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Abstract

When a serpentine tape drive is used as a slow random ac-
cess device, the I/O performance can be substantially im-
proved by clever re-ordering of the I/O requests. Thiskind
of re-ordering relies on a scheduling algorithm and a model
of the access time. In this paper, we propose alow-cost ac-
cess time model for serpentine tape drives, which is not a
trivial task dueto the complex datalayout of serpentinetape.
This model provides a way to estimate the physical posi-
tions on the tape for any logical data block, provides cost
functions to estimate the seek time between two physical
tape positions, and computes the transfer time of a datare-
guest. Our experiments show that the mapping from logi-
cal addressto physical position hasto beinstrumented once
for each tape cartridge. Algorithms are given to do this at
alow cost. The accuracy of the model is assessed by mea-
surements on tape drives and by usein scheduling of I/O re-
guests. Experimentsshow that the model estimatesare good
enough to facilitate efficient scheduling of 1/0 requests.

1 Introduction

In modern computing, magnetic tape has mainly been used
by applicationsthat access dataon the tape sequentially. To-
day however, there is a growing interest in building com-
puter applications which store vast amounts of digital data,
while still wanting relatively fast random access to the data.
Due to its high storage density and low cost, magnetic tape
can be arelevant storage technology to consider for such
systems. The main limitation of magnetic tape is the very
long access time, which can easily reach several minutesin
unfavorable situations.

Hillyer and Silberschatz [1] have shown that the access
times of serpentine tape drives can often be substantially re-
duced by use of a scheduler, which reorganizesthe retrieval
order of the tape requests. In order to do intelligent reorga-
nizing, such a scheduler must be able to compute fairly ac-
curate estimates of access times. Because of the complex
data layout on a serpentine tape, thisis a not atrivial task.
Hillyer and Silberschatz have solved this problem for the

Quantum DLT 4000 drive [2] and the IBM 3570 Magstar
drive[3], by use of two complex, tailor-made models, which
require tremendous amounts of analysisfor each individual
tape cartridge. Johnson and Miller [4] have proposed asim-
pler model using apiece-wiselinear regression model to es-
timate seek times.

In this paper, we present a general access time model for
a serpentine tape drive. This model consists of three main
parts. First, we establish away to estimate the physical po-
sition on atape, given alogical block address. Second, we
partition the seek spaceinto eight digjoint seek classes, with
regard to the work that is incurred on the tape drive. For
each seek class, we provide analytic cost functionsto com-
pute the seek time. Third, we provide away to compute an
estimate for the transfer time of a given data request. The
access time model is designed to balance the need of accu-
racy against the need of fast characterization of tapes. We
provide several algorithms which achieve such characteri-
zation at afairly low cost. The accuracy of the proposed ac-
cesstime model is validated by measurements on the Quan-
tum DLT 2000 and the Tandberg ML R1 tape drives. Simu-
lation studies and actual measurements on tape drives show
that the achieved accuracy is sufficient to facilitate efficient
scheduling of random retrievals from tape.

Therest of this paper is organized as follows. Section 2
givesabrief introduction to magnetic tape technology. Sec-
tion 3 presents the characteristics of the Tandberg MLR1
drivethat was used to devel op the accesstime model for ser-
pentine tape drives, which is presented in Section 4. Sec-
tion 5 proposes strategies to improve the accuracy of the
model by characterization of individual tapes. Section 6 val-
idates the proposed access time model by comparing the es-
timated access times to measured access times using tape
drives. In Section 7 we present results from using the model
for scheduling of random accesses to tape, and Section 8
gives our conclusions.

2 Technologiesfor magnetic tape

There are three main tape technologies: helical scan tape,
parallel tape and serpentine tape. Helical scan tape drives
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read/write transverse or diagonal tracks on the tape using
a rotating read/write head. The best known standards are
4mm (DAT), 8mm (video), and the analog VHS cassette.
Tapes using helical scan technology obtain high data densi-
tiesand high transfer rates. For somehelical scan drives, the
rotation of the head can impose severe wear-out on the tape,
possibly limiting the number of times a tape can be read.
Parallel tape is the classica data tape, where the drives
read/write al tracksin parallel during one scan of the tape.
Serpentine tape drives first read/write atrack (or a group of
tracks) inforward direction, then read/writethenext 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 three important technologies for serpentine tape
drives, QIC, DLT and LTO. QIC — Quarter Inch Cassette
— started as a standard for inexpensive tape storage with
modest capacity and bandwidth. During the last years spec-
ifications have improved, and now QIC is comparable to
DLT, regarding both storage capacity and bandwidth. The
QIC standard [5] uses tapes which are a quarter inch wide,
has cartridges with both wheel s inside the cassette, and pro-
vides standard tape formats, covering storage range capaci-
ties from 60 MB to 25 GB. DLT — Digital Linear Tape [6]
— is a technology originally developed by Digital Equip-
ment Corporation. DLT uses a haf inch tape which is
stored in a cartridge with only one redl, the second redl is
part of the tape drive. When inserting a DLT tape into a
drive, the tape first has to be mounted onto thisreel. LTO
— Linear Tape Open [7] —is a new technology proposed by
Hewlett-Packard, IBM and Seagate. It is supposed to be-
come an open technology architecture for tape drives and
cartridges, making it possible to interchange tape cartridges
between drivesfrom several manufacturers. At the moment,
no drivesusing the LTO format are available.

While QIC and DLT drivesaredightly different, their ac-
cesstime characteristicsaresimilar and to ahigh degreedic-
tated by the serpentine datalayout. Contrary to parallel and
helical scan drives, serpentine drivesdo not provide adirect
relationship between logical block addresses and physical
positions on the tape, making it much harder to estimate the
access times.

3 Performancecharacteristicsof a serpentine
tapedrive

To gain understanding of the behavior of a serpentine tape
drive, wehaveused the Tandberg ML R1 tapedrive[8]. This
drive uses serpentine data layout and is based on the 13 GB
QIC standard [5], making it possibleto store 13 GB per tape
(without compression). The drive can deliver (read/write) a
maximum sustained data rate of 1.5 MB/s to/from the host
computer. Each tapehas 72 logical tracks, 36 intheforward
direction and 36 in the reverse direction.
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Figure 1: Seek and rewind times for the first tracks of the
tape.

To determine the characteristics for the Tandberg MLR1,
weran several experimentsonthetapedrive. First, thetapes
werewritten with fixed length logical data blocksof 32 KB.
The number of blocks on each tape varied from 398000 to
400100 blocks. The average write time for a block was 22
milliseconds. To write a full tape takes approximately 2.5
hours. By performing seekson the tape, we found the access
time for one block to vary between 1 and 126 seconds. For
seeks starting on the beginning of the tape, the average seek
timeis65 seconds. For seeks between two random positions
on the tape, the average seek timeis 45 seconds.

Figure 1 showsthe seek and rewind timesfor thefirst four
tracks of atape. The x-axis contains the logical address of
data blocks on the tape, and the y-axis gives the number of
millisecondsit takesto seek fromthe start of thetapeto each
of thedatablocks. For every sixteenth logical block address,
we measured the time needed to seek from the beginning of
the tape to the block, and the time to rewind back to the be-
ginning of thetape. From thefigure, we seethat for forward
tracks, the curvesfor seek and rewind timesboth are straight
and overlap, but for reverse tracks the curve for seek times
has a sawtooth pattern, while the curve for rewind timesis
straight.

To explain the sawtooth pattern, we note that each ' tooth’
isastraight line covering about 200 logical blocks. Therea-
son we get this pattern on the reverse tracks is that these
tracks have to be read in the opposite direction of the for-
ward tracks. When the tape drive tries to locate a position
on areversetrack, starting from the beginning of the tape, it
first hasto seek past the sought block, and then start reading
intheread direction until it has found the sought block. Fig-
ure 1lindicatesthat thetapedrive usesaset of predetermined
pointsto decide whereto stop the seek in forward direction,
and start seeking in the oppositedirection. These pointscor-
respond to the first block in each sawtooth. Hillyer and Sil-
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Figure 2: The serpentine layout of the first tracks on a tape
with key points.

berschatz [2] experienced similar sawtooth patterns for the
Quantum DLT 4000 drive. They defined the points where
the seek timehasalargedip from one sawtooth to the next as
the key pointsof thetape. Figure 2 showsthe serpentinelay-
out of thefirst tracks on atape with the key pointsincluded.
But opposite to what we found, they also experienced saw-
tooth patterns along the forward tracks. The reason is that
the DLT 4000 uses one speed (seek speed) for locating the
key point, and a slower speed (read speed) for locating the
sought block between two key points. Tandberg MLR1 uses
the same speed for both seeking and reading. This suggests
that there will be key points along the forward tracks too,
and by plotting seek times for seek operations starting on a
different position than the beginning of the tape, we get the
sawtooth pattern on the forward tracks too.

4 Accesstime mode

The access time is the time it takes from the point when a
memory device starts execution of an operation, until the
data is available to the entity requesting the data, i.e., the
sum of the seek time and the transfer time for the data. For
tape operations, there is not much that can be done with the
transfer time. As soon as the drive starts reading data from
thetape, it will continuereading with aconstant transfer rate
until it reaches the end of the requested data region. Thus,
the transfer time will be proportional to the size of the re-
guested data. Contrary, seek timeis essentially wasted time,
and should be reduced as much as possible. As a conse-
guence, the main focus of our access time model will be on
how to model seek times, since this part of the access time
is non-trivial to model, and provides opportunities for sub-
stantial optimization of the total accesstime.

In the presentation of the model, we assume that the tape
contains fixed sized blocks. Further, we assume the tapeis
mounted in the tape drive and positioned at logical block
address Ly when an 1/0O request arrives. Such an 1/O re-
guest consists of the logical block address of the first block
requested, L, and the number of consecutive blocks to be
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Figure 3: Mapping from logical block addressesto physical
positionson thetape. Thebulletsalong the physical tape are
the key points of the tape.

read, N. The purposeof the accesstime model isto estimate
the time the tape drive will use to re-position the tape from
the current logical position Ly, to the logical start position
L4, plusthe transfer time for the V blocks:

accessTime(Lg, L1, N) = seekTime(Lo, L1)
+ transferTime(Ly, N)

Hillyer and Silberschatz [2] have proposed an accesstime
model for the Quantum DLT 4000 drive, which relieson lo-
cating the address of each key point on the entire tape. This
givesavery accurate model, but requiresabout twelve hours
of processing for each single tape. To avoid such problems,
we propose amodel, that does not depend on knowledge of
the exact location of each key point. Our model is based on
the following strategy:

1. Weestimate the physical position of each logical block
on the tape, by use of the logical address of the first
block of each track.

2. We estimate the seek time between two physical tape
positions by partitioning the possible seeks into dis-
junct seek classes. For each seek class, we provide a
cost function to estimate the cost of the seeks in the
class.

3. We estimate the transfer time as the time it takes for
the drive to transport the read area of the tape past the
drive'sread head, plusthetimeit takesto makethe nec-
essary track changes.

4.1 Estimating physical tape positions for logical ad-
dresses

Applications access data stored on tapes by using logical
block addresses. To be able to establish a cost model for
seek and transfer times, we have to find the physical tape
positions for the logical block addresses. A physical po-
sition on a serpentine tape is given by the track number
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Figure 4: Example of a serpentine tape with the key points
marked on thetracks, and possible seek patternsfor five data
requests.

and the physical distance from the beginning of the tape,
(trackno, tapepos). Figure3 shows some examplesof how
the logical blocks on thefirst tracks on a tape are mapped to
the physical tape.

To establish themapping fromlogical block addresses (L)
to physical tape positions (p), we use the logical block ad-
dress of the first block on each track. In this discussion,
we assume we have these track addresses available. We
will later explain how these addresses can be found. Given
these track addresses, it iseasy to makeafunction track(L)
which returns the track number for any given logical ad-
dress. Further, assuming thetrack addressesarestoredinthe
array trStart[], wefind the physical distance from the start
of thetape as:

L—trStart[track(L)]
trStart[track(L)+1]—trStart[track(L)]

if track(L) iseven

tapepos(L) =
( ) 1 L—trStart[track(L)]
" trStart[track(L)+1]—trStart[track(L)]

if track(L) isodd

D)

This function returns the tape position as a number be-
tween 0 and 1. Thereason for dividing by the length of the
track is, as we will show later, that the length of the tracks
vary within atape.

4.2 Estimating seek times

Figure 4 shows five examples of possible seeks. When a
seek dtarts, the tape drive is positioned at a forward track.
For seek number 1, we have to change neither track nor
winding direction. Seek number 2 is an example of a seek
where we have to change both track and winding direction.
For seek number 3, 4 and 5, the tape drive has to seek be-
yond the start of the requested data areato locate the closest
key point. Thisresultsin alonger winding distance than the
physical distance.

Given the current physical position of the tape drive and
the physical position of the start of the requested data item,
the model must estimate the time needed by the drive to

anti-directional
track

@ 6 0

Figure 5: Mode used to partition seeks into eight seek
classes. It isimportant to note that this figure is seen from
the position the tape drive's read/write head has on the tape
when the seek starts.

co—directional
track

Table 1. The different cost variables which influences each
of the eight seek classes of the cost model.

Seek | Dist- | Track | Winding Locating key point
class | ance | change | direction | Sometimes | Always

1 X

2 X X X

3 X X X

4 X X

5 X X X X

6 X X X X

7 X X X

8 X X X

wind to this position. There are four variables which influ-
encethe seek time:

1. the physical distance between the two tape positions,
2. timeto changetrack,
3. timeto change winding direction,

4. timeto locate the closest preceding key point of the re-
guested data block.

In the remainder of this subsection, we establish an ana-
lytical model for how these four cost variablesinfluence the
seek time. Every possible seek will be partitioned into one
of eight digunct seek classes based on how the cost vari-
ablesinfluencesthat particular seek. Figure5 showshow the
seeksarepartitionedinto one of the seek classesbased onthe
relative location (seek distance, track changes and winding
direction) of the sought block comparedto the physical start
position of the seek. Table 1 contains an overview of which
cost variablesinfluence each of the seek classes.

Physical tapedistance. Asseeninthe previoussection, the
seek time between two logical block addressesis dominated
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Figure6: Plot of seek times(in seconds) dueto tapewinding
between positionson thefirst four trackson atape. The seek
times are computed using Equation 2.

by the time to wind the tape from the physical start position
to the requested position on the tape. Ascan be seenin Fig-
ure 1, the time usage is mostly proportional to the physical
distance. Thus, in the model we estimate the seek time due
to tape winding between two physical tape positions as:

(2

wherethe physical positionsps,+ and pst,, arefound using
Equation 1 and t,,;,4 is the time the drive uses to wind the
tape from the beginning of the tape to the end of the tape.
Figure 6 containsaplot of how the seek time dueto winding
of thetape variesfor seeks between logical addresseson the
first tracks of atape.

When the physical distance between the start position and
the requested position is large, this function gives a good
approximation of the total seek time. For shorter seek dis-
tances, the other cost variables have to be included in the
model.

tseek (pstart:pstop) = twind | Dstop — Pstart |

Change of track and winding direction. To improve the
model, we include the cost of track changes and change of
winding direction. Each time the drive has to change from
onetrack to another, we add the track change cost ¢;.. There
are two reasons for approximating this cost with the con-
stant ¢;.. First, the cost of atrack change is mainly aresult
of having to reposition the tape head and adjust it to a new
servo track, not from the physical distance the head has to
bemoved. Second, thedrive changesbetweenlogical tracks
which do not necessarily correspond to the physical move-
ment of the drive’s tape head.

Similarly, we add the cost t;,,,-,, every time the drive has
to change winding direction. Assuming the drive just has
finished reading a block (i.e., it is winding in one direc-
tion), when it receivesanew seek command, thedrive hasto

Start position
F
O

Extra seek
distance

I key

Figure 7: The two possible seek patterns for seeks in seek
class 3. a) Thereis akey point between the start position
and the sought block, and no extra seek distance is needed
for locating the key point. b) Thereisno key point between
thestart position and the sought block, and thetape drivehas
to rewind to locate the key point. The extra seek distance
needed to locate the key point is marked on the figure.

change winding direction zero, one or two times depending
on the relative location of the requested block compared to
the current physical tape location:

Case Cost
seeks forward on the same or a co- | 0 - tiurn
directional track (e.g., seek 1in Figure 4)

changes to an anti-directiona track (e.g., | 1 - tiurn
seek 2 and 3in Figure 4)

seeks backwards on the same or a co- | 2 -ty
directional track (e.g., seek 4 in Figure 4)

This far we have included in the seek time the costs that
would incur if the drive was able to seek directly from one
positionto another without having to go through akey point.
Unfortunately, in some cases, the locating of the closest key
point incurs extra seek time.

Locating key points. Each time the drive has to seek be-
yond the start of the requested data area to locate the key
point, asin seek number 3, 4 and 5 in Figure 4, this results
in a longer winding distance than the physical distance be-
tween the start position and the requested block. This ex-
tra seek distance depends on the distance between the re-
guested block and the closest key point. The most accurate
method for estimating this distance will be to locate each of
the key points as done by Hillyer and Silberschatz [2]. Un-
fortunately, this is too costly for most applications. In our
approach, we include the average cost of locating the clos-
est key point. Since we do not locate the key points, anim-
portant thing to note isthat there will be seeks, wherewe do
not know in advance whether the seek to the key point will
incur extra seek distance or not. Fortunately, this will only
occur for seeks which are shorter than the distance between
two key points. An example is seek 5in Figure 4. If the
closest key point for seek 5 is between the start position and
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block 5, the drive can wind directly to the block, if not it has
to rewind until it getsto the key point, then change winding
direction and read until it has reached block 5.

As mentioned earlier, al seeks can be partitioned into
eight seek classes as shownin Figure 5. Thefollowingtable
shows how the seek times in each seek class will be influ-
enced by locating the key point:

Seek class | Probability | Cost of locating key point

1,4,7 0 0

2’ 5’ 8 1 lkeytwind

3 1- Thew (Ikey — A)twind + 2tturn
6 1- 1 (lkey — d)twina

lkey

For seeksin seek class 2, 5, and 8 (see for example seek 3
and4inFigure4), theaverage extracost for locating the key
point, will be the cost of seeking the length of the distance
between two key points, I, (half the distance between two
key pointsto locate the key point, and the same distance to
get back to therequested data block). For seeksin seek class
3and 6 (seefor example seek 5in Figure4), theformulafor
the cost will be more complicated since there only is a cer-
tain probability that the seek time will beinfluenced by hav-
ing to locate the key point. Thisisillustrated in Figure 7 for
seeksin seek class 3. If there exists akey point between the
start position for the seek and the requested data block (case
a) in the figure), no extra cost will occur. If thereisno key
point betweenthe start position and the requested databl ock,
the tape drive has to rewind to the closest key point preced-
ing the block as shownin case b) in Figure 7. The situation
issimilar for seeksin seek class 6. The probability of having
to seek extra distance to locate the preceding key point de-
pends on the physical distance between the current position
and the requested data block, P(extra cost) = 1 — lk‘iy :
The extra distance the drive will have to seek iS ., — d.
For seeksin seek class 3, the drive will also have to change
winding direction twice.

The complete cost functionsfor all seek classesare given
inTable2. Thesearefound by adding the cost for each of the
cost variablesthat influence each seek class (see Table 1). In
each of the cost functionswe haveincluded aconstant, #;, to
account for extradelaysdueto for example startup delays of
the mechanical operationsin the drive.

4.3 Estimating transfer times

To estimate the transfer time of a tape access is much eas-
ier than estimating the seek time, because the drive reads
the tape at a constant data rate. Only when the drive has to
change track during the reading of the data segment (asin
seek 2 in Figure 4), the model has to include the cost of a
track changein thetransfer time. For arequest for N blocks
starting at logical block address L4, thetransfer timeisgiven

by:

Table 2: Cost functions for the eight seek classes in the
model. In the formulas the seek distance is given as
d =| Pstart — Pstop |- lkey iSthe physical distance between
two key points given as a fraction of the total tape length.
teurn @Nd t;. iSthe amount of time it takes to change wind-
ing direction and change tracks. t,,;,¢ 1S the total winding
timefor atrack.

Seek time cost function
twindd + 11 .
(d + lkey)twind + 2ttu7‘n +t2
A% —leyd+lrey > =
klze;_ e twind + 2(1 - ﬁ)tturn + tc + 13
twindd + tie +ta
(d + lkey)twind + 2tturn + ttc + t5
2 _ P "
%twind + teurn + tic + to
twindd + tturn + ttc + £7
(d + lkey)twind + ttc + t8

Class

coO~N OO W(N P

transferTime(L,;, N) =
N bwind
trStart[track(Ly) + 1] — trStart[track(Ly)]
+ (track(Ly + N) — track(L1)) ttc_read

It isworth noting, that the constant ;.._...4 isdifferent from
the constant ¢, used in the seek time functions. The track
change during a read operation always occurs on the end of
atrack, it dways changesto the next track and the drive has
to determine the start of the data area on the next track.

4.4 Instrumenting the model to be used with the Tand-

berg MLR1drive

To use the model for agiven serpentinedrive type, we have
to determinevaluesfor the constants used by themodel. The
seek time functions given in Table 2 are only depending on
the physical seek distance. For all seek classes, except for
class 3 and 6, the variable part of the functions is propor-
tional to the physical seek distance between the start and end
positions. Thus, for these classesthe seek timefunction will
be of theform a + B(| pstart — Pstop |)twina. SO instead
of determining valuesfor the constants .., and ¢, which
would be hard to get exact valuesfor, we determine the con-
stants « and 3 for each seek class. For seek class 3 and 6,
the seek timeisnot alinear function of the physical seek dis-
tance. Still, sincethesefunctionsarefor very short seeks, we
can approximate these with alinear function without much
loss of accuracy. By doing this, the seek time functionsin
Table 2 can bewritten as shown in the second column of Ta-
ble 3.

To use the model with the Tandberg MLR1 drive we have
established values for the constants by practical use of the
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Table 3: Cost functionsfor the eight seek classes, with cor-
responding constants determined for the Tandberg MLR1
drive. These functions return the estimated seek time for a
given seek. tyinqg iSthe total winding time for atrack. For
a Tandberg MLR1, this takes 120 seconds.

Seek Cost functions Values for

class p B
1 o1+ ,31(| Dstart — Pstop |)twind 0.814 0.984
2 | a2 + Ba2(| pstart — Pstop |)twina | 8.805 | 0.983
3 | az+ Ba(] pstart — Pstop |)twina | 8.285 | —0.573
4 | s+ Ba(| pstart — Pstop |Vbwina | 1.036 | 0.975
5 as + /35(| Dstart — Pstop |)twind 8.636 0.979
6 as + B6(| Pstart — Pstop |)twing | 7-633 0.307
7 ar + /37(| Dstart — Pstop |)twind 2.068 0.975
8 as + /38(| Dstart — Pstop |)twind 7.760 0.979

drive. The constants were found by performing 2000 seeks
on three different tapes. The seek positions were selected
such that the number of seeks of each seek class was ap-
proximately the same. We measured the seek time for each
seek, and determined the constants for the seek time func-
tionsin each seek class by using linear regression. There-
sulting constants are given in the third column of Table 3.

To estimate transfer times for the MLR1 we have to de-
termine the constants t,ing aNd tic_read- twing 1S thetime
the tape drive needs to wind from the start of the tape to the
end of the tape. For the Tandberg MLR1, the manufacturer
states that the maximum rewind timeis 120 seconds. Thisis
consistent with our experiences, as we have measured max-
imum rewind times between 119.9 and 121.2 seconds.

To estimate the time used to change from one track to the
next during continuous reading, we measured the time used
by the drive to read 32 MB data segments from the three
tapes. By computing the differencein transfer time between
those data segments which included a track change during
the read operation, and those which did not, we found the
average valuefor ty._,.qq t0 be 2.9 seconds

5 Characterizing individual tapes

In the previous section, we explained how to estimate the
physical position of each logical block address. This map-
ping requires knowledge of the logical address of the first
block on each track. In this section we present four strate-
gies for estimating/finding these track addresses. It should
be obviousthat the better the estimate of the track addresses
is, the more exact will the estimated access times be.

Thefirst of the strategiesisgeneric, and can beused for all
MLRL tapes. The three other strategies improve the accu-
racy of the estimated track addresses by characterizing each
individual tape.

Aver age Tape-L ength. Thefirst strategy assumesthat each
tape has the same number of data blocks, and that the data
blocks are evenly distributed on all the tracks. Unfortu-
nately, the number of blocks per tape varies rather much.
For the tapes we have used, the number of blocks written
has been between 398082 and 400055 blocks per tape. The
average number of blocks per tape has been 398637, giv-
ing an average value of 5537 blocks per track. We use this
asthefirst approximation of the track addresses. Sinceit is
based on an averagetape, we call the strategy Average Tape-
Length.

The problem with the average tape-length strategy isthat
the estimates for physical positions get worse as we get far-
ther out on the tape. The reason is that we do not know the
exact number of blocks per track, and the error in each track
length is added as we increase the track number. To make a
model without thisdrifting problem, we need to characterize
each individual tape. The straightforward way to character-
ize a tape completely would be to perform a seek from the
start of the tape to each block on the tape. Unfortunately,
thisis not feasible, since it would take more than a year to
perform this for a single tape. Another way to improve the
accuracy of themodel isto find better estimates for the num-
ber of blocks per track on each tape.

Exact Tape-Length. 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. Thiscan only be done if the entire tape isfilled up by
fixed sized blocks. We call this strategy Exact tape-length.

To further improve the model, we can try to identify the
address of the first block on each track. These addresses
will vary from tape to tape, due to varying numbers of bad
blocks and blocks skipped during writing of the tape. We
have tested two different strategies for estimating the start
addressof each track. Thefirst strategy isbased onthewrite
times of the tape, while the second strategy finds the end of
the tracks by performing read operations on the tape.

Write-Turn. If we have control of the writing of the tape,
and the tape is written block by block, we can measure the
writing time for each block. Writing a 32 KB block to the
tape takes on average 22 milliseconds, but every time the
tape reaches the end of a track, the tape drive has to stop
the tape motion beforeit can start writing in the opposite di-
rection. By studying the writing times, we have found this
change of directionto take about three secondsfor the Tand-
berg MLR1 drive. We use this to get a rather accurate es-
timate for the start address of each track. Since most tape
drivesuse awrite buffer, the addresses found during analyz-
ing of the write times have to be adjusted to compensate for
thisbuffer. Thereason isthat the write timeswill stay at the
average write time after we have reached the end of atrack
until thewrite bufferisfull. We call thisstrategy Write-Turn.
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Table 4: Results from testing the model on a Tandberg
MLRL1 drive using the Average Tape-length, Exact tape-
length, Write-Turn, and Read-Turn algorithms for instru-
menting the model. The table contains the average differ-
ence between measured and estimated access timesfor 2000
random block accesses.

Average error [seconds]
Strategy All Tapel | Tape2 | Tape3
Averagetape-length | 100s | 11.5s| 11.1s| 7.49s
Exact tape-length 6.2l1s | 122s | 450s | 192s
Write-turn 169s| 174s| 185s | 149s
Read-turn 171s| 174s| 186s| 154s

Read-Turn. If the tape is already written by someone else,
or by an application which does not let us have access to
the write times for each data block, we can locate the end of
the tracks by performing read operations on the tape. One
way to do thisis to position the tape head on a block close
tothe end of atrack and then start reading contiguous blocks
while measuring the read time of each block. Aslong asthe
drive reads blocks from the current track, the time for read-
ing one block should be about 20 milliseconds. When the
drive reaches the end of the track, it has to change read di-
rection. This change of direction takes about five seconds,
and is easily detectable by measuring the time to read each
of the blocks. We can use this to detect the block address of
the first block on atrack.

To reduce the tota time it takes to find the end of the
tracks, we do this only for the 36 reverse tracks. This saves
us from a complete wind/rewind of the tape and from the
work of locating the end of the 36 forward tracks.

6 Validation of the model

In this section we validate the model by comparing access
times estimated by the model to measurements of access
times on tape drives. We aso compare the accuracy of the
model that can be achieved using the four different strate-
gies for characterizing the tapes presented in the previous
section. The access times were obtained by measuring the
time used from the time that the computer sends a request
for a32 KB block to the tape drive, until the block is avail-
able in main memory. On the completion of one request, a
new request was executed without any pause.

6.1 Validation using Tandberg MLR1

Three tapes, which were not used during instrumentation
of the model constants, were used in the validation of the
model. These were filled with 32 KB data blocks. During
the writing of the tapes, we logged the write time for each

block. From the log of write times, we got the exact num-
ber of blocks on each tape, and by analyzing the write times
with the Write-Turn strategy we found the start address of
each track. We also ran the Read-Turn algorithm on each of
the tapes to find the start address of each forward track.

To compare access times estimated by the model with
measured access times using the Tandberg MLR1 drive, we
performed 2000 random block accesses on each of the three
tapes. For each access, we measured the access time and
compared it to the corresponding access time estimated by
the model. Table 4 containsthe average difference between
themeasured and estimated accesstimesfor each of thefour
strategies for characterizing the tapes.

Before we comment on these numbers, it is worth noting
that without a tape model al that can be said about the ac-
cesstimesisthat they arein the interval from 1 to 126 sec-
onds with an average of 45 seconds. By studying the table,
we see that the model performs worst when we use the Av-
erage Tape-Length strategy, with an average difference be-
tween estimated and measured access times of 10 seconds.
Thisis as expected, since the varying tape sizes lead to bad
estimates for the start address of each track. Asaresult the
estimated seek timeswill drift away from the measured seek
times as we get further out on the tape. An example can be
seenin Figure8. Figure 8ashowsaplot of measured and es-
timated seek times for seeks starting at the beginning of the
tape to every 20th block on two tracks on the tape, together
with the difference. Figure 8b containsasimilar plot for the
same two tracks when we use afixed position about 1/3 out
on the tape as the start position for the seeks. These two
figures show that the estimated access times do not model
the measured seek times very well. The reason is the use of
fixed, average track length, in the model.

As Table 4 shows, the results are much better when we
use one of thethree strategies which characterize each tape.
We aso note that the two strategies which estimates the
length of the individual tracks perform better than the strat-
egy where we use a constant track length based on the total
length of the tape. Thereason isthat even though the Exact
Tape-Length strategy givesacorrect estimatefor theaverage
track length, the track lengths can vary within atape. Asa
result, the average difference between estimated and mea-
sured access times can vary rather much from tape to tape
when using the Exact Tape-Length, e.g., comparetheresults
for tape 1 and tape 3in Table 4.

If we compare the two strategies for detecting the ends of
the tracks, we see that they perform almost identically, with
the Write-Turn strategy performing slightly better. In our
experiments, the average difference between estimated and
measured accesstimes for random accesses was 1.7 seconds
when using the Write-Turn strategy for finding the track ad-
dresses. There are two reasons why the results when us-
ing the White-Turn strategy differ from the results when us-
ing the Read-Turn strategy. First, using Read-Turn we only
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localize half of the track addresses. Second, the strategies
may not make the exact same decision about what isthefirst
block on each track, due to the use of a buffer during the
writing of the tape. In Figure 9a, we have plotted the mea-
sured and estimated seek times for seeks starting at the be-
ginning of the tape together with the differencefor the same
two tracks as shown in Figure 8a using the Write-Turn strat-
egy. Thistime we observethat the two curvesoverlap much
better, leading to better estimates. Figure 9b shows the cor-
responding curves for seeks starting at a fixed position 1/3
out onthetape. Thisfigureshould becomparedto Figure8b.

In Figure 10awe have plotted the distribution of the dif-
ference between estimated and measured accesses times for
random accesses when using the Write-Turn strategy. This
figure shows that most of the estimated access times are
within 5 seconds from the measured access times. Fig-
ure 10b comparesthe distribution of the difference between
estimated and measured times for three of the strategies.
For Write-Turn, 90 percent of the measured accesstimesare
within 5 seconds from the estimated access times, while for
Average Tape-Length this has increased to almost 25 sec-
onds.

6.2 Validation using Quantum DLT 2000

The model was devel oped using the Tandberg MLR1 drive.
To test how the model performs for a different tape drive,
wetested it using one of the department’sold Quantum DLT
2000 drives. Just as for the MLR1, we found the values for
the constants in Table 3 by performing seek operations on
three tapes, and using linear regression on the seeks within
each of the seek classes to determine the constants.

By running 2000 random block accesses on three other

Table 5: Results from testing the model on a Quantum
DLT 2000 drive using the Average Tape-length, Exact Tape-
length, Write-Turn, and Read-Turn algorithms for instru-
menting the model. The table contains the average differ-
ence between measured and estimated accesstimesfor 2000
random block accesses.

Average error [seconds]
Strategy All Tapel | Tape2 | Tape3
Averagetape-length | 24.0s | 249s | 240s | 230s
Exact tape-length 138s | 869s | 7.27s| 255s
Write-turn 6.84s | 6.39s | 659s | 754s
Read-turn 6.89s | 664s | 6.83s| 7.20s

tapes, and comparing the measured accesstimeswith the ac-
cesstimes estimated by the model, we got the averagediffer-
ence asgivenin Table 5. These results should be compared
to theresults given in Table 4 for the MLR1 drive.

As can be seen from the table, the average error is about
four times higher for the DLT 2000 drivethan for the MLR1
drive when using the Write-Turn and the Read-Turn algo-
rithmsfor characterizingthetapes. Therearethreemainrea-
sonsfor this. First, the model was developed for the Tand-
berg MLR1. Whilethey are both serpentine tape drives, the
DLT 2000 behaves somewhat differently when locating tape
positions[2]. Second, the DLT 2000 hasfewer key pointson
each track. As aresult, the distance between the key points
islonger. Thiswill add to the average error for seeks where
the cost functions include extra costs to locate the closest
key point (i.e., all seek classesexcept 1, 4 and 7 in Table 2).
Third, the DLT 2000 uses one speed for seeking, and alower
speed for reading. The maximum speed is used for locating
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the closest key point. The drive then changesto the reading
speed to seek to the requested bl ock, which increasesthe av-
erage error for all seeks.

Of the three causesfor the larger errors mentioned above,
it should be easy to improve the model to handle differ-
ent seek and read speeds while still maintaining a generic
model. The other two points are more difficult to improve.
Toincludethe differencein behavior when locating tape po-
sitionsbetween MLR1 and DLT 2000 into the model, would
make it more complex and less generic. To reduce the ef-
fect of the longer distance between key points would re-
quireustoincludethe positionsof key pointsinto the model,
and worse, it would makethe characterization processmuch
more time consuming.

The average access time for aDLT 2000 is about 60 sec-
onds. Compared to not using an access time model, being
able to estimate access times with an average error of about
7 seconds is still alarge improvement. Thus although the
model was developed using aMLR1 drive, it is also useful
for other serpentine tape drives.

6.3 Cost of establishing the model

It is important to be aware of the cost of getting the better
results by using the model. The cost of establishing the ser-
pentine tape model is low. The cost functions for each of
the eight seek classesin Table 2, can be established oncefor
eachtapedrivetype. Findingthe start addressesof thetracks
has to be done once for each tape because these vary from
tape to tape. The Exact tape-length strategy only requires
that we get thetotal length of thetapewhenitiswritten. The
Write-Turn strategy requiresthat we are able to measurethe
writing timesof theblocksonthetape. If thesewriting times
areavailable, the cost of finding the track addressesis virtu-
ally zero. The Read-Turn algorithm requires that each tape
isrun through the process of finding the end of thetracksbe-
fore the model can be used. On average, we have measured
the time usage for the algorithm to be about 13 minutes per
tape. Thisis still worth the extra cost because of the much
better estimates provided by the model.

The implementation of the model consists of about 400
lines of C++ code. For each characterized tape, we must
store the track addresses, i.e. one integer per track, when
using the Write-Turn and Read-Turn strategies, or the total
length of the tape when using the Exact tape-length strategy.

7 Scheduling of I/0O requests

The goal of scheduling concurrent requestsis to produce a
retrieval order, which will result in a minimum execution
timewhentherequestsare executed by thetapedrive. Inthis
section, we evaluate the usability of the access time model
by using it for scheduling random data accesses. This is
done by comparing the estimated execution time of sched-
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Figure 11: Average accesstime for each I/O request for dif-
ferent problem sizes, using the FIFO and MPScan* schedul-
ing approaches. The figure shows both access times from
simulation studies and results from real experiments using
the Tandberg MLR1 drive. The size of each /O request is
onelogical block of 32 KB.

uleswith themeasured retrieval times, and by investigatethe
improvement that can be obtained by using the access time
model for scheduling of the requests.

To evaluate the access time model, we consider two
scheduling approaches, MPScan* and FIFO. A MPScan*
(Multi-Pass Scan Star) schedul er usesthe accesstime model
to reorder the requeststo make the most out of the streaming
capability of thetape drive. Themain ideaisto organizethe
requests into one or several full scans of the tape such that
the drive avoids frequent changes of winding direction and
isableto stream as much of thetime aspossible. In contrast,
FIFO is a model-independent approach. A FIFO scheduler
executes the requests in the initial order. A more thorough
discussion of scheduling algorithms can be found in [9].

Figure 11 shows the results from simulation studies and
actual experimentsusing a Tandberg MLR1 drive. Thefig-
ure gives the average access time per retrieved object as a
function of the scheduling approach and the number of re-
guestsin the schedule. To compare the effect of character-
izing the tape, we have included results for MPScan* us-
ing both the Average Tape-length and the White-Turn strat-
egy for instrumenting the tape model. From the figure, one
should make three important observations. First, there is
arelatively good correspondence between estimated access
times (from simulations) and measured accesstimes (except
when using the Average Tape-length strategy). For most
schedules, the difference between estimated and measured
accesstimesislessthan +/-5 percent. Second, for schedules
of lengthsfrom 2 to 2048 requests, there are substantial sav-
ings to be collected by use of a model-dependent algorithm
like MPScan*. The maximum gain is for a schedule of 196
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requests, whereaMPScan* schedule executesin 20 minutes
and 47 seconds, compared to an execution time of 2 hours, 5
minutes and 15 seconds for the corresponding FIFO sched-
ule, saving more than 1 hour and 45 minutes. Third, char-
acterization of each tape by using, e.g., Write-Turn, gives
much better resultsthan using the Average Tape-length strat-
egy for instrumenting the model.

From these results, we make the conclusion that the accu-
racy of the proposed access time model is sufficient to serve
as a hasis for efficient scheduling of random 1/O requests
against the Tandberg MLR1 tape drive. To get the best uti-
lization of the tape drive, each tape has to be characterized
before using the model.

8 Conclusion

In this paper we have proposed an accesstime model for ser-
pentinetape drives. By studying the behavior of a Tandberg
MLRL1 tape drive, we have partitioned every possible seek
into one of eight distinct seek classes. Thispartitionisbased
on which operations the drive has to perform in order to go
from the current position it has on the tape, to the physical
position of the requested datablock. For each of these cases,
we haveestablished cost functions. These cost functionsuse
physical tape positions for estimating access times. To map
from logical block addresses used by applications, to phys-
ical positions, the model uses estimates for the logical ad-
dress of thefirst data block on each track.

Experiments show that the length of each track variesbe-
tween tapes and within a single tape. As a result, to im-
prove the accuracy of the estimated access times, it is nec-
essary to characterize each tape by estimating the address
of the first block on each track. The paper presents several
algorithms with varying costs to perform this characteriza-
tion. By using the best characterization algorithm, Wite-
Turn, the model is able to estimate access times with an av-
erage difference between estimated and measured times of
1.7 seconds for the Tandberg MLR1 drive.

The proposed model balances the need of accuracy with
the time needed to characterize each individual tape. One
of the strengths of the model is the low cost of character-
izing individual tapes. If we have control of the writing of
the tape, the cost of performing the characterization of the
tape is virtually zero by using the White-Turn strategy. |If
we are not able to log the writing of the tape, the address
of the first block on each track can be found by using the
Read-Turn strategy. The Read-Turn algorithm uses 13 min-
utes compared to twelve hoursfor the algorithms suggested
by Hillyer and Silberschatz [2].

Although the model is made using a specific tape drive,
it is generic enough to be easily adjusted to other serpen-
tine tape drives. This is shown by testing and evaluating
the model using a Quantum DLT 2000 drive. The utility of
the model is demonstrated by using it for scheduling of ran-

domaccessesagainst atape. Inour research on databasesfor
storage and retrieval of digital images and videos, we have
used the access time model as a basis for scheduling of con-
current accesses for multimedia objects stored on magnetic
tape[10].

To improvethe model, the key points haveto beincluded
inthemodel. Asshown by Hillyer and Silberschatz[2], itis
too time consuming to locate these for each tape. 1t would
take even moretimeto do thison the Tandberg MLR1, since
thisdrive hasabout twice asmany key pointsper track asthe
Quantum DLT 4000. If we should include the key pointsin
the model, information about the location of the key points
has to be made available to applications by the producer of
the tape drive.
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