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commands. The seek time is the time required for the read/wite elenent to

radial ly nove Retating disc méunésiachiie onéloF mobkediverdiivenabpites §pihdle vkisDBach
over which the fead/wite elenent is positioned and the cylinder to be
addr esseddisc has a plurality of concentric tracks, on one or both surfaces from which information is

read or onto which information is written by a read/write element. In addition, each track
is further divided into a plurality of sectors. A track cylinder is formed by the radially
corresponding tracks on.the disc memories. In a disc drive system, a disc rotates at a high
speed while the read/write element "flies” over the surface of the rotating disc. The
read/write elemént is positibned over specific areas or sectors of the disc in accordance

~ with commands received from the host computer.

The SCSI interface protocol provides a mechanism for host computers to send
multiple commands to a disc drive. It allows the disc drive to détermine the optimum order
of execution for the commands. The set of commands available for execution by the disc
drive is referred to as the "comma_nd queue”, |

Traditionally, disc drives have sorted the command queue in an order that
minimizes seek time between the various cbmmands. The seek time is the time required for
the read/write element to radially move across or traverse cylinders between the present
cylinder over which the read/write element is positioned and the cylinder to be addressed
by the particular command.

However, seek time is only one of two components of the true access time of a
command. The other component is the rotational latency time or the amount of time the
disc drive spends waiting for the appropriate data to rotate under the read/write element.
The rotational lateézyfﬁme is a significant part of the total access time for all but the



by the pa¥tigutar conmmand. However, seek tine is only one of two conponents
of the true* access tine of a conmand. The other conponent is the rotational
| atency time or the anpbunt of tinme the disc drive spends waiting for the
appropriate data to rotate under the read/ wite elenment. The rotational
latency tine is a significant part of tie total access time for all but the
2 |l ongest seeks. On average, it is the dom nant conponent of the total
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ti me bet welativelyshemideeksat her than sinply the seek time. An ideal sorting or
di sc scheduling al gorjithmwould sort the command queue in such a way that
the sum of t hel'Gdetermine the-eptimurn jordesfof executiomof aset of commangseitds desirable

m ni m zed.. Thi;s woul d i nvol ye conmputing the sum of the access times for-.
each of ttﬁé’(’%é@'ltb? @%ﬁ%‘éﬁ%ﬁ@f’%ﬁ‘f‘f@%&@@mm Rbsrithal depbstiesesletimeoAneyer y

ossi bl e .Qrder,. howeyer, . is_far. ton co atignally intensive tg do in a
Eeal -t nég?gﬁmﬁfcq\isca?h%‘f“&ﬁngélgﬂqmw% SQrg Mm@uﬁﬂ%s Wakr ee

Lo NGk U s e A of SR ERARRRL ok W L ™

Commnds W48 ALY Gt B Bl F e lSels b OE e el bRl Bt o

[ cefved from € optimum
order of :cﬁéﬁ&%érﬁﬁmﬂ{g B34t f6r every possible order, however, is far too

‘computationally intensive to do in a real-time system such as a disc drive. For example,

sthere are over three million possible orders in a set of ten commands. Modern disc drives
can have up to 64 or more commands in the command queue. In addition, the command
“queue in practical applications is dynamic. In other words, new commands are constantly
: received from the host computer. Thus, the optimum order of execution of previously '
réc_:eive_d cqmjmahds often changes, requiﬂng the entire queue to be re-sorted. '.
Since tﬁe above-mentioned ideal algorithm is impractical, alternative methods of
' disc scheduling have been devised. Several alternative disc scheduling algorithms are
: discussed in Seltzer et al., "disc scheduling revisited", Usenix Winter 1990 Technical
' Proceedings, pp. 313-324, January 22, 1990 (hereinafter "Disc Scheduling"). In addition
. to discussing the first come, first serve algorithms and the above described shorter seek first
'algorithm, the disc scheduling article discusses SCAN, CSCAN, shortest time first,
~ grouped shortest time first and the weighted shortest time first algorithms. The scan
scheduling algorithm orders commands by cylinder number and services all commands for
a given cylinder before moving the head to the next cylinder. With the scan algorithm,
: commands addressing locations on ends of the disc have poor response time because the
?" head must sweep across the disc twice before returning. The CSCAN or cylindrical scan
- algorithm alleviates this problem by paying one large seek at the end of the disc to move
~ the head all the way to the other end of the disc.
The shortestﬁi_ne— first algorithm §elgcts the commands based upon the total access
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recei vedacompands often changes, requiring the entire queue to be
re-sorted. Since the above-nentioned ideal algorithmis inpractical,
alternative nethods of disc scheduling have been devi sed. Sever al
alternative disc scheduling algorithns are discussed in Seltzer et al.,
"di sc scheduling revisited", Usenix MVnger 1990 Techni cal Proceedi ngs, pp.
313-324, January 22, 1990 (hereinafter "Disc Scheduling"). In addition to
di scussi niné h&lﬁdiﬁgsseekm arid fotdtionsl linéy. JHOWelErs as difchssed abuvee titoshottested
shorter seek first algorlthn1 t he di sc schedullng article di scusses SCAN,
CSCAN, sitimé¢ fisst algorithrhiis ipractical feeitosthe ldrgs tomputatién rezjuirements h Ehegirglpedd
shortest time first algorithms. The scan scheduling algorithm orders
conmands shortesy timediirst algatithm dividesdhey dise inte & Inumbenancylinder geougs.v Sihe shortestier
bef ore noving the head to the next cylinder. Wth the scan algorithm
conmands tﬁ@mg& algegithr dsapplied toa ssksédsyhn des gERupctorseMcarammandsefere ti me
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shortest time is left before the command will exceed a maximum allowed response time.

Another such disc scheduling algorithm is the shortest access time first algorithm
‘discussed in Jacobson et al., "Disc Scheduling Algorithm Based On Rotational Positions",
Hewlitt-Packard Laboratories Technical Report, HPL-CSP-91-7, February 26, 1991, pp.
5-18 The shortest access time first algorithm scans the command queue of pending
commands and calculates an access time for w.ch command given the lmown position of the
read/write element (if the disc is idle), or the expected position of the read/write element at
the end of the current command. The access time is calculated by using a static array
containing seek times for each possible seek distance. To reduce the number of commands
which must be scanned and for which an access time must be calculated, the shortest access
time first algorithm divides the disc into a number of bins. The commands in the command
queue are grouped based on the location addressed by each particular command. The bins
‘are then searched in an order determinéd by a current position of read/write element. The
order of bins to be searched based upon the current location of the read/write element is
precomputed and stored in an array indexed by the position of the read/write element. The
list of bin orderings may require about eight kilobytes of 'memory for a disc divided into 64
bins.
To select a command for execution, the algorithm calculates an access time for each
of the commands grouped into the first non-empty bin found. After the access time for

each of the commands is calculated, the command having the shortest access time is



time figst abgorithmis applied to a selected cylinder group to service
comands before advancing to the next cylinder group. The weighted shortest
time first algorithmapplies the standard shortest tinme first techni que but
applies an ageing function to the tine determined by the conputer. For each
shortest."time first calculation, the to#tal access time is multipli ed by a
wei ght i. ng?!\éal e w. The value wis_ conputed by cal culati ng how nmuch tinme is
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To reduce the nunber of comrands whi ch nust be scanne or whi an

access t time ancomtmial may haveroctst exebete8 hAftECSA! ackeRase isl ARl or dh&PiAd hm
di vides the disc into a nunber of bins. The commands in the command queue

are gr ougvstly bemeund dodation within therpasticilardie Yeiny seambd he beq Wramallestapagds The
bins are then searched in an order determ ned by a current position of
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e on itetuted Howsver, 1 the bes? Atoess time of &l tha command addresses within the bin
is greater than the threshold value, the algorithm repeats by scanning all of the commands
and calculating an access time for all of the commands in the next non-empty bin.
Although the shortest access time first scheduling algoﬁt_hm is an improvement over -
sorting algorithms which merely minimize seck time between cominands, the shortest
access time first algorithm has several drawbacks. First, the shortest access time first
method is extremely time consuming for commands which address clustered locations on
the disc. In the operation of many systems,' the command queue may, at any one moment,
contain a set of commands which address locations that are clustered in a particular area of
the disc. As a result, a single bin mav contain an extremely large number of command
addresses. Because the shortest access time first algorithm requires that the access time be
calculated for each and every command address within the particular bin, the algorithm is
extremely time consuming for a bin containing clustered addresses for a large number of
commands. |
Second, the shortest access time first algorithm requires a significant amount of
memory. As discussed above, the shoftest access time first algorithm requires an array

 indexed by a position of the read/write element which lists a bin search order for each

possible starting bin. In addition, the algorithm further requires an array containing



To sel eci: a command for execution, the algorithm calculates an access tine
for each of the comands grouped into the first non-enpty bin found. After
the access tinme for each of the commands is cal cul ated, the command havi ng
the shortest access tine is 4 general ly executed. However, sone bins
contain cylinders on both sides of the rgtational |atency Iine or head
trajectory. In other words, sone bins nmay contain only command addresses
that can Bfdskoldovaies Fo5&&hibin. I THe dightAilebies 6f memoky BRyuived Hosthe Qﬁ'%.;y% wher e
the first non-enpty bin contains only command addresses outside of the
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requires that a threshold value be cal cul ated and stored for each bin or
cel | . The t hr ebhwfirst aspectthisinvertiont provides insa gstem nochxiing ® data cetsievali e a
command nmay have to be executed. After an access tinme is calculated for
each and demest andrawotatingouedinay awnathodfor decrgasing tatationablatenby comprisiaghed,

t he best- or smal|est accegs tine of all the commands is conpared with the
t hreshol d val udividing thenedium intoceplyralityef discrgte angplar segioRsids i s bel ow the
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moni m ze fepkride P1gdstohd of B8PSy dfiEelclistahéeithaving an estimated seek time :
less than the rotational latency assigned to the discrete angular region;

assigning a rotational latency to each discrete angular region based on a current
Jocation of the retrieval element;
searching a command queue array for a command that addresses a location within a
.. range of cylinders determined by the number of cylinders in the discrete angular region
having the smallest rotational latency; and ‘
| -executing the command addressing a location in the range of cylinders in the
selected discrete angular region of the medium; and characterised in that,
estimating a plurality of seek times for a plurality of seek distances includes:
creating an initial seek time array having stored seek times for seek distances
- traversed by the data retrieval elemeﬂt;
sensing a first actual seek time corresponding to a first seek distance;
modifying a first stored seek time corresponding to the first seek distance based
upon the first sensed actual seek time for the first seek distance; and
estimating a seek time for traversing a first seek distance by reading the first stored
~ seek time corresponding to the first seek distance in the seek time array.
In a second aspect this invention provides in a system including a data retrieval
element and a rotating medium, a method for decmsing'rotz.tﬁonal latency comprising:

dividing the medium into a plurality of discrete angular regions;



access tinme tirst algorithmhas several drawbacks. First, the shortest
access tinme first nethod is extrenely tinme consum ng for conmands which
address clustered | ocations on the disc. In the operation of many systens,
t he conmmand queue may, at any one nonment, contain a set of conmands which
address locations that are clustered inga particular area of the disc. As a
result, a single bin may contain an extrenely |arge nunbet of conmand
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angul ar regions;
range of cylinders determined by the number of cylinders in the discrete angular region

having the smallest rotational latency; and

executing the command addressing a location in the range of cylinders in the
selected discrete angular region of the medium; and characterised in that estimating a
plurality of seck times for a plurality of seek distances includes:

‘creating a seek time array having stored seek times corresponding to seek distances
traversed by the data retrieval element which are less than a preselected threshold distance;

esﬁmaﬁng a seck time for one of the plurality of seek distances by:

computing the seek time if the seek distance is greater than or equal to the
preselected threshold distance; and

selecting the seek time from the seek time array if the seek distance is less than the
preselected threshold distance.

In a third aspect this invention provides in a system ihclﬁding a data retrieval
element and a rotating medium, a method for decreasing rotational latency comprising:
(@  dividing the medium into a plurality of discrete angular regions;
(b)  assigning a rotational latency to each discrete angular région based on a current
location of the data retrieval element; and characterised by further comprising;
© for each discrete angular region, identifying the numl:;ei'_E of cylinders that may be
traversed by the data retrieval element during N revolutions of .‘the medium, wherein N is
initially 1;



for eachgdi screte angular region, identifying a nunber of cylinders that
may be traversed by the data retrieval elenent during a single revolution
of the mediumby individually estimating a plurality of seek tinmes for a
plurality of seek distances; and identifying a | argest one of the plurality
of seek-distances having an estimated segk tinme | ess than the rotational

| at ency. assi gned to the discrete angular region; assigning a rotational

| at ency t@)eacdeafthiy £temmand faduer 2Biydor Hacmehand that Gddressts al 166 onOvitldh at he
retriceval el ement; searching a command queue array for a command t hat
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of cylinders in the discrete angular region ‘having the smallest rotational

| at ency; bavingthe smallesy rotationsd datemey; addr essing a | ocation in the range of
cylinders in the selected discrete angular region of the nedium and--
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assigning a rotational latency to each discrete angular region based on a current

location of the data retrieval element;

for each successive discrete angular region, beginning with the discrete angular
region having the smallest rotational latency, _ | |
(a) ‘searching a command queue array for a command addressirig a location within the
discrete angular region,
(b) identifying a seek distance to be traversed by the data retrieval element for the
command, and characterised by further comprising |
(c)  estimating a seek time for traversing the identified seek distance, and
(d)  executing the command if the estimated seek time of the command is less than a
sum of the r_otational latency of the discrete angular region containing the location
addressed by the command, and a revolution period, wherein ‘the revolution period is
initially zero, and
(e) iteratively repeating steps (a)-(d) for any remaining commands in the command
queue array if the command is not executed.

In a fifth aspect this invention provides in a system inf:luding a data retrieval
element and a rotating medium, a method for estimating seek tunes for distances traversed
by the data retrieval element, the method being characteriseciifby compﬁsing:

creating a seek time array having stored seek times corresponding to seek distances



dividing. the yjediuminto a plurality of discrete angular regions; 6 for
each discrete angul ar region, identifying a nunber of cylinders that may be
traversed by the data retrieval elenment during a single revolution of the
medi um by i.ndividually estimating a plurality of seek tinmes for a plurality
of seek distances; and identifying a Iar?est one of the plurality of seek
di stances having an estimated seek tinme [ess than the rotational |atency
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each discrete angul ar region based on a current atlon 0 e retri eval
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Iocatlon within a range of cylinders determ ned by the nunmber of cylinders

in the dicommiml;andul ar regi on having the smallest rotational |atency; and
executing the command addressing a |l ocation in the range of cylinders in
the sel ected dieterminingawhgthenithe ientifiedodeck distanee isigreaten thanhthe thresholdsed i n
that estimating a plurality of seek times for a plurality of seek distances
i ncl udes:digtarces and) a seek tine array having stored seek times corresponding
to seek distances traversed by the data retrieval element which are | ess
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equal to the preselected threshold distance, and

selecting the seek time from the seek time array if the seek distance is less than the
preselected threshold distance.

In a sixth aspect this invention provides in a system including a data retrieval
element and a rotating medium, a method for estimating seek times for distances traversed
by the data retrieval element, the method being chaxjact_erised by comprising:

creating an initial seek time array having stored seek times for seek distances
traversed by the data retrieval element;

sensing a first actual seek time corresponding to a first seek distance;

modifying a first stored seek time corresponding to the first seek distance based
upon the first sensed actual seek time for the first seek distance; and

estimating a seek time for traversing a first seek distance by reading the first stored
-seek time corresponding to the first seek distance in the seek time array.

In a seventh aspect this invention provides in a system including a data retrieval
element and a rotating medium, a method for decreasing rotational latency characterised by
comprising:

creating a seek time array having stored seek times corresponding to seek distances
traversed by the data retrieval element which are less than a pi'eselected threshold distance;

dividing the medium into a plurality of discrete angular regions;

assigning a rotational latency to each discrete angular region based on a current

~ location of the data retrieval element;



presel egted t,hreshol d di stance; and selecting the seek tinme fromthe seek
tinme array if the seek distance is |ess than the preselected threshold
distance. In a third aspect this invention provides in a systemincluding a
data retrieval elenent and a rotating nedium a nethod for decreasing
rotational - | atency conprising: (a) diwding the nediuminto a plurality
of discrete angular regions; (b) assigning a rotational |latency to each
di scr et e angulssarchingi acorimmant! jueuearrayrforat ledst oné command that addresses at r i eval

el enent; and characterised by further conprising; (c) for each discrete
angul ar rlegtion within atselegted gliscnete angian regiongy| i nders that may be traversed
by the data retrieval elenment during N revolutions of the nmedium wherein N
is initially dfdentifying@aigeek distance e he traversad #or ¢acjuearamand fopnd ovhich adsireasesd

t hat addresses a | ocation vv[aigj n a range of cylinders determ ned by the
nunber ofd logataRwithin; the selected discrete-angylas regionegi on having the smal i est
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aspect th&igfmilcréyent ion provides in a systemincluding a data retrieval
- ] ’

estimating a seek time for traversing the identified seek distance by:

computing the seek time if the seek distance of the command is greater than the
preselected threshold distance, and

selecting the seck time from the seek time array if the seek distance is less than or _
equal to the preselected threshold distance; and

executing the command if the estimated seek time of the command is less than the
rotational latency of the selected discrgte angular region. _

- In an eighth aspect this invention provides in a disc drive system including a
read/write element and a rotating disc, a method to decrease access time during a short
seek comprising:

(@  creating a seek time array having stored seek times corresponding to seek distances
traversed by-the read/write element which are less than a‘pres_elected threshold distance;

(b) dividing the disc into a plurality of discrete angular regions, each region being

assigned an angular region value;
(c) assigning a rotational latency to each discrete angular region based on the current
position of the read/write element;
(d)  selecting a command from the command queue array_beginning with a command
addressing a location within an angular region having an angular region value greater than
an angulai' region value associated with the current position of the read/write element, and
(e)  estimating a seek time for the selected command by:

(1)  identifying a seek distance to be traversed by the read/write element for the

command,



element and a rotating medium a nethod for decreasing rotational |atency
conpri stng: @:Ii viding the mediuminto a plurality of discrete angular
regions; assigning a rotational |atency to each disgrete angular region
based on a current location of the data retrieval efement; for each
successive discrete angul ar region, begl@ning with the discrete angul ar
region having the snallest rotational |atency, (a) . searching a command
queue array fq®) a clstarmining thethes thegdentifiedsetlodistanesisigreater thas thectheesholdu| ar
region, (b) identifying a seek distance to be traversed by the data

Ee;rl evaldlmnt for Lhe command, and characterised by further conprising
C estimating a seek tinme_for traversin e identified seek distance,
and (d) exeda)gi nﬁ?%“%?ﬁ?&r?ﬂ“?-%ortth%c%@?‘gﬁ’éggd seek time of the conmand
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sum of the rotational latency of the discrete angular region containing the location

addressed by the command, and a revolution period, wherein the revolution period is
initially zero. |

‘Embodiments of the invention will now be described, by way of example only, with
reference to the accompanying diagrammatic figures, in which:

FIG. I illustrates a pﬁn view of a rotating disc.and a 'rmd/write-element with
portions of the disc that can be reached by the read/write elemeﬁt within one revolution
being shaded.

FIG. 2 illustrates the rotating disc of FIG. 1 divided into discrete angular regions
having assigned seek ranges and having boundaries which vary based on the current
position of the read/write element. |

FIG. 3 illustrates the rotating disc of FIG. 1 divided into discrete angular regions
having fixed boundaries independent of the current position of the read/write element and
assigned seek ranges based on the current position of the read/write element.

FIG. 4 is a flow diagram of the steps of the method of the present invention.

FIG. 5 is a graph illustrating the relationship between seek time versus seek
distance. |

FIG. 6 is a flow diagram of the steps of an alternate method of the present

| invention.

FIG. I illustrates a plan view of rotating disc 10 and read/write element 12. As



8 traversed by the data retrieval element which are less than a preselected
t hr eshofd di st ance; I dentifying a seek distance to be traversed by the data
retrieval elenment for a comvand; and detern ning whether the i dentified
seek distance is greater than the threshold distance; and estinating a seek
time for traversing the identified seeklldi stance by: conputing the seek
time if the seek distance of:the command is greaters-than or equal to the

pr esel ectkawn by #Golddist 19 iswdtatingrin asennter-tlogkwise difection: Read/wrisgmelamens eek
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seek di st a see I'me “for traversing a rst “seek

~ di stance By in&aobs it Girtent posiféPasbint X . Seek range 16 has a radial length 18

which defines the maximum number of cylindei's that may be accessed on either side of

cylinder path 14 at a selected angular distance from the present location of read/write
element 12. Accordingly, seek range 16 represents the maximum area of disc 16 which
may be accessed by read/write element 12 during a substantially complete revolution of
disc 10. For example, assume that read/write element 12 is able to cross a total of 200
cylinders during time necessary for disc 10 to complete one revolution. In particular,
during the ﬁfne 'necessary for disc 10 to éomplete one revolution, beginning from point X1,
read/write element 12: will be able to traverse 200 cylinders. At point Xj, shaded region
14 is extremely small because disc 10 requires an extremely small amount of time to rotate
point X1 below read/write element 12. During this extremely small amount of time,
read/write element 12 is able to traverse, in either direction, only an extremely small
number of cylinders. At point X5, however, the time necessary for disc 10 to complete
approximately half of a revolution has passed. The number of cylinders that read/write
element 12 can traverse during this time is approximately 100 cylinders. Correspondingly,
the radial length 18 of maximum seek range 16 at point X has significantly increased with
respect to the radial length 18 of maximum seek range 16 at point X1. At point X3, the
time necessary for disc 10 to complete almost an entire revolution has passed. During this
larger amount of time, read/write element 12 is able to traverée an even larger number of
cylinders 6n either side of éyﬁnder path 14. Acoordjngly, the radial length 18 of maximum
seek range 16 immediately adjacent point X3 represents the largest number of cylinders that

may be crossed in one revolution (approximately 200 cylinders in either direction. A total



seek ting corresponding to the first seek distance in the seek tinme array.
In a seventh aspect this invention provides in a systemincluding a data
retrieval elenent and a rotating nedium a method for decreasing rotational
| at ency characterised by conprising: creating a seek tine array having
stored seek tines corresponding to seeklgistances traversed by the data
retrieval el enment which are less than a presel ected threshol d di stance;

di vi di ng {g-*;lﬁ, W cﬁnﬁ ality of discrete angular regions; assigning
a rot atio‘?\a atencyy!tﬂ(?)(peac _HclfPscrete angul ar region based on a current
l'ocation of thpp rt ShvenAuilis £hRiRA for sortifly 6f Sehebhliify cortRARERNH aqueue

array for at |east one command that addresseS a location within a sel ected

di scr et e coRgHARY quebgiadny tb detitdntidlly enifinfifecthedindd Aetessat Pt cessoaimadsf or
each command found whi ch addresses a |location within'the sel ected discrete

angul ar r'Euog method substantially gninireizesecomimeand abeedsi time forsesyisteth by identifying gr eat er
than the threshol d distance; estimating a seek tinme for traversing the .
i dent i fi eebrermand fromt the comipyand quieys arrayywhich addwekses artecationtwithis agkgidnst ance
O e O ing the smallost rofational latency fom the current position of the read/wails clement 12
and within seek range 16. If the method fails to find a command in the command queue
which addresses a location within seek range 16, seek range 16 is iteratively expanded by
the number of cylinders which can be additionally traversed by read/write element 12
during an additional revolution of disc 10. Seek range 16 is iteratively expanded until a
command addressing a location within the current seek range is identified and executed.
FIGS. 2 and 3 illustrate the method of the present invention.
| FIGS. 2 and 3 illustrate alternate methods of modeling or dividing rotating disc 10
into discrete angular regions. FIG. 2 illustrates a method of dividing -mt;ﬁng disc 10 into
angular regions having boundaries which vary and are radially spaced from one another |
based upon the iaresent or expected location of the read/write element 12. FIG. 3 illustrates
disc 10 divided into discrete angular regions having fixed boundaries. For illustration
purposes, FIGS. 2 and 3 show disc 10 as being divided into ten angular regions. As can be
appreciated, disc 10 may be divided into any desired number of angular regions. For
example, disc 10 may alternatively be divided into 250 angular regions to provide increased
* resolution of rotational positions.

FIG. 2 shows disc 10 divided into discrete angular regions 20A-20J separated by
variable boundary lines 22A-22J. Angular regions 20A-20J are defined based upon the
present location of read/write element 12. In particular, boundary line 22A which divides
angular regions 20A and 207 is always defined as extending just counter-clockwise to the
present angular position of read/write element 12. Boundary line 22A and the remaining
boundary lines 22B-22J, vary in location based upon the varying locations of read/write

element 12. Accordingly, angular region 20A is defined as lying beneath the present



sel ecting the seek tine fromthe seek tine array if the seek distance is

| ess thin or"equal to the presel ected threshol d distance; and executing the
command if the estinmated seek tine of the command is |ess than the
rotational |atency of the selected discrete angular region. In an eighth
aspect this invention provides in a disg3drive systemincluding a

read/ wite elenment and a rotating disc, a nethod to decrease access tine

during a 1e&fioh o¥eedd/wEDElbmEmAL2. (The remainig! dngglad régiens 20B+20kareapadedvi ng
stored seek tines corresponding to seek distances traversed by the

read/ w i ttherefrefi Mngotur cbgions20/620) aththeir rpspestivechdundaties 2232 Hratatstiance;
(b)- dividing the disc into a plurality of discrete angular regions, each
regi on bejonjynation withcngulanrepositioning 9if cead(wititeeslerpent 12. assi gni ng a rotati onal
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boundaries 42 of discrete angular regions 40A-40J 'upon the surface of disc 10. For

purposes of sorting the command queue, the command addresses are converted into a

cylinder, head and angular region address. The angular regions provide a common system

of measurement for all addresses regardless of recording zone.

As further shown in FIGS. 2 and 3, a relative angular region number, N=0to0 9, is
assigned to discrete angular _regiqns 20A-207, 40A-407 based on the relative location of the
region to read/write element 12. In particular, the particulér' region containing read/write
element 12 is assigned a relative angular region number N =O.. Each clockwise successive.
angular region is successively numbered from N=1 to N=9.. The relative angular region
mimbers N are always treated modulo X, where X equals the number of angular regions. In
the present example, the region numbers are treated modulo 10. For example, the
difference in rotational position from aﬁgula: region N=9 to angular region N=2 is 3.

Once disc 10 is divided into discrete angular regions as shown in FIGS. 2 and 3, a'
rotational latency is assigned to each discrete angular region based upon the particular
method used to divide disc 10 into regions and each particular region's relative angular
region number. For illustration purposes, this rotational latency time is described as a'
fraction of the time necessary for the disc to complete one réyolutioh. When disc 10 is
divided into discrete angular regions having variable boundair_y lines as illustrated in FIG.
2, read/write element 12 must cross at least approximately one angular region (1/10th of 2
revolution) before reaching boundary line 22B and the discréte angular region having

relative angular region number N=1 (region ZOB). Similarly, read/write element 12 must



10 (2) _ determ ning whether the identified seek distance is greater than
the. threshol d di stance, (3) estimating seek tinme for the command by:
conputing the seek tine if the seek distance of the command is greater than
or equal to.the threshold distance, and selecting the seek time fromthe
seek time array if the seek distance of 1ghe command is | ess than or equal
to the presel ected threshol d=di stance, and (f) executing the conmand if

t he esti nabschtieskagproximately o angnizmmigions (2/36ths jofia revolutionyfbefore reashing onal
| atency of the discrete angular region containing the |ocation addressed by
t he conmeboiindanydine 226/and the discpese aughlanwegionihavinga relatiye@ngular pregionaumber

initially zero. Enmbodiments of the invention will now be described, by way
of exanpl N=th|Thususach dissrete angidantsgion20Ac2Qis assiensd arofaionahiatancy valigrof s
in which: FIG | illustrates a plan view of a rotatin [ '
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of one complete revolution of disc 10.

When disc 10 is divided into discrete angular regions having fixed boundary lines as
illustrated in FIG. 3, read/write element 12 may be presently located anywheré between the
counter-clockwise and clockwise boundaries of the particﬁlar discrete angular region. As
the position of read/write element 12 approaches the clo-ckwise boundary of a particular
discrete angular region, the rotational latency of the next adjacent cIocicwise region

* (angular region nurhber N=I) approaches zero; To account for this varying rotational
latency, each discrete angular region is assigned a minimum rotational latency required for
a particular discrete angular region to rotate beneath read/write element 12. Thus, each
discrete angular region number is assigned a minimum rotational latency of (N-1)/10ths of a
revolution, where N is the discrete angular region's relative angular region number. The
discrete angular region having a relative angular region number of N=0 requires disc 10 to
rotate a minimum of 9/10ths of a revolution and is assigned a rotational latency of 9/10ths
of a revolution. To insure a minimum of at least 1/10th of a revolution for read/write -
element 12 to access a command, the method requires disc 10 to rotate through a complete
revolution before accessing a command within the discrete angular region having a relative
angular region number of N=1. Thus, the discrete angular region having a relative angular
region number of N=1 is assigned a rotational latency of the time necessary for disc 10 to
complete a full revolution.

| Based upon the rotational latency assigned to each discrete angular region, a
limiting criterion is assigned to each discrete angular region to identify a command wifhin



assi gneg see_l§ ranges based on the current position of the read/wite
element. FIG 4 is a flow diagramof the steps of the method of the present
invention. FIG 5 is a graph illustrating the relationship between seek
time versus seek distance. FIG 6 is a flow diagram of the steps of an
alternate nethod of the present inventidh. FIG | illustrates a plan view
of rotating disc 10 and read/wite elenent 12. As shown by FIG |, disc
10 i's rotthe command quensartay which addresses diconumandraddress within seskahrgeel shown; s
shown positioned at |ocation X[err] and noves clockwi se relative to

rot at i ng ioFG. 10TheYimiting erifssion ig usedrte selectcthe agxtppmmandstede exeentsd and ¢ he
current track or_cylinder over which read/ mjte elenment 12 is |ocated.
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in the discrete angular region having the smallest rotational latency.

FIGS. 2 and 3 illustrate the use of a seek range or cylinder range as a limiting
criterion for selecting a command to be executed from the command queue array. As
shown by FIGS. 2 and 3, each discrete angular region is assigned a cylinder range 24A-24J
(represented by shaded regions) based upon the region's particular rotational latency.
Cylinder ranges 24A-247J are radi:;.vlly centered about the preéent or expected cylinder path
14 of read/write element 12. As illustrated by FIGS. 2 and 3, cylinder ranges 24A-24]
collectively form a template which is rotated in cohjunction with the assignment of relative
angular region numbers N and which is radially moved inward and outward based upon
the present angular and radial location of read/write element 12.

Each cylinder range 24A-247 has a radial length 28 which represents a minimum
number of cylinders that may be traversed by read/write element 12 during a single

“revolution of disc 10. More particularly, the radial length 28 of each cylinder range 24A-
247 represents a number of cylinders within the correspondirig discrete angular region 20A-
207, 40A-40J that may be traversed by read/write element 12 on either side of the inifial
cylinder path 14 during the minimum time necessary for the counter-clockwise boundary
line of the particular discrete angular region 20A-207, 40A-407 to rotate below read/write
element 12. Because the impact of lost revolutions caused by cylinder ranges which are too

wide is worse than the impact of lost queue sorting opportuﬁiﬁ'es caused by too narrow

cylinder ranges, the radial length 28 of each cylinder range 24A-24J is constant and is



cylinders durjng time necessary for disc 10 to conplete one revolution. In

particular, during the tine necessary for disc 10 to conpl ete one

revol ution, beginning frompoint Xerr], read/ wite elenent 12 will be able
to traverse 200 cylinders. At point X1, shaded region 14 is extrenely snall
because disc 10 requires an extrenely s | armount of time to rotate poi nt
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al nost an entire revolution has passed. During this |arger anount of tineg,

read/write el eTsmhinirdize acceds timedot caimands iathev@mmand gesu thedhethod
cylinders on either side of cylinder path 14. Accordingly, the radial

| engt h 18seafchew thencommamkquena geray Gor anemmand hgviag paommandaddtess@ithipthesent s
the | argest nunmber of cylinders that may be crossed in one revol ution
(appr oxi neplindgr od@e 2¢lassogiated with dhe discretsi angular segionmhavingithe smallestabtational
PP Nt latangy o Borkotaisea Pomaand addreds witin the associated cylinder range of the discrats |
angular region having the smallest rotational latency, the discrete angular regions 20A-207
are preferably searched in ascending order beginning with the region having the smallest
rotational latency. If a command is not identified for the present discrete angular region
being searched, the method continues by searching the next successive discrete angular
region. The search c"ohtinues, region by region, until the region having the largest seek
range is searched. If no command is identified having an associated command address
within one of cylinder ranges 24A-24J, the radial length 28 of cylinder ranges 24A-247 is
incremented by the number of cylinders that read/write element 12 may additionally
traverse during an additional revolution of disc 10. After each cylinder range 24A-24J is
incremented, the method once again searches the command queue array for a command
having a command address within the cylinder range of the discrete angular region having
the smallest rotational latency. Each seek range is _incremen;éd by the number of cylinders
that read/write element 12 may traverse during an additional revolution of disc 10 until a
comnj'land having a command address within the cylinder range of the discrete angular
region having the smallest rotational latency is found and executed.
FIG. 4 is a flow diagram of the steps of the method of the present invention using
seek ranges as limiting criteria. In step 50, a seek range array is built. The seek range array
is indexed according to time in units of tenths of a fevolutiori. Each element of the array

contains the number of cylinders which can be crossed in the amount of time corresponding



command gueue, array to substantially mnimze the tine necessary to access
commands. The net hod substantially m nimzes conmand access tinme for a
system by identifying a command fromthe conmand queue array which
addresses a location within a region having the smallest rotational |atency
fromthe current position of the read/wyhte elenent 12 and within seek
range 16. If the nmethod fails to find a command in the conmand queue which
addr essesoand Semich®§ intlek NFor SRRMDIE, AREE rahBe [TRAI0 TRAHS thha isSekl &R @bdsVIRIDY
expanded by the nunber of cylinders which can be additionally traversed by
read/ wri t@mha@mslmzomfdvamﬁ@ﬁ, addi tional revolution of disc 10. Seek
range 16 is iteratively expanded until a comrand addressing a | ocation
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l'ine 22A wbdiah. 4heisdfiSof seek range (N) and the revolution range variable RR provides a

A

limiting criterion for selecting a command from the command queue array for execution in
step 72. | | |

I;'l step 54, the method determines if the command queue is empty. As long as the
queue is empty, no action will be taken. Note, however, that commands may be added to
the command queue at any time.

In step 56, the medium is divided into discrete angulaJ_; regions having boundary
lines which vary based on the current position of read/write element 12. Each discrete
angular region is assigned a relative angular region number N=0 to N=9 based upon the
present or expected position of the read/write element. Relaﬁve angular region number
N=0is assigned to the region cqntaining read/write element ._12 just inside its counter-
clockwise boundary. Successive clockwise regions are assigned relative angular region
numbers N=1 to N=9. Beginning with region number N=1 and ending with region
number N=0, the rotational latency of each discrete angular;i'egion increases as the region
number increases. _ |

In step 58, if the command queue is not empty, the method increments N to target
an angular region having a relative angular region number N , where N is initially 1.

In step 60, the method determines if each discrete angular region has been searched.



angul ar yegiops 20A and 20J is always defined as extending just
counter-clockwi se to the present angular position of read/wite el enment 12.
Boundary |ine 22A and the remai ni ng boundary |ines 22B-22J, vary in

| ocation based upon the varying | ocations of read/ wite el enent 12.
Accordingly, -angul ar region 20A is defingd as |lying beneath the present

13 location of read/wite elenent 12. The renai ni ng angul ar regi ons 20B-20J
are spaceg nif NreLl, ack 99ﬂfertﬁs&&é\aﬂ%maxafegithQOA-zmm_a@_séénvﬁarched.
boundari es 22A-22J rotate in conjunction with angul ar repositioning of
read/ wri t I eatierepivn Had ndtiben Seardhedstheahethoditomtindés b Miedagulantregioh.scr et e
angul ar regi ons 40A-40J separated. by fixed houndary |ines 42A-42J. In
contrast to thH each bbthe disarsteranguldr regidas Bavebeeni seirched (WMed 1), ke ethndar i es

- 22 of discrete angul ar regions 20A-20J based upon the present |ocation of

- read/ w i tiacrementsivarigble RRan stepsirhy themuoer of cindensdbatiread’weite dementiihisnt | y
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read/ Wit fnse of the discrete angular region having the smallest rotational latency.

In step 66, the index is incremented to access the first cﬁommand (i.e. index = 1) of
the command queue (index). The command queue (index) is an array that contains each
command in the command queue. Thus, command queue [1] is the first command in thé
queue, command queue [2] is the second cor_nmand, etc. |

In step 68, the method determines whéther it has cheéked all commands to
determine if they address locations within the seek range 24 df the particular region 20.
This is accomplished by determining if the index number is greater than. the number of
commands. If the index number is not greater than the number of commands, the method
proceeds with step 70. If the index number is greater than the number of queued
commands, the method targets the next succeeding clockwise angular region 20 by
returning to step 58 to increment N by one.

In step 70, the method determines whether the logical block address of command
queue (index) is located within the next clockwise adjacent region having the smallest
rotational latency. Because the medium is divided into discrete angular regions having
boundaries which vary based upon the "current position" of ihe read/write element, the
next clockwise region having the smallest rotational latency is region N modulo 10. Thus,
the method determines whether the logical block address of é,bmmand queue (index) is
located within region N modulo 10. Alternatively, if the medium is divided into discrete

angular regions having fixed boundaries independent of the current position of read/wﬁte



el ement %2 issassigned a relative angul ar regi on nunber N=0. Each cl ockw se
successive angul ar region is successively nunbered fromN= 1 to N=9. The
rel ative angul ar regi on nunbers N are always treated nodul o X, where X
equal s the nunber of angular regions. In the present exanple, the region
nunbers are treated nodul o 10. For exanpl®, the difference in rotational
position fromangular_region N=9 to angular region N=2 is 3. Once disc 10
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regi on nunber N=1"(region 20 y, rea enment nmust 14
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bef ore reachi ng boundary |ine 22C and the discrete angul ar region ‘having a
rel ati ve gindex)ds notwithin regivheN nivddlo 10)the proeeds reiutny 1Ot sepaftel intreqrgt the
20A-20J is assigned a rotational |atency value of N10ths of a revol ution,
wher e N=t Endexemimber ¢o acogsd the nextgiommandrib dhe ¢ominand guemedi screte

In step 72, the method determines if the cylinder delta is less than or equal to a sum

of seek range of region N modulo 10 and counter variable RR. If, at step 72, it is
determined that the cylinder delta is greater than the cylinder range 24 of that particular
angular region, the process returns to step 66 to increment the index number to access the
next command in thé command'queue. -

If it is determined that the cylinder delta is within the cylinder range of region N
modulo 10 and variable RR, step 73 requires éxecutiqn of cb_m'mand queue (index). Upon . .
execution of the command, the current position of the read/write element is now the
physical location of the last logical block address (LBA) of the command just executed (i.e.
command queue [1]) as indicated in step 74. In step 75, command queue (index) is
removed from the command queue array.

Once a command is executed and removed from the command queue in steps 73 aﬁd
75, the process returns to step 52 whereby N, index and RR are reset or reinitialized at
zero. The process once again repeats itself to select a comr_"_q_:_afﬁd from the present command
queue array which meets the limiting criterion. However,. bééause the "current position” is
now the physical location of the last logical block address of fhe command executed in step
73, angular regions N=0 to N=9 are reassigned in step 56to new physical locations or
regions based upon the new "current position” of tﬁe m&ﬁte element. Because each

region N=0 to N=9 varies based upon the "current position” of the read/write element,



angul ar region having a relative angular region nunber N=0, disc 10 nust
rotate one conplete revolution before read/ wite elenment 12 crosses
boundary line 22J. Therefore, the discrete angular region having relative
angul ar region nunber zero has a rotational |atency of one conplete

revol ution of disc 10. When disc 10 is gpvided into discrete angul ar

regi ons having fixed boundary lines as illustrated in FIG 3, read/wite

el ement I1the segk-tange arrap vorisyrucied dn siep 50y whithecontilingesesk rdiges assiined 16 eastkwi se
and cl ockwi se boundaries of the particul ar discrete angular region. As the
posi ti on aifgularaegion N=0 40 Drehtactasapiemplaté whichiretat¢sowithvitecrehssigmizeny obf  a
particul ar discrete angular region, the rotational |atency of the next

adj acent mEWORN =0 to dFDin stap§0! Bhus; &y prasent methodNeeqyiresdpssonemory at 0. To

- account for this varying rotational |atency, each discrete angular region

" i's assi gneMBRIFHON Heto eptimalbhsplect acemmand fram thejcoramangd gugueiastayAer di scret e
- angul ar region to rotate beneath read/wite el enent 12. Thus, each discrete
- angul ar r@%? Thunber is assigned a mninumrotational |atency of

/ 10t hs of | ut.i on, ' he di ] i on'
ol alive angul 4% 2P Bty RissbaSie bidng et i R ToR B s enk Geg on
Lt _ TGN oPR gt 81 -
of o 10t HOHEE g R h iR Ry fleoitind B finhhg Ffriohln i 81 B0, i T

of a revojnyh icPRulafls i?‘ltﬁfgéxeo@se@k %ﬂgemfm@}agﬁgﬁ%e etltf]rﬂongt hz%a,auwegsé %\&rgﬂ for

read/ wite elenment 1 access a conmmand, requires dis to
rotate thheygitiand MBS 6f 4 Parfbulint diScrbRaAElal RSt Ithe mitHod diRetly Whdsthe t he
di screte angul ar region having a relative angular ‘regi on nunber” of N= 1.
Thus, t herotitionaklateney of tirr disorete angulaviegibnato iddmify donmgindafor Exgugon.nunber
of N=1 is assigned a rotational |atency of the tinme necessary for disc 10
. to conpl eHewavdrn, ehclr conmharid' oparticular seek distance (i.e. the distance in cylinders between

the present cylinder path of read/write element 12 and the cylinder path of the command
address) must first be identified and be used to esl_:imate a corresponding seek time for

| .compaﬁson to the rotational latency of the discrete angular region. As a result, this method -
requires that the seek time be estimated for each command within the command queue
array.

As with the above methods which reduce the seek range to insure that the command
address may be actually reached duriﬁg the time necessary for the particular discrete
angular region to rotate beneath read/write element 12, the present method also insures that
the command address may be accessed during the time neceséar'y for the particular discrete
-angular region containing the address to rotate beneath read/write element 12 by upwardly
adjusting the estimated seek time for each seek distance. Alternatively, the rotational
latency of each discrete angular region may be downwardly adjusted for the same
insurance.

FIG. 5 is a graph illustrating seek time versus seek distance for a disc. As shown by
the graph, the relationship between seek time and seek dista_riée is non-linear (see non-linear
portion 76) for short seek distances and is linear (see linear portion 78) for long seek

distances. As a result, equations such as quadratic equations, do not model short seeks very



Based-upon the rotational |atency assigned to each discrete angul ar region,
alimting criterion is assigned to each discrete angular region to
identify a conmand within 15 the command queue array which addresses a
command address within seek range 16 shown in FIG 1. The limting
criterion is used to select the next comjand to be executed and may be
defined by any one of several paraneters. For exanple, the limting

criteri onygRYMiRedlRf, thE doMputiti rregml'réa&'doie@?ﬁ?fe éi\%d%ﬁ‘ﬁ" AR
12 may traverse during theﬁassi g_EJgﬁ rotational [ateficy of the %&a?t]&éu ar
di screte 2p&8K tithe FOH Bk distiiRe ikigni tNBedauke'l dic Rhedahilig iR mist select
cal cul ated for each discrete angular region using the assigned rotational

| at ency otheargticomandtocexeonte|daring el aucessttime of thetreRt eonyma®REHY cofip ch
t he command queue array-for a command having a command address within the
cyl i nder seskdimeésrfor haumberofcommanylsl from theycommbmd quepet the time hvaikble for the
rotational latency. FIGS. 2 and 3 illustrate the use of a seek range or

cyl i nder disegehed method te geleetiancoptiorunt command ¢o xegute is dimitedd Thus, libe use
executed fromthe command queue array. As shown by FIGS, 2 and 3, each

di scret e 8hyapadraticequaion mayqet e Sest snough;ta select aepramandwithin thedimitedent ed
by shaded .regions) based upon the region's particular rotational |atency.
Cyl i nder Fﬁ’ﬁges 24A-24) are radially centered about the present or expected

R s B P o 5 S i

conj uncti ofy Wailed RiffieBHpARESA ki, A SleBtin{€array is an array or table which for a '
preselected number of seek distances contains a corresponding estimated seek time
necessary for the read/write element 12 to traverse the seek di_stance. For example, entry
number.l may indicate the expected seek time duration necessary for read/write element 12
to traverse a seek distance of one cylinder. Entry number 2 may indicate the expected seek
time duration for the read/write element 12 to traverse a seek distance of two éy]inders;'

However, to provide an array or look-up table for each possible seek distance is
impractical. Modern disc drives typically contain around 4,000 cylinders. Although a 4,000
entry table is certainly feasible, such an array or table would require a significant amount
of the already limited memory.

The present invention solves these problems by using a linear equation to compute
seek times for longer seeks in the linear region 78 of the seek profile and a seek time array
as a look-up table fdr short seeks in the nonlinear region 76 of the seek profile. Because
estimated seek times are only computed for longer seeks which lie in the linear region, the
computation is linear instead of quadratic. Consequently, the computation time required to
evaluate the linear equation is less. This computation is not required in applications that
result in short seeks exclusively. For applications that result in longer seek distances, the
average access time is larger. As a result, the disc scheduling method has more time to
‘perform the computation and to select the next command to be executed.

Preferably, the method of the present invention estimates seek times by computing



angul ar regi on, nunbers N and which is radially noved i nward and outward
based upon the present angular and radial |ocation of .read/wite el enent

12. Each cylinder range 24A-24J has a radial length 28 which represents a
-m ni mum nunber of cylinders that nmay be traversed by read/wite el ement 12
‘during a single revolution of disc 10. Mre particularly, the radial |ength
128 of each cylinder range 24A- 24J repre€@nts a nunber of cylinders within
‘the corresponing di screte angul ar, regi on 20A-. 20J, . 40A-40J that nay be
“traversed 5§ fBI8/f0F langersegks:if; the Jing1 TegioR ) @i%sq%kpr@@leiaﬁmrﬂmgte ¢ nder

. path 14 dur'n% the mnimumtime necessary for the counter-clockw se

. boundary I?#ﬁ? hip} e particul ar discrete angul ar region 20A-20J, 40A-40J to
rotate bel ow read/wite el ement 1%. Because the inpact of |ost revolutions
- caused by cylinder ranges'mhi&hﬁalea%'trﬁh de ,is worse than the.inpact of

| ost queue sor tESHDIppsrt uni {1 dencomded by t dofhbrrow cylinder ranges, the
-radial length 28 of each cylinder range 24A-24J is constant and is 16
‘shorter than the corresponding radial length 18 of seek range 16 shown in
FIG 1. The radwherel ength 28 of each cylinder range 24 is preferably

"~ provided by a seek range array or_ | ook-up table having a maxi num nunber of

~cylinders that Rey He igenfifisdssesk distangs iavarseddycthe datx retrieval glemgnt fee at i ne

necessary for a particular relative angular region to rotate beneath
read/vvrite“lé?‘@ﬂ‘iéﬁt 12 (i.e. the region's rotational |latency). To mnimze

access time f Orng(BSagdessﬁ}n%tetdhs%e %r%gse%ﬂ%fs%crerﬁ,y’ t he net hod
| Cn-1 = a first preselected seek length within the linear region 78,

C,, = a second preselected seek length within the linear region 78,

th-1 = time necessary for the date retrieval element to traverse the first preselected
seek length, and

tp = time necessary for the data retrieval element to traverse the second preselected
seck length. | .
Although the above relationship works well for the seek distances lying solely within linear
reoion 78 of the seek profile, the above relationshiﬁ cannot evolve to match the systems
true behavior because a discontinuity exists where the seek array ends and where the linear
approximation begins. This discontinuity can be eliminated by alternatively computing seek

time accordirig to the relationship:

' ntn-1) D-Cpp)
ESTMD) = —W +ty.1

where,

EST (D) = estimated sgek time for seek distance D,

Cn-1 = a first preselected seek length within linear region 78.

Cn = a second preselected seek length within linear region 78.

tn-1 = time necessary for the data retrieval element to traverse the first preselected
seek length, |

D = the identified seek distance traversed by the data retrieval element for a



searches,.the gommand queue array for a conmand having a command address
within the cylinder range 24 associated with the discrete angul ar region
having the smallest rotational |atency. To | ocate a command address wthin
t he -associ ated cylinder range of the discrete angul ar region having the
smal | est rotational |atency, the discretd angul ar regi ons 20A-20J are
preferably searched in ascending order beginning with the region having the
smal | est ¢RBARGA | atency. If a conmand is not identified for the present
di screte angul ar regi on being searched, the nmethod conti nues by searching

t he next successive discrete angular region. The search continues, region
by region, until the rze,giﬁnﬁlﬂﬁv' ngthe | ar gest seek range is searched. |f
no conmand is identified havigng. gn associ ated comand address wi thin one of
cylinder ranges 24A-24J, the radial |length 28 of cylinder ranges 24A-24J is
i ncrenented by nurber of cylinders that read/ wite element 12 may
additionally traverfse during an additional revolution of disc 10. After

each cylinder panggedAds iuﬁnéwtﬁgaﬁt&%em'emee1aﬁ&m&'uao§§e ety hes
t he command queﬂe array gér a command having a command ad reg% w thin %he
cyl i nder IeﬁPﬁ? of the discrete angular region having the small est

rotational latency. Each seek range is increnented by the nunber of

cyl i nders t hat Breagympiotic sehmpkteigti? may traverse during an additional
revolution of disc 10 until a command having a conmand address within the
cyl i nder rangetpp# preeiods estimadted imguieaessarydontheldatz retri¢viabelement estraverse the
rotational latency is found and executed. FIG 4 is a flow diagram of the
st eps of sacendrgeckdength, ande present invention using seek ranges as limting
criteria. In step 50, a seek range array is built. The seek range array is

i ndexed according to tj j'n nitg of tepths of a revolution. Each el enent
of the array chheaifl [ - defen whi ch can be crossed in the
anount of tine correspondémgCem

where,
ADJ = a preselected adjustment based on varia_mce of actual seek times,
.Ctm =the maximum séek distance of the seek time array, and

tym = the stored seek time corresponding to the maximum seek distance of the seek
time array. | |

The method accesses a seck time array for estimating seek times for short seek
distances. The seek time array provides highly accurate seek time estimates for short seeks.
Moreover, the estimated seek times for short seeks can be determined very quickly via a
simple look-up table. Consequenﬂy,. in applications that result in a large number of short
seeks having short access times, the disc scheduling method is more likely to- be able to
select the next command in the allotted time.

The seek time array may be either static or dynamic. A static seek time array is a
precomputed look-up table constructed from a static seek profile. The static seek profile
consists of piecewise-linear approximations of actual seek performance. Straight line
segments, each assigned to a non_-overlapping range of seek lengths, estimate performance

for seeks within their range. A defining set of ordered pairs defines the straight line



17 to the element's index. For exanple, seek range [3] =100 neans that a
seek can cross 100 cylinders in 3/10 of a revolution. Initially, a

revol ution range variable, RR, region variable, N and a command vari abl e,
index, are initialized at zero in step 52. The revol uti on range vari abl e,
RR, identifies the nunber of revol utions which nust be conpl eted for
accessing a command | ocation. The regio varlable N, is used to identify

%Q?. B o, St B0 RecP BbAed 8 KRR Tedelh oF l@ﬂ@%t%aaggﬁiﬁm%? ﬁ?’ﬁﬂﬁue&
o el ki, O )] A0 Wt Ot Rtk

cylinders s ed]g,agée{ddt I gI e
revol uti olrrlk%}%? he ngﬁﬁg%@%gﬁgﬁaﬂ%wgeek range s?l\f tﬁ%mthh@er%g@gll ﬁm;ﬁ%)é]ﬁ _

range varjiddngamennginri®scompensité fottineéitdintiésin sbek ritahéd\@ueftoC ONMBNd
fromthe conmand queue array for execution in step In step 54, the
net hod dematwfactesing fvatiftions andenvironmentali factorssuygh ad\&mpéfa!msanﬁ heinddiey|€Thes
enpty, no action will be taken. Note, however, that comuands nmay be added
to the costatimseeltimeearzay em;tain'sdmfommsstéﬂcebfsseekldstaxm omeducedialoutidni nt o
di screte angul ar. regi ons havi ng boundary |ines which vary based on the
current povsrheadrinstiticalaxeoutioncpathse Memory requiraments for the static seek time array

depend on its size. As a result, the static seek time array provides quick and accurate seek

XT

time estimates for seek distances within non-linear portion 76.

An alternative to the static seek time array is a dynamic or adaptive seek time array.
Similar to the static seek array, the adaptive seek array is an array or look-up. table

' containing estimated seek times required for read/write element 12 to traverse a given seek

distance or length, in cylinders. Preferably, the adaptive seek array and static seek array
hﬁﬁaﬂytnamh[Theadapﬁveseekanayh&sthésmﬁcsedkanayu:hﬁﬁaﬁmshshxﬂ&up
table. However, each time read/write element 12 traverses a given number of cylinders to
execute a command, the system or firmware senses the actual seck time necessary for
read/write element 12 to traverse the given seek distance. Based on the sensed actual seek
times for seek distances, the present invention modifies estimated seek times corresponding
to seek distances within the adaptive seek array. As a result, the adaptive seek time array
continuously modifies its estimate of seek times for seek distances (i.e. seek performance)
compensating for differences in performance due to manufacturing deviations,
environmental factors such as temperature, humidity and air pressure, and aging. Thus, the
adaptive seek array maximizes performance for each individual drive and eliminates the
time and cost necessary for designing an optimal piecewise linear approximation for
estimating seek performance.

According to the preferred method, the previously stored seek time corresponding
to a seek distance is modified according to the relationship:

NEW FIRST STORED SEEK TIME(D) = oB+ (1-a) (C+ADJ)



angul ar region is assigned a relative angular region nunber N=0 to N=9
based upon t he present or expected position of the read/wite el enent.

Rel ative angul ar regi on nunber N=0 is assigned to the regi on containing
read/ wite el ement 12 just inside its cognter- clockw se boundary.
‘Successive clockw se regions are assigned rel ative angul ar regi on nunbers
N=1 to N=9. Beghétj Ng W th regi on nunber N=1 and ending with regi on nunmber
N=0, the rotational |atency of each discrete angular region increases as

t he regi on nuribex seelcdistaness. In step 58, if the conmand queue is not enpty,
the method increments N to target an angular region having a relative

angul ar regi o) suobsr IN, where Nis initially 1. In step 60, the nethod
determ nes if each discrete angul-ar region has been searched.. 18 In this
exanpl e, if NSBE previously firshstomdsseek timefagdistance Byi ons 20A- 203 has been
searched. If each region has not been, searched, the nethod continues for
the angul ar r giDsensed agiyaksegk opdistange D> #Adul ar regi ons have been

searched (N= 11 t he nmet hod incre ts variabl.e RRin step.§2 by the
number of cyl i%@gri 4 QCMSFW%EMHanP%“&ﬁa@%s%F%%%e duri ng
one addi tional .co te re ' . | ' ' .
variable R R Aobiogel SR 6 Rk s TpSRcteh MMl i alRand i, |
step 58. ' [ h Q&R t; LeRkit isNg
criteri on’ggag%g%;%gé’e ecct%mgsg%m%%%é‘% e.){\‘éi@lg}igf(x)n I n s%kte%n%gﬁuﬂr?%lgilwaa comand
is identifdeth WtdiRiohkBoSBRE mean seek time, the impact of lost revolutions as a result of

D

low seek time estimates is much worse than the impact of lost queue sorting opportunities
as a result of high estimates. To counteract this effect, the seek time estimate is
intentionally shifted upward by the adjustment so that most seeks will actually take less
time to complete than indicated by the table.

Altefnatively, the p:e_viously. stored seek time may be mo&iﬁed according to the
relationship:

NEW FIRST STORED FIRST SEEK TIME(D) = @EE-II-ADJ :

where,

D = seek distance

B = asymptotic sample length,

B = previously stored first seek time for distance D,

C = sensed actual first seek time for distance D,

ADJ = a preselected adjustment based upon variance of actual seek time.
The above equation is better suited for integer calculation because the equation employs B
which is an integer that approximates a number of previous commands that have a
significant effect on the current estimate of seek time for the specific seek distance. The

value B, otherwise known as the asymptotic sample length, is calculated according to the

relationship:



range of the discrete angular region having the smallest rotational

| atency. In Step 66, the index is increnented to access the first command
(i.e. index 1) of the command queue (index). The command queue (index) is
an array that contains each command in the comand queue. Thus, command
queue [1l] is the first conmand in the q@geue, conmand queue [2] is the
second command, etc. Ing tep 68, the nethod determ nes whether it has
checked all conmands To—deternmine if they address |locations within the seek
range 24 of the particul® region 20. This is acconplished by deterri ning

I f the index nunber is greater than the nunber of conmmands. |If the index
nunber is notW$QQﬂer,than t he nunber of commands, the nethod proceeds with
step 70. If the ind x-ﬂunber is greater than the nunber of queued comuands, -
t he met hod ta?b%?ézﬁﬁ@ next succeedi ng cl ockwi se angul ar regi'on 20 by
returning to ep.58.1.o increnment N by one. In step 70, the nethod
det er m nes mhi%ﬁé?pgﬂés§ Y&¢al bl ock address of command queue (index) is
| ocat ed wit hi ﬁfﬁﬁg ] =Yon ; | i€ seuitrd
rotational |a?£%@§wgﬁgégﬁie t ééﬁg |Jﬁ??gﬁﬁiV|geglﬁg¥%ﬂg?§g§ete 5%53%%
regions hay OLQASEd StuaMibadtime hceRaiPp SortbARrdintea Tedtse€lndisRAse, (thon” of
the read/wite el enment, the next clockwi'se regi on having the snall est

r ot at i onaldapieafietod mayediccaiditichally nwdify. stored seek! traesint the ddajrive sedlntime
whet her the |ogical block address of command queue (index) is |ocated

Wi t hi n r egiagrcoltespuhding tbGeelddisancestonledgths proxiniese thediinstiseek distaricaddr which
di screte angul ar regi ons having fixed boundaries i ndependent of the current’
posi ti on thé actealdseek Lime is sensed. Because the actual seek profile is very smooth and does not

-

have large discontinuities in performances between seeks that differ in length by only a few
cylinders, a relationship may be established between adjacent entries in the adaptive seek
array or adaptive look-up table. Consequently, a sensed actual seek time for a first seek

- distance may also be used to modify an estimated seek time in the adaptive seek time array
for a second seék distance édjacent or at least proximate the first seék distance. As the
second seek distance approaches the first seek distance for which an actual seek time is
sensed, the degree to which the estimated seek time for the secc_;ld seek distance is
modified also increases. Preferably, seek distances adjacent to or at least proximate to the
seek distance for which an actual seek time has been sensed are modified according to the

relationship:

NEW SECOND STORED SEEK TIME(D+3) = B(|8]+1) B+C+4DJ
(18] +1) B+

where,

B = asymptotic sample length,

D = first seek distance,

D+38 = second seek distance,

3 = distance in cylinders between seek distance D coqesponding to sensed actual
seck time and seek distance (D-8) corresponding to old stored second seek time,

B = previously stored second seek time for_distance D+9),



19 element 12, step 70 would alternatively determ ne whether the |ogical

bl ock address of conmand queue (index) is located within region (N + 1)
nodul o 10. If the logical block address of command queue (index) falls
vvithi n the paranmeters which define angul ar region N rmdul o 10, the
"cylinder delta", otherwi se known as a "2%eek distance,” is conputed in step
71. The cylinder delta is the number of cylinders fromthe current position
of the read/ w & & ssnesdeastual firstiseckstime fordistancsl, afd command -queue (i ndex).
If, at step 70, it is determ ned that the |ogical block address of command
- queue (i ndex) .AsDnmamwme@pmemmP@vmmcpr@asw&@%murns to step
66 to increnent &dex ngnber to access tge next co in the conmand

queue. :n stepA‘} °u$1h ; anéf;l’fr"ﬁ fele Fi i\ Hémfﬂ“q@opé@én 'ltjlhan
or equal {0 a ee ra i on ula, 10 a ount er vari abl e
R bR e 0q afrech sing, BtaforRl lenf 3 a BriRk cfekion: fi EP ferk
o i A R A e Sl
-_ _retuLns t 878y é’éot Cr2fgR N ey S conlrﬁnd
“in-the co is within
t Ret cyli n%nge o? He% ‘hﬁ @E&JF{e@kT%&a rﬁﬁ’;{/%%?% @XW%?%%requi res

execut i onegf usséeknﬂﬁes)for WRRital0y T 4EAIOHis ﬁfexcés%d‘i@éﬁmgaa:ﬁ%ﬁsto f

current p05|t|on of the'read/wite el errent IS now t physi ca

the last bag bﬁ@%ﬁhﬂ@l@f@af distandes BAYin@ fandBmaRATSBEI tind Iéss EHBL M @Btatibnl -

command queue [1]) as indicated in step 74. In step 75, conmand queue
(i ndex) i faterymassignéd torthé discretsnapothr qegiom Bachageek time for the plurality of seek

distances is estimated using the above described adaptive seek time array. As a result, the

seek ranges assigned to each discrete angular region are optimally adapted to a variety of
environmental factors such as temperature, humidity, air pressure and the like.
Consequently, the larger margin required to avoid missed revblutions during environmental
extremes may be reduced by using actual seek time measurement as feedback to allow the
method to adapt to current operating conditions. In addition, the use of the dynéunic or
adaptive seek time array to dynamically adapt seek ranges also eliminates the tedious task
of designing an optimal piecewise linear approximation for estimating seek ranges. The
adaptive or dynamic seek time array continually modifies its estimate of seek performance
compensating for differences in performance due to manufacturing deviations,
environmental factors and aging.

Furthermore, the method using a seek range as a hrmtmg criterion may also
calculate the seek ranges by estimating seek distances by computmg the seek time used for
seek distances greater than or equal to a preselected threshold distance and by selecting the
seek time from the seek time array if the seek distance is less than the preselected threshold
distance. As a result, the seek ranges may be determined in less time and with lower
memory requirements. . |

In operation, as a current command is being accessed and executed, the disc

scheduling method selects the next command for execution. In particular, the current '



Once a commang is executed and renoved from.the command queue in steps 73
and 75, the process returns to step 52 whereby N, index and RR are reset or
reinitialized at -zero. The process once again repeats itself to select a
command fromthe present command queue array which nmeets the limting
criterion. However, because the "current28oosition” is now the physical

| ocation of the last |ogical block address of the command executed in step
73, angul command gquenensSonted in-a8cending erdeshased upomangular rBgion containinghthei cal

| ocations or_regions based upon the new "current position" of the

read/ wr i t ardirdaeeemmaedssaddressed: Thecgmmang-quene isnben trayerses ipnrder efmngulane
"current position" of the [tgad/write | ement 0 the seek-range array

2

_const r uct S9N MERkeT stasting, Witk coppands addressing losatipns within an @ngylar BBIGN angul ar
[ N=p t.o N=9 t t | at i ch rptat i.th the, . t

of 'regi onlE Y Bigules 1egion ValecgsEates than the aheyla: Zegion ViR a3porialsd Wk Heo

: .ati ' . i.gl | | ect df th d-

Gueve” arr SyFAEBIBbN 8F raRi BRI TR, 2 PUCTG Gefiming a i ting

p JuSHe array e

EACIR Oy e e R

a cyli nde{deﬁﬁﬁ&?@&ek%cbh@bemﬁeﬁ&?w Hfé!@@d]ﬁ}rﬁ@%meggfwcﬁ E@Iﬁtﬁlﬁé@ggu” ng

- the rotational atency of a particular” discrete ang regi on, t hod

directly gsaesafidpethe diférefdtBetivédnothe Yutbnt! dyEindérshintie? od8OWhith refliwetie t O

identify a conmand for execution.
element 12 is or expected to be located and the starting cylinder number of the particular
command. If the identified seek distance is below a preselected threshold value, the seek
time is estimated by selecting a seck time from the seek time array. Alternatively, if the
identified seek distance is greater than or equal to the preselected threshold distance, the
estimated seek time js computed using a linear eguation.

| If the estimated seek time is less than the rotational latency of the discrete angular

region containing the command address, the command is executed. If the entire command
queue is traversed without execution of a command, the command queue is once again
traversed beginning with the command addressing a location within the angular region
having an angular region value greater than the angular region value associated with the
current position of the read/write element 12. However, the revolution period is
incremented by the time necessary for disc 10 to complete one rotation. If the entire
command queue is traversed once again without finding a command having an estimated
seek time less than the rotational latency of its particular discrete angular region plus the
time necessary for the disc to complete one rotation, the command queue is again traversed
and a command is executed if the command has an estimated seek time less than the sum of
the rotational latency of the discrete angular region containing the command address and
the time necessary for the disc to complete two rotations. The command queue is traversed

as necessary until a command having an estimated seek time less than the sum of the

rotational latency of the discrete angular region containing the command address and a



However, ,each, command's particul ar seek distance (i.e. the distance in
cylinders between the present cylinder path of read/wite element 12 and
the cylinder path of the command address) nust first be identified and be
used to estimte a corresponding seek tine for conparison to the rotational
| atency of the discrete angular region. 26 a result, this nethod requires
that the seek tinme be estinated for each command within the conmand queue
array. As revolutioniperied dy foundtand exequied; leackiteration increasing ordncrementingither e t hat
t he command address may be actually reached during the tinme necessary for
the part i EeMolition; pexiodiby the dimenecessaryolor the dise ta completeang additionsl totadion) enent
12, the present nethod al so i nsures that the command address may be,
accessed il BIgeespes ’Eepﬁ%‘ei %@%@W,fﬂgwr@eﬁmlpﬁm BeriQf Rerriferaiionfntil a

regi on contai nia -ge?eé%dr'ess to rotate beneath read/wite elenment 12 by
upwar dl y SofHep gﬁ ¥E%sti mated seek tine for each seek distance.

be. donner al y ECCEIEA Hoby SpmrEaf B of S mEnDof it GG, BlychfSH Etecty
o aph, ¢ nePgraERakd el S ERAREI CHEhGL O (Rl Bl SO MR TG B biitlC,
[ hear poritoue B R B ot PRty ok A el L PRS0 MR
quadr at i c tieistatid profile Buded @pon'pidetwiselinbarepplokimefion of achlal seek performance.

' Although the seek time array may conceivably use any initial values, the seek time array
approaches the optimal profile in less time when initialized with a reasonable
approximation. The seek time array T(D) contains estimated seek times for corresponding
seek distances up to a preselected threshold seek distance value. The preselected threshold
seek djstance value is preferably near the seek distance at which corresponding seek times
begin to be linearly related to seek distances. |

As shown by steps 82 and 84, the method initializes a revolution period, RP, and a
counter, R, to zero. The revolution period is used as part of the limiting criterion in
selecting an optimal command for execution.

In step 86, the method determines if the command queue is empty. As long as the
command queue is empty, no action will be taken. As can be appreciated, commands may
be added to the command queue at any time.

In sfep 88, if the command queue is not empty, disc 10 is divided into ten discrete
angular regions N=0 to N=9 based upon the present location of the read/write element or
the expected location of the read/write element at the end of execution of the current
command. Again, while the invention is described w1th ten regions N, the actual number
may be any convenient number. Preferably, disc 10 is divided into angular regions having
fixed boundaries independent of the current position of the read/write element.
Alternatively, disc 10 is divided into éngular regions having boundaries which vary based

upon the current or expected position of the read/write element. Angular region N=0 is



wel | . Moyeover, the conputation tinme required to evaluate a quadratic
equation to estinmate a seek tinme for a seek distance is significant.
Because a di sc scheduling nethod nust select the next command to execute
during the access tinme of the current command by conputing seek tinmes for a
nunber of commands from the command queyg. the tine available for the disc
schedul i ng nethod to select an optimum command to execute is limted. Thus,
the use ofeledtedUaisabiconRiiithkippéselbcitivh drexbedtéd Ricatieof e F&ddPitefelémanrand
within the limted time. In contrast, a seek tinme array or |ook-up table
nmodel s sHeach cleckndsesuccessivie\angelat regioh is goeoessieely numbered drgmoné toningj ne. A
seek time array is an array or table which for a preselected nunber of seek
di st ances contm step 90,czach asgulatiregipneN =0rtatNe99s assigneda notatienaldatenéyobased e
read/wite elenment 12-to traverse the seek distance.” For exanple, entry
nunber 1 omtheipreseptlosationoofthe seadiwriteeelementrBecanse reégion Nexissassignddoso as to
‘read/wite element 12 to traverse a seek distance of one cylinder. Entry
number 2 #WaYs eentiathe read/ vesiteclernent aad ecausathgunedivm,is peaferably divided into t e
element 12 to traverse . .a seetlésfgi stance of two

cyl i pders. wever, . to

ot ovi e 8n FREUT TR0 JRVIRG et B es ot oN S0l Sis hes admtions!
| npracti . M di drives typi.ca contain around 4,.00 | i nders.
Al t hough%@?ﬁﬁgsmfﬁﬁv hﬁ% n‘(:%%lg‘? H-_yyl pgﬁgf%qyéﬁlagﬁéﬁogﬂmg}? }gi%}'lcgro tabl e
woul d requr LR i eant _of . I 42 I \e.
present %e%tnﬁ%%go @g‘gﬁp r%%@é%‘ﬁ éﬂsﬁ]%?/%t}gﬁﬁgé(% rHIh rga? lie{g@tﬂ*c?rﬁ?@ ths
conpute s | f ’ i [ : Oi{fYisc’ fadiiey seek
profile aﬁ%(g%vgee "t iwr}rllee}eg?rﬂ:l? tgifegﬁnpt({)]ﬁ@ﬂl}g' %‘Eﬁéﬁ?"gi’_ ishor tﬁ)sigéjk‘;gafin the
nonl i near reRak BRviA ﬁfyih@ﬁoﬁ:ﬁﬂkieﬂ&@ 'bh?l:ﬁ%ﬁ%%;ﬁsrbtaﬁaﬁ:ﬁ‘iatéﬁﬁ&ftdn@s are
only conmputed for Tonder seeks which lie in the |inear region, the

revolution and regions N=1 to N=9 will have a rotational latency of N/10ths of a

revolution where N is the region's relative angular region number.

In steps 92 and 94, N and index are each initialized at one, respectively. The
variable N is used to indicate the particular regidn in which the method searches for a
command meeting a limiting criterion. The index is used for identifying which command
from the command queue array is being presently evaluated for possible selection and
execution. |

In step 96, the method determines whether the command at command queue (index)
is within region (N+1) modulo 10. Because N is initialized at one in step 92, the method
determines whether the present command being evaluated addresses a. command within the
region having the smallest rotational latency. Because the medium is preferably divided
into discrete angular regions having fixed boundaries independent of the current position of
the read/write element, the discrete angular region having the smallest rotational latency is
region N=2, as explained previously. Thus, step 96 determines whether the command lies
within region (N+1) modulo 10. Alternatively, if the medium is divided into discrete
angular regions having boundaries which vary based upon the current position of the
read/write element, step 96 would alternatively determine whether command queue (index) -

addresses a location within region N modulo 10.



conputation is linear instead of quadratic. Consequently, the conputation
time required to evaluate the linear equation is less. This conputation is
not required in applications that result in short seeks exclusively. For
applications that result in |onger seek distances, the average access tine
is larger. As a result, the disc schedukjng nethod has nore tinme to perform
the conputation and to select the next conmand to be executed. Preferably,

the nethod of E%é&rﬁﬁ%aﬂd&ﬁﬁﬁéﬂdﬂh&é@nﬂ%%@eﬁéﬁnﬂ?&sﬂwamang 22

seek tinmes for longer seeks in the linear region 78 of the seek profile

accor di nGdiifess Beodaton Wit Fégion (N+-1)] mb&ul6 D, the method targets fhermekt edramandin-
the identified seek distance traversed by the data retrieval elenent for a

command, tESEéminand queieby idremstiting itheintiex irsstep 148.sinastapel 20, & methpd= a first
presel ected seek length within the Iinear region 78, (Jerr] = a second
pr esel ectidentifieswhethegtithasi chieckedtalieof] the com torderyming whether-anyj ofgthe .
T i st oo 0 ) e o' Bk bl oy i o
index number is greater than the number of commands in the command queue. If the index
number is not greater than the number of commands, the method returns to step 96 for the
next command in the command queue. If the index number is greater than the number of
queue commands, the method targets the next succeeding clockwise angular region by
incrementing N by one in step 122. In step 124, the method determines if all of the angular
regions have been searched. In this example, if N=11, each df the discrete angular regions
20A-207 have been searched. If all of the angular regions of disc 10 have not been
swch_gd, the method returns to step 94 for the next succgssivé clockwise angular region.

In step 98, the assigned rotational latency for the particular targeted region targeted
is added to the current revolution period, RP, to establish a limiting criterion for
determining whether the targeted command should be selected for execution.

In step 99, the method identifies a seek distance D for command queue (index).

The command queue index is an array that contains each command in the command queue.
Thus, command queue [1] is the first command in queue, command queue [2] is the second
command etc. .

In step 100, the identified seek distance D is compared to the preselected threshold
distance. If the identified seek distance D is greater than the threshold distance, the method
estimates a seek time for the seek distance D by computing the seek time at step 102 using
an equation, Preferably, the method in step 102 uses 2 Iinw;-:éQuaﬁén to estimate seek time -
for seek distance D. If the identified seek distance D is not é&ter than the threshold
distance, the method estimates a seek time for seek distance D by selecting a seek time
T(D) from the seek time array in step 104.

In either case, at step 106, the estimated seek time of the command in command



t[err] = tine necessary for the data retrieval elenent to traverse the
second presel ected seek |l ength. Although the above relationship works well
for the seek distances lying solely within |inear reoion 78 of the seek
profile, the above relationship cannot evolve to nmatch the systens true
behavi or because a discontinuity exists3®here the seek array ends and where
the |inear apPrOX|nat|on begins. This discontinuity can be elim nated by

al t er nat iq}’éll? SRl ds PWQP Wﬁﬁécﬁﬂé@r@i@&@l@wmmgﬁshl p: [err]
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retrieval conman
command queue (index). The firmware senses the actual time required to move the

read/write element radially across seek distance D in step 110, and modifies the seek time
array T(D) at step 112, In addition to modifying an entry in the seek time array
corresponding to seck distance D, the estimated seek times may also be modified for seek
distances proximate seek distance D. As a result, the method modifies the seek time array
and adapts the seek time array to compensate for differences in performance due to
manufacturing deviations, environmental factors such as temperature, humidity and air
pressure, and aging.

As shown in steps 114 and 116, the "current position” of the read/write element is
now the physical location of the last iogical block address of command queue (index).
After execution of command queue (index), command queue (index) is removed from the -
command queue.

If the estimated seek time for command queue (index) at step 106 is not less than
the current criterion, the method targets the next command in the command queue by
incrementing the index in step 118. In step 120, the method identifies whether it has
checked all commands to determine if any of the commands address locations which fall
within the parameters which defing region (N+1) modulo 10 and which also have an
estimated seek time less ﬁxan the current criterion. This is accomplished by determining if
the index number is greater than .the number of commands in the command queue. If the
index number is not greater than the number of commands, the method returns to step 96
for the next command in the command queue. If the index number is greater than the
number of queué commands, the method targets the next succeeding clockwise angular
region by incrementing N by 1 in step 122. | |

In step 124, the method determines if all of the angular regions have been searched.



* tabl e constructed

where, t'[err] = new estimated tine for the data retrieval elenment to
traverse the second seek length, [err] = asynptotic sanple length, t[err] =
previous estimated time necessary for the data retrieval elenent to
traverse the second seek length, and [err] where, ADJ = a presel ected

adj ust nent based on variance of actual seek tines, Cerr] = the maxi mum
- seek distance of the seek tine array, ard t[err]= the stored seek tine

G TR b R EELER I TR I
St e lo e e S N b b8,
e e S koY AR U SRl Rl ¢, oreauently. o
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" select the next command i n e se finme array ‘nmay be

~ either st ﬁkhﬁd%mﬂg&aeﬁh%ménﬁrﬁéﬁen S fie tirhéRecRisar td SonfblEte ARQUABIHAG | 00k- up
: ( rroma static seek profile. The stati'c seek profile

~ consi sts gdvoRitRasFd& 10. Al isaRbsmplished iniepsof26a6idUE3 Hekbrentnting Mece.

Straight |ine segnents, each assigned to a non-overl appi ng range of seek

| engt hs, eatiableRebypend, wheaebyethe revolution period, RP, is the time necessary to complete R

revolutions. The method then repeats beginning with step 92. Thereafter, the method
compares the estimated seek time of each command in the command queue array with the
enlarged criterion which is the sum of the rofational latency of the particular command and
the time necessary to complete R revolutions.

Although the present invention has been described with reference to preferred
embodiments, workers skilled in the art will recognize that changes may be made in form
and detal without departing from the spirit and scope of the invention. |

The aforegoing description has been given by way of example only and it will be
appreciated by a person skilled in the art that modifications can be made without departing

from the scope of the present invention.



for seeks wit;hin their range. A defining set of ordered pairs defines the
straight line . 24 segnents. Each pair consists of a seek length in
cylinders (c[err)at-a—seektime—(t[err]): '

{(derr],tlerr] ¥ (alendistdess] .. -, (c%err] ,t[err])}. The defining set of
ordered pairs 'SJ _'l j! El!ﬂl “formadde neasurenments taken froma drive
and is ideally selE€Cted sOnasst o-match the actual profile, adding anpl e

margi n to conpensate forwuncertai-nties in seek performance due to

manuf acturing variations and envi ron%act ors such as tenperature and
hum dity. The static seek tinme array s data for nost |ikely seek

di stances to reduce cal culation overhead in critical execution paths.
Menory requirenments for the static seek tine array depend on its size. As a

coti i esitor LhafyfEE cidife Sshakebte difedl i 5 BRRABSEANTH UBF EinbhY
to the stgl ﬁﬁ@&étﬁﬁoﬁ&h@ﬁcg%ﬁ ﬂgégam' c or adaptive seek tinme array.
es ek array, PRe:

Simlar tot tatic se e adaptive seek array is an array or

| ook-up table gridig mmmimtﬁﬁm%ofmmwagm&e&iéﬁ; read/wite
element 12 to traverse a given seek di'stance or [ength, in cylinders.

Preferably, t h&rawaismmmﬁm,mmgimm officylinder$ibiat flalybemat ch.

The adaptive seek array uses the static seek array to Initialize Its
| ook- up t trthversedHpptheaata retrizval ¢lementaintihgral single revobutionldt the medivsebya gi ven
nunber of cylinders to execute a command, the systemor firmware senses the
act ual sebidividuallyrestimeting § plurality of déek times for arpiuralifyof seek distemces; antie gi ven
O S Sfying = Iargest onc of the plurality of seek distances having an estimated seck time

less than the rotational latency aséigned to the discrete angular region;

assigning a rotational latency to each discrete angular rggion based on a current

location of the retrieval element;

- searching a command queue array for a command that addresseé a location within a - _
range of cylinders determined by the number of cylinders in the discrete éngular region
having the smallest rotational latency; and

executing the command addressing a location in the range of cylinders in the
selected discrete angular region of the medium; and characterised in that,

estimating a plurality of seek times for a plurality of seek distances includes:

creating an initial seek time array having stored seek times for seek distances

~ traversed by the data retrieval element;

sensing a first actual seek time corresponding to a first seek distance;

modifying a first stored seek time corresponding to the first seck distance based
upon the first sensed actual seek time for the first seek distance; and

estimating a seek time for: tréversing a first seek distance by reading the first stored

seek time corresponding to the first seek distance in the seek time array.

2. In a system including a data retrieval element (12) and a rotating medium (10), a



tinmes for seek dlstances the ireéént i nvention nodifies estimted seek

ti mes correspondi hammﬂlmu“ﬂ‘ﬂ Ilﬂm s wWithin the adaptive seek array. As a
result, the adapti

conti nuously nodifies its estimte of
seek tines for seek 'di st afice¥” (|. . seek perfornance) conpensating for
differences in performance due to manuf38turing deviations, environmental
factors such as tenperature, humdity and air pressure, and agi ng. Thus,

t he adaptmethod foridecreasing netafionial tatensyrcompmgesie for each individual drive and
elimnates the tinme and cost necessaré’ for designing an optinmal piecew se

| i near appr oxidivitingrthe sredisum inte @ipi @W?@%N%RMN ding to the
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a presel %ﬁérﬁﬂ’yﬁg rﬁslﬁféégt Habe'the plurality of seek distances having an estimated seek time
less than the rotational latency assigned to the discrete angular region,
assigning a rotational latency to each discrete angular region based on a current
location of the retrieval element; ’ |
searching a command queue array for a command that addresses a location within a
range of cylinders determined by the number of cylinders in the discrete angular region
having the smallest rota_tional latency; and
executing the cdmmand addressing a location in the range of cylinders in the
selected discrete angular region of the medium; and characterised in that estimating a
plurality of seek times for a plurality of seek distances includes:
creating a seek time array having stored seek times corresponding to seek distances
traversed by the data retrieval element which are less than a p‘reselecfed- threshold distance;
estimating a seek time for one of the plurality of seek distances by:
computing the seek time if the seek distance is greater than or equal to the
preselected fhreshold distance; and
selecting the seek time from the seek time array if the seek distance is less than the

preselected threshold distance.

3. In a system including a data retrieval element (12) and a rotating medium (10), a
. method for decreasing rotational latency comprising: '

(@  dividing the medium into a plurality of discrete angular regions;

()  assigning a rotational latency to each discrete angula:"tegion based on a current

location of the data retrieval element; and characterised by further comprising;



related to the var+an<;e -of _seek_nmeasurenents. Al though seek tines fall into

roughly a nor mal ijlmbutlon about the nean seek tine, the inpact of | ost

revolutions as a mﬂumm 3 time estimates is nmuch worse than the

I mpact of | ost que nlties as a result of high estimtes.
To counteract this effect, the see timd6estimate is intentionally shifted
upward by the adjustnment so that nost seeks will actually take less tine to
conpl et e fehan fondachadiscretoyanghlar regiong . ideitifying die muhber of leylipders that slay bet or ed
seek time may be nodified according to the rel ationship: NEWFIRST STORED
FI RST SEEFaversed bp)the data retrievaleslement duripg dk revobitions of thermgdiuma swhereinN is

sanple length, B previously stored first seek tine for distance D, C =

sensed ac Yilir st seek time for distance D, ADJ = a presel ected

bet tor sud od Fercg: Var&%&iﬁﬁ%&%&ﬁae%ﬁ%@a&h%é&%@?%ﬁﬁe gavitina)
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(¢) incrementing N by one and repeating steps (c) and (d) if a command is not found;
and |

§3) executing the command.

4, In a system including a data retrieval element (12) and a rotating medium (10), a
method for decreasing rotational latency comprising:
dividing the medium into a plurality of discrete angular regions; _
assigning a rotational latency to each discrete angular regioh- based on a current
location of the data retrieval element;
for each successive discrete angular region, beginning with the discrete angular
region-having the smallest rotational latency,
(@  searching a command queue array for a command addressing a location within the
discrete angular region, |
()  identifying a seek distance to be traversed by the data retrieval element for the
command, and characterised by further comprisihg
© estimating a seek time for traversing the identified seek distance, and
 (d)  executing the command if the estimated seek time of t__ﬁe command is less than a
sum of the rotational latency of the discrete angular region contammg the location
addressed by the command, and a revolution period, wherein the revolution period is
initially zero, and B
()  iteratively repeating steps (a)-(d) for any remaining commands in the command

queue array if the command is not executed.



26 [err],wherg, O<ferr]< 1, and [err] = a positive integer. In addition to
nmodi fying a stored seek.ti me estimate in the adaptive seek tine array based
upon a sensed act uﬁ ﬂml ssary for traversing a first seek

di stance, the adapt¥ mm? [jﬁl so additionally nodify stored seek
tinmes in the adaptive’ Seck thne & ay c®Tresponding to seek di stances or

| engths proximte the first seek distance for which the actual seek tine is
sensed. Because the actual seek profile is very snooth and does not have

| arge discontinuities in perfor nces het ween seeks that differ in |length
by only & few’@?lmﬁmg cigim 4 furtherjagludingny pbe est abli shed bet ween adj acent

entries in the adaptive, seek_ atr or. .adapti ve | ook-up table., Consequently,
a sensed act udfcTe® the Tevgiu %WW%@E thg WEdiym Psed t o
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an actual seek tine has been sensed are nodified according to the
rel ati onshi p: NEW SECOND STORED SEEK TI ME(D+err]) = [err]

6. In a system including a data retrieval element (12) and a rotating medium (10), a

method for estimating seek times for distances traversed by the data retrieval element, the
| method being characterised by comprising: _
creating a seek time array having stored seek times corresponding to seek distances
traversed by the data retrieval element which are less than a preselected threshold distance;
identifying a seek distance to be traversed by the data retrieval element for a
command; and - | ' |
deiermi.ning whether the idéntiﬁed seek distance is greater than the threshold
distance; and
estimating a seek time for traversing the identified seek distance by:
computing the seek time if the seek distance of the command is greater than or
equal to the preselected threshold distance, and
selecting the seek time from the seek time array if the seek distance is less than the
preselected threshold distance.

7. The method of claim 6 wherein creating a seek time array includes:

creating an initial seek time array having stored seek times corresponding to seek
distances traversed by the data retrieval element;

sensing a first actual seek time corresponding to a first seek distance; and

modifying a first stored seek time corresponﬁing to the first seek distance based
upon the first sensed actual seek time for the first seek distance.



where, [err] .= asynptotic sanple length, D = first seek distance, D+[err] =
second seek d| stance, .Terr] -__——d+ st.ance in cylinders between seek distance D

correspondi ng ta iﬂ gl seek -tinme and seek distance (D+[err])
correspondi ng tao: mm? JL i seek time, B = previously stored second
seek time for distance (WD+xells] ) '+ 27 _C = sensed actual first seek tine
for distance D, and ADJ =:a presel ect ed?®&dj ust nent based on vari ance of

actual seek tines. AIthough the use of an adaptive seek array has been
described in conjunction with the nmethod directly using rotational |atency

as a limting ite the.a .dve seek tine array may al so be used to

| mprove §erfogﬁﬁﬁ@%&%f ﬁ ﬂﬂaﬁ& §1ng a seek range as a-limting
criterion. In _part e ual |'y
csti mat i ng o Pty Tt S50 A Hb R TrERlech i CUhBLEGH Wpoh VT
I denti fyi ar one of a plurality of seek dlstances havi ng an
estinate&ggg&gqﬁ#§§$%ss than the rotational |atency assigned to the

di screte angul ar region. Each seek time for the plurality of seek distances

is estimated using the above described adaptive seek tine array. As a

result, fighe S%Exﬁéﬁ&&éfaaﬁﬁgrfa&héﬁnemmgdl screte angular region are
opt i mally adapted to a variety of

augmenting the first stored seek time by a preselected time value so that actual seek

m——

times for the first seek distance are less than the first stored seek time.

10.  The method of any one of claims 7 to 9 wherein modifying the first stored seek time
includes creating a new first stored seek time for the first seek distance according to the
relationship:

NEW FIRST STORED SEEK TIME (D) = aB+(1-a) (C+ADIJ)

where, ' | '

0<a<l;

D = identified seek distance;

B = previously stored first seek time for seek distance D;

C = sensed actual first seek time for seek distance D; and

ADJ = a preselected adjustment based on variance of actual seek times.

11.  The method of émy one of claims 7 to 9 wherein modifying the first stored seek time
includes creating a new stored first seek time for the first seek distance according to the

relationship:

NEW FIRST STORED SEEK TIME (D) = $B + C + ADJ
B+1

where,
D = identified seek distance;

B = asymptotic sample length;



envi ronnent al . fact_6—r"'§_§ﬁ'éﬁ"a's*"fr9ﬁpe¥at ure, humdity, air pressure and the

| i ke. Consequently, J"muﬂ e RSB N required to avoid mssed revol utions
during environnent mmﬂmm}e reduced by using actual seek tine
measur ement as feedback te, ak} \ the method to adapt to current operating

conditions. In addition, the use of the_,dynam c or adaptive seek tine array

to dynam cal | y adapt seek ranges al so el3' m nates the tedious task of
desi gning an ti o ] ' . | lon.or estimting seek
ranges. The a ﬁﬁ“@ﬁ%ﬁe’?ﬁ%@% %@g%géhual ly nmodifies its

estimate of s @%@%ﬁm@m@f&%ﬁgﬁﬁaﬂgf)ewces i n performance

due to manufacturing I ONs, environnenta actors and aging.

Furt her rmor e, tnm@fagggsg&ké&@usiﬁawm igfce bfadthdl $edk fikgs.! On may al so

calculate the seek r by eStimating see I sStances by conputing the
seek time used for seek distances greater than or equal to a presel ected
threshol d di stance and by selecting the seek tine fromthe seek tine array -

i f the setk diThenmethodoflaagontofivlaime7 ps ¢5 Gttt éatladingshol d di stance. As a
result, the seek ranges may be determned in less tine and with | ower

menory requi r empdifyging larseognek stored iseekatime comespending tcoraserhnd sedledisgnesbassd ed
and executed, the disc scheduling nmethod sel ects the next command for
execut i oruponrthe sensed a¢tual seekh t r thetfirst segk distamgeind queue is sorted in
ascendi ng order based upon angul ar region containing the
13.  The method of claim 12 wherein modifying the second stored seek time comprises:
modifying the second stored seek tiine corresponding to a second seek distance
based upon the sensed actual seek time for the first seek distance and the proximity of the

second seek distance to the first seek distance.

14. The metﬁod of cla1m 13 whérein the second seek time is modified less as a

proximity of the second seek distance to the first seek distance decreases.
15. The method of claim 6 wherein the seek time is computed using a linear equation.

16. The method of claim 6 or claim 15 wherein the seek time is computed using an

equation according to the relationship:

ESTD)= G-t 9 OC )+t
(Cn-Cp-1)

where,

EST(D) = estimated seek time for seek distance D

Cp-1 = a first preselected seek length within the linear region;

C, = a second preselected seek length within the linear region;

tp-] = time necessary for the data retrieval element to traverse the first preselected

seek length;



particul ar coomands addressed. The command queue is then traversed in order
of angul ar regi onnm“ﬁal‘mﬁuu!mw th commands addressing | ocations wthin
an angul ar regi on NERRHORICEREIE R regi on val ue greater than the angul ar
regi on val ue associ ated Wi th the current position of read/wite el enent 12.
As the command queue is traversed, the dosc scheduling nethod conputes and
identifies a seek distance to be traversed by the read/wite elenent for
each command bty saimenetdssayy forethelidhthaeteioval cherhent¢o tiaherse ther ssodond preselebted
nunber over which read/wite elenment 12 is or expected to be | ocated and

t he st ar tseely length;raldr nunber of the particular command. If the identified
seek distance is below a preselected threshold value, the seek tine is

esti mated by sBl=dhe identificd seekidistance tepversed by deadata meirigyal glement fenr dat i vel v,
if the identified seek distance is greater than or equal -to the presel ected
t hr eshol ccU®@Bthce, the estimated seek tinme is conputed using a |inear
equation. |If the estimated seek tine is |less than the rotational |atency of
t he di screte angul ar regi on containing the command address, the command is

exeout e 1 L3 ML/ SRUTIEE oy A s hehR L 281 e A MR,
conmmand ﬁéﬁh&?}rﬁnk%%é%@ﬁ%ﬁ@:ﬂ t he angul ar regi on havi ng an angul ar

region valtie greater than t anguiar region value associated with the
current position of the read/wite elenent 12. However, the revolution

period is incr d by t ti {eesgar or disc 10 to conplete one
rotation. |f tﬁ‘gfzir??i re co%ﬁw&xﬂt@ t%-agfbised once again w thout
finding a command havi ng an estindtéd seek time | ess than the rotational

| at ency of itst%reti cul ar discrete angular region plus the tinme necessary
for the disc tOo Cofplete one rotation, the command queue is again traversed

EST (D) = estimated seek time for seek distance D,

Cp-1 = a first preselected seekllength within the linear region,

Cj = a second preselected seek length larger than the first seek length within the
linear region,- ' | ' |

tp-1 = time necessary for the data retrieval element to traverse the first preselected
seek length,

D = the identified seek distance traversed by the data retrieval element fora ~

. command; and

U'n = Bin+M
B+ 1

where,
B = asymptotic sample length,
ty = time necessary for the data retrieval element to traverse the second seek

length, and

M= (tp +ADJ - Ci) @ -Co) +tym -
Cn-Ctm -

where,



and a conmand i s executed-if—theconmand has an estimted seek tine |ess
t han the sum of the r
cont ai ni ng the conm
conplete two rotat.i
command having an estimated seek tinme |

Al L spdfi@pcy of the discrete angul ar region
h ﬁ‘ﬁ&n “ Hm-he time necessary for the disc to

—-aomyand quedée Is traversed as necessary until
ss than the sum of the rotational

a

| atency of th i sG l{egel%%%(ﬂ'gsh g@*@gﬁ@g&%ﬁcﬁg’ﬁamﬂp&gﬁ%address and a

29 revol ution rio
i ncrementing ghe Leyo

each 1teration |nc?easing or

conpl ete one aHBi-t'! onal rotation. Thi's process is repeated as necessary,
addi ng one reytg‘IN!.ume%td?&i Sl tid cortedpanidimy tothieinhaxdmam ek distmcs of e seek

FIG 6 is a fl

di agram of the steps of the. nethod of the present -

i nvent i O tly using rotational latency as a limting criterion. As

shown by step 80 in FIG 6, an initial seek tine array, T(D), is created.

Preferably, the seek tinme array created in step 80 uses the static profile

based upon pi ecew se-linear a%r oxi mati on of actual seek performance.

Al t hough

18he Imelsystemdnecinding a

seek tine array approaches the ogptinmal profile in |less tine when

i nitial i method fon estimatingoveaks Himes £on distanees itaversed by hedata retaeval elgpent,rhe

cont ai ns
presel ec

estimated seek tines for correspondi ng seek distances up to a

Qng, LOMPTENL| ue. The presel ected threshol d seek

di stance val ue i

seek tines

sensing a first actual seek time corresponding to a first seek distance;

modifying a first stored seek time corresponding to the first seek distance based
upon the first sensed actual seek time for the first seek diStance; and

estimating a seek time fof traversing a first seek distahce by reading the first stored

seek time corresponding to the first seek distance in the seek time array.

19. Ina system including a data retrieval element (12) and a rotating medium (10), a
method for decreasing rotational latency characterised by comprising:

creating a seek time array having stored seek times corresponding to seek distances
traversed by the data retrieval element which are less than a preselected threshold distance;

dividing the medium into a plurality of discrete angular regions;

assigning a rotational latency to each discrete angular region based on a current
location of the data retrieval element;

searching a command queue array for at least one command that addresses a
location within a selected discrete angular region;

identifying a seek distance to be traversed for each command found which addresses
a location within the selected discrete angular region;

determining whether the identified seek distance is greater than the threshold

rilfin RELK @St dffte SeekRiMEaREY nd for the disc to

ta retrieval elament (12> archg rotating medinm (K0, at he

¢reating 8 A e BER arka) havis stéted SEHCEmE! ot il aisBht&sPondi ng

traversed by the data retrieval element;



begin to.be linearly related to seek distances. As shown by steps 82 and
84, the nethod initiali: ZesT a-revelution period, RP, and a counter, R to

zero. Therevolutlonl s part of the limting criterion in
sel ecting an opti nal H#ﬂ ;‘ utlon In step 86, the nethod
determines if the corrfhanel quete 18

tw2 As long as the command queue is
enpty, no action wll be taken: As’ can be appreci ated, commands nay be
added to dismncgrmand queue at any tine. In step 88, if the conmand gueue is
not enpty, disc 10 is divided into ten discrete angular regions N=0 to N=9
based upon t heegtimatingta seck timedior taversing thxidentified seek alistance dy: t he expect ed

| ocation of the read/wite elenent at the end of execution of the current
conmand. Agai ncompRting the seekifime if; the seek distangs ofdhe gpmmand is gregies thannhe t he
actual numnber max be amj conveni ent nunber: Preferably, disc 10 is d| vi ded

into anguPgegel digtgnes, 8B4 poundari es i ndependent of the current
Bnaul ar T egi Lﬂeléémﬁ@m% B G et E Pl e i et iag! " 0
expect ed n | e Angul ar region N=O i s 30

sel ected E%uag&oﬁxg i f’ﬁ d{‘%&%ﬂ%ﬁ”l %gigtlon or expected |location of the
read/wite ele lﬂm o0y, O -1

successively nu eregﬁferom one 10 ni ne ?u ,tﬂéegé(;:l’ maaﬁgllﬁ %rss trhgrglit%% N=0
to NE9 i s isidrl Blferity '0f tiY dehddebd d@&@@%ﬁ%?&m

.(
0

=} - ¢

~ 20. Inadisc drive system including a read/write element (12) and a rotating disc (10), a

method to decrease access time during a short seek comprising:
(@  creating a seek time array having stored seek times corresponding to seek distances
traversed by the rmd/wnte element which are less than a preselected threshold distance;
(b) dividing the disc into a plurality of discrete angular regions, each region being
assigned an angular region value;
(c)  assigning a rotational latency to each discrete angular region based on the current
position of the read/write element; '
(d  selecting a command from the command queue array beginning with a command
addressing a location within an angular region having an angular region value greater than
an angular region va]ué associated with the current position of the read/write element, and
(¢) estimating a seek time for the selected command by: ,

(1)  identifying a seek distaﬁce to be traversed by the read/write element for the
command,

(2)  determining whether the identified seek distance is greater than the threshold
distance,

(3) estimating seek time for the comman_d by:

computing the seek time if the seek distance of the command is greater than or

equal to the threshold distance, and



on the present location of the read/Wite el ement. Because region N=0 is
assigned so as to aj/mmmmmwmuﬁ read/ wite el enent and because the
medi um i s preferabl n angul ar regi ons having fixed
boundari es, region NSO wi I} dl wdys*have a rotational latency of 9/10ths of

a revolution. Region N= 1 wll always h e a rotational |atency of one
conplete revolution. Regions N=2 to N=9. have a rotational |atency of

1 disc 101 s THdk e AP ik %aé&?r%"“%@?mﬂ%%%ﬁ?ﬁé%@ SRR

wi |l hav dfc%gl[’] teﬁ%g d regions N=1 to N=9
will havg a rgi atio t{oat e el%% Iﬁg@%#&ge?e@gl ution where Nis the
region's gl atdgsy :ﬁ%%é%mmuqmﬁ%ﬁatedlsee@ﬁﬁe%f%eaﬂm%mmw gdex

are each |n|t|aI|ze t one, respectively. The variable Nis used to
i ndi cat e gulitofthetrofatibrdl liteadyoof the dikretdadgidarfegion tonpiing e 1b&ition conmand

neeting a limting criterion. The index is used for identifying which
command faddressédcbyc theroparinande ard arrewglution periody wheeeir thd sevelutibn periad fsor

possi bl e sel ection and execution. In step 96, the nethod determ nes whet her
t he cormanmaﬂyzemmand queue (index) is within region (N+ 1) nodul o 10.
Because Nis initialized at one in step 92, the nethod determ nes whet her

t he present command bei ng eval uat ed addr esses a conmand within the regi on
having the small est rotatiqgnal atency Because the nediumis preferably
di vi ded %0 dTll"cF‘éﬂ@ é’rfg’lﬁl@rzorié'ﬁﬁhéh H’ﬂ‘l&ﬂg fixed boundar| es i ndependent

of the current, positi.on of t ead/&b eI errent g dj scr e angul ar
regi on havi ng mgqugggqrew ¥ Ingcqs%y gnediumdg o) aj ned

b6 5 8 ol GEHED s A 0

time greater than or equal to the sum of the rotational latency of the discrete angular region

containing the location addressed by the command and the previdus revolution period.

22.  The method of claim 20 or 21 including iteratively repeating the steps from (d)

onwards for each command in the command queue array.



angul ar .regi ons havi ng boundari es which vary based upon the current
position of the read/wite elenent, step 96 would alternatively determ ne
whet her command queue (i ndex) addresses a location within region N nodulo
10. 31 If the conmand at conmand queue (index) being presently eval uated
does not address a location within regigp (N+1) nodulo 10, the nethod
targets the next command in the command queue by increnenting the index in
step 118. In step 120, the nethod identifies whether it has checked all of
t he commands to determ ne whether any of the commands lie within region.
(N+1) rodul o 10. This is acconpli shexBSTRAETermning if the index nunber is
greater than the nunber of commands in the command queue. If the index
nunber is not greater than the nunber of .commands, the method returns to
step 96 for the next command in the command queue. |If the index nunber is
greater than the nUMEFTHOD FORREDUVGENGROTAITONADLALATENEY t he next
succeedi ng cl ockwi se angul ar regi on QE increnenting N by one in step 122.
In step 124, the nethod deterni neBN AfDISC e angul ar regi ons have been
searched. In this example, if N= 11, each of the discrete angul ar regions
20A- 20J have been searched. If all of the angular regions of disc 10 have

C1 ocki Se. ang IPEPreEE) NEINGR 18 adpelbe forocizeSng Roiaapnal e ap STPER By,
per 1 0a, - Festodiia o SEREtal Setnetl (19 TP ety Qo). YheHERGE bk Pt ' O

the rotating medium be divided into a plurality of discrete angular regions (20A-207, 40A-

4073). For each discrete angular region, a number of cylinders that may be traversed by the
data retrieval element during a single revolution of the medium is identified. A rotational
latency is assigned to each discrete angular region based on a current location of the
retrieval element. A command queue array is searched for a command that addresses a
location within a rahge of cylinders determined by the number of cylinders in the discrete
angular region having the smallest rotational latency. Finally, the command addressing a
location in the range of cylinders in the selected discrete angular region of the medium is

executed.

Fig. 2



determ ni ng whether the targeted comand shoul d be sel ected for execution.
In step 99, the nethod identifies a seek distance D for. command queue

(i ndex). The command queue index is an array that contains each conmmand in
t he conmmand queue. Thus, command queue [1] is the first command in queue,
command queue [2] is the second conmmand etc. In step 100, the identified
seek distance Dis conpared to the prt?égected threshol d distance. If the
identified seek distance D is greater than the threshold distance, the

met hod estimates a seek tinme for the seek distance D by conputing the seek
time at step 102 using an equation. Preferably, the nethod in step 102 uses
a linear equation to estimate seek tinme for seek distance D. If the
identified seek distance Dis not greater than the threshold distance, the
met hod estimtes a seek tine for seek distance D by selecting a seek tinme
T(D) fromthe seek tine array in step 104. In either case, at step 106, the
estimated seek tine of the conmand i n command 32 queue (index) is
conpared with the current criterion calculated in step 98. If the estinated
seek time for command queue (index) at step 106 is | ess than the current
criterion the nethod executes the command in step 108. 'During execution of
the command, the system noves the readIMW|te el enent to the first address

addr essed by connandﬂq\?ue (i Qe senses the actual tine
required to nove the

FIG. 1



read/ wiite elenent radially across seek distance Din step 110, and

nodi fies the seek tinme array T(D) at step 112. In addition to nodifying an
entry in the seek tine array corresponding to seek distance D, the
estimated seek tinmes may al so be nodified for seek di stances proxi mate seek
di stance D. As a result, the method difies the seek time array and adapts
the seek tine array to conpensate. for E}erences in performance due to
manuf act uri ng devi ati ons, environnental factors such as tenperature,

hum dity and air pressure, and aging. As shown in steps 114 and 116, the
"current position" of the read/wite elenent is now the physical |ocation
of the last |ogical block address of command queue (index). After execution
of conmmand queue (index), command queue (index) is renoved fromthe comuand
queue. |If the estinmated seek tinme for comrand queue (index) -at step 106 is
not less than the current criterion, the method targets the next commuand in
the command queue by increnenting the index in step 118. In step 120, the
met hod identifies whether it has checked all commands to determ ne if any
of the commands addresad ocations whi chN&@l Igg t hin the parameters which
define region (N+1) noddho 10 angqahich al soyjhave an estinmated seek tine

| ess than the current critterion. is isfacconmplished Nw3determining if the
i ndex nunber is greater tNel the RQAY/Vn the command queue.

| f the index nunmber is not gk L Qf commands, the nethod
returns to step 96 for t ¢ §_queue20Df the index
nunber is greater than e t AR A¥t hod targets the.
next succeedi ng cl mj5qﬂ§ by 1 in step
122.

TG CO

22E\_gN=4

/ > ” o\ 14 20E
Q{'é? \;\ 4p |\
204 '//’ IS

20F

N=0

20

N=



In step.124, ,the nethod determines if all of the angul ar regi ons have been
sear ched. 33 In this exanple, if N 11, each of the discrete angular

regi ons 20A-20J have been searched. |If all angular regions of disc 10 have
not been searched (i.e. N < 1), the nethod returns to step 94 for the next
successi ve cl ockwi se angul ar region. ver, if all of the discrete
angul ar regi ons 20A-20J have been se d, the nethod enlarges the current
criterion by the tine necessary to conplete an additional -revol uti on of
disc 10. This is acconplished in steps 126 and 128 by increnenting the .
variable R by one, whereby the revolution period, RP, is the tinme necessary
to conplete R revolutions. The nethod then repeats beginning with step 92.
Thereafter, the method conpares the estimated seek tinme of each command in
t he command queue array with the enlarged criterion which is the sumof the
rotational latency of the particular command and the tine necessary to
conplete R revolutions. Although the present invention has been described -
with reference to preferred enbodi ments, workers skilled in the art wll
recogni ze that changes may be nmade in fgggnm ang, detail w thout departing
fromthe spirit and scope of thdNFdventijon. TAE “af oj@soi ng description has
been given by way of exanple only %yd w | Te appreciated by a person
skilled in the art that g4agdi ficap e ¥pt hout departing from-
the scope of the present \nvep - N= :

404
24 24F
N= J
42 By
401 | N=
- N= 40H

FIG. 3



Clainms L. A method for decreasing rotational |atency, the nethod
conprises: dividing the nediuminto plurality of discrete angul ar regions;
for each discrete angular region, identifying a nunber of cylinders that
may be traversed by the data retrieval elenent during a single revolution
of the medium by individually- estinating a plurality of seek tines for a
plurality of seek distances; and iden éLng a |l argest one of the plurality
of seek distances having an estinated time less than the rotational
latency assigned to the discrete angul ar region; assigning a rotational

| atency to each discrete angul ar region based on a current |ocation of the
data retrieval elenment; searching a command queue array for a command that
addresses a | ocation |$E@grano- of cylinders determned by the nunber .
of cylinders in the di\gcreY ! ar r.egi on having the snallest rotational

| at ency; and executing TT prmend addressing a location in the range of
cylinders in the sele | angul ar region of the nmedium and
characterised in that estsgﬁblng dptd0ality of seek times for a pIurallty

of seek distances inclu Mg an initial seek tine array having
stored seek tines for{s ng cds traversed by the data retrieval
I

el enment. 2. The nefhod aindd in claim1 further including:
=0 _— 52
RR=0 -
INDEX-0

FIG. 4A
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EMPTY?

| /56. |
BIVIDE MEDIUM INTO
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¥ 1
— 1% ' ceser 64
' | N=0 | )
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RR=RR+CYLINDER RANGE
DURING ONE REVOLUTION
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INDEX=
INDEX+1




sensing . fikst actual seek tinme corresponding to
nodi.fying a first stored seek tinme corresponding t
based upon the first sensed actual seek tinme for t
and estimating a seek tinme for traversing a first
the first stored seek tine corresponding to the fi
seek time array. 35 3. The nmeth@&l/& cl ai med
further characterised in that: the initial seek ti
array having itor?g seek ti corresponding to se
| ess than a |ected threg
of the plurajity}of seek disl3a
di stance is greafer than or equal
and selecting the seek tine fro
I's less than|thef presel ected
clainmed in clainfl wherei&
t he nunber. of cy]inders tha
during N revelut]ons of the nEo|.-.mh-
command is ngt fpund during the sea cﬂ
repetition of thg steps of increnentg Q
IS COMMAND

cylinders th@t npy traversed by

AT COMMAND QUEUE (INDEX)
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COMMAND QUEUE (INDEX)

* EXECUTE COMMAND
QUEUE (INDEX)

1

ol d dlstance estimating a seek time for

:iglected phreshold dis;anc-;

= nCEYE§.

a first seek distance;
o a first seek distance
he first seek distance;
seek di stance by reading
rst seek distance in the
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me array is a seek tine
ek di stances that areAM
e

seek

he seek tine if the

ng -
he data retrieval el enent
itially 1; and if a
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I denti fying the nunber of
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THE ‘CURRENT POSITION' IS NOW
THE PHYSICAL LOCATION OF THE
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!
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REMOVE COMMAND QUEUE (INDEX)
FROM THE COMMAND QUEUE




the data.retrieval elenment during N revolutions for each discrete angul ar
regi on, and searching of the command queue array until a command is found.
5. The method as claimed in claim1l, wherein: for each successive

di screte angul ar region, beginning with the discrete angular region region
having the smallest rotational |atency command queue array for a command
addressing a location within the discw&%/gaangular region, identifying a
seek distance to be traversed by the data retrieval elenent for the
command, estimating a seek tine for traversing the identified seek

di stance, and executing the command if the estinmted seek tine of the
command is less than a sumof the rotational |atency of the discrete
angul ar regi on containing the |ocation addressed by the conmand, and a

revol ution period, wherein the revolution period is initially zero, d
36 i f the comufTO7KS TIOT €xXeguled LJie repatitro e Ne; seal cT§ ng of*¢¥he
command queue afrfayp tihe idegtifying of the seekldistan¥e, t hel esti mati ng
of the seek tinglan@ executing of the comtand fon any remaini ng conm@Pds in
the command quepe\ aray. 6. | The bhethod las clailmed i'nlclaimp furtgrer
i ncluding: incrpmint iy the 4evo|ut on perli od by}the ti e necepsary ¥or the
medi umto conpl pte\ orng rotatigon if pvery onnand|in thejcommangd queue array
has an estimatell sdek& i me gneater fhan | i l
] l | | i
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or equal sto the sumof the rotational |atency of the discrete angul ar
regi on containing the |location addressed by each conmand and the previous
revol ution period. 7. The nmethod as clainmed in claim3 further
including: identifying -a seek distance to be traversed by the data
retrieval element for a command; and determ ning whether the identified
seek distance is greater than the thr% 8d distance. 8. The met hod as
claimed in claim7 further includi-ng: adjusting the first stored seek tine,
by a preselected tinme val ue based upon variance of actual seek tinmes. 9.
The nethod as clainmed in claim?7 further including: augnenting the first
stored seek tinme by a preselected tine value so that actual seek tines for
the first seek distance are |ess.than the_fLi tored seek tinme. 10. The
iyg the first stored seek
e for the first seek

di stance according to_the NEWFIRST STORED SEEK TIME (D) = 37 D =
identified seek distagce; B = previol s r8Y seek tine for seek
distance Db C = . sgnsed actual firs seek distance D; and

DIVIDE MEDIUM INTO DISCRETE
ANGULAR REGIONS N=0 T0 N=9
BASED ON THE CURRENT POSITION

l 5
ASSIGN ROTATIONAL LATENCY
TO REGIONS N=0 TO N=9

1 s
P4

T
RAE;

FIG. 6A



- seek tinme for the first seek distance.

ADJ = a presekected adjustnent based on variance of actual seek tines. 11
The nmet hod of any one of clains 7 to 9 wherein nodifying the first stored
seek time includes creating a new stored first seek tine for ‘the first seek
di stance according to the relationship: NEWFIRST STORED SEEK TI ME (D) =
[err] where, D= identified seek distance; [err] = asynptotic sanple

| ength; B = previously stored first SEék éi.me for seek distance D, C =
sensed actual first seek tine for seek d( tance D, and ADJ = a preselected
- adjustnent based on variance of actual seek tinmes. 12, The met hod of any
~one of claims 7 to 11 further including: nodifying a secoﬁ@.orsiBeek

- time corresponding to a second seek dista upon the sensed act ual
The met hod-of claim 12

i ses: nodifying the -
seek di stance based upon
ance and the proximty

wherein nodi fyi ng the second stored seek

CRITERION=ROTATIONAL
LATENCY (N+1)MODULO 10 + RP

|

IDENTIFY SEEK DISTANCE, D
OF COMMAND IN QUEUE (INDEX)

/1 02
COMPUTE SEEK TIME

SELECT SEEK TIME T(D)
FROM SEEK TIME ARRAY

Pl
'EXECUTE COMMAND | - -
IN COMMAND QUEUE (INDEX) - |INDEX=INDEX + 1
[J®
SENSE ACTUAL
SEEK TIME T




14. Thes met#iod of claim 13 wherein the second seek tine is nodified | ess
as a proximty of the second seek distance to the first seek distance

decr eases. ' 15. The nethod of claim6 wherein the seek tine is conmputed
using a linear equation. 16. The method of claim6 or claim15 wherein
the seek tinme is computed using an equation according to the relationship:
EST (D) = - - [err] where, EST(D) = esi ed seek tinme for seek distance D
Clerr] = a-first preselected seek |eng thin the linear region; (ferr] =
a second pr.esel ected seek length within the |inear region; tinme necessary
for the data retrieval elenment to traverse the first presel ected seek

| ength; tinme necessary for the data retrieval elenent to traverse the
second presel ected seek length; and D = the identified seek distance.
traversed by the data retrieval element for a conmmand. 39-17. The
met'hod of claim6 or claim15 wherein the seek tine is conmputed using an
equation according to the relationship: EST (D). = [err]

lF ' G
| 122
[ MooiFY T(0) BASED ON N=N+1]"
SENSED ACTUAL SEEK |-112
TIME
l | c NO 124
| THE 'CURRENT POSIION' IS | 314
' NOW THE PHYSICAL LOCATION YES
OF LAST LBA OF COMMAND |
| QUEUE. (INDEX) —126
I - . R=R+1}
¥ 116
-~ _REMOVE COMMAND QUEVE |~ ~128
.} - RP= TIME TO COMPLETE|™ "
| (INDEX) FROM COMMAND QUEUE "R REVOLLTIONS
E | D
FIG. 6C
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EST(D) = estimated seek time for seek distance D, (Jerr] = a first

presel ected seek length within the |inear gg.;..gn.,..q_euL =-a_second

presel ected seek |ength larger than the firpt Mﬂ’@x‘éfNTvﬁH’HﬁTﬁ t h8Gl i ndar
regi on, t[err] = tinme necessary for the dat ?%L%ﬂ :dlagednt. to pagedver e
the first- presel ected seek. Iengtﬁ D = the Daied sqekediPta ttapaged !
traversed’ by,theuIWﬁ m | ement for | &3 dbawand) :anrded er.nd ;{agédl =
asynptotic sanpl Wl lmmmmgcessary fof mhxtadada r: ;Ee@.v.alto agéaa.tlt.
traverse thej secothd Seék Pengthy and M34 [e 1] where ADJ = a pr

adj ust nment bbsed on variance of actual seek RS, it DHE ﬁ\

maxi mum seeki di:stance of the seek time array _ -
tinme corresponql ng to the maxi num seelClaingt ance of the seek t| me array.

1. A method for decreasing rotational latency, the method comprises:

: dmdlng the medium into plurality of discrete angular regions;

for each discrete angular region, identifying a number of cylinders that may be traversed

by the data retrieval element during a single revolution of the medmm by individually estimating
a plurahty of seek times for a plurality of seek distances; and identifying a largest one of the
plurahty of seek distances having an estimated seek time less than the rotational latency assigned
to the dxscrete angular region;

" ass1gmng a rotational latency to each discrete angular region based on a current location
of the data retneval element;

: searchmg a command queue array for a command that addresses a location within a range
of eyhnders determined by the number of cylinders in the discrete angular region having the
smallesﬂ rotational latency; and

l

Txec juting the command addressing a location in the range of cylinders in the selected
dzsci'ete angular region of the medium; and characterised in that, -
| estxmatmg a plurality of seek times for a plurality of seek distances includes:

creabng an initial seek time array having stored seek txmes for seek distances traversed by
the data retneval element.
2. . The method as claimed in claim 1 further mclud:ng :
: slcnsmg a first actual seek time corresponding to a first seek distance;
; modxfymg a first stored seek time corresponding to a ﬁrst seek distance based upon the
first’ sen#ed :actual seek time for the first seek distance; and '

! cl.sumanng a seek time for traversing a first seck distance. by reading the first stored seek
time correspondmg to the first seek distance in the seck time array.
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18. . The: ‘et hod aim1l wherein: the stored seek tines
eorrespond to s Jmlﬂmmgmf’ E&ersed by the data retrieval elenent that
.~ are less thanh a pregel ecte hol d di stance, and the search of the

.- command queué array is for at |east one conmand that addresses a |ocation

within a sel ect ed di screte angul ar regi 8%; furt her I.ncluding: identifying a
seek d| anc trayersed for und that, addresses a

| ocati o de Iy laim Pé&%% Jaraeterisgk iBthathi ng whet her
therdentrfrﬁﬂﬁfgj(égw SaakA Qq:g

estimating a; se sk or trylavergsr ng %ﬁg gaevtrlﬁ?sft?%g% see ggstang B g1

:f"f:_..corrput i sagktdimm:eethat mﬂessfthﬂd’epmmwtdmrahold drﬁtanda;a command is greater t han

et e oot o SR PRI SFR R RRSEE [ T "

présel ect ed ummn@ tHe SeckitANE HthSedk Astamiek h#‘?eit@xeﬂlﬁﬂ td the PleseRbiedat ed
seek tine iof ; the command is less than the rotational |atency of the
sel ect e@ﬂ'%ﬂlg 5@%3@# ar region. 41 ADJ = a presel ected adj ust nment

S?Sfﬂe"Qeéﬁr %ﬁﬁfra%kgﬂ%e?ﬁ%‘}% el BT B T

t he naxpwacie edeﬂlrehhslchdlmnm‘ t he seek

‘Fhe method as claimed in claim 1 wherein:

r
!
; for each discrete angular region, identifying the number of cylinders that may be traversed
by the data retrieval element during N revolutions of the medmm wherein N is initially 1; and
1f a command is not found during the searching of a command queue array the repetition

of the steps of incrementing N by one, identifying the number of cylinders that may traversed by
the data retneval element during N revolutions for each discrete angular region, and searching of
the command queue array until a command is found.

5. The method as claimed in claim 1, wherein:

for éach successive discrete angular region, beginning with the discrete angnlar region
regxon havmg the smallest rotational latency,

carching a command queuc array for a command addreséing a location within the

R 7 J—

I
]
discrete! angnlar region,

i en'ufymg a seek distance to be traversed by the data retrieval element for the command,
! tithating a seek time for traversing the identified seek distance, and

: ecuting the command if the estimated seek time of the command is less than a sum of
the rotaﬂonal latency of the discrete angular region containing the location addressed by the
command and a revolution period, wherein the revolution penod is initially zero, and
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A

time:array. 18 —Thma systemincluding a data retrieval element (12) and a

rotating nedi r estimating seek tinmes for distances
traversed by theﬂm‘u“mmnlml ement, the nmethod being characterised by
conprising: ¢reatrnge art i Mitfal “seek tinme array having stored seek tines

for seek distances traversed by the data retrieval element; sensing a first’
actual segk fine corresponding to a firgg seek distance; m)difyi ng a first
stored segk té@e corre pondl ng to the first seek di:stance based upon the
first sensleg;d cmmaad fs nat feecuisd theeepetition oithe reasching ot the commandiqus¥ i ng a

seek ti r t red
ook ti meMe lgéﬁﬁfﬁ‘a@nﬁ%%s%hgﬁ?%ﬁﬁz BB AE Mo oER el bdlor e
19. Incammyndﬁmanncémainmgo@nﬂﬂémlsdxetheloenmhandlqamandyu) and a rotating
medi um (10), ;a jrethod for decreasing rotational |atency characterised by
conpri si ng: ére,atl ng a seek tine array havi ng stored seek tines

cor r espgndi ng'hégiemlgs@qﬁ{ng@ﬁggaﬁﬁg @ISR Sn e data retrieval el enent

whi ch are 1egs ut an a presel ected threshol d di stance; dividi ng the nedi um
into a plur amere,mmnau mpbmangm@# by ﬂ@umnwawngf@rﬁgp medigmetpicomplete one

| at e t t h
data r o0 eviﬁ' RElpA gAY ek G0nP AREY bbbl Akl 58 ek Y
cormandot 'adue ewaf tife fotntivhaldatenty 6f the dissreteigathr tégion eémalﬁmuhatocanon

regi on; entlgyl ng a seek d| ance ,to be_traversed for each command found
whi ch a Pﬁrqwsé'@{@‘&t!@d’%@crete angul ar region;

prd.

I‘hel method as claimed in claim 3 further including:
'denﬁfymg a seek distance to be fraversed by the data retrieval element for a command;

deteymining whether the identified seek distan;:e is grea.ter than the threshold distance.

8. The method as claimed in claim 7 further inéluding
' adjustmg the first stored seek time by a preselected time value based upon variance of

actual seck times.

i
!

9. The method as claimed in claim 7 further including:

i iugxinentmg the first stored seek time by a preselected time value so that actual seek times
for tihe Arst lseek distance are less than the first stored seek txme '

! i
10. | ! ‘L;'method of any one of claims 7 to 9 wherein modifying the first stored seek time

mclud Cljatmg a new first stored seek time for the first seek distance according to the
rela 0!

+FIRST STORED SEEK TIME (D) = aB_+(l-a) (C+AD))
\ivhefre,
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det erm ni ng Wnet her the identified seek distance is greater than the
threshol d; 'd| stance estimating a seek time for traversing the identified

seek di stanc - conput’ rrtg the-seek tine if the seek distance of the

command i s g ’ | ected threshold di stance, and sel ecting
t he seek t| mﬂﬂm” mnmfarray I f the seek:distance is |ess than or
equal to the presel éct ed o Nres d distance; and executing the conmand if
t he esti rrqt e(h seek time of the command B% |ess than the rotational |atency

of the sell ected di screte angular region. 20. In a disc drive system
including:ia fead/ wite elenent (12) and a rotating disc (10), a nethod to
decrease dcc s;‘ ti during a short seek conprising: (a) creating a seek
time array ﬂ'g stored seek tines corresponding to seek distances

traversed by tﬂe e.el enent which are |l ess than a presel ected

t hr eshol d d|§ &MU‘E%“G %emgthe disc into a plurality of discrete
angul ar rdgi each,re ng .assi n_an regi on val ue; (c)
assi gni ng ja o2 FMTI I&{%‘ﬂaﬁ% ﬁg‘et?ﬂ,‘ﬁf% d?@t&"&%ym ar region based on the

current posi gug ﬂgedt%;?,uag?ﬂﬂls%ﬁ&ﬁle. ﬁg@ﬂt‘*‘s’ﬁﬁa"é”a gl ecting a command from

t he command gue arr eginning w a connan ressing a |l ocation

Wi thin an angyjes 4 fesaectBdudjisinitht BASY o 'vafifakeT atitlal'GeeltthiRéser t han

P
L

11. The method of any one of claims 7 to 9 wherein mod1fymg the first stored seek time

mcludes créatmg a new stored first seck time for the first seek dlstance according to the

relatlonshlp
: IYEWFIRST STORED SEEK TIME (D) =BB + C+ADJ
% \:{vhe?re, prl
= identified seek distance;
= asymptotic sample length;

previously stored first seek time for seek distance D;

=
= sensed actual first seek time for seek distance D; and

DO — -t E

| .
DI = a preselected adjustment based on variance of actual seek times.

12. l e/method of any one of glaims 7 to 11 further mcludmg
: leymg a second stored seek time corresponding to a second seek distance based
i

upoh the se Lsed actual seek time for the first seek distance.
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an angul ar regi on val ue associated with the current position of the
rread/'writ el ellen’ent and (e) estimating a seek tine for the selected
command by: (1)iidentifying a seek distance to be traversed by the

read/ write eliengnt for the Tomand;— (2) determ ning whether the identified

seek distance is. uﬂm t hreshol d di stance, (3) estimating seek
' ” W@the seek time if the seek distance of

time for the| icofr

t he comand |'s reatef thar os equal to the threshol d di stance, and 43
selecting the seek tinme fromthe seek tigge array if the seek distance of
the command ijs less than or equal to the preselected threshold distance,

and (f) 13. ex
is | ess than|a
contalnlng t

bEclaimni2 wherdin nmilifysrig e sésbnd Sfted beBk tithe ?ﬂsasrmnd
um of the rotational |af ency of the discrete angular region

ifying thesecundrstored dedkytimé eoxresponditlg taadecondeseck distanoe pased od,

V\/nerelntf evlutlon period is initially zero. 21. The nmethod of claim
20 furt BpPr tual secketirae forrthe finst seelo distancoand e ipoeximijtytdfahe sseond seek
necessar t d| uiP to conplete one rotation if every command in the
commnd %1, SHSNCE; nat ed seek
]
14.| The/method of claim 13 wherein the second seek time is modified less as 2 proximity of
the decond %eek distance to the first seek distance decreases.
.

15.  The:method of claim 6 wherein the seek time is computed using a linear equation.

16. | The ;method of claim 6 or claim 15 wherein the seek time is computed using an equation
accordmg to the relationship:

EST D) = -t ) @-Cpy) +1ng

| (Ca-Ca-1)

here, | |

(D) = estimated seek time for seek distance D

n-] = a first preselected seek length within the linear region;

]

n 7 a second preselected seek length within the linear region;

n-1|= time necessary for the data retrieval element to traverse the first preselected

seck lenbth |
5 th = time necessary for the data retrieval element to traverse the second preselected

seek length and

D = the identified seck distance traversed by the data retrieval element for a command.
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itime-greater. than or equal to the_sumof the rotational |atency of the

. discrete angul ar region cgnt aT n| the | ocation addressed by the comand
and the ptevj ous—evol ut .22.  The method of claim20 or 21
including!itlerati \“\r\ steps from (d) onwards for each conmand
in.the coémandi’quém

39
17. | Theimethod of claim 6 or claim 15 wherein the seek timie is computed using an equation
accérding to the relationship: | |

STD) = C -ty D OCp ) +1p
Cn-Ca-1)

(D) = estimated seek time for seek distance D,
Cp.1 = a first preselected seek length within the linear region,

C, = a second preselected seek length larger than the first seek length within the linear
in

region,

1, = time necessary for the data retrieval element to traverse the first preselected seek

|
i
e
length, i ‘
| D = the identified seek distance traversed by the data retrieval element for a command;

'y = Btn+M
B+1
here,
I’ =: asymptotic sample length,
Pty = time necessary for the data retrieval clement to n-aVerse the second seek length,
and

| M= (ty + ADJ - Co) @ - Com) + tm
: Cn-Ctm

i where,

ADJ = a preselected adjustment based on variance of actual seck times,
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40
('tm the maximum seck distance of the seck time array, and

tpn the stored seek time corresponding to the maximum seck distance of the seek
' time lh
18. : 'Lhe method as claimed in claim 1 wherein:
; ttme stored seek times correspond to seek distances traversed by the data retrieval element
that ‘are ess than a preselected threshold distance, and
e search of the command queue array is for at least one command that addresses a
locanon,mthm a selected discrete angular region; further including: S
- 1p1enhfymg a seek distance to be traversed for each command found that addresses a
locahon‘ within the selected discrete angular region;
E cLetemnnmg whether the identified seek distance is greater than the threshold distance;
esnmatmg a seek time for traversing the identified seek distance by:
tj,omputmg the seek time if the seek distance of the command is greater than the
preselecied sthreshold distance, and
. selectmg the seek time from the seck time array if the seek distance is less than or equal to
the presélected threshold distance; and
exequnng the command if the estimated seek time of the command is less than the
rotatiion*l laitemy of the selected discrete angular region.

i i
' .

|
|
i
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