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Abstract 
 
Large-scale high-speed mass-storage systems account for a large part of the energy consumed at data centers. To 
conserve energy consumed by these storage systems, we propose a high-speed tiered-storage system with a power-
aware proactive method of storage-tiering management that minimizes loss of performance, which we have called 
the energy-efficient High-speed Tiered-Storage system (eHiTS). eHiTS consists of a tiered-storage system with 
high-speed online storage as the first tier and low-power nearline storage with high capacity as the second tier. All 
files are always stored in nearline storage when it is created, in which the hard disk drives are usually left powered 
off. Based on hints from a high-performance computing (HPC) application, only the volume that includes the ac-
cessed files (datasets) is copied from nearline to online storage before access. The results obtained from our testbed 
with 64-TB capacity revealed that eHiTS was able to conserve up to 16% of the energy consumed by an ordinary 
tiered-storage system with the same capacity. This corresponded to a 55%-energy saving in 1-PB capacity. 

 
1. Introduction 

The amount of electrical energy consumed by storage 
systems has been rapidly increasing at data centers [1]. 
Large high-speed storage systems, especially, consume 
more electrical energy. The main source of electrical 
energy consumed by storage systems derives from the 
numerous hard disk drives (HDDs) incorporated into 
them. These days, large high-speed storage systems 
have PB-class capacity with thousands of HDDs. The 
electricity charges per year amount to several tens of 
thousands of dollars1. Conserving the electrical energy 
consumed by large high-speed storage systems is there-
fore a huge challenge in research to reduce running 
costs as well as conserve energy at data centers. A rep-
resentative work on energy conservation in storage 
systems is the Massive Array of Idle Disks (MAID), in 
which a spindle motor is stopped so that the HDDs are 
in a standby state during no-access periods [2]. In 
MAID systems [3], a few HDDs in the idle state (al-
ways accessible) are used for caching data and a large 
numbe of HDDs in the standby state are used for stor-
ing data. When a request misses in the cache HDDs, it 
is processed after the accessed HDD has spun up. 
Therefore, the response time in MAID systems is dete-
riorated in cache misses, resulting in very limited use 
for high-speed applications. In another approach, low 
revolutions per minute (rpm) and large capacity HDDs 

                                                 
1 Estimation assuming that an electricity charge is 10-cents/ 
kWh and the electric power consumed by an HDD in the idle 
state is 10-15 W. 

are used as the second tier of tiered-storage systems due 
to their low-power consumption per capacity, i.e., 
tiered-storage systems with information lifecycle man-
agement (ILM) [4–5]. These systems consist of first-
tier high-speed storage with high-speed high-power 
HDDs and second-tier mass storage with low-rpms and 
high-capacity HDDs. Rarely accessed data are relo-
cated from first-tier to second-tier storage to control the 
increase in the first-tier’s capacity and reduce the total 
energy consumed by the systems. An issue with this 
approach is minimizing the capacity of high-speed sto-
rage systems while minimizing reduced performance. 

This paper proposes a power-aware proactive me-
thod of storage-tiering management to minimize the 
capacity of first-tier high-speed storage systems in 
tiered-mass-storage systems. Our proposed method has 
features as follows: Like the tiered-storage system with 
ILM, eHiTS consists of a tiered-storage system with 
high-speed online storage as a first tier and low-power 
nearline storage with high capacity as the second tier. 
However, all files are always stored in nearline storage 
when it is created, in which the HDDs are usually left 
powered off, not spun down, to save more energy than 
the MAID systems do. Only the volume that has stored 
the accessed files is powered on and copied from near-
line to online storage before access. The timing to start 
copying is predicted based on the job-queue status and 
statistics of job submission and execution in the batch-
job scheduler of a batch-processing application. In 
terms of these, data movement and its timing with our 
proposed method are managed inversely against ILM 
where files are stored in online storage when it is 



created and relocated to nearline storage when utiliza-
tion becomes lower than a predetermined threshold 
based on the user policy. Even though the first-tier’s 
online storage is used as a data cache in eHiTS, file 
requests with our proposed method are hit in online 
storage (cache storage) even during the first access due 
to the proactive copying of the accessed volume to on-
line storage (cache storage) before access, unlike in 
ordinary cache management used in general MAID 
systems. Moreover, the accessed volume is copied back 
soon after the access period ends. This leads to the ca-
pacity of online storage being minimized with mini-
mum loss of performance, resulting in energy savings. 
Note that the period that files are frequently accessed 
by the job (which corresponds to the period of the job 
execution), not each file-access, are predicted in our 
proposed method. 

We selected an HPC system as the first target in the 
batch-processing applications to evaluate eHiTS be-
cause one of the recent major issues in the HPC envi-
ronment has been to reduce the increasing energy con-
sumed by storage systems due to their much larger ca-
pacity as well as higher performance. 

This paper is organized as follows. Section 2 sum-
marizes related work and our research is compared with 
similar investigations. Section 3 proposes the new sto-
rage-tiering management for eHiTS. Sections 4 discuss 
our evaluations of the proposed method. Section 5 con-
cludes the paper and describes future work. 

 
2. Related Work 
 
A great deal of work has been done related to energy 
conservation in disk-storage systems. One of the main 
issues with energy conservation in HDDs is how to 
maximize the time period that HDDs are in a standby 
state. Methods of maximizing this time period are 
achieved by exploiting access locality [2], [6–7]. In 
other methods, the idle time, which means the time 
period without disk access, is extended to keep HDDs 
in a standby state longer. Methods to extend the idle 
time in storage systems have been proposed [8–10]. 
Also, efficient control of HDD states with hints from 
the application layer has been proposed to balance per-
formance with energy conservation [11]. A method of 
using application hints has been proposed to reduce the 
read latency [12]. However, this cannot be used in 
eHiTS because it identifies which data will be accessed 
but not when. 

Our approach is similar to that of GreenStor [11] 
proposed by Mandagere et al. in that it relocates the 
accessed data in a MAID system efficiently based on 
hints from applications to conserve energy. Our pro-

posed approach, however, is different from that of 
Greenstor. The staging timing for the requested data is 
controlled with application hints but the write-data des-
taging does not have any specific deadline in Green-
stor’s disk-cache management. They also assumed that 
applications provide approximate access timing in the 
future as hints. But, they do not describe how access 
timing is predicted. In our proposed method, the ac-
cessed volume stays in online storage as short as possi-
ble to minimize the size of the disk cache. The accessed 
volume cached in online storage is copied back soon 
after the access period ends. We also describe how the 
timing of the accessed volume copied from nearline to 
online storage is autonomously predicted and managed 
in the storage system by exploiting information about 
the job-queue. 

 
3. Architecture of eHiTS 

3.1. Power-aware Storage-tiering Management 
 
Figure 1 outlines the architecture of eHiTS with an 
HPC system for scientific calculations. The HPC sys-
tem consists of a supercomputer with an HPC-
management server. The eHiTS consists of high-speed 
online storage and high-capacity nearline storage with 
low-power consumption, where online storage tiered 
with nearline storage and network-attached storage 
(NAS) has been set up in front of the online storage to 
offer file access to the supercomputer and users. The 
eHiTS has a storage-management server to control data 
allocation between the online and nearline storage as 
well as manage the online and nearline storage and 
NAS.  

 Jobs executed in the supercomputer in the HPC sys-

Fig. 1 System Architecture 

JOB
InformationSAN

SAN

Online
Storage

Supercomputer

Vol. 0

NAS        NAS

HPC Mgmt. Server

LAN

Nearline
Storage

Storage Mgmt.
Server

JOB Scheduler
JobJobJob

Vol. 1 Vol. 2

Idle/Active

Vol. 1 Vol. 2

dir1 dir2

(1) Access 
Prediction

(4) HDD Power 
Control

Power-off
/Standby

Job

Power-off
/Standby

Users

(2) Copy (3) Copy Back

Vol. 3



tem are controlled by a job scheduler that works on the 
HPC management server. The jobs submitted by users 
are classified into multiple classes according to the us-
er-specified execution time, the number of CPUs, and 
the memory allocation size to input them into a queue 
for each class, as shown in Fig. 2. User jobs are con-
trolled in the queue and executed in sequence from the 
front of the queue. 

The accessed files (datasets) or directories must be 
copied from nearline to online storage before the job 
starts execution because the input files for calculation 
are read soon after the job has started. These are speci-
fied from the name described in the job script that users 
submit. Using the name, the volume mounted to the 
accessed directory is also specified in the storage man-
agement server. By exploiting the job-queue status and 
statistics of job submission and execution in each queue, 
the timing to start copying the accessed volume to on-
line storage is predicted in eHiTS for each user-
submitted job in each queue. These are labeled “Access 
Prediction (1)” in Fig. 1. 

eHiTS is equipped with another feature where the 
HDD enclosure is powered off, not spun down, when 
there is no access to gain larger energy savings than in 
MAID systems. All files in eHiTS are always stored in 
nearline storage when they are created, in which the 
HDD enclosures are usually left powered off. Before 
the user volume is accessed by the job, it is copied to 
online storage and the mounting point for the user’s 
directory is changed to the copied volume in online 
storage to offer high-speed access. These are labeled  
“Copy (2)” in Fig. 1. In eHiTS, the input files accessed 
by one user-submitted job are placed together in one 
user directory. A volume is mounted to the user direc-
tory and it must be sufficiently large so that the large 
output files from the job in HPC application can also be 
stored together. 

Before a volume is copied, the HDD enclosure that 

includes the volume is powered on. After copying, it is 
powered off again. This is labeled “HDD Power Con-
trol (4)” in Fig. 1. 

After a job has completed execution and if the ac-
cessed volume will not used by any jobs in the multiple 
queues, the copy and mounting processes are done in-
versely. That the job has completed can easily be de-
tected by periodically checking the job status in the job-
queueing system of the job scheduler. The volume that 
had been copied to online storage before the job started 
is copied back to the former volume in nearline storage 
and it is remounted to the user directory. These are la-
beled “Copy Back (3)” in Fig. 1. 

The eHiTS is also accessed by users as well as jobs. 
We have assumed user login is detected in the HPC 
system to identify user access to eHiTS. The HDD en-
closure that includes the user volumes is powered on 
and stays in an idle state during user login because it is 
very difficult to predict when the users will access their 
files during login. 

Figure 3 illustrates the power-consumption model 
of the HDD enclosure in eHiTS (a) and that of an ordi-
nary tiered-storage system with ILM (b). The power 
consumed by HDD enclosures in online storage usually 
equals the power consumption in the idle state of HDDs 
(Pi_OL) in both systems. The power consumed by HDD 
enclosures in online storage in both systems varies be-
tween the power consumption in the active state of 
HDDs (Pa_OL) and Pi_OL during job execution due to file 
access from the supercomputer. 

 In eHiTS, HDD enclosures in nearline storage 
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usually consume no power. Power is only consumed 
when volumes are copied to online storage (staging) 
and nearline storage (destaging) and during user login. 
When the HDD enclosure is powered on, the power 
varies to the power consumption in standby state of 
HDDs (Ps_NL). After this, the power varies to Pi_NL with 
the spin-up of HDDs. Then, the power varies between 
Pa_NL and Pi_NL during staging. Synchronized with this, 
the power consumed by HDD enclosures in online sto-
rage varies. During destaging, the power consumed by 
HDD enclosures in online and nearline storage varies 
as it does in staging. During user login, the power con-
sumed by HDD enclosures in nearline storage varies 
between Pa_NL and Pi_NL due to user accesses. 

In contrast to eHiTS, the power consumed by HDD 
enclosures in the nearline storage of the ordinary tiered 
storage system usually equals Ps_NL with a spin-down 
feature or Pi_NL without the feature. Before rarely ac-
cessed data is relocated to nearline storage, the power 
varies from Ps_NL to Pi_NL due to spin-up and varies be-
tween Pa_NL and Pi_NL during the relocation to nearline 
storage. Synchronized with this, the power consumed 
by HDD enclosures in online storage varies. During 
user login, the power consumed by HDD enclosures in 
online storage varies between Pa_OL and Pi_OL. 

Compared with the ordinary tiered storage, the 
energy consumed by eHiTS can be conserved due to 
the reduction of the capacity of online storage where 
there are fewer HDD enclosures and power-off feature 
of the HDD enclosure in nearline storage. We discuss 
details of the energy consumption in Section 4.2. 

3.2. Timing to Start Copying before Access 

In eHiTS, copying an accessed volume from nearline to 
online storage must be completed before the job starts. 
The job scheduler in HPC systems generally has mul-
tiple job queues, as shown in Fig. 2. In each job queue 
of the multiple job queues, the job inter-arrival time 
and the job execution interval, which determine the job-
queue state, could be expressed as an independent 
probability distribution with different parameters [13]. 
Therefore, we can determine the timing to start copying 
the accessed volume in each queue of the multiple job 
queues independently. Here in Fig. 2, we have focused 
on the job queue at the bottom. The k+1-jobs in the 
job-queueing system have been expressed. J00 is the job 
being executed and Jk0 is a job submitted at that time. 
The waiting time for the submitted Jk0 job to start to 
execute is Twk. The time for the accessed volume to 
copy from nearline to online storage outlined in Fig. 1 
(2) is Tcopy, which equals the sum of the time for the 
HDD enclosure to power up and the time to copy the 
volume from nearline to online storage. The copying of 

an accessed volume is successfully completed from 
nearline to online storage before access if there are suf-
ficient jobs in the job-queue to be Twk≧Tcopy. Unlike 
the prediction with the observed history of previous 
waiting times [14], we use a threshold value of queue 
length, (kth), that satisfies Twk≧ Tcopy. If the number of 
jobs in the job-queueing system when a job is submit-
ted is equal to or less than kth, the copying of volumes is 
started and job execution is delayed for Tcopy. If not, job 
execution is not delayed and the copying is started 
when the order of the job is equal to kth. 

In this paper, we derived the minimum value of kth 
for the desirable probability of Twk≧Tcopy, which means 
the copying is successfully completed before access, 
from simulating the job-queueing system with the job 
inter-arrival time and the job execution interval fol-
lowed by a hyper-exponential and hyper-Erlang distri-
bution in a real, large HPC system [13] by using an 
event-driven simulator. These distributions could be 
expressed as a mixture of an exponential and Erlang 
distribution with a mean value of several minutes and 
those with a mean value of several tens or hundreds 
minutes. For example, the former distributions often 
correspond to that for weekday daytime and evening 
before weekend and the latter ones often correspond to 
that for night-time and weekend. Figure 4 plots the 
miss probability of prediction (Pmiss=1-P(Twk≧Tcopy)). 
The average size of the volumes copied between near-
line and online storage was 50 GB and the size was 
followed by a lognormal distribution between 1 GB and 
1 TB. We found that kth should be equal to or more than 
12 for the lower utilization factor (ρ) of 0.5 as well as 
the higher ρ of 0.95 if we could allow the miss proba-
bility of less than 10-4. We think it is allowable that the 
accessed volume cannot completely be copied from 
nearline to online storage before access every 10,000 
job executions which means a miss occurs every 416 
days if the average of job execution time is one hour. If 
there are more than twelve jobs in the job-queueing 
system when a job is submitted, its execution is not 
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delayed and the volume accessed by the job starts to 
copy when the number of jobs ahead of the job reaches 
twelve. This leads to a maximum of fourteen copied 
volumes in online storage taking into consideration the 
volumes copied during staging and destaging. If the 
average size of directories is 50 GB, which is thought 
to be sufficiently large in general HPC systems [15-16], 
the required capacity for online storage is at most 700 
GB. If the HPC system has ten job queues, the required 
capacity of online storage becomes 7 TB. 

kth can also be derived dynamically. If we prede-
termine the desirable probability of Twk≧Tcopy 
(P(Twk≧Tcopy)) when the job is submitted, the minimum 
value of kth can be derived from solving the equation 
(1) b  on queu or rical . We will 
study t

ased  ing-the y nume ly
 this me hod in future work. 
ܲ൫ ௪ܶ௞൒Tcopy൯ ൌ ∑ ௥ሺݒ ௖ܶ௢௣௬ሻ

௞೟೓ିଵ
௥ୀ଴ ,     (1) 

where vr(t) is the probability that the r-jobs complete 
execution during t, which expressed as a function of the 
mean value of the job execution interval. 

4. Evaluation of Energy-conservation Efficiency 

4.1. Experimental Setup 

Figure 5 illustrates the configuration for the testbed we 
developed. Table 1 lists the features of the equipment. 
The tiered-storage system in the testbed consisted of 
one Hitachi USP VM with 12.6 TB of capacity for on-
line storage and two Hitachi AMS 2500s with 64 TB of 
capacity in total for nearline storage. The Hitachi AMS 
2500s were equipped with a feature where the HDD 
enclosure was powered on and off by a command from 
the management software. Two Hitachi Essential NAS 

Platforms® were set up in front of the online storage. 
The prototype of the software was equipped with fea-
tures to predict the timing to start copying the volume, 
copy the volume between online and nearline storage 
based on the prediction, and control the power of HDD 
enclosures in nearline storage and it worked on the sto-
rage-management server. It was also equipped with 
features of ILM in the ordinary tiered storage system to 
compare the both energy consumption under the same 
platform. The HPC system consisted of an SGI Al-
tix3700B and a management server with a job schedu-
ler (PBS ProTM). Two NASs were connected to the Al-
tix3700B via an IP-SW with a 10Gig Ethernet. 

 The energy consumed by eHiTS was compared in 
the evaluation with that by an ordinary tiered-storage 
system with ILM. The power consumed by eHiTS and 
the ordinary tiered-storage system were measured dur-
ing the day with a power logger to find how much 
energy was consumed per day. The power consumed by 
the controller and HDD enclosures in online and near-
line storage were measured independently. 

Table 2 lists the parameters for the loads imposed 
by jobs and users, which affected energy consumption. 

Table 1  Features of Equipment 
Equipment Features

NAS IP: 1 Gbps×12 ports, FC: 4 Gbps×4 ports
OL FC: 4 Gbps×24 ports, Capacity: 12.6 TB (max.)

(HDD: 300 GB-FC/15 krpm×48, 7D+1P)
NL FC: 4 Gbps×8 ports, Capacity: 32 TB

(HDD: 1 TB-SATA×40,  8D+2P)
Storage Mgmt. 

Server
Windows Server 2003
(Management Software, Prototype Software)

Table 2  Parameters for Evaluation 
Parameters Values

Average Job Inter-arrival Time: 
1/λ   (min) 60

Average Job Execution Interval: 
1/μ   (min) 60

User Login Time: tlin (min) 480

File Size (MB) 100  -
1000

Accessed Volume Size (GB) 10 
Relocation Time from online to 

nearline: trelo (h) 8

HPC
System

Testbed IP-SW1

IP-SW2

Management
NetworkData

Transfer
Network

Supercomputer
IP-SW

NAS NAS

Online Storage (OL)

Nearline Storage (NL)

HPC Mgmt. Server

Storage Mgmt. Server

Job Scheduler

Prototype Software

Mgmt. SoftwareFC-SW

Table 3  Online and Nearline Storage Capacity for 
Three Capacity Ratios and Four System Capacities 

Capacity 
ratios 
(OL:NL)

System Capacities
64 TB 256 TB 512 TB 1024 TB

OL NL OL NL OL NL OL NL
8: 120 

(Ord. TS) 4.2 60 16.8 240 33.6 480 67.2 960

4: 120 
(eHiTS) 2.1 64 8.4 256 16.8 512 33.6 1024

1: 120 
(eHiTS) n/a 64 2.1 256 4.2 512 8.4 1024

Fig. 5 Configuration of Testbed 



The HDD enclosures in nearline storage in the evalua-
tion had 10 HDDs with an 8D+2P RAID6 configura-
tion and each one was only allocated to the fixed mul-
tiple users to ease the management of volume copying 
and power control of HDD enclosures. 

We assumed that there would be one job queue for 
the conditions in the HPC system as mentioned in Sec-
tion 3.2. To evaluate the energy conserved when all the 
volume copying were successfully completed before 
access, the conditions for job submissions and job ex-
ecutions were selected so that Twk was longer than or 
equal to Tcopy. That is, both the average inter-arrival 
time between job submissions and average job execu-
tion interval were selected as 60 min and measurement 
commenced when there were more than three jobs in 
the job queue so that there would be enough jobs in the 
queue. Copying the accessed volume was also started 
when the job submitted. 

In the ordinary tiered-storage system with ILM, the 
relocation of rarely accessed files to nearline storage 
was carried out regularly, e.g., once a day or once a 
week. The relocation in the evaluation was carried out 
once a day. The relocation-time period (trelo) was set to 
8 hours overnight. 

The most distinct feature of eHiTS is its ability to 
minimize the capacity of online storage to conserve 
energy. The eHiTS’s energy consumption with a capac-
ity ratio for online to nearline storage of 4 to 120 was 
compared with that of the ordinary tiered system with a 
capacity ratio of 8 to 120 to confirm what effect mini-
mizing the capacity of online storage had on conserving 
energy. The ratio of the ordinary tiered system was 
determined by assuming that data would seldom be 
accessed when more than 90 days had elapsed after it 
had been created [4]. The capacities of online and near-
line storage are listed in Table 3 for both capacity ratios 
and system capacities. Note that the system capacity, 
which means the usable capacity, is the sum of online- 
and nearline-storage capacity in an ordinary tiered sys-

tem and nearline-storage capacity in eHiTS because 
online storage was used as a cache. The capacity of 
online storage with 1-to-120 capacity ratio and 1024-
TB system capacity is about 8 TB. This value is larger 
than the required online-storage capacity of 7 TB for 
the miss probability of less than 10-4 mentioned in Sec-
tion 3.2. Therefore, the miss probability can be suffi-
ciently within reach in this situation. 

4.2. Results and Discussion 

Figure 6 shows the power consumption measured for 
nearline storage in eHiTS, where the timings of job 
submission, execution, and volume copying between 
nearline and online storage have been indicated. We 
confirmed that the power-aware proactive storage-
tiering method in eHiTS worked successfully. For ex-
ample, when job1 was submitted, HDD enclosure1 
which included the volume accessed by job1 was suc-
cessfully powered on. After that, the volume copying to 
online storage started and HDD enclosure1 was po-
wered off after the completion of volume copying. Af-
ter volume copying was complete, job1 started to ex-
ecute. This means the supercomputer successfully ac-
cessed files included in the copied volume in online 
storage. After job1 stopped executing, the volume co-
pying to nearline storage started. Before and after that, 
HDD enclosure1 was also successfully powered on and 
off. 

Figure 7 compares the measured eHiTS’s energy 
consumption per day with that by the ordinary tiered 
system (Ord. TS) in our testbed. The values indicated in 
and on the bars in Fig. 7 represent the percentages for 
the energy consumption against the ordinary tiered-
storage system. The bars plot the details on energy con-
servation. OL-CTL and NL-CTL mean the controllers 
for online and nearline storage. OL-HDDs and NL-
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NDDs mean the HDD enclosures in online and nearline 
storage. These energy consumptions include the energy 
consumed by fans, power supplies and switches as well 
as HDDs. We found that eHiTS with 64-TB capacity 
and 4-to-120 capacity ratio was able to save up to 16% 
of the energy consumed by the ordinary tiered-storage 
system with the same capacity. This 16%-saving came 
from a 4%-saving due to fewer HDD enclosures in on-
line storage and 12%-saving due to HDD enclosures 
with power-off feature in nearline storage compared 
with the ordinary tiered storage system. If the nearline 
storage of the ordinary tiered-storage system could be 
equipped with a feature of power-off control, the ener-
gy savings of eHiTS decreased to 3% only due to less 
capacity of online storage. 

Figure 8 compares the estimated energy consumed 
by the eHiTS and ordinary tiered-storage system with 
256, 512, and 1024-TB capacities based on the meas-
ured energy consumption in our testbed. In the esti-
mates, we assumed that only the number of HDD en-
closures was increased to correspond to the increase in 
system capacity. The controllers were assumed to sup-
port up to 1-PB-system capacity. We also assumed that 
the job scheduler had 10-job-queues and the job execu-
tion interval in all the job-queues is the same as that in 
Table 2. 

We found that the energy consumed by eHiTS with 
a 1-to-120 capacity ratio was 68, 54, and 45% of that 
by the ordinary tiered system with respective system 
capacities of 256, 512, and 1024 TB. The energy con-
sumed by OL-CTL and NL-CTL in eHiTS was the 
same as that by the ordinary tiered-storage system be-
cause of the same platform. The energy consumed by 
the OL-HDDs in eHiTS with 4-to-120 and 1-to-120 
capacity ratio were about 70% and 18% of that by the 
ordinary tiered-storage system in all the system capaci-
ties due to the half and eighth capacity of the online 
storage of the ordinary tiered-storage system. For the 
1024-TB system capacity, the energy consumed by the 

NL-HDDs in eHiTS decreased to 36% compared with 
67% in the ordinary tiered-storage system due to pow-
er-off control when there was no access. This effect of 
power-off control became greater for larger system 
capacity due to the increase in the number of HDD en-
closures. Even if MAID systems could also be 
equipped with a power-off control feature (which cor-
responds to the case that the energy consumed during 
standby-state of NL-HDDs is equal to zero in Fig. 8), 
eHiTS can get larger energy-savings than the ordinary 
tiered-storage system for larger capacity and capacity 
ratio. 

Figure 9 shows the origin of the energy consumed 
by eHiTS with the 1-PB-system capacity and 1-to-120- 
capacity ratio shown in Fig.8. The energy consumed by 
the NL-HDDs in eHiTS accounted for a significant 
proportion of 78.2%, in which the largest amount of 
energy consumption (66.4%) originated from the ener-
gy consumption during user login. As mentioned in 
Section 3.1, the HDD enclosure that included the user 
volumes stayed in an idle state during user login be-
cause it was very difficult to predict when users would 
access their files during login. Moreover, each enclo-
sure in nearline storage was allocated to the fixed users 
so that the power-off control could be easily managed 
in the experiment. Therefore, all the HDD enclosures in 
nearline storage were powered on during the eight 
hours of user login. Because of these conditions, the 
energy consumed by the HDD enclosures in nearline 
storage accounted for a larger proportion in larger sys-
tem capacity. To prevent this situation and minimize 
the number of HDD enclosures that powered on, fre-
quently accessed-volumes by users must be placed to-
gether into one or a small number of HDD enclosures. 
To manage this, the volumes must be moved regularly 
between HDD enclosures in nearline storage based on 
the utilization of volumes. We intend to study eHiTS 
with this kind of management in future work. 

On the other hand, the energy consumed by the vo-

OL-CTL
(4.4%)

OL-HDDs: Active State during Job Exec.  (0.6%)

OL-HDDs: Active State during 
Volume Copying  (1.6%)

NL-HDDs: Active State 
during Volume Copying    

(1.0%)

NL-HDDs: Active State during
User Login

(6.7%)

NL-HDDs: Idle State 
during User Login

(59.7%)

NL-HDDs:Transition between
Power on and off(1.5%)

Fig. 9 Origin of Energy Consumed by HDD 
Enclosures in Nearline Storage 

Fig. 8 Comparisons of eHiTS’s Energy Consumption 
with Ordinary Tiered System (Estimation)



lume copying between online and nearline storage ac-
counted for only 1.6% and 1.0% in online and nearline 
storage respectively. In the estimates, we assumed that 
the average size of volumes was 10GB. Both energy 
consumptions would be about 10% even if the average 
size is 100GB. It was found that the volume copying 
between online and nearline storage did not consume 
much energy in addition to be one of the key features in 
eHiTS. 

5. Conclusions and Future Work 

Large-scale high-speed mass-storage systems account 
for a large part of the energy consumed at data centers. 
To conserve the energy consumed by these storage sys-
tems with minimum degradation in performance, we 
proposed a power-aware proactive method of storage-
tiering management to minimize the capacity of the first 
tier’s online storage with the second tier’s nearline sto-
rage, which had a feature that lowered power consump-
tion. 

We selected an HPC system as the first target appli-
cation to evaluate eHiTS.  We could demonstrate the 
effectiveness of eHiTS in conserving energy using a 
testbed developed in a real HPC environment. The re-
sults revealed that the energy consumption with eHiTS 
decreased by as much as 84 % of that of an ordinary 
tiered-storage system with ILM for a system capacity of 
64 TB. This energy conservation corresponded to 55% 
in 1-PB capacity. This came from 24%-saving due to 
minimizing online storage capacity and 31%-saving 
due to HDD enclosures with power-off feature in near-
line storage. 

We have been improving the energy efficiency and 
the method of prediction for eHiTS and we intend to 
evaluate its energy conservation and probability of pre-
diction again. Moreover, we intend to expand eHiTS to 
other applications that require high speed and energy to 
be conserved. 
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