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FIG. 3A
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350 '1/

Modify the leaf image in response to the compute
node’s access to its instance of the application
environment.
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Receive indexing results pertaining to the root
image from a compute node.
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Store the indexing results on a shared storage unit.
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Provide the indexing results to other compute
nodes.

!

360 L

Optionally, reconcile the root image and the leaf
image to form a new root image.
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510 L

Receive data blocks of a file system.

!
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Index a root image portion of the file system.
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Store the indexing results on a shared storage unit
accessible by another compute node.
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Provide the indexing results to another compute
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!

550 L

Index a leaf image portion of the file system.
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560 L

Re-index the file system by re-indexing the leaf
image portion and merging the re-indexing results
with the indexing results of the root portion.
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1
ROOT IMAGE CACHING AND INDEXING
FOR BLOCK-LEVEL DISTRIBUTED
APPLICATION MANAGEMENT

CLAIM OF PRIORITY UNDER 35 U.S.C. §120

The present application for patent is a continuation-in-part
of application Ser. No. 11/395,816, entitled “BLOCK-
LEVEL I/O SUBSYSTEM FOR DISTRIBUTED APPLI-
CATION ENVIRONMENT MANAGEMENT,” filed Mar.
30, 2006, now U.S. Pat. No. 7,721,282, assigned to the
assignee hereof and hereby expressly incorporated by refer-
ence herein.

REFERENCE TO CO-PENDING APPLICATIONS
FOR PATENT

The present application for patent is related to the follow-
ing U.S. patent application:

“VIRUS SCANNING FOR BLOCK-LEVEL DISTRIB-
UTED APPLICATION MANAGEMENT,” by Kulkarni et
al., filed Feb. 28, 2007, now U.S. Pat. No. 8,065,737, assigned
to the assignee hereof and expressly incorporated by refer-
ence herein.

BACKGROUND
Background

Over the years, as the internet has expanded and computers
have multiplied, the need for clustered computing such as
High Performance Computing (HPC) has increased. Clus-
tered computing involves multiple compute nodes, usually a
server grid, that work together to achieve a common task. For
example, several (typically hundreds of) compute nodes may
be clustered together to share the load of serving a high-traffic
website. In large-scale systems such as this, a trend in soft-
ware deployment is to centralize data management on a glo-
bally accessible file system with stateless computing nodes. A
common example of this is Operating System (OS) software
image management, where the compute nodes are activated
with the distributed application environment by either disk-
less booting protocols or remote software installation to local
storage. Under this architecture, a boot image is required for
each compute node in the cluster. The boot image necessarily
contains the kernel; it may additionally contain the applica-
tion software that is intended to be run on the compute node.

The primary concern in clustered computing is low cluster
bring-up time. The software that provides the boot images for
the cluster typically stores a master boot image. It may then
either pre-create clones of this master image for each such
server, or it may create them “on the fly.”

Creating a boot image on the fly involves copying the entire
contents of the master image, which are typically in the range
of' 5-15 GB. Even with a significant amount of bandwidth by
today’s standards, this method will result in a large bring-up
time.

Pre-creating a boot image for each server is advantageous
from the point of view of cluster bring-up time. However,
since one often does not know in advance how many servers
will ever be booted, this scheme may result in wasted disk
space.

Regardless of which of the preceding methods is used, both
suffer from the same major problem—updating the boot
image(s) for the cluster is cumbersome, as it means updating
a number of copies of the boot image.
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Additionally, once some compute nodes have booted, they
will often engage in redundant activities with respect to each
other. For example, assume that a cluster involves 20 compute
nodes each running the same operating system and using
substantially similar hardware. The 20 compute nodes will
generally need to access much of the same data (e.g., drivers,
library files, etc.). Moreover, when each of the 20 compute
nodes index their file systems, the index results will only vary
slightly to the extent that each compute node has developed its
own “personality.” Thus, to the extent that there is redundancy
in the operations of the compute nodes, CPU resources, disk
space, and data bus bandwidth are wasted.

In a branching store file system, a read-only base image (or
“root” image) of the application environment is created. The
root image is accessible by all compute nodes in the cluster.
Changes made by a compute node to the root image are stored
in a “leat” image unique to that compute node. A filter oper-
ates between the compute nodes and the file system(s), which
merges the changes recorded on the leaf images with the root
image and delivers the result to the appropriate compute node.
From the point of view of the compute node, it is running its
own unique and cohesive instance of the application environ-
ment. While this system allows for creation of boot images on
the fly without severely diminishing bring-up time, a separate
version of the system must be created for each unique oper-
ating system because data is stored at the file system level
(i.e., on a “per file basis”). Thus, migrating a computing
cluster from one operating system to another is much more
complicated than simply installing a new root image contain-
ing the new OS.

SUMMARY

Described herein is technology for, among other things
root image caching and indexing for block-level distributed
application management. The technology involves storing
blocks of a root image on a first storage unit and storing
blocks of leaf images on respective second storage units. The
leaf images include additional data blocks not previously
contained in the root image and changes made by respective
compute nodes to the blocks of the root image. The technol-
ogy includes caching blocks of the root image that have been
accessed by at least one compute node. The technology also
includes receiving indexing results pertaining to the root
image from one compute node and providing the results for
other compute nodes.

Thus, embodiments of the present disclosure provide an
operating system-independent system and method for distrib-
uting an application environment to a compute node. By
utilizing a root-leaf system of application environment stor-
age, embodiments of the present disclosure allow creation of
boot images on the fly without significantly diminishing
bring-up time. This is due to the fact that creating a new boot
image does not require copying the contents of the root
image. Rather it involves registering a new UBD with the
system, which occurs very quickly. Bring up time, and access
time in general, can be further improved by caching com-
monly accessed the portions of the root image. Moreover,
updating the boot image for the entire cluster simply involves
updating the root image. Additionally, because of the com-
monality of'the root image and the fact that its contents are not
directly changed, certain operations performed on the root
image (e.g., indexing) only need to be performed once by one
compute node. Thereafter, the results of that operation can be
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shared with the other compute nodes in the cluster, thus
saving the other compute nodes valuable time and resources.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram of a suitable system on which embodi-
ments may be implemented.

FIG. 2 is a diagram of a system, for root image caching and
indexing in a block-level distributed application environ-
ment, in accordance with various embodiments of the present
disclosure.

FIGS. 3A-3B are flowcharts illustrating a process for root
image caching and indexing in a block-level distributed appli-
cation environment, in accordance with various embodiments
of the present disclosure.

FIG. 4 illustrates a flowchart for a process for updating the
cache based on a read request, in accordance with an embodi-
ment of the present disclosure.

FIG. 5 illustrates a flowchart for a process for indexing a
root image, in accordance with various embodiments of the
present disclosure.

DETAILED DESCRIPTION

Reference will now be made in detail to various embodi-
ments of the disclosure, examples of which are illustrated in
the accompanying drawings. While the disclosure will be
described in conjunction with the various embodiments, it
will be understood that they are not intended to limit the scope
of the claims to these embodiments. On the contrary, the
disclosure is intended to cover alternatives, modifications and
equivalents, which may be included within the spirit and
scope of the disclosure as defined by the claims. Furthermore,
in the detailed description of the present disclosure, numerous
specific details are set forth in order to provide a thorough
understanding of the present disclosure. However, it will be
obvious to one of ordinary skill in the art that the present
disclosure may be practiced without these specific details. In
other instances, well-known methods, procedures, compo-
nents, and circuits have not been described in detail so as not
to unnecessarily obscure aspects of the present disclosure.

Some portions of the detailed descriptions that follow are
presented in terms of procedures, logic blocks, processing,
and other symbolic representations of operations on data bits
within a computer or digital system memory. These descrip-
tions and representations are the means used by those skilled
in the data processing arts to most effectively convey the
substance of their work to others skilled in the art. A proce-
dure, logic block, process, etc., is herein, and generally, con-
ceived to be a self-consistent sequence of steps or instructions
leading to a desired result. The steps are those requiring
physical manipulations of physical quantities. Usually,
though not necessarily, these physical manipulations take the
form of electrical or Magnetic signals capable of being stored,
transferred, combined, compared, and otherwise manipulated
in a computer system or similar electronic computing device.
For reasons of convenience, and with reference to common
usage, these signals are referred to as bits, values, elements,
symbols, characters, terms, numbers, or the like with refer-
ence to the present disclosure.

It should be borne in mind, however, that all of these terms
are to be interpreted as referencing physical manipulations
and quantities and are merely convenient labels and are to be
interpreted further in view of terms commonly used in the art.
Unless specifically stated otherwise as apparent from the
discussion herein, it is understood that throughout discus-
sions of the present embodiment, discussions utilizing terms
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such as “determining” or “outputting” or “transmitting” or
“recording” or “locating” or “storing” or “displaying” or
“receiving” or “recognizing” or “utilizing” or “generating” or
“providing” or “accessing” or “checking” or “notifying” or
“delivering” or the like, refer to the action and processes of a
computer system, or similar electronic computing device,
that manipulates and transforms data. The data is represented
as physical (electronic) quantities within the computer sys-
tem’s registers and memories and is transformed into other
data similarly represented as physical quantities within the
computer system memories or registers or other such infor-
mation storage, transmission, or display devices.

Briefly stated, described herein is technology for, among
other things root image caching and indexing for block-level
distributed application management. The technology
involves storing blocks of a root image on a first storage unit
and storing blocks of leaf images on respective second stor-
age units. The leaf images include additional data blocks not
previously contained in the root image and changes made by
respective compute nodes to the blocks of the rootimage. The
technology includes caching blocks of the root image that
have been accessed by at least one compute node. The tech-
nology also includes receiving indexing results pertaining to
the root image from one compute node and providing the
results for other compute nodes.

Example Compute Node Operating Environment

With reference to FIG. 1, an example system for imple-
menting embodiments includes a general purpose computing
system environment, such as compute node 100. In its most
basic configuration, compute node 100 typically includes at
least one processing unit 102 and memory 104. Depending on
the exact configuration and type of compute node, memory
104 may be volatile (such as RAM), non-volatile (such as
ROM, flash memory, etc.) or some combination of the two.
This most basic configuration is illustrated in FIG. 1 by
dashed line 106. Additionally, compute node 100 may also
have additional features/functionality. For example, compute
node 100 may also include additional storage (removable
and/or non-removable) including, but not limited to, mag-
netic or optical disks or tape. Such additional storage is illus-
trated in FIG. 1 by removable storage 108 and non-removable
storage 110. Computer storage media includes volatile and
nonvolatile, removable and non-removable media imple-
mented in any method or technology for storage of informa-
tion such as computer readable instructions, data structures,
program modules or other data. Memory 104, removable
storage 108 and nonremovable storage 110 are all examples
of computer storage media. Computer storage media
includes, but is not limited to, RAM, ROM, EEPROM, flash
memory or other memory technology, CD-ROM, digital ver-
satile disks (DVD) or other optical storage, magnetic cas-
settes, magnetic tape, magnetic disk storage or other mag-
netic storage devices, or any other medium which can be used
to store the desired information and which can be accessed by
compute node 100. Any such computer storage media may be
part of compute node 100.

Compute node 100 may also contain communications con-
nection(s) 112 that allow it to communicate with other
devices. Communications connection(s) 112 is an example of
communication media. Communication media typically
embodies computer readable instructions, data structures,
program modules or other data in a modulated data signal
such as a carrier wave or other transport mechanism and
includes any information delivery media. The term “modu-
lated data signal” means a signal that has one or more of its
characteristics set or changed in such a manner as to encode
information in the signal. By way of example, and not limi-
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tation, communication media includes wired media such as a
wired network or direct-wired connection, and wireless
media such as acoustic, RF, infrared and other wireless
media. The term computer readable media as used herein
includes both storage media and communication media.
Compute node 100 may also have input device(s) 114 such as
a keyboard, mouse, pen, voice input device, touch input
device, etc. Output device(s) 116 such as a display, speakers,
printer, etc. may also be included. All these devices are well
known in the art and need not be discussed at length here.
Example Systems

FIG. 2 is a diagram of a system 200 for root image caching
and indexing in a block-level distributed application environ-
ment, in accordance with various embodiments of the present
disclosure. In one embodiment, system 200 is implemented in
a multi-computer system, such as an HPC cluster. In one
embodiment, the application environment includes an oper-
ating system. In other embodiments, the application environ-
ment may contain other applications. System 200 has a num-
ber of compute nodes 220a-7 coupled to first storage unit 240
and a corresponding second storage unit 250a-# though a
corresponding union block device (UBD) 230a-n. To the
compute nodes 220a-7, it appears that they have access to
their own version of a distributed application environment.
However, a separate and complete boot image is not created
and stored for each compute node 220a-7.

System 200 has a first storage unit 240 for storing blocks of
a root image of an application environment. The root image
contains data initially common to the compute nodes 220a-n.
The root image is not changed by compute nodes 2204a-7. For
example, in one embodiment, compute nodes 220a-z have
read-only access to the first storage unit 240.

Moreover, each compute node 220a- has a corresponding
second storage unit 250a-» for storing a leaf image. The first
storage unit 240 and second storage units 250a-» may each be
contained on separate physical storage devices, on separate
logical spaces on the same storage device, or any combination
thereof. Regardless, the first storage unit 240 and the second
storage units 250a-z may be contained within a single storage
appliance. The leaf image may contain blocks of new data,
blocks of changed data, or other blocks of data unique to the
individual compute node. The leaf image may also contain a
block modification log. In other words, a leaf image will
describe the changes made by the respective compute node
220a-n to its instance of the application environment. Thus,
when a compute node (e.g., node 220a) makes changes
involving the root image, modifications are made to that
compute node’s leaf image (e.g., leaf image stored on second
storage device 250a). With respect to changes to the root
image, only the specific blocks that are changed are stored in
the leafimage. For example, a particular file on the root image
may comprise twenty blocks of data (e.g., blocks 1-20). One
compute node (e.g., compute node 2204) desires to make a
change to this file which involves a modification of only a few
specific blocks of the file (e.g., blocks 4-9). In this example,
only the modified blocks (e.g., blocks 4-9) will be stored in
the compute node’s leaf image (e.g., leaf image stored on
second storage device 250q) plus some small overhead.

A compute node 220g-» mounts its instantiation of the
application environment via its respective UBD 230a-n. In
one embodiment, UBDs 230a-n are effectively low-level
drivers that operate as an interface between the first and
second storage devices and the file system of each compute
node 220a-7. The file system may reside on the server side of
the system 200. The file system may also reside on each of the
compute nodes 220a-z. Because UBDs 230a-r operate below
the file system, they are concerned merely with the blocks of
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data themselves, rather than files they form. As a result, sys-
tem 200 is completely file system, and thus operating system,
independent.

UBDs 230a-n determine what leaf image (from the appro-
priate second storage unit 250) is needed for portions of the
application environment that their respective compute nodes
220a-r have changed. UBDs 230qa-# also locate the portions
of the application environment that are not changed by their
respective compute nodes 220a-7. These portions may reside
in the root image. There may also be intermediate images (not
depicted in FIG. 2) comprising versions of the root image
from which a compute node’s instance of the application
environment is derived. Further, UBDs 230a-% create a new
leaf image on a respective second storage unit 250a-» when
their respective compute nodes 220a-» make changes to their
instantiations of the application environment. In one embodi-
ment, the UBDs 230a-# obtain the information necessary to
create the application environment from a block modification
log located in its respective leaf image.

UBDs 230a-» may also modify the leaf image in response
to their respective compute node’s access to its instance of the
application environment. For example, upon receiving a write
request from their respective compute nodes for a sector X,
the UBDs 230a-n will create an appropriate persistent map-
ping for sector X and then write sector X onto their respective
second storage units 250a-n, where sector X can then be
modified. It will be appreciated that the data block being
modified may already exist in the leaf image, in which case it
does not need to be mapped and copied from the root image
before modification.

By providing an application environment to multiple com-
pute nodes via a branching store system, embodiments allow
for a more streamlined update/patch procedure. In one
embodiment, first storage device 240 may be refreshed with a
new operating system patch, thereby automatically refresh-
ing the image for all dependent compute nodes.

Caching

An embodiment of the present disclosure provides for
caching of portions of the root image. Because several com-
pute nodes in a cluster may often access the same data (e.g.,
same drivers, same library files, etc.) on the root image, tre-
mendous speed improvements can be realized by caching
such data in cache 260. For example, by current standards, it
is common for a storage disk to achieve a data transfer rate
around 76 MB/s, whereas cache memory can achieve speeds
up to and greater than 800 MB/s. In one embodiment, the
cache may be contained within a single storage appliance,
along with the first storage unit 240 and the second storage
units 250a-n.

The value of such caching becomes even more apparent in
the context of initial boot sequences. For example, a cluster of
20 compute nodes may be booted for the first time. Since it is
afirst boot, the cache is empty. The first compute node to boot
(e.g., compute node 220q) will therefore load its data directly
from the pertinent disks (e.g., first storage unit 240 and sec-
ond storage unit 250a). While the first compute node is load-
ing its data, its reads are intercepted and cached on a per-block
basis in cache 260. Thereafter, when a second compute node
(e.g., compute node 2205) goes to boot, any data required by
the second compute node that was previously accessed by the
first compute node can be served out of the cache 260 rather
than the first storage unit. It is appreciated that to the extent
that the configurations of the first and second compute nodes
are substantially the same, the relationship between the data
requested by the second compute node and the data stored in
the cache 260 approaches a 1:1 ratio (i.e., a greater than
ten-fold improvement in root image access time is realized).
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It is further appreciated that the entire contents of the root
image may not necessarily be accessed to achieve a boot (e.g.,
unused drives and the like). Therefore, the data capacity of
cache 260 can be much less than that of the first storage unit
240.

As new data is accessed on the root image that is not
currently stored in the cache 260, the cache 260 may there-
after be updated with the new data. Moreover, as the amount
of data in the cache 260 approaches or exceeds a threshold
value, certain data will need to be removed from the cache 260
to make way for the new data. The data to be removed,
deleted, overwritten, etc., may be selected the basis of, for
example, how recently the data was accessed, how frequently
the data has been accessed, or a combination of both. It should
be appreciated that other cache arbitration algorithms known
in the art may similarly be used.

Indexing

An embodiment of the present disclosure provides for
indexing the root image. From the standpoint of seek time, it
is beneficial for each compute node to have access to an index
of'its file system. In a traditional clustered computing situa-
tion, each compute node would independently index its file
system. To the extent that each compute node in a cluster has
similar operating environments to the others, indexing per-
formed on common data is therefore redundant.

As an added benefit of the architecture 200 depicted in FI1G.
2, because the data stored in the root image is by definition
common to all the compute nodes 220a-7, one compute node
(e.g., compute node 220a) can index the contents of the root
image and then provide the indexing results to the other
compute nodes (e.g., compute nodes 22056-7). Thereafter, the
compute nodes 220a-» need only be concerned with indexing
their respective leaf image, which are relatively small com-
pared to the root image. Moreover, in embodiments where the
first storage unit 240 is read-only, the root image will not have
to be re-indexed because the contents of the root image do not
change. It is appreciated that the indexing results can be
provided to the other compute nodes in a number of ways. For
example, the results may be stored on a shared storage unit
(such as, but not limited to, cache 260), the results may
provided directly to the other compute nodes, etc. Moreover,
the initial indexing of the root image does not have to be
performed by a compute node. For example, the indexing
may be performed by a dedicated indexing host.

Example Methods

FIGS. 3A-3B are flowcharts illustrating a process 300 for
root image caching and indexing in a block-level distributed
application environment, in accordance with various embodi-
ments of the present disclosure. Although specific operations
are disclosed in process 300, such operations are exemplary.
Process 300 may not include all of the operations illustrated
by FIGS. 3A-3B. Also, process 300 may include various other
operations and/or variations of the operations shown by
FIGS. 3A-3B. Likewise, the sequence of the operations of
process 300 can be modified. Steps of process 306 may be
stored as instructions on a computer readable medium and
executed on a computer processor.

Step 310 involves storing blocks of a root image of the
compute node on a first storage unit. By storing data at the
block level, embodiments are able to operate beneath the file
system and thus are designed to be file system and operating
system independent.

Step 320 involves storing a leaf image on a second storage
unit. The leaf image includes, but is not limited to, new data
blocks for the compute node and blocks of the root image that
the compute node has changed. The leaf image includes a
block modification log in one embodiment.
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Step 322 involves caching blocks of the root image that
have been accessed by a compute node. In doing so, embodi-
ments improve the access time for subsequent compute nodes
requesting to access the same blocks of data.

Step 324 involves receiving a read request from a compute
node. At step 326, a determination is made as to whether the
data requested by the compute node is currently stored in the
cache. If a portion of the data is currently stored in the cache,
that portion is then served from the cache (step 328), thus
improving the access time with respect to that portion of data
as compared to otherwise retrieving it from a storage unit
such as a hard disk.

Step 330 involves merging the blocks of the root image, the
blocks of the leaf image, and the relevant blocks of the cache,
if any, to create the application environment. In other words,
the merging occurs at an operational level between the file
system of a compute node and the first storage unit, the
corresponding second storage unit, and the cache. Once the
application environment has been created, it will appear to the
compute node as one cohesive image rather than a base image
plus its additions, deletions, and modifications. To the com-
pute node, it appears that it has access to its own unique
version of an application environment. However, a separate
and complete boot image is not actually stored for the com-
pute node.

Step 340 involves delivering the application environment
to the compute node. Step 340 may comprise a low-level
driver determining which data blocks are needed for the com-
pute node’s instance of the application environment and
delivering the application environment to the compute via the
compute node’s file system.

Step 345 involves updating the cache based on the read
request. For instance, to the extent that a compute node has
accessed root image data not currently stored in the cache, the
cache should be updated to include that cache. In some cases,
the amount of data in the cache may approach a capacity limit,
either due to the physical capacity of the cache itself or due to
threshold limit set in software.

FIG. 4 illustrates a flowchart for a process 345 for updating
the cache based on a read request, in accordance with an
embodiment of the present disclosure. It should be appreci-
ated that the steps illustrated in FIG. 4 are exemplary and the
updating performed in block 345 of process 300 may be
achieved in many other ways as well. Process 345 may not
include all of the operations illustrated by FIG. 4. Also, pro-
cess 345 may include various other operations and/or varia-
tions of the operations shown by FIG. 4. Likewise, the
sequence of the operations of process 345 can be modified.
Steps of process 345 may be stored as instructions on a
computer, readable medium and executed on a computer pro-
Ccessor.

At step 410, a determination is made as to whether the
amount of data currently in the cache plus new data to be
added exceeds a threshold value (physical or software-im-
posed). If the threshold value will be exceeded, the least
recently accessed data is removed from the cache (step 420).
This sequence repeats until there is adequate headroom in the
cache to accommodate the new data. Once it is determined
that the amount of data currently in the cache plus the new
data to be added will not exceed the threshold value, FIG. 4
proceeds to step 430. Step 430 involves caching the portion of
the requested data that is not currently stored in the cache (i.e.,
the “new data”).

With reference again to FIG. 3B, step 350 involves modi-
fying the leaf image in response to the compute node’s access
to its instance of the application environment. The modifying
of the leaf image may include copying one or more data
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blocks from the root image to the leaf image, and moditying
the data block in the leaf image. It will be appreciated that the
datablock being modified may already exist in the leafimage,
in which case it does not need to be copied from the root
image before modification.

Step 352 involves receiving indexing results pertaining to
the root image from a compute node. Step 356 involves pro-
viding the indexing results to other compute nodes. It is
appreciated that this may be done in a number of ways. For
example, the indexing results may be provided directly to the
compute nodes. Alternatively, the indexing results may be
stored on a shared storage unit (step 354) and then provided to
the compute nodes via the shared storage unit. By receiving
the indexing result of the root image from one compute node
and providing it to the rest of the compute nodes, valuable
time, resources, and bandwidth are saved for the other com-
pute nodes. Since the root image is common to all the com-
pute nodes, any re-indexing of the root image would be redun-
dant and a waste of resources.

Step 360 involves reconciling the root image and the leaf
image to form a new root image. This may be desirable if, for
example, the leaf image has grown to exceed a particular disk
quota. Furthermore, if there are multiple compute nodes that
access the root image, each having their own respective leaf
image, and there is substantial commonality between the leaf
images, it may also be beneficial to reconcile the leaf images
with the root image.

FIG. 5 illustrates a flowchart for a process 500 for indexing
aroot image, in accordance with various embodiments of the
present disclosure. Although specific operations are disclosed
in process 500, such operations are exemplary. Process 500
may not include all of the operations illustrated by FIG. 5.
Also, process 500 may include various other operations and/
or variations of the operations shown by FIG. 5. Likewise, the
sequence of the operations of process 500 can be modified.
Steps of process 500 may be stored as instructions on a
computer readable medium and executed on a computer pro-
Cessor.

Step 510 involves receiving data blocks of a file system at
acompute node. The data blocks include a root image portion
in the leaf image portion. As described above, the leaf image
portion includes additional data blocks not previously con-
tained in the root image portion and also changes made by the
compute node to the blocks of the root image. Thus, the file
system actually seen by the compute node is a product of
merging the root image portion in the leaf image portion
together at the block level.

Step 520 involves the compute node indexing the root
image portion of its file system. In such a case, the compute
node is to some extent agnostic to the fact that its file system
is divided between a root image portion and a leaf image
portion. At step 540, the compute node provides the indexing
results of the root image portion to another compute node. It
is appreciated that this may be achieved a number of ways.
For example, the first compute node may simply provide the
indexing results to the second compute node directly. Alter-
natively, the first compute node may store the indexing results
on a shared storage unit that is accessible by the second
compute node (step 530).

Thereatfter, the compute node may complete its indexing of
its file system by indexing the leaf image portion of the file
system (step 550). Further down the road, the benefits of
indexing the root image separately from the leaf image are
realized when the compute node requires that its file system
be re-indexed. At step 560, the compute node re-indexes its
file system by re-indexing its corresponding leaf image por-
tion with the previous indexing results of the root portion.
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Thus, by operating at the block level, embodiments of the
present disclosure provide file system and operating system
independent systems and methods for distributing an appli-
cation environment to a compute node. By utilizing a branch-
ing store system of application environment distribution,
embodiments of the present disclosure allow creation of boot
images on the fly without significantly diminishing bring-up
time. This is due to the fact that creating a new boot image
does not require copying the contents of the root image, but
rather it involves registering a new UBD with the system,
which occurs very quickly. Bring up time, and access time in
general, can be further improved by caching commonly
accessed the portions of the root image. Moreover, updating
the boot image for the entire cluster simply involves updating
the root image.

Embodiments of the present disclosure also allow for scal-
ability and redundancy. For example, a server containing the
root image may only have the resources to supply the root
image to 100 compute nodes. Thus; in order to implement a
200-compute node system, two servers, each containing a
copy of the root image, are used. This scalability provided by
embodiments also lends itself to dynamic scaling. In other
words, the number of root images required for a specific
configuration can change based on the /O workload, and new
root images can be created on the fly accordingly. Moreover,
additional servers containing the root image may be added
into the system to provide redundancy and increase reliabil-
ity. For example, and with reference to FIG. 2, cache 261, first
storage unit 241, and second storage units 251a-» provide
failover/redundancy security for system 200. As an added
security measure, some of the root nodes may be located
remotely from each other (e.g., half located in a main office
and half'in a satellite office). In addition, it is possible to copy
the contents of one or more leaf nodes into a non-UBD (regu-
lar block device) copy (e.g., for use as an isolated backup).

Moreover, because of the commonality of the root image
and the fact that its contents are not directly changed, certain
operations performed on the root image (e.g., indexing) only
need to be performed once by one compute node. Thereafter,
the results of that operation can be shared with the other
compute nodes in the cluster, thus saving the other compute
nodes valuable time and resources.

The previous description of the disclosed embodiments is
provided to enable any person skilled in the art to make or use
the present disclosure. Various modifications to these
embodiments will be readily apparent to those skilled in the
art, and the generic principles defined herein may be applied
to other embodiments without departing from the spirit or
scope of the disclosure. Thus, the present disclosure is not
intended to be limited to the embodiments shown herein but is
to be accorded the widest scope consistent with the principles
and novel features disclosed herein.

What is claimed is:

1. A system for providing data to a plurality of compute

nodes, the system comprising:

a first storage unit configured to store blocks of a root
image of said compute nodes;

a plurality of second storage units configured to store leaf
images of respective compute nodes, said leaf images
including only additional data blocks not previously
contained in said root image and changes made by
respective compute nodes to the blocks of said root
image, wherein said leaf images of respective compute
nodes do not include blocks of said root image that are
unchanged by respective compute nodes; and
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a cache configured to cache blocks of said root image
previously accessed by at least one of said compute
nodes.

2. The system as recited in claim 1 wherein said cache is
configured to store X most recently accessed blocks of said
root image, and wherein X represents a cache threshold value.

3. The system as recited in claim 1 wherein said first stor-
age unit, said second storage units, and said cache are con-
tained within a single storage appliance.

4. The system as recited in claim 1 further comprising:

a plurality of union block devices configured to interface
between respective compute nodes and said first storage
unit, respective second storage units, and said cache to
distribute application environments to the compute
nodes, wherein said union block devices are configured
to create said application environments by merging the
blocks of said root image with the blocks of respective
leaf images.

5. The system as recited in claim 4 wherein said union
block devices comprise low-level drivers for interfacing
between the file systems of respective compute nodes and
said first storage unit, respective second storage units, and
said cache.

6. The system as recited in claim 1 wherein said first stor-
age unit is read-only.

7. A method for providing data to a plurality of compute
nodes, comprising:

storing blocks of a root image of said compute nodes on a
first storage unit;

storing leaf images for respective compute nodes on
respective second storage units, said leaf images includ-
ing only additional data blocks not previously contained
in said root image and changes made by respective com-
pute nodes to the blocks of the root image, wherein said
leaf images of respective compute nodes do not include
blocks of said root image that are unchanged by respec-
tive compute nodes; and

caching blocks of said root image that have been accessed
by atleast one of said compute nodes in a cache memory.

8. The method as recited in claim 7 further comprising:

receiving a read request from at least one of said compute
nodes, wherein a first portion of the data requested is
currently stored in said cache memory; and

providing said first portion of said data to said at least one
of said compute nodes from said cache memory.

9. The method as recited in claim 8 further comprising:

updating said cache memory based on said read request.

10. The method as recited in claim 9 wherein a second
portion of the data requested is not currently stored in said
cache memory and said updating comprises:

caching said second portion in said cache memory; and

removing the least recently accessed data from said cache
memory if the amount of data in said cache memory is
above a threshold value.

11. The method as recited in claim 7 further comprising:

merging the blocks of said root image with the blocks of
respective leaf images to create cohesive respective
application environments.

12. The method as recited in claim 11 wherein said merging
occurs at an operational level between file systems of the
respective compute nodes and said first storage unit, respec-
tive second storage units, and said cache memory.

13. The method as recited in claim 7 wherein said first
storage unit is read-only.

14. A system for indexing file systems for a plurality of
compute nodes, the system comprising:
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a first storage unit configured to store blocks of a root
image of said compute nodes;

a plurality of second storage units configured to store leaf
images of respective compute nodes, said leaf images
comprising only additional data blocks not previously
contained in said root image and changes made by
respective compute nodes to the blocks of said root
image, wherein said leaf images of respective compute
nodes do not include blocks of said root image that are
unchanged by respective compute nodes; and

a plurality of union block devices corresponding to said
compute nodes, said union block devices configured to
interface between said compute nodes and said first and
second storage units to distribute said file systems to said
compute nodes, wherein said union block devices are
configured to create said file systems by merging the
blocks of said root image stored on the first storage unit
with the blocks of respective leaf images stored on
respective second storage units, and wherein further at
least one of said compute nodes is configured to index
said root image and provide the indexing results to
another of said compute nodes.

15. The system as recited in claim 14 wherein said first
storage unit and said second storage units are contained
within a single storage appliance.

16. The system as recited in claim 14 further comprising:

a plurality of union block devices configured to interface
between respective compute nodes and said first storage
unit and respective second storage units, said union
block devices configured to distribute application envi-
ronments to the compute nodes, wherein said union
block devices are configured to create said application
environments by merging the blocks of said root image
with the blocks of respective leaf images.

17. The system as recited in claim 16 wherein said union
block devices comprise low-level drivers for interfacing
between the file systems of respective compute nodes and
said first storage unit, respective second storage units, and
said cache.

18. The system as recited in claim 14 wherein said first
storage unit is read-only.

19. A method for indexing file systems for a plurality of
compute nodes, comprising:

storing blocks of a root image of said compute nodes on a
first storage unit;

storing leaf images for respective compute nodes on
respective second storage units, said leaf images com-
prising only additional data blocks not previously con-
tained in said root image and changes made by respec-
tive compute nodes to the blocks of the root image,
wherein said leaf images for respective compute nodes
do not include blocks of said root image that are
unchanged by respective compute nodes;

merging the blocks of said root image with the blocks of
respective leaf images stored on respective second stor-
age units to create respective file systems for respective
compute nodes;

receiving indexing results pertaining to said root image
from one of said compute nodes; and

providing said indexing results to the others of said com-
pute nodes.

20. The method as recited in claim 19 further comprising:

storing said indexing results on a shared storage unit.

21. The method as recited in claim 19 wherein said merging
occurs at an operational level between respective file systems
of'the compute nodes and said first storage unit and respective
second storage units.
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22. The method as recited in claim 19 wherein said first
storage unit is read-only.

23. A computer-readable storage medium having instruc-
tions stored thereon that, in response to execution by at least
one computing device, cause the at least one computing
device to:

receive data blocks of a file system, said data blocks com-

prising a root image portion and leaf image portion, said
leaf image portion comprising only additional data
blocks not previously contained in said root image por-
tion and, changes made by said first compute node to the
blocks of said root image, wherein said leaf image por-
tion does not include blocks of said root image that are
unchanged by said first compute node, wherein said file
system is the result of merging said root image portion
and said leaf image portion together at the block-level;
index said root image portion; and

provide the results of said indexing to a second compute

node, wherein said logic encoded in the one or more

14

tangible media comprise computer executable instruc-
tions executed by the first compute node.

24. The computer-readable storage medium of claim 23,
wherein the instructions further cause the at least one com-
puting device to store said results of said indexing on a shared
storage unit accessible by said second compute node.

25. The computer-readable storage medium of claim 23,
wherein the instructions further cause the at least one com-
puting device to index said leaf image portion.

26. The computer-readable storage medium of claim 25,
wherein the instructions further cause the at least one com-
puting device to re-index said file system by re-indexing said
leafimage portion and merging the results of said re-indexing
of'said leaf image portion with said results of said indexing of
said root image portion.

27. The computer-readable storage medium of claim 23
wherein said root image portion is read-only.

#* #* #* #* #*
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 8,332,844 B1 Page 1 of 1
APPLICATION NO. 1 11/709477

DATED : December 11, 2012

INVENTORC(S) : Kulkarni et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

On Title Page 2, item (56), under “OTHER PUBLICATIONS”, in Column 2, Lines 28-30, delete
“OpenMP Fortan.............. 34-36.”.

In the Specifications:

In Column 3, Line 8, delete “system,” and insert -- system --, therefor.

In Column 3, Line 54, delete “Magnetic” and insert -- magnetic --, therefor.

In Column 7, Line 55, delete “306” and insert -- 300 --, therefor.

In Column 8, Line 50, delete “computer, readable” and insert -- computer readable --, therefor.

In the Claims:

In Column 13, Line 11, in Claim 23, delete “and,” and insert -- and --, therefor.

Signed and Sealed this
Eleventh Day of June, 2013

Teresa Stanek Rea
Acting Director of the United States Patent and Trademark Office
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