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This article suggests the machine learning model, i.e., classifier, for predicting the production quality of free-machining 303-series
stainless steel(STS303) small rolling wire rods according to the operating condition of the manufacturing process. For the develop-
ment of the classifier, manufacturing data for 37 operating variables were collected from the manufacturing execution system(MES)
of Company S, and the 12 types of derived variables were generated based on literature review and interviews with field experts.
This research was performed with data preprocessing, exploratory data analysis, feature selection, machine learning modeling,
and the evaluation of alternative models. In the preprocessing stage, missing values and outliers are removed, and oversampling
using SMOTE(Synthetic oversampling technique) to resolve data imbalance. Features are selected by variable importance of
LASSO(Least absolute shrinkage and selection operator) regression, extreme gradient boosting(XGBoost), and random forest models.
Finally, logistic regression, support vector machine(SVM), random forest, and XGBoost are developed as a classifier to predict
the adequate or defective products with new operating conditions. The optimal hyper-parameters for each model are investigated
by the grid search and random search methods based on k-fold cross-validation. As a result of the experiment, XGBoost showed
relatively high predictive performance compared to other models with an accuracy of 0.9929, specificity of 0.9372, F}-score
of 0.9963, and logarithmic loss of 0.0209. The classifier developed in this study is expected to improve productivity by enabling
effective management of the manufacturing process for the STS303 small rolling wire rods.

Keywords : Smart Manufacturing, Machine Learning, Manufacturing Execution System(MES), Free-machining 303-series
Stainless Steel(STS303), Extreme Gradient Boosting(XGBoost)
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<Figure 2> Manufacturing process for STS303 wire rod
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<Table 1> MES Data

Steel making Hot rolling Treatment/Pickling

Refine time etc.(31) | Heating time etc.(6) Good / Defective

{Table 2> Literature Review on Quality Influencing Factors

Factors Source Literature
. Ahn et al[l], Jung[8],
Delta-Ferrite MES Kim[11], Lee et al.[14]
Bae and Nam[3],
. Brinkman and Garvin[4],
Mn/§  ratio Added |\ o8], Nazdbal et al.[17],
Toledo et al.[24]
Homogenizing
Annealing Added Cheruvathur et al.[5], Jung[8]
Temperature and Strain Added Kim et al.[12],
rate in forming process | — | Nazabal et al.[17], Osakada[20]
Content of S MES Lee et al.[13], Lee et al.[14]
Content of Mn MES Lee et al.[13], Oliver et al.[19]
Content of Cu, Si, N MES Oliver et al.[19]
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(MES, Literature, Interview)

Dimensionality reduction
» Correlation analysis
» Variable importance(LASSO, RF, XGBoost)
» Majority voting system etc.

Chapter 2
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Chapter 3

EDA and Preprocessing
» Missing and outlier values
» Descriptive statistics

» Standardization/Normalization etc.

Chapter 4

Maching Learning Model for Predicting Production Quali

Machine Learning Modelling Exploratory Analysis of Models
(Supervised Models)

Logistic  regression, k -Nearest Neighbor, » Evaluation the performance of models
Support  Vector  Machine(SYM), Linear

Discriminant  Analysis(LDA), Atificial Neur o
/\/ ~ \ Choose alternative models

» Training for alternative models

Network(ANN), Ensemble Models, etc.

mQIementing models
» Focus : Generalization of models
> Method : k-fold Cross Validation
» Hyper-parameter optimization by model
» Checking Over/Under-fitting

Model Evaluation (
» Confusion matrix
Accuracy, Precision, Specificity,
Sensitivity, Recall, F;-score
- Logarithmic loss, etc.

<Figure 3> Study process
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<Figure 6> Data cleansing using clustering

<Table 3> Results of Data Cleaning

Cleaning Good Defective Total
Before 7,311(96.8%) 239(3.2%) 7311(100%)
After 3,888(95.3%) 191(4.7%) 4,079(100%)
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ey ‘ <Table 4> Result of Feature Selection by Voting System
[
.0. * Source MES Literature Interview
.. ° i Feature 27 3 8
.. selection | of 37 variables of 3 variables of 9 variables
.0 o Total 38 of 49 variables
® o ®
0 °
e @ 02
°
®
° n
* 4. MEY o5 2
.. 0.2
® = =
% . 4135 D8 My 9 DYy
o.. .
. . ... ” Ao A= AP FEFA(LDA: Linear Discriminant
.  Analysis), ©]2E%2Y(QDA: Quadratic Discriminant Analysis),
n OJAFA A U Decision Tree) 5.3, 2132174 "{ANN: Artificial
" Neural Network), 4% 7 W(Deep Neural Network) 5 T}
<Figure 7> Correlation Matrix Plot kst A E8ks REYEL Ao R ou| A<l ATE F3)
stal, Mg 7 s, Z14Hi]-8(Computational cost) 2}
1A R vt M AdEsty] e veld A} 7He A S5 atddte] mALY 3R B, A
AT FAHS AR 4079709 T4 volHE wigroz M FEWHWA(SVM) BY, d9IYgAE 2y, T8
T TAEE HES Ay <Figure 8>3 ) <Figure 8>  XGBoost X3S FH Rgoz A3t
ol 7k mPol e DAEE WRES WF FREE 242" IR BFe A2 SYEYRFTE T
FoE WAEsgor, Hess el ME ol b, B RS 7 WH(Class)o] £ HES
Fawe WIRe J|FoR Ags 24 A FAse] 24 A8 JFA v FEAFE R
B e BE 0EoR A4dglon, BY Fo & Brozm BgHE FA/MeIth MTEWEMA
= =97E ol gt net FHE WEEe] & =% (SYM)E A wx(Margin) S 2= AP Ao 7] 25,
ol webA 2 40 AEA S S8l Voting system  L2F F7bol| A BHAlEl =W (Hyperplane) 2] H3HS &
W& siste] 2744 o] Bl AeE 3 EFeke WHelth AYXHAES SAPAA Lot
g o gow |
5. £ 5
£ g £
3, 5 LN
i Variabl m ‘, o — Variable
MES Literature Interview Sum therature Intervlew : Sum 1 MES Literature Interview Sum
20 3 8 31 3 4 32 19 3 9 31
(a) LASSO model (b) Random forest model (c) XGBoost model

<Figure 8> Variable importance
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{Table 5> Hyperparameter Tuning in Each Model
Model Hyper parameters Range for the random search
Logistic .. _ . .
Regression Decision boundary(DB) = 0.54 (by Matthews Correlation Coefficient) DBE(0,1)
SVM - Kemel function : A{x,. z,)=x]z,+¢)* =0.25(c]z, +2)? 10,04, d=(1,3], c= [0,2]
- Maximum number of iterations(V) = 500, N=500
- Step size of each boosting step(Learning rate, n) = 0.2, n€1[0.1,0.3]
XGBoost - Gamma(v) : ~10,2]
- Maximum depth of the tree(D,, ) = 100, D, .. €[50, 150]
- Minimum sum of weights of all observations required in a child(O,;,) : 2 Onin €11,5]
- Number of trees to grow(G) = 100, Ge= [75,150]
Random - Number of variables randomly sampled as candidates at each split = /38 Diaz-Uriarte and De Andres[6]
Forest - Minimum size of terminal nodes(V,,,) = 2, N, €[2,5]
- Maximum number of terminal nodes trees(V,,, ) = 200 N,... € [100,500]
W 7d(Bagging) & £ Felolu] ofe] o) AL = BEH= 204 BARLS AT F, A4
5 AT ol A4 JAEAYT B AdE THEE 2 A S I oARE ARE AlEstetd ALY
o] v E il weh E78hs Welth XGBoost  ©] Wol A8 ALY A4S S8 ARE Al A8at
= %ol ok BYEe] 8% o|el(Trining eronoll 7h A AWE GAjo] BT FAAGARE AN
FA(Weigh) 2 T3, #2402 thg o Bdo] g SWolA AR En f23 5 govk ¥e s
st A A% weEle vEE G sy, of A g5 B4 Avpo] et BIAAo] ). wheb
e 7 s wadd A 7t wale] soln] sebule B Aol AR B (19) §e Al
(Hyper-parameter) = 599 A58 243 vl$- 523 A HA stoly] epry xo] EAIE = U= ARKGrid)
azolth ik B A7 T wySe A4 sols B PSR oF Qu) ST ARGrid) el FAIE
shehvE 8 SS9l <Figure 9> 2 kgl WA NS ol gdtel A e BuA W, 2A2Y
A% (k-fold cross validation)S 71¥Fo. 2 AXEAWN(Grid 3] 7AEA] 23] A4 Al(Decision boundary)= wi7-<] 4
search method) 9} F-2F91 8 ¥ (Random search method)S  ¥7I(Matthews Correlation Coefficient)E 7|02 A2}
ek kA WA AL S dolEAS #ES BANNOR GANgon, AYTYLE BP9 RES
kNS 2F(Fold) & Wrar 1709 75 wlolgAl 283  EF xdo] £35= W /|5 = Diaz-Uriarte and De

A Aste] Sk 2 A5

(k—1)78¢] 855 dHlolHAl 13 <
_.717}2 /\1/\]3}1—_ Hhﬂ 0]1:]. aLz: . 74& uﬂo]am

RG] WAske B4d] mel ol Ane

o

k¥

=
°

=3 4

o FEg the dtoln stetele 2 vlwstel 7y
=9 el stold sebeE AEYoR ARk

Original Dataset

Training set Test set
Fold Validation error  Cross-validation error
1 Validation Training set €
1 k
2 | Training set Validation Training set €3 EZ €;
i=1
3 Training set Validation €3

1
Machine Learning Model |«

¥
Predictive Model -«

Training, Tuning, and Evaluation
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<Figure 9> k-fold Cross Validation Method
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<Table 6> Confusion Matrix of the Models

. . Predict
Logistic Regression — - Total
Positive Negative
Positive 3,002 886 3,888
Real -
Negative 48 143 191
Total 3,050 1,029
Predict
SVM — - Total
Positive Negative
Positive 3,867 21 3,888
Real -
Negative 42 149 191
3,909 170
Predict
XGBoost — - Total
Positive Negative
Positive 3,885 3 3,888
Real -
Negative 15 176 191
Total 3,900 179
Predict
Random Forest — - Total
Positive Negative
Positive 3,870 17 3,888
Real -
Negative 12 179 191
Total 3,882 196
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<Table 7> Performance Metrics of the Alternative Models

Model Accuracy Specificity Recall Precision F,-score Log. loss
Logistic Regression 0.7710 0.7487 0.7721 0.9843 0.8653 0.4754
SVM 0.9846 0.7801 0.9946 0.9893 0.9919 0.0899
XGBoost 0.9929 0.9372 0.9956 0.9969 0.9963 0.0299
Random Forest 0.9956 0.9215 0.9992 0.9962 0.9977 0.0809
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<{Appendix>
Chapter Research process Used packages
Ch. 2 - Building dataset {data.table}, {dplyr}
- Exploratory Data Analysis {ggplot2}, {hrbrthemes}, {tidyr}, {viridis}, {gridExtra}
Ch. 3 - Data Preprocessing {data.table}, {dplyr}, {proxy}, {NbClust}
- Dimensionality reduction {corrplot}. {caret}. {glmnet}, {randomForest}, {xgboost}
Ch 4 + Machine learning {smotefamily}, {el071}, {glmnet}, {randomForest}, {xgboost}

+ Model evaluation

{caret}, {MLmetrics}
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