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1. Field of the Invention

The invention relates to a method and apparatus for
recovering data when readback error is detected in a direct
access storage device (DASD).

2. Description of the Prior Art

Computers often include auxiliary memory storage units
having media on which data can be written and from which data
can be read for later use. Disk drive units incorporating
stacked, commonly rotated rigid magnetic disks are used for
storage of data in magnetic form on the disk surfaces. Data is
recorded in concentric, radially spaced data information tracks
arrayed bén the surfaces of the disks. Transducer heads driven
in a path toward and away from the drive axis write data to the
disks and read data from the disks. Various data recovery
procedures (DRP's) are known in the art for use when error is
detected in the readback of data from the disks.

For example, a side erase data recovery procedure (DRP) is
disclosed by U.S. Patent No. 4,516,165. The disclosed DRP is
effective against' otherwise hard failures due to head
sensitivity to the low frequency content of adjacent tracks, or
from adjacent track misregistration (TMR). In the disclosed
side erase procedure, data from the adjacent track sectors is
read, stored, and then the adjacent track sectors are erased
either on centerline or with the read/write head moved closer
to the track of interest. This allows reading sectors of the
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The; invention relates to a nethod and apparatus for recovering datgp when
readback error is detected in a direct access stora e de cgeeﬁQ@pﬂdi 2.

Description of the Prior Art Comput ers ofte ary
menory storage units having nmedia on which data can from
whi ch data can be read for |ater use. Di sk drive t|ng

stacked, commonly rotated rigid magnetic di sks are used for storage of data
in magnetic form onradle aff sintenesticelsat Badre itetabordbad wBing ot nérmal

radially spaced dapgehddsQr Malrk@p &Y e&géesasrfh@yega@n tlliedauéf@@e&eofcrwﬁ of
di sks. Transducer heads ervgrg__h 24 gc r}t ew? and vg%é g:romthe drive
axis wite data t o PRESS R andarea Pt SF B °h8 BEEREE" vari ous data

recovery
U.s. Patent No. 4,821,125 discloses a data recovery

procedure including a variable delta-V. Delta-V is the minimum
voltage change per unit time which tests signals to
discriminate between data and noise. Re-reads are conducted
using various incremented values of delta-V in the recovery

sequence.

A typical data recovery procedure includes rereads, head
shifts and at least one error correcting code (ECC). Each
specific hard disk drive normally has one specified list
defining a data recovery procedure (DRP) that is considered
best for the disk file. However, within one disk drive
product, there ican be several different failure mechanisms that
are dominant. Since each recover procedure has a different
probability of success for each failure mechanism, one given
DRP or recovery list is not optimum for specific cases.

Individual recovery actions are more or less effective
given, the unique characteristics of each disk file and the
specific hardware system and environment of use of the disk
file. It is desirable to achieve the fastest recovery
possible. This requires the most effective recovery actions to
be provided early in the recovery procedure given the
sequential nature of data recovery procedures.

SUMMARY OF THE INVENTION

A principal object of the present invention is to provide
improved methods and apparatus for data recovery in a disk

drive data storage system. Other objects are to provide such
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progedures (DRP's) are known in the art for use when error is detected.in

- the readback of data fromthe disks. For exanple, a side eragejdata
recovery procedure (DRP) is disclosed by U S. Pat erfiuspeet Has € The

di sclosed DRP is effective against otherwi se hard fa ﬁ l hea

sensitivity to the | ow frequency content of gdjacent m

adj acent track msregistration (TMR). 1In the disclosed side erase
procedure, data frepréhsl ddiaceebvernaetiods and dpparends tRhDIRSromngk then

the adjacent track,88Ctddo%ey GpRicaatte SIIRBS! £ kGG ;%ra'i% JIFeS Q{éalcp%ﬁbsﬁéle n

i n rest. WS, _readln
;g??g\r,v;l E)]? Pﬁgd n%\cl)g}c\i Calnosg{ldixpidtug? tl'ieaé\cé( 8_th]|< tcgml(?ination and positional 9

information, and any other information known to affect the
recovery, and to provide data recovery methods that overcome
many of the disadvantages of prior art arrangements.

In brief, the objects and advantages of the present
invention are achieved by method and apparatus for ‘data
recovery in a disk' drive data storage system of the type
including at least one disk surface and at least one transducer
head for reading and/or writing data to a respective disk
surface. A plurality of data recovery procedures (DRP's) are
stored. When a readback error is detected in a readback data
signal, a plurality of predetermined transducer head and disk
parameters are identified. One of the stored plurality of data
recovery procedures (DRP's) is selected responsive to the
detected readback error -and the identified plurality of
predetermined transducer head and disk parameters.

' BRIEF DESCRIPTION OF THE DRAWING

The present invention together with the’ above and other
objects and advantages may best be understood from the
following detailed description of the embodiment of the
invention illustrated in the drawings, wherein:

FIG. 1 is a schematic and block diagram of a data storage
disk file embodying the present invention;

FIG. 2 is a diagram showing tracks and sectors of a data
disk surface of the data storage disk file of FIG. 1;
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track of interest -that were totally dead using ot hmﬂer

a successf ul read, all data of the track of |ntere'-§ns$&qlﬂgsl)3e adj acent

sectors are rewritten. U S. Patent No. 4,821, 1 Placedata
recovery procedure including a variable delta-V. ni oum
vol t age change per unit tine which tests si4gnals to bet ween
data and noi se. Re-rel_?lc‘j‘_'sS ar conducéeqj ui varl ous . | ncrerpint e vaI ues of
delta-V in the recoveryseqtience. FYP1Eal PRFA S rétovery proé‘e ure

i ncl udes rereads ilhsabrating: 3 date Feqoaygsy Beidiod according to t e present

invention in the data storage disk file of FIG. 1; and

FIG. 6 is. a flow diagram illustrating adaptive
modification method of the data recovery procedure of the

“invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

In FIG. 1 there is shown a partly schematic block diagram
of parts of a data storage disk file 10 including a data
storage medium generally designated as 12 and an interface
control unit generally designated as 14. In the preferred
embodiment of this invention, the data storage medium 12 is
embodied in a rigid magnetic disk drive unit 12, although other
mechanically moving memory configurations may be used. Unit 12
is illustrated in simplified form sufficient for an
understanding of the present invention because the utility of
the present invention is not limiﬁed to the details of a

. particular drive unit construction.

Referring now to FIGS. 1 and 2 of the drawings, disk drive
unit 12 includes a stack 16 of disks 18 having magnetic
surfaces. Data disks 18 include a layer of magnetic material
on opposed disk surfaces 26. Unit 12 includes a selected
number of the double-sided data disks 18 to provide a selected
storage capacity as indicated in FIG. 1 numbered from SURFACE
0 through SURFACE N. Numerous data information tracks or
cylinders 28 are arrayed in a concentric pattern in the
magnetic medium of each disk surface 26 of data disks 18. The
data information tracks 28 are disposed at predetermined
positions relative to servo reference tracks, such as RO
illustrated in FIG. 2. A data cylinder includes a set of
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error carrectlng code (ECC). Each specific hard disk drive normally has one

speC|f|ed list defining a data recovery proceduTbs B&mm. wam nsi der ed
best for the disk file. However, wthin one dISk ere can
be several different failure nechanisns that are ach

recover procedure has a different probabilit§ of success ch failure

mechani sm one gi ven recover not. o m for
cases. I ndi \9?%51”“8 gare form tté?ré G5eks (F}%SI I%’scsﬂéef f Ee’?:??sgié&éggsén

recover I ONns
the uni que charalri¥ri srt"?rcsexé‘ﬂpﬁﬁ P SRtpi Feligggrs eans fheciipriudest dRatee
system and envi r odfektswifacse 26&fnunberdd skrdm 02950 tas Sirdesateadlin tFIGachi eve

the fastest recovgiyn RARS RhEormHtiidnl E64LK S8 Ehéiudes‘multiple data sectors
30 equally spaced around the cylinder; for example, 96 data
sectors numbered 0-95.

The disks 18 are mounted in parallel for simultanéous
rotation on and by an integrated spindle and motor assembly 32.
The data information tracks 28 on each disk 18 are read and/or
written to by a corresponding data transducer head 34 movable
across the disk surface. Transducer heads 34 are carried by
arms 38 ganged together for simultaneous pivotal movement about
a support spindle 40. One of the arms 38 includes an extension
42 driven in a pivotal motion by a head drive motor 44.
Although several drive arrangements are commonly used, the
motor 44 can include a coil 46 cooperating with a magnet and
core assembly (not seen) operatively controlled for moving the
transducer heads 34 in synchronism in a radial direction in
order to position the heads in exact registration with the
cylinders 28 to be followed.

Data utilization device 14 typically includes an interface
or file processor 50 that. controls transfer of data to be
stored in the data sectors 30 of disks 18 for subsequent access
and use. A servo processor 52 is coupled between the interface
processor 50, the motors 32 and 44 and the data transducer
heads 34. The servo processor 52 controls the operations of
moving the heads 34 into registration with a target or selected
data LBA and of transferring data under the control of the
interface processor 50.

Disk access 1is operatively controlled by the servo
processor 52. Motor 32 is operated to rotate the disk stack
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nmost effective recovery actions to be provided early in the recovery

procedure given the sequential nature of data recover
SUMVARY OF THE | NVENTI ON It is an object of t
aneliorate one or nore disadvantages of the prior ar
one aspect of the invention there is disclo&%ed a neth

12 disk drive g8l axplrags SYSLe o ool die LGl Ughig 2tp L 6A3knl Y

surface and at
a respective

| east "one tra

ucer héad readi ng (
move the data heads 34 radially with respect to the rotating

disks 18 by the head drive motor 44 to selectively align each
of the data transducer heads with a specific radial position of
the cylinder 28 where data is to be read or written.

In disk file 10, a dedicated servo head 54 located
adjacent a dedicated servo surface 56 for a dedicated sexrvo
system advantageously is located in the center of the stack 16.
Typically there is no active thermal compensation in the
system, so that any thermal effect that tilts the disk pack or
the actuator stack causes TMR. However, there is little effect
near the servo head, which is the reference, where the feedback
maintains the position. The heads 34 that are further away
have more thermal offset, generally proportional to the
distance from the servo head 54 in the stack 16.

Servo head 54 must properly read when data is being
written. A data head 34 is not located in the same slot with
the servo head 54, to avoid interference that would result
between the heads. In fact, thére is some field that
penetrates through the disk from the data head that is on the
other side of the disk that has the servo head on it. 1In some
cases, this can generate some added TMR when this data head is
writing, due to the interference into the servo system.

In accordance with features of the present invention,
different failure mechanisms are identified that are specific
to the head position in the stack, or radial position, in
addition to the characteristics of the head/disk combination.
A preferred data recovery procedure is defined specific to the
failure mechanisms or risk factors at any given point or
head/disk as illustrated and described with respect to FIGS. 3,
4 and 5.
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di sk surface, said nethod conprising the steps of: storing a pIuraIity of
dat a recovery procedures (DRPs); detecting a readbackTiayShedt HadBedn Rk ?a

data signal; identifying a
3 plurality of predeterm ned transducer head and di sk wwﬂ#
including the steps of identifying a head Wi dth parane

I dentifying a track rPns(rﬁg}i{sftirlgtl n

as with most single band files, the linear

density is highest at the inner radius near cylinder 950 than
~ the outer radius near cylinder 0. As a result fly height, gap
length and media transition length degrade performance more at
the inner radius than the outer radius of the disk surface 26.

When disk file 10 has a relatively low ratio of linear
density (BPI) to track density (TPI) and a channel sensitive to
low frequency, the longer wavelengths at the outer radius cause
a significant interference from side-reading of signals from
the adjacent tracks. This can cause the error rate to be
higher at the outer tracks than at the inner tracks. .

In all drives, there is a tolerance on the track width of
the data and servo heads 34 and 54. At the narrower end of the
tolerance, low signal to noise is more likely than with: the
wider heads. For the wider heads, the side reading is more
likely since the adjacent tracks are closer to the edge of the
data head. Another aspect of the transducer head failure
mechanism is track misregistration (TMR). For the narrower
heads, the head will more likely lose more signal with offsets
than a wider head. The wider head is more 1likely to have
squeeze from adjacent tracks, where part of the data is erased,
and the adjacent track represents an interference where data
magnetization once existed. This is more likely to lead to
hard errors than the interference on narrow heads.

Five example function tables 1-5 below corresponding to
FIGS. 3, 4 and 5 provide exemplar appropriate DRP structure

given three significant input parameters including:

1. Head width: wide or narrow.
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paraneter val ue responsive to said identified head wi dth parameter val ue;
and selecting one of said stored plurality of daagl GRVEr pr ocedur es
(DRPs) responsive to said detected readback error gy td fied
plurality of predeterm ned transducer head and di},m H’ﬁ I

According to another aspect of the inventian ther a met hod of
data recovery in a disk drive data storage system of the type including at
| east one disk surfaceT¥Rd ftighedStlo8ne HOrafRaMPler Meld THR CaredBP i t8nd/ or
writing data to madespedtheyendslisk thar d gl stackl qretthedhershneppes ke tthe
steps of: storin@r3opiurrlcely wiiridalich TRRQMREY mdy FSAHEBShddd8PE)ose to
detecting a read:?\aecgerevror (s)Lr a?ceab{lgafl%l%agkcpu%tiggsé}%ngéa-d 'a%SQéiJeV'tHQ frvo

surface.

3. Radial location across the disk, inner tracks, middle
tracks, or outer tracks.

The five output of the function tables are:

1. DRP steps, number of rereads and hea@ shifts.

2. Location ok ECC in the procedure.

3. Magnitude of head shift.

4, Fi;st step of the procedure to implement side erase.
5. Number of side erase squeeze steps.

Following each function table is a 1list of rules i
explaining the logic behind the values in the table. The
values provided in the tables are only an example. Specific
values used in a particular implementation would be dependent
on the details of that application.
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plurality of predeterm ned transducer head and disk paraneters; selecting
one of said stored plurality of data recovery procggngg_LDBEs;_Lespeﬁsive
to said detected readback error and said identified plurality of
predet erm ned transducer head and di sk paraneters; collectin re |ned
nunber of readback errors; and perform ng a9self adaﬁbﬁﬂ@ﬂ

adj ustnent al gorithm for updating one of said stored \t

recovery procedures (DRPs) responsive to said coIIect

of readback errors. Accor di ng Funddtioh| Tariet her aspect of the
invention there is disclosed apparatus for data recovery in a disk drive

data storage system gﬁfggpe cl peli o %ﬁ%ﬁ pne dlégT gurface and at

I
| east one transducer rea |ngRand/or w%; |ng data.tC)é% respective

b
l

WIDE HEADl HIGH TMR| 2 REREADS | 2 REREADS | 1 REREAD
l

nunber

| | 2 HEAD 2 HEAD | 2 HEAD

| | SHIFTS | SHIFTS |  SHIFTS

I I | !

| LOW TMR | 2 REREADS | 2 REREADS | 2 REREADS

| | 2 HEAD | 2 HEAD | 2 HEAD

I | SHIFTS | SHIFTS |  SHIFTS
NARROW | HIGH TMR| 4 REREADS | 3 REREADS | 2 REREAD

HEAD | | 4 HEAD | 4 HEAD | 2 HEAD

| | SHIFTS | SHIFTS | SHIFTS

I I [ [ i

| LOW TMR | 5 REREADS | 4 REREADS | 3 REREADS

| | 4 HEAD | 4 HEAD | 4 HEAD

| | SHIFTS | SHIFTS | SHIFTS

Rules:
1. 1If Signal to noise poorer than use more rereads.

2. Narrow heads have poorer signal to noise than wider
heads.

3. Linear density is higher for the inner tracks.
4. Higher linear density means poorer signal to noise.

5. Rereads are not effective recovering errors due to
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di sk surf,ace, said apparatus conprising: neans for storing a plurality of
data recovery procedures (DRPs); neans for detect iW in a
readback data signal; nmeans responsive to said det ed readback error for
identifying a plurality of predeterm ned transducer head and di sk i
parameters; means for selecting one of said,,stored jpisighet His egpfReplaged \,
recovery procedures (DRPs) responsive to saig detecte or jand
said identified piighallMRy of predeterm ned transducer“w

paranmeters; means for collecting a predefined nunber adback errors;

and means responsive o .said ccg | ect ed prfefdefi ned nunber of readback

. I ere i
errors for perforning a sel FSadapt Ve "ghteffective then reduce the number of
initial rereads.-
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3a ; recovery adjustnent algorithmfor updating one of said stored
plurality of data recovery procedures (DRPs) : According to stiT

anot her aspect of the invention there is disclosed apparatus for data
recovery in a disk drive data storage systemof the ty éhﬁﬁmkUﬁBBgm&_l&ﬁast

one di sk surface and at | east one transduc?E head for
witing data to a respective "

Function Table 2

ECC LOCATION | INNER | MIDDLE | OUTER
|  TRACKS |  TRACKS | TRACKS
WIDE | HIGH | AFTER HEAD | AFTER HEAD | AFTER HEAD
HEAD | TMR | SHIFT | SHIFT | SHIFT
I I I I
| 1LOW | AFTER HEAD | BEFORE HEAD | AFTER HEAD
| TMR | SHIFT I SHIFT | SHIFT
NARROW | HIGH | AFTER HEAD | AFTER HEAD | AFTER HEAD
HEAD | TMR | SHIFT | SHIFT | SHIFT
I I | I
| LOW | AFTER HEAD | AFTER HEAD | AFTER HEAD
| TMR | SHIFT | SHIFT | SHIFT
Rules i
1. If head has good electronic signal to noise, efrors

are most likely from minor defects.
2. ECC is very powerful recovering from minor defects.

3. Good electronic sighal to noise with wide head, center
tracks, low TMR. '
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di sk surface, said apparatus conprising: neans for stering—a plurality of
data recovery procedures (DRPs); neans for detecting a readback error in a
readback data signal; neans responsive to said detectqﬂmgggqggg&mqkmgkdfor
identifying a plurality of predeterm ned transducer hea

paraneters including neans for identifying gach of a na IW" !“J
track width value; a high or a low track m sregistration and
an inner, a mddle or an outer track radial |ocation value; and neans for
sel ecting one of said stored plurahidotieh fas@ secovery procedures (DRPs)

responsive to said detected readback error and said |dent|f|ed plurality
of predeterm ned transducer head and dISk paraneters.

HEAD SHIFT 1 INN | MIDDLE | OUTER
MAGNITUDE | TRACKS | TRACKS | TRACKS
WIDE HEAD | HIGH TMR | 5 | 5 | 6
I ! I I
| LOW T™TMR | | |
NARROW | HIGH TMR | | 4 ]
HEAD | | I I
| LOW TMR | 3 ] 3 ] 4
Rules:
1. Heads with good signal to noise are most able to

beneflt from large head shift wvalues.

2. Heads with low signal to noise should not be exposed
to the risk of large head shift values early in- the recovery.

3. Narrow heads have poorer signal to noise than wider
heads. !

4. Linear density is higher for the inner tracks.
5. Higher linear density means .poorer signal to noise.

6. Heads with higher TMR are more likely to benefit from
higher head shift values than heads with low TMR.
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According to still another aspect of the invention thereis drsctiosed a

di rect access storage device conprising: a housing;, at |east one disk
nounted in said housing for rotation about an axis dmmaqamwllﬁ@ﬁgedone
di sk surface for storing data; transducer neans no

across said disk surface for reading and wiigng da to“l HszmuL
surface; means for storing a plurality of data recovery

means for detecting a readback error in a readback data signal; means
responsive to said detected readbackrefi¢tionf babigdantifying a plurality of
predeterm ned transducer head and disk paraneters; neans for selecting one

of said stored pluralit f data recover rocedur es DRPs) onsive to
sai d detected readback oFRﬁ% sai d%‘III‘iD WiBpls obfiER

FIRST STEP | TRACKS TRACKS | TRACKS
WIDE HEAD | HIGH TMR | 20 | 20 | 15
I I I I
| LOW TMR | 25 | 25 | 20
NARROW | HIGH TMR | 25 | 25 | 20
HEAD | | ! |
| LOW TMR | 30 | 30 | 25
Rules:

) 1. Head susceptible to side reading or track squeeze will
most likely benefit from side erase recovery.
2. High TMR causes more track squeeze and side reading
exposure than low TMR. '

3. Due to reduced bit density"side reading is most
predominate at the outer tracks.

4. Wide heads are more susceptible to side reading and
squeeze.
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plurality of predeterm ned transducer head and di sk paraneters; neans for
collecting a predefined nunber of readback errors; and-pmeans—responstve to
said collected predefined nunber of readback errors for perform ng a self
adaptive data recovery adjustnent algorithmfor updatm&hgertlﬁascgeeﬁ gced

stored pIurallty of data recovery procedureﬁf(DRPs)
3b BRI EF DESCRI PTI ON OF "THE DRAW NG |III" ”II III

Function Table 5

SIDE ERASE - | INNER ] MIDDLE | OUTER
SQUEEZE STEPS | TRACKS | TRACKS | TRACKS
WIDE HEAD | HIGH TMR | 1 | 2 | 2
I
| LOW TMR | 1 | |
NARROW | HIGH TMR | 0 | I
HEAD I I | I
| LOW TMR | 0 | 0 | 0
Rules:
1. Head susceptible to extreme side reading or track

squeeze will benefit from side erase recovery with squeezed-in

erasure.

2. High TMR causes more track squeeze and side reading

exposure than low TMR.

3. Due to reduced bit density, side reading is most
predominate at the outer tracks.

4. Wide heads are more susceptible to side reading and
sSqueeze,

Referring now to FIGS. 3, 4 and 5, there is shown a flow
chart illustrating sequential data recovery steps performed in
accordance with the invention. Referring initially to FIG. 3,
the first factor identified is track or head width as indicated
at a decision block 300. When a wide track width is identified
at block 300, then the sequential steps continue following
entry point A in FIG. 4. Otherwise when a narrow track width
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The, present

I nvention together with the above and other objects and

ace

Qtlon

racks

advantages may best be understood fromthe follomﬁn %

of the enbodinent of the invention illustrated in t m eml

FIG 1 is a schematic and bl ock diagram of a data stor

enbodyi ng the present invention; FIGi1s2 is a di

and sectors of a data disk surface of the data storage disk flle of FIG
1; is identified at block 300, then the segpppired\gkePSgepfinue
0 5 SEP 1997 following entry point B in FIG. 5.

Having reference to FIGS. 4 and 5, the sequential

operations begin with an jdentification of high or low TMR as

indicated at a respective decision block 400 and 500.

When

high TMR is identified, then a radial location across the disk
surface 26 is identified at indicated at respective decision
block 402 and 502. Otherwise when low TMR is identified, then
a radial location across the disk surface 26 is identified as

indicated at respective decision block 404 and 504.

A

corresponding DRP is performed for the radial location

identified at blocks 402, 404, 502, 504.

In each of the DRP's illustrated in FIGS. 4 and 5,

the

first and second steps are reread (RR). Typically the first

and most basic type of recovery procedure is the reread.

A

reread is a repeat of the original read, with no change of

parameters. The reread is effective for things that are non-

repeatable, such as, for example, random electronic noise that

will not be the same on the next revolution. The non-
repeatable TMR on the read may have degraded the error rate at

an extreme value during the original read, which in combination

with noise or other detractors, contributed to an error.

the reread has some benefit for moderate TMR in the read.

Thus
Note

that TMR that occurred in the write process gets "write locked"

into the written pattern, so is therefore repeatable, even if

the original source during the write was non-repeatable.

Thus

the TMR from the write does not change on rereads, so the
rercad only has a moderate effectiveness when TMR is the
dominant portion of the degradation that caused a read error.

The number of rereads provided before another type of recovery

procedure is tried depends on the possible failure mechanisms.

In general, the poorer the signal-to-noise ratio, the more
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4 FIGs. 3, 4 and 5 together provide a flow diagram illustrating a
data recovery nethod according to the present |nvent lrﬁgsﬂegtﬁapgeedae;aaced

storage disk file of FIG 1; and - FI G
il{ustrating adaptive nodification nmethod of the dat M\ edure
of the invention. 16

likely that errors are due to random noise. The two main
“factors contributing to a low S/N are that the read width of

- the head is narrow, and that the linear density is high. We
know where the linear density is highest, which is at the inner
radius of a drive, especially if the file does not use multiple
data rate recording bands.

Next in the illustrated DRP's except for the DRP used when
the middle tfacks are identified at decision block 404, a
common recovery procedure of a head shift is performed, in
which the head is moved off the nominal position by some amount
in one direction, and a reread is then done. A properly
designed system will have equal probability of being off track
in either direction. Thus the selection of the direction to
move on the first trial is arbitrary. The head shift is
probably fairly effective, if there was a failure due to TMR,
and if the head was shifted the correct way. If it was shifted
the wrong way, there will normally be ZERO odds of recovery.
The head is then shifted in the opposite direction to attempt
a read. Other amounts of head shift can then also be tried.
These different amounts do not necessarily have to occur at the
same point in the recovery procedure. In many of our
procedures, the amount of the first head shift is normally made
significant enough to read for most TMR induced errors. If
reads with this offset do not recover the data, then the
probability of the error coming from TMR is less likely, and
that it was caused by another mechanism is more likely. Thus
other procedures may be added after the first head shift. If
the data is still not recovered later, then head shifts of
larger and smaller amounts may then be tried, since these could
be from really bad intrinsic error rates at the bottom of the
bathtub for a "damaged" data section, and it may be necessary
to fine tune the head position to find the very best place, in
order to read the data.
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DETAI LED,DESCRI PTI ON OF THE PREFERRED EMBODI MENT n FIG 1 there
Is shown a partly schematic bl ock diagram of parts of a data stor%\gq{e Lok
an

file 10 including a data storage nmedi um general |y desi griasSbecha2s
interface control unit generally designated as 14. In t w
enbodi nent of this invention, the data storigage nmedi um 12 i i i
rigid magnetic disk drive unit 12, although other mechanically noving
nmenory confi gurati ond'hegythe middde temeks jgre iidentifiigdt phtdgFisign block
sinplified formosufdn ot cborectdon wnder gt@ndiiaguséd tte qureeent data
I Rvegt I O'n| bec?ussefm W :llléédf Hiret NG Pre9eRda | iyertd Oprd.S Npéc | {41 fed, to
the detalls o apE@%Efd&“fé% fMHé%%eé%EénsC%ﬂggréggIsggtially very small. In
this case, the nominal data that is read back may have values
that are totally wrong, with no odds of being read correctly by
normal rereads or head shifts, and it can still be corrected
using ECC. The correction can occur if the error burst is less
than the correction span of the ECC code. Thus ECC can correct
data with failures for which other recoveries have no benefit.
In other cases, such as with high TMR, there are many errors in
the data over many bytes, so that ECC has no benefit. However,
the head shift may easily recover these.

Next the side erase procedure reads the data from the
adjacent track isectors, stores it, then erases these sectors,
first in the on track position. As with the ECC, this
procedure can recover data that no other process can alone.
The'point is that many recovery procedures have been developed
to correct for specific failure mechanisms, and some other
recovery procedures may not have any recovery advantage for the
given recovery procedure. For a narrow head, near the inner
track, and near the servo head, where there is low odds of side
reading or heavy squeeze, the side erase is put fairly far down
the DRP list. For a wide head, near the outer track, and near
the servo head, the side erase is provided sooner, due to
increased odds of having side reading. For the same head
located far from the servo head, the side erase procedure is
moved further up in the list.

The given examples of portions of DRP lists illustrates
the operation of such a customized list. Typically the DRP
lists for disk file 10 are table driven, which means that each
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Referring nowto FIGS. 1 and 2 of the draw ngs, dISk drive unlt 12 I ncl udes
a stack ?6 of disks 18 having nmagnetic surfaces. Data d| sks ug

| ayer of nagnetic material on opposed disk surfaces 26 ‘s

a sel ected nunber of the doubl e-sided data disks 18 to ted
storage capacity as indicated in FIG 1 nunbeged from S

SURFACE N. Numer ous data information tracks or cylinders 28 are

arrayed in a cond@FOVEEY pRRYzSLACON| fs t pedefhdiikei & Aukawhing émch dpEiware
surface 26 of dat gpmbbdkms. 18cheThésdiaign innfhe mMEBLENtiemaks128vdca dpspasion at

predet ermined posidy qps ff-‘xls%t | W@chRd SefNard efe%eencsn&rﬂs%smaﬁyc{ar&% Rfdch
Il Tustrated in Fl(%pe%atlon 18yLén§§géate8|Udfh éé glon, normally a major
loop is defined for looping through the list multiple times
.with the full power of ECC turned on, in the later loops. The
later portions rarely are required, but are important in
obtaining a very low hard error rate.' For data throughput, the
first 10 to 20 steps are the most important. The object is to
get the data recovered in the fewest operations, since each

operation generally means an additional revolution.

Example Partial Customized DRP Lists

Narrow Head Wide Head
Near ID Near Center Band
Near Servo Near Servo

1 RR 1 RR

2 RR 2 RR

3 RR 3 ECC

4 RR 4 HS +4

5 RR 5 HS -4

6 HS +3 -

7 HS -3 -

8 HS +3 -

9 HS -3 -

10 EccC -

- 25 Side Erase

- {(on-track)

30 Side Erase Side Erase
{on~-track) (squeeze 2)
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5 corresponding data information tracks 28 for the data SURFACES 0-N. For
exanpl e, 951 data cylinders can be included in the disk-—surfaces 26
nunbered from0-950 as indicated in FIG 2. Each data |nfornat|on trac
includes nultiple data sectors 30 equally spaced around

exanple, 96 data sectors nunbered O0-95. 19  The di sks 1“ |n
paral l el for simultaneous raofatjon on angd by I nt egrat ed

not or assenbly 32. Th§% #?ﬁ%wnatlon widg @?“58 on each dISk 18 are read
and/or witten to by &e@srP@spondi ng datgarr@hsducer head 34 novabl e across

t he di sk surface. Trarasduservdeads 34 aigLeadd isedcby arns 38 ganged
toget her for sinmultaneous pivotal novenent about

1 RR 1 RR
2 RR 2 HS +6
3 HS +5 3 HS -6
4 HS -5 4 ECC
5 ECC -

- 15 Side Erase
- (on-track)

20 side Erase Side Erase
(on-track) (squeeze 2)

i Side Erase Side Erase
(squeeze 2) (squeeze 4)

RR + REREAD;
HS=HEADSHIFT, +=shift radially out by 3, 4, 5 or 6 units
i -=shift radially in by 3, 4, 5 or 6 units

Side Erase: on~track = no offset,

squeeze 2, 4 = 2, 4 units inward erase

Other steps not listed include other recovery procedures,
for example such as variation of other parameters. -With peak
detection, these include delta V changes, or write state
changes, other ECC in combination with other recovery
pProcedures. In brief summary, the data recovery procedure is
customized for specific head/disk/radius/characteristics and
avoids wasting time performing recovery operations that have
almost no odds of producing a recovery.
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a support spindle 40. One of the arns 38 includes an expi ﬁéhSH@mﬁqmu&m,'

in’'a pivotal notion by a head drive notor 44. Although
arrangenents are commonly used, the notor 44 can includ
cooperating with a magnet and core assenbly (not seen)
controlled for noving the transducer heads 24 in synchr

AR

operati vV
onismin a radia

direction in order to position the heads in_exact registration with th

cylinders 28 to be folRed®ERINg to FIfpt §.yuttPpi SEEVRSHE

viTEPE4 Ay ot cﬁ?ffl

i ncl udes an interhdamtioe fddtem precessur Bfoddyarecgxer ol Blustansedr of St a
to be stored in thgagtatd aEEAL OFsco¥@rof plbsdmrdBptevideehbsngquasit arrressiand

use. A Servo procgssor 825 coubled, hel¥senlhe LSage ooressar 50,

the nmotors 32 and 4! f ta transducer
52 controls the opet¥ts GREIBIMABFi-ng the heads 34 into
target or selected data LBA and of transferring data un

Servo processor
registration with a
der the control of

t he

Self adaptive recovery is accomplished by monitoring the
effectiveness of the recovery procedure while the device 10 is
operating and periodically adjusting the sequence of recovery
actions, moving the most effective recovery actions up in the
recovery sequence. Self adaptive data recovery could be most
active and make the most changes to the recovery procedure
during three situations of system integration, initial end

customer usage and usage change.

First an initial custom DRP is set as indicated at a block
600. After the device leaves the drive manufacturer the system
manufacturer tests the drive as part of the total éystem before
it is shipped to the final using customer dur}ng a system
integration test as indicated at a block labelléd 602. Self
adaptive data recovery, when invoked during the system
integration test, adjusts the custom DRP to any unique
characteristics present within the system it has been placed.

Some minimal number of errors would have to be collected
to merit invoking the adjustment algorithm as indicated at a
decision block 604. When as indicated at a block 606, the self
adéptive data recovery is applied during the system integration
test, the duration of the test would be an appropriate sample
Period.

During the initial period of use by the end user of the
system, self adaptive data recovery adjusts the data recovery

RO 9 92 056



i nterface processor 50. D sk access is oper |ver controll ed by t he

ser'vo priocessor 52. Mdttor 32 is operated to rotat eé{lnadeegtm
6 16. The servo processor 52 enpl oys servo contro nbve
the data heads 34 radially with respect to the rotatlmm\

: 21

sequence to optimize recovery to any environmental effects
- present at the specific location of use.

If the environment or usage pattern of the system changes,
or the drive is moved to a new system, self adaptive data
recovery would make the appropriate changes to the recovery
sequence, providing the most optimum recovery procedure.

The self adaptive data recovery adjustment algorithm is
periodically applied during the device's use. The period
between adjustments would most likely be once a predetermined

_number of errors have occurred as indicated at a block 608.
The use of error counts to invoke the self adaptive algorithm
has some inherent advantage. A statistical sample of errors
needs to be established to insure the algorithm is adjusting to
a real change and not. just noise or short term changes. When
the frequency of applying the self adaptive data recovery
algorithm is a set number or errors occurring, the recovery
procedure evolves fastest in those cases where it will do the
most good. The frequency of errors is a functions of the base
soft error rate of the device and the level of usage. In cases
of infrequent soft errors or a good base soft error rate or
very infrequent usage, the self adjustment algorithm would be
applied less frequently. Also, in these cases, data recovery
is invoked.less frequently so that overall speed of the device
is less dependent on the speed of data recerry. In cases of
frequent soft errors or a poorer soft error rate or very high
usage, the adjustment algorithm would be invoked more often.
Also in these cases, recovery is used more often, therefor the
overall speed of the device is more dependent on the speed of
recovery. In the latter case, where adjustment is more
frequent, the self adaptive data recovery would provide the
most benefit.
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di sks 18.by the head drive notor 44 to selectively align each

data is to be read or witten. In disk file

transducer heads with a specific radial position of
o et e

head 54 |ocated adjacent a dedicated servo surface |56 fo

cat ed

servo system advantageously is |l ocated in the2center o

the stack 16.

of the data

ere
ervo

Typically there is no active thermal conpensation in the system so that
any thermal effect that™fi |3RECEALCRi X pddrR ofelhe 2depPhibtrr datackTesrissy

TMR. However,

t heraijugtnent péges ftdwut dewpend bhehseaatmah edal icahdedignsatdeny

r ef e][ enCﬁ, wher e Lﬂ@léﬁ@d&&ﬁknnﬁbﬁ&ﬁia;i&t&he miah"fébmentwﬁ;dlﬁeﬂxii Bé’cécﬁ%t
are further away hayv ; r of f.set r roportional to.the
BEL TS 58 Pt ek, apPRE &y XoBIRTRL Wingh S e

di stance fromthe Serv

t

properly read V\heri“aéfﬁfat‘i“’s a@@irﬁ@riate adjustments to the recovery sequence.

The inputs to the algorithm would include: 1. The number
of errors recovered by each current recovery step during the
last sample period. 2. Any electronic channel measurements
available in the drive that could confirm or deny the present
of device of external changes. Examples of these channel
measurements are changes in soft error rate, fly height, or
read signal asymmetry. 3. Any other information available to
the device that would indicate a change of environment or
operating conditions.

Appropriate bounds are defined and applied. Possible
bounds are: 1. A mihimal number of plain rereads should be
first in the recovery procedure because they are the safest
recovery action. 2. Side erase being a time consuming and
somewhat risky recovery actio'n should not be moved up to the
first part of the recovery procedure. 3. ECC, althoeugh very
powerful in its extended form, may need to be limited to latter

Tecovery steps due to the increased probability of miss-
Correct.
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witten. A data head 34 is not located in the sane slot with the servo head
54, to dvoid interference that would result between the heads. I n

fact, there is sonme field that penetrates through the disk fromthe
data head that is on the other side of the disk that-has the servo head on
it. In sone cases, this can generate sonme added TMR when this data head is
writing, due to the interference into the séfvo syst €This Sheet Has Bedn'Replaced

accordance with features of the present invention, di fHMﬁgm
mechani sns are identified that are specific to the hea "g"m,& he
stack, or radial position, in addition t o TAt har act er'l st'i

head/ di sk conbi nation. A preferred data recovery procedure is defined

specific to the fgil useneBdBIUS REAtAr rétSkedyadinOrs dakk adyivgl \danapeteotager

head/ di sk as illustrateg andedane tiBed bl dParedastoofd €8sk urtaddthna
at least one transducer head for reading and/or writing
data to a respective disk surface, said method comprising
the steps of:

storing a plurality of data recovery procedures (DRP's});
detecting a readback error in a readback data signal;

identifying a plurality of predetermined transducer head
and disk parameters; and

selecting one of said stored plurality of data recovery
procedures (DRP's) responsive to said detected readback
error and said identified plurality of predetermined
transducer head and disk parameters.

2, A method as recited in claim 1 further includes the steps
of:

collecting a predefined number of readback errors; and

performing a self adaptive data recovery adjustment
algorithm for updating one of said stored plurality of
data recovery procedures (DRP's) responsive to said
collected predefined number of readback errors.

3. A method as recited in claim 1 wherein the step of
identifying a plurality of predetermined transducer head
and disk parameters includes the steps of:

RO 9 92 056
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7  Indisk file. 10 as with nost single band files—The Tinear density

i s highest at the inner radius near cylinder 950 than t Be. QLS as BRHRbTacEEAr

cylinder 0. As a result fly height, gap |l ength and nedi a gth
degrade performance nore at the inner radius than the out WE he
di sk surface 26. When disk file 10 hag a rel ativel f

| i near
identifying a head width parameter value; and

identifying a track misregistration parameter value .
responsive to said identified head width parameter value.

4. A method as recited in claim 3 further includes the step
of:

identifying a radial location value across the disk
surface responsive to said identified track

misregistration parameter value.

5. A method as recited in claim 4 further-includgs the step
of:

éelecting a predefined one of said stored plurality of
data recovery procedures (DRP's) responsive to said
identified radial location wvalue.

6. A method as recited in claim 1 wherein said step of
identifying a plurality of predetermined transducer head
and disk parameters includes the steps of:

identifying one of a narrow or a wide track width value;

identifying responsive to said identified track width
value one of a high or a low track misregistration (TMR)
value; and

identifying responsive to said identified TMR value one of
an inner, a middle or an outer track radial location
value.

7. A method as recited in claim 6 wherein said step of

RO 3 92 056
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density (BPI) to track density (TPl) and a channel se iéthxseBeExPRJpﬁWd
frefluency, the |onger wavel engths at the outer radi yomel fi Cant
interference fromside-reading of signals fromthe a gmaﬂﬁl\m Thi s
can cause the error rate to be higher at the outer tr hedi nner
tracks. In all drives, there is a tolxgrance on the track w dth of
the data and servo heads 34 and 54. At the narrower end of the tol erance,

| ow signal to noise isdeptefyingebypetdfare Wioh ehe Wodckrdrkafissrestrahon,

wi der heads, the side (rgagiw0des iAPNRIds kabystsipscett he adj acent tracks are
closer to the edge of the data -head. Anot her aspect of the transducer
head failure nmechanismis track m sregjsbration (TI\/F\;E. Fo% g&errggriégr\{ver
heads, the head will rOPBE{FYING a) BOEI L ofi FREI SHRTHUGPF S8 RN S W der
head. The wi der headhesreaghack fety signphvin squeetProfiasdjiagBft tracks,
where part of the data is erased, and the adjacent track represents an
Interference where daﬁ%entifying a relative position of the transducer head
providing the readback data signal to a servo transducer

head.

8. Apparatus for data recovery in a disk drive data storage
system of the type including at least one disk surface and
at least one transducer head for reading and/or writing
data to a respective disk surface, said. apparatus
comprising:

means for storing a plurality of data recovery procedures
(DRP's) ;

means for detecting a readback error in a readback data
signal;

means responsive to said detected readback error for
identifying a plurality of predetermined transducer head
and disk parameters; and

means for selecting one of said stored plurality of data
recovery procedures (DRP's) responsive to said detected
readback error and said identified plurality of
predetermined transducer head and disk parameters.

S. Apparatus as recited in claim 8 further comprising:

means for collecting a predefined number of readback

RO 9 92 056
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magnetlzatlon once .exi st ed. This is nore likely to Iead to hard errors
thah the interference on narrow heads. - Five e on tabl es

1-5 bel ow corresponding to FIGS. 3, 4 and 5 provide exenplar ap roﬁ{e!pﬁéeﬁ
DRP structure given three significant input paraneters iﬁ“\“‘\\“\

Head wi dth: wi de or narrow. 26 ‘“\“T\
means responsive to said collected predefined number of

errors; and

readback errors for performing a self adaptive data
recovery adjustment algorithm for updating one of said
stored plurality of data recovery procedures (DRP's).

10. Apparatus as recited in claim 8 wherein said means for
identifying a plurality of predetermined transducer head
and disk parameters include:

means for identifying each of a narrow or a wide track
width value; a high or a low track misregistration (TMR)
value; and an inner, a middle or an outer track radial
location value,

i 11. A direct access storage device comprising:
a housing;
at least one disk mounted in said housing for rotation
about an axis and having at least one disk surface for

storing data;

transducer means mounted for movement across said disk
surface for reading and writing data to said disk surface;

means for storing a plurality of data recovery procedures
{DRP's);

means for detecting a readback error in a readback data
signal;

means responsive to said detected readback error for

RO 9 92 056

S
——

(NN L



8 . 2l ™R hi gh or low. For exanple, high TMR can apply to heads at
t he ’ends” 'of the disks stack or the head opposite the seﬂmﬂm&ﬂHh&Q&ua

| ow TMR cases may apply to heads close to the servo surf
“including the head opposite the servo surface.
across the disk, inner tracks, mddle trackg; or outer tra

five output of the function tables are: 1. DRP steps, nunber of
rereads and head shi fidentifying a plurality of predetermined transducer head

and disk parameters; and

means for selecting one of said stored plurality of data
recovery procedures (DRP's) responsive to said detected
readback error and said identified plurality of
predetermined transducer head and disk parameters.

12. A direct access storage device as recited in claim 11
further comprising:

means for collecting a predefined number of readback
errors; and

means responsive to said collected predefined number of
readback errors for performing a self adaptive data
recovery adjustment algorithm for updating one bf said
stored plurality of data recovery procedures (DRP's).

RO 9 92 056
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2. Location of ECC in the procedure. 3. Magni tude of head shift.

4. First step of the procedure to inplenent side erase:

of side erase squeeze steps. Fol | owi ng each function

of rules explaining the | ogic béhind the values in tHgis
provided in the tables are only an exanpl e. 8Specific
particul ar inplenentation would be dependen% on the de
appl i cation.

CUSTOMIZED DATA RECOVERY PROCEDURE

Abstract” of the Disclosure

S—Number
table is a |list

s Be S99l ues
il

A method and apparatus are provided for data recovery in

a disk drive data storage system (12) of the type including at

least one disk surface (26) and at least one transducer head

(34) for reading and/or writing data to a respective disk

surface. A plurality of data recovery procedures (DRP's) are
stored. When a readback error is detected in a readback data

signal,.a plurality of predetermined transducer head and disk

parameters are identified. One of the stored plurality of data
recovery procedures (DRP's) is sélected. responsive to the
detected readback error and the identified plurality of
predetermined transducer head and disk parameters.

Figure : 1
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9 & s _ : Function Table 1 DRP Jiisfiiwet Has Bien RAMCE

| MDDLE*: | QUTER | TRACKS | TRA W DE

HEAD| HI GH TMR| 2 REREADS | 2 REREADS | 1 REREAD
. 50 1/5

o FIG. 1 1 ,
= 16 N F4— 52
( 12\ |

: 2£5 SURFACE O 42, a6 -

\ \ / 34 < 1 ey
18 §038 Fa—y B ERA 11801 ] - T = :

[T mom_e—1HL) - |
!8:5"1 26 [T TN e s 38 i

; 36 M1 54"

\ 28 :' T . i TH#
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SECTOR O
SECTOR 95
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| “ | 2 HEAD 2 HEAD 2 HEAD | | SHIFTS

SHIFTS | SHIFTS | | | |

LONWTMR 2 REREADS | 2 REREADS | 2 REREADS | | 2HEAD
2 HEAD | 2HEAD | | SHIFTS | SHIFTS | SHEFTS
NARRON | H GH TMR| 4 REREADS | 3 REREADS | 2 REREAD HEAD

AHEAD 4 HEAD | 2HEAD | | SHETS | SHEFTS |
SHI FTS | LOWTMR 5 REREADS 4 REREADS | 3 REREADS

| 4HEAD 4 HEAD | 4HEAD | | SHIFTS | SHFTS |

SHI FTS , -

Been Replaced |

S T

FIG. 3
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Rul es:

1. If Signal

Nar r ow heads have poorer signa
density is higher for the inner tracks.

means poorer signal
recovering errors due to

4

FIG.
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HIGH

400
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5.

3/5

Rereads are not effective
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Functidn Table 2 ECC LOCATION | INNER | MDDLE | OUTER
| TRACKS | TRACKS | TRACKS WDE | HIGH | AFTER HEAD | AFTER HEAD
| AFTER HEAD o

5/5 This Sheet Has Been Replaced

SET INITIAL
CUSTOM DRP
600
SYSTEM
INTEGRATION
TEST 602
APPLY SELF
SUFFICIENT \_YES ADAPTIVE DATA
ERROR SAMPLE RECOVERY
SIZE? ADJUST
604 ALGORITHM 606

NO

Ao

A

COLLECT
REQUIRED SAMPLE
OF SOFT ERRORS

608

APPLY SELF
ADAPTIVE DATA
RECOVERY ADJUST
ALGORITHM
610
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HEAD | TMR | SHIFT | SHIFT | SHFT =
LOW | AFTER HEAD | BEFORE HEAD | AFTER LACEMENT SHE .
SHFT | SHIFT | SHFT NARROW| H GH | AFTHR|HEAD | AFTER
_AFTER HEAD HEAD | TMR | SHIFT | SHFT 1| 3 MAY 1995
|- | | LON | AFTER HEAD | AFTER HEA
AFTER HEAD | TMR | SHFT | SH FT SHI FT ' | es
1. |f head has good el ectronic signal to noise, errars are nost |ikély

from m nor defects.

CUSTOMIZED DATA RECOVERY PROCEDURE
BACKGROUND OF THE INVENTION

1. Field of the Invention,
The invention relates to a method and apparatus for
recovering data when readback error is detected in a direct

access storage device (DASD).
2. Description of the Prior Art

Computers often include auxiliary memory storage units
having media on which data can be written and from which data
can be read for later use. Disk drive units incorporating
stacked, commonly rotated rigid magnetic disks are used for
storage of data in magnetic form on the disk surfaces. Data is
recorded in concentric, radially spaced data information tracks
arrayed bén the surfaces of the disks. Transducer heads driven
in a path toward and away from the drive axis write data to the
disks and read data from the disks. Various data recovery
procedures (DRP's) are known in the art for use when error is
detected in the readback of data from the disks.

For example, a side erase data recovery procedure (DRP) is
disclosed by U.S. Patent No. 4,516,165. The disclosed DRP is
effective against otherwise hard failures due to head
sensitivity to the low frequency content of adjacent tracks, or
from adjacent track misregistration (TMR). In the disclosed
side erase procedure, data from the adjacent track sectors is
read, stored, and then.the adjacent track sectors are erased
either on cénterline or with the read/write head moved closer
to the track of interest. This allows reading sectors of the



2 ECC is very powegfiihed GasBeed Replyceir om nmi nor def ects. - 3. Good

el ectroni c signal
12

to

IR e = v

track of interest that were totally dead using other normal
methods. After a successful read, all data of the track of
interest and the adjacent sectors are rewritten.

U.S. Patent No. 4,821,125 discloses a data recovery
procedure including a variable delta-V. Delta-V is the minimum
voltage change per - urnit time which tests signals to
discriminate between dataﬂénd noise. Re-reads are conducted
using various incremented values of delta-V in the recovery

sequence.

A typical data recovery procedure includes rereads, head
shifts and at least one error correcting code (ECC). Each
specific hard disk drive normally has one specified 1list
defining a data recovery procedure (DRP) that is considered
best for the disk file. However, within one disk drive
product, there ican be several different failure mechanisms that
are dominant. Since each recover procedure has a different
probability of success for each failure mechanism, one given
DRP or recovery list is not optimum for specific cases.

Individual recovery actions are more or less effective
given, the unique characteristics of each disk file and the
specific hardware system and environment of use of the disk
file. It is desirable to achieve the fastest recovery
possible. This requires the most effective recovery actions to
be provided early in the recovery procedure given the
Ssequential nature of data recovery procedures.

SUMMARY OF THE INVENTION
A principal object of the present invention is to provide

improved methods and apparatus for data recovery in a disk

drive data storage system. Other objects are to provide such
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data recovery procedure (DRP) for known failure mechanisms, on

~ both an individual head disk combination and positional

information, and any other information known to affect the

recovery, and to provide data recovery methods that overcome
many of the disadvantages of prior art arranggments.

In brief, the objects:_and advantages of the present
invention are achieved by method and apparatus for data
recovery in a disk drive data storage system of the type
including at least one disk surface and at least one transducer
head for reading and/or writing data to a respective disk
surface. A plurality of data recovery procedures (DRP's) are
stored. When a readback error is detected in a readback data
signal, a pluralit& of predetermined transducer head and disk
parameters are identified. One of the stored plurality of data
recovery procedures (DRP's) is selected responsive to the
detected readback error -and the identified plurality of
predetermined transducer head and disk parameters.

BRIEF DESCRIPTION OF THE DRAWING

The present invention together with the above and other
objects and advantages may best be understood from the
following detailed description of the embodiment of the

invention illustrated in the drawings, wherein:

FIG. 1 is a schematic and block diagram of a data storage
disk file embodying the present invention;

FIG. 2 is a diagram showing tracks and sectors of a data
disk surface of the data storage disk file of FIG. 1;




Benefit fromlarge head shift val ues. 2. Heads with low signal to
noi se shoul d not be exposed to the risk of large head shift values early in

the recovery. 3. Narrow heads have poorer signal to noise than

wi der heads. 4. Linear denS|ty i's higher for the inner tracksd ]
5. Higher linear den me oorer nal to noi se. 6. Heads wt
hi gher TMR are nore #éé ? 5PFt ?l’%ﬁ? her provide a flow diagram

illustratlng a data recovery method according to the present
invention in the data storage disk file of FIG. 1; and

FIG. 6 1is a flow diagram, illustrating adaptive
modification method of the data recovery procedure of the
invention.

DETAILED DESCRIPTION OF THE PREPERRED EMBODIMENT

In FIG. 1 there is shown a partly schematic block diagram
of parts of a data storage disk file 10 including a data
storage medium generally designated as 12 and an interface
control unit generally designated as 14. ° In the preferred
embodiment of this invention, the data storage medium 12 is
embodied in a rigid magnetic disk drive unit 12, although other
mechanically moving memory configurations may be used. Unit 12
is illustrated_ in simplified form sufficient for an
understanding of the present invention because the utility of
the present invention is not limifed to the details of a
- particular drive unit construction. i

Referring now to FIGS. 1 and 2 of the drawings, disk drive
unit 12 includes a stack 16 of disks 18 having magnetic
surfaces. Data disks 18 include a layer of magnetic material:
on opposed disk surfaces 26. Unit 12 includes a selected
number of the double-sided data disks 18 to provide a selected
Storage capacity as indicated in FIG. 1 numbered from SURFACE
0 through SURFACE N. Numerous data information tracks or
Ccylinders . 28 are arrayed in a concentric pattern in the
magnetic medium of each disk surface 26 of data disks 18. The
data information tracks 28 are disposed at predetermined
positions relative to servo reference tracks, such as RO

illustrated in FIG. 2. A data cylinder includes a set of

I SHEET



:Hi her head shift Qal ues than heads with | ow TMR
13g : Function Table 4 S| DE ERASE | 1 NNER

M DDLE | QUTER FI RST STEP | TRACKS | TRACKS | TRACKS
5

corresponding data information tracks 28 for the data SURFACES
0-N. For example, 951 data cylinders can be included in the
disk surfaces 26 numbered from 0-950 as indicated in FIG. 2.
Each data information track 28 includes multiple data sectors
30 equally spaced around the cylinder; for example, 96 data
sectors numbered 0-95.

The disks 18 .are mounted in parallel for simultaneous
rotation on and by an integraﬁed spindle and motor assembly 32.
The data information tracks 28 on each disk 18 are read and/or
written to by a corresponding data transducer head 34 movable
across the disk surface. Transducer heads 34 are carried by
arms 38 ganged together for simultaneous pivotal movement about
a8 support spindle 40. One of the arms 38 includes an extension
42 driven. in a pivotal motion by a head drive motor 44.
Although several drive arrangements are commonly used, the
motor 44 can include a coil 46 cooperating with a magnet and
Core assembly (not seen) operatively controlled for moving the
transducer heads 34 in synchronism in a radial direction in
order to position the heads in exact registration with the
cylinders 28 to be followed. i i

Data utilization device 14 typically includes an interface
or file processor 50 that controls transfer of data to be
stored in the data sectors 30 of disks 18 for subsequent access
and use. A servo processor 52 is coupled between the interface
processor 50, the motors 32 and 44 and the data transducer
heads 34. The servo processor 52 controls the operations of
moving the heads 34 into registration with a target or selected
data LBA and of transferring data under the control of the

interface processor 50.

Disk access is operatively controlled by the servo
processor 52. Motor 32 is operated to rotate the disk stack




WDE HEAD | HIGH TMR | 20 | 20 | 15 | | I
I||_OWT|\/R| 25 | 25 | 20 NARROW | HI GH TMR

|
| 25 | 25 | 20 HEAD |
|LOVTMR | 30 | 30 | 25 6 Rul es: 1. Head

susceptible to side reading or track squeeze will nost Iikely benefit from
si de grase recovdfy. The serve PFP@?PSHVRgEaﬁf%§YﬁIﬁe6VPr%%rthetaﬁds dicde

readi ng exposur emeyrartHeowathRheads 34 radially with respect to the rotating
disks 18 by the head drive motor 44 to selectively align each

of the data transducer heads with a specific radial position of
the cylinder 28 where data is to be read or written.

In disk file 10, a dedicated servo head 54 located
adjacent a dedicated seryo"surfacé 56 for a dedicated servo
system advantageously is located in the center of the stack 16.
Typically there is no active thermal compensation in the
system, so that any thermal effect that tilts the disk pack or
the actuator stack causes TMR. However, there is little effect
near the servo head, which is the reference, where the feedback
maintains the position. The heads 34 that are further away
have more thermal offset, generally proportional to the
distance from the servo head 54 in the stack 16.

Servo head 54 must properly read when data is being
written. A data head 34 is not located in the same slot with
the servo head 54, to avoid interference that would result

- between the heads. In fact, thére is some field that
penetrates through the disk from the datd head that is on the
other side of the disk that has the servo head on it. In some
cases, this can generate some added TMR when this data head is
writing, due to the interference into the servo system.

In accordance with features of the present invention,
different failure mechanisms are identified that are specific
to the head position in the stack, or radial position, in
addition to the characteristics of the head/disk combination.
A preferred data recovery procedure is defined specific to the
failure mechanisms or risk factors at any given point or
head/disk as illustrated and described with respect to FIGS. 3,
4 and 5,
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3. Due to reduced bit density side reading is nost predonminate at the
outer tracks. 4. Wde heads are nore susceptible to side reading and

squeeze. - 14
7

In disk file 10 as with most single band files, the linear

density is highest at the inner radius near cylinder 950 than

-~ the outer radius near cylinder 0. As a result fly height, gap
length and media transition length degrade performance more at
the inner radius than the outer radius of the disk surface 26.

When disk file 10_has[§_relatively low ratio of linear
density (BPI) to track density (TPI) and a channel sensitive to
low frequency, the longer wavelengths at the outer radius cause
a significant interference from side-reading of signals from
the adjacent tracks. This can cause the error rate to be
higher at the outer tracks than at the inner tracks. - .

In all drives, there is a tolerance on the track width of
the data and servo heads 34 and 54. At the narrower end of the
tolerance, low signal to noise is more likely than with; the
wider heads. For the wider heads, the side reading is more
likely since the adjacent tracks are closer to: the edge of the
data head. Another aspect of the transducer head failure
mechanism is track misregistration (TMR) . For the narrower
heads, the head will more likely lose more signal with offsets
than a wider head. The wider head is more likely to have
squeeze from adjacent tracks, where part of the data is erased,
and the adjacent track represents an interference where data
magnetization once existed. This is more 1likely to lead to

hard errors than the interference on narrow heads.
Five example function tables 1-5 below corresponding to
FIGS. 3, 4 and 5 provide exemplar appropriate DRP structure

given three significant input parameters including:

1. Head width: wide or narrow.




Function Table 5 SI DE ERASE | INNER | MDDLE | OUTER

SQUEEZE STEPS

T I
1 NARROW
| LOW TMR

2

| TRACKS | TRACKS | TRACKS WDE HEAD | HI GH TWMR |
2 | LOWTMR | 1 | 1
| H GH TMR| 0 | 0g | 1 HEAD |
0 | 0 | O Rul es: :

2. TMR: high or low. For example, high TMR can apply to
heads at the ends of the disks stack or the head opposite the
servo surface. While low TMR cases may apply to heads close to
the servo surface but not including the head opposite the servo
surface.

3. Radial location across the disk, inner tracks, middle
tracks, or outer tracks. ' '

The five output of. the function tables are:

1. DRP steps, number of rereads and head shifts.

2. Location of ECC in the procedure.
3. Magnitude of head shift.
4. First step of the procedure to implement side erase.

5. Number of side erase squeeze steps.

Following each function table is a 1list of rules
explaining the 1ogié behind the values in the table. The
values provided in the tables are only an example. Specific
values used in a particular implementation would be dependent
on the details of that application.




1. Head susceptible to extrenme side reading or track squeeze w |l benefit

fromside erase recovery wth squeezed-in erasure. 2. Hgh TWMR
causes nore track squeeze and side reading exposure than | ow TMR 3.
Due to reduced bit density, side reading is giost predoninate at the outer
tracks. 4. Wde heads are nore susceptible to side reading and
squeeze. Referring nowto FIGS. 3, 4 and 5, there is shown a flow
Function Table 1
DRP STEPS | INNER | MIDDLE | OUTER )
| TRACKS | TRACKS | TRACKS
WIDE HEAD| HIGH TMR| 2 REREADS | 2 REREADS | }- REREAD
[ | 2 HEAD | 2 HEAD | 2 HEAD
| | SHIFTS | SHIFTS | SHIFTS
I I I ! _
| LOW TMR | 2 REREADS | 2 REREADS | 2 REREADS
| | 2 HEAD | 2 HEAD | 2 HEAD
| | SHIFTS | SHIFTS | ° SHIFTS
NARROW | HIGH TMR| 4 REREADS | 3 REREADS | 2 REREAD
HEAD | | 4 HEAD | 4 HEAD | 2 HEAD
| | SHIFTS |  SHIFTS | SHIFTS
I I I I ;
| LOW TMR | 5 REREADS | 4 REREADS | 3 REREADS
| | 4 HEAD | 4 HEAD | 4 HEAD
l | SHIFTS | SHIFTS | SHIFTS
Rules:
1. If Signal to noise poorer than use more rereads.

2. Narrow heads have poorer signal to noise than wider

3. Linear density is higher for the inner tracks.
4. Higher linear density means poorer signal to noise.

5. Rereads are not effective recovering errors due to

REPLACEMENT SHERT
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chart illustrating sequential data recovery steps perforned in accordance
with the invention. Referring initially to FIG 3, the first factor
identified is track or head width as indicated at a deci sion bl ock 300.
Wien a wide track wwdth is identified at block 300, then the sequenti al
steps continue following entry point Ain H%G 4. Otherwi se when a narrow
track w dth high TMR. 15 is identified at
bl ock 300, then the sequential steps continue

6. If rereads are not effective then reéduce the number of
initial rereads.:




following entry point Bin FIG 5. Havi ng reference to FIGS. 4 and

5, the sequential operations begin with an identification of high or |ow
TVR as indicated at a respective decision block 400 and 500. Wen high TMR
is identified, then a radial |ocation across the disk surface 26 is
identified at indicated at respective decisi®n bl ock 402 and 502.

O herwi se when low TMR is identified, then a radial |ocation across the

di sk surface 26 is identified as indicated_at respective decision block
404 and 504. A corresponding DRP i s peffettiea Tatle Be radi al | ocation
identified at bl ocks 402, 404; 502, 504. -I'n each of the DRP' s
illustrated in Fl @c doamridy the fimsd ang segpps steqs St eread (RR).

Typically the first and nost basic of re £y procedure is the
reread. A % Tﬁﬁgkg | %%Xgﬁy ? ?BACKS
HIGH | AFTER HEAD | AFTER HEAD | AFTER HEAD

I I !
LOW | AFTER HEAD | AFTER HEAD | AFTER HEAD
I

TMR |  SHIFT |  SHIFT

WIDE |
HEAD | TMR |  SHIFT ™ |  SHIFT |  SHIFT
| | -} | - :
| LOW | AFTER HEAD | BEFORE HEAD | AFTER HEAD
| TMR |  SHIFT | SHIFT |  SHIFT
NARROW | HIGH | AFTER HEAD | AFTER HEAD | AFTER HEAD
HEAD | TMR |  SHIFT | SHIFT |  SHIFT
I
I
N

SHIFT
Rules: i

1. If head has good electronic signal to noise, errors
are most likely from minor defects.

2. ECC is very powerful recovering from minor defects.

3. Good electronic sighal to noise with wide head, center
tracks, low TMR.
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reread is a repeat of the original read, wth no change of paraneters. The
reread is effective for things that are non- repeatable, such as, for

exanpl e, random el ectronic noise‘that will not be the sane on the next
revol ution. The non- repeatable TVMR on thﬁzread may have degraded the
error rate at an extrene value during the original read, which in

conbination with noise or other detractors, contributed to an error. Thus
the reread has some benefit for npﬂg{%&% IMBlgn the read. Note that TMR
that occurred in the wite process géis_?mwﬂ%e Pocked" into the written
pattern, so is therefore repeatable, even if the original source during the

wite was non-repeat abigaDp BuIgTt he TIVRINNEEN t he wiinpe.edoep mutrERhange on

rereads, so the rereadugiNdrupas a mydenahexef f ctipsr@ss Wh%@AEMB is the
dom nant portionv§£ tHEm9 g%%ggt% t hat ause§ a read eryor. The nunber of
rereads provided eFor & anot '@%é of recovery procedur isbtried depends
on the possible failure ndchanisirs. lIn géneral | the poorelt the

signal -to-noise ratio, thg mowerMrR | 4 I 4 g 5
NARROW | HIGH TMR | 4 | 4 | 5
HEAD I I I |
| LOW TMR | 3 | 3 [ 4
Rules:
1. Heads with good signal to noise are most able to

benefit from large head shift values.

2.. Heads with low signal to noise should not be exposed
to the risk of large head shift values early in- the recovery.

3. Narrow heads have poorer signal to noise than wider
heads.

4. Linear density is higher for the inner tracks.
5. Higher linear density means poorer signal to noise.

6. Heads with higher TMR are more likely to benefit from
higher head shift values than heads with low TMR.

REPLACEMENT SHEET
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16 |ikely that errors are due to random noi se. The two main factors
contributing to a low S/N are that the read wwdth of the head is narrow,
and that the linear density is high. W know where the linear density is
hi ghest, which is at the inner radius of a drive, especially if the file
does not use nmultiple data rate recordi ng bands.

Function Table 4

SIDE ERASE | INNER | MIDDLE | OUTER
FIRST STEP l TRACKS |  TRACKS '| TRACKS
WIDE HEAD | HIGH TMR | 20 i 20 “1 15
| | - I [
| LOW TMR | 25 | 25 | 20
NARROW | HIGH TMR | 25 I 25 | 20
HEAD | [ I [
| LOW TMR | 30 | 30 | 25
Rules:

1. Head susceptible to side reading or track squeeze will
most' likely benefit from side erase recovery.

2. High TMR causes more track squeeze and side reading
exposure than low TMR. )

i 3. Due to reduced bit density 'side reading is most
pPredominate at the outer tracks.

4. Wide heads are more susceptible to side reading and
squeeze.




Next in the illustrated DRP' s except for the DRP used when the m ddle

tracks are identified at decision block 404, a commbn recovery procedure of

a head shift is performed, in which the head is noved off the nom na
‘position by sone anobunt in one direction, and a reread is then done. A
properly designed systemw || have equal prdﬂability of being off track in

either direction.

Thus the selection of the direction to nove on the first

trial is arbitrary. -The head shift gs robably fairly effective, if
PIE" PR R s

there was a failure due to TMR, and if

1R P

s’ shifted the correct

way. If it was shifted the wong way, there will nornmally be ZERO odds of
recovery. The head i sibhesradE fted in t haneppogi t emdbiprect i|ormt-1@Ratterrpt a

read. Qher anountsggfpbaadqeBsit can thgpgal 5o hiaRAtchISed}1 S&gdi fferent
t

anounts do not n
recovery proced

S y. have to occur t th sane poi the
Sﬁgi EEA¢ 'rﬁﬁﬁ MR | our?procﬁdureg t hel anﬁhnt of the

first head shift is normallly nade si gni fi‘cant enough to read for nost TMR

i nduced errors.
t he

| f reads| wowhTt#Ri s| of f sgt donot necovey the data, then

NARROW | HIGH TMR | 0 | 0 I 1
HEAD | ] | |
| LOW TMR | 0 | 0 | 0
Rules:
1. Head susceptible to extreme side reading or track

Squeeze will benefit from side erase recovery with squeezed-in
erasure.

2. High TMR causes more track squeeze and side reading

exposure than low TMR.

3. Due to reduced bit density, side reading is most

predominate at the outer tracks.

4. Wide heads are more susceptible to side reading and

Squeeze,

Referring now to FIGS. 3, 4 and 5, there is shown a flow

Chart illustrating sequential data recovery steps performed in
accordance with the invention. Referring initially to FIG. 3,
the first factor identified is track or head width as indicated
at a decision block 300. When a wide track width is identified
at block 300, then the sequential steps continue following
entry point A in FIG. 4. Otherwise when a narrow track width




brobabi lity of the error comng fromTMR is less likely, and that it was
caused by anot her nmechanismis nore likely. Thus other procedures nay be
added after the first head shift. |If the data is still not recovered

| ater, then head shifts of larger and small efjsanmounts may then be tried,
since these could be fromreally bad intrinsic error rates at the bottom of
the bathtub for aisdsiragéfiiediattabdecki N, sheh ithenzaqueethnel esxspsycdixt ifnuae

tune the head posiéimsming Ehfy tfneebyibasi.pbace, in order to read the
dat a.

Having reference to FIGS. 4 and 5, the sequential
operations begin with an identification of high or low TMR as
indicated at a respective decision block 400- and 500. When
high TMR is identified,tthgn a radial'ldcation across the disk
surface 26 is identified at indicated at respective decision
block 402 and 502. Otherwise when low TMR is identified, then
a radial location across the disk surface 26 is identified as
indicated at respective decision block 404 and 504. A
corresponding DRP is performed for the radial location
identified at blocks 402, 404, 502, 504.

In each of the DRP's illustrated in FIGS. 4 and 5, the
first and second steps are reread {({RR). Typically the first
and most basic type of recovery procedure is the reread. A
reread is a repeat of the original read, with no'change of
parameters. The reread is effective for things:that are non-
repeatable, such as, for example, random electronic noise that
will not be the séme on the next revolution. The non-
repeatable TMR on the read may have degraded the error rate at
an extreme value during the original read, which in combination
with noise or other detractors, contributed to an error. Thus
the reread has some benefit for moderate TMR in the read. Note
that TMR that occurred in the write process gets "write locked"
into the written pattern, so is therefore repeatable, even if
the original source during the write was non-repeatable. Thus
the TMR from the write does not change on rereads, so the
reread only has a moderate effectiveness when TMR is the
dominant portion of the degradation that caused a read error.
The number of rereads provided before another type of recovery
Procedure is tried depends on the possible failure mechanisms.
In general, the poorer the signal-to-noise ratio, the more




17 Wen the mddle tracks are identified at decision block 404, an
error correction code (ECC) is used to correct data before a head shift is

provi ded in the DRP. ECC is very powerful for inperfections that are
spatially very small. In this case, the noggnal data that is read back may

have values that are totally wong, with no odds of being read correctly by
normal rereads olikelad tgtf texroznd airt cae $bi khnden GFTsRCt edmésma@ BaGn The

correction can ﬁ@&&foﬂsf c&;h@r%ﬁ&!’x}gblﬂétsg |1§w|§/§ls atrgsgléét?%h(é ; ﬂ:ﬁ:hsr%%n of
rrec
[he £cc code.  IhiRe hdadal COn o"f’hern% ggv\% q%%g‘ﬁ"ﬁ%rvﬁet"ﬁlﬁ?ghs‘l"mh't h&ke

recoveri es have no bene
are many errors KeP% W@eﬁﬁt‘a‘%éé?e%ﬂvnﬁytﬂws Righelssit BGChhes atotherieher.

However, the headadhisf bfrmyiraas| |¢speeiavby itfthelse file does not use multiple
data rate recording bands.
Next in the illustrated bRP's except for the DRP used when
the middle tracks are identified at decision block 404, a
common recovery procedure of a head shift is performed, in
which the head is moved off the nominal position by some amount
in one direction, and a reread is then done. A properly
designed system will have equal probability of being off track
in either direction. Thus the selection of the direction to
move on the first trial is arbitrary. The head shift is
probably fairly effective, if there was a failqre due to TMR,
and if the head was shifted the correct way. If it was shifted
the wrong way, there will normally be ZERO odds of recovery.
The head is then shifted in the:opposite direction to attempt
a read. Other amounts of head shift can then also be tried.
i These different amounts do not nécessarily have to occur at the
Same point in the recovery procedure. In many of our
procedures, the amount of the first head shift is normally made
significant enough to read for most TMR induced errors. If
reads with rthis offset do not recover the data, then the
Probability of the error coming from TMR is less likely, and
that it was caused by another mechanism is more likely. Thus
other procedures may be added after the first head shift. 1If
the data is still not recovered later, then head shifts of
larger and smaller amounts may then be tried, since these could
be from really bad intrinsic error rates at the bottom of the
bathtub for a "damaged" data section, and it may be necessary
to fine tune the head position to find the very best place, in
order to read the data.




Next the side erase procedure reads the data fromthe adjacent track

| sectors, stores it, then erases these sectors, first in the on track
posi tion. As with the ECC, this procedure can recover data that no other
process can alone. The point is that many recovery procedures have been
devel oped to correct for specific failure nechani snms, and sone ot her
recovery procedures mnenN@hehaV¥&€d P traR&EVEFy AdWAN AGE ftO0iebhei 3 WRck

recovery proceduggy Fol a.nar lagReath, NeRk (hect ner gk, (ARG g, cLhe
servo head, where there i's OM/oé S of side reading or _heavy squeeze, the
side erase is puPf¥F 1y PeRd a8ttt nk® CREPVHAEE. 1RoFPe RRBe héESH, ifed™¥he
outer track, andpeeerfulhdogeinmerifegdionhelgitdererspatiatlpverydecklsdoonén,
]gue ]Eo | nCLeasedtﬂfu‘Bscazfa,hﬁMé r}_gaérﬁ.'n‘iﬁ seedivi@e is E%dtbscﬁd h@ﬁéﬂ Jaaeaked
ar romt he serg %& ’tét‘ilSI e erase, procedure_i.s .noved further up.ln
the list. %e given aexgrrvﬁf%%g’orlﬁgr 9 8%&5]5 §f BP9 FE1% CPFTEE JTng%s
normal rereads or head shifts, and it can still be corrected
using ECC. The correction can occur if the error burst is less
than the correction span of the ECC code. Thus ECC can correct
data with failures for which other recoveries- have no benefit.
In other cases, such as with high TMR, there are many errors in
the data over many bytes, so that ECC has no benefit. However,

the head shift may easily recover these.

Next the side erase procedure reads the data from the
adjacent track sectors, stores it, then erases these sectors,
first in the on track position. As with the ECC, this
procedure can recover data that no other process can alone.
The'point is that many recovery procedures have been developed
to correct for 'specific failure mechanisms, and some other
recovery procedures may not have any recovery advantage for the
given recovery procedure. For a narrow head, near the inner
track, and near the servo head, where there is low odds of side
reading or heavy squeeze, the side erase is put fairly far down
the DRP list. For a wide head, near the outer track, and near
the servo head, the side erase is provided sooner, due to
increased odds of having side reading. For the same head
located far from the servo head, the side erase procedure is

moved further up in the list.

The given examples of portions of DRP lists illustrates
the operation of such a customized list. Typically the DRP
lists for disk file 10 are table driven, which means that each




t he operation of such a custonized Iist. Typically the DRP lists for disk
file 10 are table driven, which neans that each
18 recovery operation is coded |ike a subroutine in a software problem The
listing in the TABLE then tells which operatjpn to do first, second, third,
etc., and how nany tinmes each operation should be repeated. -In addition,
normal |y a major rewgyery dgkiratiod ofs | osjEdng ikbr augibAdugihé Sin nall 56 ptare
times with the fuptoiewer ohe Esdiwgned Ok =aBLENGnAtEE1d QRSN IPSration
to do first, second, third, etc., and how many times each
operation should be repeated.. In addition, normally a major
loop is defined for looping through the 1list multiple times
with the full power of ECC turned on, in the later loops. The
later portions rarely. are required, but are important in
obtaining a very low hard erfgr rate. For data throughput, the
first 10 to 20 steps are the most important. The object is to
get the data recovered in the fewest operations, since each
operation generally means an additional revolution.

] "Example Partial Customized DRP Lists

Narrow Head Wide Head

Near ID Near Center Band
Near Servo Near Servo
1 RR 1 RR
f 2 RR 2 RR
3 RR 3 ECC
4 RR 4 HS +4
5 RR 5 HS -4
6 HS +3 -
7 HS -3 -
8 HS +3 -
8 HS -3 =
10 ECC -

- 25 Side Erase
- (on-track)
30 Side Erase Side Erase

(on-track) {squeeze 2)




| ater portions rarely are required, but are inportant in obtaining a
very |low hard error rate. For data throughput, the first 10 to 20 steps are
the nost inportant. The object is to get the data recovered in the fewest
operations, since each operation generally mgans an additional revol ution.

Exanpl e Partial Custom zed DRP Lists Nar r ow Head W de Head
Near | D Neélarr@eriteeyd Band WiNeaklie®er vo Near Servo
1 RR 1nBRr oD 2RR Near OD 2RR -
Near Servo Hi/Lo oq_Stack
1 RR 1 RR
2 RR 2 HS +6
3 HS +5 .3 HS -6
4 HS -5 4 ECC
5 ECC ) -

- - ' 15 Side Erase
- (on—-track)

20 side Erase Side Erase
(on-track). (squeeze 2)

i Side Erase Side Erase
(squeeze 2) {squeeze 4)

RR + REREAD;
HS=HEADSHIFT, +=shift radially out by 3, 4, 5 or 6 units
—=shift radially in by 3, 4, 5 or 6 units

Side Erase: on-track = no offset,

squeeze 2, 4 = 2, 4 units inward erase

Other steps not listed include other recdvery procedures,
for example such as variation of other parameters. With peak
detection, these include delta V changes, or write state
changes, other ECC in combination with other recovery
Procedures. In brief summary, the data recovery procedure is
Customized for specific head/disk/radius/characteristics and
avoids wasting time performing recovery operations that have
almost no odds of producing a recovery.




3ECC 4RR 4HS +4 SRR

3RR

5HS -4 6 HS +3 7 HS -3 8 HS +3 9 HS -3 10 ECC

25 Si de Erase (on-track) 30 Side Erase
'Side Erase (on-track) (squeeze 2)

Referring to FIG. 6, the sequential steps of a self
adaptive data recovery procedure are illustrated. Self
adaptive data recovery procedure provides the most effective
data recovery procedure for each 1nd1v1dual device in its

unique environment.

Self adaptive recovery is accomplished by monitoring the
effectiveness of the recovery procedure while the device 10 is
operating and periodically adjusting the sequence of recovery
actions, moving the most effective recovery actions up in the
recovery sequence. Self adaptive data recovery could be most
active and make the most changes to the recovery procedure
during three situations of system integration, initial end
customer usage and usage change.

First an initial custom DRP is set as indicated at a block
600. After the device leaves the drive manufacturer the system
manufacturer tests the drive as part of the total system before
it is shipped to the final using customer durlng a system
integration test as indicated at a block labelled 602. Self
adaptive data recovery, when invoked during the system
integration test, adjusts the custom DRP to any wunigue
characteristics present within the system it has been placed.

Some minimal number of errors would have to be collected
to merit invoking the adjustment algorithm as indicated at a
decision block 604. When as indicated at a block 606, the self
adaptive data recovery is applied during the system integration
test, the duration of the test would be an appropriate sample
Period.

During the initial Period of use by the end user of the
System, self adaptive data recovery adjusts the data recovery
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sequence to optimize recovery to any environmental effects

" present at the specific location of use.

If the environment or usage pattern of the system changes,
or the drive is moved to a new .system, seif adaptive data
recovery would make the appropriate changes %o the recovery
sequence, providing the most optimum recovery procedure.

The self adaptive data redovery adjustment algorithm is
periodically applied during the device's use. The period
between adjustments would most likely be once a predetermined

_ number of errors have occurred as indicated at a block 608.

The use of error counts to invoke the self adaptive algorithm
has some inherent adﬁantage. .A statistical sample of errors
needs to be established to insure the algorithm is adjusting to
a real change and not- just noise or short term changes. When
the frequency of applying the self adaptive data recovery
algorithm is a set number or errors occurring, the recovery
procedure evolves fastest in those cases where it will do the
most good. The frequency of errors is a functions of the base
soft error rate of the device and the level of usage. In cases
of infrequent soft errors or a good base soft error rate or
very infrequent usage, the self adjustment algorithm would be
applied less frequently. Also, in these cases, data recovery
is invoked.less frequently so that overall speed of the device
is less dependent on the speed of data recovery. In cases of
frequent soft errors or a poorer soft error rate or very high
usage, the adjustment algorithm would be invoked more often.
Also in these cases, recovery is used more often, therefor the
overall speed of the device is more dependent on the speed of
Yecovery. In the latter case, where adjustment is more
frequent, the self adaptive data recovery would provide the
most benefit.

2
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of f set, The specifics of the self adaptive data recovery
adjustment algorithm depend on the actual device design and any
implementation constraints. The adjustment algorithm factors
in all the available data, applies any appropriate bounds, then
makes the appropriate adjustments to the recovery sequence.

The inputs to the algorithm would include: 1. The number
of errors recovered by each current recovery step during the

last sample period. 2. Any electronic channel measurements
available in the drive that could confirm or deny the present
of device of external changes. Examples of these channel

measurements are changes in soft error rate, fly height, or
read signal -asymmetry. 3. Any other information available to
the device that would indicate a change of environment or

operating conditions.

Appropriate bounds are defined and applied. Possible
bounds.are: 1. A minimal number of plain rereads should be
first in the recovery procedure because they are the safest
recovery action. 2. Side erase being a time consuming and
somewhét risky recovery actioh should not be moved up to the
first part of the recovery procedure. 3. ECC, although very
powerful in its extended form, may need to be limited to latter
recovery steps due to the increased probability of miss-
correct.




squeeze 2, 4 = 2, 4 units inward erase QG her steps not listed include
other recovery procedures, for .exanple such as variation of other
paranmeters. Wth peak detection, these include delta V

I'te
state changes, other ECC in conbination with other recovery ce ﬁéd I n
brief summary, the data recovery procedure i3 custon1ZBd
head/ di sk/ radi us/ characteristics and avoi ds wasti ng t|

recovery operations that have al nost no odds of produ0|
CLAIMS:

1. A method of data recovery in a disk drive data storage
system of the type including at least one disk surface and
at least one transducer head for readlng and/or wrltlng
data to a respective’ disk surface, said method comprising
the steps of:

storing a plurality of data recovery procedures (DRP's);
detecting a readback error in a readback data signal;

'identifying a plurality of predetermined transducer head
and disk parameters; and

selecting one of said stored plurality of data recovery

procedures (DRP's) responsive to said detected readback

error and said identified plurality of predetermined

transducer head and disk parameters. .

2. A method as recited in claim 1 further includes the steps
of:

collecting a predefined number of readback errors; and

performing a self adaptive data fecovery adjustment
algorithm for updating one of said stored plurality of
data recovery procedures (DRP's) responsive to said
collected predefined number of readback errors.

3. A method as recited in claim 1 wherein the step of

identifying & plurality of predetermined transducer head
and disk parameters includes the steps of:

N A




20 Referring 'to FIG 6, the sequential steps . §ﬁgsBeena}g

data recovery procedure are illustrated. Sel f
Fecovery procedure provides the nost effective data IH ﬁ ﬂmi . edu e for
each individual device in its unique enviroprent. aptive
recovery is acconplished by nDnltorlng the effectiveness of the recovery
procedure while the devicaeiiving 2 dsedafidig aaTRRREerovebei| pnddj usting the
sequence of recovery actions, noving the nost effective recovery actions

up in thed recovery S%ﬂl{éﬂ@%?ylngse” %ga@;tl masgragfﬂs{z%ggxg;g :;Jh'relgﬁpe\{;ga
tive and make the nost_chan
2ftL;t|ons of systen1|ﬁ588?%‘%%% Fﬁf ghgl‘%ﬂg?%ﬁﬁptﬂ§§ﬁgm§ﬁ8 d?&d@

change.

4. A method as recited in clalm 3 further includes the step

of:

identifying a radial location value across the disk
surface responsive to said didentified track
misregistration parameter value.

5. A method as recited in claim 4 further .includg:-s the step

of:

s'electing a predefined one of said stored plurality of
data recovery procedures (DRP's) responsive to said
identi_f__ied radial location value.

6. A method as recited in claim 1 wherein said step of
identifying a plurality of predetermined transducer head
and disk parameters includes the steps of:

identifying one of a narrow or a wide track width value;
identifying responsive to said identified track width
value one of a high or a low track misregistration (TMR)
value; and

identifying responsive to said identified TMR value one of
an inner, a middle or an outer track radial location

value.

7. A method as recited in claim 6 wherein said step of

—_—
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First  an initial customDRP is set as indicated at aThik Stk HaOBeen Réplagsd T he
device | eaves the drive manufacturer the system manuf ﬁls ﬁ"he
drive as part of the total systembefore it is shippe us Pgd
custoner during a systemintegration test asaindicate ! ocC abel | e
602. Self adaptive data recovery, when invoked during- the' syst§n1
integration test, adjidgittdfying ortustfom hDRP ort @ lanytraukiMieregistration
characteristics presentrusi)t kabué henAyakeniud shags hgen pl aced. ~ Sone
m ni mal nunber of errors would have to 3e po!lecLFd Lo6g§r|bh;2vg§|ng t he

' rithmas, indicated at a decision oc : L
?ﬁéfﬁ;ﬁgt at | 2 bl ock %&@nteﬁglg%w RefifticDeofathe rtaepsdusen heagppreviding ng
the systemintegratiorFheeseadbdek diatat sbgnadf inhan teestiatatilstabr; adhd
appropriate sanple .

identifying a relative position of the transducer head
providing the readback data signal to a servo transducer
head. '

8. Apparatus for data recovery in a disk drive data storage
system of the type including at least one disk surface and
at least one transducer head for reading and/or writing
data to a respective disk surface, said apparatus
comprising:

means for storing a plurality of data recovery procedures
(DRP's);

means for detecting a readback error in a readback data
signal; i

means responsive to said detected readback error for
identifying a plurality of predetermined transducer head
and disk parameters; and

means for selecting one of said stored plurality of data
recovery procedures (DRP's) responsive to said detected
readback error and said identified plurality of
predetermined transducer head and disk parameters.

9. Apparatus as recited in claim 8 further comprising:

means for collecting a predefined number of readback

REPLACEMENT SHEET
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beriod. Duriné the initial period of use by nd user of the

' ' he data recovery
sel f adaptive data recovery adjusts t
SyStersnequence topopt|n1ze recovery to any environnerfhiaBheefHagBses p Regl; gfent at

Fhe shSUITIE LA A * Wi

errors; and

means responsive to said collected predefined number of
readback errors for performing a self adaptive data
recovery adjustment algorithm'for'updating one of said
stored plurality of data recovery procediires {DRP's).

S

10. Apparatus as recited'ig claim 8 wherein said means for
identifying a plurality of predetermined transducer head
and disk parameters include:

means for identifying each of a narrow or a wide track
width value; a high or a low track misregistration (TMR)
value; and an inner, a middle or an outer track radial
location value. -
i 11. A direct access storage device comprising:

a housing;

at least one disk mounted in said housing for rotation
about an axis and having at least one disk surface for

storing data;

transducer means mounted for movement across said disk
surface for reading and writing data to said disk surface;

means for storing a plurallty of data recovery procedures
(DRP's);

means for detecting a readback error in a readback data
signal;

means responsive to said detected readback error for

-
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If the environment or usage pattern of the system BELeSHas BOR drlve S

noved to a new system self adaptive data recover

appropriate changes to the recovery sequence, prowmu pt mum
recovery procedure. The self adaptivg, data re jUSt mant
algorithmis periodically applied during the devi ce' s use. The

bet ween adj ust nents washti fipsig lai b&hyabﬁtyoMepﬁedﬂtegﬂix%dﬂtﬁﬂséwg}e'i1e9f~1

errors have occurred,gs 4ndi ggtrggle@ & flgck 608. The use of error counts
to invoke the self adaptive algorithm has sone inherent advant age. A

statistical sanple of errors needs to be established to insure the -
algorithmis adjusti R§ar® &rn szllechimgeorendfnoiid gsérebipderalitghoift dhesam
changes. Wen the fregquenay (ﬁro@[élah)téélg(lbrh?SSGEEsp’iﬂ\%@%V% dal i TREQUELY

al gor'thm I's a set n!ﬂg@&’éaé}{ eéfzogxs Oé:’_ﬁ}ll‘ réan.%’ .JASn{etC V- )ﬁalurallty of

predetermined transducer head and disk parameters.

12. A direct access storage device as recited in claim 11
further comprising: '

means for collecting a predefined number of readback
errors; and '

means responsive to said collected predefined number of
readback errors for performing a self adaptive data
recovery adjustment algorithm for updating one bf said
stored plurality of data recovery procedures (DRP's).
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procedure evolves fastest in those cases where it will do the npost good.

The frequency of errors is a functions of the base sof S dte of the
device and the |level of usage. In cases of infrequent
base soft error rate or very infrequent usage, the se
al gorithm woul d be applied |l ess frequently. Also, int ——e3
recovery is invoked |l ess frequently so that overall speed of the device is

| ess dependent on the speed %SﬂﬁgﬁEbeﬁﬂ}prpﬁco#ﬁ gﬁg&??lﬁ& frequent soft
g

errors or a poorer soft error rate or ver _usage, € adj ust nent

al gorithmwoul d be invoked nore BPEEIRCTAPS o Dipgiesuxgses, recovery is
used nore often, therefor the overall speed of the device is nore dependent
on the speed of recovery. In the latter case, where adjustnent is nore

frequent, the self adapbiigs dale JBGRYAIY MRULLARY F6; I mRsl Panefit

a disk drive data storage system (12) of the type including at

least one disk surface (26)_épd at least one transducer head
(34) for reading and/or writing data to a respective disk
surface. A plurality of data recovery procedures (DRP's) are
stored. When a readback error is detected in a readback data
signal,.a plurality of predetermined transducer head and disk
parameters a:e_identified. One of the stored plurality of data
recovery procedures (DRP's) is selected responsive to the
detected readback error and fhe identified plurality of
predetermined transducer head and disk parameters.

Figure : 1




22 The specifics of the self adaptive data recovery adjus

al gorithm depend on the actual device design and anyThis9h& fai.

constraints. The adjustnent algorithmfactors in all _ | baceg a,

applies any appropriate bounds, then nakes the appr op“’ﬁ,’%jﬂ tt%to
[ dej 1.

the recovery sequence. The inputs to the al gori
The nunber of errors recovered by each cud/ént recovery step during the
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available in the drive that could confirmor deny the present of device of
ext ernal changes. Exanpl es of these channel neasurenents are changes in
soft error rate, fly height, or read signal asymetry. 3. Any ot her
information available to the device that would indicate a change of

envi ronment or operating conditions. Appropri ate bounds are defined
and appli ed. Possi bl e bounds are: 1. A mnimal nunber of plain rereads
shoul d be first in the recovery procedure because they dlc the——safest

recovery action. 2. Side erase being a tine consunlqg mhat
recovery action should not be noved up to the first par
procedure. 3. -ECC, although very powerful in its extend m e

be limted to latter recovery steps e to the increase
m ss- correct. '
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tLAINB 1. A nethod of data 'recovery in a disk-df%ve—daLa_sLaLage

systemof the type including at |east one disk sur and at | east one
transducer head for reading and/or witing data equ&msk
surface, said nethod conprising the steps of; ra¥ ty
of data recovery procedures (DRPs); d@?ectlng r I a
readback data signal; identifying a plurality of predetern1ned
transducer head and di sk paraneters
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I dentifying a track
fdentified head w dth paraneter val ue;
stored plurality of data recovery procedui
det ect ed readback error and said identifi®@
head and di sk paraneters.

t ransducer
i ncl udes the step of:

1 further

SET INITIAL
CUSTOM DRP
600

SYSTEM
INTEGRATION
TEST 602

SUFFICIENT

ERROR_SAMPLE

SIZE?
604

NO

N

i

and

2.

YES

including the steps of identifying a head wi dth paranmeters val ue; and
m sregistration paraneter value responsive to said
sel ecting one of said
s (DRPs) responsive to said
& plurality of predeterm ned
A net had_as reci-ted—+n—ctaim

This Sheet Has Been Replaced H )

(T

FIG. 6

APPLY SELF
ADAPTIVE DATA
RECOVERY
ADJUST
ALGORITHM 606

N

COLLECT
REQUIRED SAMPLE
OF SOFT ERRORS
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ALGORITHM
610
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i‘dentifying a radial |ocation value across the di sk surface respo%sﬂjé)"&b;5:,_?.-_..“_“&?‘

sai d

identified track m sregi strati on paraneter val ue.

3.
selecting a

A'netqagam

as recited in claim2 further includes the step of:
predefined one of said stored plurality of data recovery procedures (DRPs)
responsive to said identified radial |ocation value.
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REPLACEMENT SHEET 24 4. A
nmet hod of data recovery in a disk drive data storage system of the type

including at |east one disk surface and at | east one transducer head for
reading and/or witing data to a respective disk surface, said nmethod
conprising the steps of: storing a plurality of data recovery
procedures (DRPs); ' '

2/5
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detecting a readback error in a readback data signal; identifying a
head and di sk paraneters;

plurality of predeterm ned transducer
sel ecting one of said stored plurality of data recovery procedures (DRPs)

responsive to said detected readback error and said identified plurality of
predeterm ned transducer head and di sk paraneters; collecting a
LdFYd SHERT

predefi ned nunber of readback errors; and per forni
p sal d colrected

data recovery adjustnent algorithmfor updating one of
plurality of data recovery procedures (DRPs) responsive
20 JUL 1996

predefi ned nunber of readback errors.
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A nethod as recited in claim2 wherein said step of identifying a
predet erm ned transducer head and di sk | udes
the steps of: i dentifying one of a narrow or
val ue; i dentifying responsive to said identifi
one of a high or a low track msregistration (TMR)
tdentifying responsive to said identified TyR val ue
m ddle or an outer track radial |ocation value.
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25 6.
of a high or a

readback data signa

an actuator stack; and
rel ative position of the transducer head providing

SET INITIAL
CUSTOM DRP
600

SYSTEM
INTEGRATION
TEST 602

SUFF ICIENT
ERROR_SAMPLE
SIZE?
604

NO

A

5/5

A nmethod as recited in claim5 wherein said step of identifying one
| ow track msregistration (TMR) val ue includes the steps
of : - identifying a position of the transducer head providing the
identifying a
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signal to a servo transducer head. 7. Appar at
a disk drive data storage systemof the type incl
surface and at | east one transducer head for readi
to a respective disk surface, said apparajus conpr

4802232 - %

i

g
S

storing a plurality of data recovery procedures ([

S

and/ or
HQZS SEP 19

wr I tThg{ dat a

g7 elans for
nmeans |[f or

detecting a readback error in a readback dat.a signal;
responsi vetrack sfiiintertst ot ectre eataliypdkadnsing ofber nbdgslm&nhmmirw sdagessfidf

read, all data of the track of interest and the'-adjacent sectors are rewritten.

U.S. Patent No. 4,821,125 discloses a data recovery procedure including a
variable delta-V. Delta-V is the minimum .\;;)ltage change per unit time which tests
signals to discriminate between data and noise. Re-reads are conducted using various
incremented values of delta-V in the recovery sequence.

A typical data recovery procedure includes rereads, head shifts and at least one
error correcting code (ECC). Each specific hard disk drive normally has one specified
list defining a data recovery procedure (DRP) that is considered best for the disk file.
However, within one disk drive product, there can be several different failure
mechanisms that are dominant. Since each recover procedure has a different probability
of success for each failure mechanism, one given DRP or recovery list is not optimum
for specific cases.

Individual recovery actions are more or less effective given, the unique
characteristics of each disk file and the specific hardware system and environment of use
of the disk file. It is desirable to achieve the fastest recovery possible. This requires the
most effective recovery actions to be provided early in the recovery procedure given the

sequential nature of data recovery procedures.
SUMMARY OF THE INVENTION

. It is an object of the invention to ameliorate one or more disadvantages of the prior
art.

According to one aspect of the invention there is disclosed a method of data
recovery in a disk drive data storage system of the type including at least one disk
surface and at least one transducer head for reading and/or writing data to a respective
disk surface, said method comprising the steps of: storing a plurality of data recovery

procedures (DRPs); detecting a readback error in a readback data signal; identifying a



predeterm ned transducer head and di sk paraneters; REPLACEMBNE SHEET
sel ecting one of said stored plurality of data recovery procedur ({DRPs)
responsive to said detected readback error and saifd |d9@$§-¢zﬁ pl Lrelity of
predeterm ned transducer head and di sk paraneterg; g r
coll ecting a predefined nunber of readback errors;| and
responsive to said collected predefined nunber of [readback errors for
per f orni ng gfhr&ﬁt'yf oﬁﬂfh@%ﬂeﬁﬁnﬂﬁt@aﬂsﬁﬁ&‘f Hedd A UESHPRfan ko fih&'[liﬂtﬁﬁwttiﬁiﬂtdﬂ”'g
one of sai stored plurality of data recovery procedures (DRPS).

identifying a head width parameters value; and identifying a track misregistration

parameter value responsive to said identified head width parameter value; and selecting
one of said stored plurality of data recovery procedures (DRPs) responsive to said
detected readback error and said identified plurality of predetermined transducer head
and disk parameters.

According to another aspect of the invention there is disclosed a method of data
recovery in a disk drive data storage system of the type including at least one disk
surface and at least one transducer head for reading and/or writing data to a respective
disk surface, said method comprising the steps of: storing a plurality of data recovery
procedures (DRPs); detecting a readback error in a readback data signal; identifying a
plurality of predqtermined transducer head and disk parameters; selecting one of said
stored plurality of data recovery procedures (DRPs) responsive to said detected readback
error and said ideintiﬁed plurality of predetermined transducer head and disk parameters;
collecting a predefined number of readback errors; and performing a self adaptive data
recovery adjustment algorithm for updating one of said stored plurality of data recovery
procedures (DRPs) responsive to said collected predefined number of _readback €ITOrS.

According to still another aspect of the invention there is disclosed apparatus for
data recovery in a disk drive data storage system of the type including at least one disk
surface and at least one transducer head for reading and/or writing data to a respective
disk surface, said apparatus comprising: means for storing a plurality of data recovery
procedures (DRPs); means for detecting a readback error in a readback data signal;
means responsive to said detected readback error for identifying a plurality of
predetermined transducer head and disk parameters; means for selecting one of said
stored plurality of data recovery procedures (DRPs) responsive to said detected readback
error and said identified plurality of predetermined transducer head and disk parameters;
means for collecting a predefined number of readback errors; and means responsive to

said collected predefined number of readback errors for performing a self adaptive data
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Apparatus for data recovery in a disk drive data sjofjage systemof]the type
including at |east one disk surface and at |east ope t[)@sg pGeé7 hed for
reading and/or witing data to a respecid ve di sk face, said agpgratus
conpri si ng: means for storing a plurality jof daraTetcowes

procedur es (DRPs) nmeans for detecting a r ack error in a
readback Jd&EQYEEY gqi,]gptment algorithm for updating one of said stored pIT

procedures (DRPs)

very

According to still another aspect of the invention there is disclosed apparatus for
data recovery in a disk drive data storage system of the type including at least one disk
surface and at least one transducer head for reading and/or writing data to a respective
disk surface, said apparatus comprising: means for storing a plurality of data recovery
procedures (DRPs); means for detecting a readback error in a readback data signal,
means responsive to said detected readback error for identifying a plurality of
predetermined transducer head and disk parameters including means for identifying each
of a narrow or a wide track width value; a high or a low track misregistration (TMR)
value; and an inner, a middle or an outer track radial location value; and means for
selecting one of said stored plurality of data recovery procedures (DRPs) responsive to
said detected readback error and said identified plurality of predetermined transducer
head and disk parameters.

According to still another aspect of the invention there is disclosed a direct access
storage device comprising: a housing; at least one disk mounted in said housing for
rotation about an axis and having at least one disk surface for storing data; transducer
means mounted for movement across said disk surface for reading and writing data to
said disk surface; means for storing a plurality of data recovery procedures (DRPs);
means for detecting a readback error in a readback data signal; means responsive to said
detected readback error for identifying a plurality of predetermined transducer head and
disk parameters; means for selecting one of said stored plurality of data recovery
proéédures (DRPs) responsive to said detected readback error and said identified
plurality of predetermined transducer head and disk parameters; means for collecting a
predefined number of readback errors; and means responsive to said collected predefined
number of readback errors for performing a self adaptive data recovery adjustment

algorithm for updating one of said stored plurality of data recovery procedures (DRPs).



means responsive to said detected readback error for identifying a
.plurality of predeterm ned transducer head and di sk paraneters incl udi ng
means for identifying each of a narrow or a wide track width value; a high
or alowtrack msregistration (TMR) valsye; and an inner, a mddle or an
outer track radial |ocation value; and means for selecting one of
said stored plurality of data recovery procedures (DRPs) responsive to

sai d detected readback erBRIEERESCRIPTIONOF IHEE PRAWING, of predeternined
transducer head and di sk paramneters.

The present invention together with the above and other objects and advantages
may best be understood from the following detailed description of the embodiment of the
invention illustrated in the drawings, wherein:

FIG. 1 is a schematic and block diagram of a data storage disk file embodying the
present invention;

FIG. 2 is a diagram showing tracks and sectors of a data disk surface of the data

storagé disk file of FIG. 1;
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1. A method of data recovery in a disk drive data storage system of the type including

at least one disk surface and at least one transducer head for reading and/or writing data

to a respective disk surface, said method comprising the steps of:

storing a plurality of data recovery procedures (DRPs);

detecting a readback error in a readback data signal;

identifying a plurality of predetermined transducer head and disk parameters

including the steps of identifying a head width parameters value; and identifying a track

misregistration parameter value responsive to said identified head width parameter value;

and

selecting one of said stored plurality of data recovery procedures (DRPs)

responsive to said detected readback error and said identified plurality of predetermined

transducer head and disk parameters.

2. A method as recited in claim 1 further includes the step of:

identifying a radial location value across the disk surface responsive to said

identified track misregistration parameter value,

3. A method as recited in claim 2 further includes the step of:

selecting a predefined one of said stored plurality of data recovery procedures

(DRPs) responsive to said identified radial location value.

iy mmm
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27 - nmeans for selecting one of said stored pl =t f—t JTEpcovery
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means for collecting a predefined nunber of readbdc eﬁS%'Espw@?d

4, A method of data recovery in a disk drive data storage system of the type including
at least one disk surface and at least one transducer head for reading and/or writing data

to a respective disk surface, said method comprising the steps of:

storing a plurality of data recovery procedures (DRPs);

detecting a i‘eadback error in a readback data signal;

identifying a plurality of predetermined transducer head and disk parameters;

selecting one of said stored plurality of data recovery procedures (DRPs)
responsive to said detected readback error and said identified plurality of predetermined
transducer head and disk parameters; |

collecting a predefined number of readback errors; and

performing a self adaptive data recovery adjustment algorithm for updating one of
said stored plurality of data recovery procedures (DRPs) responsive to said collected

predefined number of readback errors.

5. A method as recited in claim 2 wherein said step of identifying a plurality of

predetermined transducer head and disk parameters includes the steps of:

. identifying one of a narrow or a wide track width value;
identifying responsive to said identified track width value one of a high or a low
track misregistration (TMR) value; and
identifying responsive to said identified TMR value one of an inner, a middle or an

outer track radial location value.

A
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6. A method as recited in claim 5 wherein said step of identifying one of a high or a

low track misregistration (TMR) value includes the steps of:

identifying a position of the transducer head providing the readback data signal in
an actuator stack; and
identifying a relative position of the transducer head providing the readback data

signal to a servo transducer head.

7. Apparatus for data recovery in a disk drive data storage system of the type
including at least one disk surface and at least one transducer head for reading and/or

writing data to a respective disk surface, said apparatus comprising:

means for storing a plurality of data recovery procedures '(DRPs);

means for detecting a readback error in a readback data signal;

means responsive to said detected readback error for identifying a plurality of
predetermined transducer head and disk parameters;

means for selecting one of said stored plurality of data recovery procedures (DRPs)
responsive to said detected readback error and said identified plurality of predetermined
transducer head and disk parameters;

means for collecting a predefined number of readback errors; and

. means responsive to said collected predefined number of readback errors for

performing a self adaptive data recovery adjustment algorithm for updating one of said

stored plurality of data recovery procedures (DRPs).

—

P
L



REPLACEMENT SHEET

26 05 SEP 1997

8.  Apparatus for data recovery in a disk drive &&a—stesage—system-ef-.the type

including at least one disk surface and at least one transducer head for reading and/or

writing data to a respective disk surface, said apparatus comprising:

means for storing a plurality of data recovery procedures (DRPs);

means for detecting a readback error in a readback data signal;

means responsive to said detected readback error for identifying a plurality of
predetermined transducer head and disk parameters including means for identifying each
of a narrow or a wide track width value; a high or a low track misregistration (TMR)
value; and an inner, a middle or an outer track radial location value; and

means for selecting one of said stored plurality of data recovery procedures (DRPs)
respoﬁsive to said detected readback error and said identified plurality of predetermined

transducer head and disk parameters.

9. A direct access storage device comprising:

a housing;

at least one disk mounted in said housing for rotation about an axis and having at
least one disk surface for storing data;

transducer means mounted for movement across said disk surface for reading and
writing data to said disk surface;

means for storing a plurality of data recovery procedures (DRPs);

means for detecting a readback error in a readback data signal;

means responsive to said detected readback error for identifying a plurality of

predetermined transducer head and disk parameters;
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means for selecting one of said stored plurality of data recovery procedures (DRPs)
responsive to said detected readback error and said identified plurality of predetermined
transducer head and disk parameters;

means for collecting a predefined number of readback errors; and

means responsive to said collected predefined number of readback errors for
performing a self adaptive data recovery adjustment algorithm for updating one of said

stored plurality of data recovery procedures (DRPs).

REPLACEMENT SHEET

05 SEP 1997

I
-

L



