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Abstract—It is inevitable to scale RAID systems with the
increasing demand of storage capacity and I/O throughput. When
scaling RAID systems, we will always need to update parity
to maintain the reliability of the storage systems. There are
two schemes, read-modify-write (RMW) and read-reconstruct-
write (RCW), to update parity. However most existing scaling
approaches simply use RMW to update parity. While in many
scenarios for existing scaling approaches, RCW performs better
in terms of the number of scaling I/Os.

In this paper, we propose an algorithm, called EPU, to analyze
which of RCW and RMW is better for a scaling scenario
and select the more efficient one to save the scaling I/Os. We
apply EPU to online scaling scenarios and further use two
optimizations, I/O overlap and access aggregation, to enhance the
online scaling performance. Using Scale-CRS, one of the existing
scaling approaches, as an example, we show via numerical studies
that Scale-CRS+EPU reduces the amount of scaling I/Os over the
traditional Scale-CRS in many scaling cases. To justify the online
efficiency of EPU, we implement both Scale-CRS+EPU and Scale-
CRS in a simulator with Disksim as a working module. Through
extensive experiments, we show that Scale-CRS+EPU reduces the
scaling time and the online response time of user requests over
Scale-CRS.

Key words—RAID scaling; Erasure code; Parity update; Per-
formance evaluation

I. INTRODUCTION

Redundant Array of Independent Disks (a.k.a, RAID) [1],
which is composed of multiple inexpensive devices, is an
efficient choice for storage systems to achieve high throughput,
large capacity and high reliability. To ensure data availability,
erasure codes are often introduced into RAIDs. According
to the level of fault tolerance, RAIDs can be classified into
RAID-0 without fault resilience, RAID-5 against one disk
failure, RAID-6 against double disk failures and others which
against three or more disk failures.

A Maximum Distance Separable (MDS) erasure code en-
codes 𝑘 data blocks into a stripe of 𝑛 (𝑘 < 𝑛) coded ones
such that any 𝑘 out of them are sufficient to decode the original
data blocks. Thus, MDS erasure codes achieve a certain level
of fault resilience with theoretically lowest storage overhead.
An erasure code is systematic when the original 𝑘 data blocks
are included in the 𝑛 coded ones, while the other 𝑛 − 𝑘
encoded blocks are named parity blocks. Due to the low
storage overhead and easy access to the original data blocks,
systematic MDS codes are widely used in RAIDs.

There are many implementations of RAID-6 codes, such
as EVENODD [2], P-Code [3], X-code [4], RDP [5]. As
storage systems continue to grow in size, multiple disk failures
often occur [6]. Reed-solomon (RS) [7] codes and Cauchy
Reed-solomon (CRS) [8] codes are good choices for large-
scale storage systems as they are designed to tolerate a
general number of disk failures. For example, both Google
and Facebook adopt RS codes in their distributed file systems
[9] [10] [11]. CRS codes are also widely used in commercial
systems, such as NetApp [5], OceanStore [12], etc.

One challenge in RAID-like storage systems is that the
volume of data to be stored continues to explode, and hence the
foreground applications often require larger storage capacity
and higher I/O bandwidth. A storage system addresses this
challenge through adding new disks into the current config-
uration [13]. However, the process of scaling up the storage
system is non-trivial. On the one hand, part of the data blocks
in old disks should be migrated into new disks to regain
a balanced data load after scaling. On the other hand, the
parity blocks must be updated accordingly as the data layout
within a stripe is changed. Both the data migration and the
parity update processes induce some scaling I/O requests.
Besides, the scaling processes are often conducted online to
provide unstopped services to the foreground applications [14].
Therefore, a scaling process should schedule the user I/O
requests and the scaling I/O requests appropriately to perform
efficient online scaling.

There are many approaches to scale RAID-like storage
systems, including FastScale [15], Gradual Assimilation (GA)
[16], ALV [17], Semi-RR [18], MDM [19], GSR [20], MiPiL
[21], SDM [22], RS6 [23], Scale-RS [24], Scale-CRS [25].
Among them, FastScale is proposed for RAID-0 scaling.
GA [16], ALV [17], MDM [19], GSR [20], MiPiL [21] are
aimed at RAID-5 systems, SDM [22] are designed for RAID-
6 systems, RS6 [23] is dedicated for RAID-6 system with
RDP code, Scale-RS [24] is designed for systems with RS
codes, and Scale-CRS [25] is aimed at systems with CRS
codes. These approaches are primarily designed to balance
the load after scaling, minimize the volume of data blocks
to be migrated and minimize the number of parity blocks
to be updated. Nevertheless, none of them pay attention to
optimizing parity update.

There are two ways, read-modify-write (RMW) and read-
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reconstruct-write (RCW), to update the parity blocks. RMW
reads an old parity block and several data blocks in the
same stripe to modify the parity block, while RCW reads
all data blocks in the same stripe to reconstruct a parity
block. The existing scaling approaches update the parity blocks
with RMW by default. However, we find that in many cases
for the existing scaling approaches, RCW outperforms RMW
in terms of scaling I/Os. Combining RCW and RMW, the
parity update processes of existing scaling approaches can be
further optimized. Furthermore, since RCW has to read more
data blocks, it may have more overlaps between scaling I/O
requests and user I/O requests. By caching the data blocks
acquired by the scaling I/Os for an appropriate time, RCW
may save more user I/Os.

In this paper, we propose an efficient parity update mecha-
nism (abbr. EPU), which first calculates the numbers of I/Os
with RMW and RCW to update a group of parity blocks,
and then chooses the one with less I/Os. We also use the
scaling I/Os to save the user I/Os so as to enhance the
online scaling performance of EPU. Our EPU mechanism is
applicable to various existing scaling approaches to save the
scaling I/Os and improve the online scaling performance. In
particular, we use Scale-CRS [25] as an example, and deploy
EPU atop Scale-CRS (abbr. Scale-CRS+EPU). Our numerical
studies show that Scale-CRS+EPU reduces the amount of
scaling I/Os by 1.22% to 31.15% compared to Scale-CRS
under different scaling scenarios. We implement both Scale-
CRS+EPU and Scale-CRS in a simulator that uses Disksim
as the storage components to verify the effectiveness of our
EPU mechanism in online scaling environment. Experimental
results demonstrate that Scale-CRS+EPU reduces the scaling
time by as much as 17.07% and the user response time by as
much as 7.39% over Scale-CRS.

The rest of the paper is organized as follows. Section II
reviews some existing scaling methods and illustrates the dif-
ferences between RCW and RMW via a motivating example.
Section III details the design of EPU. Section IV provides
the numerical studies of EPU and Scale-CRS under plenty
of CRS scaling scenarios. Section V presents the performance
evaluation and discussions on the experimental results. Finally,
Section VI concludes this paper.

II. BACKGROUND AND MOTIVATION

In this section, we first review some background on the
existing scaling methods, and then illustrate the differences
between RMW and RCW via a motivating example.

A. Background

Traditional methods aim to preserve the round-robin data
distribution after adding new disks (e.g., Gradual Assimila-
tion(GA) [16], ALV [17]), and these methods are called round-
robin scaling. For example, GA uses a predefined schedule
to ensure that the scaling process is finished at a given time
for scaling RAID-5 systems. ALV adjusts the migrating order
of data blocks and aggregates small I/Os into large I/Os for
RAID-5 scaling. Round-robin scaling maintains the desired
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Fig. 1. An example of round-robin scaling for RAID-5 from 4 disks to 5
disks.

data layout after scaling. However, it is penalized with huge
data migration overhead and parity update cost. To illustrate
round-robin scaling, we show an example in Figure 1, which
scales a RAID-5 system with 4 disks to one with 5 disks by
using round-robin scaling. Here 𝐷0 ∼ 𝐷4 denote disks and
𝐷4 is the newly added one, and we emphasize that in this
paper we only consider homogeneous disks where each disk
is configured with the same I/O throughput. 𝑑𝑖 denotes a data
block and 𝑝𝑗 denotes a parity block. As shown in Figure 1,
all data blocks are moved except those in the first stripe (i.e.,
𝑑0, 𝑑1, 𝑑2). Worse still, all parity blocks should be updated
accordingly.

To alleviate the huge migration overhead and update cost,
lately proposed methods try to migrate the minimum amount
of data blocks from old disks to new disks to achieve an uni-
form data distribution after scaling, and meanwhile optimize
the parity update process. These methods include FastScale
[15], MDM [19], GSR [20], MiPiL [21], RS6 [23], SDM [22],
Scale-RS [24], Scale-CRS [25], which are called minimum
data migration scaling in this paper. For instance, FastScale
minimizes data migration for RAID-0 scaling, and achieves
almost identical post-scaling performance as that of round-
robin scaling. MDM minimizes data migration for RAID-5
scaling. It does not need to update the parity blocks, but the
storage efficiency cannot be improved after scaling and the
post-scaling data layout is disordered. GSR is also for RAID-
5 scaling. It maintains most of the stripes and destructs a small
portion of stripes to achieve minimum data migration. MiPiL
is another scaling method for RAID-5, it maintains uniform
data and parity distribution after scaling, and uses piggyback
parity update and lazy metadata update to further optimize the
scaling process.

For RDP-coded RAID-6 scaling, RS6 exploits piggyback
parity update and further select the logical disk numbers of
the new disks to reduce the amount of I/Os for parity update.
For various RAID-6 codes (e.g., RDP, P-Code) scaling, SDM
minimizes data migration and optimizes parity update based
on the future parity layout.

Nowadays, RS codes and CRS codes are most widely
deployed in large-scale distributed storage systems to support
higher fault-tolerant ability. Scale-RS scales RS-coded storage
systems with minimum volume of data migration and reduces



network traffic for parity update via generating intermediate
results of several data blocks that stored in the same disks.
Scale-CRS is an efficient approach for scaling CRS-coded
storage systems. It minimizes data migration and optimizes
parity update for scaling different instances of CRS codes.
We illustrate Scale-CRS via an example in Figure 2.

As shown in Figure 2, data blocks 𝑑2, 𝑑3 are migrated from
𝐷0 to 𝐷2 and data blocks 𝑑6, 𝑑7 are migrated from 𝐷1 to 𝐷3

to achieve the minimum data migration. Scale-CRS determines
a post-scaling encoding matrix and a data migration policy so
as to update the parity blocks with optimized I/O overhead.
Scale-CRS adopts RMW to update parity blocks. For example,
𝑝

′
0 = 𝑝0 ⊕ 𝑑2 ⊕ 𝑑6, 𝑝

′
1 = 𝑝1 ⊕ 𝑑3 ⊕ 𝑑7, 𝑝

′
2 = 𝑝2 ⊕ 𝑑2 ⊕ 𝑑6,

𝑝
′
3 = 𝑝3 ⊕ 𝑑3 ⊕ 𝑑7, 𝑝

′
4 = 𝑝4 ⊕ 𝑑2 ⊕ 𝑑3 ⊕ 𝑑7, 𝑝

′
5 = 𝑝5 ⊕ 𝑑7,

𝑝
′
6 = 𝑝6 ⊕ 𝑑2 ⊕ 𝑑6, 𝑝

′
7 = 𝑝7 ⊕ 𝑑2 ⊕ 𝑑3 ⊕ 𝑑6 ⊕ 𝑑7.

B. Motivation

With RMW to update a parity block, we should read the
parity block and several data blocks in the same stripe, and
then modify it. While with RCW, we should read all the data
blocks, and then reconstruct the parity block. The existing
scaling approaches mainly focus on minimizing data migration
and keeping even data distribution after scaling. They pay no
attention to the scheme for parity update and update parity
blocks with the default RMW scheme. However, we conducted
simulations and found that for many scaling scenarios, RCW
performs better with fewer scaling I/Os.

We still use Figure 2 to briefly introduce RCW and RMW,
and motivate our work. In Figure 2, 𝑝0 = 𝑑0 ⊕ 𝑑4, 𝑝

′
0 =

𝑑0 ⊕ 𝑑4 ⊕ 𝑑2 ⊕ 𝑑6. If we use RMW to update 𝑝0 to 𝑝
′
0, we

should read 𝑑2, 𝑑6 and 𝑝0 first, and then perform the operation
𝑝

′
0 = 𝑝0⊕𝑑2⊕𝑑6. Otherwise, if we use RCW, we should read
𝑑0, 𝑑2, 𝑑4, 𝑑6, and then perform the operation 𝑝

′
0 = 𝑑0 ⊕ 𝑑4 ⊕

𝑑2⊕𝑑6. From above, we know that to update 𝑝0 to 𝑝
′
0, RMW

needs to read 3 data/parity blocks, while RCW needs to read
4 data blocks.

However, from another point of view, we can consider the
update of 𝑝0 ∼ 𝑝7 as one task. During the scaling process,
we migrate 𝑑2, 𝑑3 from 𝐷0 to 𝐷2 and 𝑑6, 𝑑7 from 𝐷1 to 𝐷3.
Therefore, we must read 𝑑2, 𝑑3, 𝑑6, 𝑑7 for data migration, and
we can cache them for parity update. Now we rethink the
processes of RCW and RMW for parity update.

If we use the default RMW scheme to update the parity
blocks, data blocks 𝑑2, 𝑑3, 𝑑6, 𝑑7 are needed to update the
parity blocks 𝑝0 ∼ 𝑝7. Considering that 𝑑2, 𝑑3, 𝑑6, 𝑑7 can be
cached in main memory when performing the data migration
process, the scaling process requires to read 𝑝0 ∼ 𝑝7 and write
𝑝0 ∼ 𝑝7 to complete the parity modification process. Hence,
the parity update I/Os include eight reads as well as eight
writes.

Alternatively, if we use RCW, 𝑑0 ∼ 𝑑7 are needed to re-
calculate 𝑝

′
0 ∼ 𝑝

′
7. Similarly, because 𝑑2, 𝑑3, 𝑑6, 𝑑7 are cached

in main memory, the scaling process must read 𝑑0, 𝑑1, 𝑑4, 𝑑5
and write 𝑝

′
0 ∼ 𝑝

′
7 to complete parity update. Thus, the parity

update I/Os are reduced to four reads and eight writes.

III. EFFICIENT PARITY UPDATE MECHANISM

Our primary objective is to minimize I/Os for the update
of parity blocks. We propose the EPU algorithm to select
one from RCW and RMW with fewer I/Os (See subsection
III-A2). To enhance the online scaling performance of a
scaling process, we also propose two techniques to further
optimize the scaling process, i.e., the overlap between scaling
I/Os and user I/Os, and the access aggregation technique (See
subsection III-B).

A. EPU Algorithm

1) Algorithm Preliminaries: We divide a RAID into units,
each of which consists of one or several stripes. The scaling
scheme in each unit is exactly the same, so we only focus on
the scaling within one unit.

The scaling process is composed of data migration and
parity update. The data migration process reads data blocks
to be migrated from old disks, and writes them into new
disks. The parity update process is in charge of renewing the
parity blocks. We select one from RCW and RMW with fewer
I/Os for parity update, while considering that the migrated
data blocks are already in memory during the data migration
process and they do not need to be read from disk again for
parity update.

This paper is to optimize the parity update process for RAID
scaling. Given a scaling approach, we decide to select RCW or
RMW to update a parity block. With RMW, the parity update
process consists of:

∙ Read parity blocks to be updated;
∙ Read the data blocks for updating the parity blocks

(except for the migrated data blocks);
∙ Update the parity blocks;
∙ Write back the updated parity blocks.

While with RCW, the parity update process becomes:

∙ Read the original data blocks (except for the migrated
data blocks);

∙ Reconstruct the parity blocks;
∙ Write back the updated parity blocks.

To calculate the numbers of I/Os for updating the parity
blocks, we define the following sets to record the data/parity
blocks to be read or the number of blocks :

∙ 𝐴 is a set consisting of the parity blocks in a scaling unit.
∙ 𝐵 is a set consisting of the migrated data blocks in a

scaling unit.
∙ 𝐶 is a set consisting of the data blocks which are needed

for updating the parity blocks with RMW.
∙ 𝐷 is a set consisting of the data blocks which are needed

for updating the parity blocks with RCW.
∙ 𝐸 is a set consisting of all data blocks which are encoded

into a parity block 𝑝 before scaling.
∙ 𝐹 is a set consisting of all data blocks which are encoded

into a parity block 𝑝
′

after scaling.
∙ 𝑚 is a variable to record the number of all data/parity

blocks (except for the migrated ones) for updating the
parity blocks in a unit with RMW.
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Fig. 2. An example of CRS scaling from 4 disks to 6 disks.

Algorithm 1 The Efficient Parity Update Scheme In Scaling
Process (EPU)

1: Initialization:
𝐴 ← {𝑡ℎ𝑒 𝑝𝑎𝑟𝑖𝑡𝑦 𝑏𝑙𝑜𝑐𝑘𝑠 𝑜𝑓 𝑎 𝑠𝑐𝑎𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡},
𝐵 ← {𝑡ℎ𝑒 𝑚𝑜𝑣𝑒𝑑 𝑑𝑎𝑡𝑎 𝑏𝑙𝑜𝑐𝑘𝑠 𝑜𝑓 𝑎 𝑠𝑐𝑎𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡},
𝐶,𝐷,𝐸, 𝐹 ← ∅, 𝑚← ∣𝐴∣, 𝑛← 0;

2: for 𝑃 ∈ 𝐴 do
3: 𝐸 ← {𝑡ℎ𝑒 𝑑𝑎𝑡𝑎 𝑏𝑙𝑜𝑐𝑘𝑠 𝑡ℎ𝑎𝑡 𝑒𝑛𝑐𝑜𝑑𝑒𝑠 𝑃};
4: 𝐹 ← {𝑡ℎ𝑒 𝑑𝑎𝑡𝑎 𝑏𝑙𝑜𝑐𝑘𝑠 𝑡ℎ𝑎𝑡 𝑒𝑛𝑐𝑜𝑑𝑒𝑠 𝑃 ′};
5: 𝐺← (𝐸 ∪ 𝐹 )− (𝐸 ∩ 𝐹 );
6: 𝐶 ← 𝐶 ∪𝐺, 𝐷 ← 𝐷 ∪ 𝐹 ;
7: if 𝐺 = ∅ then
8: 𝑚← 𝑚− 1
9: end if

10: end for
11: let 𝐶 ← 𝐶 −𝐵;
12: let 𝐷 ← 𝐷 −𝐵;
13: 𝑚← 𝑚+ ∣𝐶∣,𝑛← ∣𝐷∣;
14: if 𝑚 < 𝑛 then
15: use RMW to update parity
16: else
17: use RCW to update parity
18: end if

∙ 𝑛 is a variable to record the number of all data blocks
(except for the migrated ones) for updating the parity
blocks in a unit with RCW.

Now we are ready to present the parity update algorithm.
2) Algorithm Design: To balance the data distribution after

the scaling process and minimize the data/parity blocks to be
migrated, approaches for RAID scaling usually group some
stripes into a unit and scale a unit to some new stripes after
scaling. Algorithm 1 is operated on a scaling unit. As the data
migration process is decided, we can get the set of data/parity
blocks to be moved. For each parity block in a scaling unit,
we can first get the data/parity blocks needed for updating

it with RCW and RMW respectively. Then we can obtain the
sets of data/parity blocks needed for updating the parity blocks
in a unit with RCW or RMW respectively. The elements in
the sets except those being migrated are blocks needed to be
read from disks for updating the parity blocks. Comparing
the cardinality of the two sets, we can conclude which parity
update scheme, RCW or RMW, is better to update parity
blocks. In the algorithm, Line 1 to Line 10 are dedicated to
calculate the data/parity blocks for parity updating, Line 11
to Line 13 are dedicated to subtract the migrated data blocks
from the total needed blocks.

Now we use the example in Figure 2 to elaborate the
algorithm execution flow. In this example, a scaling unit
consists of 8 data blocks and 8 parity blocks. The migrated
data blocks are 𝑑2, 𝑑3, 𝑑6, 𝑑7. Thus, the set of migrated
data blocks 𝐵 = {𝑑2, 𝑑3, 𝑑6, 𝑑7}, and the set of parity
blocks 𝐴 = {𝑝0, 𝑝1, 𝑝2, 𝑝3, 𝑝4, 𝑝5, 𝑝6, 𝑝7}. The parity block
before scaling 𝑝0 = 𝑑0 ⊕ 𝑑4, and the parity block after
scaling 𝑝0

′ = 𝑑0 ⊕ 𝑑4 ⊕ 𝑑2 ⊕ 𝑑6. Then we can get set
𝐸 = {𝑑0, 𝑑4} and 𝐹 = {𝑑0, 𝑑4, 𝑑2, 𝑑6}. Next we calculate
the data blocks need to be read for updating 𝑝0 with RMW,
𝐺 = (𝐸∪𝐹 )−(𝐸∩𝐹 ) = {𝑑2, 𝑑6}. Along with the other parity
blocks (i.e., 𝑝1, 𝑝2, 𝑝3) are processed the same as 𝑝0, we can
get 𝐶 = {𝑑2, 𝑑3, 𝑑6, 𝑑7}, 𝐷 = {𝑑0, 𝑑1, 𝑑2, 𝑑3, 𝑑4, 𝑑5, 𝑑6, 𝑑7}.
Finally, we subtract the elements in set 𝐵 from set 𝐶 and 𝐷.
Now, we get 𝐶 = ∅, 𝐷 = {𝑑0, 𝑑1, 𝑑4, 𝑑5}, 𝑚 = 8, 𝑛 = 4
(Note that for this example, 𝑚 is the number of parity blocks
which need to be read by the RMW scheme, 𝑛 is the number
of data blocks which need to be read by the RCW scheme).
Thus, RCW is better than RMW in this example. EPU chooses
the RCW scheme.

B. Online Optimization

1) The overlap between scaling I/Os and user I/Os: RAIDs
are usually scaled online, i.e., they still serve user requests
while being scaled. That is to say, user I/Os and scaling I/Os
are processed interactively. We can further exploit user I/Os
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to speed up the scaling process. If a data block is accessed
by a user request, it will be resident in memory. If this data
block is also accessed by the scaling process, the system can
read it from memory rather than from disk.

All blocks read by RCW to update parity are data blocks,
which may overlap with the user I/Os. However, RMW needs
to read parity blocks for parity update, while the parity blocks
will not be accessed by user I/Os (Note: we omit the degraded
read accesses by user-level applications in this paper). That is
to say, the probability of the blocks needed by RCW overlap
with the user I/Os is higher than that of RMW.

2) Access Aggregation: Since hard disk performs better
with sequential access than random access, the response time
of a disk depends not only on the volume of data/parity blocks
being accessed but also their sequentiality. Thus, we also
consider I/O aggregations of RCW and RMW in EPU. As
shown in Figure 3(a), if we use RMW to update the parity
blocks in the stripe, the system will issue four read requests,
the first two requests read blocks 𝑑2, 𝑑3 and 𝑑6, 𝑑7 respectively,
and the third request reads parity blocks 𝑝0, 𝑝1, 𝑝2, 𝑝3, and the
fourth request reads parity blocks 𝑝4, 𝑝5, 𝑝6, 𝑝7. However, if
we use RCW, as shown in Figure 3(b), the system issues only
two read requests, the first request reads blocks 𝑑0, 𝑑1, 𝑑2, 𝑑3,
and the second request reads blocks 𝑑4, 𝑑5, 𝑑6, 𝑑7.

Access aggregation converts several small requests into a
large sequential request. As a result, the seek overhead is
amortized by multiple requests. Thus, if the data/parity blocks
that need to be read for parity update can be accessed through
a single larger I/O, the system will have a higher throughput.
Since data blocks needed by RCW are always successive, it
may benefit the scaling process compared with RMW even if
it needs a little more blocks.

IV. NUMERICAL STUDY

In this section, we compare the numbers of read I/Os (Note:
without considering I/O overlap and access aggregation) when
we use Scale-CRS+EPU (abbr. EPU) and Scale-CRS to scale
some common system settings of CRS codes. Table I and Table
II show the number of scaling cases under which EPU can
improve the performance. Figure 4 shows how many scaling
I/Os EPU can reduce under certain system settings.

TABLE I
NUMBER OF ADVANTAGEOUS SCENARIOS OF EPU WHEN USING

JERASURE LIBRARY TO GENERATE THE POST-SCALING MATRICES.

m 2 3 4 5
Total (cases) 324 304 284 263
EPU (cases) 16 285 269 255
Equal (cases) 308 19 15 8

TABLE II
NUMBER OF ADVANTAGEOUS SCENARIOS OF EPU WHEN USING THE

OPTIMIZED POST-SCALING MATRICES.

m 2 3 4 5
Total (cases) 324 304 284 263
EPU (cases) 16 25 36 48
Equal (cases) 308 279 248 215

Scale-CRS should determine a post-scaling encoding matrix
and a data migration policy to complete the scaling process.
The post-scaling encoding matrix can be generated in two
ways, one is from the Jerasure library, the other is from [25].
Jerasure is an open-source erasure code library developed by
J.S. Plank et. al [26]. It is an efficient implementation of vari-
ous erasure codes with optimized encoding performance. The
method described in [25] is specially designed for generating
post-scaling matrix to reduce the scaling I/Os. However, the
matrix generated as in [25] may sacrifice the encoding perfor-
mance compared with those generated by Jerasure library. We
will evaluate the impact of the two matrix generation methods
in the following.

Firstly we examine whether EPU reads fewer data/parity
blocks for parity update. Suppose that we are to scale a
(𝑘,𝑚,𝑤) CRS code to a (𝑘 + 𝑡,𝑚,𝑤) one, where 𝑘, 𝑚, 𝑡,
𝑤 are the number of data disks before scaling, the number of
parity disks, the number of data disks to be added, and the
number of blocks on each disk in a stripe. We use the two
ways to generate the post-scaling matrices and run the cases
of 3 ≤ 𝑤 ≤ 4, 2 ≤ 𝑚 ≤ 5, 𝑡 ≤ 𝑘 and 2 ≤ 𝑘 ≤ 17 with
EPU and Scale-CRS. For each case, we record the numbers
of data/parity blocks to be read in a unit by EPU and Scale-
CRS, respectively. The results are shown in Table I and Table
II respectively, where “Equal” means EPU and Scale-CRS read
the same number of data/parity blocks for parity update and
“EPU” means EPU reads fewer data/parity blocks than Scale-
CRS.

As we can see in Table I, when 𝑚 = 2, there are 324
scaling cases in total, and EPU has better performance under
15 cases, while EPU has identical performance to Scale-CRS
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under the remaining 309 cases. When 𝑚 = 3, there are 304
scaling cases in total, 285 of them are better to use EPU, and
19 cases are free to choose EPU or Scale-CRS. When 𝑚 = 4,
EPU outperforms Scale-CRS under 284 scaling cases and has
the identical performance under the remaining 15 cases. For
𝑚 = 5, EPU performs better under 255 cases and has the same
performance with Scale-CRS under 8 cases. The results when
using the method as described in [25] to generate the post-
scaling matrix are shown in Table II. We can see that even if
the optimized post-scaling matrix is used, there are still plenty
of cases where EPU can reduce the amount of scaling I/Os of
Scale-CRS.

We can get several conclusions from the above comparisons.
One is that in many scaling cases, EPU can reduce the amount
of scaling I/Os over Scale-CRS, while in other cases, EPU has
the same performance to Scale-CRS. The reason is that Scale-
CRS always chooses RMW, while EPU is more intelligent to
choose RMW or RCW. The other is that the percentage that
EPU performs better grows as 𝑚 increases. The reason is that
it is more likely to use RCW to update the parity when there
are relatively more parity blocks.

In our numerical analysis of read I/Os for parity update,
when using Jerasure library, for 3 ≤ 𝑤 ≤ 6, 2 ≤ 𝑚 ≤ 5, 𝑡 ≤ 𝑘
and 2 ≤ 𝑘 ≤ 17, EPU can reduce 3.13% to 31.15% read/write
compared with Scale-CRS for CRS scaling. Even if optimized
post-scaling encoding matrix is used, our numerical analysis
shows that EPU can reduce 1.22% to 16.67% read/write over
Scale-CRS in the advantageous cases. We will demonstrate in
the following section that these savings of scaling I/Os will
convert directly into the reduction of scaling completing time
and user response time in online scaling.

In particular, we show the numerical study results of some
common scaling cases in Figure 4. The quadruple in x-axis
means (k,m,t,w). For example, when (k,m,t,w) is (6,3,1,4),
EPU needs to read 21 data blocks to update the parity blocks in
a stripe while Scale-CRS needs to read 33 data/parity blocks.
Note that these parameters are commonly deployed in real
storage systems. We will evaluate the scaling performance of
EPU with these system settings in our experiments.

We also emphasize that EPU is applicable to various exist-

ing scaling approaches. To be more specific, for round-robin
scaling approaches, our EPU algorithm always chooses RCW
to update parity blocks, which typically requires less amount
of scaling I/Os than the default RMW. For Scale-RS, when
the number of unmoved data blocks in each stripe is less than
the number of parity blocks in each stripe, EPU atop Scale-
RS can reduce the scaling I/Os of Scale-RS. Otherwise, EPU
atop Scale-RS performs the same as the original Scale-RS. For
other approaches like GSR, MiPiL, RS6, our EPU algorithm
can also enhance their performance in some scaling cases.

V. EXPERIMENTAL EVALUATION

In the last section, our numerical analysis shows that EPU
reduces the scaling I/Os in some cases. In this section, we
examine the performance of Scale-CRS and Scale-CRS+EPU
(abbr. EPU) in some cases with a simulation system.

A. The Configuration of Simulation System

We conduct detailed simulations using a simulator that uses
Disksim as the slave module. Our simulator consists of a
workload generator and a disk array as shown in Figure 5.
The workload generator consists of a trace parser, which reads
trace files and issues I/O requests at the appropriate time so
that an exact workload is reproduced on the disk array.

The disk array is composed of an array controller and the
storage components. The array controller is logically divided
into three parts, a workload analyzer, an address mapper and
a data redistributor. The workload analyzer monitors the user
I/O rate, which will be used by the data redistributor. The
address mapper, according to the data layout strategy, forwards
incoming I/O requests to the corresponding disks. The data
redistributor is in charge of reorganizing the data on the array
and it adjusts the scaling I/O rate based on the user I/O rate
and the maximum I/O throughput of the disks.

We implement the workload generator and the array con-
troller in C++ on linux system, and use DiskSim [27] to
simulate the bottom storage components. DiskSim is an effi-
cient, accurate and highly-configurable disk system simulator
developed to support research on various aspects of storage
subsystem architecture. Disksim has been widely used in
various research projects. The simulated disks are configured
as Seagate Cheetah 15000 RPM, each with a capacity of
146.8GB. We deploy our simulator on an Inter i5-4460 Quad-
Core 3.20GHz PC with 4GB DRAM.

B. Workloads

In our experiments, We use the following real-system disk
I/O traces with different characteristics.

∙ WebSearch is obtained from the Storage Performance
Council (SPC) [28], a vendor-neutral standards body. It
was collected from a system running a web search engine.
The read dominated WebSearch trace exhibits the strong
locality in its access pattern.

∙ Financial is also from SPC [28]. It was collected from
OLTP applications running at a large financial institution,
and it is write dominated.
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C. The Design of Experiments

We conduct extensive online scaling experiments to evaluate
the performance of Scale-CRS and EPU. In our experiments,
the scaling process is operated stage by stage. In each stage,
the system serves S user requests at the first chance. Then the
system issues several scaling requests at the end of a stage.
The time duration of each stage is denoted as a time slot. The
number of user requests at each time slot is determined by
the workload. In order to control the negative effect of the
scaling process, we need to adjust the scaling I/O rate based
on the user I/O rate and maximum I/O rate of the disks. The
user I/O rate (scaling I/O rate) is calculated as the amount of
blocks accessed by user requests (scaling requests) divided by
the time span between the first user request and the last user
request during a scaling stage. The maximum I/O rate of the
disks is the upper bound of request transmission frequency.
If the user request transmission frequency exceeds the upper
bound, then we will not issue any scaling requests in this time
slot. Based on the user I/O rate and maximum I/O rate, we
can decide the amount of scaling requests issued at each time
slot, so that we can control the response time of each user
request being acceptable. In our experiments, we set the max
I/O rate configurable, and we vary the max I/O rate so as to
simulate different available bandwidths of the disks.

Note that EPU chooses RCW or RMW to update parity
blocks more efficiently. However, EPU does not change the
data layout after scaling, and so the post-scaling performance
of EPU is exactly the same as that of Scale-CRS. Here we
emphasize that EPU mainly focuses on reducing the overhead
that is induced by parity update during the scaling process. As
a result, it can accelerate the scaling process and reduce the
user I/O response time during scaling.

D. Experiment Results

There are several factors, scaling I/O rate, disk capacity,
foreground workload, and system scale, which may affect the
online scaling performance. In the following, we will evaluate
the performance of EPU with different settings.

Performance with different I/O rates. In this experiment, we
aim to evaluate the influence of scaling I/O rate on the system
performance (including the completion time of the scaling
process, user I/O response time, the amount of scaling I/Os).
We take the scaling scenario of adding one data disk (i.e., t=1)
to a nine-disk CRS-coded RAID (𝑘 = 6,𝑚 = 3, 𝑤 = 4) as
an example. The disk size is fixed as 4GB and the block size
is fixed as 4KB. We use the WebSearch2 as the foreground
workload. We use the maximum I/O rates of the disks, 1200,
1300, 1400, 1500 blocks per second. The results are shown in
Figure 6.

Figure 6(a) shows the time durations of each scaling op-
eration, and we can see that for this scaling scenario, EPU
performs better than Scale-CRS in terms of the time duration
of the scaling process. The main reason of this improvement
is that in this scaling scenario, EPU uses RCW to reduce
the amount of scaling I/Os. We further record the amount of
scaling I/Os to verify our analysis, and the result is shown
in Figure 6(c). As we can see, EPU reduces the amount of
scaling I/Os over Scale-CRS significantly, which confirms our
analysis.

Since we control the I/O rate in the scaling process, almost
the same number of blocks will be issued into the storage
system in a time slot. Therefore, we expect that the average
response times of user I/Os for EPU and Scale-CRS are almost
the same. However, as we see in Figure 6(b), compared with
Scale-CRS, EPU has a slight improvement in user I/O response
time. The reason is that although EPU issues nearly the same
number of blocks in each time slot as Scale-CRS does, EPU
uses the I/O overlap and access aggregation techniques to
save more I/Os. As the maximum I/O rate increases from
1200 blocks per second to 1500 blocks per second, the time
duration of the scaling process with EPU decreases from
43946 seconds to 25362 seconds while that with Scale-CRS
decreases from 45187 seconds to 27410 seconds. We can see
that EPU outperforms Scale-CRS under different system loads.
Further more, we can see that, as the maximum I/O rate
increases, the average response time of user I/Os increases.
The reason is that when the maximum I/O rate increases, there
will be more scaling requests issued at each scaling time slot
and the contention between scaling I/Os and user I/Os becomes
more severe. As a result, the load of each disk becomes heavier
and the user request response time becomes longer.

Performance with different system scales. In the above
experiments, we vary the maximum I/O rate to evaluate the
impact of scaling I/O rate on the performance of EPU. Now
we fix the maximum I/O rate as 1500 blocks per second.
We examine the scaling performance with some commonly
used system scales of (k=6, m=3, t=1, w=4), (k=9, m=3, t=1,
w=4), (k=10, m=3, t=1, w=5), (k=12, m=3, t=1, w=5)). In this
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Fig. 6. The influence of IOPS to the scaling process
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Fig. 7. The performance of EPU and Scale-CRS under different parameters

experiment, we still use the disk size of 4GB and WebSearch2
as the foreground workload. As we can see in Figure 7, the
online scaling result is consistent with our numerical analysis
in Section IV. For these system scales, EPU outperforms
Scale-CRS in terms of the time duration of the scaling process,
average response time of user I/Os during the scaling process,
number of scaling I/Os. Figure 7(a) shows the time durations
of each scaling cases, for (k=6, m=3, t=1, w=4), our EPU
needs 25362 seconds to complete the scaling process while
Scale-CRS needs 27410 seconds. In other words, EPU reduces
the scaling time by 7.47% compared with Scale-CRS. For
(k=9, m=3, t=1, w=4), (k=10, m=3, t=1, w=5) and (k=12, m=3,
t=1, w=5), EPU reduces the scaling time by 5.44%, 3.91%
and 0.56%, respectively. The reason of this improvement is
that our EPU mechanism needs fewer blocks to update parity,
as shown in Figure 7(c), EPU really reduces the number of
scaling I/Os. Figure 7(b) shows the user I/O response time
during the scaling process. For (k=6, m=3, t=1, w=4), (k=9,
m=3, t=1, w=4), (k=10, m=3, t=1, w=5) and (k=12, m=3, t=1,
w=5), EPU can reduce the user I/O response time by up to
4.78%, 3.36%, 3.33% and 2.83%, respectively.

Performance under different workloads. Now we aim to
examine the performance of EPU with different workloads.
We set the maximum I/O rate as 1500 blocks per second,
and the disk size is fixed as 4GB, and use system scale
(k=6, m=3, t=1, w=4). Then we conduct the scaling process
with Financial1, Financial2, WebSearch2 and WebSearch3.

Figure 8 presents the performance of EPU and Scale-CRS
with different workloads. With the Financial1 workload, EPU
needs 7881 seconds to finish the scaling process, while Scale-
CRS needs 9503 seconds. That is to say, EPU reduces the
scaling time by 17.07%. With Financial2, WebSearch2, and
WebSearch3 workloads, EPU can reduce the scaling time by
17.15%, 7.47% and 11.54%, respectively. Figure 8(b) shows
the average response time of user requests, we can find that
EPU reduces the response time of user requests by 6.96%
under Financial1 workload. For Financial2, WebSearch2 and
WebSearch3 traces, EPU can reduces the response time of user
request by 7.39%, 4.78% and 5.42%. We can see that EPU
perform better with the Financial traces than with WebSearch
traces. We find that our EPU perform better under heavy
foreground workload.

Performance with different disk capacities. In this experi-
ment, we vary the disk capacities as 4GB, 20GB and 100GB.
We also use the system scale of (k=6,m=3,t=1,w=4) as the
example. The maximum I/O rate is set as 1500 blocks per
second. We still use WebSearch2 as the foreground workload.
Due to the disk capacity is increased to 100GB, if the online
scaling process does not finish when the workload generator
reaches the end of the trace file, the workload will be replayed
again until the online scaling process finishes.

As the capacity of a disk increases from 4GB to 20GB and
100GB, the time duration of the scaling operation increases
linearly. This is because that scaling larger disks needs more
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Fig. 9. The influence of disk size to the scaling process

scaling I/Os, and the amount of scaling I/Os increases linearly
with the increase of the capacity. Figure 9(c) verifies our
analysis. We can see that there is a small fluctuation of the
response time of user request as shown in Figure 9(b), this is
because of the locality of user requests. When the user requests
are near the processing scaling area, the user request will get
faster response because of less disk seek. This inspires us to
scale the area accessed by user requests currently at the first
chance. Therefore, the user requests will get a shorter response
time and there will be more overlaps between scaling I/Os and
user I/Os. We pose the analysis of this factor as our future
work.

VI. CONCLUSIONS

In this paper, we propose an online scaling scheme, EPU,
for RAID system with erasure code. EPU selects RCW or
RMW with less I/Os to update parity blocks. EPU aims to
accelerate the scaling process by reducing the scaling I/Os
induced by parity update. To further improve online scaling
performance, EPU uses I/O overlap and access aggregation.
EPU is applicable to various scaling approaches to save the
scaling I/Os and improve the online scaling performance.
Using Scale-CRS as an example, our numerical study shows
that Scale-CRS+EPU can reduce the number of scaling I/Os
in many scaling cases. We have also implemented a trace-
driven simulator, and conducted detailed experiments using
this simulator. The results show that EPU can reduce the

scaling I/Os by 1.22% to 31.15%. It is also efficient in reducing
the scaling time and improving the response time of user
requests during the scaling process. Besides, EPU can be
readily deployed in real storage systems.
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