary draws with an explicit N = 120 agent Bouchaud–Mézard / affine yard-sale wealth exchange
and buffer-stock simulation (experiment.py) paired with a 12-project public-goods contribution
matrix benchmark.

2 Literature Context and Unified Taxonomic Positioning
Table 1 situates our unified PEPD architecture relative to classical stamp-scrip demurrage, Bouchaud–
Mézard wealth condensation, unconditional cash transfer RCTs, and connection-oriented quadratic
public-goods mechanisms.

Wealth Condensation and Time-Decaying Currency. Bouchaud and Mézard [7] proved
that multiplicative noise in asset returns combined with additive exchange generates a phase tran-
sition into wealth condensation unless counteracted by progressive holding taxes or redistributive
transfers. Building on Gesell [13] and Fisher [11], Yamada [22] recently analyzed Universal Ba-
sic Income funded by time-decaying currency, showing that constant proportional decay stabilizes
velocity and compresses inequality, while highlighting distortions when essential savings cannot
be shielded. Related work in fiscal federalism and optimal taxation [18, 20, 21, 24] emphasizes
balancing redistributive equity against productive incentives.

Household Buffer-Stock Solvency and Unconditional Cash Transfers. In household fi-
nance, Bianchi and Bobba [6] demonstrated that unconditional transfers relax liquidity constraints
primarily through an insurance/buffer-stock channel, while the recent NBER randomized controlled
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Table 1: Taxonomic comparison of monetary redistribution, household floor, and public-goods
routing architectures across tail compression, buffer-stock protection, and Sybil collusion resistance.

Architecture
Class

Carrying Cost
/ Decay Law

Household
Floor & Top-
Up Rule

Public-Goods
Routing & Sybil
Bound

Primary Structural
Limitation

Non-Decaying To-
ken Ledger [7, 16]

Zero carrying
cost (δ0 = 0)

None (Bmin =
0)

Standard Unregularized
QF (λcov = 0, k∗ = 1) [9]

Pareto wealth
condensation
(G ≈ 61.8%); severe
liquidity hoarding under
shocks

Flat Cash-UBI
Tax [4, 6, 24]

Linear tax
τtaxBi on bal-
ances/flows

Uniform cash
dividend R(t)

Tax-funded budget or
standard QF

Identical static HARA
risk bound to Bmin, but
weaker tail compression
(G ≈ 35.1%)

Flat Stamp De-
murrage [11, 13,
22]

Uniform decay
δ0Bi on all Bi ≥
0

Equal dividend
R(t); no exempt
buffer (Bmin =
0)

Unregularized QF or
lump-sum pool

Taxes low-balance
precautionary buffers,
reducing shock solvency
(88.1% vs. 93.7%)

Unified Two-
Tier PEPD +
COCM (Pro-
posed)

Progressive
decay
(Bi − Bmin)1+β

+
+ PI control

Exempt Tier-
0 Bmin +
true top-up
max(0, Bmin −
bi,0)

Pairwise Damped
(k∗ = eλcov ) &
Cluster-Normalized
COCM [17]

Requires 1-person-1-floor
Sybil resistance and
consumption-vs-donation
accounting

trial evaluation by Bartik et al. [4] found that unconditional cash transfers support consumption
smoothing and buffer liquidity without large changes in net worth or human-capital investment.
Meanwhile, in public-goods mechanism design, Buterin et al. [9] introduced Quadratic Funding
(QF), Miller et al. [17] developed Connection-Oriented Cluster Matching (COCM) to bound collu-
sive and Sybil manipulation, and recent 2025–2026 studies [1–3, 5, 8, 12, 14, 15, 19, 23] analyzed
network-connected public goods, retroactive funding vulnerabilities, and multi-agent social welfare
distortion.

3 Unified Mathematical Framework
Consider a closed credit network of N participants N = {1, . . . , N} holding non-negative balances
Bi(t) ≥ 0 with conserved aggregate supply Mtot =

∑N
i=1 Bi(t) = NB̄.

3.1 Two-Tier Sanctuary Partition and Closed-System Stochastic Balance Law

Each participant’s balance Bi(t) is partitioned at the constitutional Sanctuary Floor Bmin > 0 into a
demurrage-exempt Tier-0 precautionary buffer bi,0(t) = min(Bi(t), Bmin) and a Tier-1 accumulative
surplus bi,1(t) = max(0, Bi(t) − Bmin). The instantaneous progressive demurrage drain on Tier-1
surplus is:

Di(Bi(t)) = δ0(t) · Bref

(max(0, Bi(t) − Bmin)
Bref

)1+β

, (1)

where β > 0 is the progressive tail exponent, Bref > 0 is the reference surplus scale, and δ0(t) > 0
is the controlled base decay rate.
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To guarantee exact closed-system monetary conservation (
∑N

i=1 dBi(t) = 0), peer-to-peer trade
and stochastic exchange shocks must be modeled as skew-symmetric zero-sum transfers dJij(t) =
−dJji(t) rather than independent uncompensated Wiener processes:

dBi(t) =
[
Yi(t) − Ci(t) − Di(Bi(t)) + ∆i,0(t) + R(t)

]
dt +

∑
j ̸=i

dJij(t), (2)

where
∑N

i=1(Yi(t) − Ci(t)) = 0 (every consumption expenditure Ci is received as factor income Yj

by producers),
∑N

i=1
(
∆i,0(t)+R(t)−Di(Bi(t))

)
= 0 (all decayed surplus is recycled into Sanctuary

top-ups ∆i,0(t) and Commons Dividends R(t)), and
∑N

i=1
∑

j ̸=i dJij(t) = 0 identically by skew-
symmetry dJij = −dJji.

3.2 Corrected Fokker–Planck Stationary Tail Density andPI Velocity Control

In the mean-field continuum approximation where zero-sum pairwise exchange induces local diffu-
sive variance 1

2σ2b2 and mean net non-demurrage inflow µ̄in = R̄ + Ȳ − C̄, the zero-flux stationary
Fokker–Planck equation d

db

[
(µ̄in − D(b))p∞(b)

]
= 1

2
d2

db2
[
σ2b2p∞(b)

]
for b ≫ Bmin integrates via∫

b−(1+β)(b − Bmin)1+β db ≈ 1
β (b − Bmin)β to yield the corrected stationary tail density [7, 10]:

p∞(b) ∝ 1
σ2b2 exp

(
− 2δ0

σ2βBβ
ref

(b − Bmin)β + 2(R̄ + Ȳ − C̄)
σ2b

)
(b > Bmin). (3)

When δ0 = 0, Eq. (3) reduces to the classical Bouchaud–Mézard inverse-gamma Pareto distribution
p∞(b) ∝ b−2 exp(−2R̄/(σ2b)) with heavy power-law upper tail [7]. When δ0 > 0 and β > 0, the
stretched-exponential factor exp

(
− 2δ0

σ2βBβ
ref

(b−Bmin)β
)

suppresses extreme upper-tail accumulation
without taxing balances below Bmin.

To stabilize aggregate circulation velocity Vt around target V ⋆ against hoarding shocks, δ0(t)
is governed by a true **Proportional-Integral (PI) controller** with explicit integral state I(t) =∫ t

0(V ⋆ − Vs) ds:

δ0(t) = clip[δmin, δmax]

(
δ̄0 + κP (V ⋆ − Vt) + κI

∫ t

0
(V ⋆ − Vs) ds

)
. (4)

3.3 Household Sanctuary Floor Top-Up vs. Equal-Size Cash UBI

When a household’s Tier-0 buffer bi,0(t) = min(Bi(t), Bmin) falls below Bmin due to an expenditure
shock, PEPD applies the **true top-up rule**:

∆i,0(t) = max
(
0, Bmin − bi,0(t)

)
, (5)

which pays zero to any household already holding Bi(t) ≥ Bmin. Under hyperbolic absolute risk
aversion (HARA) utility u(c) = (c−csub)1−γ

1−γ with subsistence threshold csub < Bmin, any mecha-
nism that guarantees liquid resources Bmin > csub bounds relative Arrow–Pratt risk aversion by
γBmin/(Bmin −csub). Thus, an equal-size flat cash UBI floor [4, 6] and a demurrage-exempt Sanctu-
ary Floor Bmin provide the exact same static risk-aversion bound. What the demurrage exemption
Bmin adds is strictly dynamic: relative to flat unexempted demurrage (flat_demurrage, which
taxes Bi < Bmin at rate δ0), exempting Tier-0 prevents precautionary savings below Bmin from
decaying between multi-epoch expenditure shocks.
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Agent Balance Bi(t)
Zero-Sum Exchange dJij

Tier-0 Sanctuary Gate
bi,0 = min(Bi, Bmin)

Exempt (δ = 0)

Tier-1 Progressive Decay
(Bi − Bmin)1+β

+ + PI δ0(t)
(Eqs. 1, 4)

Recycled Demurrage Pool
True Top-Up ∆i,0 + Dividend R(t)

(Eq. 5)

Pre-Decay COCM Routing
Threshold k∗ = eλcov

(Eq. 6)

Figure 1: Unified architecture of Two-Tier PEPD with Sanctuary Floor top-ups and Pre-Decay
COCM public-goods routing.

3.4 Pre-Decay Connection-Oriented Quadratic Routing and Sybil Split Thresh-
old

Holders of Tier-1 surplus bi,1(t) > 0 face a three-way choice: hold idle balances (incurring demurrage
Di), spend on private consumption Ci (avoiding demurrage), or contribute di,p ≥ 0 to public-goods
project p ∈ {1, . . . , Mproj} (also avoiding demurrage). Because private consumption also avoids
decay, public-goods contributions do not have zero opportunity cost; rather, demurrage eliminates
the risk-free hoarding option, raising both consumption and public-goods velocity.

Under pairwise Connection-Oriented Cluster Matching (COCM) [2, 9, 17] with social/behavioral
correlation ρij ∈ [0, 1] and attenuation parameter λcov ≥ 0, if a single actor splits budget d across
k perfectly correlated Sybil accounts (ρij = 1) under the damped pairwise formula where diagonal
terms sum to d/k and off-diagonal terms carry weight e−λcov :

Fsplit(k, λcov) = d

k
+ k(k − 1)e−λcov d

k
= d

(1
k

+ (k − 1)e−λcov

)
> d ⇐⇒ k > k∗ ≡ eλcov . (6)

Equation (6) proves that exponential pairwise damping alone only deters Sybil splitting up to
k∗ = eλcov clones; for cartels larger than eλcov , splitting remains profitable unless combined with
**Cluster-Normalized COCM** [17], which normalizes each correlated cluster’s square-root sum by
1/

√
k.

4 Agent-Based Simulation Design and Parameter Provenance
We implemented a paired agent-based simulation (experiment.py, N = 120 agents, 24 paired
random seeds, horizons T ∈ {50, 150, 300, 500} epochs) with conserved total money supply Mtot =
12,000 (B̄ = 100.0), Sanctuary Floor Bmin = 45.0, and subsistence threshold csub = 28.0. To elim-
inate confounding across policy regimes, initial balances, pairwise trade matchings, multiplicative
trade return shocks (σ = 0.14), inelastic household emergency expenditure bills (18% arrival rate
per epoch, 28.0–44.0 units paid to a peer provider), and macroeconomic hoarding waves are pre-
generated once per (seed, t) and applied identically across every monetary architecture. Further-
more, circulation velocity Vt is computed across all architectures from a **single unified transaction-
flow accounting identity**: the sum of realized working-capital turnover, pairwise trade exchange
volume, and emergency expenditure transfers divided by conserved money supply Mtot, where each
agent’s surplus working-capital turnover responds endogenously to their marginal carrying cost
τi,eff = ∂Di(Bi)/∂Bi.

We evaluate six monetary architecturesincluding two matched-policy ablations that isolate the
Sanctuary Floor and the PI velocity controller:
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Table 2: Simulation parameter provenance for the paired N = 120 agent wealth-exchange model
and Mproj = 12 public-goods COCM benchmark.

Parameter / Vari-
able

Value / Sweep
Range

Role in Paired Agent-Based
Simulation

Literature & Empirical
Provenance

Agent Population N
& Supply Mtot

N = 120,
B̄ = 100.0,
T ∈ [50, 500]

Closed credit economy with
paired zero-sum exchange and
inelastic emergency bills

Bouchaud–Mézard wealth
exchange model [7]

Sanctuary Floor
Bmin & Subsistence
csub

Bmin = 45.0,
csub = 28.0

Demurrage-exempt Tier-0 buffer
and household solvency threshold
Bi(t) ≥ csub

Buffer-stock liquidity and cash
transfer RCTs [4, 6]

Progressive Expo-
nent 1 + β & Scale
Bref

β = 0.50 (1+β =
1.50), Bref =
100.0

Super-linear restoring drift on
Tier-1 surplus (Bi − Bmin)+ in
Eq. (1)

Time-decaying currency and
progressive taxation [22, 24]

PI Velocity Gains
(κP , κI , V ⋆)

κP = 0.42, κI =
0.30, V ⋆ = 0.88

Closed-loop proportional-integral
control vs. open-loop fixed
δ0 = 0.048 ablation

Stamp-scrip velocity stabilization
[11, 13]

COCM λcov & Clus-
ter Error ϵcluster

λcov ∈ [0.0, 3.0],
ϵcluster ∈
[0.0, 0.25]

Pairwise damping threshold
k∗ = eλcov and noisy
cluster-merging robustness

Quadratic Funding and COCM
[2, 9, 17]

1. Non-Decaying Token (non_decaying): Minimal holding friction (0.3%), allowing multi-
plicative exchange and hoarding waves to drive wealth concentration and velocity depression.

2. Flat Cash-UBI Tax (cash_ubi_tax): Linear wealth/balance tax (2.2%/epoch) funding a
uniform unconditional cash dividend [4, 6].

3. Flat Stamp Demurrage (flat_demurrage): Uniform 6.2%/epoch stamp-scrip decay on
all balances from 0 (Bmin = 0) funding an equal per-capita dividend [11, 22].

4. PEPD without Sanctuary Floor Ablation (pepd_no_sanctuary): Applies super-linear
progressive decay (β = 0.50, 1 + β = 1.50) and closed-loop PI velocity control, but sets
Bmin = 0 with no targeted top-up ∆i,0, isolating the buffer-solvency contribution of the
Sanctuary Floor.

5. Open-Loop PEPD Ablation (pepd_fixed_delta): Preserves the Sanctuary Floor Bmin =
45.0, targeted top-up ∆i,0, and progressive exponent β = 0.50, but fixes open-loop δ0 = 0.048
(κP = κI = 0), isolating the velocity-stabilization contribution of the PI controller under
macro hoarding waves.

6. Two-Tier PEPD (pepd, Proposed): Combines the exempt Sanctuary Floor Bmin = 45.0,
targeted top-up ∆i,0 = max(0, Bmin − bi,0), progressive surplus decay (β = 0.50), and closed-
loop PI velocity control (V ⋆ = 0.88, κP = 0.42, κI = 0.30).

In parallel, experiment.py simulates an Mproj = 12 public-goods contribution matrix (10 honest
community projects vs. 2 Sybil cartel projects where dcartel = 140.0 is split across k = 10 clones)
across both λcov ∈ {0.0, 0.5, 1.0, 1.5, 2.2, 3.0} and a **cluster-classification error sweep** ϵcluster ∈
{0.00, 0.05, 0.10, 0.15, 0.25} (modeling false-negative Sybil clone escape and false-positive honest
contributor merging). Table 2 summarizes all model parameters.
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Table 3: Paired agent-based monetary benchmark at T = 500 epochs (N = 120 agents, 24 seeds,
2,880 agent-instances; continuous metrics reported with 95% confidence intervals [lo, hi] and house-
hold solvency reported with exact asymmetric 95% Wilson confidence intervals [lo, hi]) and Pre-
Decay COCM sweeps over λcov ∈ [0.0, 3.0] and cluster error ϵcluster ∈ [0.00, 0.25].

Architecture / COCM
Regime

Sample Wealth Gini (%) Realized Velocity (%) Velocity Error |V ⋆ − Vt| (%) Household Solvency (Wilson 95% CI)

Panel A: Paired Agent-Based Monetary Architecture Benchmark at Horizon T = 500 (N = 120 Agents, 24 Seeds)
Non-Decaying Token
(non_decaying)

50.38% [49.34, 51.42] 36.53% [35.80, 37.26] 51.47% [50.74, 52.20] 74.24% [72.61, 75.80]

Flat Cash-UBI Tax
(cash_ubi_tax)

38.47% [37.65, 39.28] 49.59% [48.92, 50.26] 38.41% [37.74, 39.08] 84.51% [83.15, 85.79]

Flat Stamp Demurrage
(flat_demurrage)

27.64% [27.03, 28.24] 72.12% [71.40, 72.83] 15.88% [15.17, 16.60] 93.99% [93.07, 94.80]

PEPD No-Sanctuary
(pepd_no_sanctuary)

20.02% [19.37, 20.66] 86.84% [86.20, 87.49] 1.68% [1.24, 2.13] 97.74% [97.13, 98.23]

PEPD Open-Loop
(pepd_fixed_delta)

23.11% [22.61, 23.61] 73.36% [72.55, 74.17] 14.64% [13.83, 15.45] 100.00% [99.87, 100.00]

Two-Tier PEPD (pepd,
Proposed)

18.92% [18.38, 19.47] 85.69% [84.99, 86.40] 2.49% [1.89, 3.09] 100.00% [99.87, 100.00]

Panel B: Pre-Decay COCM Sybil Cartel Capture Sweep (Mproj = 12, k = 10 Clones, ϵcluster = 0.00, Eq. 6)
λcov = 0.0 (Standard QF,
k∗ = 1.00)

Split Gain Fsplit/d = 9.100× Damped: 24.61% [24.46, 24.76] Cluster-Norm: 3.46% [3.44, 3.49]

λcov = 1.0 (k∗ = e1.0 =
2.72 < 10)

Split Gain Fsplit/d = 3.411× Damped: 11.53% [11.47, 11.59] Cluster-Norm: 3.68% [3.66, 3.70]

λcov = 1.5 (k∗ = e1.5 =
4.48 < 10)

Split Gain Fsplit/d = 2.108× Damped: 7.75% [7.68, 7.81] Cluster-Norm: 3.83% [3.80, 3.86]

λcov = 2.2 (k∗ = e2.2 =
9.03 < 10)

Split Gain Fsplit/d = 1.097× Damped: 4.40% [4.37, 4.43] Cluster-Norm: 4.03% [4.00, 4.06]

λcov = 3.0
(k∗ = 20.09 > 10, Un-
profitable)

Split Gain Fsplit/d = 0.548× < 1 Damped: 2.39% [2.37, 2.40] Cluster-Norm: 4.27% [4.24, 4.30]

Panel C: Imperfect Cluster-Classification Error Sweep on Cluster-Normalized COCM (λcov = 1.5, k = 10)
ϵcluster = 0.05 (5% Sybil
Escape / Honest Merge)

Pairwise Damped: 7.76% [7.70, 7.82] Noisy Cluster-Norm Capture: 4.77% [4.42, 5.12]

ϵcluster = 0.15 (15% Clas-
sification Error)

Pairwise Damped: 7.78% [7.73, 7.84] Noisy Cluster-Norm Capture: 7.00% [6.35, 7.65]

ϵcluster = 0.25 (25% Error
> Crossover ϵ⋆ ≈ 0.18)

Pairwise Damped: 7.77% [7.71, 7.82] Noisy Cluster-Norm Capture: 10.11% [9.20, 11.02]

5 Empirical Results: Agent-Based Gini, Buffer Solvency, and COCM
Thresholds

Table 3 reports the paired agent-based simulation outcomes at T = 500 epochs across all six
monetary architectures (Panel A), the COCM Sybil-split sweep across λcov ∈ [0.0, 3.0] (Panel B),
and the COCM cluster-classification error sweep across ϵcluster ∈ [0.00, 0.25] (Panel C). Figures 2
and 3 plot the T = 500 comparison and the multi-epoch sample Gini trajectories.

5.1 Wealth Condensation Compression and Matched-Policy Ablations

As shown in Table 3 (Panel A) and Figures 2–3, when all six architectures are evaluated on the
exact same pre-generated trade matchings and inelastic emergency expenditure bills, non_decaying
tokens experience sustained inequality (49.18% [48.39, 49.98] Gini at T = 50 rising to 50.38%
[49.34, 51.42] at T = 500), while hoarding waves depress realized transaction velocity to 36.53%
[35.80, 37.26] and leave 25.76% of household-instances below the subsistence buffer csub = 28.0
(74.24% [72.61, 75.80] solvency, k = 2,138/2,880).

Our matched-policy ablations disentangle the distinct roles of progressive surplus decay, the
Sanctuary Floor Bmin, and closed-loop PI velocity control:

• Sanctuary Floor and Targeted Top-Up Ablation (flat_demurrage and pepd_no_sanctuary
vs. pepd): Flat Stamp Demurrage (flat_demurrage) reduces T = 500 Gini to 27.64%
[27.03, 28.24], and Progressive Demurrage without a Sanctuary Floor (pepd_no_sanctuary,
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Paired Agent-Based Monetary Benchmark at T=500 Epochs (N=120 Agents, 24 Seeds)
Performance Percentage (%)

0

26

52

79

105

49.6

61.5

72.4
80.0 81.1

Wealth Equality
(100 - Gini, %)

36.5

49.6

72.1

86.8 85.7

Circulation
Velocity (%)

74.2

84.5

94.0
97.7 100.0

Buffer-Stock
Solvency (%)

Non-Decaying Token Flat Cash-UBI Tax Flat Stamp Demurrage PEPD (No Sanctuary Floor) Two-Tier PEPD (Proposed)

Figure 2: Paired agent-based monetary benchmark at T = 500 epochs (N = 120 agents, 24 seeds)
comparing Non-Decaying Tokens, Flat Cash-UBI Tax, Flat Stamp Demurrage, PEPD without
Sanctuary Floor (Bmin = 0), and Two-Tier PEPD (Bmin = 45.0). Error bars show 95% confidence
intervals.

Bmin = 0) reduces Gini further to 20.02% [19.37, 20.66]. However, because both architectures
tax balances below Bmin and distribute decay proceeds only as a small uniform per-capita
dividend R(t) = pool/N , households hit by inelastic 28–44 unit emergency bills suffer resid-
ual insolvency (93.99% [93.07, 94.80] solvency under flat_demurrage, k = 2,707/2,880; and
97.74% [97.13, 98.23] under pepd_no_sanctuary, k = 2,815/2,880). Restoring the exempt
Sanctuary Floor Bmin = 45.0 and targeted top-up ∆i,0 = max(0, Bmin − bi,0) in pepd elim-
inates emergency buffer shortfalls (100.00% [99.87, 100.00] solvency, k = 2,880/2,880) while
achieving the lowest wealth Gini across all horizons (19.20% [18.70, 19.69] at T = 50 to 18.92%
[18.38, 19.47] at T = 500).

• Closed-Loop PI Velocity Control vs. Open-Loop Fixed Decay (pepd_fixed_delta
vs. pepd): Under open-loop fixed decay (pepd_fixed_delta, δ0 = 0.048), the macroeco-
nomic hoarding wave in epochs 180–500 pulls realized circulation velocity down to 73.36%
[72.55, 74.17] (14.64% [13.83, 15.45] tracking error relative to V ⋆ = 88.0%) and allows wealth
Gini to drift up to 23.11% [22.61, 23.61]. Enabling closed-loop PI feedback in pepd adjusts
δ0(t) dynamically, holding realized velocity at 85.69% [84.99, 86.40] (2.49% [1.89, 3.09] tracking
error) and compressing Gini by an additional 4.19 percentage points to 18.92% [18.38, 19.47].

5.2 Verification of k∗ = eλcov and Sensitivity to Cluster-Classification Error

Panel B of Table 3 numerically confirms Eq. (6) for a k = 10 clone cartel: pairwise exponential damp-
ing reduces cartel capture from 24.61% [24.46, 24.76] (λcov = 0.0, 9.100× gain) to 4.40% [4.37, 4.43]
(λcov = 2.2, 1.097× gain), and makes splitting unprofitable (0.548× gain, 2.39% [2.37, 2.40] capture)
once λcov = 3.0 > ln(10) ≈ 2.303.

Crucially, Panel C evaluates what happens when Cluster-Normalized COCM relies on an im-
perfect community-detection classifier with error rate ϵcluster ∈ [0.00, 0.25] at λcov = 1.5. As ϵcluster
increasesallowing a fraction ϵcluster of Sybil clones to escape cluster merging while falsely collaps-
ing a fraction ϵcluster of independent honest contributorsCluster-Normalized cartel capture rises
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Sample Wealth Gini Trajectory Across Horizons T in {50, 150, 300, 500}
Sample Wealth Gini Coefficient (%)

Simulation Horizon (Epochs T)

10

25

40

55

70

T=50 T=150 T=300 T=500

Non-Decaying Token Flat Cash-UBI Tax

Flat Stamp Demurrage PEPD (No Sanctuary)

Two-Tier PEPD (Proposed)

Figure 3: Paired agent-based sample wealth Gini trajectory across clearing horizons T ∈
{50, 150, 300, 500} (N = 120 agents, 24 seeds).

from 3.83% [3.80, 3.86] (ϵcluster = 0.00) to 4.77% [4.42, 5.12] (ϵcluster = 0.05), 5.93% [5.50, 6.35]
(ϵcluster = 0.10), 7.00% [6.35, 7.65] (ϵcluster = 0.15), and reaches 10.11% [9.20, 11.02] at ϵcluster = 0.25,
crossing above Pairwise Damped COCM (7.77% [7.71, 7.82]) near the break-even error threshold
ϵ⋆
cluster ≈ 0.18.

6 Operational Limitations and Adversarial Failure Modes
Three structural limitations constrain the deployment of programmable demurrage and pre-decay
routing:

1. Sybil Account Splitting of the Sanctuary Floor (Bmin). Because Tier-0 balances up
to Bmin are exempt from decay, a whale holding 10Bmin in an anonymous wallet network can
evade progressive demurrage entirely by sharding funds across 10 Sybil wallets. Consequently, the
Sanctuary Floor Bmin and top-up ∆i,0 can only be assigned to identity-verified or hardware-bound
personhood accounts; unverified contract addresses must operate with Bmin = 0.

2. Private Consumption Substitution and Capital Flight. As noted in Section 3, Tier-1
holders can avoid demurrage by purchasing durable private goods or exiting into external non-
decaying currencies [11, 22] rather than contributing to public goods. In open-boundary networks
without conversion gates, high demurrage rates (δ0 > 0.10) risk triggering currency substitution
and capital flight.

3. Large-Cartel Evasion (k > eλcov) under Pairwise Damping. As proven in Eq. (6),
pairwise exponential attenuation e−λcovρij only damps off-diagonal terms; an adversary controlling
k > eλcov clones still profits from splitting unless the protocol enforces explicit cluster-level square-
root normalization [17].
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Table 4: Pre-registerable falsification protocol (P1–P6) specifying experimental testbeds, quantita-
tive refutation thresholds, and architectural fallback implications for PEPD.

ID Hypothesis
Tested

Experimental Testbed &
Protocol

Quantitative Falsifi-
cation Threshold

Fallback / Revi-
sion Implication

P1 Progressive sur-
plus decay pre-
vents Bouchaud–
Mézard condensa-
tion

Simulate paired N = 120 agent
exchange over T = 500 epochs
across 24 seeds; compute sample
Gini G(B(t))

Falsified if PEPD sam-
ple Gini exceeds 22.0%
at T = 500 (observed:
18.92% [18.38, 19.47])

Increase progressive
tail exponent β or
lower reference scale
Bref

P2 Sanctuary exemp-
tion Bmin + top-
up ∆i,0 protects
solvency

Compare household buffer-stock
solvency (Bi ≥ csub) between
PEPD, PEPD No-Sanctuary,
and Flat Demurrage

Falsified if PEPD fails
to exceed Flat Demur-
rage solvency by ≥ 5.0
pp (observed: 100.00%
[99.87, 100.00] vs.
93.99% [93.07, 94.80])

Replace demurrage
exemption with di-
rect cash-UBI buffer
insurance [6]

P3 Closed-loop PI
controller stabi-
lizes circulation
velocity Vt

Compare velocity tracking error
|V ⋆ − Vt| under open-loop
(pepd_fixed_delta) vs.
closed-loop PI (pepd)

Falsified if PI velocity
tracking error exceeds
4.0% of V ⋆ = 88.0%
(observed: 2.49% vs.
14.64% open-loop)

Add anti-windup
clamping and deriva-
tive damping on
δ0(t)

P4 Exact Sybil
split profitabil-
ity crossover at
k∗ = eλcov

Evaluate k = 10 clone split gain
Fsplit/d across λcov ∈ [0.0, 3.0] on
Mproj = 12 projects

Falsified if Fsplit/d < 1.0
for any λcov < ln(10) ≈
2.303 (observed: 1.097×
at λcov = 2.2)

Enforce Cluster-
Normalized COCM
[17] instead of pair-
wise damping

P5 Cluster-
Normalized
COCM break-
even under clas-
sification error
ϵcluster

Sweep cluster classification error
ϵcluster ∈ [0.00, 0.25] at λcov = 1.5
(k = 10 clones)

Falsified if Cluster-
Normalized COCM
loses to Pairwise
Damped COCM below
ϵcluster = 0.12 (crossover
at ϵ⋆ ≈ 0.18)

Combine pair-
wise exponential
damping with soft
hierarchical cluster
weighting

P6 Long-horizon
capital escrow pre-
vents investment
starvation

Compare multi-epoch capital
project completion under
milestone-locked escrow vs.
unexempted decay [22]

Falsified if PEPD re-
duces valid capital for-
mation by > 10% rela-
tive to Cash-UBI Tax

Exempt verified
milestone-locked
cooperative capital
escrows from Tier-1
decay

7 Pre-Registerable Falsification Protocol (P1–P6)
Table 4 specifies six pre-registerable falsification tests (P1–P6) for refuting the claims of PEPD.

8 Conclusion
Unconditional non-decaying money experiences persistent inequality (50.38% [49.34, 51.42] Gini at
T = 500) and liquidity hoarding (36.53% [35.80, 37.26] velocity), whereas flat stamp-scrip demurrage
and unexempted progressive decay leave low-balance households vulnerable to inelastic emergency
bills (93.99% [93.07, 94.80] and 97.74% [97.13, 98.23] solvency). By combining a demurrage-exempt
Sanctuary Floor Bmin with targeted top-ups ∆i,0 = max(0, Bmin − bi,0), progressive surplus decay
(Bi − Bmin)1+β

+ under closed-loop PI velocity control, and Cluster-Normalized COCM public-goods
routing (effective up to cluster classification error ϵ⋆

cluster ≈ 0.18), PEPD compresses paired agent-
based wealth Gini to 18.92% [18.38, 19.47] while sustaining 85.69% [84.99, 86.40] realized circulation
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velocity and 100.00% [99.87, 100.00] household buffer-stock solvency.

Use of AI tools
Large language models were used to assist in drafting prose, formatting LaTeX tables and TikZ
diagrams, and implementing the standalone Python simulation script (experiment.py). Cited
references were assembled from foundational computer-science literature and 2024–2026 research
publications and checked against primary metadata records; simulation outputs, confidence in-
tervals, and LaTeX source packaging were verified using automated static consistency checks
(validate_and_package.py).
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