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(57) ABSTRACT 

Systems and methods for providing scalable, reliable, 
poWer-ef?cient, high-capacity data storage, Wherein large 
numbers of closely packed data drives having corresponding 
metadata and parity volumes are individually poWered on 
and o?‘, depending upon their respective usage. In one 
embodiment, the invention is implemented in a RAID-type 
data storage system Which employs a large number of hard 
disk drives that are individually controlled, so that only the 
disk drives that are in use are poWered on. The reduced 
poWer consumption alloWs the disk drives to be contained in 
a smaller enclosure than Would conventionally be possible. 
In a preferred embodiment, the data protection scheme is 
designed to utiliZe large, contiguous blocks of space on the 
data disk drives, and to use the space on one data disk drive 
at a time, so that the data disk drives Which are not in use can 
be poWered down. 
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METHOD AND APPARATUS FOR 
POWER-EFFICIENT HIGH-CAPACITY SCALABLE 

STORAGE SYSTEM 

RELATED APPLICATIONS 

[0001] This application is a continuation of US. patent 
application Ser. No. 11/351,979 entitled “METHOD AND 
APPARATUS FOR POWER-EFFICIENT HIGH-CAPAC 
ITY SCALABLE STORAGE SYSTEM” ?led Feb. 9, 2006, 
Which is a continuation of US. patent Ser. No. 10/607,932, 
entitled “METHOD AND APPARATUS FOR POWER 
EFFICIENT HIGH-CAPACITY SCALALBE STORAGE 
SYSTEM”, ?led Jun. 26, 2003, now US. Pat. No. 7,035, 
972, Which claims priority to US. Provisional Patent Appli 
cation No. 60/407,299, entitled “Method and Apparatus for 
E?icient Scalable Storage Management”, ?led Sep. 3, 2002, 
both of Which are incorporated by reference as if set forth 
herein in their entirety. 

BACKGROUND OF THE INVENTION 

[0002] 
[0003] The present invention relates generally to data 
storage systems, and more particularly to poWer-e?icient, 
high-capacity data storage systems that are scalable and 
reliable. 

[0004] 2. RelatedArt 

[0005] The need for large data storage motivates the need 
for building large-scale and high-capacity storage systems. 
While one option for building scalable systems is to connect 
and centrally manage multiple storage systems across a 
netWork, such as a storage area netWork (SAN), the inherent 
capacity increase in a single system is still highly desirable 
for tWo reasons: ?rst, increasing total storage capacity in a 
single system in effect provide a multiplier effect for the total 
storage across a SAN; and second, for many uses providing 
a single device that manages larger capacity of storage is 
alWays more cost-effective in testing, integrating and 
deploying. 

1. Field of the Invention 

[0006] Traditionally, tape drives, automated tape libraries 
or other removable media storage devices have been used to 
deliver large capacity storage in a single system. This is due 
in large part to the loWer cost and footprint of these types of 
systems When compared to media such as disk drives. 
Recent advances in disk technology, hoWever, have caused 
designers to revisit the design of large scale storage systems 
using disk drives. There are tWo primary reasons for this. 
First, the cost differential betWeen disk and tape devices on 
per unit storage is decreasing rapidly due to the higher 
capacity of disk drives available at effectively loWer cost. 
Second, the performance of disk systems With respect to 
access times and throughput are far greater than tape sys 
tems. 

[0007] Despite the falling cost of disk drives and their 
performance in throughput and access times, some tape 
drives still have the advantage of being able to support large 
numbers (e.g., ten or more) of removable cartridges in a 
single automated library. Because a single tape drive can 
access multiple tape volumes, equivalent storage on multiple 
disk drives Will consume ore (e.g., ten times more) poWer 
than the equivalent tape drive systems, even With a compa 
rable footprint. Furthermore, for a disk-based storage system 
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that has the same number of poWered drives as the number 
of passive cartridges in a tape system, the probability of 
failures increases in the disk storage system. It Would 
therefore be desirable to provide a single high-capacity disk 
based storage system that is as cost effective as tertiary tape 
storage systems but With high reliability and greater perfor 
mance. 

[0008] Traditional RAID and Data Protection Schemes 
Issues 

[0009] The dominant approach to building large storage 
systems is to use a redundant array of inexpensive (inde 
pendent) disks (RAID). RAID systems are described, for 
example, in David A. Patterson, G. Gibson, and Randy H. 
KatZ, “A Case for Redundant Arrays of Inexpensive Disks 
(RAID),” International Conference on Management of Data 
(SIGMOD), p. 109-116, June 1988. The primary goal for 
RAID is to provide data protection or fault tolerance in 
access to data in the case of failures, especially disk failures. 
A secondary bene?t is increasing I/O performance by 
spreading data over multiple disk spindles and performing 
operations in parallel, Which alloWs multiple drives to be 
Working on a single transfer request. 

[0010] There are six commonly knoWn RAID “levels” or 
standard geometries that are generally used for conventional 
RAID storage systems. The simplest array that provides a 
form of redundancy, a RAID level 1 system, comprises one 
or more disks for storing data and an equal number of 
additional mirror disks for storing copies of the information 
Written to the data disks. The remaining RAID levels, 
identi?ed as RAID level 2-6 systems, segment the data into 
portions for storage across several data disks. One of more 
additional disks is utiliZed to store error check or parity 
information. 

[0011] RAID storage subsystems typically utiliZe a control 
module that shields the user or host system from the details 
of managing the redundant array. The controller makes the 
subsystem appear to the host computer as a single, highly 
reliable, high capacity disk drive even though a RAID 
controller may distribute the data across many smaller 
drives. Frequently, RAID subsystems provide large cache 
memory structures to further improve the performance of the 
subsystem. The host system simply requests blocks of data 
to be read or Written and the RAID controller manipulates 
the disk array and cache memory as required. 

[0012] The various RAID levels are distinguished by their 
relative performance capabilities as Well as their overhead 
storage requirements. For example, a RAID level 1 “mir 
rored,” storage system requires more overhead storage than 
RAID levels 2-5 that utiliZe XOR parity to provide requisite 
redundancy. RAID level 1 requires 100% overhead since it 
duplicates all data, While RAID level 5 requires 1/N of the 
storage capacity used for storing data, Where N is the 
number of data disk drives used in the RAID set. 

[0013] Traditional PoWer Consumption Issues 

[0014] There have been a feW recent efforts at poWer 
cycling computing resources at a data center. This is done for 
a variety of different reasons, such as energy cost and 
reliability. For example, a data storage system may be scaled 
upWard to incorporate a very large number of disk drives. As 
the number of disk drives in the system increases, it is 
apparent that the amount of energy required to operate the 
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system increases. It may be somewhat less apparent that the 
reliability of the system is likely to decrease because of the 
increased heat generated by the disk drives in the system. 
While prior art systems use various approaches to address 
these problems, they typically involve opportunistically 
powering down all of the drives in the system, as demon 
strated by the following examples. 

[0015] To reduce energy costs in a data center, one 
approach employs energy-conscious provisioning of servers 
by concentrating request loads to a minimal active set of 
servers for the current aggregate load level (see Jeffrey S. 
Chase, Darrell C. Anderson, Parchi N. Thakar, Amin M. 
Vahdat, and Ronald P. Doyle. Managing energy and server 
resources in hosting centers. In Proceedings of the 18th 
ACM Symposium on Operating Systems Principles, pages 
103-116, October 2001). Active servers always run near a 
con?gured utiliZation threshold, while the excess servers 
transition to low-power idle states to reduce the energy cost 
of maintaining surplus capacity during periods of light load. 
The focus is on power cycling servers and not on storage. 
Chase, et al. mention that power cycling may reduce the life 
of the disks, but current disks have a start/ stop limit that will 
likely not be exceeded. 

[0016] Another approach uses a large-capacity storage 
system which is referred to as a massive array of idle disks, 
or MAID (see Dennis Colarelli, Dirk Grunwald and Michael 
Neufeld, The Case for Massive Arrays of Idle Disks 
(MAID), Usenix Conference on File and Storage Technolo 
gies (FAST), January 2002, Monterey Calif.). In this 
approach, a block level storage system uses a front-end 
cache and controller that allow access to the full array of 
drives. The full array can be powered off opportunistically to 
extend the life of IDE or ATA drives. The power off schedule 
is based on a heuristic, such as a least-recently-used or least 
expected to be used model, i.e., the array of drives is turned 
off when no data access is expected on any of the drives in 
the array. Another approach uses archival storage systems 
where ATA drives are also powered off (as in the case of 
MAID) based on the algorithms similar to the LRU policy 
(see Kai Li and Howard Lee, Archival data storage system 
and method, US Patent Application # 20020144057, Oct. 3, 
2002). In some systems, the array of drives comprises a 
RAID set. In these systems, the entire RAID set is oppor 
tunistically powered on or off (see, e.g., Fire?yTM Digital 
Virtual Library, http://www.asaca.com/DVL/DM.subi 
200.htm). These systems can power down a RAID set that 
has been in an extended state of inactivity, or power up a 
RAID set for which I/O requests are pending. 

[0017] Systems with Very Large Numbers of Drives 

[0018] One of the challenges that exists in the current data 
storage environment is to build a storage controller that can 
handle hundreds of drives for providing large-scale storage 
capacity, while maintaining performance and reliability. 
This challenge encompasses several different aspects of the 
system design: the system reliability; the interconnection 
and switching scheme for control of the drives; the perfor 
mance in terms of disk I/O; and the cost of the system. Each 
of these aspects is addressed brie?y below. 

[0019] System Reliability. 

[0020] As the number of operational drives increases in 
the system, especially if many drives are seeking for data 
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concurrently, the probability of a drive failure increases 
almost linearly with the number of drives, thereby decreas 
ing overall reliability of the system. For example, if a typical 
disk drive can be characteriZed as having a mean time to 

failure (MTTF) of 500,000 hours, a system with 1000 of 
these drives will be expected to have its ?rst disk fail in 
500.5 hours or 21 days. 

[0021] Interconnection and Switching Scheme for Control 
of Drives. 

[0022] As the number of drives increases, an ef?cient 
interconnect scheme is required both to move data and to 
control commands between the controller and all of the 
drives. As used here, control of the drives refers to both 
controlling access to drives for I/O operations, and provid 
ing data protection, such as by using RAID parity schemes. 
There are two obvious challenges that arise in relation to the 
interconnection mechanism: the cost of the interconnection 
and the related complexity of fanout from the controller to 
the drives. 

[0023] Performance for Disk I/O. 

[0024] Since the controller will read and write data to and 
from all of the drives, the bandwidth required between the 
controller and the drives will scale With the number of active 
drives. In addition, there is the dif?culty of RAIDing across 
a very large set, since the complexity, the extent of process 
ing logic and the delay of the parity computation will grow 
with the number of drives in the RAID set. 

[0025] Cost. 

[0026] All of the above design issues must be addressed, 
while ensuring that the cost of the overall disk system can be 
competitive with typically lower cost tertiary tape storage 
devices. 

SUMMARY OF THE INVENTION 

[0027] One or more of the problems outlined above may 
be solved by the various embodiments of the invention. 
Broadly speaking, the invention comprises systems and 
methods for providing scalable, reliable, power-e?icient, 
high-capacity data storage, wherein large numbers of closely 
packed data drives having corresponding metadata and 
parity volumes are individually powered on and off, accord 
ing to usage requirements. 

[0028] In one embodiment, the invention is implemented 
in a RAID-type data storage system. This system employs a 
large number of hard disk drives that are individually 
controlled, so that in this embodiment only the disk drives 
that are in use are powered on. Consequently, the system 
uses only a fraction of the power that would be consumed if 
all of the disk drives in the system had to be powered on. In 
a preferred embodiment, the data protection scheme is 
designed to utiliZe large, contiguous blocks of space on the 
data disk drives, and to use the space on one data disk drive 
at a time, so that the data disk drives which are not in use can 
be powered down. 

[0029] One embodiment of the invention comprises a 
method which includes the steps of providing a data storage 
system having a plurality of data storage drives, performing 
data accesses to the data storage system, wherein the data 
accesses involve accesses to a ?rst subset of the data storage 
drives and wherein the ?rst subset of the data storage drives 
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is powered on, and powering doWn a second subset of the 
data storage drives, Wherein the data accesses do not involve 
accesses to the second subset of the data storage drives. 

[0030] Numerous additional embodiments are also pos 
sible. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] Other objects and advantages of the invention may 
become apparent upon reading the folloWing detailed 
description and upon reference to the accompanying draW 
ings. 
[0032] FIG. 1 IS a diagram illustrating the general struc 
ture of a multiple-disk data storage system in accordance 
With one embodiment. 

[0033] FIGS. 2A and 2B are diagrams illustrating the 
interconnections betWeen the controllers and disk drives in 
a densely packed data storage system in accordance With one 
embodiment. 

[0034] FIG. 3 is a diagram illustrating the physical con 
?guration of a densely packed data storage system in accor 
dance With one embodiment. 

[0035] FIG. 4 is a How diagram illustrating the manner in 
Which the poWer management scheme of a densely packed 
data storage system is determined in accordance With one 
embodiment. 

[0036] FIG. 5 is a diagram illustrating the manner in Which 
information is Written to a parity disk and the manner in 
Which disk drives are poWered on and off in accordance With 
one embodiment. 

[0037] FIG. 6 is a diagram illustrating the content of a 
metadata disk in accordance With one embodiment. 

[0038] FIG. 7 is a diagram illustrating the structure of 
information stored on a metadata disk in accordance With 
one embodiment. 

[0039] FIG. 8 is a diagram illustrating the manner in Which 
containers of data are arranged on a set of disk drives in 
accordance With one embodiment. 

[0040] FIG. 9 is a diagram illustrating the manner in Which 
the initial segments of data from a plurality of disk drives are 
stored on a metadata volume in accordance With one 
embodiment. 

[0041] FIG. 10 is a diagram illustrating the use ofa pair of 
redundant disk drives and corresponding parity and meta 
data volumes in accordance With one embodiment. 

[0042] FIG. 11 is a diagram illustrating the use of a data 
storage system as a backup target for the primary storage via 
a direct connection and as a media (backup) server to a tape 
library in accordance With one embodiment. 

[0043] FIG. 12 is a diagram illustrating the interconnect 
from the host (server or end user) to the end disk drives in 
accordance With one embodiment. 

[0044] FIG. 13 is a diagram illustrating the interconnec 
tion of a channel controller With multiple stick controllers in 
accordance With one embodiment. 

[0045] FIG. 14 is a diagram illustrating the interconnec 
tion of the outputs of a SATA channel controller With 
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corresponding stick controller data/ command router devices 
in accordance With one embodiment. 

[0046] FIG. 15 is a diagram illustrating the implementa 
tion of a rack controller in accordance With one embodiment. 

[0047] While the invention is subject to various modi? 
cations and alternative forms, speci?c embodiments thereof 
are shoWn by Way of example in the draWings and the 
accompanying detailed description. It should be understood, 
hoWever, that the draWings and detailed description are not 
intended to limit the invention to the particular embodiment 
Which is described. This disclosure is instead intended to 
cover all modi?cations, equivalents and alternatives falling 
Within the scope of the present invention as de?ned by the 
appended claims. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0048] One or more embodiments of the invention are 
described beloW. It should be noted that these and any other 
embodiments described beloW are exemplary and are 
intended to be illustrative of the invention rather than 
limiting. 

[0049] As described herein, various embodiments of the 
invention comprise systems and methods for providing 
scalable, reliable, poWer-ef?cient, high-capacity data stor 
age, Wherein large numbers of closely packed data drives 
having corresponding data storage drives are individually 
poWered on and off, depending upon their usage require 
ments. 

[0050] In one embodiment, the invention is implemented 
in a RAID-type data storage system. This system employs a 
large number of hard disk drives. When data is Written to the 
system, the data is Written to one or more of the disk drives. 
Metadata and parity information corresponding to the data 
are also Written to one or more of the disk drives to reduce 
the possibility of data being lost or corrupted. The manner in 
Which data is Written to the disks typically involves only one 
data disk at a time, in addition to metadata and parity disks. 
Similarly, reads of data typically only involve one data disk 
at a time. Consequently, data disks Which are not currently 
being accessed can be poWered doWn. The system is there 
fore con?gured to individually control the poWer to each of 
the disks so that it can poWer up the subset of disks that are 
currently being accessed, While poWering doWn the subset of 
disks that are not being accessed. 

[0051] Because only a portion of the disk drives in the 
system are poWered on at any given time, the poWer con 
sumption of the system is less than that of a comparable 
conventional system (i.e., one With approximately the same 
total number of similar disk drives) in Which all of the disk 
drives have to be poWered on at the same time. As a result 
of the loWer poWer consumption of the system, it generates 
less heat and requires less cooling than the conventional 
system. The present system can therefore be packaged in a 
smaller enclosure than the comparable conventional system. 
Another difference betWeen the present system and conven 
tional systems is that conventional systems require sWitches 
for routing data to appropriate data disks in accordance With 
the data protection scheme employed by the system (e.g., 
RAID level 3). In the present system, on the other hand, 
most of the disk drives are poWered doWn at any given time, 


















