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Fig. 2. Request scheduling architecture.

parameters, e.g.,fi Y2 &;; B where s; and ; are the file's
size in (in megabytes) and its access rate. In this paper,
requests to a file f, are modeled as a Poisson process with a
mean access rate . Also, we assume that each access to
file f; is a sequential read of the entire file, which is a typical
scenario in most file systems or WWW servers [22]. Besides,
we assume that the distribution of file access requests is a
Zipf-like distribution with a skew parameter Ya Iogl%):loglam,
where A percent of all accesses were directed toB percent
of files [24] (see Fig. 4a). The value ofA : B is called skew
degredSD) in this paper and ¥ 1 (see Section 1 for ).
In addition, the file access frequency and the file size are
inversely correlated (see Fig. 4b). The number of popular
files in F is defined as jFpj¥adl P m. Similarly, the
number of unpopular files is jF %  m. Thus, the ratio
between the number of popular files and the number of
unpopular files in F is defined as
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In this study, each disk can be configured to run in either
a high-speed mode or a low-speed mode. Note that, once a
disk has been set to one mode, it cannot be dynamically
switched to another mode during the process of serving
requests. It can be transferred to another mode by the
system administrator, however, after the current request set
has been completed and before a new workload arrives if
necessary. A disk array storage system consists of a linked
group D %fdy;...;de;ds;...;dhg of n independent two-
speed disk drives, which can be divided into a hot disk
zone Dy Yafdy;...;dn;...;deg and a cold disk zone D¢ ¥
fde;...;de;...;dng (D ¥%Dy[ Dc and Dy \ D% ). Disks
in the hot zone are all configured to their high-speed modes,
which always run in the high transfer rate t" (Mbytes/
second) with the high active energy consumption rate p"
(J/Mbyte) and the high idle energy consumption rate if
(J/s). Similarly, disks in the cold zone are set to their low-
speed modes, which continuously operate in the low
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transfer rate t' (Mbytes/s) with the low active energy
consumption rate p' (J/Mbyte) and the low idle energy
consumption rate i' (J/s). In the system, a hot disk dy, &y 2
Dy bis modeled as a tuple dy ¥4 &;t"; p";i"k where c is the
capacity of dy in gigabytes. Similarly, a cold disk d. & 2
D.Pis modeled as a tuple d. ¥4 &;t';p’;i'R where c is the
capacity of d. in gigabytes. Since we only consider
homogeneous disks, all disks have the same capacity c.
We assume that disks are always large enough to accom-
modate files to be assigned on them. Each popular file fy, 2
Fp is partitioned into multiple units, with the size of each
unit being equal to sp. All units of f, will be allocated across
the hot disks in a RAID-0 (striping without parity) or a
RAID-5 (striping with parity) fashion. Similarly, each
unpopular file f¢2 F¢ is also partitioned into multiple-
sized sp units and then allocated across the cold disks in a
RAID-0 or a RAID-5 manner. Let sv; be the expected service
time of file f; &; 2 Fk It can be computed by

si=th;
si=t';

if fi is popuplar

e &b
if fi is unpopular.

SV Ya
Since the combination of ; and sv; accurately gives the
load of f;, we define the load h; of f; as follows [24]:

hy Ya | sv: &b

Fig. 2 depicts the subsequent file access requests
scheduling process after the data placement process
completes. All requests from multiple users form the
aggregate workload, which is then directed to a high-
performance data server with high-speed buffers. Since the
majority portion of the aggregate workload can be success-
fully served by the data server, only a very small part of
system workload will eventually turn out to be the real disk
physical read accesses. This is because the miss rate of data
buffers normally is lower than 10 percent in many real
applications like OLTP [26]. Therefore, the real workload
that the disk storage system indeed needs to serve is equal
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Fig. 4. (a) File access rate distribution. (b) File size distribution.

file f, is the most popular file with the smallest file size,
whereas file T, is the most unpopular one with the largest
file size. First, SEA uses the skew parameter [Ib derive the
number of popular files and the number of unpopular files

in F based on (1) (Step 1). Second, Step 2 calculate§, the
ratio between the number of hot disks and the number of
cold disks, based on (4), which, in turn, results in the
number of hot disks HD and the number of cold disks CD.
Consequently, the HD of n disks are configured to their
high-speed modes and the CD of n disks are set to their
low-speed modes (Step 4). Next, SEA assigns all popular
files onto the hot disk zone in a striping manner (Steps 5-
16). Similarly, all unpopular files are allocated onto the cold
disk zone in a striping fashion (Steps 17-28). Although the
number of popular files defined by SEA is much larger than
the number of unpopular files, SEA sets a minority portion
of n disks as hot disks. The reason is threefold. First, hot
disks are always running in their high-speed modes and
therefore should accommodate more files than cold disks.
Second, a relatively large number of cold disks provide
more opportunities to save energy as cold disks operate in
low-speed modes. Third, more cold disks lead to a higher
intrarequest parallelism in the cold disk zone, which can
compensate for the low running speed used by cold disks so
that responses to cold requests can still be completed in a
timely manner. Note that the SEA strategy described in
Fig. 3 is actually the SEAOQ data placement algorithm, which
is a combination of SEA and RAID-0. To generate the SEA5
algorithm, one needs to slightly modify the algorithm so
that the parity stripes are interleaved with the normal data
stripes. The difference between SEAQ and SEAS5, in terms of
performance, mainly lies in the fact that SEAO can
effectively use one more disk than SEA5. However, in
terms of fault tolerance and data reliability, SEA5 clearly
outperforms SEAO due to the use of parity data. In short,
SEAO offers low cost and maximum performance but
provides no fault tolerance. Businesses use SEAO0 mainly
for applications requiring fast access to a large capacity of
temporary disk storage such as video/audio postproduc-
tion, multimedia imaging, CAD, and data logging, where,
in case of a disk failure, the data can be easily reloaded
without impacting the business. On the contrary, SEA5 has
the potential of being applied in server environments
requiring fault tolerance. The RAID parity requires one
disk drive per RAID set. Therefore, usable capacity for
SEAS will always be one disk drive fewer than the number

IEEE TRANSACTIONS ON COMPUTERS, VOL. 57, NO.6, JUNE 2008

of available disks for SEAOQ. Still, SEA5 can provide good
read performance.

4.2 Time Complexity of SEAQ

Before qualitatively comparing our scheme with the four
existing algorithms, we demonstrate the worst-case time
complexity of the SEAO algorithm.

Theorem 1. Given a parallel disk array DYa

fdi;...;de;ds;...;dng of N independent two-speed disk
drives and a collection of files represented by
F Yatfy; ... fu fy; ... TmQ, the worst-case time complexity

of SEAQ is O8& p 1BmPB where m is the number of files in F,
k is the number of stripes of the largest file in F, and
K Ya max%l%h

Proof. It takes Odnpbtime to derive an appropriate value
of [Chased on (4) (see Step 2). Letk represent the
number of stripes of the largest file in F. Therefore,
kV4maX%16%P The upper bound of time complexity
for allocating a popular file f, in the set F, is k and
we have jFhj number of popular files. Hence, the
worst-case time complexity for allocating all popular
files is O&jFnhjp (Steps 5-16). Similarly, the worst-case
time complexity for allocating all unpopular files is
O&jF.jp (Steps 17-28). SincgFnjpj Fcj ¥4 m, the worst-
case time complexity for allocating all files in F is
O&mb (Steps 5-28). Other steps simply take Odlbtime.
Thus, the worst-case time complexity of the SEAO
algorithm is Odmpb p O&kmb ¥0d8& b 1AmP u

Theorem 1 indicates that the time complexity of the SEAQ
algorithm is typically low. For example, in our experiments,
the value of mis 5,000, the value ofsp is 512 Kbytes, andk is
in the range [864, 30,240], which should take less than
thousands of microseconds to complete the SEA algorithm
in modern processors. An implication of Theorem 1 is that
SEA has the potential of being extended to be applied in
real-world applications because of its low complexity.

4.3 The Four Baseline Algorithms
In Section 5, we will compare the performance of SEAOQ and
SEAS against three traditional nonpartitioned file assign-
ment algorithms, namely, Greedy [15], SP [24], and HP [24],
and one stripping-based data placement scheme PVFS [23].
The purpose of this section is to briefly introduce the four
baseline algorithms, which are well-known data placement
algorithms whose goal is to minimize the mean response
time. The average disk load [tan be obtained by the
following equation:
1 X
[ — hiZ
ival

®3p

Note that the Greedy, SP, and HP algorithms assign
nonpartitioned files onto a disk array. In other words, each
file must be allocated entirely onto one disk. In contrast,
PVFS essentially employs RAID-0 structure to partition
each file across the disk array with uniform stripe size. In
addition, since all four baseline algorithms only pursue a
minimized mean response time, all disks in the disk array
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Fig. 5. Impact of aggregate access rate.

request. The interarrival times of access to file f; were
exponentially distributed with a fixed mean 1= ;. Hence, for
each file, the generator creates a request list. Next, the
generator mixes all of the file’s request list into one request
queue and sorts it in ascending order in terms of arrival
time. As a result, there are two features for each request: the
identifier of the file that it targets on and its arrival time.
The request trace was used to drive the simulated parallel
disk array, with all files having been assigned on.

5.3 Impact of Aggregate Access Rate

The goal of this experiment is to compare the proposed
SEAOQ and SEAS5 algorithms against the four well-known file
assignment schemes and to understand the sensitivity of the
six heuristics to the aggregate access rate in a parallel disk
storage system, where an array of two-speed disk drives
serve requests simultaneously. The aggregate access rate
varies from 20 (1 J/s) to 45 (1 J/s). The file sizes were
generated according to a Zipf-like distribution with skew
degree 70 : 30and the file size basés set to 1 Mbyte.

Fig. 5 shows the simulation results for the six algorithms
on a parallel disk array with 16 disk drives, where five of
them are hot disks and 11 of them are cold disks. We
observe in Fig. 5a that SEAO and SEA5 consistently
outperform the three nonpartitioned approaches in terms
of the mean response time. This is because they employ a
striping-based data placement scheme where intrarequest
parallelism is very high. SP takes the third place in the mean
response time metric, which is consistent with our expecta-
tion because it is one of the best existing nonpartitioned
data placement heuristics, which is superior to Greedy and
HP [24]. Compared with the SP algorithm, SEAO and SEA5
can reduce the mean response time, on average, by
45.8 percent and 39.3 percent while saving energy, on
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until the finish time of the last request in the whole request
set R. In contrast, for the three traditional nonpartitioned
algorithms, an individual disk stops consuming energy
immediately after the disk finishes serving the last request
targeting on it. In other words, the disk does not need to keep
running until the finish time of the last request in the entire
request set R. Thus, the three nonpartitioned algorithms
consume less energy than PVFS does. Compared with PVFS,
SEAO and SEAGS save energy by up to 36.2 percent (376,063 J)
and 38.6 percent (352,567 J), respectively. We argue that
saving energy by more than 35 percent (i.e., more than
350,000 J per simulation duration time), at the price of a small
performance degradation (i.e., less than 0.025 second), is
absolutely worthwhile. An interesting observation is that, in
terms of the mean slowdown, SP and SEAO deliver a similar
performance (Fig. 5¢). The reason is that the average service
time of each request is relatively higher in SP because no
intrarequest parallelism exists. Although we only test a
relatively light physical read workload (in the range [20, 45]

1 J/s), the actual system workload can be 10 times heavier (in
the range [200, 450] 1 J/s) because of the very low miss rates
(less than 10 percent) provided by the high-speed buffers on
the data server (see Fig. 2). The implication is that both SEAO
and SEA5 can be applied in applications where the system
workload is heavy. One example of such applications is
Online Transaction Processing (OLTP).

5.4 Scalability

This experiment is intended to investigate the scalability of
the six algorithms. We scale the number of disks in the
system from 12 to 32. The aggregate access rate is
configured to 35 (1 J/s). The skew degree is still set to
70 : 3Q Fig. 6 plots the performance of the six algorithms as
functions of the number of disks. The results show that

average, by not less than 9.8 percent (96,657.1 J) and SEAO and SEAS5 exhibit good scalability.

7.9 percent (77,771.6 J), respectively (see Fig. 5b). PVFS [23]

is in first place in terms of the mean response time. On
average, it lowers the mean response time to 0.018 and
0.024 s when compared with SEAO and SEAS5, respectively.
This is because it employs the same stripping manner that
SEAO does. More importantly, to pursue quick responses, it
uses only high-speed disks in the simulated system.
However, in terms of energy consumption, PVFS is the
worst algorithm among the six approaches. The reason
behind this is that PVFS uses the entire disk array to serve
every single request and, thus, each disk has an interleaved
high speed idle-high speed active reading mode sequence

Fig. 6 shows that all six algorithms deliver better
performance in the mean response time and the mean
slowdown when the number of disks increases. This is
because each disk has few files to be assigned on when the
system is scaled up. With more disks available, it is easy to
understand that the total energy consumption will be
increased (Fig. 6b). The SEAO and SEA5 algorithms almost
tie with PVFS in the mean response time when the system
has more than 20 disks (Fig. 6a). Meanwhile, SEAO and
SEAS can save more energy compared with all four baseline
algorithms when the system has more disks (Fig. 6b). The
implication of this observation is that SEA is suitable for a



