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DETERMINING STATUS ASSIGNMENTS THAT OPTIMIZE ENTITY UTILIZATION

AND RESOURCE POWER CONSUMPTION

CROSS-REFERENCE TO RELATED DISCLOSURE

[0001] The present application shares some common subject matter with U.S.

Patent Application Serial No. TBD (Attorney Docket No. 200802683-1), filed on TBD,

the disclosure of which is hereby incorporated by reference in its entirety.

BACKGROUND

[0002] Power is a critical issue in the design and operation of enterprise servers

and data centers and is expected to continue to increase in importance due to the ever

increasing demands of servers and data centers. Power consumed by cooling

equipment (for instance, fans and computer room air conditioners) has also become a

significant component in the design and operation of the enterprise servers and data

centers. By way of example, the yearly electricity costs for the cooling equipment alone

in a large data center (for instance, 30,000 square feet, rated at 10MW) has been

known to run in the millions of dollars.

[0003] The same trends in increased power consumption levels are also

becoming more applicable at smaller scales, for instance, at the cluster level, or even at

an individual server level. More particularly, with increasingly dense compute

infrastructures and more powerful processors, the server fans are known to consume

increasingly large amounts of power. For instance, the peak power usage by fans and

certain blade servers has been found to be as high as 2000W, which comprises about

23% of the typical system power of the blade server.



BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Features of the present invention will become apparent to those skilled in

the art from the following description with reference to the figures, in which:

[0005] FIG. 1A shows a simplified block diagram of a system for determining

status assignments for a plurality of entities that substantially optimizes a total power

consumption of the entities and a plurality of resource actuators configured to variably

supply resources to the entities, according to an embodiment of the invention;

[0006] FIG. 1B shows a more detailed schematic block diagram of the system

depicted in FIG. 1A, according to an embodiment of the invention;

[0007] FIG. 2 illustrates a flow diagram of a method of determining status

assignments for a plurality of entities that substantially optimizes a total power

consumption of the plurality of entities and a plurality of resource actuators, according to

an embodiment of the invention;

[0008] FIGS. 3A and 3B, collectively show a flow diagram of a method of

employing the search tool to solve a constraint optimization problem and to thus identify

status workloads for the plurality of entities that results in the substantially optimized

total power consumption, according to an embodiment of the invention; and

[0009] FIG. 4 shows a block diagram of a computing apparatus configured to

implement or execute the optimizer depicted in FIGS. 1A and 1B, according to an

embodiment of the invention.
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DETAILED DESCRIPTION

[0010] For simplicity and illustrative purposes, the present invention is described

by referring mainly to an exemplary embodiment thereof. In the following description,

numerous specific details are set forth in order to provide a thorough understanding of

the present invention. It will be apparent however, to one of ordinary skill in the art, that

the present invention may be practiced without limitation to these specific details. In

other instances, well known methods and structures have not been described in detail

so as not to unnecessarily obscure the present invention.

[0011] Disclosed herein are a system and method for determining status

assignments for a plurality of entities that substantially optimizes a total power

consumption of the plurality of entities and a plurality of resource actuators configured to

variably supply resources to the entities. The status assignments may include, for

instance, workload assignments, on/off settings, sleep/awake modes, etc. In addition,

as discussed in greater detail herein below, candidate status assignments are

determined through use of a search tool, such as, simulated annealing, hill climbing,

etc., to determine a solution to an objective function of a constraint optimization

problem. Moreover, at least one entity power model and at least one resource power

model are used to determine impacts of the candidate status assignments on the

objective function.

[0012] The power consumption settings for the entities that results in optimized

total power (both entity power and resource power) consumption is determined from the

candidate status assignments based upon real time information on the entities and the

resource actuators. The total power consumption is considered to be optimized when

the entities are able to perform the workloads assigned to the entities without

substantially violating any performance or environmental condition constraints, and

while satisfying a predetermined power consumption threshold or while the total power

consumption is minimized for at least a set of candidate status assignments.



HP 200802725 PATENT

[0013] Through implementation of the system and method disclosed herein, the

amount of power consumed by the entities in performing the workloads and the

resource actuators in providing resources, such as, cooling resources, to the entities

may be optimized to meet a predetermined power consumption threshold or a minimum

total power consumption level. This optimized total power consumption translates into

savings in both operating cost and, in certain instances, CO emissions. In addition,

because the determination of the workload assignments is made through a model-

based approach based on physics, the models may evolve with the system, thereby

resulting in a robust control system.

[0014] With reference first to FIG. 1A, there is shown a simplified schematic

diagram of a system 100 for determining status assignments for a plurality of entities

that substantially optimizes a total power consumption of the entities and a plurality of

resource actuators configured to variably supply resources to the entities, according to

an example. It should be understood that the system 100 (depicted in FIGS. 1A and

1B) may include additional elements and that some of the elements described herein

may be removed and/or modified without departing from the scope of the system 100

(depicted in FIGS. 1A and 1B).

[001 5] As shown, the system 100 includes an optimizer 102, which may comprise

software, firmware, and/or hardware and is configured to determine status assignments

for a plurality of entities 160a-160n (FIG. 1B) that substantially optimizes a total power

consumption of the entities 160a-160n and a plurality of resources 120a-120n (FIG. 1B).

The status assignments may include, for instance, workload assignments, on/off

settings, sleep/awake modes, etc. The resource actuators 120a-120n are configured to

affect one or more conditions at one or more entities 160a-160n. Thus, the resource

actuators 120a-120n may be considered as providing shared resources, such as,

cooling or other environmental condition resources, to the entities 160a-160n, which

may comprise any heat generating device, such as, electronic chips, servers, power

supplies, networking equipment, storage devices, etc.
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[0016] Although the resource actuators 120a-120n and the entities 160a-160n

may comprise any number of different combinations of elements, the following

examples are provided to afford a clearer understanding of potential relationships

between resource actuators 120a-120n and entities 160a-160n. As a first particular

example, the resource actuators 120a-120n comprise fans and the entities 160a-160n

comprise servers, in which the fans and servers are positioned in an enclosure. As

another particular example, the resource actuators 120a-120n comprise air conditioning

units and the entities 160a-160n comprise servers housed in racks, in which the air

conditioning units and the servers are housed in a room, such as a data center. As a

further particular example, the resource actuators 120a-120n comprise firing actuators

positioned in nozzles of a fluid jetting device and one of the entities 160a comprises an

electronic chip having multiple cores. As a yet further particular example, the resource

actuators 120a-120n comprise pumps and the entities 160a-160n comprise air

conditioning units, in which the pumps are positioned along various pipes configured to

supply a cooling fluid to the air conditioning units.

[0017] According to an example, the total power consumption of the entities

160a-160n and the resources 120a-120n is considered to be substantially optimized

when the entities 160a-160n and the resource actuators 120a-120n are able to be

operated to perform the workload demands without substantially violating any

performance or environmental condition constraints, and while satisfying a

predetermined power consumption threshold or while the total power consumption is

minimized for at least a set of candidate workload assignments. In certain instances,

one or more of the performance or environmental condition constraints may be waived.

Thus, for instance, the optimizer 102 is configured to determine status assignments for

the entities 160a-160n that results in both the power consumed by the entities 160a-

16On in meeting the workload demands and the power consumed by the resource

actuators 120a-120n in meeting the environmental condition demands of the entities

160a-160n to be minimized or to meet the predetermined power consumption threshold.

[0018] As shown in FIG. 1A , the optimizer 102 is depicted as receiving data from

various input sources 130, which are described in greater detail herein below with
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respect to FIG. 1B. The data includes resource actuator 120a-1 2On power levels 132,

resource actuator 120a-120n settings 134, workload demands 136, entity 160a-160n

utilization levels 138, entity 160a-160n power levels 140, entity 160a-160n

environmental conditions 142. The optimizer 102 is generally configured to determine

the status assignments among the entities 160a-160n that results in an optimized total

power consumption based upon the data received from the input sources 130.

[0019] Turning now to FIG. 1B, there is shown a more detailed schematic block

diagram of the system 100 depicted in FIG. 1A, according to an example. As shown

therein, the optimizer 102 includes an entity power model module 104, a resource

power model module 106, a condition model module 108, an optimization module 110,

an input module 112, and an output module 114. The modules 104-1 14 are designed

to perform various functions in the optimizer 102 using data obtained from the input

sources 130 as described below. The optimizer 102 is also depicted as optionally

including a resource controller 180 and a group controller 182.

[0020] In instances where the optimizer 102 comprises software, the optimizer

102 may be stored on a computer readable storage medium and may be executed or

implemented by a computing device processor (not shown). In these instances, the

modules 104-1 14 may comprise software modules or other programs or algorithms

configured to perform the functions described herein below. In instances where the

optimizer 102 comprises firmware and/or hardware, the optimizer 102 may comprise a

circuit or other apparatus configured to perform the functions described herein below.

In these instances, the modules 104-1 14 may comprise one or more of software

modules and hardware modules configured to perform these functions.

[0021] In addition to the optimizer 102, the resource actuators 120a-120n, and

the entities 160a-160n, the system 100 is depicted as including a plurality of sensors

150a-150n. The "n" denotes an integer value greater than or equal to one in each of the

previously discussed reference numerals, and thus indicates that the system 100 may

include one or more resource actuators 120a-120n, one or more sensors 140a-140n,

and one or more entities 150a-150b.
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[0022] Each of the resource actuators 120a-120n may generally be defined as

any reasonably suitable device capable of varying the provisioning of a shared

resource, such as, a cooling fluid, air, water, etc., to one or more of the entities 160a-

16On. In addition, each of the resource actuators 120a-120n may have multiple

settings, for instance, settings in addition to "on" and "off' to thus vary the supply of the

shared resource to multiple levels. Moreover, the resource actuators 120a-120n may

comprise homogeneous or heterogeneous devices. As an example of heterogeneous

devices, for instance, one of the resource actuators 120a may be configured to vary the

supply of airflow whereas another one of the resource actuators 120b may be

configured to vary the supply of a liquid coolant provided to one or more of the entities

160a-160n.

[0023] Likewise, each of the entities 160a-160n may be defined as any device

configured to perform a workload, such as, run an application, perform network

switching functions, perform data storage operations, perform cooling functions (air

conditioning units), etc., that is positioned to be affected by variations of the supply of

the resources by one or more of the resource actuators 120a-120n. In addition, the

sensors 150a-150n are configured to sense one or more of the conditions, such as,

temperature, fluid flow volume, fluid flow velocity, pressure, humidity, thermal

resistance, etc., around or in the entities 160a-160n. The sensors 150a-150n mayhave

a one-to-one correlation with the entities 160a-160n or there may be more or fewer

sensors 150a-150n as compared with entities 160a-160n.

[0024] According to an example, each of the sensors 150a-150n may be

associated with one or more of the entities 160a-160n and may thus be configured to

detect one or more conditions of a resource supplied to respectively associated entities

160a-160n. Thus, for instance, a first sensor 150a is configured to detect a condition of

a resource supplied to a first entity 160a, a second sensor 150b is configured to detect

a condition of a resource supplied to a second entity 160b, etc. According to an

example, the first sensor 150a may be positioned at a fluid inlet of a first entity 160a, the

second sensor 150b may be positioned at a fluid inlet of a second entity 160b, etc. In

another example, the first sensor 150a may be positioned within a first entity 160a, the
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the second sensor 150b may be positioned within a second entity 160b, etc. In the

second example, the sensors 150a-150n may be positioned within respective entities

160a-160n to, for instance, detect the temperatures of CPUs contained in the respective

entities 160a-160n.

[0025] As further shown in Figure 1B, the entities 160a-160n receive power from

a power source 170 through respective power lines 172. Although not shown, the

optimizer 102, the resource actuators 120a-120n, and the sensors 150a-150n also

receive power from a power source, which may be the same or differ from the power

source 170. In any regard, the amount of power that the entities 160a-160n draw from

the power source 170 may be tracked through any suitable known manner. For

instance, each of the entities 160a-160n may be equipped with a power meter

configured to measure the amount of power that each of the entities 160a-160n

consumes. As another example, power meters may be positioned along the power lines

172, externally to the entities 160a-160n, to measure the power supplied into the

entities 160a-160n. As a further example, the amount of power consumed by the

entities 160a-160n may be calculated, for instance, based upon the levels at which the

entities 160a-160n are operating. By way of particular example in which the entities

160a-160n comprise servers, the operating levels of the processors may be used to

calculate the power consumption levels of the servers.

[0026] The input module 112 is configured to receive input from input sources

130, which, in one example, include, the resource actuators 120a-120n, sensors 150a-

15On, and entities 160a-1 6On. The input module 112 , more particularly, is configured to

receive settings 134 of the resource actuators 120a-120n via actuator input lines 122,

conditions sensed 142 by the sensors 150a-150n via sensor input lines 152, and the

entity utilizations 138 and power levels 148 via entity input lines 162. The input module

112 may also be configured to receive resource actuator 120a-1 2On power consumption

levels via the actuator input lines 122. In addition, the optimizer 102 is configured to

receive workload demand 136 information for workloads to be placed or currently being

placed on the entities 160a-160n either through the input module 112 or through

another input apparatus.
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[0027] In other examples, the input module 112 is configured to receive input

from devices configured to track one or more operating conditions of the resource

actuators 120a-120n and/or the entities 160a-160n. These devices may include, for

instance, devices positioned internally or externally to the resource actuators 120a-120n

configured to track the settings of the resource actuators 120a-120n. By way of

example, the devices may comprise encoders that detect the positions of various

components, such as, louvers, pump components, fan components, etc., configured to

vary the flow of fluid through the resource actuators 120a-120n. As another example,

these devices may comprise sensors positioned to detect a characteristic, such as,

velocity, pressure, volume flow rate, etc., of fluid flow supplied through the resource

actuators 120a-1 2On, which may be used to determine the resource actuator 120a-120n

settings.

[0028] These devices may also include, for instance, devices positioned internally

or externally to the entities 160a-160n, such as power meters, configured to measure

the power consumption levels of the entities 160a-160n.

[0029] The optimizer 102 may store data received through the input module 112

in a data store 116, which the optimizer 102 may access in performing various functions

discussed below. The data store 116 may comprise volatile and/or non-volatile

memory, such as DRAM, EEPROM, MRAM, flash memory, and the like. In addition, or

alternatively, the data store 116 may comprise a device configured to read from and

write to a removable media, such as, a floppy disk, a CD-ROM, a DVD-ROM, or other

optical or magnetic media.

[0030] The entity power model module 104 is configured to develop at least one

entity power model, in which, the at least one entity power model characterizes the

relationship between utilization levels and power consumption levels of an entity 160a-

16On. In instances where the entities 160a-160n comprise homogeneous entities, the

entity power model module 104 may develop a single entity power model. In instances

where the entities 160a-160n comprise heterogeneous entities, the entity power model

module 104 may develop a separate entity power model for each type of entity. In any
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regard, the entity power model module 104 is configured to develop the entity power

model(s) through use of any reasonably suitable standard model construction

techniques, such as, physics-based models, empirical models based upon experimental

data, machine learning models, etc., for instance, through use of data received through

the input module 112.

[0031] By way of particular example in which the entities 160a-160n comprise

blade servers, the entity power model module 104 may develop the entity power model

as:

[0032] Equation (1): PB = gB *UtilJ + PB dle

[0033] Equation (1) generally relates the power consumption (P) for blade

(B) based upon the utilization [UtH1) of the /th blade and the idle power (P β.idie) of the

blade, which is the power consumption of the blade (B) at an idle state. The coefficient

s may be determined by collecting experimental data pertaining to the utilization levels

of the entities 160a-1 6On and the power consumption levels of the entities 160a-1 6On at

both idle and active states, and by fitting the function gβ to the data. More particularly,

the entity power model module 104 may develop the power model for the entities 160a-

16On by measuring their power consumption levels under differing loading conditions

and fitting the function gs to that data. According to one result based upon experimental

data, the power consumption (P) was found to be a linear function of the utilization of

the processors or CPUs of the entities 160a-1 6On and g B is the slope of the line formed

by a plot of the data.

[0034] It should be noted that when the entities 160a-1 6On comprise other types

of entities, such as, network switches, storage arrays, etc., the entity power model

module 104 may develop one or more different entity power models. Thus, for instance,

the function g B in Equation ( 1) will likely vary depending upon the specific type of entity

for which the entity power model is developed.

[0035] The resource power model module 106 is configured to develop at least

one resource power model that relates the settings of the resource actuators 120a-120n
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to power consumption levels of the resource actuators 120a-1 2On. In instances where

the resource actuators 120a-120n comprise homogeneous resource actuators, the

resource power model module 106 may develop a single resource power model. In

instances where the resource actuators 120a-120n comprise heterogeneous resource

actuators, the resource power model module 106 may develop a separate resource

power model for each type of resource actuator. In any regard, the resource power

model module 104 is configured to develop the resource power model(s) through use of

any reasonably suitable standard model construction techniques, such as, physics-

based models, empirical models based upon experimental data, machine learning

models, etc.

[0036] According to a particular example, the resource model module 106 is

configured to develop the resource power model through application of a suitable

algebraic form of the relationship between the power consumed by a resource actuator

120a-120n and its setting. An example of a suitable form is:

[0037] Equation (2): P, = /j(A).

[0038] In Equation (2), P1 is the power consumed by the /th resource actuator

120a-120n, A is the setting of the /th resource actuator 120a-1 2On, and f, is an algebraic

function relation P, to A1. In addition, the total power consumption (P) of the plurality of

resource actuators 120a-1 2On is defined as the sum of the power consumption levels of

the resource actuators 120a-120n, or:

[0039] Equation (3): P = P1.

[0040] According to an example, the settings of the resource actuators 120a-1 2On

may be expressed as vectors. In addition, the function f, may be determined by

collecting experimental data pertaining to the resource actuator 120a-1 2On settings and

their power consumption levels and by fitting the function f, to the experimental data. It

should be noted that the function f, in Equation (2) will likely vary depending upon the

specific type of resource actuator for which the resource power model is developed.
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[0041] The condition model module 108 is configured to develop a condition

model that relates the settings of the plurality of resource actuators 120a-120n to an

environmental condition at the location of at least one entity 160a-160n and a power

consumption level of the at least one entity 160a-1 6On. In instances where the entities

160a-160n comprise homogeneous entities and the resource actuators 120a-120n

comprise homogeneous resource actuators, the condition model module 108 may

develop a single condition power model. In instances where the entities 160a-160n

comprise heterogeneous entities and/or the resource actuators 120a-120n comprise

heterogeneous resource actuators, the condition model module 108 may develop a

separate condition model for each type of entity and/or resource actuator. In any

regard, the condition model module 108 is configured to develop the condition power

model(s) through use of any reasonably suitable standard model construction

techniques, such as, physics-based models, empirical models based upon experimental

data, machine learning models, etc.

[0042] According to a particular example, the condition model module 108 is

configured to develop the condition model through application of a suitable algebraic

form of the relationship between the resource actuator 120a-1 2On settings, the detected

environmental condition, and the power consumed by the at least one entity 160a-160n,

material properties of the at least one entity 160a-160n, such as, thermal resistance,

etc. Although the form of the relationship may take many forms depending upon any

number of various factors, an example of a suitable form is:

[0043] Equation (4): EC1= g,{A 1t ... ,An, PE1) .

[0044] In Equation (4), EC1is the condition at the /th entity 160a-160n, A1 is the

setting of theyth resource actuator 120a-120n, PE1 is the power consumed by the /th

entity 160a-160n, and g, is an algebraic function relating the condition to the resource

actuator settings and the power consumption level of the /th entity 160a-160n. In

addition, the function g, may be determined by collecting experimental data pertaining to

the resource actuator 120a-1 2On settings, the power consumption levels of the entities

160a-160n, and the detected conditions and by fitting the function g, to the data. It
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should be noted that when the entities 160a-160n comprise heterogeneous entities,

such as, blade servers, network switches, storage arrays, etc., the function g, will

depend upon the specific type of entity.

[0045] The optimization module 110 is configured to formulate a constraint

optimization problem having an objective function and at least one constraint.

According to an example, the objective function is configured to minimize entity 160a-

16On and resource actuator 120a-120n total power consumption. An example of a

suitable objective function for minimizing power consumption in an enclosure containing

/ fans and j blades, is denoted in the following equation:

[0046] Equation (5): min F + pj.

[0047] In Equation (5), PF/ is the power consumed by fan /and PB is the power

consumed by the blade/

[0048] In addition, the at least one constraint comprises at least one of setpoint

environmental conditions at locations of the plurality of entities 160a-160n and

maximum entity 160a-160n resource utilization levels. The setpoint environmental

conditions may comprise particular setpoints or a range of environmental condition

values that the plurality of entities 160a-160n are intended to remain within. In another

example, the setpoint environmental conditions may comprise reference conditions that

the entities 160a-160n are to remain below or remain above. By way of particular

example, if the environmental condition comprises temperature, the constraint on the

temperature value (T,) of each entity 160a-1 6On to remain equal to or below a reference

temperature (7W) may be defined by the following equation:

[0049] Equation (6): , <Tref .

[0050] Likewise, the utilization levels of the entities 160a-160n [UtH1) should

remain below a reference threshold [Util ref) to substantially prevent negative impacts on
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the performance of the entities 160a-160n. The following is an equation that defines

this requirement:

[0051] Equation (7): UtH} ≤ Utilref .

[0052] By way of example, the at least one constraint captures a condition

setpoint requirement, such as, temperature, pressure, humidity, etc., at each entity

160a-160n, requiring a setpoint environmental condition. The setpoint environmental

condition may be specified in terms of threshold conditions at one or more locations

within or outside of an entity 160a-160n. In addition, the optimization module 110 may

employ the condition model(s) to quantify the setpoint condition requirement.

[0053] The optimization module 110 is configured to solve the optimization

problem formed of the objective function and the at least one constraint discussed

above through use of a search tool configured to search through a relatively large space

for a solution to the optimization problem, where the solution results in the identification

of status assignments on the plurality of entities 160a-1 6On that yields an optimized total

power (both entity power and resource power) consumption. More particularly, for

instance, given n entities 160a-1 6On and the current assignment of m workloads to the

n entities 160a-160n, the optimization module 110 is configured to employ the search

tool to search through a relatively large space of candidate status assignments to

determine a new assignment of the m workloads, such that the total power (entity power

and resource power) is substantially optimized, for instance, that the total power

consumption is substantially minimized or is maintained within a predetermined power

consumption threshold level. Examples of suitable search tools include simulated

annealing, hill climbing, local beam search, genetic algorithms, etc.

[0054] The selection of which of the search tools to employ may be based upon

the nature of the objective function, for instance, whether it is linear, quadratic, cubic,

etc. and the nature of the at least one constraint, for instance, whether it is linear or non

linear.
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[0055] In any regard, the optimization module 110 is configured to employ the

entity power model(s) and the resource power model(s) while solving the constraint

optimization problem to determine impacts of the identified candidate status

assignments on the objective function. Thus, for instance, the optimization module 110

may identify a plurality of candidate status assignments and may determine the entity

160a-1 6On power consumption levels through application of the entity power model(s)

and the resource actuator 120a-120n power consumption levels through application of

the resource power model(s) for each of the plurality of candidate status assignments.

In addition, the optimization module 110 may identify the status assignments for the

entities 160a-1 6On from the candidate status assignments that results in a substantially

optimized total power consumption.

[0056] According to an example, the optimization module 110 stores the solution

to the constraint optimization problem or the identified status assignments in the data

store 116. According to another example, the optimization module 110 employs the

output module 114 to output the solution or the identified status assignments to an

output device 190, such as, a computing device, a display screen, a printer, a network

device, etc.

[0057] According to a further example in which the optimizer 102 is configured to

control the workload distribution/re-distribution among the entities 160a-1 6On, including

the status, such as, on/off, awake/sleep, etc., of the entities 160a-160n and the

operations of the resource actuators 120a-120n, the optimizer 102 also includes a

resource controller 180 and a group controller 182. The resource controller 180 is

configured to control the settings of the resource actuators 120a-120n to substantially

ensure that the environmental conditions at the entities 160a-1 6On remain below one or

more predefined thresholds, which may comprise overload thresholds. An example of a

suitable resource controller 180 is disclosed in the TBD (Attorney Docket No.

200802683-1 application for patent. In this regard, the resource controller 180 is

configured to receive various power models and condition models to determine

optimized settings of the resource actuators 120a-120n as described in that application

for patent, and may operate independently of the group controller 182.
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[0058] The group controller 182 may be configured to dynamically assign virtual

machines (VMs) hosting workloads to the specific entities 160a-160, which are blade

servers in this example, based upon the status assignments identified by the

optimization module 110. The status assignments may include, an original distribution

of workloads among the entities 160a-160n or a re-distribution of the workloads among

the entities 160a-160n. In addition, the group controller may set one or more of the

entities 160a-1 6On to be set to an idle or an off state when the optimization module 110

determines that the total power consumption is reduced or minimized with the one or

more of the entities 160a-160n set to the idle state.

[0059] The workloads described with respect to this example are units of

computation, such as a process, or a group of closely related processes. As such,

when the group controller 182 seeks to re-distribute a workload from a source entity

160a to a target entity 160b, the group controller 182 suspends performance of the

workload on the source entity 160a and resumes a workload on the target entity 160b.

In addition, the group controller 182 may cause state information from the source entity

160a to be copied to the target entity 160b. Thus, in one regard, the group controller

182 may perform migration of the workloads between similar types of entities 160a-

16On

[0060] Although not shown, each of the entities 160a-160n, for instance, in the

case of blade servers, may include a local efficiency controller (EC) that adjusts the

power state of the individual blade server to match its resource utilization.

[0061] An example of a method in which the optimizer 102 may be operated will

now be described with respect to the following flow diagram of the method 200 depicted

in FIG. 2 . More particularly, FIG. 2 depicts a flow diagram of a method 200 of

determining status assignments for a plurality of entities 160a-160n that substantially

optimizes a total power consumption of the plurality of entities 160a-1 6On and a plurality

of resource actuators 120a-120n configured to supply resources to the plurality of

entities 160a-160n, according to an example. It should be apparent to those of ordinary

skill in the art that the method 200 represents a generalized illustration and that other
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steps may be added or existing steps may be removed, modified or rearranged without

departing from a scope of the method 200.

[0062] The description of the method 200 is made with reference to the systems

100 illustrated in FIGS. 1A and 1B, and thus makes reference to the elements cited

therein. It should, however, be understood that the method 200 is not limited to the

elements set forth in the systems 100. Instead, it should be understood that the method

200 may be practiced by a system having a different configuration than that set forth in

the systems 100.

[0063] A controller, such as a processor (not shown), may implement or execute

the optimizer 102 to perform one or more of the steps described in the method 200. In

addition, the controller may implement or execute the optimizer 102 to perform the

method 200 at predetermined intervals of time, as new workloads are received, as

manually instructed, etc. In one regard, the method 200 may be performed on a

substantially continuous basis to substantially continuous optimize the total power

consumed by the entities 160a-160n and the resource actuators 120a-120n.

[0064] At step 202, the entity power model module 104 develops at least one

entity power model for the plurality of entities 160a-160n. As discussed above, the

number of entity power models developed may depend upon the number of different

types of entities contained in the plurality of entities 160a-160n. In addition, the entity

power model(s) characterizes the relationship between a utilization level and a power

consumption level of the entities 160a-160n.

[0065] At step 204, the resource power model module 106 develops at least one

resource power model for the resource actuators 120a-120n. As discussed above, the

number of resource power models developed may depend upon the number of different

types of resource actuators contained in the plurality of resource actuators 120a-120n.

In addition, the resource power model(s) relates the settings of the plurality of resource

actuators 120a-120n to power consumption levels of the plurality of resource actuators

120a-120n.
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[0066] At step 206, the condition model module 108 develops at least one

condition model that relates the settings of the plurality of resource actuators 120a-1 2On

to an environmental condition at the location of at least one entity 160a-160n and a

power consumption level of the at least one entity 160a-1 6On. As discussed above, the

number of condition models developed may depend upon the number of different types

of entities 160a-160n and/or resource actuators 120a-120n contained in the system

100.

[0067] At step 208, the optimization module 110 formulates a constraint

optimization problem having an objective function. As discussed above, the objective

function may be configured to minimize entity 160a-160n and resource infrastructure

120 power consumption. In addition, the at least one constraint comprises at least one

of setpoint environmental conditions, such as, temperature, at locations of the plurality

of entities 160a-160n and maximum entity 160a-160n resource utilization levels.

[0068] At step 210, the optimizer 102 receives substantially real time conditions.

The conditions may include, for instance, the conditions detected by the sensors 150a-

15On, the power levels of the entities 160a-160n, etc. In addition, the conditions are

considered to be received in substantially real time to thus capture relatively current

conditions.

[0069] At step 212, the optimization module 110 solves the constraint

optimization problem based upon the substantially real time conditions received at step

210, in which the solution to the constraint optimization problem generates status

assignments for the entities 160a-160n that results in the optimized total power

consumption. The optimization module 110 is configured to use a search tool, such as,

simulated annealing, hill climbing, local beam search, genetic algorithms, etc., to find a

solution to the objective function. In other words, the optimization module 110 is

configured to use the search tool to find status assignments and resource actuator

settings that minimizes the total power consumed to perform the workloads. In addition,

the optimization module 110 is configured to employ the entity power model(s) and the
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resource power model(s) while solving the optimization problem to determine impacts of

the identified status assignments on the objective function.

[0070] Thus, by way of example, the optimization module 110 may identify

candidate status assignments through implementation of the search tool and may

determine entity 160a-160n power consumption levels through application of the entity

power model(s) and the resource actuator 120a-120n power consumption levels

through application of the resource power model(s). In addition, the optimization

module 110 may identify the status assignments for the entities 160a-160n from the

candidate status assignments that results in a substantially optimized total power

consumption, such as, a substantially minimized total power consumption level, a total

power consumption level that otherwise remains within a predefined threshold power

consumption level, or a total power consumption level that is minimized with respect to

the identified candidate status assignments.

[0071] At step 214, the optimization module 110 outputs data/instructions

pertaining to the identified status assignments for the entities 160a-160n. The data

pertaining to the identified status assignments may be outputted to the data store 116,

displayed on a display device, printed by a printing device, communicated to a

networked computing device or storage location, etc. The instructions pertaining to the

status assignments may be communicated to the group controller 182. As discussed

above, the group controller 182 is configured to dynamically assign the workloads as

virtual machines to the specific entities 160a-160n according to the instructions received

from the optimization module 110. In addition, the group controller 182 may cause

specific ones of the entities 160a-160n to enter in a sleep, idle or off mode. Although

the group controller 182 and the optimization module 110 have been depicted as

forming separate components, the optimization module 110 may form part of the group

controller 182 without departing from a scope of the optimizer 102.

[0072] As also discussed above, the resource controller 180 may operate to vary

the operations of the resource actuators 120a-120n to compensate for the placements

of the workloads on the entities 160a-160n and the status conditions of the entities
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160a-1 6On. More particularly, for instance, the resource controller 180 may operate as

disclosed in the TBD (Attorney Docket No. 200802683-1 application for patent to

determine optimized settings of the resource actuators 120a-120n. The resource

controller 180 may thus operate independently of the group controller 182. In addition,

the resource controller 180 may be configured to determine and vary the operations of

the resource actuators 120a-120n at shorter intervals of time than the intervals at which

the group controller 182 varies the workload assignments on the entities 160a-160n.

[0073] Turning now to FIGS. 3A and 3B, there is collectively shown a flow

diagram of a method 300 of employing the search tool to solve a constraint optimization

problem and to thus identify an assignment of workloads on the plurality of entities

160a-1 6On that results in the substantially optimized total power consumption, according

to an example. It should be apparent to those of ordinary skill in the art that the method

300 represents a generalized illustration and that other steps may be added or existing

steps may be removed, modified or rearranged without departing from a scope of the

method 300.

[0074] The optimization module 110 may implement the method 300 to solve the

constraint optimization problem. As such, the method 300 may be considered as

providing a more detailed description of step 2 10 in FIG. 2 . In addition, the method 300

is depicted as employing a simulated annealing tool to search for a solution to the

optimization problem. It should, however, be understood that a simulated annealing tool

has been used in one example and that other types of searching tools may also

effectively be employed in various situations.

[0075] At step 302, a current placement (XO) of the virtual machines (VMs) is

identified. In addition the current utilizations of the entities 160a-160n are identified

based upon the placement of the VMs and by summing the VMs that are currently

running on the entities 160a-160n. The current utilizations of the resource actuators

120a-1 2On may also be identified from input received from the resource actuators 120a-

12On as discussed above. In addition, the current power consumption levels of the

entities 160a-160n and the current power consumption levels of the resource actuators
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120a-120n may be determined based upon the current utilization levels through use of

the previously developed entity power model(s) and resource power model(s).

[0076] At step 304, a counter (i) is set to zero and an initial timing variable (TO),

which identifies the length of time that the simulated annealing tool is to run is inputted

into the simulated annealing tool. In addition, the VM placement (X) is set to the current

VM placement (XO) and the current total power consumption, which is currently

considered to be the optimal total power consumption (E_opt), is set to equal the energy

consumption of the sum of the entity 160a-160n power consumption levels and the

resource actuator 120a-120n power consumption levels.

[0077] At step 306, the current workload placement is perturbed to identify

another VM placement (X') that is relatively close to the current V M placement (X).

More particularly, the simulated annealing tool looks at a random search that is

relatively close to the current state of the system. Thus, for instance, the tool may

perturb the system by moving a VM from a first entity 160a to a second entity 160b.

[0078] At step 308, the tool performs a check to determine whether the total

number of VM migrations (XO-X') falls within a maximum migration value (MAX_MIGR).

The maximum migration value, which may be user-defined, is employed to maintain

workload stability, but is considered optional in various instances. If the total number of

VM migrations falls below the maximum migration value, the tool determines whether

the new VM placement (X') violates any utilization thresholds of the entities 160a-160n

at step 310. In one regard, this check is performed to substantially ensure that the

placement of the workloads does not negatively impact the performance of the entities

160a-160n.

[0079] If the tool determines that the new VM placement (X') does not violate any

of the utilization thresholds of the entities 160a-160n, the tool implements the entity

power model and the resource power model to calculate the energy consumption (E(X'))

associated with the new VM placement (X'), as indicated at step 312. In otherwords, at

step 312, the tool determines whether the energy consumption (E(X')) is below the

optimal energy consumption level (E_opt) previously denoted at step 302. If the tool
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determines that the energy consumption (E(X')) is less than the previously denoted

optimal energy consumption level (E_opt), the tool defines the optimal VM placement

(X_opt) as the new VM placement (X') and the optimal energy consumption level

(E_opt) as the energy consumption level (E(X')).

[0080] At step 316, the tool changes the value of a time varying parameter T,

which is referred to as the temperature in simulated annealing algorithms. According to

an example, the value of the temperature (T) is varied by a relatively small amount, for

instance, 5%, which indicates that the simulated annealing temperature is decreasing

exponentially.

[0081] At step 318, a probability is generated as a function of the temperature

(T), the energy associated with the new placement (E(X )), and the energy associated

with the current valid VM placement (X'). If the energy (E(X')) is less than the energy

(E(X)), the probability is 1. In other words, if (E(X')<E(X)), prob = 1. Otherwise, it is a

decreasing function of the energy difference between (E(X')) and (E(X)), and also a

decreasing function of the temperature (T). In other words, else prob = exp((E(X)-

E(X'))/T. The probability is then compared with a randomly generated number. If the

probability exceeds the random probability, at step 320, the new VM placement (X') is

accepted. In other words, the new VM placement (X') will be accepted with the

probability equal to one, if the energy (E(X')) of the new placement is reduced compared

with that of the current valid VM placement (X) to the new VM placement (X'). In one

regard, this is to help the tool to substantially avoid becoming stuck at a local optimum.

Following either of steps 318 and 320, the tool increments the counter (i) by one, as

indicated at step 322. The tool also performs step 322 following the "no" conditions

from steps 308 and 310 discussed above.

[0082] In addition, at step 324, the tool determines whether the counter (i) has

reached a predefined maximum number of iterations, which may be user defined, as

shown at step 324. By way of particular example only, the tool determines whether the

counter exceeds 8000 iterations. If the tool determines that the counter has reached

the predefined maximum number of iterations, the tool outputs the most recently
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identified optimal VM placement (X_opt) is identified as the VM placement that results in

the optimized power consumption level.

[0083] If, however, the tool determines that the counter (i) has not reached the

predefined maximum number of iterations at step 324, the tool finds another valid VM

placement (X') that is relatively close to the previously modified VM placement (X), as

indicated at step 306. In addition, the tool repeats steps 308-324 until the counter (i)

indicates that the predefined maximum number of iterations has been performed, at

which time the tool outputs an indication that the VM placement identified at step 306 or

at step 320 during a previous iteration resulted in the lowest total energy consumption

level, while remaining within the constraints set forth at steps 308 and 310.

[0084] A particular example of an application of the methods 200 and 300 will

now be provided. In this particular example, the optimizer 102 is embodied in the group

controller 182, the entities 160a-160n comprise blade servers contained in an

enclosure, and the resource actuators 120a-120n comprise fans for cooling the blade

servers. The environmental condition to be maintained at the locations of the blade

servers is temperature. In addition, Xen VMs are used for workload migration among

the blade servers and a simulated annealing tool is used as the search algorithm.

[0085] The inputs to the group controller 182 are workload demand, blade

utilization, current VM-to-blade assignment, blade CPU temperatures, and blade

ambient temperatures. As each workload is hosted within a VM, the demand is

available as the utilization of individual VMs. The main actuators available to the group

controller 182 is VM migration, that is, the assignment and/or re-assignment of VMs to

the blade servers 160a-160n as well as changing other status assignments of the blade

servers 160a-160n, such as, on/off, idle/awake, etc. assignments.. Thus, for instance,

the group controller 182 is configured to power off all of the blade servers 160a-160n

that do not have resident VMs and to power those blade servers back on as VMs are

assigned to those blade servers 160a-160n. In addition, the group controller 182 may

place certain ones of the blade servers 160a-160n to be in different sleep modes, which

may include, for instance, placing some blade servers 160a-1 6On into an off state when
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those blade servers 160a-160n enter an idle state to conserve greater amounts of

power.

[0086] As discussed above with respect to the optimizer module 110, the group

controller 182 is configured to identify a VM placement among the blade servers 160a-

16On, the power state, such as, an off condition, etc., that optimizes a total power

consumed by the blade servers 160a-1 6On in performing demanded workloads and the

fans 120a-120n in maintaining the blade servers 160a-160n at predefined

temperatures. The task of the group controller 182 may be formulated as an

optimization problem with the objective of minimizing blade and fan power consumption

given by Equation (5) above and the temperature and utilization constraints respectively

given by Equations (6) and (7) above. This problem is relatively difficult to solve

because the utilization of a blade server is a discrete variable and cannot be

continuously varied.

[0087] Since a VM must migrate atomically, the granularity of change in utilization

depends upon the utilization levels of the VMs and the power settings of the blade

servers 160a-1 6On. These differences make the optimization problem intractable using

conventional optimization techniques. The group controller 182 is thus configured to

use a search tool that is capable of optimizing over a large search space. By way of

example, the group controller 182 may employ simulated annealing because it is

particularly useful for discrete search spaces and is less likely to get stuck at a local

minima as discussed above with respect to the method 300. As also discussed above

with respect to the method 300, the simulated annealing tool requires generation and

comparison of solution candidates to move closer to a more efficient solution. In order

to compare two candidate VM placements, the group controller 182 computes both the

blade server 160a-1 6On power and the fan 120a-1 2On power through use of entity and

resource power models, that were previously developed, for instance, by the entity

power model module 104 and the resource power model module 106. While the blade

server power is relatively easily computed from the utilization values of the blade

servers 160a-160n, the fan 120a-120n power is relatively more difficult because it

requires determination of the optimal fan speed settings for that VM assignment. This
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becomes an optimization problem similar to that solved by the resource controller 180

as discussed in the TBD (Attorney Docket No. 200802683-1 application for patent.

[0088] As discussed in that application for patent, the power consumption level of

a fan (fan power) is a cubic function of the rotational speed of the rotor given in

revolutions per minute (RPM). This relationship may be determined by manually setting

the fan speed (FS) and then recording the power consumption level of the individual

fan. According to an example, the fan power (P) of an individual fan (/) is approximated

using a 3rd order polynomial, as shown in the following equation:

[0089] Equation (8): PF l = a0 *FS +α, *FS + a2 *FS, .

[0090] In Equation (8), the parameters aθ , a 1 , and a2 may be determined by

fitting the parameters into experimental data However, instead of the transient model

employed in that application for patent, the group controller 182 may employ a steady-

state thermal model, which is relatively simpler to solve than the transient model

employed in that application for patent. An example of the steady-state model that is

configured to predict steady state CPU temperature TCPU as a function of utilization

[gUTILj + PCpu
ldJe

)>
a n speed [FS) of the fan /and ambient temperature T

amb
is shown

in the following equation:

[0091] Equation (9):

cPV1 ∑ A UTIL
j

+ PcpuιdIe
) S CR {gUTILJ + PCP υ ιdle Tambj .

[0092] In Equation (9), η
tJ

is the airflow correlation index that maps fan speed to

the flow rate in blade), k represents a weighting factor on the flow rate and is related to

fluid and material properties and geometry, and CR approximately represents the

thermal resistance of a blade server at zero flow rate.
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[0093] The constraints of the optimization problem (formulated at step 208) may

comprise blade server temperature constraints, for instance, as represented in the

following equation:

[0094] Equation (10): ∑ kηuFS, ≤ C Cp υ ~ T"mb ' C R .
• n

j
-

A ( V
r

tef
- 1τC

p
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[0095] In addition, a further constraint of the optimization problem may specify

the upper bound (UB) and lower bound (LB) on the speeds of the fans (/), for instance,

as given by the following equation:

[0096] Equation ( 1 1) : LB, ≤ FS1≤ UB1.

[0097] Together, Equations (9), (10), and ( 1 1) describe an optimization problem

with a cubic objective function and linear constraints. This is a convex optimization

problem and the group controller 182 may solve this problem using conventional

mathematical tools, such as, interior points methods. In addition, the solution to this

optimization problem provides the optimal settings for the fan speeds for a candidate

VM placement.

[0098] In addition, in order to narrow the search space and increase the

probability of generating a better solution candidate, the group controller 182 may

employ a heuristic function that selects VM assignments with blade servers 160a-1 6On

associated with lower η
tJ

values because a low η
t]

value implies a strong influence of

fan / at blade; '. Similarly, lower values of η
t]

indicate that the blade / may be cooled in

multiple ways and hence there is a greater probability of identifying a fan speed

combination with lower power consumption.

[0099] According to another embodiment, although the main objective of the

group controller 182 is to minimize total power consumption, if multiple feasible VM

assignments exists with equal or substantially equal power cost, the group controller

182 may select the one with the minimum number of VM migrations to reduce
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overhead. This requirement is captured in the method 300 by the placement of an

upper bound on the number of VM migrations allowed in a VM assignment (step 308).

[01 00] Some or all of the operations set forth in the methods 200 and 300 may be

contained as a utility, program, or subprogram, in any desired computer accessible

medium. In addition, the methods 200 and 300 may be embodied by computer

programs, which can exist in a variety of forms both active and inactive. For example,

they may exist as software program(s) comprised of program instructions in source

code, object code, executable code or other formats. Any of the above may be

embodied on a computer readable medium, which include storage devices.

[0101] Exemplary computer readable storage devices include conventional

computer system RAM, ROM, EPROM, EEPROM, and magnetic or optical disks or

tapes. Concrete examples of the foregoing include distribution of the programs on a

CD ROM or via Internet download. It is therefore to be understood that any electronic

device capable of executing the above-described functions may perform those functions

enumerated above.

[0102] FIG. 4 illustrates a block diagram of a computing apparatus 400

configured to implement or execute the optimizer 102 depicted in FIGS. 1A and 1B,

according to an example. In this respect, the computing apparatus 400 may be used as

a platform for executing one or more of the functions described hereinabove with

respect to the optimizer 102.

[0103] The computing apparatus 400 includes a processor 402 that may

implement or execute some or all of the steps described in either or both of the methods

200 and 300. Commands and data from the processor 402 are communicated over a

communication bus 404. The computing apparatus 400 also includes a main memory

406, such as a random access memory (RAM), where the program code for the

processor 402, may be executed during runtime, and a secondary memory 408. The

secondary memory 408 includes, for example, one or more hard disk drives 4 10 and/or

a removable storage drive 412, representing a floppy diskette drive, a magnetic tape

drive, a compact disk drive, etc., where a copy of the program code for one or both of
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of the methods 200 and 300 may be stored.

[0104] The removable storage drive 410 reads from and/or writes to a

removable storage unit 414 in a well-known manner. User input and output devices

may include a keyboard 4 16 , a mouse 4 18 , and a display 420. A display adaptor 422

may interface with the communication bus 404 and the display 420 and may receive

display data from the processor 402 and convert the display data into display

commands for the display 420. In addition, the processor(s) 402 may communicate

over a network, for instance, the Internet, LAN, etc., through a network adaptor 424.

[0105] It will be apparent to one of ordinary skill in the art that other known

electronic components may be added or substituted in the computing apparatus 400. It

should also be apparent that one or more of the components depicted in FIG. 4 may be

optional (for instance, user input devices, secondary memory, etc.).

[0106] What has been described and illustrated herein is a preferred

embodiment of the invention along with some of its variations. The terms, descriptions

and figures used herein are set forth by way of illustration only and are not meant as

limitations. Those skilled in the art will recognize that many variations are possible

within the scope of the invention, which is intended to be defined by the following claims

- and their equivalents -- in which all terms are meant in their broadest reasonable

sense unless otherwise indicated.
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CLAIMS

What is claimed is:

1. A computer readable storage medium on which is embedded one or more

computer programs, said one or more computer programs implementing a method for

determining status assignments for a plurality of entities that substantially optimizes a

total power consumption of the plurality of entities and a plurality of resource actuators

configured to variably supply resources to the plurality of entities, said one or more

computer programs comprising a set of instructions for:

developing at least one entity power model for the plurality of entities;

developing at least one resource power model for the plurality of resource

actuators;

formulating a constraint optimization problem having an objective function and at

least one constraint; and

solving the constraint optimization problem by employing a search tool, the at

least one entity power model, and the at least one resource power module on the

objective function to identify status assignments for the plurality of entities that results in

the optimized total power consumption.

2 . The computer readable storage medium according to claim 1, said one or

more computer programs comprising a further set of instructions for:

receiving substantially real time conditions; and

wherein solving the constraint optimization problem further comprises solving the

constraint optimization problem based upon the received substantially real time

conditions.

3 . The computer readable storage medium according to any of claims 1 and

2 , wherein solving the constraint optimization problem further comprises employing the

at least one entity power model and the at least one resource power model to determine

impacts of the identified status assignments on the objective function, said one or more

computer programs comprising a further set of instructions for:
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employing the determined impacts of the identified status assignments to identify

the status assignment that results in the substantially optimized total power

consumption.

4 . The computer readable storage medium according to any of claims 1 and

2 , wherein solving the optimization problem further comprises identifying a plurality of

candidate status assignments and determining total power consumption levels of each

of the plurality of candidate status assignments through application of the at least one

entity power model and the at least one resource power model and selecting the

candidate status assignment associated with a minimum total power consumption level

as the identified status assignment that results in the substantially optimized total power

consumption.

5 . The computer readable storage medium according to any of the above

claims, said one or more computer programs comprising a further set of instructions for:

developing at least one condition model that relates the settings of the plurality of

resource actuators to an environmental condition at the locations of the plurality of

entities and power consumption levels of the plurality of entities; and

wherein formulating the constraint optimization problem further comprises

employing the at least one condition model to formulate the at least one constraint.

6 . The computer readable storage medium according to any of the above

claims, wherein the at least one entity power model characterizes the relationship

between a utilization level and a power consumption level of the plurality of entities,

wherein the at least one resource power model relates settings of the plurality of

resource actuators to power consumption levels of the plurality of resource actuators,

wherein the objective function is configured to minimize entity and resource

infrastructure power consumption, and wherein the at least one constraint comprises at

least one of setpoint environmental conditions at locations of the plurality of entities and

maximum entity resource utilization levels.
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7 . The computer readable storage medium according to any of the above

claims, wherein solving the constraint optimization problem further comprises employing

at least one of a simulated annealing, hill climbing, local beam search, and genetic

algorithm as the search tool.

8 . The computer readable storage medium according to any of the above

claims, said one or more computer programs comprising a further set of instructions for:

setting the plurality of entities to have power consumption settings according to

the identified status assignments;

determining optimal settings for the plurality of resource actuators based upon

the status assignments on the plurality of entities; and

setting the plurality of resource actuators to the determined optimal settings.

9 . A computer-implemented optimizer for determining status assignments for

a plurality of entities that substantially optimizes at total power consumption of the

plurality of entities and a plurality of resource actuators configured to variably supply

resources to the plurality of entities, said computer-implemented optimizer comprising:

an input module for receiving data from a plurality of input sources;

an entity power model module configured to develop at least one entity power

model for the plurality of entities from the received data;

a resource power model module configured to develop at least one resource

power model for the plurality of resource actuators from the received data; and

an optimization module configured to formulate a constraint optimization problem

having an objective function and at least one constraint, wherein the optimization

module is further configured to solve the constraint optimization problem by employing a

search tool, the at least one entity power model, and the at least one resource power

module on the objective function to identify status assignments for the plurality of

entities that results in the optimized total power consumption.
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10. The computer-implemented optimizer according to claim 9 , further

comprising:

an output module configured to output the identified status assignments.

11. The computer-implemented optimizer according to any of claims 9 and 10 ,

wherein the optimization module is further configured to solve the constraint

optimization problem by employing the at least one entity power model and the at least

one resource power model to determine impacts of the identified status assignments on

the objective function and employing the determined impacts of the identified status

assignments to identify the status assignments that result in the substantially optimized

total power consumption.

12. The computer-implemented optimizer according to any of claims 9-1 1,

wherein the optimization module is further configured to identify a plurality of candidate

status assignments, to determine total power consumption levels of each of the plurality

of candidate status assignments through application of the at least one entity power

model and the at least one resource power model, and to select the candidate status

assignment associated with a minimum total power consumption level as the identified

status assignment that results in the substantially optimized total power consumption.

13. The computer-implemented optimizer according to any of claims 9-12,

further comprising:

a group controller configured to set the plurality of entities to have power

consumption settings according to the identified status assignments; and

a resource controller configured to determine optimal settings for the plurality of

resource actuators based upon the status assignments on the plurality of entities and to

set the plurality of resource actuators to the determined optimal settings.

14. The computer-implemented optimizer according to any of claims 9-13,

wherein the at least one entity power model characterizes the relationship between a

utilization level and a power consumption level of the plurality of entities, wherein the at
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least one resource power model relates settings of the plurality of resource actuators to

power consumption levels of the plurality of resource actuators, wherein the objective

function is configured to minimize entity and resource infrastructure power consumption,

and wherein the at least one constraint comprises at least one of setpoint environmental

conditions at locations of the plurality of entities and maximum entity resource utilization

levels.

15. A computing apparatus comprising:

a memory storing code for:

developing at least one entity power model for the plurality of entities;

developing at least one resource power model for the plurality of resource

actuators;

formulating a constraint optimization problem having an objective function

and at least one constraint; and

solving the constraint optimization problem by employing a search tool, the

at least one entity power model, and the at least one resource power module on the

objective function to identify status assignments for the plurality of entities that results in

the optimized total power consumption; and

a processor for executing the code stored in the memory to determine status

assignments for a plurality of entities that substantially optimizes a total power

consumption of the plurality of entities and a plurality of resource actuators configured to

variably supply resources to the plurality of entities.
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