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Abstract

Enhancing the reliability of repairable systems plays a crucial role in improving operational efficiency and
reducing maintenance costs across various industries. Due to their functional complexity and exposure to
diverse environmental and operational conditions, these systems are prone to frequent failures. Therefore,
developing optimized methodologies for experimental design and reliability analysis is essential.

This study presents an innovative approach that integrates the Taguchi design with the [-optimal design to
identify optimal operational conditions, minimize failure rates, and improve system reliability. The Taguchi
method was first employed as an effective tool to reduce sensitivity to noise and enhance the robustness of
experimental results. Its integration with the I-optimal design further enabled the identification of the best
factor level combinations while reducing the number of required experiments. The efficiency and
information richness of the resulting design were subsequently evaluated using the D-optimality criterion,
which demonstrated high design performance.

Given the limited access to real-world failure data, time-to-failure data were generated through predictive
modeling and simulation to evaluate the proposed methodology. For data analysis, parametric survival
models were employed, providing accurate representations of system failure behavior and enabling the
investigation of interaction effects among multiple factors.

The findings of this study revealed that integrating Taguchi with [-optimal design, followed by evaluation
with the D-optimality criterion, significantly improved model accuracy while reducing experimental effort.
Moreover, the proposed approach increased system resistance to environmental variations, thereby
extending time-to-failure and enhancing overall reliability metrics.

By combining advanced experimental design techniques with robust statistical modeling approaches, this
research provides a systematic and practical framework for optimizing the reliability of repairable systems.
The results highlight the effectiveness of customized experimental designs in reducing failure rates,
improving operational stability, and strengthening system robustness. This study represents an important
step toward more efficient reliability optimization methodologies and offers valuable insights for industries
such as manufacturing, energy, and transportation, enabling enhanced system performance and longevity
with minimized maintenance costs and operational disruptions.

Keywords: Taguchi design, Optimal design, Reliability, Repairable Systems, Parametric survival model.



Literature Review:

Previous studies on reliability growth
have applied various approaches,
including NHPP/Poisson models,
Bayesian methods, bootstrap analysis,
and Taguchi or optimal designs
separately. In this research, a combined
approach is applied in which the
Taguchi design is integrated with I-
optimal design and further evaluated
under the D-optimality criterion. Unlike
previous studies that used Taguchi or
optimal designs separately, this unified
framework leverages the strengths of
both methods. In addition, parametric
survival models are employed to analyze
failure data, providing more accurate
reliability predictions for repairable
systems.

Methodology:

Taguchi Design: reduces sensitivity to
noise and explores factor combinations
with fewer trials using orthogonal
arrays.

D-Optimal Design: selects
experimental runs that maximize the
determinant of the information matrix,
thus minimizing parameter estimation
variance.

I-Optimal Design: minimizes the
average prediction variance over the
design space.

Simulation & Data Generation: Time-
to-failure data is simulated using
machine learning models (e.g., Gradient
Boosting, Random Forest, KNN) due to

Adding the Taguchi combinations to the
I-optimal designs increases the number
of experiments, which in turn improves
prediction accuracy and the system's
resistance to variability. This process
enhances the effectiveness of the
experimental study and the optimization
of system parameters. Ultimately,
combining these three design methods
results in a customized and optimized
experimental design that incorporates
the advantages of each technique. This

the unavailability of real failure data.
Gradient Boosting provided the highest
prediction accuracy.

Survival Analysis: Parametric models
such as Weibull and Frechet
distributions are fitted to time-to-failure
data. AICc, BIC, and log-likelihood are
used to evaluate model performance.
Integrating Designs for Customized
Experimental Planning and Final
Analysis Using Parametric Survival
Models: In this study, the main
objective is to combine experimental
design methods to develop an efficient
and accurate framework for improving
the reliability ofrepairable systems.
First, the Taguchi design is applied as
the initial framework to reduce noise
and increase robustness by selecting
stable factor—level combinations. Next,
I-optimal design is used to minimize
prediction error and enhance model
accuracy. The integration of Taguchi
and I-optimal designs generates a final
set of experimental points, further
evaluated with the D-optimality
criterion to improve information
richness and design quality. This
combined approach increases prediction
accuracy, robustness against variations,
and overall experimental efficiency.
Finally, the optimized design is
analyzed using parametric survival
models, where the best-fitting
distribution is selected for detailed
reliability assessment. In other words,
the final design is defined as:

FinalDesign = X Taguchi +X 1 -Optimal

comprehensive approach not only
increases robustness against noise but
also provides sufficient

information for factor optimization and
system reliability improvement.
Consequently, the subsequent analyses
are conducted with higher accuracy,
leading to significantly improved
reliability of repairable systems.

In the next step, the final experimental
design is analyzed using parametric
survival models. An appropriate



distribution is first selected based on
system failure characteristics, and the
corresponding results and analyses are
then performed.

Results & Case Study:

A virtual machining system with 6 input
variables (type, air temperature, process
temperature, rotational speed, torque,
vibration levels) was used.

The Taguchi method identified factor
combinations that maximize time-to-
failure and signal-to-noise ratio.

A final experimental design combining
Taguchi and I-optimal designs was
created and simulated.

The Weibull model best fitted the failure
data.

The model showed that time-to-failure
increased under optimal conditions and
that noise factors had a reduced effect
on the outcome.

Conclusion:

Integrating Taguchi design with optimal
experimental designs and survival

analysis significantly enhances model
accuracy and system reliability. The
proposed framework effectively:

Reduces the number of experiments.
Increases robustness against
environmental noise.

Predicts system behavior with high
precision.

Improves decision-making in
maintenance planning.

Recommendations:

Apply the combined design
methodology in industries where failure
data is scarce or expensive to obtain.
Use advanced ML techniques for more
accurate predictive modeling.

Future studies can explore integration
with Bayesian survival models or multi-
objective optimization to further
improve reliability engineering
strategies.
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Distribution AlCc BIC
Weibull 432.23257 570.41097
Lognormal 424.62993 562.80833
Exponential 55540643 689.67305
Frechet 416.27318 554.45157 Best
Loglogistic 430.96615 569.14454

AICc 416.2732 Whole Model Test

BIC 554.4516

2*LogLikelihood 343.1549 ChiSquare DF Prob > Chisq

161.0052 32
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Parameter Estimates

Term

Intercept

Type[H]

Type[L]

Air temperature [K]

Process temperature [K]

Rotational speed [rpm]

Torque [Nm]

Vibration Levels

Type[H]*(Air temperature [K]-298.098)
Type[L]*(Air temperature [K]-298.098)

Type[H]*(Process temperature [K]-308.576)

Type[L]*(Process temperature [K]-308.576)

Type[H]* (Rotational speed [rpm]-1540.49)
Type[L]*(Rotational speed [rpm]-1540.49)

Type[H]*(Torque [Nm]-39.8828)
Type[L]*(Torque [Nm]-39.8828)

(Torque [Nm]-39.8828)*(Torque [Nm]-39.8828)
Type[H]*(Vibration Levels-36.9048)
Type[L]*(Vibration Levels-36.9048)

a

(Air temperature [K]-298.098)*(Torque [Nm]-39.8828)
(Process temperature [K]-308.576)*(Torque [Nm]-39.8828)
(Rotational speed [rpm]-1540.49)*(Torque [Nm]-39.8828)

(Air temperature [K]-298.098)*(Vibration Levels-36.9048)
(Process temperature [K]-308.576)*(Vibration Levels-36.9048)
(Rotational speed [rpm]-1540.49)*(Vibration Levels-36.9048)
(Torque [Nm]-39.8828)*(Vibration Levels-36.9048)

(Vibration Levels-36.9048)*(Vibration Levels-36.9048)

(Air temperature [K]-298.098)*(Air temperature [K]-298.098)

(Air temperature [K]-298.098)*(Process temperature [K]-308.576)
(Process temperature [K]-308.576)*(Process temperature [K]-308.576) -0.25432 0.234798 -0.71452 0.205873

(Air temperature [K]-298.098)*(Rotational speed [rpm]-1540.49)
(Process temperature [K]-308.576)*(Rotational speed [rpm]-1540.49)  0.000493 0.000862 -0.0012 0.002182
(Rotational speed [rpm]-1540.49)*(Rotational speed [rpm]-1540.49)

95% Confidence

Interval (Wald)
Estimate Std Error Lower Upper
9.419147 115.0613 -216.097 234.9352
0.243125 0.278982 -0.30367 0.789921
-0.15444  0.144574 -0.4378 0.128916
-0.72295 0.173424 -1.06286 -0.38305
0.680936 0.258407 0.174468 1.187404
0.000435 0.000795 -0.00112 0.001994
0.006627 0.011463 -0.01584 0.029093
-0.0025 0.00609 -0.01444 0.009435
0.314235 0.321601 -0.31609 0.944562
-0.22029 0.174193 -0.5617 0.12112
-0.2523 0.148249 -0.54287 0.038259
0.197786 0.467314 -0.71813 1.113706
-0.08568 0.251243 -0.57811 0.40675
-0.00872 0.223837 -0.44743 0.429991

0.000982  0.00148 -0.00192 0.003883
-0.00072 0.000769 -0.00223 0.000783
-0.00016 0.000496 -0.00113 0.000811

-1.17E-06 1.07E-06 -3.25E-06 9.20E-07
0.01035  0.020376 -0.02958 0.050286
-0.01187 0.010901 -0.03323 0.0095
0.000596 0.007721 -0.01454 0.015729
0.012821 0.013151 -0.01295 0.038596
-6.3E-05 4.81E-05 -0.00016 3.09E-05
-0.00068 0.000488 -0.00164 0.000273
0.001296 0.010894 -0.02006 0.022648
0.004454 0.005861 -0.00703 0.015941
-0.01103 0.006455 -0.02368 0.001621
0.018012 0.009459 -0.00053 0.036552
-2.59E-05 2.64E-05 -7.8E-05 2.59E-05
-0.00053 0.000433 -0.00138 0.000317
0.000147 0.000244 -0.00033 0.000625
0.192558 0.026037 0.141527 0.243589
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Test Test Test Test Explained Cross-Validation
Model TestMSE | pry | MAE | MAPE Variance Score
Random Forest 1396.488 0.898 | 20.708 | 0.096 0.899 0.914
Gradient Boosting 926.927 0.932 | 16.619 | 0.077 0.932 0.944
K-Nearest Neighbors 3760.715 0.726 | 38.506 | 0.184 0.733 0.711
Decision Tree 2516.255 0.816 | 27.288 | 0.132 0.817 0.875
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Cross Validation

0.95% Confidence

MSE R?2 MAE  MAPE

Explained Variance

Explained Variance

566.168 0.947 13.991  0.065

0.947

[205.30,221.94]
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Air Air Air Air

Ty Process | Rotatio Torq | Patte temperatu | temperatu | temperatur | temperatur Mea SN

. temperat nal e m re(-) re(-) e(+) e(+) N Ratio
P ure speed Vibration | Vibration | Vibration Vibration
levels(-) | levels(+) levels(-) levels(+)

L 307.9 1208 42 | () 299 291 83 65 1854' 397.894
34.9 (- 240. | 41.98

L 308.7 1540 5 000) 335 445 89 94 75 29
(- 272. | 40.54

L 309.5 2874 65.7 ) 452 483 83 71 25 64
(0- 179. | 41.23

M 307.9 1540 65.7 04) 277 228 147 67 75 04
M 308.7 2874 4.2 (()_(;Jr 419 433 103 85 260 422'115
349 | (0+- 280. | 43.67

M 309.5 1208 5 0) 387 513 113 110 75 96
349 | (+- 259. | 46.94

H 307.9 2874 5 10) 349 334 187 169 75 74
(+0- 325. 1 50.02

H 308.7 1208 65.7 i 329 397 295 281 P 34
H 309.5 1540 4.2 (JF_J)FO 404 502 229 269 351 497'668
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Y vtewn =—17745.59+50.5* (Type[H 1)—29.083* Type[L ])+ 58.333 * (Processtemperature )+ 0.002 * (Rotationalspeed ) — 0.098 * (Torque )
(12)

Y., =-326.711+4.865* (Type[H ])—3.197* Type[L ]) +1.206 * (Processtemperature ) — 0.001* (Rotationalspeed ) + 0.0001* (Torque)

(13)
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Summary of Fit Summary of Fit

Rsquare 0.963236 Rsquare 0.980626
Rsquare Adj 0.901961 Rsquare Adj 0.948335
Root Mean Square Error 17.72616 Root Mean Square Error 0.883904
Mean of Response 261.5833 Mean of Response 44.0225
Observatians (or Sum Wgts) 9 Observatians (or Sum Wgts) 9
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0.981914

Desirability SN Ratio

Type

temperature [K] speed [rpm]

(Cesly
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Process Rotational Torque Desirability

[Nm]
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Air temperature Process temperature Rotational speed Torque Vibration
Type K] K] [rpm] [Nm] Levels
H 297.2 309.5 1208 42 23
H 297.2 309.5 1208 42 55
H 299.1 309.5 1208 42 23
H 299.1 309.5 1208 4.2 55
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N_., =intercept + de ,

J=1

D
J.cont + Z d»f}c,disc + z dfi‘nt eraction
k=1
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Design Diagnostics

(15)
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I Optimal Design

D Efficiency 90.31577
G Efficiency 67.89522
A Efficiency 84.68418
Average Variance of Prediction (306543
Design Creation Time (seconds) 0
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Type Air temperature | Process temperature Rotational speed Torque Vibration Time To
[K] [K] [rpm] [Nm] Levels Failure

H 297.2 309.5 1208 65.7 23 403
M 299.1 309.5 2874 65.7 55 142
H 299.1 307.9 1208 4.2 23 93

M 297.2 309.5 2874 34.95 23 451
L 299.1 307.9 1208 4.2 55 65

H 297.2 307.9 2874 65.7 23 330
L 297.2 309.5 1208 4.2 23 399
M 299.1 307.9 2874 34.95 23 90

H 299.1 307.9 1208 65.7 55 138
H 297.2 307.9 1208 4.2 55 281
H 299.1 309.5 2874 65.7 23 358
H 299.1 307.9 2874 4.2 55 129
L 297.2 309.5 2874 4.2 55 498
M 299.1 309.5 1208 4.2 23 109
L 299.1 307.9 2874 65.7 55 29

L 299.1 309.5 2874 4.2 23 97

M 297.2 307.9 1208 65.7 23 281
M 297.2 309.5 1208 34.95 55 513
L 297.2 309.5 2874 65.7 23 452
L 297.2 307.9 2874 4.2 23 300
M 297.2 307.9 1208 4.2 23 306
H 297.2 309.5 2874 65.7 55 494
L 297.2 307.9 1208 65.7 55 238
M 299.1 309.5 1208 65.7 23 173
M 299.1 309.5 2874 4.2 55 105
L 299.1 307.9 1208 65.7 23 71

M 297.2 307.9 2874 4.2 55 286
L 299.1 309.5 1208 65.7 55 80

H 297.2 309.5 2874 4.2 23 486
M 299.1 307.9 1208 34.95 55 60

H 299.1 309.5 1208 4.2 55 246
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Model Comparison

Distribution AICc BIC
Weibull 694.87167 39197677 Best
Lognormal 703.48585 400.59094
Exponential ~ 769.34566 542.22874
Frechet 698.21618 395.32128
Loglogistic 704.91912 402.02421
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Fiffect Summary

Source Logworth PValue
Air temperamure [K](297.2.299.1) 30495 1, 0.00000
Process temperature [K](307.9.309.5) 19207 | 0.00000
Type 16.432 0.00000
Type*Air lemperature K 14.802 0.00000
Torque[Nm]*Vibration Levels 4141 ¢ 0.00007
Vibration Levels (23.55) 3728 B 0.00019
Type*Torque [Nm] 3148 0.00007
Rotational speed [rpm]* Vibration Levels R U'UUU_I_B :
Air temperature [K]*Vibration Levels 3102 | AT
Air temperature [K]* Torque[Nm] 2,995 Pt
Process temperamre [K]*Vibration Levels 1.848 0.01420
Type*Rotational speed [rpm] 1.598 [ 002523
Process temperature [K]*Rotational speed [rpm] 1300 4 0.05015
Process temperature [K] *Torque[Nm] L2z | 0.06139
Air temperature [K|* Process temperature [K| 0.889 0.12900
Air temperature [K]*Rotational speed [rpm] 0.426 | 037490
Rotational speed [rpm] * Torque[Nm] 0.307 0.49287
Type*Vibration Levels 0.192 0.64274
Rotational speed [rpm](1208,2874) 0.151 0.70566 *
Type*Process temperature [K | 0.117 0.76395
Torque[Nm](4.2,65.7) 0.106 0.78323
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Type Air Process Rotantional Torque Vibration tinie Failu.re. Desirability
temperature temperature speed Levels probability
H 297.2 309.5 2874 65.7 23 500 0.08909 0.896268
M 297.2 309.5 2874 65.7 23 500 0.05535 0.929199
L 297.2 309.5 1208 4.2 55 500 0.064743 0.920045
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Indicators
Mode —
Model | AICc BIC | 2loglikelihood
Taguchi Frechet 1178.979 351.485 250.979
No Taguchi Weibull 694.87167 391.97677 288.8717
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