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RELATED APPLICATIONS

[0001] The present application 1s related to the following U.S. Patent Applications: App. No.
10/530,582, filed August 11, 2006 (Attorney Docket No. 010-0011A); App. No.10/530,581,
filed August 11, 2006 (Attorney Docket No. 010-0011B); App. No. 10/530,577, filed March 11,
2005 (Attorney Docket No. 010-0011C); App. No. 10/530,576, filed March 11, 2005 (Attorney
Docket No. 010-0013); App. No. 11/718,867, filed May 8, 2007 (Attorney Docket No. 010-
0016); App. No. 10/589,339, filed August 11, 2006 (Attorney Docket No. 010-0019); App. No.
10/530,578, filed March 11, 2005 (Attorney Docket No. 010-0026); App. No. 10/530,580, filed
March 11, 2005 (Attorney Docket No. 010-0028); App. No. 10/530,573, filed February 4, 2008
(Attorney Docket No. 010-0030); App. No. 11/276,856, filed March 16, 2006 (Attorney Docket
No. 010-0041); App. No. 11/279,007, tiled April 7, 2006 (Attorney Docket No. 010-0043); and
App. No. 12/023,722, tiled January 31, 2008 (Attorney Docket No. 010-0046) filed previously
to present application. The content of cach of these applications 1s incorporated herein by

reference 1 1ts entirety.

PRIORITY CLAIM

[0002] The present application claims the benefit of U.S. Provisional Application No. 61/046,630,

tfiled April 21, 2008, the content of which 1s incorporated herein by reference in its entirety.
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BACKGROUND OF THE INVENTION

1. Field of the Invention
[0003] The present invention relates to managing a compute environment and more specifically
to a system and method of managing energy consumption within a compute environment such as
a cluster, grid or on-demand center.

2. Introduction
[0004] Managing consumption of resources in a compute environment such as a grid, cluster
farm, or on-demand server 1s a complex and challenging process. Grid computing may be
defined as coordinated resource sharing and problem solving in dynamic, multi-institutional
collaborations. Many computing projects require much more computational power and
resources than a single computer may provide. Networked computers with peripheral resources
such as printers, scanners, I/0O devices, storage disks, scientific devices and instruments, etc.
may need to be coordinated and utilized to complete a task. The term compute resource
generally refers to computer processors, memory, network bandwidth, and any of these
peripheral resources as well. A compute farm may comprise a plurality of computers
coordinated for such purposes of handling Internet traffic. For example, the web search website
Google® uses a compute farm to process 1ts network traffic and Internet searches.
[0005] Grid/cluster resource management generally describes the process of 1dentifying
requirements, matching resources to applications, allocating those resources, and scheduling and
monitoring grid resources over time in order to run grid applications or jobs submuitted to the
compute environment as efficiently as possible. Each project or job utilizes a different set of
resources and thus 1s typically unique. For example, a job may utilize computer processors and
disk space, while another job may require a large amount of network bandwidth and a particular
operating system. In addition to the challenge of allocating resources for a particular job or a
request for resources, administrators also have difficulty obtaining a clear understanding of the

resources available, the current status of the compute environment and available resources, and
2
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real-time competing needs of various users. One aspect of this process 1s the ability to reserve
resources for a job. A cluster manager seeks to reserve a set of resources to enable the cluster to
process a job at a promised quality of service.

[0006] General background information on clusters and grids may be found 1n several

publications. See, ¢.g., Grid Resource Management, State of the Art and Future Trends, Jarek

Nabrzyski, Jennifer M. Schopft, and Jan Weglarz, Kluwer Academic Publishers, 2004; and

Beowulf Cluster Computing with Linux, edited by William Gropp, Ewing Lusk, and Thomas

Sterling, Massachusetts Institute of Technology, 2003.

[0007] It 1s generally understood herein that the terms grid and cluster are interchangeable,
although they have different connotations. For example, when a grid 1s referred to as receiving a
request for resources and the request 18 processed 1n a particular way, the same method may also
apply to other compute environments such as a cluster, on-demand center or a compute farm. A
cluster 1s generally defined as a collection of compute nodes organized for accomplishing a task
or a sct of tasks. In general, a grid comprises a plurality of clusters as shown in FIG. 1. Several
general challenges exist when attempting to maximize resources 1n a grid. First, there are
typically multiple layers of grid and cluster schedulers. A grid 100 generally comprises a group
of clusters or a group of networked computers. The definition of a grid 1s very flexible and may
mean a number of different configurations of computers. The introduction here 1s meant to be
general given the variety of configurations that are possible. A grid scheduler 102
communicates with a plurality of cluster schedulers 104A, 104B and 104C. Each of these
cluster schedulers communicates with a respective resource manager 106A, 106B or 106C.

Each resource manager communicates with a respective series of compute resources shown as
nodes 108A, 108B, 108C 1n cluster 110, nodes 108D, 108E, 108F 1n cluster 112 and nodes
108G, 108H, 1081 1n cluster 114.

[0008] Local schedulers (which may refer to either the cluster schedulers 104 or the resource

managers 106) are closer to the specific resources 108 and may not allow grid schedulers 102
3
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direct access to the resources. The grid level scheduler 102 typically does not own or control the
actual resources. Therefore, jobs are submitted from the high level grid-scheduler 102 to a local
set of resources with no more permissions than that user would have. This reduces efficiencies
and can render the resource reservation process more difficult.

[0009] The heterogenecous nature of the shared compute resources also causes a reduction in
cfficiency. Without dedicated access to a resource, the grid level scheduler 102 1s challenged
with the high degree of variance and unpredictability 1n the capacity of the resources available
for use. Most resources are shared among users and projects and each project varies from the
other. The performance goals for projects differ. Grid resources are used to improve
performance of an application but the resource owners and users have different performance
goals ranging from optimizing the performance for a single application to getting the best
system throughput or minimizing response time. Local policies may also play a role 1n
performance.

[0010] As the use of on demand centers and new Internet services such as additional music
downloads and video on demand and Internet telephony increases, the number of servers and
nodes used within the Internet will continue to increase. As the number of servers increase in on
demand centers, grids, clusters and so forth, the amount of electricity used by such servers also
increases. Estimates of the total amount of electricity used by servers in the U.S. and the world
have been made by combining measured data and estimates of power used by the most popular
servers within data on an installed base. Many of recent estimates have been based on more
detailed data than previous estimates. Policy makers and businesses are beginning to notice and
arc attempting to address these 1ssues in the industry.

[0011] Aggregate electricity used for servers has doubled over the period from the years 2000 to
2005 both 1n the U.S. and worldwide. Most of this growth was the result of growth of the
number of less expensive servers, with only a small part of that growth being attributed to the

growth 1n the power use per unit. For example, total power used by servers represented about
4
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0.6 percent of total U.S. electricity consumption in 2005. However, when cooling an auxiliary
infrastructure 1s included, that number grows to 1.2 percent, which 1s an amount that 1s
comparable to that for televisions. The total power demand 1n 20035, which includes the
assoclated infrastructure, 18 equivalent to about five 1000 MW power plants for the U.S. and 14
such plants for the world. The total electricity bill for operating these servers and associated
infrastructure 1n 2005 was about 2.7 billion dollars for the U.S. and 7.2 billion for the world.
Accordingly, what 1s needed 1n the art, 1S an improved mechanism to manage power
consumption in compute environments such as clusters and grids or those that are similarly

configured.

SUMMARY OF THE INVENTION

[0012] Additional features and advantages of the invention will be set forth in the description
which follows, and 1n part will be obvious from the description, or may be learned by practice of
the invention. The features and advantages of the invention may be realized and obtained by
means of the instruments and combinations particularly pointed out 1n the appended claims.
These and other features of the present invention will become more fully apparent from the
following description and appended claims, or may be learned by the practice of the invention as
set forth herein.

[0013] The invention relates to systems, methods and computer-readable media for managing
the use and consumption of compute resources, reservations and/or jobs within a compute
environment such as a grid or a cluster to reduce power consumption. One embodiment 1s the
compute environment itself that runs jobs according to the principle disclosed herein.

[0014] The present invention addresses the 1ssue of power consumption 1n the high
performance computing context. Aspects of the invention enable the reduction of both direct
(compute nodes) and indirect (chiller, support server, etc.) power consumption while

maintaining either full cluster performance or adequate service level agreement (SLA)—based
5
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cluster performance. All facilities operating on these principles should be enabled 1n a manner
that 1s both flexible and completely transparent to both the end users and the workload

[0015] Other achievements according to the disclosure provided herein include providing
extensive reporting and charting facilities to administrators and managers to allow customers or
administrators to understand how the compute environments are being used and how power 1s
being consumed on a particularized basis. Furthermore, the system enables actions to be taken
to reduce overall power consumption. Chargeback mechanisms are also enabled to allow cost
modeling information to be routed back to the decisions of both the end user and scheduler.
[0016] There are four primary components that are disclosed herein. First, there are
mechanisms to monitor resource state, particularly 1n the context of power and temperature.
Secondly, reporting mechanisms report the state in terms of power and temperature. Next, the
system interfaces with power management facilities such as the ability to power a node on or off
or cnable a sleep state. Finally, intelligent policies are disclosed that provide for the ability to
control power consumption.

[0017] Embodiments of the invention include systems such as a server running a workload
management software that communicates with resource managers and other facilities to enable
improved power consumption, particular methods that provide for improved power
consumption, a high performance computing environment such as a cluster grid or on-demand
center that operates according to the principles disclosed herein, as well as workload
management software stored on a computer readable medium that controls a computing device
or computing devices to enable improved power consumption according to the principles
disclosed herein. For example, workload management software includes the Moab® branded
products from Cluster Resources, Inc.

[0018] As discussed above, there are various embodiments of the invention which may be
covered. However, the fundamental functionality of the invention shall be discussed 1n terms of

the method embodiment. Of course, the method may be implemented 1n an on-demand
6
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environment, by a server or servers operating workload management software, or may be stored
on a computer readable medium that stores instructions for controlling a computing device to
perform the various functions to improve power consumption in a high performance computing
environment.

[0019] There are four primary components associated with improved power consumption 1n
high performance computing (HPC). Disclosed are various mechanisms for implementing one
or more power consumption actions in the environment. These are shown 1in FIG. 3. First, a
system 304 (such as a workload manager running on a node that communicates with the
compute environment) monitors 302 a resource state or states 1n a compute environment 300.
This may be done 1in any number of ways. Fundamentally, the concept involves monitoring the
power used by a particular resource 1n a compute environment as well as i1ts temperature. Thus,
the system 304, for example, monitors 302 a particular node 1n a cluster for 1ts power
consumption as well as 1ts temperature, which information 1s utilized as discussed below 1n
intelligent policies to control and manage the distribution and timing of workload views by that
particular node. Next, a module 18 configured to report 306 the resource state. This also
involves the basic information regarding power consumption and temperature for a particular
resource. The reporting aspect involves organizing the monitored information in a particular
way to enable helpful reports of a particular nature as shall be discussed 1n more detail below.
Next, another component 1s an interface 312 to power management facilities 308. This 1s useful
such that workload management software 304 can provide instructions to the various facilities
that are involved 1n power management such as powering a node on or off. Finally, another
component 304 involves the mechanism to enable mtelligent policies to control the power
consumption 312, 310. The intelligent policies preferably operate in connection with workload
management software 304 that receives requests for reservation of resources and manage the
receipt and distribution of jobs 310 for consumption 1 a compute environment such as a cluster

orid, on-demand center, server farm, etc.
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[0020] The principles disclosed herein can provide a number of energy saving benefits to any
compute environment. For example, the principles can maximize server workload to boost
performance per watt by using both traditional workload packing and virtualization
technologies. These principles take advantage of every opportunity to consolidate workload
from underutilized servers onto fewer servers. Another benefit is that the principles can
automatically place 1dle servers into standby or sleep mode which can help reduce power
consumption by as much as 50% on those servers. The system can even turn such idle servers
completely off for even greater energy savings. In another aspect, the workload manager 304
moves workload to allow hot servers to cool down. This mechanism enables temperature-aware
workload scheduling and shifts workload away from overheated servers so that they can cool
down on their own and thereby reduce the demand on cooling systems. The system can route
workload to the most energy efficient servers by using tools that gather temperature, node
utilization and energy consumption statistics. The system can route workload to the most energy
efficient resources to help achieve the highest possible performance per watt consumed.

Another benefit enables the system to take advantage of off-peak hours by automatically
scheduling lower priority workload for processing during off-peak hours when energy costs are
lower, while ensuring that QOS guarantees are met. Next, another benefit 1s that the workload
manager 304 can send workload to locations with the lowest energy rates, taking into account
start-time constraints, data transmission times, service level agreements and other factors.
Finally, another benefit of the principles disclosed herein 1s that the workload manager operating
according to these principles can place the user in charge and provide advance tracking, modern
training and reporting capabilities enabling one to manage and document an organization’s
energy efficiency and achieve green-computing objectives. The system can also potentially give
the user the ability to track carbon credits or other statistics for charge back and reporting

purposes.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0021] In order to describe the manner in which the above-recited and other advantages and
features of the invention can be obtained, a more particular description of the invention briefly
described above will be rendered by reference to specific embodiments thercof which are
illustrated 1n the appended drawings. Understanding that these drawings depict only typical
embodiments of the invention and are not therefore to be considered to be limiting of 1ts scope,
the invention will be described and explained with additional specificity and detail through the
use of the accompanying drawings 1n which:

[0022] FIG. 1 illustrates generally a grid scheduler, cluster scheduler, and resource managers
interacting with compute nodes within plurality of clusters;

[0023] FIG. 2 1llustrates a system embodiment;

[0024] FIG. 3 1llustrates the basic components for green computing;

[0025] FIG. 4 1llustrates a migration application from one jurisdiction to another;

[0026] FIG. 5A 1llustrates a method embodiment;

[0027] FIG. 5B illustrates another method embodiment;

[0028] FIG. 5C 1illustrates yet another method embodiment of the invention; and

[0029] FIG. 6 1llustrates several aspects of the disclosure.

DETAILED DESCRIPTION OF THE INVENTION
[0030] Various embodiments of the invention are discussed 1n detail below. While specific
implementations are discussed, 1t should be understood that this 1s done for 1llustration purposes
only. A person skilled 1n the relevant art will recognize that other components and
configurations may be used without parting from the spirit and scope of the invention.
[0031] With regards to the first primary component of monitoring a resource state 302 1n terms
of power, temperature and so forth, a module uses multi-resource management capabilities and

native mterfaces in order to collect at Ieast one or more of the following pieces of information.
9
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Load “watts consumed per node” via an intelligent platform management interface (IPMI) or
other low level mtertace 1s gathered. Another piece of information involves the load “CPU
temperature per node” via the IPMI or other low level interface. Yet another parameter involves
the load “watts consumed” for non-compute intelligent resources including chillers, storage
systems, file servers, and network switches via the system network management protocol
(SNMP) or other low level interface. Those of skill in the art will understand the standardized
interfaces in which the data may be retrieved and monitored by software programmed or
included 1n a workload manager.

[0032] Next, the concept of reporting resource state in terms of power and power consumption
and power information as well as temperature includes the following. Various reports are
capable of being generated based on the monitored information. For example, job reports are
generated which include the following features: (1) per job current, minimum, maximum,
average, and total power consumption; (2) per job power consumption over time; (3) per job
cost in dollars (or any currency unit) due to kilowatt hour (kwh) consumed; and (4) per job
average temperature of allocated resources. Of course, these concepts as well as other
parameters may be utilized to provide information with regards to power consumption on a job-
by-job basis. In this regard, a report can come back to a user or administrator that a particular
job, 1n terms of 1ts power consumption, consumed a certain amount of power. This information
may be utilized by a workload manager 304 to analyze various information in order to make
intelligent decision with regards to how to submit that job into the compute environment for
consumption. For example, the report may provide comparisons of energy consumption for the
job versus 1f the job were processed differently or at a different location. Where multiple
opcerational goals exist, such as the lowest overall cost or the least use of active cooling, the
report can include multiple suggested configurations to optimize for each operational goal as

well as a suggested optimal configuration blending each operational goal.

10
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[0033] Next, job template reports may also be provided. Job template reports may provide
information 1n the following parameters: (1) per job current, minimum, maximum, average, and
total power consumption; (2) per job power consumption over time; (3) per job cost 1n dollars
(or other currency value) to KWH consumed; (4) per job average temperature of allocated
resources; (5) per job per node application performance; (6) per job per node power
consumption; and (7) per job per node per watt most effective application performance. This
information from a job template report can provide additional details regarding performance for
a particular application (software application, operating system, and so forth) and a more
detailed analysis of power consumption on a per node basis for a particular job. This
information also may be utilized for improving the distribution of workload in order to improve
power consumption while maintaining the standards promised under an SLA.

[0034] Another reporting capability includes credential reports. Credentials involve such
parameters such as user, groups, projects or accounts, classes or queues, and/or quality of service
(QOS and SLA). These enable a different type of view with regards to power consumption
based on a credential parameter. This enables an administrator or user to 1dentify that the
workload submitted by a particular type of credential has power consumption that 1s average,
above average, below average or 1n need of improvement. For example, parameters which can
be included 1n a credential report include: (1) per credential current, minimum, maximum,
average and total power consumption; (2) per credential power consumption over time; (3) per
credential cost in dollars (or other currency due to KWH consumed); and (4) per credential
temperature of allocated resources.

[0035] Another type of report which can be generated includes a node report. A node report, as
its name suggests, provides information and data with regards to the use and consumption on a
per node basis. Parameters include: (1) per node current, minimum, maximum, average and
total power consumption; (2) per node power consumption over time; (3) per node cost due to

KWH consumed; and (4) per node current, minimum, maximum, and average temperature.
11
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[0036] Another report which can be generated involves a partition report. Partition reports
COver, on a per partition basis, at least the following parameters: (1) per partition current,
minimum, maximum, average and total power consumption; (2) per partition power
consumption over time; (3) per partition cost due to KWH consumed; (4) per partition current,
minimum, maximum, and average temperature; and (5) per partition actual versus non-green
Versus maximum power consumption over time. These parameters enable mformation to be
provided with regards to partitions that are created within a compute environment for consuming
workload.

[0037] With regards to the interfacing to power management’s facilities, at least the following
actions are available for use in managing the power 1n the compute environment. Power
management facilities include the ability to power a node on, power a node off and enable a
sleep state such as a Linux sleep state. There may be other sleep states which may be enabled to
power down or reduce the power consumption for a node or another resource that 1s not
currently being used. For example, any facility that provides for a hibernation state which turns
down everything possible but still maintains a synchronization state. Another power
management facility includes the ability to place a resource 1n a low power standby or sleep
mode. These management facilities are controlled as directed by a workload manager in order to
both maintain promised levels of service according to an SLA as well as maximize the
efficiency 1n terms of power consumption for the compute environment.

[0038] At the time of the filing of the present application, newer servers are beginning to
provide some power management capabilities independently and internally. For example,
servers may include their own management software that allows them to turn off. This 18
primarily based on local knowledge. An aspect of this disclosure relates to providing these
management capabilitics or APIs externally so that they may communicate with both power
management facility 308 and a workload manager 304 and receive instructions for power

management purposes. In this regard, a system may be able to tap into and possibly even shut
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down particular portions of memory. For example, the system may instruct a node to run 1n a
low memory state. So even thought 1t may have 4 gigabytes of RAM, the workload manager
304 may 1nstruct a particular node to restrain itself down to one half gigabyte of RAM and stay
in this hibernation state 1f the workload 1s small or larger. Then, since the memory consumes a
fair amount of power, the implemented memory restraint reduces power consumption. In
another example, the management software may be able to lower a clock speed of individual
processors or turn off particular processors or cores, power down hard drives, spin down
peripherals such as DVD-ROMSs, or other types of interfaces. In other words, any power
consuming component of the compute environment may be interfaced with a workload manager
304 that can manage and control its use. Therefore, all various connections with workload, jobs,
job analysis, resource analysis and so forth may be monitored, reported and controlled according
to the principles disclosed herein.

[0039] In addition to controlling these individual resources within the compute environment, an
aspect of the disclosure 1s that all of these states are different actions that may be available on a
predictive basis in which a workload manager 304 may anticipate powering down a node, or
powering down portions or all of the RAM, or spinning down DVD-ROMs and so on, as a job
arrives or as a reservation 1s received 1n anticipation for efficiently consuming the resources
within the environment. Furthermore, adjustments may be made on a dynamic basis in which
once preliminary decisions are made and workload begins to be consumed, changes within the
workload, the environment, SLAS, or any other parameter may be 1dentified and power
management decisions and instructions and/or predictions may be modified as well to improve
the efficiency. For example, the system may overestimate the amount of RAM needed for a job.
When the actual workload 1s processed, the system determines that less RAM 1s actually needed
and makes the appropriate adjustment and places more RAM into a hibernation state. The air
conditioning in an on demand center may fail causing the nodes to overheat. The workload

manager 304 then transters the workload to other compute environments or make other changes
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to accommodate the heat, such as reducing the clockspeed of processors in the overheated area.
Therefore, the workload manager 304 utilizes information about a current state of the
environment and workload and/or 1ts knowledge about future workload to implement energy
saving decision such as when to power down or power up any particular resource within the
compute environment. Nodes may be powered down or up based on information associated
with the current state and/or knowledge of the workload, both current and future, as well as
predicted.

[0040] Regarding the mechanisms for managing power consumption in a compute environment
300, one example method includes receiving data about a current state of the compute
environment 300. The received data, for example, may include data regarding a current
workload, current temperature, current power consumption, current nodes that are 1n a standby
mode or memory that 1s in a reduced power consumption mode, and so forth. Any data
regarding the current state of the compute environment 300 may fall under this category. Next,
the method analyzes workload that 1s currently consuming resources in the compute
environment 300. The method next includes powering on or off or taking another power saving
step for at least one resource 1n the compute environment 300 based on the received data and
analysis of the workload. Powering off at least one resource may include placing at least one
node 1n a low power standby mode. The at least one resource may be a node, memory, a router,
bandwidth, and so forth. In another aspect, the analysis further includes an analysis of workload
that 1s to consume the compute environment 300. Workload managers 304 receive and establish
a queuce of jobs that are to consume a workload. One aspect of this embodiment enables the
analysis of such workload that has not yet consumed resources in the compute environment 300
but 1s scheduled to consume resources.

[0041] In another method embodiment, a system 304 performs the steps of managing power
consumption 1n the compute environment 300 by receiving data regarding the current state of

the compute environment, and analyzing workload to be consumed 1n the compute environment
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300. The system predicts at least one power consumption saving action based on the current
state and analyzed workload and implements the predicted at least one power consumption
saving action in the compute environment. The power consumption saving action may be one of
the following: powering down a node, powering down memory such as RAM, spinning down a
disk, lowering a clock speed of a processor, powering down a hard drive or placing a resource 1n
a low power consumption mode. Other power saving steps may occur as well. The system can
also analyze the compute environment 300 and workload as the workload consumes resources n
the compute environment 300 and dynamically adjust the implemented and predicted at least
one power consumption savings action based on the analysis of the compute environment and
workload. One example of dynamically adjusting the at least one power consumption saving
action may include increasing or decreasing the number of powered down or powered up nodes
from an implemented amount. Another example of dynamically adjusting includes increasing or
decreasing an amount of powered down memory, such as RAM, from an implemented amount.
[0042] Next, the system 304 provides intelligent policies to control power consumption. For
example, an 1dle pool management facility involves utilizing workload prediction facilities to
determine when 1dle nodes will be required to run queued workload. The management facility
also allows specification of which nodes will participate in an 1dle pool. For instant workload
response, the method specifies of the number of 1dle nodes which will be allowed to remain 1dle
and powered up when no workload 1s targeted, targeting node allocation for a minimum
specified time frame. The system powers down 1n either an off or standby mode 1dle nodes
which fall outside of established bounds. The system 304 enables node transition throttling to
prevent power management thrashing (powering on and off a node, spinning up and then down a
hard drive, etc.) which may affect node mean time between failure (MTBF). The system 304
also enables transparent power management hiding node, power state and state transitions from

end users and workload.
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[0043] Another intelligent policy 1s a QOS-based power management policy. Here, the system
304 allows resource pool size to be dynamically adjusted based on a per QOS backlog and
response time factors. For example, 1n this case, some nodes can be maintained 1n power down
mode even with queued jobs so long as the associated SLAs are satisfied. Power costing 18
another intelligent policy implemented 1n the system in which the system allows a “watts
consumed” based internal workload charging against user allocations including time of day
based power charging rates. An example of QOS powerbase management may be to illustrate a
simple aspect of green computing and then providing a more detailed 1llustration of how QOS
based power management may be implemented. For example, 1 a first tier of green computing,
the system may have a job and determine to go ahecad and start the nodes to run that job. The
system may, inasmuch as a job 1s 1 the queue and 18 ready to start, simply proceed to seck to
provide the user with the absolute maximum response time or throughput possible and 1f the
nodes are going to be 1dle, then the system powers them off if the system has nothing targeted
for a particular node. With the QOS power based management, the system provides additional
intelligence to determine, 1f a job 18 1n a queue and ready to process, whether to process the job
at the particular time. For example, the system does not always have to run the job within a few
seconds just because the resources are available. There may be cases where the power
management of the compute environment 300 will improve by waiting to run a job 1n a
particular amount of time. For example, the system may have a SLA that a particular type of
organization requires a response time of 30 minutes and another type of organization requires a
response time of 15 seconds. The system can 1nsure that the various SLASs are satisfied and
power resources on and off but only to the extent of satistying the respective SLAs. Therefore,
the system may have a job sitting 1n a queue for 20 minutes while nodes are also 1 a state of
being powered off. While the system could power the nodes on immediately and process the
workload, the system determines under the QOS power based management intelligence that, 1f

power consumption can be improved, the system will wait to process (in this example) jobs until
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the appropriate time and then nodes may be powered up and the resources consumed. The
system 304 may also receive outside information such as knowledge that a cold front will arrive
in the area of the compute environment 300 and wait to process a heat intensive job until then.
[0044] In another aspect of QOS power based management, there may be possibilities of
actually engaging 1n a dialog with a user 1f a power management threshold 1s met but which
requires the violation of an SLA. For example, the system 304 may provide feedback to a user
314 which has an SLA that requires a response time of 15 seconds 1n which the system may ask
for a variance from the SLA for the purpose of saving energy. This would of course be based on
analysis of at least one of the compute environment, the job in the queue, the SLA, perhaps
previous history and so forth. In this scenario, the system 304 may engage 1n a dialog which
authorizes the departure from the standard SLA. It 1s preferable, that these kinds of details
would generally be set forth in the SLA m advance. In other words, the SLA may include a
typical response time of 15 seconds, but 1f a certain threshold of improved power consumption
may be achieved by altering that response time, then the SLA can include parameters to pre-
authorize such departures from the standard required response time.

[0045] Another mtelligent policy involves a time of day based power consumption. Here, the
system 304 allows intelligent scheduling which only executes the most time-critical workload
during the most expensive “peak’ power consumption periods and defers other workload to less
costly periods. For example, 1f the most costly consumption period during a day 1s between 9:00
am and 12 noon, the mtelligent scheduling policy may identify a job or a queue of jobs and
execute the most time critical workload during this time period because the time critical
workload must be processed and the trade-off 1s 1n the balance of processing the workload over
paying less money for power consumption. Then, other less critical workload may be processed
for example, during a lunch period from 12-1 pm or later in the middle of the night in which less
expensive power costs are available. Knowing that a charge rate associated with a particular

environment and actually being able to bill back users, which may be individual users or larger
17



CA 02719005 2010-09-20

Attc

PCT/US2008/071029 ' T C1

WO 2009/131592

system users or departments, may have some unit of credit that allows them to use the compute
resources. For example, the concept of power costing allows some of these credits to be
consumed directly based on the wattage of the workload. Thus, the system 304 may provide a
normal costing factor associated with using the compute resources. For example, the system
304 may allow the raw use of the environment because the system has allocated that a particular
use 1s going to use a certain number of credits per processor second. In addition, the user can
also be charged for the actual power consumed. Therefore, this aspect of the disclosure seeks to
model the cost structure of the data center or the high performance computing (HPC) cluster 300
and the power costing approach to basically model the use of energy and charge users for that.
[0046] Another intelligent policy includes temperature based workload distribution. Here, the
system allows node allocation policies to distribute workload to balance heat dissipation and
thus average node temperature within the data center or cluster. Here, utilizing the monitored
information with regards to temperature, the workload manager can actually distribute workload
to particular nodes within the cluster that are running cooler rather than nodes that are running
hotter. Thus, the system can intelligently send “low heat” workload, based on automatic
learning or other mechanisms, to high temperature nodes to balance the data center heat
distribution. For example, certain jobs may be 1/0 specific and require a lot more data
throughput over the network. Other jobs may be very processor specific as well as some that
may ramp up use and requirements on memory. Thus, different jobs and different workload
have different resource consumption profiles and thus, different power consumption profiles.
Another example 1s a heterogencous compute environment including power efficient ultra-low
voltage (ULV) processors and standard processors. ULV processors can handle constant 100%
CPU utilization with very little heat generation where a standard CPU would generate
considerable heat under the same workload. The same job may incur different heat-related

characteristics depending on which hardware 1n the same location 1s processing the job.
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Therefore, the analysis by the system 304 includes making energy conservation decisions based
on knowledge of cach CPU and 1ts heat generation characteristics.

[0047] Basically, the workload manager learner capability would use such information to profile
an application or particular type of workload and discover what type of power consumption
profile 1t has. Once the system 304 determines the power of consumption profile, the system
can look to the data center to determine what additional heat will be added to the data center 300
when processing that workload. The system 304 can determine what the overall additional heat
to the center 18 going to be. In this way, the system 304 can determine whether the data center
300 1s going to over heat and thus take the compute environment outside of an authorized
temperature range. The system can actually determine on a node-by-node or partition basis 1f
there 1s a cooler physical part of the data center. In this case, the monitored states may be of
course utilized and analyzed such that the workload manager can actually place the particular
workload within one of the racks or next to a particular chiller or cooling unit 316 such that as
the resources 1n the environment get consumed, the workload manager 304 can balance the
resulting temperature increase. This 1s of course a cost saving because the designer and
purchaser of the compute environment does not have to over purchase or over bill the cooling
system because the workload management system 304 1s intelligent enough to prevent it from
ever reaching outside of a particular temperature threshold. This 1s a one example benefit of the
principles disclosed herein that 1s a direct cost savings to those owning and operating such
compute environments.

[0048] Next, another concept associated with the above job migration 1s that perhaps the system
cannot run a job at the current time. Perhaps the workload management software 304 may
determine not to run the job now and 1dentify a location and a time 1n which the job can start so
as not to exceed the total temperature threshold, wattage threshold or BTU threshold that the
system 1s trying to maintain as a target. Thus, while temperature 18 primarily discussed above, a

wattage threshold and BTU threshold may also be the parameter against which decisions are
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made with regards to placement of workload 1n the compute environment as well as job
migration.

[0049] In another aspect of the disclosure, an intelligent policy may be implemented by the
workload manager 304 in which job migration may be employed. An example of this aspect
involves determining when a running job generates more heat than was expected. If certain
thresholds are passed with the acceptable level of heat, the workload manager 304 actually
migrates a live job over to a new and cooler location. There may be several scenarios 1n which
this 1s applied. For example, the job or workload may not have a profile and thus the best and
most accurate prediction of the heat generated by that job may have been incorrect and thus
modifications require the migration of the job to a new location. In this regard, another aspect
involves therefore generating a workload profile that may be then stored and utilized at a later
date 1n order to improve the distribution of workload for a later submitted job that may have the
same or similar profile.

[0050] Furthermore, another interface to power management facilities 312 may enable a
workload manager 304 to also interface with heat management facilities such as air conditioning
or chilling units 316. Thus, if based on data received, the system knows that 1t will be sending
workload to high temperature nodes which may further increase their temperature according to
certain parameters and thresholds, the system may instruct the air conditioning unit or chilling
facilitics 316 to also mncrease 1in order to accommodate the anticipated or actual current increased
temperature. The system 304 may also instruct the air conditioning unit or chilling facilities to
direct cooling to particular portions of a building or server room by remotely controlling
ductwork or vents, for example, to direct more cool air to travel to the hottest nodes. In this
regard, very localized management of temperature may be coordinated through such control of
ductwork, fans, c¢tc. by the system 304.

[0051] Another aspect of the disclosure with regards to temperature involves temperature based

responses. Here, the system would allow temperature thresholds to preclude the allocation of
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excessively “hot” nodes and further may provide temperature thresholds to dynamically initiate
automated actions or notifications. As noted above, the automated actions may involve either
the compute environment 1tself or the temperature control facilities which are 1in place 1n a data
center or compute environment. Furthermore, of course, notifications may be provided to users
or administrators to warn them of excessive heat or dangerous circumstances.

[0052] An example of a temperature-based response would be to use the generic metric
capability associated with the workload manager 304. Here, one of the metrics utilized 1n
determining workload 1s processed 1s to add temperature as a metric. Thus, the workload
manager 304 may place as a default parameter on the workload that says that the workload can
only use nodes that have a temperature lower than a particular threshold temperature X. In this
regard, 1t becomes a standard generic metric enforcement 1n terms of distributing the workload
into the compute environment 300. A second aspect if a trigger action that also may operate on
the generic metric heating and establish a threshold. Therefore, the concept of utilizing
temperature, wattage or a BTU threshold into the previously used generic metrics provides the
capabilities of improving and providing a temperature, wattage or BTU based response when
processing workload 1n the compute environment.

[0053] Another mtelligent policy enabled by the system 1s a power based workload packing
policy. Here, the system allows job packing to optimize workload placement and to allow the
maximum number of servers to be placed into an 1dle or standby mode and thus minimize total
power consumed. Here, the system may implement job migration (using virtual machine or
check restart based mechanisms) to improve packing of existing active workload. As an
example of a packing policy, assume that the system304 manages a 16 core machine 1n the
compute environment. It may make sense for the system to pack up that machine because the
difference between the machine that has a 1 core running and a machine that has 2 cores running
versus two machines that have 1 core running each 1s that there 1s a significant power savings in

packing them onto that one machine. So previously, system algorithms would spread the
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workload out so as to minimize the conflict and maximize performance of every individual job.
Now, the improved system 304 includes power saving attributes in the algorithms. Therefore,
while the workload manager 304 still desires to maximize the performance, it may also
determine 1f there 1s a cost and the system 304 adds a balancing of the cost of power
consumption against the mild performance improvement of maximum distribution. Also
included 1n this concept 1s the understanding of the power consumption policies and power
management opportunities. Therefore, 1f the system packs workload onto a 16 core machine,
and 1f the system uses a tight packing algorithm, 1t enables in the compute environment 300
more cores and other resources to be powered off and provides larger savings through job
migration. Basically, the system runs more jobs on less nodes and powers down the other nodes
that otherwise might have workload distributed on them.

[0054] Theretore, an example of the application of this concept 1s 1f job A and job B both run on
the same node, the user may experience a 3% degradation of performance because of the sharing
aspects of the compute environment, but 1f job A and job B are separated on two separate nodes,
then this may increase the power consumption by 20%. The balancing algorithm then
determines whether 1t 18 appropriate to have performance degradation in exchange for power
savings.

[0055] Next, another intelligent policy disclosed herein 1s a power effectiveness packing policy.
Here, the system 304 allows automated learning of per-application performance on a node-by-
node basis. This allows the correlation of application performance and power consumption to
1dentify the most effective application to node mapping for the workload. Here, the system also
uses mapping information to intelligently shift workload to optimal nodes. Automated learning
involves 1dentifying for each application or workload how many certain numbers of units of
work are required to process that application. Each application will have some number of work
so as 1t runs on different types of hardware 1t will run at varying speeds. The system 304

basically measures per node performance or how well the application executes on this particular
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resource. Once the system 304 knows this information, the system can actually correlate
performance to power consumption. Previously, systems 304 primarily determined performance
simply as a measure of a unit of time. In other words, how many processing widgets 1s the
system able to accomplish per second. Now, the system 304 looks at the consumption of
resources differently and asks how many widgets per kilowatt power are consumed. Therefore,
the concept becomes a unit of work and then the system 304 implements a larger algorithm that
analyzes both turn around time as well as power consumption together to figure out the total cost
of a particular job. Thus, the most effective and efficient processing of an application 1s now
based on power plus turn around time. Therefore, the allocation infinity algorithms operated by
the workload manager 304 may enable the system to wait a little longer to obtain the best node
or another different kind of best and most efficient resource within the compute environment.
[0056] Another intelligent policy to control power consumption involves green grid
management. Here, the system utilizes watt-centric charging information to migrate workload to
a least expensive data center based on persistent and/or time of day based charge rates. This 18
shown in FIG. 4. In this regard, the system may balance features such as SLA requirements, and
the delay 1n cost involved 1n migrating workload from one data center to another and make
intelligent decisions with regards to migrating workload. For example, a data center in North
America 402 may have temperature or power consumption or cost 1ssues and an analysis may
automatically be performed in which a data center in South America 404 may have less
expensive power consumption and capacity for taking on additional workload. In this regard,
the green management module can migrate workload from a data center in North America 402
to a data center in South America 404 for consumption. Other data centers 406, 408 can also of
course be networked and made available. The increased value of processing the job or the
workload in the South America facility will outweigh the delay and costs and resource
consumption in terms of bandwidth necessary to migrate the workload to the new on-demand

center.
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[0057] In another example, assume that a data center located in England 406 1s operating and 1t
happens to be peak use hours in England and thus, the price being charged 1s quite high. Not
only 1s this data center charging a lot for the raw power but perhaps the users are taxed if they
use more than 60,000 kilowatt hours that day in the data center. In some jurisdictions, a special
tax may ensue to charge the users more. Therefore, the workload manager 304 communicates
with these various data centers and 1f the centers are connected via a grid located in North
America 402 or South America 404, an analysis can be performed 1n which the cost in dollars as
well as perhaps power consumption and time can be analyzed to determine whether 1t 1s more
ctficient according any of these parameters or any combination thercof to migrate the job to
another data center. Even though there are costs associated with migrating the data and the
workload, the savings may actually outweigh the costs. Thus, the data center 406 in England
may outsource 1ts workload to other locations which, at the same time of day in England will be
during off hours 1n the other jurisdictions. Because a location 18 on the other side of the world, 1t
may be the middle of the night or very early 1n the morning and the power 1s just cheaper during
that time. Thus, the system can manage outsourcing certain workload and particularly workload
that 1s not response time 1ntensive and which also may not be of high security or relatively as
high value. Therefore, this type of workload can be pushed to a lower power consumption
environment, enabling the users to stay under various thresholds and operate according to the
desired models. In yet another aspect, workload can be moved based on weather conditions
such that predicted storms can be avoided or data centers 1n cooler arcas can process the
workload to reduce the need for cooling energy.

[0058] Another benefit to this particular approach in terms of managing the consumption of
workload based on power consumption 1s that with a high cost of oil, there 1s often an enormous
cost 1n moving fuel from one place to another simply 1n order to run power plants. Therefore,

there may even be mechanisms to place data centers near the source of power such as near
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power plants and seck to minimize the cost of such power and maximize the use of such data
centers for migrated workload.

[0059] With regards to the concept of job migration across jurisdictions, we note that some
aspects of the method can be practiced as though the method 1f being practiced i a particular
jurisdiction. For example, the data center 402 in North America may view the data centers in
other parts of the world as though 1t 1s from a black box. Here, state information can be received
from the other data centers with regards to their cost per kilowatt of power, their peak
consumption, their availability for processing workload, and so forth. Such information can be
retrieved from sister workload managers (318, 322, FIG. 3) or a same workload manager that
recerves the data for data centers (320, 324, FIG. 3, or DC’s 1n FIG. 4) 1n geographically distant
locations. Thus, a workload manager associated with data center 402 can receive state
information for data centers 404, 406 and 408. An analysis can be performed balancing the
power consumption, cost, individual cost for migration of data and workload to each of the
different data centers and so forth. Thus, a workload manager associated with data center 402
can therefore, based on 1ts affinity algorithms, determine which of the other data centers
provides the most efficiency for migrating and consuming the resources there. In this regard,
assuming that a data center in England 406 1s 1dentified as the cheapest due to the off peak hours
which would provide the cheapest cost of fuel, the workload manager associated with data
center 402 acts and outsources the workload to data center 406. Following the consumption of
the resources 1n data center 406, workload manager for the data center 402 then receives the
results 1n terms of data received from the data center 406. There can be various mechanisms by
which the state information for cach of the data centers can be retrieved and utilized. In other
words, there can be a single workload manager or multiple workload managers that manage the
state information and implement the algorithms which appropriately distribute the workload and
if necessary make job migration decisions. Again, it 1s preferable that these decisions with

regard to where the workload 1s processed are preferably transparent to the user that submitted
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the workload. Thus, the user, to his or her knowledge, simply submits workload to a local
compute environment, but through the policies and communication between various data
centers, the workload migrates and 1s processed at a location far distant from the data center
which originally received the reservation or request for resources.

[0060] An embodiment of the invention relates to a method of managing the consumption of
resources within a compute environment. FIG. SA 1llustrates the basic steps involved 1n the
practice of the method. As shown, the method mcludes monitoring at Ieast one power
consumption parameter 1n the compute environment (502), distributing workload into the
compute environment at least in part based on the at least one monitored parameter (504) and
reporting results (506).

[0061] As can be appreciated these represent several basic steps 1 the process of efficiently
managing a compute environment. It 1s understood that many of the data points regarding
power consumption and temperature can be monitored and reported and both the compute
environment and many power and temperature related functions 1n the compute environment
including cooling facilities 316 can be controlled and managed via workload management
software 304. Accordingly, multiple method embodiments are disclosed herein.

[0062] Another intelligent policy enabled by the disclosure herein involves power limits and
caps. Here, the system enables a per day or total wattage limit or cap on a per user, group,
project, department, job, etc. basis. Thus, any parameter such as a credential and so forth can be
particularized and assigned a power or temperature limit or cap. Another aspect involves power
prioritization. Here, the system can prioritize “green” workload during the most expensive time-
of-day periods. In this regard, the system analyzes the actual workload to determine the power
consumption that will likely be needed 1n order to process that workload. Here, if a particular
job or workload 1s anticipated not to utilize as much power as other workload, then the system
can prioritize that workload during the most expensive time of day periods. As an example of

prioritizing green workload, the system 304 can perform an analysis for the workload to identify
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that a particular workload will use a low amount of energy such that such workload can be
processed during the most expensive time of day. Here, the algorithm can be to give a particular
workload a time based affinity based on attributes related to the power consumption for that
particular workload.

[0063] FIG. 5B 1llustrates another example method. In this example, the method 1s for
managing power consumption in a compute environment. The method includes receiving data
about a current state of a compute environment (510). Next, the system analyzes the workload
of those currently consuming resources 1n the compute environment (512) and modifies at least
one resource 1n the compute environment based on the received data and the analysis of the
workload (514). The modification 1s related to energy consumption. In this context, the
resources within the compute environment not only include the compute resources such as
processors, memory, bandwidth, disc space and so on but also can include environmental
resources such as air conditioning units, fans, ducts, controls of air flow, windows, electricity
provided to the environment and so forth. Therefore, the concept of modifying at least one
resource 1n the compute environment encompasses all of these various components within the
entire compute environment. For example, modifying at least one resource in the compute
environment can involve placing at least one node 1n a low power state or powering on or off at
least one node. Modifying at least one resource 1n the compute environment can involve
increasing the air conditioning in order to maintain the temperature in the entire compute
environment or 1n a portion of the compute environment at a particular level. Modifying the
compute environment 1n this case can involve directing the air conditioning units or cooling
facilities to increase cooling 1n particular portions of the building or server room by remotely
controlling duct work or vents, for example, 1n order to direct cool air to the hottest nodes or to a

particular portion in the environment.
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[0064] The method can also further include analyzing future workload that will be consumed 1n
the compute environment and wherein the step of modifying the at Ieast one resource 1s based on
the recerved data and the analysis of the current workload and the future workload.

[0065] FIG. 5C illustrates another example method embodiment. Here, the system manages
power consumption in the compute environment by receiving a current state of the compute
environment (520), analyzing workload to be consumed 1n the compute environment (522) and
predicting at least one power consumption saving action based on the current state and analyzed
workload to be consumed in the compute environment (524). The algorithm looks to future
workload that 1s scheduled to be consumed 1n the compute environment and makes a prediction
of at least one power consumption saving action based on that current state as well as the
analyzed workload. For example, within the queue of jobs, a job can exist that 1s scheduled to
consume resources 1n the environment that 1s predicted to be highly heat intensive. In this case,
the at least one power consumption saving action can mvolve adjusting the distribution of the
workload such that efficient ultra-low voltage processors can be used rather than standard
processors. Furthermore, additional actions can be taken that are not purely based on power
consumption but based on temperature. For example, knowing that a heat intensive workload 1s
scheduled to consume resources 1n the environment, the system can introduce increased cooling
into the compute environment or a portion of the compute environment where such workload 1s
to be processed. In this regard, it can save energy to pre-cool the environment rather than
waiting for nodes to increase their heat dissipation and then cooling them back down. Thus,
such actions both within the compute resources as well as the cooling facilities can be taken
based on the state of the compute environment and workload to be consumed 1n the compute
environment. Next, the method includes implementing the predicted at least one power
consumption saving action in the compute environment (526). Other steps can include
analyzing the compute environment and workload as the workload consumes resources 1n the

compute environment and dynamically adjust the implemented and predicted at least one power
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consumption saving action based on the analysis. The system can increase or decrease the
number of powered down nodes from an implemented amount or can increase or decrease an
amount of powered down memory from an implemented amount. Furthermore, the system can
also increase or decrease implemented steps dealing with the cooling facilities or can make
modifications to job migration steps or a transfer of workload to a separate on demand center
and so forth.

[0066] In another aspect, the system can receive a current power consumption state 1n the
compute environment, and analyze queued jobs scheduled to consume resources 1in the compute
environment and then predict power consumption when at Ieast one of the queued jobs 1s
consumed in the compute environment. Finally, the method imnvolves consuming the at least one
job 1 the compute environment with the at Ileast one power consumption saving action. AsS
noted above, the action may also be an action related to the temperature of the compute
environment as well as other actions involving migrating or transferring workload to new areas
of the environment or to other on-demand centers or other compute environments.

[0067] FIG. 6 1llustrates a network 600 showing several features of the disclosure and
discussion set forth above. A first workload manager 602 manages distribution of workload in
cluster 606. Within this cluster 1s a job 610 shown as consuming a particular set of resources
within the cluster 606. One aspect described above relates to job migration from one portion of
the cluster 606 to another portion 612 of the cluster. Thus, using the principled disclosed above,
the workload manager 602 cither alone or 1n connection with other software or control modules
can receive at least one data point disclosed herein related to power consumption and provide
instructions and control to manage the location, timing and so forth of the consumption of
resources within the cluster 606. This portion of FIG. 6 sitmply 1llustrates how one job can be
physically migrated to another portion of the same cluster. Also shown m FIG. 6 15 a cooling
facility 618 which generally represents air conditioning, ventilation or any other cooling or

temperature management mechanisms which can be employed 1n association with the cluster
29



CA 02719005 2010-09-20

Attc 7-PCT

WO 2009/131592 PCT/US2008/071029

606. The workload manager 602 can also communicate with such a cooling facility 618 as well
as via the link from the cluster to the other power consumption facilities discussed above to
achicve the purposes and processes disclosed herein.

[0068] Also, as has been noted above, jobs can also be migrated from one cluster 606 to another
cluster 608 and consumed therein 614. Thus, FIG. 6 also shows another workload manager 604
communicating both with workload manager 602 as well as a separate cluster 608. A cooling
facility 620 1s also shown 1n connection with cluster 608. FIG. 6 therefore 1llustrates an example
where data points are received with regards to temperature costs and so forth as discussed above,
and 1f a threshold 1s met, then the system can migrate job 610 from cluster 606 to cluster 608
and consume the resources 614 1n cluster 608. Here, taking into consideration the costs of
migrating data and workload across a network link between the two clusters, the system
workload manager 602 can implement such a migration 1if, according to the affinities
programmed 1nto 1ts algorithms, the power consumption savings justifies the migration. The
particular configuration of FIG. 6 can of course be altered as would be known to those of skill in
the art. For example, there can be a single instance of a workload manager that can manage both
clusters, and so forth. Also not shown in the figure but would be known by those of skill in the
art 1s workload managers typically work with resource managers such as TORQUE, from
Cluster Resources, or any other known resource manager which manages the final
communication and implementation of workload onto the nodes within a respective cluster. Of
course, FIG. 6 can also apply to on-demand data centers, grids, or any commodity type multi-
node compute environment.

[0069] Generally, method embodiments of the present invention involve utilizing at least one
data point of the type discussed above, and based on one or more of those data points, making a
determination according to programmed algorithms whether to take a particular action 1n order
to improve the power consumption for a particular job, group, and so forth. Thus, from the

disclosure above, there can be multiple methods which can be claimed using the variety of
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monitored or reported parameters as well as a variety of different types of actions which can be
taken on the workload, the cluster, the cooling facilities, the energy management control
capabilities, and so forth.

[0070] As set forth above, a number of related applications have been incorporated herein by
reference. The energy conservation concepts disclosed herein can be applicable and blended
with any of the concepts disclosed in the applications incorporated in this disclosure. One
example of such a merging of energy conservation techniques 1n workload management and
particular concepts incorporated herein relates to U.S. Application No. 10/589,339 (Attorney
Docket No. 010-0019). This application discloses intelligent pre-staging of data in a compute
environment. The concepts discussed therein relate to intelligent data “just i time™ data pre-
staging that optimizes the use of diverse compute resources. One example of a mechanism to
achieve data pre-staging is to gencrate a data staging reservation earlier in time to a compute
reservation. A compute reservation can be one 1n which a processor or a group of processors are
reserved for performing the computation portion of a reservation. A data staging reservation 18
disclosed to overlap the compute reservation 1in an appropriate amount of time 1n order to
provide the necessary data (“yust in time”) to the compute resources for processing the job. In
this case, the data resources can be reserved for another entity since these resources are not
needed until the data stage-out reservation which can involve, for example, receiving the process
data from an analysis of a nuclear stockpile.

[0071] In addition to the stage-in reservation, the compute reservation and a stage-out
reservation, an aspect of the present disclosure can involve receiving information related to
power consumption and energy use for these various reservations. For example, a data stage-in
reservation can be established prior to a compute reservation which 1s timed to provide the data
in a just 1n time mode for use in computation. However, there can be modifications which can
be made to that data stage-in reservation 1n which power consumption can be minimized while

also maintaining adequate SLA performance on the particular job. For example, 1f the data pre-
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staging were to occur without energy consumption in mind, the data pre-staging can utilize a
relatively large amount of power and generate excess heat. In one example, the data pre-staging
may not be established to be just in time but the data can be pre-staged ten minutes in advance of
the compute reservation and the workload management algorithms may be able to maintain
conformity with the SLA agreements but save power and reduce the temperature in the compute
environment based on a modification such as this.

[0072] Theretfore, this example provides an 1llustration, many variations of which are
concelvable, in which the optimization algorithms can include the energy conservation affinities
and make appropriate changes within the environment 1n order to take these additional
parameters related to the environment into account. Therefore, any data associated with any of
the incorporated applications can be modified in a similar manner to take into account all of the
available energy consumption information. Additionally, the other controllable components
with regards to power consumption and temperature can also be adjusted, such as chillers and so
forth, in the context of any of the decisions that are made with regards to workload management
in any of the applications incorporated herein by reference.

[0073] Embodiments within the scope of the present invention can also include computer-
readable media for carrying or having computer-executable instructions or data structures stored
thercon. Such computer-readable media can be any available media that can be accessed by a
general purpose or special purpose computer. By way of example, and not limitation, such
computer-readable media can comprise RAM, ROM, EEPROM, CD-ROM or other optical disk
storage, magnetic disk storage or other magnetic storage devices, or any other medium which
can be used to carry or store desired program code means in the form of computer-executable
instructions or data structures. When information 1s transferred or provided over a network or
another communications connection (either hardwired, wireless, or combination thercof) to a

computer, the computer properly views the connection as a computer-readable medium. Thus,
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any such connection 1s properly termed a computer-readable medium. Combinations of the
above should also be included within the scope of the computer-readable media.

10074] Computer-executable instructions include, for example, instructions and data which cause a
general purpose computer, special purpose computer, or special purpose processing device to
perform a certain tunction or group ot tunctions. Computer-executable instructions also include
program modules that are executed by computers in stand-alone or network environments.

Generally, program modules include routines, programs, objects, components, and data structures,

etc. that pertorm particular tasks or implement particular abstract data types. Computer-executable
instructions, assoclated data structures, and program modules represent examples ot the program

code means for executing steps of the methods disclosed herein. The particular sequence ot such

executable instructions or assocliated data structures represents examples of corresponding acts for
implementing the functions described in such steps.

[0075] Those of skill in the art will appreciate that other embodiments of the invention can be
practiced 1in network computing environments with many types of computer system
configurations, including personal computers, hand-held devices, multi-processor systems,
microprocessor-based or programmable consumer electronics, network PCs, minicomputers,
mainframe computers, and the like. Embodiments can also be practiced in distributed
computing environments where tasks are performed by local and remote processing devices that
are linked (either by hardwired links, wireless links, or by a combination thercof) through a
communications network. In a distributed computing environment, program modules can be
located 1n both local and remote memory storage devices.

[0076] Although the above description may contain specific details, they should not be
construed as limiting the claims 1n any way. Accordingly, the appended claims and their legal

cequivalents should only define the invention, rather than any specific examples given.
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AMENDED CLAIMS
received by the International Bureau on 22 December 2008 (22.12.08)

1. A method of managing energy consumption in a compute environment managed with
workload management sofitware that communicates with resource managers to schedule and
distribute jobs into the computer environment, the method comprising:

receiving data about a current state of a compute environment including energy
consumption;

analyzing workload that is currently consuming resources in the compute
environment, the current workload consuming resources that were reserved in advance by the
workload management software for consumption; and

modifying the use of at least one resource in the compute environment in a manner

related to energy consumption based on the received data and analysis of the workload.

2. The method of claim 1, wherein modifying at least one resource comprises placing at

least one node in a low power starting mode.

3. The method of claim 1, wherein the received data includes a temperature.

4. The method of claim 1, further comprising:

analyzing future workload that will be consumed in a compute environment on a per
job basis to calculate energy consumption and wherein the step of modifying at least one
resource in the compute environment is based on the received data and the analysis of the

current workload and the future workload.

5. The method of claim 1, wherein the at least one resource is a node or memory.
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6. The method of claim 1, wherein the at least one resource relates to a cooling facility.
7. The method of claim 1, further comprising modifying the use of at least one resource

by powering on or off the at least one resource.

8. A method of managing power consumption in a compute environment, the method
comprising:

receiving a current state of a compute environment including power consumption on a
per node basis;

analyzing workload to be consumed in the compute environment on a per job basis to
calculate consumption power, the current workload consuming resources that were reserved
in advance by the workload management software for consumption;

predicting at least one power consumption saving action based on the current state
and analyzed workload to Be consumed in the compute environment; and

implementing a predicted af least one power consumption saving action in the

compute environment.

9. The method of claim 8, wherein the power consumption saving action is one of:
powering down memory, spinning down a disk, lowering a clock speed of a processor,

powering down a hard drive, and placing a resource in a low power consumption mode.

10.  The method of claim 8, further comprising:

analyzing the compute environment and workload as the workload consumes
resources in the compute environment; and

dynamically adjusting the implemented and predicted at least one power consumption

saving action based on the analysis.
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i1.  The method of claim 10, wherein dynamically adjusting further comprises one of®
(1) increasing or decreasing a number of powered down nodes from an implemented
amount; or

(2) increasing or decreasing an amount of powered down memory from an

implemented amount.

12. A method of managing power consumption in a compute environment, the method
comprising:

receiving a current power consumption state of a compute environment;

analyzing queued jobs scheduled to consume resources in the compute environment,
the resources to be consumed being reserved by a workload manager prior to consumption;

based on the analysis, predicting power consumption on a per job basis when at least
one of the queued jobs is consumed in the compute environment; and

consuming the at least one job in the compute environment with at least one power

consumption saving action.

13.  The method of claim 12, wherein the at least one power consumption saving action is
one of: job migration within the compute environment, job migration to a second compute
environment, adjusting a cooling system, and adjusting power consumption of at least one

resource in the compute environment,

14.  The method of claim 12, wherein the at least one power consumption saving action

relates to modifying use of a cooling facility associated with the compute environment.

40

AMENDED SHEET (ARTICLE 19)



CA 02719005 2010-09-20
WO 2009/131592 PCT/US2008/071029

15.  The method of claim 14, wherein modifying the cooling facility includes pre-cooling

resources in the compute environment prior to consuming the at least one job.

16.  The method of claim 12, wherein the at least one power consumption saving action is

modifying a data prestaging reservation.

41
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