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must be inspected

before their assembly. This study proposes a CUDA-parallel order-domain

feature-extraction framework for the manufacturing quality inspection of
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NVH

implementation yielded speedups of 45.9x for angular re

electric-vehicle reducer gears under variable-speed dynamic meshing conditions.
Speed-pulse signals are used to reconstruct the shaft angle, and vibration signals
are transformed into the order domain through computed order tracking. Sixteen
physically interpretable features are extracted from the gear meshing orders,
ghost orders, order-band energies, and angle-domain statistics. The proposed
method is evaluated using 640 DMTD samples featuring five gear states.
File-level stratified cross-validation indicates macro-F1 scores of 0.9936 and
0.9886 for acceleration and deceleration conditions, respectively. The CUDA

sampling, 49.7x for

feature extraction, and 5.40% for overall computation (excluding I/O).
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Table 1 Number of CSV samples for each gear class and
operating condition

Class ID | Gear condition | Acceleration | Deceleration | Total
CO0 Healthy 132 132 264
c1 40th ghost 128 114 242
order whine
(&) 62nd ghost 33 33 66
order whine
C3 Slight bump 22 12 34
C4 Leaky grinding 17 17 34
Total - 332 308 640
speed pulse signal p[n]olth. EXEE 7F IUo] tisl class
label y& cl&ste Zolth oju] YAl AEE AY EFsI
Ht}, COTE E3) order-domain spectrum A,(0)E AAlsta,
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3.2 Order Spectrum Calculation
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Table 2 Definition of the 16-dimensional order-domain feature

vector
Symbol Definition Description
A(o) Target-order amplitude |Orders 27, 40, 54, 62, 81
Al Band energy,
E(o) |k/N.ey—0) < B, B,=0.5 order
(A(40)+A(62)) .
Rahos host- 1
ghost (AQTYHA(S4)+€) Ghost-order ratio
Y, Alo)
Rhigh R High-order energy ratio
‘ /Y3 Alo)?
1<0<200
RMS, Peak, Angle-domain statistics | Statistical descriptors
Kurt, Crest
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3.4 CUDA Parallel Implementation
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Table 3 Parallelization strategy for the CUDA implementation

Stage Parallelization unit Implementation
. CUDA resampling
Angular resampling| One angle sample Kernel
Windowing Window-sample grid |CUDA window kernel
FFT One FFT/Window | cuFFT batched R2C
Band energy One block/Window CUDA reduction

Feature extraction | Order-bin parallelism | CUDA feature kernel
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5.1 Order-Domain Signal Processing Results
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Fig. 1 RPM profiles for representative samples under acceleration
and deceleration conditions
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5.2 Feature Discriminability
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Fig. 4 Comparison of the 16-dimensional order-domain feature
values for representative samples

Table 4 Class-wise mean and standard deviation of major features
for all 640 samples

Class A(40) A(62) Rghost Rhigh

Healthy {0.0041£0.0019 | 0.0029+0.0009 | 0.17840.049 | 0.657+0.020

40th

ghost 0.0186+0.0065 | 0.0044+0.0014 | 0.636+0.241 | 0.657+0.017

62nd

ghost 0.0031+0.0006 | 0.0314+0.0144 | 1.233+0.692 | 0.633+0.028

Slight

bump 0.0099+0.0046 | 0.0032+0.0008 | 0.504+0.234 | 0.577+0.062

Leaky

... 10.0326+0.0113|0.0129+0.0033 | 0.513+0.194 | 0.285+0.036
grinding

Table 5 Stratified 5-fold cross-validation classification performance

Condition | CIf. | Accuracy | Bal. Acc. | Macro F1 | C3 Recall
ace | Lp | 09940+ | 0.9820& | 09884 | 0910+
0.0074 | 00223 | 00144 0.111
09940+ | 09820+ | 09884+ | 0910+
Ace. ISVMI 0074 | 00223 | 00144 0.111
e, | g | 09970+ | 099005 | 099365 | 0.950%
0.0060 | 0.0200 | 0.0129 0.100
aee | g | 09850 | 096795 | 09720+ | 0950+
00135 | 00364 | 0.0258 0.100
e, | Lp | 09772 | 09884 | 0.9886= | 1000
00131 | 0.0068 | 0.0065 0.000
09805+ | 09788+ | 09781+ | 0933+
Dec. ISVMI 00120 | 00275 | 00279 0.133
e, | g | 09837 | 09734 | 00794% | 0.900
00104 | 00371 | 00254 0.200
e, | g | 09643 | 09511+ [ 09614 | 0.900
00122 | 00363 | 00241 0.200

e R eg At

domain §7 F7to] /45| A3
Q1 C3(slight bump)c tooth surface®] 4% A

a5 FEa

286



Journal of the Korean Society of Manufacturing Technology Engineers 35:4 (2026) 282~288

Confusion Matrix (Normalized, 5-fold Total)
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Fig. 5 Normalized confusion matrices of the best classifiers
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Fig. 6 Random Forest feature importance under the acceleration
condition

o]Ato] 7]915lH, ghost ordert} leaky grindingol |3 order
spectrum 32| o] #3P7} mjeksio] B7 7oA Q] Sefa
7 B =Tt AR dth w3t 7k 24 2270, 7 24
12710 E33t AE 2 I3) foldd HIAE AlE0] 2-571= Aot
o] recall?] EEHAL A IA YetoL, Ax4o
2 0.90 o9 recall& A5ttt Fig. 59 A48} confusion
matrix| M= F 270 2% tfR2E0] Fejart ozt AR A%
o] 9lom, C3(slight bump)7t AjH o2 71 wlwish ons
Y-S g9lE 4 qdtt Fig. 69 Random Forest feature

importance 3= A(62), Rghost 5 ghost order ¢ EAJF0]
9l vl Wigs A83g HojFn, ol Table 404 HEH

A(62)9] 75t gt Ax|3ch

5.4 CUDA Acceleration and Numerical Agreement

Table 60l UERE vie} Zro], angular resampling} feature
extraction2 7} angle sample, order bin ¥ feature band& =
Ao g A& 4 9loBE CUDAOIA £ kemel-level speedup
A " A AR 7=
construction, memory transfer %
AEo dFe e

o

= edge detection, spline

! cuFFT plan 34 2 21
T overhead . E3| A 7148|= kernel
Fhgu|ETt A LS, o]t Amdahle] W AT
Table 7 6407 okl Aol tht 1674 E42] CPU-GPU 4
2] AAAES A st 749_; o= E;«lako]]/q gql:ﬂ /3—1:]1 oA
1.52107°% 71Z3t0] 31§ 7]% =107 FE3] WEstoT.
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Table 6 Processing time comparison between Serial C and
CUDA C for 640 files
Stage CPU GPU Speedup
. 367.84 s 413 s
Binary loadf 574.77 ms/file 6.5 ms/file )
. 052 s 0.63 s
Edge detection | o) - file | 0.98 ms/file ~Ix
Splin 0.11 s 0.12 s Ix
pine 0.17ms/file | 0.19 ms/file
0.27 s
H-to-D ) 0.43 ms/file )
. 4.784 s 0.104 s
Resampling 7.47 ms/file 0.16 ms/file 45.9%
. 0.465 s
+] - -
Hanning -FFT 0.73 ms/file
3.651 s 0.073 s
Feature ext. | o 1 file | 0.1 ms/file 9.7
0.013 s
D-to-t - 0.02 ms/file -
9.064 s 1.679 s
Total excl- VOI 4 16 msffile | 2.62 msile 540
Throughput 70.6 files/s 381 files/s 5.40%

Table 7 CPU-GPU numerical agreement for 640 files and 16

features
Feature Max. error Mean error Pass
A(27) 7.31E-7 3.87E-8 Yes
A(40) 3.88E-6 4.82E-8 Yes
A(54) 2.36E-6 9.44E-9 Yes
A(62) 4.82E-6 4.22E-8 Yes
A(81) 2.08E-6 3.11E-8 Yes
E(27) 3.66E-6 S.11E-8 Yes
E(40) 1.60E-6 3.92E-9 Yes
E(54) 1.52E-5 2.44E-8 Yes
E(62) 1.53E-6 8.04E-9 Yes
E(81) 1.25E-5 4.50E-8 Yes
Rghost 491E-7 2.49E-8 Yes
Rhigh 4.49E-8 1.09E-8 Yes
RMS 0 0 Yes
Peak 0 0 Yes
Kurt 0 0 Yes
Crest 0 0 Yes
Overall 1.52E-5 - Yes
ghol 29 AIZHS 7hH] APEA Alglat o] 9= CPU Aldiwt
GPU Alio] A2 The el 7A] Aol 6@?4 7] ol
CPU 3 Alofl= 3telo] cold cache /eSO, GPU 23] 23
of % z}Uo] oju] HZH warm cache FEIFODZE, 21 A7
o] 3ol CUDA 7H2] &7t obd 2AAA) solA] 74| At
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