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Abstract

Similarity-based prediction modeling is a common method for estimating the
remaining useful life (RUL) of a machine. The present study proposes a novel
similarity-based multidimensional sequential approach to enhance the predic-
tion accuracy of engine remaining useful life. The proposed approach involves
the following steps: Initially, a screening of degradation-sensitive sensor vari-
ables is conducted through trend intensity analysis of all sensor data. Subse-
quently, historical degradation trajectories are constructed through polyno-
mial fitting on selected sensor sequences. Then, multidimensional simultane-
ous sliding similarity matching is implemented between test samples and his-
torical trajectories, with Manhattan distance summation serving as the simi-
larity metric. Finally, the most similar historical trajectory segments are se-
lected, and RUL reference values are derived from the most similar historical
trajectories. Weighted RUL estimates are then calculated based on similarity
levels. The validation using the C-MAPSS dataset demonstrates the efficacy of
the method, with a root mean square error (RMSE) of 15.14 and a score func-
tion value of 334.18, thereby surpassing other methods in terms of computa-
tional simplicity and prediction accuracy.

Keywords
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1. Introduction

The aerospace industry recognizes aircraft engines as the primary power source

of modern aviation. These engines represent highly intricate and meticulously en-
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gineered systems, characterized by their advanced integration and sophisticated
design. Their demanding operational environments impose exceptionally strin-
gent requirements for safety and reliability. In this context, China’s “14th Five-
Year Plan for Civil Aviation Development” explicitly prioritizes the implementa-
tion of comprehensive life-cycle safety management systems for domestically man-
ufactured civil aircraft. The strategic objective aims to maintain major accident rates
in civil aviation operations below 0.11 incidents per million flight hours. Statistical
analyses reveal that engine-related failures account for 50% of all civil aviation air-
craft malfunctions, with corresponding maintenance costs exceeding 60% of total
aircraft maintenance expenditures. These findings substantiate the critical need for
adopting full-lifecycle condition management systems for aviation engines. This op-
erational imperative underscores the necessity to develop robust Prognostics and
Health Management (PHM) methodologies. Effective implementation of such sys-
tems promises to optimize aircraft maintenance costs while ensuring the highest
standards of passenger safety and asset protection throughout operational service.
In Prognostics and Health Management (PHM), the term “prognosis” specifi-
cally denotes the prediction of Remaining Useful Life (RUL), defined as the oper-
ational time interval during which in-service equipment can maintain specified
functionality under current operating conditions. Contemporary life prediction
methodologies primarily fall into three categories: physical model-based ap-
proaches, data-driven techniques, and hybrid model-based solutions [1]-[3].
Among these, data-driven approaches have gained predominant adoption due to
their ability to bypass the need for studying mechanical degradation mechanisms,
instead leveraging historical operational data to construct RUL prediction models.
These methods demonstrate relatively high prediction accuracy when sufficient
historical samples are available. Data-driven RUL prediction techniques can be
further classified into three principal types: similarity-based models [4]-[7], deep
learning approaches [8]-[12], and statistical methods [13]-[19]. Similarity-based
residual prediction methodologies operate by comparing test samples with histor-
ical degradation patterns, utilizing the RUL values of historical samples exhibiting
maximum similarity as estimates for test specimens. Recent advancements in this
field include: Liu developed a similarity health indicator combined with a Condi-
tional Generative Adversarial Network (CGAN) prediction model, demonstrating
effective early failure detection and precise characterization of rolling bearing per-
formance degradation [20]. Liang proposed an enhanced similarity metric with
degradation-sensitive weight allocation, enabling weighted RUL predictions
through subsequent similarity matching [21]. Li introduced a Bayesian integrated
RUL prediction method that clusters variable-length historical Run-to-Failure
trajectories into distinct degradation patterns, employing pattern-specific kernel
functions and similar trajectory libraries to construct Relevance Vector Machine
(RVM) models with improved prediction accuracy [22]. Yu enhanced RUL pre-
diction precision through effective variable selection using a lasso regression al-

gorithm integrated with similarity-based life prediction formulae [23].
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This study presents a RUL prediction framework for turbofan engines that lev-
erages multidimensional operational sequence similarity. The proposed method-
ology incorporates two sequential processes: 1) implementation of a cubic poly-
nomial-based denoising framework applied to historical engine operational data,
followed by 2) similarity evaluation between the denoised historical sequences and
target test units. Specifically, cubic polynomial regression is employed to attenuate
high-frequency noise components in multidimensional sensor readings while
maintaining essential degradation patterns. The processed sequences are then
aligned with test samples through temporal sequence matching, enabling similar-
ity-based RUL estimation through comparative analysis of multidimensional tra-
jectory characteristics. Unlike conventional approaches [23]-[25] that first apply
principal component analysis (PCA) and multiple linear regression for dimen-
sionality reduction to establish one-dimensional health indicators prior to simi-
larity analysis, our method preserves the nonlinear characteristics inherent in
aero-engine degradation processes. Previous linear dimensionality reduction
techniques risk losing critical nonlinear information that could compromise pre-
diction accuracy. In contrast to data dimension reduction, our framework imple-
ments a multidimensional simultaneous moving similarity comparison between
test data and noise-reduced historical degradation trajectories. The proposed sim-
ilarity metric combines the summed Manhattan distances across multidimen-
sional sequences, enabling comprehensive pattern matching. The RUL estimation
derives from selecting multiple historical trajectory segments demonstrating
highest similarity to test samples, with their corresponding RUL values serving as

the reference basis for prognostic evaluation.

2. Theory and Method

2.1. Degradation-Sensitive Sensor Selection

Due to variations in data collection methodologies, sensor data types, installation
locations, and other operational factors, significant discrepancies exist in how ef-
fectively different data types characterize engine faults. Consequently, identifying
sensor data with strong correlations to engine degradation becomes critical for
accurate RUL prediction based on degradation trend analysis. To address this, our
study introduces a time-series trend indicator to systematically compare the deg-
radation-related trend strength across sensor datasets. This indicator is defined by

the following computational formula:

N
i=1

S0 1)
Viena = 5
DI )

i=1 i

(1)

M=

where 7 is the mean value of the time series y,  is the mean value of the time
vector £, Nis the length of the series. The evaluation index is confined to the range

[0,1], with values closer to 7 indicating stronger trend manifestation in the se-

DOI: 10.4236/mme.2025.152002

21 Modern Mechanical Engineering


https://doi.org/10.4236/mme.2025.152002

J.Lanetal.

quence. After calculating the trendiness scores for all sensor data, we ranked them
in descending order and subsequently selected those with higher rankings as valid

inputs for RUL prediction.

2.2. Similarity Matching for Multidimensional Sequences

Sliding similarity matching involves sliding the test sample sequence incremen-
tally along the historical degradation trajectory. At each step, the similarity be-
tween the test sequence and the corresponding segment of the historical trajectory
is calculated. By traversing all possible positions on the historical trajectory, the
method systematically identifies the segment that exhibits the highest similarity
to the test sequence. This process, illustrated in Figure 1, enables precise align-
ment of the test sequence with the most relevant segment of the historical degra-

dation pattern.
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Figure 1. Sliding similarity matching process.

The raw sensor data contains significant noise, and directly applying similarity
matching to such data may result in elevated matching errors due to noise inter-
ference. To address this issue, this paper employs a third-degree polynomial to
denoise the raw sensor sequence. The fitted curve generated through this process
is adopted as the degradation trajectory. The mathematical representation of the

polynomial fitting is as follows:

y=at’ +bt* +ct+d (2)

where ¢ is the time vector corresponding to the time series, yis the fitted data
series, (a, b, ¢ d) are polynomial coefficients.

The multi-dimensional degradation data from historical engine samples are
processed using the predefined noise reduction model. For example, with 100 his-
torical engine degradation samples (each containing 21 multi-dimensional sensor
sequences), a total of 100 x 21 smoothed degradation trajectory curves are gener-
ated by this fitting method.
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While Euclidean distance is commonly employed to quantify similarity be-
tween sequences, studies in the literature [26] demonstrate that Manhattan dis-
tance-based similarity matching outperforms Euclidean distance for remaining
useful life (RUL) prediction. Consequently, this paper adopts Manhattan distance
to measure the similarity between test sample sequences and historical degrada-

tion trajectories. The distance is calculated using the following formula:
N
D:Z|Zi_yi| 3)
i=1

To avoid information loss caused by data dimensionality reduction or fusion,
this paper proposes a multidimensional sequence synchronization-based similar-
ity matching method. The similarity between multidimensional sequences is
quantified using the Manhattan distance, with the calculation defined as follows:

m N
D(S) = mmZZ‘Z(z,i) _y(,l,i+S)

I=1 i=1

4)

where Nis the length of the sequence, mis the dimension of the sequence, zis the
test sample multidimensional sequence, y is the historical sample multidimen-
sional sequence, S is the distance that the test sample slides over the historical
sample. By systematically evaluating all positions along the historical degradation
trajectory, the test sample sequence identifies the segment with the highest simi-
larity. Once the optimal matching position is determined, the RUL reference value
for the test sample is estimated using the prescribed formula:

RUL=M —(N+S,,.,)+1 (5)

where RUL is the remaining life of the test specimens, M is the total length of the
historical specimens, Nis the length of the test specimens, Sy is the length of
the test samples sliding relative to the training set samples when the similarity is
highest. Using the above formula, the similarity of all historical samples to the test
sample is calculated and sorted in descending order, and the first n similarity val-
ues are selected to form theset D ={D,,D,,D,,---,D,} , and their corresponding
RUL reference values form the set R ={RUL,,RUL,,--,RUL,} . Figure 2 illus-
trates the RUL prediction methodology.

2.3. Calculating RUL

After computing sets D (distances) and R, each RUL in set R is assigned a weight
proportional to its corresponding similarity score. The final RUL estimate for the
test sample is derived as the weighted average of these reference values, calculated
using the following formula:

b
W, =2 (6)

Rul = Zn: w, - Rul, (7)
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Figure 2. Flow of RUL prediction method based on multidimensional sequence similarity.

3. Experimentation
3.1. Experimental Data

The C-MAPSS aero-engine simulation dataset is widely adopted for validating
RUL prediction methodologies. This dataset contains three operational state pa-
rameters and 21 sensor measurements recorded across each operational cycle of
an aero-engine’s lifecycle, spanning from initial healthy operation to eventual fail-
ure [27]. The specific sensor types and their descriptions are provided in Table 1.
In this study, the FD001 subset of the C-MAPSS dataset is selected to evaluate the
effectiveness of the proposed RUL prediction framework. The FD001 subset com-
prises 100 complete run-to-failure degradation trajectories and 100 partial degra-

dation sequences for which RUL predictions are required.

Table 1. 21 sensor types in the C-MAPSS dataset.

Symbol Description Units
T2 Total temperature at fan inlet ‘R
T24 Total temperature at LPC outlet ‘R
T30 Total temperature at HPC outlet ‘R
T50 Total temperature at LPT outlet ‘R
P2 Pressure at fan inlet Psia
P15 Total pressure in bypass-duct psia
P30 Total pressure at HPC outlet psia
Nf Physical fan speed rpm
Nc Physical core speed rpm
epr Engine pressure ratio (P50/P2) —
Ps30 Static pressure at HPC outlet psia
phi Ratio of fuel flow to Ps30 pps/psi
NRf Corrected fan speed rpm
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Continued

NRc Corrected core speed rpm

BPR Bypass Ratio —

farB Burner fuel-air ratio —

htBleed Bleed Enthalpy —
Nf _dmd Demanded fan speed rpm
PCNfR_dmd Demanded corrected fan speed rpm
W3l HPT coolant bleed Ibm/s
W32 LPT coolant bleed Ibm/s

Due to the unique characteristics of the C-MAPSS dataset, the cycle length of
each engine under different operating conditions varies—whether in the training
set or the test set. In the FDO0O01 subset, the minimum lifespan is 31 cycles. To
maximize information retention when matching test samples with training sam-
ples for similarity, this study uniformly sets the sliding window width to 30 and

the sliding step to 1. Each slide operation triggers one similarity matching process.

3.2. Data Preprocessing

The 21 variables in the dataset exhibit varying scales and therefore require nor-
malization prior to analysis. The normalization is performed using the following
formula:

Yoy —Mean (ym )

)L

where mean(y:,) and std(y,) are the mean and standard deviation of the values of

the mth variable in all samples of the training set, y(n,m) is the data sequence of
the mth variable in the nth sample, norm(y,n) is the sequence of values after nor-
malization of the sequence.

After normalization, the degradation trend indicators for the 21 sensor varia-
bles were computed using Formula (1). The indicator results were derived by
averaging the trend indicator values across all 100 historical samples. These 21
sensor-based trend indicators were then ranked in descending order of significance,
as summarized in Table 2. The analysis reveals that Sensors #11, #12, #4, #7, #15,
#21, #20, #13, #8, #14, #2, #17, #3, and #9 exhibit the most pronounced degradation-
related trends during the engine’s operational lifespan. This finding validates their
relevance and suitability as critical inputs for RUL prediction. The data trends
recorded by the remaining sensors (positions 1, 5, 6, 10, 16, and 18) indicate values
of 0, demonstrating that there is no statistically significant correlation between the
measured parameters (including six types of parameters such as fan inlet total tem-
perature, fan inlet pressure, and bypass duct total pressure) and the engine perfor-
mance degradation. Consequently, these datasets have been excluded from the effec-

tive predictive parameters for engine health monitoring. Figure 3 further clearly
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Table 2. Trend indicators for 21 types of sensors.

Serial No. 11 12 4 7
Trend Indicator 0.811 0.79 0.782 0.762
Serial No. 15 21 20 13
Trend Indicator 0.727 0.718 0.714 0.687
Serial No. 8 14 2 17
Trend Indicator 0.684 0.681 0.675 0.673
Serial No. 3 9 1 5
Trend Indicator 0.644 0.643 0 0
Serial No. 6 10 16 18
Trend Indicator 0 0 0 0
Serial No. 19
Trend Indicator 0
2 1 #1 4 #2 2 5 #3
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Figure 3. Numerical images of 21 types of sensors.
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demonstrates that the above six parameters exhibit no discernible trend of change.

A third-degree polynomial fitting is applied to the 14-dimensional full-life deg-
radation sequences of all 100 historical samples, generating 100 smoothed degra-
dation trajectories. Figure 4 below compares the normalized raw sequences with
the polynomial-fitted sequences for the high-pressure compressor outlet total
temperature across all training set samples. As shown, the raw sensor data exhibits
significant noise, whereas the fitted trajectories effectively capture the underlying
degradation trend of the engine.

During the engine’s healthy operational phase, wear is minimal, and the RUL
is typically assumed to remain stable. Directly adopting the actual RUL value as
the reference for test samples could lead to overestimated predictions. To mitigate
this, historical RUL values are adjusted by capping the maximum RUL at 130
operational cycles. Figure 5 illustrates the adjusted RUL profile for the first engine

Sensor Original Sequence

i A
{

i
J iy

, i !'w]‘ i

T T T 3 T T T T T T T

2.5

2

1.5

Fitted sensor values
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(b) |

250 300 350 400 0 50 100 150 200 250 300 350 400
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Figure 4. Original sequence (a) and fitted sequence after noise reduction (b) for the 7% sensor of 100 training set samples.
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Figure 5. Schematic diagram of the correction of RUL.
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in the training set, demonstrating this correction process.

3.3. Evaluation Function

To evaluate the accuracy of remaining useful life (RUL) predictions for aero-en-
gines, two metrics are widely adopted: the root mean square error (RMSE) and a
custom scoring function (Score). Lower values for both metrics indicate higher
prediction accuracy. In engineering practice, overestimation of RUL (predicted
values exceeding actual values) poses significantly greater operational risks than
underestimation. To account for this, the scoring function imposes a dispropor-
tionately higher penalty on overestimations. The mathematical definitions of

these evaluation metrics are as follows:

error,. = Rulpredict - Rultrue (9)

RMSE = ’lierroriz (10)
n -

! —error.
Z exp ~ |, error, <0
pan ( 13 j

U error,
D exp , error, >0

i 10

Score =

(11)

4. Experimental Results and Analysis
4.1. Experimental Results
The performance of the similarity-based remaining useful life (RUL) prediction

method is influenced by the number of RUL reference values included in the

analysis. Figure 6 demonstrates the relationship between the quantity of reference

0 10 20 30 40 50
Number of RUL reference values

1500 T T T T

1000

Score

500

0 10 20 30 40 50
Number of RUL reference values

Figure 6. Effect of the number of RUL reference values on prediction accuracy.
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values and prediction accuracy. As shown, both the root mean square error
(RMSE) and the scoring function (Score) reach their minimum values when five
reference values are selected, indicating optimal prediction performance. Under
this configuration, the RMSE is 15.14, and the Score is 334.18. Figure 7 displays
the RUL prediction results for the 100 test set samples using five reference values,

with test samples sorted in descending order based on their actual RUL values.

150 T T T T
o o —© Predicted RUL
o,
Pt | o@D 00 —© True RUL
100 of if‘-“"""’!'z:"’«ﬁ A ]
- A YO TR
S44ATPH
D (U 4 | OO
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o DPENY
50 HHD. ]
DD Q
n ‘:u;‘.":‘."“lo, a0
o T N ~
)
O [T
40 60 80 100

Samples of the test set

Errors

Samples of the test set

Figure 7. RUL prediction results for 100 test set samples.

To validate the effectiveness and generalizability of the proposed method, RUL
predictions were performed for four test engines (#31, #56, #76, and #92) across
the temporal dimension. The prediction results, illustrated in Figure 8, demon-
strate the method’s robust capability to accurately estimate RUL throughout the

entire operational lifecycle of the engines.

4.2. Comparison of Results with Other Prediction Method

The choice of statistical indicators for fusing RUL reference values significantly
influences prediction outcomes. This study evaluates three fusion strategies: using
the mean, median, and maximum probability density values of the RUL reference
values as estimates for test samples. As demonstrated in Table 3, the weighted
fusion approach—which prioritizes reference values based on their similarity to
test sequences—achieves the highest prediction accuracy compared to the other
statistical methods.

To highlight the advantages of the proposed method, its performance was
evaluated against state-of-the-art approaches from the literature [28]-[33]. As

summarized in Table 4, the results demonstrate that the proposed method
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Figure 8. RUL predictions for the test set of four engines during operation.
Table 3. Comparison of results with different fusion methods.
Integration method Optimal number of RUL reference values RMSE Score
Based on average values 5 15.24 346.2
Based on median 9 15.46 353.3
Based on the maximum probability density 9 15.56 378.8
Proposed method 5 15.14 334.18

Table 4. Comparison of results of different RUL prediction models for FD001 dataset.

Models RMSE Score
Random Forest [28] 17.88 517.54
SVM [29] 29.822 -
LSTM [30] 16.14 338
DOI: 10.4236/mme.2025.152002 30 Modern Mechanical Engineering
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Continued
FM [31] 1791 480
DLLSTM [32] 18.33 655
NSC [33] 16.7 -
Based on biexponential fitting 19.7 724
Based on a fourth-degree polynomial fit 15.06 450.84
Based on no noise reduction 21.1 2557
Proposed method 15.14 334.18

achieves superior prediction accuracy compared to all benchmarked methods.
Additionally, we compared the proposed method with three alternative ap-
proaches: quartic polynomial fitting, double exponential fitting, and no fitting.
The results demonstrate that both the double exponential fitting and no fitting
methods yield significantly lower prediction accuracy than our proposed ap-
proach. While the quartic polynomial fitting method achieves comparable RMSE
to our method, its Score metric is higher. However, this approach requires com-
puting more parameters during the fitting process. These comparative results col-
lectively validate the effectiveness and superiority of our proposed cubic polyno-

mial fitting-based denoising method.

4.3. Analysis of Results

The results show that the RUL prediction method based on multi-dimensional
sequence similarity proposed in this paper has higher prediction accuracy com-
pared with the above-mentioned multi-class prediction models. Meanwhile, the
proposed method does not require dimensionality reduction and fusion or feature
extraction of multi-dimensional data, nor does it need extensive sample training
and network parameter optimization like deep learning algorithms such as LSTM.
Therefore, the proposed method in this paper has the advantages of simple mod-
eling and high accuracy.

The results demonstrate that the proposed multidimensional sequence similar-
ity-based RUL prediction method achieves superior accuracy relative to the afore-
mentioned multivariable prediction models. Furthermore, unlike machine learn-
ing approaches such as LSTM—which require extensive sample training and hy-
perparameter optimization—the proposed method eliminates the need for di-
mensionality reduction, data fusion, or manual feature extraction of multidimen-
sional sensor data. This dual advantage of simplified modeling and high precision
positions the method as an efficient and practical solution for remaining useful

life estimation in industrial applications.

5. Conclusion

This study proposes a remaining useful life prediction method based on multidi-

mensional sequence similarity, validated using the NASA C-MAPSS aero-engine
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simulation dataset. The results demonstrate that the method achieves high accu-
racy across the 100 test samples and exhibits consistent performance throughout
the engine’s entire operational lifespan, confirming its validity and generalizabil-
ity. Comparative analysis with existing approaches from the literature further
highlights the method’s advantages, including simplified implementation and su-
perior precision relative to conventional techniques. However, the current frame-
work relies on fixed-length sequence matching for similarity calculations, which
occasjonally leads to suboptimal predictions for individual edge cases. Addressing
this limitation through adaptive sequence length optimization represents a key

direction for future research.
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