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The RAID (Redundant Array of Inexpensive Disks) system has been widely used in practical storage

applications for better performance, cost effectiveness, and reliability. This study proposes a novel

variant of RAID named Zoned-RAID (Z-RAID). Z-RAID improves the performance of traditional

RAID by utilizing the zoning property of modern disks which provides multiple zones with different

data transfer rates within a disk. Z-RAID levels 1, 5, and 6 are introduced to enhance the effective

data transfer rate of RAID levels 1, 5, and 6, respectively, by constraining the placement of data

blocks in multizone disks. We apply the Z-RAID to a practical and popular application, streaming

media server, that requires a high-data transfer rate as well as a high reliability. The analytical

and experimental results demonstrate the superiority of Z-RAID to conventional RAID. Z-RAID

provides a higher effective data transfer rate in normal mode with no disadvantage. In the presence

of a disk failure, Z-RAID still performs as well as RAID.
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1. INTRODUCTION

The need for storage has increased rapidly over the years in almost every field
that involves computing. Many artifacts that used to be stored in analog form
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(e.g., on paper) are now either converted to digital formats or are directly pro-
duced as such. Adding to this growth trend are storage-intensive media such as
pictures and video. At the current time, magnetic disk storage is still preferred
for many applications because of its performance and cost efficiency. However,
while technological improvements for individual disk drives have increased the
storage capacity per device and also improved their reliability, the capabilities
of a single disk are insufficient for large data archives which are commonly
built by combining many disks into disk arrays.

In their ground-breaking paper on RAID (Redundant Array of Independent
Disks) Patterson et al. [1988] demonstrated that disk arrays can improve both
performance (through parallelism) and fault tolerance (through redundant cod-
ing) compared to single large disks. To date, most high-performance storage
systems are based on disk arrays and the basic algorithms have not changed
all that much. Some new RAID levels, such as level 0 + 1 and 6 have been in-
troduced, but out of the original RAID levels 1 through 5, both 1 and 5 are still
widely used for fault tolerant systems [Gray and Shenoy 2000].

In order to design a high-performance disk array, it is imperative to un-
derstand the technological trends for magnetic disk drives. The capacity and
speed of disks has improved steadily over the last decade. According to Gray and
Shenoy’s article on the trends in data engineering [Gray and Shenoy 2000], the
storage capacity of magnetic disks has increased at the rate of about 60% per
year. At the same time, the data transfer rate of magnetic disks has increased at
a lesser rate of about 40% per year. Other sources have reported similar trends:
the storage capacity of disks has accelerated to approximately 50% annually.
The disk transfer rate (i.e., the bandwidth) follows a similar but less aggressive
trend with an annual improvement of approximately 40% [Gray and Graefe
1997; Consortium 1998; Ng 1998; Grochowski 1999]. The increase in storage
capacity decreases the cost-per-megabyte at a rate of approximately 40% per
year [Grochowski 1999]. Higher recording densities and faster rotations of the
disk platters (faster revolutions per minute) increase the data transfer rate of a
disk drive. Thus, the imbalance in the growth rates between the disk space and
data transfer rate has widened. One consequence of this trend is that the data
transfer rate (i.e., bandwidth) is a scarce resource and one wants to optimize
for bandwidth rather than for space [Gray and Shenoy 2000].

In this article, we present a technique called Zoned-RAID (Z-RAID) that
is specifically designed to boost the effective bandwidth of a disk array. Z-
RAID achieves this by taking advantage of a technical feature that is now
common in all modern disk drives, zoned recording (or zoning). This is an
approach utilized by disk manufacturers to increase the storage capacity of
magnetic disks [Ng 1998]. The technique groups adjacent disk cylinders into
zones [Ruemmler and Wilkes 1994; Ng 1998]. Tracks are longer towards the
outer portions of a disk platter compared to the inner portions, hence more
data can be recorded in the outer tracks when the maximum linear density,
that is, bits-per-inch, is applied to all tracks. A zone is a contiguous collection of
disk cylinders whose tracks have the same storage capacity, that is, the num-
ber of sectors per-track is constant in the same zone. Hence, outer tracks have
more sectors per-track than inner zones. Different disk models have different
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numbers of zones. Even though zoning was originally introduced to increase the
storage capacity of disk drives, it results in another important effect: different
zones provide different transfer rates as a result of the following two facts. First,
the storage capacity of the tracks for each zone is different, and second, the disk
platters rotate at a fixed number of revolutions per second. We can observe a sig-
nificant difference in data transfer rates between the minimum and maximum
(approximately 50% difference) [Dashti et al. 2003; Ng 1998]. By intelligently
placing data blocks (e.g., redundant and parity information) in the zones of each
disk drive, one can increase the effective transfer rate of a storage array.

Z-RAID provides an improvement for any workload that is highly storage
intensive. However, for a more focused discussion, we are presenting the ad-
vantages of our approach using an exemplar of such applications that requires
not only large amounts of space, but also high data rates, namely, stream-
ing media (SM). In recent years there has been a proliferation of multimedia
databases especially for handling streaming media types such as digital audio
and video. These media have become a part of everyday life, including not only
electronic consumer products, but also online streaming media services on the
Internet. Due to 1) successful standards for compression and file formats, such
as (MPEG-41), 2) increased network capacity for local area networks (LAN) and
the Internet, and 3) advanced streaming protocols (e.g., RTSP2), more and more
multimedia database applications, combined with the Internet, are providing
streaming media services such as remote viewing of video clips.

Disk arrays have been the storage platform of choice for SM servers due to
their high data transfer rate, large storage capacity, random access capability,
and low price3. Consequently, many studies have investigated a hiccup-free
display of streaming media using magnetic disk drives [Anderson and Homsy
1991; Berson et al. 1994; Berson et al. 1995; Chen and Little 1993; Gemmell
et al. 1995; Rangan and Vin 1993; Rangan et al. 1992; Reddy and Wyllie 1994;
Tobagi et al. 1993; Yu et al. 1993; Ghandeharizadeh et al. 1997].

Streaming media such as audio and video have two main characteristics.
First, SM data must be displayed at a prespecified rate. For example, a com-
mercial satellite broadcasting network, DirecTV, transmits a MPEG-2 encoded
video stream at the rate of 4Mb/s for a TV channel4 [Fogg 1995]. Any deviation
from this real-time requirement may result in undesirable artifacts, disrup-
tions, and jitters, collectively termed hiccups. Second, SM objects are large in
size. For example, the size of a two-hour MPEG-2 encoded digital movie re-
quiring 4Mb/s for its display is 3.6GB. Due to these characteristics, the overall
design of servers in support of SM has been different from that of conventional

1The Motion Picture Expert Group (MPEG) has standardized several video and audio compression

formats.
2The Real Time Streaming Protocol is an Internet Engineering Task Force (IETF)-proposed stan-

dard for the control of streaming media on the Internet.
3Magnetic disk drives provide a low-price solution for both storage capacity ( $

MB ) and bandwidth

( $
MB/s ).

4DirecTV changes its bit allocation per-program-channel based on the complexity of the video

images. For example, a sports channel that includes quick movements and complicated images is

assigned 6Mb/s.
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databases [Tobagi et al. 1993; Gemmell et al. 1995]. However, both categories
require high-performance storage solutions.

In large scale multimedia database servers in support of streaming media,
it is critical to both optimize disk bandwidth and provide disk-based fault tol-
erance. Many studies [Heltzer and Menon 1993; Birk 1995; Ghandeharizadeh
et al. 1996; Wang et al. 1997; Ghandeharizadeh and Kim 1999] have discussed
data placement on multizone disks to maximize the effective data transfer rate.
Kang and Yeom [2003] provided MRS (MultiRate Smoothing) data placement
on multizone disks for a smooth transmission of variable-bit-rate data over a
network. However, none of these studies cover the reliability issue. RAID has
been widely used for fault-tolerant streaming servers as well as conventional
file servers. Various reliability strategies in video servers, including RAID, were
surveyed and compared in Gafsi and Biersack [2000]. However, no study con-
sidered one of the most important characteristics of modern disk drives, the
variable data transfer rates from multiple zones in a disk. Therefore, they place
data blocks without any constraints on a disk. This results in less optimized
disk performance because the data transfer rate significantly varies depending
on the location of a data block in multizone disks.

This study proposes a novel data placement scheme, Zoned-RAID (Z-RAID),
to optimize the data transfer rate of a RAID system using multizone disks by
constraining the data placement. We present the approach in the context of
an example streaming media server application since it requires both a high
data transfer rate as well as fault tolerance. The idea of combining the data
placement of RAID with multizone disks was proposed in our previous work
([Dashti et al. 2005]) for the first time. It provided the basic idea of constrained
data placement that stores primary data blocks (for normal access) in faster
zones and secondary blocks (for standby in case of a disk failure) in slower zones.
This study augments our previous work, including new extensions of various
RAID levels (1, 5, and 6) and includes far more comprehensive experiments
with both analytical and simulation results to compare the performance of
RAID and Z-RAID systems. Our results demonstrate the superiority of Z-RAID
to conventional RAID. Z-RAID provides a higher effective data transfer rate in
normal mode with no disadvantage. In the presence of a disk failure, Z-RAID
still performs as well as RAID.

2. Z-RAID

Since RAID [Patterson et al. 1988] was proposed in 1988, it has been widely im-
plemented in many systems requiring fault tolerance. Originally, RAID levels
1-5 were proposed but many variants such as level 0 and 6 have been stud-
ied and commercialized. However, level 1 (mirroring) and 5 (block-based parity
encoding) received most attention in many applications due to their cost ef-
fectiveness and implementation efficiency [Gray and Shenoy 2000]. Thus, this
study focuses on extending RAID level 1, 5, and 6 to our proposed Zoned-RAID
(Z-RAID) approach.

Z-RAID is based on the physical characteristics of multizone disks and their
performance models. A multizone disk can be modeled in the following way. A
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Fig. 1. Z-RAID level 1 with four disks.

disk with total space, S, has n zones, where zone 0 is the innermost (slowest)
and zone n − 1 is the outermost (fastest). The number of cylinders in each zone
is Cyl(i), 0 ≤ i < n, and the total number of cylinders is Cyl. Cylinders are
numbered from the innermost to the outermost. The size of a cylinder is S(i)
bytes, 0 ≤ i < Cyl − 1. The data transfer rate of each cylinder is Rc( j ), 0 ≤ j <

Cyl, (Rc(0) ≤ Rc(1) ≤ · · · ≤ Rc(Cyl−1)). Note that all cylinders in the same zone
have the same data transfer rate. A rotational latency, lrot, is one disk revolution
time of a disk. A seek time between two locations in a disk, say x cylinders apart,
can be calculated using a practical nonlinear approximation, seek(x) [Ruemmler
and Wilkes 1994]. Then, an actual block retrieval time consists of a seek time,
a rotational latency, and block reading time.

2.1 Z-RAID Level 1

RAID level 1 utilizes a replication of disks, called mirroring. When we have
two disks, d0 and d1, the primary copy of a block, Bi, is placed on d0 and the
secondary copy, say B′

i, is placed on d1. Blocks are arbitrarily distributed across
cylinders inside a disk. This implies the system uses the average data transfer
rate of a multizone disk and the average seek time (one half of the worst seek
which is calculated from the outermost cylinder to the innermost cylinder).
Then, the effective data transfer rate of a disk with no overhead (no seek time,
no rotational latency) is:

RR =
Cyl−1∑

i=0

(
Rc(i) × S(i)

S

)
. (1)

In a streaming media server whose access unit is a block (B), each block access
includes the worst seek time and average rotational latency to support real-
time block retrieval even in the worst case [Gemmell et al. 1995; Yu et al.
1992; Ghandeharizadeh et al. 1997; Ozden et al. 1995]. Thus, the effective data
transfer rate of RAID level 1 in a streaming media server is:

RR B = B
seek(Cyl) + lrot + B/RR

. (2)

Z-RAID level 1 also uses mirroring in the same manner as RAID level 1.
However, it utilizes only the faster zones of disks for primary copies of blocks.
All secondary copies are placed on slower zones. With Z-RAID 1, each disk is
divided into two logical partitions of equal size (P0 = P1 = S/2); P0 occupies
the faster zones (S/2 from the outermost cylinders), and P1 occupies the slower
zones (remaining S/2). All primary blocks, Bi, are assigned in P0, while all
secondary blocks, B′

i, are stored in P1 (see Figure 1). Let us say that P0 consists
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Fig. 2. Z-RAID level 5 with five disks.

of cylinders from m to Cyl − 1, where m is the cylinder number that divides

the disk space in half (i.e.,
∑m−1

i=0 S(i) = S/2). Note that the value of m and
Cyl should be determined using real disk characteristics because different disk
models have different zone characteristics. A more general allocation of blocks
is as follows. When Z-RAID consists of k disks, if Bi resides on P0 of disk j , B′

i
is stored in P1 of disk ( j + 1) mod k.

Thus, in normal mode without disk failure, blocks are retrieved from P0s of
disks. Because P0s are located in the faster zones of a disk, Z-RAID will increase
the effective data transfer rate of the disk. Moreover, because the maximum
cylindrical distance inside P0 is far shorter than Cyl, Z-RAID will decrease the
required seek time between two adjacent block retrievals. Both will result in a
significantly enhanced effective data transfer rate:

RZR =
Cyl−1∑

i=m

(
Rc(i) × S(i)

S/2

)
(3)

RZRB = B
seek(Cyl − m − 1) + lrot + B/RZR

. (4)

2.2 Z-RAID Level 5

RAID level 5 uses a block-based parity encoding. It distributes parity blocks
across disks in a parity group so that both normal blocks and parity blocks can
be placed on a disk. Blocks are arbitrarily distributed in a disk. Thus, in normal
mode, the effective data transfer rate of RAID level 5 is identical to RAID level
1, that is, Equations (1) and (2).

Z-RAID level 5 follows in the same manner as RAID level 5 to distribute
parity blocks across disks. However, the location of parity blocks inside a disk
is constrained to the slower zone areas. For example, when we form a parity
group with 5 disks, 4 data blocks and a parity block will be distributed across
5 disks. Thus, 20% of each disk space consisting of corresponding innermost
tracks will store all parity blocks, while 80% of the disk space with outer tracks
store data blocks. For example, each disk has two logical partitions, P0 (outer
80% of disk space) and P1 (inner 20% space). Normal data blocks are stored in
P0 and all parity blocks are in P1 (see Figure 2). The same advantages of Z-RAID
level 1 in Section 2.1 are expected, namely, a higher effective data transfer rate
and shorter average seek time in normal mode.

When d disks are in a parity group, 1/d of each disk space will be used to store

parity blocks. Then, P0 consists of cylinders from m (where
∑m−1

i=0 S(i) = S/d )
to Cyl−1. Equations (3) and (4) for Z-RAID level 1 can be used for Z-RAID level
5 with a different value of m that is a function of d .
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Fig. 3. Z-RAID level 6 with five disks.

2.3 Z-RAID Level 6

RAID level 6 is a variant of RAID level 5 which distributes parity blocks across
disks in a parity group so that both normal blocks and parity blocks can be
placed on a disk. However, RAID level 6 utilizes two types of parity blocks, P and
Q [Chen et al. 1994]. The result is a significant increase in the reliability of the
system so that it can tolerate two simultaneous disk failures in a parity group.
Due to the extra parity block requirement, RAID level 6 is more expensive than
RAID level 5. Because blocks are distributed within a disk, the effective data
transfer rate of RAID level 6 is identical to RAID level 5 in normal mode.

Z-RAID level 6 follows the same method as RAID level 6 in distributing
parity blocks across disks. However, as in Z-RAID level 5, the location of parity
blocks inside a disk is constrained to the slower zone areas. For example, when
we form a parity group with 5 disks, 3 data blocks and 2 parity blocks (P and
Q) will be distributed across 5 disks. Thus, 40% of each disk space consisting
of corresponding innermost tracks will store all parity blocks, while 60% of
the disk space with outer tracks store data blocks. Each disk has two logical
partitions, P0 (outer 60% of disk space) and P1 (inner 40% space). Normal data
blocks are stored in P0, and all parity blocks are in P1 (see Figure 3).

Formally, when d disks are in a parity group, 2/d of each disk space will
be used to store parity blocks. Then, P0 consists of cylinders from m (where∑m−1

i=0 S(i) = 2S/d ) to Cyl − 1. Equations (3) and (4) for Z-RAID level 1 can be
used for Z-RAID level 6 with a different value of m that is a function of d .

2.4 Z-RAID for Streaming Media Applications

Because Z-RAID can provide a higher effective data transfer rate with the same
fault-tolerant disk system compared to a conventional RAID, it can be used
wherever a RAID can be used. However, some applications such as streaming
applications that require a large page (block) size benefit the most from Z-RAID
because a block retrieval time depends more on data transfer time than other
near constant factors, that is, seek time and rotational latency. Note that B/RZR

becomes a dominant factor (see the denominator in Equation (4)) as B grows
larger.

Another important observation in real streaming applications is that objects
may have different popularity or access frequency. For example, in a movie-
on-demand system, more than half of the total user requests might reference
only a handful of recently released hot movies. It is widely understood that the
popularity distribution among objects in video-on-demand systems can be well
represented by the Zipf distribution [Nussbaumer et al. 1995], which is a very
skewed distribution.
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Table I. Parameters for two Seagate Disks

Model ST336752LC ST3200822A

Series Cheetah X15 Barracuda 7200.7 plus

Manufacturer Seagate Technology Seagate Technology

Capacity S 37 GB 200 GB

Transfer rate Rc See Table 4.a See Table 4.b

Spindle speed 15,000 rpm 7,200 rpm

Avg. rotational latency 2 msec 4.16 msec

Worst case seek time 7.2 msec 15 msec

Zone Size Read Transfer
# (GB) Rate (MB/s)

0 12 57.5
1 3.5 55.4
2 3.0 54.7
3 4.0 52.7
4 3.0 50.6
5 2.5 48.1
6 3.0 45.6
7 2.5 43.6
8 2.5 41.9

Zone Size Read Transfer
# (GB) Rate (MB/s)

0 48 65.2
1 17 63.8
2 14 61.5
3 21 58.2
4 9 56.0
5 12 54.1
6 14 52.4
7 9 50.6
8 6 49.5
9 13 46.8
10 9 44.1
11 6 42.2
12 8 39.7
13 8 37.6
14 6 35.3

7.0027aducarraB51XhateehC(a) (b)

Fig. 4. Zoning information of two Seagate disks.

Z-RAID can well take advantage of this skewed popularity distribution be-
cause the distribution of data transfer rates across zones is also skewed. With
n objects in the system, one can sort objects in descending order based on their
popularity. Then one assigns blocks of objects from the outermost tracks in a
disk which has the fastest data transfer rate towards the inner tracks, track-by-
track. When the blocks of the first, most popular, object are all assigned, then
the next object is assigned in the same way from the next track. This process
is repeated until all objects are assigned.

3. COMPARISONS

In our experiments, we used two Seagate disk drives, Cheetah X15 and
Barracuda 7200.7 plus. Cheetah X15 provides one of the fastest revolution
speeds, 15000 revolutions per-minute (RPM) with a very short average seek
time, 3.6ms. This has been a typical high-performance disk in the market
for years (introduced in 2000). Barracuda 7200.7 is a typical cost-effective
high-capacity disk with 7,200 RPM and 8.5ms of average seek time (introduced
in 2004). Table I and Figure 4 show zone characteristics of Cheetah X15 and
Barracuda 7200.7.
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3.1 Analytical Comparison

First, we calculated and compared the effective data transfer rates of RAID and
Z-RAID with the two disk drives in Table I using equations in Section 2.1 and
2.2. Our comparison assumed two typical approaches widely used in the design
of streaming media servers. First, in guaranteed approaches that support 100%
hiccup-free displays, one should assume the worst seek time and the worst rota-
tional latency per each data block retrieval. Many round-robin data placement
and retrieval schemes [Yu et al. 1993; Berson et al. 1994; Ghandeharizadeh and
Kim 1995; Tobagi et al. 1993; Ghandeharizadeh et al. 1997; Ozden et al. 1995]
followed the guaranteed approaches so they fall into the category of the worst-
case analysis. To quantify the effective data transfer rates of these approaches,
we performed a worst-case analysis assuming the worst seek (7.2ms for Chee-
tah X15 and 15ms for Barracuda 7200.7) and worst-rotational latency (4ms for
Cheetah X15 and 8.3ms for Barracuda 7200.7) in the calculations. Second, in
statistical approaches that allow a nonzero hiccup probability, one can take ad-
vantage of the average seek time and average rotational latency per each data
block retrieval. Many random data placement and retrieval schemes [Muntz
et al. 1997; Kim 2001] followed this statistical approach to enhance the perfor-
mance of the system at an expense of a minor degradation of display quality,
that is, occasional hiccups. For these approaches, we performed an average
case analysis assuming the average seek (3.6ms for Cheetah X15 and 8.5ms for
Barracuda 7200.7) and average rotational latency (2ms for Cheetah X15 and
4.16ms for Barracuda 7200.7) in the calculations.

It is a well-known fact that the performance of streaming media servers, espe-
cially the performance of their disk subsystems, significantly varies depending
on the size of the data block that is the unit of access to the disks [Ghande-
harizadeh et al. 1995; Ghandeharizadeh and Kim 1995; Ozden et al. 1995; Yu
et al. 1993]. Thus, we calculated the effective data transfer rates while vary-
ing the size of the data blocks from 128KB to 8MB which are most reasonable
ranges for streaming media servers.

Figures 5 and 6 show the effective data transfer rates of RAID and Z-RAID
with Cheetah X15. RAID1 denotes the traditional RAID level 1, Z-RAID1 means
the proposed Z-RAID level 1, and Z-RAID5 means the proposed Z-RAID level
5. Note that the effective rate of RAID5 is identical to that of RAID5 in nor-
mal mode because all data blocks are arbitrarily distributed across all zones
without any constraints. In our calculation, the size of parity group of Z-RAID5
was 5 disks so that 20% of the disk space (from the slowest zone) in each disk
is dedicated to store parity blocks. Figures 5 and 6 are results from the worst-
case analysis and the average case analysis, respectively. Compared to RAID1,
Z-RAID1 demonstrates enhancement in rates from 10.5% to 38.6% in the worst-
case analysis and from 9.5% to 33.1% in the average case analysis. Compared
to RAID5, the percentage enhancement of Z-RAID5 ranges from 4.8% to 12.7%
in the worst-case analysis and from 4.5% to 11.4% in the average case analysis.
Figures 7 and 8 show analytical results with Barracuda 7200.7. The results
and trends are similar to those for Cheetah X15. Z-RAID1 outperforms RAID1
with 18.5% to 46.8% of rate enhancement in the worst-case analysis, and from

ACM Transactions on Storage, Vol. 3, No. 1, Article 1, Publication date: March 2007.
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Fig. 5. Effective data rate of a Seagate X15 disk (worst analysis).

Fig. 6. Effective data rate of a Seagate X15 disk (average analysis).

Fig. 7. Effective data rate of a Seagate 7200.7 disk (worst analysis).

ACM Transactions on Storage, Vol. 3, No. 1, Article 1, Publication date: March 2007.
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Fig. 8. Effective data rate of a Seagate 7200.7 disk (average analysis).

16.5% to 43.6% in the average case analysis. Compared to RAID5, the per-
centage enhancement of Z-RAID5 ranges from 7.9% to 14.7% in the worst-case
analysis, and from 7.3% to 14.1% in the average case analysis. Z-RAID6 also
shows similar trends compared to RAID6.

For all comparisons, Z-RAID outperforms RAID. The percentage enhance-
ment of effective data transfer rate is greater when the size of the block is
smaller. This is because reduced seek time is the dominant factor in determining
the effective rate when the block size is small. The performance enhancement
diminishes as the block size increases because the dominant factor shifts from
seek time to actual block-reading time, see the divisors in Equations (2) and (4).
The reduced seek time, due to the confined disk access within a region, is also
the reason why Z-RAID1 gains a higher percentage increase than Z-RAID5 and
Z-RAID6, that is, a shorter seek time. With Z-RAID 5 and 6, the performance
enhancement decreases as the size of parity group, increases. When we had a
smaller group, such as three disks, we achieved a higher effective rate than
with a larger group.

3.2 Simulation Results

The analytical models of the previous section provide some compelling evidence
that the Z-RAID method can provide an increased performance. However, they
cannot encompass the full complexity of a storage system, and hence are based
on some arguable simplifying assumptions. Thus, to further evaluate the per-
formance of the Z-RAID technique, we implemented a simulator. It included a
detailed disk model that was calibrated with parameters extracted from com-
mercially available disk drives. To model user behavior, the simulator included
a module to generate synthetic workloads based on various Poisson and Zipf
distributions [Zipf 1949].

3.2.1 Simulation Infrastructure. The simulator was implemented using
the C programming language on a Sun server running Solaris. Other than
the standard libraries, no external support was needed. The simulator was
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Table II. Experimental Parameters for the

Z-RAID Level 1 Simulator

18 Disks

Z-RAID Level 1 (Seagate Cheetah X15)

Block size B 0.25, 0.5, 1, 2, 4, 8MB

Time period Tp ( B
1.5Mb/s

) sec

Throughput NTot <4800

No. of stored clips 47

Object type MPEG-1 (1.5 Mb/s)

Object size (length) 675 MB (1 h)

Access distribution Zipf

implemented in a modular fashion and consists of the following components.

(1) The disk emulation module imitates the response and behavior of a mag-
netic disk drive. The level of detail of such a model depends largely on the
desired accuracy of the results. Several studies have investigated disk mod-
eling in great detail [Ruemmler and Wilkes 1994; Worthington et al. 1994;
Ghandeharizadeh et al. 1995]. Our model includes mechanical positioning
delays (seek time and rotational latency) as well as variable transfer rates
due to the common zone-bit-recording technique.

(2) The file system module provides the abstraction of files on top of the disk
models and is responsible for the allocation of blocks and the maintenance
of the free space. We selected the Everest file system for its flexibility and
real-time performance [Ghandeharizadeh et al. 1996]. Either random or
constrained block allocation were selectable with this file system.

(3) The loader module generates a synthetic set of continuous media objects
that are stored in the file system as part of the initialization phase of the
simulator.

(4) The scheduler module translates a user request into a sequence of real-time
block retrievals. It implements the concept of a time period and enables the
round-robin migration of consecutive block reads on behalf of each stream.
Furthermore, it ensures that all real-time deadlines are met.

(5) Finally, the workload generator models user behavior and produces a syn-
thetic trace of access requests to be executed against the stored objects.
Both the distribution of the request arrivals as well as the distribution of
the object access frequency can be individually specified. For the purpose
of our simulations, the request interarrival times were Poisson distributed,
while the object access frequency was modeled according to Zipf ’s law [Zipf
1949].

3.2.2 Results. For the evaluation of RAID and Z-RAID level 1, the simula-
tor was configured with a total of 18 disks of the Seagate Cheetah X15 (model
ST336752LC), each with 37GB of space. Table II summarizes the rest of the
simulation parameters.

We compared RAID level 1 with Z-RAID level 1. For regular mirroring, the
data blocks were randomly distributed across all the zones of a disk. For Z-RAID
mirroring, the primary copies of the data was constrained to the faster half of
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the disk drives. We tested retrieval block sizes of 0.25, 0.5, 1, 2, 4, and 8MB, and
we executed the simulation with a nominal workload of λ = 1900, 1800, 1700 re-
quests per-hour. The simulated database consisted of video clips whose display
time was one hour long and which required a constant retrieval rate of 1.5Mb/s
(e.g., MPEG-1). This resulted in a uniform storage requirement of 675MB per
clip. We also performed simulation of RAID and Z-RAID level 5,6 with the parity
group size 5,6.

The frequency of access to different media clips is usually quite skewed for a
video-on-demand system, that is, a few newly released movies are very popular,
while most of the rest are accessed infrequently. The distribution pattern can
be modeled using Zipf ’s law [Zipf 1949], which defines the access frequency of
movie i to be F (i) = c

i1−d , where c is a normalization constant and d controls how
quickly the access frequency drops off. In our simulations, d was set to equal
0.271. This value has been shown to approximate empirical data for rental
movies [Dan et al. 1994]. For each experiment, the server had to service requests
that arrived based on a Poisson distribution.

We focused on the disk utilization to compare the two techniques. A lower disk
utilization, given a fixed workload, indicates a higher effective data transfer
rate and a higher maximum throughput, for the overall system. Because the
effective bandwidth of a disk drive increases with larger block sizes, we expected
to see a drop in disk utilization with increased block sizes.

Figure 9 (a), (b), and (c) show the results of the simulations using 18 Cheetah
X15 disks, which depicts the reduction of the overall disk utilization of Z-RAID
level 1, 5, and 6 with a constant workload as compared with standard RAID
level 1, 5, and 6. Z-RAID 1, 5, and 6 outperformed RAID 1, 5 and 6, respectively.
For example, when the block size is 1MB in Figure 9 (b), the disk utilization of
RAID1 was 49.7%, while that of Z-RAID1 was 45.7% to service the same number
of requests. The average percentage reduction of disk utilization between Z-
RAID1 and RAID1 ranges around 8.5% in Figures 9 (a)-(c). The utilization of
Z-RAID5 was higher than that of Z-RAID1 but still lower than that of RAID5
(5% average reduction).

We performed more simulations with different configuration using Bar-
racuda 7200.7 (model ST3200822A). We used 33 disks and the workload was the
same, λ = 1,600, 1,500, 1,400 requests per-hour. Figure 10 (a)-(c) show similar
results as previous simulations with Cheetah X15. The average percentage re-
duction of disk utilization between Z-RAID1 and RAID1 ranges around 12.5%.
The overall performance enhancement as a form of utilization reduction was a
little lower than expected in the analytical comparison.

We also compared Z-RAID level 5 with ZRAID level 6 in an array of 4, 5, 6
disks in Figure 9 (d)-(f) and Figure 10 (d)-(f). The utilization of Z-RAID level 6
is around 2% lower than that of Z-RAID level 5.

Finally, we directly compared the performance of two disks using RAID 1
and Z-RAID1. The configuration changed to 18 disks and the workload was λ =
1,500 requests per-hour. Comparing results from two disks, see Figure 11, X15
provided a lower utilization than 7200.7 when the block size is small. This is
because the overhead portion (seek time + rotational latency) is larger than the
actual block reading time when the block size is small. X15 has a far shorter seek
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Fig. 9. Simulation results using Cheetach X15 disks. RAID vs ZRAID is in the left column, ZRAID

5 vs ZRAID 6 is in the right column.

time and rotational latency than 7200.7. However, as the block size increases,
the portion of block reading time increases and becomes the dominant factor.
Because 7200.7 has a higher effective data transfer rate, it provided a smaller
utilization when the blocks are big.

4. CONCLUSION

Our proposed Z-RAID system constrains the data block placement in RAID sys-
tem utilizing the zone characteristics of multizone disk drives. The constrained
data placement and retrieval incur a shorter seek time between two adjacent
block retrievals, which results in a reduced overhead in block retrieval time.
Moreover, because the blocks are retrieved from the faster zones of a disk, the
effective data transfer rate is increased further. Our analytical and experimen-
tal results in streaming media server application demonstrate that all Z-RAID
level 1, 5, and 6 outperform the traditional RAID level 1, 5, and 6, respec-
tively. Z-RAID might need a careful allocation of blocks and a little overhead
in writing. However, Z-RAID doesn’t require any overhead in reading blocks
and significantly increases the effective data transfer rate. Thus, Z-RAID can
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Fig. 10. Simulation results using Barracuda disks. RAID vs ZRAID in the left column, ZRAID 5

vs ZRAID 6 in the right column.

Fig. 11. Disk utilization.
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enhance the performance of a read-intensive disk subsystem such as in the
streaming media server application.

One different aspect of Z-RAID can result in a more cost-effective and af-
fordable system. Typically, RAID has been constructed using high-performance
disk drives such as SCSI disks. These disks, in general, provide a higher trans-
fer rate than other inexpensive disks such as IDE disks. The drawback is a
higher price. For cost effectiveness, a more economical RAID with IDE disks
(IDE-RAID) has been introduced. Given that a Z-RAID system with IDE disks
provides as high performance as a RAID system with high-end SCSI disks, IDE
Z-RAID can achieve the performance of SCSI-RAID with a cost of IDE-RAID.
Considering the recent trend that the performance gap between expensive SCSI
disks and economical IDE disks is getting narrower (while the price gap still
remains very significant), Z-RAID would provide an even better solution for a
disk subsystem with inexpensive disks.5
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