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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 et al., 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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information revolution nore than the digital electronic conputer. The

devel opment of conputer systens has surely been a revol ution. Each year,
conput er systens grow faster, store nore data, and provide nore
applications to their users. The extensive data storage needs of nodern
conputer systens require |arge capacity nmass data storage devices. Wile
various data storage technol ogies are avail able, the rotating nagnetic
rigid disk drive has becone by far the nost ubiquitous. Such a disk drive
data storage device is an extrenely conpl ex piece of machinery, containing
preci sion nmechanical parts, ultra-snmooth disk surfaces, high-density
magneti cal |y encoded data, and sophisticated electronics for

encodi ng/ decogi ng,. dat i i re@dhd } i is
hor ef or'e. a MCRTdd s liPE -8 Ui bl CKEuPREBIpRr, U RpmChe
subsystem  qRgalputh SystimstiisGhrelysbaaaderblition. piash geardconputepeystatns gw Beepi t e
this conplexity, rotating nagnetic di sk drives have a proven record of
capacity, p@tﬁr@mé@a@ﬁap&i’é@e%ﬁﬁéﬁp ong ¥ H¥'St or age devi ce of choice
for a large variety of applications. A disk drive typically contains data
recorded' i'n nultiple sectors |ocated on concentric tracks on the surface
of one or nore fITe ediefdise datdnstotage needs ef raodean camputenrsysteme eaiuire targaradpacity o

access data (read data fromthe.disk or, wite data.ta the di .8 _nmoveabl e
act uat or pognassdetastarage devicesc Whilg yarious fata stogage g‘?"hﬁ“ﬂ@f’%@? P@d‘%gl)e;l‘hﬁmga?i"g e

- then waits until.. . .dj: : . Litu@ S i ;
desired dat J"%gé‘g‘tl%agﬁdgdl |(rhl(ia‘($:)e£ %Q%g(}rggg tf ﬁ?ﬁghﬁ&ta‘ﬁg%cerg. Sl‘lll'ﬂ:awtagsﬁgnﬁlggﬁtiar ed
for the di sktdifgedRvicoisalegtidmelpoomplex piscelafinmchineryseontgining previsidnmechimuecad

includes the tine required to nove, the actuator, fgom |dfga current pasition
to the desi matsuitea-smenthisk sirfaces highrdegsipyymagneticallyepgodeflda pRisticattli r ed
to wait unti he. dis : ' : ot i ] dto
as 1'at ency) cloRTan R oy it fRadile LR, &b ERIRR MY Y p R e e 1y
read or Wi tRerbfof: Ainintatee serkihateiteliaontainisg paltiplrsystejps and subsystem, barth one
experi ence has shown that for nmany operati environnents. the.amunt .of
data accessed whichsaapedsg EorrpRss driye ORPIAHOR, SPEsPURHF complgxity, Totatingmagnelic o 4
| at ency tine L goLfi ¢ ; j i i6h hARE tHem thei t e
the data. - Sk Yo R #p0b KBRTof clpid ko MR Ot e O o
data processidigeeldeoitaof dayice i s karge varigtsofmpplieativesi ces nust nake conti nual

i nprovenents in performance, reliability and data capacity. Performance my
be neasured as the average nunber of data access operations per unit tine;
whi ch depends on A@&M\%&ﬂﬂ&l@%@ﬁtaﬁfsHﬁa?é%drcﬁ&ﬂfrﬁﬂﬁple%é&ﬂ@%dateﬂﬁn c&ReMrit i me
can be reduced by designing faster, nore powerful actuators and |atency can
be reduced hackpomthe mafachof diesk raore Slardiglse whichirelateray a contant ppaed. Hyqrderde gn

constraints which .inpo acti cal, |.im - h AR ; be
bt ai nod by AHEdathBL A S it Rahto MO G RRKREBR Sk B oskRy °0
it is possi l?«ﬂtﬁm&&hc@@icﬂ&d@nﬁi ddstred Bath ack. | Thw driverthet whiys umil dhe digerotates to an
ordering the data accéss operations. Specifically, it will be observed that
the seek ti magalacpdsiioaircyhich the degireddlatgisoctor igdirectly adiacent thedransdueer. Ahetime

absol ute, but are dependent, .anong.other thj . Lidon of
the act uat orre‘lWﬁ(f‘I’f W‘gl_&ag{'ettﬂgxf TN 8™ a%g%%ees_g?p ée{%tgmg%{%egﬁ% "‘gﬁ‘gﬁﬁ[tgg
position of t{'rﬁ'éar itkd foMRbeh R LR&l0 flot RN GYent PitiGRtd the desikdd tpdck pdsitian
access operations are enqueued in an internal command buffer in the disk
drive. By i rteférrddowensla/seske)] ami the gimdequiretbio wait sriélclbe idisk rotatesre dhe desirad
access operations, it is_possible to.chpose operatiagns. sygh th t he.
average seekangwar pasgiondreferprddo %Fr]éteflgauiﬁ‘a‘?xeﬂ\ L tie @ﬂ%@ﬁﬁ’%{a %ti'e gé}elﬁ a%(l)rgd
speed and oth ke i HRRPEPFbpet PosiiEeATBUt SRR fichdd s | S
reduced becat‘L)Jggem(%| efgférmtggﬂre(ea%gaﬁfgg?glgraguch t%g%pet goaver ag?@?&h of the
seek is reduheen that for ny yperatingenviybnrhérss, thet amdunhef dataneeessed inteheh apierakion s
not changed, the average | atency is reduced because o0 er,at.hons arg or.der ed

such that, af reativelingmall,iand thay ghesssek and lalengy dimes arematesigfiticadf Han Jbf WP e
di sk until reachi t he desi ata is reduced. Various techniques have
been used tdBWﬂEQQEHVQﬁ?Xﬁgé%@ggﬁése characteristics by intelligently

sel ecting the order of execution of enqueued data access operations. In
general, these algorithns estimte, for each of nultiple enqueued data
access operations, the amount of tinme required for seek and | atency from
the actuator position at the end of an NUjL access operation to the

begi nni ng of the enqueued data access operation, and sel ect one of the
enqueued data access operations for execution as the (N+1 )th operation on

the basis of these estinmates. -3 Opti mal performance of the ordering
al gorithm depends on the accuracy of the estimates, and in particular, the
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Obt ai pi ng accurate seek tinme estimates is difficult because seek tinme is
dependent on so many variables, and the required speed of disk drive
operation neans that any seek estinmation technique nust execute very

rapi dly. Conventional algorithnms have estinated seek tine based on the

| engt h of seek and whether the next operation is a read or a wite (the
wite generally requiring greater track follow ng accuracy, and hence a

| onger seek tine before settling on the track). But other factors may
affect seek tinme, Actuator speeds (and hence seek tinme) are not necessarily
the same for all radial zones of the disk or for both seek directions.

Nor mal manufacturing process variations in each individual head, actuator,
di sk, and ot her qeﬂgﬁpf,%épmada@ﬁcashﬁommas bfdigicd datapteeessitgitechnulogy, not
only vary fromone disk drive device to another of the sane node| and

manuf act ur erdiskaltive sfoadge devicesminshinakecoptinggl imprpyamentsin perferajanes, pliability and
characteristics wl] vary from one data recarditrﬂg surface tb§ %?%é&g#c'cess
Mor eover, solata eanseiti therfarmange Jaax P8 JREASUIEH; FehE AYRRRAGTEES Ot Ve
ages, or as the.. : | ' sebR finieHRd av&tlod 1e@hey tHHE S
for schedul'i%’agéﬁg&gﬁgéﬁb%?&gta%ﬁg?ggﬁlg%i)&%ﬁgirti cul ar, fordgi rrpir??ved

t echni ques foek 6atel dcanbe rglusatby désigning fashat, miqye powerfill @gmatornang latepeysenn be
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PPe bt cont sedneed by Ghinninestbe Aisk b e ngher 150G ERROR So felifn SRR ARR Ghich

cont ai ns rrul.%lilgggegzE r%}fcrai 't% E)gtﬁghﬁﬁrowm&%ﬂﬁg%r&imﬁaﬁymegi;p@@hh,ve seek
ar a

profile. A d € 1 ndex e contains multiple entries, each entry
corresponding to a respective conbination of paraneters affecting the seek
profile, the nunmber of index taple, entries.substani. allv,exc i i
nunber of profil «f%ﬁﬂ"?@%‘?c@@ﬁp‘%‘ﬁ@ﬁmﬁg formg 1l 'élsmsﬁ?ﬁg\%éé)%ggdn%@e o
reference tag G0 o derind thd'@atha6dekd Sper@itne. \Spechcalppit willibat es
t he seek prﬁﬁ%&t&%&g?y?ﬂ%ﬁ%gngi rrlaqt idgn of par anefq)edrrs correspondi.ng to the
i ndex tabl e ¢hsérvyd than tiepseekttinom and katensyttimafasp givelk data Ascess oPgEFiem difelRld
data access ogperation is obtained b ccessin e 1.0 : t

cor r espondi ripselste; hat 3p 9epdpite aggp%ﬁ@{egﬁyn%% %Ptﬁge %%rgé&gﬁg%ﬁ%tg gﬂ%ca{:chg o
operation, Ushag a}d%ﬁs\’l?c' 1Ht0bf thb Seck NalRICuRRAT shghiar pitivnufe dife(which affects
correspondi U(g profile table entry, and using a probability Profile froH1the
profile tabllateaey)r Fypioaltys miultinle dath ecesse epesationsare enguausd i AR intgrpgl gomman

enbodi nent, a "tjne-hased re] acatiq Lo
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rni ni mum posgibhisns H8pdssiBR: tb Bhod3a6perattsik shobniyit the a¥érnpe sesk enducesss tihensrean

i ntegral nunter o? servo identifiers (SIDs). on the di s.k.surfacehg‘?s | ng t he
transducer heduted Fdhusaithonghahe setartongneed ppdpther tepistigs 4500t Ghagge C@‘
after the nom nal seek. .Fach sge L1t i t tdo¥ 1netiiagE NS
mul ti pl e f i opaeige ssgkiinng IS “8%@6‘%%‘5%%@?’?3&?0*%&?%%5?%‘ it@&emger@gé{gi 11Ty that
a data accesge g&f&ri@fehe&dpennﬁmyphm@ghmombm speededitic digsipact changed, tied of
the seek probability profile expresses the Iatﬁg% ti mérfolfl oW nﬁl{'heh

nom nal seekaverage lgtengyrie sesludedbleccaysei APEEYPRS 1R G syeh dapatief forppieiing the
required to achigve the corres ' i1 ok i iRaldatadsfeBaced.
operation w qepﬂégwe&% W{ehoﬁﬁ&?ﬁ%ﬂ gﬁgggﬁ@n {tdl ﬂﬁéec‘«fnr%ggl%ée\c}gsr it would
alternatively be possible to use other algorithns, in which the

representation of the probability profile in a seek pr bilit rofi le
table entry is exPamamsdechniquas haver eegrised &t fake a vantqgﬁ o&ﬁﬁes&cbpé?@gsgxcs by
enbodi nent, fhere is eparate | : tios. LiPecpeml
conbi nati on wfe?'eﬁegﬁéy ﬁ"g nEﬂ}?ﬁ’é‘%’r ogigr&)é%tﬁcﬁtjurﬁ 3@?%%(?(&@%%53% ot her }[[xﬁ%
operation i Sth%séa?gcﬁit&hs Wikrtae. R @hGH dfaultipiOvRIteted data actash dparhtions the ametnyt be
. possible to use other or additional paraneters, such as the (;%I i nder
(track) bei ngftanergaiet fopseckiand latensy fronuthe agipatpnposifianat the gpdiofan ftaceeise d

enbodi nent, seek probability profile table entries are.|o A
repr esent at i operation tofthe begipping of the %‘E‘l“c‘éqﬁlddagaaﬁ‘f?ﬁse% Solnvg‘ga?% extOF%lgf tehe

entries is dynam call + ratislon Hetasibbf these
profile tabl éﬂ%%f%*%ﬁ@ggﬁ%?%%ﬁ%%é?i‘ﬁ?ﬁg?@%% Dt eraifofion Rice
al ternativel ygheadrossi bl e to adaptively construct seek probability profile
tabl e entries using actual operating statistics, or to construct the tables
usi ng other nmeans. Using a seek probability profile table and index table
in accordance with the preferred 3-




enbod|{ ment nmakes it possible to effectively take into account variations
anong i ndi vi dual heads; seek direction, and other paraneters, wthout the
‘need for massive tables to store separate profiles for each possible
pernutation of relevant paraneters, and without the need for conpl ex
calculations perfornmed in real time, thus supporting nore accurate
estimates of access tine for enqueued operations. The details of the
present invention, both as to its structure and operation, can best be
understood in reference to the acconpanyi ng drawi ngs, in which |ike
reference nunerals refer to |like parts, and in which: BRI EF DESCRI PTI ON OF
THE DRAWNG Fig. | is a sinplified representation of a rotating magnetic
di sk drive stor imaVi e B thel std@idposldarithen epends DR the eddardcdbf the
enbodi nent of tﬁgﬁgggggﬁ?x?%eention. Fi g. Zéig a hfﬁﬁ | evel diagrgn1of t he
maj or el ect esimatesedngrie paricwar, thedicewaeirdf ¥he seelptimg estimate.cH thegseekotime pgjimate t he

.preferred epbodjnent. .-6.. Fiqg. Ll Lustrates the re of . a
nom nal seeld 199 l?év’ lrﬁb"o?'l%orf%?’ rg%z[ steﬁggkfxHgtagg%egggpetr{ﬁh%ngf%g%gcrllﬁﬁéécg&ét %rpcgpgf) fons,
according t %tﬂ%h e Qb SR cR P eRE '@king Hicthetthtdritd Waitradful gedohRiop T eiieAdisk

structure of an index table for estimating access tines of enqueued

oper at i ons, omthedragk mgtil the idasiredrdataisravailablg olfithe srek tingestianate s toprhighy dhe he

general structure of. a seek pro

O s of oraetibi Garise Sre SrRvapthne I i AR o P Befly o

6, 111 UStT 3 forkBEIIROSH dFlslobck UpLrifiohsHavig gl HIRLRYy afibli ko dynan cal Iy
e

updating se pro ata, according to the preferred enbodinent. . Fig. 7

is a high level flow diagramillustrating the process of choosing an _
enqueued data access. operatjon. fpor executio accordin t he, preferred
enbodi ment . Fi g.O‘B‘aﬁl‘éﬂge?cf%%sﬁﬁkég?%‘?ﬁ“ﬂ?&ﬁéﬁ‘ﬁﬁcﬁ e %?%ﬁ@g Y dSBendfent on
cal cul ati ngso%aﬁ?ﬁ%fe‘g, ML BRTeduif speed of disk drive operation means that any seek

estimation technique must execute very rapidly. Conventional algorithms have estimated

seek time based on the length of seck 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, actuatdr, 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 ché;acteristics 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 data access

operations.



for a,give data access operation, according to the preferred enbodi nent.
DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENT Overvi ew of Disk Drive
-Design Arotating rigid magnetic disk drive typically contains one or nore
snooth, flat disks which are pernmanently attached to a common spindle or
hub. Were nore than one disk is used, the disks are stacked on the spindle
parallel to each other and spaced apart so that they do not touch. The

di sks and spindle are rotated in unison at a constant speed by a spindle
notor. The spindle notor is typically a brushless DC notor having a

rnul ti-phase el ectromagnetic stator and a pernmanent magnet rotor. The
different phases of the stator are sequentially driven with a drive current
to rotate tiRMMARY GEAHBINNENTIONmed of a solid di sk-shaped base or
substrate, having a hole in the center for the spindle. The substrate is

commonl y al um num al though gl ass, ceramc, plastic or other materials
are possible. The substirate.i | [ LLeckf gRfid 428
material, and ma ﬁ%Faf‘iaing%gfq@n%gbq}tg%f\gldé '5\56%# @b%}dg? }e/ctcl;ev r?igyer. Dat a?i S

recorded on ,the sHifofieEson®ling Maltidle knteies, dhctkentiyreotiespomdigetoiaz@ipeetiveaseek . - To
do this, mnute nmagnetized patterns re reiﬁgtin . the data are for(ged in the
magnet | zabl erafidgerA sepaatelindsx table epnfaing multiple SRS, gach, £RILY) cortespppding 1g a
concentric tracks, al ' Stk BlifibefetGhddxtalk 1S
further di virffé’&ckt}‘;ﬁtc(?m &%ﬁ%gfﬁ’%@ﬂé@%{%ﬁeéﬁn agﬁ@égég?ﬂg?’ thus forns an arc,

al | the seclgfiies QfbstntislBesceding thé ngba ofprofileentrias.nach arbles table endy opntains

.positions a transducer.- head adjacent the data an e surface to read or’
Brite data. apingloksiarenceio wegrasbonding s o Dmmetle shie whikh aporaxgusras sk

pl ayer, and t head 0 . i e ; R _hgad
for each di ¥ ﬁl”f’g%reé‘%ggr)l gﬁngéi%bgg?gﬁ@%hgcoggﬁt@ #gqﬁgﬁﬁd&ﬁpi \'/ot&gfyabout an
axi s paral | @pefafioss,tBe aitinsataf sdektiatd fin anfentinmied idste(s)ess topepation i ofained byead.
The actuator typically includes a sol ing' bl ock sui.r%tmdimnﬁ t he géi S havé ng
conb- i ke ampesssing thedndey tabioamiey qomeeseRnding g fheanplicablenararigiers of hyepgueuc
sonetinmes referr t e o tIEin i ey ReieSthe Rerrédpbadihed t o
the arns, a ag‘aﬁ%géejﬁsé’g?‘?g?r‘%gﬁ‘é‘#%%&&on tﬁéeﬁ%rgglotgi?e si de of t%’g axi%
The t r ansduggsfiledltsenay candiusing hpebtiabilityprofitediapt the peofetablorsi taestipisshe e

t he conb, one head for each suspension. The actuator notor is typically an
el ect r o- magmetessEti®si | nounted on the actuator conb and a set of pernanent
magnets nounted in a stationary position on the base or cover; when

energi zed, the coil inparts a torque to the conb in response to the
magnetic field cieahegrdfsrrechempedimentr “timgrhased. reinsation: erpactnd aesesr HMGT at es

the actuator to positi.Qqn the head over, a,desi{ e ta, t ‘mum

oper at i gn). (ERES t)ﬁ{l;goh ‘si“§¢cg i"tof“(\iﬁ%aee&})er?h{eﬁges?ggg%&?ﬁgh (%%%gﬁgﬁ%n v

rotation of ﬁ’B 198k tid for @¥@NYebR]dnpthD Timg is hpredeadi asad istegtbnumlstr af garto t he
e

head, and t ata can then be read or witten. The tine spent waitin
after conpl édéntifiersf (SIDs) et disk surfachpasping the dragsduces hgad. algaréeéﬁfvepr?@ ead

is known as |latency, and thus the ti I QIRH : leFaHiat a
access operé’PPrGHO’i”éh‘irﬁE’ﬂgﬁ‘?ﬁ l%];en erﬁed{ oﬁgﬁ%ﬁg‘% |(r:r}1§s. _g’ﬁ’gﬁwfﬁ%gﬁ y, a
~servo feed b%ﬁﬁy S HAIRSMuRiplRIds, each@isidicorBspohding it raspectivéjaobability tatisdata
identifying the data tracks are witten on at | east n&sd' ﬁk %ﬁrf cg .

usual |y at tabeess operatién erarnompdeterr Ehe valde in ofch kespedtiye fig ‘?flgt & seskpashaBIY oy ed

dedi cat ed di sk f iel ' i :
erbedded seirofisegiteses b lgency Sinh ol Eing Bie O st REE & dinieEl
spaced port i apoplrstAORiRkrHiiéaR achibiaheerRsRRUINgprotbllitphsRthniscisei g
'di ng dat’a. e enb

used for reco edded servo field typically conprisesg a
synchr oni zatdpertipawill @mplete withinithat tency timengopeveribrould alteraativelyibg pogsible
track nunber, and a track centeri ortion for cat | .4 he t.erl| of
the track. \Wase ohsr agprthmsy “hwglé’g‘%hgrﬁ?é?se{“ﬁ o1y 8# @9@%«%@@5@3&3?#&%
transducer to r the.t i ﬁngm L ¢ el determ ne the current.
track nunbe Rro@ﬁﬁﬂ(yimog’lﬁ %g%ﬁ”el{rgct u E%W?gﬁﬁ?g‘?;&g%cor di ngly. Wen
operating in a track foll owi ng node, the servo system causes the transducer
to read both track identifying portion and track centering portion, to
determ ne a deviation fromthe desired track centerline, and the servo

f eedback system adjusts the position of the actuator to mnimze the

devi ation. The transducer head is an aerodynamically shaped bl ock of
material (usually ceramc) on which is ne¥nted a magnetic read/wite
transducer. The bl ock, or slider, flies above the surface of the disk at an
extrenely small distance (referred to as the "flyheight") as.the disk
rotates. The close proximty to the disk surface is critical in enabling
the transducer to read fromor wite the data patterns in the magnetizable
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Descri ption of Major Conponents Referring to the Draw ng, wherein |ike
nunbers denote |ike parts throughout the several views, Fig.1is a
sinplified drawing of a rotating magnetic di sk drive storage device 100,
for use in accordance with the preferred enbodi nent. Di sk drive 100
conprises -9 rotatable disks 101, which are rigidly attached to hub
assenbly or spindle 103, which is nmounted on disk drive base or housing
104. Spindle 103 and disks 1 O 1 are driven by a drive notor at a constant
rotational velocity in the counter-clockw se direction, when viewed from
above as shown in Fig. 1. The drive notor (not visible in Fig. 1) is
contained within hub assenbly 103. Data is recorded on the top and bottom
surfaces 102 of epgihe SheflredGhbiliventRanb hyefurSindex sibleentetormspmdingitde

of disks 101. Actuator 1 OS rotates through an arc gbgwﬁgﬁgaft 106 . arahlel
to the axis edchtcombinationbdiskiraad anmber, dir PPB-%?E’@&B roe ?Olif‘d%‘,m“t‘gma
position the transducer heads. A.cover . ] : o]
encl ose and B?Bpﬁﬂﬂmpﬁ@ndi *aﬁa1aﬁ?ﬁgﬁﬁgﬁégggﬂﬁ?P%§Bﬂ§f2¥%$@#??§%%ﬁﬁ@gﬂ
for control | {naLhe oRErRhOSIRkeL (acki el avbshseh s tanpdratgrenifithe drvat her

devi ce, such'as a hdst conput’er, are nounted on circuit card 112. In this
enbodi nent, circuit card 112 is shown nounted outsi de the encl osure forned

by base 104 and the cover. However, the ¢ .

Uhsi de the head/ diibe Bredsrisd smpodipén, ‘18%‘? P%%b‘%%{‘%@%ﬁ%’?‘g%ﬁ%mnw ‘gfea”
mount ed 1 ns! iprdBRafClPo iR il binia, ARDEAR Fespedtivie andexstabie entrieslisalynamitelly he
encl osure. f ral 1ty of 'head/ suspensi on assenblies 108 are rigidly
attached to tagpartongiosed matchumthsrseak mmebability peeioahleasrerdmgitoastial ppeiRfing o
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two disks h a#ggkg?{?géstdsmg%cﬁfaﬂfpéwﬁg%%miéﬁ br foaAsteichthe tatlessising aihdrancans.

under stood t present 1nvention could utilize a drive having a single
di sk, or having a | arger nunber of disks, and that it would be possible to

enploy only a single disk sur e of..a disk,. r.di _ | Dafoded S Q
hi gh-1evel di agr aﬁlls’é‘gaf’ pﬁ‘gi%ﬁﬁﬂ’r@@!églﬂ? %ndg}xg%%lﬁgﬁlgg &%Iﬂgr%@gﬁ’tml?q%%%ed
show ng how g&s&&gﬁhﬁnsl%meﬁsgmette cffeivelyahltintoaocound variriohs amengindivihahds,
actuator notor and spindle notor, according.to the E%Q%Frred eggidineg}.
Fil e control headsp@tk direstioneanchothar parpmeterss Halgoptghg n I IMRSYIVe faplgs-to;store
usual ly a conputer system such _ : itBoulBeHet e
Comput or _sysPHMERPHBA T Py Sl aihaPofieRp plrabi CIAP R BicTe
personal di giggr@bmphsicalcaltiosoformed itirgsl tiate, hosntuppbitiog nfase acentatd esimates o€ h
as an autonobile -10 or robot, or any of various other digital devices.
Control | er 2@dcesy time farepaerasd §BF18HANS control of the operation of disk drive
100, including such functions as conmmand interpretation, sector napping,
power -up routines, diagnostics, error recovery, etc. In particular, file
control l er 201 seltge e efibe prbsen timveatios bethopdo its stoweturt @nd epasation, 6an begs
more particularly described herejn. Channel(ﬁgectroni S igz‘grovidesenls
nodul ati on abeu ond intefereneqiadhe angompanying A wiaes, in WhiCh Ik relerougs pojner
fromthe disk surface. A serV. ntroll'er 203 interprets servo signals

obt ai ned froﬁ#%gﬁdﬁ 6”?%?@%1 |gﬁgé on the disk to control the actuator
notor (VCM 107); it also responds to seek signals fromfile controller 201.
Spindl e notor drive circuitry 208 provides drive current to spindle notor
209, driving the notor at a desired rotational velocity. Transducers 110
are attached _yj | i j xer 213 and to read

mul ti pl exer ﬂ?ﬁﬂvﬁﬁgﬁmﬁf?ﬁm@&%%ﬂg wite driver 212 and read
anplifier 210, respectively. Read anp 210 provides input to channel

el ectroni cs 202. Channel electronics provides input tq &wkte drive 212,
Mul tipl exers 211 &gl 124msimplified represensationns ameiating magnelif fisk dgvestorage drvigs:

responsive to control sjgnal.214 fromfi | : etic
patterns repAeuskin F@’oﬂiég%f' Yﬂﬂ%i‘k"’rmﬁfgg?%ﬁ'{a}ﬁ%ﬁ%refégogglrllﬁage%mﬁa%%f o-resistive
read el ements in tg Qﬁggfggﬁ?e 1l agraie tHeineort¥ectronid chimen® 1l diskdripe stufage d
to channel el ectrontcCs . éhannel el ectronics preferably includes a

parti al - r espQReRe MEdrdingtd tHegiréferedietabeditnent i [ ter for decoding data signals
into coherent data for use by a host system Wen witing data, channel

el ectroni cs 202 encodes data according to a pre-determ ned encodi ng format,
and provides this data to wite driver 2126- which in turn drives current

t hrough an inductive wite elenent to cause the data to be witten on the
di sk surface. Positioning of transducers 110 is achieved by a servo

f eedback | oop system conprising transducers 110, read anp 210, channel

el ectronics 202, servo controller 203, actuator driver 207, and actuator
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File controller 201 preferably includes progranmabl e processor 221 which
executes a control programresident in read-only nmenory (ROV) 222. ROM 222
.is a non-volatile sem conductor random access nenory, the contents of which
are not |ost when disk drive 100 is powered down. File controller also
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 tinme table 225,

i ndex table 226, seek profile table 227 and expansion table 228 for use in
estimating access. ti f ' G SSndRiRAIAdeRI0 fitne tablg ferestididting as
nore fully descr?&éﬁ%&@fﬁ%ﬁ?ﬁ%@% ncl ude ot her data structur esg and
storage al | gealdhss dMmakudievpiraticnscircasling touhd prefaresd eabodip@¥dd from a di sk
surface for sending to the host. Al though certain, dijsk driye.f re
shown and descr i Bigd4albusirates the gsaerel ngcgﬁe Qgﬂhﬂ"g?’éwﬁkgﬁ &t %tiar{%lsnlgg‘[%%e\ggeﬂﬁlggd
and inductive wite transdu . irdd Shssdigledte under st ood t hat
these are b9fsnape 9?8?&‘?%%%3)? lﬁé%;@g?gﬁfﬁﬂé%d enbodi ment only, and it would
be possible to ppgCsilRRtritbethesareditniciwenfa ok probahjlityipreflesable for estigvtiog r

el enents or other "alternative disk dri ve,desietﬂn fgat re%ofill{jen%houl d further
be under st oagtetstimes/efranguancd PpIRHNS FccOuliRg QAT Breliieq © e control | er
201, channel 202, ser.yo_ cont.rql SJfGn iSh@avIe fordynh@icall atin
discrete entiti eE‘_'&gT‘ﬁPSIUI" gihre%ﬁle\q/élsgrqut&)ses,e%agﬁt hat one yglr rmr)(laqidf t%]ese
may be conbgé&q)r?ﬁleqa@i, R@bRinpe whepreferredmnbodinembodi ed i n nul tipl e nodul es.

| ticul ar, t5 of th trollgr 201 in f il d
LS Pogl & moaul e Fig: 7ey high levebfiow Risgrsn s Eeingdnapiorss BE ehire R oFERFES .

may be a single or nultipl , ht SRf d dniblimeRr age
t echnol ogi e§ata@ogpss °§’ﬂb$‘rf§6%%g@k‘%zﬁﬁ‘%%nmt bg static RAM whi | e anot her
portion is dynan"pfg‘BﬁMﬂdv&diﬁémulimxsimtinglhepmwasnﬂ@@ﬂ%mapﬁ&t’“ﬁﬂ@%?ﬁ%‘f‘é? red

al l ocation of ROMand RAM i s dependent in part.of .th of currently
~avai | abl e t éatugivodata acasss QmmﬂoaswﬁefﬁmwE‘g“cﬂﬁ%rf%%@"@g@ee ‘op it may be
preferable to use a single nonolithic nenory such as non-volatile RAM or
sone ot her conbination of nmenory technologies. It should further be
understood that various disk drive conmponents not essential to an
under st andi ng of the present inventi| ] Figs. 1 and 2
for clari tyMTAIE%tD%@WTW@*@Sﬁﬁwgmﬁwe gener al

wor ki ng ‘storage used by controller 201. RAM 223 preferably contains a '

si ngl e addressabl e nenory space, which may be allocated by controller 201
to various ymRsview of DisgDrpwerDesign RAM 223 is typically allocated for use as

a read buffer (not shown), i.e., f.or.t j i flatfdisem a
di sk surface and Af?@%ﬂ’&é@‘*’ﬁ?@?&é‘l@ﬁ?@% 15%\%’&3){?%%323 .% gﬂ[gg ﬁ:g?logg?t ?tqn of
RAM 223 15 %ﬂi&?&%ignﬁ&%nﬂ?&taéﬁeddafa@oﬂmmhﬂmmbochpn@ulerezthm omg higkds 224

stores pending data access operations received froma host. Prefera
both the reagedid disksanestapkedion the spiadle ppealleHigcachaqther gnd FRased gRaghye ‘#ﬁ?g}é}’ RAM

223, allowing either agne fp usg tey : ' ieb@BY £ spihdleSonme
i npl enent at icgmp,t t‘l}\ﬁbu@‘?éﬁgﬁﬂlﬁl Sp\ﬁg&r %rggg%{t}?pgﬁlxﬁg@gﬁwé%mng}/?ed g% 3Si ngl e
data structure. . In addition to the tables and structures specifically

ment i oned, %W&ZS further contains the dynam c working nenory vari abl es
and data structures used by controller processor 221 to direct various

aspects of control program executian .not s i r Stasl ipﬂgs of
the present i nventheogpindlgematod iy Walg'eaoﬁlgglﬁ?stzse ba%g)(t)%glhggqgoasany 5

-various forngt now Lfade v RltsrD Ttle diffepeir pRasés pf thé statmbhrg
contains, fo eé@mgﬁggg%cag@g%gper a?ﬁgﬁgﬂan i ndi cation (l))f t he type of

- operation (r&ag?lﬁfally\"am&)witﬁﬂdﬁtrdnmrnﬁnstomtatéﬁlceotphead), track number and
sector nunber "of the data access operation. Queue 224 al so contains sone

i ndi cation -13 of ordinality of the operation, i.e., when it was received

by the host relative {.q pther .operat.ions. | AL b} Yab¥RteDRavifh Baleénl they an
oper at i on- sequencka 1 Wegh&?s&?lﬁ%n%ﬁ)%d%or each requeggtjed

operation, o rv,gé{ & thd sgy?rﬁl?é‘ Fife suiblstrité isco il ystiminzan althoTighglass déremid, piastitan
be used to gF sonme preference to stale operations in the queue. In the
preferred enbodi nent, the various tables 225-228 used for seek tine :
estimation described below are in volatilg.RAM during drive operation, but
since they are needed for optinmal performance, they are stored in a

non-vol atil e manner on a reserved area of the disk and | oaded fromthe disk
into RAM at power-up tine. Tables which are dynam c should al so be saved
periodically to disk to preserve dynam c contents. Various tables and
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circupferentially spaced on the disk surface, the transducer head w Il pass
over SIDs at constant tine intervals, and therefore tinme nmay be neasured as
a nunber of SIDs. This nmeasurenment is convenient because it can be rel ated
directly to the latency 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 tine table 225 contains a plurality of
entries, each entry containing a seek tinme 301 and a correspondi ng naxi num
'seek length 302. Nominal seek tinme table 225 is intended to represent, for
each seek tine, an ideal maxi mum ("nom nal") seek |ength corresponding to
the seek tine. Seek length is expressed in cylinders or tracks, the seek

| engt h bei ng the absol ute . il ithel thRERy& df megketivableer of
the act uatd?‘Oﬂ%féi“ﬁ?ﬂ}?hsoaé?ggégslﬂﬂﬁeﬁs%g%g%‘g I%Ege&?jr:g,(}k nunber of the desired
data sector, 1.0:yhi JRedndBy BE comedwitkd protedtive layeek operation. Seek time
i's expresse'gét?rrl]mgélu%s%a}}‘lkﬁie i deal or nom nal seek length is the best possible
| engt h of seek operation that one may expect to conplete within a given

seek tinme in disk drive 100, 1. e r i le'TRagrch2ablePtsdFl Mo
possi bl e seek Iéﬁ%}??ﬁrf’?%a“g?ﬂ/éh&e? ?éﬁgtofg}lﬁ%éﬁa(gﬁ@ng?{eﬂrcs which i g¥1t af f ect

seek time) ispuse ized pattdRSiepadsenitlgithe tata aleeformbd &) thamagnetizable

t herefore aostﬁl#é'gﬂ?"ﬁgp‘}a?tﬁetiis rlljgt osdgi%bl e tg(_) seek a given enﬁﬁfg@bn l ess

than the tifgRerc The dstapatiémyateaistallysarmaged ingigHIAr PORCEREICHRH A RPY¥# e

table. In the preferred, enmbodimen 1911 nal - fors. Each sect

par amet er - itmf@b@:‘ﬁd@?ﬁtpof%@‘é‘eg?d‘fr%&lse@ﬁg%r{mn%?éﬁﬁﬁed at a ?ﬁgﬁorrns nal seek time

table is prtﬁ%sgfo%-kxn%l iibnRisedod M a viatlat@dpletinga ciyslani ¢ basi s using any of
S

vari ous net , €.9., periodically collecting seek tine statistics from
actual seek operations during drive operation and determ ning table val ues

fromthese statistics. Alternatiyvel i nal i | ] Giffcc@nt ai n
static data whi cfy moyeablf P%P%‘H)Sftgmg%t@ﬁ%ﬁ“@%&ﬁif&ﬁ?égkfﬁfﬁ\% 0gtﬂmt e of

drive manuf %%&b'{ teUntaS TRE hGualad Maybe Kifenkd todhé nemed 4 plomoghaplkpldydn.aand

testing dur? g e design of a particular disk %Jofve nggek,?rhhe te%l:}In

val ues bei nghehél te drepldyarg needle p is opp trapduegr higad fpy GACh Cysp; Spiace SomeIRTEe 4

embodi nent, there are actuall ERALG SardIR oA a6 6krotatioh @5th2 ABk(spne

for read op@"’r‘%t {‘ﬁmuf‘ﬁ‘gy ‘i?réér/%fogr W | tlg‘u%per ations. r\?\hi le it woul d be

~ possible t OTO%itﬁmSthél gbA). URkY sctdavor typichlly insbidemal sokid block spaoyndingothe g%l

tabl es enables nore efficient use of |jmt t,or.age s e _lLnh t ile

Labl o 227 WiviimoyhbHiksRenoosending, Gy et disk Grir Ry S i e o, indifcfls
establish noninal seek..timg,. USSthint diksenSiofittadhd EodE akifs, ¥ind én dlecteo-usi ng

a mat hematibeglffn' r?ﬁﬁ? S0 ’ét%her rrélasjr?llgl%nFi g. 4 illustrates at a

concept ual | ayelichifto@Ais dpositesitttafitie anis. Thetesnsdugsr beadsgre aftarhedtothaind 226

is intended to express, for_a given set, of .ke ar r ' :

cor r espondi ofthp sespaisionsoppesite the "é’“Tq’@ pochead for %8@?“5%%’?" i‘ﬁ‘gl“’é‘g@%‘g%‘é’ ndi ng
probability profile is ke Achsk@or doril end2 Getad parmanante x
value into 95 lb?ﬁﬁkﬁ?ﬁlﬁa@ﬂgﬁ ﬁ@hﬁgﬁfgnﬂ?. Any of various ke ar anmet er
val ues may Hﬁ@@@%ouﬁﬁd@%msaitibﬂﬂfyhmbiﬁw o base O coVaseWhe sRETgEeda e SO

Seek tine will depend on whether the operation i I ' t
~ Typical ly, #nparst zetomwtatth%wm‘ééfhﬁslé@sg ﬁ"a et‘ﬂ‘?“?r%ﬁglgg’g‘gelﬁ%@gtgwﬁgﬁ&nen

posi tioned near track ce t G 865itidn the huadover thiasired datad
oper at i on. Kéagﬁetf'e?&?&u%}hlgﬁﬁo?ré&?%g' seat%gulagj'? oﬁ@stlhentrack toward the end of
the seek | uadi@SkoH Gerdiot). Qi theittad istfositiohéd aveethedrark, theemstantretatipp,

[

nunber: Seek t nmay vary with the transducer and i i sk
surface for t}wdisloﬁvill/%nehmak{y brangthp desired é?céoré\?i@c?rﬂg%%e&a’a@%%é (l?ag??%ﬁtsl&?%éj head

fl yhei ght, transducer i hysi.cad Si sclkafil theQasitadisyctodf t he
recor di ng sl!?qdéﬁé‘{““gﬂd%ﬁ‘el egp%iggﬁlgg?ﬁ%&o |p(1:%t1i|a§1'ogf1ht%affect the amount of
time requir qgacﬁ&’ceﬁ{aﬁﬁ: h&adQBkAovpasdBtendy; ankihuothe ieneaxqeirad tolsammiencemngt ol
reliably read or witten to. Seek direction: Dye to various forces on the
actuat or, i tdataraecessoperhtiat is thegwpreloiepkyansHalRASt HBFS- t he seek is in the inward
direction (toward the disk center) or the outward direction (toward the
outer edge of the disk). Radial head position: The actuator nmay seek faster
at certain radial positions or zones than at others, so that a given seek
length (in number of tracks) can be acconplished in a varying amunt of

ti me; depending on the range of tracks traversed. E. g.., a 100track seek
near the inner dianmeter of the disk may tg@ke nmore time than a 100-track
seek near the outer dianeter of the disk, which may in turn take nore tine
than a 100-track seek m d-way between the ID and OD. Actuators are
general ly designed for optinmum use near the mddle to the OD, so seeks in
this range tend to-be faster, although this is not necessarily always the

o ~ ] - - S v N LY O ey




| ndex. table 226 identifies, for each pernutation of the key paraneter

val ues, an index nunber. This index nunber indexes an entry (illustrated as
a row) in seek probability profile table 227, the entry defining a
probability profile for one or nore sets of key paraneter val ues. |ndex
table 226 is conceptually illustrated in Fig. 4 as a 2-dinensional array
for clarity. For exanple, row 40l corresponds to the key paraneter val ues
H1/1 N R, neaning head nunber 1 ("H 1 "), seek direction inward toward the
ID ("IN') and operation type read ("R'). Row 402 corresponds to the key
parameter values H2/INW neani ng head nunber 2, seek direction inward, and
operation type wite. Colum 403 corresponds to the seek target data sector

lying in a cylinder in the range R through (2R-1
p?/edgt er ni neé rlypiely o sery ifs @ﬂﬂ‘gﬁ@( $Yﬁt°€hl§tflsf PO R)F‘t’hwgé'ﬁ&ﬁﬁéeécfva?bnﬁ elds, g
illustrates a Conslitxedazbtgzrwf %r\élwnptge%roﬂ ANt ohé diél@‘dhﬂa&' fishallg ap GRSk 6 t O

use vari apdentdyipg i each colum In table 226 representing a

range havi Qmﬁacg% f eyt disanbes dé%fgneysfte:mdmpkzyedimﬂc@acawhdmk\mlltfwedfgr $¥IVe ow
402 and co represents the |ndex val ue for. the keé(f’t par anet ers: Head

nunber 2,. ﬁammmdkslgwtyplealbpﬁﬁ&mbme SR OSSGIRE1-CopPTVAGEHOBS ATG rEoTHEd yo R

t hrough (2R— . . The v " row
in seek pr@@&ﬂlﬁ“’bﬁ §pagk W%ﬂ%"iﬁf“g’ (%g&‘ﬁ{a&%ﬁ%&%@gﬁ%ﬁﬁgarsgﬁgﬁge}dgfuﬁ%@a
probabi I i t% ?Jd?x{giaiaorThE@%@dd&ﬂ}ée@aﬁamﬁhﬁbalmndlpnsetsmsyndﬁrgnzﬁlonmbﬁ@m at es

at a concep eneral structure of see r | it r of
Cable 957 © Gaakdeifyinbipbrtion Tor GEREBINEAN AUMbsh AL & Btk ataring PoRioP o e

entries (shown as ro Melsbivi gﬁb&g Each

entry or pbéﬁ%‘h?te?teﬁﬁ%?qﬁﬁenfaglag@ggpg&ggh% ?ﬁeegﬁﬁ%efsnunggt which is

t(Jsed to ag ﬁg?gdhcerma@q,@wkiaemfpingpaitiohyo deftermiregbscurientisackpambek At a
expressed as

err) SI DS each excess tinme associ ate C
access f achdjust ihklactantoatrajgctory acerdingl sWhep pREAHIL 1 P;dt")aw‘ hﬂ“’&'&%&eg dttgegces s

factor for a given (err)SID e D Sk ¢ ion
will fail S%V%Wﬁ‘ﬁll’@[("@ ﬂﬂq"ffar?s‘ilﬁsgﬁ(%zgﬁ)@f}D&%g?én&\l i %ﬁ&ﬁ%ﬂl%} for the given
| ength seek BBE bRyl KO aAb) BoAAR dediedempk cintating, mnd e sicr feesbark

bel ow. Al t RSl l ustrates the expect ed 63%35 factors as

per cent agesys(qﬁrabwtsﬂletpoel@)mOfﬂlefaa%‘t‘toﬂfemé‘wﬁ‘g&t ¥O0s factor may take
ot her forms, as explained below with respect to Fig. 8. -17 O
significance is the fact that the nunber of index value entries in index

table 226 (i.e.qpd %samﬁéad@sfanmemmmmaimh@edtbmk Rfsryatptaaléw’étr @rmht

values) is significantl reater than the r fi.l es
(rows) )I n s&aguqhnmmabnﬂegﬂ}gmﬂt‘@fq YFQCDYVHBW téanﬁ %ﬁteg’florrcga(%gﬁ? eac \%rdc])‘\%v

defining a roba +h| 'rgm)ﬁa%t?&tteﬂn n){}SIﬁﬁ%Sﬁﬁ&qmﬁédW apﬂﬁf“ﬂbrbelglab]astﬁt&ﬁsks
typically 8 t1ple permutations of key paraneter val ées Suc
ar r angeneniated. 0171@ AR preximiip & thy diskIsanfagsris exticabin epalilingdhetransdreey i 168 t han

woul d be possible if a separate prgbabi I| eg r
storage f ofrogaohwrits hecdaa Batjse &‘Fl%?gng é f J?’aljr arrée@ éa? d&/aﬁgfets%sa&ber

exanpl e, in a disk V R4433\ daishepe Rpigndemplded thid-filn Gndietive mrit¢ c
target cyli e ?’rSr‘IEéed zg/#leg dfuglrgnpulrsposes of glIley par anetg tot al gﬁf 768
- index entriygfsdaté &lefeht aad ian sépackdx m@nﬁ@-@ﬂ&lv%&?@éd@s YR esPGr e

I d whi ch t ot
cach 'sEcﬁxZimété’w‘c’ééﬂgm‘fsé%‘foraé’evt”a't@.w%ﬁ?cﬁl oy et uherh e “‘% BAIIR,

oyt e) . T eaYLL LS aoiinte ARRadARs 6 he Elﬁfe?&?untm%ﬁée abd cxsbhepasidee o fiys of a

probabi it e required for each such entry, the storage
requi remntaﬁm‘/ﬂﬁéﬁmﬁ%u&@c%a‘tth%&@)ptdpﬁat&tdmdbmmeﬁrdasﬂta@gesﬁn each row. The

probl emis conpounded if the nunber of key paraneter values is increased.
The nunber of rows in seek probability profile table 227 need only be
sufficient to hold a entatiyve set of probability profiles, e.g., 16.
Fig. 6 |IIlBQS€'éE‘8§'%&Me&}3’ng7 0P | evel the general structure of expansion
tabl e 228. Expangicgn F%}P'ﬂﬁ: ﬁl%&n wieesn like diymbeisciahdty likp gatts thrhughont thes i n
seek probability pr01Il l'e table 7 and/ or_in index taé‘elf 26. Engea@ E@n
table 228 h@aésl views Rigtiis asxmpyﬁgdtd@wrmfmr@taw%wtl? Yestor ebu"t t he
excess tines are preferably ex )

contains a moufmwyncwcqrﬁ%’@iéﬁ ﬁtrl?rg n(:ﬁsﬁeé‘\ff-m%g%ent Eﬁ%naggégﬁg(g?b

contains statistics defining a seek probability profile. Each entry or seek
probability profile contains a plurality_of excess tines (expressed as
(err)SIDs), each excess tinme associ ated % th an expected access factor.
Operating statistics are collected dynanically by incrementing or
decrenenting the excess tine entries of expansion table 228, and after a
suff|C| ent testl ng |nterval the statlstlcs are used to update seek

o v o P — o o NN S o o o
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-19 . nunber of SIDs between the end of the currently executing data access
operation and the beginning of the sel ected data access operation, and the
seek distance is the absolute value of the difference between the cylinder
nunbers of the two operations. The disk controller then determ nes the

nom nal seek length (in cylinders) for the given |atency by referencing
nom nal seek table 225 (step 802). le., this is considered the maxi num
possi bl e seek di stance given the available latency. If the nom nal

(maxi munm) seek length is less than the seek distance (step 803), then it is
i npossible to conplete a seek operation to the target data sector before
the rotation of the disk has already noved the target data sector past the
head. In thi 3 ol hoi I8 VeRtab e dViB hub ABREIbBY off sPihdlée €03 whitlo ik
before it crgﬁatar%zez S%‘%m?‘t’&?ﬁ%% Wgarltigé&@Taﬁtgfef ore, the "Y" b%ﬂanch_ is taken from
step 803, apguritéon ditlediiye base ortomeime i 06dSppdle he3 andditks 181 argidoyen by adriveng| e

full disk revolution (step ,804). The cgontral program.then returns tep

802 1o det ommione achestiriNignabisleciivan oo fatier B nisH [ dped fofy °F e

ol S ok AU S Fi£ 3 SFrcldhR Ritn PGSRV isR: fTle SHAL cminad aabini e * N
"803. ve

branch i s t4RERATRIENIPS n the known seek distance, a nomi nal
seek tiMme CRLLANPINT Datalitrettrdedomiie tepand biitomaswelacdss 0 (o€ padiatisk: rateaorhy

hon compuit sy §0sisglteated erpe sl ohBisks Ko Ackiabird]: EESt T Neb Al A oS
time (step 80 Th r . : LifadndBc mdtdr @7, td pdtRidnhat a
head woul d %égioéﬁm%éﬁﬁfo%%g{lg%@%ﬁ%@a@ gélgwgé;c?ﬁnr‘lﬁ %ég i% perfor rtrspdz;galseek
operation Wt Rhfsdub® Hehdie Aboves (18 shywi)eataowith hised 84 o vrdlese andpraterdthe
Oper ati on | Gk mskacaptaamembliry PR BAOHE BHESRL pomerd e,
Il1ustrated table of b gmfn zﬁ?ﬂ%{ ﬂ@ﬁge,%éﬂf’&fa ho%g%ﬂité@ﬁférﬁéhnt&p@{a}dﬁn

0 e

type, and c%dict‘?gg?uq]%l arget track -2 are used to find the
cor r espondi ggq i ek, i erabddiment, alrbwit 226 117 hestiomaenowwed eutgide thanenglasprest ep

807 is th dto ref Fil ' i ; e
Dot i 1e. 1 abfoamaphy bise S 4 e prvsr Mot BE et LERd A8 b HRTHE AbRCkL Y
cor respondi Q%g}g?sg&%oﬁ@ &3 ﬁ&i?&gpﬂ% %]g!:c{ranisg Ry BOfoufted glisidihaesclpatrep

(0]

808). The e access time (EAT) of the selected data access operation
i s then conpuileshole Potiongistroounited eufside therenclosug. 8099;u_ralgx-pf head/suspension

Lat ency+(Probabi|lity of msSs * ev.ol ution), e , -1dergoved
at steps 80@?6%@?55?4@”8@3!5%0&%&3%Hﬁ%ngsgﬁc%#&tlﬁg é%?éﬁlgj{j@éfns lélrgl:-}lvdegd
from the expagh RRRERandacdan0 idIBEdiR cathil ofeadk heitusgensionbiemblyr 1081 n
whi ch the eXpéc eg access factor is represented in nenory. The expected
access fact gfjacentdisk hefacepdbsented as a sinple probability of miss (as
shown in Fig. 5), in which case the remaining part of the fornula is
derived by multiplying the expected access factor fromthe table by the
nunber of  SI Ds i {6 HidkOdrivediobkis 'sBY@h Wiittofwo diskiehesing inoltiplaidisk tsarfacesifire t he
nunber of repetitive conputations involved, it is preferred that .the

expect ed acgesdirgaitishouldbe sndersidod thahtheprapentdnyentionseitd utiligsra ¢y having a

probability of mss and the nunber of. SLDs | S sSiK1ef bAR- In
this case, singledishetrgynge %%r"flg'&’%?fq%é( s’sa}nflrp a?“?d)ggidﬁet%ysé lgtﬁg@gﬁgy ]t}o
obtain the zItE'sAiEgle 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 ate 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

asapersonal digital assistant (PDA),a digital controller for machinery suchasan automobile
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In a further alternative enbodi nent, table 227 m ght be represented in a
‘delta expected access tine" form in which a nunber of SIDs is the

i ndependent variable (index to the colums), 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 nunber of m sses and
nunber of accesses, wherein the probability of mss is conputed as the
ratio of m sses to accesses, and is then nultiplied by the nunber of SIDs
in a single disk revolution; although this alternative requires nore
conputation, it allows access mss statistics to be kept on a continuing
basis for all disk accgsses . . NV h &SR
oper ati on CBWﬁg‘t’te‘Bf,a“Y ﬂgvat%’ﬁf ?%%’i]delgltaméeﬂc%étégﬁg%ggq %]g? ﬁlg’lrv geigéeﬁe%gdi t (l)nal
access Oper gf {HaMhedalloh BE AN IHEe (1908 cRAB)g shdundtions as cammand intarpstiatipny 01
to select another operation and conpute its EAT. \Wen the TS of  all
enqueued opsotlri ATPIEPOWSEED rewinsst diagnasties, ‘eRtor EeCoNe, Fi- ¢ IRAsteulymfils o

703. The controller then choo : ' £ O, s ter
t he current FYPUOXEL lisy cgpeélﬂ‘é?%“l%gn sat%g%y%‘%%l&%%ﬁg &ggéﬁﬁgﬁgfgﬁ@?ﬂ

whi ch in SOgR 1B Hesdn.ldRnEA Elecabhies20mrobidesmedulation anddlenpidelatimafypltorof an
algorithm the controller may choose the per{’;\ti on havi nﬂ tECe bgwes_t I‘:_AT
val ue in al forclamdsingawittantosnd readdeom thedisk suriage A sprygantrpller JP3 intgrprets
operation in the queue.. er, .t hi i

starve cert $fH° f%qar!%g%e'f’mg%gﬁé} llre%(rlllég sévglﬁggjﬁ °t6‘Bg?F gtﬁ |K(§§ @%ggf;} t}%eﬁ%éﬂlf‘a[)%g?ét?r he

di sk may si py@mr 107§, ifial8d! Rsporlds e sdek Fipnbls drns filet doatralien 24l o Spindleanetoudiivey
many data access operations nearer the OD having |ower TIS. An alternative
al gori t hm weintuitre20%ploviges deveenrpent bo sRipdle nafor ?Q?nﬂﬁi"% BIPLRn R a8 depIRe and
the tinme in the gqueue.are taken into account by giving a relative weight to
each, so th%ﬂtatémg]t‘ﬁlfqé”%perati on with a higher EAT may in sonme cases be

sel ected. More sophisticated algorithnms which take additional factors into
account may be used. Exanples of such addjtional factors m‘g}:‘té b%:c}f’(fa#e
favor reads over Tmnidusers 1(18)arq attashed piarlead wies toowrtepultiplexpr gl £

disk (1D or because .th e MI=Ts) ; f {eptabhi ng
same seek dwcﬁﬁ’?‘?"(?ﬁgggvﬁ g\‘/i%geufsn {s&g%kgﬁg(;&tencote?g%%gg\}\g%g)r?éa?%?ﬂ?avor. short
ops if buffgipiieslyyRéad dnp BlOgrovitlesihput to eianhd elpietroties 202 dHhanhekeltetseni¢shed

herein | ooks only at the very next operatio it | d, b 0 ble t ook
ahead nore pmideéhwubbbwafq ‘B%V‘af% mMBr’g‘pieﬂ‘F'fsgzrhlla;?dggcsﬁW’ﬁ%&o(ﬁseth? L’eafdls %%‘J
opt i nal SCAURNGE Sy anda%g&%h&&% 1o ldnG61 SiPRAD 1R Fild eitraMRERAL. | Bhgnéthe

or t cur

control I er WAl rent data access to conplete (step 705). |f
dat a accesspatenisrepreseating dather segvokaigals(arasenprsd BpRENSICOESISHYA rgacbelgmegpts in

el sewhere), these statistics . are updated dependi ng ,on t i or
oL ener €)oo v e SRS SRE B 0 lfind Sqnfoat.
|| lustratedqg lglggtmstfﬂéfei‘dﬁlfinglud& a PREALESpsHsa naXirhem 1ikeRhoudt (PRML)
necessari |l y "al'ways bel ng 'generated. The data access operation_chosen, at

step 704 i sfiltefor décopmpalatacsigats intosaohenentdaimpr uasbx & Bost spsemu A henswAtings ep
707). The -22 controller then retfurns t 701 e ] ext
oper ati on tgatg,ézh@w@ie}p@mmﬁﬁgggp ey da S‘f)ﬁ%édssl}]%g)sac& %g"g%ngg{ggéﬁ@grﬁ glgtf&?nd?’

i ndi vi dual | | o SR 21 BavHich @itk deivey@irdeaOthrobgh anindsetiver al
nmet hods forxndfof)}%&ﬂé%ﬁ{r?a@%t}gmgﬁpl oyéd, of which two are described herein. In
a pref err edwgiideldinefind cavst chewdatatodeiwritieaen the diskipirfacey profile table 227
are determ ned by the disk drive designers and are fixed for a particular
~nodel of disk drive. |I. e., the drive designers experinentally determne a
representative s .e.0f pr [ L1t t O il sudf | evd FecdBadkNdo el /.
Cal i bration of tﬂggh?’fl% O?htga%%;dr%tsnpsooésggﬂ{el%rdm%iang maxi rru?n seeEbdlygtngt h
val ues for pouhidhg GRRMudersTE10, dadanid2Bl (| slanelseledtivaiis @82, seo)controlder 203,

determ ning 1 ndex values for index table 226 which wll point to the '
appr opr i at e actoater dniver 207, @nd actuatprmetord 0. nEransyesss Mﬁm{fég S‘]f'ol¥° ﬁﬁlgﬁfﬁﬁf”i%ﬂ 84 by

i ng expansi on.table 228. ,.Speci.ficC . t : i
ermor ar |y paReit Raer S <o S SRS 10 he® &8 anflinkyHAA AbETI0) Sl |

(err)sSiD Vfalelé@goﬁi&r %Gﬂqfepﬁl‘?ﬁe OF skfY MAdafromeiser dite; xyecommilbntécpdetedeevari ned
by collecting data froma sufficient nunber of data access attenpts. In the
preferred enbodi nent, SID values are determ ned by convergence using a
convergence formula for each probabilityjjn the table. I.e., in the colum
entry corresponding to 75% m ss probability, the ,SID value is increnented
by .25t for every attenpted data access operation of the set, of key
parameters which m sses (does not conplete the seek within the val ue of
(err)SID), and is decrenented by .75u for every such data access operation

I L o o . " - o L e N o o, s o




expansion table are illustrated as floating point val ues; however, for ease
of computation, these could be integers representing a SID value tines a
mul tiplier, and which are divided by the cormmon nultiplier after
convergence has conpleted. Once a sufficient tine has el apsed for
convergence of the SID values in a row of expansion table 228, these val ues
fromthe row of the expansion table are conpared to each row of seek
probability table 227. The closest match is chosen as the appropriate index
value for the set of key paraneters, and this index nunber is entered in

i ndex table 226 corresponding to the set of key paraneter values used to
generate the statistics in the row of expansion table 228. Expansion table
228 has multjple rows.to perm .e0l. '

mil 1 pre ke epar e es hEuRREe 200\G IGAUERAL LAR i pSaPE RN AR, oy

t he nunber g@fivé O¥eent Reddtp F1fowoor sealbheortifl toslehiesipardmetetshandpratides agfuator
possi bl e pernmutations. Therefore, convergégen,ce data is collected fqr the
1

various per matert drivescitsnitey 205 with ggignad indicafig dhe RECCIFaTY HRVCSUEN]| (ACB@L) .

In the preferred, enbodi. . per mut atii : ' [

expansi on t AWt dsiye fﬁ%“‘g'ggbz "gtfm’f ?8&9852@6%5@2 g é@ﬂatpf(é?ﬁéégcgfr}tﬁgﬁgw(g%@ a
access oper ghj QS fihp Ao PRISIOK ARGted RaRATIIpFIBAL piriaoctl antingidwuloriting e d
and the nost frequentTy perfornmed pernutations are updated in the expansion
tabl e nore dfeatuatoFlin acovedanbewitb adesicadareafilegseel modg)- of vari ous al gorit hns,
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 pefpulaidiers1Reifesmblyaasihdesiprogtatidblalpicessor LY hyichexqoatsi bl e
to choose permutations for expansion on a round-robin basirzi%or accordi.ng to

ot her f or nukhaentrélrpragramiresidend in wadonboarement (RQN) 222 | ROM 26k 1s appvolatile

probability profile tablg 227 is also | ] S | : .
Gt ati st cs. sheiepraEns Bpceret inds GEbbd) FviRhat ARI6A i aisk drve
det ermi ned Ryo GHIWRFAUIGA. File BoritMe: Al5o inalalies dEAil4 ad/vaite memope@ANR2230Ns

of key paraneters. However, experinent allétdet egawsi[;ed val ugs for particular
key par amet RAME23ix used anatemperasy cacha o datahemergagsirgm apd Brited S,0naff PIF o\s

are filled frgma,representatiye. At :

e ni ng. pf MECKBRAc R Rieiind Thsfipl Y PR AEBERSRPRIARL bl 1
E:gﬁ%/i \r,:ﬁ;: ?ylisgféij%ﬂisafﬁ t he Vzgrigggﬂ?sLd ?ﬁgé ?gsmgfgéndgfg da?ﬁaflach asi e S?M g? I
vari ations dirthen énchisles sominial me&tti%%task&?éduﬂs% t"’gye %P&%{Pﬁkﬁéﬁﬂﬂ?%
procedures are possi,hbl exalpl Gend I 2s6b i0Ms G
initial val Gﬁgmg'ioyz%q%?zsdg)g%enét | m?u?d}]%b%%??@ée?fggﬁﬁg% ﬂigtr?ﬁc{zﬁsg ug‘lﬁzitl

cal i brated gnshd Dadadnas filbrdesaibed hoamin RANMP23 mapy pnadedssatherslatagtractyres pagnt

to the custoner. Other variations ul | so ossible. .1t il .
under st ood tsteaageallacetions (pat sHewWph £4 agﬂﬁ‘éq ﬁftcgg“ iBa R ks °€§Jé‘§§§‘%‘?%e
conput ati on aﬂ’% sgl ection of a next operation fromthe queue have not been
descri bed i 0 HEHOS,

above or shown in the figures. In fact, a . disk drive
typically perfornms nultiple concurrently executing tasks, of which

sel ection of an operation fromthe queue is only one. A typical. disk drive
responds to many Adthongl esrain Jigk driys 9"@31%%%‘,“‘7%%‘15@%5?628 ’g)r?é{?/’il&paﬁ’%}p e
very conplex, exch Qi | cti Rasddubery elcfiiitd, 6t sFMd bé eps;
etc. These (:T'Sqaégfif:ﬁ#@gtgqgségwe?ﬁﬁi%g@dyghﬁ hgﬁedescriupti'on herein for
clarity of ignlstslobditiaPMeseAesibyt wayal de@aibingibe prefeored embodiorent anly, andé wald i nes

executed to inplenent the illustrated enbodj nents of the invention et her
i mpl enent ed bagpopsible topragticohe PARSFRGNESLIOB HSHE gggérwﬁucgbgﬁmegtﬁ % H&p’r

program obl FetilRHH! &RacSEINEARS. MopbIRie SARRCAIRARk Obia cledufite o n

as "progra rans e prograns typically conprise
instructi On%ol“?bﬁ&lts MMAR R filg@6ntAd1iér 20 chirmel 102, sehwo cntroller203; eic.asshownim t he
devices or systens in a conputer systemconsistent with the iﬂ/l%nti on
cause t hose Rigvl a=disaetesptitienfor ilusprativeopurpesss and dpat one 08 53016 1 {15SG5aY BEe
steps or generate el enents e dyi ng t.he vari ou t h

i nvention. Mombinedras a fingle W%P’ H&Q%Tyi B rerpied 1e§n1§ rﬁglgglfen%f) ?‘gelgé'vﬁ ?Jrgéﬁ&t’
descri bed in,th I : i B bfiéd & a siapiedrsdutd)ohmas bdi sk
drives, the e\;%{?&é%%%{)ﬁfb%{l?@ )(glfagltwhfe:&f %lgﬂ??xgﬁﬂ%re capgallbl e (;l]!wbei ng
distributed as a program product in a variety of fornms, and the invention
applies equally regardl ess of the particybar type of signal-bearing nedia
used to actually carry out the distribution. Exanples of signal-bearing
medi a i nclude, but are not limted to, recordable type nedia such as _

vol atile and non-vol atile nmenory devices, floppy disks, hard -25 disk
drives, CD-ROMs, DVD s, magnetic tape, and transm ssion-type nedia such as




Al t haugh a particul ar estimted access tinme algorithm has been discl osed
which relies on probability of mss or nake for given paraneter

conbi nati ons, other algorithms are known in the art for estinmating seek
times, and consistent with the present invention, a seek profile table
accessi ble using an index table fromkey paraneter pernutations m ght
contain values, fromwhich access estinmates can be fornul ated, other than
probabilities of mss/nmake as used in the TREAT al gorithm of the preferred
enbodiment. In particular, it would alternatively be possible to use a
"del ta expected access tine" algorithm In the preferred enbodi nent, the
servo track formatting as described herein is enployed in a rotating

R i et : . ; _ . ' ed

b dri Jplemsaigas Mo BRES AW R el el iR REOMCY bR °

removabl e dkSkultByd Qrade tcihdlogies:e0); 4 baiitidn SORAM 228 naaycheckdtic RAMOWEEE i N
n

)
tracks on its su&’f ace. In the preferred enbodi nent, the data recordi na
| d

tracks ar e anctherepartion is dynamisr RANE i1t shawddyiusther theeungderstoqdnthat theprgfesrs

so b iral t i f i ' i iqn h

boon o ool alatstgh SARQM RhadUE0 B ARRE0: in FARCSH B Yos) b Lhifeddiy RUAGE Nas

those skil Itﬁﬂn&lﬁﬁ}, lRd Widt ab Rdinorgl tichhelogibs deakloptit mag be praferable andsedesingle Mmay
e

be made within t scope of the followng claims. -26 CLAIMS 1. A
rotating naspmelithic diesioryl sucheasdnemvelpile RdMyoyiserme othsisembinggon gf memory i ve

base; a rotatahly noynted,disk and i | V.3: 88} j ipndl e
assenbl y cé‘??&%“ﬁl’)lgé’ﬁﬁ !?Stfoélégtfmgl?férbrei 'S'Ff(ﬁ&gl skt.ijl o?%é%éirl%??{gveg%gﬁet i gtgl y .
encoded datg 0f36 al GREEstAHIGSHIthegesedl invaitibndiavé Beatontine] frigiRigsdl akd 2 a
novabl e actuator supporting at | east one transducer head, said actuator

posi t i oni ndorsdarity af illustaationone transducer head to access said magnetically
encoded data on said at |east one surface of said at | east one rotatably
nount ed di sk; a controller for controlling the operation of said disk drive
dat a stor agg. Ay skeripind controller maintaining a queue of data access

operations and Sel ecting operations for executign from sai u rdi ng
to an estimat ed RAMER 1si the generah avorkinp StAragroussh diyasomtpdler ggﬂdelg/gmaﬁgfl er

accessing a see rof.il e .t abl i id i abl e
cont ai ni ngP¥ ff?@?’g?lﬁﬁ)s%?mglﬁ? &g%%?blggngh{bgﬁj}a %égjé‘?"rhé‘?gg’%é;ﬁﬁ‘%&td%& ggédgg%gct ive
seek profi by t@nfiosstistsi Rdegepahlo6 RAMID2S Bityygcallypllucatd foy ussfasamead tegter each
entry corresponding to a respective set of acgcess éxglgr atfi on par an;geheffo

val ues and (edrsheivnl, ikg- £0ry§§mérq"rlﬁd_ét?flﬂ@détﬁ r%‘%tﬁ?/mianl Perlacg ard Jpigh ity
profile table Cmiaﬁwﬂgétﬂ%oghezgigﬂwﬁm ¥8 8 elloOfePER A5 29 BRA AbbRY

par amet er 3??1'%15‘? erern sail troller estimates said access tine of a
dat a accesgpemfseqican2by Queay 224 stess pengingiataagersx opeastions eeeivgd fomedegondi ng

Val - of t Re PR Je R bRRERAHE PR AP PR bar s s o R 28, o7
entry. Zgg a{lf&%@g%ﬁtﬂ& JriGo G WESPRR dichbrs §ke Riavhildbie. tTakbRe afplemehatian] | mat e
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

-13-



-27 2. The rotating magnetic di sk drive data storage device of claiml,
wherei n said noveabl e actuator supports a plurality of transducer heads,
each head accessing magnetically encoded data on a respective surface of
said at |east one rotatably nmounted di sk, and wherein each said set of
access operation paraneter values includes a value corresponding to a
transducer head for perform ng the correspondi ng data access operation. 3.
The rotating magnetic disk drive data storage device of claiml, wherein
each said set of access operation paraneter values includes a val ue
corresponding to a direction of actuator notion of a seek operation for the
correspondi ng data access operation. 4. The rotating magnetic di sk drive

data storage dewiie Gfwcl BiRidy MOCLALD EAAD ra@hd 35! thehode aye Bk on

par anet er ype of a access operation. e rotating

magneti c di%&aﬁsﬁgfe Clatnaligt READe iddichted 1f atlopentidy soquenes mumbehwhishdiss et
of access operation paraneter values includes a tenperature of said__. .
rotating ndpoementedifos kachrequestad pperation. apby dupeHanper by geme gthst meapsndbiset i ¢

di sk drive data, storage vice of claim i i | er
dynanmi cal | yn{jfAfiopgan Sg}li?ggo AHeSams plreﬁlﬁr&éﬁ tét)\l,)g?agé 8#6!.?8 @ﬁg% g‘tggiu F‘%&g magnet i ¢
di sk drive data storage device of claiml, wherein said controller

estimates said access tinme by further (d) determ nig{g a seek di stance and a
required | atencyn the)prefetred embpdigneat, (e Yaxious dalples 2 28%r‘f5§%6‘8h6"?‘%g"‘f“6 said

k distance, and (f) deternini. 1 i
Detween sacaaih dscerreleg e Yulfls AR uBiEivt ofRalon Buflibi GRS
excess seelndl jdifol Gl ferthiftinds g aidore0 i Expondatiigmannic opuoésched hab e

entry to estimate the access tine. -28 8. The rqtatiq}q magneti di sk -
dri ve dat a oftterdiskend badedfrom the diskinto RANEHPOWCEEP Hme o hable Which are dynamies ( he

access time, ,according tq a.ti. _ Ig&ng gd access tine
al gorithm 599‘5 a#@#’ﬁgﬂyegfeg?)&é@{}}i}ﬁ?%té?’éﬁ%gﬁr%id e g]{@gﬁ%t or age devi ce,
conprising; maintaining a queue of data access operations for execution;

for a plurality of data access operations onb ?ai d queue, determni RfH2
respective esti ﬁﬁri@ds@blgggxquommltagpmdescnbed elow express time as a number of SIDs.

It will be observed that, for a disk rotating at a constant velocity and SIDs equally
circumferentially spaced on the disk surface, the transducer head will pass over 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
225. Nominal seek time table 225 contains a plurality of entries, each entry containing a seek
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 seck 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., fora 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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(a) accessing a respective entry in an index table corresponding to a set
of access operation paraneter values of the correspondi ng data access
operation on said queue, said index table containing a plurality of
entries, each entry corresponding to a respective set of access operation
paraneter val ues and containing a value indexing an entry in a seek
probability profile table, each entry in said seek probability profile
tabl e containing a respective seek profile; (b) using the value of the
index entry to determ ne the correspondi ng seek profile table entry, and
(c) using the corresponding seek profile table entry to estimte the access
tame of the correspondi ng data access operation; and selecting one of said

Dl " st | nenostinalgeies dn e TG Rt Ho® Bielons demietbdghrl it pofPosile SRR Aot o
operating 38‘2@%‘ 1%&%%3?@&916%85%@3&1%}6 hR sedk Eh%}lm fhe nohekapidek Sindedatsle sk

drive incl e actuat or supporting a urality of transducer
heads, eachp cRfreé smbodinteat o iséek lemgtheiard parmetasrindepeadspbexieapt feofi sk

f f id disk drive, d wh [ h id t L of ti
par aneter eesktise). b AR N popEpHSeRh e 4Rl G b o U PR b RB AR
performng the C%%E;Sﬁﬁﬂ%gkﬂﬂ' Vb rﬁ&g@d%,se.gpﬁélﬂfdii&ﬂy colfeting debk tikle@tabBfidtod Of
r a

operating SRR e ve a storage device of claim9, further conprising
the step ofgshyAaialeadd operttidas duringuhiveoperations andideteroining tablevalueg fromibeseet hod

Stepof dynsmitied. Aemptizely agoed ceek ipve A g estn SN e EaHBieh e oy

sel ecting sets.of .acces raki AEL RS | fE8a ' fleg I N
an expansi df @351‘@8“%@}5%@%31%?% et er nl?‘rriﬁt%g’ ar é%g%éﬁ@gﬁgsg‘eetkw%r ofile
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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. Asa result,
the time to “settle” on the track toward the end of the seek is longer fqr 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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parameter values. 14. The nmethod of operating a disk drive data storage
device of claim1ll, wherein said step of dynam cally updating values in
said index table conprises dynam cally determ ning respective seek profiles
corresponding to selected sets of access operation paraneter val ues by
convergence of operationally collected data on each respective seek
profile.. -30 15. The nmethod of operating a disk drive data storage
device of claim9, wherein said step of, for a plurality of data access
operations on said queue, determning a respective estimated access tine,
further conprises the steps of (d) determ ning a seek distance and a
required | atency; (e) determ ning a nom nal seek tine corresponding to sai d

k d d I ni
Between sai dr eqaitpd WHELAER iSRRG e uutedt sate fnaases Ga
excess seek t nqeiéxtl:’rﬁqurt‘i‘ﬂ%ﬂb@?élfa%f)‘?eﬂgoﬁ@hﬁcxﬁtbel) of using the

correspondi ng se profile table entry to estimate the access tine of the
cor r espondiSegk dixbationc Bresto opeowt fooses obGhe Atteatog tihudy shioeplastat deygndingionk

Corr espondi ng. setietr gha ek tsdf e BNERAFiSTRE (PHERe Rk Boflen s thgpiovard
estimates the acge rfdt&@arﬁ?l&%ﬂér'&ﬂgé &f the HisRE- based rel ocation expected
access tine algorit -31

Radial head posztzon. The actuator may seek faster at certain radial positions or zones than
at others, so that a given seek length (in number of tracks) can be accomplished in a
varying amount of time, depending on the range of tracks traversed. E.g.., a 100-
track seek near the inner diameter of the disk may take more time than a 100-track
seek near the outer diameter of the disk, which may in turn take more time than a
100-track seek mid-way between the ID and OD. Actuators are generally designed
for optimum use near the middle to the OD, so seeks in this range tend to be faster,
although this is not necessarily always the case. 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 actuétor rotation varies
across the 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 affect 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 may
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 radial head position are used as key parameters, it

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

index table.
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17. A control program product for a disk drive data storage device,
conprising: a plurality of processor-executable instructions recorded on

si gnal -bearing nmedia, wherein said instructions, when executed by a
processor of said disk drive, cause the drive to performthe steps of

mai nt ai ni ng a queue of data access operations for execution; for a
plurality of data access operations on said queue, determning a respective
estimated access tine by: (a) accessing a respective entry in an index
tabl e corresponding to a set of access operation paraneter values of the
correspondi ng data access operation on said queue, said index table
containing a plurality of entries, each entry corresponding to a respective

set of access operation paraneter values and .containing a val ' | 0g an
entry in a seek [ndshdbile226ydgntiies.fer qagbﬂ’eé’,"“@é‘Bﬂot'ﬁ?PV msleatf%c}% Elgge?%g%feg
probability profile. t.able Pl RREhied 8s SO0 inXeek ploBabiliy)prefile Ng
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tabl e entry,.an6)f Ghe bt defirify & protabliongiafde fxelne or afdrk scts abkey paramptero
estimate the access tine of the correspondin .dg:t.a tgccegs.o er.at ijonz;l ﬁ)nd
sel ecting owalued. Bexi tablai22f istopnespteptlyllgst ndig b3 B ASIPRINRL AL £ or

?égc ution b%lsa(rai?y. onrseggtgpl%,s TR 1EbrREFSNS td thEkePbarhiiBtefMldesATHRYR, BRAAIAET ON.

Al {.A SE. A?ga(ﬁ% f‘i\l(*‘Hf!Z,- Aek Airéetidninviird Agveardhe IRNSINK) and ppaxgtiomtype m@. Al A
AATLAAATAAQATS2. A TAR. Ah A 1 {34

{34} -
W %g| wr nthc] IRV Row] 407 consropdsiosh key Resreeipaves FRANCH, cuppip OsI MRS ca
a] ca] ca] ca] %?]sc%?c]d(l;r% &? ﬁ;lx?vaa]r&ea% %%eq]aﬁgll %Ie%tg Column 403 corresponds to the seek

target data sector lying in a cylinder in the range R through (2R~ 1), where R is some
predetermined number of cylinders in each zone. Although Index table 226 illustrates a
constant size cylinder range, it would also be possible to use variable size ranges, i.e., each
column in table 226 represeﬂting a range baving a different number of cylinders. Entry 404,
which is at row 402 and column 403, represents the index value for the key parameters: Head
number 2, inward seek, write operation, and target cylinder in the range R through (2R-1).
The value “7" in the entry represents an index into arow in seek probability profile table 227,

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

Fig. Sillustrates at a concepfual level the general structure of seek probability profile
table 227. Seek probability 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 s used to access it, and contains a plurality of excess
times over nominal (expressed as ASIDs), each excess time associated with an expected
access factor (illustrated in Fig. S 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.

-17-



- 1=l AZH

"?24.%)o)Vv))*,-q..GFj//zupkfa\Wca] ca

3]4&2] E?%%";‘]?fg]g??l féé %a?] ﬁafaL ﬁﬂ caQ]Acqa] c?} gzl\acggfggsfla]c;]a]c;?/} 23 f ? ]1881)8?{]1;?2]2(2:;!2
) i < wr | gb] X] ] ca] ca] ca] caV] ca] ca] ca] ca] ca] ca

a]J ca] ca] ca] ca] ca] ca] ca] caV] ca] ca] ca] ca]ca]ca] ca]ca]ca]c ! b

UZ[ [\ ] aaddggghkk FmNmRnnoEppqr uu[ {} | wmhc”Y] ] ] ca] ca] ca] C:] i4x B B o Bcivi

ca] ca] ca] ca] ca] caV] ca] ca] ca] ca] ca] ca] ca] ca e e o Ca]~

;;{:;/} ((’:/;:H wr ngb] Xmhc”Y] ] ca] ca] caV] ca] ca] ca} gg} gg} gg} gg} gg} gg} ggllﬂcgll]cgg% ((:gj] C

e nhc’\vj ca] ca] caV] ca]caV]ca]ca] calcaV]ca]calcaVlca "*% uL{-%);

NS caLﬂJ] ](:Lizgl‘i:agﬂi‘i:a] ia]g]iaé\}(;af]?:}:,a] ;:llz%] l%?l&;a] (?a] caj ca] ca] ca] ca] ca] ca] ca] ca]

o[ U dcw vgl gb] X] caﬁpca%%a‘];ca?ca]eca]ﬁ?a? ga] ca]chél]l%;]vgglfggiflcc;]mcgldzztaglg\%j?ga] caj

ca] ca] ca] caj gafhe alipbiradpedjutationa pt tif key paramelef Oapy-va uepXigsignificantly greater

n}xsni d_Z ’

e o o o s i
~ xsnid nid . .

calc ?] calc a’]’Eaé‘f@?ﬂt Eiﬁtﬂcl{a)}”g(gr@g'}gﬁlgg%mc aJc a%gg} lggké}@ﬂlﬁﬂmqﬁ&mam p2 2] cal

W dB! * 10%E2Eigafy) uséd Fo4Ruliiplespetiniitationy oDBa0p@EApFics Yalugs. ($ugh arpargangsmeniq el |

109%& () -, & 109%&'() - F10%&' () -, 10%& () - V& () -
410%& () - 4}a1]§!W§O§Ig m@p@i@psgrg@é&@‘yéﬁ%%égﬁ‘ﬁ% }hafdxyglcwqpossible ifa separate

11109 ()-3s109&. () - | R @I 0! . .
10SF7 9/'0}0,%@ r%?q@i%%f %%er%gﬁgsz ) - ev]f\,i?r ke ‘?sci*?i_io Ve () - 98 by i
Lone, 0 /egcl E) ‘?J?;l.g?e%; i.‘?,?/@/&aflnkl%%/g@&mf dl)\re]lﬁﬁ@ig( 12 hegts and dipided into 16 concentric garget
- - ! ‘() - UR () - - :
cylinder range zones for pglz'po'ses'sl_o'f gy/f)&aré.x}let!er@ aiL t%%'ﬁ‘o% ")6' SindSk ehtties are]rzaéldﬁed

in index table 226. Because these entries are only indexes which point to a row in seek

probability profile table 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 requirements would be 768 times
the number of bytes in each row. The problem is compounded if the number of key
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 2238.
Expansion table 228 isused 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. Exbansion 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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a rotating basis rather than collect exhaustive statistics of all data access operations.

The table representations of Figs. 3-6 are used for clarity of illustration, and do not
-~ necessarily represent data organization in memory. The tables may be organized in any
manner which will associate the various values to support rapid determination of a table

entry, given the corresponding defining or parameter values.

Operation
In operation, a control program in ROM 222 executing on processor 221 causes the

controller compute expected access time (EAT) and select disk operations from queue 224.
The key parameters of a given data access operation are used to find an index from index
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
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 jllustrating 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 operation 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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sumber of SIDs between the end of the currently executing data access operation and the

beginning of the selected data access operation, and the seek distance is the absolute value

of the difference between the cylinder numbers of the two operations.

The disk controller then determines the nominal seck length (in cylinders) for the
given latency by referencing nominal seck table 225 (step 802). L.e., this is considered the

niaximum possible seek distance given the available latency.

If the nominal (maximum) seek length is less than the seek distance (step 803), then
it is impossible to complete a seek operation to the target data sector before the rotation of
the disk has already moved the target data sector past the head. In this case, the head will
have to wait another full revolution before it can read 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.

Ifthe 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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are used to find the corresponding index value from table 226.

The index value obtained in step 807 is then used to reference a profile (row of
entries) from probability profile table 227. From this profile, an expected access factor
corresponding to the ASID value computed in step 806 is determined (step 808).

The expected access time (EAT) of the selected data access operation is then
computed according to the equation (step 809): |

EAT = Latency + (Probability_of_miss * 1_Revolution). 1)
The Latency was derived at steps 801, 803 and 804. The remaining part of the formula is
derived from the expected access factor, the derivation dependihg on the form in which the
expected access factor is represented in memory. The expected access factor could be
represented as a simple probability of miss (as shown in Fig. 5), in which case the remaining
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 SIDsina 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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With the EAT of the selected access operation computed, the controller then
determines if there are additional access operations in the queue (step 703), and if so, returns
to step 701 to select another operation and compute its EAT. When the EATs of all

- enqueued operations have been computed, the “N” branch is taken from step 703.

The controller then chooses an enqueued operation for execution after the currently
executing operation (step 704). Any of various algorithms which in some way use the EAT
values may be used. As a simple example of an algorithm, the controller may choose the
operation having the lowest EAT value in-all cases, and in the case of a tie, xﬁay choose the
oldest operation in the queue. However, thisal gorithm may have a tendency to starve certain
types of operations. E.g. an operation near the ID of the disk may sit on the queue a long
time because the actuator is executing many data access operations nearer the OD having
lower EATs. An alternative algorithm would establish relative priorities, in which both the
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
addiﬁonal 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

operation, 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 5ccess 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
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controller then returns to step 701 to determine the next operation to be executed.

Preferably, tables described above are individually and dynamically calibrated to disk

-drive 100. Any of several methods for doing so may be employed, of which two are

described herein.

In a preferred embodiment, the values in seek probabiiity profile table 227 are
determined by the disk drive designers and are fixed for a particular model of disk drive. Le.,
the drive designers experimentally determine a representative sample of probability profiles
for inclusion in table 227. Calibration of the drive then amounts to determining maximum
seek length values for nominal seek time table 225 (as described earlier), and detenniniﬁg

index values for index table 226 which will point to the appropriate rows in table 227.

Determining index values is accomplished by using expansion table 228.
Specifically, a set of key parameter values is temporarily assigned to one of the 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 the table. I.e., in the column entry corresponding to 75%
miss probability, the ASID value is incremented by .25 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 P 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 |1 may start out larger and become increasingly smaller for rapid convergence,
or may be a constant size. It is expected that [ 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 are illustrated as floating point values; however, for ease of computation,
these could be integers representing a SID value times a multiplier, and which are dividedS
by the common multiplier after convergence has completed. Once a sufficient time has
: elépsed for convergence of the ASID values in a row of expansion table 228, these values
from the row of the expansion table are compared to each row of seek probability table 227.
The closest match is chosen as the appropriate index value for the set of key parameters, and
this index number is entered in index table 226 corresponding to the set of key parameter

values used to generate the statistics in the row of expansion table 228.

Expansion table 228 has multiple rows to permit the collection of convergence data
for multiple key parameter permutations simultaneously, but it is expected that the number
of rows in expansion table 228 is less than the number of possible permutations. Therefore,
convergence data is collected for the various permutations on a rotating basis, which is not
necessarily equal. In the preferred embodiment, perrhutations are chosen for expansion in
expansion table on the basis of frequency of access. L..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 vélues 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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possible to continually adjust the values in the rows on a dynamic basis.

Additional variations of the above calibration procedures or different calibration

-procedures are possible. For example, instead of loading all disks with initial values fixed

at design time, the drives can be individually calibrated and loaded as part of a manufacturing

process, before shipment to the customer. Other variations would also be possible.

It will be understood that disk drive operations unrelated to estimated access time
computation and selection of a next operation from the queue have not been described in
detail above or shown in the figures. In fact, a disk drive typically performs multiple
concurrently executing tasks, of which selection of an operation from the queue is only one.
A typical disk drive résponds to many different types of commands; responsive behavior may
be very complex; exchange of information with the host may require many steps; etc. These

details have been omitted from the description herein for clarity of illustration.

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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disk drives, CD-ROM’s, DVD’s, magnetic tape, and transmission-type media such as digital
and analog communications links, including wireless communications links. Examples of

signal-bearing media are illustrated in Fig. 1 as disk surface 102, in Fig. 2 as ROM 222.

Although a particular estimated access time algorithm has been disclosed which relies
on probability of miss or make for given parameter combinations, other algorithms are
known in the art for estimating seek times, and consistent with the present invention, a seek
profile tab_le accessible using an index table from key parameter permutations might contain
values, from which access estimates can be formulated, other than probabilities of miss/make
as.used in the TREAT algorithm of the preferred embodiment. In particular, it would
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 used in aremovable

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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CLAIMS

1. A rotating magnetic disk drive data storage device, comprising:

a disk drive base;

a rotatably mounted disk and spindle assembly, said disk and spindle assembly
comprising at least one rigid disk for recording magnetically encoded d‘aia on at least one
surface of said at least one rigid disk;

a mbvable actuator supporting at least one transducer head, said actuator
positioning said at least one transducer head to access said magnetically encoded data on
said at least one surface of said at least one rotatably mounted disk;

a 'cdhtrdller for controlling the opéfatidn of said disk drive data storage device,
said controller maintaining a queue of data access operationis and selectmg 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 co‘xitaining a plurality of entries, each entry corresponding to a respective
seek profile, and said index table containing a plurality of .entries, each entfy _
-corresponding to a respective set of‘ ac_cess-oﬁeration parameter values and containing a
value indexing an entry in said seek probability 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
parameter valﬁes, (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.
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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 rotatably mounted
- 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.

3. The rotating magnetic disk drive data storage device of claim 1, wherein each said
set of access operation parameter values includes a value corresponding to a direction of

actuator motion of a seek operation for the corresponding data access operation.

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

set of access operation parameter values includes a type of data access operation.

5. The rotating magnetic disk drive data storage device of claim 1, wherein each said
set of access operation parameter values includes a temperature of said rotating magnetic

disk drive data storage device.

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, (¢) determining a nominal seek time corresponding to said seek (iiistance,'
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.
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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.

9. 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
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 probability profile table, each entry
in said seek probébility profile table containing a respective seek profile;

(b) using the value of the index entry to determine the corresponding séek

profile table entry, and .
(c) vsing the corresponding seek profile table entry to estimate the access

time of the corrqsponding 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 dataona 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.
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11.  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 dynamic update in an
expansion table;
(b) dynamically determining a respective seek profile in said expansion table for
each respective set of access operation parameter values selected by said step of selecting

sets of access operation parameter values;

(c) matching each dynamically determined seek profile in said expansion table
with a corresponding seek profile in said seek profile table; and

(d) updating entries in said index table corresponding to each respective sets of
access operation parameter values selected by said step of selecting sets of access

~ operation parameter values to index the respective corresponding seek profile in said seek

profile table.

13.  The method of operating a disk drive data storage device of claim 12, 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, whérein
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..
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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 seck 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.

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.
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17. A control program product for a disk drive data storage device, comprising:
a plurality of processor-executablc 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 opérations 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
60ntaining a value. indexing an entry in a seek probability profile table, each entry
in said seek probability 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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