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Abstract—A single flash-based Solid State Drive
(SSD) can not satisfy the capacity, performance and
reliability requirements of a modern storage system
supporting increasingly demanding data-intensive
computing applications. Applying RAID schemes to
SSDs to meet these requirements, while a logical
and viable solution, faces many challenges. In this
paper, we propose a Hybrid Parity-based Disk Ar-
ray architecture, HPDA, which combines a group of
SSDs and two hard disk drives (HDDs) to improve
the performance and reliability of SSD-based storage
systems. In HPDA, the SSDs (data disks) and part
of one HDD (parity disk) compose a RAID4 disk
array. Meanwhile, a second HDD and the free space
of the parity disk are mirrored to form a RAIDI1-
style write buffer that temporarily absorbs the small
write requests and acts as a surrogate set during
recovery when a disk fails. The write data is reclaimed
back to the data disks during the lightly loaded or
idle periods of the system. Reliability analysis shows
that the reliability of HPDA, in terms of MTTDL
(Mean Time To Data Loss), is better than that of
either pure HDD-based or SSD-based disk array. Our
prototype implementation of HPDA and performance
evaluations show that HPDA significantly outper-
forms either HDD-based or SSD-based disk array.

Keywords-RAID; SSD; HDD; Performance Evalu-
ation; Reliability Analysis;

I. INTRODUCTION

The development of multi-core processors in computer
systems has further widened the performance gap be-
tween CPU and storage devices. Due to the slow mechan-
ical positioning nature of hard disk drives (HDDs), opti-
mizing the performance of HDD-based storage systems
has been considered extremely important. A plethora of
optimization techniques, such as parallel 1/O, caching,
and prefetching, have been introduced. For example,
the widely used RAID (Redundant Array of Indepen-
dent Disks) architecture [1] employs the parallel I/O
technique and exploits the data redundancy mechanism
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to improve the performance and reliability of storage
systems.

Recently, the flash-based Solid State Drive (SSD) has
become an emerging alternative to HDD and received
great attentions from both academia and industry [2],
[3], [4]. Different from HDDs, SSDs are based on semi-
conductor chips and provide many benefits, such as low
power consumption, high shock resistance, and most
importantly, extraordinarily high performance for small
random reads. Unfortunately, SSDs also have some dis-
advantages, such as low performance for small random
writes, erase-before-write problem, and the flash wear-
out problem [2].

Similar to HDDs, a single SSD can not satisfy the
performance, capacity and reliability requirements of
storage systems. Moreover, failures of SSDs typically
occur in the controller silicon, which renders the whole
SSD unusable [5]. Thus applying RAID algorithms to
SSDs is necessary and likely promising, not unlike the
case for HDDs, to build high performance and highly
reliable SSD-based storage systems.

However, straightforwardly applying RAID algorithms
to SSDs is challenging due to the special characteristics
of flash-based SSDs, such as the erase-before-write and
wear-out issues [6], [7]. In this paper, we propose a hybrid
SSD-HDD disk array architecture, called Hybrid Parity-
based Disk Array (or HPDA), which combines an array
of SSDs and two HDDs to improve the performance and
reliability of storage systems. In HPDA, the SSDs (data
disks) and part of one HDD (parity disk) constitute a
RAID4 disk array. The second HDD and the free space
of the parity disk are mirrored as a write buffer that
temporarily absorbs the small write requests and acts
as a surrogate RAID1 set [8] during recovery when a
disk fails. The write data is reclaimed back to the data
disks during the system idle periods.

Since the parity disk is an HDD, the flash wear-out
and erase-before-write problems caused by the parity-
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update operations are avoided. Moreover, the mirroring
buffer improves the small random write performance.
Our reliability analysis shows that the reliability of
HPDA, in terms of MTTDL, is better than that of
either an HDD-based or an SSD-based disk array of
the same capacity. On the other hand, our prototype
implementation of HPDA and performance evaluation
show that HPDA significantly outperforms HDD-based
and SSD-based disk arrays.

The rest of this paper is organized as follows. Back-
ground and motivation are presented in Section II. We
describe the design of HPDA in Section III. The reliabil-
ity analysis and performance evaluations are presented
in Section IV and Section V respectively. We review the
related work in Section VI and conclude this paper in
Section VII.

II. BACKGROUND AND MOTIVATION

In this section, we provide the necessary background
knowledge that motivates our research and facilitates our
presentation of HPDA in the following sections.

A. Workload characteristics

Researchers have extensively collected and analyzed
workload traces at the disk-level, and found that bursti-
ness and idleness are common among most applica-
tions [9], [10], [11]. Figure 1 plots the access patterns of
two applications, i.e., the financial workloads obtained
from the Storage Performance Council [12] and the
computer research workloads provided by the Hewlett-
Packard Labs. We can see that the accesses exhibit a
mixed pattern of burstiness and idleness in terms of I/O
intensity. With the help of the upper-layer optimizing
techniques such as buffer and 1/O scheduling, the I/Os
seen at the disk level are usually bursty and clustered.

Since the SSDs service the read requests more rapidly
than write requests, the write requests will dominate
disk array’s queue and could potentially become a sys-
tem bottleneck. In addition, small write performance
dominates the performance of many applications such
as on-line transaction processing and office/engineering
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environments [13], [14]. Thus, write performance is es-
sential to the overall I/O performance [15], especially for
the SSD-based disk array.

B. SSD basics

Unlike mechanical HDDs, SSDs are made of silicon
memory chips and have no moving parts (i.e., mechanical
positioning parts). Like HDDs, data in SSDs is persis-
tent when they are powered down. Despite SSD’s high
energy efficiency and high random-read performance,
there are two unusual limitations of SSDs that must be
addressed [16].

First, the current generation of SSDs suffers from the
poor performance of small random writes. The reason is
that in the flash storage, each block of size 64-128 KB
must be erased in advance before any part of it can be re-
written, a characteristic feature of SSD known as “erase-
before-write”. Due to the sheer size of a block, an erase
operation typically takes milliseconds to complete, one
or two order of magnitude higher than a read operation.

Second, the flash wear-out after repeated write-erase
cycles impacts the reliability of SSDs. Generally, for the
single level cell (SLC) NAND flash memory, the expected
number of erasures per block is 100,000 and it is reduced
to 10,000 for the multi level cell (MLC) NAND flash
memory.

These two limitations of SSDs must be taken into con-
sideration when designing SSD-based storage systems,
especially SSD-based disk arrays.

C. Challenges of applying RAID algorithms to SSDs

Table I summarizes SSD-based disk arrays from the
viewpoints of reliability, performance and cost. From the
table, we can see that straightforwardly applying RAID
algorithms to SSDs to achieve high performance and
reliability, however, poses three main challenges:

First, RAIDO, which does not have data redundancy,
is not reliable for SSD-based disk arrays.

Second, RAID1 and its variations that offer duplica-
tive data redundancy are too expensive for SSD-based
disk arrays to be cost-effective due to the high cost/GB



Table 1
COMPARISON OF DIFFERENT SSD-BASED DISK ARRAYS.

Schemes Reliability Performance Cost,

RAIDO low (no redundancy) medium (small write) low

RAID1/10 low (double writes) low (small write) high (dual redundancy)
RAID5/6 low (frequently parity updates) low (small write) low

HPDA high (parity & mirroring protected) high (log-based disk buffer) low

of the current generation of SSDs relative to HDDs.
Moreover, since each write request incurs two writes
in mirroring arrays, the reliability of the system also
degrades due to the flash wear out.

Third and most important, for RAID levels that
offer parity redundancy, the parity update operations
for small writes exacerbate the flash wear-out problem
due to the additional and concentrated erase-before-
write operations that occur in the parity blocks [6], [7].
Moreover, the poor performance of small writes to SSD
will aggravate the write performance for the parity-based
disk arrays. Thus, the the overall I/O performance and
reliability of the SSD-based RAIDS5 will be affected.

D. Motivation

Failures of SSDs typically occur in the controller
silicon rather than the flash device as indicated by
recent studies [5]. Thus it is necessary to apply RAID
algorithms to SSDs for applications that require high
reliability, high performance and high capacity [6], [7].
However, simply applying RAID algorithms to SSDs can
be nontrivial, as discussed in the previous section. The
limitations of SSDs must be addressed when designing
SSD-based disk arrays.

On the other hand, the bursty and clustering char-
acteristics of the I/O workload make us to reconsider
the designing of the storage systems. If work can be
delayed or alleviated from the busy periods to the less
busy ones, resource contention and queue length during
the busy periods can be reduced, and perceived system
performance can be improved [17].

Based on the above observations, we proposed HPDA,
which combines the advantages of both SSDs and HDDs
to build high performance and high reliable storage
systems. Moreover, HPDA takes the workload character-
istics into consideration. The small write data in HPDA
is temporarily and sequentially stored in the mirroring
buffer HDDs and reclaimed back to the SSDs during the
lightly loaded or idle periods of the system. Therefor,
HPDA improves the performance of the storage systems
transparently to the end users.

II1. HPDA
A. Architecture of HPDA

Figure 2 shows the architecture of the proposed
HPDA. The disk subsystem is composed of both SSDs
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and HDDs. As shown in Figure 2, several SSDs and
one HDD form a RAID4 disk array where the data
disks are SSDs and the parity disk is HDD. Since the
capacity of HDD is usually much larger than SSD, the
free space of the parity disk and the second HDD are
mirrored as a RAIDI-structured write buffer for the
RAID4 disk array. The mirroring buffer temporarily
absorbs the small random-write requests. During system
idle period, the write data will be reclaimed back to the
RAID4 disk array.

It must be noted that the write data is laid out
sequentially, much like LFS (Log File System [14]), in
the mirroring buffer. Rewrites simply invalidate the old
data instead of overwriting the old data. So writing to
the mirroring buffer is very fast. On the other hand, since
serving read requests does not involve the parity disk,
the contention of the disk head between the parity area
and the mirroring area in the parity disk is avoided.

HPDA consists of three key functional modules: Mon-
itor, Director and Reclaimer. Monitor is responsible for
monitoring the I/O accesses of applications, identifying
the random write accesses and computing the I/O inten-
sity. Director is responsible for issuing the I/O requests
to different locations guided by the Monitor, namely, the
RAID4 disk array or the mirroring buffer, which will
be detailed in Section 3.3. Reclaimer is responsible for
reclaiming the write data from the mirroring buffer back



to the RAID4 disk array according to the log list that
records the redirected write data. Thus, the additional
cost to build HPDA is the extra marking memory that
stores the log list. Fortunately, the marking memory uses
NVRAM that is commonly used in storage controllers.

B. Key Data structure

The main data structure in HPDA is the log list that
contains a number of entries, as shown in Figure 3. Each
entry corresponds to a write that is temporarily buffered
in the mirroring buffer. The main variables in the entry
are explained below:

Log List LBA
Entryl Log LBA
Entry2 Length
Hash_pre

Entry3

n.ry Hash next
Entry*

Figure 3. Key data structure in HPDA.

o LBA indicates the offset of a data block in RAID4
disk array;

o Log LBA represents the offset of a data block in the
mirroring buffer. The value of this variable increases
gradually and restarts from the starting position
after the reclaiming operation is completed;

o Length indicates the length of a data block;

e Hash pre and Hash next are two pointers used to
link the sorted list.

Because of its critical importance in processing the
reclaiming operation and the recovering operation (from
disk failure), the log list must be kept in an NVRAM to
avoid data loss in case of power failure.

HPDA only needs to maintain one hash entry per
request rather than per disk sector. The log list size is
n * %, where n is the number of bytes per hash entry,
l is the mirroring buffer size, and r is the request size.
For example, with a 2GB mirroring buffer size and 4KB
average request size, the total log list size is only around
10 MB. Moreover, the extra memory space can be further
reduced by periodically reclaiming the write data from
the mirroring buffer back to RAID4 disk array during
system idle periods.

On the other hand, since every request requires a
search of the write buffer log list to determine whether
there is a copy of the requested data in the write buffer,
the effectiveness of the buffer log list is very important
to the system performance. First, the write buffer log is
hash indexed [18], [19] and LBA (logic block address) is
the key. As the write buffer is used to temporarily store

the write data, the logged data will be reclaimed to the
SSDs during the system idle periods. Moreover, with the
current processor speed, the search time penalty (ns) is
very small compared with the disk I/O time (us or ms).
Thus the search time can be neglected in the request
service time. Our previous research experiments [18], [19]
and the experiments in section V on the real workloads
also validate this.

C. Process flow

When receiving a read request, the Monitor first
checks whether there is an entry corresponding to the
request in the log list. If yes, the data is read from
the mirroring buffer. Otherwise, the request will be pro-
cessed by the RAID4 disk array and served exclusively
by the SSDs.

Upon receiving a write request, the Monitor first
determines whether the request is sequential with its
prior requests. If yes, the request is processed by the
RAID4 disk array. At the same time, if the request is
in the log list, the corresponding log entry should be
deleted. If the request is random, the data will be written
to the mirroring buffer. And if the request already exists
in the log list, the previous log entry will be deleted and
replaced by the new log entry. Otherwise, a new log entry
is created according to the request and inserted into the
log list.

An additional operation in HPDA is the reclaiming
operation that reclaims the write data from the mirror-
ing buffer back to the RAID4 disk array. The reclaiming
operation is usually executed during system idle periods
determined by the Monitor based on the I/O intensity.
On the other hand, when the mirroring buffer is full, the
mirroring buffer can not continue to absorb the random
write requests and the write data must also be reclaimed.
When the write data is reclaimed from the mirroring
buffer to the RAID4 disk array, the corresponding entry
in the log list is deleted.

D. Recovery from disk failures

Disk failures can occur either in the SDDs or in the
HDDs. If an SSD or the parity disk fails, the recovery
operation is initiated in the RAID4 disk array. During
recovery, all write requests are directed to the mirroring
buffer and read requests are served as usual.

If the other HDD fails, the Reclaimer is triggered to
reclaim the write data from the mirroring buffer to the
RAID4 disk array according to the log list. After the
reclaim process completes, the newly added HDD and
the free space of the parity disk are mirrored again to
act as a RAID1 buffer. During the reclaiming operation,
all requests are served by the RAID4 disk array. Every
request must be checked in the log list to keep data
consistent, that is, if the write request is in the log list,



Figure 4. State-transition probability diagram for an HPDA
consisting of 3 SSDs and 2 HDDs.

the corresponding entry will be deleted after the data is
written to the RAID4 disk array.

IV. RELIABILITY ANALYSIS

To estimate the reliability of our proposed HPDA,
we adopt the mean time to data loss (MTTDL) metric
that is widely used in the reliability analysis of storage
systems. To the best of our knowledge, there is no
single commonly acceptable MTTDL in the industry
for storage systems. What most people accept is that
the higher the MTTDL, the higher the reliability of
the storage system. Thus, when we design a reliable
storage system, we should pursue as a higher MTTDL
as possible [19], [20].

Our system model consists of a disk array with in-
dependent failure processes for all disks. When a disk
fails, a repair process is immediately initiated for that
disk. We assume that HDD failures, SSD failures and
the repair process are independent events following an
exponential distribution of rate A, ¢, and p respectively.
While some of these assumptions are not true for real
systems, they are necessary in order to be able to use
stochastic models with finite numbers of states [20], [21]
and all the disk array schemes are based on the same
assumptions.

According to the conclusion about the MTTDL results
of RAID5 [20], the MTTDL of RAID5 consisting of 4
HDDs is:

A+ 1
MTTDL g = 1
RAID5—H 1222 (1)
and the MTTDL of RAID5 consisting of 4 SSDs is:
To+p
MTTDL g = 2
RAID5—S 1202 (2)

Figure 4 shows the state transition diagram for an
HPDA consisting of 3 SSDs and 2 HDDs. State <0>
represents the normal state of the disk array when its
five disks are all operational. A failure of any of the
3 SSDs would bring the disk array to state <1>. The
failure of the parity disk would bring the disk array to

state <2>. A failure of a second disk either in state <1>
or in state <2> would result in data loss. The repair
transition brings the disk array back from state <2>
to state <0>, or from state <1> to state <0>. As the
failure of the other HDD does not incur data loss in the
mirroring buffer, we omit this condition from the state-
transition probability diagram, which does not impact
the results.

The Kolmogorov system of differential equations de-
scribing the behavior of this HPDA is expressed in
Equation (3):

dpc(l)t(t) = =B+ Npo(t) + pp1(t) + ppa(t)
d%” =—(2¢+ A+ p)p1(t) + 3¢po(t) (3)
dp;it(t) = —(3¢ + 1)p2(t) + Apo(t)

where p;(t) is the probability that the disk array is
in state <i>with the initial condition po(0) = 1 and
pi(0) =0 for i # 0.

The Laplace transformation of Equation (3) is:

spo(s) — 1= =3¢ + AN)pg(s) + upi(s) + ups(s)
spi(s) = —(2¢ + A+ u)pi(s) + 3ep;(s) (4)
spa(s) = — (3¢ + p)pa(s) + App (s)
Observing that the mean time to data loss (MTTDL)
of the disk array is given by [20]:

MTTDL =" p;(0) (5)

Using Equation (5), we solve the disk array of Laplace
transformation for s = 0 and use the Equation (4) to
compute MTTDL of an HPDA consisting of 3 SSDs
and 2 HDDs:

MTTDLyppa =
A+3pBe+p) + 20+ K+ p)
(B + A)A = 3puBe + 1) — A2 + A+ 1)
where A = (2p + A + 1) (3¢ + ).

Figure 5 plots MTTDLs as a function of MTTR (mean
time to repair) for the different disk array architectures.
The disk failure rate X is assumed to be one failure every
fifty thousand hours, which was derived from the recent
studies [22]. A failure rate ¢ is assumed to be one failure
every two hundred thousand hours, based on recent
studies on SSD failure rates [23]. For the SSD-based
RAID5, due to the flash wear out of the parity update
operation, the value of ¢ is doubled with respect to the
basic reliability value of SSD (without frequently parity
update operation). Disk repair times are expressed in
days and MTTDLs are expressed in years. From Fig-
ure 5, we can see that MTTDL of HPDA is better

(6)
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Figure 5. Mean times to data loss achieved by different disk
array levels. Note that a higher MTTDL indicates a higher reli-
ability. RAID5-H indicates the HDD-based RAIDS5 disk array and
RAIDS5-S indicates the SSD-based RAID5 disk array.

than both HDD-based RAID5 and SSD-based RAID5.
As the disk repair time increases, HPDA consistently
outperforms the other two schemes in terms of MTTDL.
As the total number of disks increases, we observe
similar comparative results among the three schemes. In
summary, compared with SSD-based RAID5 and HDD-
based RAIDS5, our proposed HPDA architecture is much
more reliable.

V. PERFORMANCE EVALUATIONS
A. Ezperimental setup and methodology

We have implemented an HPDA prototype in the
Linux Software RAID framework as an independent
module. The performance evaluation is conducted on
a platform of server-class hardware with an Intel Xeon
3.0GHz processor and 1GB DDR memory. In the system,
there is a 3Ware 9650 SATA controller card to house
different SATA disks, including both SSDs and HDDs.
The SSD module is the OCZ Core Serise V2 120GB
Solid State Disk and the HDD module is the WD2500YD
250GB SATA Disk. A separate IDE disk is used to
house the operating system (Linux kernel 2.6.21.1) and
other software (MD, mdadm and RAIDmeter). The
experimental setup are shown in Table II.

The traces used in our experiments are obtained from
the Storage Performance Council [12]. The two financial
traces were collected from OLTP applications running
at a large financial institution, as shown in Table II.
Performance evaluation uses the RAIDmeter [24] that is
a block-level trace replay software capable of replaying
traces and evaluating the I/O response time of the
storage device.

B. Performance results

1) IOmeter results: We first conduct an experiment
on different RAID architectures using IOmeter [25] (Ver-
sion 2006.07.27) in different access patterns. Different

Table 11
EXPERIMENTAL SETUP AND TRACE CHARACTERISTICS

Machine Intel Xeon 3.0GHz, 1IGB RAM

OS Linux 2.6.21.1

Device adapter 3Ware 9650 SATA Controller

OCZ Core Series V2 120GB SSD
Active Power = 2W
Idle Power = 0.5W
WD2500YD SATA HDD
Active Power = 8.5W
Idle Power = 7.25W
Standby Power = 1.1W

Disk driver

Benchmark IOmeter Version 2006.07.27 [25]

Traces OLTP Application I/O [12]

Financiall.spc:
Read Ratio = 32.8%
Average Request Size = 6.2KB
Average IOPS = 69
Financial2.spc:
Read Ratio = 82.4%
Average Request Size = 2.2KB
Average IOPS = 125

Trace Characteristics

Trace replay RAIDmeter [24]

RAID architectures use the same RAID volume capacity
(30GB) with a stripe unit size of 64KB.

From Figure 6(a), we can see that HPDA performs the
best for the random write requests. Speifically, HPDA
outperforms HDD-based RAID5 and SSD-based RAID5
by 512% and 4558% on average, respectively. In Figure 6,
we also plot the performance of a single HDD and a
single SSD. We can see that the random write perfor-
mance of a single SSD is very low. Thus, the performance
of SSD-based RAID5 is even worse due to the Read-
Modify-Write operations [26]. Since the random writes
are kept sequential in the mirroring write buffer, the
performance of the random writes of HPDA is much
higher than the other two schemes.

For the sequential write requests, as shown in
Figure 6(b), HPDA outperforms SSD-based RAID5
by 44.8% on average, but underperforms HDD-based
RAID5 by 38.4% on average. The reason is that the
sequential performance of HDD is comparable or better
than that of SSD (Figure 6(b)). Thus there is little per-
formance advantage of SSD-based disk arrays over HDD-
based arrays under sequential workloads. Moreover, the
larger sequential write request in Figure 6(b) are a mix
of full stripe writes and small writes for a 4-disk RAID5.
For example, a 256KB request is split into a full stripe
write request (192KB) and a small write request (64KB).
Consequently, each large write (larger than 192KB) is
divided into some full stripe writes and one small write.
So the performance of SSD-based RAID5 is limited by
the small write request performance that is included in
the larger write request. Our extensive experiments on
a full-stripe write request size (192KB) access on HDD-
based RAID5 show that the performance is 174.61MB /s,
which is the highest among all the request sizes.
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For random read requests, as shown in Figure 6(c),
SSD-based RAID5 performs the best due to its higher
parallelism than HPDA (4:3). On the other hand, both
SSD-based RAID5 and HPDA outperform HDD-based
RAID5. The reason is that the random read performance
of SSD is significantly better than that of HDD, as shown
in Figure 6(c). For sequential read requests, the perfor-
mance of the three disk array schemes are comparable,
as shown in Figure 6(d).

In order to see more clearly the difference for the small
request sizes and compared with the benchmark trace
results, we replot the Figure 6(a) and Figure 6(c) using
logarithmic scale, as shown in Figure 7. In Figure 7(a)
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and Figure 7(b), when the request is small (for example
4KB), the performance of HPDA is the best for random
write and random read, which corresponds to the bench-
mark trace replay results in the later section. For the
bigger request sizes, the performance varies significantly.
For example, for larger reads, HPDA is better than
HDD-based RAID5 but worse than SSD-based RAIDS.
For larger writes, HPDA is significantly better than SSD-
based RAID5. HPDA is better than HDD-based RAID5
for random writes but worse for sequential writes.

In a word, for the IOmeter benchmark there is no
scheme that is the best for all the access cases, but
HPDA is the best for most of the access cases and
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alleviates the disadvantages of the other two schemes:
the poor random read/write performance of HDD-based
RAID5 and the poor random write performance of SSD-
based RAIDS.

2) Benchmark trace results: We conduct the second
experiment on HPDA, HDD-based RAID5 and SSD-
based RAID5 with the same capacity (30GB) and stripe
unit size (64KB) driven by the two financial traces.

Figure 8 shows the performance results in the normal
mode. We can see that HPDA performs the best. In
terms of average response time, HPDA outperforms
HDD-based RAID5 by a factor of up to 22.3 and 42.2
respectively under the two traces, and outperforms SSD-
based RAID5 by a factor of up to 8.4 and 51.3 respec-
tively under the two traces. The reason is that for the
OLTP workloads, the I/O requests are usually small and
random. SSDs are more effective in serving these types of
requests than HDDs. For SSD-based RAID5, the access
latency for random small write requests is very long, as
shown in Figure 6(a). In particular, since most requests
of Financial2.spc are smaller than the size of a flash
page (as shown in Table II), these write requests incur
substantial erase-before-write operations for SSDs, thus
adversely impacting performance. The benchmark trace
results also validate the IOmeter benchmark result as
shown in Figure 7.
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(b) Reconstruction time.

Recovery performance comparison driven by the two OLTP Financial traces.

To see how effectively HPDA handles failure recov-
ery, we also conducted experiments on the recovery
process of different disk arrays. Figure 9(a) shows the
average response time during recovery and Figure 9(b)
shows the reconstruction time for the three disk array
schemes driven by the two financial traces. Similar to
the normal mode, HPDA significantly performs the best
in terms of average response time and reconstruction
time. The reason is that the reconstruction I/Os and
user I/Os compete for disk resources, thus increasing the
reconstruction time and user response time. In HPDA,
the mirroring buffer absorbs all write requests, thus
significantly alleviating the contentions between the user
I/Os and reconstruction 1/0s, thus reducing the recon-
struction time and user response time simultaneously [8].

C. Performance/cost and performance/energy compari-
son

Besides the evaluation on throughput and latency, we
also quantify the comparison of performance/cost and
energy efficiency for the different disk array schemes.

For the current generation of flash-based SSDs, the
cost/GB is about 10 times than that of HDDs [16].
Figure 10 show the performance/cost comparison with
respect to different access patterns for random accesses.
When the request size is small (less than 64KB), the
performance/cost of HPDA is the best among the three
disk array schemes. As the request size increases, the
performance of HDD-based RAID5 increases as shown
in Figure 6. Thus, the performance/cost of HDD-based
RAID5 is better than that of HPDA due to the low
cost of HDD-based RAID5 with the same capacity.
Compared with the SSD-based disk array, HPDA de-
creases the cost when the capacity is the same. Moreover,
the performance of HPDA is much better than that
of the SSD-based disk array as shown in Section V-B.
Therefore, the performance/cost of HPDA is better than
that of the SSD-based disk array, as shown in Figure 10.

The energy consumed by disks in the active and idle
modes is charged on a per-request basis and shown in
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Table II. During the IOmeter test, disks are driven to
saturation all the time. We compare the transactions
per watt (short for iops/watt) measure [19] for energy
consumption. The results are show in Figure 11. We
can see that the energy efficiency of HPDA is better
than SSD-based RAID5 for random write accesses, but
worse for random read accesses. The reason is that the
significant performance difference between the random
write and random read as shown in Figure 7. Due to the
larger performance advantage for random write accesses,
HPDA can remedy the energy consumed by the two
HDDs. So the energy efficiency of HPDA is better than
SSD-based RAID5 for random write accesses. However,
The energy efficiency of both HPDA and SSD-based
RAID5 is better than that of HDD-based RAID5 due
to the high energy consumption and low random perfor-
mance of HDDs.

VI. RELATED WORK

Studies conducted on flash-based SSDs fall into two
categories, namely, white-box that optimizes SSDs in-
ternally [2], [3], [27], [28], [29], [30] and black-box that
trades SSDs as storage devices to boost the performance
of applications [6], [31], [32], [33], [34]. Our work belongs
to the latter. To the best of our knowledge, ours repre-
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sents a first attempt at analyzing and evaluating SSD-
based disk arrays.

Using the magnetic and the flash disks at the same
level of the storage hierarchy, Koltsidas and Viglas [31]
proposed a scheme to place the pages with a read-
intensive workload on the flash disk and the pages with a
write-intensive workload on the magnetic disk. Kim and
Ahn [28] proposed BPLRU, a write buffer management
strategy, to enhance the random write performance of
flash storage. A study on hybrid MEMS/disk arrays [35]
evaluates the potential gains in performance and cost
by incorporating MEMS-based storage devices in disk
arrays with replication redundancy. However, applying
similar replication redundancy is too expensive for SSD-
based arrays to be cost-effective.

Gokul Soundararajan et al. [30] proposed a hybrid
storage device that uses a hard disk drive (HDD) as a
write cache for an SSD. By maintaining a log-structured
HDD cache and migrating cached data periodically, the
hybrid design reduces writes to the SSD while retaining
its excellent performance. Their performance evaluations
show that the hybrid design extends SSD lifetime by
2 times and reduces average I/O latency by 42%. Our
HPDA is also a hybrid SSD/HDD storage systems but
targets at disk array not a single SSD.



MixStor [36] employs both SSDs and HDDs in an
enterprise-level storage system. In MixStor, the SSD-
based arrays and HDD-based arrays are independent and
requests are distributed based on their characteristics
at the application level. The small-random-write perfor-
mance problem and flash wear-out problem due to the
parity update in SSD-based arrays are not addressed.
Our work is orthogonal and complementary to MixStor
and can be easily embedded in it to further improve the
reliability and performance of enterprise-level storage
systems.

Using the logging technique to optimize RAID perfor-
mance has been well studied. Parity Logging [13] logs
the parity updates to overcome the small-write prob-
lem of RAID5. Menon [37] proposed a log-structured
array (LSA) that combines LFS, RAID, compression and
non-volatile cache to improve the write performance of
RAID5. Logging RAID [38] bundles small writes into
large RAIDS5 stripes using a small non-volatile memory
buffer, thus solving the small-write problem of RAIDS5.
Parity Logging, LSA and Logging RAID are based on
the RAID5 architecture. GRAID [19] combines RAID10
and the logging technique to spin down about half of the
disks in the normal mode to improve energy efficiency.

HP AutoRAID [39] and Hot Mirroring [40] are two
schemes that combine mirroring and parity redundancy
to improve RAID performance. However, they focus on
improving HDD-based RAID performance. Our HPDA
also utilizes mirroring and parity redundancy, but the
mirroring space only acts as a temporary write buffer
for the parity-based disk array. AFRAID [41] delays the
parity update until the system becomes idle between
bursts of client activities to eliminate the small update
penalty, which plagues traditional RAID5 disk arrays.
HPDA also utilizes the system idle periods to optimize
the system performance.

Yang et al. [15], [42] presented a new disk storage
architecture called DCD that uses a small NVRAM and
a small cache disk to form a two-level cache. Write
data is first assembled in the small NVRAM and then
logged to the cache disk. Destaging write data from the
cache disk to the data disk is delayed to idle periods.
However, the read performance of DCD is very low as
data may have to be read from the cache disk, which may
further adversely influence the sequential log writing.
The mirroring buffer in HPDA is similar to the cache
disk in DCD, but the read requests in HPDA can be
served effectively by SSDs.

VII. CONCLUSION
In this paper, we propose a hybrid parity-based
disk array architecture, HPDA, that combines both
SSDs and HDDs to improve the performance and
reliability of storage systems. In HPDA, the SSDs (data

disks) and part of one HDD (parity disk) compose a
RAID4 disk array. Moreover, the other HDD and the
free space of the parity disk are mirrored to form a
RAIDI1-based write buffer to temporarily absorb the
small write requests and act as a surrogate set during
recovery when a disk fails. The write data is reclaimed
back to the data disks during system idle periods.
Reliability analysis shows that the reliability of HPDA,
in terms of MTTDL, is higher than that of either an
HDD-based or an SSD-based disk array. On the other
hand, our prototype implementation of HPDA and its
performance evaluation show that HPDA significantly
outperforms both HDD-based and SSD-based disk
arrays in performance.
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