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THE INF-DIFF PARADIGM: PRODUCTION LINES AS FUNCTION-VALUED PROCESSES j
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(S 13 (LSTM/CONWIP)

® The Limitation: Standard ML treats
factory flow as discrete scalars.
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® Result: Discretization bias
and loss of spectral coupling.
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® The InfDiff Paradigm: Production lines
are function-valued processes.
] — [1]

CONTINUOUS FLOW L2 FUNCTION SPAC!

* Smooth, optimized pathing

and assembly ([cite: image_26.png

Queue length gy (+) € L*([0,T]) preserves the Cameron-Martin
covariance, encoding the actual mter station couplmg often lost i |n

FD models. K/&
0 Am%‘

smooth path vs. stutter path Station k-1

Lekan Molu

)

Station k Station k+1 ‘mage 11png| |limage_8.png

Distributionally-Informed Production Control




WIP Forecasting & Certified Safety via InfDiff
0@00000000000000000000000000000000000000000000000000000000

Infinite-Dimensional Policy for Production Flow

e The Limitation: Standard ML (LSTM/CONWIP) treats
factory flow as discrete scalars.

o One observation = One fixed-resolution timestep.
o Result: Discretization bias and loss of spectral coupling.

e The InfDiff Paradigm: Production lines are function-valued
processes.

Theoretical Foundation

Queue length gi(-) € L?([0, T]) preserves the Cameron-Martin

covariance, encoding the actual inter-station coupling often lost in
FD models.
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Infinite-Dimensional Policy for Production Flow

o Empirical Claims vs. Baselines:
o Starvation Rate: Lower prediction error via spectral
preservation.
o Stability: Superior mean-queue-length control.
o Safety: Deadlock prevention via LevelSetPy HJ-safe
envelopes (Certified Operating Zones).
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Queueing System Fundamentals

System Metrics (Total)

P
L=
1-p

Avg. jobs in system

Avg. time in system
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A Control Systems Connection: The Critical Threshold

Utilization (p = \/p)

@ p < 1: Stable = Pull

° . Critical Station S2 Analysis

@ p > 1: Divergent = Push

System Failure
p=1.399

Blow-up Behavior

= Infinite Backlog

P
L=
1-p

Asp—1,L— o0
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Realism: G/G/1 Approximation

Real-world systems are rarely perfectly exponential.

Kingman's VUT Formula
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Utilization Variability Service
o c2: Arrival Var. @ Variability amplifies
e c2: Service Var. delay.

@ c2 — 0 maximizes
efficiency.
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Training Journey: Four Runs, 8x A100

Run GPUs Model Fix Best ¢
1 1x 30M 100k sim steps, CosineAnnealingLR 0.203
2 8x ™ 500k steps, ReduceLROnPlateau (p=20) 0.126
3 8x 30M restore capacity, patience=50 0.105
4 8x 30M low-noise curriculum (stopped) 0.108
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Safety Verification

The Python LevelSet Toolbox (LevelSetPy).
Lekam Melu, MBR NYC
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KG Residual Bottleneck Detector

Purpose

Real-time constraint identification using Kolmogorov residuals as
anomaly scores—independent of global state.

Design & Logic
@ Residual Definition: Computed at t = 0 of the diffusion
chain:

2

1
Oepo + V - (fpg) — Z0°Apy

Ro(x) = ‘ >

12
o Local Monitoring: Each station k computes Rg on local

trajectories.

o Detection Rule: k* = arg maxy Rg is declared the
bottleneck.
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Hero's Result: Bottleneck Detection via KG Residuals

@ Ry : (#windows, #STATIONS).
@ Precision @1: Windows where argmax(R¢) = true bottleneck.

@ Utilization heuristic: F; score as binary classification per window.

Residuals Bottleneck Detection

Ssho.ss

54_ 1.32 [P@1 =1.000 | F1=1.000 | Random = o.1s7]
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Certified Safety: Hamilton-Jacobi Dispatch Filter

Without HJ filter

@ 45.2% of timesteps in unsafe

H) Backward Reachable Safe Set

region
sate o Deadlocks / starvation
£ unchecked
é With HJ filter
S
Unsafe o Safe fraction: 81.4% of (qc, q4)
Safe fraction: 81.4% Plane

Uncontrolled: 45.2% violation
Conservative: 0.0% (zero false blocks)

o Conservative rate: 0% (zero
q;::wnstream false-blocked safe dispatches)
@ BRS via LevelSetPy odeCFL3
HJ PDE: &¥ + H(x,VV) =0
safe set S = {V <0}.
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