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METHOD FOR REDUCING ROTATIONAL LATENCY
"IN A DISC DRIVE

The present invention relates to seek operations in rotating disc drive memory
assemblies. More particularly, the present invention relates to a method for sorting the
command queue to reduce rotational latency in disc drive memory assemblies.

Rotating disc memories include one or more discs driven about a spindle axis. Each
disc 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
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. _:-longest seeks. On average, it is the dominant component of the total access ume for
jrelatlve]y short seeks.
To determine the optimum order of execution of a set of commands, it is desirable
1o consid& the full access time between commands rather than simply the seek t;ime.' An
;:ideal sorting or disc scheduling algorithm would sort the command queue in such a way
'_j:that th'e.'sum of the access times of all of the commands in the queue is minimized. This.
would im)olve computing the sum of the access times for each of the possible orders of the
‘queue. Computing access times for 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 prev10usly
recexved commands often changes, requiring the entire queue to be re-sorted.
Since the above-mentioned ideal algonthm 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 shortestﬁme- first algorithm §elgcts the commands based upon the total access
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3
- time including seek time and rotational latency. However, as discussed above, the shortest
: ﬁme ﬁrst algorithm is impractical due to the large computation requirements. The grouped
~ shortest time first algorithm divides the disc into a number of cyhnder groups. The shortest
time first algorithm is api)iied to a selected cylinder group. to service corhmaﬁds before
_ad'vancirig to the next cylinder group. The weighted shortest ﬁﬁe first algorithm applies
;the stanaard shortest time first technique but applies an ageing function to the time -
determined by the computer. For each shortest time first calculation, the total access time
is multiplied by a weighting value w. The value w is computed by calculating how much
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
corﬁmands and calculates an access time for w.bh command given the lmoﬁvn 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
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~ generally executed. However, some bins contain cylinders on both sides of the rotational
latency line or head trajectory. In other words, some bins may_ contain only command |
. addresses that can only be accessed in two revolutions. To cope with scenarios where the
| first non-empty bin contains only oommand addresses outside of the rotational latency ﬁne
or head trajectory, the algorithm additionally requires that a threshold value be calculated
and stored for each bin or cell. The threshold value represents the largest possible access
time a command may have to be executed. After an access time is calculated for each and
every command location within the particular bin being scanned, the best or smallest access
time of all the commands is compared with the threshold value. If the best access time of
all the commands is below the threshold value, the command having the lowest access time
is executed. However, if the best access time of all the 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 clustere_d 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
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;rihreshold values for each bin. The eight kilobytes of memory réquired for the array is
.-_s_,,igni;ﬁcant compared to the amount of memory available on some disc drives.

) In a first aspect this invention provides in a system including a data retrieval
‘element and a rotating médium, a method for decreasing rotational latency comprising:

dividing the medium into a plurality of discrete angulai' regions;

_ for each discrete angular region, identifying a number of cylinders that may be
“traversed by the data retrieval element during a single-revolutidn of the medium by
“individually estimating a plurality of seek times for a plurality of seek distances; and

idenﬁfying a largest one of 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
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;
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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 medium by
individually estimating a plurality of seek times for a plurality of seek distances; and
identifying a la.rgést one of the plui'a]ity of seek distances havﬁg an estimé.ted 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 élement;

searching a command queue array for a command that addresses a location within a
range of éylinders 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 timés for a plurality of seek distances includes:

‘creating a séek‘ 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;
(c)  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;



7
(d  searching a command gueue 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; | |
© iﬁcrementing N by one and repeating stebs (c) and (d) if a command is not foundé
and
® executing the command.

In a fourth aspect this invention provides in a system including 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;

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
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- traversed by the data retrievil element which are léss than a preselected threshold distance;

identifying a seek distance to be traversed by the data retrieval element for a
command; and |

determining whether the identified 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.

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;



9
searching a command gueue array for at least one coitiifiand 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 sélected discréte angular region; N

- determining whether the identified seek distance is greater than the threshold

distance;

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,
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2)  determining Whether the identified seek distaricé is greater than the threshold
distance,

3 estimatipg seek time for the command by:

" computing the seck time if the seek distanéé of the command is greater than or
equal to the threst;old distance, and

selecting the seek time from the seek time array if the seek distance of the command
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 a
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
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shown by FIG. I, disc 10 is rotating in a counter-clockwise ditection. Read/write element
12 is shown positioned at location X1 and moves clockwise relative to rotating disc 10.
Cylinder path 14 (reprgsented by a dashed line) is the current track or cylinder over which
| read/writé element 12 is located. Maximum seek range 16 (represented by thé éhaded arw.)
is the maximum range of cylixi'ders that can be traversed by read/write element 12 on either
side of cylinder path 14 during the time necessary for disc 12 to substantially complete one
revolution from its current position at point X1. Seek rangé 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.poihf 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
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of approximately 400 cylindéf§).

The present inventioh is a method for sorting or scheduling commands in a
command queue array to substanually minimize the time necessary to access commands.
The method substanually minimizes command access time for a system by 1dent1fymg a
command from the command queue array which addresses a location within a region
having the smallest rotational iatency from the current position of the read/write element 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 d1v1dmg rotating disc 10
_ into discrete angular regions. FIG. 2 illustrates a method of dividing rotatmg 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
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 location of read/write ehm§p§ 12. The remaining angular regldns 20B-207 are spaced
therefrom. Angular regioﬁs 20A-20J and their respective boundaries 22A-227 rotate in
conjunction with angular repositioning of read/write element 12. _

FIG. 3 illustrates disc 10 divided into discrete angular fegions 40A-407 separated by
fixed boundary lines 42A~42J. In contrast to the method illustrated in FIG. 2 which defines
the boundaries 22 of discrete angular regions 20A-20J based upon the present location of
read/write element 12, the present method illustrated in FIG. 3 permanently defines
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
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cross at least approximatel§ two angular regions (2/10ths of a i'evolution) before reaching
boundary line 22C and the discrete angular region having a relative angular region number

N=2. Thus, each discrete angular region 20A-207 is assigned a rotational latency value of
- N/10ths of a revolution, Where N=the regioﬁ's angular region number N. For the discreté
angular region having a relative angular region number N=0, disc 10 must rotate one
complete revolution before read/write element 12 crosses boundary line 22J. Therefore, the
discrete angular region having relative angular region number zero has a rotational latency
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 within
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the command queue array which addresses a command address within seek range 16 shown
in FIG. 1. The limiting criterion is used to select the next command to be executed and
may be defined by any one 'of sevequ parameters. For example, the limiting criterion may
be defined by a number of cylinders that read/write element 12 may traverse' during the
assigned rotational latency of the particular discrete angular region. Once this cylinder
range or seek range is calculated for each discrete atigular region using the assigned
rotational latency of each discrete angular region, the method merely needs to search the
command queue array for a command having a command address within the cylinder range
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 opportunmes caused by too narrow

cylinder ranges, the radial length 28 of each cylinder range 24A-24J is constant and is
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shorter than the corresponding\' radial length 18 of seek range 16 shown in FIG. 1. The
radial length 28 of each cylinder range 24 is preferably provided by a seek range array or
look-up table having a maximum number of cyli_nders that may be traversed by read/write
element 12 during the time necessa}y for a particular relative angular region to rotate
beneath read/write element 12 (i.e. the region's rotational latency).

To minimize access time for commands in the command queue array, the method
searches the command queue array for a command having a command address within the
- cylinder range 24 associated with the discrete angular region having the smallest rotational
latency. To locate a command address within the associated cylinder range of the discrete
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
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to the element's index. For example, seek range [3]=100 mwns that a seek can cross 100
cylinders in 3/10 of a revolution.
. Initially, a revolution range variable, RR, région variable, N and a command
variable, indéx, are initialized at zero in step 52. The revolution range vaﬁa_ble, RR,
identifies the number of revolutions which must be completed _‘for accessing a command
location. The region variable, N, is used to identify the particular region being searched for
a command address. The command variable, index, identifies the particular command from
the command queue being evaluated. The revolution range variable RR is incremented in
step 62 if no commands are found which address a location within a number of
cylinders that may be traversed by the read/write element during a single revolution of the
medium. The sum of seek range (N) and the revolution range variable RR provides 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. | o

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.
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In this example, if N=11, each of the discrete angular regions 20A-20J has been searched.
If each region has not been searched, the method continues for the angular region.

If each of the discrete angul_ér regions have been searched (N=11), the method _
increments variable RR in step 62 by 'the numbér of cylindefs that read/write element 12 is
able to traverse during one additional complete revolution of the medium. Upon
incrementing variable RR, the method resets N=0 to again search angular region N=1 in
step 58. Consequently, the méthod iteratively increments the limiting criterion used to
select a command for execution in step 72 until a command is identified within the seek
range of the discrete angular region having the smallest rotational latency.

In step 66, the index is incremented to access the first éommand (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 checked 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
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element 12, step 70 would alternatively determine whether the logical block address of
command queue (index) is located within region (N + 1) modﬁlo 10.

If the logical block address of command queue (mdex) fa.lls within the parameters
which define angular region N modulo 10, the’ "cyhnder delta", otherwise known as a
"seek distance,"” is computed in step 71. The cylinder delta is thie number of cylinders from
the current position of the read/write element to the start cylinder of command queue
(index). If, at step 70, it is determined that the logical block address of command queue
(index) is not within region N modulo 10, the process returns to step 66 to increment the
index number to access the next command in the command queue.

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 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 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 the 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,
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the seck-range array constructed in step 50, which contains seek ranges assigned to each
angular i'egion N=0 to N=9, acts as a template which rotates with the r&ssig_nment of
regions N=0 to N=9 in step 56. Thus, the present method requires less memory and
computation time to optimally select a commar_ld from the command queue array for
execution. |

As an alternative to defining a limiting criterion in the form of a seek range or
cylinder range, the method may also define the limiting criterion in units of time. Rather
than calculate a cylinder or seek range that the read/write element i2 may traverse during
the rotational latency of a particular discrete angular region, the method directly uses the
rotational latency of the discrete anguiar region to identify a command for execution.
However, each command's particular 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 6f each discrete anguilar 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
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well. Moreover, the computation time required to evaluate a quadratic equation to estimate
a seek time for a seek disthnoe is significant. Because a disc scheduling method must select
the next command to execute during the access ﬁmé of the current command by computing
seek times for a nuniber of commands from the command quéue. the time available fof the
disc scheduling method to select an optimum command to execute is limited. Thus, the use
of a quadratic equation may not be fast enough to select a command within the limited
time, '

In contrast, a seek time array or look-up table models short seeks extreniely well
and requires little computation time. A seek time 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
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seek times for longer seeks in the linear region 78 of the seek profile according to the

relationship:

twin-1) O-Co-l) |

EST(D) = TG Cry Tt

where

D = the identified seek distance tréversed by the data retrieval element for a
command,

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

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

seek 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
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command, and

t'y = Bim + M
B+ 1
where,
t'n = new estimated time for the data retrieval element to traverse the second seek
length,
B = asymptotic sample length,
tn = previous estimated time necessary for the data retrieval element to traverse the

second seek length, and

13

M= (tn +ADJ - Cyn) @ - Cip) + ttm
Cn-Cm

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
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segments. Each pair consists of a seek length in cylinders (cj) at a seek time (t;):
{(c1,t1),(c2,12),-..,(Cnstn)}- The defining set of ordered pairs is based on seek performance
measurements taken from a drive and is ideally selected so as to match the actual profile,
adding ample margin to conipensate for uncertainties in seek performance due to
manufacturing variations and environmental factors such as temperature and humidity. The
static seek time array contains data for most likely seek distances to reduce calculation
overhead in critical execution paths. Memory requirements for the static seek time array
depend on its size. As a result, the static seek time array provides quick and accurate seek
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
initially match. The adaptive seek array uses the static seek array to initialize its look-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)
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where,

D = seek distance,

0<acx<l,

B= previously first stored seek time for distance D,

C = sensed actual seek time for distance D, and

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

The adjustment added to the seek time measurement is a préselected constant and is
related to the variance of seek measurements. Although seek times fall into roughly a
normal distribution about the mean seck time, the impact of lost revolutions as a result of
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 previously. stored seek time may be mo&iﬁed according to the
relationship:

NEW FIRST STORED FIRST SEEK TIME(D) = fB+C+ADJ .

B+1

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:



26

where, '

0<a<l,and - -

B = a positive integer.

In addition to modifying a stored seek time estimate in ﬁxe adaptive seek time array
based upon a sensed actual seek time necessary for traversing a first seek distance, the
adaptive method may also additionally modify stored seek tl.mes in the adaptive seck time
array corresponding to seek distances or lengths proximate the first seek distance for which
the actual seek time is sensed. Because the actual seek profile 1s 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),
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C = sensed actual first seek time for distance D, and

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

Although the use of an adaptive seek array has been described in conjunction with
the method directly using rotational latency as a limiting criterion, the adaptive seek time
array may also be used to improve performance of the method using a seek range as a
limiting criterion. In particular, each seck range may be calculated by individually
estimating a plurality of seek times for a plurality of seek distances and identifying a largest
one of a plurality of seek distances having an estimated seck time less than the rotational
latency assigned to the discrete angular region. Each seek 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 measurérﬁent 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 limiting criterion may also
calculate the seek ranges by estimating seek distances by cox't;put'mg 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 '
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command queue is sorted in ascending order based upon angular region containing the
particular commands addressed. The command queue is then traversed in order of angular
region number starting with commands addressing locations within an angular region _
' having an angular region value grmﬂel; than the aﬁgiﬂar region value associated with the
current position of read/write element 12.

As the command queue is traversed, the disc scheduling method computes and
identifies a seek distance to be traversed by the read/write element for each command by
calculating the difference between the current cylinder number over which read/write
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
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revolution period is found and executed; each iteration increasing or incrementing the
revolution period by the time necessary for the disc to complete one additional rotation.
This process is repeated as necessary, adding one revolution period per iteration until a
command s selected. - |

FIG. 6 is a flow diagram of the steps of the method of the present invention directly
using rotational latency as a limiting criterion. As shown by step 80 in FIG. 6, an initial
seek time array, T(D), is created. Preferably, the seek time array created in step 80 uses
the static profile based upon piecewise-linear approximafion of actual 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 distance 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



30
selected so as to contain the present location or expected location of the read/write element.
Each clockwise successive angular region is successively numbered from one to nine.

In step 90, each angular region N=0 to N=9 is assigned a rotational latency based
on the present loc;ation of the read/write element. Because region N=0 is assigned so as to
always contain the read/write element and because the medium is preferably divided into
ten angular regions having fixed boundaries, region N=0 will always have a rotational
latency of 9/10ths of a revolution. Region N=1 will always have a rotational latency of
one complete revolution. Regions N=2 to N=9 will have a rotational latency of N-1/10ths
of a revolution, wherein N is the region number. Alternatively, if disc 10 is divided into
regions having varying boundaries, region N=0 will have a rotational latency of one
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.
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If the command at command queue (index) being presently evaluated does not
address a location within region (N+I) modulo 10, the method targets the next command in
. the command queue by incrementing the index in step 118. In step 120, the method
idenﬁﬁes whether it has checked all of the commands to determine whether any of the
commands lie within region (N-+1) modulo 10. 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
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
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queue (index) is compared with the current criterion calculated in step 98.

If the estimated seek time for command queue (index) at step 106 is less than the
current criterion the method executes the command in step 108. During execution of the
~ command, the system. moves the réd/write element to the first address addressed by
command queue (index). The firmware senses the actual time reqmred 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.
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In this example, if N 11, each of the discrete angular regions 20A-20J have been searched.
If all angular regions of disc 10 have not been searched (i.e. N<1 1), the method returns to
step 94 for the next successive clockwise angular region. _ |

However, if all of the discrete angular regioris 20A-207 have been searched, the
method enlé.rges the current criterion by the time necessary to complete an additional
revolution of disc 10. This is accomplished in steps 126 and 128 by incrementing the
variable R by one, whereby the 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.
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CLAIMS

1. In a systém including a data retrieval element and a rotating medium (10), a méthod
for decreasing rotational latency comprises:

dividing the medium into a 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 medium by
individually estimating a plurality of seek times for a plurality of seek distances; and
identifying a largest one of the plurality of seek distances having an estimated seek 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



A B
| 35

method for decreasing rotational latency comprises:

dividing the medium into a 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 revolﬁﬁon of the medium by |
individually estimating a plurality of seek times for a plurality of seek distances; and
identifying a largest one of 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 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 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;
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(©)  for each discrete angular region, identifying the number of cylinders that may be

36

traversed by the data retrieval element during N revolutions of the medium, wherein N is
initially 1, _ |

(d  searching a command queue array for a command that addresses a lﬁcaﬁon within a
range of cylinders determined by the number of cylinders in the discrete angular region
having the smallest rotational latency;

(¢) 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.
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5. The method of claim. 4 further includihg:

incrementing the revolution period by the time necessary for the medium to
complete one rotation if every com;nand in the éommand queue array has an estimated seek
time greater than or equal to the sum of the rotational latency of the discrete angular region

containing the location addressed by each command and the previous revolution period.

6. In a system including a data retrieval element (12) and a rotating medium (10), a
méthod 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.
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8. The method of claim 7 including: |
adjusting the first stored seek time by a preselected time value based upon variance .
of actual seek times. |

9. The method of claim 7 further including:
augmenting the first stored seek time by a preselected time value so that actual seek

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) = BB + C + ADJ
B+1

where,
D = identified seek distance;

B = asymptotic sample length;
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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 vhriance of actual seek times.

12.  The method of any one of claims 7 to 11 further including:
modifying a second stored seek time corresponding to a second seek distance based
upon the sensed actual seek time for the first seek distance.

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;
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ty = time necessary for the data retrieval element to traverse the second preselected
seek length; and .

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

command.

17.  The method of claim 6 or claim 15 wherein the seek time is computed using an
equation according to the relationship:

EST(D) = Ca-t 2 ®C ) +1hg
Cn-Can-D

where,

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 for a

. command; and

where,

B = asymptotic sample length,

tn = time necessary for the data retrieval element to traverse the second seek
length, and

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

where,
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ADJ = a preselected adjustment based on variance of actual seek times,
Ci = the maximum seek distance of the seek time array, and
tyq = the stored seek time corresponding to the maximum seek distance of the seek

time array.

18.  Ina 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 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 fof traversing a first seek distance 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 regioﬁ;

determining whether the identified seek distance is greater than the threshold
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distance; |

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 i

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

executing the command if the estimated seek time of the command is less than the

rotational latency of the selected discrete angular region.

~ 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
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selecting the seek time from the seek time array if the seek distance of the command
is less than or equal to the preselected threshold distance, and
® executing the command if the esﬁmated seek time of the command is less than a
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.

21.  The method of claim 20 further including:

incrementing the revolution period by the time necessary for the medium to
complete one rotation if every command in the command queue array has an estimated seek
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.



