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Abstract

This paper presents an access time model for the Tandberg MLR1 serpentine tape
drive and provides low-cost algorithms to characterize this model for each individual
tape. The accesstime model isused to study the effects of scheduling of 1/0 requests.
Simulations and experiments show that use of proper scheduling algorithms provides
substantial improvement of the random I/O performance.

1 Introduction

Compared to magnetic disks, magnetic tape technology stores the same amount of data at
afraction of the price and storage volume. For emerging applications, like data mining,
digital image databases and video archives, which requirereally huge amounts of datastor-
age, these advantages can outweigh the problemsrel ated to the much longer access times,
which is the main disadvantage of magnetic tapes.

When applications have a non-sequential access pattern to data stored on tapes, it is
of foremost importance to minimize the random access delay to the data stored on tape
and thereby maximizing the utilization of the tape drives. This can be achieved by care-
ful scheduling of the I/O requests against the tape drives. A hypothetical image database,
which stores high-quality images (10 MB each) on magnetic tapes, can serve as an exam-
ple. A single 13 GB QIC tape will be able to store 1300 images. A user query requesting
images of “Thor Heyerdahl” could for instance find ten such images on asingle tape. To
read these ten images, which are scattered around the tape, without any attempt to optimize
the access time would take 22 minutes and 7 secondsin the worst case and 8 minutes and
57 seconds in the average case. Using the best scheduling algorithm, this access time can
be reduced to 3 minutes and 45 seconds, which is only 42% of the average case without
optimizing. Asthissimple example shows, the random access performance of tape drives
can be significantly improved by means of proper I/O scheduling.

In this paper we study the problem of scheduling random I/O requests for serpentine
tape drives, using the Tandberg MLRL1 tape drive as an example. Whilealot of work have
been done on modelling and scheduling of random accesses on magnetic disks [8], little
research have been performed for serpentine tape. A very notable exception is the work
by Hillyer and Silberschatz [2, 3] which presents a detailed model of seek times for the
Quantum DLT 4000 tape drive and evaluates several algorithmsfor scheduling of random
I/0 requests. The strength of their work liesin the very accurate model of seek times, but
unfortunately the time necessary to characterize each tapeis so long (twelve hours of pro-
cessing) that it significantly reduces the practical value of their work. Prabhakar et a. [6]
have studied the problem of scheduling I/O requests for robotic libraries with tape drives
but make no efforts to schedul e the processing of requests for agiven tape. Sarawagi [12]

91



has studied query processing in tertiary memory databases. She proposes to use average
seek cost to model the performance of serpentine tape drives and hence misses opportuni-
tiesto optimize the random 1/O performance. Taking an alternative approach to improve
the performance of tape drives, Christodoulakis et al. [1] have studied optimal placement
of datain tertiary storage libraries.

To overcome the limitations of the model suggested by Hillyer and Silberschatz [2],
we have deliberately designed a less detailed model of the access times for the Tandberg
MLR1tapedrive, and we providelow-cost a gorithmsto characterize each individual tape.
Based on thisaccesstimemodel, we have simul ated the performance of anumber of known
scheduling algorithms, and of a new algorithm, MPScan*, which gives superior results.
All simulationresultsare validated by extensive experimentson real tapedrives. Themain
conclusionisthat our low-cost model of accesstimes gives estimatesthat are good enough
to facilitate efficient scheduling of random 1/O requests, while still being simple enough
to be of practical value.

Theremainder of thispaper isorganized asfollows. Section 2 givesabrief introduction
to magnetic tape technology. Section 3 presents amodel of access times for the Tandberg
MLR1 serpentine tape drive, which is the basis for scheduling of random 1/O requests.
Section 4 describes several algorithmsthat perform static scheduling of random retrievals
from serpentinetape drives, and Section 5 presents simul ationsthat reveal therelative per-
formance of the scheduling algorithms. Section 6 presents measurements of schedule ex-
ecutions on the Tandberg MLR1 which validate the simulation results, and discusses the
quality of the access time model and of the scheduling algorithms. Section 7 concludes
the paper.

2 Magnetic Tape Technologies

Therearethreemaintapetechnologies. helical-scantape, parallel tape and serpentinetape.
Helical-scan tape drives read/write vertical or diagonal tracks on the tape using a rotat-
ing read/write head. Parallel tape drives read/write al tracks in parallel during one scan
through the tape. Serpentine tape drives first read/write atrack in forward direction, then
read/write the next track in reverse direction, and so on, leading to a serpentine pattern for
the data layout.

In this paper we focus on the serpentine tape model. There are two important stan-
dards for serpentine tape drives, QIC and DLT. QIC — Quarter Inch Cassette — started as
a standard for inexpensive tape storage with modest capacity and bandwidth. During the
last years the specifications have improved, and QIC isnow comparableto DLT regarding
both storage capacity and data transfer bandwidth. The QIC standard [7] uses tape which
isaquarter inch wide, have cartridges with both wheels inside the cassette, and provides
standard tape formats covering the storagerangefrom 60 MB to 25 GB. DLT —Digital Lin-
ear Tape[5] —isastandard originally developed by Digital Equipment Corporation. DLT
usesahalf inchtapewhichisstored in acartridge with only onereel, the second reel is part
of the tape drive. When inserting aDLT tapeinto adrive, the tape first has to be mounted
onto thisreel.

While DLT and QIC drives are dlightly different, their access time characteristics are
similar and to ahigh degree dictated by the serpentine datalayout. Contrary to parallel and
helical-scan drives, serpentine drives do not provide a direct relationship between logical
block addresses and physical positions on the tape, making it much harder to estimate the
access times.

To run the experiments reported in this paper we have used the Tandberg MLR1 tape
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Figure 1 Seek and rewind times for the first tracks of atape. The seek times are measured
starting at the beginning of the tape and seeking to agiven logical block number.

drive[13]. Thistapedrive uses serpentine datalayout and isbased on the 13 GB QI C stan-
dard [7], making it possibleto store 13 GB per tape (without compression). The drive can
deliver (read/write) amaximum sustained datarate of 1.5 M B/sto/from the host computer.
Each tape has 72 logical tracks, 36 in theforward direction and 36 in the reverse direction.
All experiments are performed using two Tandberg MLR1 tape drives connected to a Fast
SCSI-2 bus on a SparcStation 20 workstation.

3 Estimating Access Times

To reduce the access time and thus optimize the utilization of a tape drive by scheduling
of the random 1/0 requests, one needs afairly accurate model of the behavior of the tape
drive. In this section we present a model for seek times on a serpentine tape drive. This
model is used as a basis for the scheduling algorithms presented in the next section. A
more thorough discussion of the model can be found in [11].

The access time is the time it takes from a memory device gets an /O request until
the datais made available to the requesting entity. For atapedrive, thisisthetime used to
position thetape (seek time) plusthetimeused to read thedata (transfer time). Considering
atape drive, there is nothing to be done with the transfer time, as the drive reads with a
constant transfer rate until the end of therequested dataisreached. Hence, thetransfer time
will be proportional to the size of the requested data. Contrary, the seek timeis essentially
wasted time and should be reduced as much as possible. Because of this, the focus of our
access time model will be on modelling seek times. Modelling seek times for serpentine
tapedrivesisnon-trivial and providesopportunitiesfor substantial optimization of thetotal
accesstime.

An1/O request consists of the address of thefirst logical block requested and the num-
ber of consecutive blocksto beread. The purpose of the seek timemodel isto estimatethe
time that the tape drive would use to re-position the tape from the current logical position
to the logical start position of the next 1/0 request. On a serpentine tape drive, this seek
timeis determined by the physical distance between the two positions on the tape and by
whether the drive has to change track and/or direction, or not.
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Figure 2 Model used for estimating seek times.

3.1 Characterigtics of the MLR1 Tape Drive

Tofind the characteristicsof the MLR1, thetapeswerefirst written with 32 KB datablocks.
By performing random seeks on a number of tapes, we found the maximum seek time for
accessing arandom block to be 126 seconds. The average seek timeis 65 secondsfor seeks
starting from the beginning of the tape, and 45 seconds for seeks between any two random
positions. In Figure 1 we have plotted the seek and rewind timesfor seeksfrom the start of
the tape to blocks on thefirst four tracks of atypical tape. From the figure, we see that for
forward tracks the curves for seek times are straight and increase proportionally with the
block address of the sought block, while for reverse tracks the curve for seek times have
a sawtooth pattern.

By studying the seek times for the reverse track, we have found that both the number
of blockswithin a sawtooth and the number of sawtooth along atrack arevarying. Thisis
probably due to bad areas on the tape which the drive will skip. Other experiments have
shown that the number of blocks on atrack vary from track to track, resulting in a non-
trivial mapping from logical block addresses to physical tape positions. The reason for
the sawtooth pattern on the reverse track is that the read direction is opposite of the seek
direction. When the tape drive tries to locate a position on the reverse track, it first has
to seek past the sought position, then change winding direction and start reading in the
oppositedirection until it hasfound the sought block. Figure 1 indicatesthat thetapedrive
usesaset of predetermined pointsto decide whereto stop the seek inforward direction and
start seeking in the opposite direction. These points correspond to the first block in each
sawtooth. Hillyer and Silberschatz [2] experienced similar sawtooth patternsfor the DLT
4000 drive. They defined the points where the seek time has a big dip from one sawtooth
to the next as the key points of the tape. This suggests that there will be key points along
the forward tracks too, and by doing seek operations which start on a different position
than at the beginning of the tape, we find sawtooths on the forward tracks too.

3.2 Modd of Seek Times

Two important properties of the serpentine tape must beincluded inamodel to makeit able
to estimate seek timesbetween tapepositions. First, it must be ableto estimate the physical
position for each logical block address on thetape. Second, it must be able to computethe
seek time between every pair of physical positions. Hillyer and Silberschatz [2] have done
this by locating the start address of each sawtooth on the entire tape. This gives a very
accurate model. Unfortunately, it takes about twelve hoursto locate all the sawtooths for
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each tape, making their model too costly in most practical applications.

To make amodel whichisless costly to establish, while still accurate enough for most
applications, we have proposed a model which do not relay on locating each of the saw-
tooths. Our model is based on the two following strategies:

e To be able to estimate the physical position of logical blocks on the tape, we locate
the start address (the logical address of the first block) of each track on the tape.
These track start addresses can then be used to find the correct track number and an
estimate for the physical position, for any given logical block.

e To be able to estimate the seek times between two physical tape positions, we par-
tition the possible seeks into eight digunct cases. For each of these cases, we have
established analytical cost functions.

There are four variables which influences the seek timefor agiven seek. Theseare 1)
the physical distance between the two tape positions, 2) if the drive has to change track,
3) if the drive has to change winding direction, and 4) whether the sawtooths influences
on the seek time. The eight different search cases are illustrated in Figure 2. These cases
are based on how the different variablesinfluences on agiven seek. The casesare 1) seeks
forward on the current track (no change of direction nor sawtooths), 4) long seeks on co-
directiona tracks where there is no change of direction nor sawtooths, 2) and 5) seeks
wherethedrive hasto change direction and thereisalwaysasawtooth, 3) short seekswhere
thereisacertain probability the seek timewill beinfluenced by asawtooth (i.e., in order to
find the correct key point), 6) short seeks where the drive has to change winding direction
and there is a certain probability that the seek time will be influenced by a sawtooth, 7)
seekswhere the drive has to change winding direction, and finally 8) seeks where the seek
time will be influenced by locating a sawtooth.

For each of these cases of seeks, we have run extensive practical experimentswith the
tape to establish cost functions. These cost functions compute estimates for the seek time
between two given positions. A more detailed description of the cost functionsis given
in[11].

The cost of establishing this model islow. The cost function for each of the eight re-
gions in Figure 2 can be established once for each type of tape drive. To find the start
addresses of the tracks has to be done once for each tape because these vary from tape to
tape. Asshown in [11], this can either be done by measuring and analysing the writing
time for each block to the tape by using the Write-Turn algorithm, or by actively reading
parts of the tape and analysing the read times by the Read-Turn algorithm. The cost of
using the Write-Turn algorithm for finding the addresses of the start block on each track
isvirtually zero. To use the Read-Turn algorithm takes in average 13 minutes per tape.

4  Scheduling Algorithms

When a tape cartridge is mounted into a tape drive, severa users may have issued any
number of 1/O requests for data on this single tape. The problem of scheduling random
access /O requests for a serpentine tape drive can be stated as follows:

Givenalist R of I/O requestsand aninitial tape position I, the goal isto pro-
duceapossiblyreorganizedlist S, containing the samerequestsasin R, which
will result in a minimum total execution time when the requests are executed
in the order dictated by S.
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In this section, we first describe a number of known scheduling algorithms and then
propose anovel algorithm, Multi-Pass Scan Star (MPScan*), which makes clever utiliza-
tion of the streaming capability of the tape drives. To clarify the discussion, we have clas-
sified the algorithms based on the degree to which they take the physical geometry of the
tape into consideration.

4.1 Zero-dimensional algorithms

These algorithms perform the 'scheduling’ of the I/O requests without any consideration
of the physical properties of the tape.

READ - readsthe tape sequentially until all requestsare served. OnaTandberg MLR1
tape drive it takes about two and a half hour to read an entire tape.

FIFO - reads the requests in the order in which they are found in the initial schedule
R, without any attempts to optimize the execution order. Thisis the obvious method to
schedule /O requestsfor storage devicesin cases where one does not have any knowledge
of the properties of the device.

SORT - re-organizes the requests such that they are executed in order of increasing
logical addresses.

4.2 One-dimensional algorithms

In this class we find algorithms that take into account the physical positions (longitudinal
dimension) of the requests on the tape, but neglect to take into consideration that requests
to close positions, but on different tracks, might incur relatively high seek times.

SCAN - All requests are executed in asingle scan back and forth the entire tape — this
algorithm is similar to the well know elevator algorithm used for disks. The requests are
partitioned into two sets based on the read direction of the corresponding track. The re-
questsin each set are sorted on physical tape position. If we assume that the tape driveis
positioned at the beginning of the tape, SCAN reads al the requests on forward tracks as
it scans through the tape, and then all the requests on reverse tracks as it scans back to the
start of the tape. The complexity of thisalgorithmis O(nlogn).

4.3 Two-dimensional algorithms

The agorithms in this class take into account both the physical distance on the tape be-
tween two tape blocks (longitudinal dimension) and the cost of changing between tracks
(latitudinal dimension).

OPT - thisit theoptimal scheduler which always (if themodel isexact) givesthe short-
est possible total execution time. The problem with this algorithm is that it reduces the
scheduling problem to the familiar Traveling Salesman problem, which is known to have
an exponential time complexity for computing the optimal solution. Because of this, OPT
is hardly useful for schedules containing more than ten requests.

SLTF - Shortest Locate Time First - this is similar to the Shortest Seek Time First
(SSTF) algorithm used for disk scheduling. Starting on position I, it selects the request
from R with the least seek cost (locate time) as thefirst tape operation to be performed. It
then selects from the remaining unschedul ed requests, the request with the least seek cost
from the new current tape position as the next tape operation to be performed. This step
isrepeated until al requestsin R are scheduled. The cost of thisalgorithmis O(n?).

M PScan - Multi-Pass Scan - asthe SCAN algorithm, thisisan el evator algorithm, but
thisalgorithm allows multiple passes through the tape. The main problem with the SCAN
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Schedul e = MPScan(R)

N = nunber of scans in Schedul e
M nCost = cost_of (Schedul e)

S = Schedul e

while ( N> 1) {
renove | ast scan of requests from Schedul e.

while (sonme request r in last scan) {
go through all requests in Schedul e and
insert r where the added cost to the Schedule is |east.
remove r fromlast scan.

}
if (cost_of (Schedule) < MnCost) {

M nCost = cost _of (Schedul e)
S = Schedul e // the best schedule so far

}
N=N- 1,
Figure 3 Pseudo code for the MPScan* algorithm.

algorithm is that it does not take into account the cost of track changes. As aresult, the
tape drive might have to rewind to find the closest key point, when the next request in the
scheduleisphysically closeto the current tape position. MPScan avoids such interruptions
of the streaming by careful selection of the next request to be included in the schedule.
At each step in the production of the schedule, the algorithm considers only the requests
which are further down the current track and the requests on co-directional tracks which
are more than the key point distance further down these tracks. This are the requestsin
tape regions 1 and 4 as shown in Figure 2, relative to the current position, and the closest
of these candidates are chosen as the next request to be included into the schedule. This
guarantees that the tape drive does not have to rewind to seek to the next request in the
schedule, at the cost of possibly having to make multiple passes through the tape. The
complexity of the MPScan algorithmis O(n?).

M PScan* - Multi-Pass Scan Star isan improved algorithm based on the M PScan algo-
rithm. SLTF and MPScan have the drawback that they are too greedy and select the next
operation to be included in the final schedule only by minimizing the cost that this single
operation will incur on the final schedule. SLTF do this by selecting the next operation
to be the one with minimum seek time, while MPScan do it by selecting the physically
closest operation which will not make necessary to change direction. As more requests
are scheduled, less request will be candidates for being scheduled next and the seek times
for each request will increase, leading to rather long seeksin the last part of the schedule.

Themainideaof MPScan* isto avoid theselong seeks at the end of an M PScan sched-
ule by removing the corresponding requests from the schedule and inserting them some-
where else in the schedule. The place where to insert a request is selected by computing
how much extra cost this request will introduce to the total schedule. The details of the
algorithm are found in the pseudo code in Figure 3. It starts by performing an ordinary
M PScan scheduling of the requests. 1t then removes the requests constituting the last scan
from the schedule. For each of these requests, the added cost is computed for all possible
positions where this request can be inserted in the schedule, and the request isinserted in
the position where it does least harm. This processis repeated by removing and inserting
the next last scan until the schedul e consists of only one scan. For each repetition, thetotal
cost of the new scheduleis computed and finally the schedule with the best cost is chosen
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Figure 4 Simulated average access time in seconds for each 1/O request using different
scheduling algorithms and for different problem sizes.

astheresult of thealgorithm. Theworst case complexity of thisscheduleis O (n?), but for
most schedule sizes the cost of the algorithm is acceptable.

5 Simulations

The algorithms presented in the previous section have been implemented. This section
presents the results from simulations of the algorithms. The reason for simulating the al-
gorithmsisto be able to compare the properties of the different algorithms using the tape
model presented earlier in this paper. In the next section we will validate the simulation
resultsby comparing them to the resultsfrom execution of scheduleson aMLR1 streamer.

All simulations were performed on a set of request lists containing from one to 2048
requests. Each request was for one 32 KB block on the tape. The block addresses were
drownfromauniformdistributionintheinterval [0..M ax BlocksOnTape). For schedules
of length from 1 to 128 requests, we used 2000 different request lists, for schedulesin the
interval 192 to 768 we used 1000 request lists and for schedules with more than 768 we
used 400 different request lists. For OPT the largest request lists contained 12 requests.
All simulations started with the tape drive positioned at the beginning of the tape.

InFigure4, we show estimated average accesstimes per request for the different sched-
ule lengths using different scheduling algorithms. As can be seen from the figure, with
only one request there is nothing that can be done to improve the performance, and in av-
erage the seek time for one tape operation will be 65 seconds. If we do no scheduling of
therequests (i.e., using the FIFO strategy) the average seek time stabilizes on 45 seconds.
This can be greatly reduced by using one of the better scheduling algorithms. For sched-
uleswith lessthan about 12 requests, the curves for OPT, SLTF and MPScan* overlap and
any of them can be used. For longer schedules, it isnot feasible to use the OPT algorithm
since it costs too much to compute the schedule, and as long as the length of the schedule
is less than about 2100 requests MPScan* produces the best schedules. For even longer
schedules, the READ strategy gives the shortest total execution time for performing the
schedule.
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Figure 5 Measured average access time in seconds for each /O request using different
scheduling algorithms and for different problem sizes.

4] 8| 16| 32| 64| 128| 256| 512 | 1024 | 2048 |
SCAN [383[312[335|549| 6441219 1217 | -1.54 | -9.18 | -23.39
SLTF 426 | 462 | 314|398 |-065 | -1.19 | -7.09 | -7.36 | -5.88 | -8.40
MPScan* | 3.99 | 5.05| 275 | 6.15| 396 | 417 | 289 | 233| 150| -0.10

Table 1 Difference between estimated and measured times for performing a schedule of a
given size. The error shows how many percent the estimated time differs from the measured
execution times.

6 Experiments and Discussion

To be able to validate the different scheduling agorithms and compare how they perform
we have run schedules of varying problem sizes produced by the different schedulers on
a MLR1 tape drive. Just as during the simulations, the tape drive was positioned at the
beginning of the tape before we started the first tape operation. Each operation consisted
of reading a 32 KB block from arandom position. For each schedule, the total time that
the tape drive used to execute all the operations was measured.

Different criterias can be used to validate and compare the algorithm. First, we should
be ableto verify that the algorithms behave in the sameway asin the simulations. Second,
we should verify that the estimated execution times are approximately the same as the ac-
tual execution times. Third, we should be able to detect if any of the schedulers have any
peculiar behavior which make them better/worse than predicted by the simulations.

The measured execution times per request for the different scheduling algorithms are
presented in Figure 5. Thisfigure should be compared to the corresponding simulated ac-
cesstimesin Figure 4. By comparing thesetwo figures, we seethat therel ative ordering of
the schedulers are the samein both the simulated and in the real experiments, and confirms
that MPScan* is the best algorithm.

From thesefigures, we al so see that the estimated and experienced accesstimesare ap-
proximately equal. To get a better apprehension of how good the estimated times to per-
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Figure 6 (a) Reduction in percent of total execution time for MPScan* compared to FIFO
scheduling, compared to READ and compared to an optimal combination of FIFO and
READ. Results from Hillyer and Silberschatz [3] show their best results compared to an op-
timal combination of FIFO and READ. (b) Reduction in seconds of total execution time for
MPScan* compared to FIFO scheduling, compared to READ and compared to an optimal
combination of FIFO and READ.

form a schedule are, Table 1 givesthe average difference compared to smulationsfor the
three best algorithms. These numbers are calculated by finding the difference in percent
between the estimated and measured execution time for each of the schedules run on the
MLR1. A positive value means that the estimated execution time is a number of percent
higher than the actual measured execution time. Of coursethiserror isnot only aresult of
the particular scheduling algorithm, but also an estimate for how well the tape model esti-
mates seek times. From the table, we see that most of the measured times are within +/-5
percent for schedules with less than 128 requests for SCAN and SLTF, and for all sched-
ule sizes for MPScan*. The reason for the difference between measured and estimated
execution times for long schedules produced by SCAN and SLTF is that these schedulers
produce a seek pattern on the tape with a high number of changes of winding direction.
For long schedules, these rapid changes of direction can impose slack in the tape, which
makes the tape drive start to perform sub-standard.

We consider thisto bereasonable good estimatesfor the actual executiontimes. Hillyer
and Silberschatz [3] experiences less difference between estimated and measured times.
Thisis probably due to their much more detailed tape mode!.

6.1 Access Time Improvements

The purpose of random 1/O scheduling is to reduce the total execution time for a given
combination of 1/0 requests in order to minimize the waiting time for the requesting ap-
plication(s) and to maximize the utilization of the (expensive) tape drive, which oftenisa
bottle neck intape systems. Figure 6 showstherelative and absol uteimprovementsthat the
best scheduling algorithm, MPScan*, gives compared to the non-scheduling approaches,
which arerandom order (FIFO) execution of the requests, reading the entiretape (READ),
or acombination of FIFO and READ. MPScan* scheduling gives substantial benefits for
all problem sizes from two 1/0 requests and up to 2100 1/0 requests. The maximum gain
is for a schedule of 196 requests where a MPScan* schedule executes in 20 minutes and
47 seconds, compared to an execution time of 2 hours, 5 minutes and 15 seconds for the
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No. of requests | DLT | MLR1
1 95 62,6

2 72 44,2

4 54 28,5

16 38 12,1

64 31 74

256 24 6,2

1024 13 49

Table 2 Average access time in seconds for the DLT 4000 with the LOSS algorithm and for
the MLR1 with the MPScan* algorithm.

corresponding FIFO schedule, saving more than one hour and 45 minutes.

Itisinteresting to comparetheresultsfor the Tandberg MLR1 to theresultsthat Hillyer
and Silberschatz [3] achieved for the Quantum DLT 4000 tape drive. In Figure 6 (a) we
have shown their best results compared to an optimal combination of FIFO and READ for
the Quantum drive. For any number of requests, we get significantly better results with
the Tandberg drive. On average, we reduce the total execution time with 23 percent more
than they do for the DLT drive.

The average access times are much higher for the DLT drive than for the MLR1 drive.
Table 2 shows the access times for the DLT drive with their best agorithm, LOSS, and
the accesstimes for the MLR1 drive with the MPScan* algorithm. A schedule of 196 1/0
requests would for instance have a total execution time of 1 hour and 24 minutes on the
DLT drive with the LOSS algorithm, compared to the less than 23 minutes on the MLR1
with MPScan*. In effect the Tandberg MLR1 would be able to execute four schedules of
196 requests in the same time that the Quantum DLT 4000 processes one such schedule.

The Quantum 4000 drive and the Tandberg MLR1 drive are comparable, except that
the DLT stores 54 percent more data (20 GB to 13 GB) and has a maximum seek time that
is 43 percent longer (180 secondsto 126 seconds). Even if we take the longer maximum
seek time into full effect (which is not reasonable, but still), the Tandberg drive performs
three times as effectively for a schedule of 196 requests. The main reason why the MLR1
performs so much better, is not that MPScan* is a so much better algorithm than LOSS,
but rather that the Tandberg drive has many more key points (25 to 13 on each track). The
higher number of key points lead to much shorter sawtooths, which significantly reduces
the cost of many of the shorter tape movements. Another factor isthat the DLT seekswith
30 percent less speed when searching for a position within the same sawtooth, while the
MLR1 performs all operations at full speed.

7 Conclusion

In this paper we have proposed amodel of accesstimesfor the Tandberg MLR1 serpentine
tape drive, which balances the need of accuracy with the time needed to characterize each
individual tape. The accesstimeestimatesare used to schedulerandom I/O against thetape
drive and give resultsthat are fully comparable with results that have been achieved with
far more elaborate approaches. Further, we have proposed a novel scheduling algorithm,
M PScan*, which givesvery good resultsfor all problem sizesand produces access patterns
that are favorable to avoid certain irregularities in tape drive performance that can occur
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with some other algorithms.

The simulations and practical experiments confirm earlier work by Hillyer and Silber-
schatz [3] and demonstrate that clever scheduling of 1/0 requests gives great performance
improvementsfor awiderange of problem sizein number of 1/0 requests. Therandom /0O
performance achieved for the Tandberg ML R1 ismuch better than achieved by Hillyer and
Silberschatz (op.cit.) for the otherwise comparable DLT 4000 serpentine tape drive. The
main reason why the Tandberg MLR1 drive outperformsthe DLT 4000 drive for random
I/O requests is the higher number of key points used by the Tandberg drive.

The work presented is done as part of our research on storage and delivery of digital
video [4, 9]. The accesstime model has been used for scheduling of requests for multime-
diaobjects[10].

Notes
IThe order of the authorsis random and conveys no information of unequal contributionsto the contents

of this paper.
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