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METHOD AND SYSTEM FOR PROVIDING TAPE-FORMAT
COMPATIBILITY BETWEEN VARIOUS TYPES OF TAPE HEADS

TECHNKCAL FIELD

The present invention is related generally to tape-drive technology.

Ly

BACKGROUND
While: the present inventiéon 15 generally applicable to a variety of
ditterent types of magnetic-tape storage cgievices:, cmbodiments are discussed, below,
H}  in the context of the linecar tape-open i{“-LTO") magnetic-tape storage technology
developed in the late 1990' as an upen«s&éandzmis alternative to proprictary magnetic-
tape techuologies. The LTO magnctici—mpe storage technology is based on "
magnetic tape stored in a single-reel car_tridge that is inserted into, and removed from,

an LTO magnetic-tape drive. LTO magr}etic-tape drives feature high rates of data

,_
H

ranster and LTO tape carindges pmvid&i: very large storage capacities. The LTO
magnelic-tape storage devices find wides?prcaﬁd use in a variety of data-archiving and
data-backup applications.

The LTO magnetic-tape storage technology has evolved through four
gencrations of magnetic-tape formats Eﬂnd magnetic-tape-drive umplementations,
20 referred to as "LTO-1," "LTO-2" “‘LT(}—B;“ and "LTO-4." Additional LTO-3, LTO-6,
and LTO-7 gencrations are currently iﬁ-\a‘iax‘iaus stages of development. LTO-1 tape
cartridges hold up to 100 gigabytes ("GB"?} of data, with a maximum data-transfer rafe
of 15 megabytes ("MB") per second. LT@-i magnetic-tape format provides 384 data

tracks, eight pairs of readiwrite element pairs per tape head, and a lincar data density

bt
LA

of 48R0 bits/mm. L.TO-4 magnetic-tape sioragf: technology provides for storage of up
to 800 GB per magnctic-tape cartridge a'}d a maximum data-transfer rate of 120 MB
per second.  The LTO-4 magnet’ic-.tapcg format provides 896 data tracks and 16
read/write  clement pairs per head, and ?pnwides a linear data density of 13,520
hits/nun.  Each successive LTO generaéiion provides a significantly higher track
30 density by using additional numbersg of increasingly narrower data tracks,

correspondingly narrower read/write tapd-head clements.  Occasionally, as was the

case with 1.TO 3, a greater number of read/wrile tape-head elements per tape head are
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inctuded in the tape head, to allow for simultaneous access to @ greater number of
data tracks and higher data transfer rate for a given tape speed. In addition, the widths
of data bands and corresponding distances between adjacent tape-head read/wrile

elements are decreased, to ameliorate the effects of tape transverse dimensional

LA

instability {("TDS"). _

Backward compatibility ogf newcr-generation tape drives with older-
generation magnetic {apes is an ex‘pec{edgand conymercially necessary feature of tape
drives. In general, a tape drive of genm‘qﬂtion # needs to be write-compatibie with at
least the generation s-1 magnetic-tape f-&irma't. and needs to be read-compatible with
10 the generation #-1 magnetic-tape R}-rma.é and generation -2 magnetic-tape format.

(rver the $irst four LTO generations, théa backward-compatibility issues have been
handled primarily by developing i_nc-reasirflg narrower read/write elements within tape
heads, by increasing the number of reacji,f’writ-tj elements within tape heads, and by
appropriate modifications to internal maégnetic-tap&dri_w: components, inclading the

i5  serveo controller, micro-controller rou !in-@sé, and internal signal paths.
Greater changes in magnjctic-mpe format are anticipated for future
LTG generations.  These magnetic&ajpe format changes may be sufficiently
significant to preclude backward {:nmpa{ﬁaiiit}:' by only nmrrowing read/write elements
and increasing the munber of mad«“’wi‘ite clements within tape heads. Various
20 complex tape-head implementations 'tiiiat imclude generationsspecific read/write
elements as well as readfwrite clememfs compatible with differeni magnetic-tape
formats have been propoesed. These 1;31‘(‘};)5036(1 tape-head configurations are, in cerfain
cases, nonetheless burdened with cr:amp.afi?oﬁity issues or represent constraints on the
magnetic-tape format that prevent Ublaijning desired increases in data density and
25  decreases In data-track widths. Thus, %reseai‘chers and developers in the field of
magnctic-tape-drive technologies co,ntinué: to seck methods and systems in which data
densities are increased and data-track wi%}ths decreased while mamtaining magaetic-

tape-format compatibilities over a range of magnetic-tape-drive generations.
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BRIEF DESCRIPTION OF THE DRAWI?NGS
In order that the present 'i;éwenlien might be well understood, vanious
embodimenis of the present invention alc: next provided, by way of example only,

with reference to the accompanying drawings, in which:

wn

Figure | shows an e::;tcriair view of a magnetic-tape drive that reads
and writes data {0 8 magnetic tape stored \évithin a magnetic-tape cartridge.

Figure 2 shows an exteriﬂrg view of a magnetic-tape cartridge.

Figure 3 shows a magaetié:-mpc cartridge from which the top portion

10 of the plastic housing has been removed ;0 reveal a4 magnetic tape spooled within the

carfridge.

Figure 4 shows the intema.lj components of a magnetic-tape drive.

Figure 5 shows the tape pa‘it'h within a magnetic-tape cartridge.

Figure 6 provides a block diagram of the internal components of a

4

magnetic-tape drive, _
Figure 7 itlustrates a tape l*écade
Figure 8 shows the Slructu-sj“e,and_ formatting of a magnetic tape.
Figures 9A-C illustrate theé contents of longitadinal position frames,
Figure 10 shows the ‘farma%l stricture of a data band.
20 Figure 11 illustrates a magé:netic-tape head positioned over a data band
and two bounding servo bands of an L’l"(}}é‘i gencration magnetic tape.

Figures 12A-B illustrate x};riting of the first two tracks of each sub-
band within a data band of an LTG4 gcnx‘?:ration magnetic tape.

Figure 13 iflustrates the }4 wraps associated with each data band.

25 Figure 14 illustrates fonnajiting of host data for writing to tape.

Figure 15 shows a 64 x 180 byte table that contains a sub-data and
additional parity-check bytes gemzratm?i by application of two different error-
carrecting codes.

Figure 16 illusirates writ)fng of data subsets to a physical magnetic

30 iape. |

Figures 1 7A-C illustrate tape-head positoning within a data band.
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Figure 18 illusirates an éxcmplas“y tochnology-improvemaent-driven
change in magnetic-tape format and i.ape%?\ead configuration.

Figure 19 provides an exziample of a backward-compatible tape-head
configuration.

5 Figures 20A-B iilustmte% the current, single-linear-sequence-based
placement of data sets onto the magnetic-tiapc medium.

Figure 21A illustrates a ;magnalic—tape format that represenis one
embodiment of the present invention.

Figure 21B provides an %altemaiivc representation of the data-set-

16 multiplexing magnetic-tape format i}1u§tﬁiteal in Figure 21A that represents one
embodiment of the present invention, usi%lg the same illustration conventions as used
for Figure 20B.

Figures 22A-C iihls-tmie% reading of a magnctic tape [ormatted
according to the magnetic-tape format ihzjn represents otie embodiment of the present

15 invention, illustrated in Figures 21A~B,%hy a 16-read/write-clement tape head that
represents a nower-generation tape head,

Figures 23A-F illustrate rcéading of the data-set-multiplexing magnetic-
tape format.of the present invention, discﬁlssed with reference to Figures 21A22C, by
an older-generation eight read""‘.vrite»elem?sn& tape head, according to one embodiment

20 of the present mvention. |

Figure 24 illustrates se%fe,i‘zsi of the various different tape-bead
configurations compatible with the da{aése:t-muitiplexing magnetic-tape {ormat that
represents one embodiment of the prescn%t invention iHlustrated in Figures 21A-B and
discussed with reference to Figures ZZAQ-%SF .

25 Figures 25A-B provide cé::mtmi-ﬂow diagrams that illustrate writing
and reading of a singi&linezu'-dzﬂafsetaseciuenca magnetic-tape {ormat,

Figures 20A-B provide c&inirol—ﬂow diagrams for writing and reading
a data-set-mullipiexing magnetic-tape foﬁrmal_, according to one embodiment ol the
present invention, 1o and from magnetic tsj}pe.

3G Figures 27A-B illustrate an alternative data-set-maltiplexing format

useful for providing compatibility between a 16-read/write-element tape head and an
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cight-read/write-element tape head of apﬁroximam?y equal dimensions, according to
one embodimens of the present invention.

Figure 28 provides a difﬂ:rent, alternative  data-set-multiplexing
magnetic-tape format that provides corrépatibiiiiy hetween the various fape heads
shown in Figure 24, according to one am‘t}iodimeni of the present invention.

Figures 29A-B illustrate cm additional 32-track data-set-multiplexing
magnetic-tape format that provides read]?mg compatibility among the four different
tape heads shown in Figure 29A, accc%rding to one cmbodiment of the present
invenin.

Figures 30A-B illusirate, U;Sing the same iflustration conventions used
in Figures 29A-B and 27A-B, yet an addijtiona} data-set-multiplexing data format that
provides read compatibility among six éiffc.:‘em tape-head configurations shown

Figure 30A, according to one embodiment of the present invention.

DETAILED DESCRIPTION

Certain  embodiments o‘{ the preseat invention are directed to
magnetic-tape  formats  that provide ;f‘eadz’wriie compatibility among multiple
magnetic-tape-drive implementations ané generations.  Certain embodiments of the
present inveniion are discussed, be’icw,% in the context of the LTO mugnetic-tape
storage technology, although embmdimcnﬁs of the preseni invention are applicable to a
wide vartety of different magnetic-tape s&é}mgc technologies:

Figure 1 shows an extcri(;r view of a magnetic-tape drive that reads
and writes dala to a magnelic tape stm}ed within a magnetic-tape cartridge. The
magnetic-tape drive 102 includes a front épamei 104 with a power button 106, a smail
light-cmitting-diode ("LED"} display pzinel 108, and an aperture 110 into which
magnetic-lape cartridges ave inserted md from which magnetic-tape cartridges are
removed. Figure 2 shows an exterior viéw of a magnetic-tape cartridge. An LTO-4
magnetic-tape cartridge 202 has a ieﬂg{h 204 of 10.2 centimeters, a width 206 of
10.54 centimeters, and a height 208 of 315 centimeters. Figure 3 shows a magnetic-
tape cariridge from which the top portioﬁ of the plastic housing has been removed to

reveal a magnetic tape spooled within the cartridge. A single tape 302 of up to 820

PCT/US2010/026622
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meters in Jength is wound aboui a single spool  Figure 4 shows the internal
components of a magnetic-tape drive. The cartridge 402 is loaded into a loader tray
404 by a motorized loading mechanism. When a cartridge is loaded, the cartndge
housing is opened and the tape leader is extracted and fed past a feader block 406,
around a first guide roller 408, over a tape head (not shown in Figure 4), past a second
guide roller 410, and into to a take-up reel 412. As discussed in greater detail below,
a tape is written in serpentine fashion in multiple passes, each pass involving spooling
the tape from the cartridge to the take-up reel, in a forward direction, or spooling the
tape. from the take-up recl back to the cintridge, in a reverse direction. An LTO-4
generation tape, for-cxample, Is fully wﬁttcn in 28 cycles, each cycle comprising
writing of 16 data tracks in the forward direction from the beginning of a user-data
region Lo the end of the uscr-data region and writing of 16 data tracks in the reverse
direction from the end of the user-data t‘egiOn to the beginning of the user-data region.

Figure 5 shows the tape pfal‘h within a magnetic-tape cartridge. The
magnetic fape 18 intially wound on {heé supply reel 504 within the magnetic-tape
cartridge 506. When loaded into the maignetic—mpe drive, 3 mechanical mechanism
opens the cartridge, grasps a leader pin mounted to the leader portion of the magnetic
tape, and threads the tape around a first giuide roller 508, over the tape head 510, and
around a second guide roller 512 to the take-up reel 514, As discussed i greater
detail, below, the tape head 510 inciudeé an array of read/write elements that write
data o, and read data from, the magnetic tape. The tape head 510 is moved in a
vertical direction, normal to the plane of the drawing, by an actuator 316 in erder to
access different sets of tracks for readiné and writing, The actuator 516 1s, in turn,
vonlrofled by a tape-drive controlier 5‘8 that ncludcs one Or more processors,
electronic memory, and logic circoitry for receiving data from an external host
computer system, processing the data into data sets, wriling the data sets to the
magnetic tape by electromechanical contro! of the tape head 510, reading dala sets
from the magnetic tape by eiac-tromecﬁanical control of the lape head 510, and
processing the data sels to retrieve the hoist data that is returncd to the host computer

syster.

PCT/US2010/026622
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Figure 6 provides a biocké diagram of the internal components of a
magnetic-tape drive. The tape drive is coimected to a host computer through a small-
computer-system-intertace ("SCSI), Fibr’é Chamnel (“FC™), or Serial Attached SCSt
{“SAS”} communications medium 602 anci the appropriate host interface 604. Data
received from one or more host compuiém through the commugications interface is
processed and formatted by a ibmmttézr component 606 mto codeword quads,
discussed below, that are transferred thﬁough an internal communications medium
608 to a bank of preamplifiers 610 that emit analog signals to the read/write elements
of the tape head 612. The analog signai&‘é, within the read/write elements of the tape
lead, produce localized magnetic fiekds over smait regions of a ferromagnetic layer of
the tape, reversibly changing the ma.gnetzic state of the regions to store bils of data.
Similarly, data is read by the tape head 012 in the form of analog signals generated
within the read/write elements by 'I()c:aiizg‘d magnetic fields within tiny regions of the
magnetic tape. The analog signals are péssed back 1o the bank of preamphiiers 610,
the amplified signals then converted {0 digital sigrals and passed back to the
formatter 606 for processing data set&« back into host data that is packed for
transmission thorough the cmmmu‘nicati{;‘-ns medium (o an external host computer,
There is a separate automation control interface 614 that allows the drive to be
coordinated for operation within a ﬁp&}d;rive library. Control programs that execute
on a microprocessor 616 provide overall {;:ontml of the magnetie-tape drive, including
contred of the communications medium, fi}imattcr, servo controller 618, and nteraal
data wansfer. The servo controlier 618 lgec-eives signals from servo elements on the
tape head and responds to the signals byicoﬂmﬂling tape-head positioning actuators,
drive motors, and other electmmcchainicﬂ components,  The servo-controlier
feedback system provides precise tracking of data tracks on the magnetic tape despite
uon-uniformities i the magnetic tape. "i"}éle speed at which the tape is passed over the
tape head is controlled by the mi{;roproc-az:ssor in order to match the data-input speed
through the host mterface, when writing ;da.ta to the magnetic tape, and to maich the
data-consumption raie of an external h()si computer through the host interface, when

reading data from the magnetic tape.

PCT/US2010/026622
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Figure 7 illustrales a tape head. The active components of the tape
head 702 are fabricated onto the ceramic substrate of the tape head using
photolithography techmiques. The active data read and servo head clements are
magneto-resistive devices, within the semiconductor tape head, which exhibit
variable resistance that depends on the magnetic fields to which the tape-head
clements are exposed. Each data read and servo head element requires a smatll sense
current enabling the detection of resistance changes when data is read from a
magnetic tape. Each datd write element comprises a tiny copper coil which generates
a magnetic field when supplied with an electric current, when data is wiiiten to a

=
?n’

magnetic tape. The surface of the tape head may be cormugated, as shown m Figure 7,
including a pair of rounded outer rails 704, a pair of middle rails 706, and a pair of
inner rails 708. The active portion of the tape head 710 comprises the central portion
of the two inner rails. The active portion of the tape head 720 is represented in Figure
7 as two vertical arrays of tape-head elements.  The first vertical amay 712 is
fabricated on the left-hand middle rail, and the second array of vertical element 724 is
fabricated on the right-hand middie rail. In an LTO-4 generation tape head, the tape-
head elements are horizontally aligned to form tape-head-element pans. There are
two types of tape-head clement pairs. A readfwrite tape-head-clement pair 726
includes a lefi-hand read/write element 728 and a right-hand read/write element 730,
A closer view 732 of the readiwrite element pair 726 shows that each readiwnte
element includes a WRITE gap 734 and a READ gap 736. A servo tape-head-
element pair 740 consists of a pair of READ elements, shown in a closer view 742 1n
Figure 7. When the magnetic tape moves past the tape hcad in a left-to-right
direction, the lefi-hand read/write elements of cach pair of rcad/write elements,
positioned within the left-hand vertical array 722, write data to the magnetic tape that
is then immediately read, for error-detection purposes, by the corresponding right-
hand readiwrite elements of each read/write element pair, positioned within the right-
hand vertical column 724. When the magnetic tape passes over the tape head in the
opposite direction, the operational roles of the read/write elements in cach read/write
element pair is reversed. Two servo tape-head-element pairs 740 and 746 read

information from two servo bands within a formatted magnetic tape, as discussed

PCT/US2010/026622
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below, and the 16 read/write element pairs, including read/write-element pair 726,
each writes data to and/or reads data from a different data track,

Figure § shows the stracture and formatting of a magnetic tape. The
magnetic tape 802, according 1o the LTO-4 magnetic-tape technology standard, is
12.65 mm wide 804 and up to 820 meters long. The magnetic tape comprises a base
substrate, such as polyethylene terephthalate, coated with a layer of ferromagnetic
material dispersed in a suitable binder. A tape is divided into seven logical regions by
the seven logical points LPG, LP1, ..., LP7 shown above tape 802 m Figure 8. These
regions include a forward servo acquisition region 806, a valibration region 808, a
user data region 810, an unused data region 812, which may have 0 length, depending
on configuration of the magnetic tape, and a reverse servo acquisition region 814, An
LTO-4 generation tape, a portion of which is shown in closer view 822 in Figure 8, is
horizontally divided into top 824 and bottom 826 edge-guard bands and four data
bands 830-833 interleaved between five servo bands 840-844. Each servo band
comprises a sequence ol longitudinal-position ("LPOS") words. In Figure &, a small
portion 850 of servo band 840 is shown in a closer view 852. Bach LPOS word 854
comprises 36 LPOS frames, such as LPOS {rame 850. Each LPOS word encodex a
synchronization mark, a longitedinal-position value, and optional manufacture data.
Fach LPOS frame encodes one bit of data. The servo bands are written as part of
magnetic-lape manufacture.

Figures 9A-C illustrate the contents of longitudinal position frames.
Figure 9A shows two contiguous LPOS {rames within an LPOS word. Each frame,
such as frame 902, includes four groups of slanted stripes, such as stripe 904. The
four groups of stripes include an A group 906, a B group 508, a C group 910, and a D
group 912, A binary "1" value is encoded, as shown in Figure 9B, within the A and B
sets of stripes by moving the second siripe in both the A and B sets towards the first
stripe and the fourth stripe in both the A and B seis towards the fifth stripe, as
indicated by the arrows 920-923 above those stripes in Figure 98, A binary "0" value
is encoded by moving the siripes in the opposite direction, as shown in Figare 9C,
The siripes are magnetized regions on the surface of tape. The stripes ave slanted so

that the interstripe spacing varies in a direction perpendicular o the edges of the tape.

PCT/US2010/026622
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This variation in intersiripe spacing is used by the servo controller to infer a position
of the tape head with respect to a vertical axis superimposed over the servo band. As
discussed in detail, below, an LTO-4 serve controller can position the tape head
accurately in 14 different vertical positions corresponding to the 14 different tracks
within each sub-band of a data band, discussed below, by reference to the servo bands
between which the data band is interleaved.

Returning to Figure 8, the data bands 830-833 of an LTO-4 magnetic
tape are interleaved between five servo bands 840-844. A tape 15 written by writing
data to each of the four data bands in sequential order. In other words, data band O
(830) is written [irst, followed by data band 1 {8313, data band 2 (832), and finally
data band 3 (833).

Figure 10 shows the format structure of a data band. As shown in
Figure 10, a data band 831, bounded on each side by scrvo bands 841 and 842, is
divided into 16 sub-bands 1002-1017. As also shown in Figwre 10, each sub-band,
such as sub-band 1003, is, in furn, divided into 14 different data tracks 1620-1033.
Returning to Figure 7, whes a tape head is positioned over a data band, such as data
band 831, i order to read data from, or write data to, the data band, the two servo
tape-head element pairs 722 and 746 arc positioned over the bounding servo bands,
such as servo bands 841 and 842, and each read/write element pair is positioned over
a different sub-band. In other words, cach of the 16 sub-bands 1002-1017
correspoids to a different read/write element of the tape head. When dala is being
written 1o, of read from, the tape, all 16 read/write element pairs are active, and data
is actively written to, or read from, all 16 sub-bands within a data band. There are 14
different positions in a data band that the tape head can assue, corresponding to the
14 different data tracks 1020-1033 within each sub-band of the data band.

Figure 11 illustrates a magnetic-tape head positioned over a data band
and two bounding servo bands of an LTO-4 gencration magnetic tape, The tape head
1102 is represented as a rectangle with 18 horizontal line segments, such as horizontal
fine scgment 1104, representing the 18 different tape-head clement pairs. The tape
head s positioned to read or write the first data track, track 0 (1020 in Figure 10), of

cach of the 16 sub-bands (1002-1017 in Figure 10} of one data baad (831 in Figure

PCT/US2010/026622
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10) of an LTO-4 generation magnetic tape. As discussed above, positioning of the
tape head relative to the data tracks is controlled by the servo con troller, which senscs
the vertical position of the tape head within the serve band using data provided by
servo tape-head elements 1104 and 1106. As discussed above, the frequencies of the
analog signals produced by the servo tape-head clements is related to the distances
between the slanted stripes within LPOS frames at the current tape-head position.

Figures 12A-B illustrate writing of the first two tracks of each sub-
band within a data band of an LTO-4 generation magnetic tape. In Figure 124, the
magnetic tape is moved in a forward direction, from cartridge to take-up reel, over the
tape head, positioned as shown in Figure 11, so that cach readfwrite tape-head
clement pair is aligned with the fuwst track, track 0, within each sub-band. Thaus, in
Figure 12A, the dashed lines, such as dashed line 1202, represent the trajectory, or
path, of lhe tape with respect to a readiwrite clement pair of the tape head. The entire
length of the data portion of the tape is written, in the forward direction, with the tape
head positioned as shown in Figare 11 to complete-a first forward-direction pass of
the tape. Thus 16 data tracks {data track 0 in each of the 16 sub-bands) arc writlen
from heginning to end in a single pass, also referred to as "wrap 0.7 in the following
discussion and in the claims, (racks read or written during a wrap that lic in adjacent
sub-bands are referred to as being “logically adjacent.” In Figures 12A-B, the position
of a read/write tape-head element pair is also shown with respect to the 14 data tracks
1204 of a sub-data band. When there is more data to be written, data writing
confinues, as shown in Figure 12B, in a second, reverse-direction pass, with the
magnetic tape wound from the take-up reel back to the cartridge spool. In this case,
the tape head is repositioned so that each read/wrile clement pair is positioned over
the final track, track 13 {1033 in Figure 10) of each data sub-band, as shown in Figure
12B. In the second. reverse-direction pass, data track 13 of all 16 daia sub-bands is
written in the reserve direction from the end of the user-data area to the beginning of
the user-data arca, as shown in Figure 12B. This second, reverse-direction pass
constitutes a second wrap, or wrap 1.

Figure 13 illustrates the 14 wraps associated with each data band. As

discassed with reference to Figures 12A-B, wrap 0 1302 includes data track 0 of each
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data sub-band of data band 0, accessed in the forward direction. Wrap 1 1304
inciudes data track 13 of each data sub-band of data band 0, accessed in the reverse
direction. Wrap 2 1306 includes data track | of each data sub-band of data band 0,
accessed in the forward direction, and wrap 3 1308 includes data track 12 of each data
sub-band of data band 0, accessed in the reverse direction. The wraps contimee, in
serpentine order, from the outer tracks to the interior tracks of cach data sub-band.
Recause there ave four data bands within an LTO-4 generation magnetic tape, there
are a total af 4 x 14 = 56 wraps, or unidirectional passes over the tape, and the total of
4 x 14 x 16 = 896 data iracks.

Figure 14 illustrates formatting of host data for writing to tape. Host
data is essentially formatted into a symbol stream, each symbol represented by a byte.
These bytes are then encoded by application of an error-correcting-code {"ECC") info
an encoded-symbol-siream matrix which is then wrilten across the sub-bands of a
data band. Host file marks 1402 and host data records 1404 are reccived through the
communications medivm from host computers, A received host file mark 1402 is
processed into a file-mark symbol 1406 for inclusion mto a dasa sct. A fourbyte
CRC is computed for each received host data record and added to the host data record
to produce a protected host record 1408, A data-compression method is applied to
the protected host record to produee a processed record 1410, The processed recerd
1410 can be optionally encrypted to produce an encrypied record 1412, 1o which an
additional four-byte CRC is appended to produce a protected encrypted record 1414,
The protected encrypted record 1414 is processed to produce a formatted record 1416,
When no cneryption is applied, the processed record 1410 is used as the formatted
record 1416. Formatted records are added to the formatted symbol stream. The
formatted symbol stream is paritioned into data sets, each data sel comprising
1,589,300 bytes of user data to which a 460-byte data set information lable ("DUSIT")
is added. Each data set, in turn, is partitioned into 64 data subsets, each containing
24,840 bytes of user data.

Tach data sub-set is processed to form a matrix of code words. A first
ECC encoding method is applied to each group of 460 bytes to produce 20 bytes of

parity information that arc added to the 460 bytes of user data to form a 48(-byte pair
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of 240-byte ECC-1 codewords. Fifty-four ECC-1 codeword pairs are aligned to
produce a 54 x 480-byte matrix. A second error-correcting code is applied to each
column of this matrix to produce an ECC-2 code word combining 54 bytes of clear
text and 10 parity-check bytes. Thus, each column of the 54 x 480 matrix 13 extended
by 10 bytes to produce a final 64 x 480 byte table. Figure 15 shows a 64 x 480 byte
table that containg a data subset and additiona}l parity-check bytes generated by
application of two different error-correcting codes. Each row of the table, such as
row 0 (1502), comprises two ECC-1 code words, including 460 bytes of clear-text
user information and 20 parity-check bytes. Each column of the lable, sach as
column 1504, contains 54 bytes of clear-lext user data and 10 additional bytes of
ECC-2 parity-check data, together forming an ECC-2 code word. Each pair of rows
in the table, such as the pair of rows 1502 and 1506, together form a codeword quad
("CQ"), There are 32 CQs within a data subset, as shown in Figure 15, As datais
being written to tape, each read/write element pair of the tape head writes a CQ ©
each sub-band of & data band. Thus, in two write operations, a data subset is written
across all 16 sub-bands of a band.

Figure 16 illustrates writing of data subscls to a physical magnetic
tape. The 16 horizontal rows in Figure 16 correspond to 16 data sub-bands, cach
corresponding fo a single read/write element of a tape head. At any glven point in
tirne, 16 CQs are written by the 16 readfwrite tape-head clements of a tape head to the
tape across all 16 sub-bands. Thus, as a magnetic tape is being writlen in the forward
direction, the first 16 CQs of a data subset are simultanecusly written across all 16
sub-bands, represented by column 1602 in Figure 16, and, in the next operation, the
remaining 16 CQs of the data subset are written simultancously across afl 16 sub-
bands, represented by column 1604 in Figure 16.

Figures 17A-C illustrate tape-head positioning within a data band. In
Figure 17A, the tape head 1702 is positioned to write track 0 of all 16 sub-bands of a
data band. In Figure 178, the tape head 1702 is positioned to write track 15 of all 16
sub-bands of a data band. In Figure 17C, the tape head 1702 is positioned to write
irack 1 of all 16 sub-bands of a data band. Comparing Figures 17TA-C, it is clear that,

in order to access all 14 wraps within a data band, the tape head needs to move over a
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range of positions 1710 with respect to the servo band. In other words, there are 14
different tape-head positions that correspond to the 14 tracks within each data sub-
band within the narrow range 1710 of tape-head positions used for accessing a data
band.

As technology improves, it becomes possible to increase the density of
data stored on magnetic tape as well as to decrcase the width of acks and bands ol
magnetic-tape formats. Figure 18 illustrates an exemplary technology-improvement-
driven change in magnetic-tape format and tape-head configuration. (a the left of
Figure 18, an older-generation, eight-read/write-clement tape-head 1802 is shown
overlying eight tracks encoded in the right-to-left direction, indicated by the arrows at
the right-hand ends of the representations of the data tracks 1804-1811. Note that
Figure 18 shows data tracks within a single band, and ontils servo tape-head elements
and serve bands as well as additional bands above and/or helow the llustrated hand.
This same illostration convention is used in subsequent [igures, for simplicity of
illustration. The older-generation magnetic-tape format thus includes eight sub-bands
in cach band, each sub-band containing a lixed number of tracks. The magnetic-tape
format is characterized by, among other things, the nomber of sub-bands and the
distance between identically numbered tracks in two adjacent sub-bands 1812, In the
right-hand portion of Figure 18, a newer-generation magnetic-tape format and tape
head are illustrated 1320 using the same illustration conventions as used for the older-
generation magnetic-tape format and-tape head shown on the left-hand portion ol
Figure 18. The newer-generation tape head 1822 includes 16 read/write elements, or
twice the number of read/write clements as in the older-generation tape head 1802, In
addition, the distance between identically numbered tracks in two adjacent sub-bands
1824 is significantly smaller in the ncwer-generation magnetic-tape format, as is the
width of the tracks and corresponding tape-head read/write clements. Decreasing the
width of tracks, sub-bands, and bands reduces or ameliorates problems associated
with dimensional instabilities of the magnetic-tape medium, and is thus a generally
desired improvement in successive generations ol magnetic-tape drives. increasing
the number of readiwrite clements leads to increased data-transfer rates, and

decreasing track widths and the distance between sub-bands feads to higher data
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densities on the magnetic-tape medium. However, the newer-generation fape head
1822 clearly is not configured for reading the older-gencration magnetic-tape format,
since the spacing between read/write elements and the number of read/write elements
has been changed.

A variety of different backward-compatible tape heads that provide for
transition to higher-capacily, newer-generalion magnetic-lape  formats  while
preserving the ability to read older-generation tape formats have been proposed.
Figure 19 provides an example of a backward-compatible tape-head configuration,
The backward-compatible tape-head configuration 1902 includes eight read/wrile
clements 1904-1911 spaced appropriately for an older-generation, 8-data-track tape
and ten read/write elemtents 1914-1923 that, along with six of the older-generation
readiwrite elements 1905-1910, are spaced appropriately for a newer-generation 16-
data-track tape. The cight read/write elements 1904-1911 are used to read eight
older-gencration data tracks 1930-1937. Six of the read/write elements 1905-1910
and readiwrite elements 1914-1923 arc used to read 16 newer-generation data tracks
1940-1955. Thus, while reading older-generation magnetic tapes, the eight read/write
heads 1904-1911 are used, and the read/write heads 1914-1923 are not used. While
reading newer-generation magnetic-tape formats, which feature 16 sub-bands rather
than eight sub-bands, all but read/write heads 1904 and 1911 are used. Note that, as
showan in the magnified view 1960 of the first read/write element, the read/write
clements are gencrally oriented orthogonally to the direction in which the tape moves
acrass the readiwrite head, and vertically with respect to the figure. The horizontal
oticntations of the read/write elements 1904-1911 and 1914-1923 are shown for
illustration convenience, so that all 18 read/write elements can be fit within the
tliustration of the read/write head.

The proposed backward-compatible lape head, shown in Figure 19,
provides a solution to backward-compatibility issues for a particular generational
{ransition, but may be associated with higher production costs and more complex
magnetic-tape-drive implementations. Furthermore, should a subsequent generation
feature additional sub-bands or an additional increase in data capacity, the tape head

shown in Figure 19 may generally not be able to read the next gencration tapes, and
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the newest-generation magnetic-tape drive may require an even more complex tape
head with many additional read/writc elements to allow the ncwest-generation tape
head to read magnetic tapes of the preceding lwo generations.

Embodiments of the present invention are based on a ditferent
approach to compatibility belween various generations and different implementations
of magnetic-tape drives. Figures 20A-B illustrate the current, single-linear-sequence-
based placement of data sets onto the magnetic-tape medinm. As discussed above
with reference io Figures 14-16, LTO data sets comprise 32 code word quads
{"COsM). Bach CQ comprises 960 ordered bytes. Data wriiten t0 a magnelic tape s
encoded as a series of data sets, cach data set comprising 32 CQs or 960 bytes. In
Figure 204, the first two data sets 2002 and 2004 of a large file or object are shown at
the top of the figure. As discussed with reference (o Figure 16, and as shown in the
lower portion of Figure 20A, the data sets are transferred to a magnetic-tape band o
two columns, for a 16-sub-band magnetic-tape format, with a first cohann 2006
including €Qs 0-15 and a second column 2008 including CQs 16-31. Thus, along the
long dimension of the magnetic tape, in the direction of tape motion, data sels are
placed in 3 single linear sequence, with cach data set divided into columns that span
all of the sub-bands of the magnetic tape when there are fewer than 32 sub-bands per
band. In an eight-sub-band magnetic-tape format, a data set may be writlen fo
magnetic tape as four successive eight-track columns, while in a 32-sub-band
magnetic-tape format, each data set may be written to magnetic tape as a single
column of CQs. Again, as discussed in detail above, the columns are placed n
identically numbered tracks, each track contained i a different sub-band, written
during a single pass, or wrap, of the magnetic tape. Figurc 20B shows an alternative
representation of placement of the data sets onto 16 tracks of a magnetic tape, with
the number of the data set shown for each CQ along cach track and with the data sets
differentiated by cross-hatching. With respect to each pass, or wrap, data from only a
single data set is encoded at each linear position of the tape or, in other words, the
data sets are placed on the tape in columns of CQs which span all of the tracks read or

written in a single pass or wrap.
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Figure 21A illusirates a magnetic-tape format that represenis one
embodimenl of the present invention. Again, as in Figure 204, two 32-CQ data sels
2107 and 2104 are shown at the top of Figure 21A. However, the data sets are written
in parallel, in two parallel linear sequences, to the magnetic tape 2106, rather than as
a single lincar sequence, as shown in Figure 20A. To be precise, data set 1 2102 is
divided inte four eight-CQ columns 2108-2111 that are writlen, i a first linear
sequence, to the top eight tracks of a 16-track wrap within a magnetic-tape band.
Data set 2 is divided into four eight-CQ columns 2112-2115 that are wrilten to the
bhottom eight tracks of a 16-track wrap within the magnetic tape, in a second linear
sequence. At any position along the linear length of the data-encoding region of the
magnetic tape, cight CQs of onc data set and eight CQs of a second data set are
written to fhie top cight tracks and bottom eight tracks, respectively, of each 16-track
magnetic-tape wrap. Thas, in the embodiment of the present invention shown in
Figare 21A, data sets are multiplexed in two, parallel, eight-track groupings of the
sotal 16 tracks that underlie 16 readfwrite heads during a single pass, or wrap. Figure
218 provides an alternative representation of the data-set-multiplexing magnetic-tape
format illustrated in Figure 21A that represents onc cmbodiment of the present
imvention, using the same illustration conventions as used for Figure 20B. Thus,
according to embodiments of the present invention, the various magnetic-tape formats
thut represent embodiments of the present invention differ from currently employed
magnetic-tape formats in that, with respect to the tracks that are read or written during
a single pass, or wrap, of the tape, data corresponding to two or more data sets are
encoded across the tracks of the pass, or wrap in a direction orthogonal to the
direction in which the tape moves. The tracks of one pass or wrap are divided into
groups of tracks, each of which encodes CQs of a different data set. Magnetic-tape
formats of the present invention can therefore be described as providing multiple,
parallel sequences of data sets within a number of tracks, cach within a different sub-
band of a magnetic-tape band, that constitule & pass or wrap, the magnetic-tape
formats of the present invention referred to as "data-set-multiplexing” magnetic-tape
formats. By contrast, currently employed magnetic-tape formats include encoded

CQs of only a single data st at each point along the linear length of a pass or wrap.
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Figures 22A-C illustrate reading of a magnetic tape formatted
according to the magnetic-tape format that represents one embodiment of the present
mvention, illustrated in Figures 21A-B, by a 16-read/write-clement tape head that
represents @ newer-generation tape head. In Figure 224, the tape head 2202 is
positioned over encodings of a first 2204 and second 2206 data set of two, parailel
sequences of data sets 2208 and 2210, The first linear sequence includes odd-
numbered data sets 2208 and the second linear sequence 2210 includes even-
numbered data sets, While positioned over the first two data sets, as shown in Figure
22 A, the first eight read/write elements of the tape head read CQs of data set 1 into a
first memory butfer 2216 and CQs of the second data set into a second memory buffer
2218, As shown in Figure 228, when the reading of the tape progresses to the second
pair of data sets, with the tape head 2202 positioned over the encodings of data sets 3
(2220} and 4 {2222), CQs of data set 3 arc read into a third memory butfer 2224 and
CQs of the fourth data set are read into a fourth memory buffer 2226, while data is
extracted from the data sets stored in memory bulfers 2216 and 2218 and transmitted
to the computer or other computational entity on bebalf of which the tape is read. As
shown in Figure 22C, when reading of the magnetic tape progresses 1o reading of the
third pair of data sets, with the tape head 2202 positioned over data sets 5 (2230) and
6 (22323, data sets 5 and 6 are read into memory bulfers 2216 and 2218 while data is
extracted from the data sets stored in memory buffers 2224 and 2226 and returned to
the computational entity on behalf of which the tape is being read. Thus, for the
newer-generation, 16-read/write-element tape head, two pairs of memory buffers are
used, in alternating, double-buffering fashion, to receive two data sets while
transmitting two previcusly read data sets to a computational entity.

Figures 23A-F illustrate reading of the data-set-multiplexing magnetic-
tape [ormat of the present invention, discussed with reference to Figures 21A-22C, by
an older-generation eight read/write-element tape head, according to one embodiment
of the present invention. Figures 23A-F use the same ilustration conventions as used
in Figures 22A-C. As shown in Figure 23A, the older-gencration. eight-read/write-
clement tape head 2302 is first positioned over the encoding of data set 1 2304, and

data set 1 is read into a first memory buffer 2306. Next, as additionally shown i
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Figure 23A, the older-generation tape head 2302 is positioned over the next data set
in the first, parallel, linear sequence of data sets, data set 3 (2308), and the third data
set is read into a second memery buffer 2310. The tape head continues 1o read data
sets from the first, parallel, linear sequence of data sets to successive menory buffers
5 up through data sct 15, as shown in Figure 23B. Note that, because only the odd-
numbered data sets are read in this first sub-pass of the data-encoding region of the
tape, data is not currently returned to the computational entity on behalf of which the
magnetic tape i3 being read, since the aven-munbered data sets are nof yet available,
in meinory buffers, for return to that computational entity. However, after a munber
10 of odd-numbered data sots are read, the tape is reversed and moved back to the
position of data set 2, which underlies data sel 1, as shown in Figure 23C, and the
second data set 2316 is read into a next memory buffer 2318, Then, as shown in
Figure 23D, the tape is again advanced in a forward direction, so that the older-
generation tape head 2302 is positioned over the fourth data sct 2320 and the fourth

data set is read into a stbseguent memory buffer 2322. Concurrently, data is

o
15

extracted from the first and second data sets, stored i memory buffers 2306 and 2318

and transmitted to the computational entify on behalf of which the tape s being read.

As illustrated in Figures 23E-F, reading of the even-numbered data sets continues in a

second sub-pass over the illustrated region of the data-encoding portion of the

20 magnetic tape, with data extracted from two numerically adjacent, previously read

data sets returned to the computational entity while a next even-numbered data sef s

read from the magnetic tape and stored into a free memory buffer. In the example

shown in Figures 23A-F, the final three memory buffers 2318, 2322, and 2324 (sec

Figare 23D) are wsed in a round-robin fashion for receiving subsequent even-

25 numbered data sets. In alternative schemes, buffers at the beginning of the sct of

mesmory buffers that are freed following transmission of data extracted from the data

sets contained in those memory bulfers may be reused for storing newly read even-
numbered data sets.

The number of odd-numbered data sets read in a sub-pass, or sub-

30 wrap, of a portion of the data-encoding portien of a magnetic tape depends on the

amount of memory avaifable for buffering odd-numbered data sets. The greater
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amount of available memory, the greater number of data sets that can be read m a
sub-pass. The greater the number of sets read in a sub-pass, the fewer the number of
tape reversals and repositionings that are needed in order to read the two parallel
lincar sequences of data scts contained in the data-set-muiltiplexing magaetic-tape
format illustrated in Figures 23A-F that represents one embodiment of the present
invention. Tape reversals and repositionings require additional time, in comparison
to continuous, one-direction passes or wraps, and thus represent a decrease in the
data-transfer rate from magnetic tape to memory. However, reversing of the tape may
proceed at a faster rate than reading of data from the tape, so that, when suificient
memory buffers are available, the data-transfer rate for reading a two-paratlel-lincar-
sequence magnetic tape that represents an embodiment of the present invention may
exceed 7084 of the data-transfer rate possible for a continuous, one-direction pass or
wrap.

Figure 24 illustrates several of the various different tape-head
configurations compatible with the data-set-multiplexing magnetic-tape format that
represents one embodiment of the present invention illustrated in Figures 21A-B and
discussed above with reference to Figures 22A-23F. The first tape-head configuration
2402 is a 16-read/write-clement tape head that can read two data sets at a time, as
illustrated in Figures 22A-C, using a double-buffering scheme involving two pairs of
data-set buifers, The second tape-head configuration 2404 can be used to read a
seetion of the data-encoding portion of a magnetic tape formatted according to a data-
set-multiplexing magnetic-tape format that represents an embodiment of the present
invention, illustrated in Figures 21A-B, by reading odd-numbered data sets in a first
sub-pass and cven-number data sets in a second sub-pass, buffering the odd-
munbered data sets and two cven-numbered data sets in memory, as shown in Figures
23A-F. The third tape-head configuration 2406 is a 16-read/write-element tape head
with read‘write elements spaced al one-half the spacing of read/write elements in the
first tape-head configuration 2402, This third tape-head configuration can be used to
read the data scts of the data-set-multiplexing magnetic-tape format by reading from
every other read/write element, aligned with eight tracks of one groupmg of data

tracks that correspond to one of the two parallel linear sequences of data sets in the
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same munner as the second tape-head configuration 2404,  Similarly, the 32-
read‘write-element tape-head configuration 2408 can be employed by using every
fourth read/write element, in the same fashion as tape-head configurations 2406 and
2404, Were the second tape-head configuration 2404 to represent the tape-head
configuration of an initial magnetic-tape generation, first-gencration tapes can be read
by three successive generations represented by tape-head configurations 2402, 2406,
and 2408. When the second-gencration magnctic-tape drives employ the two-
paratlel-lineas-sequence magnelic-tape format discussed with reference to Figures
21A-B, above, then the second-generation tapes can be read by third and fourth
generation magnetic-tape drives as well as by the first-generation magnetic-tupe drive.
Thus, use of data-set-multiplexing magnetic-tape formats that represent embodiments
of the present mvention can provide both backwards and forwards compatibility for
multiple generations of tape drives, without the added implementation and production
complexities of the proposed backward-compatible tape-head configurations
discussed with reference to Figore 19,

Figures 25A-B provide control-flow diagrams that illustrate wriling
and reading of a single-linear-data-set-sequence magnetic-tape format. Figure 25A
orovides a control-flow diagram. for the write operation. In step 2502, indication of
the data (hat needs to be transferred to the tape is received, including all relevant
parameters that define the write operation. In step 2504, two data-set buffers b/ and
2 are allocated, and local variable "in” is set to reference buffer b7 and local variable
"aut" is set to reference buffer 52, Notc that, in Figwre 25A and in subsequent
figures, local variables that reference buffers can be incremented to reference
successive buffers within a linear sequence of buffers, just as C-language and C+-
language pointers can be incremented. Tn step 2506, a first data set is generated and
placed in the buffer referenced by local variable "out." In addition, the data-transfer
operation to the magsetic tape is initiatized, In the while-loop of steps 2508-2511, a
double-buffering scheme is used in which the buffers referenced by local varables
"in" and "out" are alternated with each iteration. During cach iteration, a daia setin
the memory buffer referenced by local variable "out” is written to tape while a next

data set is generated and placed into the buffer referenced by local variable "in," in
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step 2509, When more data remains 1o be transferred, as determined in step 2510, the
buffers referenced by the local variables “in™ and "out" arc interchanged, in step 2511,
and a next pair of data-set-gencration and data-sel-transfer operations are carried out
in step 2509, Finally, the data set residing in the balfer referenced by local variable
“in" is written to tape, in step 2512, Writing a single-linear-data-set-sequence
magnetic-tape format can therefore be carried out in a single pass, using a simple
double-buftering scheme.

Figurc 258 provides a control-flow diagram for reading a single-
lincar-data-set-scquence magnetic-tape format.  As with the above-described write
operation, a double-buffering scheme is employed. Instep 2520, the read parameters
for the read operation are received. In step 2522, two data-set buffers b7 and 52 are
allocated, with local variables "in" and "out” initiatized as in siep 2304 of Figure 25A
to reference the two buffers 57 and b2, Again, as noted above, references to buflers,
such as the local variables "in” and "out" and constants &7 and 52, are used in the
flow diagrams similar o C-langaage or C++-language pointers, [n siep 2324, the
read vansfer is initialized, and a first data set is read from the fape. In each ileration
of the while-loop of steps 2526-2529, data is extracted from a data set in one buffer,
referenced by local variable Mout,” while data is read ffom the tape and placed into the
other buffer, veference by local variable "in." When more data remains 1o be read, as
determined in step 2528, the memory buffers referenced by local variables "in" and
"out” are interchanged, in step 2329, Finally, in step 2530, data is extracted from the
data set stored in the buffer referenced by local variable "in" and returned to the
reading entity. Thus, in currently employed single-linear-sequence magnetic-tape
formats, a simple double-buffering scheme can be used for both writing and reading
data to and from the magnetic tape in a single-dircction pass, or wrap.

Figures 26A-B provide control-flow diagrams for wriling and reading
a data-set-multiplexing magnetic-tape format, according to one embodiment of the
present invention, to and from magnetic tape. Figure 26A illustrations writing of a
data-set-multiplexing magnetic-tape format, discussed with reference to Figures 21A-
B. by a 16-read/write-element tape head. The steps of this control-flow diagram are

nearly identical with the steps of the controi-flow diagram shown in Figure 25A. The
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only differences are that, in step 2604, four memory buffers relerenced by four local

variables "out}," "out2.)” "inl," and "in2" are allocated, rather than two memory

buffers in step 2504 of Figure 25A, and pairs of data sets are venerated and written in
f g p g

steps 2606, 2609, and 2612 in contrast to the single data sets generated and written in

L

corresponding steps 2506, 2509, and 2512 of Figure 25A. In other words, writing the
data-sct-multiplexing magnetic-tape format that represents one embodiment of the
present invention by the 16-read/write-clement tape head is nearly identical to writing
a single-linear-sequence magnetic-tape format, with the exception that patrs of data-
set buffers are used v a double-buffering scheme, rather than single data-set buffers.
1}  Reading of the data-set-muliiplexing magnetic-tape format, by the 16-readiwrite-
element tape head would be nearly identical W the read operation shown in Figure
25B, again with pairs of data sets read, in the case of the data-set-multiplexing
magnetic-tape format, where single data sets are read [rom a single-lincar-sequence
magnctic-tape format,
i5 Reading of the data-set-multiplexing magnetic-tape format by an
cight-readi/write-element tape. head is, however, substantially different, as discussed
above with reference to Figures 23A-F. Figure 268 provides a control-llow diagram
for reading a two-paralicl-sequence data-set-multiplexing magnetic-tape format,
discussed above with reference to Figures 21A-B, by an eight-read/write-clement tape
20 head. In step 2622, the parameters for the read operation are recetved. In step 2624,
m buffers are allocated for containing sy data sets. In step 2626, the data-transier
operation is imtialized. Then, in the while-loop of steps 2628-2638, the data is read
from the tape using multiple sub-passes for each pass, or wrap. In step 2629, the pext

-2 data sets are read from the first, paralicl sequence of data sets inio m-2 memory

b
A

buffers. In step 2630, the tape is reversed and repositioned at the point at which the
read operation carried out in 2629 started. In step 2631, the local variable "out]™ is
set to reference the first daia-set butfer and the first data set of the second parailel
sequence of data sets is read into buffer {m-2]. In step 2632, local variable "oui2" is
set to reference memory buffer [m-2] and local variable " is set to reference

30 memory buffer [#-1]. In the inner for-loop of steps 2633-2636, subsequent data scts

are read from the second parallel sequence of data sets while two previously read data
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sets are processed to extract the data and return the data to the computational entity on
behalf of which the data is being read, Once all the data in the second sub-pass has
been read, data is extracted from the data sets in the final two data-set-containing
buffers, in step 2637. When there remains more data to be read from the tape, as
5  determined in step 2638, conlrol retums in step 2629, the beginning of a next iteration
of the outer while-loop. Thus, as shown in Figure 26B, and as discussed above,
reading of the data-set-multiplexing magpetic-tape format shown in Figures 21A-B
involves two sub-passes within sach sub-region of the data-encoding region of the
magnetic tape to read the two parallel linear sequences of data sets, The number of
10 tape reversals and repositionings is inversely proportional to the number of data-set
buffers allocated in step 2624, The control-flow diagram shown in Figure 6B
assumes an even number of data sets are read from the data-set-multiplexing
magnetic-tape format. A slightly more complex control-flow diagram would be

necessary in the case that the number of data sets read from the magnetic tape may be

¥

even or odd. Writing of the data-sct-multiplexing magnetic-tape format by an eight-
read/write-element tape head can also be caried out using multiple passes, including
a first pass in which odd-numbered data sets are written in a first Hinear sequence and
even-numbered data sets are written ina second linear sequence.

Figures 27A-B illustrate an alternative data-set-multiplexing format
20 useful for providing compatibility between a 16-read/write-element tape head and an
eight-read/write-clement tape bead of approximately equal dimensions, according lo
one embodiment of the present invention. Figure 27A provides representations of the
16-readfwrite-element tape head 2702 and the ecight-read/write-element tape head

2704. Figure 278 provides a representation of the alternative data-set-multiplexing

ey
LA

magnetic-tape format that provides compatibifity between the two tape heads shown
i Figure 27A. In the alternative data-sef-multiplexing magnetic-tape format, each
column of CQs, such as column 2710, containg CQs of two data sets, However, in
the alternative data-set-multiplexing data format, the two data sets are interleaved.
This allows the eight-read/write-element lape head 2704 to read the odd-numbered
30 data sets in @ first sub-pass and the even-numbered data sets m a second sub-pass,

similar 1o the order in which data sets are read by the eight-read/write-element tape
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head 2404 shown in Figure 24 from the data-set-multiplexing magnetic-tape format,
shown in Figures 21A-B.  Figure 28 provides a different, alternative data-set-
multiplexing magnetic-tape format that provides compatibility between the various
tapc heads shown in Figure 24, according to one embodiment of the present
invention. Figures 29A-B illustrate an additional 32-track data-set-multiplexing
magnetic-tape format that provides reading compatibility among the four different
tape heads shown in Figure 29A, according fo one embodiment of the present
invention. in this case, the data-set-multiplexing magnetic-tape format is written by a
32-readéwrite-clement tape head 2902 and 1s readable by all of the various 16-
read/write-element tape heads and 32-read/write-clement tapes heads shown in Figure
29A. In this formai, two odd-numbered data sets are interleaved in the top 16 tracks
of the 32 tracks, and two even-numbered dala sets are interleaved in the bottom 16
tracks of the 32-track format at each position along the tape. A full-size 32-
read/write-clement tape head 2902 can read four data sets concurrently from each
column, while the fuli-size 16-read/write-clement tape head 2904 reads two data sets
from each column in cach of two sub-passes. The half-size 16-read/write-cloment
tape head 2906 can read two data sets trom each colunmn in cach of two sub-passes,
and the half-height 32-read/write-element tape head 2908 uses every other read/write
element to read the data sets in the same (ashion as tape head 2906, Figures 30A-B
iflustrate, using the same illusiration conventions used in Figures 29A-B and 27A-B,
yet an additional data-set-mudtiplexing data lormat that provides read compatibility
among six different tape-head configurations shown in Figure 30A, according to one
embodiment of the present tnvention.

Although the present invention has been described i terms of
particular embodiments, i is not intended that the invention be limited to these
embodimenis.  Modifications will be apparent to those skilled m the art. For
example, in the various data-set-multiplexing magnetic-tape formats discussed above,
the overhead involved with using multiple sub-passes for each region of the data-
encoding portion of the magnetic tape is placed on the reading operations rather than
the writing operations. In other words, when a tape head having a mamber of

read/write elements equal to the number of dala tracks of the data-sct-mmltiplexing

PCT/US2010/026622
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magnetic-tape format is used o write the tape, the write operation can be carried oul
in a single linear pass using a double-buffering scheme involving buffers large
enough to hold two or more data sets. IHowever, when a tape head with fower
readiwrite elements than data tracks is used to read the tape, mudtiple sub-passes are
nesded for each region of the data-encoding portions of the magnetic tape.
Alternative data-set-multiplexing magnetic-tape formats may place the burden for
multiple sub-passes on the writing of the data-set-multiplexing magnetic-tape format,
so that the writing operation requires multiple sub-passes, but reading can be carried
out in a only a few sub-passes. In general, it 1s desirable for write operations to
proceed as quickly as possible, and thus, in the above-discussed embodiments, the
burdens associated with multiple sub-passes, reversals, and repositionings of the tape
fall on the reading operations, rather than wrile operations, As discussed above,
embodiments of the present invention include both any of the many different possible
data-set-multiplexing magnetic-tape  formats as well as magnetic-tape drives
implemenied 1o rcad and write these data-set-mulliplexing magnetic-tape [ormats.
The controllers, firmware, logic circuits, and other implementation details needed to
produce magnetic-tape drives that can read and write data-set-multiplexing magnetic-
tape formats may vary, according to variations in many of the various different design
and implementation parameters associated with design and manufacture of tape
drives.

The foregoing description, for purposes of explanation, used specific
nomenclature to provide a thorough understanding of the embodiments of the
invention. However, it will be apparent to one skilled i the art that the specific
details are not required in order to practice the invention, The foregomy descriptions
of specific embodiments of the present invention arc presented for purpose of
iflustration and description.  They are not intended to be exhaustive or to limit the
invention to the precise forms disclosed. Many modifications and variations are
possible in view of the above teachings. The embodiments are shown and described
in order to best explain the principles of the invention and its practical applications, to
thereby enable others skilled in the art to best ulilize the invention and vartous

embodiments with various modifications as arc suited to the particular use

PCT/US2010/026622
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contemplated. H 1s inlended that the scope of the invention be defined by the

following claims and their equivalents:
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CLAIMS
1. A magnetic tape that contains data formatted according o a data-sel-maltiplexing

magnetic-tape format, the date-set-multiplexing magnetic-tape format including, for cach
multiple-track wrap within a band, two or more parallel sequences of data sets written to the
multiple tracks of the multiple-track wrap.

2. The magnetic tape of claim 1 wherein each data set contams an ordered set of bytes
and wherein the magnetic tape includes a data-encoding region that contains a number # of

paralle] bands, each of the # paralle] bands comprising m stb-bands, each sub-band including

k tracks.

3. The magnetic tape of claim 2 wherein each of the & tracks within a sub-band are
numerically labeled by position, and wherein a muiti-track wrap comprises m identically
numerically labeled tracks within m sub-bands of a band, wherein identically pumerically

labeled tracks in adjacent sub-bands are logically adjucent tracks.

4, The magnetic tape of claim 3 wherein the data-set-multiplexing magnetic-tape format
further includes:

an integral number j, greater than or equal to 2, of parallel sequences of data sets
encoded within cach multi-track wrap, each position of which along the length of the data-

encoding region of the magnetic tape inchides encodings of / data sets.

, . : . e i
5. The magnetic tape of claim 4 whereit each paraliel sequence of data sets includes —
J

logically adjacent tracks.
. a o aa ; , . i
6. The magnetic tape of claim 4 wherein each parallel sequence of data sets includes —
g

rry

tracks, the tracks of the paralicl sequences of data sets interleaved so that each group of ;
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fogically adjacent tracks includes one track corresponding to each of the 7 parallel sequences

of data sets.

7. A magnetic-tape drive that reads data from, and/or writes data to, a magnetic tape that
contains data formatted according to a data-set-multiplexing magnetic-tape format, the data-
set-multiplexing magnetic-tape format including, for cach multiple-track wrap within a band,
two or more parallel sequences of data sets written to the multiple tracks of the nmultiple-track

wrap.

& The magnetic-tape drive of claim 7 wherein each data set contains an ordered set of
bytes and wherein the magnetic tape includes a data-encoding region that contains a number #
of parallel bands, each of the » parallel bands comprising m sub-bands, each sub-band

including X tracks.

9 The magnetic-tape drive of claim 8 wherein each of the & tracks within a sub-band are
numerically labeled by position, and wherein a multi-irack wrap comprises s identically
numericatly labeled tracks within s sub-bands of a band, wherein identically numerically

labeled tracks in adjacent sub-bands are logically adjacent tracks.

1. The magnetic-tape drive of claim 9 wherein the data-set-multiplexing magnetic-tape
format turther includes:

an integral mumber j, greater than or equal to 2, of parallel sequences of data sets
encoded within cach multi-track wrap, each position of which along the length of the data-

encoding region of the magnetic tape mcludes encodings of 7 data sets.

11.  The magnetic-lape drive of claim 10 wherein each parallel sequence of data sets

. Fi2] v .
includes logically adjacent tracks.

i
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12, The magnetic-tape drive of claim 11 wherein each  paraliel sequence of data sets

. m . .
fncludes — tracks, the tracks of the parallel sequences of data sets interleaved so that each
)

group of / logically adjacent tracks includes one track corresponding to each of the j parailel

sequenices of daia sets.

13. A method by which a magnelic-tape drive accesses, for reading or writing data, a
magnetic tape that contains data formatted according to a data-set-multiplexing magnetic-lape
format, the data‘set-multiplexing magnetic-tape format including, for each multiple-track
wrap withina band, two or more paraliel scquences of data sets written to the mudtiple tracks
of the multiple-track wrap, the method compnising:

when a tape head within the magnetic-tape drive includes as many read/write elements
as the mumber of tracks in the multiple-track wrap,

accessing the multiple-track wrap in 4 single pass; and

when a tape head within the magnetic-tape drive includes fewer read/write elements

than the mumnber of tracks in the multiple-track wrap,

accessing the nltiple-track wrap in multiple sub-passes.

i4.  The method of claim 13

wherein each data set containg an ordered set of byies;

wherein the magnetic tape inclodes a data-cncoding region that contains a number » of
paraliel bands, each of the » paraliel bands comprising m sub-bands, each sub-band including
kiracks:

wherein each of the & tracks within a sub-band are numerically labeled by position,
and wherein a multi-track wrap comprises m identically mumerically labeled tracks within m
sub-bands of a band, wherein identically numerically labeled tracks in adjacent sub-bands are
legically adjacent tracks; and

wherein the data-set-nmultiplexing magnetic-tape format further includes an integral
munber 7, greater than or equal to 2, of parallel sequences of data sets encoded within each
multi-track wrap, each position of which along the length of the dala-encoding region of the

magnetic tape includes encodings of 7 data sets.
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{5.  The method of claim 14 wherein reading the multiple-track wrap in multiple sub-
passes further comprises:

reading data sets of a first sub-pass into memory; and

reading data scts of a second sub-pass into memory while extracting data from a
memory-resident data set read during the first sub-pass and a memory-resident data set

previously read during the second sub-pass.

16. The method of claim 14 wherein odd numbered data sets are read during odd-
numbered sub-passes and even-numbered data sets are read during even-numbered sith-

DASHES.

17.  The mothod of claim 14 wherein even numbered data sets are read during odd-
numbered sub-passes and odd-numbered data sets are read during even-numbered sub-

passes,

18,  The method of claim 14 wherein s sub-passes are made to read each multi-track wrap

and wherein odd numbered data sets are read during the first 5 sub-passes and even-

o : I
numbered data sets are read during the following 3 sub-passes.
19.  The method of claim 14 wherein s sub-passes are made o read each mudti-track wrap
. . . - - kY ’
and wherein even numbered data scts are read during the first 5 sub-passes and odd-
. ¥
numbered data sels are read during the following — sub-passes.
2. The method of claim 14 wherein wriling the multiple-track wrap in multiple sub-

passes further comprises:

wriling data sets for multiple passes into memory; and
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writing odd-numbered data sets from memory to a first parailel sequence of data sets
in a first sub-pass and writing even-numbered data sets from memory to a second parallel

seguence of data seis.
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