WO 01/ 15161 PC /USOQ 23135 | NTELLI GENT PONER MANAGEMENT OF DI SC DRI VES
Field of the Invention This application relates to hard disc drives and
more particularly to an 5 apparatus and nethod for intelligently

control | i ngvotmasppwer consunption of disc drives. Backgrpgfitsgahsizhe

I nvention Portable conmputers operate on battery power. Accordingly, the
duration for to INTELIIGENT BOWER MANAGEMENTAQEDISEC DRIVSe its battery ,
must be recharged is. governed by the |l evel of current which is drawn from
the battery, and the total charge the battery is capable of storing.
Because it is desirable to prodyg8dartidniaiioa conputer which possesses the
capacity to operate for |ong pertods of tine before its battery nust be
rechar ged, devel cBrsapplicdtion relatestaherdidissdsives andirhorepartieularlytogin zi ng t he tot al

charge cayried by such tter nd onxinimzing the current drawn from
the battety. ap@ﬁ%ﬁ 3 ﬁwg%?gor&ﬁ?lﬁg?ﬁy cPlétf%{ﬂé%&lF B°Y?{g°1§5&ﬁl3ﬁ%“ ?}?&s&ur rent,
power consumgvyeen and current consunption will be referred to

i nt erchangeably. One way in which a conputer system nmay be designed to draw
|l ess current fromits battery is to provide it with a neans for

automatically identifying dor ﬁqﬂ nts, so that those
subconponents m ght be put i ey Ql ¢ g tion state or turned off
conpl etely. For exoaable Gomputerd Bputite bn Batkedy PowdFRAccoddinglpthé @uritem fbo
automatically disable itself, so as to cease drawi ng upon the battery,

upon di s&r nwhigh ¢ pertablerompytep miax pPasate befarcdis\hatieny ugiherechasgad isf or a gi ven
period of t}j ' ' | quml{c] L larly
controlled i%%g%ﬁ&g%‘)gi’gf\%gﬁ t%}%@%é@gf?xi y fgga\jt\nte{r:%x%&lﬁ'?gdﬁ fromthe
conput er' s bekatgenlye battédytibicapable af slorig. dBecaase\dt ik desfreble toagrbduceat be entirely
powered down whjle a portable conmputer is o erat%on?, It may _be commanded
to enter pr lejcorpyter PosES368 the IPRAIBAI PRSFAIR fon Jopg Perods PRME 1 anspi r es
since the | [ aﬁepjﬁlg & WekEe an action
(such as re;‘?foor%h\%rﬁlte g‘f?%‘%é%ﬁ"dggﬁ}rﬂﬂ’e, |?£ ggg%‘;eg?d\}ﬁg%qgmunt of time
transpir & snmdimizidgthe total ehdngescagied bytsech abatteryyrendcn minimiding the cument  power
down sonme of ,its.conjrol cirguitry, .thereby entering a | ow power

consunpt i on CFER g."mgé%%r'ﬁeﬁ’g Sé‘??ﬁﬂ°%ﬂ’r’%&ﬁ°ﬁ§¥"tl?t§#§é$ersg§”ﬁff Lthe drive

bei ng power consumption and current consumption will be referred to interchangeably.

One way in which a computer system méy be designed to draw less current
from its battery is to provide it with 2 means for automatically identifying dormant
20 subcomponents, so that those subcomponents might be put in a low power
consumption state or turned off completely. For example, a computer display may
be configured to automatically disable itself, so as to cease drawing upon the battery,
upon discerning that the computer has received no user input for a given period of
time. Disc drives in portable computers may be similarly controlled in order to
25 avoid unnecessarily drawing cutrent from the computer’s battery.

Although a disc drive will | generally ot be entirely powered dowi while a
portable computer is operating, it may be commanded to enter progressivély lower
power consumption states as time transpires since the last time the drive has been
commanded to undertake an action (such as read or write data). For example, if a

30 given amount of time transpires since the_ drive has executed a command, the drive
may power down some of its control circuitry, thereby entering a low power

consumption state. Assuming even more time transpires without the drive being
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1 WO 01/15161 PCT/USQOQ 23135 comuanded to undertake an operation, the
drive may additionally turn off its servo capabilities, allowng its heads

to float atypH.d=-dianeter, thereby entering an even | ower unpti on
wBlotélbf , y €l 9 PV g&;f] nmp
state. In very Ilow current consunption states, the heads Tnay %’ g%ded on

Lo the ramp. cghithshitd 18 Bhdiuks SbpRFaribR b drivethd)MdaftiohallyHith GIf REAHD S
definition of each power consunption state (1.e., what conponents and/or
capabi | i ti es capabiliies] alowingdts heasls itoy float d) midsdiameter, thercbyfenteting areeveht shoul d be

noted that ag a disc drive enters .progressively |ower wer onsunpti on
states, it V\nﬁ‘l"T’errPQHﬁ'i %s‘ﬁ?ﬂf’ﬁflégg?r \;EIV |1%‘ﬁ§m§?1156*88“‘6f§%* °‘ti’8a$et urn to a
full pover stglyfe3adbdan to the ¥indp), aftiNGE spifidle ok nith b8 tirledof CThepreciseommand.
Longer 10 recovery periods are required to return from | ower power

consunpt i 6n sleBnitien ofrachipayecr vorsumption siate (ig.whatreamponents andferner ed, t he

spi ndl e not or ..have to be  retuyrned t r . speed, and because the
heads m ght ﬁ@%ﬁ%?&@fﬁeﬂgaﬁﬁ?’%ﬁ‘géﬁam%f't%r%??ﬁocer’ anp. In the past, disc
drives in portabl & sheul®bé Asted thav:s aeirve shigRQebgrasitély ldwdpboweon i nt o
progressively | ower power consunption states based upon the tinme el apsed

since the | asensumptonstatesriiahil] roguire pragressiyely hangey pesiods ofifime togetumdnas di sc

drive, a ti ' . i . ] d s sent to
t he drive. %l‘t’%’é&s ?‘?retésro qﬂn%éﬁglgggg? ‘I\lé'rll{%bgsth%f %ﬂ@a21 c%%ﬁg@gp(l)‘h ng state is
entered. 1bhi SecoPéry pedigisare requitet] teicthdh Gomidywed gowei conkumption states t hr ee

different | ow current consunption 20 states are shown, While a_disc drive
i s execut i ng PECHSRIAGKS sub-girquits mystberrgppwtsthethe spandlg motopmay haye take execut i on
ceases, the tj nbi%ur | t bei ng set
at 0 nms), anéét{gﬁﬁ ir‘@t oﬁ%ﬁgg%dagﬁ%%ﬂn%? ?%ﬁéhg?é{cgﬁf%dtgktgm%d Simlarly,
when t he ti mfiom/ht mmmeet s the second threshold, a second | ow current
consunption state_is entered.. The s nd | ow current cons tion state
requires the 25 d?%@emé'%cgﬂvﬁlﬁﬁf’ﬁ%’gi : VF_E%&F?@“ tery than does
the firstysl OWapd#idrfiRio proRBSvER16WE poivel Ghsurition Stated BheauBch 1Y tildes | OWer
position on the vertical  axis. Each threshold corresponds to entry into a
gi ven st at e, clapsed singe thedast tms g commandiwas seatfaithe digs drivaain sugh g discir r ent  be
drawn fromthe systenis battery. |ln a_ ¢ ntional. disc drive,..these
Var 1ous. & hr e 8FeH §OE s teedf il b ol AR UG oniib it el 10 Y i,

As the timer meets a given threshold, a corresponding state is entered. This

principle is illustrated by FIG. 1. In FIG. 1, three different low current consumption

20  states are shown, While a disc drive is executing commands, it is in a full-power
state. As soon as execution ceases, the timer value meets a first threshold (the
threshold being set at 0 ms), and a first low current consumption state is entered.
Similarly, when the timer value meets the second threshold, a second Iow current
consumption state is entered. The second low current consumption state requires the

25  disc drive to draw less current from the battery than does the first low current
consumption states, as is indicated by its lower position on the vertical axis. Each
threshold corresponds to entry into a given state, with each successive state requiring
that less current be drawn from the system’s battery. In a conventional disc drive,
these various thresholds are set at static values.

30 Under the conventional scheme of power management just described, it is
likely for an undesirable situation to occur: the disc drive may decide to transition to

a lower current consumption mode just before the host issues a new command to the
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30 Under the conventional schene of power managenent just described, it is
likely for an undesirable situation to occur: the disc drive may decide to

transiti Giobfhisiéy | ower current consunption node just bef ggi: &%pﬁst | ssues
a new coomand to the 2 WO 01/15161 PCT/USQQ 2313S disc drive. this

scenari o, {i3eddve. I ik kdeni, Bhe drive wil\ehier thell6voétcufre Tofiippion Hode and then
I mredi ately return to full-power nobde in order to service the new conmand:

Two undesi aubthen immediatelygeturnctafelbgowsr medednorder tonservice thenewt |, extra power

i's consumed in sitiond | . [, CWtrent consunption 5
state. Secg?{ﬂr,na#‘;‘?%%%?%Flﬁﬁ%ée&egfs%%“%?@g : IIBIE‘\II%QI*Q@SI 'eB‘LFS‘dS’HI,a because tine
IS consunpéwerlis édndmed inGtfinsigiohiRg &ahdaiit oDthe 1dWeer lcoi&it cobafptipt | on state.

Summary of the Invention The nethod_and apparatus in accordance with the
present 5i n¥atst Se¢PdoVQ psriormance ef the disedriys is dpgraded, basrusstimeds ot her probl ens
by control |Lj ' | Fggﬂn' ' conput er based upon
statisti caF‘j’ﬂéﬁrgrggigﬁ?ﬁsa?ﬁ% 0 ré%gﬁtthellj%lée?%ol sc\bﬁgf(l:?:%%'s. This is
acconplished by a disc drive that initially instantiates a set of

threshol ds, each of which goverp transijion into a correspondi ng power
consunption node. Next, the digi'ﬁﬂﬂmé!&égm D at intervals, the tine
span since the ﬁi@e@ﬁ%mgq@%w%mémmp%mﬁﬁ{west0 recei pt

of a new comand C drive, the disc drive I's progressively
t r ansi t1p onthe aforcroentioned problser andwthen pysblems bywdatolling power copsuimptienl t i ne span

since the [ast. command was i ssued neets. ea SuUccessi \, t hr eshol d.

Pl ot e, PERGiSEERAG ol RS RSBl el REE ofpren HeREditL | s

sur roundi Ngedefte THASAS WécdEhplibhivl byRMiscaiive Gt thstiAl ihasidtey B8& ofhe neasur ed
time 20 span. The invention has the benefit of allowng the disc drive to

| earn the Hiresholds.ceelsaf whish gevery transition inp a gorsespending powes spasumptionn .

Know edge i . ' . ver. ni transition

bet ween po\ji\féyfl&zlg%gzut%?{sgﬁil%%@g%sﬂﬁg%gﬁerg{,iﬁéﬁnﬁxgﬁ P@ﬁ%&cgg}ea({ls éﬁ?‘f’) as to .
optim a8 t washstissusd a berhinend Privaes receipisofapievwoniandbgeke disd die, and vari ous

ot her feat%r%? s. wel | as adyant ages whi ch characterize the _ present

i nventi on WeIHSCHTIVE I5PIPRIRISIVElY JFAnS! P%*’-Qd?ﬁ‘?gmﬁ?ftwgr cORSHBRHNGedsE 8% | ed

the measured time span since the last command was issued meets each successive

threshold. Following receipt of a new command by the disc drive, the thresholds
surrounding the measured time span are adjusted based upon the measured time
20 span. .

The invention has the benefit of allowing the disc drive to learn the disc
access characteristics of a particular application. Knowledge of that information
permits the thresholds governing transition between power consumption modes to be
dynamically calculated so as to optimize transitions between power consumption

25 modes.

These and various other features as well as advantages which characterize the

present invention will be apparent from a reading of the following detatled

description and a review of the associated drawings.

30 : Brief Description of the Drawings

FIG. 1 is a power consumption profile for a disc drive in the prior art.

FIG. 2 depicts an embodiment of a disc drive in accordance with the present
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description and a review of the associated draw ngs. 30 Brief Description
of the Drawings FIG 1 is a power consunption profile for a disc drive in
the prior ) 2 depicts an enbodi nent of a disc dri Vg dance
with the pra“evg)gh,{ﬂl% WO 01/ 15161 PCT/ USO0/ 23135 i nvent i on. Ty dsgsids 7S
dynam c t hr egRehgbndet erm ned based upon a distribution of recent idle
periods. FIG 4 depicts another enbodinent of a disc drive in accordance
with the 5 preseFIG.i3rdepistsiaglynamicthresholibdstermined bassd upen s distibutien ¢fons
conducted during.periods of idleness by a disc drive in accordance with

t he present F‘??\?Ig‘r} egﬁr_mc% G 6 depicts a function calling hierarchy that
enbodi es one aspesplG.&fdepie anftheseibodinineof 4 dise drike iFhdcordénebapiticthe vari ous
sets of circular queues which enbody one aspect of the present invention.
FI G 8 depi cbresentsveniop. of steps which permt efficient calculation of a
mean of a distri [ - LG Lo bt : ' rmt
efficient calcul a?#%n 0 1°§ agi%&sotqgﬁgg‘?%sg%w affggﬁﬂcﬁp%gggﬁf:@eg%? Pgn.

Det ai | ed DesawdispidiiogiinAccbr@ancel with ehelf@esentdnedntiomt ed i n accordance with a
preferred enbodi nent of .the r,esea}_ iﬂ,vention is.shown in FIG. 2. The dis
drive 100 is cont BIG&diepietsisifincion sgjlinghierapahy thap cmbadiss opg aspest the sc dri ve
100 contai ns oRe d m croprocessor 104, servo control circuitry 106,
and an actuator arm assenbly 108. The enbedded microprocessor 104 receive
commands 1br om t heFl Stdepictsivapouscets sHcirciilad guanesiwhich ainbodysortelaepegtéfuat or arm
assenbly 108, via the servo control circuitry 106, in response to a host
command. 25 REPEGFRJIVERHPRt he sake of illustration, that the host

m croprocessor 11fG, iBRpieR aRedsiol StefORRIBI Pormithtffci& ERBNSk oMY andaf T €Cei ved

by the enbedded
of a distribution.

FIG. 9 depicts a series of steps which permit efficient calculation of a
15  standard deviation of a distribution.

Detailed Description
A disc drive 100 constructed in accordance with a preferred embodiment of

the present invention is shown in FIG. 2. The disc drive 100 is contained within a

20  portable computer 102. The disc drive 100 contains an embedded microprocessor
104, servo control circuitry 106, and an actuator arm assembly 108. The embedded
microprocessor 104 receives commands from the host microprocessor 110, and
controls the actuator arm assembly 108, via the servo control circuitry 106, in
response to a host command.

25 Assuming, for the sake of illustration, that the host microprocessor 110
issues a write command, this command would be received by the embedded
microprocessor 104. The embedded microprocessor 104 would communicate with
the servo control circuitry 106, which would canse the actuator arm assembly 108 to
move over the proper track location and then write the appropriate data to the disc.

30  Importantly, while an operation is being performed, such as a write operation, the

disc drive consumes full power.

a

c
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m croprocessor 104. The enbedded m croprocessor 104 wpul d communicate with
the servo control circuitry 106, which would cause the aetuator arm

assenbl y 4@%1kihe1 "OVe over the proper track |ocation andl‘&ﬁ?& se t he
appropriate data to the disc. 30 Inportantly, while an operatio s bei ng

per f or ned, SUChBi\%eﬁdéUﬂﬂcﬁ) §s3f 184'ma dyb@progtaaﬁné&rtbbatmeaﬁuaﬁ%iodl power .
4 WD 01/ 15161 PCT/ USQQ 2313 Enmbedded microprocessor 104 may be progranmed
to put the mrpsrenarslanmump@pmpd@uwmonuWumm@wmshe Wiile a
comand i s [ full power
consurrptlorfps%d(';'g"'‘ipﬁlﬁﬂ%teb%lntf#&l &%oguw%ﬁe%%g’ggg a coﬁ&aﬁa however, the

di sc drive cofiipletionyfd comiid, hﬂwmr,ahé dissdriveol00pmpp werisitiod ia dfipétilewd nmode. | f
the drive is idle for a certain duration, the disc drive 100 may

transi t iSon POWehcoRsWEptinngNeds, Ihbgdrive EH@G HoR & SHainsiEation the disy d’éth s u i ng

even | ess ﬁH&?é} The
required ?gp?ﬁ tﬁ?ﬁtn gﬂ%gge %;ﬁk?low ciﬁ‘ g&%gﬁ en &gs‘gﬁg n | ow
power conswvmlesspommanivdmenai ﬂxetﬁrslldwpow&fwhsﬂmménmade).drhe\teqtﬂﬁﬂ is able

to consune |es lo ther fore be in a certajn | ow
power cons LH?B?‘?B#‘I‘Q W&J‘B"em@'b‘iell@ﬁtt‘? e YR ﬂwwawmnéummq t ant
consi der at '19&lléﬂtahﬂ'ﬁ'@s§9ﬁ@tAtd?chEﬁrGtIOUﬁtabfé@lolaaﬁﬂ%rlé'ss'tﬁant bowér' and power
are consunmed 1 n the process of reactivating the previously disabled

har dwar ®, gherefotd berin@¢entain knyv pewes consumption mode,sbarrda:a@nramg:cmtmnd FIG 3

Il lustrateg the prjnci Ie hat..a Lhreshol d ey m,ned sed 15 upon
the distri M“@ﬁgoé“}“é@ ‘f°8f‘8"r6‘é?‘¥‘8 msm%aﬁwﬁsséw‘aﬂee Bshol d. In
FIG 3, t\Wind 4 powef £8 comsaiel Ptk ProcBR GE Feadting B piéiodfRlished on a
cartesian plane, wth the x-axis representing perlod of i'dl eness of the

di sc dri ve haptyare asiwilhueeg to ke done/in prderioerving asewmand: current consunption
of the disc dri een extended
as a dashed Iln\g&s}(])é) {hﬁ *ﬂggttgyﬁﬁ@]gggf?%@hw c@?@&ggﬁ%ﬁn&y be seen. |

Since | BwW ampobnt ﬂmtdxstﬁifmmﬁpfranmtrﬁidpeﬂm simndunding Gt giventheshold X ISFIB. a poi nt

| ower than ] ow current consu 0, .a.disc drive erating in | ow
current cormsEHDIORITERIfonsEapt egg(ﬂ)gaﬁgarpggglc %Pcmwaﬁ)ﬂ& sc drive

operating 'wﬁtﬂtﬁ&"xfab!fr b ﬁﬂiﬁb?f@&b?ﬂléﬁ@éi%fm AR current
consunpti on node 202sr|€15§s§ | ower current COI’ISUlstIOI’l lgg%h?ha)}%

representing power or current consumption of the disc drive 100. Low current

consumption mode 202 has been extended as a dashed line so that its intersection
20 with the y-axis may be seen. Since low current consumption mode 202 intersects
the y-axis at a point lower than low current consumption mode 200, a disc drive
operating in low current consumption mode 202 would consume less power than a
disc drive operating in low current consumption mode 200. Accordingly, low
current consumption mode 202 is a lower current consumption mode than low
25  current consumption mode 200.

As illustrated, low current consumption mode 200 begins a time ¢ = 0, and
terminates at time ¢ = threshold, at which point the disc drive would transition to low
current consumption mode 202. Time ¢ = threshold is representative of the period of
idleness (time between commands issued from the host microprocessor 110 to the

30 disc drive 100) required for a transition into low current consumption mode 202 to
occur, and is depicted by the dashed threshold line 204. The threshold 204 is
frequently recalculated, rather than static.



25 current consunption, rmde 200. As illustrated, |ow current consunption
node 200 begins atinmet =0, and termnates at tine t = threshold, at

whi ch poi ntywhhenélsc drive would transition to | ow currenlt,%ﬁg#wiﬁg%l on

mode 202. Tine t = threshol'd is representative of the perio eness
(tinme between C0Wmﬁ%ﬂoﬁaueshﬁésqmﬁehﬁs@ﬁﬁtcalamsﬁmeﬁﬁe%ﬁaazbw to the 30

disc drive 100) required for a transition into | ow current consunption node
202 to occuanstahuthnsZ(ldmmh@ﬂBy distribution desived frowshelast # pemied9oft. The

t hreshol d 204 t t th th t at
01/ 18161 peTdetse WhE IRt o aRkE Roo WA R T (R Sorlbbion
cal cul ating tniflet200 85189 dilrrédt4ondiniptibh Bldde 202. A0&einSeach HF tBO A Petiddsof

distribution derived fromthe | ast n peri (Rds of |d| eness which term nated
whil e di sé& dridliersss ipclistrabotion 296W¢G€fplff ag Oprsigdpef idignessenreoundiog e | ow

current cons i ON, 5 idl eness
I n distribut :Hg;ﬁéhfgg ?ﬁsgﬁl?@é é(;g 318 as p@?‘?% gcfhgpgr?;éfrrllgag%tgurroundl ng the
threshol d. " [Qiskitiution bf he 1adDBpérivdaofidlen®ds. A mimhalliidtitamontys cmpiq¢ly oxi mat es
the distribution of the last n periods of idleness. A nornmal distribution

i s conpl et el yleterimined by the e, i, had the standasd deviationte Eﬁmﬂﬁﬂmz(&#m i on 6.
Distribution 206 .i,s. th | distributio

standard dewnﬁW%ﬂ’ ‘ﬁﬂ’éwgﬁg{ie sf%'ﬁﬂeglﬁmg(# tﬂ?@a)t@héeplf ass[ﬁ%&#rlgﬁé

i dl eness. 1oThghelaft ® pefiodd W idlénesss -Thivtabdacsy tHerdsk-Bbtchdd pénsdnrdflamﬂbmon 206
represents the probability that a period of idleness | ess than the

t hr eshol d 204MWﬁPFqS°@%@GPmbWiB¥YéM@é’°ﬂ9¢1@f@W@§ iess trarp the threshokk2Met er ni ned

by requiring t
probability t vﬁgt%%ﬁgl @%ﬁ gges%?ﬂqgﬂ Qe{emﬂ%%gsgﬁ%ﬁiaatn |{. By
appr opr.i at el )Setcah@psmf@cnﬂ(at ihererismb% pﬂibalahtyaha a[gﬂrehpdﬁodxif idiengssivilness i n

the distribution) and x (the probablljtythat rio I dl eness w Il be
| ess than t h@edsss Bang @}'aPPIHE“‘EtﬂVé ef&f EGi EPF’S'/°d§ at a point

where it jss é%%le'séqﬁltﬂe &ﬁﬁﬁuﬁo'ﬂ étﬁ! rbt\(a‘&l&@@lai"é faénoﬁ'b?@ﬁég%é&%ﬁﬂibgt 0 a |ower

power state recelive a conman ave to return
to full pomerlessrﬂﬂnthedmmold);:thetlrésholdmyr‘mrddnmﬁihailytﬁ’r&ahwhﬂwﬁ&élﬁis dynam c

because the s S S, 20 maki.n | ution 206
(the last n ;‘J‘gﬁf‘%’ﬂg‘gﬁﬁe&d‘f @?‘1‘@5@ ﬁs ‘TW“W(?\AP@W’"?E’E& 36!%19 P on modes
200, 202) changRdiagly reivdondnl aRd Eﬁﬂ%&f&ur&ﬂd)ﬁﬂl%ﬁw&smode to service

that command. The threshold 204 is dynamic because the sample periods of idleness

20  making up the distribution 206 (the last n periods of idleness falling in low current
consumption modes 200, 202) change as the host microprocessor 110 issues
commands to the disc drive 100. Because distribution 206 changes as the host
microprocessor issnes commands, the threshold 204 will also change. Values for x
and n should be determined empirically to yield maximum performance. However,

25  reasonable values are n = 30 periods of idleness, and x = 90%.

Because threshold 204 is based upon distribution 206, it is dependent upon
each of the » samples within the distribution 206. Due to that dependency, the
threshold 204 niight be unduly influenced by an outlying sample, resulting in a
threshold value that is extremely high or extremely low. To guard against this, a

30  maximum threshold value 210 and a minimum threshold value 208 are imposed. If
the calculated threshold 204 falls beneath the minimum threshold value 208, the
minimum threstiold value 208 will supplant the calculated value. Similarly, if the
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commands to the disc drive 100. Because distribution 206 changes as the
host m croprocessor issues conmands, the threshold 204 will al so change.

Val ues f owgpe1af@d1 N shoul d be determ ned enpirical I_y to yll%.l.g"@;@%gl#gjm
performance. However, 25 reasonable values are n = 30 periods dl eness,

and x = 90%;1chRfA4ARsHIM 204'allslabiR¢ thembanas tRMb1aVARE 20/ ieon 206, it is
dependent upon each of the n sanples within the distribution 206. Due to -
t hat dependuaaxisaum;thegsholdvalue 1 Gwilhe used minladgef thecaloplatedivialienced by an

out | yi ng sanpl e, € { ] I n t hel d.val ue that is extremely high or
extrenmely | ow F&égﬁﬁl“aﬁ%gsa?%°§P¥?€?§§%35‘%dﬁ’g%ﬁ°m?%‘v‘é‘§ﬁ‘bﬁ d value 210 and
a mni mum tdmatiedm of ik preseil Snvehifiorl. "THeSBfhpulef 300 FEFIGAY pussadsesh t hr eshol d 204
fails beneath the m nimumthreshold value 208, the mnimmthreshold val ue

208 wi | 15 supisroprmcessae] Hhwhigh seramupigateewitisp geqogd micropropessord o 01/ 15161
PCT/ US00/ 23 4 t I 3913'“ -&@93 | t hreshol d
val ue 210, ed%%ﬁ‘lbm m eﬁdr;%cs‘ﬂ%vﬁahgaﬁje 1%%@? e %ge QP%@%Q of the

cal cul at ed with the disc BOE; reatling dnd s¢ritiigalatazheretoput er 300 desi gned in accordance

wi th one enbodigent of the present inventjion. The conputer 300 of FIG 4
possesses a 5 -mW@ers@gwrﬂﬁmwemﬁM@m a second

ni croproc e%ﬁﬂfopi%ﬁssoﬁ@ﬁ?ggﬁn%g% lﬁyér@m,g?eég/vg%ff‘{@ye}g \ aa_@ger@g:fl\ﬁﬁgld?d

m croprocessor I nterfaces t he readi'ng and I'ting data
t her et 010 TH308e Tte HostrIatetfatcalgyar $04 haridlesroommands eriginsing drom tha hodte enbedded

Servo | ayortieigrasessor Tt Tgefost fiGmrEli M s A B LS o mands
ori gi nat i nordaWhite!18yeh 966 to'Thstiuethe ReaIWritd ther 306@s oMb 1dchiic fare | ayer 304
comuni cates with the Read/Wite |ayer 306 to instruct the Read/ Wite

| ayer 306 aliscte be pddressedit ThaResl/Writs layer 306 cammunieaties withsthe Servhday®ead/ Wit e
| ayer 306 ' L . . | . i ucting it, as to the
phgsi cal pwg#l& Cﬁ{g? %oeﬁg%%éégé%@f%% rﬂgac%?% % sﬂ?ﬁl}kg?chéerve orflgr service

t he cur rentto eawice dsé cufremtalommanti hBindlty, the $ervelaydB08iintbate Slith thé sefvot he servo

control circuitry 106 (shown in_FE 1) to acconplish noving the actuator
armto the cogEe} q“éﬂ'“V&@ﬁ?&’SW?‘ inf oraplishrmoyang:the pefuator sy te the

adj ust ment gesanbhgd, Wi th reference to

—

-

Firmware that effects the threshold adjustment described with reference to
FIG. 3 operates on the embedded microprocessor 104 within the Host Interface layer

20 304. Individual electronic modules could embody the invention in a manner
analogous to its expression through the firmware operating on the embedded -
microprocessor 104, Whether the invention be embodied in firmware or hardware,
the flowcharts and function calling hierarchies of FIGS. §, 6, 7, 8, and 9 depict its
operation,

25 . FIG. § is a flowchart of an idle processing loop 400 that is executed by the
embedded microprocessor 104 during periods of disc drive 100 idleness. The idle
processing loop 400 is entered upon the completion of servicing a command issued
to the disc drive 100, as is depicted by the conditional operation 402. The idle
processing loop 400 is exited upon issuance of a command to the disc drive 100 by

30 the host microprocessor 110.

In general idle processing operation 404, the embedded microprocessor

performs various forms of general disc drive maintenance. An example of disc drive
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FIG 3 operates on the enbedded m croprocessor 104 within the Host
Interface |ayer 20 304. Individual electronic nodules could enbody the

i nvention i er anal ogous to its expression through l;rpﬁu ' re
operating o‘ﬂoﬁﬁgﬁgpnbedded “m croprocessor 104. Wet her the mvgeorb{%l be

enbodied in fjr : i l; @ephRkds 00904 198 l'ing
ht erarchies 0 < %ﬁegﬁmg%#mg&dalﬁ glge“gépi ct iét sg%g%g{rlat i onl? f2tf51ﬁx|e FI G
i s a fl owcharstanmingzof disdsestqs for egivmpse obidentfping had blpekse Xipon centpletiont he

nmbedded m . dur i i od ' dri v i dl . Th
e, pr oces S RGNS HoBPL Shuar o Shte s PRSREobeeBoukl T ng o

command i ssugghna Qn&,hﬁpmgﬁmgﬁdﬂ/@ﬁloo, as is depicted by the conditional
operation 402. e i1dle "processing |loop 400 is exited upon issuance of a

command t & the di $wIRM ioperatiapai06yall fhe prsessaryistens for 6pewWationsasithe vagions n

general idle prqcessin eratid.on. 404 1.C e

perfornms var i%&“ﬁ%ﬁﬁ%&@%ﬁeﬁgﬁu@%@ rﬁ?ﬁgg)n%g%?gﬁg}rqg'e%%&geci%%f e of
disc drive T7u¥sQtichthG wiich Hild/BR04s23 pafodslidMnessasiecantty thb i s per f or ned
in general idle processing operation 404 is off-line scanning of disc

sectors for toalsulatiometacsivan thigshold ¢the pryiodnef idlenssg surraupding therfiweshaldn  of

general idle pr ' ' - . i . ] I gent
power nanageaggﬁsfq' %?‘?APWI %geg%%% F%ﬁ(ﬁ%émﬁ@%%&fm%%%?gs? ?%%ﬁl%bdél rgng of the
necessar yiost aafiofisthrestldsithaiiseives. OPM Oyserativnid06i $s shown ésgredtekdetaildn PEG.f or ned.
The functions perfornmed herein include; updating circuylar ueues of length
n whi ch hol d & Héponggmpietigref IBYSoRsration Alhcoutrol iy Passedito idle tme dBety cul ati on of
a given thresoﬂggag fhgie periods of idleness surrounding the threshold), as
di scussed with reference to FI G 3; initialization of the queues;

cal cul ation of t hdnidlétimeqicryieperition 08 thiscurteandedtionsf idldibip eorapdrah 406 i s

shown in greater detail_in FIG, 6. Upon C |l etion of | PM operation 406,
control is pfeadY q)t%fea]ug(?{qqﬂlée _&aﬁguwﬁg’gg?%t_ T cyrppn} grisupp B query
oper at i 0nys408podeh@r the! birfint idfituRdtioR s BbatéAh/INES SfotetneafiiRaMGEshoRDAl NSt the
threshold required to transition into the next |ower current consunption

15 node. |f ttrassition opsmation dl@isenterad; and thedige duined 00 ivtransitinuedifitortherent | oned
t hreshol d,

5

next lower current consumption mode. If, on the other hand, the current idle

duration does not exceed the aforementioned threshold, the drive remains in its

present current consumption mode. In either case, the idle processing loop 400 is

20 iterated until a new command is issued to the disc drive 100 by the host
microprocessor 110.

To summarize, the idle processing loop 400 is executed while the disc drive
is idle (not executing a command issued by the host microprocessor 110). Assuming
the host microprocessor issues many commands in rapid succession, many

25 commands may be executed before the idle processing loop is re-entered. Because
the dynamic threshold values are computed within IPM operation 406, threshold
values may not be recalculated after each command. Rather, a new threshold value
will be computed when the-drive has been idle long enough for the IPM operation
406 to be executed. The new threshold value being computed will be based upon the

30  last n periods of idleness surrounding the threshold to be computed. Accordingly,

rather than the distribution 206 made up of the last # periods of idleness simply

having one néw sample period of idleness in it when a new threshold is calculated, it

8



transition operation 410 is entered, and the disc drive 100 is transitioned
into the next |ower current consunption node. |f, on the other hand, the

current igigpndisiati on does not exceed the aforementioned, ﬁ@w t he
drive remains in its present current consunption node. In el case, the

i dl e procesgibyiaveaomadPis i fev2 Sinplepetiods of idlenbsspwherdinkGspresstsithe | Ssued to
the disc drive 100 by the_host mcroprocessor 110. To sunmmarize, the idle-

processi ng MuEdsr alremmands issuaddand fherefore the nymber ofperiads ofddiengise (not
execut i ng gqeq O?thﬁﬁ&?ﬂnﬁh e négﬁ&%ﬁ?B{e&%@&sor 110). Assumng the

host m croproces I Ssues many conma I n raprd successi on, nmany 25
commands may be RiGe6 illstiatbethe finctibrecallihgchigraxehyp o€ the JPMaspieratién 466 ent er ed.

Because _the dynap hreshol d, val ues 0 ted within | PM operation
406, thPesHBT’%&{“’%‘Q“&:e@'%ﬂ_a Sﬁ?}t'b%%el?B‘{;%{%Lgﬁgfg’g‘ﬂgpﬁéfwlbmbﬁmnq_ Rat her ,
a new thr eséﬁ?do@lieuwaq»ermxh bﬂ%ﬁﬁ%ﬁ%b&%&%\ﬁﬁosb%?vﬂfdh‘i@tm&uﬁ%w dl e 1ong

enough for the IPMoperation 406 to be executed. The new threshol d val ue
bei ng conpuhreshold viluéscabesispdn ugrent coinma@d delays. Thefirsti fonigtionfcalladl eness

surroundin he .t hol d. t e o ted Accordin - rather than the
ai'str 1 but | onas e ERE o YpRE FETPUE Dupies Fincfion g hecpemion ) havi ng
one new sarmg Bp@fé Qaeues furlctbs 58 &ani bestive uhliidstosd Wi rdfiveR&tIFEGI B cal cul at ed,
it 8 WD 01/15161 PCT/ US00/ 23135 may have as many as k new sanpl e periods

of idl eWess, whdil@i hdepictepseoépiranlariqueucy Gl 602,04 whichnard sairgainedby and

therefore t f | 1.d] e s .collecte si.nce t | ast tine
| PM oper at @%Uﬁgagp g&g)@%&bﬁgﬁ.%ed%ﬂﬁ?n&c r(ré‘gl?lé%ue?ﬁg‘}rfeﬂ% eﬁ'?‘f’q‘gal ling
hi er ar chy dfach bizculdMquewes08; 6502) 604Bas rbslbts 506) dEh dirtularrdueue 600, 662,can be seen

in FIG 6, the 1PM operation 406 may be enbodied by a Perform | PMfunction
500, the puitddsesedfo stpreset of idls periods that swropad,a corpspending thyesholds based upon

recent COQ%SQSQ% 6Fa gV dieiad qrle s 'to st & fecenlféBpBrigd!® | PM oper at i on

406 is th ate uncti o e operatron o e Update Queues.
functi ors 5GRrroendingesgiverthresbaid sts disdussed with effaensede FIG. ¥ |I6thereard® FI G 7

depi ct t of circul 600... 602,. 6 i ch i ntained by th
Uphat & Ouedis PTG Rlss iekindRen s piskDoon 20s (Boksiedin e twach |
threshol d. FiEag)thaiskfds & thelbifob@ermbtiag a BRAhORISs Aerive® EonbP GmpFach '

circul ar queue 600, 602, ) .
~ periods of idleness, each sample period of idleness being stored in a slot 606. Each

of the 7 slots are filled consecutively until all z slots are filled, at which point the
20 first slot is again used for storage.

The periods of idleness which are stored in the slots 606 are derived from
entries stored in a circular command queue 608 maintained within the Host Interface
layer 304. Each command received by the Host Interface layer 304 from the host
microprocessor 110 is stored in a slot 610 in the circular command queue, along

25  with a timestamp signifying the time at which the command was received. By
subtracting consecutive timestamps stored in the circular command queue 608,
periods of idleness can be determined for storage in a slot 606 within a circular
queue 600, 602, 604 maintained by the Update Queues function 502. After a period
of idleness is determined via subtraction of timestamps, the Update Queues function

30 502 determines which thresholds bound that period of idleness, and thereafter.
commands the Add Delay to Queue function 506 to add the given period of idleness
to the circular queues 600, 602, 604 corresponding to those thresholds. For the sake

9



604 is used to store a set of idle periods that surround a correspondi ng
threshol d. Each slot 606 of a given circular queue is used to store a
recent idl eyggi/isaeh 15 surrounding a given threshold, as dir‘tfﬂl?s%ﬁ L th
reference to FIG 3. If théfe are n slots in a given circular qlg"’eé\ge t hen

the distri bubfﬁﬁst?ﬁﬁgﬁlﬁ'ﬁ&ﬁ&@@fﬁ%h’&dD&fa?%@@uctﬁnctﬁh@%\?ﬂ:feiMI@ﬂVeS as
the basis for determning a threshold is derived fromn sanple periods of

i dl eness, eaotd asavpé thapthe ﬂueﬁhgkis thareimare dynranio tatker trap gtatip; ifa giver 606. Each

ofthenslots ed _cqn Y | | f:lled at
whi ch poi nt Pﬂ@a‘{z‘g &F’?‘?? ngiegq ?ﬂﬁ Qﬁ’éﬁﬁy cuu%eéi ?OMMP%Q #erﬁ’«??% |ods of
i dl eness Whi ghidfingssSculESE ddded ldahStifthfar §léestRredifundingdhreshold #Paidr i es st ored
in a circular command queue 608 mai ntained within the Host Interface |ayer

304. Each%oﬁh?@ﬁhﬁldrf@émw@ws%wﬁtsh@d%@d that period.of idleness: Hendatém t he host

M croprocess :B%“&m gl ' d queue,
along 25 w tﬁiua}%l 1134 )zkrrgi‘?ﬁlgdm yi néﬁe:Ah‘Z&Lthhgtéa@&\;ﬁ%?gﬁ%%O%m%d was
recei ved. By an apprbprintd direglac Quene 600,602, 604 eachi cfitipesk setriodeok idlendshe ci rcul ar
comand queue 608, periods of idleness can be determ ned for storage in a

sl ot 606 wit ﬁ?‘ﬁa‘ae‘l:mrtk%“fffl ar epramandaygue @8 whighwersmeteontansd imthat he Updat e
Queues functgg&e%% e%gtﬁﬁle%he%;{ji %Ctguefa fuﬂét?dﬁ%wéefe%g%am ned via
t pda

subtraction ti rre anps eues functi 502 determnines
whi ch t hrieshol ds Ooneputpédeat ﬂdeMemhomdﬂ@m%nun&wﬂmmmﬂaf@mes 60@,rmands

t he Add Del f unct 506 dd thy d of
Lhe ooy e b, S0E U aRs weEs U s opes caoner 02 THS PREEie PO For
the sake 9 Wﬁﬁﬁ%ﬁpﬁﬁﬁbéﬁ%@@ﬁ%&%acectmgglhéhbwgﬁsm@nmﬁuﬁperatIon of

the Add Delay to Queue finttion 506, refer and assune that the
t hr eshol ds t Heeshpld values 200-Haeach slot6B6 of eanh pirenlarighene G604, thergbywensuning i od of

I dl eness wer thin l.ow cukren e. #2 that peri od
of idl eness ﬁﬂtﬁh&ﬁék%}% 8T 4 o Xy Vﬁﬁ’cﬁ%@ﬁngé&%ﬁeé% BRS¢ hr eshol d
#2 and §st hivhed the PoitablStdigutdr 103 R polerdhpl ds bound that period of

i dl eness. The Update Queues function 502 will conmand the Add Delay to

Queue function 50Betvmingta FG 6, fhe Galgylatg Fhrasheldfupction 504 i called dpothes02, 604

each of the nmand queue
608 whi ch we#EI pgg‘geﬁ?&"l nedgﬁqﬁ'% ﬁorgﬁgtta%gﬁeg%% ’Q}%gtafévég[saf u{‘}lﬁ%rslshgtahe Updat e
Queues funct ﬁmeu&ﬁﬂ)mu calealatettieothreshold needed for governing transition of the disc

drive 100 into the next lower current consumption mode. As discussed with

20 reference to FIG. 3, the threshold value will be determined based upon the desired
probability that a period of idleness fall beneath the threshold, and will also be
determined based upon the mean and standard deviation of the distribution 206
surrounding the threshold. The Calculate Threshold function 504 obtains the mean
of the distribution surrounding the threshold of interest by calling the Calculate

25 Mean function 508. The operation of the Calculate Mean function 508 is illustrated
by FIG. 8.

FIG. 8 depicts the operation of the Calculate Mean function 508. The
purpose of this function is to calculate the mean of the distribution surrounding the
threshold under consideration. In one embodiment, the Calculate Mean function 508

30  accomplishes this task by summing together each of the » sample periods of idleness
contained in the circular queue 600, 602, 604 corresponding to the threshold under

consideration, and then dividing by »:
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10 One purpose of the IPMoperation 406 is to initialize the circular
queues 600, 602, 604 upon powering up the portable conmputer 102. This
oper at i Onwb%iisilef ormed by the Initialize IPMfunction 5 i

acconpl i rs]wkejg Agf/\l storing maxi mnum threshold val ues 210 i njpg‘g@%g@ﬁﬁs 606 of
each circul ar queue 604, there ___fqugg Lng, ?gat all threshol ds begin at

t hei r maxi num val ues to provi de hi'dhest _'b'e'I] of mance 15 when the portable

~conput er  1Gyherdin Ro¥RERE!s b méRY X réprésgnisa sthfle period 6fidfentskitdndl,2 Threshol d
function 504 is called after the Update eues function 502 has conpl et ed

execut i on. represcuisithaotal Bumberof mample perinds of illensenin the disteihution 206e t he
hCSPOT oGl BRUBAN h  Bcle LhEaf, iAdfe 1 1 1

next | ower “currentc consunption erence to FIG
3, the thr &stielnteands merevdffidienily cdlzulatedi e BIGSs itds assmmned that Bese r ed
probability that a period of idleness fall beneath the threshold, and w |

S! SO bg q&e@?‘?ﬁ‘ﬁé@ﬁ!ﬁﬁﬁé@re@ﬂé‘?ﬂ@mﬁ qpRye 00,092 eP4romesnonding &9 ]tge
i stributi %%g%?xgghgﬁ%%m&hgyﬁeg&%éu E@m@e&&sﬁﬁtﬁgﬁ%&ﬁg

function 5 e nmean of “1 I'stribution surroundi

t hreshol d gfrodess for ealtulitingthd ineanritchmvests the necessi@ofiperforniing e additiot508. The
operation of the Cal cul ate an function 5 is illystrated by FIG S
FIG 8 depioPFRUupnido spacas Q}Jr\ﬁf%‘fs ew@apgﬁ&nwmhw-sn 508. The

pur poseyof didiiisution Gistéad, thé sur® oSk f $hftp1R peiidils o8 fdleriafs ﬁx@ﬁgﬁél? hdvilgt i on
surrounding the threshold under consideration. |In one enbodi nent, the
Cal cul at e Iveasle up fhecdistbutbmgs gsedas 8 stagitigieay, fram whichdhe boldssisamplg t oget her

each of the_n sanple peri.nds ' .contaln in the .ci | ar queue
600, 602, @6&@5&%&!&%&%‘8@ %“%LF‘%%% %%ﬁé‘?%ﬂ %}’%E?ﬁ‘%?go'c %%P%W n, and then
di vi di ng byhék neksadkp10périods 64 idRndss dRXadedtodhe differenteProducedid Wher ei n
represents the nmean, x; represents a sanple period of idleness, and n

repr esent s oppratien 7. Nextiin pperption70d; the swn calaulatgd in onezationJO2 is stared
distributi | 4.0t ef . ternate
enbodi brrll\gnt %8‘?%‘.6‘8#2'3{‘{%%%%‘5‘5& I{(ﬂgﬁén%géﬁq?g{en%ﬁ%g@ﬁ?&%f étﬁfeﬁsfa@al cul at ed.
In FIG 8, thdt wil bessedras thetshatingpaigtin operation(200 dife nectt thme tise fusotienddded t o the_

circular g légye?edgolgihal?q%ﬂ o;?e?ﬁio%%&,etﬁg éjurr]r(xj icarigllétgd in operation 702 and stored
in operation 704 is integer divided by 7 so as to yield the integer portion of the mean
of the distribution. |
20 As mentioned above, The Calculate Threshold function 504 must also
calculate the standard deviation of the distribution surrounding the threshold of
interest. This may be done by calling another function to perform the standard

deviation calculation. In FIG. 6, the standard deviation calculation is performed by
the Calculate Standard Deviation function 510, the operation of which is illustrated
25 inFIG.9.

In one embodiment, a standard deviation of a distribution is computed by
calculating the difference between the old, or previous, variance multiplied by the
size of the circular queue 600, 602, 604 and the square of the old, or previous,
periods of idleness, adding the square of the new periods of idleness, adding the

30  product of the size of the circular queue 600, 602, 604 and the difference between .
the old, or previous, squared mean value and the new squared mean value, and

taking the square root of the result:
11



the threshol d under consideration by the Update Queues function 502. The
efficient process for calculating the nean circunvents the necessity of

perform ng Woaflhiéd ON operations to sumeach of the n sa%s@g#lggs of

i dl eness making up the 10 distribution. Instead, the sumo npl e
periods of idleness previqusLy haying de, up, t instribution is used as
a-starting point, from V\h%g“th(ﬁéld o éé‘g’?' sgﬁ‘& ”‘b’gri ods of idleness wll
be subtracted as shown in operation 700. In operation 702, the k new
sanpl e periods of idleness are added to th e difference roduced in
operation 709 emnepmsqntsdbwmdawemuon,tthww ddperiadpfiidiensgr at i on 702

Is stored 15 in order. to alla ¢ ficient, ({Jfgatl%glof th&gmean in the
future (it i%etiPEs ?ﬁ%ﬁ’é"a"%ﬁ" S 1GIMEES, tira'§ CtHhe &g point in
oper ati ons 7091ehxhea1ﬁ1@>éﬁdﬁ e?‘&sérﬁﬁh& 526 bf @B cirdular QbR 600) 602':661?'1'11&‘:@5 i
operation 706, the sumcalculated in operation 702 and Stored in operation

704 is int egthe Q#ﬂwad@MegyFlmcﬂwl 308, itas dasizable tokp@lcilhteégeﬁarpbrddeumlmi the mean

of the distr n The Thresh

Funct on 504 ikt g AR for@afins” 37K, o7 T afinitd B apoingaod

di stri buti onofidichésswtrswlidbd e thé¥iratae haeuei600,i 602 60d<breshbhding®@ithe done by
calling another function to performthe standard deviation calculation. In

FIG 6, the Bwesheldugd @mmnbaMMﬂunssfwwmAnﬁﬁqm Cal cul at e
dard h || d 2
Ch B G b bR Cilng d sthddid bR RRREER Ty Bl Wbbhee by Loy [ 0TS 20

mFIGé I'on~"of a i bution is

conput ed by retrddving tht infegeit goetiahi dfftiey vaiarcelaf theorsampltetibds ofddleiE€Vi OUS,
variance multiplied g}gnthe size of _the circul ar gueue 600, 602, 604 and
the square oPreviREsyhavinginadeum the,distribution (theyarignce ofip disiibytionsgdheng t he square

of the new p ASaS ??aﬂg of the
circul ar que?qg1 6001@%%%&}%04 aﬁ thﬁié@@%ﬁgzﬁﬁ,ﬁ%@ﬁ;&&gﬁrﬂ&g

previous, scoperatipnBde.nTe whdeestand dhis hprratkm&iq,ljaisénipmntmmkuhattmd takl ng

t he squar root o e.result: 11 WO 1 rr OOJ 23135 anew =
\arold n? x&@aﬁcwﬁ!%w}ﬁmﬂls a‘\ﬂﬂf?ﬁﬂ)"@fi‘ 5\}}?%21@13"’ éﬁﬁ??ﬁ"@ Y&t andar d
devi ati on, xbfm@m&emmni-ems%ﬂ; d6itting $heMurr ﬁe%l?&ﬁhenédﬁ?ﬁtuﬁﬁ@érﬁ%&‘t s it new

period of idleness, Ito dis the old nean value, p..wis e new
n, meaning that the actual statistical variance may actually be a fractional number.

ﬁ»

L)

In the first addition operation 820, the previous remainder of the variance calculation
is added to the variance value. In the first subtraction operation 830, the square of

20  the previous k periods of idleness are subtracted from the quantity resulting from
operation 820, and the result and control is passed to the second addition operation
840. In addition operation 840, the square of the new k& periods of idleness are added
to the result of the previous operation 830. Within the third addition operation 850
the previous mean value is squared, then multiplied by » and then added to the result

25  of the previous addition operation 840. Control is passed to the second subtraction
operation 860. In the second subtraction operation 869, the new mean value is
squared then multiplied by », and the result is subtracted from the result of the
previous operation 850. In the division operation 870, the value produced in
operation 860 is divided by n. Next the store operation 880 is initiated and therein

30  the new integer variance and remainder are stored in memory. Finally, the square
root operation 890 is initiated, which includes performing an integer square root
operation upon the new variance value, thereby yieldiﬁg the desired integer standard

12



5 nmean val ue, and n represents the size of the circular queue 600, 602,
604. Just as in the Calculate Mean Function 508, it is desirable to

cal cul at eyidd ndard devi ation wusing a m ni mum nunber jons. In’
FIG 9, it |sn§fsﬁgurred that k new periods of idleness vverlg&é‘?i@g %éo t he
circul ar quRURHEP0, 602, 604 corresponding-to the threshold under
consideration by the Update Queues function 502. An efficient 10 manner of-
cal cul ating a stRetwning talEIG. 4t onne thpGalenlatg Thresildfurgtion Afrkhasalire¢sod
retrieving fhe.integer..portion.of the.varian of. . Lhe. n sanpl.e periods of

i dl eness %W‘Hﬁ?1°g°ﬂ i’ﬁ"é‘“ﬁ&ﬁé“ﬁ‘%“&ﬂ%‘ﬁ 1° t°?ﬁ1§d{‘§‘8ﬂ‘ﬁ’("{‘ﬁ8ff§§}df’§gce of a
di stributi GRe {hSeshd18 to Bélskddutatéd, the threshold dalnelitsbifihayi fiully bardlchlaga nul tipl yi ng
it by n, illustrated by retrieval operation 810. To understand this
oper at i dn &wmeed yponithe formdat ant to note that the 15 variance whichis
retrieved is an integer val ue, bu?)_th @t_,_he actual statistical variance of
the distribution results fromdiv d"cﬁg he¥sum of each of the n constituent

terms by nRyhdi8iaBiréifiedehts thel thitsisld Feddtive t@the prdvicas thredhoRi) ésd By actually be a
fractional nunber. In the first addition operation 820, the previous

remai nder oepreseatsamaluglocked ap figmua table basagd upgn athe desingd probabilibtthataal ue. I n
the first subtragti ' i k
hort ods o HePEREldcARsFF AR ind ikshdid TREGR Sl which Z(Ss B 1S

operati g 83floweand the result and control is passed to the second addition
operation 84Q_.ln addition operation 840 the square of the new k peri ods

of idleness are addled |to thE&@esult] of #he pievi ou#Bberatipn 830. Wthin

the third addiftt+eusepetrats 898 tIWW squared, then
mul tiplied by n a(?’l'%?)t hdn %35%33“ %sthe reoéult' 325 of"the previpus addition
operation 840.] Combg ol fI S2)08358076 0 [t he gsBcond suWN6128¢2983n pperati on 860.
In the second |subhtractilon operation 860 _the dew nean value Js squared

then nmul tipligd b§9%, c}ndl-tsﬁ@73r9é§2|l t| i s 0Kt r act 5286038he fesult of the

previ ous oper g+ea=850ttsths g Sronoperatto 848 5fie—vRl ue produced
In operation 8600'?6; dijvi &Zé‘*’?y“%lv Next °E"'r‘1e suoreb'scj)sgg%%zlson 880 is

initiated and [Theges n 30 { he&488538 | ntlegem,70ar | Enom_mﬂojml npder are st ored_

b

in menory. Finally, the square rootl operation 890 is initiafed, which

i ncl udes” per f dr mi 394 an |i n188€7728%1arle r 8 oper aPA8IB4969n the new vari ance
bl s o H n

val ue, thereb ya@%" i O;'i'ujﬂg'ﬁs.yfd it oS S a||\fltf.46';|765§.55‘\5’\6 o1/ 15161

PCT/ USOO/ 23135 ati
0.92 1.405073817 0.67 0.439913492
0.91 1.340754352 0.66 0.412462668
0.90 1.281550794 0.65 0.385321073
0.89 1.226528639 0.64 0.358459147
0.88 1.174987574 - 0.63 0.331854153
0.87 1.126390998 0.62 0.30548108
0.86 1.080320544 0.61 0.279319465
0.85 1.036432877 0.60 0.25334657
0.84 0.994457423 0.59 0.227545343
0.83 0.954164534 0.58 0;201894181
0.82 0.91536549 0.57 0.17637376
0.81 0.877896582 0.56 0.150969299
0.80 0.841621386 0.55 0.125661472
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Returning to FIG 6, once the Cal cul ate Threshold function 504 has directed
t he cal cul ati on of the nean and standard deviation of the distribution
surroundi ngwofrssiéihr eshol d to be cal cul at ed, the threshol oralsogssssel f may
finally be calculated 5 based upon the fornula: .BraZ(p)+, wherein b
represents the [hresool df r al.sdcuxs6vo | he (Sdevi qus 8.1004332%6d, pnd Z(p)

represents a value looked up frnma_t_a,bl_e_bageg%h.e_desi red
probability thal a®78eribd G6i721%B%8hesk f A3 berjeat hOTRETE eshol d. The
t abl e from whi ch—2ZG—st ooz | WS 0.99

. 326341928 0. 74 0?’(’?2334475”%%@5 0537(1 sII.2;6 q. 730/_%50&{%2 83 0.97

. 880789569 0. 7P U058284DP585706802287 1. [/506R88351 . DD0P5GE088B43R5 0. 95
. 644853 0. 70 0152440100 0.94 1 585472098 0 49 0 495 84969 [ 0. 93

. 475791578 0. 6B 0048769p5%574490366 1. ho5PAB17 [0. 67 0.1439913492 0.91

0.

. 340754352 0. 66—6-—412462668—0—90—1+-284550794 6650385324673 0. 89
0
0

>_o o of

. 226528639 0. 64 0.358459147 0.88 1.174987574 0.63 0.331854153 0. 87

. 126390998 0. 62 9 3RRABIRDne CmBHirhed DT ARG dntGnektibh, d AXHAHRS 0. 85
. 036432877 0.60 0.25334657 0.84 0.994457423 0.59 0.227545343 0.83

. 954164534 eoB®llingyorepdonsumptipng adisg deveéuch 45 196) ig 2 ppgablg semputerg |
- 8778396582 0, 20, 057 B0 fipbh statisfihl Siabibtedrlcd®P rddem sl alst A8 ALy bel 3

5 realized by executing the following acts. First, an initial set of thresholds is

CORRRRRRELPEN

instantiated, each threshold governing a transition into a corresponding power
consumption mode. The initial set of thresholds may be arrived at by defining a
minimum (such as 208) and maximum (such as 210) vaiue for each threshold (sach
as 204), and setting each threshold (such as 204) to its maximum value. Next, the
10 time span since the disc drive (such as 100) was last issued a command is measured.
Prior to receipt of a new command by the disc drive (such as 100), the disc drive
(such as 100) is transitioned into successively lower power consumption modes, as
the measured time span meets the threshold (such as 204) corresponding to the
power consumption mode to be entered. Following receipt of a new command by
15 the disc drive (such as 100) one threshold is adjusted based upon the measured time
span. The adjustment may be accomplished by consecutively entering the measured
time span between the new command and the last issued command into the circular
queues (such as 600, 602, 604) which bound a given period of idleness, so as to
contain a distribution (such as 206) within a circular queue (such as 600, 602, 604).
20  The current power consumption mode is determined, so that the threshold (such as
204) governing entry into the next lowest power consumption state may be
calculated. The calculation is performed by fitting the measured time spans in the
circular queue (such as 600, 602, 604) corresponding to the threshold governing
entry into the immediately lower power consumption mode to a normal distribution,
25  and then looking up a threshold, from a table, based upon a standard deviation and a
mean which correspond to the normal distribution to which the measured time spans

fit, and based upon a percentage capture value. If, during calculation of a threshold
14



WD 01/ 15161 PCT/ USOCOR3135 0.79 0.806421667 0.54 0.100433226 0.78
0.772192834 0.53 0.075269782 0.77 0.738846211 0.52 0.050154085 0.76

0. 7063022 gy din16gl 0- 0025069085 0.75 0.674490366 0.50 O BLjze one ’
enbodi nent o‘?t ge present invention, a nethod of control Igcgﬁ’a%gﬁg

consunpt i Orﬁﬁﬁh A 2041)5 § nél CYiBmiadid i tedtivel in 1he hastRREIoPRIcBssBPERU LT  (such as

102) based upon stat’lstlc_al characteristics of recent .user disc access may-
be 5 real i ZK@),ke threshald adjystmient gro¢ddureiingbatedls. First, an initial set of

cor r espondi ng. pdRaesiRS (it FOfT0, s embaid EPieds Gogt SIPakko as "oy e
arrived at Mdﬂﬁéxb&ﬂt@ﬁnﬁwﬂ&&hﬂﬂﬁbléﬁt%ﬁﬁoﬂ%em dﬁ&étéﬁ%ﬁkﬁh as 210)
SucC

val ue for each threshold ( 1 as _204), and setting each threshold (such
as 204) % o intosvariaus pavver gensuaptiogspodes; The figmypreperforns e flEps t he di sc dri ve

(such as 10 i ﬁﬁ@gg] - Pri 0 receipt of a
new comn%x@g&%ﬁ%% Zﬁéljégb%ggtg a %ﬁ&%ﬁg%&%lﬁe\%ﬁ(such as 100)
i's transiticoupléd tdd Bosstdcropracassorysuchwel10)ambto setvosdontdl ciuitydakh as the
measured tine sgan meets the threshold (such as 204) corresponding to the

power consuﬂiﬂpﬁ n node to be entered. Follow ng receipt of a new command by

15 the disc drivey eﬁﬁ?i%@r&eﬁiﬁ%ﬁgmlmay@a#ﬁm% upon the
nmeasured tinme span. e adjustnent nmay be acconplished by consecutively
ent eri ngp t handrdeaitugesimentioned spwell bethosecnhdrég theesin.c Bihite peksently t he | ast

i ssued conmmand ipto, the ciycular ueu (such as. 600, 602, 604) which
bound a gi \}gﬁgﬁé‘??ﬁ@%‘e‘?tﬁf@’ﬁgggfd%{:}‘ebfg%?rd’“’%ﬁﬁ%ﬁtﬁ’séhs& O$¥Fi buti on (such as
206) Wi t hi NygherbusCHArEes AidPHE maddwhich Wit AdilP Qikgedt PbimseREs thiifosg U I €Nt power
consunption node is determ ned, so that the threshold (such as 204)

gover ni ng eskilled in thearttand whichiars encompassedynthespiritiofithe iovention disclosed be

cal cul ated._The .cal cul ati on ids ae.rformed by fitting the neasured tinme spans
inthe cir Iaﬁfle‘?{ﬁgﬂ% R %1% B9s: 602, 604) corresponding to the
threshol d governing entry into the imrediately | ower power consunption
node to a normal distribution, 25 and then | ooking up a threshold, froma

tabl e, based upon a standard deviation and a nean which correspond to the
normal distribution to which the neasured tine spans ’

15



fit, and based upon a percentage capture value. If, during calculation of a
threshold 14 WO 01/15161 PCT/ US00/ 23135 (such as 204), a new conmand isS
received fr ost m croprocessor (such as 110), the

W0l ‘Ii‘g'{ﬂ‘?é"g’g#g% mbedded

adj ust ment procedure is aboerted. In a disc drive.(such as

m croprocessqmi& @Iﬁ@a@ﬂ&i S used to execute firmnare responsible for
transitioning the disc drive (such as 100) 5 into various power
consunption nodes. The firmvare perforns the steps summari zed above. The
enbedded m croprogessor ch as,104) is operably ounl.ed. t 0, a host

mi croprocessor (suc ’Bgthé‘.fléfc%{ﬁli?nf"& Sfafivgueg °8I°f8%P8@W?MW as 106).
It will be clsgitidal\éHardctbistivs 0F fRoént ustt QiRE abdss, Son@ridingadyyred to attain the
ends 10 and advantages nentioned as well as those inherent therein. Wile

present|y5 pref er (@dnsagistingamnitiahsel ef theasholds srchithrssholdbgovismingrses of thi s

di scl osure,  nunero C ' i .l Y. _suggest

t hensel ves tgapﬁg%ﬂ%o&%%%%iﬁfﬁﬁg&ggﬁ%ﬁ%wgg eglr;hegugg%%lﬁ%g%vg din the
spirit of theo bh fiddéliegaiviag &es pang tiaa thjreddihgipdwehenagmsivded cl ai ms.
15 W01115161 PCT/USOQ 23135 WHAT IS CLAIMED I'S: 1. A nethod for

control ling A%+ consunption of a disc drive based upon statistical
characteristics ofar 0l I fC - : SJ ; (a)

i nstantiating an | i@%%.%g%?ﬁ%%e&aﬁfzgﬁgﬁgasi’sn%gﬁdg r@ﬁ%%@%@?‘??ng a
transiti ow | rbmnand;or r espondi ng power consunption node, each successive

power consunption _node requiring | ess poywer than the precedi ng power
consunpt i on rrode@(H}“Fﬁa’&gmti‘ﬁf@?‘eﬁpmﬁﬂ‘rgﬁ%gwﬁd’c"?"?@g%%%ﬂmﬁﬂ e the disc
drive was | agfeclafveiib Asubd@ueR T Sowé onRivkion hfbhde 86 b RHiealfretiie comand
by the disc drive, transitioning the disc drive into a subsequent | ower

power consumnmspinomeatsitie thaeshold somespendingiothepowes pensumptiorsmodegobhr eshol d
correspondi n%n}e?ed:[e;]r% power consunption node to be

15 (d) following receipt of a new command by the disc drive, adjusting a
threshold, based upon the measured time span.

2. The method of claim 1 wherein act {a) comprises acts of:
(a)() for each threshold, defining a minimum and maximum value; and
20 (2)(ii) setting each threshold to its maximum value.

3. The method of claim 1 wherein act (d) comprises acts of:
(d)(1) consecutively entering the measured time span between the new
command and the last issued command into one or more of a set of circular queues,
25  each circular queue associated with a threshold; and
(d)(ii) adjusting one or more thresholds based upon the values in the circular
queue associated with the threshold.

4. The method of claim 3 wherein threshold adjustment is aborted upon

30  reception of a second new command,

5. The method of claim 3 wherein act (d)(ii) comprises acts of:

AT
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entered; and 15 (d) follow ng receipt of a new command by the disc drive,
adjusting a threshold, based upon the nmeasured tinme span. 2. The nethod of

claiml wWyopregh&éispct (a) conprises acts of (a)(i) for eacmm#i,

defining a m nimum and nmaxi nrum val ue; and 20 (a)(ii) setting eac

threshol d to it gdyfiXa)ndeenrihiiga cdrent bensimiption p&berdhaielnd Wher ei n act (d)
conprises acts of (d)(i) consecutively entering the neasured tine span

bet ween t he new(d ciculaingfhreshold soverning entbrintathe immediately lowempre of a

set of cir each circul ar queue associated wth a

t hr eshol d;%ﬁfﬁ?%ﬁ?"naﬂjgﬁeéti ng one or nore threshol ds based upon the
values in the circular queue associated with the threshold. 4. The nethod
of claim 3 wherein,threshol d adjustnment i rted upon 30 reception of a
second rew comménd e@%fﬁwﬁéﬁwﬁaﬁ%@@ (FORPEIseS@FSiof:) conpri ses
acts of 16 11! laydtdya) iditting ik nehdubddltimb spRO & the Hodul O 23135
(d)(ii)(a) deter(n*.n)i@gba ng the copsu?rp?’?még pOWeT n%%ﬁéznd (d)(ii)(b)
cal cul at i ngposresplondivg ¢ the guesboldi gayemirng eptriyrinto theimmiadintely kivedrpowemer  power
consunpti on rrqude..og 6. ?he rreta?ﬁdtrgl.cl_ai&n 5 wherein act (d)(ii)(b) further
conpri ses ASpaumgtion made fo g normal distribution; and, 1\ " heasured tinme spans in the
circul ar queue (@pﬁmﬁgomdﬁngupgtﬁrh@ommmme%&{@@g‘W into the

i medi ately | ower power consunption node to a normal distribution; and

(d) (ii)1%) (deiptiomend srgeanivhich eoreespenddo thenomnal digtributionge wdiththon a st andar d
10 devi ati 4 i I r distribution to

whi ch the qﬂrr%asurg t @@’p%ﬁg%tuﬁsggggﬁ%@%mgg@%Jémlﬁércent age capture
value. 7. An apparatus for controlling power consunption of a disc drive

based upon stat7i stical chagracteristics of recent user di sc access,
conpri si ng: . An apparatus for controlling power consumption of a disc drive based

upon statistical characteristics of recent user disc access, comprising:
15 (a) servo control circuitry;

(b) an embedded microprocessor in the disc drive, the embedded
microprocessor receiving commands from a host microprécessor, the embedded
microprocessor operably coupled to the servo control circuitry, and the embedded
processor being programmed to

20 (i) instantiate an initial set of thresholds, each threshold governing a
transition into a corresponding power consumption mode, each subsequent power
consumption mode requiring less power than the preceding power consumption
mode;

(ii) measure, at intervals, a time span since the disc drive was last issued a

25 command;

(iii) prior to receipt of a new command by the disc drive, transition the disc
drive into a subsequent lower power consumption mode as the measured time span
meets the threshold corresponding to the power consumption mode to be entered;
and

30 (iv) following receipt of 2 new command by the disc drive, adjust a

threshold based upon the measured time span.

I
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15 (a) servo control cjircuitry; (b) an enbedded m croprocessor in the disc
drive, the enbedded m croprocessor receiving commands from a host

M croprocesgglondife €mbedded m croprocessor operably cou @HU servo
control ci rcﬁltry, and the enbedded processor being progﬂ’am*re O:ng (1)

instantiate an ingt TR appRfan@fof bl 3 Rdleflin the 3mBedded affiOpdcOHgs Ni Ng a
transition into a correspondi ng power consunption node, each subsequent

power  consumppgranmedigdngtantiatera sakpfitrssholstshybeing furthen prograsaefi tag  power

consunption nodey., (Jdi asur.e, | Dtorva Lok n_since the disc
drive was | ast isghgﬂrggc%g%}m%?h i) ozrﬁ’i,dc??at "’é’%@?’pﬂnﬁof a new
conmand by the di g b bath thredholib lits &faxinfen dilse.  drive into a subsequent

| ower power consunption node as the neasured tinme span neets the threshold
corresponding to the power consunption node to be entered; and 30 (ivV)

foll owi ng receipt g0 S QPR ef}ﬁ*' ' ' ' : t hreshol d
based upon the rreg'sflgpggﬁ)tl ne span. 7%3{ PF@PT@F?WWW##%{TII 11 111CLMS
WO 01/ 15161 Btogrddutd 33kt ond thrésheldyyteiny fustharfprogranmed’tonher ei n t he
enbedded m croprocessor Is Pro rammed to instantiate g_@fset of threshol ds by

bei ng further prog?fﬁﬁ@ttvéy?q@ﬂ%“@ﬁﬁﬁw EMEHSORM A mum and
maxi mum val “%nﬁlﬁﬁ%t/fs\%e}lc %aﬁﬁg‘&e%reog?ebgégﬁ&bfamw l&gdgg’\é%ue. 5 9. The

apparatus of clarm ereint m Cr opr ocess I'S programmed to
adj ust onw t hiradivajuendxyglakedito g thresholdeandpr ogranmed to (i) consecutively enter

th dtine, b h d. dt | ast i d d
o one or mor o D HELE RO PO e AL BT ROl R re e
related to ayidthsiyd.d; and

ot

(@)=

10. The apparatus of claim 7 wherein the embedded microprocessor is
15  programmed to abort threshold adjustment upon reception of a second new

command.

11. The apparatus of claim 9 wherein the embedded microprocessor is
programmed to adjust a threshold by being further programmed to
20 (i) determine the current consumption power state; and
(i) calculate a threshold governing entry into the immediately lower power

consumption mode.

12. The apparatus of claim 11 wherein the embedded microprocessor is
25  programmed to calculate the threshold by being further programmed to
(i) fit the measured time spans in the circular queue related to a threshold
governing entry into the immediately lower power consumption mode to a normal
distribution; and
(if) look up a threshold, from a table, based upon a standard deviation and a
30  mean which correspond to the normal distribution to which the measured time spans

fit, and based upon a percentage capture value.

18
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(i1) adjust a threshold based upon the values in the circular queue rel ated
to the threshold. 10. The apparatus of claim7 wherein the enbedded

m croproogeefisiss 15 programmed to abort threshol d adj upti8éo 4R8N
reception of a second new command. 11. The apparatus of claim9 wherein
the enbedded ni ¢B.0AnGpEAatas for sontyuilingy powee dorisomptipnucfia disd drivedlasddd by bei ng
further progranmmed to_ 20 é%%ide ermne the current ¢onsunption power state;
and (ii) c&Perftatstical charaeh °§i°{:ﬁ\‘7@‘ 155, 156 ASGESS: PRI | medi atel y | ower
power consunpt kégndigp&i‘@ecggﬁo{@ﬁ@uiﬁppﬁ{dat us of claim 11l wherein the enbedded
m croprocessor | 25 progranmed t0 cal cul ate the threshol d by being
further programi®dmeansforadjusting the thresholdsavhich governeatry of thetdise ddive cul ar queue

related to.a threshold overni ntry into the i di at.ely | ower power
consunpfi o ﬁ‘%ﬂﬂﬂﬂ“{ “t?nﬁm?ﬂﬁg °‘£§ii%g?eﬁi “38¥ F%ﬁs,mﬁlncg‘ar(’ﬂggg}% 8&“’8%“ B¥hr eshol d,
froma tablgg: ab@ggd upon a standard deviation and a 30 nean which
correspond to the normal distribution to which the neasured tine spans
fit, and based upon a percentage capture value. 18 | | 111111111111
1111112111 111211 * C L N WO01115161! PCT/USCQO 23135 13. An apparatus for
controlling power consunption of a disc drive based upon statistical
characteristics of recent user disc access, conprising: (a) disk drive
control circuitry; and (b) nmeans for adjusting the threshol ds which govern
entry of the disc drive 5 into power consunption nodes, based upon
statistical characteristics of recent user disc access. 19
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