DSK DRI VE FOR PORTABLE COVWPUTER W TH ADAPTI VE DEMAND- DRI VEN PONER
'MANAGEMENT Technical Field This invention relates in general to dlskgﬁtuwg¥)
used in-portabl-e conmputers, such as |aptop or notebook conputers,

- battery powered.:In particular, the invention_felates to such disk drives

t hat |nclude t ecdhni ques for minimzing energy consunption. Background of

the I nvention Portable conmputers can only function for several hours before

draining their battemSERREEs FOR RORFABLRLOVPUTER WIRH ABARTINEK dri ve.
The prinmary power managenmenPEMANRIBE/ENPQWERMANARENENT ve in portabl e
conputers-is the use of several reduced-power or power-save operating
nodes, eachs ‘node bei ng entered foll ow ' of a fixed predeterm ned
tinme perlod si-nce a disk drive read o ' ation. For exanple, at the
end of a fixed ti nEhizdnvention pelatédin paseral asmsmdmivesdmédm@ofﬂabléﬁard di sk,

the read/wite heads are -noved to thei rki ng | ocat nd the disk dr|ve
spi ndl e mot or CYEEPRKEE R 2SABIPR R Polﬁs%pa@eﬁs@éé are Battesypew exrs. Itnhe
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wite data on the appropriate data track. The primary di sadvantage o such
a power - save mmmignizeng érergywensiangyionn exiting the node, during which the
user nust wait. This greatly affects the performance of the conputer.
Typically, the lengths of the fixed-tinme periods are set by the conputer

user through software. The probl gackgtdudd ofti ikenfigner - save techni que |s

that no user has the
Portable computers can only function for several hours before draining

i;heir battery sources. A major power user is the hard disk drive. The primary
power management technique for the hard disk drive in portable computers is

. the use of several reduced-power or power-save operating modes, each mode
being entered following time out of a fixed predetermined time period since a
disk drive read or write operation. For example, at the end of a fized time
period sinlce the user last wrote data to thé hard disk, the read/write heads are
moved to their parking location and the disk drive spindle motor is shut off.
‘When the user next accesses the disk drive, the spindle motor is spun up and
the heads are moved across the disk to read or write data on the appropriate
data track. The primary disadvantage of sﬁch a pbw’er—save mode is the time
delay in exiting the mode, during which the user must wait. This greatly
affects the performance of the computer. Typically, the lengths of the fixed time
periods are set by the computer user through software.

The problem with this pﬁor power-save technique is that no user has the
necessary data to choose a good fixed time period. The user has only limited
knowledge of access patterns, and no real information on the energy and
performance parameters for the disk drive. The user is isolated from the disk

drive access pattern by the hardware and software in the system. Fixed times



nekessary data to choose a good fixed tinme period. The user has only
limted know edge of access patterns, and no real information on the energy
and perfornmance paraneters for the disk drive. The user is isolated from

t e disk drive access pattern by the hardware and software in the system

Fi xed tinmes -2- for entering power-save nodes?are a poor tradeoff

bet ween energy and perfornmance since there is no allowance for the user

wor kl oad. The fesentdMal foRRPEavE Roddsead 4%&5@%&&0&%&%9&%59&?%\1& he

wor kl oad, and the selection of times too short or too long can"adversely

i npact “per f or nB¢@ertoadicesiace Yhereris mopllayancsifior thenmmbe venristoad | Tiesusenmust -
energy when th ccess Qpattern has bursts of..activi foll d lon

periods of i na%i}al%\ﬁ% tti;;'.e iﬁg;ws “é)?&gjé:_épaethcg}w?ﬁesw %Wﬂ%éeﬁﬁQEFi@e
periods are clgsRsttoo hértBrd8o tig Yar hiPersBSibRdeRpeForBiined §8d BRedgypact ed
since the nodes are entered after short periods of inactivity, typically
resulting in reDSYRRIAENt access del ays due to node recovery tines. Long
node entry tines reéwﬁq ' f NRES he |es

prone to use excess enerléfi;},fe%ss %g‘gfﬁat %%g&%?lﬁg’étlve%ﬁ?ﬁg%gsﬁaasrﬁgsss

common than sheftdctivitynfatioived hydohg geriode weieictivitye However X bxdess BREPY ivhiskd
waiting to entey the power-save node. During a particular user workload, it
is quite probaBhentheinagiwegariqdgare close to the mode entry time. Performance may

also be impacted since the modes are entered after short periods of inactivity,

typically resulting in more frequeht access delays due to mode recovery times.

Long mode entry times reduce the impact on computer performance and
are less prone to use excess energy, assuming that longer inactive periods are
less common than shorter inactive periods. However, they use extra energy
while waiting to enter the power-save mode.

During a particular user workload, it is quite probable that the optimum
time will not be const;a.nt. Further, the workload may change without the user
being aware of it since it may be due to the behavior of api)licaﬁon software the
user is running. .

‘ The user really wants to choose between energy consumption and
computer performance, not between fixed mode entry times.  The user's choice
of fixed mode entry times is merely a guess at achieving some energy or
performance goal. It is clearly preferable for the disk drive to receive the user's
energy and performance goals as inputs. With these goals, the disk drive may
then take whatever measures are appropriate to meet them. This also permits
the use of many more power-save modes since the user need not be aware of the
specific power-save m‘odes in the drive if the user is no longer selecting a fixed
time for each mode entry.

What is needed is a disk drive method and system for achieving power

management that can detect and adapt to changing workloads, and that can



tkme will not be constant. Further, the workload may change w t hout the
user being aware of it since it may be due to the behavior of application
software the user is running. The user really wants to choose between

efier gy consunption and conputer perfornmance, _aot between fixed node entry
times. The user's choice of fixed node entry tinmes is nerely a guess at
achi eving sone energy or performance goal. It is clearly preferable for the
di sk drive touseswievgy ahd nestormaraeaogys, anstepd of Bredhhoesgadetcominapines. to
Wth these go he di,sk drive may.then take whatever neasures are
appropri ate t%h??%%%nﬁﬁﬁﬁp%?résﬁeslgxﬁﬁ?mts the-use of many nore power-save
nodes since the user need not be aware of the specific power-save nodes in

the drive if the user is no |onger _selecting a fixed time for each node

entry. What is needed is a disk drmmmmmfor achi evi ng power

managenent that camwfet.eqt - I an
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-3- use energy and ‘performance goals, Inste Imes, to
when to enter feor past dighodeive aavessimsiosy afd mmegictibn toff €ufure erser demBndsdbsk

drive of the- sent ipvention perforns power nagenept .fro ast disk
drive access eggw I&”ﬁﬁ’éﬂﬁ’@t%ﬁe S?Pwm%gﬁsdgﬁ’%gg&ﬁe Sdvantage

over the current user-selectable predetermined or fixed mode-entry times since

the user does not know what performance and energy-consumption costs are
associated with entry and exit from the power-save modes. The disk drive has
information on the energy break-even times and recovery times associated with
the power-save modes. The energy break-even time is the time the drive needs
to remain in the particular power-save mode so that the extra energy consumed
during recovery from that mode balances the reduced energy cc_,)nsumption while
in that mode. The recovery time is the amount of time it takes the disk drive to
return from a power-save mode to the active state. The disk drive keeps track
of the access patterns, i.e., the history of requests to read or write data and/or
move the actuator. The disk drive thus detects the current user workload and
determines which of a plurality of power-save modes is appropriate and when to
enter a mode. In the preferred embodiment each disk drive access is detected
and used to compute a current access frequency. The cufrent access frequency
is compared to a previously calculated and continuously updated threshold
frequency. The threshold frequency is representative of the access pattern, e.g.,
uniform or sporadic, and is computed from equations that include adjustable
gain factors. During operation of the disk drive the appropriate power-save
mode is entered when the current access frequency falls below the threshold
frequency. Intermediate power-save modes can be skipped, based on the
detected access pattern. The disk drive can also adapt dynamically to varying

workload situations, thereby saving more energy without degrading



determ ne the power-save node entry and exit tines. This has the advant age
over the current user-selectable predeterm ned or fixed node-entry tines
since the user does not know what performance and energy-consunption costs
are associated with entry and exit fromthe power-save nodes. The di sk
drive has information on the energy break-eves-tinmes and recovery tines
associ ated with the power-save nodes. The energy break-even tine is the

Lhe oxtra cnortfyEaRaiSRe  THA1F AGCHBEBONIY LY ABIPRHRRELSERS Baloi dh sommese to
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anount of tinme it takes t I sk drive to return froma power-save no

the active st drequeniey. Fhekdigkidrivaalspsieteraunines whendo azitespopartsavemode . e. |
the history of rtﬁg‘gests to.{ead.or \fvrite dat a an(cji[/ o%m)ve t he act uat @r. The
di sk drive t h(EHeEReEsaR YATANE 195 PSFu PTG PIETIL Y Ion, tBer %t a
plurality of RWAhusHEAMBERYPoWeT-HRABEéPEHRt FRIBRIRrvise itdpractiBslfor lah
the preferred enbodi ment each di sk drive access is detected and used to
conput e a cur ruser takeen srackafu Aty poweesave medes cancalse be cagfomnized for

freguency. Thdipmeriit affeittobcts BPoRP M RUR b PAR Sond bl for.
e. g., unifor mgeting Gixeditimes e riEmberpfiperler-0@ melea! N usfiedeledtablede

adj ustabl e gain factors. During operation of the disk drive the appropriate
power - save nodErpmederse paeh apon/athoerfmmancesandenergy sargeb A be nsed i ow

the threshol d 1CM. g fgsdi.iﬂi - . N
based on the J%?g%? Eﬁéc%é@é g%a ter rfes ) i ﬁe SIPSE g?ﬁéejgéjgﬁgg}fés)% aggg‘fg%]and
dynam cal | y t chuarthe threshold frequentyiaThimalferstibe efyations vwspdrio deteamsingy
wi t hout degrading
when to enter a power-save mode.
For a fuller understanding of the nature and the advantages of the

. present invention, reference should be made to the followihg detailed

description taken in conjunction with the accompanying figures. i

Fig. 1is a block diggrain of the disk drive and computer system
illustrating the power source and the various energy-consuming disk drive
components,

Fig. 2 is a flow chart illustrating the counting of accesses to one or more
power-consuming disk drive components within a predetermined time window.

Fig. 3 is a block diagram illustrating a microprocessor coupled to a ring
buffer that accumulates access densities. '

Fig. 4 is a flow chart illustrating the computation of the access frequency
and comparison to a threshold frequency for determining when to enter a disk
drive power-save mode.

Fig. 5 aflow chart illustrating the computation of the threshold

frequency using prior access frequencies stored in a ring buffer.



-4- performance. This is acconplished by adjusting the.gain factors in
response to tracking the actual performance of the system thereby changing
the threshold frequency. The disk drive also determi nes when to exit a
power - save node w t hout necessarily waiting for a user access. In the
present invention, there can thus be many poweb-save nodes that woul d
otherwi se be inpractical for a user to keep track of. The power-save nodes

can al so be cust opjgzgd; figk Biakf aleitadhs khéledpuitRAlstithe Whidibdld t he need
to conformto sone standard for setting fixed tines, or nunber of

power - save nirdquendyewsing eriaaicsessudensipas ataredina ringhutler. on/ of
per f or mance, and gne tar s.can u Qi(aﬁﬁ ' godee ry
times. These para g% a{ﬂfgg‘tu tﬁ%uﬁg;%nmﬁggf é’?esx{cgn u;éﬂﬁgnt hreshol d
frequency. Tpbwerbi® MmollBe equations used to determne when to enter a
power - save node. For a fuller understandjng of the natyre ang..t.he
advant ages of t heFig: 848 atblpely dingram liketha ?fc@gsﬁgﬁFH’lﬁbﬁﬁ%&"%‘B”ﬂf@
fol lowng degal CREhkRY tv@ﬁ.ga' &9@ fid kRO YUrddeiD6r 2p6RERAAYE NG
figures. Br i_‘té‘ﬁh{gg{sjgogi%t%yg%tgjo@&tehe g&vﬁg |§@ %_él s”a bl ock di ggr am of the
di sk drive apbdeonputer systemillustrating the power source and the
vartous enerdy- CO}?‘ngl.méinsga gIlostli)fdcumrI V a%%ggggsglfésponse penalty as a function of
time for illustrating adjustment of the gain factors when the trip level is
crossed. '

Fig. 10 is a flow chart illustrating the computation of the energy/responsg
and missed opportunity penalties when a power-save mode is exited.

Fig. 11 is a flow chart illustrating the cgmputation of the cumulative
missed opportunity penalty and adjustment of the gain factors when the trip

level is crossed.
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Fig. 1is a block diagram showing the various elements in power

management for the disk drive of the present invention. The disk drive 40 is
typically a hard disk drive contained within the housing of a laptop computer,
such as computer 41. The disk drive 40 contains one or more disks, such as
typical disk 34, attached to and rotated by spindle motor 32. A data head 33 1s
connected to an actuator 31 that is typically operated by a rotary voice coil
motor (VCM) 30. Spindle motor 32 is driven by spindle driver 1 and spindle
control electronics 5. Servo control electronics 6 is used to position the head 33
over the various data tracks of disk 33 and is connected to VCM driver 2, which
supplies current to the VCM 30. Also shown in Fig. 1 are a crash stop 37 for
actuator 31 and a load/unload (L/UL) ramp 38. If the disk drive 40 is the



H-g. 2is aflowchart illustrating the counting of accesses to one or nore
power - consum ng di sk drive conponents within a predeterm ned tinme w ndow.
Fig. 3is a block diagramillustrating a m croprocessor coupled to a ring
buffer that accunul ates access densities. Fig-4 is a flow chart

il lustrating the conmputation of the access frequency and conparison to a
threshol d frequency for determ ning when to enter a disk drive power-save

nmode. Fig. 5 &ontaskstarfston (CHS) tvaei wigereir thwhead 33 remdesf on disk 3¢ edien| the
frequency using: pHLQr access, freqguengi es,.stored in a.rin uf f er 0"
Fo 6t | ow Birtle HoBE iy st 1o APELeE R SoFet s Aken B P Bk YRl dey
using prior acoesmtdeIM IBsetinitettheiioad 33 &h dhd £d restiofl-a Hondata 18héin
illustrating a time sequence for the entry and exit of a power-save node.

Fig. 8 is a bReRRnganshedisk ipsiderdipmetertID). 3f theidigk driverd0 isdhed/bh twea
counter for c i {ﬂ(gﬁg | mﬁgm rs i .
power - save m%&ﬁ?gl’ |§rm§8€) ot of cunu?égp??/og%gﬁérgy P:gép%lﬁgfgh%gﬁs Ii/SI%Ié
a function of stppertimg thd hewd 83trideg wulihstamp 88 ahdtirdogds thd hedd88 fwimen t he

trip fevel is ctc)rrlt%sc?: %vqth the disk. The ID landing zone for a CSS disk drive and the ramp
for a L/UL disk drive are often referred to as head-parking locations.

Data head 33 reads and writes user data on disk 34, and is typically a
thiﬁ film inductive (TFI) read/write head or a TF1 write head with a
magnetoresistive (MR) read head. Data head 33 is connected to preamplifier
and write driver 3, data recording channel 4, and disk controller electronics 7.
Data recording channel 4 may be any type, such as peak detector or
partial-response maximum likelihood (PRML), and includes such functions as
data detection, encoding and decoding. Disk controller 7, in connection with
microprocessor 9, handles thé processes of reading and writing data,
coordinates communications with computer 41, manages buffer memory 10, and
directs servo control electronics 6 and spigdle control electronics 5.

Disk drive 40 also includes a microprocessor 9 and assaciated memory 8,
buffer memory 10, interface module 11, and a power control module 12.
Microprocessor memory 8 is used to store code and data for microprocessor 9.
Buffer memory 10 is used to store data being transferred from the compufer 41
to the disk drive 40, and is typically configured as a cache memory. Interface
module 11 controls the transmission of information over the interface from
computer interface controller 13. The integrated drive electronics (IDE)
interface and small computer system interface (SCSI) are the most common
type of interfaces.

All of the components of disk drive 40 shown in Fig. 1 require power to

operate. Power control module 12 controls the power management of the disk



R-g. 10 is a flow chart illustrating the conputation of ‘the energy/response
and m ssed opportunity penalties when a power-save node is exited. Fig. 11
is a flowchart illustrating the conputation of the cumulative m ssed
opportunity penalty and adjustnment of the gaijn factors when the trip |evel
I's crossed. Detailed Description of the Invention Disk Drive SystemFig. 1
I's a block diagram showi ng the various el enents in power nmanagenent for the
di sk drive of 9F€ 4} aelwigh Teeriget Power e power spureae2Quia Busg y by de|Bo%erhar d
di sk drive co éc]ﬂh 1 by | R u

conmput er 41. %‘Zﬁ |snm*é)r%]?/gfggbe%%ﬁ?§+ér%gsg%g@to% mr%%&ggéi,)&gﬁacﬁyg%%%i cal
di sk 34, att areeeivesopawer eithext étettyy effibudl . orcthoougd?anothdatemipenen33 i s
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position the head 33 over the various data tracks of disk 33 and i$§
connect ed to e@Muiianby mRicroprackssonish| The pewer limas frominuaverGiouge: 2Aite eact ofin

in Fig. 1 are crash stop 37 for actuator 31.and,a | qa | oad [UL) ranp

58 1 the o the SPRRY-Granaiipg somponghts gin b RSy cordRilisd RL@bdnlg dhor

wher ei n t he hgeélo@hutTiRSoYocslisdk 936r ¥diithahl can be issued to the components to
turn off, turn on and/or otherwise change their power state.

The connections between the various components of diék’drive 40 have
been shown schematically in Fig. 1, but the functions may be achieved with
other arrangements. For example, microprocessor memory 8 may be contained
within the microprocessor 9, or combined with buffer memory 10. Additionally,
itis com’r-non to have more than one microprocessor in a disk drive with one
microprocessor used mainly for interface and drive management functions, and
the other used for servo functions. In such a case, the servo control electronics 6
may include a separate servo microprocessor.

Computer 41 comprises interface controller 13, processor 14, memory 15,
display 16, keyboard 17, and/or other input devices, peripherals 18, power
source 20, and control electronics 19. Interface controlier 13 handles
communication with disk drive 40. Power source 20 is the power source for
computer 41 and disk drive 40. For portable applications this is typically a
rechargeable battery, although it may be any other type of power source, such
as an A/C power supply. Power source 20 provides power to the various
components in the computer 41 through bus 70 and to the disk drive 40 through
bus 71. Power source 20 also communicates with control electronics 19. For
example, the batteries in portable computers contain internal control electronics

that monitor the battery status, such as the discharge state.



spindle notor is not rotating, then the actuator is driven to the crash
stop 37 by current to VCM 30 so that the head 33 can cone to rest on a
nondat a | andi ng zone near the disk inside dianeter (ID). If the disk drive
49 is the L/UL type, then at spindle notor shugdown the actuator 31 is
driven so that the suspension supporting the head 33 rides up the ranp 38
and unl oads the head 33 fromcontact with the disk. The ID | anding zone for
a CSS di sk driiskdRyeRowerdanpgement/ UL di sk drive are often referred to

as head- parking | Rro20 di sk
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wite hegd Wi dérergy ingiresuened w&iemd V&ekﬁ@d (1ree,ago*§méht oIDahahb@di%&h%mss the4data g
connected to er. .an te drjver rdi ng chan an
di sk control I@Pe@"&%?%r%"‘c@ Fprp %0‘%8 ‘B"rrél?‘rfgtﬂmr‘@% g IELr3RS t ype,
such as peak ﬁﬁbﬁﬁé’ﬁ é’rmBﬁitbﬁﬁingr &Sdﬁ%rﬁe%d@‘dﬂﬁ'ﬁﬁnlgl&&éﬂa@ﬁ& Sg%%e)xmﬁ%t

I ncl udes such functions as data detection, encodi ng and decodi
controller 7 Cdmemiqmﬂses thOMt&G)nﬂdsmradddmxalen@quhandﬂamedrdunngcms of

reading and writi coor.di nates, co nl catjons.w.ih & uter. 41,
manages but f dPerfidRg Badiuss SiFits Poeent terRiediathe L phine ERFBEAE Thise

spi ndl e cont regsp @rﬁﬁ%&s@s*r@mﬂﬂﬁﬂzé‘idéﬁ%ﬂ%ghaﬁ s&w&&éﬁ&%ﬁeﬂmae@rﬂf@ssor
9 and associ ated nenory 8, buffe O, interface nodule 11, and a

power controlseelbbtcud/umwluompnqd@aad ﬁedlarppwsrmdasé'dletaeekﬁeaé/mwe and
data for mcroroces [ mor,y 10 . sed,to store_data bgj.n
transferred f® bsrr%m"éaﬁ'{)ﬁ teggﬁ?g% g}sti{?éeqlenagh%sspgaq Bgﬁ‘g
configured amm&a&m&mh%&a&mﬂu@m&am&%&ﬂg dperafighssi on

“of information over the interface from
when data is not being read or written, and no seek is occurring. The term

active state is used to refer to the disk drive when it is in either the

&

seek [ read [ write or the idle power modes. _
The two common power-save modes are referred to as idle2 and standby.
fn the idle2 mode, the actuator 31 is parked (i.e., moved to crash stop 30 or i
unloaded onto ramp 37), and the servo control electronics 6 and read/write
electronics, including preamplifier 3 and channel 4, are turned off. The idle2
mode thus substantially reduces or removes power to VCM driver 2, servo
control electronics 6, preamplifier 3 and channel 4. In the idle2 power-save
mode, it is also possible to reduce power to disk controller 7 and
microprocessor 9 because the servo and read/write tasks are not active. In the
standby mode, the actuator 31 is moved to its parking location and the spindle
motor 32 is turned off. The standby power-save mode has all the power savings
of idle2, plus the additional reduction in power to spindle control electronics 5
and spindle driver 1. In some implementations, buffer 10 may also be turned
off in one or both of the idle2 and standby modes. Additional power-save modes

are also possible. For example, the sleep mode includes the power-save features



conputer interface controller 13. The integrated drive électronics (IDE)

i nterface and snmall conputer systeminterface (SCSI) are the nbost common
type of interfaces. Al of the conponents of disk drive 40 showmn in Fig. 1
requi re power to operate. Power control modul 2212 controls the power
managenent of the disk drive 40, which receives power from power source
20 vi a bus 71.fThe govver on ection to all of the conmponents i% not . shown
in Fig. 1, bub!¥arASHADAAIN Pasalpast pRemaurng efectionitstiymed Piiplraving or

t hrough anot hgsweRIPG [ RPYEIhSRE ) hGally
cont ai ned as._ dcs)gi c ci rgﬂlltyta}%/m\?\nm{}ﬁl n cont r%f? e@%gﬁgﬁo@%‘ghﬁn t %i%glrsm of
m crocode st onretestarmipmespoisd foa steepcxecoverylppmmandfioocessputed intéréageower

| i nes from poyer ur 20 to each of the energy-consum ng conmponents can
be directly c%?ﬁtf‘ilfqre]gfby nodul e 12 or the output of mcroprocessor 9, or
comands can be i spaisld 1t shdwiLtHOpPRREERATel Borl aHybi&l 2.5 indHdRRE BRI R the
ot herw se change their power state. The connections between the various
conponent s of tvie 8rtive mpdes gntdhe thomrweerosaye seodesuleserabed abover rom thisut

t he functions . L av w_th ot n .0 lye,

i or opr ocessoPiinwb s ABR BApY At aile AbA REF bR stordin R bRERHF o, o
conbi ned Wths&sﬁ;ﬁﬁﬁalwcﬁoﬁginéﬂdf@mbmtidnt is commpbn to have nore
than one nicroprocessor in a disk drive with one nicroprocessor used mainly

for interface and drive nanagenent functions, and
Jable 1

Power Values for a 2.5-inch Disk Drive

Mod Power (W) | Recovery Time (sec) | Recovery Power (W)
ode
(Tge) (Pge.)
Seek/Read/Write
- o (active) 2.30
Idle i
(active) 1.35
Idle2 0.80 0.04 2.30
(power-save) . .
Standby 0.26 1.37 3.00
(power-save)

Table 1 also lists the recovery times (Ty,.) for the two power-save modes.
This is the amount of time it takes the disk drive to return from the power-save
~mode to the active state. The average recovery power (Pg,.) is also listed. The
energy break-even time (Tyg) can be computed from this information. This is
the time the drive needs to remain in the particular power-save mode so that

the extra energy consumed during recovery from that mode balances the



the ot her used for servo functions. In such a case, the servo control

el ectronics 6 may include a separate servo m croprocessor. Conputer 41
conprises interface controller 13, processor 14, nenory 15, display 16,
keyboard 17, and/or other input devices, periph¥tals 18, power source 20,
and control electronics 19. Interface controller 13 handl es conmuni cation
with disk drive 40. .,Power source 20 i ,theﬁgomer source for conputer 41 and

di sk drive 40.TeYredSPELE CODSBAIRYOR WS 1pithat modey Jee A% Do e5HRRYeabl o
battery, althouganihgTAY ddeudl%cavE BhodeiBEdR ardOiR ree My @ime P )as app1idaC
power supply. Power source 20 provides power to the various conponents I n

t he conputer 4mlyieshgpomes-save madle; asfolbowii:sk drive 40 through bus 71.
Power source 20 al so comunicates with control electronics 19. For exanple,
the batteries in portable conputers contain internal control electronics
that nmonitor the battery status, suchgasppheTdl $Phange st gip. Di sk Drive
Power Managenent The di sk drive 40 does not consune energy at a constant
rate. More energy is consuned when seeking (i.e., novenment of the head 33
across the data tr f1: di i [ C M.80) than
when track foll ow ﬁg F%ehsqgrié?g %{%%feﬁgﬁﬁ%%gﬁgfogﬁﬂg%?ﬂl e fgata
track by interfallednt current pulses to VCM 30). Al so, additional energy is
consunmed during wite operations because wite current is applied to the
coil of the TFlI head. These

Table 2
Energy Break-even Times

. Mode Tar-'. (sec)
Idle2 0.167
Standby '8.77

In the present invention, the actual user workload is used to determine
which power-save mode is the most appropriate and when to enter it. The entry
of a power-save mode is thus demand-driven by the user’s workload, rather

than predetermined by a fixed time selected by the user.

Disk Drive 2 F
To optimize energyv consumption, it is important to know the types of
accesses to the disk drive and how each behaves. For a given power-save mode,
an access is defined as an operation that requires a recovery from a power-save
mode. For example, if the power-save mode is idle2, where the disk 34 is
spinning but the servo control electronics 6 is off and the VCM driver 2 is off,
but the buffer 10 containing the disk cache is active, then a disk drive access



disk drive accesses result in the identification of two active power nodes:
the seek/read/wite power node and the idle power node. The seek/read/wite
power node is typically an estinate since it is based on an assunption of
the user workload. The idle power node is theldormal track-follow ng
operation when data is not being read or witten, and no seek is occurring.
The termactive state is used to refer to the dISk drive when it _is in

either the seHitTequiisimevige thaactentar ger e%@re‘ynter Hata igcasmtadas an

ower - save no r i %grtggge,
Itohe act uat or %ﬁc%lsﬁ' ggﬁﬁéegﬁ%ﬁgg%tmve%htggm?p%s dJl unlrc?gge onto
ranp 37), andothes mmrfaneomnnmahde,l amhrasmtamsﬁqwnﬂs lfﬂm]l/the cbmpatac«tl CRIm@ES
i ncl udi ng pr i er 3 and channel 4, e of.f e dl £2 ymde fhus
substant Cal |y SHeDA BEE BREnpRALRng Or.sritias Sedtas vhs cosk 2, T ERpIGY of
el ectronics 6de§i%§ Af¥RS nbt aecésapﬁt&étﬁﬁwr the effBct! JFRatid BsRANG! cadtingrode

It is also possible.to reduce power to disk controller 7 and mcroprocessor
9 because t heagnesses. dmisucharitane, aoyiraad or arie command xaseivied aver the amigpiace

de, th tyat dt . |
Totor 321 5 il b SATREEEs, ey et Rt RhORL 8 e bohs LR, °
savi ngs of i dééh%mﬂhb'ﬁ xﬁé}eréﬂﬁbtth@%ﬂbré}eékﬁﬁgsoﬁut hayBiedost @ff&éﬂﬁkﬂ‘sﬁc@@ﬁt rol
I n

el ectronics and spindle driver 1. sone | rrpl enentations, buffer 10 may
al so be tur ne@dmes m@w%mmnomeémema@mﬂe@s

Addi i onal pOwer - Saye JIRes, Bhfar SRSl Savk Yo BHEL s skdtary GHRIRES

I ncl udes the power-'save
down the disk 34), is mﬂuenced by the recent access pattern. The access

pattern contains information about the software process which is driving it.

Access patterns may be cha.racterized in terms of frequencies, i.e., the rate at
which disk drive accesses occur, and a distribution of frequencies may be
determined from the access history. It is possible to determine when an access
frequency being observed does not belong to the distribution of frequencies from
the recent access history. This determination is made statistically by
estimating f,he probability that a low access frequency‘ is not part of the recent
access pattern, and thus indicates that the access pattern and therefore the
associated software process responsible for it has ceased. There are many
factors in such a determination. In the present invention, these factors may
also be adjusted dynamically based on the performance of the disk drive to
provide for adaptive power management.

Also, it is possible to detect periodic accesses from the access frequencies
and exit and enter the power-save modes in anticipation of the beginning and
end of a periodic access. An example of a periodic access is the timed saving of
a word processing document, e.g., where the software user allows the word
processing software to automatically write the file to disk every 5 minutes. The

ability to exit a power-save mode just prior to the beginning of a periodic access



-9 - of standby and al so has al nost all remaining el ectronics turned off,

| eavi ng powered on only a portion of the interface controller 11 and

what ever el se is necessary to respond to a sleep recovery command from
conputer interface controller 13. Table 1 shows the power values for a
typical 2.5-inch disk drive for the two active nodes and the two power-save

nodes descri bed bove From teqs t abl e, I s ¢lear that the power-save
nodes, idle2 a réFéa%‘i?b%?g’f?t‘iS&Fwﬂgd’GEF‘?%ﬂse qelqp@qa,@rl@f,ency The

consunpt i on. T@mle{ il,o BakIa ﬁ/@dvé’ﬁ§a¢é)%n\x)ﬁe %N:t?g%éd[i%ér%})féﬁé&- Ppbii6aie sgﬁéréfds

Recovery Tine (sec) Recovery Power
Seek/ Read/'W i timcreaseg the enexgi sesjingsl bimce dbe powyr-save mode &n bellesfered with a

0. 80 ' 0, 04 2.30 (power-save) Standby 026
1.37 shorter delay. o yer - save) 0. 26 1.37

In the preferred embodiment, disk access patterns are assumed to fall

into two categories: uniform access patterns and sporadic-access patterns. A

" uniform access pattern is defined as one for which the set of access frequencies
is well defined statistically. For example, the mean and standard deviation of
access frequencies may be computed. The access frequehcies can be considered
well defined if the standard deviation is some fraction of tﬁe mean. Otherwise,
the access pattern is considered sporadic, i.e., not well defined by a mean and
standard deviation. In the uniform case, the access pattern is considered to
have ended if the observed access frequency drops below the mean minus some
multiple of the standard deviation. This is equivalent to choosing a probability
that an observed access frequency belongs in the observed access pattern. Itis
also possible to use a fraction of the minimum observed access frequency as an
estimate of the end of the access pattern. The underlying principle is the use of
the recent access frequencies to characterize the access pattern, and then
determining from this a threshold frequency. It is then assumed to be highly
probable that the access pattern has ceased when the access frequency crosses
this threshold frequency.

Access Density Measurement

The access frequency is measured by choosing a time window, counting
the number of accesses that occur within the window, and converting the
number to frequency. A different time window may be chosen for each
power-save mode. The number of accesses that occur within a time window is

called the access density.



Table 1 also lists the recovery tinmes [err] for the two power-save nodes.
This is the amount of tine it takes the disk drive to return fromthe
power - save node to the active state. The average recovery power [err] is

al so listed. The energy break-even tine [er r]] can be conputed fromthis
information. This is the tinme the drive needs to remain in the particular
power - save node s%‘cha H(Fa) extra ene onsuned durqu recovery fromthat
node bal ances t he*™& W 5t B MREATHTSBERt i aceessansiy- Mhde.

[err] may betﬁﬁéﬂ@éﬁ%n@é%ﬁ@t&%bﬁ%@% in8 ¢ th¥GwitRE& i 'ﬂseexaﬁ%dt he

recovery tinme [err] is appliedonly to the power-save node, as f
[err] Tabl e ZThis @mextmayémend;arldmlemfmameﬁ' therwindbwrhasmotesrsied) theri

Table 1. Tabl Br eak- Ti 1dl e2
0167 St andbyft ster 201 He SLSEHorh b BERad R Fecked. 1an achebiat AeEHTeth
wor kl oad is yhes the deekiey Bhwtteris FlerefidRte bR depRO8. Fig.tshdWstheBelARGF at €

and when to enter it. The entry
when all the timing windows are multiples of the shortest window. In such a
"case, at step 402 the densities for all the power-save modes are incremented.
The resetting of the density counters is not shown explicitly, but they are reset
after the density value for the current window has been moved to other storage,
such as a ring buffer, and prior to accumulating accesses for the next window.
For power-save modes with time windows at some multiple of the shortest time
window, the density count is reset only at the end of the longer window. Fig. 2
illustrates the behavior for a polling loop design. An equivalent interrupt-based
design may be easily derived from Fig. 2. |
- The process shown in Fig. 2 is part of the function of power'module 12
(Fig. 1) and may be implemented in hardware and/or software. Fig. 3 shows a
suitable hardware configuration for implementation of the process of Fig. 2. A
timer 201, counter 202 and ri{lg buffer 203 are depicted as part of contrczller 7.
The ring buffer 203 is addressable by microprocessor 9. The set of program
instructions for performing steps of the process of Fig. 2 (as well as the process
of Figs 4-6) are stored as microcode in memorjf 8 which is also addressable by
microprocessor 9. An access signal 220 is received by density counter 202 from
disk controller 7. For example, signal 220 may be generated by controller 71in
response to a read request across the interface 11 and interface controller 13, or
simultaneously when controller 7 transmits a read command to channel 4. An
access signal 220 is sent to counter 202 each time there is a disk drive access.
Counter 202 counts the accesses 220. Timer 201 operates continuously and
outputs signal 221 at the end of each timing window. The density value in the

counter is output as signal 222, which is connected to a density storage



of a power-save node is thus demand-driven by the user's workl oad, rather

than predeterm ned by a fixed tine selected by the user. Disk Drive Access
Frequency To optim ze energy consunption, it"é'inportant to know t he types
of accesses to the disk drive and how each behaves. For a given power-save
node, an access is defined as an operation that requires a recovery froma

power - save no I f the e_the
disk 34 is splgﬁ% Egb%’ﬁ%g Sé‘°§”é} 953‘(,"6’?\5%&" §nt ngoﬁewm%l 1%%‘?‘1 %\%ﬁf’ﬂ% VCM
dL i ver 3 IE ghfmeriﬂﬂl ézhfSebu{ﬂgﬁbuﬂQr Boalwivdﬂtaghé Henshitﬁkalmcﬂm ﬂo?ha(ﬁdxv& g
then a dis ri ve access that - requires ving the actyator 31 to read or
wite data |S%Wéﬁ%°%ﬁn§@@é@§ce%ﬁ&k“£ﬁprt¥n BOIREART- a%gééjs%%lﬁﬁnf%ie?ss
DO 23y e ogfuntBP0! DRy A1l R rddd E6hA5E, ERAIRI0S by SitERASL S

queries fromthe conput er sl nce eqw re rea or witing
of data to thM1dquoGatsorF9rsendsrplleas 228 an‘d des] 226 sighalssonead baffes 288yando

consider thé effect of cache en counti ccesses. |In,such a case,
any read or V\f‘?cFeve@cﬂWfBH \%‘@Eﬁ %%H%W F?f'?%& é UEY, E?‘Ed as an
access, even-pficldpodlaber 9 asédiare Aty valted Hﬁnﬁ?%ﬁ@cutﬂﬂ f (ha3HITPbdode MY
reduce the energy savings, but may be cost effeclive since it reduces

conpl exi ty i nstdeed iminregnornycs pnmexmmmdsmamdqadnw chpmepasients to ent er
o ccntes R G0 1 3 0 T ot
mode. _

In general, the time window for a given power-save mode is selected to
allow for good response to the range of access frequencies the disk drive will
encounter which are appropriate to the mode. Frequencies of interest are those
whose periods are close to the power-save mode latencies and energy

- break-even times. Therefore, a time window clése to the energy break-even
time will be suitable. The timing window value may be further optimized by
testing the behavior of the disk drive, or through simulation. Other factors may
be considered in the time wind‘ow selection, such as performance targets.‘ For
the disk drive example of Table 1, good choices for the timing windows are
400 ms for idle2 and 1.6 s for standby.

. ) : Densi : F
The access density values obtained as deseribed above are the number of
accesses occwrring in a specified time window. Therefore, the density values
may be converted to frequency values by scaling. The dynamic range in
frequency may be extended by realizing that a density of 0 is not equivalent to a



pattern contains information about the software process-which is driving
it. Access patterns may be characterized in terns of frequencies, i.e., the
rate at which disk drive accesses occur, and a distribution of frequencies
may be determ ned fromthe access history. 11135 possible to deternine when
an access frequency bei ng observed does not belong to the distribution of

frequencies fromthe rece access history.. This determnation_i s nade
statisticall yéﬁgu%‘%‘l?}f ﬂfl‘fl ﬂ@l é‘ep‘i‘?fb%m !si(i:)f/h? Fafuepayde campaed frogythecy i s

not part of thembRe®Rtodbdettive ABLERI of §) DhdstEcH RAVEAISS ehiiafioh I8 access
pattern and therefore the associated software process responsible for it

has ceased. There are many factors in such a determ nation. In the present
i nvention, these factor 2l sq be adjusted dynam gally based on the

per formance of theéaﬂﬂéed}sn%e f%ﬁf)r ovi de for adapti&f%nﬁ'tf&@rarranage nt.
Also, it is possible to detect periodic accesses fromthe access
frequencies and exit and enter the power-save nodes in anticipation of the
begi nni ng and end f5eq 5 ﬁ?élq /()Q!\Vén%ﬂ!‘cé%@._dﬁﬁl%ﬂfbl e iﬂenaltﬁef#é‘di c at¥Pess is
the tined saving of a word processing docunent, e.g., where the software
user allows the word processing software to automatically wite the file to
di sk every 5 NumbeeSzerd deraitylis tie hantbertof soppeestivetive wittowawheswther to

t he begi nning_of .a periqdic_access -12- will inprove the performance as
the user wi||deRsitysisd.t Healeispssaling factarfpr conerting density to frequency.

Egs. 2-3 provide a good approximation of access frequency when the access
frequency drops below 1/time_window. For ease of processing, it is natural to
use integer frequency units defined by the scale factor. That is, a density of 1
corresponds to a frequency qf scale. The scale factor is selected for ease of
computation and to provide the desired dynamic range in frequency. Typically,

~ a value of 256 for scale is appropriate for 16-bit processing as it simplifies the

; scaling when the density is nonzero, thereby reducing the multiplication to a
bit-shift operation. ' ' '
_Table 3 below is an example of the density-to-frequency conversion using

Egs. 2-3 and a timing window of 400 ms, e.g., the timing window for the idle2
mode. The top row lists the starting time for each timing window. The second
row lists the example access density values for each window. The third row
lists the access frequencies derived from the access densities in the second row.
For example, 19 accesses have occurred between time 0.4 s and time 0.8 s,
which corresponds to a frequency of 4864 with a scale factor of 256. There were
no accesses between 1.2 s and 2.0 s, which gives 2 zero-density values. These

density values convert to a single frequency value of 256/3 = 85.



ability to enter a power-save node inmediately after a periodic access ends
I ncreases the energy savings since the power-save node can be entered with
a shorter delay. In the preferred enbodi ment, disk access patterns are
assumed to fall into two categories: uniforml&ccess patterns and sporadic
access patterns. A uniform access pattern is defined as one for which the
set of access frequencies is well defined_statistically. For exanple, the
mean and standard devi ation of access fre@@-ﬁé’ es may be conputed. The
access frequencies can be congixdengied orabéndi§f TifiAg Winbb&sst andard devi ati on
i h

is sone fraction-of the mean Qtherwise thé access pattern is considered
sporadic, i.e., wel | defi ned, by a nd an d dgy atigop. In the
uni f orm case, th(igi%%cess pat't ergois ?bénrgi Eje'?ed f% hggé en ‘\ebld it£ he
observed access Désdtyency drops el oa he geean @i nus gsone2sul tigd e of .t he
standard deviation. This is equivalent to choosing a probability that an
observed access XreayqRe epd | £8Me ebdlor ved ace 400 W6 |t . _
al so possible to use a fraction of the m ni num observed access frequency as
an estimate of the end of the access pattern. The underlying principle is
the use of the recent access frequencies to characterize the access

pattern, and then HekeleSirabldtd ndRichize tha chérigyThaddbehicd eBRpatatibng 6o t hen

assunmed to be highly probable that the access pattern has ceased when the

access freque ay$ dyring periedsiofidigly drive gccesgase Scheplensityapproach

e
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converting th@rive are occurring. It may be desirable to skip the density measurement or the

IS et

density-to-frequency conversion when the disk drive is-being accessed heavily.
This speet_is up the response time, and the access density for such intervals may
be set to a fixed value representative of heavy accessing. The access density or

* frequency values for these intervals may be updated once the disk drive is less
busy. For example, a density of 256 may be assigned to the busy intervals
which corresponds to a frequency of 65,536 with a scale factor of 256.

_The density-to-frequency conversion descx'-ibed above provides estimates
of the access frequencies since the exact timing of the accesses is not available
from the densities. However, if the window times are chosen accordingly, the
estimates will be of sufficient accuracy in the frequency ranges of interest.
There are other techniques for measuring or estimating the access frequency

which may be applied instead, such as Fourier transform techniques.

Threshold Frequency

The microprocessor 9 detex_mihes that a power-save mode should be
entered when the current access frequency drops below a threshold frequency,
which is determined from the access history. Fig. 4 is a flow chart detailing the

entry of power-save modes. In this flow chart, the various power-save modes



ndnber to frequency. A different tinme wi ndow may be chosen for each
power - save node. The nunber of accesses that occur within a time windowis
call ed the access density. -13- Fig. 2 is a flowchart detailing the
rmeasur ement of access density. A tinmer is exawned at step 403 to deternine
I f the window tinme has el apsed. This tinmer may be in hardware or software.

| f the wi ndow has not _.ended, then at step 401 gg .occurrence of _an access
i s checked. PBFeasswpgdde ﬁague*eer@firféem%?m@ dROT Ve@eﬁf@sm%power

SAene e Sy e g IS Dgiohesdal Moty s ey i

the densiti epotwer-saivé nidde. pﬂmmmiﬁmmﬁs}mﬁ;retamtuveﬁ’equedcy ﬂagfmets}mt ti ng
Che densi ty FRpaBoRsRode Tl tieia“&%f‘%%m@énex ixoding i FORARIAGDB 05 CREFDGIDy age.
such as a rigg @uﬁ&e& A%’Egegﬁb‘i?rlﬁ& P8t né%'l“@h?&ﬁ%%ﬁfe%ﬁlﬁ%ahhﬁ ghext

w ndow. For -save no ows at sone nultiple of the
shortest ti mpovmend;awe niddesdeitishé yxamumd |Eorraihnmdemlthe Shreasheldfrdquéndibs

| onger wi ndow. F Il lustya |or fo oII|n | oop design.

An equi val enfir® ﬁitegf?‘i ’HS@&F&P@&“& e‘l—?&?f’}' ag% mFig. 2. The

process shovv@ ? 83 Is part of the functlon of povver m)dule 12 (Fig. 1)
I enmen

and may be i I n hardware and/or software. Fig. 3 shows a
Then, at step 302, the process waits until the shortest window time has

elapsed, the details of which are shown and descnbed with respect to Fig. 2.
Again, in Fig. 4 it is assumed that when more than one window time is used

(e.g., each power-save mode has a unique time window) the longer window
times are integer multiples of the shortest window time. Once the window time
has elapsed and the access density has been measured, step 303 is reached. At

- E step 303, the ‘power-save mode to be tested is set to maxmode, i.e., the mode
with the ig‘rezitest energy saving. At step 304, the process tests to see if the
current time i_s the window time for the mo&e being tested. If not, step 308 is
entered. . .

At step 308, if the current mode is lastmode, then step 302 is entered and
the density is measured for the next time window. At this point, it has been
determined that it is not time to examine any active power-save mode. At
step 308, if the current mode is not lastmode, step 309 is entered and the next
lower mode (mode - 1)is selected (in order of decreasing power savings).

Step 304 is then entered again. Note that the test of step 304 is always true
when lastmode = 1, since this is the same condition for exiting step 302. If the
test at step 304 is true, then a new density value is available for mode and
step 305 is entered. At step 305, the access density measured in step 302 is

converted into frequency freq, using the conversion in Eqs. 2-3.
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sw tabl e hardware configuration for inplenentation of the process of Fig.
2. Atimer 201, counter 202 and ring buffer 203 are depicted as part of

controller 7. The ring buffer 203 is addressable by m croprocessor 9. The
set of programinstructions for performng s€@ps of the process of Fig. 2
(as well as the process of Figs 4-6) are stored as m crocode in nenory 8

whi ch is al so addressabl y .m croprocessor 9. An access Sig .220 i s
recei ved by densi t?‘tc%ﬁﬂggg’ W@Fgﬁgﬁﬂgﬁ“‘é’ ﬁqqrgﬂnp@%te;mpy;p g@%}ﬁp‘?"é’?l’%‘ie&nal
220 may be ge'&%éﬁls%QhQXhPé%?JonPHeﬁheﬂc}F for'tA1R03¢; tFW}?Qﬁtﬁéiﬂé&% fér‘%ﬁﬁ@ﬁ@y

9
the interface I1 and intertace controller 13, or sinultaneously
controll er 7 ts greatexr than tleathreshold fiequerciiathes step 30 isentesed. sAfatdp 200 i s

count st he. acihe SeesBSfl weuiiEncy Hp dniel Bty r{Froel 5S B ibe o) gnal
221 at the engnfsheRTHrelh&h ' e cHERS, W¥paidiHg ohftheRBn&RIOHE (The

out put as signal 222, which’is connec?ed to a density storage - 14-
buffer 203, hdetaithafiadjusting the ghinshbld fregmensydviblfbeviesdoihed mgtharespeet 0 om

timer 201 causges ti byfter ,203 to writ he, densi ty, val ye 2 to the,next

menory | ocat i 'ﬁh%ﬁ?éﬂ%&t fra e ‘PQFR%‘?’F?W’F&%%{.S%?‘S?%FZ@%%PK 'nAQ

resets counteg 6,28 018 hote¥SrédBeAtPid RASHATOM ddudl tHthd diregRsldDy

m croprocessor 9. M'croprocessor ‘9 sends clear 223 and read 225 si %gal s to
cHaist y

read buffer 26@quedcy.dbenstep 810 psentargdand thispawertsave mededsientere

values. The . eans that microprocessor 9 would then signal the appropriate disk drive

components to reduce power. Step 311 breaks the flow by entering step 313 if
the current mode is maxmode since there are no further power-save modes
available. If there are power-save modes still available for testing, step 312 is
" entered. At step 312, lastmode is updated to mode + I to reflect that all the
power-save modes less than or equal to the mode entered are no longer under
o consideration. Step 302 is then entered again.

The testing of power-save modes at step 304 is done in the order of the
most energy savings to the least energy savings in order to save thé‘ most
energy. This results in the disk drive entering the most favorable power-save
mode at step 310. It is thus possible for intermediate power-save modes to be
skipped. For example, by use of the present invention a disk drive in the idle
mode may enter the standby mode without first entering the idle2 mode. Ifa
particular power-save mode other than the maximum mode is entered, then the
disk drive will operate in that mode until either it is appropriate to go to a
greater mode or until that mode is exited.

Fig. 5 is a flow chart showing the details of the preferred embodiment for
computing and adjusting the threshold frequency for a power-save mode. The

most recent access frequencies are stored in a ring buffer (not shown)



m-croprocessor 9 uses the densSity values during execution of the m crocode
stored in nenory 8 to generate commands to the disk drive conponents to
change their power states, i.e., to either enter or exit an appropriate
power - save node. |In general, the tine w ndow figr- a gi ven power-save node is
selected to allow for good response to the range of access frequencies the

disk drive will,encounter which are apprqpriate to the_npde. Frequencies of
interest are t%@sﬁ%gyﬁ%ﬁcﬁ&f@%@rgf 5@'&‘5 Pﬁ?ﬁ@%&ﬁ&‘@ﬁ%ﬂ%&é"hatenci es
and energy br gRkeedVéiRvelrh68s - THRESS | '

break-even tine wll ge gﬁiétabl e. ﬁ?ﬁﬁ%ﬁ%ﬁfﬁﬁ%&ﬁﬁ%%g@ﬁ?ﬁéﬁﬁ
optini zed by twkichrepchifeeqiemay imeasyirerdent il lokrded.i The ring bifferugin boldua at i on.

O her factors _nmay, be nsidered in,the, tinme.wi ndow.sel ection, such .
performance talgers. oéi%?q?%m%ﬁ %?u%rtf’s_gem é’gﬁ?glﬁﬁ‘f’ °r1[,ne8’858f?:"??§%8§§m
for the tim ngheisatlo@ncetBis@mbBr bPfrehfléieshdl Bech 19all6d, £dding BMditional
Conversion of Access Density to Access Frequency The access density val ues

obt ai ned as ddsequemey vabersewill sesuitimthmloss of theoddest ¥alus cThis s the effect of
epect {100 1| Mol FGE Lot RS- ABBE Lo R, ™ e converied Lo,
by realizing that a&Atdtspis0y, 2kedl is perfdimedito ved ifithedetar® sufficibdt values in the
ring buffer for this power-save mode to compute the threshold frequency. The
minimum numbef of frequency values is typically 2. Lafger numbers ensure
greater statistical accuracy, but the values must be collected prior to computing
a threshold frequency. If the number of values in the ring buffer is not
sufficient, then step 503 is entered. Step 503 tests the current frequency freg to
see if it is greater than scale/2, where scale is defined as in Eqs. 2-3. If this test
is true, then step 504 is entered and the current frequency value is pushed to
the ring buffer. If false, then the last frequency value in the ring buffer must be
modified since the number of consecutive time windows with zero density is still
' increasing. This is performed at step 509. Note that this is not a push
operation, thus it does not change the count of values in the ring buffer.
Step 510 is entered from both steps 504 and 509 and returns the process to
step 501.

At step 501, if the number of values in the ring buffer is sufficient, then
step 502 is entered. At step 502, the current access frequency freq is compared
against a value freq_act, the active frequency threshold. This value is used to
speed up processing and to provide a safety threshold. A value of scale/2 is a
typical initial choice for freq_act. If the test at step 502 is true, then the disk
drive access frequency is above the active threshold and there is no need for

further computations of the frequency threshold. Step 505 is entered and the



fr-equency of 0. Wien the density is 0, the frequency is conputed fromthe
nunber of consecutive densities of 0. One such conversion equation is: freq
= density * scale :density > 0 (2) freq = scale /
(‘hunber zero_density + 1) cdensity <= 0 ¢3p-Nunber zero density is the
nunber of consecutive tine wi ndows where the density is 0. Scale is a
scaling facfor .for conyertipg density tqQ frequency. Egs. 2-3 prqvide a good
appr oxi mat i ii)r‘f‘"g‘feqéﬂ@eégglagrlé s\ihearedn Ster @3 18 them cmdared %H‘i)ggwbel ow
1/ti me_wi ndgyhcebds afBascrMedsBGRSSi NG, it is natural to use integer
frequency units de?i ned by the scale factor. That is, a density of 1-
corresponds to alffthedesthat/step HPalsdalsEhthencthleactesstfguiency & belbedthieor ease

f tatjon apd t i.de.the desired d ' ' .
Syt oar 'y 2 firerRolk e Riher préceRuing g PR o AT HED AEBLHIE i ocensi ng as
it sinplifipw-Htguesey fag ! 118 t66ed] IFitlis sé10B%Pro03 ishateRd 4864 Gnhag the

multiplication to a bit-shift operation. Table below i s an exanple of the

densi t y- t o- thecepureny/loyofireguenon thrashgldralue 2s maintained: | Thegssiimptonds 400

nms, e.g., the. .tim i ndow for the idl de.. The t row lists, the
otarti gt TRt dte Yo msHey ik J= el n8deSnipahln,of Faf 8tast Pefierpiia
access denshéimgtakeds TikreRReNth Aaevnt FFBguiyis asaithdd &6 fof Hea HaeeES
frequenci es derived fromthe _access densities in the_second row. For

exanpl e, 19thit pesiesn ans shadd mof be usedie appdifyrthedhresholdhfreguemesd. 8 s, which

cor Bk el UGNy R a5 A Aoy A s

These densi flyg wadybe cleared by ansineredsedhdahe meepss heyuendysbmie thieGiclive 85.
threshold freq_act. In such a case, the assumption that the access pattern had
ceased was incor.rect. Therefore, the frequencies occurring during the test are
now considered part of the access pattern. If the low-frequency flag is cleared

- at step 506, then step 507 is entered since a new threshold frequency will be

computed. This computation occurs in step 507. At step i508, the low-frequency
mode flag is set and step 503 is entered again.

The process shown in Fig. 5 uses a Bjstory of the most recent accesses to
compute threshold frequencies for each power-save mode. The computation is
performed bnly when the access frequency is below an activity threshold. This
has the benefit of only performing the threshold frequency computation when
the disk drive is inactive, thereby reducing the impact on performance.

At step 507, the threshold frequency is computed for the power-save
mode based on the access history in the associated ring buffer for that mode.

The mean and standard deviation can be computed for the values in the ring
buffer; however, they involve complex calculations. Instead, for uniform access

patterns, the mean frequency meanf may be approximated from the maximum



-16- Table 3 Exanple of Density Timng Wndows Tine 0 0.4
0.8 1.2 1.6 2.0 2.4 Density - 1 19 20 0 0 25
21 Frequency ... 256 4864 5120 85 6400 5376 It is
desirable to m nimze the energy nmanagenent,gonputati ons to reduce any

del ays during periods of disk drive accesses. The density approach has the
benefit that é requi res little cor&)‘gt ati on when accesses_of the disk drive
are occurri ngRd pioyzp, frequencies ig the raag pulferomasnand yunt by the fHAviBE t he
density-to- féﬁgpé 6% conversion when the disk drive is being accessed

heavi ly. Thi s "spee s up the response tine, and the access density for such
intervals may be set to a fixed value representative of heavy accessing.
The access density or frequency val ugs for .thes nterval s may be dat ed
once the disk drive is |ess busyne‘ﬁ’éfe‘é%f'ém g)aensi ty of 256 ma@?
assigned to the busy intervals which corresponds to a frequency of 65,536
with a scale factor of 256. The density-to-frequency conversion descri bed
above provi dBhisdsta gmtdessthﬁatd@ratunﬁ‘ermlaecﬁsemattssn sinte dhe [désteibadiontisni ng
of the accesses is ilable fro ensit i f; the wi ndow
tinmes are ch%%sé‘ﬁn%f% %Iwr‘?gli‘ib aragte #&l d‘geé“%tlmréﬁ vc??‘@rh accur acy
In the frequedimated§6m e ¢dHgR dF¥requencies as

sdevf = (maxf - minf)/4 (B

Thus, there is no need to actually compute the mean and standard deviation,

and it is desirable to replace them with the simpler Eqs. 4 and 5. For sporadic
access patterns, some fraction of the minimum freqqency is sufficient. Egs. 6-8
below show the computation used in step 507.

t1 Imode] = (maxf + minf)/2 - g1 {[mode] * (maxf - minf) 6)

<

t2 [mode] = minf / g2 lmode) (7
tf [mode] = max(t1,t2) | (8)

The value t1 [mode] corresponds to uniform access patterns, while the
value 2 [mode] corresponds to sporadic access patterns. The larger of these two
values is used for the threshold frequency for the given mode.

There are two gain factors: g1 [mode] and g2 [mode]. For uniform and
sporadic access patterns, respectively. The gain factors may be different for
each mode. For the disk drive of Table 1, values of g = 1 and g2 = 4 are



There are other techniques for neasuring or estimating the access frequency
whi ch may be applied instead, such as Fourier transformtechniques.
Threshol d Frequency The m croprocessor 9 determines that a power-save node
shoul d be entered when the current access freguency drops bel ow a threshold
frequency, which is determned fromthe access history. Fig. 4 is a flow
chart detalllng t he entr¥ of power-save nodes. In this flow chart, the

various powerSutakl the igle2 apd standbyanodes. s sambrekservedfrom t o
maxnode, in ' f 1 é,’.aﬂg [s.to

t he threshol ?eqzelr?ccgg S%?gspﬁgvglgl\ggfftﬁg oﬁma/%ac?o}gglvatg%%o ed‘[llapﬂ%l'?a{rﬁ??g te °.
[ node] r ef er sthreskold dreduengy @ndyddcreasih thé valuepéthd geich faotbes habithe kffeat

aids in contrgllin thec uta n of thrgshold frequencies. At step 301,
| ast mode i s s(éjtm%e tlsiggeq%gpyaﬁefq{%rep thePoR e EavRIRede RAFTY he

exam ned. Fory, ’bettﬂﬁeﬁl'% &1315@&???8%1%0%:3%@0%&%@& %%n{nf‘af e

0) and the Iovv- equen y flags are ¢l eared at step
302, the procdBsesgami fastamicah berselerbed tnd tadjusteld by tthewsémthretigh seitablde
details of which are sh wn, . and escribed with respect to Fig. 2. Again, in
Fig. 4 it is &8 g 2P P&t han one window time is used (e.g.,

each power-save niglgahate ﬁng' 'l'}lﬂé?s HAFEbLSEPRE ehBE pbﬁ@ﬁ-ﬁﬁvé"lﬂ&ﬁ@,"!md the

sizes of the buffers may be selected independently. Increasing the size of a
buffer will increase the time over which the access history is collected, while

decreasing the size will decrease the time. The selection of a buffer size is also
influenced by the desire to limit the history length, which improves
responsiveness to the more recent events, and to limit the amount of memory
required. For the disk drive of Table 1, a size of 16 is suitable for the Buﬂ'efs for
the two modes. More elaborat;,e methods for maintaining the access history are
possible. For examplé, the fréquencies in the ring buffer can have weighting
factors associated with the length of time in the buffer. An access frequency
histogram can be used in place of the ring buffer with a mechanism for
removing old data, such as renormalizing. However, the ring buffer has the
advantage of simplicity of design. _

The ring buffers may also be configured to hold densities instead of
frequencies, as shown in Fig. 3. In this case, the densities are converted to
frequencies during the threshold frequency computation. The process of
computing the threshold frequency using a density buffer is shown in Fig. 6.
The flow corresponds closely with that in Fig. 5, with a few exceptions.

Step 601 corresponds to step 501. There is an additional step 603, where
density is converted to freq using Eqs. 2-3. Steps 604, 605, and 606 correspond
to steps 502, 505, and 506, respectively. There is an additional step 607

wherein each density value in the ring buffer is converted to a frequency value



e

tinmes are integer nmultiples of the shortest wi ndow time. Once the w ndow
time has el apsed and the access density has been neasured, step 303 is
reached. At step 303, the power-save node to be tested is set to maxnode,
i-.e., the node with the greatest energy savpmg. At step 304, the process
tests to see if the current time is the window tinme for the node being

tested. If not, step 308 is entered. At step 308, if the current node is
| ast node, t PEHP&LES: 332 Natedhesb this cangresult indpwex frequengyasipes than there next

time w ndownhindNiSadiitvathls ﬂﬁﬁx@ﬁfn& &%@%&&%ﬂ?éé&ki&eto &éh%?ﬁ&s Ldre to
exanm ne any active power-save node. step , I'T the current node is not
| ast node, sikcepvated its seplefreduency vhlmese Stepsthl amba@S comespondldo i s

200 . Not o SRS ST 80d BB, Greper P oRmelon ORISR 1BR o et sty 1

since this. ialddi SRS DUl N tHOL16tbd pbRtesbOR BBde. | T the test at step
304 is true, then a new densMé value is available for node and step 305 is

entered. At stepBsth of theseaing buffdr configuratians aselswitabledpr gopputingdheer t ed
into freque [ using t onversi pn.d N Eqs. 213, £p 306, the
access freq 3@%“&%“’?‘? gr?qt‘ﬁ'i’r%ﬁt 'gﬁe %‘f?qélf*@ﬁy gﬁgleﬁ hag. %%ﬁ%a&tgsgﬁg%&fxﬁea
threshol d f hegtdfylengththhtHfers®e inttimb AR theké afdowafregEéndicprevRay. | S
greater than the threshold frequency, then step 307 is entered. At step

307, the thihsdansity ufferigs theradvyantage pEhavips adixed: histarydpneths aggihas ed.
The reduced computational overhead during intervals with disk access activity since

it delays the conversion of densitjr to frequency until the active frequency
threshold is crossed. _ '

As described above, once a power-save mode has been entered, it may be
exited either by entering another power-save mode 61' by returning the drive to

~ the active state. The formér occurs when the estimated access ﬁ'equéncy
continues to drop, crossing the threshold frequencies of other modes.' The latter
occurs when either a disk drive access occurs or when a periodic access pattern
has been detected that results in a drive-initiated entering of the active state.
When the disk drive returns to the active state, it may be desirable to clear the
ring buffers since it is assumed that a new access pattern is being measured.
This adds a further limit to the influence of old patterns on the ring buffers. In
some configurations, it may be desirable to retain the ring buffer data, perhaps
altering the weighting factor for the data from the prior pattern.

Other factors may be used to adjust the gain factors to thereby influence
the determination of the threshold frequency. For example, the desirability of
entering a power-save mode where the head is unable to immediately read or
write data (such as standby, where the disk is spun down) can be weighted by
the current cache hit ratio. A high cache hit ratio may be used to adjust the

threshold frequency upward, for example, by decreasing the gain factors. Even



threshold frequency may or may not change, depending on the conditions.
(The details of adjusting the threshold frequency will be described with
respect to Fig. 5.) Step 308 is then entered and the fl ow proceeds as
descri bed above. At step 306, if the access fygquency is |ess than or equa
to the threshold frequency, then step 310 is entered and this power-save
node is entered. This neans that m.croprocessqor 9 woul d then signal _ the

appropri ate df 3R asepsfeoccunpshersatter theithreshnidfequenespisTrosserdetids lilvedy £o ow
by entering sfieRngticid. Tﬁgre?{:'x;%lﬁgé pf@gaﬁi{lgtﬁreﬁgfrﬁe t¥a Bfiér ‘Ersgﬂ?x[e%vﬁ%i.

further power-save nbdes aval ower - sa nodes st
avai | abl e f orSinsddnipg let epcli Riti rationyeulddesult irs & dpwad threbhold foetpuersy

updated to mqpde +.1 to reflect that..all.the power-save nodes | ess,.than or
equal to the HFERE ERFEPIEFIRFE PROPARIIGE P & RSP IR AGE RGN EFERiBg DT o
then entered {agng frdiaCtHetdikk Woll BRORh: Eﬁ‘éﬁcﬂ%@& & ad8RPnd pokerdane in

the order of the nost energy savings to the |east energy savings in order
to save the rmsde toreroggrollingthe gomterdoithe tachedbufferi10 e Figitlo maygbehe nost

favorabl e power:save mpde at s 310.. 14 i.s thus pgssible for internediate
POV - S aveIo ng%@ga?%e'bmtb%ﬁ Eﬁgﬁ?gf’&'&#@r&o r%g&h‘fe’ YRR IBrset?'Bm’y 5.

i nvention a _drwﬁﬁﬁj f5Rtdr8 fo thik GhEdRESINTRENSH 16 the@iché MiintidRE Grelll. LIt

first entering the idle2 node. If a particular power-save node other than

t he maxi num rbgh hit raties it may br-desinablgite Hegrepsathg; threshold freguency i node

'S exited - rilrii Bt RRELAS ol SALKRS I 6ERRIIRE 1A sl adesitlaho [RHE
embodi ment  f aft spebifithiof ghe bacladactebiasy sidtead treatihy rehdsralreritys Separately,

ower - save node. _The
P or using the locality of accesses. All of these may be used to adjust the gain

factors and thereby the threshold frequency. ’

b Adjustability of Power-Save Mode Entry Bebavior
f There are a number of adjustable parameters in the above-described

design. These include the -gain factors g1 and g2, the timing window size, the
ring buffer size, the density-to-frequency scale factor scale, and the active
threshold frequency. However, in the preferred embodiment the most
appropriate parameters for adjusting the behavior of the power-save mode
entry behavior are the gain factors in Egs. 6 and 7. The adjustable parameters
may be fixed at the time of disk drive manufacture, or they may be adjustable,
either by the user to suit a specific application, or dynamically based on power

management past performarice penalties.

User-Adi bil
As mentioned above, it is possible to use a command from computer 41
through interface controller 13 (Fig. 1) to set the gain factors directly. However,

it is more advantageous to hide the internal details of the energy management



nost recent access frequencies are stored in a ring buffer (not shown)

-19- addressable by m croprocessor 9. This buffer may be different for each
power - save node. The ring buffer is a set of registers (or nmenory
[-ocations) into which each frequency neasurened_ i s | oaded. The ring buffer
can hold a nunber of frequencies equal to the nunber of registers (or

menory locatigns) in the set. Once this nunber of frequencies has been
| oaded, addi n§f° 9PPPYen 41 Ehersiete. Rasapasatpinarametay) calied 2 perfogaange ¢ he

ol dest ' val ue. e 7o (438, 9% §85kjRkedbY dibait BoblipitePoind he T ecent

access history. At Step 501, a test Is per to se there are

suf fici ent valindependenhef thegpdeifié enerfgyrmbuhagenpmiaiesipamvimplosented totheidizk
t he threshol d ,frequency. The m ni mum nunber of frequency values is
typically 2. éﬁ‘r"&er nunbers ensure greater statistical accuracy, but the

val ues nust be col EReHe DIiaPbniedt AR Hokdd savinpresiRlifl o disR\E R typidaltshe

nunber of values in the ring buffer is™not sufficient, then step 31s
entered. Stepi@lvesa txadenf hetweeniactessqezformancegnd energy sgvings.i Thigrieat er
than scal e/ 2,-;where scale.is defined as.in s. 2-3. If this.,test i,S,true,
then st ep. S04 SH 8RR Eef tpcrebaery inaicsor 8 ons omie rmbrles isERtar v
ring buffer. AfsihgleS®eighbi®i peifornisicel fagtirthay deseribes the rtifée éftthieer
nmust be nodified since the nunber of consecutive tinme w ndows with zero

density is stPRerayvs: pasforgante teadesfljs Mighlywlesirabler d opgextreme, thefactari s

I's not a pus hwould favor maximizing the energy savings without regard to performance. At
the other extreme, the factor would faver performance without regard to energy
savings. This is quite different from conventionsl disk drive power
management techniques, where the energy management commands adjust the
fixed times to enter the power-save modes. These commands do.not relate

v ' directly to performance or energy savings. Further, different drives will
| produce different energy savings and performance impacts, even with the same
fixed time settings. However, the scale of the energy vs. performance factor can
be fixed, allowing all drives to behave similarly. In thq preferred embodiment,

the performance factor interface command is as defined as in Table 4 below.

Table 4

Performance Factor Command

Performance factor pf value Result

0.. 254 Linear scale between
maximum energy savings and
maximum performance

255 - Energy management off




operation, thus it does not change the count of values 4n the ring buffer.
Step 510 is entered fromboth steps 504 and 509 and returns the process to
step 501. At step 501, if the nunber of values in the ring buffer is
sufficient, then step 502 is entered. At step_502, the current access
frequency freq i s conpared against a value f?gﬁact the active frequency
threshold. Thjs val%e Is used to speed up processing and to_provide a

saf ety thresHbFaluehPgqrgesponds 4p epaxmun enppaycsavingsi anchi vahis efe2ftoto
freqact. If tHexbash RirforhEh Qﬁ I@' 39%&&!)61%&55&1 = S
lve t res d an

frequency is above the act here is no need for further
conput at i ons pekfortranice faeten cgmpiaret tank dlsoSeayndated wsmgthe ethrakaotd thved

-20- lowfrequency flag,If [. e] i.s cleared t hen, ent and
f1 ow pr oceed%‘%@%@&?’gﬁe A%Lnltﬁetcﬂm%@mgt&g’ﬁ F’ss% %%gégﬂQ

the access fnB@IEhfhd &s@@qum mﬁe%aﬁd@ﬁnha@ﬁm&&blué@ré e fofka PLRFESSI NG
Is required. At step 506, the lowfre uency f Is tested. If it

is set, step PepRTisave masted do 288 where ehectua}tmm- 5@%\wahecﬁ}empﬁttvahmhol d
val ue is maintained. The as t h eth fre flag is
sot - Cthe ter FYIRE RS oRE TR autepni 1 APy MCminenc i AR s, ne
current fr eqm&:&%%ﬁﬁaﬁ&tfaﬁﬁ)ﬂOWﬂd BE n&alaaﬁmmb&ﬁbﬂnaﬁée m
not be used to nodify the threshold frequency

linear scale from Table 4 would range from values of 1 to 255 instead

of 0 to 254.

In the preferred embodiment, the input from the performance factor

command is translated to the behavior of the energy management system by
adjusting the gain factors, gZ and g2. This will result in the gain factors
varying between two limits which represent the energy and performance

~ ' extremes. For example, for the uniform access category of Eq. 6, g1l corresponds
to a multiplier on an estimate of the standard deviation, sdev. This suggests
some practical limifs on g7: 0.5 < g1 < 5. Similarly, since g2 is a fraction of the
minimum frequency, minf, there are practical limits on it as well: 1 < g2 < 10.
Statistically, the lower limit on g1 corresponds to about a 20% probability for
normally distributed data that the threshold frequency is actually part of the.
distribution. Too small a lower limit will result in a high probability of entering
a power-save mode inappropriately, and can actually increase energy usage.
The upper limit on g1 corresponds to about 10° probability, which is likely more
than sufficient. The behavior of the limits is similar for g2, although they are
not as well defined statistically. To improve the selection of the limits, it may
be desirable to consider empirical data on performance and energy behavior.
Further, there may not be a need to achieve the fine resolution of Table 4, as
many settings may be only marginally distinguishable in practice.



However, this frequency is still placed in the ring buffer since the

| ow-frequency flag may be cleared by an increase in the access frequency
above the active threshold freq _act. In such a case, the assunption that
t-he access pattern had ceased was incorrect Therefore t he frequencies
occurring during the test are nom100n5|dere& part of the access pattern. |f
the lowfreq enCé ‘h%bls cleared at step 506, then step 507_is_entered

since a new beloueshaw the Pe’é"é“@émfaé@r W%V%Fﬁhfoétthﬁﬁoﬁ’é’é%%
in step 507. oﬁaﬁieﬁﬁf@&le didg TR w t?lﬁéﬁ"?_e ggus €s o?ggébc‘lesle'[ and step 503

is entered again e process es a history of the nost
recent accesses to conpute t hreshol d frequenC|es for each power-save node.

The conputation is_p on| en the access frequency is bel

activity t hr eshol §Z “r{ﬁlg*hg /t%)e)/]cé,{r:efit of only performng the tﬁ%gshol d
frequency conput aghan hgn,khe drive is inactive, thereby redygjyng the
| npact on perfornmance. 2% f )?Ogé the threshold frequency is coggug ed for

t he power-save node based on the access history in the associated ri ng

buffer for t node.. The rrean and evi on

the val ues i ﬂanﬁwrsar?é?ug R fﬁgﬁ%ﬁ% 5 70 B Kt Bt s,

Instead, for a.*:‘é‘ Eib&?&eééSeRffEﬁm‘iﬂ&ﬁenHtfo hic38H SRTNNERRNSindB Yhd©

appr oxi mat ed he maxi mum - and mninmumTfrequencies in the ring

buf f er maxf dm:isrmsfmmybe ireplaoéd bwshgﬁ operations. Itis desirable to perform the
scaling by the factor of 16 as the last step of evaluating Eqs. 6 and 7.

Other parameters, such as the timing window size, may also be adjusted

using the performance factor. In general, larger values result in improved
performance at the expense of power consumption. Further, a subset of the
available power-save modes may be chosen. For example, there may be some

~ power-save modes that affect performance more than others, and it} may be
desirable to not use them when performance is impoftant. The advantage of
the performance factor pf described above is that it allows the disk drive
designer to determine which parameters to adjust to meet the performance goal,
without the end user or systems integrator knowing the details of the specific

implementation.

The power-save modes are entered based on the frequency of disk drive
accesses. Satisfactory power management behavior is obtained using Eqs. 6
and 7, where the parameters are fixed until new values are selected. The
suitability of a set of selected parameters, e.g. gain factors, may depend on the
actual access pattern. New parameters must be selected if changes in the

access pattern affect the power-save mode entry behavior. However, the



éxpression: nmeanf = ( maxf + minf) /2 (4) This is a good
estimate for a uniform access pattern since the distribution is assuned to
be well characterized. The standard deviation sdevf can be estimted from
the range of frequencies as sdevf = (maxf - mdxyy)/4 (5)
Thus, there is no need to actually conpute the nmean and standard devi ati on,
and it is desirable to replace themwith the sinpler Eqs. 4 and 5. For
sporadi ¢ acc essamnef@rmmaysbméyﬁlmdnailbmdjﬁsﬁeﬂ&o folliwrtinarigesodhe\aceass

e o B Wy RO SRR S ip L B o0
[ mode] performance goal is béing fet, " BAEdy @3y ddjudts the gain factors

(8) The val ue t1 [ node] corresponds t’0 uniform access patterns, while the
val ue t2 [rmdeqcceodmg bponds to sporadic access patterns. The | ar ger of

There are two gai n AaBPURE rpatpicipiaRy Sy S PRI v sl AR
spor adi ¢ accessctial belidvior, f65 gaBphreby willhtheddsiretidpharirmhdisesti f f er ent
for each mode. For the disk drjve of Table 1, values of gl = 1 and =
ar e _22.  performance will be obtained when both the magnitude and direction otg the
deviation from the performance target are measured. These measurements
may be treated as penalties, which are then used to adjust the gain factors. For
power management, it is convenient to define two classes of penalties:
energy/response penalties (erp) and missed opportunity penalties (mop). The
former occur when the disk drive is either using excess energy or impacting
performance. This implies that the threshold frequency tf was set too high.
The latter occur when the disk drive has not entered power-save modes when it
would have been appropriate. This implies that the threshold frequency was
set too low. Since the two types of penalties have opposite effects on the
threshold frequency determination, they can be used to balance the behavior of
the system. . .
Since the penalties are used to adjust parameters in the threshold
frequency equations, they may be computed in any convenient units.
Computing the penalties in time units has the advantage of simple
computations. Computing the penalties in frequency units has the advantage
of having some input values available from the demand driven computations.
Fig. 7 is a plot illustrating a time sequence for the entry and exit of a
power-save mode. Time is plotted on the horizontal axis, and power on the
vertical axis (in arbitrary units). Each short tick mark on the horizontal axis
represents a timing window for the power-save mode. Three power levels are

indicated: the seek/read/write power PO, the idle power P1, and the mode power -

P2. For clarity, disk drive accesses are all shown as a brief interval at power



suitable for both the idle2 and standby nbdes. As can be observed from Egs.
6-7, increasing the value of the gain factors has the effect of decreasing
the threshold frequency and decreasing the value of the gain factors has
the effect of increasing the threshold frequenegy. Therefore, the power-save
node entry behavior may be tuned through choice and adjustnent of these
gain factors. The gain factors can be selected and adjusted by the user

t hr ough sui t dievel BY.sThm disk dpidei statisdn thefidleatste, Sepavatleveli Py TihbelGismay

be used for e ower - s ve .nnde, a d the sizes of the b#{lers may be
sel ected i nde’%‘& P&H?g & WGRe 3t aCreP 9CHFs- ?PPF(@Fé5¥‘é t he

tinme over whigfdé i‘seeﬁéé‘i'@& %t il lii:él* dndeSTE, %ﬁﬁ&&%tﬂmﬁé TEE WHRAhR GRSk 2 €

will decrease the tine. The selection of a fer size is also influenced
by the desir eaacess ¢aeiars,tdel ﬂlesduvqre%ugsmqthmaqﬁveusmeoxfeﬁmhspdm&mefss to
the nore recent even s and tao l,imtg the. a nMenor r ed or .t he
oo e orotkufy Bt e Wpo SedilGinBHRAY. fHe PRAB dferbié fpnteRbal ho
nodes. NMore edgwﬁra@fr% ARidedxitled at P, Windmanithé N@isR Geesss dabedsory are
possi bl e. For exa l'e; the frequenC|es in the ring buffer can have

wei ghting factors mf«am@nmmnalhesmnglmamnqa ithe pawersape riades axg

access frequenc i ra r wth a
mechani sm form}ﬁebﬁg%'f cgﬁgrglg' gt%%gtﬁ(ﬁégﬁéﬂ g%%&“e“ %{JQSOE%HV\%%/)A&&% he ring
buffer has thenfigusatiag Qr@ﬁoﬁslﬂ?piéseﬁb)éd@hddﬂﬁstg&ted'[ﬁ@lgifﬂngufliei‘rZ'DtIWnﬂbSO
be configured to hold densities instead of frequencies, as shamg

In this case, th@mb%ﬁmww%}w&% ¢ Bndeates 2R, £ FRo

threshol d fregueRfYwhUPHRE: 990. Diftpht 2975t duration of the mode, in time
window units. This output is available after the mode is exited. This value

may be used directly for time units, or converted to frequency units via
Eqgs. 2 and 3.

Energy/Response Penalties

For the energy/response penalty erp, both the energy impact and the
response time impact are measured. Energy pena’lties ep are a measure of how
much extra energy is used when a power-save mode is entered inappropriately.
Response time penalties rp are a measure of how much impact there is on the
actual data throughput when a power-save mode is entered inappropriately. In
the example Fig. 7, two example mode entries are shown, one at times T1 to T2
and one at times T5 to T6. An energy/response penalty might occur for the
mode entered at T5, but not for the mode entered at T1. This is indicated by the
ERP label in Fig. 7.

For energy penalties, there is a time to energy break-even, Ty, for the
power-save mode, where the energy saved during the duration of the mode is
balanced by the recovery energjf. Considering the first mode entry of Fig. 7 as a

reference, TO refers to the last timing window with an access density > 0, T1



conmputing the threshold frequency using a density buffer is.shown in Fig.
6. The flow corresponds closely with that in Fig. 5, with a few excepti ons.
Step 601 corresponds to step 501. There is an additional step 603, where
density is converted to freq using Egs. 2-3. Stepsg604, 605, and 606
correspond to steps 502, 505, and 506, respectively. There is an additional
step 607 wherein eac denS|ty value in the ring buffer is converted to a

frequency val ue refers todhp diopeat which thegpede if gptered, anddi? thedime at whichde
frequency val ues t NafdbieeAWIErhOlalens 71 #ahdewde aumforrfrea Rubieraoal; ii%fe

consecutive O den5|t|es are converted to single frequency val ues. Steps
and 609 correspond bardsrargdmpbementatinos Ax enegy penadiner qeryrslif T2 - g‘tleQJTﬁQZI‘he

pushes the current [
Pover -save mode.  Borteiay PR it Srbiifel 43 MMk of A G0d Ref bl prpfirrea
conmputing the threshmbdhhnnmuency The frequency buffer has the advantage

of having a history length that increases in tine when there are | ow
frequencies present. The density buffer has the advantage of having a fixed

history length, andiffae redyagg goapet-aei+oet - vyerngad during intervals
wi th di sk access act|V|ty since it delays the conversion of density to
frequency until theel§ee? 7d:frequency threshold is crossed. As descri bddd
above, once a power-save nbde has been entered, it may be

In Eq. 11, the energy penalty ep is computed to range linearly from a value of
16 when the duration of the power-save niode is essentially zero (an access
occurred immediately following entry of the mode) to a value of 0 when the
energy break-even time is exceeded. Other energy penalty equations are
possible, which provide different weightings of the penalties. However, Eq. 11
is fairly simple, and provides a good estimate of the energy impact. In practice,

. the values of the parameters in Eq. 11 need not be precise, and the
computation may be performed in integer arithmetic. In integer arithmetic,
there will be 16 penalty levels, which provides sufficient resolution.

The response time impact of a power-save mode can be computed based
on the additional latency incurred due to recovery, rl. This is an estimate of the
impact on the throughput (a measure of the disk drive performance). Therefore,
an upper bound on the throughput impact tub can be derived from the
performance factor. The throughput impact from a power-save mode is
measured as ri{ / (T2 - TO). Therefore, there is a response limit time ¢r{, which
depends on the throughput upper bound tub: trl = rl / tub. A response penalty
occurs whenever T2 - TO < £rl. The value T2 - TO may be computed from the
threshold frequency and the mode duration T2 - T1, since



éxited either by entering another power-save node or by returning the drive
to the active state. The former occurs when the estinmated access frequency
continues to drop, crossing the threshold frequencies of other nodes. The
latter occurs when either a disk drive access_fpccurs or when a periodic
access pattern has been detected that results in a drive-initiated entering
of the active state. Wen the disk drive returns to the active state, it
may be desirabfe dcaled @ar- The 1),ng buffers since it is assunmed that(i2)new
access pattern is being neasured. This adds a further limt to the
influence of old patterns on the ring buffers. In some configurations, it
may be desiralgh&elksrer €tain the ring buffer data, perhaps altering the

wei ghting factor for the data fromthe prior pattern. Qther factors may be
used to adjust the gain factors to thereby influence the determ nation of

t he threshol d. engy. r.exanpl the desirability of entering

pOWEr - save nngg'&ﬁgfeﬁéﬁéﬁﬁééd*Vgahﬁgble to i mediately read or mﬁi@@)data
(such as standby, where the disk is spun down) can be weighted by the
current cache hit ratio. A high cache hit ratio may be used to adjust the

t hreshol d fr efheregponsepeanaltyory scomputedns afimctianiof % HE0 gadrrs dat thes .

Even -24 - if,an.access occurs shortly after the threshold frequency is
crossed, it i?r?ﬁemr{lﬁo‘ﬁﬂen(%he cache. Therefore, the probability of using
extra energy is still reduced. Simlarly, a |low cache hit ratio would

result in a |lower threshold frequengy
if(T2-TO<trl)rp=16-16 ¥{(T2-T0)/tri;

elserp =0; (14)

In Eq. 14, the response penalty rp is computed to range linearly from a
value of 16 when the duration of the power-save mode is essentially zero to a
value of 0 when the response limit time is exceeded. Other response penalty E
equations are possible, which provide different weightings of the penalties.
However, Eq. 14 is fairly simple, and provides a good estimate of the '
throughput impact. In practice, the values of the parameters in Eq. 14 may be
performed in integer arithmetic. In integer arithmetic, there will be 16 penalty
levels, which provides sufficient resolution.

The energy penalty ep and the response penalty rp are combined to
produce the energy/response penalty erp. In the preferred embodiment, only
the larger of the two penalties is used as the energy/response penalty. This
simplifies the computation, since only the penalty with the larger time limit

mtl = max(Tgg, 27l ) ' (15)



/

-hei ng desirabl e since probability of a subsequent access requiring reading
or witing fromthe di sk would be high. In such cases, an additi onal
power - save node for controlling the power to the cache (buffer 10 in Fig.
1) may be desirable. This allows the cache bufFer to remain active even in
standby node. The gain factors for this nDde are influenced by the cache

hit ratio as well. For hlgh h|t ratios, may be desirable to decrease the
threshol d fr RRFEREY begonpase rM@Ieraxtwewhgdﬁﬁr%ble&eﬁ@nm%t% be
captured. |t dpr@58s Si ks ggsses,
such as treati né ltea(};sgi)]%né’Ig %glséls gg‘?}% g%‘s‘il %qﬁ&ﬁ oca |ty of

accesses. Al Iemhplhebgusmgmweug‘tmwtayeaaumst t he gain factors and t her eby

the threshold fre nc tabilit f .Power - \ﬁg l\/bde E Behavi or
There are a nunber éﬁ‘ﬁﬂeépﬁaf’% fies (p alse €REZi gn.

These incl udqudife HRtskasd, Ahe tithe ¥BTuddT, (R drl ﬁé&rﬂ?ﬂiﬁ%s%ée the ring
buffer size, the density- t o- frequency scal’e factor sc and the active

t hreshol d f r equeaspyndidg/froguendies adrorgingfte Hasd2 emddi ‘Rhere wﬂbbmtenergy
appropriate ters. for adjysti t he behavi. of the e node
entry behavi SReAFEvERdrssiency f0q) s pespquse Bumip frequenayyt ;e mige
paraneters maarifioh!iy ndrtéd fo fredBeRéy FA1BK fAd vsingsEys! 2%&1W$ TRE pefiSitymay

be adjustable, either by the user to suit a speci f| C appl i cation, or

dynam cal |y mﬂioua agewer managenent past performance penalties.

User - Adjustability As nmentioned above, it is possible to use a command from
conputer 41 through interface controller 13 (Fig. 1) to set the gain

factors direaf{ fimdoRBYEH =16 - 16 * feb / fmd ;
' elseep = 0; (16)

and

if(1/fmd-1/t>1/frl)rp=16-16* fri*tf*fmd/ (f - fmd);

elserp = 0; (17)
Again, in the preferred embodiment only the larger of these two penalties is
used, therefore only the penalty with the lower frequency limit needs to be
computed

mfl = min( fbe, frl) (18)
The energy and response penalties are computed when the mode is exited to

return to the active state. No penalty occurs if a deeper mode is entered, since

the recovery penalties will be associated with that mode.



W anmnan
11 is nore advantageous to hi-de the internal details of.the energy
managenent -25- fromconputer 41. Therefore, a separate paraneter
called a-performance factor, pf, is used. It is adjusted by a command from
conputer 41 and is indepéndent of the specifisg_energy managenent design
i mpl enented in the disk drive. Energy managenent wi th power saving nodes in
a disk drive typically |nvolves a tradeoff between access perfornmance and
ener gy savi ngdiss : ¢ esult of the recovery | at enci es of the

power - save nodes d cus | " sin wei gh erformance factor
that describes theF ’f‘r‘B’&f’? %@%F“‘Pﬁ%pgﬂg# ngq g#n‘?ffrf ptoPVa?d‘eS@vanP%de&
hi ghly desirajy ®&m eﬁ'h%a@fiétr ideRl] béﬁ&n&ﬁ%ﬁ&re‘fx@'éh@réyadﬂ‘e Popddheridlfies e
energy savings wt regard to performance. At the other extreme, the

factor woul d ¢eo¥sr qomassﬂdrmmthmomurs@g@euwmn@mw sayeimede WRRIot| s

quite different om convention e nment

where the enePEﬁ}{ #ﬁﬁﬁggrﬂ;n‘?ﬁ%% Ffﬁ%ﬁggesglaﬁ{é q‘%%?&egﬁe %%easmtogg%ﬁﬁser}fog
powver - save nogdgpe 2JhBoth § ggmmpéeuﬁﬁheé at@édnsiered bhly i & mq:rots@mamames@r
ener gy savi ngs Further, different drives will produce different energy

savings and pthe wterale withm t1§°u@v’éﬁ epexgy orrespomse penglbiest IndigeT thegs.

However, the f

al lowi ng all %‘r 'Ves 0§3 &gfﬁg‘gghm m ar ?5 t?%g?%g&%?{tgr eggieér?bqgg%rl?hwe
the intervals TO to T1 and T4 to T5 are examples of type 2 opportunities. The
interval TO to T1 might result in a type 2 penalty (labeled MOP2), while the
interval T4 to-T5 might not. Like the energy/response penalty, the missed

opportunity penalty may be computed in any convenient units, with frequency
and time being the most convenient. .

The missed opportunity penalty may be i:omputed in time units. Fora
power-save mode, a missed'opportunitiy occurs when an interval is missed.
Considering Fig. 7asa reference, the values T0, T1 and T2 are defined as in the
prior section. For type 1 opportunities, the relevant times are T3, the last
timing window with an access density greater than zero, and T4, the time of the
next disk access when no power-save mode was entered in the interval. The
value T4 - T3 represents the length of the interval, and may be computed from

the access frequency using the following equation:
T4 - T3 =scale/freq -1 (19)

where freq is the measured access frequency. Of course, only intervals larger
than the energy break-even time and the response limit need be considered.

The type 1 missed opportunity penalty equation is

mopl =(T4-T3 )/ mtl (20)



1he performance factor interface command is as defined-as in Table 4 bel ow
Tabl e 4 Performance Factor Conmand Perfornmance factor pf val ue Resul t
O.. 254 Li near scal e between naxi mum energy savi ngs and
maxi mum per f or mance 255 _jfs;-éEner gy managenent off

-26- A value of 0 corresponds to maxi mum energy savi ngs and a val ue of 255
t o maxi mum performance (no energy mana(%ement). Thi s_user-sel ected

per f or nancedf]%bt?@rre@ﬁlﬁﬁﬁﬁ@ eenalhy 66056t rorits{ Ty TRewevkdwesalt inixed
or "ToE s Ry, e iAol AT Eh o iiatélid THIR SR fds OF BB Boriny

power - save misdppéndeiion hbwereutihtarger the opportunitpss thamtheclarger oftihie
val ues, giving a tjne_range from 5 seconds ﬁg%a ut é(l)_ mnutes. In
translating teMeEEY: BFRAkENathilEne0T NG FrsRARES AL t bRus HrgRfpepaliesake num

per f or mance, ; ag?, ' l?‘?fﬁ'lt tiél-"}aﬂﬁl%':;ga]fe HhHidsa9g embaliig val ues of 1
to 255 instead o Eg??}ola%g%ro tﬁg{ préferre erl;g%di mer?t , the tnput fromthe
per f or mance foppboiunities.

' For type 2 opportunities, where a power-save is entered, the value

T1 - TO may be computed from the threshold frequency using the following

equation:
T1-T0 = scale / tf - 1 | - 1)

The type 2 penalty is used only when it is possible to have a pewer-save mode
with no energy or response penalties, and when the threshold frequency
allowed an undesirable amount of energy to be expended prior to entering the

i mode. This is accomplished by Eq. 22:
mop2 = (T1 - TO) / mzl (22)

As is the case with type 1, no penalty occurs if the opportunity would incur an
energy or response penalty. In the case of type 1, this is an absolute limit. In
the case of type 2, it is an approximation, since incurring an energy penalty or
response penalty depends on both the type 2 opportunity and the mode
duration. However, Eq. 22 has the advantage of being very simple to
implement.

The missed opportunity penalty may also be computed in frequency
units. For type 1 opportunities, the penalty occurs when the measured

frequency freq drops below the low frequency penalty limit mfI. In this case,



coammand is translated to the behavior of the energy nmanagenent system by
adjusting the gain factors, gl and g2. This will result in the gain factors
varying between two limts which represent the energy and perfornmance
extremes. For exanple, for the uniformaccessggategory of Eq. 6, gl
corresponds to a multiplier on an estimate of the standard devi ation, sdev.

Thi s suggests sorre practical limts ongl: 0.5 <gl < 5. Simlarly, since g2
is a fracti orf™8p< FHEﬂrﬁfFﬁ%umfrequency, m nf, there are practi cal (43 ts on
it as well: 1 <g2 < 10. Statistically, the lower limt on gl corresponds to

about a 20% probability for normal Ly distributed data that the threshold
frequency i s iaatgoed penadtyteqafatidie Bostypdibpporturiities,stheldquationver |im t

will result in a high probability of entering a power-save nobde

i nappropriately, and can actually increase energy usage. The upper limt on
gl corresponq,%lgg)_em Yler 10[err] probability, which is |ikely nore ghgn
sufficient. The behaV| or of the limts is simlar for g2, although they are
not as well defined statistically. To inprove the selection of the Iim'ts

it be d blLe t d ' | . dat f d
behavi or . For IHCRAVATBES UhayERBESBAE ARSI iR BAEeNRERRLA 1 THECHA on
of Table 4, aa‘-iraﬂl&Bih@QiftthQ QRrrERY RSy AR id'@el thredild ﬁ&ﬁh@ﬁé}bﬁe in

practi ce. 9 and 10 bel ow show't he performance fact or pf
conversion f cHowemerc amumwtnasabe prefeired foneash eflimplementingin hazdperer
val ues of Tahl '%hl unters, or when time units are used for the energy and response

penalties (for consistency).

Clearly, other penalty equations are possible. The above description

assumes that missed opportunity penalties would not be taken if energy or
_ résponse penalties would result. In some cases, it may be desirable to have
~ missed opportunity penalties occur in these instances. The penalty might then
have an additional weighting factor depending on the magnitude of the energy
or response penalty.

 When there are multiple power-save modes, the penalf,y values are

preferably determined for each mode. This is highly desirable when the modes
have different timing windows, since they would be responding to different
portions of the access frequency spectrum. For a given mode, the entries of
other modes may be used in the penalty determinations, but this is not
necessary. For example, penalties may be examined for all modes in all
intervals, or only for the most optimum modes. Further, it is advantageous to
keep multiple penalties for each power-save mode. For example, Eqs. 6 - 8
represent the cases of uniform and sporadic access patterns. A set of penalties
is kept for both of these categories, allowing the independent dynamic -

adaptability for these two cases. This is accomplished by noting which category



gl =( 12+ pf /4)/16 . . (9) 92=(24 + pf /2
)/ 16 (10) The limts here are roughly
0.75 <gl < 4.75 and 1.5 <g2 < 9.5. Egs. 9 and 10 are designed for ease of
inpl ementation with integer arithmetic, _gignce the divisions may be replaced
by shift operations. It is desirable to performthe scaling by the factor
of 16 as the last step of evaluating Eqs. 6 and 7. O her paraneters, such
as t heid &&6ivg AWHEON s &L inteRYal2lbs@ éa%g@d_iﬂé tRe penhlged i ikl or mance
factor. In general, larger values result in inproved performance at the
expenspavlicplamsategoryunpt i on. Further, -a subset of the avail abl.e power-save
nodes nmay be chosen. For exanple, there may be sone power-save nodes that
af fect performance nore than others, and it may be desirable to not use
thenlmgﬁﬂgﬁguggﬁﬂg@ce is inportant. The advantage of the performance factor
pf desCribed above is that it allows the disk drive designer to determ ne
whi ch par anfibertimechiathricd of thepenalties aiendsed tanfusiotiie patdhetersf he end
user or systens _integrator know ng the details of the specific

i npl enpreferably theygain facinrp gdtand g2; in the thresholdfreangaey eomprbatipes The
power -.saye de r tered based.on.the, fregugn f disk drive accesses.
Sati sf Sebgry Okl T i Sretrrel Fmbodiment.n diwRaalnegaliies ogeurng 7,
wher e &F@, ' qngéa | ¥ etsoipd. The
sui tabi i tg@%@&g&ggagé&gée Iiés'gt e %g{rnéﬂrrgﬁgr ?e e.g. %gién actors, may depend
on t hecumtulative enesgy/pesponise pelialtips andeterpsforuatmbintivd migsed i f changes in
the access pattern affect the power-save node entry behavior, However, the
opportunity penalties. When one of these values crosses a predetermined trip
level, then the selected parameters of the threshold frequency calculation are
changed accordingly, and the cumulative value reduced. When the power-save
mode is entered without incurring a penalty, then the corresponding cumulative
penalty value is decreased by some amount. This has the effect of decaying the
penalty over time, such that older penalties have less influence than newer

penalties. This process is illustrated in Fig. 9. The horizontal axis is labeled

mode interval, where each tick corresponds to a mode entry (or an opportunity).
The vertical axis is. the cumulative penalty magnitude, cerp. f\t interval 0, a .
penalty occurs and the cumulative penalty value is increased. No penalty
occurs at interval 1, so the cumulative penalty value decreases. This behavior
continues, with the cumulative penalty increasing with each new penalty, and
decreasing at a fixed rate when no penalty occurs. At interval 7, the magnitude
of the new penalty combined with the cumulative penalty is sufficient to cross
the penalty trip level shown. At this point, the gain factors in Egs. 6 and 7 are
niodiﬁed, and the cumulative penalty value reduced to zero. The cumulative
penalty is cleared on the assumption that the parameter adjustment has
changed the behavior, so a new measurement is required. This effect is shown
in the time intervals after interval 8, where there are fewer penalties, and the

penalties are smaller than in the earlier time intervals.
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--28 - paranmeters may be dynam cally adjusted to follow changes in the
‘access pattern. This is done using an adaptive system which neasures how
t he performance goal is being net, and dynam cally adjusts the gain factors
-accordi ngly. Achieving dynam c adapt abi_Ih%ty requires the ability to nmeasure
the actual behavior, for conparison with ‘the desired behavior. The best
performance wi ||l be obtai ned when both the nagnitude and direction of the

deviation froghd ﬂg?féﬁ-fé&émnﬁ&ftg eéa@rggg%ﬂa@& p&t@%ﬁ ((RARBRIRAL S MRy

be treated as pe ties, are then u to adjust the gain factors.
For poseandapdiesdded tbtthiescumualativepenadlty dapi whet sochlaapersaliyfocpenal ti es:
ener gy/ response penalties (erp) and m ssed opportunity penalties (nop). The
former occur when the disk drive is either using excess energy or inpacting

per f or gance, Th':; : ' that the threshold frequency tf was t oo hi gh.
The | a r"%ecrgu+ %ﬁéfi’ﬁg)di sk drive has not entered pomer-savgﬁr%odes when
It woul d have been appropriate. This inplies that the threshold frequency

was set too low. Since the two types of penalties have opposite effects on

t he t hThe komilativeusealtyiés then camipaned abainst arpredeteraained &ip dexad t he
behavi or L Of - e LSt Hibtons a3 and 5298 1Bk theSsHE sty Biittaehty 2=t ers
changed. In the preferred embodiment, the penalties are tracked separately for
uniform and sporadic accesses, and the appropriate gain factor, g1 or g2, is
incremented. A good value for erpt is 16. As described above, there are
practical limits on the gain factors, and these may be used to restrict the upper
bounds on the gains.
If there is no penalty, then the cumulative penalty cerp is decreased by a

| predetermined amount (cerd) at each mode exit, to a lower limit of zero.
cerp = cerp - cerd ' (26)

cerd acts as the decay rate for the cumulative penalty. Typical‘ly, avalue of 2 is
suitable for cerd. A larger value will decrease the effect of penalties at a faster
rate, and a smaller value will do so at a slower rate.

The missed opportunity cumulative penalty crmop is computed similarly
to the energy/response cumulative penalty. It is possible to treat the type 1 and
type 2 penalties distinctly (separate cumulative penalties), or to apply them to
the same cumulative penalty, which is simpler. When a missed opportunity
penalty occurs, the appropriate value (mopl or mop2) is added to the
cumulative penalty cmop. In the preferred embodiment, the appropriate gain
factor g1 or g2 is decremented when the cumulative penalty exceeds a trip level
mopt. A good value for mopt is 16. As described above, there are practical



f.requency equations, they may -be conputed in any conveni ent units.
Conmputing the penalties in tinme units has the advantage of sinple

conput ati ons. Conputing the penalties in frequency units has the advant age
of having sone input values available fromthg, demand driven conputati ons.
Fig. 7is a plot illustrating a tinme sequence for the entry and exit of a
power -save node. Tine is plotted on the horizontal axis, and power on the
vertical axis Yumtsarbthe gain faciors,) andtidseshay be usek tomaskricntiielewieobornds ah

axis representg a tim wi ndow for ihe power-save node. .Three power. | evels
2re i nd cat od: CROREIBEG AT THES AT EP PEnBENC AL et EASEaker S Predetrined
node power P2-aﬁeﬁneb%uwola%$& Bt/ eﬁﬁ?%@%&,%@ﬁé lofgfiggﬁitﬁme?fglpghﬁh.

i nterval at power -29- level PO. T sk drive starts in the i

state, at power | eVEhe Piergyinmespditse pendlty érpganshiypg 2omissed ioppogiunityipenalher e
an access occurs. .The power-saye node ,is enferegd, at. a.Jater.tine T1, and
Maste unti | tiTHEDR B SHEREAL wierca thode tn soved Dbt Aefilshtdhis progesars
returns to th%%%&.;pg-%%mia%ﬂe%aﬁwg 858 bfFig)e, Whidhthe

wi ndow begi nning at T4. r-save node is entered again at 15, and is
exited at T6, dvepestnmodhdashesh entexesk Btep A5 is Boterpéd fifam stepcé0beilfig. 2es,

t he durations of the power-save sare.nportant.. Fig. 8 shows,th

2ddi 1 on of 2 WBEREEASEF QIS RN 4h AANE i CRREUAY AR AR rge. Step

described and 341 waitsFbL4n 'abcdssGvheh ehttt8dl Bon? Stbp@HAN 4 step 352, the mode
duration is obtained as described above. At step 353, the energy penalty ep and

response penalty rp are computed as described above. Step 354 tests to see if
either is a penalty. If there is no penalty, step 356 is entered. Ifthereisa
penalty, step 355 is entered. At step 355, the penalty is added to the
cumulative penalty, cerp. At step 358, the cumulative penalty is tested against
the penalty trip level, erpt. If the trip level is not exceeded, step 367 is entered,
which returns control to istep 300 of Fig. 4. If the trip level is exceeded, then at
step 359 the appropriate gain factor is modified. At step 360 the cumulative
penalty is set to 0, and step 367 is entered. At step 356, there was no penalty,
therefore the cumulative penalty value is decreased. At step 357, the type 2
missed opportunity penalty is computed, using Eq. 24. Step 361 tests to see
whether a penaity occurred. If there was no penalty, at step 362 the cumulative
penalty is decreased, and step 367 is entered. If there was a penalty, then step
363 adds the penalty to the cumulative penalty. Step 364 tests whether the
cumulative penalty exceeds the trip level. If not, then step 367 is entered. If
exceeded, then at step 365 the appropriate gain is modified, and at step 366 the
cumulative penalty is set to 0, and step 367 is entered.

The type 1 missed opportunity penalty mopl is computed when the
access frequency drops below the frequency penalty limit. With reference to



the nunber of tine windows 221 between the node entry 226 and the node
exit, shown as access 220. Qutput 227 is the duration of the node, in tine
wi ndow units. This output is available after the node is exited. This val ue
may be used directly for tinme units; or conugted to frequency units via
Egqs. 2 and 3. Energy/ Response Penalties For the energy/response penalty
erp, both the energy inpact and the response tine inpact are neasured.

Energy penal Fi£st,@Re bR pAriRaASH EcQbuRn WM d BbIrPasNaE @Y step IPROTHASR 2
power - save node is entered i na%r opriately. Response time penalties rp are

a neasure of sheWninanorengeieil inHtige 11s Step BR%isenterad omesten 367 9f g 4héa a

power - save ; er LN opriately. | e fX I '

Al o mode e 176, 286 BERE 1 VAR aRln sl b BA°RF St S iRone
to T6. An enefthieré Q@RaSFeEtl Ifhdhahdity Gl 329 retithes badketstbp30d. aFaTd,
but not for the node enteredfsgt Tld.ﬁ)Thi sﬁi S i ndi ceat ed by the EpRP IabelaL in

Fig. 7. For ®aeally opayraed,step 3RAaddlsithigta theccumplative gonaltegman et stepe,

mode 15 bal aRibts Rgari A SheSoR ] BERRel e A SRpPH A, 1 U°
of Fig. 7 aslevel sicpiecifthe thip Idletisndpetdeedéd)sher stepaP8Vik Reltevedi TNt trip

access density > 0, T1 -30 - . . . . .
level is exceeded, step 311 is entered, wherein the appropriate gain factor is

modified. At step 332 the cumulative penalty is cleared, and step 328 is

entered.

-]

It is also possible to adjust the gain factors without the explicit use of the
missed opportunity penalties. In such a case, the frequency of occurrence of
energy/response penalties can be used as a substitute. This works based on the
assumption that optimum behavior occurs when there are some occurrences of
energy/response penalties. Too low a rate of occurrence indicates the system is
not saw’}ing enough energy. Therefore, if the rate of occu.rrencei falls below some
level, then the gain factors can be modified as if a missed opportunity penalty

. had occurred. | . : .
| Of course, it is possible to design other methods for feeding the penalty
information back into the threshold frequency computation, but the described
embodiment has the advantage of being a very simple design, and providing
responsiveness to actual behavior of the system. Other designs include keeping
penalty statistics, such as by a histogram, and providing for a time-weighting of
the penalties, such as by renormalizing. Furthef, it may be desirable to provide
for the adjustment of other parameters, such as the penalty trip levels, penalty
decay rates, penalty magnitude conversion factors (such as in Eq. 14) and the
limits on the gain factors. These may be adjusted either through a command

from the computer 41, or dynamically when the cumulative penalty trip levels



-refers to the tinme at which the node is entered, and.T2 the tinme at which
"the node is exited. The value T2 - Tl is the node duration from counter 204
in the hardware inplenmentation. An energy penalty ep occurs if T2 - Tl <
“T[err]. The energy penalty ep is conputed @&®-a function of T2 - T1 and
T[err]. In the preferred enbodinment, if( T2 - T1 <T[err])ep = 16-16 *
(T2-T1 )/T[erri else ep = 0;

(11) In EqF *{hﬁéiommrgsonmmlyuaﬁqnswmddmctmdas partafgbep Bﬁ'éamhys fsr om a

| f 1 d t h t
\(/gnugcgessgo%?r e gferrérir% ﬂl 10 l)g %tél)l Fsct)zgo}%gt éﬁsw?r}/tgr%‘fgeﬁbsstﬁg’ggﬁe]n‘ftjf e of
0 when t he stsre32g, ﬂh@qﬁnawemﬁe eop BisevegRded as (A Bgr 23nmgy32¢m@4tho see

equati ons a possi bl e, which fProw de different weightings of the
penal ti es. ¢ &fas nyypenalty.sIfng peyalsy.mier328& retupne backe to ate@o'iﬂJV thal mat e

of the ene [ h 11
need not b@gprggg@%eadstgﬁ?tgoaﬁrgﬁt&?l onﬂﬁgk&%e 8&?%88%&3”%%8

arithmeti 0330nthentlﬁgﬁlatﬁ;rel pdity 1, cotﬂlﬁfr@debinsbehé-ﬁumadﬁnbrﬁﬁﬁE} ﬁanhl ch
provi des sgg @gm en ﬁél ytion, The response time inpact of a power-save

nmode can b eap Bﬁ’ ol Fﬁanaﬂﬁﬁqeﬁ%lth?%ﬁ@ g ﬁcﬂ!\*’?@ﬁl dﬁf ghe grip
recovery, fdvel }g]éﬁgcl?bge&lré Snf)efre{i %}l‘%er e?l(&)er e&}gg%aggr

nmeasure of the d ri've r mance u pér oun %n t he
t hr oughput niadpfied. Amlstqa%m&miamwﬁhﬁé pendlheispdddred  amnd etdp828is. The

t hroughput ippagt froma power-save node is neasured as rl / (T2 - TO).
Therefore,e’t"{% é Is aresponse limt tinme trl, which depends on the

throughput uppert jBeigfipddsible th adfusdt!the ghttP fackdrs SHRRAREHRA M use of the

missed opportunity penalties. In such a case, the frequency of occurrence of

energy/response penalties can be used as a substitute. This works based on the
assumption that optimum behavior occurs when there are some occurrences of
energy/response penalties. Too low a rate of occurrence indicates the system is
not saving enough energy. Therefore, if the rate of occurrence falls below some
level, then the gain factors can be modified as if a missed opportunity penalty
. had occurred. . .
Of course, it is possible to design other methods for feeding the penalty
information back into the threshold frequency computation, but the described
embodiment has the advantage of being a very simple design, and providing
responsiveness to actual behavior of the system. Other designs include keeping
penalty statistics, such as by a histogram, and providing for a time-weighting of
the penalties, such as by renormalizing. Further, it may be desirable to provide
for the adjustment of other parameters, such as the penalty trip levels, penalty
decay rates, penalty magnitude conversion factors (such as in Eq. 14) and the
limits on the gain factors. These may be adjusted either through a command

from the computer 41, or dynamically when the cumulative penalty trip levels



—

- occurs whenever T2 - TO < trl. The value T2 - TO may.be conputed fromthe

“threshol d frequency and the node duration T2 - T1, since -31- tf= scale
[/ (T1 - TO + 1), (12) therefore T2 - TO =
T2 - T1 - 1 + scale /tf 40- (13) The response
“penalty rp is conputed as a finction of T2 - TO and trl. In the preferred

enbodi nent, if (T2 - TO <trl ) rp = 16- 16 * ( T2- TO) /trl; else rp = 0;
(14) In Ereiaossede Itas msiaesmbéé toyhaye fhese vapiotefadtors bmgdjustetbbased f r om

a val ue of 1 urat i t he e is essentially zero
to a val ue o?pg @E ag’i%ﬁpnlge@b %‘i’lﬂﬂa%%deisgng?({gga‘é% Ot her response
penal ty equati ditsnay m@m@@blmﬁ&epﬁmdﬁ% db {dfer@ndhewighiter s hofy t he
penal ties. wever, . 14 is fairly sinple, and provides a good estimate

of the thr% ﬁa{ﬁmﬁﬂ%&@he sReGifiad eneegy/performance dardett Ruchd afienin Eq.

14 b h
w1 he EEBOLERE e fh E 3 dollBEAd or bPorB e St Tl A 6 L0
penal ty epmoarghtehéo mxhﬁ;ms}m qaergifpgrfopmané £aEbi, be tnfopmpthetuss: thbe the

: i I
energy/res,cglqge'?‘t Serrllce)atlgggnerrngt In.the preferred enbodi nent, only

Periodic 2
‘It is also possible to improve the energy savings without impacting
_ performance in the case of periodic accesses. Periodic accesses are quite

common. For example, most word processing applications have an “autosave”
feature, which stores the current documént on the disk drive at a regular
interval specified by the user, such as every 10 minutes. If such an access

. pattern can be detected, then a ﬁower—save mode may be entered more quickly,
and exited prior to the anticipated access. This will have the effect of hiding the

, | power-save mode recovery time from the user, and saving more energy by |
entering the mode sooner than would otherwise be practical. The access
frequency method lends itself naturally to detecting periodic accesses. In this
case, the very low frequency (vlf) access behavior is of interest. The vif activity
can be measured from the access density, but with the target frequency range in
mind. This would be a range of times longer than the mode recovery times. For
detection of aui:osave ‘activity, a timing window size of a few seconds or more
would be appropriate. A history buffer is kept of the vif activity, for example
the last 3 vif occurrences. If a pattern is detected in the history buffer, then
periodic mode is entered. One very simple pattern is that the last 3 vif values
be within some tolerance of each other, perhaps 5%. Once periodic mode is
entered, then the gain factors are decreased to enter the power-save modes

more quickly, since the assumption is that there would be no performance



‘the Targer of the two penalties is used as the energy/response penalty.
“This sinplifies the computation, since only the penalty with the |arger
time limt ntl = max(T[err], trl) ' -

(15) -32- needs to be conputed. Howevers;dit may be desirable to conmpute
the energy/response penalty using both the energy and response penalties,
for exanple, by using a weighted average. The energy and response penalties
can al so be%ﬂ?ﬁﬁﬂt@heimeﬁp@qw@heqs anei hessaved, ashihey veedd betrestoned whenes
T[err] and . uted a . cor respondi enci ilng to
e, 2 ang Brob PSR RGSECTTIC SR RERRNILT chb SUNERR R BRERRAL D

response | idtehsdivedoplf dcwithih sorbectoladace of theieqpedted odN VEhisadldrantd Bouency

val ue find _usi Eqs. 2 and 3. The penalty equations are if (fnd > feb) e
= 16 - 16 *bqggﬁ?qq&e shatistiepl @r{ﬁ,den?:e in t:hey vlf gralue, and includes t epower—sav?e P

(16) and | 348 Reesvekl ke b4 k) BTl Gt el b AL s Pbion bt =
preferred exdeesk oanirs.0Peyiotitembde §eexioéd whes ¢hd pattpanhbs nes recurvedd A
therefore-only the penalty with the |ower frequency |imt needs to_be
_ simiple detection mechanism for exiting periodic mode is when an access does
not occur within some tolerance of the predicted vif, either early-or late.
The gain factors and other adjustable parameters may be saved in non-
volatile storage, which allows the disk drive to retain its behavior when
powered off. This is achieved through the use of semiconductor storage, such as
Flash RAM, or by writing the values to the disk. The latter may be done prior

to the entry of a power-save mode, for example.

While the preferred embodiments of the present im;eni_ion have been
illustrated in detail, it should be apparent that modifications and improvements
may be made to the invention wittiout departing from the spirit and scope of the

invention as described in the following claims.



-conmputed nfl = min( fbe, frl) : (18)
“The energy and response penalties are conputed when the node is exited to

return to they ¥ |l penalty occurs if a deeper node is entered,
:since the recLﬂﬁI““ﬂlLMﬁﬂmlL i 11 be assocjated with that node. - 33-

™M ssed Qpporturdity Pendl ti®es*For mi ssed opportunity penalties nop, the
usage of the power-save nobdes is conpared against ideal behavior, where no
energy or MéRdssdaipeerdiis:i es occur. A missed opportunity occurs either when
a power-save node was not used (type 1), or when the threshold frequency
for entering a node was too low (type 2). Both types of opportunities are
considered only if it is possible to use the intervals w thout incurring
energy or respohse pérapthiaskof manggigg electtibal nowerrusake 18 at datidecerding
exanple of a type 1 opportunity (labeled MOP1l), while the intervals TO to
Tl and T4 diskidrive ¢hatizaph escorfling sk vith dotd tiatcks, espluFhkity of dlesatcally to T1
mght result in a type 2 penalty (labeled MOP2), while the interval T4 to

T5 ni ght ngbwetddeorhPénits, &y b T RE8trIBAAHEY acldiSed HRS&RnPRRALE gﬁk‘ e

penalty nmay be conmputed in any convenient units, wth frequency and tine

being the phsiing QRUWHiER of Hifta Bt biOBARE i &vPEHRbbeARYnBEL9FR1 T o

in time units.

spindle motor for rotating the disk, a head for writing data to or reading data.

from the disk, and an actuator connected to the head for moving the head to
different tracks on the disk, the method comprising the steps of:
determining the frequency of accesses to one or more of the components;
selecting, from previously detern;ined frequencies, an access threshold

frequency; and .

reducing electrical power to one or more of the components when the

determined access frequency falls below the access threshold frequency.

2. The method according to claim 1 further comprising the step of

restoring power to a previously power-reduced component in response to an

access from the controller.



- poWer-"save node;,—a—m-ssed_opportunity occurs when an-irnterval is m ssed.
m a reference, the values TO, T1l and T2 are defined as

* ~Consi dering F
in the pri OrmMﬂ Wl,”me 1 opportunities, the relevant tinmes are T3,

Jthe last tim#n fHn access densjty greater than zero, and T4,
“the tinme of the next disk access when no power-save node was entered in the
interval. The value T4 - T3 represents the length of the interval, and may
be conputed fro®a t helheowtbod pecprdimy taud g 1teerenh thadisy duvemsisomasT4 - T3
= scale / freq - 1 _ (19) where freq is the
measur ed assmressohtiet|dieotrynidsicoapledty therdcyuatot ésrviabintiabmigethe headtohethener gy
break-even tine and the response Iimt need be considered. The type 1

m ssed oppgiatksbf the@RR! WhefdHahie Alep 6f ARBAnIniAg tBe Alduency of accesses
(20) Eq. 20 results I1n a penalty of 0 if the opportunity (T4 - T3) would

P 0 BBl XoMhE PSR Sk e LSO AN g Rl U
BGRIRTE TE L R TANES R YC

smal | er opportunities. For type 2 opportunities, where a power-save is
entered, t$tepyaf moving theractyaionde 2 papuns docatiom anseredncimgpewer odihgency

using the foll ow ng
servo control electronics.

4. The method according to claim 1 wherein the step of determining
the frequency of accesses comprises determining the frequency of accesses
causing the actuator to seek across the disk, and wherein the step of reducing
power comprises the steps of moving the actuator to a parking location and i

shutting off the spindle motor.
5. The method according to claim 1 wherein the step of determining
the frequency of accesses comprises estimating the acéess frequency from the

density of accesses occurring in a time window.



-equation: TI - TO = scate/—tf -1 - _ = (21)
“The type 2 p ' ly when it is possible to have a power-save
node with no gmﬂmﬂ)ﬂmﬁﬁu)ﬂﬂse penal ties, and when the threshold frequency
“all owed an undestrabl es anbuRt of energy tosfe expended prior to entering
“the node. This is acconplished by Eq. 22|: nmop2 :(Tl_]: ;I'g) / mlt - y
22) As is thecase pth 1, no penalty occurs | e opportunity wou
i(nch an energy  or ﬂf%ﬁ%@%&r%g tPﬁﬁ’chPel E’g’seéelethﬁ)ﬁﬁ%p of selpgtang gnan
absolute limt. In the case of type 2, it is an approximation, since
incurri ng_aﬁ?ﬁ%ﬁyﬁih%‘iﬁ@%’ﬁnéy @%P@ﬁ‘é_@u%iﬁdatmdetgemscﬁmdwnmashe type 2
opportunity and the node duration. However, Eq. 22 has the advantage of
bei ng ver gowipmises firet deteiraneing if the staslaed depiatiohofiat yatpemadfi secamy al so be
conputed in frequency units. For type 1 opportunities, the penalty occurs

when the fisemeneidsfis kpgahay o pedeténnmel &2tohHE thOwdatBRPAtRGRA! t Y
l'imt nfl. In this case, nmopl = nfl/freq

(23) is aapEQHeROTRllMuBHRiASthe ERan L 2indBRREL UNi ties, the equation is
mop2 = nfl -/ tf _ (24) The
advantage to conputing the penalties using frequency units is the ready

7. The method according to claim 1 wherein the step of selecting an
access threshold frequency from previously determined access frequencies
comprises ﬁrst determining if the standard deviation of a pattern of access
frequencies is greater than a predetermined fraction of the mean of the pattern,
z'_md thereafter multiplying the minimum éccess frequency in the pattern by a
gain factor. ' | : |

8. The method according to claim 1 ;avherein the step of selecting an
access threshold frequency comprises computing an access threshold frequency
from the maximum and minimum access frequencies in a set of previously

determined access frequencies.

9. The method according to claim 8 wherein the step of selecting an
access threshold frequency includes multiplying the maximum and minimum

access frequencies by a predetermined gain factor.



———

\"'\
availabilit

nt frequency freq and the threshold frequency tf.
However, ti Mnmmm;mi&u,’r eferred for ease of inplenenting in hardware
with counters, or g m@8lunits are used for the energy and response
penalties (for consistency). Clearly, othgg-penalty equations are possible.
The above description assunes that m ssed opportunity penalties woul d not

- be taken if energy or response penalties would result. In sone cases, it

. may be desirabll@ t oThaweethodasdordiparto glaimP Hupken qomeprgagrthe stemese

i nstances. The penalty m ght then have an additional weighting factor
dependi ngadyusting theggait fdetoof t he energy or response penalty. Wen there
are multiple power-save nodes,” the penalty values are preferably determ ned
for each node. This is highly desirable when the nodes have different
timng w ndows, since they would be responding to different portions of the

access frequengy. Sp?ﬁ)&/ oﬁgccgrﬂhgggc%gtgeb%ﬂ?er%h{ﬁﬁszggfthg% s dgfodes may

be used in the penalt etermnatio thisi1sn essary. For

exanpl e, penal t.ies be exam ned faor .all des jn .allsintervals, or only
for the nASETBPRINRARtAS ABESSR pre B petiodts Ratlorp e el cae DRkt (' pi
penal ties for each power-save node. For .exanple, Egs._&i- 8 represent the
cases of DAVEHINR PAWespsiusrtcopperentprordothe nextperigdicacheds: j es i s kept
for both of these categories, allow ng the independent dynam c adaptability
for these two cases. This is acconplished by noting which category

OB



. -36-'is active during a given interval, and conputing the penalties for

~ that par Penalty Hi story The tinme histories of the

- penaltie ﬂnmﬂmmﬁﬂﬁmﬂﬂust t he paraneters, preferablythe gain factors gl
and g2, in the thresiol ¢ frequency conput#é+ons of Eqs. 6 and 7. In the
preferred embodi nent, as individual penalties occur, they are added to a

cor r espondi ng gyl ALy cAeRaL Y 4AL UFic, Sl OR%Eu%agahﬁalaﬁa%%r%ééesponse

penal ties and cnop for cunu vee op ortunity penalties one of

t hese val 0sses -edet erm.ne tr| | evel . then t .

par anet er#e%pg-f‘??ecq Z%ﬁ PRFTEPEE Q&'ﬁlp&”ﬁ%r‘?a"lgemg%asnSg%lﬁhsi‘c‘g?ﬁ? ngly,
and the cumul ati ve val ue _reduced. t he power-save, node js entered

Wit hout | giampcarGagsisk withdata ?récle&;@r@srb@ﬁdpmrémtaﬁng gehsk.t y

val ue i s decreased by sone anmount. This has the effect of decaying the ,
penal ty cvbead forswridurghdatiaato mm&xp&matﬁmthadetaéwksmﬂa&ce t han newer
penalties. This process is illustrated in Fig. 9. The horizontal axis is

| abel ed reederdliviehythecesbey theclhedd td dademidreapodats, st fctuate conheytedor an
opportunity). The vertical axis is the cunulative penalty magnitude, cerp.

At intervghnQ he%d%? AdHnL the headtd di@&eﬁﬁi&é‘daaﬁrhé’l@s Rﬁ&% BYnofidags 1S

i ncr eased. No penalty occurs at Interval so the cunul ative penalty val ue
decr ease: nt| | at i ncreasing
wi th eacl % Q§P‘§ g%%% %]s'(?l ‘Mc%{l)mc@ %éigfﬂar%t{‘eh cgﬁgﬁ)gtf%renal ty

. Al Q |
occurs L J tErVathe heagona%gl t%lga%kdunngreamngorwnmngofdata the

method comprising the steps of:
determining the frequency of read or write accesses;
storing values of previously ﬂeﬂermined access frequencies;
computing from the stored values of previously determined access | i
frequencies a first access threshold frequency; and
when the read or write access frequency is less than the first threshold
. frequency, moving the acﬁzator to the parking location and reducing power to
the servo control electronics; whereby the disk drive is caused to enter a first

power-save mode of operation.



" of 'the newE nalt conbl ned with the cunul ative penalty Is sufficient to

cross the lm ”m,'ﬁm’ shown. At this point, the gain factors in Egs.
6 and 7 ar he cumul ative penalty val ue reduced to zero. The

- cumul ati ve penalty i's ledred on the assunpfion that the par amet er

adj ust ment has changed the behaV| or, so a new neasurenent is required. This

effect is showggin gﬂ% BANiY fod %C%;g@ waglgler}i ?&ﬁhgﬁéozﬁp?ﬁn@eg}el | e#’g{)iare

fewer penalties, e sSnall'er than In

t | ed d th / | t
I(tnhgr?/gr;ermgfm@ﬁ%ﬂﬁl% tB ‘{iﬁﬁ‘é’ft pl"%\g‘l" |\e/eepe g%lstsrf?%(ﬁfns e‘%ngucﬁ

a penalty occ . cerp = cerp + max

(25) The sehARdAGeREs ﬁe&ahﬁd §§QF%W’@@|41}'&FIE€11§@’8F"&§P° dherrimdlemataed trip
|l evel erpt, and the gain factors gl and g2 in the threshol d frequency
conput at i mhe@tﬂxmad arrwiibe aprest drequbneyioltsatinan theeeqond dhredwldr e tracked
separately for uni.form and sporadi c accesses, and the appropriate gain

factor, gfirequefdy; wherehgrtherlisle drive gmedsemlotmtéea setqrid powdBsavsmiddscr i bed
above, there are practical linits on the gain factors, and these may be
used to rgpépdrationhe upper bounds on the gains. |f there is no penal ty,
then the cunul ative penalty cerp is decreased by a predeterm ned anount
(cerd) at each node exit, to a lower limt of zero.

14. The method according to claim 13 wherein the step of reducing
power to the spindle motor comprises reducing power to the spindle motor
essentially simultaneously with moving the actuator to the parking location;
whereby the disk drive is caused to enter its second power-save mode without

first entering its first power-save mode.

15. The method according to claim 12 wherein the step of computing a
first access threshold frequency comprises computing an access threshold
frequency from the maximum and minimum access frequencies in a set of

previously determined access frequencies.

16.  The method according to claim 15 wherein the step of computing a
first access threshold frequency includes multiplying the maximum and

minimum access frequencies by a gain factor.



(26) cerd acts

cerp-= ¢ - - -
as the dﬁlﬁulw fﬂi"%lﬂjﬁ cunul ative penalty. Typically, a value of 2 is
sui tabl e c il v er value wl|l ease the effect of penalties at

decr
. a faster rate, and a snmaller value wll '&%'so at a slower rate. The m ssed

opportunity cunul ative penalty cnop is conputed simlarly to the
ener gy/ responsm.cunpﬁéuétﬁo&%f&%xtainglts l3mP@SRI-E bhgrigat thbetdype 1 and

type 2 penalties distinctly (separate cumul ative penalties), or to apply
themto t L At penalty, which is sinpler. Wen a mssed
opportunit u|c§)€ein Ittﬁgrgc%(k:lgtgérm\étgr't he appropriate value (nopl or nop2) is added
-to the cunul ative penalty cnop. In the preferred enbodi nent, the
appropriate gain factor gl or g2 is decrenented when the cunul ative penalty
_exceeds a trip level nopt. A good value for m)ﬁt is 16. As described above,
there are pract8-calThe method peanding fo clgemdd whergin the steppf adiestingrdlye be
used to restrict the | ower bounds on the gains. If there is no penalty,

t hen cnopgais fdetor casypotisey maodifEaet Hrergaie daciomby & perfotmance da¢tonbavingri t  of
zero. Again, a value of 2 is suitable for cnod. The energy/response penalty

erp and tedetghle vedads aRfintdPidge, WeRdirkit ot raige reprisentthgerimuipde is
exited. The details of this process are shown in Fig. 10. Step 350 is

t d ke . . i W3 h b
ot or od. “BPR SRS SRidedafl tho bl AT T REg e et s Deen

- maximum disk drive performance.



when an access.pccur nd the drive is currently in a power-save node. Step
- 351 vva”!mmmtlﬂ“ﬁgﬁ when entered fromstep 350. At step 352, the node
durati c i descri bed above. At step 353, the energy penalty ep
and response penalty rp are conputed as dettri bed above. St ep 354 tests to
" see if either is a penalty. If there is no penalty, step 356 is entered. If.

there is a penalgy, ﬁtﬁah%a%fixﬁaﬁ%i%ee@eaﬁéal%%r%éégetiﬂ% BeBaktoral sy added

to the cunul ative penalty, cerp. Step 358, the cunulative penalty is
test ed agajy; |1 b:p (- . I ] P t
exceeded, a(?sltg %ﬁ@%ﬂgn %%cg%#l&%(lﬁ\éﬁ W‘é}t?ggr?str%:%kns{’ rg gﬁphg‘%ﬂsl%%%&)%?%? &It—ligg. 4.
If the trip legvel is ceeded, then, at st 3 the ropriate gai,n, factor
is nodifié .e‘ﬁﬁﬁs?ié‘ﬁa’%%f Wﬁﬁn%ﬂﬁ%ﬁ?femﬁgﬁ’ﬁ%ai%‘@?@t Q%F"’e?ﬁ‘&%f%’f? 367
is entered. At iet 3&356, there was_no penalty, therefore the cunul ative
penal ty vAogtrqllerdbat ageasses the head taread ackwrife data, gnsaduatsisonpestedy
penalty is conputed, using Eq. 24. Step 361 tests to see whether a penalty
occurred. tofthethmad fansowing éhelbepd tatdiferept §8ta tracks anditaninandadmal ty i s
decreased, and step 367 is entered. If there was a penalty, then step 363
adds the prakihgyldcaticheand sy éotitrolesladiiohicsHoriplebtb rsaGuatetfber t he

cunul ative penalty exceeds the trip level. If not, then step 367 is
entered. | Ghe 20 G afaegtmmﬁl@&%%%h@w b B dgtaTigd 1 ed,
and at step 366 t g cﬁnulativ% penalty 1s set to ,.an&ggéep 367 1S

cnte 0, B e R B oSO B BB, 1T 0

operation, the method comprising the steps of: |

storing prior read or write accesses;

computing from the stored prior accesses a time to enter the power-save
mode after the F"°St recent access, said mode entry time being variabile
depending on the prior storea accesses;

selecting a performance factor having a range of values, one limit of the
range representing maximum disk drive power savings and the other limit of
the range representing maximum disk drive performance; and

using the selected performance factor to modify the mode entry time
computation, whereby the mode entry behavior of the disk drive is adjusted By

the selected performance factor.



-39 -'Mon and cal cul ati on woul d otcur as part of step

" 307. Thumuﬂlmrm ] re detail in Fig. 11. Step 325 is entered fromstep
307 of ! IMHHmZG the penalty value nopl is conputed as in Eg.

23. Step 327 tesf's to see if there was no.spenalty. If no penalty, step 328
returns back to step 307. If a penalty occurred, step 329 adds this to the
cunul ative penglty, At 0, he | af.| i onpar ed
against the m ?Ig'ed 3%‘%3‘?‘? Bﬁ%%éﬁ%?fl%% t‘é)vcté mn%%%e?%lhﬁg%%?%wtéo\%gc i s not
exceeded, then.step 328 is entered. | he trip level .is exceeded, step 311
i s ent er efORREEES O?ﬂ%vﬁ%ﬁsﬁﬁ?r&vﬁmﬁg‘f &etﬁ’é‘ar’(‘}% gegesipfipareRriengnd; op 332
the cunmul atiive penalty is cleared, and step 328.is entered. It_is also
possi bl e texgin e $1¢p of PR SHFRe PRV etAVe tRdLSHIIY ditpe GemBEIseshe ni ssed
opportunity penalties. In such a case, the frequency of occurrence of

ener gy/ r espopsdingfirain thesstored beluesad pasviousy dstartuned attdss frequenciased on

t he assunption that optimum behavi or occurs when there are sone occurrences
of ener gy hhesreasthreehald! fréguenky) Whebly tif! R vair-0ve uhs@erteséd ¥ben t he
systemis not saving enough energy. Therefore, if the rate of occurrence
falls bel Sl } Lk sif a

m ssed opg%ért%ﬁén??%/ penaa[crtcy ag%g’gﬁt#ég%%gﬁéﬁﬂmﬁ?&%ﬁ?ﬁm eto
design other nmethods for feeding the penalty information back into the
threshol d frequency conputation, but the described enbodi nent has the

advant age of bein ery _si | e design, .and ovi, di .
Y d 819 Ane mgtholdrtapccor i Itg claim 20 v‘s)rge;/elin Itgg step of computing

the access threshold fréquency includes use of a gain factor.

22.  The method according to claim 21 wherein the step of using the
selected performance factor to modify the mode entry time computation
comprises adjusting the gain factor by multiplying it by the selected

performance factor. I .

23. The method according to claim 19 wherein the actuator is moved to
the parking location and power is reduced to the servo control electronics at

entry of the power-save mode.



responsi veness to actual behavior of the system Oher designs include

* keepi ng such as by a histogram and providing for a
time- V\ellmnnrulIHlmm“ﬁMEal ties, such as by renormalizing. Further, it may

be desirdbl é tb pfovide for the adjustnensiof other paraneters, such as the

penalty trip levels, penalty decay rates, penalty magnl t ude conver si on

factors (suchﬁs i E(r]%uéﬁ() a(g% tqhe o}qﬁ%ﬁﬁ%n the c&%&éo?ﬁ? se may

be adj usted eit her 8a| |y

when t he urrul Iiv enalt e -39 e co arl son and
cal cul at i ‘i&?n éé‘dﬂ%etgopﬁlgﬁ%‘ﬁwﬁwm’ﬂﬁ@a? gngpfcﬂ&lﬁﬁ?ﬁo ®3Y8t ai |
in Fig. 11. St ep 325 is entered fromstep 307 of Fig. 4. At step 326, the
penal ty ¥a0dge nopl is conputed as in Eq. 23. Step 327 tests to see if there
was no penalty. If no penalty, step 328 returns back to step 307. If a
penalty occurred, step 329 adds this to the cunul ative penalty, cnop. At
step 330, the cunul ative penalty is conpared agai nst the m ssed opportunity

trip level nmopk. |ThehBetHddladco¥@ing to didin BX&RAEH. thelEsk ke i3 e8palsle
entered.  If the trip level is exceedéed, step 311 is entered, wherein the

appropr i gg Sﬁ@ﬂ%&@%ﬁ%ﬁ%a%‘g&y ‘E:qwe'?‘ts %&Bd@%@o#{t%tﬁ%&o a hg%?ﬁéﬁ”a' ty is

cl eared, ntere Is al so poss e galn
oS e BT, bV SR R B

computing from the stored prior accesses a second time to enter the
second power-save mode after the most recent access, said second mdde.entry
time being variable depending on the p:rior stored accesses and diﬁ'er;ant from
said first time to enter the first power—lgave que; and

using the selected perforipance factor tq modify the second mode entry
time computation, whereby the second power-save mode entry behavior of the

disk drive is adjusted by the selected performance factor. .

26. The method according to claim 25 further comprising the step of
causing the disk drive to enter the second power-save mode without first

entering the first power-save mode.



-ener gy/ r espo l ] be used as a substitute. This works based on
the assunpti gml“mlﬂ wm“mnlehavi or occurs when there are sone occurrences
_of energy/responge pentlties. Too |low a rate of occurrence indicates the
“systemis not saving enough energy. Theref®e, if the rate of occurrence
falls bel ow sone | evel, then the gain factors can be nodified as if a

ni ssed opport uRity Féeahethdibaccoedina W ailf e sible to
desi gn ot her nethods for feeding thegr penaail t%/gﬁﬁ?%e%n%otrﬁg%%gggﬁeisﬁﬂﬁ ohe

t hr eshol ddeterinivgyifaheRudid Wi scribed epbodi nrent has the -
advantage of being a very si rr%?g desi %?ccg%ﬁsﬁ%’(ﬁsﬁ?ﬂgpﬁé?ﬁﬂrﬁﬂ)@é@dw to -
actual beheressds sld . designs in¢lude keeping penalty
statistics, such as%ea %%&%%%ﬁégﬂgeﬁgWi%P PRIGF taithe pextpdritdicng of
the penal 4885 such as by renormalizing. Further, it may be desirable to
provide for the adjustnent of other paranmeters, such as the penalty trip

| evel s, penalty decay rates, penalty magnitude conversion factors (such as
in Eq. 14) and the limts on the gain factors. These nay be adjusted either
t hrough a command fromthe conputer 41, or dynam cally when the cunul ative
penalty trip levels -40- are crossed. It is also desirable to have these
various factors be adjusted based on a performance/ energy target command as
descri bed above. It may al so be desirable for the disk drive to informthe
conput er of how




well it is nmeeting the specified energy/performance target. Such

I nformatio red in a status conmand, for exanple. This wll
al  ow for mﬂmmmmumru)ﬂllodl fy the energy/performance target, or inform
the user that fhe'tdtget Has not been net’>Periodic Accesses It is also

possible to inprove the energy savings w thout inpacting performance in the

case of perio@Bc adceesiesd ofPeiamgdite deeRidtpoREusifd i & datrecor@ingexanpl e,
nost word processing applications have an "autosave" feature, which stores

the curr gidk 608 MRInEE rbborddhs Risl Wih Blta 3rdcRIVA 8pindl Blotat forRBeadihgd DY
t he user, such as every 10 mnutes. If such an access pattern can be

det ect ed 45 lagdi lPéQ"(F{ \V ﬁgﬁ{ | d;exited

prior to the ar’l'% Cl pa%ﬂ_@g SS. iog@\%nﬁﬁéﬁ%@‘g t e&_le%lltfée%tkd%fk‘ﬁ%dﬁi% t he

it or  ng OREOIGERERES=cp R RESGH 19 T5ARGRAIELIAI RS, 20 PLERET et os

frequency gﬁt od_lends itself naturally to_detecting dgeri odi ¢ accesses. In
&

this casd? e3¢ for mawing thelaerd tg differentdaia srasks apdoto 3 Bopdatant erest . The

vif activity can be neasured fromthe access density, but with the target
f requencypar ocation,sohd Sérve contrtol eleetranica ngepled to ithe sactuaigefort han t he
node recovery tines. For detection of autosave activity, a timng w ndow

size of andietaintetitshedd Bﬁ%edm%&cbﬁuﬁﬁg&@ﬁihgt&-wﬂﬁhkif@%,bﬂef er is
kept of the vlIf activity, for exanple the | ast vlf occurrences. If a

P GGS bl bt b S Biga GO ol | cnlered
tol eranc g,y &3¢ thhilthod R5hIiRSng the Sp§ oS! ! 0di ¢ mode s
| determining the frequency of read or write accesses; |
storing valt__xes of previously de_tenhined access frequencies;
| o;)mpuﬁng from the stored values of previously de_termined access
freq'ixencies an access threshold frequency; : '
‘ when the read or write access frequency is less than the access threshold
frequency, entering the power-save mode of operation;
detecting the power-save mode entry and exit times;
computing an energjr penalty if a power-save mode duration from the
detected mode entry and exit times is less than a predetermined energy
break-even time, said break-even time be_ing the power-save mode duration
required for the disk drive energy savings to be generally equal to the disk drive
energy required to exit the power#séve mode;

accumulating the computed energy penalties; and



entered, then the gain factors are decreased to enter the power-save nodes
nor e mmmﬂlm \ﬂm assunption is that there would be no perfornance
-41- gﬂ ous val ues are be saved, as they would be restored
when pefiodi ¢ mode is exited. The disk df4ve returns to the active state
when the neasured vlif is wthin some tolerance of the expected vif. This

tol erance is haséidyian theeacttdd ihkbEal feckbhéleftRnithetdteuntiulatedl ditarggnd
i ncl udes the power-save node recovery tine as well, to insure that the disk

drive is ﬂ&amemea@pyéietaﬁﬁ%a 4GSl whebditite PRAG-ssvehbhed when the

pattern has not recurred. A sinple détectian nmechanismfor exiting periodic

node is 08s..NOt_occur within_so | e ce.: {
" predict e\éﬂgﬁ ,B&éig\%ﬁgﬁfté}gﬁ yS koa(r}lY%fse.ynﬁ%‘ a ﬁa“uac?%rgg I%.?]I?F g’%sﬁéxty adj ust abl e
~paraneters may be saved in non- volatile storage, which allows the disk
“drive toSPET&Y ReR&Y4Sehavi or when powered off. This is achieved through the
use of sem conductor storage, such as Flash RAM or by witing the val ues
to the disk. The latter naybe done prior to the entry of a power-save node,
for exanple. Wiile the preferred enbodi nents of the present invention have
been illustrat28d i Thiahathod adcosdimg td chdmegfirehér ¢dmaprising thectepoof and
inprovenments maybe made to the invention w thout departing fromthe spirit
and scope of dRedtittPilie Rhed of €86 tEAPGIwkibe HERsER! | oW ng cl ai s,
computing a missed opportunity penalty if the time interval between
successive detected access times without power-save mode entry is greater than
said energy break-even time;
accumulating the computed missed opportunity penalties; and
modifying the access threshold frequency when the accumulated missed
opportunity penalties exceed a predetermined trip level, whereby the
power-save mode entry beh'avior of the disk drive is dynamically adjusted from

the history of missed opportunity penalties.

30. The method according to claim 28 wherein the step of computing
the access threshold frequency includes computing the access threshold
frequency from the maximum and minimum access frequencies in a set of

stored access frequencies and by use of a gain factor.



‘42 - What is clai rred is: 1. A nmet hod of managi ng el ectrical power usage
in a HMH I[Iﬁ“l"ﬂllt Im sk dr| ve that has a recording disk with data tracks,
“a pl cally powered corrponents and a data control I er that
accesses ‘the cb rrponents for the reading 27d Writi ng of data on the disk,
the di sk drive conponents including a spindle notor for rotating the di sk,

a head for wadl.i ngTHahzethod@iccorkidipng ciivhB0f whenelh ehe s8dp, ofanddidypingct uat or
"connected to the head for noving the head to different tracks on the disk,

the net hg £6% {1sle8Hold B0 ERSy 8dmpHSiidfhstidPiideaihrfatsency of accesses
to one or nore of the conponents; selecting, frompreviously determ ned

frequenci es, an access threshold frequency; and reducing electrical power
to one or nore of t he conponents mhen t he determ ned access frequency falls

Do Db e oS PRERIba AR b i 28 el B pBfRHs oV fo & M

power - r equced co onent in response to an access fromthe controller.
e parking location and power is reduced to the servo control electronics at

entry of the power-save mode.

33. The method according to claim 28 wherein the actuator is moved to
the parking location and the spindle motor is shut off at entry of the power-save

mode.

34. The method according to claim 28 further comprising the step of
determining if the accesses are a periodic pattern and thereafter exiting the

power-save mode prior to the next.periodic access. .



3. The met hod according to claim1 wherein the disk drive also has servo
.control electronics coupled to the actwator:.for maintaining the head on the
tracks of the disk, wherein the step of determning the frequency of
accesses conprises determ ning the frequency of accesses causing the head
to read or wite data on the disk, and@herein the step of reducing power
conprises the steps of noving the actuator to a parking | ocation and
reduci ng power to the servo control electronics. 4. The net hod accordi ng
to claim1l wherein the step of determ ning the frequency of accesses
conprises determ ning the frequency of accesses causing the actuator to
seek across the disk, and wherein the step of reducing power conprises the

steps of novi ng DISK PRIVEFOR (FORTABLE COMPUEER WITH ADAPTIVEg of f the

spindle notor. t 5. The nethod according to claim1l wherein the step of
det erm ni ng t he frequdDEMANDSDREVEDSPOWER MANAGBMENI ng t he access
frequency fromthe density of accesses occurring in a tinme w ndow. -44-
6. The net hod according to claim1l wherein the step of selecting an

access threshold frequency from previously determ ned access frequencies
conpr i &BSHERACT deternining if the standard deviation of a pattern of
access

A data recording disk drive (40) for use in a portable, battery-powered computér has
several power-save modes of operation. The power-save modes are entered after a
computed time since the last data read or write command. ‘The computed time to enter a

~ power-save mode is based on the computer user's real-time workload and is thus
continuous_ly varying during operation of the disk-drive (40). The disk drive (40) detects the
current user workload by calculating the fre;quency of disk 'd'rive accesses and based on this
history determines which of a plurality of power-save modés is appropriate and when to
enter a power-save mode. Each disk drive (40) read or write access is detected and used to
compute a current access frequency. The current access frequency is compared to a
previously calculated and continuously updated threshold frequency. The threshold
frequency is representative of the access pattern.

Fig. 1



¢ frequencies is less than a predeterm ned fraction of the nean of the
pattern,: and thereafter multiplying the mean by a gain factor. 7. The

grmethod according to claim1 wherein the step of selecting an access

*.threshol d frequency from previously determ ned access frequenci es conprises
first determning if the standard deviation of a pattern of access
frequencies is greater than a predeterm ned fraction of the nmean of the
pattern, and thereafter multiplying the m ninmum access frequency in the
pattern by a gain factor. 8. The net hod /ddcor di ng to claim1 wherein the
step of selecting an access threshold frequency conprises conputing an
access threshold frequency fromthe maxi nrum and m ni nrum access frequencies
in a set of previously determ ned access frequencies. 9. The met hod
frequency includg¢s nmultiplying the maxi mum and mi ni nrum access frequenali es
by a predeterm néd i apgt-or 10— T, hed—agcor @iimg;qo al aim
9 further conpriging tkg|stepg0 ' itng .t hel gagn| tact@l 11. Hhe et hod
according to_cl aitm ;-_-i;ngt'hnggo e $t 20 dpE@rm ni rgc%f t He
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spower to a power-reduced conponent prior to the next periodic access.
12. A nethod of nanaging electrical power usage in a data recordi ng di sk
drive capabl e of operating in at |east two power-save nodes, the disk drive

“having a recording disk with data tracks, a spindle notor for rotating the
di sk, a head for witing data to or reading data fromthe data tracks, a
data controller that accesses the head to read and wite data, an actuator
connected to the head for noving the head to different data tracks and to a .
nondat a parking | ocation, and servo control electronics coupled to the
actuator for maintaining the head on a 2lata track during reading or witing
of data, the nethod conprising the steps of: determ ning the frequency of
read or wite accesses; storing values of previously determ ned access
frequenci es; conputing fromthe stored val ues of previously determ ned
access frequencies a first access threshold frequency; and when the read or
write access frequency is less than the first threshold frequency, noving
the actuator to the parking | ogation B d reduci ng power to the servo
control el ectronics; whereby the disﬂ rive js caused to enter a first
power - save node of operation

Wait for
Window Time

402
Increment density , ) -
for all modes - i

Return

: HG.2
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-4 7 - 13. The method according to claim12 further conprising the steps
of conputing fromthe stored val ues of previously determ ned access
frequenci es a second access threshold frequency, and reducing power to the
spindl e notor when the read or wite access frequency is less than the
second threshol d frequency; whereby the disk drive is caused to enter a
second power-save node of operation. B411The nethod according to claim13
wherein the step of reducing power to the spindle notor conprises reducing
power to the spindle notor essentially sinmultaneously with noving the
actuator to the parking |location; whereby the disk drive is caused to enter
its second power-save npde without first entering its first power-save
node. 15. The net hod according%to claim 12 wherein the step of computing a
first access threshold freque&kcy conprises conputing an access threshold
frequency fromthe naxinunEadE m ni nrum access frequencies in a set of
previously deternined accqﬁ?-ﬁ%equencies. 16. The nethod according to claim
15 wherein the step of conpytthg a first access threshold frequency

includes—multiplying the maxi num and: i ni num access frequencies by a gain
factor. '
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-48- 17. The nmethod according to claim 16 further conprising the step of
adjusting the gain factor. 18. The nethod according to claim 17 wherein
the step of adjusting the gain factor conprises nodifying the gain factor
by a performance factor having selectable values within a range, one limt
of the range representing maxi mnum di sk drive power savings and the other
limt of the range representing maxi num di sk drive perfornmance. 19. A
met hod of managi ng el ectrical power usage in a data recording disk drive
having a recording disk with data tracks, a spindle notor for rotating the
di sk, a head for witing data to or reading data fromthe data tracks, a
data controller that accesses the Hgad to read and wite data, an actuator
connected to the head for noving the head to different data tracks and to a
nondata parking |ocation, and servo control electronics coupled to the
actuator for maintaining the head on a data track during reading or witing
of data, the disk drive being capable of enteriing and exiting a power-save
node of operation, the nmethod conprising the sffeps qf: storing prior read.
or wite accesses; conputing fromthe stored pricar@gccesses a tiwe to enter
the power-save node after the nost recent acce3s®3did node entrgg tine
bei ng vari abl e L
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depending on the prior stored accesses; selecting a perfornmance factor
havi ng a range of values, one limt of the range representing nmaxi num di sk
drive power savings and the other limt of the range representing maxi num
di sk drive performance; and using the sel ected performance factor to nodify
the node entry tine conputation, whereby the node entry behavior of the
disk drive is adjusted by the sel ected performance factor. -50 - 20.
The net hod according to claim 19 wherein the step of storing conprises
storing val ues of previously deternln%g access frequencies and wherein the
step of conputing the power-save modd ntry tinme conprises conputing from
the stored val ues of previously determned access frequenci es an access

t hreshol d frequency, whereby the power-save node is entered when the read
or wite access frequency is less than the threshold frequency. 21. The
met hod according to claim20 wherein the step of conputing the_access

t hreshol d frequency incliudes uge of a gain fag ~N22. The met hod
according to claim?21 wher&gtlhe step of usi ¢ sel ected performance

factor to nodify the m)Ce_:r@Ey tlrre conput at | ueconpri ses adjusting the
gain factor by nultiplyi @E%b ejpectel meé or mahce factor.
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*23. The method according to claim19 wherein the actuator is noved to the
parking location and power is reduced to the servo control electronics at

_entry of the power-save node. 24. The nethod according to claim 19

“wherein the actuator is noved to . the parking |ocation and the spindl e notor
is shut off at entry of the power-save node. 25. The nethod according to
claim19 wherein the disk drive is capable of entering and exiting a second
power - save node of operation having power usage | ess than the first .
power - save node, and further conprising the steps of: conputing fromthe
stored prior accesses a second tine té/enter t he second power-save node
after the nost recent access, said se ohd mode entry tinme being variable
dependi ng on the pror stored accesses and different fromsaid first tinme to-
enter the first power-save node; and using the sel ected performance factor
to nodify the second ngde emry tinme conputation, whereby the second
power - save node entry Rhehavi pr of the disk drive is adjusted by the
sel ected performance factoE.| 26. The nethod according to claim25 further
.conprising the step of |cgugihg the disk drive to enter the second
power - save node wi t houf fifFst entering the first power-save node.
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-52- 27. The net hod according to claim19 further conprising the steps of
determining if the stored read or wite accesses represent a pattern of
periodi ¢ accesses and thereafter exiting the power-save node prior to the
next peri odi c access. 28. A nethod of managi ng el ectrical power usage
in a data recording disk drive having a recording disk with data tracks, a
spindle notor for rotating the disk, a head for witing data to or reading
data fromthe data tracks, a data coptieller that accesses the head to read
and wite data, an actuator connected to the head for noving the head to
different data tracks and to a nondata parking | ocation, and servo control
el ectronics coupled to the actuator for maintaining the head on a data
track during readinng or witing of data, the disk grive being capabl e of

entering and exiting a power-save node of operatiop, the nmethod conprising
the steps of: determining the fregquency of read or{wite accesses; storing
val ues of previously determ ned gccess frequenciesf conputing fromthe
stored val ues of'previouslxlpeternined access fregpuenci es an access
t hreshol d frequency; o —
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“when the read or wite access frequency is |less than the access threshold

frequency, entering the power-save nbde of operation; detecting the

power - save node entry and exit times; conputing an energy penalty if a

power - save node duration fromthe detected node entry and exit tines is

| ess than a predeterm ned energy break-even tinme, said break-even tine

bei ng the power-save node duration required for the disk drive energy

savings to be generally equal to the gygk drive energy required to exit the

power - save node; accumnul ati ng the conputed energy penalties: and

- nodi fying the access threshold frequency when the accunul ated ener gy
penal ties exceed a predeternmined trip |evel, whereby the power-save node
entry behavi ot2of the disk drive is dynamcally adjusted fromthe history
of energy pendgBties. 29. The nmethod according to claim28 further
conprising theSsteps of: detefting the times of the read or wite accesses:
conputing a m&sed opportuni t§ penalty if the tinme interval between
successi ve det@cted access tistes wi thout power-save node entry is greater
than said enerpy break-even tline; accumul ating the conputed m ssed

o)

opportunity pépalties; and m&ifying the access threshold frequency when
the accumul atef i ssed o
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“ opportunity penalties exceed a predetermined trip |evel, whereby the
power-save node entry behavior of the disk drive is dynam cally adjusted

~fromthe history of missed opportuunity penalties. 30. The nethod
according to claim28 wherein the step of computing the access threshold
frequency includes conputing the access threshold frequency fromthe

maxi.mum and m ni nrum access frequencies in a set of stored access
The net hod according to

frequenci es and by use of a gain fac%
claim 30 wherein the step of nodifyi é ﬂhe access t hreshol d frequency
The method according to claim 28

conprises adjusting the gain factor.
wherein the actuator is noved to the parklng | ocati on and power is reduced
- The

to the servo control electronics at entry of the power-save node. 33.
met hod according to claim28 wherein the actuator is noved to the parking
| ocation and the spindle notor is shut off at entry of the power-save node.
34. The nethod according to claim28 further conprising the step of
determining if the accesses are a periodic pattern and thereafter exiting
t he power-save node prior to the next periodic access.
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