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Abstract

In this work, we develop novel disk characterization
suite, DIG(Disk Geometry Analyzer), which allows us to
rapidly extract and to characterize the key performance
metric of modern hard disk drive. Development of this tool
is accompanied by thorough examination of four off-the-
shelf hard disk drives. DIG consists of three key ingredients:
O(1) track boundary detection algorithm, O(log n) zone
boundary detection algorithm, and hybrid sampling based
seek time profiling. We particularly focus on addressing the
scalability aspect of disk characterization. With DIG, we
are able to extract key metrics of hard disk drive within 3-
20 min. DIG allows us to determine the sector layout mech-
anism of the underlying hard disk drive, e.g. hybrid ser-
pentine, cylinder serpentine and surface serpentine, and to
build complete sector map from LBN to three dimensional
space of (Cylinder, Head, Sector). Examining the disks with
DIG, we found a number of important observations. Mod-
ern hard disk drive puts great emphasis on minimizing the
head switch overhead. This is done via sector layout mech-
anism and and surface serpentine and hybrid serpentine is
the typical way of avoiding it. Legacy disk seek time model
leaves much to be desired to be used in modern hard disk
drive especially in short seeks(less than 5000 tracks).

keywords Sector Layout, Hard disk drive, Performance
Characterization, Seek Time, Track Skew

1 Introduction

1.1 Motivation

Hard disk drive is the storage device in most of the mod-
ern computing system, ranging from personalized video
recorder to peta scale storage for enterprise server. Hard

∗This research is in part supported by KOSEF through National Re-
search Lab (R0A - 2007 - 000 - 20114 - 0) at Hanyang University

disk drive is complex and complicated device. It has me-
chanical part(arm, step motor, servo and etc), electrical cir-
cuits(head, controller circuit) and software(firmware soft-
ware). Great amount of efforts have been put on to boost up
the performance of the hard disk drive. The effort includes
the improvement on the speed of revolution(RPM), arm
movement speed(seek time), track density of the hard disk
platter(Tracks per Inch, TPI), scheduling algorithm of the
hard disk head movement, increasing the cache size in the
hard disk controller and etc. Mechanical engineers, electri-
cal engineers and software engineers investigate the way to
exploit the device in their respective expertise. Thanks to
these efforts, hard disk drive has experienced phenomenal
improvement in capacity as well as in performance.

Traditionally, the total time for reading or writing the
data block to and from the disk drive is partitioned into
a number of phases: the time to move the arm to target
track(seek), the time to place the desired sectors under the
disk head (rotational latency) and the time to perform actual
data I/O(transfer). Seek time is further partitioned into the
time to accelerate the disk arm(accelerate), the time to move
the disk arm to the target neighborhood(coast) and the time
to accurately position the head to target track(settle)[11].
Among these, the time other than data transfer is called disk
overhead. Numerous state of art technologies have been
employed to reduce the disk overhead. Each of these com-
ponents constitute different fraction of entire disk overhead.
Also, each of these overhead components are experiencing
different improvement curve. Hard disk capacity, rotational
delay, and disk seek time have been increasing at the an-
nual rate of 50%, 30%, and 15%, respectively[12]. As ro-
tational delay takes up relatively more fraction of the entire
disk overhead, hard disk vendors adopts more aggressive
technique to hide the rotational latency, e.g. look-ahead
read[9], track buffering[3] and etc. Track switching and
head switching time have been increasing even at the slower
rate than rotational delay[8, 7]. A number of recent works
proposed a technique to reduce the burden of track and head
switch[12, 13].



There are a number of key performance features of the
hard disk drive: seek time, rotational latency, track switch
time, head switch time, zone size, sector layout, track skew.
From the host point of view, it is mandatory to have proper
understandings of the underlying hard disk drive to exploit
the performance of the device. This information is used to
determine the disk scheduling, file system layout scheme,
index placement and etc. The importance of obtaining hard
disk parameters cannot be emphasize any further. Extract-
ing these performance parameters have been the subject of
intense researches for more than a decade[14, 16, 10]. How-
ever, the rapid increase in the scale of the modern hard
disk drive introduces another dimension of complexity in
hard disk profiling. The existing methods leave much to be
desired to deliver the requested information in reasonable
amount of time. There are 500 GByte disks already avail-
able in the market. We are expecting tera-byte scale hard
disk drive in the imminent future. Modern hard disk drive
contains 2-4 heads, thousand or more sectors/track, 500000
tracks and 20 zones, roughly. Also, modern hard disk drive
employs complex sector layout scheme which is optimized
of the mechanical characteristics of the respective hard disk
model. Extracting performance parameters from the exist-
ing hard disk drive can easily take more than 24 hour.

In this work, we focus our effort on developing novel
disk parameter profiling framework, DIG(Disk Geometry
Analyzer). This paper consists of two parts. First, we de-
velop state of art disk profiling suite DIG(Disk Geometry
Analyzer). DIG consists of three key technical ingredients:
O(1) track boundary detection algorithm, O(log n) zone
boundary detection algorithm, hybrid sampling technique
to determine the sector layout scheme. Second, we study
the disk geometry characteristics of the modern hard disk
drives. It is found that modern hard disk drive put greater
emphasis on reducing the head switch time involved in I/O
operation. This is achieved via new way of laying out sec-
tors on a set of cylinders.

1.2 Related Works

Developing as performancemodel for hard disk drive has
been the subject of intense research for more than a decade.
Ruemmler et. al has proposed a seek time model as a func-
tion of cylindrical distance[11]. Yale Patt analyzed the var-
ious disk scheduling algorithm[16]. There are a number of
components which constitute I/O latency: seek time, rota-
tional latency, track switch time. Among these, the rate of
improvement in track and head switch is relatively slower
than the rate of improvement of seek time and rotational la-
tency. As result, track and head switch become to constitute
more significant fraction of hard disk overhead.

Schindler et al. proposed to insert a file system layer
so that track size is aligned with file system block size[12].

Due to high TPI(Tracks Per Inch), and subsequent settle-
time, when accessing neighboring tracks, seek time re-
main approximately the same independent of cylindrical
distance. Schlosser et al. proposed an index layout scheme
to exploit the seek time characteristics of modern hard disk
drive[13].Davy proposed to layout files so that file fragmen-
tation is within the large of uniform seek time[4].Davy pro-
posed to layout files so that file fragmentation is within the
large of uniform seek time[4].

With seek time overhead, rotational delay [8, 7] also
significant parameter. Many methods for extracting hard
disk drive parameters use this characteristic. A number
of efforts have been devised to reduce the rotational de-
lay in disk scheduling [8, 7]. Extracting hard disk profile
is very important for performance optimization’s point of
view. They include track size[2], zone information[13],
track skew information[1], and sector layout[6]. On the
contrary, There are hard disk drives which have special
command to extract parameters. SCSI disk drives have low
commands, send signostic and receive diagnostic, and it is
faster than using MTBRC, however against its efficiency, a
given SCSI disk drive and almost IDE disks may not sup-
port that kind of command, and returned information can be
inaccurate.

2 Hard Disk Performance Model

Table 11 shows modern disk drive specifications which
will be used for our experiments2.

Vendor Cap RPM H Int size

WD 320GB 7200 4 PATA 3.5in
Seagate 320GB 7200 4 SATA 3.5in
Hitachi 320GB 7200 4 SATA 3.5in

Samsung 120GB 5400 4 PATA 2.5in

Table 1. Specification of 4 disks

2.1 Cylindrical Distance

Obtaining an accurate performance model for hard disk
drives is difficult and challenging task from analytical as
well as simulation model’s point of view. As hard disk drive
adopts more daunting. Internal details of the hard disk drive,
e.g. sector layout, track geometry, and internal mechanics,
are hardly available to public. From system performance
point of view, it is important to effectively exploit the per-
formance of the underlying hard disk drive and that data
layout, data indexing, disk scheduling algorithms are all

1In table 1, Cap: Capacity, H: number of heads and Int : Interface.
2We intentionally do not specify the model name of the drives



devised via properly exploiting the hard disk performance
characteristics.

One of the essential components of I/O latency is seek
and rotational overhead. Despite its importance in perfor-
mance implication, it is hardly possible to build practically
meaningful model due to complexity. We examine the de-
tails of the existing performance model, its limitation, and
possible improvement. The most widely used model for
seek time is the one proposed by Ruemmerler et al [11].
It suggests that when seek distance is less than a certain
threshold value, seek time is proportional to square-root
of seek distance. When seek distance is greater than the
threshold, seek time is linearly proportional to the seek
distance. Eq. 1 illustrates this equation. This equation
only holds when the distance d denotes cylindrical distance.
From host point of view, only sector distance is available.
Obtaining cylindrical distance between two sectors speci-
fied by LBA requires in-depth understanding of the respec-
tive hard disk internals.

fseek(d) =
{

p + q
√

d if (d < m)
r + sd if (d ≥ m)

(1)

Distance can be viewed from three different aspects:
cylindrical distance, track distance and sector distance.
Cylindrical distance denotes the time to reach the respective
cylinder (seek). Track distance denotes the interval from
beginning of a source track to beginning of the destination
track. Strictly speaking, track distance harbors some de-
gree of rotational delay (seek + rotational delay). This is
governed by track skew and sector layout scheme. Track
skew and sector layout scheme of the hard disk drive is de-
termined to exploit the mechanical characteristics of the re-
spective hard disk drive and to properly address the perfor-
mance objective. Seek time model in Eq. 1 is based upon
cylindrical distance. Limitation of this model is that it is
very difficult to obtain cylindrical distance of two sectors.

2.2 Track skew

Track is concentric circle of sectors which can be ac-
cessed with fixed arm position. Changing to the next logical
track entails a certain amount of delay regardless of whether
the next track is in the same cylinder or in different cylin-
der. If it is in the same cylinder, the track switch is most
likely the delay in electrical circuit switch (head switch). If
it is in the different cylinder, it involves mostly mechanical
head movement. Let us assume that disk head accesses the
last sector of a track and the first sector of the next track,
consecutively. Due to the delay in switching the track, by
the time the disk head reaches the new track, it will miss the
first sector of the new track. Disk head needs to wait one
revolution time to reach the first sector of the new track.

Here, we do not consider zero-delay read, where disk
head reads the sectors as soon as it reaches the target track.
To avoid this loss, hard disk introduces a certain angular
offset between the last sector of a track and the first sector
of the next track. This offset is called track skew. The ob-
jective of using track skew is to compensate for the track
switch delay. Track skew varies subject to hard disk vendor
and the model.

.

TST Track Skew Skew Angle

Disk1 1.57ms 1/7 51◦

Disk2 0.86ms 1/10 36◦

Disk3 1.28ms 1/6.5 55◦

Disk4 1.56ms 1/7 51◦

Table 2. Track skew angles for 4 disks, TST :
Track Switch Time

We examine the track skew for each of the four disk
drives. We measure the time interval of accessing the be-
ginning of a track from LBN 0. This method has been intro-
duced in [1]. Fig. 1 illustrates the result. The x and y axis
denotes the track number and respective access time. We
can observe that each of the graphs has ”period”. Access
time incrementally increases with track number and then
drops significantly after a certain number of tracks. This
pattern repeats. The length of a period is directly relevant
to track skew. If period is n tracks, then track skew cor-
responds to 2π/n angle. Table 2 illustrates the track skew
of each drive. It also illustrates the measured track switch
time. In Table 2, Disk1 and Disk4 have the same track skew.
However, Disk4 has faster track switch. This phenomenon
stems from the difference between their revolution speeds.
Disk3 yields interesting behavior. Its period is not constant.
It alternates the period length 6 and 7. In case of this drive,
the skew angle is 2π/6.5. Disk2 has the largest period: 10
tracks. It has the smallest skew angle, which again implies
the smallest track switch time. Our measurement results
confirm that Disk2 has the smallest track switch time.

We develop seek time models which properly incorpo-
rates the track skew. Head movement overhead consists of
seek time for cylindrical distance and the rotational delay.
Existing performance model only considers cylindrical dis-
tance in obtaining head movement overhead. However, as
we can see in Fig. 1, head movement overhead can vary by
factor of 10 between consecutive tracks. More interesting
and importantly, the access time decreases in farther track.
For example, seek time from LBN 0 to track 100 and track
101 is 10msec and 2msec, respectively. This is because sig-
nificant fraction of time is spent on rotating the platter when
accessing track 100. Let d and taccess denote the cylindrical
distance and time to access tack which is d cylinder apart.
Then, taccess can be formulated as in Eq. 2. TSKEW and
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Figure 1. Seek time from LBN0

TROT corresponds to track switch tie and latency of one
revolution.

taccess(d) = fseek(d) + frotation(d)
frotation(d) = {TSKEW ∗ d − fseek(d)} mod TROT

(2)
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Figure 2. Access time simulation by Eq. 2

We build an access time model for disk1. We use the
parameters in Table 2 in this model. Fig. 2 illustrates the
access time of our analytical model. It accurately represents
access time behavior of the original disk.

2.3 Sector Layout

From host’s point of view, storage subsystem is linear
array of blocks. Device driver accesses the individual lo-
cation of the storage using Logical Block Address (LBA).
Firmware of the hard disk drive is responsible for mapping
LBA to its physical block address which can be specified by
cylinder number, head number, and sector number (C/H/S).
Sector layout scheme can be categorized into four sets: tra-
ditional, cylinder serpentine, surface serpentine and hybrid
serpentine. The advantage of cylinder serpentine against
traditional method is the head switch time. Cylinder ser-
pentine switches head in every other cylinder switch. Due
to the advancement of magnetic recording technology and
signal processing technology of hard disk head, it becomes
possible to pack more tracks on the disk platter.

There exist a number of side effects in TPI(Track Per
Inch) increase. It becomes more difficult to place the head
on the desired track. Also, switching the head requires re-
aligning the head position to precisely place the head in the
desired track. Head switch overhead becomes more signifi-
cant as a result of TPI increase[12]. Surface serpentine and
hybrid serpentine techniques are an effort to reduce number
of head switches. Most of the modern hard disk drives adopt
surface serpentine and hybrid serpentine methods in laying
out sectors. Fig. 3 shows various sector layout schemes.



Traditional(TR) Surface serpentine(SS)

Cylinder serpentine(CS)

Traditional(TR) Surface serpentine(SS)

Cylinder serpentine(CS)  Hybrid serpentine(HS)

Figure 3. Sector mapping layout

Seek time characteristics of these sector layout schemes will
be dealt with in detail in section 4.2.

2.4 Firmware overhead

Processing time of firmware includes command decod-
ing time, logical to physical address mapping time and etc.
Theses overheads are order of magnitude smaller than seek
and rotational delay, and therefore have not received much
attention from performance optimization’s point of view.
However, collaboration between host device driver and de-
vice firmware plays an important role in performance op-
timization. ATA command allocates 8 bit to specify the
number of sectors to read. The maximum number of sec-
tors to read in one ATA command corresponds to 255 sec-
tors. Since file system issues an I/O command in the unit
of file system page size, effective sector size in ATA com-
mand should multiples of 4 KByte (8 sectors). It is reported
that request merge algorithm of operating system and max-
imum I/O size of ATA interface can result in inadvertent
command split and can result in performance degradation
[15]. I/O queue of Linux operating system merges the I/O
requests to consecutive data blocks into one. Maximum I/O
size per request is 128KByte, which is 256 sectors. Due to
this discrepancy, I/O command for 256 sectors are split into
two I/O commands each of which is 248 and 8 sectors large,
respectively.

3 Extracting Track Geometry

3.1 Angular Prediction Algorithm

In this section, we introduce new algorithms for fast
track boundary detection. Extracting disk geometry cor-
responds to determining the following four parameter:(i)

track size, (ii) zones, (iii) track skew and (iv)sector lay-
out scheme. Largest hard disk drive currently available in
the market is 500 GByte and we are expecting terabyte size
hard disk drive in the near future. It is imperative to have ef-
ficient hard disk feature extraction tool. High-end disk, e.g.
SCSI and fiber channel interface provides a command(or a
set of commands) to export hard disk geometry. Low end
hard disk drive does not have this luxury.

From track boundary information, we can infer a num-
ber of key parameters of hard disk drive: number of heads,
number of zones, location of spare area and its size. Track
boundary information and seek time profile together can
deliver the sector layout scheme of the respective heard
disk drive.With brute-force method, we need to examine
all consecutive sector pairs to find a track boundary. This
method requires n revolution, θ(n), with n being the num-
ber of sectors per track. This method is practically infea-
sible. Let us provide an example. Consider average track
size of 700KByte (1400 sectors) in 350G 7200RPM hard
disk. With brute-force track boundary detection algorithm,
it takes more than 10sec to find a boundary of single track.
There are approximately 5 ∗ 105 tracks. If we assume that
it requires ten revolutions to determine the boundary of a
track, total time to extract the track boundary information
corresponds to 500,000*10*8.3msec≈ 115 hour.

track

track
boundary

track
boundary

Read Sm
finish Get time

t(Sm)

Read Sm+c
issue

Read Sm+c
finish

Get time
t(Sm+c)

c sectors

tc =[t(Sm+c) – t(Sm)] ms

TROT : Rotation Time
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finish
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TROT : Rotation Time

Figure 4. Angular prediction for finding track
size

Mesut et al. proposed O(log n) algorithm to detect track
boundary[10]. As can been seen, this algorithm is not scal-
able to modern hard disk drive. In this work, we develop
O(1) algorithm to detect track boundary. We obtain track
boundary using the ratio of angular distance to sector dis-
tance between two sectors. Determining track boundary is
about obtaining the first LBA and the last LBA of a track.
Obtaining a track size is about determining the number of
sectors in a track. Let Sm and t(Sm) denote the sector m
and I/O completion time of t(Sm). We issue read command
to Sm and Sm+c in consecutive fashion. Let tc = t(Sm+c)
- t(Sm). If Sm and Sm+c are in the same track, then track
size C can be computed as in Eq. 3



C = c · TROT

tc
(3)

TROT corresponds to one revolution time. It is possible
that Sm and Sm+c are in different tracks. In this case, tc
becomes very small and it is trivial to detect this situation.

ATS APS AE ME

Disk1 1042 1043.2 1.23 3
Disk2 1392 1392.6 0.63 4
Disk3 1540 1542.5 2.53 5
Disk4 1488 1490.3 2.27 4

Table 3. Accuracy of track size prediction al-
gorithm

We perform a number of experiment to test the accu-
racy of this method. We make prediction 30 times for each
of four disk models, respectively. Table 33 summarizes
the results. Average prediction error ranges from 0.05%
to 0.15%, where prediction error = (predicted size - actual
size)/(actual size). In worst case, predicted track is off by 5
sectors. In most cases, this error is caused by spare sectors
in a track, which makes the actual track size smaller than
physical one. Computing track size, tp, can be obtained as
follows E(tp) = TROT (1 + e · p) where p denote the error
probability.

3.2 Determining Zone Geometry

Traditionally, Zone is defined as a collection of consec-
utive tracks with same number of sectors. The concept of
zone is used to estimated the various aspect of the hard disk
performance, e.g. maximum transfer rate, minimum trans-
fer rate, maximum number of real-time playback sessions.
Traditional notion of zone requires more sophisticated treat-
ment in modern sector placement technique, e.g. hybrid ser-
pentine and surface serpentine. In the same token, the ex-
isting method[10] for finding zone boundary does not work
when the sectors are placed using surface serpentine and
hybrid serpentine.

Let us use surface serpentine to explain this difference.
In surface serpentine, sectors are numbered from outer to
inner tracks for a certain number of tracks, say d tracks.
Then, head switches and sectors are numbered from inner
to outer tracks for d tracks. This step repeats until the sec-
tors are placed in the last platter. Here, we call d as serpen-
tine width. Let dij denote the set of tracks in platter i and
serpentine j. When sector placement is completed for the

3In table 3, ATS : Actual Track Size (sectors), APS : Average predicted
size (sectors, AE : Average Error and ME : Max Error)

first serpentine, the first head becomes active and the sec-
tor placement for the second serpentine begins. There are
two important properties in this sector layout mechanism.
First, though the tracks are in the same serpentine, the size
of the tracks can vary dependent upon its platter number.
This is due to manufacturing process of modern hard disk
drive. Heads in the same hard disk assembly does not yield
exactly same signal processing capability. In hard disk man-
ufacturing process, the track size is determined based upon
the capability of the respective disk head. Second, the tracks
in the different serpentine can have the same size, e.g. d00

and d01 in Fig. 5. In Fig. 5, d00, d01, and d0n have the same
size track.

Spindle
d00

Z00

�
d0n

�
d10d1n Z01

��

�
d20

�
d2n

�
d30d3n Z03

��

Z02

Figure 5. Definition of Zone in Modern disk
drive layout

Now, we can provide more elaborate definition of the
zone. We define zone as a set of ”physically” consec-
utive same size tracks. In modern hard disk drive, the
same size tracks may not be logically consecutive due to
its serpentine based layout method. This definition car-
ries significant implication in hard disk characterization.
Host always addresses sectors in hard disk drive using LBA
which is ”logical block address” and most of the modern
hard disk drive characterization uses LBA for performance
characterization[10]. They assume that same track size
tracks are next to each other logically as well as physically.
If the size of adjacent tracks are different, it is determined
as zone boundary. The notion of ”adjacency” is defined on
the domain of logical address space. Even though the tracks
are not logically consecutive, they can be physically placed
next to each other and can have to same track size. These
techniques fail to properly catch the zone information of the
modern hard disk drive.

To generalize zone Zi definition, we define serpentine
width d and zone per platter Zij . Serpentine width d means
width of contiguous track switches without head switch in
single platter, and zone per platter Zij is set of dik . Zone
Zi is defined as set of Zij . Due to disk layout, LBA in-
crease from d00 to d10 instead of d01 (Fig 5) in hybrid and
surface serpentine. It is reason that zone per platter Zij has
discontinuous LBA numbers.

To effectively identify the zone information of the hard
disk drive, we need to incorporate the sector layout mecha-



nism of the respective hard disk drive. In this work, we pro-
pose serpentine-aware MIMD(Multiplication Increase Mul-
tiplicative Decrease) algorithm to extract zone information
from the hard disk drive. When there are n tracks in a zone,
it takes O(log n). First, algorithm determines the boundary
of the first track in a zone. Let C be the size of a track. Then,
the algorithm checks if the new track starts of l + 2n ∗ C∗

sector, where n = 1, 2, 3, . . ..

Zone
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Figure 6. serpentine-aware MIMD Algorithm

This phase is called multiplicative increase (MI). When
l+mC∗ is beginning of a track and l+n∗2mC∗ is not, algo-
rithm goes into Multiplicative Decrease(MD) to find track
boundary. We need to confirm that l + n ∗ 2mC∗ is not
track boundary before doing MD phase. If there was not
track boundary in l + 2n ∗ C∗ sectors, DIG confirms the
front and the rear 5 adjacent sectors from predicted point.

From t(Sl+mC∗), algorithm decrease the step size from
m to m/2, and check boundary-ness. It determines the zone
boundary using binary search method in multiplicative de-
crease phase (MD). MD phase is over when met the track
boundary. Then, DIG find single track boundary using an-
gular prediction.

With angular distance algorithm O(1) to determine track
boundary and serpentine-aware MIMD algorithm O(log n)
to determine zone boundaries, we can reduce the time to
analyze the hard disk geometry by order of magnitudes.
In case of disk4 (Fig. 7), we reduce the geometry analy-
sis time from 1920min to 7min. In worst case(Disk2), from
1935min to 180min. The variance in degree of improve-
ment comes from the error rate in determining track size.
Each disk model has different scheme in allocating spare
sectors and tracks.

If every head has zone which has same SPT, serpentine-
aware MIMD algorithm finds zone boundary easily (Fig. 6).
On the other hand, they has zone which has different SPT,
serpentine-aware MIMD algorithm only can find serpentine
width. In this case, seek time profile should be required to
find zone information.
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1500
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Figure 7. Performance comparison: DIG vs
Binary search

4 Performance Study

4.1 Extracting Track size

The objective of this work is to devise an efficient
method for extracting disk geometry so that disk geome-
try information is used for various performance optimiza-
tion efforts, e.g. disk scheduling, index layout, file place-
ment and etc. Key ingredient of this effort is to find
out LBA(Logical Block Address) to PBA(Physical Block
Address represented by Cylinder/Head/Sector) mapping.
Obtaining track boundary information corresponds to find
mapping mechanism from LBA to two dimensional space:
(track number, sector). To fill the missing hole, we need
to identify the mapping mechanism from ”track” number
into cylinder /head/. This mechanism is called sector lay-
out mechanism and this mapping table is called track map.
Track size information and seek time profile combined to-
gether deliver track map and sector layout mechanism of
given hard disk drive. Track number increases from outer
diameter to inner diameter position. There exists a large
scale trend. Track size becomes smaller with larger track
number. However, in fine precision, this does not necessar-
ily hold. There are two main reasons for this. First, higher
numbered track is not necessarily in the inner diameter of
the platter. In surface serpentine scheme, track is numbered
from inner to output diameter and from outer to inner diam-
eter in alternating fashion.(Fig. 3). Second, within a cylin-
der, track size varies with heads. In hard disk manufacturing
process, size of a track is determined considering the per-
formance characteristics of each head. Since hard disk head
processes analog signal, there exist minor variance in hard
disk head performance. If we consider one specific head,
then track size can decrease in monotonic fashion with the
increase in track number. We can identify periodicity be-
havior in track size graphs. The cycle length of track size
graph bears direct relationship with the number of heads in



4

6

8

10

1 2 3t
r
a
c
k
 
s
i
z
e
 
(
x
 
1
0
2
 
s
e
c
t
o
r
s
)

track number x 105 tracks

(a) Track map

5

10

15

20

25

1 2 3

t
i
m
e
 
(
m
s
)

track number (x 105 tracks)

(b) Seek profile

4

6

8

10

11

1 2 3 4 5

1
2
3
4
5
6
7
8
9

t
r
a
c
k
 
s
i
z
e
 
(
x
 
1
0
2
 
s
e
c
t
o
r
s
)

t
i
m
e
 
(
m
s
)

track number (x 103 tracks)

 track map
seek profile

(c) Zoom-In

Figure 8. Disk1: Hybrid serpentine
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Figure 9. Disk2: Surface serpentine

the hard disk drive. The length of a cycle is not greater than
the number of heads in the drive. Since two heads can have
the same track size in a cylinder, it is possible that cycle
length can be less than the number of head.

Our algorithm takes approximately 3 hours to extract
track size information in Fig. 7. With binary search
algorithm[10], it takes 34 hours. It is a significant improve-
ment against the existing approach. In the other disk mod-
els, it takes as 7-24 minutes to obtain track size information.

4.2 Obtaining Seek Profile

The next task is to obtain seek time profile of hard disk
drive. For relatively long seek, there is not much seek time
difference in accessing adjacent tracks. However, for short
seek, track switch and head switch constitutes significant
fraction of access time. Obtaining seek time for each of
track consumes more than a day. We use hybrid sampling
technique obtain seek time profile while minimizing the loss
of accuracy. We measure the seek time for each track in the
first M tracks and there after we use N:1 sampling. In this
study, M and N is set to 5000 and 20.

Schlosser [5] exploits this characteristic in laying out the
index. However, hybrid serpentine and cylinder serpentine
yield different seek time behavior in short range seek, and
therefore this idea cannot be used in hybrid serpentine and

cylinder serpentine scheme. Table 44 summarizes the disk
geometry of four disk models.

Lo TS Zones SW NoT

Disk1 HS 571-1071 24 3500 310000
Disk2 SS 660-1626 20 105 510000
Disk3 SS 792-1562 14 170 510000
Disk4 SS 720-1488 22 158 530000

Table 4. Specifications of disks for experi-
ments

Figures in Fig. 8, Fig. 9, Fig. 10 and Fig. 11, illustrate
the track size and seek time profile of four disk models in
large and small scale. In large scale, seek time profile ap-
proximately follows the trend represented by Eq. 1. How-
ever, in small scale, seek time profile varies widely subject
to its sector layout scheme. Let us look at Fig. 8. It illus-
trates track size distribution (Fig. 8(a)) and seek time profile
(Fig. 8(b) ) of disk, in long track range, respectively. Disk
has four head. Let us examine Fig. 8(c). From track 0, seek
time gradually increases with track distance until track dis-

4In table 4, Lo: Layout, HS: Hybrid Serpentine, SS: Surface serpen-
tine, TS: Track Size (Sectors), SW: Serpentine Width (sectors) and NoT :
Number of Tracks
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Figure 10. Disk3: Surface serpentine
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Figure 11. Disk4: Surface serpentine

tance of 3500 tracks. After 3500 tracks, seek time sharply
drops and repeats the same increase pattern. We can conjec-
ture that head switch occurs at track distance 3500 and that
sectors are placed at the same fashion for each head. This is
hybrid serpentine scheme. LBA to PBA mapping is much
simpler in hybrid serpentine.

We examine the seek time of disk2, disk3 and disk4 in
large scale (Fig. 9(b), Fig. 10(b) and Fig. 11(b)) and in small
scale (Fig. 9(c), Fig. 10(c) and Fig. 11(c)). Large scale be-
havior of seek time asymptotically follows Eq. 1. However,
we can see that seek time profile in small scale is different
from what is represented by Eq. 1. Let us closely examine
Fig. 9(c). Seek time profile for short seek is repetition of
bimodal pattern whose length is approximately 400 tracks.
This pattern can be explained as follows. From track 0,
track number increases in inner diameter direction for ap-
proximately 100 tracks. In this region, seek time increases
with track distance. Then, head is switched and then track
number increases in reverse direction from 100 tracks. In
this region, seek time decreases as track distance increase.
There are total four head in disk2. Same pattern repeats for
head 3 and head 4. Finally, we can observe bimodal seek
time curve for 400 tracks. Disk2 adopts surface serpentine
scheme as its sector layout mechanism and head switch oc-
curs in every 100 tracks. In Fig. 11(c)(disk4), we can ob-

serve more clearly that seek time is repetition of bimodal
pattern. In disk4, track sizes in a cylinder remain the same
across the heads. There exist common seek time character-
istics in surface serpentine disk. In short seeks (500 - 3000
tracks), seek time does not vary widely subject to seek dis-
tance. Rather, it can be viewed as approximately constant.

5 Conclusion

In this work, we develop novel disk geometry analyzer,
DIG, which extracts key information of the hard disk drive.
It extracts size of track, track skew information, zone in-
formation and sector layout scheme. Extracting this infor-
mation is entangled by scalability issue. Currently, 500
GByte disk is available in the market and we expect ter-
abyte scale hard disk drive in imminent future. With ex-
isting method, it takes 24 - 30 hours to extract compre-
hensive information in this size disk. Our disk geometry
analyzer, DIG, efficiently extracts this information and re-
duce the information collection latency in the order of mag-
nitude. DIG consists of three key ingredients: Angular
distance based track boundary detection algorithm(O(1)),
serpentine-aware MIMD(Multiplicative Increase and Mul-
tiplicative Decrease) zone boundary detection algorithm
(O(log n)), and hybrid sampling based seek time profiling.



Combined all together, DIG enables us to extract compre-
hensive internal information within tens of a minute on the
average. With DIG, we examine the internals of modern
hard disk drives. We find that in modern hard disk drive
design, disk vendors put significant effort in reducing the
head switch overhead via adopting various sector layout
schemes(surface serpentine, hybrid serpentine and cylinder
serpentine). We find that each of this sector layout scheme
yields widely different seek time behavior and subsequently
hard disk performance characteristics critically relies on ef-
fectively exploiting the sector layout mechanism.

References

[1] M. Aboutabl, A. Agrawala, and J.-D. Decotignie. Tempo-
rally determinate disk access: an experimental approach. In
Proceedings of the 1998 ACM SIGMETRICS, pages 280–
281. New York, USA, 1998.

[2] T. Chiueh and L. Huang. Track-based disk logging. In Pro-
ceedings of International Conference on Dependable Sys-
tems and Networks, 2002., pages 429–438, 2002.

[3] C. D. Cho, J. S. Shim, J. S. Jeong, and B. J. Kim. Sys-
tem decoder for high-speed data transmission and method
for controlling track buffering. US 6282367, January 15,
1998.

[4] W. Davy. Method for eliminating file fragmentation and re-
ducing average seek times in a magnetic disk media envi-
ronment. US 5808821, September 15, 1998.

[5] T. E. Denehy, A. C. Arpaci-Dusseau, and R. H. Arpaci-
Dusseau. Bridging the information gap in storage protocol
stacks. In Proceedings of Summer USENIX Technical Con-
ference, pages 177–190, Monterey, CA, USA 2002.

[6] A. Di Marco. The geometry of commodity hard-disks.
Technical report, Technical Report DISI-TR-07-07, DISI-
Universita di Genova (July 2007), 2007.

[7] L. Huang and T. Chiueh. Implementation of a rotation
latency sensitive disk scheduler. Technical Report ECSL-
TR81, SUNY, Stony Brook, Mar. 2000.

[8] D. M. Jacobson, J. Wilkes, and L. Hewlett-Packard. Disk
Scheduling Algorithms Based on Rotational Position. Num-
ber Technical report HPL-CSP-91-7rev1. Hewlett-Packard
Laboratories, 1991.

[9] J. F. Macon Jr, S. Ong, and F. H. W. Shih. Asynchronous
read-ahead disk caching using multiple disk i/o processes
adn dynamically variable prefetch length. US 5600817,
Febrary 4, 1997.

[10] O. Mesut and N. Lambert. Hdd characterization for a/v
streaming applications. Consumer Electronics, IEEE Trans-
actions on, 48(3):802–807, 2002.

[11] C. Ruemmler and J. Wilkes. An introduction to disk drive
modeling. IEEE Computer, 27(3):17–28, 1994.

[12] J. Schindler, J. L. Griffin, C. R. Lumb, and G. R. Ganger.
Track-aligned extents: matching access patterns to disk
drive characteristics. In Proceedings of Conference on File
and Storage Technologies, 2002. Monterey, CA.

[13] S. W. Schlosser, J. Schindler, S. Papadomanolakis, M. Shao,
A. Ailamaki, C. Faloutsos, and G. R. Ganger. On multidi-
mensional data and modern disks. In Proceedings of the 4th
USENIX Conference on File and Storage Technology, pages
225–238, San Jose, CA, USA 2005.

[14] D. I. Shin, Y. J. Yu, and H. Y. Yeom. Shedding light in the
black-box : Structural modeling of modern disk drives. In
Proceedings of 15th Annual Meeting of the IEEE Interna-
tional Symposium on Modeling, Analysis, and Simulation of
Computer and Telecommunication Systems, 2007.

[15] Y. Won, H. Chang, J. Ryu, Y. Kim, and J. Shim. Intelligent
storage: Cross-layer optimization for soft real-time work-
load. ACM Transactions on Storage (TOS), 2(3):255–282,
2006.

[16] B. L. Worthington, G. R. Ganger, Y. N. Patt, and J. Wilkes.
On-line extraction of scsi disk drive parameters. In Pro-
ceedings of the 1995 ACM SIGMETRICS, Ottawa, Ontario,
Canada, pages 146–156, 1995.


