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METHOD FOR REDUCING ROTATIONAL LATENCY 

· IN A DISC PRIVE 

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. 

R~tating 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. Th~ 

read/write element is positioned over specitJ.c 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 determine the optimum order 

of execution for the commands. The set of commands available for execution by the disc 

drive is referred to as the "command queue". 
-~"'· 

Traditionally, disc drives have sorted the command queue in an order that 

minimizes seek time between the various commands. 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, 
ra 

The rotational lateq¢y<time is a sign.i~capt part o.f the:.total acces~. time for all but the ,. 
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longest Seeks. On average, it is the dominant component of the total access time for 

:~tively short seeks. 

To determine the optimum c:>rder of execution of a set of commands, it is desirable 

.. to consider the full access time between commands rather than simply the seek time.· An 

-ideal sorting or disc scheduling algorithm would sort the command queue in such a way 

that the sum of the access times of all of the commands in the queue is minimized. This. 

would involve 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, 

·!there are over three million possible orders in a set of ten commands. Modem 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 . . . 

-• received commands often changes, ~uiring the entire queue to be re-sorted. 

Since the 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, 

· comIIU¥1ds 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 shortest.ti.me first algorithm selects the commands based upon the total access ....... ... . .. .. ~ . 
: '! ... . . 
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time inclUding seek time and rotational latency. Howev~, as discussed above; the shortest 

time first algorithm is impractical due to the large computation requirements. The grouped 

shortest time first algorithm divi~ the disc into a number of cylinder groups. The shortest 

.time first algorithm is applied ~ a selected cylinder group to service commands before 

adVa.ncing to the next cylinder group." The weighted shortest time first algorithm applies 

the standard 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 

commands and CalculateS an access time for each command given the known 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 determin¢d 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 algqrithm 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 command addresses outside of the rotational latency line 

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 aceess time first·scheduling algorithm is an improvement over 

sorting algorithms which merely minimize seek time between commands, 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 shortest access ti~e 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 ad~ition, the algorithm further requires an array containing 
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threshold values for each bm. The eight kilobytes of memory required for the array is 

. significant compared to the amount of memory available on some disc drives. 

In a first aspect this iitventiQll provides iI1 a system iitcludiitg a data retrieval 

element and a rotating medium, a method for decreasing rotational. latency comprising: 

dividing the medium mto 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 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 wi~ 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 iI1 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 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 iI1 the seek time array. 

In a second aspect this mvention provides in. a system including a data retrieval 

element and a rotating medium, a method for decreasing rotational latency comprising: 

dividing the medium mto a plurality of discrete angular regions; 
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for each cliscrete angwa.r 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 <?f 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 cliscrete angular region based on a current 

location of the retrieval element; 

searching a command queue array for a command that addresses a loeation 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 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; 

estimating a seek time fo:r 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 including a data retrieval 

element and a rotating medium, a method for decreasing rotational latency comprising: 

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

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

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

(c) for each discrete angular region, identifying_ the number of cylinders that may be 

traversed by the data retrieval element during N revolutions of the medium, wherein N is 

initially 1 ; 
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(d) 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; 

(e) incrementing N by ·one ~d repeating steps (c) and (d) if a command is not found; 

and 

(f) 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 n:>tational 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 addressing 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 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, 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 including a data retrieval 

element and a rotating medium, a method for estim~ting seel( 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 
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. 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 

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

distance; and 

estimating a seek ti.me for traversing the identified seek distance by: 

computing the seek ti.me if the seek distance of the command is greater than or 

equal to the preselected threshold distance,. and 

selecting the seek ti.me from the seek ti.me 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 ti.mes for distances traversed 

by the data retrieval element, the method being ch~terised by comprising: 

creating an initial seek ti.me 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 ti.me 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 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; 
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searching a comrnartd queue array for at least one coriHtiand that addresses a 

location within a selected discrete angular region;· 

identifying a seek distance t~ 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 

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 seek time from the seek time array if the seek ~stance 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 discrete angular region. 

. In an eighth aspect this inve~tion 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: 

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

traversed by the read/write 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 comniand queue array beginning with a command 

addressing a location within an angular region having an angular region value greater than 

an angular region value associated with the current position of the read/write element, and 

(e) estimating a seek time for the selected com~and 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 distanbe is greater than the threshold 

distance, 

(3) estimating seek time. for the command by: 

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

equal to the threshold 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 

(f) 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 descnbed, by way of example only, with 

reference to the accompanying diagrammatic figures, in which: 
. . 

FIG. I illustrates a plan view of a· rotating. disc and a read/write element with 

portions of the disc that can be reached by the read/write element 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 boundarie8 independent of the current position of the read/write element and 

assigned seek ranges based on the c~t 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 ~ternate 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 direction. Read/write element 

12 is shown positioned at location X 1 and moves clockwise relative to rotating disc 10. 

Cylinder path 14 (represented by a dashed line) is the current track or cylinder over which 

read/write element 12 is located. Maximum seek range 16 (represented by the shaded area) 

is the maximum range of cylinders that can be traversed by read/write element 12 on either 

side of cylinder path 14 during the time nece88ary for disc 12 to substantially complete one 

revolution from its current position at point X 1 · Seek range 16 has a radial length 18 

which defines the maximum number of cylinders 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 time necessary for disc 10 to complete one revolution, beginning from.point Xi, 

read/write element 12, will be able to traverse 200 cylinders. At point X 1, shaded region 

14 is extremely small because disc 10 requires an extremely small amou~t 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 X2, 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 X2 has significantly increased with 

respect to the radial length 18 of maximum seek range 16 at point X 1 · 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 traverse an even larger number of 

cylinders on either side of cylinder path 14. Accordingly, 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 cylind~). 

The present invention is a method for sorting or scheduling commands in a 

command queue array to substant:iajly minimize the time necessary to access commands. 

The method substantially minimizes command access time for a system by identifying a 

command from the command queue array which addresses a location within a region 

having the smallest rotational latency 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 dividing rotating disc 10 

into discrete angular regi.ons. FIG. 2 illustrates a method of dividing·rotating disc 10 infu 

angular regions having boundaries which vary and are radially spaced from one another 

based upon the present 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 20J 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 elenieni 12. The remaining angular regions 20B-20J are spaced 
,·:. .. .. 

therefrom. Angular regions 20A-20J and their respective boundaries 22A-22J rotate in 

conjunction with angular repositio~g of read/write element 12. 
. . . 

FIG. 3 illustrates disc 10 divided into discrete angular regions 40A-40J 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=O to 9, is 

assigned to discrete angular regions 20A-20J, 40A-40J based on the relative location of the 
. . 

. . 

region to tead/write element 12. In particular, the particular 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=l to N=9 .. The relative angular region 

numbers 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 angular 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 revolution. When disc 10 is 

divided into discrete angular regions having variable boundary lines as illustrated in FIG. 

2, read/write element 12 must cross at least appro~mately one angular region (1/lOth of a 

revolution) before reaching boundary line 22B and the discrete angular region having 

relative angular regio:Q. number N=l (region 20B). Similarly, read/write element 12 must 
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cross at least approximately two angular regions (2/lOths of a revolution) before reaching 

boundary line 22C and the discrete angular region having a relative angular region number 

N =2. Thus, each discrete angular ~o1:120A-20! is assigned a rotational latency value of 

N/lOths of a revolution, where N=the region's angular region number N. For the discrete 

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 anywhere between the 

counter-clockwise and clockwise boundaries of the particular discrete angular region. As 

the position of read/write element 12 approaches the clockwise boundary of a particular 

discrete angular region, the rotational latency of the next adjacent clockwise region 

(angular region number N=l) approaches zero. To account for this varying rotation3.l. 

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)/lOths 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/lOths of a revolution and is assigned a rotational latency of 9/lOths 

of a revolution. To insure a minimum of at least l/lOth 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 t6 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 Q~e .of seve~ parameters. For example, the limiting criterion may 

be defined by a number of cylinders that re'ad!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 angular 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 co~mand 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-24J are radially centered about the present or expected cylinder path 

14 of read/write element 12. As illustrated by FIGS. 2 and 3, cylinder ranges 24A-24J 

collectively form a template which is rotated in conjunction 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-24J 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-

24J represents a number of cylinders within the corresponding discrete angular region 20A-

20J, 40A-40J that. may be traversed by read/write element 12 on either side of the initial 

cylinder path 14 during the minimum time necessary for the counter-clockwise boundary 

line of the particular discrete angular region 20A-20J, 40A-40J 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 opportunities 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 th.an 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 rilaximum number of cylinders that may be traversed by read/write 
. . 

·element 12 during the tlme necessary 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-20J 

are preferably searched in ascending order beginning with the region having the small~t 

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 ~h continues, 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-24J 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~ by the number of cylinders 

that read/write element 12 may traverse during an additional revolution of disc 10 until a 
) 

command 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 revolution. Each element of tP.e 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 means that a seek can cross 100 

cylinders in 3/10 of a revolution. 

Initially, a revolution range.variable, RR, region variable, Nanda command 

variable, index, are initialized at zero in step 52. The revolution range variable, 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. . 

In 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 angular 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. Relative angular region number 

N =O is assigned to the region containing read/write element 12 just inside its counter­

clockwise boundary. Successive clockwise regions are assigned relative angular region 

numbers N=l to N=9. Beginning with region number N=l and ending with region 

number N =O, the rotational latency of each discrete angulci.r region 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. 
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In this example, if N=ll, 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.ar regions have been searched (N = 11), the method 

increments variable RR in step 62 by the number of cylinders that read/write element 12 is 

able to traverse during one additional complete revolution of the medium. Upon 

incrementing variable RR, ~e method resets N =O to again search angular region N = 1 in 

step 58. Consequently, the method 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 command (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 [l] is the first command in the 

queue, command queue [2] is the second command, etc. 

In step 68, the method determines whether it has checked all commands to 

determine if they address locations within the seek range 24 of 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 ~f 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 the 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 command 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/write 
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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) modulo 10. 

If the logical block address of command queue (index) falls within the parameters 

which define angular region N modulo 10, the·"cylinder delta", otherwise known as a 

"seek distance," is computed in step 71. The cylinder delta is the 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 the command queue. 

If it is determined that the cylinder delta is within the cylinder range of ~gion N 

modulo 10 and variable RR, step 73 requires execution of command 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 [l]) as indicated in step 74. In step 75, command queue (index) is 

removed from the command queue array. 

On~ 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 com111and from the present command 

queue array which meets the limiting criterion. However, because the "current position" is 

now the physical location of the last logical block address of the command executed in step 

73, angular regions N=O to N=9 are reassigned in step 56 t9 new physical locations or 

regions based upon the new "current position" of the read/Write element. Because each 

region N =O to N =9 varies based upon the "current position" of the read/write element, 
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the seek-range array constructed in step 50, which contains seek ranges assigned to each 

angular region N =O to N =9, acts as a template which rotates with the reassignment of 
. . 

regions N =O to N =9 in step 56. Thus, the present method requires less memory and 

computation time to optimally select a command 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 12 may traverse during 

the rotational latency of a particular discrete angular region, the method directly uses the 

rotational latency of the discrete angular 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 cyliilder path of the command 

address). must first be identified and be used to estimate a corresponding seek. time for 

comparlson to the rotational latency of the discrete angular region. As a result,. this method 

requires that the seek ti.me 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 during 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 necessary for the particular discrete 

·angular region containing the address to rotate beneath read/write element 12 by upwardly 

adjusting the estimated seek ti.me 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 8eek time versus see~ distance for a disc. As shown by 

the graph, the relationship between seek ti.me and seek distarice 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 distance is significant. Because a disc scheduling method must select 

the next command to execute during the access time of the current. command by computing 

seek times for a number of commands froni the command queue. the time available for 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 extremely 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 distance. For example, entry 

number 1 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 cylinders.· 

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 for 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 lin~ 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: 

EST(D) - + 'n-1 

where 

D = the identified seek distance traversed 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, 

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

tn-1 = time necessary for the date retrieval element to traverse the first preselected 

seek length, and 

tn = time necessary for the data retrieval element to traver~e the second·preselected 

seek length. 

Although the above relationship works well for the seek distances lying solely with.in linear 

reoion 78 of the seek profile, the above relationship 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 according to the relationship:. 

EST(D) -
(t'n-tn-JJ fD-Cn-JJ 

(Cn-Cn-JJ +tn-1 

where, 

EST (D) = estimated seek 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 

length, 

where, 

t'n - Ptn + M 
p + 1. 

t1 n = new estimated time for the data retrieval element to traverse the second seek 

f3 =asymptotic sample length, 

tn = previous estimated time necessary for the data retrieval element to traverse the 

second seek length, and 

M = (tn + ADJ - Ctm) (D - Cim) + tem 
Cn-Ctm 

where, 

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

Ctm =the maximum seek distance of the seek time array, and 

tern = the stored seek time corresponding to the maximum seek distance of"the seek 

time array. 

The method accesses a seek 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. Consequently, 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 (tj): 

{(c1,t1),(c2,t'.2), ... ,(Cn,tn)}. The defining set of ordered pairs is based on seek performance 

measuren:ients taken from a drive and is ideally selected so as to match the actual profile, 

addiiig ample margin to compensate 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 p~vides 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 seek time necessary for 

read/write element 12 to traverse the given seek distance. Based on the sensed actual seek 

times for see~ 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) = a.B+ (1-a.) (C+ADJ) 

r 
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where, 

D = seek distance, 

0 < a.< 1, 
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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 preselected constant and is 

related to the variance of seek measurements. Although seek .times fall into roughly a 

normal distribution about the mean seek 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. 

Alternatively, the previously stored seek time may be modified according to the 

relationship: 

NEW FIRST STOKED FIRST SEEK TIME(D)' = {JB+C+ADJ -
a+1 

where, 

D = seek distance 

a = 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 a 
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 a, otherwise known as the asymptotic sample length, is calculated according to the 

relationship: 
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where, 

f3 = a. 
1-a. 

O<a.< 1, and · · 

f3 = a positive integer. 
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In addition to modifying a stored seek time estimate in the 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 times in the adaptive seek 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 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 seek distance adjacent or at least proximate the first seek 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 second 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: 

NEWSECONDSTOREDSEEKTIME(D+o) - {3(181+1) B+C+ADJ 
(18I+1) ({3+ 1) 

where, 

f3 = asymptotic sample length, 

D = first seek distance, 

D+B =second seek distance, 

8 = distance in cylinders between seek distance D corresponding to sensed actual 

seek time and seek distance (D+S) corresponding to old stored second seek time,· 

B =previously stored second seek time for distance (D+B), 
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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 d~ribed 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 seek 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 seek 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 revolutions 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 dynamic 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 perfonnance 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 computing 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 les8: 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 

-

j 
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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 greater than the angular 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 seek 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 is computed using a linear equation. 
. , 

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 

ti.me 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 is 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 pro.file 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 li~ting 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 step 88, if the command queue is not empty, disc 10 is dividecl 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 with 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 angular regions haVing boundaries which vary based 

upon the current or expected position of the read/write element. Angular region N =O is 
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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 s~ 90, eacl_l angular region N =O to· N =9 is assigned a rotational latency based 
. . 

on the present location of the read/write element. Because region N =O 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 =O will always have a rotational 

latency of 9/lOths of a revolution. Region N=l will always have a rotational latency of 

one complete revolution. Regions N=2 to N=9 will have a rotational latency of N-1/lOths 

of a revolution, wherein N is the region number. Alternatively, if disc 10 is divided into 

regions having varying boundaries, region N =O will have a rotational latency of one 

revolution and regions N = 1 to N =9 will have a rotational latency of N/lOths 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, Iespectively. The 
. . 

variable N is used to indicate the particular region 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 addiesses 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 queµe (index) being presently evaluated does not 

address a location within region (N + 1) modulo 10, the method targets the next command in 

the com~and queue by incrementing the index in step 118. In step 120, the method 

identifies 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 of the discrete angular regions 

20A-20J have been searched. If all of the angular regions of disc 10 have not been 

searched, the method returns to step 94 for the next su~sive 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 [l] is the first command in queue, command queue [2] is the second 

command etc. 

In step 100, the identified seek distance Dis 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 a linear equation to estimate seek time 

for seek distance D. If the identified seek distance D is not ir.eater 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 read/write element to the first address addressed by 

command queue (index). The firmware senses the actual time required to move the 

read/write element radially across seek distance Din 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 seek 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 deviation~, 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 logical block address of command queue (~dex). 

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 1 is. 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 define region (N + 1) modulo 10 and which also have an 

estimated seek time less than 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 queue 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 <11), the method returns to 

step 94 for the next successive clockwise angular region. 

However, if all of the discrete angular regions 20A-20J have been searched, the 

method enlarges 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 theq. repeats beginning with step 92. Thereafte(, 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 rotational 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 detail 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 system iricluding a data retrieval element and a rotating medium (10), a 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 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 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 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 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. 

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

executing the command addressing a location in the range of cylinders in the 

selected discrete angular region of the medium; and charactetj.sed 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 preselected 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 threshold 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 ele~ent (12) and a rotating medium (10), a 

. method for decreasing rotational latency comprising: 

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

(b) assigning a rotational latency to each discrete angular ·region based on a current 

location of the data retrieval element; and characterised by further comprising; 
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(c) for each discrete angular region, identifying the number of cylinders that may be 

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 location Within a 

range of cylinders determined by the number of cylinders in the discrete angular region 

having the smallest rotational latency; 

(e) incrementing N by one and repeating steps (c) and (d) if a command is not found; 

and 

(t) 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 disc~te angular regions; 

assigning a· rotational latency to ea.Ch 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 addressing 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 rotational latency of the discrete angular region oo.ntaining 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. 
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5. The method of claim 4 further irtcluding: 

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 each comman4 and the previous revolution period. 
. .· 

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 . , 
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. 

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 corresponding to the first seek distance based 

upon the first sensed actual seek time for the first seek distance. 



------·------·-----··-· 

38 

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 FIRSTSTORED SEEK TIME (D) = a.B.+(1-a.) (C+ ADJ) 

where, 

0 <a. < 1; 

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 any 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) = (3B + C +ADJ 
(3 + 1 

where, 

D = identified seek distance; 

(3 = 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 variance of actual seek ti~es. 

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 time 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 method of claim 13 wherein 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: 

EST (DJ= 

where, 

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

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

Cn = a second preselected seek length within the linear region; 

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

seek length; 
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tn = time necessary for the data retrieval element to traverse the second preselected 

seek length; and 

D = the identified seek distance traversed by the data ~etrieval ele~ent for a 

oommand. 

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

equation according to the relationship: 

EST(D) = 

where, 

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

Cn-1 = a first preselected seek length within the linear region, 

Cn = a second preselected seek length larg~r than the first seek_ length within the 

linear region, 

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 _,,--- · 

command; and 

t'n = Ptn+M 
p+1 

where, 

~ = asymptotic sample length, 

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

length, and 

M = (tn + ADJ - CmJ (D - CmJ + ttm . 
Cn- Ctm 

where, 

l_ _, 
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ADJ = a preselected adjustment based on variance of actual seek times, 

Ctm = the maximum seek distance of the seek time array, and 

ttm = the stored seek time corresponding to the maxin:ium seek distance· of the seek 

time array. 

18. . 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 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 traversirig a first see~ distance by reading the first stored 

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

19. In a 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 laiency 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 <Ustance 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 ~e seek dis~ce of the command is ~ than the 

preselected threshold distance, and 

selecting the seek 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 discrete angular region. 

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

method to decrease access time during a short seek comprising: 

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

traversed by the read/write 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 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, 

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

distance, 

. (3) estimating seek time for the command 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 

(f) executing the ~mmand if t_he 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. 

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 previous 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. 


