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Abstract

Traditionally, digital tape has been used by applications accessing the tape mostly sequentialy. Ap-
plications having a random access pattern to the data are much better off storing the data on magnetic
disks. Today we see new application areas, where the need for huge amounts of digital storage does
not make it cost-effective to store all the data on magnetic disk. One example of such an applicationis
digital video archives. In this paper, we present an access model for a Tandberg MLR1 serpentine tape
drive. For such adrive, thereisno direct relation between the logical block address and the correspond-
ing physical position on thetape. Thismakesit difficult to optimize the usage of the tape drive when we
have concurrent accesses to the tape. The paper presents a generic model of a serpentine tape drive to-
gether with several agorithmsfor characterizing individua tapesto improve the accuracy of the model.
Based on measurements using the MLR1 tape drivethe generic model isimproved. Thisextended model
makes it possible to estimate seek times with an average error of about two seconds.

1 Introduction

A few decades ago when the blue dinosaurs still ruled the computer rooms, digital tape was used actively
in the data processing. Input to the processing (program and data) and the results from the processing were
stored on tape. The use of the tape was highly optimized. Most of the processing was done as batch jobs
where the tape was read and written sequentially. Since then, magnetic diskshavetaken over asthe primary
storage medium for program and data. The main reason is the much better support for random access that
adisk can provide. Compared to magnetic disk, digital tape has a random access latency whichis3to 4
orders of magnitude higher — tens of seconds versus ten milliseconds. As aresult, today digital tape is
mostly used as a storage medium for backup and distribution, and in applicationswhich need to storereally
huge amounts of measurement data. One example is NASA's EOSDIS project which will generate more
than aterabyte of earth science dataper day [7].

The main advantages of digital tape compared to magnetic disksare cost and storage density. For mag-
netic disks, the cost of the mediumisabout 1 NOK per MB, whilefor digital tape, the cost of themedium is
about 0.05NOK per MB. Today, ahigh-end disk drive stores about 1020 GB. A digital tape storesthe same
amount of data on afraction of the price and storage volume. For new applicationslike data mining, digi-
tal image databases, and video archives, which will require huge amount of data storage, these two factors
will beimportant. Many of these applicationswill not be able to justify the cost of magnetic disks, making
digital tape an aternative.

These applicationswill have amore random access pattern to the tapes than traditional tape applications
have. To minimize the access delay to the tape, and to maximize the utilization of the tape drive, it will be
necessary to optimize accesses to the tapes. In this paper we present amodel for adigital MLR1 serpentine
tape. The purpose of making thismodel isto be ableto optimize concurrent accessesto thetape. The model
providesaccess time estimates which should be used by tape schedulers and other applicationsaccessing the
tape. Just as a disk scheduler needs a detailed model of the disk to be able to rearrange the accesses to the
disk, atape scheduler needs an accurate model of the relations between the logical blocks and the physical
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Figure 1 Different tape technologies.

position on the tape to be able to reorder tape accesses. To model a serpentinetapeis not trivial, due to the
complex format of thetape. Thereisno direct correspondence between the logical address and the physical
position on the tape. By using this model a tape scheduler should be able to reduce the total seek times of
concurrent accesses dramatically.

An example can be a digital image database. Assume the database stores high-quality images each re-
quiring 10 MB of storage. A 13GB MLR1 tapewill then be able to store 1300 such images. A user doing
gueries against the database might as aresult of a query for images of King Harald find that there existsten
such images on the tape which she wants to access. If the tapeis accessed without rearranging the requests,
the worst case will occur if thefirst imageis stored on the physical end of the tape, the second image on the
physical beginning of the tape, the third on the end, and so on. Thiswill lead to atotal of ten full winds of
the entiretape. On the MLR1 it takes about 2 minutes to wind the tape from one end to the other, leading to
atotal time of 20 minutesto retrieve theimages. On the other side, if we had an accurate model of the tape
and a scheduler using this model, the requests could be rearranged so that all images could be fetched with
only one wind/rewind of the tape. 1t would then take about four minutesto retrieve the ten images, which
is eighty percent lesstime than without a tape scheduler.

Thework presented in this paper isdoneasapart of our work on storageand delivery of digital video [5,
9]. We planto usedigital tapeasthe main storagefor experimenting with digital video archive systems[10].

The rest of the paper is organized as follows. Section 2 gives an introduction to digital tape. Section 3
presents a characterization of the Tandberg MLR1 which isused as abasisfor the model. A generic model
of MLR1 isgivenin Section 4. Section 5 presents several agorithmsfor how the accuracy of the generic
tape model can be improved by characterizing the individual tapes. Based on experiments with the generic
model, an extended model is presented and evaluated in Section 6. Section 7 contains the conclusions and
outline some further work.

1.1 Redated Work

A lot of work has been done on modeling and scheduling of accesses on magnetic disks. Not very much
has been done on scheduling random accesses on digital tape. Hillyer and Silberschatz [3] presents a de-
tailed model of DLT 4000 tapes. Based on this model they have devel oped and tested several scheduling
algorithms[4]. Using digital tapefor storing digital video has been studied by several projects[2, 6, 8], but
none of these have studied how to optimize random accesses to the videos stored on the tape.

2 Technologiesfor Digital Tape
There are two main classes of digital tape technology. The first is helical-scan, where the tape drive writes

vertical (Figure 1a) or diagonal (Figure 1b) tracks on the tape. The other main technology groupis called
linear, where the dataiswrittenin parallel tracks along the direction of the tape[1].
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2.1 Helical-scan

Severa standardsuse helical-scan technology. The most well known are 4mm (DAT) and 8mm (video). The
popular analog VHS video cassettes al so uses helical-scan technology. Tapes using thistechnology usually
obtainshigh datadensitiesand hightransfer rates. Thereasonfor thisisthat thehead ismounted onarotating
cylinder which scansthe tape as it passes by. The main problem with thistechnology is that the rotation of
the head imposes severe wear-out on the tape. Because of thiswear, the number of times atape can be read
islimited, typically afew hundred to afew thousand passes are guaranteed.

2.2 Linear Tape Technology

There exists two different technologiesusing parallel tracks on the tape. The classical tapes used by main-
frames are called parallel because all the tracks along the tape are written and read in parallel (Figure 1c).
In this paper we focus on the serpentinemodel. A serpentinetape drive writesonetrack (or group of tracks)
down the tape (forward direction), then writes the next track (or group of tracks) in the opposite direction
(reverse direction) as seen in Figure 1d.

Today we have two main technol ogiesfor serpentinedrives, DLT and QIC. DLT —Digital Linear Tape—
isatechnology developed by DEC (Digital Equipment Corporation). It usesahaf inch tape whichisstored
in a cassette having only one reel. The second reel is a part of the tape drive. When inserting a DLT tape
into a drive the tape first has to be mounted onto thisreel. The current top model of the DLT seriesis the
Quantum DLT 7000. Thistape drive stores 35 GB (uncompressed) data and has atransfer rate of SMB/s.

QIC — Quarter Inch Cassette — started as a standard for making inexpensive tape storage with modest
capacity and bandwidth, but during the last years the storage density has been increased and QIC are now
approaching DLT in both storage capacity and data transfer bandwidth. As the name implies the width of
the tape is an quarter inch, i.e., only half the width of the DLT tape. Opposite of the DLT, QIC tapes has
both reelsinside the cassette. QIC provides standard tape storage formats covering the range from 60MB to
13GB.

2.3 TandbergMLR1

In the experiments described in this paper we have used the Tandberg MLR1! drive. Thisdriveisbased on
the new 13GB QIC standard. In this subsection we will giveabrief introductionto thisdrive. More details
can be foundin [11].

A MLRL1 tapeis able to store 13 GB of uncompressed data. The tape drive can deliver (read/write) a
maximum sustained data rate of 1.5 MB/s to/from the host. The tape technology used is serpentine. Each
tape consists of 144 datatracks. The tracks are grouped in pairs, i.e., two tracks are written in paralel in
each scan of thetape. Thisgivesus 72 logical tracks, 36 in forward direction and 36 in reverse direction.

Datais storedinframes on the tape medium. Each frame consistsof 52 datablocksand 12 Error Correc-
tion Characters (ECC) blocks. Each block stores 512 bytes of data. The drive supportsthe SCSI interface.
Applications using the drive, read and write logical blocks of data to the drive. These logical blocks can
be fixed or variable length blocks. There is no direct mapping between the logical block address and the
physical position on the tape. The reason for thisis that during writing of atape there will be bad spots on
thetape. Thedrive automatically skipssuch areas. Aswewill seein the next sectionsthisinfluences on the
modeling of the seek times for a given tape.

3 Characterization of aMLR1 Tape

The purpose of this paper isto establish amodel of the accesstimes for a Tandberg MLR1 tape. Thismodel
should be ableto answer questionslike“ The tapeis now positioned at the start of the tape, how much time
doesit take until we are at the start position of logical block X" or “ How much timewill it take to seek from
logical position X to logical position Y”. In [3] thisfunctioniscaled| ocate_ti ne(src, dst).

IMLR is short for Multi-channel Linear Recording.
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Figure 2 Seek and rewind times for the first tracks of the tape.

To determine thismodel we have run several experimentsusingthe MLR1. Before we started the exper-
iments we filled the tapes with fixed length logical data blocks. Each logical block was 32kB. The number
of blocks we were able to write to atape varied from about 398000 to about 400100 blocks. The average
write time for a block was 22 milliseconds. To write afull tape takes approximately 2.5 hours.

Figure 2 showsthe seek and rewind timesfor thethreeand half first tracks. Alongthex-axisisthelogical
block number, and the y-axis contains the number of millisecondsiit takes to seek from the start of the tape
to that logical block. These numbers are found by rewinding the tape to the start position, then measure the
timeit takes the tape drive to seek to the specified block. We al so measured thetime to rewind the tape back
to the start position. We did this for every eight blocks along the x-axis?.

From the figure we see that 1) for forward tracks the curves for seek and rewind times both are straight
and overlaps, 2) for reverse tracks the curve for seek times have a sawtooth pattern, while the curve for
rewind times are straight.

To explain the sawtooth pattern we have enlarged asmall section of the reversetrack in Figure 3. This
figureshowsthat each 'tooth’ consistsof astraight linerepresenting about 200 logical blocks. Thereasonwe
get thispattern on thereversetracksisthat thesetrackshaveto beread in the oppositedirection of theforward
tracks. When the tape drivetriesto locate a position on areverse track starting from the start positionit first
has to seek past the sought block, and then start reading in the read direction until it has found the sought
block. Figure 3 indicates that the tape drive uses a set of predetermined pointsto decide where to stop the
seek in forward direction and start seeking in the opposite direction. These points corresponds to the first
block in each sawtooth.

Hillyer and Silberschatz [ 3] experienced similar sawtooth patternsfor the DLT 4000 drive. They defined
the pointswhere the seek time has a big dip from one sawtooth to the next as the key points of the tape. But
opposite what we found, they also experienced sawtooth patterns along the forward track. The reason for
thisisthat the DLT 4000 uses one speed (seek speed) for locating the correct key point block, and a slower
speed (read speed) for locating the correct block between two key points. Tandberg MLR1 uses the same
speed for both seeking and reading. This suggeststhere will be key pointsalong the forward trackstoo, and
by doing seek operationswhich starts on the physical end of the tape (instead of the beginning) and plotting
the seek times we see sawtooths on the forward track too.

To get statistical data about the seek timeswe ran two experiments. In thefirst experiment we measured
the seek times from the start of the tape to a random position on the tape. In the second experiment we

2gtill the tape drive ran continuously for about 2 daysto make this graph.
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Figure 3 A small section of thefirst reverse track.
Seek from start position | Seek from random position
Minimum 4.02 seconds 0.85 seconds
Average 65.4 seconds 45.5 seconds
Maximum 126 seconds 125 seconds

Table 1 Seek times for seeking from the start of the tape to a random position and from a random position to
another random position on the tape. These numbers are based on about 8000 seeks on the tape.

measured the seek time from a random position on the tape to another random position on the tape. The
resultsare givenin Table 1. These numberstogether with the experienced curves presented in Figure 2 will
be the basic for making a generic model for the seek times.

4 A GenericModel for Seek Times

To be able to estimate the seek times of the MLR1, we need a mode which describes the behavior of the
tape drive. As afirst approximation to such a model we will present a generic model of a serpentine tape
drive. Thismodel is based on the observations presented in the previous section.

The modé is based on the assumptions that the tape is already mounted in the tape drive and that the
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Figure 4 A generic moddl for characterization of a serpentine tape.
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Figure 5 The measured and estimated seek times for two tracks using the generic tape model.

tape consists of fixed sized blocks. Further, we assumethat each track of the tape consists of afixed number
of blocks. Thisis not entirely correct, because the number of blocks along a track might vary due to bad
areas on the tape. We will discussthisfurther in the evaluation of the model.

This simplified, generic model is shown in Figure 4. The model gives the seek times from the start of
the tape to any given position. The parameters which instruments the model are:

e N isthe number of blocksin each track.
e ty—themeasurements of seek timesshow that even the shortest seekstake aminimumtimeto perform.

e t,inq iSthetimethe tape drive needsto wind the tape from the start of the tape to the end of the tape.

Based on the model in Figure 4 we can find an expression for the physical positionagivenlogical block
has on the tape:

pos =| [(blocknumber + N) mod 2N] — N |

By dividing thisequation by NV we get the position as a number between 0 and 1. By using thiswe can
express the seek time between two random positions on the tape as:

Lwind

t =19+ N

(pOSstop - pOSstart)

4.1 Validation of the Model

To use thismodel we first have to estimate the values of ¢, #.,:,4, @and N. As an approximation for N we
take the number of blocks written to atape divided by the number of tracks on the tape. Unfortunately the
number of blocks per tape vary rather much. For the tapes we have used the number of blocks written has
been between 398082 and 400055 blocks per tape. Thisgivesan N intheinterval from 5529 to 5556. The
average number of blocks per tape has been 398637, giving an average valuefor N = 5537.

From the previous section we use the minimum seek time ast, = 4.0 seconds. In theory, it should
take 120 seconds to wind the tape from one end to the other3. Measurements show that thisis a very good

3The length of the tapeis 1200 feet and the speed of the tape is 120ips (inches per second).
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Figure 6 An overview of the Bottom-Estimate and Bottom-Seek algorithms.

approximation. We have measured the maximum rewind times to be between 119.9 and 121.2 seconds.
Based on this, we select ¢,,;,4 = 120.0 seconds.

To validate this model we picked 1000 random block humbers and measured the seek times. We com-
pared the measured seek times to the corresponding seek times suggested by the generic model (see Fig-
ure 4), and computed the errors between them. The average error between the measured and estimated seek
times we found to be 12.5 seconds.

In Figure 5 we have plotted the measured and estimated seek times for two tracks on the tape, together
with the error difference. This figure shows that the the estimated curve do not model the curve for the
measured seek times very well. The reason for thisisthat we use a fixed track length N in the model. On
real tapesthe track length will vary from track to track and from tape to tape. Thiswill make the curve for
the estimated seek times drift away from curve of measured seek times. As aresult the difference between
measured and estimated seek times will increase as afunction of the logical position on the tape.

5 Modeling Individual Tapes

The generic model got worse as we got farther out on the tape. The reason was that we did not know the
exact number of blocks per track. To make a model without the drifting problem we need to characterize
each individual tape. The straight forward way to characterize atape completely, would be to perform aseek
from the start of the tape to each of the blocks on the tape. Unfortunately, thisis not feasible, sinceit would
take more than a year to perform this for a single tape. One way to improve the accuracy of the generic
model will be to find better estimates for the number of blocks per track on each tape. In this section, we
will present and compare severa strategies for how this can be done.

A first approximation of the number of blocks per track can be found by dividing the exact number of
blocks written to the tape by the number of tracks on the tape. This can only be done if the entire tapeis
filled up by fixed sized blocks. We will call this strategy Exact tape-length.

To further improve the generic model, we try to identify the addresses of the blocks on the end of each
track. These addresseswill vary from tape to tape, dueto varying number of bad blocks per track. Based on
theseaddresses, we can estimate a correct valuefor each track length. We havetested two different strategies
for estimating the track lengths. The first strategy is based on using the write times of the tape, while the
second strategy findsthe end of the tracks by performing operations on the tape.

If we have control of the writing of the tape, and the tape iswritten block by block, we can measure the
writing timefor each block. Writing a 32kB block to thetape takesin average 22ms, but every time the tape
reaches the end of atrack, it has to stop the tape motion beforeit can start writing in the opposite direction.
By studying the writing times, we find that this change of direction takes about two seconds. This can be
used to locate the address of the end points of the tracks rather accurate. We call this strategy Write-Turn.

If the tapeis dready written by somebody else or by an application which do not let us have access to
the write times, we have to locate the end of the tracks by performing operations on the tape. One way to
do thisisto estimate a block interval which cover each end of atrack, and by doing measurements on this
interval gradually decrease the size of thisinterval until we have found the last block in the track.
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Average error [seconds] Standard deviation

Strategy All Tapel | Tape2 | Tape3 | Tapel | Tape?2 | Tape 3
Generic model 125s| 16.2s| 102s| 110s 105 8.59 511
Exact tape-length | 471s | 3.35s| 383s | 6.97s 2.90 245 4.71

Write-turn 337s| 342s| 343s| 3.25s 2.86 2.96 2.69
Bottom-estimate | 3.61s| 368s| 363s| 351s 2.88 2.97 2.73
Bottom-seek 379s| 384s| 385s| 3.67s 2.90 2.98 2.74

Table 2 Results from testing the algorithms on three tapes. The table contains the average difference between
measured seek times and seek times estimated by the tape model.

Since each MLR1 tape contains 72 logical tracks we have to perform this process for each of these. To
reduce the total time for characterizing each tape we optimize this further to only find the end of the 36
tracks which are closest to the physica start of the tape. Thiswill reduce the timeto find the tracks signif-
icantly because a seek/rewind measurements for a block close to the start of the tape takes from 8 seconds
and upwards, while seeking for blocks at the end of the tape takes about 250 seconds.

We have implemented and tested two agorithms for estimating the last block on each of the reverse
tracks. Both starts by estimating an end block for thistrack. Thisestimateis based on adding two timesthe
averagetrack length to theend point of the previousreversetrack. Both algorithmsare based on the property
that the sought block should be the block with the smallest seek time, i.e., blocks surrounding it should have
higher seek times.

Bottom-estimate. Based on the estimated end point we sel ect two points on each side of the end point (see
points Al, A2, B2, and B1 in Figure 6a). These points must be selected sufficiently away from the
estimated end point to be sure that the real end point is between them. We then perform a seek to
each of these positions to measure the seek and rewind times for each of these block addresses and
compute the crossing point between the lines through each of them. This crossing point is used as
an estimate for the last block on the track. To make this algorithm more sturdy against a bad rewind
time measurement we compute the slope of the lines through the points. If this slopeisnot within a
certaininterval wedo anew estimate of that linebased on two new measurements doneon two slightly
different tape positions.

Bottom-seek. Thisisbased on avariation of binary seek. We select one point on each side of the guessed
end block, Al and B1 (see Figure 6b) and measure the seek/rewind times. The one with the highest
rewind timeis replaced by a block lying inbetween these two points (binary seek step). This process
is repeated until we have reduced the length of theinterval between the two blocks below a predeter-
mined threshold (e.g., 8 blocks). Then the block in the middle of thisinterval is used as the estimate
for thelast block on the track.

Animportant point isthat when we compare rel ative position of the blocksonthetape, weusetherewind
timesinstead of the seek times. Thereason for thisisthat the rewind timeswill be on astraight linefor each
track, and this makes it easier to compare them. The seek times for reverse tracks are much more difficult
to compare due to the sawtooth shape of the curve (see Figure 2).

5.1 Validation of the Algorithms

To be able to compare these algorithms with the generic model presented in the previous section we filled
three tapeswith 32kB blocksand logged thewrite timesfor each block. From thewriting of thetapeswe got
the exact number of blocks on each tape and found the end address of each track. On each of these tapeswe
used the the two a gorithms described above to find the end blocks of the reverse tracks on the tape. These
block numberswere then used for estimating thetrack length for each track on thetape. We used these track
lengths to adjust the generic model. Instead of having one fixed N value for the model, we now used the
track lengths found by the algorithms for each individual track on the tape.
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Figure 7 Measured and estimated seek times for two tracks using the adjusted track lengthsfound by the Write-
Turn algorithm.

Asinput to the adjusted model we used the same 1000 random blocks as used for validating the generic
model, and compared the results with the measured seek times. The results for the four strategies are pre-
sentedin Table 2 together with the resultsfor the generic model. Compared to the generic model we see that
all strategies perform better. In our experiments we find that the average error between the measured seek
times and the estimated seek times are lessthan 5 secondsfor all strategiescompared to 12.5 secondsfor the
generic model. We also see that the three last strategies which estimates the length of the individual tracks
performs better than the strategy where we use a constant track length based on thetotal length of the tape.
All of the three strategies have an average error between 3 and 4 seconds. In Figure 7 we have plotted the
measured and estimated curves for the same two tracks as shown in Figure 5 using the Write-Turn strategy.
This time we observe that the two curves overlap much better leading to much better estimates. We have
also plotted the curve for the error of the model.

If we compare the three strategies for detecting the ends of the tracks, we see that Write-Turn givesthe
best results. The reason isthat Write-Turn uses the exact end points detected during writing, while the two
other only estimates the bottom to be within a certain interval. Comparing Bottom-Estimate and Bottom-
Seek, we see that they perform amost identically, with Bottom-Estimate performing slightly better.

It isimportant to be aware of the cost of getting these better models. We now have to model each in-
dividua tape separately. The Exact tape-length strategy do only require that we get the total length of the
tapewhen it iswritten. The Write-Turn strategy requiresthat we are able to measure the writing times of the
blocks on the tape. The two last algorithmsrequire that each tape are run through the process of finding the
end of the tracks before the model can be used. Thisisrather time-consuming. These required time usage
are respectively 75 and 131 minutes for the Bottom-estimate and Bottom-seek a gorithms.

6 Extended Model

In the previous section, we presented several algorithmsto improve the generic model to get better estimates
by characterizing each individual tape. In this section, we will present how we have used the results from
the evaluations of the algorithms in the previous section, to improve the generic model itself. We will call
the new model an extended generic model for MLR1.

From studying the resultsin the previous section (see Figure 7) we did the following observations:

1. For forward tracks the model consistently overestimates the seek times.
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Average error [seconds] Standard deviation

Strategy All Tapel | Tape2 | Tape3 | Tapel | Tape?2 | Tape 3
Extended model | 12.0s | 139s| 875s | 135s 10.0 7.50 534
Exact tape-length | 5.35s | 229s| 520s | 855s 1.79 3.01 5.57

Write-turn 230s | 232s | 247s | 212s 1.91 2.12 1.89
Bottom-estimate | 2.25s | 2.26s| 240s | 207s 2.06 2.26 1.98
Bottom-seek 223s | 226s| 237s| 2.06s 2.15 241 2.02

Table 3 Results from testing of the algorithms on the extended model of a MLR1 tape. The table containsthe
average difference between measured seek times and seek times estimated by the extended model using different
algorithmsfor instrumenting the mode.

2. For reverse tracks the model consistently underestimates the seek times.
Based on these observations we did the following extensions to the generic model:

o We havereduced thevalue of ¢, from 4 to 2 seconds. Thereason for using 4 secondswasthat thiswas
the least seek time we have experienced using the tape drive. But as can be seen in Figure 2 the first
part of the curve for seek times on forward tracks has some extra delay in the seek times compared
to therest of the curve for seek times. The reason is that the tape drive always does some extra tape
moving for the first blocks on each forward track. To avoid that the model overestimates seek times
for forward tracks we have reduced ¢.

e We have increased the seek times for al positionson the reverse track by a certain amount which we
cal t,.,. Thisisfor compensating for the extratimeto find a position on the reverse track. First we
always have to change the winding direction once for each seek. By studying the seek timeswe have
found that thetime to change winding direction takes approximately two seconds. In additionthetape
drive will awayswind to akey point before it changes direction. This means that for each seek for a
position on areverse track the tape drive seeks longer than actually needed. On average thiswill be
half of the “hight” of a sawtooth. The “hight” of a sawtooth is about 4 seconds (see Figure 3). This
extradistancewe gotwice, first in forward direction until we have found the key point, thenin reverse
direction. Totally thisgivest,.., to be 6 seconds.

This extended model is showni Figure 8.

6.1 Evaluation of the Extended M odel

To evaluate the extended model we ran the same tests as we did for the algorithms presented in the previous
section. The corresponding results can be found in Table 3.
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Figure 9 Measured and estimated seek times for two tracks using the adjusted track lengthsfound by the Write-
Turn agorithm for the extended tape model.

We see that we get similar results as we did when we used the agorithms on the generic model. For
the three algorithms which locates the individual tracks on the tape we find that al performs almost identi-
cal. Theaverage error for these algorithmsis about 2.3 seconds, which is 30 percent better than the generic
model. A plot of the measured and estimated seek times for two tracks on the tape can be seen in Figure 9.

For the agorithm which uses the exact tape length, we see that the extended model actualy performs
worse in some cases. This happens when the model has drifted to the right of the seek curve (as seen in
Figureb).

7 Conclusion

In this paper we have investigated the seek times of a Tandberg MLRL1 tapedrive. The goal of thework has
been to establishamodel for estimating seek times for random accessesto thetape. To model the seek times
for the MLR1 tape isnon-trivial becausethereisno direct relation between thelogical block addresses used
by applicationsand the corresponding physical position on thetape. By studying the seek and rewind times
we have proposed a generic model of a MLRL1 tape. Unfortunately this model does not give very accurate
results because it is based on fixed track lengths. The reason the generic model performs badly is that the
length of the tracks vary from track to track and even more from tape to tape.

To be ableto givemore exact estimatesfor seek timesit is necessary to characterize each individual tape.
We have evaluated four strategiesfor characterizing tapes. Each of these strategies have different qualities
and costs. Using the Exact tape-length is the easiest and least costly, but givesthe |east accurate estimates.
It also requiresthat the tape is filled completely.

The other strategies|ocates the end positionsof each track on thetape. They all give approximately the
same accuracy for the estimated seek times, but they have very different costs for establishing the model.
All of them requires that we for each tape keep alist of the addresses of the end tracks. If we know the
writing times of each block written to the tape, the Write-Turn strategy givesthe best model for estimating
seek times. It isaso theleast costly of the three strategies. If we do not have assess to the write times, the
Bottom-Estimatestrategy isthe prefered method for instrumenting the tape model. Unfortunately the cost of
establishingthelist of theend positionsof each track requires about one hour of measurement of seek/rewind
timesfor each tape. The Bottom-Seek al gorithm performs almost identically to Bottom-Estimate, but the cost
of using the algorithmto find thelist of end positionsis higher. By using one of these strategieswe are able
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to estimate seek times with an average error of two to three seconds.

To further improve the model we have to include the sawtooths into the model. To locate each of the
sawtooths on the tape is not feasible because it would require too much time to characterize each tape. An
aternative could be to extend the tape drive with commands for |etting users read information about the key
pointsfrom the drive.

The model presented in this paper gives estimates for seek times from the beginning of the tape to a
given position on the tape. We plan to further improve the model of the tape and use this as a basis for
experimenting with scheduling of concurrent accesses to the tape. To be able to do this we have to extend
the model to make it able to estimate seek times between two given positionson the tape. The tape model
together with ascheduler for tape requestswill be used asapart of our ongoing work on storing digital video
on digital tape for video archive applications.
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