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rotating disc, drive mem)r re partl e present

i nvention relates to seek ﬁ ﬂi #bt at i ng |nedi aR@pLd\ogm part cular in

i nvention rel ates to a rret g the conmmand queue to red ﬁM
rotational latency in disc drlve rrermry assenblies. Rotati-ng disc tg. RQ@F\/
i ncl ude one or nore discs dr¥FdRAD REQUCING ROTATIONAL LATENCEach di sc

has a plurality of concentric tracks r @Q}\#l surfaces from which
information is read or onto which mfgﬁr&%ﬁ? itten by a read/wite
el ement. In a disc drlve system a disc rotates at a high speed while the
read/ wtte elenent "flies" over the surface of the rotatlng di sc. The

read/wite el enent i Thepeescat tnventiomrelates el gperaionsin rotating media and in'particular
accor dance wthﬁmd&rﬁglg&;romthe hostmer ‘e present invention
relates to a method for Sorting the command queue to reduce rotational latency in dise
Rotting disc memories include one or more discs driven about a vertical spindle
axis. Each disc has a plurality of concentric tracks on one or both surfaces from which
information is read or cato which information is written by a read/write element. Ina
| disc drive system, a disc rotates at a high specd while the read/write element *flies® over
the surface of the rotating disc. The read/write element is positioned over specific arcas
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 o as the "command queus”,
Traditionally, disc drives have sorted the command queue in an order that
‘mjnimizes the seek time between the various commands. 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 Iatency time is 2
significant part of the total access time for all but the longest seeks. On average, it Is the
dominant component of the total access time for relatively short seeks.
To determine the optimum order of execution of a set of commands, it is
demabhmconndcrﬁwﬁﬂlmﬁmebﬂwmwmmandsmﬂmthmmplyﬂleuek
* time, An:dealmngalgoﬂﬂmwmldmﬂxeeommdqlmmmduwayﬂmthe
mmofﬂ:emﬁmofaﬂofﬂncommﬁsmthequmnmﬁﬂmized. This would
involve computing the sum of the access times for each of the possible orders of the
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previously received commands often changes, requiring the entire queue to be re-sosted.

Since the above-mentioned ideal algorithm is impractical, an alternative method
of sorting is required. One improved method of sorting would be to choose the next
command to be executed by searching the command queue to find the command with the
shortest access time. Although this does not result in a guaranteed minimum sum of all
command access times, it comes relatively close.

To computs the access time of an arbitrary command, the disc drive controller
firmware must first compute the seek time for the command. The seek time is the time
required to move the read/write element from the present track to the desired track.
Next, it must determine the expected rotational position of the disc drive afer the seek is
complete. Since different disc drives will have different seek charactexistics, the
firmware must provide for some margin of error when computing seek times. For very
Tong seeks, this margin of error may be quite large and hence, impractical for
implementation of the present inveation. A sorting algorithm which minimizes rotational
latency for commands with relatively short sceks, however, would be a significant
contribution to the art.

- In a first aspect, this invention provides, in a system including a data retrieval
ehmunamianmmmgnwﬁmm,anzmmdﬁxdamumhgnnmkmﬂlauwydmmmnﬁsﬂ
by comprising; |
building a seck range array corresponding to discrete angular regions on the medium;

searching a command queue array for a command in a selected discrete angular
tegion; and



desirable to consi deg;khy time be R—-correRds——ahher than
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conputing the sum of th a ess ti or each tB EosmBle prders of e
queue. Conputing accBEH %Nﬁ’é éh?far t oo
conput ati onal | ymbgh@nsi ve to do in a real-tl me system such as a disc driyve.
For exanple, there are over three nillion possible orders in a set of ten

commands. Modern di mmmmmmmw%%ammmmhe
command queue. In addition, the

element and a rotating disc, ammdmmmumamaﬂm
seck characterised by comprising:

building a seck range array corresponding to the discrete angular regicas;

buildmgaoommandqueuemy; '

searching the command queue array foracommzndinmsmdxmm
regions; and |

executing the command found in a discrete angular region.

In a third aspect, this invention provides, in a disc drive system including
read/write element and a rotating disc, a method to decrease access time during a shost

| seek characterised by comprising:

building a seek range array;

searching a command queue array for a command;

oompuﬁngamtaﬁonalhtmcyﬁnmamumtpoﬁﬁon of the read/write element
to the command in the command queue;

executing the command found in the command queue.

In a fourth aspect, this invention provides a system including a rotating medium
having a plurality of tracks, a transducing element adjacent the rotating elemeat and a
command queue array containing commands identfying locations oo tracks, a process of
moving the transducing element from adjacent a location on a first track to adjacent a
location on a different track ideatified by a command with minimal rotational latency
characterised by comprising:

building a seek range array defining locations on piural tracks that may be
accessed within one revolution of the medium as the transducing element is moved from
the first track;
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"di sc schedul i NQughfNind ggg\g?ml X Wnter 1990 Technical Proceedi ngs, pp.
313-324, January 22, 1 ( ef'einafter "Disc Schedul i ng ). In addition to
di scussing the fi r st W?J&Ed e above descri bed
shorter seek first algorit hm the disc scheduling arti cl'e di scusses SCAN,
CSCAN, shortest ti mhhmwmmmmmmmgm ed
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bmldxngased:msumydcﬁmnghunmsonphmm:humybe
amsedwiﬂ::nmmduﬁmofthemdnsthemnsdmgdementumvedﬁm
the first track;
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compuﬁngmtaﬁqmllumc’mﬁomawmtm&mofﬂummm
to locations addressed by identified commands in the command queue array; and
: selecting the identified command having the smallest rotational latency.
Thepmsentinmdmisamﬂhodmnﬂninﬁzem&ﬁmall;ﬂncyforsbatseah.
i More particularly, the method requires the firmware (0 search the command queve for
commands which have a starting logical block address (LBA) that is 0.1 t0 0.2 of 2
revolution away from the current rotational position of the read/write element. If one of
I ' " these commands has a starting cylinder number which is close enough to the curreat
' cylinder. position of the read/write element to allow a seek to camplete within 0.1 of a
~ revolution, then that particular command is cxecuted. Otherwise, the firmware searches
the command queue for commands with a starting LBA that is within 0.2 t0 0.3 of 2
revolution away from the current position of the read/write element. If a command can
be completed within a seek time of 0.2 of a revolution or less, then that particular
command will be executed, If 00 such command is available, the firmware searches for
commands with a starting LBA that is 0.3 to 0.4 of a revolution away, etc. If 10
commands are found which can be accessed within one revolution of the disc, the
firmware scarches the command queue for the command which has the shortest expected

command queue in msagggétggslBe t| ons is dyna I‘RS smEg]tHA& BEENS ‘new
commands are const romthe hogt (IEw , tHe optimm
order of execution} Hlﬂﬂ o
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cylinder group LBAsdn differentecondingohes canmet

D e i g i i B ot aﬁﬁhﬁﬁv%ﬁé@?ﬁ@f%
determ ned by ”&Sgﬁ&%&ﬁ. s&%ﬁ&&&éf%ﬁﬂew&m@dmmh
achcommandismvmedinmacyﬁnk,w.andangm:rtegimm'_m
angular region numbers (c.g. N=1.. .N=100) provide 2 common system of measurement |
for all LBAs regardless of recording zone. 'Iheseanguhrregmnnumbenarealways
treated *modulo 100°. For example, the difference in rotational position from angular
. regioa 90 to angular region S is 15. The firmware treats an angular region difference of
10 to 19 as 0.1 of a revolution and 20 to 29 as 0.2 of a revolution, etc.
Embodiments of the invention will now be described by way of example oaly,
| with reference to the accompanying diagrammatic figures in which;
| Figurelshowsaplanviewofamﬂngdisc,potﬁmsofﬂlediscwhichmbe
| reached within one revolution of the current position of the read/write element are
shaded;

Figumzshowsmwngdiscofﬁgmldividedinmdismangularmgiom
- a3 required by the method of the present invention; and

Figme3haﬂowdiamofmemofmemethodofthemtinvmﬁonmd
BsplhbmmFigmuSAmmidmﬁalpuuhavingmemmfuwcenm
throughout.

Figure 1 shows a plan view of rotating disc 10. Read/write element 12 is shown
positioned at Jocation X1 on disc 10. Skaded area 14 represeats the seck range [N] or
the number of cylinders that can be traversed by read/write element 12 during one dise
revolution from its current position at point X1. For example, assume that read/write
element 12 is able to cross a total of 200 cylinders in one revolution of disc 10. More
puﬁcmady,wmecmenmnmumn,nunMgfhxnpnhan,nadhuﬂedumaanvﬁnbe
able to traverse 200 cylinders. At point X;, shaded region 14 is very small because a
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cal cul'ati on thetotal S It|p||ed bya\/\/elghtlng val ue w:

, [
The value Wis corrpute %ﬁe‘%ﬁ? he hOW chh e ; Rehol e the
command wi'll exceed a respon e m’_is SHEE _ di sc -

schedul i ng al gorit hm i s i scussed

in Jacobson et al. SC Schedul [ n AI gori t hm Base X TOar

Posi tions", Hew Yoy SPall perpentags o6 |mmmmcwmm
February 26 199 e hortest access tinme first al i thm scans
t he command queu%"o?i&pme’&ri%rﬂ%@ %ﬂ“&ﬁ? E‘é@@gt (FER Fgyerse
each command gi vmﬁmhmﬁ*,%*ﬁg linﬁ&sa@mﬂﬁnﬁ:hh t

disc is idle), or the expected positi g&%w y’m

width of shaded area 14 at point X hes significantly increased with respect o the
amount of shaded area at point X). At point X3, an entire disc revolution is aimost
complets. Accordingly, the portion of shaded area 14 immediately adjaceat point X3
represents the greatest area of the disc that may be crossed it ane revolution
(approximately 200 cylinders).

Figure 2 shows rotating disc 10 and shaded area 14 of Figare 1 modelled in
discrete angular regions as required by the method of the present invention. More
particularly, disc 10 is divided into ten angular regions labelled N=0, N=1, N=2,
N=3...N=9 wherein "N" is refative to the current actuator position.

In operation, read/write element 12 may be positioned at point Y1 which is the
boundary between regions N=0 and N=9. The method requires the firmware to initially
search the angular region labelled N1 for an executable command. If 2 command is
found within region N=1, the firmware then determines if the number of cylinders
read/write element 12 must traverse to reach the start of the found command is within the
seek range for that pasticular angular region. If the command is within the seek range

'(‘x.q._ the shaded area), the command is executed. If no command is found within the
seek range, the firmware searches angular region N=2 for a command within the seek
range of that region. |
Bach angular region is searched in a clockwise fashion until an entire revalution of the
disc is complete, If no commands can be found within any of the seek ranges (i.e.
shaded areas) of each region, the firmware executes the command which requires the
shortest seck time with respect to the current position of the read/write clement,

Figure 3 is a flow diagram of the steps of the method of the present invention. Tn
step 30, a scek range array is built, The seck range array is indexed acconding to time in
units of teaths of a revolution. Each element of the array coutains the number of
cylinders which can be crossed in the amount of time corresponding to the element's
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cal cul ates an adddeddothegommand quene abany tirae. c Jndiep 34,
non-enpty bin fouanter tn& accessﬁ:te'ﬁgwmmgeuangularmglonﬁ-i Instep36,
the firmware accesses the first command (Le. indexw=1) of ths command queue index.
The command queue index is an array that contains each command in the command
queve. Thus, command queue [1] is the first command in the queue, command queue
[2] is the second command, etc.
) In step 38, the firmware computes the rotational latency from the current position
of the read/write clement to the command in command queue [1].
In step 40, the firmware determines if the rotational latency computed in step 38
i is N/10ths to (N+1)/10ths of a revolution away from the current position of the
| - read/write element (i.e. within the parameters of region N=1). If the rotational latency
| falls within the parameters which define angular region N=1, in step 42, the "cylinder
' delta” is computed. The cylinder delta is the number of cylinders from the current
position of the read/write element to the start cylinder of the command in command
! * queue [1].
| In step 44, the firmware determines if the cylinder delta is less than or equal to
seek range of angular region N=1. The decision in step 44 determines whether
command queue [1] is in the shaded area of angular region N=1. If it is determined that
ﬂwcyﬁnderdelraiswimmﬁxeshadedmmp%mquhesmﬁonofmemmndin
command queue [1). Upon execution of the command, the current position of the
read/write element is now the physical location of the last LBA of the command just
executed (i.¢. command queue [1]). Inswp48 command queue [1] is removed from the
command queue array.
If after step 40, the firmware determines that the rotational latency is not within
: IN/10ths o N-+1/10ths of a revolution away from the current position of the read/write
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t hreshol d val ue g ggents the |argest possi bl e access tine a comand may
have to be executed. After an access tine is 4

In step 52, the firmware verifies that it has checked all commands to determine if
they meet the parameters of N==1. The verification is accomplished by finding if the
index number is greater than the number of commands. If the index number is less than
thenumberofoommarﬂs.thaﬁmmmpeanm_%a.seqm If the index
numbez is greater than the number of quened commands, in step 54, the firmware targets
the next succeeding angular region N=N+1.

In step 56, the firmware determines if an eatire disc revolution's worth of regions
have been scarched. In this example, it is determined if N=10. If an entire disc
revolution's worth of regions have not been scarched, the method requires the Srmware
to return to step 36 to begin the search procedure again for the angular region N=N+1.

If N=10, however, a new protocol is instigated. More particularly, in step 60,
the firmware searches the command queue for the command with the neaxest starting
cylinder with respect to the current cylinder position of the read/write element. Once
this command is found, the *index*® of this command is set. Upon completion of step
60, the method requires the firmware to execute the command and remove it from the
“queue in accordance with steps 46 and 48, respectively.

mmethodiuﬁmcﬁcalwaymsigniﬁmﬂymducetheammmtofmﬁme
associated with short seeks in memory assemblies which employ a rotational storage
medium. By searching the command quese 10 find and execute the command with the
shortest access time, the efficiency of data retrieval is enhanced.

Although the present invention has been described with reference to preferred
embodiments, warkers skilled in the art will recognise that changes may be made in form
and detail without departing from the spirit and scope of the inveation.

This invention provides in a system including a data retrieval element and &
rotating medium, a method for decreasing rotational latency comprises;

for each of the comman alé:ullg dg the corrmand having the _shortest
access tine is general ﬁ[:ver : nKS'iBEEﬁi | i nders. on
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which nerely mnimze seek tinme between commands, -the shortest access tine
first al gorithmposiiosyeanér al drawbacks. First, the shortest access tine

first method is extrenely time consum ng for commands which addre
clustered | ocations 6recubing e semmund ig ther mwé?he
command queue malxédlat
Thisinvmﬁmpmvidahzadindﬁvesymindudingamﬁimdmtm
a rotating disc, a method to decrease access time during a short seek comprises:
building a seek range array corresponding to the discrete angular regions;
building a command queue array; |
searching successive discrete angular regions for a command in the command quene
array; and
executing the command found in a discrete angular region.
i 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 comprises:
building a scek range array corresponding to the discrets angular regions;
searching a command queue array for a command;
compuﬁngamnﬁm;lhmncyﬁmnﬂxemmtposiﬁonufﬂ\emadlwﬂww
to the command in the command queue;
executing the command found in the command queue; and
| removing the executed command from the command queue.
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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each possibl e stlart i lngs gistem includiogia date netrievakelenent (12) mnd & ootating madinm, (1D,R o,
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2, The method of claim 1 wherein building a seek range array corresponding to
discrets regions on the medium comprises:

! determining a number of cylinders which may be traversed by the data retrieval
element during one revolution of the medium, dividing the media into a plurality of
discrete angular regions, and assigning cylinders of the number of cylinders to respective
angular regions.

3.  The method of claim 1 or claim 2 and further comprising exccuting a command
having a shortest access time with respect to a current position of the data retrieval
element.

4.  Inadisc drive system including a read/write element (12) and a rotating disc
(10), a method to decrease access time during a short seek is characterised by
comprising:
dividing the disc into discrete angular regions (14);
Mngammumymmndmgwthedimmﬂatma
buildmgacommqummy
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5. In a disc drive system including a read/write element (12) and a rotating disc
(lm,ammmmmmaMukhww

comprising:

anas&mpmywwwumwm(u);

senrchingacommnc_lqmamyforacommand;

compuﬁngamﬁomlhmﬁcmﬂwqm@ﬁmofmwlwﬁndm

to the coromand in the command queue; and .
executing the command found in a discrets angular region.

6. The method of claim 4 or claim S whexein the seck range represeats a number of
cyﬁnduswhichmybeumudbyﬂwmd!wﬁtcelmanwithinamolnﬁmoﬂhedisc.

7. ° The method of any one of claims 4 to 6 and further comprising executing a
command having a shortest access time with respect to a current position of the

- read/write element.

8. The method of any preceding claim wherein executing the command comprises

determining if the command is within a seek range.

9. mmamymmmmmmmmm

command from the command queue array.

10. Ina system including a rotating medium having a plurality of tracks, 2
m:dumgdamtwmmmungdemmtandammmdqmmymm
wmmndsﬁumfymgmsmmh.amofmmﬁemmm
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selecnngaloaﬂonmmeseeknngsmaymﬁedbyacommndmm
. comnmdquenemy'and |
mvmgﬂumﬂumngdmtbﬂwmm

11.  The process of claim 10 wherein building the seek range array comprises:
dividing the medium into a plurality of discrete angular regions, and
for each angular region, identifying a aumber of tracks on the medium that may
be traversed by the transducing element from the location on the first track during one
' revolution of the medium.

12.  The process of claim 10 and wherein the location in the seek range array is
selected as having a sbortest access time with respect to the Jocation on the first track.

-13,  In a disc drive system including a transducing element and a rotating media, a
process to decrease access time during a short seek characterised by comprising:
building a seck range array defining locations on plural tracks that may be
accessed within one revolution of the media as the transducing element is moved from
the first track;
identifying commands in a command queuc array addressing locations in the seek
range array;
' computing rotational latencies from a current location of the transducing element
to locations addressed by identified commands in the command queue array; and
selecting the identified command having the smallest rotational latency.



assi gni ng a rotational | atency to each discrete anmgsqlg h@,gé n,based -on a
current |ocation: ollll'lmmﬁmunﬁlilmval el enggt ; sea et egn Clueue
array for a comman a | ocati On W|th| ders
determ ned by the nd‘rrbér bf cyI Snders in the di scre haV| ng
the smallest rotgtio | aten a xecuyt e onmand addre55| ng a

| ocation in the l?ang *émpf ﬁ?ﬁe% d’; regl on.

of the nedi um Inaw W w by @ disc drive
systemlncludlngaread/vvrlte errent and”a ro atlng ﬁls mathodto :

decrease access ti ne faheacingngalas region, Warmwmmmmy
dividing the disc into a plurality of discrete angular regions; assigning a
rotational | aterReyraversed fmusdudieg elepent Sromy the Ferrent losatioa iripg emmhgﬂm

of the medium.

1S.  The process of claim 13an§fmhucnmpaiﬂngmovingtheidendﬁedmmd

16.  The method of any one of claims 4 to 7 wherein the seek range arzay represeats
| the cylinders which may be crossed by the read/write element within the time taken to
rotate the disc through the respective discrete angular regions.

3 17.  The method of any preceding claim wherein a command queus array comprises
' eachcommandintheeommandquwe.
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ABSTRACT

METHOD FOR REDUCING ROTATIONAL LATENCY
IN A DIC DRIVE

A method far reducing rotational tatency in a system employing a rotating
medium (10) includes dividing the medinm into discrete angular regions (N=0...N=9),
building a seek range array corresponding to the discrete angular regions, searching a
command queue array for a command, executing the command and removing the
executed command from the command queue array. In this manner, commands within
the shartest access time of a current position (Y1) of a data retrieval element (12) are

executed.

[Fig. 2]
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relates to a method for sdrting the command queue to reduce rotational latency in disc
drive memory assemblies. |

Rofating disc memories include one or more discs driven about a vertical 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. Ina
disc drive system, a diéc rotates at a high speed while the read/write element "flies” over
the surface of the rotating disc. The read/write element is positioned over specific areas
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 the seek time between the various commands. 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 latency time is a
significarit part of the total access time for all but the longest seeks. On average, it is the
dominant component of the total access time for relatively short seeks.

To determine the optimum order of execution of a set of commands, itis
desirable to consider the full access time between commands rather than simply the seek
time. An ideal sorting 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
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ABSTRACT

METHOD FOR REDUCING ROTATIONAL LATENCY

IN A DISC DRIVE .

A method for reducing rotational latency in a system employing a rotating medium

(10) includes dividing the medium into discrete angular regions (N =0...N=9), building a

seek range array corresponding to the discrete angular regions, searching a command queue

array for a command, executing the command and removing the executed command from the

command queue array. In this manner, commands within the shortest access time of a

current poSiﬁon (Y1) of a data retrieval element (12) are executed.

(Fig. 2)
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of the present invent

particular 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 vertical 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 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 element is positioned over specific areas
of the disc in accordance with commands received from the host computer.

The SCSI inierface protocol provides a mechanism for host computers to send
multiple commands to a disc drive: It allows the disc drive to determine the opﬁmu;n
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 the seek time between the various commands. 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 latency time is a
significant part of the total access time for all but the longest seeks. On average, it is the
dominant component of the total access time for relatively short seeks.

To determine the optimum order 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 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
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drives can have up to 64 or more commands in the command queue. In additior, 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, requiring the entire queue to be re-sorted.

Since the above-mentioned ideal algorithm is impractical, alternative methods-of
sorting have been devised. Several alternative disc scheduling algorithms are discu,ssgdff
in Seltzer et al., "disc scheduling revisited", Usenix Winter 1990 Technical Proceédings,.:
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 lqcations 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 time first algorithm selects the commands based upon the total access
time including. seek time and rotational latency. However, as discussed above, the
shortest time first algorithm is impractical due to the large computation requirements.
The grouped shortest time first algorithm divides the disc into a number of cylinder
groups. The shortest time first algorithm is applied to a selected cylinder group to
service commands before advancing 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
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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 givgn 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 calculate:d_ 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 determined by a
current position of read/write element. The order of bins to be searched based upor; 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
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
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all the command addresses within the bin is greater than the threshold value, the

algorithm repeats by scarlriing 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 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 .t_im'é. .
first methbd 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 may contain an extremel); 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 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
threshold values for each bin. The c?ight kilobytes of memory required for the array is
significant compared to the amount of memory available on some disc drives.

Another improved method of sorting would be to choose the next command to be
executed by searching the command queue to find the command with the shortest access
time. Although this does not result in a guarantéed minimum sum of all command access

times, it comes relatively close.
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Next, it must determine the expected rotational position of the disc drive after the seek is
complete. Since different disc drives will have different seek characteristics, the
firmware must provide for some margin of error when computing seek times. For very
long seeks, this margin of error may be quite large and hence, impractical for
implementation of the present invention. A sorting algorithm which Mimizes rotational
latency for commands with relatively short seeks, however, would be a sigﬁiﬁc;ant. "
contribution to the art. . .-‘ A

In a first 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:

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;

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 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.

In a second 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 characterised by comprising:

dividing the disc into a plurality of discrete angular regions;

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

location of the read/write element;
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requires the firgyadhing #coniRfabd QuéltcarrfTor atoditarddesiYsing of loedtidntvh theeue
i n accordance with steps 46 and 48, respectively. The nmethod is a practical

way to $i gndiké Gathin ¥ rangd WE eylifderadetemined backessmbernaf cylinders and in the

discrete angular region having the smallest rotational latency; and executing the
command found in a discrete angular region.

In a third aspect, this invention provides, in a disc drive system incl_uding a
read/write element and a rotating disc, a method to decrease access time dﬁﬂng a shoxt
seek characterised by comprising: ; Lt s

'(a) dividing the disc into a plurality of discrete angular regions; ‘

(b) assigning a rotational latency to each discrete angular region based on the
current position of the read/write element;

(© defining a seck range by identifying, for each discrete angular region, a
number of cylinders that may be traversed by the read/write element during the time to
rotate the disc through a predetermined number of discrete angular regions on the disc;

@) searching a command queue array for a command addressing a location in
the seek range and in the discrete angular region having the lowest rotational latency;

) moving the read/write element relative to the disc to the location addressed
by the command found in the discrete angular region and executing the command; and

® removing the command from the command queue.

In a fourth aspect, this invention provides, in a disc drive system including a
transducing element and a rotating media, a process to decrease access time during a
short seek characterised by comprising: .

dividing the media into a plurality of discrete angular regions; and

for each angular region, identifying a number of tracks on the medium that may
be traversed by the transducing element from the current location during one revolution

of the medium;



associated with short seeks in menory assenblies whi clympIRrE AT GEmnal
storage nedium By searching the commang queue to find™ |‘ ¥ :

command with the shortest access tine, the efficiency] gf data retrieyjall is
enhanced. Al though the present invention has been descr|i b&é APRNI9%T ¢r ¢nce
to preferred enbodi ments, workers skilled in the art jwi|ll recognise fhat
changes may beassigdingi awotasionalalatence taa¢dchdisciese angidgraregdiongpaseo ol ERATISHE r if t

and scope of the invention. This invention provides iln.a.systemincluding a
dat a r et riogatign of|thedransdyping £lemangt i ng medi um a nethod for decreasing

rotational |atency. conprises; buildi K . di t
di screte angul QF“glf@ﬁﬁgonE%‘hW@%@um{gﬁ?ggﬁgaﬁﬁ q r%éﬁ?ri?ﬁcﬁgra{ﬂsgﬁgﬁgrsl fgr

a command in a sel ected discrete angul ar regi on; and
range; anﬁ 9 9 '

selecting an identified command addressing a location in the discrete angular
region having the smaller rotational latency.

The present invention is a method to minimize rotational latency for short seeks.
More particularly, the method requires the firmware to search the command queue for
commands which have a starting logical block address (LBA) that is 0.1 to 0.2.0f a -,
revolution away from the current rotational position of the read/write element. If c;ng. of
these commands has a starting cylinder number which is close enough to the current |
cylinder position of the read/write element to allow a seek to complete within 0.1 of a
revolution, then that particular command is executed. Otherwise, the firmware searches
the command queue for commands with a starting LBA that is within 0.2 to 0.30fa
revolution away from the current position of the read/write element. If a command can
be completed within a seek time of 0.2 of 2 revolution or less, then that particular ’
command will be executed. If no such command is available, the firmware searches for
commands with a starting LBA that is 0.3 to 0.4 of a revolution away, etc. If no
commands are found which can be accessed within one revolution of the disc, the
firmware searches the command queue for the command which has the shortest expected
seek time.

The firmware must have some method of determining the difference in rotational
position between two LBAs. Although this could be accomplished by converting the
LBA numbers into a physical address (i.e. cylinder, head, sector) the sector numbers of
LBAs in different recording zones cannot be compared easily. To resolve this situation,
the method requires the firmware to divide the disc into a number (e.g. 100) of discrete
angular regions. For the purpose of sorting the queue, the starting and ending LBA for
each command is converted into a cylinder, head, and angular region address. The

angular region numbers (e.g. N=1...N=100) provide a common system of measurement



executing the command found in the selected discrete angul ar region of the
medi um 12 This invention provides in & disc drive systemincluding a
read/ wite elenment and a rotating disc, a nethod to decrease access tine
during a short seek conprises: dividing the disc into discrete angul ar

£010nS] DUk gs SERERUIERIAY 0" ARG i iS4 g
angul ar regyefsd FAbd@o 00 B R, Eﬁi‘arﬁﬂﬂ‘é, HRIEEEn & R YUBtational position from angular
. region 90 to angular region 5 is 15. The firmware treats an angular region difference of
10 to 19 as 0.1 of a revolution and 20 to 29 as 0.2 of a revolution, etc.
Embodiments of the invention will now be described by way of example only,
with reference to the accompanying diagrammatic figures in which;
Figure 1 shows a plan view of a rotating disc, portions of the disc which can be
reached within one revolution of the current position of the read/write element are
shaded; |
Figure 2 shows the rotating disc of Figure 1 divided into discrete angular reéipngv .
as required by the method of the present invention; and -

Figure 3 is a flow diagram of the steps of the method of the present invention and
is split between Figures 3A and 3B, identical parts having the same reference numerals
throughout.

Figure 1 shows a plan view of rotating disc 10. Read/write element 12 is shown
positioned at location X on disc 10. Shaded area 14 represents the seek range [N] .61'
the number of cylinders that can be traversed by read/write element 12 during one disc
revolution from its current position at point X1. For example, assume that read/write
element 12 is able to cross a total of 200 cylinders in one revolution of disc 10. More
particularly, within one revolution, starting from point X1, read/write element 12 will be
able to traverse 200 cylinders. At point X1, shaded region 14 is very small because a
very small percentage of the disc revolution is complete. At point X9, however, half of
a revolution has passed. The number of cylinders that read/write element 12 can traverse
within half a disc revolution is approximately 80-120 cylinders. Correspondingly, the
width of shaded area 14 at point X has significantly increased with respect to the
amount of shaded area at point X1. At point X3, an entire disc revolution is almost

complete. Accordingly, the portion of shaded area 14 immediately adjacent point X3

represents the greatest area of the disc that may be crossed in one revolution

(approximately 200 cylinders). REPLACEMENT SHEET
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array; and executing the command found in a discrete
I nvention provides in a disc drive syst emg’ ncl udi ng ¢
and a rotating disc, a nethod to decrease “access ti
conprises: building a seek range array correspondi ngjtp t
angul ar regions; searching a command queue array forfa%ee+m
rotational .| at en®ygure @rshbwe rotatingdisc 10 and ishaded fardahbt
the command in the command queue; executing the co gle S
command quediscretahgubaruegings ahreqeired by de wethnd of ther presenb inveotiomnMageeue.
The aforegoing description has been given by way of exalrlﬁ‘lje only and it
wi |l be apppadicalady, gisc d0pedividedsnio tee @ngylat regions dabelled Nrobi Nithat i ons can
be made w t hout . . . .

N=3...N=9, N=10 wherein "N" is relative to the current actuator position.

In operation, read/write element 12 may be positioned at point Y which is the
boundary between regions N=9 and N=10. The method requires the firmware to
initially search the command queue for an executable command within the angular region
labelled N=1. If a command is found within region N=1, the firmware then determines
if the number of cylinders read/write element 12 must traverse to reach the start of the
found command is within the seek range for that particular angular region. If the °
command is within the seek range (i.e. the shaded area), the command is execute'd-. If no
command is found within the seek range, the firmware searches the command queue for
a command within the seek range of the next angular region N=2.

Each angular region is searched in a clockwise fashion until an entire revolution of the
disc is complete. If no commands can be found within any of the seek ranges (i.e,
shaded areas) of each region, the firmware executes the command which requires the
shortest seek time with respect to the current position of the read/write element.

Figure 3 is a flow diagram of the steps of the method of the present invention. In
step 30, 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 the array contains the number of
cylinders which can be crossed in the amount of time corresponding 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. |

In step 32, the firmware 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 34, it has been determined that the
command queue is not empty, so the firmware fargets angular region N=1 by initialising

N at 1. In step 36, the firmware accesses the first command (i.e. index= f) of the

command queue index. The command queue index is an array that contains each

i i
A



depairti ng fromthe scope of the present invention.
systemincluding a data retrieval el enmentjg(12) and
a method for decreasing rotational latency is chara

discrete angular region, identifying a nunber of cyl} rders-i. 2 Jo)

t raver sed mpmmanddatthe eemmand gueust e"gbm commang queus Hd isthedist cammandmfthge
medi um assigning a rotational, |atency to each discr S
based on a QEPe.OMMyKLqYeyn [ok istheoscqahd cOBIRNEASIF- el enent ;

In step 38, the firmware computes the rotational latency from the current position
of the read/write element to the position of the command in command queue [1].

In step 40, the firmware determines if the rotational latency computed in step 38
is N/10ths to (N+1)/10ths of a revolution away from the current position of the
read/write element (i.e. within the parameters of region N=1). If the rotational latency
falls within the parameters which define angular region N=1, in step 42, tl:le "cylinder
delta” is computed. The cylinder delta is the number of cylinders from the current - -
position of the read/write element to the start cylinder of the command in command ot
queue [1].

In step 44, the firmware determines if the cylinder delta is less than or equal to
seek range of angular region N=1. The decision in step 44 determines whether
command queue [1] is in the shaded area of angular region N=1. Ifitis deterrhined that
the cylinder delta is within the shaded area, step 46 requires execution of the command in
command queue [1]. Upon execution of the command, the current position of the -
read/write element is now the physical location of the last LBA of the command just
executed (i.e. command queue l[l]). In step 48, command queue [1] is removed from the
command queue array.

If after step 40, the firmware determines that the rotational latency is not within
N/10ths to (N+1)/10ths of a revolution away from the current position of the read/write
element, or if after step 44 it is determined that the cylinder delta is greater than the seek
range [N] of that particular angular region, the command queue index is increased by one
in step 50.

In step 52, the firmware verifies that it has checked all commands to determine if
they meet the parameters of N=1. The verification is accomplished by finding if the |
index number is greater than the number of commands. If the index number is less than

the number of commands, the firmware returns to step 38. If the index number is



sear chi ng a command queue array for a conmmand that addresses a 1| ocation
within a range of cylinders determ ned byjithe nunber of cylinders in the
di screte angul ar regi on having the snallest rotational |atency; and
executing the command addressing a |location in the range of cylinders in
the sel ected discrete angular region of the nedium 2. In a disc drive
syst em i ncl gréatarythan theaoumbértof quicverbenmimards, imstep S othgtfitmpvare sargets ¢he next
met hod to decrease access tinme during a short seek is characterised by
conpri si ng: sugpeedingrapeulae regiee N la pllurality of discrete angular regions
SESRCEERE R NOT ST ME T TR, P TR R
region, def lilar\]/ie%%er? se%?cﬁliédr n9his %%aljnglee? Eull LXtiirréQHis% &%gfﬁ%n@fworth of regions has
been searched if N=11. If an entire disc revolution's worth of regions have not been
searched (i.e. N<11), the method requires the firmware to return to step 36 to begin the
search procedure again for the angular region N=N+1.

If N=11, however, a new protocol is instigated. More particularly, in step 60,
the firmware searches the command queue for the command with the nearest starting "
cylinder with respect to the current cylinder position of the read/write element. On‘ce_ " =
this command is found, the "index" of this command is set. Upon completion of étep . :
60, the method requires the firmware to execute the command and remove it from the
queue in accordance with steps 46 and 48, respectively.

The method is a practical way to significantly reduce the amount of access time
associated with short seeks in memory assemblies which employ a rotational storage
medium. By searching the command queue to find and execute the command with t.he
shortest access time, the efficiency of data retrieval is enhanced.

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

This invention provides in a system including a data retrieval element and a
rotating medium, a method for decreasing rotational latency comprises;

building a seek range array corresponding to discrete angular regions on the
medium;

searching a command queue array for a command in a selected discrete angular
region; and |

executing the command found in the selected discrete angular region of the

medium, REPLACEMENT SHEET
16 APR 1997




cylinders that may be traversed by the read/wite elenment during the time
to rotate the disc through a predeterm ned, nunber of discrete angular
regions on the disc; searching a conmand eue array for a conmand
addressing a location on the disc within a range of cylinders determ ned by
t he nunber of cylinders and in the discrete angul ar region having the

smal | est rotati oTads ihvn€ios provadss ifaedisy drine $yseenc ineluiivg 4 esaddwiite derders@ndt e

angul ar region. 14 3. In a disc drive systemincluding a read/wite
el ement (123 retatingadisatamethgpd do secredse)access mmiehdutingoa sheot sekeomprisess tine
- during a short seek is characterised by

dividing the disc into discrete angular regions;

building a seek range array corresponding to the discrete angular regions;

building a command queue array; -
searching successive discrete angular regions for a command in the command queue
array; and

executing the command found in a discrete angular region.

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 comprises:  * .. i .~
building a seek range array corresponding to the discrete angular regions; :
searching a command queue array for a command;
computing a rotational latency from the current position of the read/write element

to the command in the command queue; .
executing the command found in the command queue; and
removing the executed command from the command queue.

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

[REPLACEMENT SHEET
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departing from the scope of the present invention.




conprisi-ng: (a) —dividing the disc into a plurality of reiserete—enoar—
regions; (hb) assigp gpnal | atepcy to ea%:/h dif & EAWSH_:[
regi on based on tguﬂmmmm““on of the read/wite ¢l gnent, (c)
defining a seek r c OYL nts fying, for each discretejangy rAFrRagqun; a
nunber of cylinders that may be traversed by the read/ wii e"e?errent durgnp
the tinme to rotate the disc through a predeterm ned nunmie ' -
angul ar regions on the disc; (d) searching a conmand dqueue array for a

conmand addressing a location in the s&lliAIMSige and in tfredrscrete angul ar
- region having the | owest rotational |atency; (e) noving the read/wite

el ement

rel &t i veln »system dncleding adata efrieyal gJemarfdd 2sanda )aingmedianht®) s dund

in the discrete | ar regi on, and executing the mrand;. .and (f)
removing t h@eg’(?ﬁﬁﬁﬁ CASHIS 19LALOH Wa%ﬁeqlpélgdctense& 8Y comprising:

| 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;

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 a command that addresses a location iwit.hi‘ﬁ
a range of cylinders determined by the number of cylinders in the discrete angula'r‘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.

2. 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 is characterised by .
comprising:

dividing the disc into a plurality of discrete angular regions (14);

assigning a rotational latency to each discrete angular region based on a current
location of the read/write element;

for each discrete angular region, defining a seek range by identifying a number of
cylinders that may be traversed by the read/write element during the time to rotate the
disc through a predetermined number of discrete angular regions on the disc;

searching a command queue array for a command addressing a location on the
disc within a range of cylinders determined by the number of cylinders and in the
discrete angular region having the smallest rotational latency; and executing the

command found in a discrete angular region.



4. » The net hod | I m 3 wherein the seelflM GE eg.H___._"L a
nunber of cyli ndeqmmmﬂﬂlmmllgi ‘ossed gy the read/wjije elenment withih
single revolution of thecdIsC.s 5.« In a disc drive systen 6rxpRI®TY

transduci ng el enent (12) and a rotating nedia (10), a frqcess to decregs
access tine during a short seek characterised by conprilsimg—daryrarmng 1 h
nmedia i nto & pl uina disgdove systam includingydy read/ wets lersent(d 2 EQiAtNZ@ise| ar
region, identifying a nunber of tracks on the nediumthat npy_ be traversed
by the trard8ld methed éxdeqrease gacashme furidgia JhoEseels s ﬁl‘i‘ﬁqﬁj"%ﬁgy revol ution
~of the nedium assigning a rotational latency to each discrete angular

regi on bas®MR ™8 urrent |ocation of the transducing el ement; identifying

commands N a CoRTRNGGEL R D AIhERIHP 8t bRGAM MbbidrtebiBRs;seek

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

o

\1>2\1%4

current position of the read/write element;

(9] defining a seek range by identifying, for each discrete angular region, a
number of cylinders that may be traversed by the read/write element during the time to
rotate the disc through a predetermined number of discrete angular regions on the disc;

(d  searching a command queue array for a command addressing a locat{og i .
the seek range and in the discrete angular region having the lowest rotational latency; | .

(e) moving the read/write element relative to the disc to the location addressed
by the command found in the discrete angular region and executing the command; and

® removing the command from the command queue.

4. The method of claim 2 or claim 3 wherein the seek range represents a number of
cylinders which may be crossed by the read/write element within a single revolution of

the disc.

5. In a disc drive system including a transducing element (12) and a rotating media
(10), a process to decrease access time during a short seek characterised by comprising:

dividing the media into a plurality of discrete angular regions; and

for each angular region, identifying a number of tracks on the medium that may
be traversed by the transducing element from the current location during one revolution
of the medium,;

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

identifying commands in a command queue array addressing locations in the seek

range; and



range; and sel ' i jaf i ed command addressing a location in the
di screte angul ar ﬁgglnm amli!ﬂﬂmwa smal | exrs rotational |atency. 6. The
met hod of claim1l ereitn mdentifyi ng the nunber of cylinders includes:
creati ng a seek-range array having stored seek ranges corresponding to each
di screte angul ar§e£ﬁ%gi on. .{. .. ,The nmeth gwgf, claim,3 anﬂ‘e;:rther I ncl udi ng
assi gning ‘a new pg ap ddentified Gepmagd HNg & deqation iy 15Grelgiaauighsed on
the position of .the read/w;ite el enent follow ng novenment to the | ocation
addr essed DyECRDETELRE VRIS RHORIRERSheat | ng st ep (o) to

6. The method of claim 1 wherein identifying the number of cylinders includes:
creating a seek-range array having stored seek ranges corresponding to each

discrete angular region.

7. The method of claim 3 and further including assigning a new rotational latency to
each discrete angular region based on the position of the read/write element follo-wing.‘_
movement to the location addressed by the first-named command, repeating step (c)' to:” =
define a new seek range, searching the command queue array for a second command .
addressing ‘a location in the new seek range and in the discrete angular region having the
new lowest rotational latency, moving the read/write element relative to the disc to the

location addressed by the second command, and executing the second command.

8. The process of claim 5 where the identification of commands and selection of

identified commands is performed for each angular region in succession.

—
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defi'ne a new seek range, search
comand addressing a |l ocation i

' the new ook r ange |REBLAGEMENIGS

angul ar regi on having the new | owest rotational
read/ wite elenment relative to the disc to the | ocaf
second command, and executing the second conmand. 8.
cllaim5 where the identification of commands and sel
commands is perforned for each angul apBSTRIAQT i N Su(

| at d

in¢y, noving the

i bn PERRR ST b

~The process

ectTomof—ruem

cessij on.
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METHOD FOR REDUCING ROTATIONAL LATENCY

IN A DIC DRIVE

A method for reducing rotational latency in a systém employing a rotating

medium (10) includes dividing the medium into discrete angular regions (N=0...N =§), .‘

building a seek range array corresponding to the discrete angular regions, searching a

command queue array for a command, executing the command and removing the

o

he
ed

executed command from the command queue array. In this manner, commands within

the shortest access time of a current position (Y1) of a data .retrieval element (12) are

executed.

[Fig. 2]

-
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