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2. Import libraries

import numpy as np

import pandas as pd

import seaborn as sns

import holoviews as hv

from holoviews import opts

hv.extension('bokeh")

from matplotlib import pyplot as plt

from sklearn.model_selection import train_test_split

from sklearn.preprocessing import StandardScaler, LabelEncoder

from sklearn.metrics import accuracy_score, fl_score, roc_auc_score
import os

import glob

from scipy import signal

import lightgbm as 1gb

import shap

DIR = "D:\\PKK_Programs\\@9_AI Education\\Ql&ZZ|5-7|=13}Z\\13_KAMP\\CNC_dataset\\tool wear\\"

E;ﬁa

3. Load the Dataset

e Datafiles(csv) list

csv_path = DIR + "experiment"
print(csv_path)

all_files = glob.glob(csv_path + "\\*.csv")
all_files

D:WPKK_Programst09_A|_Educationtel S Xl S-J1 2 1t HW13_KAMPWCNC_datasetWtoo | _wearWexper iment

['D:#WWPKK_Programs#i#09_A|_Educat ioniol &2 Xl S5-I & It & it 13_KAMPWWCNC_datasetWitoo | _wearWitexper imentWiexper iment_01.csv',
"D WWPKK_ProgramsWiW09_A|_Educat ionWWQ! = Xl s-J| & 10t & WW13_KAMPWWCNC_datasetWiWtoo | _wearWWexper imentWiexper iment_02.csv',
"D WWPKK_ProgramsWWO9_A| _Educat ion#iQ! 2 Xl S-I| 2 It Z Wit 13_KAMPWWCNC_datasetWitoo | _wearWWexper imentWiexper iment_03.csv ',
"D WWPKK_ProgramstWiW09_A|_Educat ionWWQ!l = Xl s -J| & 10t H Wi 13_KAMPWWCNC_datasetWitoo | _wearWexper imentWiexper iment_04.csv',
"D WWPKK_ProgramsWiWO9_A| _Educat ion#iWQ! B Xl = -2 2 2t Z Wit 13_KAMPWWCNC_datasetWitoo | _wearWWexper imentiiexper iment_05.csv ',
"D WWPKK_ProgramsWiWO9_A | _Educat ion#i2! 2 Xl =-J| & It Z Wit 13_KAMPWWCNC_datasetWitoo | _wearWiexper imentiiexper iment_06.csv',
"D WWPKK_ProgramsWiW09_A|_Educat ionWWQ! = Xl s -J| 2 10t H W 13_KAMPWWCNC_datasetWiWtoo | _wearWWexper imentWiexper iment_07.csv',
"D WWPKK_ProgramsWiWO9_A | _Educat ion#Q! 2 Xl S-I| 2 It Z Wit 13_KAMPWWCNC_datasetWitoo | _wearWiexper imentiiexper iment_08.csv ',
"D WWPKK_ProgramsWiW09_A|_Educat ion#i2! 2 Xl =-J| & It Z Wit 13_KAMPWWCNC_datasetiitoo | _wearWWexper imentiiexper iment_09.csv',

o

"D WWPKK_ProgramsWiW09_A|_Educat ionWWQ! = Xl s-J| = 10t A WW13_KAMPWWCNC_datasetWiWtoo | _wearWWexper imentWiWexper iment_10.csv',
"D WWPKK_ProgramsWWO9_A| _Educat ion#iQ! 2 Xl S-J| 2 It Z Wit 13_KAMPWWCNC_datasetWitoo | _wearWWexper imentWiexper iment_11.csv',
"D WWPKK_ProgramsWi09_A|_Educat ionWWQ! = Xl s -J| & 10t H Wi 13_KAMPWWCNC_datasetWitoo | _wearWWexper imentWiexper iment_12.csv',
"D WWPKK_ProgramsWiWO9_A| _Educat ion#iWQ! 2 Xl S -2 = 2t Z Wit 13_KAMPWWCNC_datasetiitoo | _wearWWexper imentiiexper iment_13.csv ',
"D WWPKK_ProgramsWiWO9_A | _Educat ion#iQ! 2 Xl =-J| & It Z Wit 13_KAMPWWCNC_datasetWitoo | _wearWWexper imentiiexper iment_14.csv',
"D WWPKK_ProgramsWiW09_A|_Educat ionWWQ! = Xl s -J| & 10t HWW13_KAMPWWCNC_datasetWiWtoo | _wearWWexper imentWiexper iment_15.csv',
"D WWPKK_ProgramsWiWO9_A | _Educat ion#iQ! 2 Xl S-I| 2 It Z Wit 13_KAMPWWCNC_datasetWitoo | _wearWWexper imentiiexper iment_16.csv ',
"D WWPKK_ProgramsWiW09_A | _Educat ion#iQ! 3 Xl =-J| & It Z Wit 13_KAMPWWCNC_datasetiWitoo | _wearWWexper imentiiexper iment_17.csv',
"D :WWPKK_ProgramsWW09_A|_Educat ionWWQ! = X 5-J| = 0t & WW13_KAMPWWCNC_datasetWitoo | _wearWWexper imentWWexper iment_18.csv']

o

o Datafiles(csv) 4= 240l



csv_count = len([name for name in os.listdir(csv_path) if os.path.isfile(os.path.join(csv_path, name))])
print(f"experiment_xx.csv S} 7H4=:{csv_count}")

experiment_xx.csv st 24=:18

csv_count = len([name for name in os.listdir(csv_path) if os.path.isfile(os.path.join(csv_path, name))])
for i in range(1, csv_count + 1):

#load files

exp_num = '0' + str(i) if i < 10 else str(i)

exp_df = pd.read_csv(f"experiment_{exp_num}.csv")

#print (f"experiment_{exp_num}.csv")
print(f"experiment_xx.csv S} ZH4=:{csv_count}")

experiment_xx.csv 3t H =118

® Train csv(label data) load
1) tool_condition: worn(0}2), unworn(B]Ot2) </br> 2) machining_finalized: yes(3 8 2t &), no(3°8 O|2t&) </br> 3) passed_visual_inspection : yes(5 2t A AlPass), no(F 2t A AL 2&), Nan(Z & 4k)</br>
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ase: worn and machining_finalized(yes) and passed_visual_inspection(no)
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Pre-processing(Exploratory Data Analysis)
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exp_result = pd.read_csv(DIR + "train.csv")

print(f'train.csv : {exp_result.shape}")
exp_result

train.csv : (18, 8)

exp_no material feedrate clamp_pressure tool_condition

0 1 wax 6 4.0 unworn
1 2 wax 20 4.0 unworn
2 3 wax 6 3.0 unworn
3 4 wax 6 2.5 unworn
4 5 wax 20 3.0 unworn
5 6 wax 6 4.0 worn
6 7 wax 20 4.0 worn
7 8 wax 20 4.0 worn
8 9 wax 15 4.0 worn
9 10 wax 12 4.0 worn
10 11 wax 3 4.0 unworn
11 12 wax 3 3.0 unworn
12 13 wax 3 4.0 worn
13 14 wax 3 3.0 worn
14 15 wax 6 3.0 worn
15 16 wax 20 3.0 worn
16 17 wax 3 2.5 unworn
17 18 wax 3 2.5 worn

exp_result.info()

<class 'pandas.core.frame.DataFrame'>
Rangelndex: 18 entries, 0 to 17
Data columns (total 8 columns):

# Column Non-Null Count Dtype
0 exp_no 18 non-nul | int64
1 material 18 non-nul | object
2 feedrate 18 non-nul | int64
3 clamp_pressure 18 non-null float64
4 tool_condition 18 non-nul | object
5 machining_finalized 18 non-nul | object
6 passed_visual_inspection 14 non-null object
7 class 0 non-nul | float64

dtypes: float64(2), int64(2), object(4)
memory usage: 1.2+ KB

exp_result.describe()

machining_finalized
yes
yes
yes
no
no
yes
no
yes
yes
yes

yes

no
yes

yes

passed_visual_inspection
yes
yes
yes
NaN
NaN
no
NaN
no
no
no

yes

yes

yes

</br>

class
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN
NaN

NaN


https://eda-ai-lab.tistory.com/13

exp_no feedrate clamp_pressure class

count 18.000000 18.000000 18.000000 0.0
mean  9.500000 9.722222 3.416667 NaN
std 5.338539 7.282578 0.624264 NaN
min  1.000000 3.000000 2.500000 NaN
25% 5.250000  3.000000 3.000000 NaN
50% 9.500000 6.000000 3.500000 NaN
75% 13.750000 18.750000 4.000000 NaN
max 18.000000 20.000000 4.000000 NaN

# corrff A EZ 28 & 7t9] &2 H+E5 Bretsl= OIAE
exp_result.corr(method="pearson', min_periods=1)

exp_no feedrate clamp_pressure class

exp_no 1.000000 -0.330594 -0.419202 NaN
feedrate -0.330594  1.000000 0.337490 NaN
clamp_pressure -0.419202 0.337490 1.000000 NaN
class NaN NaN NaN NaN

reload data

# fillnan -> 'no’
exp_result['passed_visual_inspection'] = exp_result['passed_visual_inspection'].fillna('no")
exp_result

exp_no material feedrate clamp_pressure tool_condition machining_finalized passed_visual_inspection class

] 1 wax 6 4.0 unworn yes yes NaN
1 2 wax 20 4.9 unworn yes yes NaN
2 3 wax 6 3.0 unworn yes yes NaN
8 4 wax 6 2.5 unworn no no NaN
4 5 wax 20 3.0 unworn no no NaN
5 6 wax 6 4.0 worn yes no NaN
6 7 wax 20 4.0 worn no no NaN
7 8 wax 20 4.0 worn yes no NaN
8 9 wax 15 4.0 worn yes no NaN
9 10 wax 12 4.0 worn yes no NaN
10 11 wax 3 4.0 unworn yes yes NaN
11 12 wax 3 3.0 unworn yes yes NaN
12 13 wax 3 4.0 worn yes yes NaN
13 14 wax 3 3.0 worn yes yes NaN
14 15 wax 6 3.0 worn yes yes NaN
15 16 wax 20 3.0 worn no no NaN
16 17 wax 3 2.5 unworn yes yes NaN
17 18 wax 3 2.5 worn yes yes NaN

exp_result[['tool_condition', 'machining_finalized', 'passed_visual_inspection']]



tool_condition machining_finalized passed_visual_inspection

0 unworn yes yes
1 unworn yes yes
2 unworn yes yes
3 unworn no no
4 unworn no no
5 worn yes no
6 worn no no
7 worn yes no
8 worn yes no
9 worn yes no
10 unworn yes yes
11 unworn yes yes
12 worn yes yes
13 worn yes yes
14 worn yes yes
15 worn no no
16 unworn yes yes
17 worn yes yes

exp_result.loc[exp_result[ 'passed_visual_inspection'].isnull()]

exp_no material feedrate clamp_pressure tool_condition machining_finalized passed_visual_inspection class

exp_result['passed_visual_inspection'].isnull().sum()

0

exp_result[['tool_condition', 'machining_finalized', 'passed_visual_inspection']]



tool_condition machining_finalized passed_visual_inspection

0 unworn yes yes
1 unworn yes yes
2 unworn yes yes
3 unworn no no
4 unworn no no
5 worn yes no
6 worn no no
7 worn yes no
8 worn yes no
9 worn yes no
10 unworn yes yes
11 unworn yes yes
12 worn yes yes
13 worn yes yes
14 worn yes yes
15 worn no no
16 unworn yes yes
17 worn yes yes
# pass

exp_result.loc[exp_result[ 'passed_visual_inspection'].isnull()]

exp_no material feedrate clamp_pressure tool_condition machining_finalized passed_visual_inspection class

exp_result = exp_result.dropna(subset="passed_visual_inspection',axis=0)
exp_result



exp_no material feedrate clamp_pressure tool_condition machining_finalized passed_visual_inspection class

0 1 wax 6 4.0 unworn yes yes NaN
1 2 wax 20 4.0 unworn yes yes NaN
2 3 wax 6 3.0 unworn yes yes NaN
3] 4 wax 6 2.5 unworn no no NaN
4 5 wax 20 3.0 unworn no no NaN
5] 6 wax 6 4.0 worn yes no NaN
6 7 wax 20 4.0 worn no no NaN
7 8 wax 20 4.0 worn yes no NaN
8 9 wax 15 4.0 worn yes no NaN
9 10 wax 12 4.0 worn yes no NaN
10 11 wax 3 4.0 unworn yes yes NaN
11 12 wax 3 3.0 unworn yes yes NaN
12 13 wax 3 4.0 worn yes yes NaN
13 14 wax 3 3.0 worn yes yes NaN
14 15 wax 6 3.0 worn yes yes NaN
15 16 wax 20 3.0 worn no no NaN
16 17 wax 3 2.5 unworn yes yes NaN
17 18 wax 3 2.5 worn yes yes NaN

exp_result.groupby('tool_condition").count()

exp_no material feedrate clamp_pressure machining_finalized passed_visual_inspection class
tool_condition
unworn 8 8 8 8 8 8 0

worn 10 10 10 10 10 10 0

exp_result.groupby(['tool_condition', 'machining_finalized', 'passed_visual_inspection'], as_index=False).count()

tool_condition machining_finalized passed_visual_inspection exp_no material feedrate clamp_pressure class

0 unworn no no 2 2 2 2 0
1 unworn yes yes 6 6 6 6 0
2 worn no no 2 2 2 2 0
3 worn yes no 4 4 4 4 0
4 worn yes yes 4 4 4 4 0

exp_result.groupby('passed_visual_inspection').size()

passed_visual_inspection

no 8
yes 10
dtype: int64
# defect

exp_result.loc[(exp_result[ 'machining_finalized'] == 'yes') & (exp_result[ 'passed_visual_inspection'] == 'no"')]



exp_no material feedrate clamp_pressure tool_condition machining_finalized passed_visual_inspection class

5 6 wax 6 4.0 worn yes no NaN

7 8 wax 20 4.0 worn yes no NaN

8 9 wax 15 4.0 worn yes no  NaN

9 10 wax 12 4.0 worn yes no NaN

exp_result.loc[(exp_result['passed_visual_inspection'] == 'no'), 'class'] = 'defect' #ZZ 2=, SO1ZA =&

exp_result.loc[(exp_result[ 'machining_finalized'] == 'yes') & (exp_result['passed_visual_inspection'] == 'no'), 'class'] = 'defect' #&Z&I2fZ, FOHHAl Z5+4
exp_result.loc[(exp_result[ 'machining_finalized'] == 'yes') & (exp_result['passed_visual_inspection'] == 'yes'), 'class'] = 'pass' #&F&2tZ, & 191ZA} g4
exp_result

exp_no material feedrate clamp_pressure tool_condition machining_finalized passed_visual_inspection class

0 1 wax 6 4.0 unworn yes yes pass
1 2 wax 20 4.0 unworn yes yes pass
2 3 wax 6 3.0 unworn yes yes pass
3 4 wax 6 2.5 unworn no no defect
4 5 wax 20 3.0 unworn no no defect
5 6 wax 6 4.0 worn yes no defect
6 7 wax 20 4.0 worn no no defect
7 8 wax 20 4.0 worn yes no defect
8 9 wax 15 4.0 worn yes no defect
9 10 wax 12 4.0 worn yes no defect
10 11 wax 3 4.0 unworn yes yes pass
11 12 wax 3 3.0 unworn yes yes pass
12 13 wax 3 4.0 worn yes yes pass
13 14 wax 3 3.0 worn yes yes pass
14 15 wax 6 3.0 worn yes yes pass
15 16 wax 20 3.0 worn no no defect
16 17 wax 3 2.5 unworn yes yes pass
17 18 wax 3 2.5 worn yes yes pass

exp_result.groupby('class').count()

exp_no material feedrate clamp_pressure tool_condition machining_finalized passed_visual_inspection

class
defect 8 8 8 8 8 8 8
pass 10 10 10 10 10 10 10

aa = pd.read_csv(csv_path + "\\experiment_01.csv")
aa.info()



<class 'pandas.core.frame.DataFrame'>
Rangelndex: 1055 entries, 0 to 1054
Data columns (total 48 columns):

#  Column Non-Null Count Dtype

0  X1_ActualPosition 1055 non-nul | float64
1 X1_ActualVelocity 1055 non-nul | float64
2 X1_ActualAcceleration 1055 non-nul | float64
3 X1_CommandPosition 1055 non-nul | float64
4 X1_CommandVelocity 1055 non-nul | float64
5 X1_CommandAcceleration 1055 non-nul | float64
6  X1_CurrentFeedback 1055 non-nul | float64
7 X1_DCBusVoltage 1055 non-nul | float64
8  X1_OutputCurrent 1055 non-nul | float64
9  X1_OutputVoltage 1055 non-nul | float64
10 X1_OutputPower 1055 non-nul | float64
11 Y1_ActualPosition 1055 non-nul | float64
12 Y1_ActualVelocity 1055 non-nul | float64
13 Y1_ActualAcceleration 1055 non-nul | float64
14 Y1_CommandPosition 1055 non-nul | float64
15 Y1_CommandVelocity 1055 non-nul | float64
16 Y1_CommandAcceleration 1055 non-nul | float64
17 Y1_CurrentFeedback 1055 non-nul | float64
18 Y1_DCBusVol tage 1055 non-nul | float64
19 Y1_OutputCurrent 1055 non-nul | float64
20 Y1_OutputVoltage 1055 non-nul | float64
21 Y1_OutputPower 1055 non-nul | float64
22 Z1_ActualPosition 1055 non-nul | float64
23 Z1_ActualVelocity 1055 non-nul | float64
24 Z1_ActualAcceleration 1055 non-nul | float64
25 Z1_CommandPosition 1055 non-nul | float64
26 Z1_CommandVelocity 1055 non-nul | float64
27 Z1_CommandAcceleration 1055 non-nul | float64
28 Z1_CurrentFeedback 1055 non-nul | float64
29 Z1_DCBusVoltage 1055 non-nul | float64
30 Z1_OutputCurrent 1055 non-nul | float64
31 Z1_OutputVoltage 1055 non-nul | float64
32 S1_ActualPosition 1055 non-nul | float64
33 Si1_ActualVelocity 1055 non-nul | float64
34 S1_ActualAcceleration 1055 non-nul | float64
35 S1_CommandPosition 1055 non-nul | float64
36 S1_CommandVelocity 1055 non-nul | float64
37 S1_CommandAcceleration 1055 non-nul | float64
38 S1_CurrentFeedback 1055 non-nul | float64
39 S1_DCBusVoltage 1055 non-nul | float64
40 S1_QutputCurrent 1055 non-nul | float64
41 S1_OutputVoltage 1055 non-nul | float64
42 S1_QutputPower 1055 non-nul | float64
43 S1_Systemlnertia 1055 non-nul | float64
44 M1_CURRENT_PROGRAM_NUMBER 1055 non-nul | float64
45 M1_sequence_number 1055 non-nul | float64
46 M1_CURRENT_FEEDRATE 1055 non-nul | float64
47 Machining_Process 1055 non-nul | object

dtypes: float64(47), object(1)
memory usage: 395.8+ KB

frames = []
for i in range(1,csv_count+1):
#load files
exp_num = '0" + str(i) if i < 10 else str(i)
frame = pd.read_csv(csv_path + f"\\experiment_{exp_num}.csv")

#load each experiment result row
exp_result_row = exp_result[exp_result['exp_no'] == i]

frame['exp_no'] = i

#add experiment settings to features



frame[ ‘'material'] = exp_result_row.iloc[@][ ‘material’]
frame[ 'feedrate'] = exp_result_row.iloc[0][ ' feedrate']
frame[ 'clamp_pressure'] = exp_result_row.iloc[@]['clamp_pressure']

#add experiment result to features

frame[ 'tool_condition'] = exp_result_row.iloc[@]['tool_condition']

frame[ 'machining_finalized'] = exp_result_row.iloc[@][ 'machining_finalized']

frame[ 'passed_visual_inspection'] = exp_result_row.iloc[@][ 'passed_visual_inspection']
frame[ 'class'] = exp_result_row.iloc[@][ 'class']

frames.append(frame)

df = pd.concat(frames, ignore_index = True)

df.head()
#df. shape

X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage ... M1_CURRENT_FEEDRATE Machining_Process exp_no mater
0 198.0 0.0 0.00 198.0 0.0 0.000000 0.18 0.0207 329.0 2.77 ... 50.0 Starting 1 !
1 198.0 -10.8 -350.00 198.0 -13.6 -358.000000 -10.90 0.1860 328.0 23.30 ... 50.0 Prep 1 !
2 196.0 -17.8 -6.25 196.0 -17.9 -0.000095 -8.59 0.1400 328.0 30.60 ... 50.0 Prep 1 !
3 194.0 -18.0 0.00 194.0 =1l7/c®) -0.000095 -6.11 0.1300 327.0 30.30 ... 50.0 Prep 1 !
4 193.0 -17.9 -18.80 192.0 -17.9 0.000095 -5.70 0.1140 328.0 30.50 ... 50.0 Prep 1 '

5 rows x 56 columns

frames



X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 198.0 0.000 0.00

1 198.0 -10.800 -350.00

2 196.0 -17.800 -6.25

3 194.0 -18.000 0.00

4 193.0 -17.900 -18.80

1050 141.0 0.175 87.50

1051 141.0 -0.150 -87.50

1052 141.0 -0.175 -87.50

1053 141.0 0.150 87.50

1054 141.0 0.175 93.70
X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W

0 198.0 0.0 0.000000

1 198.0 -13.6 -358.000000

2 196.0 -17.9 -0.000095

3 194.0 -17.9 -0.000095

4 192.0 -17.9 0.000095

1050 141.0 0.0 0.000000

1051 141.0 0.0 0.000000

1052 141.0 0.0 0.000000

1053 141.0 0.0 0.000000

1054 141.0 0.0 0.000000
X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W

0 0.18 0.0207 329.0 2.77

1 -10.90 0.1860 328.0 23.30

2 -8.59 0.1400 328.0 30.60

3 -6.11 0.1300 327.0 30.30

4 -5.70 0.1140 328.0 30.50

1050 -2.84 0.0522 325.0 7.39

1051 -1.85 0.0522 325.0 2.69

1052 -2.20 0.0527 325.0 2.22

1053 -4.02 0.0502 326.0 5.80

1054 -4.23 0.0547 329.0 5.97

M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W

0 50.0 Starting 1 wax 6

1 50.0 Prep 1 wax 6

2 50.0 Prep 1 wax 6

3 50.0 Prep 1 wax 6

4 50.0 Prep 1 wax 6

1050 50.0 end 1 wax 6

1051 50.0 end 1 wax 6

1052 50.0 end 1 wax 6

1053 50.0 end 1 wax 6

1054 50.0 end 1 wax 6
clamp_pressure tool_condition machining_finalized W

0 4.0 unworn yes

1 4.0 unworn yes

2 4.0 unworn yes

3 4.0 unworn yes

4 4.0 unworn yes

1050 4.0 unworn yes

1051 4.0 unworn yes

1052 4.0 unworn yes

1053 4.0 unworn yes

1054 4.0 unworn yes
passed_visual_inspection class

0 yes  pass

1 yes  pass

2 yes  pass

3 yes  pass

4 yes  pass

1050 yes  pass



1051 yes  pass

1052 yes  pass
1053 yes  pass
1054 yes  pass

[1055 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 198.0 0.0 0.0

1 198.0 0.0 0.0

2 198.0 0.0 0.0

3 198.0 0.0 0.0

4 198.0 0.0 0.0

1663 198.0 0.0 0.0

1664 198.0 0.0 0.0

1665 198.0 0.0 0.0

1666 198.0 0.0 0.0

1667 198.0 0.0 0.0
X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W

0 198.0 0.0 0.0

1 198.0 0.0 0.0

2 198.0 0.0 0.0

3 198.0 0.0 0.0

4 198.0 0.0 0.0

1663 198.0 0.0 0.0

1664 198.0 0.0 0.0

1665 198.0 0.0 0.0

1666 198.0 0.0 0.0

1667 198.0 0.0 0.0
X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W

0 -0.284 2.790000e-19 329.0 0.0

1 -0.284 2.790000e-19 329.0 0.0

2 1.170 2.780000e-19 325.0 0.0

3 -0.230 2.790000e-19 329.0 0.0

4 -0.230 2.790000e-19 329.0 0.0

1663 -0.638 2.790000e-19 328.0 0.0

1664 1.450 2.780000e-19 325.0 0.0

1665 0.208 2.790000e-19 329.0 0.0

1666 0.208 2.790000e-19 329.0 0.0

1667 0.884 2.780000e-19 325.0 0.0

M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W

0 50.0 Prep 2 wax 20

1 50.0 Prep 2 wax 20

2 50.0 Prep 2 wax 20

3 50.0 Prep 2 wax 20

4 50.0 Prep 2 wax 20

1663 ... 50.0 End 2 wax 20

1664 ... 50.0 End 2 wax 20

1665 ... 50.0 End 2 wax 20

1666 ... 50.0 End 2 wax 20

1667 ... 50.0 End 2 wax 20
clamp_pressure tool_condition machining_finalized W

0 4.0 unworn yes

1 4.0 unworn yes

2 4.0 unworn yes

3 4.0 unworn yes

4 4.0 unworn yes

1663 4.0 unworn yes

1664 4.0 unworn yes

1665 4.0 unworn yes

1666 4.0 unworn yes

1667 4.0 unworn yes

passed_visual_inspection class
0 yes  pass



1 yes  pass
2 yes  pass
3 yes  pass
4 yes  pass
1663 yes  pass
1664 yes  pass
1665 yes  pass
1666 yes  pass
1667 yes  pass

[1668 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 198.0 -0.025 -12.50
1 198.0 0.025 18.80
2 198.0 0.025 6.25
3 198.0 0.000 6.25
4 198.0 0.000 -6.25
1516 198.0 -0.050 -18.80
1517 198.0 0.025 18.80
1518 198.0 0.000 -6.25
1519 198.0 0.000 0.00
1520 198.0 0.000 6.25

X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W

0 198.0 0.0 0.0

1 198.0 0.0 0.0

2 198.0 0.0 0.0

3 198.0 0.0 0.0

4 198.0 0.0 0.0

1516 198.0 0.0 0.0

1517 198.0 0.0 0.0

1518 198.0 0.0 0.0

1519 198.0 0.0 0.0

1520 198.0 0.0 0.0

X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W
0 0.340 0.0252 330.0 0.576
1 -0.459 0.0226 329.0 1.790
2 -0.459 0.0170 329.0 0.929
3 0.659 0.0171 329.0 1.360
4 -1.420 0.0222 329.0 2.660
1516 -0.779 0.0212 329.0 1.670
1517 -0.140 0.0150 329.0 0.964
1518 -0.939 0.0195 329.0 1.620
1519 -2.060 0.0288 329.0 4.040
1520 -1.420 0.0188 329.0 1.910
M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W
0 6.0 Prep 3 wax 6
1 6.0 Prep 3 wax 6
2 6.0 Prep 3 wax 6
3 6.0 Prep 3 wax 6
4 6.0 Prep 3 wax 6
1516 6.0 End 3 wax 6
1517 6.0 End 3 wax 6
1518 6.0 End 3 wax 6
1519 6.0 End 3 wax 6
1520 6.0 End 3 wax 6
clamp_pressure tool_condition machining_finalized W

0 3.0 unworn yes

1 3.0 unworn yes

2 3.0 unworn yes

3 3.0 unworn yes

4 3.0 unworn yes

1516 3.0 unworn yes

1517 3.0 unworn yes



1518 3.0 unworn yes
1519 3.0 unworn yes
1520 3.0 unworn yes

passed_visual_inspection class

0 yes  pass
1 yes  pass
2 yes  pass
3 yes  pass
4 yes  pass
1516 yes  pass
1517 yes  pass
1518 yes  pass
1519 yes  pass
1520 yes  pass

[1521 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 198.0 0.025 6.25

1 198.0 0.000 0.00

2 198.0 0.000 0.00

3 198.0 0.025 6.25

4 198.0 -0.025 -6.25

527 198.0 0.025 12.50

528 198.0 0.000 0.00

529 198.0 0.025 12.50

530 198.0 0.025 12.50

531 198.0 0.000 -6.25

X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W

0 198.0 0.0 0.0

1 198.0 0.0 0.0

2 198.0 0.0 0.0

3 198.0 0.0 0.0

4 198.0 0.0 0.0

527 198.0 0.0 0.0

528 198.0 0.0 0.0

529 198.0 0.0 0.0

530 198.0 0.0 0.0

531 198.0 0.0 0.0

X1_CurrentFeedback X1_0CBusVoltage X1_OutputCurrent X1_OutputVoltage W
0 -1.420 0.0219 328.0 0.557
1 -1.900 0.0206 329.0 1.920
2 -2.060 0.0237 329.0 1.810
3 -2.220 0.0225 329.0 1.870
4 0.499 0.0260 329.0 1.790
527 0.819 0.0182 329.0 1.990
528 -0.140 0.0209 329.0 0.916
529 0.180 0.0172 329.0 0.926
530 0.020 0.0203 329.0 1.280
531 -0.140 0.0185 329.0 1.140
M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W

0 50.0 Prep 4 wax 6
1 50.0 Prep 4 wax 6
2 50.0 Prep 4 wax 6
3 50.0 Prep 4 wax 6
4 50.0 Prep 4 wax 6
527 6.0 End 4 wax 6
528 6.0 End 4 wax 6
529 6.0 End 4 wax 6
530 6.0 End 4 wax 6
531 6.0 End 4 wax 6

clamp_pressure tool_condition machining_finalized W
0 2.5 unworn no
1 2.5 unworn no



2 2.5 unworn no

3 2.5 unworn no

4 2.5 unworn no

527 2.5 unworn no

528 2.5 unworn no

529 2.5 unworn no

530 2.5 unworn no

531 2.5 unworn no
passed_visual_inspection class

0 no defect

1 no defect

2 no defect

3 no defect

4 no defect

527 no defect

528 no defect

529 no defect

530 no defect

531 no defect

[532 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 198.0 0.000 0.00

1 198.0 0.000 0.00

2 198.0 0.000 0.00

3 198.0 0.025 12.50

4 198.0 -0.025 -12.50

457 152.0 0.000 0.00

458 152.0 0.000 0.00

459 152.0 0.050 18.80

460 152.0 0.000 -6.25

461 152.0 0.000 6.25

X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W

0 198.0 0.0 0.0

1 198.0 0.0 0.0

2 198.0 0.0 0.0

3 198.0 0.0 0.0

4 198.0 0.0 0.0

457 152.0 0.0 0.0

458 152.0 0.0 0.0

459 152.0 0.0 0.0

460 152.0 0.0 0.0

461 152.0 0.0 0.0

X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W
0 -0.620 0.0194 327.0 0.709
1 -0.779 0.0198 328.0 1.040
2 0.979 0.0192 327.0 2.620
3 -0.779 0.0179 327.0 1.840
4 -1.260 0.0164 328.0 1.350
457 0.555 0.0226 327.0 2.220
458 1.670 0.0268 327.0 3.000
459 0.544 0.0274 327.0 1.510
460 1.100 0.0275 327.0 1.900
461 0.507 0.0192 327.0 0.363
M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate M

0 6.0 Prep 5 wax 20
1 6.0 Prep 5 wax 20
2 6.0 Prep 5 wax 20
3 6.0 Prep 5 wax 20
4 6.0 Prep 5 wax 20
457 ... 50.0 End 5 wax 20
458 50.0 End 5 wax 20

459 .. 50.0 End 5 wax 20



460 ... 50.0 End 5 wax 20

461 ... 50.0 End 5 wax 20
clamp_pressure tool_condition machining_finalized W

0 3.0 unworn no

1 3.0 unworn no

2 3.0 unworn no

3 3.0 unworn no

4 3.0 unworn no

457 3.0 unworn no

458 3.0 unworn no

459 3.0 unworn no

460 3.0 unworn no

461 3.0 unworn no
passed_visual_inspection class

0 no defect

1 no defect

2 no defect

3 no defect

4 no defect

457 no defect

458 no defect

459 no defect

460 no defect

461 no defect

[462 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 198.0 0.000 6.25

1 198.0 0.025 18.80

2 198.0 0.000 12.50

3 198.0 0.000 0.00

4 198.0 0.000 0.00

1291 143.0 -5.720 -12.50

1292 143.0 -5.350 18.80

1293 142.0 -4.550 -12.50

1294 142.0 -3.550 -25.00

1295 142.0 -2.250 12.50

X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W

0 198.0 0.00 0.00

1 198.0 0.00 0.00

2 198.0 0.00 0.00

3 198.0 0.00 0.00

4 198.0 0.00 0.00

1291 143.0 -5.78 3.64

1292 143.0 -5.26 6.56

1293 142.0 -4.47 9.13

1294 142.0 -3.44 11.20

1295 142.0 -2.24 12.70

X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W
0 -1.100 0.0191 328.0 1.670
1 0.499 0.0211 328.0 1.540
2 1.140 0.0170 328.0 2.320
3 -0.300 0.0152 328.0 0.812
4 -0.459 0.0237 328.0 1.120
1291 -4.800 0.1010 324.0 13.900
1292 -5.640 0.0948 324.0 12.500
1293 -5.730 0.1040 324.0 10.500
1294 -5.690 0.1010 324.0 10.100
1295 -6.730 0.1040 324.0 7.740
M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W

0 50.0 Prep 6 wax 6
1 50.0 Prep 6 wax 6

2 50.0 Prep 6 wax 6



3 50.0 Prep 6 wax 6

4 50.0 Prep 6 wax 6

1291 6.0 End 6 wax 6

1292 6.0 End 6 wax 6

1293 6.0 End 6 wax 6

1294 6.0 End 6 wax 6

1295 6.0 End 6 wax 6
clamp_pressure tool_condition machining_finalized W

0 4.0 worn yes

1 4.0 worn yes

2 4.0 worn yes

3 4.0 worn yes

4 4.0 worn yes

1291 4.0 worn yes

1292 4.0 worn yes

1293 4.0 worn yes

1294 4.0 worn yes

1295 4.0 worn yes
passed_visual_inspection class

0 no defect

1 no defect

2 no defect

3 no defect

4 no defect

1291 no defect

1292 no defect

1293 no defect

1294 no defect

1295 no defect

[1296 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration MW

0 198.0 0.000 0.0

1 198.0 0.050 31.3

2 198.0 0.000 0.0

3 198.0 0.000 0.0

4 198.0 0.000 0.0

560 198.0 -0.025 -12.5

561 198.0 -0.050 -12.5

562 198.0 -0.025 -12.5

563 198.0 -0.025 -25.0

564 198.0 0.075 37.5

X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W

0 198.0 0.0 0.0

1 198.0 0.0 0.0

2 198.0 0.0 0.0

3 198.0 0.0 0.0

4 198.0 0.0 0.0

560 198.0 0.0 0.0

561 198.0 0.0 0.0

562 198.0 0.0 0.0

563 198.0 0.0 0.0

564 198.0 0.0 0.0

X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W

0 -1.420 0.0227 327.0 0.355
1 -1.740 0.0224 327.0 0.589
2 0.180 0.0329 327.0 2.190
3 -0.619 0.0198 327.0 1.010
4 -0.779 0.0311 327.0 0.372
560 -0.941 0.0215 328.0 1.790
561 -0.780 0.0202 328.0 1.070
562 0.501 0.0190 328.0 0.990
563 -0.298 0.0193 328.0 1.370



BN~ O

560
561
562
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[565 rows x 56 columns],

BN = O

600
602

603
604

BN = O

W = O

0.340

0.02
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M1_CURRENT_FEEDRATE Machining_Process
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Prep
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End
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exp_no
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machining_finalized

no
no
no
no
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material feedrate W
wax 20
wax 20
wax 20
wax 20
wax 20
wax 20
wax 20
wax 20
wax 20
wax 20

X1_ActualVelocity X1_ActualAcceleration W

3.850 188.00
12.600 -56.30
18.600 -18.80
6.280 1440.00
20.000 -6.25
0.025 6.25
-0.100 -43.80
-0.025 -12.50
-0.050 -18.80
0.000 6.25
X1_CommandVelocity X1_CommandAcceleration W
4.69 98.2
13.50 75.0
18.90 33.2
14.00 1000.0
20.00 0.0
0.00 0.0
0.00 0.0
0.00 0.0
0.00 0.0
0.00 0.0
X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W
0.1070 324.0 13.000
0.1320 324.0 25.900
0.1030 324.0 30.100
0.3140 325.0 26.100



600
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AWOWN = O

600
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BN = O
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[605 rows x 56 columns],
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M1_CURRENT_FEEDRATE Machining_Process exp_no material
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-15.10
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-0.02
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End
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wax
wax
wax
wax
wax
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wax
wax
wax
wax

X1_ActualVelocity X1_ActualAcceleration

o OO oo

W

0 18.80
0 -68.70
0 125.00
0 113.00
0 25.00
5 -18.80
5 -18.80
0 -25.00
5 -37.50
0 -6.25
X1_CommandVelocity X1_CommandAcceleration
5.0 0
5.0 0
5.0 0
5.0 0
5.0 0
0.0 0
0.0 0
0.0 0
0.0 0
0.0 0

(=N e N

1.890
0.745
1.370
1.520
0.669

feedrate

W

20



X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W

0 -6.07 0.1030 324.0 26.30

1 -6.29 0.0941 324.0 26.40

2 -5.31 0.1240 324.0 26.90

3 -7.06 0.1310 324.0 26.70

4 -10.70 0.1430 324.0 25.10

735 3.88 0.0546 324.0 1.04

736 1.66 0.0584 324.0 4.08

737 2.22 0.0573 324.0 3.23

738 2.21 0.0598 325.0 3.16

739 2.48 0.0582 324.0 2.12

M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W

0 15.0 Prep 9 wax 15

1 15.0 Prep 9 wax 15

2 15.0 Prep 9 wax 15

3 15.0 Prep 9 wax 15

4 15.0 Prep 9 wax 15

735 ... 15.0 End 9 wax 15

736 ... 15.0 End 9 wax 15

737 ... 15.0 End 9 wax 15

738 ... 15.0 End 9 wax 15

739 ... 15.0 End 9 wax 15
clamp_pressure tool_condition machining_finalized W

0 4.0 worn yes

1 4.0 worn yes

2 4.0 worn yes

3 4.0 worn yes

4 4.0 worn yes

735 4.0 worn yes

736 4.0 worn yes

737 4.0 worn yes

738 4.0 worn yes

739 4.0 worn yes
passed_visual_inspection class

0 no defect

1 no defect

2 no defect

3 no defect

4 no defect

735 no defect

736 no defect

737 no defect

738 no defect

739 no defect

[740 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 146.0 12.100 106.00
1 147.0 11.900 -100.00
2 148.0 12.300 100.00
3 149.0 11.900 -81.20
4 151.0 11.700 -150.00
1296 151.0 0.025 6.25
1297 150.0 -11.800 12.50
1298 149.0 -11.900 68.70
1299 148.0 -12.100 -37.50
1300 147.0 -11.900 68.70

X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W
146.0 12.0 0.0

0

1 147.0 12.0 0.0
2 148.0 12.0 0.0
3 149.0 12.0 0.0
4 151.0 12.0 0.0



1296 151.0 0.0

0.0
1297 150.0 -12.0 0.0
1298 149.0 -12.0 0.0
1299 148.0 -12.0 0.0
1300 146.0 -12.0 0.0
X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W
0 5.780 0.1100 324.0 20.70
1 6.370 0.0994 324.0 22.30
2 3.530 0.0864 324.0 21.10
3 6.850 0.1050 324.0 21.70
4 9.120 0.1210 324.0 20.70
1296 0.108 0.0215 324.0 2.71
1297 -5.450 0.1200 324.0 22.30
1298 -5.080 0.0881 324.0 24.40
1299 -3.750 0.1030 324.0 22.40
1300 -6.840 0.1170 324.0 23.40
M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W
0 12.0 Prep 10 wax 12
1 12.0 Prep 10 wax 12
2 12.0 Prep 10 wax 12
3 12.0 Prep 10 wax 12
4 12.0 Prep 10 wax 12
1296 ... 12.0 End 10 wax 12
1297 ... 12.0 End 10 wax 12
1298 ... 12.0 End 10 wax 12
1299 ... 12.0 End 10 wax 12
1300 ... 12.0 End 10 wax 12
clamp_pressure tool_condition machining_finalized W
0 4.0 worn yes
1 4.0 worn yes
2 4.0 worn yes
3 4.0 worn yes
4 4.0 worn yes
1296 4.0 worn yes
1297 4.0 worn yes
1298 4.0 worn yes
1299 4.0 worn yes
1300 4.0 worn yes
passed_visual_inspection class
0 no defect
1 no defect
2 no defect
3 no defect
4 no defect
1296 no defect
1297 no defect
1298 no defect
1299 no defect
1300 no defect

[1301 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 162.0 -1.150 87.5
1 162.0 -1.350 87.5
2 162.0 -1.750 87.5
3 161.0 -2.130 56.3
4 161.0 -2.200 68.7
2309 148.0 -0.875 -25.0
2310 148.0 -3.170 -31.3
2311 148.0 -2.970 -18.8
2312 147.0 -2.850 -25.0
2313 147.0 -2.750 0.0



X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W

0 162.0 -1.34 -3.0800

1 162.0 -1.64 -2.8800

2 162.0 -1.92 -2.6500

3 161.0 -2.17 -2.3800

4 161.0 -2.39 -2.0800

2309 148.0 -3.00 0.0111

2310 148.0 -2.99 0.1830

2311 148.0 -2.96 0.3530

2312 147.0 -2.92 0.5210

2313 147.0 -2.86 0.6860
X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W

0 -5.16 0.0750 327.0 6.02

1 -5.78 0.0898 327.0 7.15

2 -4.28 0.0684 327.0 6.68

3 -4.47 0.0783 327.0 7.79

4 -2.86 0.0762 327.0 10.30

2309 -13.80 0.2350 327.0 13.60

2310 -3.86 0.0858 327.0 10.50

2311 -5.35 0.0969 327.0 10.70

2312 -5.05 0.1050 327.0 11.70

2313 -3.88 0.0636 327.0 9.71

M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W

0 3.0 Prep " wax 3

1 3.0 Prep 1 wax 3

2 3.0 Prep 11 wax 3

3 3.0 Prep i wax 3

4 3.0 Prep 1 wax 3

2309 3.0 End i wax 3

2310 3.0 End 1 wax 3

2311 3.0 End ia wax 3

2312 3.0 End i wax 3

2313 3.0 End 1 wax 3
clamp_pressure tool_condition machining_finalized W

0 4.0 unworn yes

1 4.0 unworn yes

2 4.0 unworn yes

3 4.0 unworn yes

4 4.0 unworn yes

2309 4.0 unworn yes

2310 4.0 unworn yes

2311 4.0 unworn yes

2312 4.0 unworn yes

2313 4.0 unworn yes
passed_visual_inspection class

0 yes  pass

1 yes  pass

2 yes  pass

3 yes  pass

4 yes  pass

2309 yes  pass

2310 yes  pass

2311 yes  pass

2312 yes  pass

2313 yes  pass

[2314 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 144.0 -0.050 -12.50
1 144.0 0.000 6.25
2 144.0 -0.050 -12.50
3 144.0 -0.075 -37.50
4 144.0 -0.050 -18.80



2271 153.0 -3.030 0.00

2272 152.0 -3.200 -25.00

2273 152.0 -3.250 -37.50

2274 152.0 -3.150 -50.00

2275 152.0 -3.030 -56.30
X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W

0 144.0 0.0 0.0

1 144.0 0.0 0.0

2 144.0 0.0 0.0

3 144.0 0.0 0.0

4 144.0 0.0 0.0

2271 153.0 -3.0 0.0

2272 152.0 -3.0 0.0

2273 152.0 -3.0 0.0

2274 152.0 -3.0 0.0

2275 152.0 -3.0 0.0
X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W

0 -1.890 0.0452 327.0 5.59

1 -0.833 0.0578 327.0 6.44

2 -3.370 0.0444 327.0 3.1

3 -2.220 0.0419 328.0 5.02

4 -2.220 0.0455 327.0 4.61

2271 -3.070 0.0604 327.0 8.40

2272 -3.150 0.0773 327.0 9.32

2273 -3.530 0.0672 327.0 7.96

2274 -5.380 0.1010 327.0 9.85

2275 -6.140 0.0978 327.0 9.20

M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W

0 3.0 Prep 12 wax 3

1 3.0 Prep 12 wax 3

2 3.0 Prep 12 wax 3

3 3.0 Prep 12 wax 3

4 3.0 Prep 12 wax 3

2271 3.0 End 12 wax 3

2272 3.0 End 12 wax 3

2273 3.0 End 12 wax 3

2274 3.0 End 12 wax 3

2275 3.0 End 12 wax 3
clamp_pressure tool_condition machining_finalized W

0 3.0 unworn yes

1 3.0 unworn yes

2 3.0 unworn yes

3 3.0 unworn yes

4 3.0 unworn yes

2271 3.0 unworn yes

2272 3.0 unworn yes

2273 3.0 unworn yes

2274 3.0 unworn yes

2275 3.0 unworn yes
passed_visual_inspection class

0 yes  pass

1 yes  pass

2 yes  pass

3 yes  pass

4 yes  pass

2271 yes  pass

2272 yes  pass

2273 yes  pass

2274 yes  pass

2275 yes  pass

[2276 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration



0 144.0 2.970 12.50

1 144.0 3.100 0.00

2 144.0 2.920 31.30

3 145.0 2.900 6.25

4 145.0 3.000 25.00

2228 162.0 0.200 25.00

2229 162.0 0.125 68.70

2230 162.0 0.100 56.30

2231 162.0 0.125 62.50

2232 162.0 0.125 56.30
X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration M

0 144.0 2.960 0.536

1 144.0 3.000 0.145

2 144.0 3.000 0.000

3 145.0 3.000 0.000

4 145.0 3.000 0.000

2228 162.0 0.133 -3.430

2229 162.0 0.000 0.000

2230 162.0 0.000 0.000

2231 162.0 0.000 0.000

2232 162.0 0.000 0.000
X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W

0 4.16 0.0585 326.0 8.07

1 1.80 0.0716 327.0 11.00

2 4.19 0.0890 327.0 11.20

3 5.05 0.0883 327.0 10.20

4 3.35 0.0607 327.0 8.51

2228 2.19 0.0639 327.0 7.28

2229 1.1 0.0511 327.0 4.99

2230 1.66 0.0536 327.0 4.81

2231 2.77 0.0494 327.0 3.02

2232 3.60 0.0520 327.0 1.23

M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W

0 3.0 Prep 13 wax 3

1 3.0 Prep 13 wax 3

2 3.0 Prep 13 wax 3

3 3.0 Prep 13 wax 3

4 3.0 Prep 13 wax 3

2228 3.0 End 13 wax 3

2229 3.0 End 13 wax 3

2230 3.0 End 13 wax 3

2231 3.0 End 13 wax 3

2232 3.0 End 13 wax 3
clamp_pressure tool_condition machining_finalized W

0 4.0 worn yes

1 4.0 worn yes

2 4.0 worn yes

3 4.0 worn yes

4 4.0 worn yes

2228 4.0 worn yes

2229 4.0 worn yes

2230 4.0 worn yes

2231 4.0 worn yes

2232 4.0 worn yes
passed_visual_inspection class

0 yes  pass

1 yes  pass

2 yes  pass

3 yes  pass

4 yes  pass

2228 yes  pass

2229 yes  pass



2230 yes  pass
2231 yes  pass
2232 yes  pass

[2233 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 141.0 0.125 50.00

1 141.0 -0.100 -50.00

2 141.0 -0.125 -62.50

3 141.0 0.150 68.70

4 141.0 -0.100 -50.00

2327 165.0 -17.900 37.50

2328 163.0 -18.100 -6.25

2329 162.0 -18.100 -81.20

2330 160.0 -18.000 -6.25

2331 158.0 -17.800 25.00
X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W

0 141.0 0.0 0.000000

1 141.0 0.0 0.000000

2 141.0 0.0 0.000000

3 141.0 0.0 0.000000

4 141.0 0.0 0.000000

2327 165.0 -17.9 -0.000095

2328 163.0 -17.9 0.000000

2329 161.0 -17.9 0.000000

2330 160.0 -17.9 0.000000

2331 158.0 -17.9 0.000191
X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W

0 -3.38 0.0710 327.0 5.93

1 -2.54 0.0492 327.0 5.04

2 -2.70 0.0508 327.0 3.93

3 -4.18 0.0710 327.0 5.20

4 -2.15 0.0561 327.0 5.42

2327 -5.43 0.1080 329.0 28.30

2328 -4.77 0.1070 329.0 30.00

2329 -5.61 0.1040 328.0 30.30

2330 =7.79 0.1340 328.0 30.30

2331 -8.14 0.1380 328.0 29.60

M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W

0 3.0 Prep 14 wax 3

1 3.0 Prep 14 wax 3

2 3.0 Prep 14 wax 3

3 3.0 Prep 14 wax 3

4 3.0 Prep 14 wax 3

2327 ... 50.0 End 14 wax 3

2328 ... 50.0 End 14 wax 3

2329 ... 50.0 End 14 wax 3

2330 ... 50.0 End 14 wax 3

2331 ... 50.0 End 14 wax 3
clamp_pressure tool_condition machining_finalized W

0 3.0 worn yes

1 3.0 worn yes

2 3.0 worn yes

3 3.0 worn yes

4 3.0 worn yes

2327 3.0 worn yes

2328 3.0 worn yes

2329 3.0 worn yes

2330 3.0 worn yes

2331 3.0 worn yes

passed_visual_inspection class
0 yes  pass
1 yes  pass



2 yes pass

3 yes  pass
4 yes  pass
2327 yes  pass
2328 yes  pass
2329 yes  pass
2330 yes  pass
2331 yes  pass

[2332 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 141.0 -0.200 -100.0

1 141.0 -0.300 -144.0

2 141.0 -0.250 -131.0

3 141.0 -0.175 -93.7

4 141.0 -0.200 -106.0

1376 141.0 -0.100 -62.5

1377 141.0 -0.050 -31.3

1378 141.0 0.100 50.0

1379 141.0 -0.125 -62.5

1380 141.0 -0.100 -56.3
X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W

0 141.0 0.0 0.0

1 141.0 0.0 0.0

2 141.0 0.0 0.0

3 141.0 0.0 0.0

4 141.0 0.0 0.0

1376 141.0 0.0 0.0

1377 141.0 0.0 0.0

1378 141.0 0.0 0.0

1379 141.0 0.0 0.0

1380 141.0 0.0 0.0
X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W

0 -2.450 0.0512 327.0 2.69

1 -1.400 0.0479 327.0 3.18

2 -2.290 0.0483 327.0 2.10

3 -0.851 0.0488 327.0 4.08

4 -2.290 0.0502 327.0 2.17

1376 -2.790 0.0678 327.0 3.30

1377 -1.240 0.0617 327.0 4.23

1378 -3.180 0.0425 327.0 6.53

1379 -0.601 0.0602 327.0 4.48

1380 -2.150 0.0561 327.0 2.50

M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W

0 6.0 Prep 15 wax 6

1 6.0 Prep 15 wax 6

2 6.0 Prep 15 wax 6

3 6.0 Prep 15 wax 6

4 6.0 Prep 15 wax 6

1376 6.0 End 15 wax 6

1377 6.0 End 15 wax 6

1378 6.0 End 15 wax 6

1379 6.0 End 15 wax 6

1380 6.0 End 15 wax 6
clamp_pressure tool_condition machining_finalized W

0 3.0 worn yes

1 3.0 worn yes

2 3.0 worn yes

3 3.0 worn yes

4 3.0 worn yes

1376 3.0 worn yes

1377 3.0 worn yes

1378 3.0 worn yes



1379 3.0 worn yes
1380 3.0 worn yes

passed_visual_inspection class

0 yes  pass
1 yes  pass
2 yes  pass
3 yes  pass
4 yes  pass
1376 yes  pass
1377 yes  pass
1378 yes  pass
1379 yes  pass
1380 yes  pass

[1381 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 151.0 0.050 25.00

1 151.0 0.025 12.50

2 151.0 0.050 25.00

3 151.0 -0.025 -12.50

4 151.0 0.025 12.50

597 198.0 0.000 0.00

598 198.0 0.000 0.00

599 198.0 0.000 0.00

600 198.0 0.000 6.25

601 198.0 0.000 0.00
X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W

0 151.0 0.0 0.0

1 151.0 0.0 0.0

2 151.0 0.0 0.0

3 151.0 0.0 0.0

4 151.0 0.0 0.0

597 198.0 0.0 0.0

598 198.0 0.0 0.0

599 198.0 0.0 0.0

600 198.0 0.0 0.0

601 198.0 0.0 0.0
X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W

0 0.451 2.280000e-02 330.0 0.632

1 0.223 2.430000e-02 330.0 1.510

2 0.237 1.880000e-02 330.0 0.869

3 0.451 2.020000e-02 329.0 1.900

4 0.367 2.440000e-02 329.0 1.910

597 -0.460 2.780000e-19 330.0 0.000

598 -1.580 2.780000e-19 330.0 0.000

599 0.659 2.780000e-19 330.0 0.000

600 -0.461 2.780000e-19 330.0 0.000

601 0.979 2.780000e-19 330.0 0.000

M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W

0 50.0 Prep 16 wax 20

1 50.0 Prep 16 wax 20

2 50.0 Prep 16 wax 20

3 50.0 Prep 16 wax 20

4 50.0 Prep 16 wax 20

597 ... 50.0 End 16 wax 20

598 ... 50.0 End 16 wax 20

599 ... 50.0 End 16 wax 20

600 ... 50.0 End 16 wax 20

601 ... 50.0 End 16 wax 20
clamp_pressure tool_condition machining_finalized W

0 3.0 worn no

1 3.0 worn no

2 3.0 worn no



3 3.0 worn no

4 3.0 worn no

597 3.0 worn no

598 3.0 worn no

599 3.0 worn no

600 3.0 worn no

601 3.0 worn no
passed_visual_inspection class

0 no defect

1 no defect

2 no defect

3 no defect

4 no defect

597 no defect

598 no defect

599 no defect

600 no defect

601 no defect

[602 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 151.0 -2.920 -31.30

1 150.0 -2.950 -37.50

2 150.0 -2.750 62.50

3 150.0 -3.080 -6.25

4 149.0 -3.150 -6.25

2145 141.0 -0.200 -106.00

2146 141.0 0.300 144.00

2147 141.0 -0.175 -87.50

2148 141.0 -0.150 -75.00

2149 141.0 0.175 87.50

X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration

0 151.0 -3.0 0.0

1 150.0 -3.0 0.0

2 150.0 -3.0 0.0

3 150.0 -3.0 0.0

4 149.0 -3.0 0.0

2145 141.0 0.0 0.0

2146 141.0 0.0 0.0

2147 141.0 0.0 0.0

2148 141.0 0.0 0.0

2149 141.0 0.0 0.0

X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W
0 -5.89 0.1040 327.0 10.60
1 -5.83 0.0927 327.0 10.40
2 -6.45 0.0974 327.0 10.10
3 -3.89 0.0735 327.0 9.02
4 -3.81 0.0735 327.0 8.67
2145 -2.49 0.0480 327.0 2.54
2146 -4.14 0.0681 327.0 6.05
2147 -2.04 0.0490 327.0 3.57
2148 -2.79 0.0479 327.0 2.73
2149 -4.27 0.0637 327.0 5.16
M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W

0 3.0 Prep 17 wax 3
1 3.0 Prep 17 wax 3
2 3.0 Prep 17 wax 3
3 3.0 Prep 17 wax 3
4 3.0 Prep 17 wax 3
2145 3.0 End 17 wax 3
2146 3.0 End 17 wax 3
2147 3.0 End 17 wax 3
2148 3.0 End 17 wax 3



2149 ... 3.0 End 17 wax 3

clamp_pressure tool_condition machining_finalized W

0 2.5 unworn yes

1 2.5 unworn yes

2 2.5 unworn yes

3 2.5 unworn yes

4 2.5 unworn yes

2145 2.5 unworn yes

2146 2.5 unworn yes

2147 2.5 unworn yes

2148 2.5 unworn yes

2149 2.5 unworn yes
passed_visual_inspection class

0 yes  pass

1 yes  pass

2 yes  pass

3 yes  pass

4 yes  pass

2145 yes  pass

2146 yes  pass

2147 yes  pass

2148 yes  pass

2149 yes  pass

[2150 rows x 56 columns],
X1_ActualPosition X1_ActualVelocity X1_ActualAcceleration W

0 151.0 3.08 0.0

1 152.0 3.20 25.0

2 152.0 3.20 50.0

3 152.0 3.13 50.0

4 153.0 2.97 56.3

2248 144.0 -2.30 100.0

2249 144.0 -2.47 25.0

2250 143.0 -2.20 81.2

2251 143.0 -2.05 68.7

2252 143.0 -2.15 -68.7

X1_CommandPosition X1_CommandVelocity X1_CommandAcceleration W

0 151.0 3.00 0.000

1 152.0 3.00 0.000

2 152.0 3.00 0.000

3 152.0 3.00 0.000

4 153.0 3.00 0.000

2248 144.0 -2.57 0.977

2249 144.0 -2.46 1.080

2250 143.0 -2.35 1.170

2251 143.0 -2.23 1.260

2252 143.0 -2.09 1.350

X1_CurrentFeedback X1_DCBusVoltage X1_OutputCurrent X1_OutputVoltage W
0 3.48 0.0684 327.0 8.56
1 3.09 0.0621 327.0 6.74
2 3.96 0.0796 327.0 8.78
3 4.70 0.0946 327.0 10.20
4 5.97 0.1020 327.0 11.30
2248 -5.05 0.0732 327.0 9.56
2249 -5.62 0.0996 327.0 10.30
2250 =-4.42 0.0539 327.0 7.79
2251 -5.83 0.0809 327.0 8.32
2252 -4.37 0.0857 327.0 8.01
M1_CURRENT_FEEDRATE Machining_Process exp_no material feedrate W

0 3.0 Prep 18 wax 3
1 3.0 Prep 18 wax 3
2 3.0 Prep 18 wax 3
3 3.0 Prep 18 wax 3



4 S 3.0 Prep 18 wax 3

2248 3.0 End 18 wax 3

2249 3.0 End 18 wax 3

2250 3.0 End 18 wax 3

2251 3.0 End 18 wax 3

2252 3.0 End 18 wax 3
clamp_pressure tool_condition machining_finalized W

0 2.5 worn yes

1 2.5 worn yes

2 2.5 worn yes

3 2.5 worn yes

4 2.5 worn yes

2248 2.5 worn yes

2249 2.5 worn yes

2250 2.5 worn yes

2251 2.5 worn yes

2252 2.5 worn yes
passed_visual_inspection class

0 yes  pass

1 yes  pass

2 yes  pass

3 yes  pass

4 yes  pass

2248 yes  pass

2249 yes  pass

2250 yes  pass

2251 yes  pass

2252 yes  pass

[2253 rows x 56 columns]]

Label Normalization

® Count of 'Starting’ and 'end' label in Machining_Process column is relatevely small.
* So we need to normalize these outlier labels into alternative label.

Starting -> Prep </br> end -> End

df[ 'Machining_Process'].value_counts().sort_index()

End 2585
Layer 1 Down 2655
Layer 1 Up 4085
Layer 2 Down 2528
Layer 2 Up 3104
Layer 3 Down 2354
Layer 3 Up 2794
Prep 1795
Repositioning 3377
Starting 1
end 8

Name: Machining_Process, dtype: int64

print(f“Count of Starting label in Machining_Process column is 1 only in experimet_{df[df[ 'Machining_Process']=="Starting'].exp_no.value_counts().index[0]}")
print(f"Count of end label in Machining_Process column is 8 only in experimet_{df[df[ 'Machining_Process']=="end'].exp_no.value_counts().index[0]}")

Count of Starting label in Machining_Process column is 1 only in experimet_1
Count of end label in Machining_Process column is 8 only in experimet_1

df.replace({'Machining_Process': {'Starting':'Prep','end':'End'}}, inplace=True)

df[ 'Machining_Process'].value_counts().sort_index()



End 2593

Layer 1 Down 2655
Layer 1 Up 4085
Layer 2 Down 2528
Layer 2 Up 3104
Layer 3 Down 2354
Layer 3 Up 2794
Prep 1796

Repositioning 3377
Name: Machining_Process, dtype: int64

5. EDA

Some points to focus on

® Machining Process Unique

® Mean value of velocity,voltage,feedrate(x,y,z)

e distribution of feedrate, clamp_pressure

® correlation of each features

® time series plot of each experiment

e difference of distribution for each output feature

import holoviews as hv
from holoviews import opts
hv.extension( 'bokeh")
import lightgbm as 1lgb
import shap

feedrate = hv.Distribution(df['feedrate']).opts(title="Distribution of feedrate", color="green", xlabel="Feedrate", ylabel="Density")

clamp = hv.Distribution(df['clamp_pressure']).opts(title="Distribution of clamp pressure", color="green", xlabel="Pressure", ylabel="Density")
material = hv.Bars(df[ 'material'].value_counts()).opts(title="Material Count", color="green", xlabel="Material", ylabel="Count")

(feedrate + clamp + material).opts(opts.Bars(width=300, height=300,tools=["hover'],show_grid=True)).cols(2)
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tool_df = np.round(df['tool_condition'].value_counts(normalize=True) #* 100)

finalized_df = np.round(df[ 'machining_finalized'].value_counts(normalize=True) * 100)

vis_passed_df = np.round(df['passed_visual_inspection'].value_counts(normalize=True) * 100)

tool_wear = hv.Bars(tool_df).opts(title="Tool Wear Count", color="green", xlabel="Worn/Unworn", ylabel="Percentage", yformatter="'%d%%")

finalized = hv.Bars(finalized_df).opts(title="Finalized Count", color="green", xlabel="Yes/No", ylabel="Percentage", yformatter='%d%%")

vis_inspection = hv.Bars(vis_passed_df).opts(title="Visual Inspection Passed Count", color="green", xlabel="Yes/No", ylabel="Percentage", yformatter='%d%%")
(tool_wear + finalized + vis_inspection).opts(opts.Bars(width=300, height=300,tools=["hover'],show_grid=True)).cols(2)
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finalized_df_worn = np.round(df[df['tool_condition']=="worn'][ 'machining_finalized'].value_counts(normalize=True) * 100)
finalized_df_unworn = np.round(df[df['tool_condition']=="unworn'][ 'machining_finalized'].value_counts(normalize=True) * 100)
vis_passed_df_worn = np.round(df[df['tool_condition']=="worn'][ 'passed_visual_inspection'].value_counts(normalize=True) * 100)
vis_passed_df_unworn = np.round(df[df['tool_condition']=="unworn']['passed_visual_inspection'].value_counts(normalize=True) #* 100)
finalized_worn = hv.Bars(finalized_df_worn).opts(title="[WORN] Finalized Count", color="orange", xlabel="Yes/No", ylabel="Percentage", yformatter="%d%%")\
* hv.Text('yes', 15, f"{np.round(finalized_df_worn['yes']/sum(finalized_df_worn)*100)3}%")\
* hv.Text('no", 15, f"{np.round(finalized_df_worn['no']/sum(finalized_df_worn)#*100)}%")
finalized_unworn = hv.Bars(finalized_df_unworn).opts(title="[UNWORN] Finalized Count", color="orange", xlabel="Yes/No", ylabel="Percentage", yformatter="%d%%"')\
* hv.Text('yes', 15, f"{np.round(finalized_df_unworn['yes']/sum(finalized_df_unworn)#100)3}%")\
* hv.Text('no", 15, f"{np.round(finalized_df_unworn['no']/sum(finalized_df_unworn)#100)}%")
vis_inspection_worn = hv.Bars(vis_passed_df_worn).opts(title="[WORN] Visual Inspection Passed Count", color="green", xlabel="Yes/No", ylabel="Percentage", yformatter=
* hv.Text('yes', 45, f"{np.round(vis_passed_df_worn['yes']/sum(vis_passed_df_worn)#100)}%")\
* hv.Text('no', 45, f"{np.round(vis_passed_df_worn[ 'no']/sum(vis_passed_df_worn)*100)}%")
vis_inspection_unworn = hv.Bars(vis_passed_df_unworn).opts(title="[UNWORN] Visual Inspection Passed Count", color="green", xlabel="Yes/No", ylabel="Percentage", yform
* hv.Text('yes', 15, f"{np.round(vis_passed_df_unworn['yes']/sum(vis_passed_df_unworn)*100)}%")\
* hv.Text('no', 15, f"{np.round(vis_passed_df_unworn['no']/sum(vis_passed_df_unworn)*100)}%")
((finalized_worn + finalized_unworn) + (vis_inspection_worn + vis_inspection_unworn)).opts(opts.Bars(width=400, height=300,tools=[ "hover'],show_grid=True)).cols(2)
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pd.concat([finalized_df_worn, vis_passed_df_worn], axis=1,sort=True).rename(columns={'machining_finalized':'[WORN] Finalized', 'passed_visual_inspectiol

= pd.melt(worn_fin_vis.reset_index(), ['index']).rename(columns={"index':'Yes/No', 'variable':'Outputs'})

fin_vis, ['Outputs’, 'Yes/No'], 'value').opts(opts.Bars(title="Machining Finalized and Passed Visual Inspection by Worn Tool Count", width=700, height=400
show_grid=True, ylabel="Percentage", yformatter='%d%%"))


https://bokeh.org/

Machining Finalized and Passed Visual Inspection by Worn Tool Count

80%

Percentage
Z

&

|

&
Ed
]

20%

0% =

no yes no yes
[WORN] Finalized [WORN] Vizual Inspection Passed
Outputs, Yes/No

hv.Bars(df[ '"Machining_Process'].value_counts()).opts(title="Machining Process Count", color="red", xlabel="Machining Processes", ylabel="Count")\
.opts(opts.Bars(width=500, height=300,tools=["hover'],xrotation=45,show_grid=True))
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def plot_ts(col, color="red', yformat='%d%%"):
v_list = []
for i in range(@,csv_count + 1):
v = hv.Curve(df[df['exp_no']==i].reset_index()[col]).opts(title=f"{col} in experiment {i}", xlabel="Time", ylabel=f"{col}", yformatter=yformat)\

.opts(width=300, height=150,tools=[ "hover'],show_grid=True,fontsize=8, color=color)
v_list.append(v)

return (v_list[1] + v_list[2] + v_list[3] + v_list[4] + v_list[5] + v_list[6] + v_list[7] + v_list[8] + v_list[9] \
+ v_list[10] + v_list[11] + v_list[12] + v_list[13] + v_list[14] + v_list[15] + v_list[16] + v_list[17] + v_list[18]).opts(shared_axes=False).cols(6)

plot_ts('X1_ActualVelocity', color="red', yformat='%d mm/s")
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Multivariate Analysis

Feedrate / Clamp Pressure
¢ Tool Condition
distributions of clamp pressure with unworn/worn tool are almost same. </br> distribution of feedrate with worn tool is more wider than that with unworn tool.</br>
® Machining Finalized </br>

distribution of clamp pressure in machining not finalized experiment has lower kurtosis.</br> distribution of feedrate in machining not finalized experiment has higher kurtosis. </br>

g = sns.pairplot(df, hue='tool_condition', vars=["feedrate","clamp_pressure"])
g.fig.suptitle("Tool Condition - feedrate/clamp pressure", y=1