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In multi-asset systems, adequate remaining useful life (RUL) prediction
accuracy does not necessarily translate into satisfactory system-level
performance because dependence among prediction errors can cluster
maintenance activations without increasing total demand. This study uses
system dynamics to isolate the effect of cross-asset RUL error dependence on
tail risk in shared maintenance resources. A 120-asset baseline system is
simulated for 280 cycles under five dependence levels (p = 0 —0.8), with
total predictive-maintenance demand fixed at 120 activations. In the baseline,
increasing dependence reduces active arrival cycles from 96 to 35 and
increases maximum arrivals per cycle from 4 to 15. Mean predictive queue
length falls by 3.9%, whereas its 95th percentile rises by 46.1% and peak
capacity pressure by 147.7%. The robustness program tests alternative delay
forms, repair-capacity/MTTR variation, @ < 1 with failures while waiting,
system sizes from 30 to 1,000 assets, Student-t copulas with tail dependence,
asset heterogeneity, explicit spare-parts constraints, and an independent
production-capacity mapping. Across these tests, dependence-driven tail
congestion remains broadly persistent, although its magnitude is condition-
dependent: very small systems and severe spare-parts bottlenecks attenuate
the incremental effect, while adequate production reserve can absorb
downstream output loss. The results identify temporal concentration as a
system-level risk mechanism and show that prognostic evaluation should
complement marginal accuracy with cross-asset dependence, tail-oriented
queue metrics, and resource-resilience measures.
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1. Introduction

Predictive maintenance creates value when
remaining-useful-life =~ (RUL) prognostics are
translated into intervention timing, resource
allocation, and system-level availability. In multi-
asset environments, this translation is operationally
important because assets compete for shared crews,
repair stations, spare capacity, and backup resources.
Multi-asset maintenance studies have therefore
integrated probabilistic RUL information with
constrained maintenance resources and workload
balance (de Pater & Mitici, 2021; Crespo del Castillo &
Parlikad, 2024).

A system-level difficulty arises when prediction
errors are not independent across assets. Two
prognostic models can have similar marginal
accuracy and still generate very different
maintenance patterns if early or late errors occur
synchronously. Dependence can compress the same
number of predictive-maintenance requests into
shorter windows, increasing queue peaks and
competition for a shared repair resource without
increasing total maintenance demand. Existing
scheduling studies have examined prognostic
uncertainty under limited resources, but cross-asset
error dependence has received much less attention as
a separate operational-risk mechanism
(Tseremoglou et al., 2022).

Empirical prediction residuals were obtained from
the NASA C-MAPSS FDOO1 subset (Saxena et al,
2008). The 100 training engines were stratified by
lifetime quantile and split at the asset level into 80
development and 20 validation engines using seed
20260819; the official test set was not used for
training, tuning, or residual generation. A LightGBM
model with L1 loss was trained on 56 causal features
derived from 14 sensors: current value, 5-cycle and
20-cycle moving averages, and 5-cycle change (Ke et
al.,, 2017). Three prespecified configurations were
compared using three-fold GroupKFold with engine
ID as the grouping variable. The selected model used
num_leaves=15, min_child_samples=40, L2
regularization=1, 300 trees, learning rate=0.04,
feature and sample fractions=0.9, and seed
20260819. On 4,111 validation observations, MAE was
30.976 cycles, RMSE 41.200 cycles, R-squared 0.616,
and mean bias 2.988 cycles. The residual was defined
as predicted RUL minus actual RUL.

Cross-asset dependence was imposed with a one-
factor Gaussian copula (Nelsen, 2006). The
experimental dependence parameter p took values O,
0.2, 0.4, 0.6, and 0.8; it is not a correlation estimated
directly from C-MAPSS. Copula probabilities were
mapped to empirical residual quantiles within eight
actual-life bands: 0-25, 26-50, 51-75, 76-100, 101—
125, 126-150, 151-200, and above 200 cycles. Initial
RUL was sampled from a discrete uniform
distribution from 35 to 210 cycles, predictive
maintenance was activated at predicted RUL < 30,
and common random components were retained

across dependence levels. The fixed reference
realization contained exactly 120 activations in every
scenario. As p increased from O to 0.8, active arrival
cycles declined from 96 to 35 and the maximum
number of arrivals in one cycle rose from 4 to 15.

Mean-based indicators may conceal this mechanism:
a system can show a stable or even lower average
queue while experiencing more severe short-lived
congestion. Accordingly, this study asks whether
stronger RUL prediction-error dependence can
intensify upper-tail queue, capacity, availability, and
performance risk while total predictive-maintenance
demand is held fixed. The contribution is threefold:
isolating dependence-driven temporal concentration
from demand volume, identifying the feedback path
that transmits the shock, and testing whether the
effect survives mechanism removal, parameter
uncertainty, and independent input realizations.

2. Methodology

The study models a closed industrial system of 120
assets over 280 cycles with a one-cycle time step. At
the initial time all assets are healthy and operating;
degraded assets, predictive and emergency queues,
assets under repair, and active additional capacity
are zero. Base repair capacity is four simultaneous
positions and mean repair time is five cycles. Both
predictive and emergency queues draw from the
same free capacity. Additional capacity is activated
endogenously when pressure exceeds its reference
level and is released gradually after congestion
subsides. Predictive activation removes an asset from
effective operation in the base configuration, so
queueing, capacity response, degradation, failure,
and repair can be traced without changing the
number of assets or the total workload.

The stock-flow structure contains healthy and
degraded operating assets, predictive and emergency
queues, assets under repair, and active additional
capacity. Reduced effective availability increases
workload per operating asset; after a delay, overload
raises degradation pressure nonlinearly, while
completed repair returns assets to healthy operation.
Availability is the share of effective operating assets
and the productivity indicator is proportional to
availability.  Structural  validation  examined
dimensional consistency, non-negativity,
conservation of all 120 assets, allocation shares,
threshold logic, and prevention of double use of
occupied capacity, following standard system-
dynamics validation principles (Barlas, 1996). The
same equations were reproduced in Python for large
simulation campaigns; maximum queue-series
differences from Vensim were below 0.00005 and
differences for most other indicators were around
0.000001.

Robustness was evaluated in layers. The baseline
robustness tests included mechanism removal, one-
at-a-time  sensitivity, 5,000 Latin-hypercube
parameter vectors, and 400 independent paired
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input realizations. The extended robustness program
additionally tests fixed versus first-order and
distributed delays, repair-capacity/MTTR variation,
a < 1 with waiting failures, system sizes N =
30 — 1000 with capacity scaled proportionally,
Gaussian versus Student-t copulas, two-class asset
heterogeneity, explicit spare-parts constraints, an
independent production-capacity mapping. All
extensions pass regression checks against the
baseline model when their new mechanisms are
switched off.

3. Results and Discussion

Holding total predictive-maintenance demand at
exactly 120 reveals a strong timing effect. When p
increases from O to 0.8, cycles with at least one
arrival fall from 96 to 35 (-63.5%), while the
maximum arrivals in one cycle increase from 4 to 15
(+275%). Mean predictive queue length decreases
slightly from 1.646 to 1.582 assets (-3.9%), but the
95th-percentile queue rises from 4.751 to 6.943
(+46.1%) and the maximum queue from 6.288 to 15
(+138.5%). The maximum-to-mean queue ratio
therefore rises from 3.82 to 9.48. The central result is
not higher average congestion; it is a widening gap
between routine and crisis-period queue behavior.
The same concentration is transmitted downstream.
Peak capacity pressure increases from 1.494 to 3.701
(+147.7%), prompting the maximum active
additional capacity to rise from 1.033 to 3.691 assets
(+257.2%). Even with this adaptive response,
minimum availability falls from 0.917 to 0.856, a loss
of 6.1 percentage points. The 95th-percentile and
maximum availability-based productivity loss
increase by 38.3% and 73.9%, respectively, while the
mean changes little. Thus, adaptive capacity absorbs
part of the shock but does not eliminate upper-tail
system risk.

Mechanism-removal tests clarify the roles of
mechanisms within the model. Eliminating the
workload-to-degradation effect or fixing emergency
priority produces only small changes in the principal
tail indicators, so neither mechanism is the source of
the initial congestion. In contrast, removing adaptive
additional capacity increases mean and 95th-
percentile predictive queue length by about 290%
and 123%, respectively, relative to the p = 0.8 baseline
and reduces minimum availability to 0.800. Adaptive
capacity is therefore mitigating feedback. One-at-a-
time sensitivity analysis gives the same operational
message: reducing additional-capacity activation
delay from five to three cycles lowers the predictive-
queue 95th percentile by 13.6%, whereas increasing
the delay to seven cycles raises it by 7.9%.

4. Conclusions

Maintenance risk in a multi-asset system depends
not only on the number of interventions but also on
when those interventions occur together.
Dependence among RUL prediction errors can
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compress the same fixed maintenance demand into
shorter periods and generate larger queue peaks,
greater shared-capacity pressure, lower minimum
availability, and higher upper-tail productivity loss
even when average queue performance is unchanged
or slightly improved. The effect remains robust under
matched parameter uncertainty and across
independent input realizations.

The findings remain bounded by the experimental
design. Several structural limitations of the baseline
model were tested directly through supplementary
robustness analyses and the dependence-driven tail
effect persisted broadly, but rho remains an
experimental rather than field-estimated parameter,
FDOO1 residuals are the empirical basis for input
errors, and the repair-shop, spare-parts,
heterogeneity, and production-reserve extensions are
stress tests rather than site calibrations. These tests
therefore strengthen structural and computational
robustness without claiming site-specific external
validation.

Global uncertainty analysis shows that the
mechanism is not fragile to plausible parameter
variation. Across 5,000 Latin-hypercube
combinations at p = 0.8, the central 90% range of the
predictive-queue 95th percentile is 6.071-7.447
assets, whereas the maximum queue remains exactly
15 in every run. The additional-capacity activation
delay is the dominant parameter for the predictive-
queue tail (PRCC approximately +0.997); emergency-
priority sensitivity has a strong negative association
with the emergency-queue 95th  percentile
(approximately -0.994); capacity-release time is
strongly positive for minimum availability
(approximately +0.969); and the base failure rate
strongly affects productivity loss and emergency
failures. Parameter rankings remain stable as sample
size increases.

The paired tests provide the strongest robustness
evidence. With the fixed reference inputs, the
predictive-queue 95th percentile and maximum
worsen in all 5,000 matched parameter vectors as p
rises from O to 0.8, with median increases of 44.9%
and 139.0%. Peak capacity pressure, upper-tail
productivity loss, emergency failures, maximum
additional capacity, and minimum availability also
worsen in every matched pair, whereas mean queue
has a median change of -4.0%. Across 400
independent input pairs with simultaneous
parameter uncertainty, the 95th-percentile queue
worsens in 99.25% of pairs, maximum queue in
99.75%, peak capacity pressure in 100%, 95th-
percentile productivity loss in 99.25%, and minimum
availability in 99.0%. These results show that
dependence primarily alters temporal
synchronization and upper-tail stress, not total
demand. For management, prognostic-system
assessment should therefore complement MAE and
RMSE  with  cross-asset dependence, alert
synchronization, and high-percentile queue/capacity
indicators, while contingency capacity should be
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designed around response speed and peak demand
rather than average load.
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Table 3. Specifications of dependence scenarios with a fixed volume of predictive-maintenance demand
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Figure 1. Causal-loop diagram of the study model: exogenous error dependence and six endogenous feedback

loops in three behavioral blocks.
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Figure 2. Stock-and-flow diagram of the final study model.
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Table 4. Parameters and levels used in the one-at-a-time sensitivity analysis
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Figure 3. Temporal patterns of predictive-maintenance arrivals and queue response under error independence (p
=0) and high dependence (p = 0.8): (a) predictive-maintenance arrivals; (b) predictive-maintenance queue.
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Table 5. Performance indicators of the baseline model across five dependence levels
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Figure 4. Relative changes in queue, capacity, and system-performance indicators across dependence levels.
Each indicator is normalized to the independence case (p = 0), with the baseline set to 100.
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Table 6. Results of mechanism-removal tests in the high-dependence scenario (p = 0.8)

e shol s Juo 0 Bdo o Bl
PR TRR

Al b Los @l eudb p Lad ante FIAFY a0 0 Suo il bas iz ples o Jlss 5led Jlss )5 b
g1 Gl 4l STAOF 16 s o yasd diaS /Y 4N 2,8 18

sbarls s cd,b plid anin Ve ianl Sao 4 all pas Cldb ppe glkal  Cogldl

Sy dgdwe Lol IADY 16 pdy e yiwd dieS VIFYA e o (gllhsl Ol yess plosl 4 asiyly
A ol o/ YOF

Bl g pleasl NABY - iao Sas PV icae ke 38l ples o Jld Slol sl Sl gl

yeba o, Sles aeS ANOO cud,b 0 lad aiy 88 8 as il cud,b
DOLT owgee AN 6y e s

A G pe LYL (Sly g2, 50 G LLSS Comles Ll @l Y Jgue

Table 7. Results of the one-at-a-time sensitivity analysis in the high-dependence scenario (p = 0.8)
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Figure 5. Relative changes in response indicators at low and high parameter levels relative to baseline values in
the one-at-a-time sensitivity analysis.
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Table 8. Central 90% ranges of key outputs and dominant parameters based on partial rank correlation

coefficients (PRCCs)
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Table 9. Results of the paired comparison between dependence levels 0 and 0.8 across 5,000 matched parameter

vectors
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Figure 6. Results of global sensitivity analysis and the paired test of the dependence effect: (a) partial rank
correlation coefficients between parameters and selected outputs; (b) median and central 90% interval of paired
changes as p increases from 0 to 0.8.
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Table 10. Results of the 400 independent paired-input test under simultaneous uncertainty in operational

parameters
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Figure 7. Percentage change in the 95th percentile
of the predictive maintenance queue length for
paired comparisonsof p = 0.8 versusp = 0

across selected structural robustness tests; median

changes and 5th—95th percentile ranges.
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Table C3. Auxiliary and policy variables
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Table D1. Design, execution controls, key results, and interpretation boundaries of structural robustness tests
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