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Abstract— Energy-efficiency is becoming increas-
ingly important for storage systems to reduce the
total cost of ownership (TCO). In this paper, we
propose an energy saving policy named eRAID
for conventional disk based RAID-1 systems using
redundancy. In particular, we develop a dynamic
performance control scheme with the help of a
performance predictor based on queueing network
theory. Moreover, we discuss alternative data layout
schemes that are more energy-efficient than tradi-
tional disk mirroring. Experimental results show that
eRAID can save up to 30% energy without violating
predefined performance constraints.

I. INTRODUCTION
Energy-efficiency has become AN extremely

important consideration for storage systems
due to the large energy-related portion in its
total cost of ownership (TCO). Because of
the intensity of workloads, simple disk spin
down/up policy is considered infeasible in an
I/O intensive environment. Most current energy
saving policies for server side storage systems
resort to multi-speed disks [1], [2], [3], [4].
Since current storage systems are still built with
conventional disks, it is important to provide a
workable solution for conventional-disk-based
storage systems. The most fundamental method
to save energy in a conventional disk based sys-
tem is to put a disk in standby state, in which
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the disk cannot serve requests. Since request
inter-arrival time of server side workloads are
usually too short to supply long idle periods,
such periods have to be artificially created. A
possible way to create long idle disk periods
is to unbalance the disk workload within the
storage system.

There are two approaches to unbalance
workloads for conventional disk based systems
to save energy: relocating data and redirecting
requests. The common feature of relocating
data is to intentionally unbalance disk loads
by migrating data across disks according to the
changing access patterns. However, the repre-
sentative works of this approach, MAID [5]
and PDC [6], showed that they can save energy
only when the load on the server is extremely
low. The second approach, redirecting requests,
intentionally bypasses a data target (e.g. a
standby disk) by redirecting requests to other
data target(s). The precondition is that the alter-
native data target(s) can provide the same infor-
mation to users. Given their inherent redundant
encoding of information, RAID systems satisfy
this precondition well. Our group is among the
first to exploit this redundancy to save energy
in both RAID-1 and RAID-5 based systems in
literature [2] using multi-speed disks. We also
developed a request transformation scheme for
conventional disk based RAID-5 systems [7].
The impact of redirecting or transforming re-
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quests on performance has however, not been
adequately studied.

In this paper, we develop an energy saving
policy named eRAID using request redirecting
for conventional disk based RAID-1 systems.
We also discuss an alternative data layout
scheme to further save energy. Experimental re-
sults show that eRAID can save up to 30% en-
ergy without violating predefined performance
constraints. Compared with previous server-
side energy saving policies, eRAID has the
following salient advantages: (1) it is a soft
solution so that it does not require current
storage systems to add extra hardware (e.g.
cache disks) or to replace all their conventional
disks with multi-speed disks; (2) it does trade-
off between energy-saving and performance
degradation by taking both performance met-
rics — average response time and throughput
into consideration.

II. MOTIVATION
There are three major limitations in current

server-side disk energy management policies.

• No workable solutions on conventional
disk based systems.

• Single performance measurement: Current
disk power management algorithms trade-
off energy saving for a single performance
metric, either throughput or response time.
However, energy-saving policy may de-
grade both, and the degradation of both
metrics are not always proportional.

• No differentiation of workload time crit-
icality: based on time criticality, I/O
workloads can be roughly divided into
two classes: synchronous load and asyn-
chronous. Since both kinds of workloads
have different time criticality, performance
variations impact them differently.

The aforementioned observations motivate
us to develop an energy-saving policy for con-
ventional disk based RAID system.

• With the help of redundant information,
it is possible to generate long idle periods
for server disks. In RAID-1, by redirecting
read requests to primary disks and defer-
ring write update in a controller cache

(NVRAM), the idle period of the mirror
disks can be dramatically stretched.

• Server disks usually have spare service
capacity most of the time, and system
workloads vary over time [8]. Therefore,
redirecting requests of the mirror disks to
primary disks does not necessarily result
in a large performance loss.

• Queueing model is a widely adopted
method to model RAIDs for performance
analysis and prediction. It can be used to
estimate the throughput and response.

III. ERAID DESIGN

The main idea of eRAID is to spin down,
partially or in entirety, the mirror group to
standby for energy conservation based on
workload changes. Read requests are served
by the data copies in the primary group, and
write requests to the standby disks are held
in the controller cache or on active disks and
flushed to the standby disks after they are spun
up. It may be noted that using redundancy
information to spin down disks to save energy
can be applied to other RAID organizations
like RAID-5. More details can be found in our
technical report [7].

eRAID needs to strike a balance between
energy savings and meeting performance
based service level agreements (SLA) by
ensuring that a certain number of disks
are active. eRAID employs a time-window
based approach to perform the control. At
the beginning of each time window, we do
performance/energy prediction to find out 1)
how many disks can be spun down to save
energy and 2) how many disks should be
spun up in order not to violate predefined
constraints. The problem is formalized below.

Object: maximize SE = Ebase−EeRAID

Ebase

Subject to

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

System Throughput Constraint:

DT = |TeRAID−Tbase|
Tbase

≤ LimitT
Response Time Constraint:

DX = |XeRAID−Xbase|
Xbase

≤ LimitX

Here E, T and X denote energy consump-
tion, mean response time and mean throughput.
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”base” represents the baseline system that em-
ploys no energy-efficiency policy. LimitT and
LimitX are user-defined performance degrada-
tion parameters for mean response time and
mean throughput respectively. Next, we show
how we address this problem.

A. Solving for Energy Saving SE

We develop a power model for multi-disk
systems to estimate the energy saving SE .
Since we mainly focus on the disk energy
consumption, other components (e.g. CPU and
cache) in RAID systems are not examined here.
A single disk power model considering the spin
down/up policy has been extensively studied.
However, little research work has been con-
ducted on modeling energy for multi-disk sys-
tems. Disk spin down/up schemes are consid-
ered an impractical method to save energy, due
to the short idle periods typically encountered
in server workloads. However, as we discussed
in Section II, with the help of redundancy
in RAIDs, we have the full control over the
disk idle period distribution, by trading energy
efficiency against a small performance penalty.

Given a time-window with length T and an
N-disk RAID-1 system, assuming there are R
requests being served and the average service
time is t. We have the system utilization ρ1 =
R∗t
N∗T . Let Pa, Pi, Ps and Pw denote the power
consumption of a disk in active, idle, standby,
and mode-switching states respectively. Let Ts

and Tw denote the time that the disk spends
in standby and mode-switching respectively. To
get the upper bound of energy saving, we do
not consider energy consumption for data co-
herence from writes. The energy consumption
of baseline system is Ebase = Eactive + Eidle =
PaNTρ1 + PiNT (1 − ρ1).

For asynchronous loads, the request arrival
rate is independent of the number of active
disks, while for synchronous loads, the request
arrival rate could be reduced because fewer
active disks provide smaller system throughput.
That is, in synchronous loads, the number of
requests in T may be less than R. We use
ρ2 (ρ2 ≤ ρ1) to denote the new utilization.

Suppose i disks spin down to standby state
at the beginning of T, and spin up to active
state at the end of T. The energy consump-
tion of the i disks is i(PsTs + PwTw). The
energy consumption of the (N − i) disks is
PaNTρ2 + Pi[(N − i)T − NTρ2)]. Then the
new energy consumption can be described as:
EeRAID = i(PsTs+PwTw)+PaNTρ2+Pi[(N−
i)T − NTρ2)].

Then the percentage of energy saving, SE ,
in the period T can be expressed as:

SE = (Ebase − EeRAID)/Ebase

=
(Pa − Pi)(ρ1 − ρ2) + i

N
(Pi − PsTs+PwTw

T
)

Pi + (Pa − Pi)ρ1

Here ρ1, ρ2 can be resolved by a performance
prediction technique in the following section.
Taking IBM 36Z15 [8] disk parameter as in-
puts, and assuming T � Tw, we draw Figure 1
to show how the energy saving is impacted by
i and Rsi.

The number of spun down disks is the domi-
nant factor for energy savings. We then remove
the assumption T � Tw and set T = kTw, k >
1. The right picture of Figure 1 shows that,
when k is larger than six, the energy saving is
near that of the ideal condition (T � Tw).
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Fig. 1. The Impact of Rsi = Ps
Pi

and k on Energy Saving.

B. Solving for DX and DT

We use queueing models to calculate the
performance degradation factors DX and DT .
Our basic approach can be described as fol-
lows: (1) use queueing models to model RAID-
1 (2) examine how the input parameters are
changed after spinning down some mirror disks
(3) calculate new performance numbers (4)
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compare original and new results for decision-
making. We assume the workload changes little
between the current time window and the next
window. This assumption is reasonable in a
short-term while workloads do have significant
change in a long-term manner.

Since read and write operation in RAID-
1 systems have different features, they are
modelled differently. Based on time criticality,
we use different model for synchronous and
asynchronous load. To isolate the difference,
we examine the performance impact of spin-
ning down mirror disks under synchronous read
(SR), asynchronous read (AR), asynchronous
write (SW) and asynchronous write (AW) loads
individually.

In this paper, we choose two queueing mod-
els introduced by Varki et al. in the litera-
ture [9] to model RAID-1 system with syn-
chronous read and synchronous write loads.
Based on both models, we develop another
two queueing models for asynchronous read
and asynchronous write loads. Our queueing
models are built based on the main features
of a real RAID system, HP SureStore E Disk
Array FC60 [10].

1) Read load: The left diagram of Figure 2
shows the model of a RAID-1 system with a
synchronous read load using a closed queueing
network. It is assumed there are M processes in
this system while each generating an I/O stream
(array read requests). Array read requests are
first submitted to controller cache. In case of
cache misses they are directed to the disks. Af-
ter the requests are finished, they are returned
to the processes. Only after the previous request
is returned does a process issue another request
following a further process-delay time.

All the processes are modelled as a delay
server. The average performance measures of
this closed queueing network can be computed
by the Mean Value Analysis (MVA) tech-
nique [11]. For asynchronous loads, the RAID
system is modeled as an open queue network
shown at the right of Figure 2. Since the load
balance policy is not considered here, the disk

array is treated as a bunch of M/M/1 queue
nodes. Table I shows the model input parame-
ters. The disks are named from subsystem 1 to
subsystem N. The cache and RAID controller
are named as subsystem 0. Note that P0 = 1
and

∑N
i=1 Pi = 1 − cache hit rate.

TABLE I

READ LOAD MODEL INPUT PARAMETERS

Para. Description

Common Parameters (0 ≤ i ≤ N )

N number of all disks in RAID-1

μi service rate of subsystem i
Pi access probability of subsystem i

Synchronous Read Model

M the number of processes

Op mean process delay

Asynchronous Read Model

λ mean request arrival rate

After some mirror disks are spun down
to save energy, two input parameters of the
queueing model could be affected: disk ac-
cess probability and disk service time. When
i mirror disks are spun down, the load of the
mirror disks will be directed to their primary
disks. Access probabilities of other disks are
not affected. Disk service time depends on
a large number of factors. We measured the
service time of three physical disks directly and
found the disk service time (for both read and
write operations) has little difference when the
disk queue length is less than three1.

Based on above discussion, we can compute
the performance measures for both the base
system and eRAID. For ease of presentation,
given an N-disk RAID-1, we define disk 1 to
N/2 to be mirror disks and disk (N/2+1) to
N to be primary disks. Let disk n and disk
v be a disk group (mirror disk and primary
disk), with v=N/2-n+1. For synchronous read
load, we use Ti(M) and T ′

i (M) to denote the
mean response time of subsystem i having M
requests in the baseline system and eRAID

1We only spin down mirror disks when the system utilization
is low. Even when the disk utilization is 35%, which means the
queue length is ρ/(1−ρ) = 35%/(1−35%) ≈ 0.54 according
to queueing theory, doubling the disk load would increase the
queueing length to 70%/(1 − 70%) ≈ 2.33.
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Fig. 2. Queueing network model of RAID-1 with read workloads

respectively. Ti(M) and T ′
i (M) can be easily

computed by MVA technique [11], [12]. The
final mean response time of the disk array and
mean throughput of the baseline system can be
expressed as: Tbase(SR) =

∑N
n=0 [Tn(M)Pn]

and Xbase(SR) = M
Tbase(SR)+OP

. The

performance measures of eRAID are:
TeRAID(SR) = T0(M) +

∑N−i
n=i+1 [T ′

n(M)Pn] +∑N
n=N−i+1 [T ′

n(M)(Pn + Pv)] and
XeRAID(SR) = M

TeRAID(SR)+OP
.

For asynchronous read loads, as discussed
in Section II, system throughput is not affected
if there no disks are saturated after spinning
down the mirror disks. The mean response time
is computed as mean cache response time +
mean disk response time. That is,
Tbase(AR) = 1

μ0−λ
+

∑N
n=1

Pn

μn−λPn
=∑N

n=0
Pn

μn−λPn
. After spinning down

mirror disks 1 to i, the mean response
time of eRAID is TeRAID(AR) =

1
μ0−λ

+
∑N−i

n=i+1
Pn

μn−λPn
+

∑N
n=N−i+1

Pn+Pv

μn−λ(Pn+Pv)
.

2) Write load: Modern disk arrays usu-
ally implement write-back caching in the ar-
ray controller. In this case, unlike reads, a
write request is completed once the data
is written to cache. Dirty data are flushed
back to disks according to cache replacement
polices. FC-60 uses a two-threshold write-
back policy [10], [9], destage threshold and
max dirty blocks. Destaging operations starts
if the number of saved dirty blocks is larger
than destage threshold. The maximum dirty
blocks that can be held in the cache is deter-
mined by max dirty blocks. For write work-
loads, the RAID system can be modeled as
a Markov birth-death M/M/1/K process with
K = (max dirty blocks - destage threshold +1)

[9]. Practically, K is the maximum number of
requests that can be held in cache. Thus, the
disk array can be modeled by the cache alone
with input parameters listed in Table II.

TABLE II

WRITE LOAD MODEL INPUT PARAMETERS

Para. Description

Pmiss array cache write miss probability

K maximum queue length

dλ arrival rate of dirty blocks to cache

dμ rate at which dirty blocks are
written from cache to disks

μ mean disk service rate

Synchronous Write Model

χ maximum array throughput

Since all data must be written to both mirror
and primary disks, an N-disk RAID-1 can serve
N/2 requests at the same time. Thus the service
rate dμ is N

2μ
[9]. In the synchronous write

model, χ denotes the maximum array through-
put, which is the array’s throughput when the
disk array has an infinite cache, and chi be
computed by MVA technique. The arrival rate
of dirty blocks is different for synchronous and
asynchronous write loads. For a synchronous
write load, dλ can be approximated by χ∗Pmiss,
while for asynchronous loads, dλ = λ ∗ Pmiss

where λ can be directly measured.
In current design of eRAID, we use

NVRAM to save inconsistent data. By spin-
ning down i disks, the service rate dμ is
N−2i

2μ
. Another two input parameters may be

affected when some of the mirror disks are
spun down: K and Pmiss. Since deferring the
write of dirty blocks of sleeping disks in the
cache for a longer period may increase the
destage threshold, the queue length K may be
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decreased. For the other parameter Pmiss, by
restricting the amount of accumulated dirty
blocks of sleeping disks (e.g. within the second
half of LRU table), the cache pollution problem
can be ignored. Through experiments we found
eRAID made little impact on Pmiss.

For synchronous write load, the mean
throughput of the disk array is computed by
χ ∗ (1 − Pmax dirty). Here Pmax dirty is the
steady state probability when the cache has
number of maximum dirty blocks. According
to M/M/1/K queueing model [11], Pmax dirty =
(1−a)∗aK

1−aK+1 with a = dλ

dμ
= 2μχPmiss

N
. That

is, Xbase(SW ) = χ ∗ (1 − (1−a)∗aK

1−aK+1 ), a =
2μχPmiss

N
. The mean response time can be com-

puted using Little’s Law on the entire system
Tbase(SW ) = M

Xbase(SW )
− Op. XeRAID(SW )

and TeRAID(SW ) can be computed in the
same way as computing XeRAID(SW ) and
TeRAID(SW ) but replacing K by K ′ and a =
2μλPmiss

N−2i
. Here K ′ is the maximum queue length

in the queueing model of eRAID.
For asynchronous load, the mean response

time is k
dλ

according to M/M/1/K model. Here

k is the average queue length and k = a
1−a

−
(K+1)aK+1

1−aK+1 with a = dλ

dμ
= 2μλPmiss

N
< 1. That is,

Tbase(AW ) = a
1−a

− (K+1)aK+1

1−aK+1 , a = 2μλPmiss

N
.

In the same way, TeRAID(AW ) can be com-
puted via replacing K by K ′ and a = 2μλPmiss

N−2i
.

C. Control Algorithm
The control algorithm is used to automat-

ically adjust the number of spun-down disks
to tradeoff energy-efficiency and performance.
Disk mode switch decision is made at the
beginning of each time window. Since solving
the multi-constraint (SE, DT and DX) problem
involves much computing overhead, we use
a simple but effective method: giving higher
priority to less frequently used (LFU) disks
to spin down. Alg.1 shows how to find the
mirror disks to spin down. Experiment shows
that Alg.1 can give the optimal solution for
most cases. The conservative control algorithm
is summarized as Alg.2, which gets executed at
the beginning of each time-window. For write

load, once there are mirror disks spun down,
their data updates are expected to be deferred in
cache. The new destage threshold in eRAID is
set based on: destage threshold∗cache size

data write rate of sleepdisks
> 6Tw.

Alg.1: find mirror disks to spin down

1: Put active mirror disks into set S;
2: Order all mirror disks according to LFU
3: for(i = 1; i <= N/2; i + +){
4: Predict DX and DT of spinning down

first i disks of S;
5: If any constraint is violated, the first

i − 1 disks in S are disks to spin down;
6: }
Alg.2: conservative control algorithm

1: Get real DX and DT of last time-window;
2: if(real degradation ≤ limitation){
3: spin down the disks found by Alg. 1;
4: }else{
5: spin up all sleep disks;
5.1: update all deferred dirty data of

sleep disks (for write load);
6: }

IV. EVALUATION
We evaluated our policy by using trace-

driven simulations. IBM Ultrastar 36Z15 is
chosen as the disk power model. We generate
synchronous read (SR) load and synchronous
write (SW) load from the real trace Cello99 2

with the assumption that 30% of all requests are
synchronous requests. To make Cello99 trace
intensive enough for current hardware condi-
tions, we merged its twenty-disk load into an
eight-disk load. Asynchronous read (AR) load
and asynchronous write (AW) load are derived
from another real trace, TPC-C20 3. The time-
window size is set to 10 minutes. We used
Disksim [13] to configure an 8-disk RAID-
1 system based on Hewlett-Packard SureStore
E FC-60 disk array [10]. Last, we augmented
Disksim with the disk power model and our
energy-efficient policy.

Table III shows the preliminary results of
eRAID for two scenarios. It can be seen that,
the performance control algorithm is effective
in both Case I and II and performance degrada-
tion constraints, LimitT and LimitX , are not

2http://tesla.hpl.hp.com/public software
3http://traces.byu.edu/new/Tools
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DI D2 D3 D4 D5 M1 M2 M3 M4 M5

P1 Q1 R1 S1 T1 P1 P2 P3 Q1 Q2

P2 Q2 R2 S2 T2 P4 P5 P6 Q4 Q5

P3 Q3 R3 S3 T3 Q3 R1 R2 R3 S1

P4 Q4 R4 S4 T4 Q6 R4 R5 R6 S4

P5 Q5 R5 S5 T5 S2 S3 T1 T2 T3

f = 2/3 P6 Q6 R6 S6 T6 S5 S6 T4 T5 T6

Fig. 3 A new Data Layout Scheme

Mirroring This scheme Probability p AVE(Rm) AVE(Rv)

AVE(Rm)

/

AVE(Rv)
N Rm Rv P 1/3 1.67 1.08 1.54

0 0 0 (1-p)^5 1/2 2.50 1.50 1.67

1 1 1 5p(1-p)^4 2/3 3.33 1.92 1.74

2 2 1 10p^2(1-p)^3 4/5 4.00 1.86 2.15

3 3 2 10p^3(1-p)^2 5/6 4.17 1.88 1.74

4 4 2 5p^4(1-p) 1 5.00 3.00 1.67

5 5 3 p^5 Table IV(b)

Table IV(a)

TABLE III

Overall Results

CASE I: LimitT ≤ 10% & LimitX ≤ 3%
Load overall DT overall DX SE

AR 7.5% 0.0% 10.2%

SR 7.1% 1.5% 11.8%

AW 4.3% 0.0% 13.3%

SW 0.0% 0.0% 0.0%

CASE II: LimitT ≤ 50% & LimitX ≤ 6%
Load overall DT overall DX SE

AR 29.5% 0.0% 30.0%

SR 25.9% 4.6% 27.7%

AW 14.3% 0.0% 23.5%

SW 41.4% 1.6% 7.4%

violated. The maximum energy saving, 30%, is
achieve in AR load. For SW load, with a tighter
constraint in CASE I, energy cannot be saved,
while in CASE II giving a looser constraint,
7% energy can be saved.

V. LEVERAGING ERAID

We present an alternative data layout and
block distribution scheme for RAID-1 that are
more energy-efficient than traditional disk mir-
roring. The layout shares with RAID-1 the
property that each block of data is replicated
exactly once, and either the disk holding the
original block or the replica may be accessed
on a read operation. However, unlike RAID-1
the system does not maintain an exact mirror
of any disk. Instead the blocks on a disk are
spread out over a set of redundant disks which
collectively maintain a replica the original disk.

With each disk we associate a threshold f ,
1/2 < f < 1, which is the maximum normal-
ized load that can be comfortably tolerated on
the disk without degrading performance. When
the load on any disk exceeds f , its replica is
powered up, and the load on the original disk
is now shared between the two.

We consider the operation of the system un-
der read loads. Writes are handled as described
in the earlier sections. In normal operation
under light load we assume that d original disks
are active and d replicas are in standby mode.
When the load on a disk exceeds the threshold
its replica is awakened. Hence if k, 1 ≤ k ≤
d disks exceed the threshold load, then in a
RAID-1 (mirrored) system, there will be d + k
disks in active mode and d − k in standby.

Our modified layout works as follows. We
stripe blocks on a disk Di across a set of min(s,
d) redundant disks where s = |Si| and Si =
� 1

1−f
�. As a consequence, if di and any disk

belonging to Si are simultaneously in the active
state, then independent of the request sequence,
both disks will have a load less than f . The
stripe for di+1 begins on the next redundant
disk immediately after the disk where the stripe
for di completed.

We illustrate the arrangement for the case
of d = 5 and f = 2/3 in Figure 3. Table
IV(a) shows the minimum number of redundant
disks that need to be activated for the mirrored
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scheme and the proposed data layout. If either
one or two original disks exceeds their thresh-
old, then the load can be maintained below
f = 2/3 by activating just 1 redundant disk.
For instance if D3 and D5 exceed the threshold,
then redundant disk M4 is activated. The load
on D3 and D5 drop by 1/3 each, and M4
increases to 2/3. For the mirrored scheme, two
redundant disks M3 and M5 need to be acti-
vated. One may verify the remaining entries of
Table IV. If either 3 or 4 (respectively) original
disks exceed the threshold, then it is sufficient
to activate 2 (respectively 3) redundant disks
with the proposed layout, in contrast to 3, 4
(respectively 5) redundant disks activations in
the mirroring scheme.

The probability, P of Tables IV(a) expresses
the probability of k disks being overloaded.
It assumes that each disk has an independent
probability p of being overloaded. We can
compute the expected number of active redun-
dant disks under this probability model for the
two placement schemes. Table IV(b) shows the
average number of redundant disks activated
for different values of p, for each of the place-
ment schemes and load thresholds. Table IV(b)
shows that the percentage of extra redundant
disks activated by the mirrored scheme varies
between 50% and 115%. Since idle disks trans-
late directly into energy savings, this shows
significant reduction in energy consumption of
the scheme while bounding the maximum load
on any disk to 2/3.

A complete analysis of the behavior of the
system and simulation results will be presented
in the complete paper. In this paper we show
that there are significant energy savings to be
accrued by varying the data placement among
the redundant disks. Besides the mirrored sit-
uation discussed here, we also show benefits
of other erasure coding schemes in improving
energy consumption. The details are deferred
to the full paper.

VI. CONCLUSIONS

In this paper, we propose an energy sav-
ing policy named eRAID that employs request

redirecting for conventional disk based RAID-1
systems. Experimental results show that eRAID
can save up to 30% energy without violating
predefined performance constraints.
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