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The present invention r t I i devices, and in
particular, to al &oréﬁﬁﬁ%%%d‘gyw‘kpp é%ﬂ@f{ggg%rLﬁ%gl&%gﬁ@Wi on of

mul tiple enqueuedE Q 2 ] ;‘ﬁx R%lh(gﬁ torage devi ce.
BACKGROUND OF THE | NVENTNGA DASK DRIVE DA |Ar§186 f‘?“ith century has
been witness to a phenonenon known as the information revolution. Wile
the information revolution is a historical devel opnent broader in scope

t han any one event or machi ne, no single device has cone to represent the

-1240 C%R@%@ﬁl@kﬂi&fmimm&mﬁmpmgnoun the digital electronic
conputer. The devel opment of _

The present invention is related to the following commonly owned copending U.S.

patent applications, which are herein incorporated by reference:

Serial number .'10/215,403, filed August 8, 2002, by Hall, entitled “Method and

System for Efficiently Calculating and Storing Expected Access Time Information for

DASD”.
Serial number 09/638,253, filed August 14, 2000, by Espeseth etal., entitled “Space-

Efficient Expected Access Time Algorithm for Hard Disk Drive Command Queue

Ordering”.

FIELD OF THE INVENTION,

The present invention relates to rotating disk data storage devices, and in particular,
to algorithms used for selecting the order of execution of multiple enqueued data access

operations in a disk data storage device.

BACKGROUND OF THE INVENTION

The latter half of the twentieth century has been witness to a phenomenon known as
the information revolution. While the information revolution is a historical development

broader in scope than any one event or machine, no single device has come to represent the
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conput er systens has surely been a revolution. Each year, conputer systens
grow faster, store nore data, and provide nore applications to thep ¢ peseng -
The extensive data storage needs of nodern conputer systens require |arge
capacity nmass data storage devices. Wile various data storage

technol ogies are available, the rotating nmagnetic rigid disk drive has
becone by far the nost ubiquitous. Such a disk drive data storage device
is an extrenely conpl ex piece of machi nery, containing precision nechanical
parts, ultra-snooth disk surfaces, high-density magnetically encoded data,
and sophi sticated electronics for encodi ng/ decodi ng data, and controlling
drive operation. Each disk drive is therefore a mniature world unto
itself, containing nultfi. uhsy; e one déeklomtieahof S
needed for ! &HB@WgHFW9%m§%§?§¥ﬁ%ﬁrﬁﬁgg F?e tﬁﬁéﬁg%#gﬁexity, roté??%g
magnetic  dbglpufdk sy@sndipassuslpbavencrdobod Bichqapa computepeyistegrsraapi dasid
cost which nmake themthe storage device of choice for a |large variety of
appl i cat i orstore mogé dia,cnid\pEo¥igHMEE APPlIEHIANS I RSt ecorded in nultiple
sectors |l ocated on concentric tracks on the surface of one or nore fl at

di sks, which rotate at a constant speed. In order to access data (read
data from the digkeRfenyivé dta sidtage heeds hEmdiek computensyetghiseequiteaigoeapacity

positions a transducer adjacent a desjred data tr@gk. The ij 'v&l tr(gg“ wai t s

until the dnaskdatastaragedeicesn Whilsyatioys dastorpgsieqhrolRRice Areard a@k’“su e g‘ a

sector is direct] éﬁ@ddlgg&%e hehdeh AR DY Y5Ethe nldiEubiyiifous! Stdh hekkkl dvetdagn di sk
g

drive to eXBRERFYC i'ven data accesS operation therefore includes the
time requi rgfadccIRY S dnlketrantlyabmplek pave ofmachiners nentpiobigtrresisienmedhanigalsi r ed

“track position (referred to as a.seek).and the tine ired: t o val ntil
e di ok ek smoofh diksmvissss MaYGU A Bostaly Tref S AR tfaled 0L )

The execution timecalso i ' | @ nfr8 Atk ed @6it. URlch Wisk @eitle &
wite the &ichogjﬁﬁgorte §°dé@€%§gﬁlgitdlsa&p%dopernl y pgsi t?gltr)lée%, ‘but experience has
shown t hat f,Gkfor@dmimaereatdribmesitsel foromeainisg nultéplesystens apd suhsy HeBCBRRYEd i n
each operation is relatively sppll, and that .the. seek,and | atenc I.es
are nore siofnitisicigmeededdar preBer qrikg OPFRHAR T E)ﬁslf‘%n‘ﬁl SAmBIeN 1&0%%{% gg%ﬁg%tg? -2
2 4 OCT 20081 4 Qa6 a bR VER e okPoftdphicifd pareemninant dust whichaskeofthan thet al

data processing technol ogy, disk drive storage devices nust nmake conti nual
i mpr ovenentssorage devideaf whorce formdargapiigty 9f appiications. -

A disk drive typically contains datarecorded in multiple sectors located on concentric '
tfacks oﬁ the surface of one or rhore flat disks, which rotate at a constant speed. In order to
access data (read data from the disk or write data to the disk), a moveable actuator positions
a transducer adjacent a desired data track. The drive then waits until the disk rotates to an
angular position in which the desired data sector is directly adjacent the transducer. The time
reqﬁire_d for the disk drive to execute any given data-access operation therefore includes the
time required to move the actuator from its current position to the desired track position
(referred to as a seek) and the time required to wait until the disk rotates to thg desired
angular position (referred to as latency). The execution time also includes the time required
to actually read or write the data once the actuator is properly positiqned, but experience has
shown that for many operating environments, the amount of data accessed in each operation

is relatively small, and that the seek and latency times are more significant than the time

required to read or write the data.



data capacity. Performance nay be neasured as the average nunber of data
access operations per unit tinme, which depends on the average sedk4®tnqm5
and average |atency tinme. - Seek tine can be reduced by designing faster,
nore powerful actuators and | atency can be reduced by spinning the disk at
a higher velocity, but there are design constraints which inpose practical
limts to the i nprovenents that can be obtained by these neans. For a given
mechani cal design and data formatting, it is possible to obtain still
further inprovenent by intelligently ordering the data access operations.
Specifically, it wll.be observed that the seek tine and |latency tinme for
a given data access operation are not absolute, but are dependent, anong

oLer Lhings. O LRy UL o0t 10RO A DENEe RSB Al cOln ALBRA Gyt e

| ength of the s angular position the disk (Which affects

latency) . Tygi di—g@s%)r?%é‘dle@ih@ BudflaRe a6ittias inperantmss parformageecedility ash
i nternal comran uffer in the disk drive. By intelligent]y selecti ngsthe

order of exieiltipmnitpf Renoseantst mandwemsasusyhpatheoprerage nyrabes pfsjaf acqe

choose operations such, that th ver age .seek an i tEicy figduced.
Thus, al t hoWgFRUICRRPEUAH SMSy Wbﬁgéﬁp%@ 8ttk§eearvec gg%i%tq glr%’isg;htdldgg?%l g?% not
changed, t. r 4 b Bedignihe tidee tnbe gavusdulgrarandrs and lakmey cardier ed
such t hat ﬁegkgi&ger%gg)eﬁﬁ}g?h %rfae l%};egseek is reduced. Simlarly, alt hq}ugh
the rotati aedhced pyeginning the ditksit a highestvelaeinglad tharhare designggastiaints phich s
reduced because operatjons are.ordered gidsng the
seek, the amaf‘g@a%ﬂf@f tc’r'&’?é‘i‘lpﬁoﬁe'&‘fzngﬁﬁa@&%l{s]%?ant%lh%@?}ég% ing the desired
data is reduced. Various techni gues have been used to take advant age of
these characteristics by intelligently selecting the qrder of execution of
enqueued data adtesagivepercehinimbdesign apddatedormattingeid is PFIbIEie ahiin E\‘éf ﬁ’l‘i‘hf%,

for each of multiple en ued data.ac (0] ' t BifRMBL it Wil B ME
required fdmpsesementhy f’g‘%igﬁ?slyforrg?ﬁ"fgn%gzlg%auag?%?togos|?I}Sorr?pgt t hg end of an
Nth access ,RpSElHAR M Seckhembagil nakny tirhe tivea ghguelatdactasseopgeation sire not |
operation, and select one of the enqueued data,K access oper at if%gs ftggto
execut i on aabsolute, bh+arptdeparisientaBMoRs GG H@ng%tél“sﬂ‘ﬁf’“fﬂgs@m 0B Pt 35V 2 4
OCT 2006 Qo PR R AEARA P8 Sedk) EndEdRInk Apublr godiiérnat lepien ivictnaflioes

accuracy of estinates, in particular, the accuracy of the seek tine

estimate. | lhteh&ye. Tepically, meauleslt idaatagcess operations are enqueued in an internal command

buffer in the disk drive. By intelligently selecting the order of execution of these data access
operations, it is possible to choose operations such that the average seek and access times are
reduced. Thus, although the actuator speed and other characteristics are not changed, the
average seek time is reduced because operations are ordered such that the average length of
the seek is reduced. Similarly, although the rotational speed of the disk is not changed, the
average latency is reduced because operations are ordered such that, after completing the

seek, the average angle of rotation of the disk until reaching the desired data is reduced.

Various techniques have been used to take advantage of these charapteﬂstics by
intelligently selecting the order of execution of enqueued data access operations. In general,
these algorithms estimate, for each of multiple enqueued data access operations, the amount
of time required for seek and latency from the actuator position at the end of an Nth access
operation to the beginning of the enqueued data access operation, and select one of the

| enqueued data access operations for execution as the (N+1)th operation on the basis of these

estimates.
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is too low, the algorithmmay select a data access operation fopy 'q@ t he
actuator can not settle on the desired track in tinme, causing at or
to wait a full revolution of the disk on the track until the desired data
is available. If the seek tinme estimate is too high, the algorithmwll
reject sone operations having very little [atency but which could have been
performed in favor of slower operations having greater |atency after the
seek. (Obtaining accurate seek tine estimates. is difficult because seek
time is dependent on so many variables, ‘and the required speed of disk
drive operation neans that any seek estimation technique nust execute very
rapi dly. Conventional algorithns have estinated seek tine based on the
length of seek ?j“g Eﬁgﬁn&n@@ oP§Kd ofagﬁﬁgfal%%tm &R érﬁ‘i@q)nofheaacwrhé)ﬁot( e
wite generally P H@ 'ng greater trac oW ng accuracy, and hence a

| onger seekqihites, altBh@aRicaRi,ithé aguany dfthe tacktinje esButtcotftbe sdchtimprestimaty
affect seek tine. Actuator speeds (and hence seek ti

necessari | ys tohdowghealgerthg) may selpdja darassessopPeiaoR fary % %PC‘BB&OHC%‘%
di rections. 1@‘0 Orr;rg] ({:a ) t%%tkq@ 'tl% nglgﬁ*%%ﬁe Y8t t'OQJUa?lt 4 RulBRCAuiiAb MheHARK
her ’conp

head, act udt'bY nents nmean that the seek tine
char act er i g} itesStri¥kl Untid@ie dudiryd data ys dvailablondf thdissék timle\nstmiekﬂ:useoq bighneher

of the sane nodel and nanufacturer, but that t@ g hi n Si gle dri ve,
the seek t algeritmmwilkbreiact semeepafptiqns bayipe peg it Rteasy “tr‘gl&' g &\f¥%Re to

anot her. IVbr over.,. seek x@ér%ét@#l' ah méfqhé:@c@kchange as the
drive agesP® P m vor?}glggg?ratpltﬁ@g%g%és negd g;(il sts for inproved

techni ques for schedul i ng data access operatl ons, and in particular, for
i nproved techniques for estimating seek ti of rmul ti p ued data
access operati ab@nmnma@mtmkmestlwtwﬁ/m ﬁa“asﬁéi?ﬁ‘d'é'?‘%égwef‘ﬂ Rirst
aspect of the present dise¢l sdQ{gM{,éig aion Rleats sk ;ﬁﬁ%@klc
di sk dri ves?:léﬁag %B&%S aﬁgﬁ%gq%m& |c§ drfgl a lgerll?/e base; 5
rotatably gmydRd téhh;;iguamdssmeaddee/eqsmpmu yComntioxdil slgoaﬂunslpnvn@stgnas@enbl y

seek time based on the length of seek and whether the next operation is a read or a write (the

write generally requiring greater track following accuracy, and hence a longer seek time
before settling on the track). But other factors may affect seek time. Actuator speeds (and
hence seek time) are not necessarily the samé for all radial zones of the disk or for both seek
directions. Normal manufacturing process variations in each individual head, actuatér, disk,
and other components mean that the seek time characteristics will not only vary from one
disk drive device to another of the same model and manufacturer but that even within a
single drive, the seek time charactenstlcs will vary from one data recording surface to

another. Moreover, seek time within any particular drive can change as the drive ages, or as

the temperature varies.

A need exists for improved techniques for scheduling data access operations, and in

particular, for improved techniques for estimating seek time of multiple enqueued dataaccess

operations.



conprising at |east one rigid disk for recording nagnetically enc ged dat a
on at least one surface of said at |east one rigid disk; a nnvabf) OCT 2006
actuator supporting at |east one transdueer head, said actuator

positioning said at |east one transducer head to access said magnetically
encoded data on lo said at | east one surface of said at |east one rigid
di sk; a corSUMMARY or controlling the operation of said disk drive data

storage device, said controller_maintaini a_gueue of data access.

operations and sépé_(?‘f(i’rﬁ@“"(?p‘é'rﬂétai %rﬁ_%a?p(??t 0‘;&%&}?%8}?%}%g’ﬁr\l@a?%r‘a{?&fg‘ ided a

accordi ng t9tafifg fighoRS @sk AGEESFa btbMBe AbvitOQohPERAGE i ve operations, said

controller acceSS|nqha seek profile table and an index table, said seek 1s
$

profile table corttdithding tespl urality of entries, each entry corresponding
to a respective seek. il Afdinfed &}Eﬁgandfé“s@nm@dﬁé(erﬁtﬂg{ £if kel Hehdte Rsknsly ty

of entries, each entry °~correspondi 0 a respective set of "access
oper ati on panpmeingratVakues @gid desbrfbaraebrigngmagadticelly aueded ga@armonaattigagt e

said seek profile.taple corres ding to said respective set of access
i oo SRR

operation ﬁ% ein said controller estimtes said

access tine of adaicvableceagatopsuppdring by leaftadnaccmsdicey Hebe baidexctiadd e

entry corresponding to the resPective set of acces oper af.i on par%neter
r e d

val ues, (b)POSKioRHERE Ydeaskons ransdusgidiead thpgogss BidBRERGHARY £hgPded data on

cor respndi g 48kt Medhutfabe of AR & 18R 56 rigAdisgkd (¢) using the corresponding
seek profile table entry to estimate the access tine. In accordance with a

second aspect of a ¢mmtiotlestrtcodirelbingdhy eperatimsy ef said diskvdriveddage staeaghslgviee,
y . F PrES ; , PEOVERRE A T
operating %agf cso%trgrlérvrgalq%rggg Eg{klg‘%ee?fj@fég Cesscglggg{tﬁd%'s %9%1 s%kﬁﬁﬁ%ﬂ%‘rﬂgng fGueue

~of data access operations ution; for urality o a access
" oper at i ons exacmindfrqmesad qeterastording & resgéatatade ac®Ss emid whithd respedss

time by: (a) accessing a.respective entry in.an index table rrespondin
Lo a sei ofPeRUCESSEPaSh Apkrtfie fereel ArLE 8he and Wb bl S cea
access gpergbfilenabe ®atathinguepesalibAbfl ehiideXedch bn€ryCodntepdtidivg e Plrevpattivey of

entries, each entrﬁﬁcorresponding to a respective set of access operation
par amet er \afkieoilke #¥nsadniinisxatabls @nfamBg agplarlity of entries, each entry

corresponding to a respective set of access operation parameter values and containing a
value indexing an entry in said seek profile table corresponding to said respective set of
access operation parameter values;
20 wherein said controller estimates said access time of a data access operation by:
(a) accessing the index table entry corresponding to the respective set of access
operation parameter values,
(b) using the value of the index entry to determine the corresponding seek profile
table entry, and |
5 (c) using the corresponding seek profile table entry to estimate the access time.
In accordance with a second aspect of the present disclosure, there is provided a
method of operating a disk drive data storage device, comprising;
maintaining a queue of data access operations for execution;
for a plurality of data access operations on said queue, determining a respective
30  estimated access time by:
(a) accessing a respective entry in an index table corresponding to a set of
access operation parameter values of the corresponding data access operation on said
queue, said index table containing a plurality of entries, each entry corresponding to a

respective set of access operation parameter values and containing a value indexing an

[RALIBQ]2569.doc:MIC



[R\LIBQ 2569.doc: NI IC 2 4 OCT 2006 5a entry in a seek profile Qq@b@rzmﬁ
each entry in said seek profile table containing a respective seek
profile, (b) using the value of the indeéaentry to determ ne the
correspondi ng seek profile table entry, and 5 (c) using the correspondi ng
seek profile table entry to estimate the access tinme of the correspondi ng

data accesse@peinpd k&R prafild tableesdch Rgrone s@ifl selt Profileiadld tontaihingad mespetess
operations on_ said queue for execution based on said estinated access tine
of the datasekdEeffleoperation. In accordance with a third aspect of the

present inventi On{bgt her@sélié%ﬂ{@r\%‘ﬂed@ldlh_@ indeQ GRVHUet PR B REREMMHiHgNeeR

di sk drive data storage Ice, conprising: a'plurality of
processor - eredle @bleeeninysanduct i ons recorded on signal -bearing nedia,

Cause the drive (3 per For R R ERE R setl R fetadeaadlh Al E paths e

access oper fine@T$hd @ireepitig dafi adcss dperfatianpdndr al i ty of data access
operations on said_queue, de ergi ni n respective estjmated aacess t%rrre
n a

: . a
by: (a) accessingS@cHeEpdt Pl quﬁ% of 45t FESESE SMEEAOHS r s SHAGIYFYC ¢
set of  accesuAREhALE B8R sRAANRLEH a¥RkiES e OF tHhRILAICEQSPRAMORY dat a access
operation on sai dp, %%%ncé@v'i@. 3 ﬂquéas;@gl & @1@3%%69{ NG e, Uhaki i Yr&fided a

entries, each entry correspondi ng 0 respective set of access

oper at i on pasmrdpargramlpuskicafod a cohtdaivaidat storegd devidendempngingn entry in a
seek profile table, each e trP/ in said seek. rof@.le tabl ¢ contai nint%a
respective seek Priyffality qipp Oﬁgﬁsﬂ{‘je’teﬁétasgl l.lllg;trbl]e 19The TPHREESE &Rt PipngloPearing
determ ne t RRAGOWHERAPHAN NG ua8dhs, Rhe biRutcal)yea ?ﬂffcé%or anchid@ Aiskadrivestaget he
correspondi ng seek profile table entry to estimate the access tinme of the

“carr espondi Hg dieedo pedeustheptepavion; and
maintaining a queue of data access operations for execution,

15, for a plurality of data access operations on said queue, determining a respective

estimated access time by:

(a) accessing a respective entry in an index table corresponding to a set of
access operation parameter values of the corresponding data access operation on said
queue, said index table containing a plurality of entries, each entry corresponding to a

20  respective set of access operation parameter values and containing a value indexing an
entry in a seek profile table, each entry in said seek profile table containing a respective
seek profile;

(b) using the value of the index entry to determine the corresponding seek
profile table entry, and

25 (©) using the corresponding seek profile table entry to estimate the access

time of the corresponding data access operation; and

selecting one of said plurality of data access operations on said queue for

execution based on said estimated access time of the data access operation.
In accordance with one aspect of the present invention, a seek profile table used
30 by a disk controller contains multiple entries, each entry corresponding to a respective
seek profile. A separate index table contains multiple entries, each entry corresponding to
a respective combination of parameters affecting the seek profile, the number of index
table entries substantially exceeding the number of profile entires. Each index table entry

contains a single reference to a corresponding entry in the profile table which

[RALIBQJ2569.doc: MIC



selecting one of said plurality of data access operations on said queue for
execution based on said estimated access tine of the data access BgdﬁHIMQn.
In accordance with one aspect of the pres@gnt invention, a seek profile
table used 30 by a disk controller contains nmultiple entries, each entry
corresponding to a respective seek profile. A separate index table

cont ai ns nubpprpkienadRtthe €6ek Eadle @itlef YheCitasnAt MGriMeted dogePgstdingeto the
conbi nati on, of paranmeters_affectin the_segt profile, the nunmber of index
table entri &¥ex (BRIE £Riyal InyoRStRlmd iy e3tieaterl itsdy (e foF oi AUEHRS, df acssen

i ndex tabl eetfidh uGRRLR oa%u@otsahe%a%xreﬁt@rt@a@@nﬁme%&wﬁ&gmg%rwom@ttﬁmeI n
the profile table which [R\LBQ 2569.doc: N4 | C 2 4 OCT 2006 5@

appr oxi mat esntrhand gsikg proosfilk éroonthe prafile tabbmertnatoiestimete the peness Bmns.

corr esp05r1d| hg to }nhgve 'r%geel‘%(edt g}%(?dir%grgtr %"ft{nQe-BPs%Earteio% 10 Q? &etdd %&&dti% ek
time for an enqueue data aCcess opetation, using the va Rig" ot e I ndex
entry to de{ERPAMpaligbathaoisrsspoAdiongngirseél prefilcaidlestabstied ywhietnsktsis ntiginaum
profile fron1tgﬁ rofile table entry .est.imte t@e access ti In the

t . 5
preferred eRBSHInATE ime fof Ll s58k kasthe TYmars BHP et By ner Blim g servo
(TREAT) al gpfehfihers (SIS &M the I hiBce %@%Iﬁ)%zﬂﬁft'rdr@d\hc%r eh@bIFos RAY givenCReR et S
a mninmm possible seek tine for each seek |ength. Tinme is expressed as an
i ntegral nufbsptior tkese voll bede gy eifter (g muminghsacke BracBisesk prefde tiue sniy
the transdu - . Bor Y QhV i.0 WO TE I ncy
af ter ho. nomae AR Rl oM g MBS ooRRERE e dcFE Sl Ing 4 FHEe
fields, eachcckssebpbratonr espondplet. t 6ha veles pechtlv eespeababfiéldtof thhaeek pddtla

access operation can npl ete. -The .value in.each respective field of th
Seek prot i1 BXorestg L. BERahRe AAfEyME e nb B P ees RE bt S dnRhickhe
(expressed asmBér o MSIERY &thichisndegiiireal toSichiele Whd edtréspofidigpipretshbility akdiizedsat he
correspondi ng probabilit¥ that a data  access operation wll cg |l ete

wi thin that 39e8teeRayRtanR qnpiete v 1thin thab atency tinas nBpwgEsry 1ty gB%@%ﬁ“fﬂlé to

use other ahgghisiEt uddboibt Afbrlihes HBRNESIE MHeatpRBerdiidnnér Ak PRARbI1ItY Yrofile
profile in a seek probablllty@groflle table entry is expressed in a

di fferent f or#seek Rrababihey padde wote: avtry s exppesseinmpdiéferent form.
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6 In the preferred enbodinent, there is a separate index table ent[¥0 §
corresponding to each conbination of disk head nunber, direction o QL@W,
and whet her the operation is a read or wgite operation. However, it would
alternatively be possible to use other or' 5 additional paraneters, such as
the cylinder (track) being accessed, or the tenperature of the drive. In
the preferred enbodi nent, seek profile table entries are |loaded with a

representative set of profile entries, and each respective index tablge

entry is dynani calnlthe pradgprsdernodimento sy is ifeepArafennglete tadleRtpy ‘_Eﬁ“TqS%"rtdéW e
according o Aek U3k ORRLALE Al A2 CARMNAT ARRtioh b WO! hRbhEihBAle\(PkyiBR is
adap ee | e

possible to trvely construct s pro e tab entries using actual
oper ati ng si atadsér wsife operatoncoHsweva? ittweuld alieestively iy padidle treassothesipng a

seek profile table and |ndex tabl.e i ccor ce wth the f
enbodi nent ?F&kté@‘a?e?arﬁwéﬁr%lsécﬁ 8° 8frS @P?%@ﬁ‘qia)a &g %CSSségt%‘ﬁ{rﬁ‘t% ‘{g/‘g’??rgi“f%ﬁg
anong i ndipeduak heads, seek direction, and other paranmeters, w thout the
need for nassive 15 tables to store separate profiles for each po s‘i&tﬂlea1

I

|
permutation of relelinprefaFeahembedimeghgsechi probilg e slees it |

cal cul ati ong REE{QVEL bP pf R chthiE® ank RUSh RYPRAVE iftxBBR enB9GY ERhAnically
estimates of "access tine Por enqueued operations. The details of the

present i nvmappadnfo hotlesess mach tin bereck urrefilgntiblspeeenrdivg, toc aptualh eperatiag

ot or ande. 9oy A SopLE Ay RERCER A O CRBROY bRV sl gtls o
OF THE DRAWAWGS sings actudl dpérathgmbiidticgr i@ psmsgeattat tablesofing atidrabéang

ool or 1 6d_enbodi nEEECH SEROPITORUNE AR AMORDRoBY ArgraBer il ing Rsfeed
~di agram of ¢ heodIRieR’ kSt OfsGibRl QEEsttcetifély atatlt Sktdlricesunisvariagms denose,

according to the preferred enbodinent. [R ", ,LII13Q 2569.doc:MC 2 4 OCT
2006 Fig. ®dividupthcadseseeh dirgelinss #nd sttheicpaspisetsrs, 371w Abg nsebior Meesiyapl e

for estimat frgflgg: i gt%fése&;%%pr%ﬁle@'?&“@a‘dﬁ%o%ﬂé RSt 0 PRI NaRGpdrambBR, and
preferred e odi ment ' .
without the need for complex calculations performed in real time, thus supporting more
accurate estimates of access time for enqueued operations.
The details of the present invention, both as to its structure and operation, can
best be understood in reference to the accompanying drawings, in which like reference

20  numerals refer to like parts, and in which:

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a simplified representation of a rotating magnetic disk drive storage
device, for use in accordance with the preferred embodiment of the present invention.
25 Fig. 2 is a high level diagram of the major electronic elements of a disk drive

storage device, according to the preferred embodiment.

[RALIBQ)2569.doc:MIC



Fig. 4 illustrates the general structure of an index table for estimating
access times of enqueued operations, according to the preferred 24 0CT 2006
enbodinment. Fig. 5 illustrates the general structure of a seek probability
profile table for estimating access tinmes of enqueued operations,
according to the preferred enbodinent. Fig. 6. illustrates the general
structure of an expansion table for dynam cally updating seek profile
data, according to the preferred enbodinent. Fig. 7 is a high level flow
diagramillustrating the process of choosing an enqueued data access
operation for execution, according to the preferred enbodinent. Fig. 8 is a
flow diagramillustrating the process of calculating an expected access

time for a give.d acces td COhSNEI s@ktihiRe pibef R katnating
embodi ment . DET |13;%q'|5ﬁ%%?& S e A R T Lol MENT Overvi ew of
Di sk Drive ,Desi @fefof Siqabididpeiagbns, nagnding to ¢ prefemredambydimeal | y cont ai ns

one or nore snooth, flat disks which are _pernan | y att.ached t . common
spindl e or hub. Fifheridustotes theaencenh strggtue of an "{@égat’gl?ﬁ% e&f'@ﬁgn%?%g%sﬁgg ed on

the spindle parallel to.each ot.her 88mBb&@hdens0o that they do not
touch. The %F%%?“ﬁ‘ﬁﬂpeéﬁli‘%&l%C(g?@%rt%?%?pégﬂﬁ% Uni son at a constant speed by a

spindle notor. p[he iRiuack heFBiail siractiyepif e atckprababilinsprofitetableforsstgpatingvi ng
a nmulti-phase electromagnetic stator and a g}erm%nen o r’rg“’,q\cnnet nfotor. The
different phasetmes of trsucrestaperatipns, ageogdian{q RF PIFTETT 2R a drive

current to rota tﬁnhgwgﬁgdg’sgh%geﬁ‘é& Shdficd St o @t ion at SR Uinthndballyuplia g

base or substrat'é® eint center for the spindle. The
substrate igeC afa, abébrding m thaptdfieeglengodlgsentcer ami ¢, plastic -7 2 4

QOCT 2006 or other materials are possible, The,substrate.,is.. ‘W th a .
thin | ayer of n’d@ge’&iBzéliﬁhéeverlrﬂPﬂr‘f‘)acﬂr?f“g]hff“ﬁ‘é@ﬂ 'Q&&f‘fcf%n%ffﬁhgé%@%%a uél\ﬁ%th a

protective Jayer. Data,.lScrI (e] g Fal tgg{efrg@@,se(pémb@@nﬁhsk or disks in
t he magnet iJf’éﬁﬂcéeslsé’)?%rra?mq'(f)or%g%%gﬁ?’sa, i ngte magnet i zed patterns ,
representing thesiglatiaa 6@ dfagrareitiustratinD theprepssstat zelpylating ancapectadnccepsfime

atterns are usually arranged.in cirgcul ar,congentri s, al though
g piral for a give dat{a access ogeration, accordcmg to the pre(i:erred emcoohgnallgrh. g9

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Overview of Disk Drive Design

A rotating rigid magnetic disk drive typically contains one or more smooth, flat disks
which are permanently attached to a common spindle or hub. Where more than one disk is
used, the disks are stacked on the spindle paral'.lel to each other and §paced apart so that they

do not touch. The disks and spindle are rotated in unison at a constant speed by a spindle

motor.

The spindle motor is typically a brushless DC motor having a multi-phase
electromagnetic stator and a permanent magnet rotor. The different phases of the stator are

sequentially driven with a drive current to rotate the rotor.

Each disk is formed of a solid disk-shaped base or substrate, having a hole in the

center for the spindle. The substrate is commonly aluminum, although glass, ceramic, plastic

.-



tracks are al so possible. Each track is further divided into a nugber of
sectors. Each sector thus forms an arc, all the sectors of a tradi OCT 2006
conpleting a circle. A noveable actuator positions a transducer head

adj acent the data on the surface to read or wite data. The actuator may
be likened to the tone arm of a phonograph player, and the head to the

pl ayi ng needle. There is one transducer head for each disk surface
containing data. The actuator usually pivots about an axis parallel to the
axis of rotation of the disk(s), to position the head. The actuator
typically includes a solid block surrounding the axis having conb-Ilike

-arms extending toward the disk (which is, for this reason, sonetines

referred to as the "conb"): .a s i N PR shialARE BEfhabsetiziige ar s,
and an el e®f pijer %ﬁﬂéﬁ?@%f@r& ﬁlﬁ]hefs&g&gb'é%ggci%?%@gﬁde of th}g axi g.g&'l'lhe ©

t ransducer Q?e%%aﬁ(ﬁﬁla?ta&(ﬁﬁbﬁmyt& dohted evith a btettine laysgpensi ons opposite the
conmb, one head for eacth suspension. The actuator notor is typically an

- el ectro-magnetic coil nmounted on the actuator conb and a set of pernanent

magnets munted Jin.a s%%tﬁ%l ?)B%réyiugﬁgéstéﬂﬂe gﬁ%ngﬁgg@iﬁQthagﬁé{%ble%}@ﬂ To

energi zed, the Pafaisrgc rque to t n response to 'the

magnetic fi,el.d. cr tisdHEp IRRFIYR egentiﬁ@.giaeiamara'lﬁ@'nmdtiuah@mag[ﬂﬁ@able
rotates th Ogg ’ﬁﬁgﬁeqﬁ%@éés‘%&ﬁ on thgﬁhead over a desired %%ta} track (a
seek oper aldyen) The@utepdtioms aeausurly proariaeil dhelfeuf EPNETENT HATR; 2 thoueh. i@ ant

rotation of the disk w|l eventual Ly .bri. ' eGLRI Fadi Reept the
head, and trAeks@st AsLRATSIP eﬁaﬂétracﬁ(éih&g?r%ogf{‘gﬁc.)gﬁﬁllg[)ﬁjon% spent waiting

after Conpiﬁtsifﬁlﬂls%a&é]%g%ﬁeeéécfé%&ﬂat_hi&ﬂcdﬁ@ie!tiﬁglaimcltcor i s adj acent the head
i s known a$'la ency, and thus the time required to commencenent of a data

access operation is the sumof seek and latency tines. -8 2 4 0 Cr 2006

Typically, a servo feedback syst.em.i I Ld R ithed s GEthY 8tPice tHer vo
fields identifyPrgoyableqsiatof %%%g%nséﬁéa&gg\/r&% % %ﬁggﬁjagt east one di Sk

surface, usyald Wil ddidIerieiadRa@f maywelikartus e ta@eden ofapkorhraraph piystgnd

of ten enpl oyeo(l) a dedi cated di sk surface foc{ sg}r‘%‘gf fi er{)cfsk éﬁl}le\é\éecrong]dge@'h%ns
typi cal | y wssheadrioableipldyisgneedles ddersisonetragscuce AERTHPE W8T ECor ded  at
angul arly spac ! i it 8K a:58 pAraNa to thaxrof aothidnefeie digt(s)o
sectors beI%R‘G' Sﬂ%gcquﬁt%rﬁgrﬁaegoprlgﬁﬁgbﬁiata. TRe enbedded servo fi&.l d ltv%/ i.cal ly
conpri ses g pydich oritead.i The pamatootypically inchides ol N APTIRIAEPE A g’f‘S
Identifyi n%aa track number, anglmg tgvlbéafﬁlihgﬂﬂk ?{vhﬂ:g 19,%} k9 réa‘%n, sometimes

ving comb-like arms exten

referred to as the “comb”); a set of thin suspensions attached to the arms, and an electro-
magnetic motor on the opposite side of the axis. The transducer heads are attached to the end

of the suspensions opposite the comb, one head for each suspension. The actuator motor is
typically an electro-magnetic coil mounted on the actuator comb and a set of permanent
magnets mounted in a stationary position on the base or cover; when energized, the coil
imparts a torque to the comb in response to the magnetic field created by the permanent
magnets. The actuator motor rotates the actuator to position the head over a desired data
track (a seek dperation). Once the head is positioned over the track, the constant rotation of
the disk will eventually bring the desired sector adjacent the head, and the data can then be

read or written. The time spent waiting after completion of the seek until the desired sector

is adjacent the head is known as latency, and thus the time required to commencement of a

data access operation is the sum of seek and latency times.



| ocating the centerline of the track. Wen operating in a seek an§ ﬁrg 6
servo system causes the transducer to read the track identifying %p W
to determine the current track nunber, and adjusts the actuator trajectory
accordingly. When operating in a track foll ow ng node, the servo system
causes the transducer to read both track identifying portion and track
centering portion, to determne a deviation fromthe desired track
centerline, and the servo feedback system adjusts the position of the
actuator to mnimze the deviation. The transducer head is an
aerodynam cal I'y shaped bl ock of material (usually ceramic) on which is
nmounted a magnetic read/wite transducer. The bl ock, or slider, flies above

the surface of the disk at _an extrenel. [ di e s the
"flyhei ght") adypkallgiagierve fredpask syRAm i |“§‘£5g4°p‘%°g!§?ﬁrhﬂ?§ g%tg{“t%hegglﬁg kﬁﬁg?f?f ace

Is critical i@iﬁ‘mﬁ@ &a@tﬁ(&% L& ansEH o8 at 1ast @addisk sficerusmily et thheintask
"f e e |l

patterns i‘%e gneti za ayer. Several different trzi?nsd cer. designs

are used. Mucawe.r Oderdiskidriveidesigueefememelayida dedicarddisk syHach fFErre

wite transducer element ang a separate nagn - esLSti ucer
el enent . - Tiekds. Meugedesign P éié‘ls‘fVgg%@fsgs%w‘?%er%@gs’tlg"tg%gb%%g%rg ucrgeér heads in

a direction info.t i SkiSUGE B8RS disk EhEa@eihedsndBives bavastcesrs bting ssaf  t he
sl i der co&h%“}??ﬁisgg‘%egr"?ef and enai)l e the slider to fly _above the .disk

surface atfofBeraippdanr Tht enbiddedsere fiadd typinally serpRiases 2 BESRIONAHBAPYTORA] or

~t

Components Referring to the Dr‘ﬁ‘%’f]“ti&qh$‘é\?r§£l?i1@m&rk Inagg;% r&ﬂ@ﬁﬂé’%}@ﬂibh'f@r parts

t hr oughouta traels ides HRREPOTIPR Y 1 a sinpli raw ng a rotating

magnetic di sk dpl Ifie BEVE. CWhenlO)Rratfripfin sk infodacthosdensystem ¢duseshe
pt ef erredq%{)’gl{hﬁéﬁt@;l%{egk gri ve .108 conprises -9 2 4 OCT 24206 r ot %t abl e
di sks 101,ihevRineliucer @ readghetirackadentifiegpartionigyeisgawgierugrndige g e whi ch

is nounted on disk drive .base or housi 04. I ' i 1 are
driven by adjugtsitheactpgipioFalciiory aﬁ%%glpg&t Q?% a‘ﬁfegﬁgk nﬁ%ﬁgﬁygﬁﬁl@hiﬁ e

count er - C'SOC%VAIIL, di gL IHe HAnsdb&lo 28 VB tiack Mdentfygepostornsindwrack perfléring 1.
The drive Sot6 %ﬁot visible in Fig. 1) is contained V\%t?nian hub ﬁﬁsc%nbl y
103. Dat a gostidrg enddathinea ﬂnéatiqmpfrcan@ler&mr@fiﬁr@ﬁkreﬁa'ééglei f sggxe feegpagk
Actuat or assenbl 5 18,:Si i BRSinghigeRfdediagls 101. Actuator 105
r ot at es tk?b’%‘é‘p?g tség%p%%%ﬁéﬂgig%tl 106 paral I el to the axis of the

spindle, driven by el ectro-magnetic notor 107, to position

The transducer head is an aerodynamically shaped block of material (usually ceramic)

on wh
surface of the disk at an extremely small distance (referred to as the “flyheight”) as the disk

ich is mounted a magnetic read/write transducer. The block, or slider, flies above the

rotates. The close proximity to the disk surface is critical in enabling the transducer to read
from or write the data patterns in the magngtizable layer. Several differem transducer
designs are used. Many current disk drive designs employ a thin-film inductive write
transducer element and a separate magneto-resistive read transducer element. The
suspensions actually apply a force to the transducer heads in a direction into the disk surface.

The aerodynamic characteristics of the slider counter this force, and enable the slider to fly

above the disk surface at the appropriate distance for data access.

Description of Major Components
Referring to the Drawing, wherein like numbers denote like parts throughout the

several views, Fig. 1isasimplified drawing of a rotating magnetic disk drive storage device

100. for use in accordance with the preferred embodiment. Disk drive 100 comprises

9.



t he transducer heads. A cover (not shown) mates with base 104 to e?qu%qﬁmm
and protect the disk and actuator assenblies. Electronic nodul es for
controlling the operation of the drive and comunicating wth another
device, such as a host conputer, are nounted.on circuit card 112. In this
enbodi nent, circuit card 112 is shown nounted outside the enclosure forned
by base 104 and the cover. However, the card 112 could al so be nounted

i nside the head/disk enclosure, or a portion of the electronics may be
nount ed i nside the enclosure, while another portion is nounted outside the
enclosure. A plurality of head/suspension assenblies 108 are rigidly
attached to the prongs of actuator 105. An aerodynam c slider 109 wth a

read/ wite transducer 110,is |ocat B3Gh sheald F13S RS 8N

assenbl y 108%2‘961'%53‘&&0}(1}”212%36? F%‘Sgﬂi'g&f?‘&g\ﬁ)i filb aofigésnll A \fg 100 i $ shown with
two di sks G offulskidhlvensesknawiigaroas Shisle 108 aod diskgl 0liare diticeul by alslgive -
understood that the present invention could utilize a drive, haw%igff}gn

singl e di skotarat heonstagt ratatiana eelopitinivéhe enter-sloskwise dirggiion, when el
possible to enploy only_. a, single dis ur.f ac i nddBGid
data. Fi g.-aIZOWC§Sé}¥?1‘V'gH‘-E‘§VEI J['E‘?ggﬁ‘fea?ﬁogofr%?%ﬁrr@fﬁ F%' g?:t%%rooﬁll?{l:nil erreﬁthggof

di sk dri ve, 100y, [$0Hfits AQDIJIRRLAIop HOBORSH g6l fdcos DOEoBraoh ik, Antiatoo t he
transducer *Héa s?', actuator notor and spindle notor, according to the

preferred gabediym®sts sifaaled to crersidenifldesks 20h. Aetaatpds rtategAhrgugthanare Wty g 5
host. The "host" is usually. a_.conputer,system N p er
system or shafeli0paraig! ‘88\‘?6%158?&@%‘{’8% dré‘%éf’ héﬁlﬁﬁtyfpl a ?Qﬁg&g}(fsdgé?ﬁ)glgmggr pose

 device such,, e PEEAnah Hi&i (hed shass) Blars twitiRRAY 1 04todinglos@dndpntecoht er
~for machinery su bi

C!
ch as an autonobile -10 2 4 OCT 2006 or robot o%,any of
various ot Apk af githabr desnildies. Estionisimasiules dar captsellipg Hiy apeiga AEMgdriggnt r ol

of Lhe operaly on o o il hiind Wik Gl 898G LR ARen R oA

up rouglnes, %lagnostlcs, error
recovery, e}4.11bn [Pkt iehibodiment,i diuit@aiit 110 is 8ho20 inoselcdatutsidnia cneldsutat a

access operations for execution, as nore particularly. described herein.
Channel el gabtediby based02 apd theicdes. HOMNGVeR Ihsﬁarér%dgd%ﬂﬂ&lff’g’ﬁ“b"h‘“&aﬁ%ﬁ‘ﬁ%otﬁe f or
data bei ng 0P &Ect¥nfs nsdyHeafiGuntdl Beid¢eheantosold, er

wjtten to an :
203 interpng@LﬁggF%gug?g%éis gbtalned from reading servo fields on the
di sk to corhiielanbifer p(ﬁ—_tjuﬁﬁg)monmbdnoutside the enclosure. A plurality of head/suspension

assemblies 108 are rigidly attached to the prongs of actuator 105. An aerodynarriic slider 109

with a read/write transducer 110 is located at the end of each head/suspension assembly 108

adjacent disk surface 102.

While disk drive 100 is shown with -tWo disks having multiple disk surfaces for
recording, it should be understood that the present invention could utilize a drive having a

single disk, or having a larger number of disks, and that it would be possible to employ only

a single disk surface of a disk for recording data.

Fig. 2 is a high-level diagram of the major electronic elements of disk drive 100,
showing how these are connected to one another and to the transducer heads, actuator motor
and spindle motor, according to the preferred embodiment. File controller 201 provides a
data interface to a host. The “host” is usually a computer system such as a desktop computer
system or a mainframe computer system, although it may be a special purpose device such

as a personal digital assistant (PDA), a digital controller for machinery such as an automobile

-10-



(VCM 107); it also responds to seek signals fromfile controller 201
Spindle notor drive <circuitry 208 provides drive current to spinglﬁgqgé®r
209, driving the notor at a desired rotational velocity. Transdu ér i;

are attached via lead wires to wite nultiplexer 213 and to read

mul tiplexer 211, which are in turn coupled to wite driver 212 and read
anplifier 210, respectively. Read anp 210 provides input to channel

el ectroni cs 202. Channel electronics provides input to wite drive 212.

Mul tiplexers 211 and 213 sel ect one of the heads for witing or reading,
responsive to control signal 214 fromfile controller 201. Magnetic
patterns representing data or servo signals are sensed by nagneto-resistive
read elenments.in tra Jcer : LEi dy ovBd&cerdrdl BhEeyI ded
to channel‘%f%%*?&ﬁpgg%%%ﬁgOﬁgﬁé%ggﬁﬁgkg%5§gﬁ??§£%?ef%ﬁgbly f%cludes a
parti al - r espQRS §pdRIdnBMAisH Bevd hamdngIRRIE Jsuck furcdons oy cabemai méprpratation,
signals into coherent data for use gy a host system Wen Wwiting dﬁ%@,
channel el eettpbmiappin@0POVECIES LA “ﬁ&%ﬁFﬁiﬁB%tﬁcgwﬁ¥ Stet B PHUSEE eHEodi ng

format, and g@?e‘ékﬂfg%l%ég' ?ncgﬁﬁcad dfa WdkLEof b dtbRE frlekecMYnC Bs mBretpaktibuthirlyV es

current thrdl VE wite elenent to cause the data to be wiitten
on the di skjesiitbag&cinPOBirdneDelbahnids 202 arsddesenslula®niasd denpdwatibndynetioser vo
f eedback | oop system conprisin

' ' g, transdycers 110,, read anp,210., channel
el ect r oni cdopdma bejpg waitten a1l et h?’@'é?‘e H'zigtglﬁrzﬁc(‘fr AUF?W%FO'%)}IFI g%dmgf rﬁ§t or
notor 107. Transdugers. f4 fiRCAsE RO oRitrol e at@etiof mot

i nterval s c§ﬁ”8isé%lgfs%l?'rb é@%ﬁ?%dmgségoaﬁghgﬁ%l ified by read grrp 218];0 .

. channel  el(getM QO7)¢ & aRO2espopdy atseck signdefrum file eputsolier 80 .uSpindlaanater dsisievo

control l er decodes servo -11 2 4 OCT 2006 i | s.r.ecei ved from.channel -
202 to i dervirchijryt208 prevides dE YHENt ‘u%*ﬁ"@?"r B‘P?Or%@?earh’( ‘H%%?fc‘i“ﬂté’{ 3{rja d%’srul%\ge
current need go f%llogl}zy or seek according to desired paraneters, and

alew? Vivets

provi des adf r drive circuitry 207 with a signal indicating the
necessary drive current. Actuator notor drive circuitry 207 in turn

provi des drive current to actuator voice,cail notaqr .. POSi ti;oni ng
actuat or 105 t o Taansdugerehi( g&éﬁ?ﬁ}‘i’d(“f‘%f‘ﬂ%\x}“ffﬁd%)mcb{? ngu\{t%\{%xer AL anB Wkl
accel erati lg@g%rej 1t WREth 4rBen aGiURuplkd itd vade arigan2E wid head adgdifiee?10,

e de) i

rofile (se . File controller 201 preferably . includes r ammabl e
Br OCESSOI(‘ 2&peutivetyh Reréamp @40 provides input to cganne] electro){ucs 202. 8Ea_nng[fﬁgctromcs

provides input to write drive 212. Multiplexers 211 and 213 select one of the heads for
writing or reading, responsive to control signal 214 from file controller 201. Magnetic
patterns representing data or servo g_ighals are sensed by magneto-resistive read elements in
transducers 110, amplified by read amp 210, and provided to channel electronics 202.
Channel electronics preferably includes a partial-response maximum likelihood (PRML)
filter for decoding data signals into coherent data for use by a host system. When writing
data, channel electronics 202 encddes data according to a pre-determined encoding format,
and provides this data to write driver 212, which in turn drives current through an inductive

write element to cause the data to be written on the disk surface.

Positioning of transducers 110 is achieved by a servo feedback loop system
comprising transducers 110, read amp 210, channel electronics 202, servo controller 203,
actuator driver 207, and actuator motor 107. Transducers 110 read servo fields recorded at
periodic intervals on disk surfaces 101; these are amplified by read amp 210; channel

electronics 202 separate the servo fields from user data; servo controller decodes servo

-11-



a control programresident in read-only menory (ROV) 222. ROM 222 is a
non-vol atile sem conductor random access nenory, the contents o? gﬁk%amare
not | ost when disk drive 100 is powered down. File controller

includes volatile read/wite nenory (RAM 223. RAM 223 is used as a
tenporary cache for data being read fromand witten to one or nore of the
di sk surfaces, and for storing internal state variables necessary for drive
operation. In particular, RAM 223 includes a queue 224 of pending data
access operations. RAM 223 further includes nom nal seek tine table 225,
i'ndex table 226, seek profile table 227 and expansion table 228 for use in
estimating access tine of pendi ng data access operations in queue 224, as
nore fully des eﬁ?bé 8h eHat detdinfiHE RS and
st orage a||&@35|&%§% iﬁ%W?m §ﬁ§% asﬂ%ﬂ%ﬂ%?@y@%gr da?g read froé??ldlsk
surface forg se06kég neéaotmmmosimk&¢Mugm desiredparandteks, dnd previdesactirate ar e
shown and descri bed above, in particular, separate alsggeto resistive read

and i nduct |nmé01&/\dnl‘t@e01tqu&l‘bsa@|z:é@ aepignal Ardicating the BRRCESaRE driyn GUTE o SEMARLNt
these are b of de h uld
be possi bl éthBI%fvﬁccme 2 brese vaegggﬁéﬁ%ﬁﬁﬂ@%ggg%?% grg (l‘é%’% mt% fﬂggggu er
el enent's oro9tdsiion ta@tbﬂt@fl()é'ﬁoﬁtlsd{redldcﬂﬁorﬂﬁﬂlog«rm(&kabm’cedcratlng/dd:wlﬂ:i‘almg
further be understood that various el ectronlc copponent s such as file
control | er tRodctuatdranaedordampe withadssiceshprobie gk Zﬁ%{?et c. are shown in Fig.
2 as discrete entities for illustrative purposes, and that one or nore of
t hese may be conbined as a single nodule, or may be enbodied in nmultiple
. modul es. I n par tl“nl@%xﬁfoller@(blelffeféhﬁ)lpifncmhésprogrhnmiabkrpraﬁjssdrﬁylthChaE&tCUbE

i-pl ement ed as a single nmodule, or may be | enent e
mul tiple macehtel pregmmrzsdentyn Kadenly H’QF’@%?RM ??%l é&%&&&? gga “%fh&""f’r‘éd‘;? use

mul tiple st or a chno RAM QAiski@iveC
RAM while? }ﬁ%{“}%" orﬁgr}({olﬁg%&?sss ?/rﬁ%% &C%Rﬁ&h‘g?fgélnoul d ﬁﬁtﬁfﬁ?r/hegel under st ood

that the prnebergoagredalowac Fil oontaflleROkb axthdeyvalatge m@p@me memony RAD) 323.t he

cost of currently available technql nd tha nory technol |es
devel op it Wzﬁé inpsef af 3 MPOrYRY G 399/‘?3}?8?%% rr%ciﬁg Wr1rr%:r'ﬁ§(r) Taaits

non-vol at i |,@ 1 RAMK sQFfa&R B d 6 esringanteinapsthe Raedblasmirtesyary faahive bpghden. Iht
shoul d furt er be understood that various disk drive conponents 3
particular, RAM 223 includes a queue 224 of pending data access operations. 223

further includes nominal seek time table 225, index table 226, seek profile table 227 and
expansion table 228 for use in estimating access time of pending data access operations in
queue 224, as more fully described herein. RAM 223 may include other data structures and

storage allocations (not shown), such as a buffer for data read from a disk surface for sending

to the host.

Although certain disk drive features are shown and described above, in particular
separate magneto-resistive read and inductive write transducers elements, it should be
understood that these are by way of describing the preferred embodiment only, and.it would
be possible to practice the present invention using different transducer elements or other
alternative disk drive design features. It should further be understood that various electronic
components such as file controller 201, channel 202, servo controller 203, etc. are shown in
Fig. 2 .as discrete entities for illustrative purposes, and that one or more of these may be
combined as a single module, or may be embodied in multiple modules. In particular,

elements of the controller 201 may in fact be implemented as a single module, or may be
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essential to an understanding of the present invention have been omtted
fromFigs. | and 2 for clarity of illustration. Menory Descript'gg¥§§ 223
is the general working storage used by controller 201. RAM 223 %r |y
contains a single addressabl e nenory space, which may be allocated by
controller 201 to various uses. A large part of RAM 223 is typically
allocated for use as a read buffer (not shown), i.e., for tenporarily
storing data read froma disk surface and intended for transmssion to a
host. Another portion of RAM 223 is allocated for use as data access
operation queue 224. Queue 224 stores pendi ng data access operations
received froma host. Preferably, both the read buffer and queue 224 are
vari abl e-sj zed al [ RAM M hig ofmbiBNe MB&LIEDa

what ever ngwﬁ?ngaﬁggﬁygﬁgéﬁ¥ﬁ§%le. I%§%gﬁgb%§%?ggentat?%ns, qﬁéﬁ§ﬁ§54 and
the read budefreiltipeytdigzeaectiiongdesas.ga agiontireofi M 32 wey be etatit RAdddwhilon t o
the tables and structures specifically GFE%%PnEd, RAM 253 f.u the% cqptains
t he dynani anoftisr koripn iedmripic RAMp| Esshan g bt pindergioad thrt e gyeferre

o O e R e 8P ROM TarkORANI G LacHaldeRE: pAPRE TS cBlt SOUFcRlly AT

execution en 0 an underStanding of the present invention.
Queue 224 @EyhoRfyyOhigiRhzadnancordiimgldgeesaieyelop itvami ugefeobimtosise acimgknown
or hereafter devel oped. eue 224 prei&tr bI%‘y conttgi ns &ior.eac dat a
access opemanglghic ragmonyrgck 46 ingR-vofattle, l‘g’p PG PRFLEBRNHAL BPTRP ¢ ) |

and the disk surface ' : ] Mendat a
! é%nlooor%le% It (sngggzlfug?]&aﬁg uAlRehd 1R daf6sd Atk Wﬁ@%ron%f)rzléél n

access opetF Queue so contalns sone indication - OCT 2006
. of ordi nal igkantiaf totah @naastading of the peesentiirentipn hmadeeremitteddropy Fighd dnd$k
relative to other operations. Odinality may be indicated by an operation
sequence nferblarityfildystiaion. ncr enent ed f or each requested operation, or by a
ti mestanp, or by sonme other neans. This indication can be used to give
sonme preference to stale operations in the queue. In the preferred

enbodi ment Meindgy Pascriptint abl es 225-228 used for seek tine estinmation

are noeded T orRaM PRI di EetRHinee i yiar b BTSRRI P R e
ranner on }?refe%?)rébﬁgir%ra%ﬁlgle addressable memory space, which may be allocated by controller
201 to various uses. A large part of RAM 223 is typically allocated for use as a read buffer
(not shown), i.e., for temporarily storing data read from a disk surface and intended for
transmission to a host. Another portion of RAM 223 is allocated for use as data access
operation queue 224. Queue 224 stores pending data access operations received from a host.
Preferably, both the read buffer and queue 224 are variable-sized allocations from RAM 223,
allowing either one to use whatever memory space is available. In some implementations,
queue 224 and the read buffer may be combined as a single data structure. In addition to the
tables and structures specifically mentioned, RAM 223 further contains the dynamic working

memory variables and data structures used by controller processor 221 to direct various

aspects of control program execution not essential to an understanding of the present

invention.

Queue 224 may be organized according to any of various formats, now known or
hereafter developed. Queue 224 preferably contains, for each data access operation, an
indication of the type of operation (read or write), and the disk surface (head), track number

and sector number of the data access operation. Queue 224 also contains some indication
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of the disk and | oaded fromthe disk into RAM at power-up tinme. Tables
whi ch are dynami c should al so be saved periodically to disk to 2§ gsers
dynam c contents. Various tables and conputations descri bed bel ow express

time as a nunber of SIDs. It will be observed that, for a disk rotating at
a constant velocity and SIDS equally circunferentially spaced on the disk
surface, the transducer head will pass over SIDs at constant tine

intervals, and therefore tine may be nmeasured as a nunber of SIDs. This
measurenent is conveni ent because it can be related directly to the | atency
period fromone operation to another. Fig. 3 illustrates at a conceptual

| evel the general structure of nom nal seek tinme table 225. Nom nal seek

time table 223 copt & (ohak bt YwiRh RRYdsi RSeivRRBH tIRNhSYN BRAYAINbIRGr 2
seek ti ne"%‘b’?‘“%ﬁg’ gfg%r(?pggp}gn’dlh ng nmaxi mum seek | engt h 302. Nom nal seek

time tabl egReRiohs Omlimtidehalyocbe epli@senby dnoppesaivn scqukncei rsbearwhidea
Tangth | s isepmesisd PrenciRRPBH oL ORI A eIy R ¥

| engt h i s logiegmesise doricACtEPAPGH x : e 0

absol ute value.of the differen o‘?néaﬁlel’é%ﬁﬁei%%ﬁ cRAHBRER R qldle act uat or
position pifisPLOn 670 PSR RV RE t¥ack nunber of the desired data sector to

whi ch the actuator 1is noved in the seek operation. Seek tinme is expressed

in SIDs. The ideal or nomnal seek length is e st..possi bl e |.ength of
seek operation Inhthe pneradyenebadunent; dhe ATIPY: E’H’r&‘tﬁgfézsa“@%vg)ﬁ s§%"el€‘9'f€i e in
di sk drive 100, 1.e...for ]V RANTRlurib ' 8ri VB HePHIn PAR ik the§ @RK

| engt h (fo‘?s"ﬁm)o’?:g?fc‘ﬁplr)]a |(l)(r?1wg#e lggroga?rrlg%(ers V\hmlnfl: m ght affg%? seeke?i ne) is
, used as t hgededifhr ptimAPpErfaRikhice Nheyi mabtoweal ine nbm-volasletradsiner oreavgsdryediagea
‘therefore assuned that it is not possihble to seek. a ﬁigﬁn L r,cluaetcp in.cl ess
than the t¢fr@<bs}w’é§%héfrﬁ§1%dtsmlgogé‘&ﬂa}%%?ﬁ‘l’i“ﬁ“er EOI55 R T HBRIY e
table. In the preferr engdl : A& vS@RKmiCamtdass. ar e

par arreter-?thﬁalélpagsr? ensta€ xcegghftj%{rydlgggl?rti rl;ve)d;?ﬁ)The' data in nom nal seek

time table is preferably calibrated and updated on a dynam c basis using
any of various nethods, e.g., periodicall | ] ecting.seek ti L.Sstics
from act ual see\(al’éﬂb’él‘aé’lllfiséﬁgc‘ﬂﬁl?‘i‘tﬁ‘gmﬁrdFVé’b%nggvieéﬂr%%Hn b aenrur?‘lﬁ;%f ?\%ﬁ?gbl e -
val ues fr o ese obsialdi Ghi, a5r aAlitleroatiny @t y, canstrhinatlosieeknd iSiBs tatilly m ght
contain static data which is calibrated to an jndividual, disk dr'i e at

time of driiscemfemiaiiytspaesd oo thidisk wr@se.dhgusmpsiupe hvad splfiagspover SIDs at

constant time intervals, and therefore time may be measured as a number of SIDs. This

measurement is convenient because it can be related directly to the latency period from one

. operation to another.

Fig. 3 illustrates at a conceptual level the general structure of nominal seek time table
725. Nominal seek time table 225 contains a plurality of entries, each entry containing aseek
time 301 and a corresponding maximum seek length 302. Nominal seek time table 225 is
intended to represent, for each seek time, an ideal maximum (“nominal”) seek length
corresponding to the seek time. Seek length is expressed in cylinders or tracks, the seek
length being the absolute value of the difference between a track number of the actuator
position before the seek and the track number of the desired data sector to which the actuator
is moved in the seek operation. Seek time is expressed in SIDs. The ideal or nominal seek
length is the best possible length of seek operation that one may expect to complete within
a given seek time in disk drive 100. Le., for a given seek time, the maximum possible seek

length (for any combination of parameters which might affect seek time) is used as the
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fromdisk drive testing during the design of a particular disk drive nodel,
the table values being the same for all nodels of the disk drivez igprt
preferred enbodi nent, there are actually two separate nom nal seek tables
225, one for read operations and the other for wite operations. Wile it
woul d be possible to use a single table for both read and wite, the use

of dual tables enables nore efficient use of limted storage space in the
profile table 227. Although table 225 is used in the preferred enbodi nent
to establish nom nal seek. tine values, this mght alternatively be done
using a mat hematical formula or by other neans. Fig. 4 illustrates at a
conceptual |evel the general structure of index table 226. Index table 226
is intended t.o expres far ' ssiid 16 i
correspondWHB"mdPgﬁdB?F??@eﬁﬁggE¥Zﬂ¥§§E§%%g§§y%g§Eg??%§§ The %%%Vgggg%ding
probabi | i t 0 @f lebahhSthaGiteadorigspadigas siscek ldngthein theaisinsing 26ckdimatablendex
val ue into seek probability profile table %27. Aqy of.vari8u ke

par amet er Ingheprsfamey epbodisernt, nomisalsesk leagths ajegaranesier- ndppsy ‘f@;geéw%?tefﬁﬁ or

wite): Seek t.i i 11, .de . C cQMbrhed and 85t on &
wite. Typ“?eEléf‘Wn? ﬁ’%ﬁt? érplg%glrngp?e\cé)g%trr%%?ﬂreg{p x?%g%@%'ﬁgl transdu.clzefEl head be
posi ti onedgy AR basis Sikg GRS Brarioas metibdg by, pdagtiedlyablledingseakfimdratistics ead
operation. ‘As a result, the tinme to "settle" gn the.traﬁk tlom%{rgd he end
of the seefkomsctualsgek ofesations dpringdriveepegtionpad determuiping bl waluesdiom figse a4

e Sratuisting A B o EDEhEABRAERCo RERC AR RN ARPOMBIAG ol sk

surface fUIsHR S reasons. ere dre Individual variations in
head flyhej,ghtindividbASHUERE @ fhie, ofdiys mmatfasure opftatihdate whivbdudderminedal i ty
~of the recording surface, and -15 2 4 OCT 2006 ,Eg.fortg, ﬁ@iﬁ? nnﬂht

af fect t heframuliskidrio® testing dpdegitheclssign 0§ apertigulandigk dgjygmodel, teyale valHes
extent that .it can be reliabl Lt d Srefernt8entholiBfcht, QRere B t O
various fo ‘hSﬁa‘E‘;ﬁgo%@# lrpgot%(e)%é,gfﬁﬁgrc%%& cM&rrilrg{k/'eth‘fe('élhstIse}r(? “Gependi ng on whet her

the seek i&ﬁdﬂy&w@sdﬁm@w@n@hm@eén fablef 228pauectot fred dpaitiasandthy oder fohwritaut war d

direction (toward the outer edge of the di _sk%. I?agl 3)I hea(g 0Si. t it A The
actuator neperatioek Wade érvanld bepessible toatse aFing dpkle fyrdogre VHIRARC U
others, S0, Nl e biRMesIRGHK chReIB Mk bIIAHEDPRDrRE shicatk He 96Rlc ble 227
acconplished ina ) . .
Although table 225 is used in the preferred embodiment to establish nominal seek.time

values, this might alternatively be done using a mathematical formula or by other means.

Fig. 4 illustrates at a conceptual level the general structure of index table 226. Index
table 226 is intended to express, for a given set of key parameter values, a corresponding
probability profile for a seek operation. The corresponding probability profile is actually
expressed in index table 226 as an index value into seek probability profile table 227. Any
of various key parameter values may be used, as explained below.

Operation type (read or write): Seek time will depend on whether the operation is a read or

a write. Typically, a write operation requires that the transducer head be positioned

near track center to a greater degree of accuracy than a read operation. As a result,

the time to “settle” on the track toward the end of the seek is longer for a write, hence

the difference in seek time.
Head number: Seek time may vary with the transducer head and corresponding disk surface
for any of various reasons. There are individual variations in head flyheight,

transducer gain, physical size of the transducer, quality of the recording surface, and
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varying amount of time, depending on the range of tracks traversed. E. g..,
a 100- track seek near the inner dianeter of the disk may take nnqq W”ﬁms
than a 100-track seek near the outer dianmeter of the disk, which [
turn take nore tine than a 100-track seek m d-way between the ID.and oD.
Actuators are generally designed for optinmmuse near the mddle to the
OD, so seeks in this range tend to be faster, although this is not
necessarily always the case. Speed variations nay be due to physical
difference in actuator speed, or to the fact that tracks are formatted in
such a manner that the nunber of track crossings per degree of actuator
rotation varies across the disk surface, or both. The radial head position

TRy Do expr essed, ot MEicn R Eh R B! b bEGHE Lok LBl sBfe Pl R

track, or sone |ve enperat ur e’ ure

air viscosity, whicchnBY REAESd reliltfly tdailbeivgiten@l. the head as well as the
air resistance to the actuator. Tenperature may al so affect | ubricant

Vi scosi ty, Savkclivaniioral Dig tocvdromalfortey e theaasthatirhid imayagoue sfastwﬂeewdrmwon

i nfluence seek t The l.i st  of ke ar.anet ers one, exanpl e
of paraneters MWL%EGHQQSﬁﬁ‘EEEWC“PY SERHpyEy ﬂ"yq?ﬁ3¥ ga%% CBNEr &
paraneters may USE owdfd hbBhtel LddeDrRRIdiskGCESSAry to use all of the
parameters Ilstée}g:C E gm In th eel I Iggstrat elfjlgl ndex table 226 of Fig. 4, only

operation R&d{qﬂe&eadpa,dtzwunfmqchmkmmspddaﬁtenat certadn ramhlmk)sweaﬁomswﬁlém are

used as key paraneters, beln tood th erature ofr
paraneters coulY9 rsaﬁ?i@ﬁ%%“’%’}(f)e g’(t? umbet ﬁra g? qh be afgonp th a2006

- I'ndex table 226 j-dgphifouRSof i, d@ﬁ&ﬂu@%ﬂﬂh&@éﬂ Ibf@(ﬁcl{sf'l@ad@%édp@ \Tatieo-
val ues, an index nuRber. This index number indexes an entry (il ustrated as

a row) in seek taoklsadk mat}hepnm’rldh@etftralflﬂee diskymay ke appre Jimgethama h@0-gack
probabi | i t%/spggstq%llég?%ohone lamtra £ %td?s (vhﬁ%y @%&ﬂﬂgﬁg&e mb HES thdn i €X

tabl e 226 nmensi onal array

for clarity. Fap- @a&@émndw\w&wemmeesmmdm t Actbdterskey garrdiyelesipnadal ues
H/INR neaning head nunmber | ("111"), seek direction inward toward the

ID ("IN') and dioepptiom qsyp@rﬂ@awddtewl;e ORotp sgeks i dhip g5 iend to be faskeriey
parameter val uea?th'f)@éﬂ MWis d’é‘?ﬂ&e@ﬁnﬂeﬁd/ayyﬂ@%e Speed variations may be due to

physical difference in actuator speed, or to the fact that tracks are formatted in such
a manner that the number of track crossings per degree of actuator rotation varies
across fhe disk surface, or both. The radial head position may be expressed as the
position of the target track, or the initial track, or some other measure.

Drive Temperature: Temperature affects the air viscosity, which may atfect the flyheight of
the head as well as the air resistance to the actuator. Temperature may also affect
lubricant viscosity, mechanical frictional forces and other factors, which rilay
influence seek times.

The list of key parameters above is only one example of parameters which may be used, it

being understood that additional parameters may be used, or that it is not necessary to use

all of the parameters listed above. In the illustrated index table 226 of Fig. 4, only operation
type, head number, seek direction, and radiai head position are used as key parameters, it

being understood that temperature or other parameters could be added by expanding the

index table.

-16-



2, seek direction inward, and operation type wite. Colum 403 corresponds
to the seek target data sector lying in a cylinder in the range f%tqumgh
(2R-1), where Ris sonme predeterm ned nunber of cylinders in each zone.

Al t hough I ndex table 226 illustrates a constant size cylinder range, it
woul d al so be possible to use variable size ranges, i.e., each colum in
tabl e 226 representing a range having a different nunber of cylinders.
Entry 404, which is at row 402 and col um 403, represents the index val ue
for the key parameters: Head nunber 2, inward seek, wite operation, and
target cylinder in the range R through (2R-1). The value "7" in the entry
represents an index into a row in seek probability profile table 227, the
correspondi ng rqw, def i ni a L il elaYudl ah armiker
condi ti ons. Fig.‘?xﬂﬁﬂﬁZQgQFggﬁgg%g&gg %Bg#ﬁg%ofg%gfy%ﬁgﬁgéﬁeraf structure
of seek prohaphl ihYs iBE&f dunsber itk aA2dtry Giastrapdabatsiv)iin seep prsfbabibitytrapfile
contains a plurality of indexed entries (%ﬂo as rows), eg&? of mh%ch
defines a patdbani, the gnisy definiag amiebabiliy PO 10f Y58 MPIEFCI5 Y Bajameter
associated with i ndex nber ' ' 1 -dilnenabishl 6N &rNS a
p|urality-o@h@&cﬁg@x‘gﬁﬁﬁggSV%PC%%H@QEPE?@§§?3§§§S&§§§§Eﬁks), eachgéxcess

tine afSSQCic?aﬁ—ﬁﬂ Wrteﬁaﬁa?le?i‘cﬁe@@eéone%p@es?ao fleddep paraimeten selnet HY/INMR, Fiegning as a
probability). "An expec

ed access factor for a giyven.. Sl D expresses a
pr obabi | i tmeﬁmmmrsdéﬂlapmehtdiréﬁl%lnwalida{PWaftddg%ﬁ?rglnét)@l\%QPﬁ‘g oy ge reafp
over nomnal SID for the given |ength trd # Blesd Rdfer as
expl ai ned i(MR)f Hown ??&eg?q"%ﬁé @%Q%W%ﬁrggtéaﬂpag{l%H%/Wlﬁﬁ%% es t he o
. expected acCgsg 4,-,%9&&{ SiviASd REHCRREAEGE $ype(writeb alilbit HE3 korrespofidsat theepek
expected actess factor may take other forns, as exgé?#ﬁg?}gﬁiomﬁ.math
respect to tifie. daa sectdt lyineam@egdinder ins fhgripgec B rifeoy e % hdt SPRE
nunber of index valye entries .in.j e h I6dex thh18 206 MARraeé
per nut at i oREedSterPHIE w%ﬁgpg%{"@%ﬁﬂ%ﬂ% %\/Hgl u%@?)ulég sieani fi cantll y ar egt er

than the ny 1Qfze RYRIER kdrigk yit ploaldi dlesbe(possilly to wsesaakblpsieb EADBES, 16> b i | e
tabl e 227. This neans that each rOM/getinigﬂgg Qrob biriH d%%OEL%§46 seek
probabi | i t ywolnutinltable 3} reprEsenting a raigginadpg § LR P‘HPE%?IIPFYé per it at’i ons
of key paranetier values.,PHalimAR08/EFHeSaramM indéd JabwSFothekdypasipetdrs:Head

| ar ger set l}(ey parameter values than would be possible if a seeﬁ{?}e

pr obabi | i t ywpibef 2 iewael ek vtk operation, end taaggs cylindepiche Fawep Bhropgh (ZR-1).
permutatio n[h%fvallslngpi% rtl?érgxal r(;'rrepresents an index into a row in seek probability profile table 227,

the corresponding row defining a probability profile for these key parameter conditions.

Fig. 5 illustrates at a conceptual level the general structure of seek probability profile
table 227. Seek probabilify profile table contains a plurality of indexed entries (shown as
rows), each of which defines a probability profile. Each entry or probability profile is
associated with an index number which is used to access it, and contains a plurality of excess
times over nominal (expressed as ASIDs), each exéess time associated with an expected
access factor (illustrated in Fig. 5 as a probability). An expected access factor for a given
ASID expresses a probability that a seek operation will fail to complete within the ASID
over nominal SID for the given length seek operation (from table 225), as explained in
further detail below. Although Fig. 5 illustrates the expected access factors as percentages

(probabilities), in fact the expected access factor may take other forms, as explained below

with respect to Fig. 8.
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val ues. For exanple, in a disk drive having 12 heads and divided into 16
concentric target cylinder range zones. for purposes of key pagargquqnﬁ, a
total of 768 index entries are required in index table 226. Because ese
entries are only indexes which point to a rowin seek probability profile
tabl e 227, each such entry may be stored as a single byte (or possibly even
a half-byte), requiring only 768 bytes of storage. However, if a separate
row of a probability profile were to be required for each such entry, the
storage requirenents would be 768 tines the nunber of bytes in each row
The problemis conpounded if the nunber of key paraneter values is
i ncreased. The nunber of rows in seek probability profile table 227 need
only be sufficignt. [FERRES Botrikibee o Stle0falpe eidbi iniindexpatdé 22es,
e.g., 16. Fig. @%'é’@gwgsseg’eat a conceptual |evel the geneni%l tructure of
expansi on ggplﬂee Refber ofpAnGLions dfabt keyRemnaens §uyt YU apﬁyéfﬁatﬁfe t he
val ues in seék probability profile table, .227 and/ar.in.j 1d BBl erppL6.
Expansi on thabltle Mem@épsobégw grpﬁhszm“fi} 1q ﬁeegtprr(ﬂ%:at%ﬁlrtggfdyg%frﬁofl e table
227, but the excess ti . refiaba O LESER Prabiabiliey profileytable?@@nsi on
table 228t ?‘rchﬁfOpr%?fZ‘F‘.ﬁ%gpo‘? ing%}?red entries SShown as rows), each of
whi ch cont %&%ﬂfh@é& fok inpsitipld @kimmitngpre el narasheidsi Valuey. MUSH AR @TARELHITIbNt 1 y
or seek probability profile contgins a pluralit i 18 Separat
(expr essedaWi@l@&%ﬂeC'&%W%k%gg‘%p SRS %‘8“ v&mB¥lﬁ)Bg§§%§<pect ec afglacecess
(factor. Operaling SLaklatdE5uRin Gelderiesrivaaniegelyubyor fdrppemhieg or

e

decr ement i RY Xcess ti entries of expansion tahle 228, and taft?r a
suffici ent §gsd img ekahsleMala diskhizivshating il deadsand dipddsd 19 195@FRtLlales

probability profile table 227 and/or index t - Thi ir&d
expl ai ned byiir@peml&ﬂrzoaéi@FP“rB%ﬁeéﬁf keﬁ)?ﬂ%?ﬁ%el)f%?f%ﬁ é{% %%gggmnggn@gﬁgﬁuénl y a

smal | nunber. af  ent £ espl 6.6 mhed ontids HELAY indpes whibht prsint tbta e in ek used
to sanmple &kt % paraneter values on -18 2 4 OCT 1006, a rot at.'b@% basi s
rather t hap:gbabiligirofhatis22 each sachi estry sxayde storgd agapuelebyiedar RSUPY Y Es

The table representations of _Fjgs. 3-6 are - LAk doW STt probabili
i |1 ustrati ehalf-dite).deqware O&E&&?Sﬂ%tofa St ggé’?\tger Z? zsié‘ﬂor gani zation i nty

menory. The fables 58y R8iaf fBadich esthientaiye stmmgnequinkmhets wowld badedEmat e t he

various valFues to support rapid deternmnation of a table. ven the
cor r es ponditrgnatabdr nifrizytesr inpreeh ey er TRFaPRRS™ do%?“é‘f‘i“{}ﬁe‘l _'le.f th€ Wulnber 8F XEY

parameter values is increased. The number of rows in seek probability profile table 227 need

only be sufficient to hold a representative set of probability profiles, e.g., 16.

Fig. 6 illustrates at a conceptual level the general structure of expansion table 228.
Expansion table 228 is used to dynamically update the values in seek probability profile table
227 and/or in index table 226. Expansion table 228 bears some similarity in structure to
profile table 227, but the excess times are preferably expressed differently. Expansion table
228 contains a plurality of indexed entries (shown as rows), each of which contains statistics
defining a seek probability profile. Each entry or seek probability profile contains a plurality
of excess times (expressed as ASIDs), each excess time associated with an expected access
factor. Operating statistics are collected dynamically by incrementing or decrementing the
excess time entries of expansion table 228, and after a sufficient testing interval, the statistics
are used to update seek probability profile table 227 and/or index table 226. This process is
explained in greater detail below. Expansion table 228 may contain only a small number of

entries (e.g., 8), it being expected that it will be used to sample sets of parameter values on
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In operation, a control programin ROM 222 executing on processor %%&H. 6
causes the controller conpute expected access tinme (EAT) and selgc igw
operations from queue 224. The key paraneters of a given data access
operation are used to find an index fromindex table 226, and this index
accesses an entry defining a probability profile in seek probability
profile table 227. The probability profile indicated by the index value is
used in conjunction wth the nomnal seek .time to conpute an expected
access time for a given data access operation. The expected access tines
of different data access operations in queue 224 are conpared to choose an
operation for execution and renoval fromthe queue. An asynchronous '
process (not sho . adds da rakl Heue ey are
recei ved fP(’j‘?rtf‘g“g\rl,\@%{s.ra%f’b&m%%?l%%ggﬁﬁaﬁﬂl%é\%lkeéﬁg&vgé{a agr a?n%i%?’iaﬁggégti ng the
process by which disk controller 201 chooses a data access operation from
queue 224 for access on disk 101. shown i cont er first

As Fig..7,
sel ects an oper ab¢ tﬂblqﬂegfﬁﬁ@ﬂﬁféicwﬁéﬁgigﬁ-sﬁ‘ﬁémdﬁgd E%:Cgﬂt?]’ BEhG’gtmlﬂ’é" %’}cﬁ)jla‘io nafi | |

traverse the entire gqueue, (step .7Q1) .. p td 0fy

oper ati on' NEFRHRE re@%‘?ﬁ'ﬂtdea& O elz% élpmoé c%ﬁ?%ﬁgblggggﬁ)gddrg%éie%sﬁ?ﬁ e is

r epr esent eg,.at Ayt vill @¥lciakdthe Fiagousivahses 3b epppodrapsindkterhimtionof griebieer

detail in Fig. 8. Referring to Fig, 8, disk controller determ nes the

| at'ency (i entSl, Bjendicarteepanding dedinines earapietr v§luPhder s) for the sel ect ed

data access operation by conparing its location with that of the currently

executing data access operation (step 801). |l.e., the latency is the -19 2

r 4 CCT 2006g,bHies" of SIDs between the end of the currently executing data
access Qpergtion and the beginning of the selected data acc 5 0 emﬁtion,

and the seek di mmxoinsa@mroéaw@&%We’iﬁr(e‘t‘wgg&ﬁpr%‘iﬁéﬁ%g Betlienhe  ne

l'i nd mh f t t i ' - :
Tl nom naFoualer FumpitEcteh-A0FeR AL TR LA S aUpeplioRE nbFlefeamn m nes

ref er enci ngpOREY pahmeRakoftadiven 2RB aécatsappeBifidh ard used to find sn irgles drosi ihdexd t he

maxi mum possi bl'e seek di stance given tge avai l abl e .| at eingy.-. %% t%e r]cg,n' nal

(maxi nun)  &dka226e gt thisiindexaceesstian enirs defimpe ypePabiliy Rreftlein seskyprobapiity”

i's inpossi g}o‘i‘ﬂ% QbROIP! BhEHBLAREY pRIRE AlicardbY tiditddxanetis detiin aepirotionef or e
no

the rotati _ _
with the nominal seek time to compute an expected access time for a given data access

operation. The expected access times of different data access operations in queue 224-are
compared to choose an operation for execution and removal from the queue. An.

asynchronous process (not shown) adds data access operations to queue 224 as they are

received from a host.

Fig. 7 is a high level flow diagram illustrating the process by which disk controller
201 chooses a data access operation from queue 224 for access on disk 101. As shown in
Fig. 7, the controller first selects an operation from the queue using any selection method that
will traverse the entire queue (step 701). The expected access time of the operatiqn is then
computed. The step of computing expected access time is represented at a high level in

Fig. 7 as step 702, and shown in greater detail in Fig. 8.

Referring to Fig. 8, disk controller determines the latency (in SIDs) and the seek
distance (in cylinders) for the selected data access operation by comparing its location with

that of the currently executing data access operation (step 801). le., the latency is the
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the di sk has already noved the target data sector past the head. In this
case, the head will have to wait another full revolution before 44 06hR006
read the target data. Therefore, the "Y' branch is taken from step 803,
and the latency is increnented by the nunber of SIDS in a single full disk
revolution (step 804). The control programthen returns to step 802 to
determ ne the nom nal seek length for this new'latency value. |If the

nom nal seek length is greater than or equal to the seek distance, the "N
branch is taken fromstep 803. Gven the known seek di-stance, a nom na
seek time corresponding to the known seek distance is then determ ned by
backward table | ook up fromtable 225 (step 805). The OSID value is then

(Step 806) numer eI aPEnHLE BpPe oL g A dalihee IO TPl B, ™
woul d ‘have, to walt 88ccdst Bpdtatichs artThBGedkidiftaideds the absaletelvalue
operation \W%’ngtoﬁ%t%el%gtehgﬁl ot%gd y tlhe nom nal seek val ue. An index

val ue corr ggpRNEEnédbdiRenkhy cylardametngtress effthe veo QRErEaNéd dat a access
operation is then obtained fromindex table 226 (step 807). l.e., in the
illustrated table of Fig. 4, the head nunber, seek direction, operation

type, and cyli ng'%r & MEn HALGShed th@@bmimPeeR 1éngilin290fdergrfer tsed t o
find the corres oﬁ(ﬁlllng&l%ﬁr g?f value fromtable 226. The index valéje?(i)gt ai ned
er

in step 80%veh litbaiy biseftrémingafonria seckdable 325 (te #BW b~ thenip cPRy
probability profile table 227. From ttBi S ra&]::illtgric an expected access factor

© cor r espond imeximuampessible spek Gstppes LEHRINT 2GR st €5 806 i s determined (step

: 808). The expected access tine (EAT) of the selected data access operation
is then conputed according to the equation (step 809): EAT = Lghﬁ;ﬁy +

(Probabi | ity of [fihsnoiirhl Reaxsinutm) evek length is ase then thesesK dislanerdsten 8t eps

801, 803 and 804. The remmining part aof th Ll ' dehe
expect ed adblés@P‘P%lﬁl"oW,‘foﬂPéetﬁég?%aoﬂe OHLPpeﬁg%?%égM%% S’% ﬁtgr ?%éﬂr%\{ﬁﬂr&mﬂﬁ)?h t he

expected aggess, ngfélﬁ;fa@ SiovEPIRIEREE Rcfde PRyt yhe hEhd hxihixatase] taclmed sviflact or
could be représented as a sinple probability of mss (aSﬁIhO\?/n ia Ew. 5),
in whi ch cagge tdwait enatheri falj revolution before i1t can réad the target data. Therefore, the Y

branch is taken from step 803, and the latency is incremented by the number of SIDs in a
single full disk revolution (step 804). The control program then returns to step 802 to

determine the nominal seek length for this new latency value.

If the nominal seek length is greater than or equal to the seek distance, the “N” branch
is taken from step 803. Given the known seek distance, a nominal seek time corresponding

to the known seek distance is then determined by backward table look up from table 225

(step 805).

The ASID value is then computed as the difference between the latency and the
nominal seek time (step 806). The ASID value thus represents the “extra” time that a head
‘would have to wait on the target track, assuming it performs a seek operation within the time

allotted by the nominal seek value.

An index value corresponding to the key parameters of the selected data access
operation is then obtained from index table 226 (step 807). Le., in the illustrated table of

Fig. 4, the head number, seek direction, operation type, and cylinder range of the target track
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“various alg

part of the formula is derived by multiplying the expected access factor
fromthe table by the number of SIDs in a single disk revol utidn 0Co#8§er
in order to reduce the nunber of repetitive conputations involved, it is
preferred that the expected access factor be stored in nenory as the
product of the probability of mss and the nunber of SIDs in a single disk
revolution. In this case, the expected access factor is sinply added to the
| atency to obtain the EAT. In a further alternative enbodi nent, table 227
m ght be represented in a "delta expected access tinme" form in which a
nunber of SIDs is the independent variable (index to the colums), and
expected access factors or probabilities are the dependent vari abl es

(values in the o 2.1 n a furthe i at 4 fie 43y s alternative, it would
be possi blaéeP%’dé‘i’g?‘éthetWgeé&%g&r@ééd(ﬁaé%sﬁ%é@o? as a pair of values, being
nunber of m sses and nunber of accesses, wherein the probability of mss

is conputed as the ratio of msses to accesses, and is then ltiplied by
the nunmber of Jihesndex walg¢ nblaimediir ktep APd| i thasrused e FIEGACE APOILE (evhat i ve

requires nore ¢ ut ati,o it.all C ] aL i st t on a
cont i nui nFtB%S) ggg’fﬂPbﬁqlﬁfyoﬁrgﬁl%ég@\é?gSﬁ? ltmé%io%%’r%g%%&&\(}v%ﬁ&tg hfé&BEKZT of
the sel ectc%ﬁ RREDS 1ORR RSIIPVal GOOTHIIREH intshp 8061 dabintined (seap 808).er mi nes i f
there are a 8| tional access operations in the queue (step 703), and if so,

returns to step 701 to sel ect another operation and.conpute its EAT. Wen

the EATs of al L, engueusd, onerati SRRTIIRY ShdEs LOMRN L Ees pEribl iDRRRCH | S

e
taken from step;”‘?o‘f?(. ro en chooses an enqueued operation for

execution &Bﬁ)ﬁfedtab&)rgwgrt@ﬂ{de)(]uatﬁ?fﬂ@tébigﬂg)iOperati on (step 704). Any of
orithms which in sonme way use the EAT values may be ed. As a
si npl e exanpl e BAT ah Lategey i+ t(Rippabile_elmisso] | &evaioRhoose t he ogération

havi ng the_| Qquwest EAT ,val i I dri : i y
choose t hgrhegra&Fé‘gi( ng)g?%‘fei%gar% S?:Rgtg h’efcgg’égﬁ‘ég %mTMTéé\]/réﬁmFﬁ@ﬁéﬁg%’?ﬁml%% have

a t endencyyeliQedhéh\Be S§etil Accebyfe®r, dlie depientidn dependifkg gp thadoropenehiclthenear
the ID of the disk may sit on the queue a Io&g tine becau%ﬁ t he Hyator
i s execut iengeatehyccdsst factes deEpraspaedin BREOREar BF CXPRSIERWED AGOT FRUEIPSEATS:

Aﬂ al terngtive alidot bihi pRBAsli§Vr Al Bsnbehat Figes)pinivaiéh ¢86theiémathingh bot h
e part of the formula is derived by multiplying the expected access factor from the table by the
number of SIDs in a single disk revolution. However, in order to reduce the number of
repetitive computations involved, it is preferred that the expected access factor be stored in
memory as the product of the probability of miss and the number of SIDs in a single disk
revolution. In this case, the expected access factor is simply added to the latency to obtain

the EAT.

In a further alternative embodiment, table 227 might be represented in a “delta
expécted access time” form, in which a number of SIDs is the independent variable (index

_ to the columns), and expected access factors or probabilities are the dependent variables
(values in the rows). In a further variation of this alternative, it would be possible to store
the expected access factor as a pair of values, being number of misses and number of
accesses, wherein the probability of miss is computed as the ratio of misses to accesses, and
is then multiplied by the number of SIDs in a single disk revolution; although this alternative

requires more computation, it allows access miss statistics to be kept on a continuing basis

for all disk accesses.
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EAT and the tinme in the queue are taken into account by giving a relative
wei ght to each, so that a stale operation with a higher EAT may? { gCF Q0B
cases be selected.. Mdre sophisticated algorithnms which take additional
factors into account nmay be used. Exanples of such additional factors

m ght be: (a) favor reads over wites; (b) favor operations near the
periphery of the disk (ID or OD), because they tend to get neglected; (c)
favor mmintaining sanme seek direction as previous seek (to encourage
sweeps); (d) favor short ops if buffer nearly full; etc. Finally, although
the al gorithm descri bed herein | ooks only at the very next operation, it
woul d be possible to | ook ahead nore than one operation fromthe currently
executing one to.find i ) C f rat | fher i t he
ot operati on, WitheREJREF sfihs SERHRIRES oERELR (et AhLoRRIRE 1R
conpl ete (&Eeﬁili’lir?e@@therbBre@ldﬂi@i\(l)mﬂﬂ@e()SeSs G;iheazttio&k imtbe @uwebsmwk,e‘gﬂ iitsbrrgtuhs .
expansi on table 228 or elsewhere), these statistic upda pendi ng
on the regalstep( Mistn @ﬁlem@l}lebﬂmfﬁ@’bm-%qmp“t%iéttsaé%ic:@ge'bﬂéer gg‘&éﬁ?("i't ep
706). This step.is il.lustrated edq KN Bk se

statisti c'§"8?“égﬂ8f’erﬁ ¢ ?%ag?l ?’%I%Wg]}%a@gl ?\hgbogaé]ﬁgrq Séﬁa\gn fr‘%’?\le ﬁ%?jag access
operation chosen at step 704 is then dispatched for execution and renoved

from queue 224 (step 707). The -22 2 4 OCT 2006 . control | rﬁthgen éﬁ urns
to step 701 to Tetcenwolins thenschppses ap prRIUSHGARPAHo dOTHIEE BRIt Hhg £ Py,

t abl es descri bed above are J.ndi yi . ARaWhed ih Yorralh L@l eIEA D di sk
~drive 100.°*% 'ngf)p%rg%r}gsfepr?g? 'o%@d@rahg%ﬁ Y6) %ay be e(r)rpl oygd, 'oF whi ch
 two are  dgfRs ReheNBEER As a bilnple pxafigie vEeh algbodineht corttivlermby elwosnthseek

"~ probability profile table 227 are determ ned by the disk. drive desjgners
and are f iopecitibnhavingthelpwest BA Tideg ngjl CEﬁeé’kandr“%/ th cage ¢f a tie, Pﬁé&m"ﬁ%{é‘%

" designers eri ment al d eH;[;i R _ [ StaRinsy @fstapreRbalinl 1ty
profil es ‘ﬁ%elgt(i’q?gzﬁ?gil%érlf\éﬁ‘ﬁ&{ea egﬁﬂ%ﬁgﬁ@gbﬁghﬁ then ri \?te t hen anounts
to det er Mg rRialiumg. Beeth dpengioh neal theD bothertiski may sis ewkhetquae 2 lbge 225

(as described earlier), and determning , index values for inde abl'e 226
whi ch wi | Itimobesauseghe Retuaiphis SEETHING Mapkslatapceesp pReraggns 'ﬁ@feénl?ﬁﬁphﬁvﬁnﬁdex

val ues i s acCqmRAi Sheghidiaive bi@rigrR #08ideBtabRdM 61aB28prioriRgCinfiltal oyh tha set
of key paraneter values Is tenporarily assigned to one of the rows of
EAT and the time in the queue are taken into account by giving a relative weight to each, so

that a stale operation with a higher EAT may in some cases be selected. More sophisticated
algorithms which take additional factors into account may be used. Examples of such
additional factors might be: (a) favor reads over writes; (b) favor operations near the
periphery of the disk (ID or OD), because they tend to get neglected; (c) favor maintaining
same seek direction as previous seek (to encourage sweeps); (d) favor short ops if buffer
nearly full; etc. Finally, although the algorithm described herein looks only at the very next

opération, it would be possible to look ahead more than one operation from the currently

executing one to find optimal sequences of operations.

After choosing the next operation, the controller waits for the current data access to
complete (step 705). If data access statistics are being kept (in the expansion table 228 or
elsewhere), these statistics are updated depending on the result (miss or make) of the current
data access operation (step 706). This step is illustrated as a dashed box in Fig. 7, because
statistics are not necessarily always being generated. The data access operation chosen at

step 704 is then dispatched for execution and removed from queue 224 (step 707). The

22-



expansion table 228, and the OSID values for the set of key paraneters are
experinentally determ ned by collecting data froma sufficient nugtedCTof0s
data access attenpts. In the preferred enbodinent, OSID val ues are

determ ned by convergence, using a convergence fornula for each
probability in the table. I..e., in the colum entry corresponding to 75%
m ss probability, the OSI'D value is increnented by .25[L for every
attenpted data access operation of the set of key parameters which m sses
(does not conplete the seek within the value of ASID), and is decrenented
by .751t for every such data access operation which nakes (conpletes the
seek within OCSID), where t is sone artificial unit. Asimlar procedure
(W th appr @pktrdilegkhen \ratimisng sep bt tcd@eriiipe ihs nasiaghefation eabbexadcutetie ot her
colum entries. Over a sufficient nunber of attenpts, the values of OSID
in each colum will converge on stable val ues, which are the
experinental ly determ ned val ues 0 | Ds... i Ll Cl j start
out |arger and é@?ﬁ@ﬁﬁ@%%?fﬁ%ﬁ%%#ﬁ%@g WI@%”Y%E)%%&%%%C\%W gggfr?g%%dtgg%/sknay
be a constapte 5088 Ady of SeveXaP@gdtRelst faatdoing! $o ey &k enipteeapsf thechem mal ent
of less than 1 SID in order to have table convergence. In the

repr esent adeseribed hdfeig. 6, the values in -23 2 4 OCT 2006 expansion table
are illustrated as floating point val ues; however, for ease of conputation,
these could be integers representing a SID value tinmes a multiplier, and
whi ch are divi dgd,Qyefefted cRBBBIMRY! the Rhiues idbdeRrprobubikiygenfike fable 10nptet ed.
Once a sufficient tine has elapsed for convergence of the ASID values in a
row of expdeasimined bythe dizRdrive drsigaessandiass fixed torp pprdicylgumedel ohdiskdivndfon

table are conpared.to each.row of Ll 1h joosest
match is cH egg“@ﬁﬁsgﬁf?5%$%ﬁ %agn %££§§ﬁ%%h?%%s%ﬂgk§g§%§FM%§Oﬁoﬁe9
par anmet er s g aRdusitNintablodex. Chlidistion of thndgveticn amourieto deadsngnif@ Maximum
corresponding to the set of keg parameter val ues ﬁéﬁgﬁrﬁo generate the

§

stati sti csséak lenpth vauesoor axpaakiesk timgdnile 235 (asplesey ienpnd ag

mul tiple rows t erm t et | . inf o tiple
key par amef%gx b’g]l"gﬁ{oéﬁdgkga%sl%%uq ‘?gl{rﬁlé%lsl%{n?mygﬁgg?@%égg%ﬁlgé%lﬁat t he
nunber of rows in expansion table 228 is |ess than the nunber of possible

Per mit at i ons. onDRerBTigd b Had Le i T EHBE CheBTUE PRI E TR e
preferred QH&%aﬂ?P& setREKEY batahRRS valhes BefpBrafifl assiged s o bfthe rows of
expansion table 228, and the ASID values for the set of key parameters are experimentally
determined by collecting data from a sufficient number of data access attempts. In the
preferred embodiment, ASID values are determined by convergence using a convergence
formula for each probability in ﬂle table. 1..e., in the column entry corresponding to 75%
miss probability, the ASID value is incremented by .254 for every attempted data access
~ operation of the set of key parameters which misses (does not complete the seek within the
value of ASID), and is decremented by .75 for every such data access operation which
makes (completes the seek within ASID), where i is some artificial unit. A similar
procedure (with appropriately varying coefficients) is used for each of the other column
entries. Over a sufficient number of attempts, the values of ASID in each column will
converge on stable values, which are the experimentally determined values of ASIDs. The
artificial unit |4 may start out larger and become increasingly smaller for rapid convergence,

or may be a constant size. It is expected that B ultimately becomes the equivalent of less

than 1 SID in order to have table convergence. In the representation of Fig. 6, the values in
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expansion table on the basis of frequency of access. Le, counts g% ﬂﬂ%ﬁﬁ
access operations actually perfornmed for each pernutation are a & I"at'ed,
and the nost frequently performed pernutations are updated in the
expansion table nore often. This may be done according to any of various
al gorithns, but in sinple enbodi nent, the pernutations having the |argest
counts are chosen for collecting convergence data in the expansion table,
the counts for the chosen pernutations being reset. It would alternatively
be possible to choose pernutations for expansion on a round-robin basis or
according to other formulae. In an alternative enbodi ment for calibration,
seek probability profile table 227 is also calibrated using operating
statistics, sibMtdbearRERlshhfegds ABRGKH pEAt valis3l Rwaleebr edse of eutaguthiead, | Y
determ ned Dy convergence 1 n expansion table 228 fqr,various_ﬁernutathons
of key pathaseicaidbe inegerseepremnpeg SR valueyinsagnwiinber, gud whishpegrdivided>
particul ar key paraneter. perputations are ente i h of e
D7 vhen ot amsnan o LipiRE ol ooy SRenie SPLEE,, Ont'f alPRoClm} 388

per mut at i ogg, .1 & doRIBEHCESf RIS AIQRSH akew BREghasion tablé D28, fthéseedlueons i n
t he sanme naﬁ%er as they would have been for pre-filled rows. It is -24 2 4
OCT 2006 fomshdxoss dfthexapansierstiably asgipesparedie egel) gacofispek pababyity table 227

dynam c basis. Additional variations of the abo | J i r es or
di fferent &bggpsesimyeh 'Sﬁ!’%sfgaﬁ&%?p%ﬁp@n%%'snsﬂﬁ 2r{)lwtiejl.u gﬁgr egfg%{e@&aﬁ,seggsg H%f

| oadi ng al }; %ﬁ&an&h%e? id firdred@ln WAk @bl 22686 rreapondiipi tgMhd $elBf kdyhmrathétees can
be i ndi vi dual y calibrated and | oaded as part of a nmanufacturing process,
bef or e shi piwstuseédiotgeseraigdhostatisticOithde rowof axpagpian fadblg %I so be possi bl e.

It will be understood that disk drive operations unrelated to estimated
access time conputation and selection of a next operation fromthe queue

have not been 5iBE fhblem 20l AultiAD R tBpesioMa coNediida of givegencd datd act ,
a. disk drive typically perfornms multiple concurrently executing tasks, of

whi ch sel efor imiltipdé keyrpaopeetert peonutations timaltepsendy, byt By SXpseied thanthe pember  di sk
drive responds to many diff nt, t ypes, of ﬁg-;k; Anshye hehayior may
be very coMgP®RIngR ‘Hﬁ%b%?5?ﬁﬂﬁ?¥g ?%%n%ﬁgﬁg? e§ﬁb§$§ﬁhy require many
steps; et CeonTh@eke ddatiatdifected\or the enriamipetraatafiorcrntaretadog basipibath iheeei n
for clarity of illustration. AintiquI Consi derati ons L
necessarily equal. In the preferred embodiment, permufations are chosen for expansion in
expansion table on the basis of frequency of access. I..e, counts of data access operations
actually performed for each permutation are accumulated, and the most frequently performed
permutations are updated in the expansion table more often. This may be done according to
any of various algorithms, but in simple embodiment, the permutations having the largest
counts are chosen for collecting convergence data in the expansion table, the counts for the

chosen permutations being reset. It would alternatively be possible to choose permutations

for expansion on a round-robin basis or according to other formulae.

In an alternative embodiment for calibration, seek probability profile table 227 is also
calibrated using operating statistics. As in the preferred embodiment, ASID values are
dynamically determined by convergence in expansion table 228 for various permutations of
key parameters. However, experimentally determined values for particular key parameter
permutations are entered in the rows of table 227. When rows are filled from a
representative set of key parameter permutations, the remaining permutations are matched

to the filled rows in the same manner as they would have been for pre-filled rows. It is
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In general, the routines executed to inplenent the illustrated eWPQ@tW?@ES
of the invention, whether inplenented as part of an operating systemaor a
specific application, program object, nodule or sequence of instructions
are referred to herein as "prograns” or "control prograns”. The prograns
typically conprise instructions which, when read and executed by one or
nore processors in the devices or systens in a conputer system consi stent
with the invention, cause those devices or systens to performthe steps
necessary to execute steps or generate el enents enbodying the various
aspects of the present invention. Moreover, while the invention has and
hereinafter will be described in the context of fully functioning digital
devi ces sushsiBf 16 csiktimihily ajustithe vaagd inule wzasi aBmamiobasishe invention are
capabl e of being distributed as a program product in a variety of forns,
and the invention applies equally regardless of the particular type of

si gnal - bearin ia used to actually carry.. out the distrd bution. anpl es

of gsi gnal - bea?i%ﬂ%}ﬁﬁjé@wﬂﬂnﬁd’ ,tH%ﬁlfa/vﬁrcé"Lh‘}éPO? ipfﬁctegléfeff 8 dldeéegrcaglf)rlagé ;/rBe

medi a Su%@%gg%kﬁ%@ﬂo%siﬁﬁd FapEx 1%\/'}1!;teamwcﬂngiﬂvaﬁ@§wim k0RAWalics Kged har d-
S,

-25 2 4 iI'sk drives, DVD s, magnetic tape, and

transm ssiadedigntementdi daivesicin besndivigiialll calibratbdandlosdedbaspaninf cmaindagfutingnks,
including wreless conmuni cations |inks., Exanples of ﬁi al - beari ng nedi a
are i1 1 ustmatesd bPrEREPmENtE e QR0 DUt Yoy weuls s bEriitico 0.

~ Although a particular estinmated access tinme algorithm has been discl osed
which relies on probability of mss or nake for given paraneter )

. conbi nati ons, dt will balgderstobdrthabdisk dkmewperationshiaraated foestigutddmeesss gingeek

"times, and consisten ith the present.invention, a,seek rofile table
accessi bl éoﬂg’i"ﬁﬁoﬁﬁ“‘ig ﬁ‘g“é‘iz‘(’f‘af’glae‘%f‘&?ﬁrﬁté%?% attfﬁ%g%erue&g‘r’\enﬁ?tal{%ie%ﬁgsc'ﬁlb% ?n
contain  vValkieshovh 0P Th¥bh GR (RE Eige®s £ 3h AL £liskadiReypRali batf@ths mbliple t han
probabilities of mss/make as used in the TREAT algorithmof the preferred
enbodi mentcontwreptly exasuting tasks; ofwhickiseledtion phan eReEIPNERO YIS Sgcais LBl 98E a

"del ta expected cess timey algorithm ln t r g i he
servo t rad?(tyf’lff"fﬁ“fﬁ‘tcﬁ"ﬁ@ r%fé’%@é%?ﬁ%%‘ SET é?ﬁeﬁoggorg%%%{?éegg? l{rslsmz‘i:?"%rgf(]) a{}it"?]a
magnet i ¢ rdeGed Bhplextlétshangtfingformativnwhiticthe o ksy agqiperamanieps; leie. Thest al | ed
in the drive. However, such a forpmatti

ng .could alternatively be used in a
r enovabl e detiils kaveReengmatted fiem thy d‘ﬁﬁ‘i‘\ptﬂgd]eﬁe‘g fdﬁféal"g}[' BFngat“HéPa recorded in

tracks on its surface.

Additional Considerations

In general, the routines executed to implement the illustrated embodiments of the
invention, whether implemented as part of an operating system or a specific application,
program, object, module or sequence of instructions are referred to herein as “programs” or
“control programs”. The programs typically comprise instructions which, when read and
executed by one or more processors in the devices or systems in a computer system
consistent with the invention, cause those devices or systems to perform the steps necessary
to execute steps or generate elements embodying the various aspects of the present invention.
Moreover, while the invention has and hereinafter will be described in the context of fully
functioning digital devices such as disk drives, the various embodiments of the invention are
capable of being distributed as a program product in a variety of forms, and the invention
applies equally regardless of the particular type of signal-bearing media used to actually carry
out the distribution. Examples of signal-bearing media include, but are not limited to,

recordable type media such as volatile and non-volatile memory devices, floppy disks, hard-
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In the preferred enbodi ment, the data recording tracks are concenty per %UUE
However, as is known in the art, the tracks could also be spiral tracks.

Al t hough a specific enbodi nent of the invention has been discl osed al ong
with certain alternatives, it will be recognized by those skilled in the
art that additional variations in formand detail may be made within the
scope of the followng clains. -26 2 4 OCT 2006 -27 W claim 1. A
rotating nmagnetic disk drive data storage device, conprising: a disk drive
base; a rotatably nounted di sk and spindle assenbly, said disk and spindle
assenbly conprising at |least one rigid disk for recording magnetically
encoded data on at |east one surface of said at |least one rigid disk; a
novabl e actuatar s [} > t el ' r
pos 1 oni ndistadves PPROMETI0D s FaRheiie) SRIBAHERGCI ARG mam ces kel 1
encoded datgq ghisédhmbnit/RSE ok inchudifgodrelts sadustationadinkonéxampiiscbfdi sk;
a controller for qontro]linq t he operation of s?id &sk driveﬁgﬁg%¥ztorage
devi ce, saisignaleatinphiedia anailhystsated HgFig. havdiek sifagad 82.dp £k 4 &5 t9°6ns and
sel ecting operations for execution from said queue according to an
estimated access tine of the respective operations, said controller

accessi ng a seel|pp@fHt d Rrticabi estiantkdancdsntiee algatithey hashibch dsdésep rbidhirdics abl e
containing a plurality of entries, each entry co res&gnding o.&m?

Sngthg ﬁigﬁf‘ %3Cof
entries, each ent rrespondi ng i ILYE; ; ion
par amet er _ PAPYRD B Bse T g oae DG abd SRl G he fil AP RRERARELEL
profile tab}fi GOl8SRAPRIBHL R ik thbleBPakty prasetr pirmattiessmgbecation
paranet er val ues; wherein said controller estjnates said acces tipe of a
dat a accessralmpeeframwcbgc.ce%sﬁﬁﬂaﬁwPﬁ&’rﬂ!ﬁ‘@t‘?%g‘gﬁr tﬁ%mi’f@b@?h*feﬁ Og’BPF B@8ndi ng
to the respectiyve se i AR v i itusé)@ t he
val ue of tﬁ%“?ﬁh@%ighggéxfgﬁﬁgﬁg?E?E@?Fﬁgaggfgespgﬁ%rhghgggiMﬁQ)n
' alternatively be possible to use a “delta expected access time” algorithm.

In the preferred embodiment, the servo track formatting as described herein is
employed in a rotating magnetic rigid disk drive device, in which disks are permanently
installed in the drive. However, such a formatting could alternatively be usedina removable

disk having a rigid or non-rigid substrate and data recorded in tracks on its surface.

In the preferred embodiment, the data recording tracks are concentric. However, as

is known in the art, the tracks could also be spiral tracks.

Although a specific embodiment of the invention has been disclosed along with
certain alternatives, it will be recognized by those skilled in the art that additional variations

in form and detail may be made within the scope of the following claims.
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profile table entry, and (c) using the correspondi ng seek profile table
entry to estimate the access tinme. 2. The rotating magnetic disk 4#i0CE 2006
data storage device of claim1l, wherein said noveable actuator supports a
plurality of transducer heads, each head accessing nagnetically encoded
data on a respective surface of said at |east one rigid disk, and wherein
each said set of access operation para??ter val ues i ncludes a val ue
corresponding to a transducer head for “perform ng the correspondi ng data
access operation. IR ".LIBQ 02565.doc:nx1l 2 4 OCT 2006 -28 3. The rotating
magnetic disk drive data storage device of claim1l1l, wherein each said set
of acce¥% dpiam:ati on paraneter val ues includes a value corresponding to a
direction of actuator notion of a seek operation for the correspondi ng
data access operation. 4. The rotating magnetic disk drive data storage

device of claiml, wheBhgnRessic EM eisedarDitoRge asscOROMplisAR; par amet er
val ues includes a type of data access operation. 5. The rotating nagnetic

di sk drive datdiskdorabesedevi ce of claim 1, wherein each said set of access

ek dri v aat docibguoTiel A 8R0S PRSIl DRk Wl CRPRRD R REPE  ©

di sk drive datd® i'ng” magnet i ¢ Five

st or agecaifyise: flest 8hdidid IMKEIOE Fdtofdh @magentichldy kejodey damional lesstupdatiface
values in said index table. 7. The rotating magnetic disk drive data

st or ageoiaid atdeast ord Bgighdisk; wherein said controller estimates said access

time by further,, G a%‘?&al%rg% iz&?ilngea?qgel%t %iaéttﬁg&ﬁcéﬁnﬂea% rs%ﬂ%‘hﬁa‘i’og! RlsRldhYng

(e) determ ning a nom na corresponding to said see st ance,
and (faidlet Bast oheneandducex besBtosaeksst danemagnaicdily taceled elabedmedd as &dast one
required |latency and said nominal seek tinme, wherein said excess seek tine
s used“ﬁﬁ@ﬁoﬁ§¥%§th%%@“%ﬂ%ﬂé%ﬁ%nding seek profile table entry to estimate

the access tifeqy, el H6r E&&t?&linlrgg (HRGNGddn G sfd HidkvEridalifa iR @08 HEY IsaR Of

claim7, wherein sald controll®er estinmates the access tinme according to a
ti me- basedrotlet meattdivmgexgevt eod datcassssstapemtions and selecting operations for execution

from said queue according to an estimated access time of the respective operations, said

controller accessing a seek profile table and an index table, said seek profile table containing a
plurality of entries, each entry corresponding to a respective seek profile, and said index table
containing a plurality of entries, each entry corresponding to a respective set of access operation
parameter values and containing a value indexing an entry in said seek profile table
corresponding to said respective set of access operation parameter values;
wherein said controller estimates said access time of a data access operation by:
(a) accessing the index table entry corresponding to the respective set of access
operation paraméter values,
(b) using the value of the index entry to determine the corresponding seek
profile table entry, and

(c) using the corresponding seek profile table entry to estimate the access time.

2. The rotating magnetic disk drive data storage device of claim 1, wherein said
moveable actuator supports a plurality of transducer heads, each head accessing magnetically
encoded data on a respective surface of said at least one rigid disk, and wherein each said set of
access operation parameter values includes a value corresponding to a transducer head for

performing the corresponding data access operation.

[RALIBQJ02565 .docimx]



algorithm | R \LIBQ02565.doc:nixl 2 4 OCT 2006 -29 9. A nethod %
operating a disk drive data storage device, conprising; naintainiﬁbUGTZWB
gueue of data access operations for execution; for a plurality of data
access operations on said queue, determning a respective estimted access
time by: (a) accessing a respective entry in an index table correspondi ng
to a set of access operation paraneter_ yalues of the correspondi ng data
access operation on said queue, said iﬁ%éx tabl e containing a plurality of
entries, each entry corresponding to a respective set of access operation
par aneter val ues and containing a value indexing an entry in a seek
profile table, each entry in said seek profile table containing a

respective seek profile, .(b) using.the.value of the index,entry to.
det er ni ne t heg'cor r eib%ﬁ(ﬁ?ﬂ’fég @8@%“"31‘%& ﬁ?rl“ee (hai%istgraéﬁtdreey,ce d ]af%])l’)tgvshleﬁedn £AEh

cor r espesdisBgos 8&ksPERIratid pahheeLilnYs (RIRISE kNANLR ¢dHespatRSS o b idiRec@dn bhe
correspondi ng data access operation; and selecting one of said plurality of

dat a acedsaoppetrian pbmseelrPrsetign durdhecersrspendieg ity accepaoraaeM: sai d est i mat ed
access tinme of the data access operation. 10. The nethod of operating a

di sk drive data storage device of claim9, wherein said disk drive

i ncl udes a noyeabl eTa¢E tatatiy magpvierdiskngria @ltals@atdge Weofce tof ahsidlulg evhehgadsach
each head accessing nmagnetically encoded data on_a respective disk surface
of sai dsHfl §K dBFgass ORFAIORPREFIBFRT wHETS 18elPdesdyPoPT dle ALESTHRSF I on
paranmeter val ues includes a value corresponding to a transducer head for
perform ng the correspondi ng data access operation. 11. The nethod of
operating a dbsk driTherdatg shgraigealickediivedand stotage rieQice fofictamar], vdenpn ies¢ing

‘the ste ,gf d Panically updatin values.insaid i ndex tagle. 12.. The et hod
of oper S5 & HiCER CRTYITANAMSELHE WeliERe SPMRITATHR 1 S uRRinR MagHFue
step of gRyRaRE adthlshorsRdalvideg val ues in said index table conprises:

6. The rotating magnetic disk drive data storage device of claim 1, wherein said

controller dynamically updates values in said index table.

7. The rotating magnetic disk drive data storage device of claim 1, wherein said
controller estimates said access time by further:
(d) determining a seek distance and a required latency,
(e) determining a nominal seek time corresponding to said seek distance, and
(f) determining an excess seek time as a difference between said required
latency and said nominal seek time, wherein said excess seek time is used when using

the corresponding seek profile table entry to estimate the access time.
8. The rotating magnetic disk drive data storage device of claim 7, wherein said

controller estimates the access time according to a time-based relocation expected access time

algorithm.
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(a) selecting sets of access operation paraneter values for use |g&¥rn@ 1 C
update of an expansion table; [R\LBQ02565.doc:nixl 2 4 OCT 20@ 3 H?(b)
dynam cally determ ning a respective seek profile in said expansion table
for each respective set of access operation paraneter val ues sel ected by
said step of selecting sets of access operation paraneter val ues; (c)

mat chi ng each dynam cally determ ned seek profile in said expansion table
with a corresponding seek profile in sad seek profile table; and (d)
updating entries in said index table corresponding to each respective set
of access operation paraneter val ues selected by said step of selecting
sets of acces$ operAtmahod piopartingra diskl dres dat itordex déhee, cempasingy e
correspondi ng seek profile in said seek profile tahle. 13. The met hod of

operating a dneRARNGE WY5¥RO G GESSARGTARNHIOT EKFEUPE2, wherein said step

of selecting gets MfraRGCEEUAPEERLS BPerRBERTEH &aid FUMRS dMmANAAN Gesppbtakee
conprises selecting séts of access operation paraneter val ues based on

f r equenesyinuitedeaceessttmek jat a access operati ons corresponding to the

respective sets of cess operation paraneter values. 14. The t hod of
operating a disk dr@_%/e a%ﬁeag% BragEt ‘eev?rglg' '8fa"cllngF’fn§aﬂe, C%%P%’i]cﬁgg Igoai%1 %%
of dynani cal | yccbRdafck NBnVisHrfsel Dal6d 6f ihBARXrebRINIRCONPAEERS opyraasi 6alshid
determ ning respective seek profiles corresponding to selected sets of

access oper at dusncpmihinsiestallarerainig a praliy g6 seeicaf cashspty icofapopding to a
col lected data on;each Jf%%@%‘;Fo@éérﬁgg?&g{a%ﬁ%%'vhi%aes 124 cdfiin tis‘géélgé’g}o%?ﬁ{gf&dang

a disk drive 0Xta's orage devi whereln sal

plurality of e¢atginaceespraaperabld, omnh arydaiseldgaeuprofitietablendontangng aresppettd ve
estimated access tinme, further conprises the steps of: (d) determning a
seek di stancesegh@™ll¢.equired I atency; (e) determining a noninal seek tine

corresponding to Sadgsi SQSK dhétfags%'fm@me\( Edtrfl& 85BN YL ABorREHE NS &K
time as a differenc betvvegn sald required |atency and said nom nal seek
ti me, wherei npéiataklecesy, 8€ek tinme is used when

(c)  using the corresponding seek profile table entry to estimate the access

time of the corresponding data access operation; and
selecting one of said plurality of data access operations on said queue for execution

based on said estimated access time of the data access operation.

10. The method of operating a disk drive data storage device of claim 9, wherein
said disk drive includes a moveable actuator supporting a plurality of transducer heads, each
head accessing magnetically encoded data on a respective disk surface of said disk drive, and
wherein each said set of access operation parameter values includes a value corresponding to a

transducer head for performing the corresponding data access operation.

1. The method of operating a disk drive data storage device of claim 9, further

comprising the step of dynamically updating values in said index table.

12. The method of operating a disk drive data storage device of claim 11, wherein
said step of dynamically updating values in said index table comprises:
(a) selecting sets of access operation parameter values for use in dynamic update

of an expansion table;
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performng said step of using the corresponding seek profile table entry to
estimate the access tine of the corresponding data access operafiéodCT 2008

[ R\LI13Q 02565 doc:nxl 2 4 OC T 2006 -31 16. The nmethod of operating a
di sk drive data storage device of claim 15, wherein said step of using the
correspondi ng seek profile table entry to estinmate the access tine
estimates the access tine according to_a tine-based relocation expected
access time algorithm 17. A control pT%bTan1product for a disk drive data
storage device, conprising: a plurality of processor-executable
instructions recorded on signal-bearing nedia, wherein said instructions,
when execut ed()y a ¢ymessdlyrdadmsang adiespectlvé veek maflileint $aed dxpansiondable for

performthe steps of: nmintaining a queue of dat : tjions f
AR R I R T Sl e
det er m fi g, &ﬁﬁﬁﬁﬁgﬁ@%r¢gﬁ&pated access tine by: (a) accessing a

[

respective entry an index table corresponding to a set of access
oper ati on par@ret ermaghingseash dymemamly edatenmdiadgsaghit profitsc o said papaitsiain tabre

said queue, said index tabl.e containin raljty of entries, each entry
correspBHgﬁﬁﬁnFﬂxﬁgP@§B@§Fp@‘3@éf'6F&é8%g@§8L%p@FLtion par anet er val ues and
containing a gl ue inaxh RAtRR iBMNYald ildex AalSieJorespdndlg (abdcd, regaetive et by

in said seek profile table containlng a respective seek profile; (b) using
t he val agsesst opduatidmparameter rvplues sglseief iyneaid Iskepcel yobasHia R dickgols RS pPRATRIIQN

table ent rxﬁgtegg% uésct)o 1H§e!xqg? %l?%cgf% rcgﬁ'g%g%lgg rs}ée‘?(?;?meqf]isgiﬂ s%é}p;gl%ﬁ?é}taﬁ%. t

0
. ar,
esti mat B ess tine COorréspon a access operation; and
selecting one of said plurality of data access operations on said queue for

execution based on said estimated access tinme of the data acces )
: operation. | RI3\ L] B@@g@gmgddg@pﬁqagpg a d?sk drEve data storage de\%ce o?cla{emﬁl wherein

said step of selecting sets of access operation parameter values for dynamic update comprises
selecting sets of access operation parameter values based on frequency of executed data access

operations corresponding to the respective sets of access operation parameter values.

14. The method of operating a disk drive data storage device of claim 11, wherein
said step of dynamically updating values in said index table comprises dynamically determining
respective seek profiles corresponding to selected sets of access operation parameter values by

convergence of operationally collected data on each respective seek profile.

15. The method of operating a disk drive data storage device of claim 9, wherein
said step of, for a plurality of data access operations on said queue, determining a respective
estimated access time, further comprises the steps of: '

(d)  determining a seek distance and a required latency;

(e)  determining a nominal seek time corresponding to said seek distance;
and

(f)  determining an excess seek time as a difference between said required
latency and said nominal seek time, wherein said excess seek time is used when
performing said step of using the corresponding seek profile table entry to estimate the

access time of the corresponding data access operation.
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16. The method of operating a disk drive data storage device of claim 15, wherein
said step of using the corresponding seek profile table entry to estimate the access time estimates

the access time according to a time-based relocation expected access time algorithm.

17. A control program product for a disk drive data storage device, comprising:

a plurality of processor-executable instructions recorded on signal-bearing media,
wherein said instructions, when executed by a processor of said disk drive, cause the drive to
perform the steps of:

maintaining a queue of data access operations for execution;

for a plurality of data access operations on said queue, determining a respective
estimated access time by:

(a) accessing a respective entry in an index table corresponding to a set of access
operation parameter values of the corresponding data access operation on said queue, said index
table containing a plurality of entries, each entry corresponding to a respective set of access
operation parameter values and containing a value indexing an entry in a seek profile table, each
entry in said seek profile table containing a respective seek profile;

(b) using the value of the index entry to determine the corresponding seek profile
table entry, and

(c) using the corresponding seek profile table entry to estimate the access time of
the corresponding data access operation; and

selecting one of said plurality of data access operations on said queue for execution

based on said estimated access time of the data access operation.
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