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## 5371516921 : MAJOR INDUSTRIAL ENGINEERING
KEYWORDS : BIT ERROR RATE / READ-WRITE HEAD / HARD DISK DRIVE / SIX SIGMA
APPROACH

ACHARAPORN DUMRONVANICH : BIT ERROR RATE IMPROVEMENT OF HARD

DISK DRIVE. ADVISOR : ASST.PROF.ANGSUMALIN SENJUNTICHAL D. Eng., 124 pp.

The objective of this research is to improve the performance of the read-write head process in
Hard disk drive manufacturing with respect to Bit Error Rate (BER). With the preliminary survey, the
process capability index (Cpk) of BER was 0.72 which is less than the one side acceptable value at
1.25. To improve Cpk of BER, five phases of Six sigma approach are applied starting from Define,
Measure, Analyze, Improvement and Control phases (DMAIC). At 95% confidence, thermal
protrusion, writing current amplitude, writing current overshoot, number of defects on media and
writing head width are the significant factors for BER due to their p-values less than 0.05. Since the
number of defects and writing head width are uncontrollable factors, the experiment are designed and
performed based of Factorial design with three levels of each controllable factor. At 5% significance
level, there are the interaction effects between the thermal protrusion and the writing current
amplitude as well as the interaction affects between the writing current amplitude and the writing
current overshoot. With the analysis of General Linear Model, the suggested values for the thermal
protrusion, writing current amplitude and writing current overshoot are 35 DAC, 10 mA and 9 mA,
respectively. Under the suggested condition, Cpk of BER is increased from 0.72 to 2.38 and the

percentage of defective due to head related failure is reduced by 54.87% from 21.85% to 9.86%.

Department : Industrial Engneering ____Student’s Signature

Field of Study : ___Industrial Engneering

Academic Year: 2012
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STAUFNIN maiene (Reliability) DPMO
1.0 30.23% 69,7672
2.0 69.12% 308,770
3.0 93.32% 66,810
4.0 99.379% 6,209
5.0 99.97673% 232
6.0 99.99966% 34

Y
c%

o Aa a J A 1 Y ? { o
VUADUNTTAUUUDITYNY Gﬁﬂn1ﬂ$ﬂi$ﬂﬂﬁﬂ38ﬂlu@ﬂu17]ﬁ1

[

9
C%

A

AT S YUADUAD FEAEATIIREY

o 4 a J [
Yoy szezmsiaiemaunguestlyn szezmiunsiznaunguestiyn szezmsiliuilse

9 v
uf lu nazszezmsAamuAILgL TuasuNsAiuMIeT e lAnng R 2.2

Technical Meaning of Six Sigma

A 3 sigma quality ~ =LA/ NN A 8 sigma quality
product/process \ =, M Procuctiprocess
has 6 standard has 12 standard
deviations inside dewiations inside
the specification the specification
Defects 3 Sigma | 3 Sigma Defects Defects B Bigma | 6 Sigha Dafects
O|ITgI|O
Yield (% Inside Spec) ppm defective
At 2 sigma 69.12% 308,700
At +3 sigma 93.32% 66,810
At £ 4 sigma 899,379% 6,210
At +5 sigma 99 97673% 233
At £6 sigma 99.99966% 3.4

These Figures Includes a 1.5 sigma Shift

519 2.1 HAAIANUMNEVOIFNS N1 1AL TTAVAZUULVBIFAE Fnii1 (Mortimer, 2006)
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Gage R&R Study - ANOVA Method
Gage FsR for BER

Fage name: Gaga FeF for EBER
Date of study: Z6 MAY 2012
Feported by:

Tolerance:

Mizc:

Two-Way ANOVA Table With Interaction

Source DF 35 M3 F P
Part 9 9.131946 l.0l1466 |8?9.588 0.000| 9
Operator Z 0.00064 0Q.00032 n.z278 0.761| 6B
Part * Operator 18 0.0207¢ 0.00115 1.376 0.214|F
Repeatability 30 0.02515 0.00054

Total 59 9.17851

Alpha to remove interaction term = 0,25
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Gage R&R

(Contribution
Source VarConp {of WarCowp)
Total Gage EsR 0.000995 0.59
Repeatability 0.000838 0.49
Reproducibility 0.000158 0.09
Operator 0.000000 0.00
Operator*Part 0.000158 0.09
Part-To-Part 0.168918 99.41

Total Variation 0.169914 100,00

g 9 10
Study Var || 33tudy Var

Fource ISthev iSD]I (6 & D) [%8V)

Total Gage RsR 0.031555 0.15935 7.66
Repeatability 0.028953 0.17372 7.02
Reproducibility 0.01Z556 0.07534 3.05

Operator 0. 0000ao 0. 00000 o.0o0
Operator*Part 0.012556 0.07534 3.05

Part-To-Part 0.410997 2.46595 99.71

Total Variation 0.412206 2.47324 100.00

[Fumber of Distinct Categories = 1a| 11
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Power and Sample Size for 2-Sample t

Specify values For any bwo of the Following:

Help

Sample sizes: |
Differences: | 0.12021
Power values: | 0.9

Standard dewiation: 0.4138

Cpkions. .. |

araph... |

Cancel |

31U 5.1 MIMUIVIAAIBEINVBININATOUANNAFIVLDY 2 Sample T-Test

Power and Sample Size
2-Gample t Test
Testing mean 1 = mean 2 [versus not =)

Calculating power for mean 1 = mean & + difference
Alpha = 0,05 Assumed standard deviation = 0.4138

Gample Target
Difference AGize Power Actual Power
0.12021 250 0.9 0.900023

The sample size iz for each group.

Power

1.0

Power Curve for 2-Sample t Test

0.8+

0.6+

0.4

0.2 4

0.0-—

Sample
Size
250

Assurnptions
Alpha 005
StDew 0.4138
Altemnative Mot =

-0.15

-0.10

T T T
-0.05 0.00 0.05 0.10 0.15
Difference
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1 aa d' 9 g’/ dyd 1 an = ) [
Madanaaeun 1y luvuasumsnadeuiiae Adaanageui () d1msulszmniaes
' dyd Ay 9 1 aa
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wlslsruvealszannsaeanguiinuniny

Test and Cl for Two Variances: DAC =15, DAC =35
Method
Null hypothesis Sigma(DAC = 15) / Sigma(DAC = 35) = 1
Llternative hypothesis Sigma(DAC = 15) / Sigma(DAC = 35) not = 1
Significance lewel Alpha = 0.05
Statistics
Wariahle N 3tDewv Variance
Dac = 15 250 0,105 0.011
DAC = 35 250 0.104 0.011
Ratio of standard dewiations = 1.003
Ratio of wariances = 1.007
95% Confidence Interwals

CI for
Distribmtion CI for AtDev Variahce
of Data Fatio Ratio
Normal (0.886, 1.136) (0.785, 1.291)
Continuous (0,876, 1.151) (0.768, 1.325)
Tests

Test

Method DF1 DF2 3Statistic P-Value
F Test (normal) 249 249 1.01 0.958
Lewene's Test (any continuous) 1 493 0.00 0.951

A dy Y 1 aa
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Two-Sample T-Test and Cl: DAC =15, DAC =35
Two-sanple T for DAC = 15 ws DAC = 35
i Mean 3tDev 3E Mean

15 250 3.309 0.105 0.0066
35 250 3.346 0.104 0.0066

DAaC
DAaC

Difference = mu (DAC = 15) - mu (DAC = 35)

Eztimate for difference: -0.03778

95% CI for difference: [-0.05615, -0.01941)

T-Test of difference = 0 (w3 not =): T-Value = -4.04 P-Value = 0.000 DF = 435
Both use Pooled 3thew = 0.1045
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Power and Sample Size

General Full Factorial Design

Alpha = 0.05 Assumed standard dewviation = 0.4138

Factors: 3 MNumber of lewels: 3, 3, 3

Include terms in the model up through order:
Not including blocks in model.

3

Power

Power Curve for General Full Factorial

Reps
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Tetm Order 2
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Maximum Total Target
Difference Reps Runs Power Actual Power
0.41358 3 gl 0.an 0.902567
0.41338 3 a1 0.8k 0.902567
|  ©.4135 3 Gl 0.90 0.902567 |
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StdOrder | RunOrder | PtType | Blocks DAC I, I, Bit Error Rate
65 1 1 1 25 6 9 3.202
41 2 1 1 25 8 9 3.353
69 3 1 1 25 8 11 3.479
8 4 1 1 15 10 9 3.180
56 5 1 1 15 6 9 2.933
76 6 1 1 35 8 7 2.876
45 7 1 1 25 10 11 3.379
49 8 1 1 35 8 7 2.848
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StdOrder | RunOrder | PtType | Blocks DAC I, I, Bit Error Rate
34 9 1 1 15 10 7 3.247
46 10 1 1 35 6 7 3.181
61 11 1 1 15 10 7 3.294
35 12 1 1 15 10 9 3.188
27 13 1 1 35 10 11 3.464
23 14 1 1 35 8 9 3.147
26 15 1 1 35 10 9 3.530
33 16 1 1 15 8 11 3.409
12 17 1 1 25 6 11 3.427
74 18 1 1 35 6 9 3.217
39 19 1 1 25 6 11 3.33
62 20 1 1 15 10 9 3.145
58 21 1 1 15 8 7 3.153
6 22 1 1 15 8 11 3.441
36 23 1 1 15 10 11 3.282
43 24 1 1 25 10 7 3.056
78 25 1 1 35 8 11 3.234
77 26 1 1 35 8 9 3.139
31 27 1 1 15 8 7 3.159
15 28 1 1 25 8 11 3.308
13 29 1 1 25 8 7 3.246
48 30 1 1 35 6 11 3.192
57 31 1 1 15 6 11 3.134
38 32 1 1 25 6 9 3.292
37 33 1 1 25 6 7 3.447
2 34 1 1 15 6 9 2.964
22 35 1 1 35 8 7 2.919
28 36 1 1 15 6 7 2.794
50 37 1 1 35 8 9 3.215
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StdOrder | RunOrder | PtType | Blocks DAC I, I, Bit Error Rate
3 38 1 1 15 6 11 3.184
42 39 1 1 25 8 11 3.348
20 40 1 1 35 6 9 3.206
73 41 1 1 35 6 7 3.127
19 42 1 1 35 6 7 3.131
67 43 1 1 25 8 7 3.240
75 44 1 1 35 6 11 3.124
71 45 1 1 25 10 9 3.409
81 46 1 1 35 10 11 3.492
44 47 1 1 25 10 9 3.458
47 48 1 1 35 6 9 3.246
16 49 1 1 25 10 7 3.080
17 50 1 1 25 10 9 3.509
70 51 1 1 25 10 7 3.031
5 52 1 1 15 8 9 3.313
1 53 1 1 15 6 7 2.823
52 54 1 1 35 10 7 3.530
68 55 1 1 25 8 9 3.359
80 56 1 1 35 10 9 3.524
14 57 1 1 25 8 9 3.399
30 58 1 1 15 6 11 3.255
53 59 1 1 35 10 9 3.493
51 60 1 1 35 8 11 3.348
66 61 1 1 25 6 11 3.450
29 62 1 1 15 6 9 2.738
64 63 1 1 25 6 7 3.330
21 64 1 1 35 6 11 3.137
54 65 1 1 35 10 11 3.429
10 66 1 1 25 6 7 3.423
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StdOrder | RunOrder | PtType | Blocks DAC I, I, Bit Error Rate
60 67 1 1 15 8 11 3.404
72 68 1 1 25 10 11 3.208
24 69 1 1 35 8 11 3.206
40 70 1 1 25 8 7 3.231
25 71 1 1 35 10 7 3.541

7 72 1 1 15 10 7 3.303
11 73 1 1 25 6 9 3.258
18 74 1 1 25 10 11 3.348
63 75 1 1 15 10 11 3.203
63 75 1 1 15 10 11 3.203
59 76 1 1 15 8 9 3.321
32 77 1 1 15 8 9 3.319

9 78 1 1 15 10 11 3.242
55 79 1 1 15 6 7 2.862
4 80 1 1 15 8 7 3.199
79 81 1 1 35 10 7 3.501
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Probability Plot of RESTL
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General Linear Model: Bit Error Rate versus DAC, lw, lo

Factor Type Levels Values
DAC fixed 3 15, 25, 35
i fixed 3 6,8, 10
Io fixed 3 7,9, 11

Analysis of Variance for Bit Error Rate, using Adjusted 55 for Teats

Source DF  Seq 55 Adj 53 Ady MS F P

DAC 2 0.31760 0,31760 0.158580 15.64 0,000

I 2 0.40285 0.40285 0.20143 23.65 0.000

‘ID 2 0.28638 0,28638 0.14319 16.81 0.000
o . 1. w o Ad .

DAC*In 4 0.08308 0.08308 0.02077 2.44 0,056

‘IH*ID 4 0.16824 0.16824 0.04208 4,94 0.002

Error 62 0.52807 0.52807 0.00852

Total g0 2.78643

‘S = 0.09228388 B-5gq = 81.05% B-5qgfadj) = 75.55% ‘
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Interaction Plot for Bit Bror Rate
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@13197 n-1 Cause & Effect Matrix 1um3stamauanudiaguealadeninanssnuaesns1iamanaiag

Cause & Effect Matrix
Item | Area Cause Process Input PE | PE | PR | PR | HM | HM | QC | QC | Total | Total
1 2 1 2 1 2 1 2 x 10
1 wiinam Tl iaaw anuianualylumsien Lol o | 1 o | 5 50
MATFIUMINIU e =
2 Man Tu1a5umsinevsy 0 1 0 0 0 1 1 0 3 30
3 alsaumsal lumsniau 0 0 1 1 0 0 0 1 3 30
& )
4 anuyuMeluioanagen 0 0 0 0 | | 0 0 5 20
Environment = "
5 gamgiimeluvioanaden | 0 0 0 1 1 1 1 5 50
6 Y
anugnaedlumsdaduau 0 2 ! ! 2 2 ! ! 10 100
Measurement
7 y
AugnaeslumMs A 1 1 2] 2 0 1 2 1 10 100
8 152 ANTMNMIMNNUVOUATOI
. 2 1 2 2 1 1 2 1 12 120
inyeanaaoulszansam | NAaoY
Machi 2
9 e Ry MIMNFUNUNATOY o | 1|1 |[o o] o] o] 3 30
10 umgiiluniemasey 2 1 2 2 2 1 2 1 13 130
11 ANUIDEIVDINIU 4 3 3 ) | ) 3 ) 20 200
12 ANULAIYRINY s lal sl alslalslsl] 22 | 20
Material | 9 uiiufindoya -
13 guulamlasyuuau YUIN 3 4 4 3 4 4 5 5 1 120
14 Ll 7 7 6 7 5 8 7 53 530

¥6



Cause & Effect Matrix

Item Area Cause Process Input PE | PE | PR | PR | HM | HM | QC | QC | Total | Total
1 2 1 2 1 2 1 2 x 10
15 Wi uleudoya ANNIDBIVDY HIFBYI(RSA)
o - 1 2 2 3 2 1 1 1 13 130
I U
Y
16 UUINUINY (PSA) 1 1 2 2 2 3 2 1 14 140
Material Y o o . .
17 ANUNINNAIVYY (Writer Width) 3 4 4 5 6 7 7 8 44 440
18 UAUIDS
~a o o FUaveIATTUIaNa TN 2 2 1 1 2 1 1 1 11 110
ANNIDUN Y AR
19 sTerMsnaoUNUeg TyaassydnriaEanain (PES) 7 8 8 6 7 9 7 8 60 600
20 Wo e maNuTeunne e ey (DAC) 0| 9| 9|9 | 8 |10]10] 9 74 740
21 Method , . AAIUAUYDINTZIA (To) 8 | 7| 8] 9| 8 [10]| 9 |9 68 680
MINIATSUTIVIU . -
22 AUDUNAIAVDINTLUD (Tw) 10 8 7 7 9 8 10 | 10 69 690
23 FMsdenduMAINNATD L 3 4 6 5 6 7 7 8 46 460
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Test and Cl for Two Varlances: DAC = 15, DAC = 35

Hethod

Mull hypothesis SigmarDAC = 15) F Sigma(DAC = 35) = 1
Alternative hypothesis Sigma(DAC = 15) ¢ Sigma(DAC = 35) not
Significance lewel Llpha = 0.05

jtatisrtics

Variahle N 5thew Variance

DAC = 15 Z50 0.10% 0.011

DAC = 35 250 0.104 0.011

Batio of standard dewiations = 1.003
Ratio of wariances = 1.007

95% Confidence Interwals

CI for
Distribution CI for StDew Variance
of Data Ratino Ratiao
Normal [0.886, 1.136) (0.785, 1.291)
Continuous (0.87a, 1.151) (0.7&88, 1.32%3)
Tests

Test

Method IFl DF:2 &tatistic P-Value
F Test [(normal) Z49 249 1.01 0.955
Levene's Test [any continuous) 1 498 0.00 0.951

=1

A dy Y 1 aa
g‘ﬂﬂ v.1 wamsnageuanuulsisivvesaesdsemnsidesdu lngmananade v

Two-Sample T-Test and Cl: DAC =15, DAC =35
Two-sample T for DAC = 15 ws DAC = 35
) Mean &thew 3E Mean

15 250 3.308 0.105 0.0086
35 250 3.346 0.104  0.0066

DAC
DAC

Difference = mu (DAC = 15) - wua (DAC = 35)

Estimate for difference: -0.03778
95% CI for difference: (-0.05615, -0.01%41)
T-Test of difference = 0 (wvs not =): T-Value = -4.,04 P-Walue =

Both use Pooled 5tDew = 0.1045

0.000 DF =

495

31U v.2 wamInado 2 Sample T
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Test and Cl for Two Variances: Write Current = 10, Write Current=86

Method

Null hypothesis Gigma(Wrice Current = 10) / 3igma(Write Current
Alternative hypothesisz Sigmwa(Write Current = 10) / Sigwa(Write Current
SGignificance lewvel Llpha = 0.05

Statistics

Variahle N 3tDew WVariance

Write Current = 10 250 0.119 0.014

Write Current = 6 250 0.152 0.023

Ratio of standard dewiations = 0.758
Ratio of wariances = 0.621

95% Confidence Interwals

CI for
Distribution CI for StDew Variance
of Data Ratino Ratino
Normal [0.696, 0.892) (0.484, 0.796)
Contirmous (0.709, 0.905) (0.50Z, 0.819)
Tests

Test

Method DF1 DF:2 5Statistic P-Value
F Test (normal) z49 2489 0.6z 0.000
Levene's Test [any continuous) 1 435 12.40 0.000

6] = 1

6] not =

1

A dy Y 1 aa
319 1.3 wamsnadeuanuuilslsiuvetasnlsznniiiesnu Tasaananaao e

Two-Sample T-Test and Cl: Write Current = 10, Write Current=6

Two-sample T for Write Current = 10 w3 Write Current = &

I Mean 3tDew SE Mean
Write Current = 10 250 3.345 0.119 0.0076
Write Current = 6 250 3.315 0.152 0.00%6

Difference = mu (Weite Current = 10) - mu (Write Current = &)
Eztimate for difference: 0.0295
95% CI for difference: (0.0058, 0.0538)

T-Test of difference = 0 (w3 not =): T-Value = 2.44d P-Value = 0.015 DF = 472

31U v.4 wamsnado 2 Sample T
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Test and CI for Two Variances: Write Overshoot = 11, Write Overshoot=7

Hethod

Hull hypothesis Sigma(Write Owershoot = 11) / Sigma(Write Owershoot = 7) = 1
Adlternative hypothesis Sigma(Write Owershoot = 11) / Sigma(Write Owershoot = 7) not = 1
Significance lewel Alpha = 0,05

Statistiecs

Wariahle N 5thev Variance

Write Owershoot = 11 250 0.123 0.015

1
Write Owershoot = 7 250 0.163 0,027

Ratio of standard dewiations = 0.755
Ratio of variances = 0.570

95% Confidence Interwvals

CI for
Distribution CI for Sthew Yariance
of Data Ratino Ratio
Normal (0,667, 0.8585)  (0.445, 0.731)

Continuous (0,663, 0,886) (0.440, 0,786

Tests

Test
Hethod DFl DF2 5Statistic P-Value
F Test (normal) 249 249 0.57 0.a00
Levene's Test [any continuous) 1 498 12,62 0.000

d‘ dal 9 1 ana
5UN U.5 wamsnagouaNuulslsinvesaesdsexnsitesau lasmananageauion

U

Two-Sample T-Test and Cl: Write Overshoot= 11, Write Overshoot=7
Two-zanple T for Write Owershoot = 11 ws Write Owershoot = 7

n Mean Sthew  S5E Mean
Write Overshoot = 11 250 3.456 0.123 0.00738
Write Owershoot = 7 250 3.412 0.163 0.010

Difference = mu (Write Owershoot = 11) - mu (Write Owershoot = 7)

Estimate for difference: 0.0444

95% CI for difference: (0.0190, 0.06958)

T-Tezst of difference = 0 (vs not =): T-Value = 3.43 P-Value = 0.001 DF = 463

317 v.6 WaMINATO 2 Sample T
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Test and Cl for Two Yariances: PES <= 4.3, PES > 4.3

Method

MNull hypothesis Sigma(PES <= 4.3) / 3igma(PE3 > 4.3) =1
Alternative hypothesis Sigma(PEI <= 4.3) / Sigma(PE3 > 4.3) not = 1
Significance lewel Alpha = 0.05

Statistics

Wariahle 0 3thev WVariance

PES <= 4.3 250 0.157 0.035

PES > 4.3 250 0.197 0.039

Rartio of standard dewviations = 0.945
Fartio of wariances = 0.5599

95% Confidence Interwals

CI for
Diztribution CI for StDew Variance
of Data Ratio Ratio
Normal [(0.837, 1.074) (O0.701, 1.153)
Continuous [(0.821, 1.068) [0.675, 1.141)
Tests

Test

Method DF1 DF2 Statistic P-Value
F Test (normal) =249 249 0.90 0.4an0z
Lewvene's Test (any continuous) 1 495 0. 98 0,329

A dy Y 1 aa
319 .7 wamsnadeuanuuilslsivvetasalszmniiiesau Tasaananaao e

Two-Sample T-Test and Cl: PES <= 4.3, PES » 4.3
Two-sawple T for PES <= 4.3 ws PE3 > 4.3

i) Mean Sthev  SE Mean
PES <= 4.3 250 3.347 0.187 0.012
FE3 » 4.3 230 3.340 0.187 0.01z

Difference = mu (PES <= 4.3) - mua (PES > 4.3)

Estimate for difference: 0.0064

95% CI for difference: (-0.0274, 0.0403)

T-Test of difference = 0 [vz not =): T-¥alue = 0,37 P-Value = 0.705 DF = 498
Both use Pooled 3tDew = 0.1925

317 v.8 WamMINAdo 2 Sample T
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Test and Cl for Two Variances: Defect count <= 150, Defect count > 150
Method
Null hypothesis Figma(Defect count <= 150) / Siguma(Defect count > 150) = 1

Alternative hypothesis Sigma(Defect count <= 150) / Sigma(Defect count > 150) not = 1
Significance lewvel 4lpha = 0.05

Statistics

Variable N 5tDev Variance
Defect count <= 150 250 0.194 0.0338
Defect count > 150 250 0.230 0.0583

Patio of standard dewiations = 0.841
Ratio of wariances = 0.708

PS% Confidence Interwvals

CI for
Distribution CI for 5thew Variance
of Data Ratio Ratio
Wormal (0,743, 0.853) (0.552, 0.908)
Continuous (0,728, 0.959) (0.530, 0.919)
Tests

Test

Method DF1 DF: &tatistic P-Value
F Test (normal) 249 249 0.71 0.007
Lewene's Test [any continuous) 1 495 6.54 0.011

d‘ dal 9 1 ana
:.ji‘]J‘V] V.9 wamsnagouaNuulssinvesaesdsexnsitesau lasmananageauion

Two-Sample T-Test and Cl: Defect count <= 150, Defect count > 150
Two-sanple T for Defect count <= 150 ws Defect count > 150

i Mean 5tDev  3E Mean
Defect count <= 150 Z50 3.341 0.194 0.01z
Defect count > 150 250 3.282 0.z30 0.015

Difference = mu (Defect count <= 150) - mu (Defect count > 150)

Estimate for difference: 0.0593

95% CI for difference: (0.0219, 0.0968)

T-Test of difference = 0 (ws not =): T-Value = 3.12 P-Value = 0.00z2 DF = 453

3U7 v.10 WaMINATOV 2 Sample T
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Test and Cl for Two Variances: Test location_No1, Test location_No2

Patio of standard deviations = 1.121
Patio of wariances = 1.2538

95% Confidence Interwals

CI for
Distribution CI for Sthev Variance
of Data Ratino Ratino
Hormal [0.989, 1.269) (0.979, 1l.611)
Continuous (1.000, 1.314) (l.000, 1.7Z6)
Tests

Test

Method DF1 DFZ 3tatistic P-Walue
F Test (normal) 249 249 l.26 0.073
Lewvene's Test (any continous) 1 495 3.86 0.050

Method

Mull hypothesis Jigma (Teat location MNol) / Sigma(Test location HNoZ) = 1
Alternative hypothesiz Sigma(Test location Nol) / 3igmaiTest location NoZ) not =
Significance lewel Alpha = 0.05

Statistics

Variable I 3tDev Wariance

Test location_Nol 250 0.203 0.041

Test location MNoZ 250 0,181 0.033

1

108

d‘ dal 9 1 ana
:.ji‘]J‘V] V.11 wnamsnagouaNulslsinvesaesdsemnsitesau lasmananageauion

Two-Sample T-Test and CI: Test [ocation_MNo1, Test location_No2
Two-zample T for Test location Mol vs Test location Moz
N  Mean 35tDhev 3E Mean

Test location_Nol 250 3.3Z2 0.Z03 0.013
Test location_NoZ 250 3.339 0.1381 0.011

Difference = mu (Test location Mol) - mu (Test location MozZ)
Estimate for difference: -0.0169

95% CI for difference: [-0.05068, 0.01a9)

T-Test of difference = 0 (ws not =): T-Value = -0.95 P-WValue =

Eoth u=ze Fooled 3chew = 0.19Z22

0.327 DF

495

JU% ¥.12 WaMINATOY 2 Sample T
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Test and Cl for Two Variances: Writer Width <= 3.7, Writer Width »3.7

Method

Mll hypothesis Jigma(Writer Width <= 3.7) / Jigma(Writer Widch »3.7) = 1
Alternative hypothesis 3Sigma(Writer Width <= 3.7) / Sigma(Writer Width >3.7) not = 1
dignificance level 4lpha = 0.05

iratistics

Variahle N 3thev Variance

Writer Width <= 3.7 250 0.220 0.048
Writer Widch »>3.7 250 0,198 0.038

Ratio of standard deviations = 1.124
Ratio of variances = 1.263

95% Confidence Intervals

CI for
Distribution CI for StDew Variance
of Data Ratio Ratio
Normal (0,992, 1.273) (0.954, 1.620)

Continuous (0,950, 1.254) (0.903, 1.571)

Tests

Test
Method LFl DFZ 3tatistic P-Value
F Test (normal) 249 249 1.26 0.066
Lewvene's Test (any continuous) 1 495 SRS 0.211

d‘ dal 9 1 ana
:.ji‘]J‘V] V.13 wansnageuaNNlslsinvesaesdsexnnsitesau lasmananageauion

Two-Sample T-Test and Cl: Writer Width <= 3.7, Writer Width >3.7
Twyo-sample T for Weiter Width <= 3.7 w3 Writer Width »3.7

) Mean 3tDew 3E Mean
Writer Width <= 3.7 250 3.302 0.220 0.014
Writer Width »3.7 Z50 3.2Z20 0.1%96 0.01z

Difference = mu (Writer Width <= 3.7) - mu (Writer Width >3.7)

Eztimate for difference: 0.0815

95% CI for difference: (0.045%2, 0.1155)

T-Test. of difference = 0 (ws not =): T-Value = 4.39 P-Value = 0.000 DF = 435
EBoth use Pooled 3tDew = 0.2033

JU7 v.14 NAMINATOV 2 Sample T



111

1.8 NageuaNnAgMvesifadavinadalaniasnuuaiy
@ S A a S ~ @ A a o = ] A
Tagiszasdimeiigatinunasvedns1laianaInveaie sy laglivuiaaa
1 Jd 1w 1 d‘ [ a A ] 1 =\ Y
uilanasuuuaiuganii 130 ludaminuaundsvesdasidaianainvesidedeu Tagldvuia

A :7 [ [ DY 4
Falandasuuuaudinvsominy 130 lued

o 9y
mriuala
' P o A A o 1 a 9 A
14y MNUANRABYIDATITARNANA 1AV 10 MU Tag ivuadwdantasuuuoiu
1 4
gan1 130 1y
' = o A a o 1 2 9 2
1L, HNUANRAIVIDATITARNANA 1Y 10U Tag livuadwdantasuuuoiu
:-, 1 A [ 4
MNMUIDNINY 130 TUd

=

a A Y t;’
duuagunlFlumsnaaouilaall

Hy: py = pp
Hy: py # Uy

U a

1 aa 4 9}?1’/ 1 a o [ 1
mananageuil¥iuaeumINAdaULAD AMadANAdUN (1) dmiulszmnsaeangy

dyd dy 9y v aa
TagnsnaaedtilnanisnaaaunNuulssivvesaesdszansidesau lasaananaadoutew

v v o o

(F) 1191 0.78 azliA1 P- Value 1101 0.055 Auaadlugln v.15 1nndnsgauisdiny 0.05
o g’/ 1 A 1 1 Aaa I ~
AUNIINAaeIALRasYedlssyInsdoIngu IasmananadoumunisnadaunaI Iy

wlstlsruvealszannsaeanguiiauniny

lumsnagevauuagiuainan lasmagouitiiny 0.26 uaza P- Value M111 0.794

A4 o A

H Y v !
uaaslugii v.16 AniufszauaNuFeIy 95% amnsadzlIdhumnaganlanasuuuniugs

' S 1w A o 1 A 1w s A ] A
n731 130 ulﬂ@’l!ﬂ’]ﬂﬂﬂ]u’]ﬂﬁ\ulﬂﬁﬂﬂﬁ@uﬂuﬁ]’]u@’]ﬂ?’]ﬁﬁ@i‘ﬂ’]ﬂﬂ 130 "lUﬁﬁﬁﬂﬁgﬂllmlmﬂﬁﬂ

o

udlandasnvuauiminnldlumsnageu lulinasdniivedngnanudenu 95% aonunae

VDIONTIUANANAIAVDIN 201UV



112

Test and C| for Two Variances: Defect size <= 130, Defect size > 130
Method
Mull hypothesis Sigma(Defect size <= 130) / Sigma(Defect size > 130) =1

Alternative hypothesis Sigma(Defect zize <= 130) / SigmaDefect size > 130) not = 1
Significance lewel Alpha = 0.05

Statistics

Variahle N 5thew Variance
Defect size <= 130 250 0.193 0.037
Defect size > 130 250 0.218 0.043

Ratio of standard deviations = 0.585
Ratio of wariances = 0.754

95% Confidence Interwvals

CI for
Distribution CI for 5tDhew Variance
of Data Ratio Ratio
Normal (0.782, 1.003) (0.611, 1.005)
Continuous (0.794, 1.034) (0.631, 1.070)
Tests

Test

HMethod DF1 DFZ Htatistic P-Value
F Test (normal) 249 249 0.7s 0.055
Levene's Test [any continuous) 1 498 2.15 0.143

A dy Y 1 aa
g‘ﬂﬂ v.15 namsnageuanuulslsiuvesagesdsemnsiosau lasmadanadouew

Two-Sample T-Test and Cl: Defect size <= 130, Defect size > 130
Two-sauple T for Defect size <= 130 wz Defect size > 130
m Mean 3tDewv S3E Mean

Defect size <= 130 250 3.328 0.193 0.01Lz
Defect size > 130 250 3.323 0.Z18 0.014

bifference = mu (Defect size <= 130) - mu (Defect size > 130)

Estimate for difference: 0.0043

95% CI for difference: (-0.0314, 0.0410)

T-Test of difference = 0 (ws not =): T-Value = 0.26 P-¥Walue = 0.794 DF = 495

Eoth use Pooled 3tDew = 0.2Z060

31U .16 WaM3INATOY 2 Sample T
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Test and Cl for Two Variances: Media Strength_1, Media Strength_2

Method

MNull hypothesis Jimma (Media 3Ftrength 1) / SigmarMedia Strength_=) = 1
Alternative hypothesiz Sigwa(ledia 3trength 1) / Figma(Media Strength 2) not = 1
Significance lewel Alpha = 0.05

Jtatistics

Wariahle N &tDev WVarianhce

Media Strength 1 250 0.1%6 0.038

Media Strength 2 250 0.220 0.045

Ratio of standard dewiations = 0.892
Ratio of wariances = 0.796

95% Confidence Interwvals

CI for
Distribution CI for 5thew Variance
of Data Ratio Fatio
Normal (0.788, 1.010) (0.620, l1.021)
Continmous (0.789, 1.029) (0.623, l1.058)
Tests

Test

Hethod DFl DL[FzZ &ratistic FP-Value
F Test (normal) Z49 249 0.80 o.0vz
Levene's Test (any continuous) 1 485 2.40 0.122

d‘ dal 9 1 ana
:.ji‘]J‘V] V.17 wamsnagouaNulslsiuvesaesdsemnnsitesau lasmananageauon

Two-Sample T-Test and Cl: Media S5trength_1, Media Strength_2
Two-sample T for Media 3trength 1 vs Media Strength 2
N Mean Sthev  32E Mean

Media Strength 1 250 3.319 0.196 0.012
Media Strength 2 250 3,322 0.220 0.014

Difference = mu (Media Strength l) - mu (Media Strength_z)

Estimate for difference: -0.0023
95% CI for difference: (-0.0359, 0.0343)
T-Test of difference = 0 (wvs not =): T-Value = -0.12 P-Value = 0.901 DF = 495

Both use Pooled 3tDewv = 0.2083

31U .18 WaMINATOY 2 Sample T
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Test and Cl for Two VYariances: Media tilt <= 4, Media tilt~4

Method

Null hypothesis Sigma(Media tilt <= 4] / Sigma(Media tilt:=4) = 1
Llternative hypothesis Sigma(Media tilt <= 4) / Sigma(Media tilt>d) not
Sigrnificance lewvel Alpha = 0.05

Statistics

Variable N &3thewv Variance

Media tilt <= 4 E50 0.199 0.040

Media tilte4 Z50 0.207 0.043

Ratio of standard dewiations = 0.959
Ratio of wariances = 0.919

95% Confidence Interwvals

CI for
Distribution CI for 5thew YVarjiance
of Data Ratio Ratio
Normal (0.847, 1.086) (0.717, 1.179)
Contirmons (0.826, 1.080) (0.6583, 1.1a7)
Tests

Teszt

Method DF1 DFZ 3Atatistic P-VWalue
F Test [normal) 248 249 0.5z 0.507
Levene's Test [any continuous) 1l 493 0.69 0. 407

1

A dy Y 1 aa
g‘ﬂﬂ v.19 namsnageuanulsUsiuvesaesdsemnsiosau lagmadanadouew

Two-Sample T-Test and Cl: Media tilt <= 4, Media tilt>4
Two-sawple T for Media tilt <= 4 w3 Media tilt=4
N Mean 5StDew 3E Mean

Media tile <= 4 250 3.360 0.189 0.013
Media tilt>4 250 3.325  0.207 0.013

Difference = mu (Media tilt <= 4) - mu (Media tilt>4)
Estimate for difference: 0.0350
95% CI for difference: (-0.0007, 0.0707)

Eoth use Fooled 3chew = 0.2031

T-Test of difference = 0 (vs not =): T-¥Walue = 1.93 P-Value = 0.054 ©DF

498

37 v.20 NAMINATOV 2 Sample T
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3197 A-1 HamsnadeuA1oaTIaAanaaneumMslTulseszauladeliungay

No | BitError Rate | No | Bit Error Rate | No | Bit Error Rate | No | Bit Error Rate
1 3.207 69 2.789 137 3.325 205 2.300
2 2.988 70 3.041 138 3.272 206 2.814
3 3.397 71 2.670 139 3.320 207 3.194
4 3.323 72 3.207 140 2.881 208 3.541
5 3.900 73 3.414 141 3.368 209 3.548
6 3.661 74 3.798 142 3.054 210 3.205
7 3.028 75 4.165 143 3.258 211 3.124
8 3.213 76 3.023 144 2.500 212 2.940
9 2.997 77 3.326 145 3.602 213 2.389
10 3.274 78 3.620 146 2.795 214 3.038
11 2.672 79 3.352 147 3.218 215 3.205
12 2.812 80 2.426 148 3.900 216 2.603
13 3.720 81 2.409 149 3.251 217 3.125
14 3.203 82 3.278 150 3.805 218 2.574
15 3.459 83 2.753 151 3.796 219 3.324
16 4.100 84 3.464 152 3.396 220 2.715
17 3.324 85 2.955 153 3.010 221 3.662
18 2.485 86 3.530 154 2.579 222 2.234
19 3.491 87 3.529 155 2.899 223 2.851
20 3.800 88 3.053 156 2.852 224 2913
21 3.331 89 3.213 157 2912 225 3.003
22 3.534 90 2.895 158 3.293 226 3.140
23 2.716 91 2.400 159 3.410 227 3.417
24 3.262 92 3.780 160 2.424 228 3.120
25 4.400 93 3.950 161 3.307 229 3.290
26 3.141 94 4.200 162 2.964 230 3.564
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No | BitError Rate | No | Bit Error Rate | No | Bit Error Rate | No | Bit Error Rate
27 3.120 95 3.999 163 3.549 231 3.634
28 2.850 96 3.800 164 2.876 232 3.183
29 3.539 97 2.510 165 3.493 233 4.151
30 2.560 98 3.556 166 3.502 234 3.126
31 3.256 99 2.510 167 3.485 235 3.384
32 3.336 100 3.247 168 3.270 236 3.317
33 3.390 101 2.980 169 3.234 237 2.561
34 2.123 102 2.910 170 2914 238 3.119
35 3.511 103 3.417 171 2.780 239 3.130
36 3.120 104 3.094 172 2.610 240 2.859
37 3.800 105 2.178 173 2.870 241 3.142
38 4.100 106 2.400 174 3.510 242 3.288
39 3.276 107 2.825 175 3.203 243 3.593
40 3.228 108 3.365 176 3.740 244 3.588
41 3.366 109 3.613 177 3.096 245 3.672
42 2.733 110 3.212 178 2.789 246 2.774
43 3.420 111 3.341 179 2.750 247 3.138
44 2.713 112 3.948 180 3.085 248 3.766
45 3.526 113 3.800 181 2.400 249 2.521
46 3.630 114 3.781 182 3.789 250 3.655
47 3.390 115 2.939 183 3.053 251 3.540
48 3.473 116 2.981 184 2.310 252 2.234
49 3.642 117 2.834 185 2.700 253 2.330
50 3.381 118 3.350 186 3.208 254 3.214
51 3.513 119 4.100 187 3.600 255 2.945
52 3.142 120 3.900 188 3.601 256 3.956
53 3.354 121 3.517 189 3.213 257 2.764
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No | BitError Rate | No | Bit Error Rate | No | Bit Error Rate | No | Bit Error Rate
54 3.356 122 3.012 190 3.209 258 2314
55 2.963 123 2.906 191 3.203 259 2.623
56 2.987 124 2.570 192 2.978 260 2.670
57 3.508 125 3.010 193 2.852 261 4.032
58 3.303 126 3.292 194 3.897 262 3.212
59 3.407 127 2.251 195 3.062 263 3.656
60 3.680 128 3.271 196 3.392 264 3.654
61 3.561 129 2.713 197 2.079 265 3.604
62 3.341 130 3.851 198 3.370 266 3.123
63 2.832 131 3.110 199 3.610 267 3.244
64 3.675 132 3.376 200 2.977 268 3.344
65 3.348 133 3.281 201 3.200 269 2.543
66 2.100 134 2.752 202 3.649 270 2.965
67 3214 135 3.694 203 3.705

68 3.442 136 2.991 204 3.243
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M3191 -2 HamsnadeududunadaiaRanaanaInlSuljeszauieldmunz an

No | BitError Rate | No | Bit Error Rate | No | Bit Error Rate | No | Bit Error Rate
1 3.715 69 3.579 137 3.531 205 3.713
2 3.572 70 3.764 138 3.462 206 3.112
3 3.585 71 3.639 139 3.542 207 3.384
4 3.533 72 3.497 140 3.581 208 3.721
5 3.825 73 3.624 141 3.576 209 3.738
6 3.851 74 3.988 142 3.638 210 3.415
7 3.632 75 4.175 143 3.458 211 3.712
8 3.732 76 3.725 144 3.723 212 3.734
9 3.617 77 3.536 145 3.815 213 3.488
10 3.722 78 3.812 146 3.744 214 3.248
11 3.652 79 3.542 147 3.628 215 3.419
12 3.531 80 3.954 148 4.153 216 3.731
13 3.922 81 3.826 149 3.935 217 3.345
14 3.713 82 3.458 150 4.039 218 3.619
15 3.614 83 3.565 151 3.960 219 3.537
16 3.969 84 3.776 152 3.562 220 3.374
17 3.544 85 3.825 153 3.784 221 3.852
18 3.483 86 3.843 154 3.587 222 3.234
19 3.382 87 3.753 155 3.694 223 3.754
20 4.023 88 3.645 156 3.559 224 3.123
21 3.542 89 3.921 157 3.922 225 3.214
22 3.424 90 3.595 158 3.503 226 3.354
23 3.806 91 3.513 159 3.611 227 3.616
24 3.452 92 3.924 160 3.732 228 3.325
25 3.653 93 3.834 161 3.512 229 3.487
26 3.434 94 3.742 162 3.362 230 3.775
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No | BitError Rate | No | Bit Error Rate | No | Bit Error Rate | No | Bit Error Rate
27 3.395 95 3.845 163 3.749 231 3.734
28 3.129 96 4.143 164 3.875 232 3.334
29 3.368 97 3.813 165 3.672 233 3.346
30 3.431 98 3.826 166 3.702 234 3.336
31 3.476 99 3.841 167 3.688 235 3.573
32 3.516 100 3.457 168 3.473 236 3.527
33 3.595 101 3.763 169 3.432 237 3.267
34 3.533 102 3.920 170 3.115 238 3.320
35 3.422 103 3.614 171 3.683 239 3.310
36 3.826 104 3.694 172 3.513 240 3.652
37 3.809 105 3.563 173 3.761 241 3.343
38 4.034 106 3.834 174 3.735 242 3.482
39 3.860 107 3.655 175 3.813 243 3.792
40 3.738 108 3.535 176 3914 244 3.779
41 3.556 109 3.835 177 3.687 245 3.872
42 3.553 110 3.913 178 3.638 246 4.024
43 3.610 111 3.543 179 3.430 247 3.345
44 3.634 112 4.133 180 3.686 248 3.947
45 3.756 113 3.604 181 3.643 249 4.042
46 3.825 114 3.944 182 3.940 250 3.847
47 3.570 115 3.749 183 3.650 251 3.735
48 3.282 116 3.582 184 3.431 252 3.563
49 3.343 117 3.745 185 3.734 253 3.721
50 3.578 118 3.540 186 3.418 254 3.421
51 3.326 119 4.113 187 3.790 255 3.935
52 3.651 120 4.132 188 3.817 256 4.148
53 3.544 121 3.717 189 3.423 257 3.619




123

No | BitError Rate | No | Bit Error Rate | No | Bit Error Rate | No | Bit Error Rate
54 3.536 122 3.634 190 3.420 258 3.134
55 3.563 123 3.123 191 3.413 259 3.245
56 3.781 124 3.154 192 3.368 260 3.544
57 3.798 125 3.774 193 3.151 261 3.945
58 3.512 126 3.499 194 3.087 262 3.434
59 3.617 127 3.663 195 3.652 263 3.866
60 3.898 128 3.978 196 3.592 264 3.846
61 3.756 129 3.745 197 3.648 265 3.812
62 3.534 130 4.024 198 3.570 266 3.332
63 3.852 131 3.723 199 3.813 267 3.454
64 3.865 132 3.560 200 3.373 268 3.644
65 3.558 133 3.471 201 3.434 269 3.243
66 3.590 134 3.655 202 3.859 270 3.365
67 3.824 135 3.843 203 3.915

68 3.634 136 3.676 204 3.453
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