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ABSTRACT

Hard disk drive (HDD) is data storage device for storage the music, movie or important
information. The end-users expect to have the high performance of HDD in order to storage the
important information. The complexity of production process was generated the error or problems
during the production. It is necessary to check the HDD based on industrial standard and reliability
in order to control the quality and reliability for users. HDDs were examined by the reliability test
by using various samples under many operation conditions. If the result is failure, the HDD will be
analyzed the cause of failure by experts.

This thesis focuses on the HDD failure mode classification using data mining method. It
consists of C5.0, Neural Network, C & R Tree, SVM and CHAID algorithm. These algorithms are
used to learn the failure mode using the attributes of the production process. Multiple learning
techniques study the improvement on inducing a more accurate and sensitive model. The
comparison of the each algorithm in order to get the best model that can classify the cause of failure.

The results show that the C5.0 algorithm is the best model for HDD failure mode
classification with 99.79% accuracy. The priorities of attributes are consistent between C5.0
algorithm and expert persons that influence the resulting model's quality. This method can help to
increase quality and reliability of production and to improve efficiency of the analysis process prior

to deliver the products to the end-users.

Keywords: hard disk drive, quality and reliability, pattern classification
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cloudy mild high TRUE yes
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Info(T) =-(9/14) x log,(9/14) — (5/14) x log,(5/14)
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outlook, temperature, humidity 1182 windy A1UIMAT gain Iaaauaaslugli 2.12-2.15

yes yes yes
yes yes yes
no yes yes
no yes no
no no

51 2.12 gadoyaves outlook [16]

Gain(outlook) = Info(T) — Info_ .., (T)

=0.940 - 0.693

=0.247 bits
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Gain(temperature) = Info(T) — Info,., i (T)

2.13 ¥AUDYAVDY temperature [16]
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temperature
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Yes

no
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51 2.14 ggadioyaves humidity [16]
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Gain(humidity) = Info(T) — Info, iy (T)

=0.152 bits

=0.940 - 0.788
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false true
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yes yes yes no
yes yes yes no
no no
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LLE]@]‘V]TLI'J‘WV]TH?]'I gain gﬂﬂq@ﬂ’ﬁ] outlook ANUULBDANTLIN outlook B
< 9 Yo a y aa J o ' 1% 1 <
gniaeniulnuasinvesdu lddadule iesninuean3iom outlook 83 liamsadanguily
2 o & o ' < o J
AANTAYINUNINUA (outlook = sunny ﬂﬂﬂﬁ]ﬂ%ﬂuﬂalﬂuﬂﬁ’lﬁ yes ITUIU 2 LIAADITA UAZADIT no

o 4 x @ ' < o J
TUIU 3 LIANDIA LAY outlook = rainy i]ﬂﬂmmslj’é)ﬂsl,mﬂuﬂmﬁ yes VTUIU 3 1TANDTA LazAad

q

a

o 4 o [ a Aaa P
no 3MUU 2 15AR05A) Jedesadedu liidadulalnuane ld Tasnasadenueans i1 Ny

I Y] { 1 1o &
yntluTvualuseaui 2 aevinTruasinlunsal outlook = cloudy lis1dudesadralviua

A a A o 19 A d 9 2/ (% ~
Y URVIL2N] l,u’e'NmﬂmmiﬂFﬂﬂﬂqmjau”amﬂuﬂmﬁ yes hlﬂmwuﬂmuﬁﬂﬂugﬂvl 2.16

S G

310 2.16 dnvazmsuen Inualuszaun 2 w8910 outlook (root node) [16]

aa 7 A I o A Y
LL@@]TI?‘]J'J‘V]‘VIﬁﬂJTiﬂQﬂ!a@ﬂlﬂui‘l’iu@{luigﬂﬂ‘ﬂ 2‘]J§$ﬂi’)‘]_lﬂ7]8
temperature, humidity (48 windy (attribute outlook ﬁ]gﬁhlij'g]ﬂcl%!?)ﬂ mszanmemeaz luli Tema

a o
INAMANITYU outlook = sunny A outlook = rainy)
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a 9 Y 9 A Y A
Wmim1miﬁi1ﬂwUﬂgﬂmmmmaua (outlook = sunny) D ULADN

Y
attribute temperature 9¥A1UIUA gain 1@dail

Gain(temperature) = Info(outlook=sunny) - Info (outlook=sunny)

temperature

4 @ ' < 4
11199910 outlook = sunny 3Anguioyailunaid yes 2 15An0IA 1AY

) A < ¢S =
%@HﬁﬂlﬂuﬂﬁWﬁ no 3 L3INANDIA ﬂﬁllﬁﬂﬂugl"ﬂ 2.17

sunny

temperature

no yes yes

no no

30 2.17 anvarzmisuen Tnualusgduin 3 (temperature) #9910 sunny [16]

Info(outlook=sunny) = -(2/5) x log,(2/5) - (3/5) x log,(3/5)
=0.971 bits

Info (outlook=sunny) = Info([0,2], [1,1], [1,0])

emperature
=(2/5) x [-(0/2) x log, (0/2) - (2/2) x log, (2/2)]
+(2/5) x [-(1/2) x log, (1/2) - (1/2) x log, (1/2)]
+(1/5) x [-(1/1) x log, (1/1) - (0/1) x log, (0/1)]
= 0.4 bits
.". Gain(temperature) = 0.971 - 0.4 bits

=0.571 bits

A Y o v 9 ! LY . .
1149 outlook = sunny Lm’mﬂammuuﬂﬂqmey’amllﬂmﬂ attribute windy

12 attribute humidity Auaaalugaln 2.18 - 2.19
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sunny

false true
yes yes
no no

no

i 2.18 anwagmsuen Trualuse 2617 3 (windy) #9910 sunny [16]

Gain(windy) = Info(outlook=sunny) — Info,, (outlook=sunny)
=0.971 - Info([1,2], [1,1])
=0.971 - 0.951 bits

=0.020 bits

sunny

no

317 2.19 anvaizmisven Tnualusy 2@ 3 (humidity) #9970 sunny [16]
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Gain(humidity) = Info(outlook=sunny) — Info, ., (outlook=sunny)
=0.971 - Info([0,3], [2,0])
=0.971 - 0 bits
=0.971 bits
Taoa31udn A1 gain(humidity) TN EA T9NI15WULAON attribute
. . d Qv { 1
humidity (Ju Trualuszaun 2 aoa1n Tvua outlook
Y Yo A o = Ay a
ﬂujuﬁﬂﬁuiﬂﬂﬁlﬁﬁﬂiﬁuﬂgﬂVI"I\‘]GU'J']SU’f)\‘]Iﬂuﬂ outlook NADINVITU
A aa 4 ax o 1 . A Y @ ] l 9 dsl A Y
BDNUDANTUINUALITNITATIUIUA gain NUTAIAIIAIDYINNDUNUIU ﬁWlJ']if]Lﬁ’ﬂﬂulﬂ'ﬂ
attribute windy vz ldan gain ﬁq Q‘ﬁ’q A (mﬂﬂijllsll’e)ﬂ attribute temperature, humidity {4a1s windy)
2 4 I 1 @ g’/ [
NIZUIUMIAS I decision tree 9 AUFAND leaf nodes 1T UNGUIDITOYANNTRSINUNINUA A

naaalugii 2.20

outlook

sunny rainy

high normal fals:% \true

no yes yes no

311 2.20 anvazvesdulifdadulaildnndeyanisauim [16]
[ Y
du'lddadulaaunsoutlaailunguuuiiGenlyldail

Rule 1: IF (outlook = sunny) AND (humidity = high) THEN play = no

Rule 2: IF (outlook = sunny) AND (humidity = normal) THEN play = yes

Rule 3: IF (outlook = cloudy) THEN play = yes
Rule 4: IF (outlook = rainy) AND (windy = false) THEN play = yes
Rule 5: IF (outlook = rainy) AND (windy = true) THEN play = no
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]
A o

Tunsaintivoyalvinds lunswaara iu outlook = sunny, temperature =
g . . Y Y Yo Aa o 9 dyl
cool, humidity = high, windy = true mmm“lﬂmu"I,mﬂau%muwﬂmﬁmaway‘aum play =no
a AaAa 4
Taga15 1919 2 11PANI TN A0 outlook = sunny 1A humidity = high
2.432 auldmsdaadulauny 5.0
@ a R I o AR Ao = Y o 9
9an03NY C5.0 JudanaINuNIMIGoujuuveIdonIsgualassasig
o oA Y Yy 9 9. o o o a =
Haans NunudeTasaad19du 1l Niu et al. [17] HduonseuIUMTHINIUUDI0ANDT NN C5.0
9 a vaAA 1 Y g 2 9 o a
Taglgamgupuinaisvesgaauiianiamwinaululvuasuan utagiinszuIunIsay
dounau TaeldaA1 Information Entropy 523@20 1NDA1UIUAIV0IAMANLRA A FudU n1a1

Information Entropy 3108413 1‘71 2.4
Info(S) =P, log(P,) (2.4)
i1

110 A1'S N SrAUATINAAIE1I LAz ATP, HNIEHN AIAWUINY
I A 9 [ o [l A a dﬂg [ . . A & 9 o v W
i ldninmsguarediinadulu S Tagn153aa1 Information Gain tiverumsad e wua

aumsi (2.5)

Gain(S, 4) = Info(S)— Y. @ x Info(S) (2.5)
1 S .

vevalue(A) |

eﬁjmgammﬂmsmaaﬂeum%’au”a (Split Information) ANFUNITN (2.6) Ao

v v A o [ 1 Y . o
f1 Entropy Y04UAALAUANUATUDY A Tagazdoariinmsudan 18wdea (Bias) VoINUANUA

Splitinfo (S, A) = Zn: %’” log(
=

Si

) (2.6)
N

9
91N UNIAT Gain Ratio #287151181 Gainh A1 1aM15428871 Split

Information A4ANAITN 2.7)

Gain(S, A)

(2.7)
Splitlnfo (S, A)

GainRatio (S, A) =
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Y a K Y o a R = 9 A 9
9anes N C5.0 [18-19] WAl w19 Inoanasny C4.5 3¢ Idmunnugndos
v W Y gy . I a 9 A 1 v v
YBIAIAAUYN C5.0 AITNT 1975 Boosting 11/ HMANANTATNMNTIFOUADVOIAIAALINHATY )
o q Yt v 2 o a= v Sw o
aldtianugndesnniu danesnu 5.0 Tasauerlenduas 9 wu sanuuilsilsivvesms
AALENAR (variable misclassification costs) Favziimsuenmgarelunisdauenvesnguioya
mldaamanannuulsdsiuvesmsaanenia’la lusanesiu €5.0 Saldanudingyluns
¥ o v v 1Y A A AA o A 3 o A 0 3 ™ y X
NIzNLIMINUUNQUTBYA AN INANIANUMIAALENAANIE M TNNA NI 1M gauunay
o o 9 = g
MmmsAaentoyaluioanas
P} A D) A o A A A a
doyanaz l41szneumseTunesanasnuilauasen 2.3 Tastaaialuy
dy A @ o Y A A Ao a A ] F2 1A
MiFoinTeeliueIma Mvuald 2 A1 A0 Yes, No a9iiinnnsanne 01y uuigeonla 3 A1 fo
1 ' ' 1 I '
ooNn11 30, TN 31-40 1AZWINNIT 40 51814 uLseeniiu 3 A1 A High, Medium 1Az Low

o 1 I 1 a ] I ' .
FOIULMINIU LU 2 A ﬁ’ﬂ Yes, No LagnTaf Hugeeniy 2 A ﬁ@ Fair, Excellent

d‘ (J ' 9 dy A @
MA13189N 2.3 G]’JE]EJ’NGJCJ:@’P]JE]H@ﬂ’liclfalﬂia\iﬂillfnﬂ’]ﬁ

Age Income Working Credit Product (Air condition)
<30 High No Fair No
<30 High No Excellent No
31-41 High No Fair Yes
>40 Medium No Fair Yes
>40 Low Yes Fair Yes
>40 Low Yes Excellent Yes
31-41 Low Yes Excellent Yes
<30 Medium No Fair No
<30 Low Yes Fair Yes
>40 Medium Yes Fair Yes
<30 Medium Yes Excellent Yes
31-40 Medium No Excellent Yes
31-41 High Yes Fair Yes
>40 Medium No Excellent No
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A @ 1 9 dy A o Y a A
1NNITNN 2.3 G]’J’E]fJN‘]g.’ﬂﬂJ@HﬁﬂWi“ﬁ@Lﬂi@QﬂiU@1ﬂ1ﬁ DINVITUIN Age 98

aunsamiangudeyalanwaaslugii 2.21

Parent
(9,5)
I I
Age £30 31 SAge <40 Age > 40
(2,3) (4,0) (3,2)

51 221 @regramsuiangudeyai Atribute Age [18]

4 o o ' . ' ' F £
lﬁ@u’]u’]ﬂ’lu?mﬂ’]ﬂ’l Information GUENLmazﬂqm]zllﬂ \Tﬁ

Parent : Info([9,5]) = - (9/14) log, (9/14) - (5/14) log, (5/14)
=0.940

Age <30 : Info([2,3]) = - (2/5) log, (2/5) - (3/5) log, (3/5)
=0.971

31 <Age<40 : Info([4,0]) = - (4/4) log, (4/4) - (0/4) log, (0/4)
=0.0

Age > 40 : Info([3, 2]) = - (3/5) log, (3/5) - (2/5) log, (2/5)
=0.971

9
[

UUAIUDY Information HONITUIN Attribute “Age” A1

Info([3,2], [4,0], [2,3]) = [(5/14)x0.97 1]+ [(4/14)x0]+ [(5/14)x0.971]

=0.693
AZAIYDY Gain 1WONITMUN Attribute “Age” AD
Gain = Info([9,5]) - Info([3,2], [4,0], [2,3])
=0.940-0.693

=0.247
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[ a I 1
Split Info T¥nann151au1uN1311 Information oenu YU 3 ngu Taen1s

v

usuemsvestoya lildiusmau a1 Yes w50 No mindoyanindznsium

naN 918 08N K NI 30 U 5 519015

Q Q

A

J 1 A o

NG 1gURENNHUIOWINY 30 - 40 T 4 518013

NN 01gUEENVIBIMINY 40 NTIWIU 5 510M3

awldm Split Info Ao

Split Info([5,4,5]) = - (5/14) log, (5/14) - (4/14) log, (4/14) - (5/14) log, (5/14)
=1.577
.. Gain ratio =0.247/1.577

=0.156

: , ~ 3 ! <
Lﬁ@llﬁ}ﬂW Gain ratio uazmmsmmmclusmmiﬁu 1 AUATU NITTTINITD

Y ' o T
L!ﬁﬂth@'g’lli’ﬁ]gulmﬂ']ﬁvl’]\j']uagﬂ']"ua\jﬁ’]ﬂﬂ’ﬁl@

a a' a A v v
2.5 mﬂuﬂmimuﬂizaﬂﬁm‘wmiﬂﬂ!mﬂﬂl@ya
A A A [ 9 3 A Y o 9
mMainilszansammsaauendeya [20] Jumsivanugndedlumsinnedeya
KX o Jyy asn 4 4 ¥ A A ' 3 . A Aa Y Yy 1
F9911'18A28n1577F classification Ha1Y 9 N33 ¥I8L38NI1 multiple leaning maianfiouly laun
Bagging 142¢ Boosting [21]
I o @ 4 ' ? o
Bagging W30 Bootstrap aggregation Lﬂu‘mﬁmmiﬂﬂLl,flﬂélsll@u”aﬂmﬂﬂﬂ U 10 ATI M
1 9 '
T laddauendoya 10 Tuma etms 10 Tuaa Tl 1diemshueniesmunilszinndoya
Y Y 1 1 v
Tna vz dadoyalniisronisiulyl1dns 10 Tuwa iiemssinnewa Fawai ldanmsiinees
g A o 0y A = o Ay v 1 Y v d 9
03 10 Tumaenagmiloununaviua nioevaziimsvinenan lauanatanull madwsganie
o ya o 1 g’u g’/ 1 1 o =] v
¥pIMININerz 195510 InI0 103 10 Taauy auInainneintusaanidiule szuans

v Ay Y o 1 1 axy . =\ g}} [V ~
waaww'lmﬂumimmamaﬂumamuiwm 5113 Bagging Nuuapuaaadlugilin 2.22
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/ﬁUnknown sample X

Classifier Class
C

——
1 prediction \

S Classifier Class Combine
" — | S
Initial data S, c, prediction votes

- . ] L] .
- L) .
L] L] L]
Classifier Class
S —_— final class
k | prediction

C
— prediction

317 2.22 mntia Bagging ioriiulse ansammssuundoya [20]

3 o @ 2 @ a . 1 @ {
Boosting IJumsiiimssauendeyanatonsunilounumaiin Bagging HAANAUATIN

a

o W 1 4 ' I a 1w A °
msaduddatendoyauaazasslulaiudaszasni maiin Boosting 125 uAUINUAI0NS

4
o Y]

Y1 3 v o Y ' ¢ A g s < o A
{lﬁﬂ”lu”lﬁuﬂﬂﬂsll’ﬂuummﬁglﬁﬂﬂ’ﬂﬁﬂ Iﬂﬂlihﬂunﬂﬁﬂﬂﬂﬁﬂuu']ﬁuﬂl‘ﬂu 1 INOU IUDNINITHYN
9 ¥ 9 J { o 9 o a A '
megaiumuwmmw&mauwammﬂﬂmaya Liﬂﬂ@5ﬂ1ﬂﬁﬂﬂllﬂﬂﬂl'€]3\lﬁ‘I/]'l‘L!'lEJNﬂﬁ]ZQﬂ!WiJﬂ'I
¥ @ Y v o o 9 y A 9 v 9 = o a '
UIN ﬂﬁh’i ‘Uﬂ'li‘ﬂ?ﬂ'liﬂﬂllﬂﬂell@Hﬁﬂi\?@l@hlﬂLW’f]GlWﬂ’Nllﬁu{lﬂﬂﬂsll'ﬂll“ﬁﬂgﬂ‘i/]'luﬁJWQNWﬂﬂ'ﬂ

4 o o P o a P ¢ g Ty o oda v
U ﬂ1i‘l/]'lﬂ'l§ﬂ@l,l,flﬂ"ll@ll”aFl]Z@1!uu1ﬂl%uuﬁﬁ18ﬂiﬂﬂuﬂi$ﬂ\‘]vl,@NﬁaWﬁﬂllﬂ'J'lllgﬂGl@Q
=2 A o A ' A v A ' ) Y 1 =
L!iJuEﬂt;NﬂﬁLﬂm“ﬂVlﬂ'lﬂuﬂ ﬂi@@'E'Jl,iJ'é)llllﬁ11]'l'iﬂLW3Jﬂ’J'liJll,3JuUWUlﬂ@ﬂﬁ’ﬂllﬂ NIZTUIUNITI
2 v W 9 ' Ay ¥ o 9 o y o A a 2
auga uazarnauendeyaargan ldezgnirllIdlumsinnemedausndeyanazinaduly

9 1
PUIAA 5N Boosting Nuuaouauaasluzilin 2.23
new sample data

CIassuFer

_— —Claasifier
data c

2

Classifier

C*

ﬂﬁ 2.23 main Boosting LWE’JL‘W?J’IJ? ammwmsmuuﬂmam [20]
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2.6 MmatamsIalszanson

TumsnaaesazdodimsmuramAINNgNABIUeItoya (Accuracy) o IaHaN

£ o A Y 9 =~ 2 a g 9 9 A
Ulﬂmﬂﬂﬁ‘]mumllﬂ'lﬂ’.ﬂll@jﬂG]’E]Qlﬂﬂu’E]EJLWEJﬂﬂ"NﬂmﬂuiﬂEJE]% [22] A9aUNITN (2.8)

9 A

Sudoyaniegnaea
T x 100 2.8)
Tuudeyanavua

u

ANNNYNADI (%) =

lumsiadszaninmlagldainiugndesuesioya (Accuracy) 92A09¥1015180N

9 L. ] . 2 A A anA A '
ﬂl@yja%ﬂﬁﬂu (Tralnlng Set) llagm@yjai}'ﬂﬂﬂﬁﬂﬂ (Testlng Set) FIUHANNIILADN 3 'J‘ﬁﬂﬂla@ﬂq‘ll

doyauuviosas MongudoyanuuaNuUieInse K ngu (K-Fold Cross Validation) t1az1aongu

[ Y
HUUYRYALDY Leave-one-out Cross Validation ¥4ii5180z180anqil [23]

=1

2.6.1 msdenguioyauuuiosay (Percentage) 910N FUToYAYATOUA NI DIAZN
o [ Y A = I 9 o ~ Y A A 1
mua dmivdeyaimassziludoyaganadevauaaslugl 2.24 YoRvesnsidenguy

v A d ax A vy A 1Y A Ay @ W v o 3
'f)ll“'dllﬁll‘ﬂﬁﬂﬂagﬂ@!ﬂu?‘ﬁﬂ’]ﬁlﬁ@ﬂﬁ:nm@uaﬂ\ﬂﬂ Llﬁmﬂlﬁﬂﬂﬂm@yjanﬂﬁ')ulullﬂgﬂu'lll']!ﬂu

U

il
9
il
doyagadouLAzYANAToL

Total number of examples |
I il
Training Set Testing Set

51 2.24 ms@engudoyauuviosas [23]

Y

1 9 d' ! . . y
2.62 MItAeNFUIDYNUVANUNSIATI K NGy (K-Fold Cross Validation) 3z1a0ngu

v

) g "W 4 v A 3w )
Gummmaamﬂu K gamini Glumsvmammmmmegaeyw 1 Lﬂumagaﬁyﬂmﬁ@mmzmagaw
P

=).

]
=1

A g ¥ A v S v

mamﬂumagaﬂ;ﬂﬁau “lumimammmﬁawmgawm 2 Lﬂumauammﬁemmmayjayﬂ
A
3

=h.

K U q

3 9 o ) v o 3 9 2 A
341 mﬂumagaﬂ;ﬂﬁau mﬂuﬂizmm@ganﬂw%aﬂumuﬂumamaﬁmmaaumumimam

U U Q
Y Y H

1 T = o Ay Y ° 1 = Y o

NIHNA K 133 Fanadnsi IMazinanmamuianimasnnugnassvesmssmunilsznnly
HAAZI0U A0 1NMTHeNguTeyanUDANUNeNse K nqu tiie K =4 dwdaalugli 225
Y A VY A Ay o ° 3 Y
WoAveINITReNgUTRYALLUANUINGINTI K Nauae Toyannalazgmimuiludoyagaaemn

] 1Y A A gy A v ) d
HazudyaYANAgToU Lmﬂl’ﬂlﬁﬂﬂE’)%ﬂ?ﬁ"ll!"ll!iuﬂﬁ‘l/lﬂa@\‘] HDINANNNAADIVDUANINUA K

Y Q u

Y 9
9

% dya o Y =] L%
A5 NIddeumMualya K Iaumnu 10
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Total number of examples

Experiment 1 Testing Set Training Set

Experiment 2

Experiment 3

Experiment 4

‘]Jﬁ 2.25 ﬂmaaﬂamaummummmmma K ﬂaiJ LiJ’E] K =4 [23]

' 9 . . U 9
2.6.3 Lﬁ’aﬂaumaummu Leave-one-out Cross Validation ﬁaﬂmﬁaﬂqumayjmmu

~ 1 A o 9 = (Y o Y 3‘/ [ ~
ANUINYINTI K f‘IEpJ mamwuﬂiw Kummmummmmamayamwm (N) mua@ﬂugﬂm
9 [ 9 . . o v Y
2.26 ﬂjﬁlaﬂlﬁlﬂﬂﬁlaﬂﬂfj{hﬂjﬂymmﬂ Leave-one-out Cross Validation ﬁammzﬁmiumagamum
< 1Y A A 1 o o 9 v A v Y o q Yq ¥
1an memﬁﬂﬂ’a”lmwmzmmmagamumslmymmmﬂmwsﬂﬁauwmﬂﬂﬁmﬂwsl%naﬂu
NITINAADIUIU

Total number of examples

i

/Testmg Set

Experiment 1 Training Set

Experiment 2

Experiment 3

Experiment N

ﬂﬁ 2.26 ﬂmaaﬂﬁmanmmu Leave-one-out Cross Validation [23]

[ A a @ a A Y Y o 9 A A [ ' 9
'ﬁ'LNﬁ]']ﬂlaﬁ]ﬂl‘ﬂﬂuﬂﬂ’liﬂﬂﬂizﬁﬂﬁﬂ’lwll,ﬁ'Ji]ZGlfNu'IGU’E'HJ”aﬂ!ﬂﬂﬁﬂﬂﬂ’lil!ﬂﬂl!ﬂﬂ"ljﬂy’ﬁ

'
a [ 9 A A

939 NUTOYANAAINNITHINIY A28TTVVAITUULLEN (Classification System) M NITHIA

U
9 Y

a o . . I o o A Y o 1
mﬂHﬁLLUUﬁiiMﬂ11ulNﬂiﬂ% (Confusion Matrix) [24] L‘]Jl.l"llf)iJﬁﬁTﬂfg‘ﬂﬂ%iﬂf’)ﬂﬂ'ﬂllulluﬁiﬁ

U

@ { < o { .. .
voaluAanen1519n 2.4 Wumsyhuedeyaniiaesnala Ae Aae positive LAY ADE negative

U
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15199 2.4 @298195VUMITUUILENLUL Confusion Matrix

AU (Predicted)

ﬂﬁm 5 (Negative) goU5V (Positive)
, - ‘lJf]Lﬁ 5 (Negative) A B
A1A1U939 (Actual) .
#9U3U (Positive) C D

[

Y
9101519 Confusion Matrix IAUHNIEAIL
1 I % ~ Y o
1A L‘]Juﬁ’)!ﬁﬂl‘ﬂglﬂ@]'ﬁ]\ﬁ]']ﬂﬂ?i‘ﬂ'l‘hﬂﬂ
1 I Y] ~ 1 Y o
1B Lﬂuﬁ?lﬁ“llﬂhlllgﬂﬁﬁ]\ﬁ]']ﬂﬂ'lﬁ‘]/nu'lﬂ
1 I Y] ~ 1 Y o
A1 C Lﬂuﬁ?lﬁ“llﬂhlllgﬂﬁﬁ]\ﬁ]'lﬂﬂ'ﬁ‘]/nuﬁl
1 < % A Y o
1D Lﬂuﬂ?m"ﬂ’ﬂgﬂ@@ﬂﬂ']ﬂﬂ']ﬁﬂ']u’]ﬂ
A 9 dgl Y = v ' o Y ¥ 2 ..
Ii]ma‘ﬂﬁﬁ’]\?suu%3@]@Q3Jﬂ133ﬂﬁ]1$ﬁ]\1'3'] msmuwgﬂ@mmmﬂu True positive rate
1 < . 1 = v A Y ° A ~ .
mﬂﬂ uazyﬂu True negative rate L“I/Iﬂﬂ m%wﬂﬁu"lmmamﬁmmﬂmﬂmmwaﬂﬂ (Precision)
Y = 91 ] o W J dsl o ! Y
q@‘l’l']ﬂﬁ]\‘]ulﬂﬂ']ﬂ'l']lllliluﬁﬁﬂ (Accuracy) ﬂlaﬂuma @]'J'Jﬂlﬁﬁ']l‘lﬁ11ﬂﬁﬂﬂ']u3mﬂ']llﬂflnﬂ
Y
confusion matrix A47)
True positive rate (or sensitivity) = D/(D+C)
True negative rate (or specificity) = A/(A+B)
Precision = D/(D+B)

Accuracy = (D+A)/(all samples)

2.7 MIAITIAONAT (Literature Reviews)
a a (dy Y o =< A 9 (% Jd a J =2
’J‘V]EﬂuWu‘ﬁullﬂ‘l’]”lﬂ"liﬁﬂy"llﬂﬂ’ﬂmﬂﬂ‘]JﬂTW]iTJﬁ]ﬁmJﬂmﬂ”IW%ﬂiﬂﬂﬁﬂ INNITANH
axy Aa o 1 [ 1 19 o~ YA A I
’J‘ﬁﬂ1i{5]i’3ﬁ]’dﬂﬂﬁlu\ﬂu’mﬂ UHag 58913 UANAINNU meaaww%ﬂa LW?JL‘]JHLLH’WINSluﬂWi
Y Yy 9 9
wann nagdSulgad lunszurumsndalvavuisau aglldnwedavldail
2.7.1 Customer Failure Modes Prediction for Hard Disk Drives using Neural
Networks Rank-Level Fusion
. a o dy 9 1 = d' a 49! d‘ 1
Tepin W tlagAdle [25] 31UI9U llﬂﬂﬁi?ﬂﬁﬂﬂ]ﬂ‘ﬁ"mLﬂﬂﬂlulu@ﬂﬂiﬂﬂﬁﬁﬂi%ﬂ%ﬂiﬂ
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2.7.3 Hard Disk Drive Failure Mode Prediction from SMART Attribute using Data

Mining Method
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Attribute16 1 ® 5 1 ® 1 ® o ) o o
Attributel7 1 5 ® ) () ® ® o ® ® [
Attribute18 1 ® Qo ® 3 ® ® ° L ] L
Attribute19 1 ® °® o x 3 [ ) () ) o ®
Attribute20 1 Y ® ® ® @ ° 4 5 X Y
Attribute2 1 1 1 1 ® 4 °® 2 2 1 2 o
Attribute22 1 4 4 ® 1 ° 4 ° ° ° 3
Attribute32 1 ® ® 4 4 ® Y o °® ° X
Attribute35 1 ° 3 e e 5 o o ° 3 3
Attribute41 1 ® ® ® ® o o o o o 5
Attribute43 1 Y 3 Y Y ° ° 3 ° 4 [
Attribute44 1 3 ° ° 2 ° 5 ° () 3 ®
Attribute45 1 3 X Y Y Y 3 Y 3 Y 2
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d' Aaa s 9 9 o '
AN 4.1 UFAAILDANTUIN 3Jﬂ'l'iGlG]N11!11!ﬂigﬂﬂuﬂ13ﬁ31\1llﬂﬂﬂ1aﬂﬂ C5.0 (s®)

Rule
Attribute  Priority

1 2 3 4 5 6 7 8 9 10
Attribute04 2 4 Y Y Y o o o o 5 ®
Attribute05 2 e o o o o o o ° 1
Attribute12 2 Y Y Y Y °® o o 4 )
Attributel3 2 Y 5 Y 5 o 5 o o 4 5
Attribute27 2 ) ) ) ) o e ] ]  J J
Attribute28 2 Y 2 2 ® 3 ° ) X ) )
Attribute30 2 ° 3 3 ° 4 ° o 2 ° °
Attribute33 2 4 Y Y Y ° 4 5 ° ° 4
Attribute34 2 ® ® o ® Y Y Y Y X Y
Attribute38 2 Y 4 Y 3 X 5 5 3 o 5
Attribute39 2 ° o 5 ° X ° ° ° [ 2
Attribute40 2 Y 4 4 Y e o 4 3 ° )
Attribute74 2 ® 5 5 4 3 4 5 4 ) )
Attribute75 2 3 ® Q °® ® °® X ° 2 o
Attribute76 2 ® () () ) ® ® ° L [ ]
Attribute06 3 X ° Y ™Y ® 4 ® 4 ) )
Attribute07 3 Y ® ® X ® 5 o ) ) o
Attribute14 3 X Y ) X Y ® o °® 4 ()
Attribute23 3 4 ® ® Y ) o 5 5 o o
Attribute24 3 X ® ) ® © o o L [ (]
Attribute25 3 Y Y e ® o ) X [ ) [ ) [ )
Attribute26 3 ® ® 5 Y ° 5 5 4 ) [ )
Attribute36 3 5 Y 3 ° 4 ° X o X o
Attribute42 3 ) X X X X Y X X X
Attribute55 3 ° ° ° 5 ° ® ° ° 4
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H AaaAa I'd 4 o 1
M99 4.1 uaaeanstnums lnulunszurumsadauuiiass C5.0 (do)

Rule

Attribute  Priority

1 2 3 4 5 6 7 8 9 10
Attribute56 3 2 Y X 4 5 ° Y ® ® ()
Attribute57 3 2 X 5 2 Y 3 4 Y Y 3
Attribute58 3 4 Y ) ) ® X ° ® () o
Attribute59 3 Y Y 3 Y X Y ™Y X X Y
Attribute60 3 Y X 5 5 4 Y ° 5 o [ )
Attribute61 3 ® Y X 3 2 X ® ® ® 4
Attribute62 3 Y 5 2 Y ° ® ® ® 1 3
Attribute01 4 ) Y ) () () () () [ [ ) ]
Attribute02 4 ° 4 ® 5 ° ° () 5 X ®
Attribute03 4 5 ™ ° 2 4 ° ° ° 5 °
Attribute63 4 Y 5 Y Y ® ° ° 4 5 °®
Attribute64 4 ® Y ) ) ) 5 () ® [ ]
Attribute65 4 ® ® ) () ® () ® [ [ ] ]
Attribute66 4 ® ® Y e ® ® Y Y Y X
Attribute67 4 @ ) () o () o ® [ [ ]
Attribute68 4 ° 5 o 3 ° ° 4 3 o °®
Attribute69 4 Y ® Y ) Y Y Y Y Y 5
Attribute70 4 ® ® ) 5 ® ® ) () () o
Attribute10 5 Y ® Y Y Y Y Y Y X o
Attributel1 5 ) ® () ® ® ® (] [ [ J
Attributel5 5 Y o ® e ° X ] ] o [
Attribute29 5 X X X X X X X X X X
Attribute31 5 Y o Y Y o o o o o [ )
Attribute37 5 ° ° ° ° ) [ ) o X °
Attribute46 5 X X X X X X X X X X
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H AaaAa I'd 4 o 1
M99 4.1 uaaaeanstnums lvnulunszuiumsadauuiiass C5.0 (do)

Rule
Attribute  Priority

1 2 3 4 5 6 7 8 9 10
Attribute47 5 3 5 Y X ° 4 ° ] ] o
Attribute48 5 ° 2 ° ° Y Y 3 2 5 ®
Attribute49 5 X X X X X X X X X X
Attribute50 5 Y Y 4 o 2 3 ) ] o o
Attribute51 5 Y Y Y 4 Y X 3 X Y ®
Attribute52 5 X X X X X Y X X X X
Attribute53 5 ® ® ) Q () ] [ [ [ ) J
Attribute54 5 ® 4 Y ® ) ° () o () [ )
Attribute71 5 Y Y X Y X 2 2 Y Y 5
Attribute72 5 Y X X X X X X X X 4
Attribute73 5 Y e Y Y 5 ° 4 4 ®

Y
4.1.2 9ane3Nu Neural Network 3n3e519%10Y (Hidden Layer) 914734 40 12308 1)

AlsznmmsnugnAeeszHIeTmsHndewmIn 90.784% ldnar lumsaduuuiiaes 1

v
o

w1 38 3unit Tastimsmnuannudidyueaeanitimintiiun

Tuzi 4.12

73

T415z0ama (Input) AduEA



T

Attribute 2 7
Attribute5 7
Attribute 75
Attribute 64
Attribute 35
Attribute 30
Attribute s8]
Attributel 7]
Attributed 0
Attribute 14— i

0.000 0.005 0.010 0.015% 0.020 0.025

o w 9

4 1Y aa Ja o o
qﬁlﬂﬁ 4.1 mﬂ‘ummmﬂmﬂmu@mmmmﬁmmﬂizuaawmm‘umam Neural Network

v v
413 8and3NY C&R Tree HN1TT319AIUAN (Tree depth) HIHUATIUIU 7 FU

o aa Jd . < Aaa J °
mwuwiﬁ'uammmm Failure Mode Lﬂu&tﬂﬂﬂﬁﬂ')ﬂﬁ}hﬂiﬂﬂ uazﬂl%}naﬂuﬂﬁﬁ%’mmumam 6

[
o

a = A o o @ AaAa = 9 [ ~
IUMN Iﬂﬂilﬂ”I‘Huﬂﬂ’J”I‘lJﬁWﬂi‘gﬁll’fNLL’EMTIS‘U’JVI‘VIHHJﬂG]f’]JimJ’JaNa (Input) muﬁmﬂlugﬂﬂ 4.13

Attribute07—
Attribute57
Attribute18—
Attributes0—
Attribute55
Attribute 27
Attribute 35
Attributel1 7
Attribute5e— |
Attribute&0— |
attribute10—] |
Attribute52— |
Attributel5— |
Attributes s
Attributess— |
Attributeds— |
Attribute20— |
Attributeds—

0.00

0.10 0.15 0.20 0.25 0.30

[

51 4.13 Srduanudirgueweaniiaimhulszuiarnanuusians C&R Tree
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o Ay v [ a R = = Y . I
LL‘]J‘iJ"l]'IaENﬂhlﬂfl]'lﬂﬂﬂﬂﬁli‘ﬂiJ C&R Tree llﬂ'liliflﬂnl% Attribute22 L‘]J‘L!I‘Viuﬂﬁﬂ
v '

9% Attribute55 11ag Attribute21 TUa 18 UFUN 2 uazdl Attributel8, Attribute57 11Ag Attribute50

o w g‘/ A = Y A [ A
Tugausun 3 U,agﬁ"lll'liﬂllflﬂﬁ'l!ﬁﬁ]ﬂ'ﬁlﬁﬂhlﬂ 19 VDW muﬁﬂﬂugﬂm 4.14

Attribute22

<= 6.500 > 6.500

\

Attribute55 Attribute2l
N i oy

<= 16673.50 > 16673.500 <=127.500 > 127.500
™~ e N

Attributel8 ‘ Attribute57 Attribute50

~ Aa g W o v & ®
E‘lj‘ﬂ 4.14 oANIUINT 1% 11 3 MAUBUUTNUDUUUINNDI C&R Tree
o a R = 3 Y aa 4 . 3 aa 14
4.1.4 9anosny SVM Unsnivualvueansiiion Failure Mode tH uuoansdan
e (Target) wazldnarlunmsadauuusiass 13 319 Taguvusiasa ldumivua

o W aa A o 9 @ -
anudayvewoanstmminnlylszuiana (Input) asaaaluziln 4.15

Attribute 04| et IS
Attribute 05—
Attribute 3 )
Attribute 36— I |
Attribute 0o :
Attribute 10— :
Attribute 2 8
Attributed 9
Attributedd—
AttributeS 2
Attributed 5
Attribute s8]
Attribute 75
Attributel6—
Attribute 02
Attribute 35

0.00

o—t------------

L]
]
L]
o]
I
L ]
]
Le3]

0.08 0.10

o w

! o w aa Ja o o
qﬁjﬂﬁ 4.15 ﬁ’lﬂﬂﬂﬁWﬂﬁ’lﬂme@ﬂll@@]ﬂﬁU?ﬂﬁUWNﬂJiZN'JaW'ﬁLLUU%'IafN SVM
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415 6an3N N CHAID Un13a319A2 1NE N (Tree depth) WAHUATIUIU 8 FU

o aa 4 I aa 14
MrualiieanItim Failure Mode Wuuean3 il viune (Target) uazldarlunsaiis

o a = A o o w aa JA o Y [
LUV 3 IUMN TﬂEmmwuﬂﬂammﬂayumua@mmmmumﬂ%ﬂixmawa (Input) AALTAN

Tuzin 4.16

3
L]

Attribute21 151 THUATIN 9T Attribute71, Attribute22, Attribute58 118% Attribute30 TG 1IHY

.ﬁ.ttributeﬂ—i
Attributez 2

Attribute50
Attribute 65
Attribute71-]
Attributez 0

Attribute03-]

Attribute 26

Attribute 75
Attribute30-]
Attribute5 7

Attributed 5
Attribute 25
Attribute54
Attributell—
Attribute 24
Attribute 73
Attribute 28—
Attribute 35
Attribute 34

=
=
-
?

|

0.0

o w <)

4.16 a1UANUE

) = Y @ a K YA =3 9 [ o
LL‘iJ‘]J‘ﬂWaﬂx‘lﬂulﬂinﬂﬂaﬂﬂiﬂﬂJ CHAID llﬂ?JﬂWiLSEJﬂi%’!Lﬂ%’ﬂﬂﬂ'ﬂNﬁ'”lﬂfl]

0.1
Y aa Ja o o
'lﬂﬂul"llfNLl,'fJﬁ‘l/ﬁU'N/]ﬁu'liJ'lﬂi%ﬂJ'JﬁWﬁ!LU‘Uﬂ1a’fN CHAID

0.2

0.3

04

[

g

=

2 uaziin13 19 Attribute54, Attribute50, Attribute65, Attribute20, Attribute34 1ag Attribute57 11

awudud 3 Tasamnsauenaunansido|@ Ao NPF 1az Degraded Head siaueaalugili 4.17

Attribute71

> 235

p
<=
Attribute54 ‘ “

d‘ Aaa A 9 o w ?x’z o
51N 4.17 vean3UINN ¥ U 3 AAVFULIAVBILLIIADI CHAID

U

o

Attribute22

<=7

>7

Attribute50

Attribute65 l

Attribute21
N ——

S0,
~
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Y ©
-,

7 32
S

| Attributess

<= 64,540

> 64,540

Attribute20

Attribute34

Attribute57

Degraded
Head



4.2 f’ﬂﬁ‘ﬂﬂﬁi’)\‘l‘}’nﬂi%a"ﬂ%ﬂ"I“I/‘Iﬁlli’N!!‘lJ‘U‘%Hﬁi‘N
< a ) o Y ° Ay Y A '
nJumiammwm’ﬂy‘a‘waqﬂm‘lﬂgﬂuumamuuinaﬁmnmqmmmmammmm

1 o a 4 ' { o ) o
gnAeUBILAazLUUTIA Tnedins1zimnInugnaevesgateyaminlddmsuaou

u

'
A o

(Training data) 118211191A MY NABIVBIYAT YN IFd 1S UNATO (Testing data) F14

U
Y
[

4 S
HAGNEAIT
@ a R a 7 Y o ~ Y 9 ) @
42.1 dane3Nu C5.0 HANMIIATIZHTOYANTHIUIBNANITEoUAIeToyad 11T Y
.. o Jd A ~ I ¥ Y < o
@Y (Training data) 311U 685 13ARD5A HAWawIT0 lumsiSeud lagndes lusou 677
J a d = Y 1 Y o J a 3
isanesa Amilu 98.83% uazwamsisous lugndes $1uau 8 15An0TA AAY 1.17% wagkanis
o . o o o
MueaIedoyanadol (Testing Data) S1UU 476 15AR05A ANuAINITa luiue ldgndes
3 o s a Jd o 1 FY o J a d
Wusau 475 5aaesa Aailu 99.79% nazramsiiuelignaes S1uau 1sanesa Aadlu
9 g a A g . . [ A
0.21% MnToyaninua a1w15nesu1eraniugiiu Confusion Matrix aueaaslugii 4.18
HAZLAAIAININNYNADIVO AR A UMM FEVBILDUTIA0 Tan1NA13 19N 4.2

E-Results for output field Failure Mode
E-Comparing $C-Failure Mode with Failure Mode

'Partition’ 1_Training 2_Testing
Carrect BYY  98.83% 475 99.79%
""" wrong 8 117% 1 0.211%
Total G5 476
EH-Caoincidence Matrix for $C-Failure Mode {rows show actuals)

‘Partition'= 1_Training ATISTE  CHND Degraded Head ~ FHM Head Instahility  MMD MPF OTW WDW Weak write
ATISTE g 0 0 0 0 1] 0 0 0 0
CHD 0 T4 0 0 0 1] 0 0 0 0
Degraded Head 0 0 16 i} 0 1] 2 0 0 0
FHM i} i} 0 47 0 1 0 0 0 0

----- Head Instahility 0 1} 0 0 a0 1] 0 0 0 0
NMD 0 0 0 0 0 182 2 0 0 0
MPF 0 0 0 0 0 1] 267 0 0 0
0Ty 0 1} 0 1} 0 1] 0 10 0 0
WO i} 0 0 1} 0 1] 1 0 44 0
Weak write 0 0 0 0 0 0 2 0 0 12
‘Partition'= 2_Testing ATISTE CHD Degraded Head  FHM Head Instability. WNMD WPF OTW  WDW  Weakwrite
ATISTE 4 0 0 1} 0 1] 0 0 0
CHD 0 40 1} 0 1} 1] 0 0 0 0
Degraded Head 0 0 9 0 1} 1] 1 0 0 0
FHM 0 0 0 19 1} 1] 0 0 0 0

----- Head Instahility 0 0 0 0 16 1] 0 0 0 0
MMD 0 ] 0 0 0 146 ] 0 0 0
MPF 0 0 0 0 0 1] 182 0 0 0
0Ty 0 0 0 0 0 1] 0 |4 0 0
WD 0 0 0 0 0 i 0 0 45 0
Weak write 0 0 0 0 0 1] 0 0 0 g

51N 4.18 WAMINATOVUDILIVVINADI C5.0

U
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A1519h 4.2 wamﬁmﬁzﬁ

) A
Vayan

I¥dmsuaouay

9

A
voyan

Gl%’mﬁammzmuﬁmm C5.0

Training data

Testing data

Failure Mode

Correct Wrong Accuracy Correct Wrong Accuracy

ATI/STE 5 0 100.00% 4 0 100.00%
CND 74 0 100.00% 40 0 100.00%
Degraded Head 16 2 88.89% 9 1 90.00%
FHM 47 1 97.92% 19 0 100.00%
Head Instability 30 0 100.00% 16 0 100.00%
NMD 182 2 98.91% 146 0 100.00%
NPF 257 0 100.00% 182 0 100.00%
oTW 10 0 100.00% 6 0 100.00%
VDW 44 1 97.78% 45 0 100.00%
Weak Write 12 2 85.71% 8 0 100.00%
37 677 8 98.83% 475 1 99.79%

@ a a 4 o ~
42.2 ﬂﬁﬂﬂiﬁu Neural Network W’ﬁﬂﬁ’JLﬂi1$W"ﬁjﬂﬂal,ﬁﬂﬁ‘]/ﬂilﬁlﬂﬁﬂﬁliil‘l&ﬁﬁfﬂ?ﬂhﬂﬁ

) @ . ) J = = I ¥ 9 I
A1NIuUaou (Tralnlng data) 9TUIU 685 LIANDIA ummmmmslumiﬁaug‘lﬂgﬂmm L‘]J‘L!

o J a < ~ 9 ' Y o J a I
IUIU 616 L1TANDTIA ﬂﬂlﬂu 89.93% LlagwaﬂWﬂ,iﬂuglliJQﬂ@@\i IUIU 69 LTANDTA ﬂmﬂu

o 9 . o J =
10.07% lla3“aﬂ15%1u1ﬂﬁjjﬂmﬂy’aﬂﬂﬁﬂﬂ (Testmg Data) 914U 476 13AADIA UANUFIUITD

Y

o <3 o J a g o ' o
Tusihiuneldgndes iWusmau 438 1sanasa Amilu 92.02% wazkanisiueligndes S1uau

@ < ¥ a ! g o
38 LIAADIA ﬂﬂL“]J‘L! 7.98% mﬂ%gamwm mmmaﬁmawaﬁgﬂugﬂuuu Confusion Matrix ¢

uanalugili 4.19 nazuaasmnnugndssvsuaaz auransi@evewusiass lanuaisiedn

4.3
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E-Results for output field Failure Mode
E+-Comparing $N-Failure Mode with Failure Mode

'Partition’ 1_Training 2_Testing
Carrect 616  89.93% 438 92.02%
""" WWrong B9 10.07% 38 T.H8%
Total 1] 476
- Coincidence Matrix for §M-Failure Mode (rows show actuals)
'Partition'=1_Training ATIHSTE CHND Degraded Head  FHM Head Instability  WNMD  WPF OTW  WDW  Weakwrite
ATISTE 2 0 0 0 0 1 0 0 1
CHD 0 6Y 1 1 0 1 1 0 1 2
Degraded Head 1 2 10 1] 1] 1 2 1] 2 1]
FHM 0 2 3 ar 2 1 3 0 0 0
----- Head Instahility 0 2 0 0 22 3 2 0 1 0
MWD 1] 1] 1] 1 1] 180 3 1] 1] 1]
MPF 0 0 1 0 0 1 254 0 1 0
0Ty 1 0 1 0 0 0 1 i 2 0
WO 0 1 0 1 1 3 2 0 36 1
Weak write 0 1 0 1 1 4 1 0 3 3
‘Partition'= 2_Testing ATIHSTE  CHD Degraded Head  FHM Head Instability  WNMD  WPF OTW  VDW  Weakwrite
ATISTE 2 0 0 1 0 0 0 0 1 0
CND 1] an 1] 1] 1 ] 2 1] 1 1
Degraded Head 1] 1] 4 1] 1] 1 3 1] 2 1]
FHM 1 0 0 18 0 0 0 0 0 0
----- Head Instability 0 2 0 0 13 0 0 0 1 0
(] 0 0 0 0 0 142 3 0 1 0
MPF 0 1 1 0 0 2 178 0 0 0
0Ty 0 0 1 0 0 1 0 4 0 0
WO 0 0 0 0 0 2 2 0 41 0
Weak write 0 0 0 0 0 2 0 0 0 |4}
317 4.19 WaNINATOUVDUVLTIAD Neural Network
a a 7y Aq Yo w v Aq v o
M13190 4.3 waﬂﬁamiww611aga‘ﬂ1%ﬁ1wwﬁammxmayaﬂwaﬁau VDIV VIN0D Neural
Network
Training data Testing data
Failure Mode
Correct Wrong Accuracy Correct Wrong Accuracy
ATI/STE 2 3 40.00% 2 2 50.00%
CND 67 7 90.54% 30 10 75.00%
Degraded Head 10 8 55.56% 4 6 40.00%
FHM 37 11 77.08% 18 1 94.74%
Head Instability 22 8 73.33% 13 3 81.25%
NMD 180 4 97.83% 142 4 97.26%
NPF 254 3 98.83% 178 4 97.80%
OTW 5 5 50.00% 4 2 66.67%
VDW 36 9 80.00% 41 4 91.11%
Weak Write 3 11 21.43% 6 2 75.00%
39U 616 69 89.93% 438 38 92.02%
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[ a a 4 o

423 ©ane3 Ny C&R Tree HAN1TIUATIZTHAOYANITHIUIBHANITISoUATOY D
o @ .. o J = = Iy ¥ 9 I
@15 Da0U (Training data) 11U 685 15ARTA I wamisalunisizoud ldgndeq il
) 4 a < = 9 [ 9 o 4 a <
$1uu 354 15An05A Ay 51.68% uaznanisGeud luigndes S1uau 331 15ARSA Ay

o o 4
48.32% 1azNan1sMUIeAIoToyanaaoU (Testing Data) $1UIU 476 15AADSA UAIWHINID
o 3 o 4 a 3 o 1 o

Tuhweldgndes Wudau 272 sanesa Aadlu 57.14% uaznamsviuelugndes S1uau

J a g 2 a { g
204 1500030 AU 42.86% InTeyaninua a1w1saosuleranilugiuuy Confusion Matrix

auraaslugli 420 uazuaasninnugnAvIveIRaz UMM SIToV0 D UTIA09 1dAINA1T19

A
Nn44
E-Results for output field Failure Mode
- Gomparing FR-Failure Mode with Failure Mode

‘FPartition’ 1_Training 2_Testing
Caorrect 354 81.68% ¥ AT 4%
""" Wrong 331 48.33% 204 42.86%
Total B85 476
- Caoincidence Matrix for §R-Failure Mode {rows show actuals)
‘Paition'= 1_Training CND FHM  MMD  MNPF  WDW
ATIISTE 0 0 2 3 0
CHD 11 0 ar 23 3
Degraded Head 1 0 10 5} 1
FHM 1 3 27 17 0
----- Head Instahility 1 0 22 7 0
D 1 3 123 a6 1
MFPF 1} 1 45 211 0
0Ty 0 0 |4 3 1
WD 1 1 23 14 |4
Weak write 1] 1] 10 4 1]
‘Partition'= 2_Testing CHD  FHM  MMD  MPF VDMWY
ATIISTE 1 0 1 2 0
CHND i 0 18 16 0
Degraded Head 0 0 g 3 2
FHM 1} 1 11 |4 1
----- Head Instability 1 0 9 i 1
MMD 1 \ 99 44 1
MPF 0 1 25 146 0
OTYY 1} 0 kil 1 0
WY 1 0 21 12 11
Weak write 0 1 4 3 1]

519 4.20 HAMINAADVVDIVVIIADI C&R Tree

U
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a a ¢y AqQ Yo o ¥ Aq o
M1319N 4.4 wamiamﬁwzwmayawMmmuaauuam@yawﬁlwﬂﬁa‘uGummmmam C&R

Tree
Training data Testing data
Failure Mode
Correct Wrong Accuracy Correct Wrong Accuracy

ATI/STE 0 5 0.00% 0 4 0.00%
CND 11 63 14.86% 5 35 12.50%
Degraded Head 0 18 0.00% 0 10 0.00%
FHM 3 45 6.25% 1 18 5.26%
Head Instability 0 30 0.00% 0 16 0.00%
NMD 123 61 66.85% 99 47 67.81%
NPF 211 46 82.10% 156 26 85.71%
oTW 0 10 0.00% 0 6 0.00%
VDW 6 39 13.33% 11 34 24.44%
Weak Write 0 14 0.00% 0 8 0.00%

37 354 331 51.68% 272 204 57.14%

@ a a 4 o o [
42.4 9ano3ifiu SVM HaNsAsIzidoyanisiiulenanisisoudledoyadiniy
.. o 14 =\ ~ I ¥ Y I o
@0V (Training data) 31191 685 13AABSA BANUATDIUMTEFoUS 1dgndes i udiuau 480
S a I = 9 1 Y ° S a I
15ANDIA AAIY 70.07% aznansiseus hignAse 31191 205 15AR0TA ATl 29.93% LazHa
o o 4 o
M391U18R209 0y aNAT 01 (Testing Data) 314U 476 15AAD5A Hanuawisa luinneld
Y I o d a o o 1 9 o J
gnaee Husuau 340 1saneia Aallu 71.43% uazwamsrineg higndes S1uau 136 15AnSA
a g 9 & a A . . @
Al 28.57% 91nToyanIvua ausaesuienailuguny Confusion Matrix Aataadlugll

11 4.21 HaZUAAIAININYNABIVDIADL T UHANTTVOUUVTIA09 TAM AN 4.5
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E-Results for output field Failure Mode

E+-Camparing $5-Failure Mode with Failure Mode

'Partition’ 1_Training 2_Testing

Carrect 480 70.07% 340 T1.43%
""" Wrang 205 29.93% 136 2857%

Total 685 476

= Coincidence Matrix for $5-Failure Mode {rows show actuals)y

‘Partition'=1_Training ATIHSTE CHD Degraded Head  FHM Head Instability  WNMD  WPF OTW VDWW Weakwrite
ATISTE 2 0 0 0 0 2 1 0 0 0
CND 0 39 1 0 1 19 13 0 1 0
Degraded Head 0 0 12 0 0 2 2 0 2 0
FHM 0 2 1 19 0 11 12 1 2 0
----- Head Instability 0 0 0 0 14 10 5 0 1 0
MO 0 4 1 2 0 137 40 0 0 0
NPF 0 [ 0 1 0 18 23 0 1 0
0Ty 0 0 0 0 0 4 1 5 0 0
WY 0 2 2 2 1 12 8 0 18 0
Weak wiite 0 0 0 0 0 5 4 0 2 3
‘Parition'= 2_Testing ATIHSTE  CHND Degraded Head  FHM Head Instability  WNMD  WPF OTW  VDW  Weakwrite
ATISTE 2 0 0 0 1] 1 1 0 0 0
CND 0 16 0 0 a 15 8 0 1 0
Degraded Head 1] 1] 4 1 u] 2 2 1] 1 1]
FHM 0 0 0 11 1] 2 [ 0 0 0
----- Head Instability 0 1 0 0 g 4 2 0 1 0
MNMD 0 5 0 0 1] 106 30 0 5 0
NPF 0 2 0 1 1] 15 163 0 1 0
0Ty 0 0 0 0 1] 2 0 4 0 0
WY 0 1 0 1 a 12 g 0 22 0
Weak write 0 1 0 0 a 2 1 0 0 4

519 4.21 WaMINAADVVDILVUINADI SVM

Y

15199 4.5 Wﬁﬂﬁ%!ﬂﬁ%ﬁ

9

9

doyanlddmivasutazdoyanldnadeuveauuiiess SVM

Training data Testing data
Failure Mode

Correct Wrong Accuracy Correct Wrong Accuracy

ATI/STE 2 3 40.00% 2 2 50.00%
CND 39 35 52.70% 16 24 40.00%
Degraded Head 12 6 66.67% 4 6 40.00%
FHM 19 29 39.58% 11 8 57.89%
Head Instability 14 16 46.67% 8 8 50.00%
NMD 137 47 74.46% 106 40 72.60%
NPF 231 26 89.88% 163 19 89.56%
oTW 5 5 50.00% 4 2 66.67%
VDW 18 27 40.00% 22 23 48.89%
Weak Write 3 11 21.43% 4 4 50.00%
37 480 205 70.07% 340 136 71.43%
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42.5 dano3iu CHAID #an3ins1zHYoyansiuenansiseudiedoyadinsy
.. o Jd A ~ FAS Y <3| o
a0 (Training data) 314U 685 15AAD3A HANwawITaTumsiSoud ldgndes ilusu 368
J a = Jy 1 9y o J a g
isanesa Anill 53.72% uaznamsisou] lugndes $1uau 317 5Anesa Amilu 46.28% uazwa
o o J o
MsiueRIeteyanado (Testing Data) 31U 476 t3Anvsa Hawawso lusiue 1d

< ° d a o o ' ° J
f]ﬂgllf]\‘] WUTIUIU 243 15AR05A Allu 51.05% uazwamﬁmuwllugﬂgfm 1UIN 233 LIANDITA

u

a

< 9 4 a A g . . [
Al 48.95% 9nTeyananua amnsaesuieraniugiuny Confusion Matrix Aataadlugil

11 4.22 1AZUAAIAININYNADIVOIADL A UHANIITOVDILUUTIA09 IAAINA15 19T 4.6

E-Results for output field Failure Mode
E-Comparing §R-Failure Mode with Failure Mode

‘Partition’ 1_Training 2_Testing
Correct 368 A3T7I% 243 51.08%
""" Wrong 37 46.28% 233 48.95%
Total B85 47E
- Caincidence Matrix for $R-Failure Mode {rows show actuals)

'Partition'= 1_Training CHD Degraded Head  FHM Head Instahility  NMD  NPF
ATIISTE ] i} 0 0 1 3
CHD 18 4] 0 1 28 18
Degraded Head 0 g 0 0 3 5}
FHM a 3 3 2 20 15

----- Head Instahility 4 1 1 |4 9 9
D 4 1 3 2 100 T4
MFPF 2 i} 0 1 23 23
0Ty 0 1 0 1 i 3
WD 4} L] 0 0 20 14
Weak write 1] 0 1 1] 7 4
‘Partition'= 2_Testing CHD Degraded Head  FHM Head Instahility  MMD  NPF
ATIISTE 0 0 0 0 2 2
CHD 11 2 1 0 14 12
Degraded Head 1 1 0 1 1 4}
FHM 3 0 2 2 g 4

----- Head Instahility 3 1 0 2 3 7
MMD 8 6 3 3 63 63
MFPF 1 0 0 0 17 164
0Ty 0 0 0 2 2 2
WO 4 3 0 0 23 15
Weak write 1] a0 2 1] 3 3
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Training data Testing data
Failure Mode
Correct Wrong Accuracy Correct Wrong Accuracy

ATI/STE 0 5 0.00% 0 4 0.00%
CND 19 55 25.68% 11 29 27.50%
Degraded Head 9 9 50.00% 1 9 10.00%
FHM 3 45 6.25% 2 17 10.53%
Head Instability 6 24 20.00% 2 14 12.50%
NMD 100 84 54.35% 63 83 43.15%
NPF 231 26 89.88% 164 18 90.11%
oTW 0 10 0.00% 0 6 0.00%
VDW 0 45 0.00% 0 45 0.00%
Weak Write 0 14 0.00% 0 8 0.00%

37 368 317 53.72% 243 233 51.05%
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Training data Testing data
Algorithm
Correct Wrong Accuracy Correct Wrong Accuracy
C5.0 677 8 98.83% 475 1 99.79%
Neural Network 616 69 89.93% 438 38 92.02%
C&R Tree 354 331 51.68% 272 204 57.14%
SVM 480 205 70.07% 340 136 71.43%
CHAID 368 317 53.72% 243 233 51.05%
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Abstract

Hard Disk Drive (HDD) is a device used to store data. In the
present there are high demand for storage diverse data. So thers are
essential and expansion increases. The production is complex process
and there recorded a large amount of results in each production process.
‘Which the production process, there are some failed drives and passed
to customer. So, in each lots it random select HDD to simulate actual
events, It takes a long time and the devices are not enough. Therefore,

this paper presents the procedure to get data of each HDD to integration

and normalization using Pruning techmique fo optimize the neural
network to help predict the production quality. Purpose to reduce the
process of simulation actual use testing, increases the speed and
efficiency of the analysis process before delivery to the customer. The
results of the experiments using artificial neural network Back
propagation Algorithm can be predicted optimal at number of hidden
laver is 18 layers with accuracy 91.23% .

Keywords: Artificial Neural Networks, Quality Checking, Pattern

Classification
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Test Sequence

L.Drive Power On
2.Write Read Perform
3.System File Load
4.Voltage High Low
5.Temperature High Low
6.Short Drive Self-Test
7.Low Duty Cycle

8.085 Write Test

9.05 Read Test

L0, Write Pattern
L1.Read Pattern
12.Random Write

13 RAM Miss-compare
14.Write Zero Pattem
15.Read Zero Verify
16.Long Drive Self-Test
17.SMART Reset

18.Drive Power Off
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Abstract— Quality and reliability are extremely important
for Hard Disk Drive (HDD) manufactory, which increasing upon
the expansion capacity of HDD. The production process contains
many tests in order to evaluate quality and efficiency which
resulting high amount of complex data. Some HDDs will be
randomly selected from each lot to fest with various
environmenis simulation. Due to complexity of fests and higher
capacity of HDD manufacturer according to increasing demand
from the consumer, for process test, it might take a long time.
However, some failing HDD might be found at the customers test
process or end users. This paper introduced the failure prediction
using decision tree learning and the procedure of data collection
and preparation. The main purpose of the study is to eliminate
the simulation of the various environments in the tests which
reducing time and increasing speed and efficiency of the overall
analysis process prior to deliver the products to the customers.
Moreover, Corrective Action: CA, the action that will solve and
prevent the cause of the failure, can be verified faster. This study
can improve quality and reliability of the production.

Keywords— Hard disk drive, Quaiity Checking, Paitern
Classification

I INTRODUCTION

The hard disk drive is the most important thing in digital
storage devices industry. In digital age, smart phone and
mobile devices is the essential gadget for almost everyone in
everyday life in order to share or transfer memories. activities
which causing enormously data usage through the networks.
Nowadays, a new technology that enabled the users to access
sharing data and online activities faster called Cloud
technology: it provides multiple sources of data storage server
that means high capacity data storage device such hard disk
drive, is necessary for the service providers. HDD has been
developed consistently in the term of quality, capacity and
data transfer rate. For example, to increase the areal density,
the capacity per unit area of disk surface in HDD; many
technologies will be applied which possibly causing higher
sensitivity of internal mechanism and generating many new
problems. Consequently, to guarantee the quality and increase
the reliability of the products, Integration Failure Analysis is
the important [1] procedure before delivered to the customers.
Corrective action for problem prevention will be verified and
determined from the relationship between the failure modes
[2] and the root causes that analyzed upon drive’s history and

bench test. Nevertheless, the extent of analysis is from the
sampling HDDs.

Thus, this research uses data mining to classify failure
mode for faster CA verification and deduction of analysis time
as well as the failures in manufacturing process. Fig. 1, shows
the manufacturing test process that is considered in this study.
The process test is the main block consists of Pretest,
Functional Test and Final Test. The Failure Analysis block is
the process that analysis in term of electrical, mechanical and
head analysis before failure mode conclusion to define further
CA.

Fig. 1. Manufacturing test process.

The rest details of this paper after the first section are
divided into the following sections: section 2 presents the
methodology that consists of the failure mode, pre-processing
and classification. The model and result are shown in section
3. Finally, section 4 gives the discussion and conclusion.

II. METHODOLOGY

A. Failure mode

The history of failure mode analysis from 1,161 HDDs of a
new product can be summarized statistically the top 10 failure
modes which are the following: 1) ATI/STE: a failing track is
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interfered by writing operation at the adjacent track. 2) CND:
the reporting problem/error is found in drive’s history but not
found or repeated during failure analysis 3) Degraded Head:
reader/writer head performance degradation 4) FHM:
resonance during read/write operation 5) Head Instability:
reader/writer head performance unstable or intermittent that
can cause by assembly process or contamination. 6) NMD:
defect on disk that cannot be recovered by writer. 7) NPF: No
any error is found 8) OTW: off-track write, the signal is
written out of the path along the track. 9) VDW: vertical
displaced write or skip write during write operation. 10) Weak
‘Write: the written signal is weak.

Fig. 2. Failure modes process.

For data preparation, we collected 1,161 failing HDDs
from manufacturing process that was concluded by failure
analysis and summarized into top 10 failure modes. Every
HDD will be retrieved its value of each parameter as shown in
Table I. The overall data showed different number of each
failure mode as shown in Fig. 3 Generally, CA could fix only
some failure modes permanently; the rest can be found

repeatedly such as ATI/STE.
ATI/STE My_Failure
CNDr Wode2
Wesl
eeDegraded Head: write
< VDV
z T oTw
i
gHead Tnstability i::f:;
2 b Head
I Instability
m NPF- FHM
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Weak write
F

T T T T
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Fig. 3. Quantity of failure modes.

The significant parameters for each failure mode will be
selected for considering in prediction (see Table I1.) For
example in Fig. 4 that shows the relationship between
parameter ‘RAW _ERROR RATE’ and the failure modes
which helping classify the failure modes.

B. Pre-processing

In order to improve the prediction accuracy: data pre-
processing will be normalized by comparing the parameter
value with threshold value that obtained from the test process
experts and the threshold of each product is different from

each other. The conditions of normalization are: ‘1 or ‘High’
will be replaced if the parameter value is over its product
threshoeld and ‘0” or “Normal’ will be replaced if the parameter
value is under its product threshold. Data after normalization
will be mixed [3] with discrete data and continuous data that
can help in the classification.

a0 o = my_Failure
: Mode2

1001+

2.5 3.0 35 4.0 4.5
[(HT2]I‘_FOI\NA'_ZONE_Ell}\lho?_MTE:HAW_EI\M)I'I_MTE
n

Fig. 4. Histogram of parameter RAW_ERROR._RATE with Failure Modes.

C. Classification

After Pre-Processing, normalized data or training data will
be tried to feed into many interesting algorithms such as
‘Neural Net’ [4] that classifies by generating a prediction
through examining individual records. removing the weakest
units in the hidden layers as training proceeds, *C5.0° [5][6]
that classifies by building a predictive model based on
decision tree learmning with boosting and pruning, ‘Support
Vector Machine’ (SVM) [6] classifies by constructing a hyper
plane that has the largest distance to the nearest training data
point of any class in a high dimensional space, ‘Classification
and Regression” (C&R) Tree[7] classifies by building a
predictive model based on decision ftree learning with
Regression, and ‘CHAID’ [8] classifies by building a
predictive model based on decision tree learning with chi-
squared distribution. The algorithms and test structure are
shown in Fig. 5 with configuration in some feature to support
with training data sets.

Fla_nratessmgh‘
@ Type

Fiiter

% e

cse Neural Net s HAID

CERTree

Fig. 5. Test structure and Algorithm.

C5.0 classification algorithm is selected in this study
because it is supervised learning method that analyze data with
multi class classifier. The algorithm is configured to enable
the Boosting feature can be used [9] to improve decision tree
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accuracy and Pruning feature for pruning the tree to minimize
the decision trees.

Then, Cross-Validation will be used to split random data
into 2 groups which are 60% of training sets for learning
process in C5.0 algorithm and 40% test sets for testing data
with decision tree model from training process. The data
partition is shown in Fig. 6; the result shows accuracy
improvement that is acceptable when using this model to
predict the failure mode from manufacturing process.

TABLEL PARAMETERS
Parameter Description
Start Motor Check Spin Time Mode.
Change motor Spins drive at a higher than normal RPM fora
speed period of time.
Sorys Artedar Detect Servo Actuator retract failure.
Retract
Determine maximum, minimum and average
Servo Seek seek times of a drive using various cylinder and

head modes.

Measure the side track erasure effect of writing

Side Erasure Test it 3 plven k.

Scan Perform detection / burnishing / logging

lzf T}}e.t::;al of asperities, and to merge Aspenty Log eniries
Aspertly Scan into the Table.

Servo Flaw Defective on servo wedges.

Contact Detect Detect Head/Disk Contact for determine

distance between Head and Disk.

Find unstable heads by writing/reading many
times and reporting error counts for Timing
Mark Not Detect, Track ID, Observer Sector
Errors and Unsafe for each head.

Measure the resonance frequencies and

Head Stabihity

feesanance amplitudes on heads at the specified cylinder.

= ; Use the skip write detector to measure and
Skip Write Detect adjust fly height.
Read Error Rate Use a read scan of the target zone to determme

the Read Error Rate.

Check first sector and late sector writes, make
sure read error rates are within limits at hot and

Hot Cold Write

Test cold temperature.

. Check the defect list length for validity and
Frimary; Dofect display the list of defects.
Zone Based Provide a mechanism to measure the delivered
Transfer Rate Test | date rate over a larpe date transfer.

3 Calibrate bias current and measure head
Bias Cal

resistance.

Measure bias current on head in write

Write Current
operation.

AGC Data Read the servo AGC setting.

ote Determine the off-track read capability after
selectable write operations for the target track.
Read Servo Position Error Sipnal and display

PES DAL the information read.

Delta VGA Detect Dragging heads by using servo AGC
measurements.

Scratch Fill Tdentify possible scratches on the media

Verify the comulative SMART attribute values
on a drive are within spec from design center.

SMART._Attribute

My_Failure
Hode2
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1_Trainin, CHD
Degraded
Head
FHM

Partition

Head
Instability
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Fig 6. Partition data.

Fig. 7 shows the manufacturing test process with failure
moede prediction that is the propose algorithm. The failure
meoede prediction can be used effectively in the production
process and also be developed feature to detect the signature
of the problem and alert customer to backup data for
unexpected damage of data that possibly occur in the future.

Fip. 7. Manufacturing test process with Failure Mode Prediction

OI. RESULTS AND MODEL ESTABLISHED

In this paper, the total of 1.161 sampling HDDs were
randomly selected from manufacturing process with a
homogenous set. The data retrieved from the sampling HDDs
will be normalize in data pre-processing then put through the
C5.0 classification algorithm. The outputs were random split
into 60% for training set and 40% for testing set. These
findings were prepared with the results for each classification
model, as shown in Fig. 5. It results that C5.0 model is the
most accurate algorithm for prediction

The model of classification from C5.0 algorithm shows
high accuracy for each failure modes and when compared with
other algorithm at 98.54% for training and 99.58% for testing
in Table III, because the data is compatible with the algorithm
C5.0 which supporting multiple classes with discrete and
continuous and has boosting and pruning algorithm inside in
order to reduce tree size that caused higher accuracy. This
model was created with cross-validation 10-fold that will be
acceptable for using in the future.
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According to the classification model verification, the
important parameters in top 3 levels of decision tree as shown
in Table IV. Its procedure is similar to failure analysis by the
experts in order to classify the failures. Additionally, the new
parameters that can help to classify the failure were found in
this study. For example, “Degraded Head” and “Head
Instability” can be classified using these following parameters:
Contact Detect, Skip Write Detection, Primary Defect, Delta
VGA, Write Current and Read Error Rate. In facts, “Degraded
Head” and “Head Instability” cannot be classified using only
Read Error Rate parameter but adding with the new multiple
parameters such as Write Current for to classify which one is
“Degraded Head” or “Head Instability” that shows the model
is reliable to predict the failure mode in future.

Finally, automatic classification software will be
developed from classification model to predict the failure
mode during integration test in manufacturing process that can
help to summarize the main failure symptoms of all drives for
root cause investigation, corrective action verification and also
protect some process escape drives delivered to the customers.

TABLETI FATLURE MODE PREDICTION USING C5.0
ALGORITHM
Failure Mode Correct Wrong Accuracy
ATLSTE 4 0 100%
CND 40 0 100%
Degraded Head 9 1 90%
FHM 1% 0 100%
Head Instability 16 0 100%
NMD 146 0 100%
NPF 182 0 100%
OTW [ 0 100%
VDW 44 1 97.78%
Weak Write 8 0 100%
TABLE IIL MODEL RESULTS WITH THE SAME DATA SET
THROUGH DIFFERENT
Training Testing
Algorithm
Correct | Wrong | Accuracy | Correct | Wrong | Accuracy
C5.0 675 10 98.54% 474 2 99.58%
Nueral Net 337 348 49.2% 267 209 56.09%
SVM 269 416 39.27% 184 292 38.66%
CHAID 363 322 52.99% 240 236 50.42%
C&R Tree 344 341 50.22% 271 205 56.93%

IV. CONCLUSIONS

This paper has shown C5.0 algorithm can be used for
multi-class classifier with mixing types of data and shows high
accuracy at 99.58% for predicting failure mode from test
parameter that is an acceptable model for using to develop

software to classify data from test parameter automatically
when pass test process from manufacturing process. It will
help to reduce the time of analysis and expert engineer can
grouping and sampling the represent HDDs from each failure
mode to verify and do failure analysis for finding CA faster
and take some actions to manufacturing process to improve
quality and reliability and can stop sending defective HDDs to
the customers. Automatic software can be developed to
analyze data for manufacturing process before delivered the
HDDs to the customers, and also for increasing quality and
reliability for production and customer.

TABLETV. TOP 3 LEVEL OF DECISION TREE FROM TOF 5 RULES
Rules Root noede Node Lv.2 Level 3
Servo Flaw Scratch Fill
Read Error Rate
1 Contact Detect PES Data
Delta VGA
Resonance
-
2 Servo Flaw Resonance
Delta VGA oTC
Skip Write Detect | —aoC Dafa
3 Error Rate Write Current
- Resonance PES Data
Contact Detect
U1
Skip Write Detect ]‘;‘i;s"%flmem
4 Contact Detect o
Delta VGA Scratch Fill
Primary Defect
Resonance ote
5 | Delta VGA PES Dafa
AGC Data Scratch Fill
Primary Defect
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