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Abstract

This paper discusses scheduling of random I/O requests
for multimedia data stored on magnetic tape using serpen-
tine data layout. Results from simulations and real experi-
ments show that substantial improvements of retrieval per-
formance can be achieved by proper 1/O scheduling. A new
algorithm, Multi-Pass Scan Sar (MPScan*), is presented
and shown to give better results than any other known al-
gorithm. Thelevel of Quality of Servicethat can be reached
by use of MPScan* is discussed in the context of retrieval of
image and short video segment data.

1. Introduction

For emerging multimedia applications, like large image
databases and video archives, which require really huge
amounts of data storage, the low cost and high storage den-
sity can make magnetic tape a feasible storage alternative.
Considering use of magnetic tape, there are three important
drawbacks. First, in order to realize the low storage cost, a
high number of tape cartridges must be gathered in a tape
library which consists of alimited number of tape drives, a
storefor the cartridges when they are not in use, and arobot
mechanism which moves cartridges between the store and
the tape drives. When applications access data stored on a
cartridgewhichisnot mountedin atapedrive, they will have
to wait until a tape drive is available, the current cartridge
is unloaded from the drive, and the requested cartridge is
loaded into the tape drive. At best, this waiting time will
be tens of seconds. Second, as magnetic tape is a sequen-
tial medium, the seek times needed to locate data on a tape
are horrendously long, typically in the range from 10 to 100
seconds. Third, the data transfer rate is limited compared
to magnetic disk, and transfer of large data objects can take
considerabletime to complete.

*The order of the authors is random and conveys no information of un-
equal contributions to the contents of this paper.

To improve the performance of tape based systems, one
can improve the efficiency of bringing the cartridgesto and
from the drives, improve the efficiency of finding the rele-
vant datawhen a cartridgeis mounted in atape drive, or im-
provethe efficiency of datatransfer to/from the tape. While
improvements of the data transfer rate are entirely in the
hands of the manufacturers, and a lot of work have been
done on efficient use of tapelibraries[9, 10], little has been
done to optimize the access of multimedia data stored on a
single tape. For applications which have a non-seguential
access pattern, it is of great importance to minimizetheran-
dom access delay to the multimedia data stored on tape and
thereby maximize the utilization of the tape drives.

In this paper, we study the problem of scheduling 1/0 re-
guests for multimedia data stored on serpentine tape drives,
using the Tandberg MLR1 tape drive as an example. While
alot of research has been done on modelling and scheduling
of random access on disks, less has been performed for ser-
pentine tape. Hillyer and Silberschatz [6] have studied ran-
dom I/O scheduling of conventional data, but no previous
work has been done for multimediadata. An alternative ap-
proach to improve the performance of tape driveswould be
to study optimal placement of data on tapesin tertiary stor-
age libraries, as has been done by Christodoulakis et al. [1]
and Ghandeharizadeh et al. [4]. Several projects have stud-
ied use of tapein video servers[3, 8], but have used avery
simple tape model.

In order to keep the time consumption within practical
bounds, we have devel oped amoderatel y complex model for
the access times of a serpentine tape drive, and we provide
low-cost algorithms to characterize each individua tape.
Based on this model, we have smulated the performance
of several known scheduling algorithms, and of a novel al-
gorithm, MPScan*, for retrieval of different kinds of image
and video data. The results from the simulations are vali-
dated by experiments on real tape drives. The main con-
clusion is that clever 1/0O scheduling provides significant
speed-up of retrieval of multimedia data from serpentine
tape drives. As MPScan* is shown to be the best algorithm,
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Figure 1. A simplified model of a serpentine
tape with the key points marked on the tracks.
From the current start position, possible seek
patterns are indicated for four data requests.

we provide a detailed discussion of the Quality of Service
that the use of thisalgorithm can providefor retrieval of im-
age and video data.

Theremainder of this paper is organized asfollows. Sec-
tion 2 gives a brief introduction to magnetic tape technol-
ogy. Section 3 presentsamodel of accesstimesfor the Tand-
berg MLR1 serpentine tape drive, and describes algorithms
that perform static scheduling of random retrievals. Section
4 contains the results from simulations of scheduling tape
requests for multimedia objects of different sizes. Section
5 presents results from experiments on real tape drives and
discusses the merits of the scheduling approach. Section 6
gives the conclusions and outlines some further work.

2. Digital Tape Technology

There are three main tape technologies: helical-scan
tape, parallel tapeand serpentinetape. Inthispaper wefocus
on the serpentine tape model. Serpentine tape drives first
read/write a track in the forward direction, then read/write
the next track in the reverse direction, and so on, leading to
a serpentine pattern for the data layout as seen in Figure 1.
In the experiments reported in this paper we have used the
Tandberg MLR1 tape drive [14]. Thisdrive uses serpentine
data layout and is based on the 13 GB QIC standard [11],
making it possible to store 13 GB of dataon each tape. The
drivecandeliver (read/write) amaximum sustained datarate
of 1.5 MB/s to/from the host computer. Each tape has 72
logical tracks, 36 in the forward direction, and 36 in the re-
verse direction. All experiments are performed using two
Tandberg ML R1 tape drives connected to a Fast SCSI-2 bus
on a SparcStation 20 workstation.

3. Scheduling of Tape Accesses

To optimize the utilization of tape drives, one must re-
duce the average access times of the objects stored on the
tape. Thiscan be done by using a scheduler to re-order ran-
dom 1/O requests to the tape. In this section, we present
several such scheduling algorithms. To make these algo-
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rithms perform well, one needs a fairly accurate model of
the behavior of the tape drive. Such a model for a serpen-
tine tape drive is presented as the first part of this section.
Thismodel isbased on experiencesand measurementsfrom
extensive use of the Tandberg MLRL1 tape drive, but is gen-
eral enough to be easily adaptable to other serpentine tape
drives. A more detailed presentation and evaluation of the
access time model can befoundin [12].

3.1. Modelling Access Times

The access time is the amount of time it takes from a
memory device getting an /O request, until the data being
made availableto the requesting entity. An 1/O request con-
sistsof theaddressof thefirst logical block requested and the
number of consecutive blocks to be read. For atape drive,
the access time is the time used to position the tape (seek
time), plusthe time used to read the data (transfer time). On
a serpentine tape drive, the seek time is determined by the
physical distance between the two positions on the tape and
whether the drive has to change track and/or direction, or
not. The transfer time is determined by the amount of tape
the drive has to read and the number of track changes.

Threeimportant propertiesof the serpentine tape must be
included in amodel to makeit ableto estimate accesstimes.
First, the model must be able to estimate the physical posi-
tion on the tape for each logical block address on the tape.
Second, the model has to include information about how
to compute the seek time between two given physical posi-
tions. Third, the model must be able to estimate the transfer
timefor agiven tapeinterval.

An application which uses a Tandberg MLR1 drive ac-
cesses the blocks on the tape by logical addresses. Thetape
drive does not provide any information about the physical
position on the tape for a given logical data block. For ser-
pentinetapes, the amount of datathat can be stored onasin-
gletapevariesfromtapeto tape. Thus, the number of blocks
on each track varies. As a consequence of this, we have to
characterize each individual tape to be able to precisely es-
timate the physical position of each logical block address.
Hillyer and Silberschatz [5] have done this for a Quantum
DLT 4000 drive. The DLT 4000 drive uses a set of prede-
termined positions, or key points, on the tape to locate the
individual blocks. By locating each of the key points on the
tape, they get avery accurate model. Unfortunately, it takes
about twelve hours to locate al the key points for a single
tape, making the model too time consuming in most practi-
cal applications. We use a much faster characterization of
each tape, by locating only the start address of each track
on the tape. These track addresses are then used to find the
correct track number, and to estimate the physical position
for any given logical data block. Finding the address of the
first block on each track can be done at an insignificant cost
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Figure 2. A MPScan schedule resulting in two
full scans of the tape.

during the writing of the tape. If we are not able to log the
writing of the tape, we can find the address of thefirst block
on each track by reading asmall interval on the end of each
track and analyzing the read times, a process which takes
about 13 minutesfor each tape[12].

Experiments show that the Tandberg MLR1 drive also
uses key points on the tape as starting points to locate the
individual blocks on the tape. These key points are evenly
spaced along the tracks of thetape asillustrated in Figure 1.
When atape drive gets an order for seeking alogical block
address on the tape, it first seeks for the nearest key point
preceding the requested block, then reads until it has found
therequested block. Thisresultsinthreemaintypesof seeks
asindicated by seek 1, 2and 3in Figure 1. For thefirst seek
type, the time to perform the seek is determined only by the
seek distance. For the second seek type, we haveto include
time to change track(s). For the third seek type, we haveto
take into account that the tape drive seeks longer than actu-
ally needed to find the key point, then changesdirectionand
reads in the opposite direction to find the requested block
address. To estimate the seek times between two physical
tape positions, we have partitioned the possible seeks into
ninedigunct cases. For each of these cases, we haverun ex-
tensive practical experimentson tapedrivesto establish cost
functions. These cost functions produce estimates for seek
times between any two positions.

To estimate thetransfer time of atape accessismuch eas-
ier because the drive reads the tape at a constant data rate.
Only in caseswherethedrivehasto changetrack (asfor seek
2 in Figure 1), the model has to include the average cost of
atrack changein the read time.

3.2. Scheduling Algorithms

Givenalist R of 1/0O requestsand an initia tape position
I, the goal of scheduling the 1/0O requests for a serpentine
tape driveis to produce a possibly reorganized list S, con-
taining the samerequestsasin R, which will resultinamin-
imum total executiontimewhentherequestsare executedin
the order dictated by S.

In this section we first describe a number of known
scheduling algorithms [6], and then propose a novel algo-
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Figure 3. The MPScan schedule in Figure 2re-
duced to one scan. New seeks introduced in
the schedule are marked with dotted arrows.

rithm, Multi-Pass Scan Star (M PScan*), which makes good
use of the streaming capability of the tape drive. To clarify
the presentation, we have classified the algorithms based on
the degree to which they take the physical geometry of the
tape into consideration.

Zero-dimensional algorithms

These algorithms perform the “scheduling” of the 1/0 re-
guests without any consideration of the physical properties
of the tape.

READ - readsthe tape sequentially until all requests are
served. On a Tandberg 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
foundintheinitial schedule R, without any attempt to opti-
mize the execution order. In cases where one does not have
any knowledge of the properties of the storage device, this
is the obvious method to schedule I/O requests.

SORT - re-organizesthe requests such that they are exe-
cuted in order of increasing logical addresses.

One-dimensional algorithms

Algorithmsin this class take into account the physical po-
sitions (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 a single scan back
andforththeentiretape—thisagorithmissimilar tothewell
know elevator algorithm used for disks. The requestsin R
are partitioned into two groups, one group with all requests
on forward tracks and one group with all requestson reverse
tracks. The requests in each group are sorted on physical
tape position.

Two-dimensional algorithms

Algorithmsin this class take into account both the physical
distance on the tape between two tape blocks (longitudinal



dimension) and the cost of changing between tracks (latitu-
dinal dimension).

OPT - thisit the optimal scheduler which always (if the
model is exact) gives the shortest 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 com-
plexity for computing the optimal solution. Because of this,
OPT ishardly useful for schedules containing morethan ten
requests.

SLTF - Shortest Locate Time First - as explained in [6],
issimilar to the Shortest Seek Time First (SSTF) algorithm
used for disk scheduling. Starting on position I, it selects
therequest from R with the smallest seek cost (locate time)
as the first tape operation in the schedule. The current tape
position is updated, and the next request to be included is
the one with shortest seek time from this position. Thisis
repeated until all requestsin R areincluded in the schedule.

LOSS - isan heurigtic for solving the Asymmetric Trav-
eling Salesman Problem[2]. It solves the same problem as
the OPT scheduler, butinlinear time. Thereason for includ-
ing this scheduling algorithm is to compare our scheduling
strategies with the work by Hillyer and Silberschatz [6].

M PScan - Multi-Pass Scan - asthe SCAN algorithm pre-
sented in the previous subsection, thisis also an elevator al-
gorithm. The main idea behind this algorithm is that tape
streamers run most smoothly if they are allowed to stream,
i.e. to read the tape in one direction for longer periods of
time. The SCAN algorithm ordersthe operationsin sequen-
tial physical order on the tape. Unfortunately, this does not
guaranteethat thetape drive avoidsrewinding when it seeks
to the next position in the schedule (see for example seek 4
inFigurel). MPScan aimsto guarantee streaming by select-
ing, as the next request in the schedule, the request which is
closest to the current position and still so far apart that no
interruption of the scan can occur because of rewinding to a
key point.

An example which shows how this algorithm works, is
given in Figure 2. The number of scans produced by this
scheduler ishighly dependent on the physical distribution of
therequests. If therequestsare scattered evenly on the tape,
the number of scans that the tape drive has to perform will
befairly low. If therequestsare clusteredin physically close
groups, the number of scans can become unreasonablehigh.

MPScan* - Multi-Pass Scan Star is an improved algo-
rithm, based on the MPScan algorithm. SLTF and MPScan
have the drawback that they are too greedy and select the
next operation to be included in a schedule only by mini-
mizing the cost that this single operation will incur on the
final schedule. As more requests are scheduled, fewer re-
guests are candidates for being scheduled next, leading to
rather long seeks in the last part of the schedule. The main
idea behind MPScan* isto avoid theselong seeks at theend
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Case Datasize | Objects on atape
Compressed JPEG image 160 kB 79924
Uncompressed 600x800 image 1.44 MB 8881

High quality image 30 MB 426

1.5 Mbit/s video clip, 62 seconds | 11.6 MB 1092

6 Mbit/s video clip, 62 seconds 46.5 MB 264

Table 1. The five different storage cases.

of an MPScan schedule, by removing the last scans from
the schedule and inserting the requests somewhere else in
the schedule. These requests are inserted into the sched-
ule in the positions where the extra costs incurred are min-
imum. MPScan* starts by performing an ordinary MPScan
scheduling of the requests. It then repeatedly removes the
requests constituting the last scan from the schedule, and in-
serts them into the remaining schedule. Thisis repeated as
long as the estimated cost of the new schedule (without the
last scan), is less than the previous schedule.

Figure 3 shows the result of applying MPScan* to the
same 1/O requests as used for MPScan in Figure 2. As
shown, the number of full scans of the tape is reduced from
two to one by inserting the requests of the last scan into the
first scan, possibly leading to a shorter total executiontime.

4. Simulations

In this section, we present the results from simulations
of the scheduling algorithms. The reason for simulating
the algorithmsis to compare the properties of the different
scheduling algorithms for media objects of different sizes.
The three most important properties of the scheduling al-
gorithms are the average access time for the scheduled re-
guests, theinitial latency until thefirst request hasbeen com-
pleted, and the CPU cost for computing aschedule. After an
initial presentation of the ssimulated storage cases, the dis-
cussion of these propertiesis the topic of this section.

4.1. Storage Cases

To analysethe effect of schedulingin different situations,
we have used five different multimediacasesin the simula-
tions. First, we have considered storage of images of low,
medium and high quality. Second, we have considered stor-
age of short video clips of medium and high quality. To
have realistic data sizes for the video objects, we have an-
alyzed television news from TV2 Norway and found that
their typical news program consists of 12 news stories, with
an averageduration of 62 secondseach. In atelevision news
archive application, a set of such news storieswould be the
typical result of aquery [7]. The details of the five storage
cases are presented in Table 1. The bandwidths of the two
video cases have been chosen to resemble typical MPEG-1
and MPEG-2 video streams.
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Figure 4. Average access time and initial latency for accessing images of 160kB from the tape.

4.2. Results

For each of the five storage cases, we consider a 13 GB
MLRL1 tapefilled with corresponding mediaobjects (see Ta-
ble 1). To perform the simulations, we have made request
lists containing from 1 to 2048 requests for distinct media
objects on the tape. For schedules of lengths from 1 to 192
requests, we have repeated the simulation for 100000 dif-
ferent request lists, for schedulesfrom 256 to 2048 requests
we have gradually reduced the number of request lists from
25000 for 256 requests, to 500 for 2048 request. For the
OPT dgorithm, the largest request lists contained 12 re-
guests and was run only 100 times due to the high CPU us-
age. All simulations started with thetape drive positioned at
the beginning of the tape.

Figure 4 showsthe average accesstimesfor tape requests
forimagesof 160 kB. With only onerequest, thereisnothing
scheduling can do to improve the performance, and the av-
erage accesstime for one 160 kB image will be 65 seconds.
For requests of more media objects, no scheduling (i.e., use
of the FIFO strategy) would result in an average accesstime
of 45 seconds. In these cases, the average access times can
be greatly reduced by using one of the better scheduling al-
gorithms. For schedules with less than 12 requests, the av-
erageaccesstime curvesfor OPT, SLTF and MPScan* over-
lap, and any of them could be used. For longer schedules, it
is not feasible to use the OPT algorithm, and as long as the
schedule contains less than 2100 requests, MPScan* gives
the shortest access times. For longer schedules, the READ
algorithm should be used.

Figure 4 aso shows the initial latency until the first im-
ageismadeavailableto theapplication. Asfor accesstimes,
the best scheduling algorithms provide substantial benefits
compared to the FIFO approach. For large request sizes,
SLTF gives the shortest initial latency. This is due to the
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greedy behavior of always selecting the request with lowest
seek timefirst.

To illustrate how the performances of the schedulers are
influenced by the size of the requested media objects, Fig-
ure 5 shows average access times and initia latencies for
the 6 Mbit/svideo clips, which isthe largest object size that
has been investigated. Dueto the much larger datasize, the
average access times and the initial latency have increased.
Comparing the different schedulers, there are three points
worth noting. First, MPScan* now performs better than
SLTF over theentire simulation range. Second, when ahigh
percentageof the objectsonthetapeisrequested, L OSS per-
forms better than MPScan*. Third, SCAN performs much
worse than for smaller objects, because it quite often hasto
rewind long distances to get to the next request.

The ssimulations for the intermediate object sizes show
similar results. MPScan* givesthe best resultsfor all object
sizes, and should be preferred over the other scheduling al-
gorithms. In the remaining of this section we present more
detailed results for this scheduler. Figure 6 shows the av-
erage access times for al the five storage casesin Table 1,
using the MPScan* scheduler. The accesstime curvefor the
READ scheduler isincluded to indicate the point whereit is
sensible to change to this approach. The figure shows that
the MPScan* scheduler provides substantial improvements
for al data sizes, compared to not using a scheduler. Note
that larger data sizes increase the access times, and reduce
the number of requeststhat are necessary to make READ the
best solution.

The MLR1 tape drive has amaximum sustained datarate
of about 1.5 MB/s. Figure 7 shows the effective data rates
that can be achieved for different object sizes and numbers
of requests, using the MPScan* scheduler. For thesmall im-
ages of 160 kB, the effective datarate is quite low, from 2.5
K B/sfor schedules of oneimageto about 30 KB/sfor sched-
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ulesof 1000 images. Asthe object sizeincreases, the effec-
tive datarateincreases. Asan example, accessing sixteen 6
Mbit/s video clips produces a high sustained data rate of al-
most 1 MB/s, whichisa66% overall utilization of the max-
imum data bandwidth of the tape drive.

4.3. CPU Cost

As aways, there is a cost involved in computing better
schedules. The simulations of the schedulers were run on
a SparcStation 20 workstation with a 125 MHz HyperSparc
processor. Each run of thea gorithmswastimed, and the av-
eragetimesto computethe different schedules are presented
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in Figure 8. Considering only the feasible algorithms, we
seethat LOSS and MPScan* use most CPU timeto compute
thelong schedules. Still, the extra CPU timeislessthan the
saved executiontime, comparedto the other algorithms. For
MPScan*, the problem of high startup delay, dueto compu-
tational cost, can bereduced by starting execution of thefirst
requestsimmediately after theinitial MPScan-step of theal-
gorithm has finished.

5. Experiments and Discussion

To validate the simulation results, we have run schedules
of varying problem sizes on a MLRL1 tape drive. By do-
ing this, we were able to verify that the behavior of the al-
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gorithms are similar to the simulation results, and that the
estimated execution times are approximately equal to the
measured execution times. Since the MPScan* scheduler is
the preferred scheduler to use for most problem sizes, we
only present results from executions of schedules produced
by MPScan*. The experiments show similar results for the
other scheduling algorithms.

In the experiments, we used the same storage cases as
during the simulations. The tapes were filled with fixed
sized data objects, according to the sizes given in Table 1,
and rewinded to the beginning of the tape before the first
tape operation was started. Each tape operation consisted of
reading an object of a given size from the tape. For each
schedule, the total time used to execute al the operations
was measured.

Figure 6 presents measured average access times for
schedulelengthsfrom 4 to 2048 requestsfor each of thefive
storage cases. Comparing the measured access times to the
simulated access times for MPScan* shows that the simu-
lated access times are good approximations of the measured
accesstimes.

To get a better apprehension of the accuracy of the esti-
mated times, we have cal culated the difference between the
execution times estimated by the MPScan* scheduler and
the measured execution timesfor each of the schedules. The
average difference between estimated and measured times
in our experiments was 3.2 %, with 95 % of the schedules
having adifferencelessthan 8.9 %. Thisshowsthat the esti-
mated scheduling timeisagood estimate for the actua time
to performthe schedule, and isgood enoughto facilitate effi-
cient scheduling of queriesfor multiple mediaobjectsstored
on atape.

60

5.1. Access Time | mprovements

Thepurpose of random I/O scheduling isto reducetheto-
tal executiontimefor agiven combinationof 1/0 requests, in
order to minimize the waiting time for the requesting appli-
cation(s) and to maximizethe utilization of thetapedrive(s),
which are often a bottleneck in tape libraries. Figure 9
shows the relative and absolute improvements that the best
scheduling algorithm, MPScan*, gives compared to the best
non-scheduling approach, which is an optimal combination
of FIFO and READ. From the figure, one should make the
following observations:

1. For all object sizes, the advantage of MPScan* first in-
creaseswith the number of request, then reachesamax-
imum gain at the point where READ startsto get better
than FIFO, and from that point on, the relative advan-
tagedecreasesuntil READ finally takesover asthe best
approach.

2. Asthe object size increases, the relative advantage of
MPScan* decreases, and READ takes over as the best
algorithm at alower number of requests. Thisisintu-
itive, since the transfer time takes a higher share of the
total access time as the object size increases.

3. Until the points where READ takes over from FIFO,
the absolute improvements (in seconds) are largely in-
dependent of the object size and only a function of the
number of requests. Thisimplicatesthat the seek times
for MPScan* aredetermined by the number of requests
only, and do not depend on the media object size.

For small imagefiles, MPScan* more than halvestheto-
tal execution time of all schedules containing from 5 to 768
requests. The best results are achieved for schedules of 196
request, which are executed in 1/7 of the time, saving more
than 7300 seconds (more than two hours). For large video
files, the savingsaremoremodest. Thetotal executiontimes
arereduced with morethan 15%for all schedulescontaining
from 2 to 192 requests. The best resultsare for schedul es of
96 requests, which areexecuted in half thetime, saving more
than 3500 seconds (dightly less than an hour).

5.2. Quality of Service

When magnetic tapes are used to store multimedia ob-
jects, the Quality of Service (QoS) parameters for the re-
trieval of the objectsare: 1) Initial latency, whichisthetime
from the data request is sent, until the first requested object
is made available to the application, 2) Inter-arrival times,
which are the times between delivery of two consecutivere-
quests, 3) Total execution time for retrieving all requested
objects, and 4) Resulting data rate. A fifth QoS parameter
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Figure 9. (a) Reduction in percentage of total execution time by using MPScan*, compared to an
optimal combination of FIFO and READ scheduling. (b) Reduction in seconds of total execution time
by using MPScan*, compared to an optimal combination of FIFO and READ scheduling.

being the degree of variance of the other QoS parameters.
Asthe use of image and video data have different character-
istics, we have organi zed the discussion of QoSintwo parts,
first considering QoS in the context of image objects, and
then discussing QoS in relation to video data. The rest of
this section discusses QoS as perceived from a single user.
For moreusers, the QoSwill belower and fairnessof service
has to be considered.

Image Objects

Assume a user of an application retrieving a number of im-
ages from an image collection. For her, the important QoS
parameterswill betheinitial latency, theinter-arrival times,
and the total execution time. Figure 10a shows the number
of images that will be retrieved from a tape during the first
four minutes using FIFO and MPScan*. Thefigure contains
the retrieval rates for small (160 kB) images and large (30
M B) images when the user has requested 128 imagesfor re-
trieval. The user will experience much lower initial laten-
ciesif the application uses MPScan* instead of FIFO, in av-
erage 7 versus 64 secondsfor 160 kB images, and 25 versus
83 seconds for 30 MB images. Also, theinter-arrival times
are much lower for MPScan* than for FIFO, in average 7
versus 44 seconds for the 160 kB images, and 28 versus 65
seconds for the 30 MB images. As aresult, the total time
to retrieve 128 images of size 160 kB will be reduced from
about one and a half hour, to less than 15 minutes by chang-
ing from FIFO to MPScan*.

Another quality of MPScan* isthat the variationsin both
initial latency and inter-arrival times are much lower than
for FIFO. For larger request sizes, these typically vary with
afew seconds using MPScan*, while for FIFO these times
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vary uniformly between a few seconds and up to two min-
utes.

Figure 10b shows how the retrieval rate for FIFO and
MPScan* is influenced by the number of images included
in a schedule. As the figure shows, FIFO is not influenced
by the number of requested images. For MPScan*, both the
initial latency and the inter-arrival time are reduced as the
number of images in the schedule increases.

Video Objects

Contrary to image data, it is possible to estimate the time a
user is going to spend “consuming” avideo object. If VCR
operations like fast forward are ruled out, a video object is
consumed at the playback rate of the video stream, e.g. 1.5
Mbit/s. This facilitates computation of the production to
consumption ratio, PCR, and introduces a sixth QoS param-
eter, Waiting time. Waiting timeisthetotal timethat the user
spends waiting for video data to play.

Figure 11 shows the retrieval of four video clips. After
the datarequest has been issued, the user hasto wait theini-
tial latency period, until the first video clip has been deliv-
ered fromthetapedrive. Theuser then starts playback of the
video stream, while the tape drive goes on to fetch the next
video clip. Thefigure showswhat happensnext for different
PCR values. If PCR < 1, auser, which performs one unin-
terrupted playback of all thevideoclips, will havetowait for
every video clip that isretrieved (e.g., atotal waiting time of
5 time units for PCR=0.5 in the figure). If PCR =1, a user
will only have to wait for the first video clip, and the max-
imum buffer space equals the size of the largest video clip.
If PCR > 1, auser experiencesonly theinitial wait period,
and the amount of video in buffer growswith the number of
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retrieved video objects.

If buffer space is of little concern, one would want the
PCR to be as high as possible, leading to the least total ex-
ecution time and a minimum waiting time. If PCR > 1, it
would be possibleto start video playback as soon asthetape
drivestartsto deliver video data. Thiswould reducetheini-
tial latency, and possibly the total waiting time, but to sim-
plify the discussion, this possibility will not be discussed
any further in this paper.

Table 2 shows QoS parametersfor retrieval of 1.5 Mbit/s
and 6.0 Mbit/s video streams, respectively. The ”Must see”
column gives the fraction of each video clip that a user has
to play in order to have a PCR of 1.0, and thus avoid wait-
ing for the next video clip. A “Must see” value greater than
one means that the user has to play the clip more than once
(or rather, spend moretime than onefull playback). Without
any scheduling (FIFO), the tape drive barely reachesa PCR
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of 1.0 for video clips of medium quality, and the resulting
QoSisgoingto bejust acceptable. For ahigh quality stream,
quite an amount of waiting time has to be expected. Utiliz-
ing MPScan* scheduling, the QoSimprovesto bequitegood
for medium quality video clips, and just acceptable for the
high quality video. These QoS values are for video clips of
62 seconds. Aslong as the video datarate is less than the
datatransfer rate of thedrive (1.5 MB/sor 12 Mbit/s), longer
video clipswould improvethe QoS parameters (except total
time), while shorter clips would make them worse (except
total execution time).

It should be stressed that the QoS considerations madein
this section are based on average behavior. The media ob-
ject sizes and the seek times of tape drives are likely to vary
within quite wide bounds. In order to obtain more reliable
results, extensive simulation studies will be necessary.

6. Conclusion

In this paper, we have investigated static scheduling of
random I/O requestsfor multimediadatastored on magnetic
tape using serpentine data layout. The results showed that
in many cases, clever scheduling provides substantial sav-
ingsin both average access times and total execution times.
Asaresult, we get much better utilization of the tape drives,
which can givean improved Quality of Servicefor the users
of applications which retrieve data from tapes. When used
in hierarchical storage systems, the improved utilization of
thetapedrivescan reducethe need for disk buffer, and hence
reduce the total cost of the system.

Different scheduling algorithms have been implemented,
and evaluated by simulations and by practical experiments



Video Scheduler | Number of Initia Inter arrival Tota Production | PCR | “Must
bit rate requests latency () time (s) time(s) | rate (KB/s) see’
1.5Mbit/s | FIFO 1 72.0 - 72 161 0.86 -
4 71.3 575 243 202 1.08 0.93
16 71.3 53.8 878 216 115 0.87
128 71.7 52.8 6777 220 1.17 0.85
MPScan* 1 72.0 - 2 161 0.86 —
4 36.9 36.5 146 319 1.70 0.59
16 21.3 20.6 330 565 3.01 0.33
128 15.0 15.2 1945 763 4.07 0.25
6 Mbit/s FIFO 1 95.5 - 96 488 0.65 -
4 95.8 81.4 340 571 0.76 131
16 94.7 779 1263 597 0.80 1.26
128 95.6 76.8 9849 605 0.81 124
MPScan* 1 95.3 - 95 488 0.65 —
4 66.0 59.9 245 776 1.03 0.97
16 45.0 47.1 752 987 1.32 0.76
128 36.0 39.2 5014 1187 158 0.63

Table 2. Quality of Service Parameters for a 1.5 Mbit/s and a 6 Mbit/s video stream.

on Tandberg MLR1 tape drives. Our new algorithm, MP-
Scan*, is shown to give better retrieval performance than
any other algorithm. Still, even use of the MPScan* ago-
rithm can not provide wonders. Magnetic tape continuesto
be arather dow random access storage medium, especially
compared to magnetic disks. However, while one waits for
high capacity, low cost and quick random access devices,
possibly (re-)writable DVD disks[13], to become available,
MPScan* provides a convenient way to make the most out
of serpentine tape drives.

Three unsolved problems are the dynamic scheduling of
reguestswhich arrive during the execution of aschedule, the
possible mismatch between the schedulers ordering of the
requests and the user’s priorities, and fairness of servicein
case of multiple users.
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