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A SYSTEM AND METHOD FOR PREDICTING THERMAL-INSIGHTS OF A DATA

CENTER
PRIORITY INFORMATION
[001] The present application claims priority from Indian patent application
3700/MUM/2013.
TECﬁNICAL FIELD |
[002] The present 'subject matter described herein, in general, relates to a system and

method for predicting thermal-insights of a data center based on reduced order modeling

techniques.

BACKGROUND

[003] Air flow management has been given utmost importance in data center thermal
and energy management. A change in the air flow pattern may alter temperature of servers
deployed in the data center. Not only the change the air flow pattern might be large in magnitude
but the time-scale associated with such a change might also be very small. It has been observed
that, the data center often employ variable frequency devices (VFDs) on computer room air
conditioners (CRACs), in order to manipulate the air flow pattern of the CRAC according to heat
load demand of the servers. The frequent change in the air flow pattern make it imperative for an
online monitoring and control systems to have a mechanism that will respond to the changes in
the same time frame. This necessitates fast temperature and CRAC influence prediction methods.
The online monitoring and control systems also need to have knowledge of interactions between
the servers and corresponding CRACs, so as to provide a solution to a particular hot-spot.
Further, due to high demand on the data center even the design changes need to be very quick
and yet thermally stable. To implement the design changes quickly and to ensure the thermal
safety of the electronic equipment, there is a need for fast temperature and CRAC influence

prediction models
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[004] The CFD technique has been used to model the data center and used as a basé
for developing the online monitoring and control systems. However, with above mentioned
scenarios (such as design changes, CRAC location changes or CRACs with VFDs), the CFD
method may found to be very time consuming and expensive. Also it has been observed that,
many online control systems may not need the level of accuracy that a CFD model would
provide. Only qualitative (instead of quantitative) knowledge of influence of CRAC:s on the
servers / racks might also be sufficient. In such scenari-o,'using CFD modeling turns out to be

a very impractical option. This paves way for the use of reduced order models.

‘[005] In order to reduce the number of CFD computations, a concept of reduced
order modeling of the data center via proper orthogonal decomposition (POD) has been
proposed by Samadiani and Joshi in a publication titled "Reduced order thermal modeling of
data centers via proper orthogonal decomposition: a review." published in International
Journal of Numerical Methods for Heat & Fluid Flow. The publication involve collecting
velocity or temperat'ure observations from snapshot or reference CFD simulations and then
processing the velocity or temperature in POD framework. The knowledge of the velocity
profile at a location may not provide insights into system control. Also, known information
about a new airflow configuration is generally in terms of mass flow rates and not in terms of
the velocity. Therefore using the velocity as a POD variable may increase the computational
complexity of the problem substantially. Further, the reduced order thermal modeling based
on POD method needs a finite number of CFD simulations or experimental observations in
order to form the basis of the computations required in the data center thermal and energy
management. It may be understood that, the level of accuracy and the computations required
largely depends upon a set of snapshots or reference cases. In view of the large number of
possible flow configurations involved in the data center with VFD installed CRAC; it is very
tough to select the set of reference cases that will provide estimation of the temperature to the
desired accuracy level. Therefore, it becomes a challenge to identify exact and appropriate set
of the reference cases that may provide accurate prediction of the temperature for a given
airflow configuration. Moreover, it is a challenge to quantify the exact offline CFD effort
required for achieving a particular level of accuracy for any .given.avirﬂow configuration of the

CRAC.
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SUMMARY

[006] Before the present systems and methods, are described, it is to be understood
that this application is not limited to the particular systems, and méthodologies described, as
there can be multiple possible embodiments which are not eXpressly illustrated in the present
disclosures. It is also to be understood that the terminology used in the description is for the
purpose of describing the particular versions or embodiments only, and is not intended to limit
the scope of the present application. This summary is provided to introduce concepts related
to systems and methods for real-time prediction of thermal-insights and the concepts are
further described below in the detailed description. This summary is not intended to identify
essential. features of the claimed subject matter nor is it inteﬁded for use in determining or

limiting the scope of the claimed subject matter.

[007] In one implementation, a system for real-time prediction of thermal-insights for
a heat dissipating device in a data center cooled by one or more cooling units is disclosed. The
system comprises a processor and a memory coupled to the processor for executing a plurality
of modules present in the merriory. The plurality of modules comprises a statistical model
generation module, a first reference scenario generation module, a test scenario generation
module, a second reference scenario module, a Proper Orthogonal Decomposition (POD)
.module, an error computation module, and a thermal prediction module. The statistical model
generation module may be conﬁgured to receive data and a set of operational parameters,
wherein the data may be associated to the data center, and wherein the set of operational
parameters may be associated to at least one of the cooling units or the one or more heat
dissipating devices. The statistical model generation module may be further configured to
generate a statistical model, wherein the statistical model may be generated based on
partitibning of search space into a plurality of cells, and wherein the search space may be
defined by the set of operational parameters. The first reference scenario generation module
may be configured to generate a first set of reference scenarios by selecting a set of refinement
indices for the statistical model, wherein the set of refinement indices may be associated with
local sub-partitioning of the plurality of cells. The first reference scenario generation module
may further be configured to compute a first set of REFERENCE influence mass fraction
metrics (IMFM) for the first set of reference scenarios, wherein the first set of REFERENCE

IMFM may be computed by performing computational fluid dynamics (CFD) simulation for
Z ;
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the first set of reference scenarios. The test scenério generation module may be configured to
generate a first set of test scenarios, wherein the first set of test scenarios may comprise at
least one test scenario from each cell of the search space, and wherein each test scenario of the
first set of test scenarios may comprise at least oﬁe operational parameter bounded by the set
of operational parameters. The test scenario genefation module may further be configured to
compute a first set of TEST IMFM for the first set of test scenarios, wherein the first set of
TEST IMFM may be computed by performing computational fluid dynamics (CFD)
simulation on the first set of test scenarios. The second reference scenario generation module
may be configured to select a second set of reference scenarios for each test scenario of the
first set of test scenarios based on the each test scenario and the cell bounding the each test
scenario. The second reference scenario generation module may further be configured to
select a second set of REFERENCE IMFM from the first set of REFERENCE IMFM,
wherein the second set of REFERENCE IMFM may be associated to the second set of
‘reference scenarios. The Proper Orthogonal Decomposition (POD) module may be configured
to-compute a first set of NEW IMFM for the first set of test scenarios By performing Proper
Orthogonal Decomposition (POD) computation using the second set of REFERENCE IMFM
and at least one test operational parameter for the each test scenario of the first set of test
scenarios, wherein the at least one test operafional parameter may be bounded by the set of
operational parémeters.‘The error computation' module may be configured to compute a set of
errors by comparing the first set of NEW IMFM with the first set of TEST IMFM, wherein
each error of the set of errors may correspond to a test scenario or a group of test scenarios
belonging to a cell of the first set of test scenarios. The error computation module may further
be configured to identify a subset of the first set of test scenarios having an érror greater than
a pre-defined threshold value. The error computation module may further be configured to
identify at least one cell of the plurality of cells associated with the subset of the first set of
reference scenarios. In one embodiment, th.e “error. computation module may further be
configured to iteratively perform the steps performed by the first reference scenario generation
module, the test scenario generafion module, the second reference scenario generation
module, the POD module and the ' error computation module. In one aspect, the error
computation module may iteratively perform the steps based on the at least one cell in order to

generate a modified first set of reference scenarios by selecting a modified set of refinement
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indices, compute a modified first set of REFERENCE influence mass fraction metrics
(IMFM), generate a modified first set of test scenarios, compute a modified first set of test
IMFM, select a modified second set of reference scenarios, select a modified second set of
REFERENCE IMFM, compute a modified first set of NEW IMFM, compute a modified set of
errors, wherein the steps performed by the first reference scenario generation module, the test
scenario generation module, the second reference scenario generation module, the POD
module and the error computation module until the each error of the set of errors may be less
than the predefined threshold value. The thermal prediction module may be configured to
receive a second set of test scenarios. The thermal prediction module may further be
configured to compute a second set of NEW IMFM for the second set of test scenarios By
performing the POD computation using the at least one test operational parameter for each of
the test scenarios of the second set of test scenarios and one of the second set of REFERENCE
IMFM or the modified second set of REFERENCE IMFM. The thermal prediction module
may further be configured to predi_ct the thermal-insights for the heat dissipating device based

upon the second set of NEW IMFM and the data.

[G08] In another implementation, a method for real-time prediction of thermal-
insights for a heat dissipating device in a data center cooled by one or more cooling units is
disclosed. The method comprising (a) receiving data and a set of operational parameters,
wherein the data is associated to the data center, and wherein‘ the set of operational parameters
is associated to at least one of the cooling units or the one or more heat dissipating devices;
(b) generating a statistical model, wherein the statistical model is generated based on
partitioning of search space into a plurality of cells, and wherein the search space is defined
by the set of operational parameters; (c) generating a first set of reference scenarios by
selecting a set of refinement indices for the statistical model, wherein the set of refinement
indices is associated with local sub-partitioning of the plurality of cells; (d) computing a first
set of REFERENCE influence mass fraction metrics (IMFM) for the first set of reference
scenarjos, wherein the first set of REFERENCE IMFM is computed by performing
computational fluid dynamics (CFD) simulation for the first set of reference scenarios; (e)
generating a first set of test scenarios, wherein the first set of test scenarios comprises at least
one test scenario from each cell of the search space, and wherein each test scenario of the first

set of test scenarios comprises of at least one operational parameter bounded by the set of

5
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* operational parameters; (f) computing a first set of TEST IMFM for the first set of test
scenarios, wherein the first set of TEST ‘IMFM is computed by performing computational
fluid dynamics (CFD) simulation on the first set of test scenarios; (g) selecting a second set of
reference scenarios for each test scenario of the first set of test scenarios based on the each test
scenario and the cell bounding the each test scenario; (h):selecting a second set of
REFERENCE IMFM from the first set of REFERENCE IMFM, wherein the second set of
REFERENCE IMFM is associated to the second set of reference scenarios; (i) computing a
first set of NEW IMFM for the first set of test scenarios by performing Proper Orthogonal
Decomposition (POD) computation using thé second set of REFERENCE IMFM and at least
one test operational parameter for the each test scenario of the first set of test scenarios,
wherein the at least one test operationalﬂ parameter is bounded by the set of operational
parameters; (j) computing a set of errors by comparing the first set of NEW IMFM with the

first set of TEST IMFM, wherein each error of the set of errors corresponds to a test scenario
| or group of test scenarios of the first set of test scenarios; (k) identifying a subset of the first
set of test scenarios having an error greater than a pre-defined threshold value; (1) identifying
at least one cell of the plurality of cells associated with the subset of the first set of reference
scenarios; (m) iteratively performing the steps of (c), (d), (e), (), (g), (h), (i), (j), (k), (1) and
(m) based on the at least one cell in order to: generate a modified first set of reference
scenarios by selecting a modified set of refinement indices; compute a modified first set of
REFERENCE influence mass fraction metrics (IMFM), generate a modified first set of test
scenarios, compute a modified first set of test IMFM, select a modified second set of reference
scenarios, select a modified second set of REFERENCE IMFM, compute a modified first set
of NEW IMFM, compute a modified set of errors, wherein the steps of (c), (d), (¢), (), (g),
(h), (), (), (k), (1) and (m) are iteratively performed until the each error of the set of errors is
less thén the predefined threshold value; (n) receiving a second set of test scenarios; (0)
computing a second set of NEW IMFM for the second set of test scenarios by performing the
POD computation using the at least one test operational parameter for each of the test
scenarios of the second set of test scenarios and one of the second set of REFERENCE IMFM
or the modified second set of REFERENCE IMFM; and (p) predicting the thermal-insights
for the heat dissipating device based upon the second set of NEW IMFM and the data. In one



WO 2015/075727 PCT/IN2014/000120

aspect, the aforementioned method may be implemented by a processor using instructions

stored in a memory.

[009]. ~ In yet another implerhentation, a non transitory computer program product
having embodied thereon a cofnputer program for real-time prediction of thermal-insights for
a heat dissipating device in a data center cooled by one or more cooling units. The computer
program product may comprise instructions for (a) receiving data and a set of operational
parameters, wherein the data is associated to the data center, and wherein the set of ~
operational parameters is associated to at least one of the cooling units or the one or more heat
‘dissipating devices; (b) generating a statistical model, wherein the statistical model is
generated based on partitioning of search space into a plurality of cells, énd wherein the
search space is defined by the set of operational parameters; (c) generating a first set of
reference scenarios by selecting a set of reﬁnemeﬁt indices for the statistical model, wherein
the set of refinement indices is associated with local sub-partitioning of the plurality of cells;
. (d) computing a first set of REFERENCE inﬂueﬁce mass fractioﬁ metrics (IMFM) for the first
set of reference scenarios, wherein the first set of REFERENCE IMFM is computed by
performing computational fluid dynamics (CFD) simulation for the first set of reference
scenarios; (e) generating a first set of test scenarios, wherein the first set of test scenarios
comprises at least one test scenario from each cell of the search space, and wherein each test
scenario of the first set of test scenarios comprises of at least one operational parameter
bounded by the set of operational parameters; (f) computing a first set of TEST IMFM for the
first set of test scenarios, wherein the first set of TEST IMFM is computed by performing
computational fluid dynamics (CFD) simulation on the first set of test scenarios; (g) selecting -
a second set of reference scenarios for each test scenario of the first set of test scenarios baéed
on the each test scenario and the cell bounding the each test scenario; (h) selecting a second
set of REFERENCE IMFM from the first set of REFERENCE IMFM, wherein the second set
of REFERENCE IMFM is associated to the second set of reference scenarios; (i) computing a
first set of NEW IMFM for the first set of test scenarios by performing Proper Orthogonal
Decomposition (POD) computation using the second set of REFERENCE IMFM and at least
one test operational parameter for the each test scenario of the first set of test scenarios,
wherein the at least one teét operational parameter is bounded by the set of operational
parameters; (j) computing a set of errors by comparing the first set of NEW IMFM with the
7
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first set of TEST IMFM, wherein each error of the set of errors corresponds to a test scenario
or group of test scenarios of the first set of test scena‘rios; (k) identifying a subset of the first
set of test scenarios having an error greater than a pre-defined threshold value; (1) identifying
at least one cell of the plurality of cells associated with the subset of the first set of reference
scenarios; (m) iteratively performing the steps of (c), (d), (e), (D), (g), (h), (1), (j), (k), (1) and
(m) based on the at least one cell in order to: generate a modified first set of reference
~ scenarios by selecting a modified set of refinement indices; compute a modified first set of
REFERENCE influence mass fraction metrics (IMFM), generate a modified first set of test
scenarios, compute a modified first set of test IMFM, select a modified second set of reference
scenarios, select a modified second set of REFERENCE IMFM, compute a modified first set
of NEW IMFM, compute a modified set of errors, wherein the steps of (c), (d), (e), (f), (g),
(h), (1), (9), (k), (1) and (m) are iteratively performed until the each error of the set of errors is
less than the predefined threshold value; (n) receiving a second set of test scenarios; (0)
computing a second set of NEW IMFM for the secoﬁd set of test scenarios by performing the
POD computation using the at least one test operational parameter for each of the test
scenarios of the second set of test scenarios and one of the second set of REFERENCE IMFM
or the modified second set of REFERENCE IMFM; and (p) predicting the thermal-insights
for the heat dissipating device based upon the second set of NEW IMFM and the data.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] - The fofégoing detailed description of embodiments is better understood when
read in conjunction with the appended drawings. For the purpose of illustrating the disclosure,
there is shown in the present document example constructions of the disclosure; however, the
disclosure is not limited to the specific methods and apparatus disclosed in the document and

the drawings.

[0011] The detailed description is described with reference to the accompanying
figures. In the figures, the left-most digit(s) of a reference number identifies the figure in
which the reference number first appears. The same numbers are used throughout the

drawings to refer like features and components.
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[0012] Figure 1 illustrates a network implementation of a system real-time prediction
of thermal-insights for a heat dissipating device in a data center cooled by one or more

cooling units, in accordance with an embodiment of the present subject matter.

[0013] Figure 2 illustrates the system, in accordance with an embodiment of the

present subject matter.

[0014] Figures 3(a), 3(b), 4 and 5 are working examples of the system, in accordance

with one or more embodiments of the present subject matter

[0015] Figure 6(a), 6(b) and 6(c) illustrates a method for réal-time prediction of the
thermal-insights for the heat dissipating device in the data center cooled by the one or more

cooling units, in accordance with an embodiment of the present subject matter.

DETAILED DESCRIPTION

[0016] Some embodiments of this disclosure, illustrating all its features, will now be
discussed in detail. The words "comprising," "having,” "containing," and “im;luding," and
other forms thereof, are intended to be equivalent in meaning and be open ended in that an
item or items following any one of these words is not meant to be an exhaustive listing of
such item or items, or meant to be limited to oniy the listed item or items. It must also be
noted that as used herein and in the appended claims, the singular forms "a," "an," and "the"
include plural references unless the context clearly dictates otherwise. Although any systems
and methods similar or equivalent to those described herein can be used in the practice or
testing of embodiments of the present disclosure, the exemplary, systems and methods are
now described. The disclosed embodiments are merely exemplary of the disclosure, which

may be embodied in various forms.

-[0017] Various modifications to the embodiment will be readily apparent to those
skilled in the art and the generic principles herein may be applied to other embodiments.
However, one of ordinary skill in the art will readily recognize that the present disclosure is
not ir;tended to be limited to the embodiments illustrated, but is to be accorded the widest

scope consistent with the principles and features described herein.
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[0018] In order to predict thermal-insights for the heat dissipating device in the data
center, the present subject matter may perform POD computation based on a
methodology/technique proposed by Samadiani and Joshi in a publication titled "Reduced
| order thermai modeling of data centers via proper orthogonal decomposition: a review."
published in International Journal of Numerical Methods for Heat & Fluid Flow hereinafter
referred to as a reference. However a modified version of the methodology may be used by
implementing a concept of using influence mass fractions as POD variable instead of velocity
or temperature. The use of influence mass fractions as the variable may simplify the POD
computations and also provides insights into system control by quantifying the influence of
system sources like CRACs on the system targets like server inlets. The
methodology/technique may comprise an identification of design parameters of the system
that may comprise CRAC supply flow rates and the variable, distribution that needs to be
estimated. It may be understood that, the design parameters of the system may be varied ‘n’
number of times in order to create system snapshots comprising of a set of variables whose
distribution may be estimated for various new design parameter combinations. In one
embodiment, the set of n design parameters is herein referred to as reference scenarios and the
new design pararﬁeter combinations for which the variable distribution is to be estimated are
herein referred to as test scenarios. It may be understood that, a scenario in.general may be
defined by given set of operational mass flow rates of the cooling units or the heat dissipating
devices. In one aspect, the set of variables may be subjected to a specific numerical operation
in order to get POD modes. Further, a POD coefficient may be calculated for new test cases
by assuming that the new unknown distribution of that variable may be represented by a linear
combination of the POD modes. The technique called flux matching is described by
Samadiani and Joshi in a publication titled "Reduced order thermal modeling of data centers
via proper orthogonal decomposition: a review." published in International Journal of
Numerical Methods for Heat & Fluid Flow. The flux matching, in one embodiment, may be
implemented in terms of influence mass fractions instead of velocity. The POD coefficients
may then be used to compute the distribution of the variable for the new test scenario. In one
embodiment, the methodology/technique used ih this approach may cater to the data center
having variable flow CRACs (VFD controlled CRACs in other words) and electronic racks

with considerable variations in intake mass flow rates (due to continuous changing server or

10
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chassis fan flow). The method described further provides the means to predict the thermal
insights quickly even for a variable flow CRAC and frequent changes in rack flow rates based

on the plurality of modules as described below.

[0019] The present subject matter discloses‘an effective and efficient mechanism for
prediction of thermal-insights for a heat dissipating device in a data center cooled by one or
more cooling units hereinafter referred to as a cooling unit. In one embodiment, the thermal-
insights may comprise mass flow rate, a temperaiure, and insights into thermal influence of
air sources on the heat dissipating device. The present subject mattef facilitates to provide
quick énd accurate information about the cooling unit having maximum influence on the heat
dissipating device for any scenario in the data center. It may be understood that, the cooling
unit may be employed with variable frequency drive (VFD) that may alter the supply air flow
according to the heat load demand on the heat dissipating devices. Examples of the heat
dissipating device may include a server, a computer, a rack housing the server, and a
combination thereof. Examples of the cooling unit may include a computef room air

conditioner (CRAC).

[0020] In order to predict the thermal-insights of the data center in real-time, some .
offline activities may be performed. First, data and a set of operational parameters may be
received. It may be understood that, the data may be associated to the data center. Example of
the set of the data may include, geometrical information of the data center, configuration data
associated to the heat dissipating device, data associated to the cooling unit and data required
for creating a computational fluid dynamics simulation of the datacenter. The set of
operational parameters, on the other hand, may be associated to the cooling unit or the heat
dissipating device. Example of the set of operational parameters may include; but not limited
to, a minimum operational mass flow rate of the cooling unit or the heat dissipating device

and a maximum operational mass flow of the cooling unit or the heat dissipating device.

[0021] Based on the data and the set of operational parameters, a statistical model may
be generated. In one embodiment, the statistical model may be a multi-dimension space. It
may be understood that, the statistical model may co’mprise a plurality of cells, wherein each
~cell of the statistical model may represent a search space. It may be understood that, the

search space may be defined by the set of operational parameters. Upon generating the

11
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statistical model, a first set of reference scenarios may be generated to compute a first set of
REFERENCE influence mass fraction metrics (IMFM). It may be understood that, the first set
of REFERENCE IMFM may be computed by performing computational fluid dynamics
(CFD) simulation for the first set of reference scenarios. After computing the first set of
REFERENCE IMFM, a first set of test scenarios may be generated. It may be understood that,
a first set of TEST IMFM may be computed by performing computational fluid dynamics

(CFD) simulation on the first set of test scenarios.

[0022] Subsequent to the computation of the first set of TEST IMFM for the first set
of test scenarios, a second set of reference scenarios may be selected. It may be understood
that, the second set of reference scenarios may be selected from the first test scenarios based
on each test scenario and cell boundihg the each test scenario of the first set of test scenarios.
After selecting the second set of reference scenarios, a second set of REFERENCE IMFM
may be selected from the first set of REFERENCE IMFM. It may be understood that, the
second set of REFERENCE IMFM may be associated to the second set of reference scenarios.
It may be understood that, the second set of reference scenarios is a subset of the first set of

reference scenarios, and wherein the second set of REFERENCE IMFM is a subset of the first
set of REFERENCE IMFM. -

[0023] In one embodiment, the present subject matter further computes a first set of
NEW IMFM for the first set of test scenarios. It may be understood that, the first set of NEW
IMFM may be computed by performing Proper Orthogonal Decomposition (POD)
computation using the second set of REFERENCE IMFM and an operational parameter for
the each test scenario of the first set of test scenarios. After computing the first set of NEW
IMFM, a set of errors may be computed by comparing the first set of NEW IMFM with the
first set of TEST IMFM. |

[0024] In one embodiment, When an error corresponding to a subset of the first set of
test scenarios is greater than a pre-defined threshold value, a cell of the plurality of cells may
be identified corresponding to the subset of the first set of reference scenarios. Based on the
identification of the cell, the present subject matter may iteratively perform the steps as
aforementioned until the error associated to that test scenario or set of test scenarios belbnging

to a cell is less than the predefined threshold value. It may be understood that, upon iteratively
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performing the steps, a rriodiﬁed set of first set of reference scenarios, a modified first set of
REFERENCE influence mass fraction metrics (IMFM), a modified first set of test scenarios, a
modified first set of test IMFM, a modified second set of reference scénarios, a modified
second set of REFERENCE IMFM, a modified first set of NEW IMFM and a modified set of

errors may be determined.

[0025] " In one embodiment, all the aforementioned tasks may be performed in an
offline manner. Further, when the error corresponding to the subset of the first set of test
scenarios is less than the pre-defined threshold value, a second set of test scenarios may be
received in real-time. It may be understood, that the second set of test scenarios may be
received from a user. After receiving the second set of test scenarios, a second set of NEW
IMFM miay be computed, in real time, foi the second set of test scenarios and one of the
second set of REFERENCE IMFM or the modified second set of REFERENCE IMFM in

order to predict the thermal-insights for the heat dissipating device.

[0026] It may be understood that, the first set of REFERENCE inﬂu'e’ncé mass fraction
metrics (IMFM), the first set of TEST IMFM, the second set of REFERENCE IMFM, the first
set of NEW IMFM, the modified first set of REFERENCE (IMFM), the modified second set
of REFERENCE IMFM, the modified first set of NEW IMFM and the second set of NEW
IMFM is indicative of influence of the cooling unit and the heat dissipating device on the heat
dissipating device. Further it may be understood that, the first set of REFERENCE influence
mass fraction metrics (IMFM), the first set of TEST IMFM, the second set 'of REFERENCE
IMFM, the modified first set of REFERENCE IMFM, and the modified seéond set of
REFERENCE IMFM are derived from influence index metrics obtained through CFD
analysis of the data center as disclosed in an Indian Patent application 652/MUM/2011.

[0027] While aspects of described system and method for real-time prediction of the
thermal-insights for the heat dissipating device in the data center may be implemented in any
number of different computing systems, environments, and/or configurations, the

embodiments are described in the context of the following exemplary system.

[0028] Referring now to Figure 1, a network implementation 100.of a system 102 for
real-time prediction of thermal-insights for a heat dissipating device in a data center cooled by
one or more cooling units is illustrated, in accordance with an embodiment of the present
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subject matter. In one embodiment, the system 102 may receive data and a set of operational
parameters, wherein the data is associated to the data center, and wherein the set of
operational parameters is associated to at least one of the cooling units or the one or more heat
dissipating devices. After receiving the data and the set of operational paraméters, the system
102 may generate a statistical model. Subsequent to the generation of the statistical 'model, the
system 102 may generate a first set of reference scenarios. After generating the first set of
reference scenarios, the system 102 may compute a first set of REFERENCE influence mass
fraction metrics (IMFM) for the first set of reference scenarios. The system 102 may further
generate a first set of test scenarios. Subsequent to the generation‘of the first set of test
scenarios, the system 102 may further compute a first set of TEST IMFM for the first set of
test scenarios. The system 102 may further select a second set of referenée scenarios from the
first set of reference scenarios. After selecting the second set of reference scenarios, the
system 102 may select a second set of. REFERENCE IMFM from the first set of
REFERENCE IMFM. The system 102 may further compute a first set of NEW IMFM for the
first set of test scenarios. Based on the first set of NEW IMFM, the system 102 may further
'compute a set of errors by comparing the first set of NEW IMFM with the first set of TEST
IMFM. It may be understood that, each error of the set of errors corresponds to a test scenario
of the first set of test scenarios. In one embodiment, when a subset of the first set of test
scenarios is having an error greater than a pre-defined threshold value, the system 102 may
identify a cell associated with the subset of the first set of reference sceﬁarios. Upon
identifying the cell, the system 102 fnay iteratively perform the steps of generation of the first
set of reference scenarios, computation of the first set of REFERENCE IMFM, generation of
the first set of test scenarios, computation of the first set of TEST IMFM, selection of the
second set of reference scenarios for each test scenario of the first set of test scenarios,
selection of the second set of REFERENCE IMFM, computation of the first set of NEW
IMFM, computation of the set of errors, identification of the subset of the first set of test
scenarios, identification of at least one cell of the plurality of cells. It may be unde;stood that
the system 102 iteratively perform the aforementioned steps to generate a modified first set of
reference scenarios, compute a modified first-set of REFERENCE influence mass fraction
metrics (IMFM), generate a modified first set of test scenarios, compute a modified first set of

test IMFM, select a modified second set of reference séenarios, select a modified second set
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of REFERENCE IMFM, compute a modified first set of NEW IMFM, compute a modified
set of errofs, until the error is less than the predefined threshold value. In one embodiment,
receiving of the data and the set of operational parameters, generation of the statistical model,
generation of the first set of reference scenarios, computation of the first set of REFERENCE
influence mass fraction metrics (IMFM), generation of the first set of test scenarios,
computation of the first set of TEST IMFM, selection of the second set of reference scenarios,
selection of the second set of REFERENCE IMFM, computation of the first set of NEW
IMEM, computation of the set of errors, identification of the subset of the first set of test
scenarios, identification of the at least one cell of the plurality of cells and iteratively
performing the aforementioned steps until the each error of the set of errors is less than the
predefined threshold value, may be performed .in an offline manner. The system 102 may
further receive, in real time, a second set of test scenarios. .After receiving the second set of
test scenarios, the system 102 may compute, in real time, a second set of NEW IMFM for the
second set of test scenarios in order to predict the thermal-insights for the heat dissipating

device.

[0029] A]tﬁough the present subject matter is explained considering that the system
102 is implemented on a server, it may be understood that the system 102 may also be
implemented in a variety of computing systems, such as a laptop computer, a desktop
computer, a notebook, a workstation, a mainframe computer, a server, a network server, a
cloud-based computing environment and the like. It will be understood that the system 102
may be accessed by multiple users through one or more user devices 104-1, 104-2...104-N,
collectively referred to as user devices 104 hereinafter, or applications residing on the user
devices 104. Examples of the user devices 104 may include, but are not limited to, a portable
computer, a personal digital assistant, a handheld device, and a workstation. The user devices

104 are communicatively coupled to the system 102 through a network 106.

[0030] In one implementation, the network 106 may be a wireless network, a wired
network or a combination thereof. The network 106 can be implemented as one of the
different types of networks, such as intranet, local area network (LAN), wide area network
(WAN), the internet, and the like. The network 106 may either be a dedicated network or a
shared network. The shared network represents an association of the different types of

networks that use a variety of protocols, for example, Hypertext Transfer Protocol (HTTP),
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Transmission Control Protocol/Internet Protocol (TCP/IP), Wireless Application ‘Protocol
(WAP), and the like, to communicate with one another. Further the network 106 may include
a variety of network devices, including routers, bridges, servers, computing devices, storage

devices, and the like.

[0031] Referring now to Figure 2, the system 102 is illustrated in accordance with an
embodiment of the present subject matter. In one embodiment, the system 102 may include at
- least one processor 202, an input/output (I/O) interface 204, and a-memory 206. The at least
one processor 202 may be implemented as one or more microprocessors, microcomputers,
microcontrollers, digital signal processors, central processing units, state machines, logic
circuitries, and/or any devices that manipulate signals based on operatioﬁal instructions.
Among other capabilities, the at least one processor 202 is 'conﬁgured to fetch and execute

computer-readable instructions stored in the memory 206.

[0032] The T/O interface 204 may include a variety of software and hardware
interfaces, for example, a web interface, a graphical user interface, and the like. The I/O
interface 204 méy allow the system 102 to interact with the user di-rectly or through the user
devices 104. Further, the I/O interface 204 may enable the system 102 to communicate thh
other computing devices, such as web servers and external data servers (not shown). The 1/0
interface 204 can facilitate multiple communications within a wide variety of networks and
protocol types, including wired networks, for example, LAN, cable, etc., and wireless
networks, such as WLAN, cellular, or satellite. The I/O interface 204 may include oné or

more ports for connecting a number of devices to one another or to another server.

[0033] The memory 206 may include any computer-readable medium or computer
program product known in the art including, for example, volatile memory, such as static
random access memory (SRAM) and dynamic random access memory (DRAM), and/or non-
< volatile memory, such as read only memory (ROM), erasable programmable ROM, flash
memories, hard disks, optical disks, and magnetic. tapes. The memory 206 may include

modules 208 and data 210.

[0034] The modules 208 include routines, programs, objects, components, data
structures, etc., which perfofm particular tasks or implement particular abstract data types. In
one implementation, the modules 208 may include a statistical model generation module 212,
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a first reference scenario generation module 214, a test scenario generation module 216, a
second reference scenario generation module 218, a Proper Orthogonal Decomposition (POD)
module 220, an error computation module 222, a thermal prediction module 224 and other
module 226. The other module 226 may include programs or coded instructions that

supplement applications and functions of the system 102.

[0035] The data 210, amongst other things, serves as a repository for storing data
processed, received, and generated by one or more of the modules 208. The data 210 may also
include a system database 228 and other data 230. The other data 230 may include data

generated as a result of the execution of one or more modules in the other module 226.

{6036} In one implementation, at first, a user may use one of the user devices 104 to
.access the system 102 via the /O interface 204. The users may register themselves using the
I/O interface 204 in order to use the system 102. In one aspect, the user may accesses the I/O ‘
interface 204 of the system 102 for real-time prediction of thermal-insights for a heat
dissipating device in a data center cooled by one or more cooling units hereinafter referred to
as cooling units. Examples of the thermal-insights may include, but not limited to, a mass
flow rate, a temperature, and insights (qualitative/quantitative) into thermal influence of air
sources on the heat dissipating device. Examples of the heat dissipating devices may include,
but not limited to, a server, a computer, and a rack housing the server. Examples of the
cooling unit may include, but not limited to, a cornputer room air conditioner (CRAC). In
order to predict the thermal-insights for the heat dissipating device in the data center, the
system 102 may employ the statistical model generation module 212, the first reference
scenario generation module. 214, the test sce/rrario generation module 216, the second
reference scenario generation module 218, the Proper Orthogonal Decombosition (POD)
module 220, the error computation module 222, and the thermal prediction module 224. The

detailed working of the plurality of modules is described below.

STATISTICAL MODEL GENERATION MODULE 212

)

[0037] Referring to .Figure 2, a detailed working of the statistical model generation
module 212 along with the working of other components of the system 102 is illustrated, in

accordance with an embodiment of the present subject matter. In one implementation, the
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statistical model generation module 212 may, at first, receive data and a set of operational
parameters. The data may be associated to the data cev:nter.whereas the set of operational
parameters may be assoéiated to at least one of the cooling units or the heat dissipating
devices. Examples of the cooling units may include a cooling unit is a computer room air
conditioner (CRAC), whereas the examples of the heat dissipating device may mclude a

server, a computer, a rack housing the server.

[0038] In one embodiment, the data and the set of operational parameters may either
received from a user or at least one data source. Examples of the data may include
geometrical information of the data center, configuration data associated to the heat
dissipating device, data associated to the cooling unit and data required for creating a
computational fluid dynamics simulation of the data center. Examples of the set of operational
paramieters may include minimum supply flow rate/operational mass flow rate of the cooling
unit/the heat dissipating device respectively and a maximum supply flow rate/operational
mass flow of the cooling unit/the heat dissipating device respeciively. In one aspect, the
minimum operational supply flow rate and the maximum operational supply flow rate of the
.cooling unit may be specified in ah operating manual of the cooling unit. Similarly, the
minimum operational mass ﬂow rate and the maximum operational mass flow rate of the heat
dissipating devices, such as the server or server chassis fan, may be speciﬁed‘i‘n the operating

manual of the heat dissipating devices.

[0039] Subsequent to the receiving of the data and the set of operational parameters,
the statistical model generation module 212 may further generate a statistical model. The
statistical model may be generated based on partitioning of search space into a plurality of
cells, wherein any point inside the cell or the search space represents a data center scenario. It
may be und_erstood that, the search space may be defined by the set of operational parameters.
In one aspect, the dimension of the search space may be determined based on number of the
cooling units or the heat dissipating devices that exhibit variable air flow in operation. In an
example, consider a test data center cooled by 3 CRACs i.e. CRAC 1, CRAC 2 and CRAC 3,
as the cooling units, having a minimum supply flow rate of Ui, Vinin and W, respectively
and a maximum supply flow rate of Unax, Vimax and Wy Figure 3 (a) shows the search space
generated for the 3 CRAC data center by the statistical model generation module 212. Since

the search space is impacted by the 3 CRACsS, therefore the search space may comprise a
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three dimensional structure such as cuboid. It may be understood that, each side of the cuboid
represents the operational range of sgipply flow rates of each of the 3 CRACs. Therefore, the
coordinates of a point in the cuboid represent a scenario with its CRAC flow rates. It may be
understood that, virtually any point inside the cuboid represents a unique scenario of the
CRAC flow rates. It may be undefstood that, the nodes of the cuboid represent limiting cases
of various possiblé CRAC flow rate scenarios. Similarly, it may be understood that, if the
search space is impacted by ‘n’ CRACs/heat dissipating devices the search space may
comprise an n-dimensional structure. The statistical model helps in building a robust model
for identifying the reference scenarios to be considered for POD calculations related to any
given test scenario. It may be understood that statistical model generation module 212 may

perform the tasks as described above in an offline manner.

FIRST REFERENCE SCENARIO GENERATION MODULE 214

[0040] After generating the statistical model based on the minimum supply flow rate
and the maximum supply flow rate, the first reference scenario generation modﬁle’ 214 may
generate a first set of reference scenarios. The first set of reference scenarios may be
generated by selecting a set of refinement indices fdr the statistical model. It may be
understood that, the set of refinement indices may be associated with local sub-partitioning of
the plurality of cells of the search space. It may be understood that, the nodal scenarios of a
given cell may be required for a POD computation for a test scenario lying inside that cell.
Therefore nodal scenarios of the all the partitioned cells in the search space represented by
highlighted dots in figure 3(a), may be considered to be the first set of reference scenarios.
After generéting the first set of reference scenarios, the first reference scenario generation
module 214 may further compute a first set of REFERENCE influence mass fraction metrics
(IMFM), hereinafter referred as the first set of REFERENCE IMFM, for the first set of
reference scenarios. In oﬁe embodiment, the first set of REFERENCE IMFM may be
computed by performing computational fluid dynamics (CFD) simulation for the first set of
reference scenarios. Further, it may be noted that the first set of REFERENCE influence mass
frac_tidn metrics (IMFM) for the first set of reference scenarios may be obtained based on a

methodology/technique disclosed in an Indian Patent applicatidn 652/MUM/2011, hereinafter
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incorporated as a reference. In one embodiment, the reference generally describes influence
index metrics that indicate the influence of CRACs and heat dissipative devices on each of the
heat dissipating device in the data center. It may be understood that the first reference

scenario generation module 214 may perform the tasks as described above in an offline

manner.

TEST SCENARIO GENERATION MODULE 216

[0041] Subsequent to the computation of the first set of REFERENCE IMFM, the test
scenario generation module 216 may generate a first set of test scenarios. It may be
understood that, the first set of test scenarios may comprise at least one test scenario from
each cell of the search space. Now, in order to understand a working of the test scenario
generation module 216, let us consider the example, as aforementioned, the test data center
being cooled by 3 CRACs i.e. CRAC 1, CRAC 2 and CRAC 3 having a minimum supply
flow rate of Unin, Vmin and Wpi, respectively and a maximum supply flow rate of Upax, Vinax
and W, as shown in the figure 3 (a). Since the search space is impacted by -the 3 CRACS,
therefore the search space may comprise a three dimensional structure such as cuboid. In one
aspect, the cuboid is sub-partitioned into 8 sub-cells as shown in figure 3(b). In one
embodiment, the cuboid may be sub-partitioned into the 8 sub-cells i.e. SC1 to SC8. It may be
understood that, each sub-cell of the cuboid (SC1 to SC8) may comprise at least one test
scenario that is represented by T1-T8 in the figure 3(b), wherein the at least one test scenario
may comprise of at least one operational parameter bounded by the set of operational
parameters. It may be understood that, the at least one operational parameter may be a supply
flow rate bounded by the limits of the minimum supply flow rate and the maximum supply

flow rate of the cooling unit.

[0042] Based on the aforesaid description, the test scenario generation module 216
may generate the first set of test scenarios comprising the at least one test scenario for 8 sub-
cells of the cuboid. In one aspect, the test scenario generation module 216 ensures that each
sub-partitioned cell with its nodal points as reference scenarios for the enclosed test scenario
may get an accuracy check that may be carried out by the plurality of modules as explained

below. After generating the first set of test scenarios, the test scenario generation module 216
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may further compute a first set of TEST IMFM for the first set of test scenarios. In one
embodiment, the first set of TEST IMFM may be computed by performing computationél
fluid dynamics (CFD) simulation on the first set of test scenarios. It may be noted that the first
set of TEST IMFM may be obtained based on methodologies described in the refereénce
652/MUM/2011. It may be understood that, the test ‘scenario generat'ion module 216 may

perform the tasks as described above in an offline manner.

SECOND REFERENCE SCENARIO GENERATION MODULE 218

[0043] After computing the first set of TEST IMFM, the second reference scenario
generation module 218, may select a second set of reference scenarios for the each test
scenario of the first set of test scenarios. It may be understood that, the second set of reference
scenarios may be sclected from the first set of reference scenarios. In one embodiment, the
second set of reference scenarios may be selected based on the each test scenario and nodal
- points of the cell bounding the each test scenario. The cell may represent the search space
partition bounded by a scenario, wherein the scenario may comprise the at least one

operational parameter bounded by the set of operational parameters.

[0044] Now, in order to understand a working of the second reference scenario
generation module 218, consider an example, as illustrated in figure 4, having nodal points of
a cuboid 402 represented by Umin, Vinin, Wimin 8nd Umax, Vmax Wmax. In one aspect, the nodal
points (the Upin, the Vyin, the Wi, and the Upay, ‘the Viex the Wiax) of the cuboid may be
considered as a first set of reference scenarﬁos, wherein the Upin, the Viyin, the Wy, and the |
Unax, the Vinayx the W, are the minimum supply flow rate and the maximum supply flow rate
of 3CRAC:s respectively. Since the test scenario generation module 216 may generate the first
set of test scenarios for each cell of the cuboid, the second reference scenario generation
module 218 may select the second set of reference scenarios from the first set of reference
scenarios by identifying each sub-cell of the cuboid corresponding to each test scenario of the
first set of test scenarios. As shown in the figure 4, a sub-cell 404 of the cuboid may be
identified having a test scenario of the first set of test scenarios, wherein the test scenario is
represented by ‘A’. Subsequent to the identification of the sub-cell 404, nodal points of the

sub-cell may be selected as the second set of reference scenarios for the test scenario ‘A’.
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Similarly, the second set of reference scenarios for a test scenario ‘B’ and ‘C” may be selected
based on the identification of the sub-cell 404 of the cuboid 402 corresponding to the test
scenario ‘B’ and ‘C’. In one aspect, the second set of reference scenarios for the ‘A’, ‘B’ and

‘C’ are tabulated as follows —

First set of Test Scenario Second set of reference scenarios
A 1-2-3-4-5-6-7-8
B 1-2
C 2-3-6-7
[0045] It may be understood that, siﬁce limiting cases serve as second set of reference

scenarios for the first set of test scenarios, finer cuboids would provide a more accurate
prediction than a coarser cuboid for a scenario point inside the cuboid. Therefore, depending
upon the air flow supply range of each CRAUC, the cuboid is divided into smaller sub-cuboids
in order to create more limiting cases for the possible CRAC scenarios. After selecting the
second set of reference scenarios, the second reference scenario generation module 218 may ‘
further select a second set of REFERENCE IMFM from the first set of REFERENCE IMFM.
In one embodiment, each scenario of the second set of reference scenarios corresponding to
each REFERENCE IMFM of the first set of REFERENCE IMFM may be selected by the
second reference scenario generation module 218 as the second set of REFERENCE IMFM.
In other words, it may be understood that the second set of REFERENCE IMFM is a subset of
the first set of REFERENCE IMFM and the second set of REFERENCE IMFM is associated
to the second set of reference scenarios. It may be understood that the second reference

scenario generation module 218 may perform the tasks as described above in an offline

manner.

PROPER ORTHOGONAL DECOMPOSITION (POD) MODULE 220

[0046] In one embodiment, after selecting the second set of REFERENCE IMFM
from the first set of REFERENCE IMFM, the proper orthogonal decomposition (POD)
module 220 may compute a first set of NEW IMFM for the first set of test scenarios generated

by the first reference scenario generation module 214. It may be understood that, the first set
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of NEW IMFM may be computed by performing Proper Orthogonal Decomposition (POD)
computation using the second set of REFERENCE IMFM and at least one test operational
parameter for the each test scenario of the first set of test scenarios, wherein the at least one

test operational parameter is bounded by the set of operational parameters. .

[0047] Now, in order to understand a working of the proper orthogonal decomposition
(POD) module 220, consider a following example as illustrated in figure 5. In this example,
the second set of reference IMFM (at block 506) may be selected from the first set of
reference IMFM (at block 502) based on the first set of test scenarios (at block 504). The
vsecond set of reference IMFM (at block 506) may be analyzed to calculate POD mode (at
block 508). It may be understood that, the POD mode (at block 508') may be calculated by
numerically processing reference data that may comprise the second set of reference IMFM
(at block 506). In one aspect, the reference data may be determined based on CFD
‘simulations. Subsequent to the calculation of the POD mode (at block 508), at least one test
operational parameter of the test scenario (at block 510) and the POD mode (at block 508)
may further be analyzed to calculate POD coefficients (at block 512). Based on the
calculation of the POD coefficients (at block 512) and the POD mode (at block 508), a first
set of NEW IMFM (at block 514) may be determined.

[0048] . It may be noted that the POD computation may be performed based on a
methodology/technique proposed by Samadiani and Joshi in a publication titled "Reduced
order thermal modeling of data centers via proper orthogonal decomposition: a review."
published in International Journal of Numerical Methods for Heat & Fluid Flow, hereinafter
incorporated as another reference. It may be understood that, the. POD computatioﬂ, as
described in the above cited reference, is performed to collect input in terms of temperature or
velocity that may be complex to process for further prediction of thermal insights. However
the present subject matter uses influence mass fractions as a POD variable, wherein influence
mass fractions are based on the concept of thermal influence index metrics as disclosed in an
Indian Patent application 652/MUM/2011. In one aspect, the influence mass fractions may
represent the influence of the cooling units on the one or more heat dissipating devices in
terms of air flow. The influence mass fractions may be obtained from CFD simulation of the
data center. The use of influence mass fractions as POD variable may enable to obtain thermal

| insights of the heat dissipating devices based on the data and the predicted set of NEW
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IMFM. It may be understood that the proper orthogonal decomposition (POD) module

-220may perform the tasks as described above in an offline manner.

ERROR COMPUTATION MODULE 222

[0049] . Based on the computation of the first set of NEW ‘IMFM, the error
computation module 222 may compute a set of errors by comparing the first set of NEW
IMFM with the first set of TEST IMFM computed by the test scenario generation module
216. It may be understood .that, each error of the set of errors may correspond to a test
‘scenario of the first set of test scenarios, and wherein the test scenario may be associated a
cell of the plurality of cells. In one embodiment, the cell may comprise one or more test
scenarios from the first set of test scenarios. Each test scenarios of the one or more test
scenarios from first set of test scenarios may be associated to one or more errors. In order to
compute an error associated to the cell, the error computation module 222 may compute a
mean/average of the one or more errors corresponding to the one or more test scenarios
belonging to the cell. In this manner, the error computation module 222 may compute the set
of errors cqrrespénding to each group of test scenarios belonging to each cell of the search

space.

[0050] Subsequent toihe computation of the set of errors, the error computation
module 222 may furfhe’r compare each i'error of the set of errors associated to the test scenario
of the first set of test scenarios Vwith: a pre-defined threshold value stored in the system
database 228. Based on the combariSoﬁ, the error computation module 222 may further

identify a subset of the first set of test S’ééharioé, Wherein the vsubset may comprise the each |
test scenario of the first set of test scenarios having an error greater than the pre-defined

threshold value.

. [0051] - Subsequent to the identification of the subset, the error computation module
222 may further identify at least one cell of the plurality of cells in the search space of the
statistical model. It may be understood that, the at least one cell may be associated with the
subset of the first set of reference scenarios. In one embodiment, the at least one cell may be
identified in order to iteratively execute the steps, as described above, performed by the first

reference scenario generation module 214, the test scenario generation module 216, the
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second reference scenario generation module 218, the Proper Orthogonal Decomposition
(POD) module 220 and the error computation module 222 on the cell identified. In one aspect,
the steps may be iteratively performed for the identified cell to generate a modified first set of
reference scenarios by selecting a modified set of refinement indices, compute a modified first
set of REFERENCE influence mass fraction metrics (IMFM), generate a modified first set of
test scenarios, compute a modified first set of test IMFM, select a modified second set of
reference scenarios, select a modified second set of REFERENCE IMFM, compute a
modified first set of NEW IMFM, and compute a modified set of errors. It may be understood
that, the steps may be iteratively performed until the error associated to each scenario of the
subset is less than the predefined threshold value. Once all the errors associated to each test
scenario of the first set of test scenario or the modified first set of test scenarios is less than
the predefined threshold value; the total number of cells in the statistical model may be fixed.
In this manner, the number of reference scenarios in the first set of reference scenarios or the
‘modified first set of reference scenarios maybe finalized. Subsequently, the second set of
reference scenarios or the modified second set of reference scenarios associated to each cell is
also fixed. It may be understood that, the first set of reference scenarios or the modified first
set of reference scenarios, the second set of reference scenarios or the modified second set of
reference scenarios may be stored in the system database 228 for future analysis. It may be
understood that, the aforementioned tasks performed by the stétistical model generation
module 212, the first reference scenario generation module 214, the test scenario generation
- module 216, the second reference scenario generation module 218, the Proper Orthogonal
Decomposition (POD) module 220, and the error computation module 222, when the system
102 is in offline mode. In one embodiment, the first set of reference scenarios or the modified
ﬁrstiset of reference scenarios, the second set of reference scenarios or the modified second
set of reference scenarios may be used for further computations by the system 102 in real

time.

THERMAL PREDICTION MODULE 224

[0052] In one embodiment, when the each scenario of the subset of the first set of test

scenarios having the "error less than a pre-defined threshold value, all sets of reference
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scenarios as well as REFERENCE IMFM are stored in the system database 228. Then the
thermal prediction module 224 may receive, in real time, a second set of test scenarios. It may
be understood that, the second set of test scenarios are those scenarios for which the real-time

prediction of the thermal-insights for the heat dissipating device in the data center may be

performed.

[0053] After receiving the second set of test scenarios, the thermal prediction module
224 may compute, in real time, a second~set of NEW IMFM for the second set of test
scenarios selected by the second reference scenario generation module 218. Each scenario of
the second set of test scenarios may be located in the appropriate cell of the search space
based on at least one operational parameter associated to it. The second set of reference
.scenarios and subsequent second set of REFERENCE IMFM for the second set of test
scenarios may be selected from the system database 228 based on the nodal points of the cell
it is associated with. The second set of NEW IMFM may be computed by performing the
POD computation using the at least one test operational parameter for each of the test
scenarios of the second set of test scenarios and one of the second set of REFERENCE IMFM | ‘
selected from the system database 228. After computing the second set of NEW IMFM, the
thermal prediction module 224 may be able to predict in real-time the thermal-insights for the
heat dissipating device based upon the second set of NEW IMFM and the data. The thermal
insights may include a mass flow rate, a temperature, and insights (qualitative/quantitative)
into thermal influence of air sources on the heat dissipating device. The prediction of the
thermal insights based on the IMFM and the data has been described in the Indian Patent
application 652/MUMY/2011, incorporated herein as the reference.

[0054] It may be understood that, the first set of REFERENCE influence mass fraction
metrics (IMFM), the first set of TEST IMFM, the second set of REFERENCE IMFM, the first
set of NEW IMFM, the modified first set of REFERENCE (IMFM), the modified second set
of REFERENCE IMFM, the modified first set of NEW IMFM and the second set of NEW
IMFM is indicative of influence of the one or more cooling units and the heat dissipating
device on the heat dissipating device. It may be further be understood that, the first set of
REFERENCE influence mass fraction metrics (IMFM), the first set of TEST IMFM, the
second set of REFERENCE IMFM, the modified first set of REFERENCE IMFM, and the

modified second set of REFERENCE IMFM is derived from influence index metrics, and
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wherein the influence index metrics are obtained through CFD analysis of the data center as

described in the Indian Patent application 652/MUM/2011, incorporated herein as the

reference.

[0055] In one embodiment, the aforementioned description is related to the real-time
prediction of thermal-insights for the heat dissipating device in the data center cooled by the
one or more cooling units. However, it may be understood that the aforementioned description
may be applicable to any multiple inlet-outlet system such as “Heating, Ventilating, and Air
conditioning” (HVAC) system of buildings, or pipe networks carrying fluids for predicting
the thermal-insights or‘ﬂow insights such as mass flow rate, a temperature, and insights
(qualitative/quantitative) into influence of system sources on the specific locations in the

system.

[0056] Referring now to Figure 6, a method 600 for real-time prediction of tﬁermal-
insights for a heat dissipating device in a data center cooled by one or more cooling units is
shown, in accordance with an embodiment of the present subject matter. The method 600 may
be described in the general context of computer executable instructions. Generally, computer
executable instructions can include routines, programs, objects, components, data structures,
procedures, modules, functions, etc., that perform particular functions or implement particular
abstract data types. The method 600 may also be practiced in a distributed computing
environment where functions are performed by remote processing devices that are linked
through a communications network. In a distributed computing environment, computer
executable instructions may be located in both local and remote computer storage media,

including memory storage devices.

[0057] The order in which the method 600 is described is not intended to be construed
as a limitation, and any number of the described method blocks can be combined in any order
to implement the method 600 or alternate methods. Additionally, individual blocks may be
deleted from the method 600 without departing from the spirit and scope of the subject matter
described herein. Furthermore, the method can be implemented in any suitable hardware,
software, firmware, or combination thereof. However, for ease of explanation, in the
embodiments described below, the method 600 may be considered to be implemented in the

above described system 102.
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[0058] At block 602, data and a set of operational parameters may be received. In one
aspect, the data may bé associated to the data center and the set of operational parameters may
be associated to at least one of a cooling unit or a one or more heat dissipating devices. In one
implementation, the data and the set of | operational parameters may be received by the

statistical model generation module 212 in an offline manner.

[0059] At block 604, a statistical model may be generated. In one implementation, the
statistical model may be generated based on partitioning of search space into a plurality of
cells. In one aspect, the search space may be defined by the set of operatibnal parameters. In
one implementation, the data and the set of operational parameters may be received by the

statistical model generation module 212 in an offline manner.

[0060] At block 606, a first set of reference scenarios may be generated by selecting a
set of refinement indices for the statistical model. In one implementation, the first set of
reference scenarios may be generated by the first reference scenario generation module 214 in

an offline manner.

[0061] At block 608, a ﬁrét set of REFERENCE influence mass fraction metrics
(IMFM) for the first set of reference scenarios may be computed. In one aspect, the first set of
REFERENCE IMFM may be computed by performing computational fluid dynamics (CFD)
simulation for the first set of reference scenarios. In one implementation, the set of
REFERENCE influence mass fraction metrics (IMFM) méy be computed by the first

reference scenario generation module 214 in an offline manner.

[0062] At block 610, a first set of test scenarios may be génerated. In one aspect, the
first set of test scenarios comprises at least one test scenario from each cell of the search
space, and wherein each test scenario of the first set of test scenarios comprises of at least one
- operational parameter bounded by the set of operational parameters. In one implementation,
the first set of test scenarios may be geherated by the test scenario generation module 216 in

an offline manner.

[0063] At -block 612, a first set of TEST IMFM may be computed for the first set of
test scenarios. In one aspect, the first set of TEST IMFM may be computed by performing

computational fluid dynamics (CFD) simulation on the first set of test scenarios. In one
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implementation, the first set of TEST IMFM may be computed by the test scenario generation

module 216 in an offline manner.

[0064] . At block 614, a second set of reference scenarios may be selected for each test
scenario of the first set of test scenarios. In one aspe'ct, the second set of reference scenarios.
may be selected based on the each test scenario and the cell bounding the each test scenario.
In one implementation, the second set of reference scenarios may be selected by the second

reference scenario generation module 218 in an offline manner.

[0065] At block 616, a second set of REFERENCE IMFM may be selected from the
first set of REFERENCE IMFM. In one aspect, the second set of REFERENCE IMFM may
be associated to the second set of reference scenarios. In one implementation, the second set
of REFERENCE IMFM may be selected by the second reference scenario generation module

218 in an offline manner.

[0066] At block 618, a first set of NEW IMFM for the first set of test scenarios may
be cémputed by performing Propef Orthogonal Decomposition (POD) computation using the
second set of REFERENCE IMFM and at least one test operational parafneter for the each test
scenario of the first set of test scenarios. In one aspect, the at least one test operational
parameter may be bounded by the set of operational parameters. In one implementation, the
first set.of NEW IMFM may be computed by the Proper Orthogonal Decomposition (POD)

module 220 in an offline manner.

[0067] At block 620, a set of errors may be computed by comparing the first set of
NEW IMFM with the first set of TEST IMFM. In one aspect, each error of the set of errors
corresponds to a test scenario of the first set of test scenarios. In one implementation, set of

errors may be computed by the error computation module 222 in an offline manner.

[0068] At block 622, a subset of the first set of test scenarios may be identified. In one
aspect, the subset may be having an error greater than a pre-defined threshold value subset. In
one implementation, the subset may be identified by the error computation module 222 in an

offline manner.

[0069] At block 624, at least one cell of the plurality of cells associated with the

subset of the first set of reference scenarios may be identified. In one implementation, the at
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least one cell of the plurality of cells may be identified by the error computation module 222

in an offline manner.

[0070] At block 626, iteratively performing the steps performed at the block 606 to
the block 620 until the error is less than the predefined threshold value. In one
implementation, the steps performed at the block 606 to the block 620 may be iteratively by

the error computation module 222 in an offline manner.

[0071] At block 628, a second set of test scenarios may be received in real-time. In
one implementation, the second set of test scenarios may be received by the thermal

prediction module 224.

[0072] At block 630, a second sét of NEW IMFM for the second set of test scenarios
may be computed, in real-time, by performing the POD computation using the at least one test
operational parameter for each of the test scenarios of the second set of test scenarios and one
of the second set of REFERENCE IMFM or the modified second set of REFERENCE IMFM.
In one implementation, the second set of test scenarios may be received by the thermal

prediction module 224.

[0073] At block 632, the thermal-insights for the heat dissipating device may be
predicted, in real-time, based upon the second set of NEW IMFM and the data. In one

implementation, the thermal-insights may be predicted by the thermal prediction module 224. -

[0074] ~ Although implementations for methods and systems for real-time prediction of
thermal-insights for a heat dissipating device in a data center cooled by one or more cooling
units have been described in language specific to structural features and/or methods, it is to be
understood that the appended claims are not necessarily limited to the specific features or'.
methods described. Rather, the specific features and methods are disclosed as examples of

implementations for real-time prediction of thermal-insights.

[0075] Exemplary embodiments discussed above may provide certain advantages.
Though not required to practice aspects of the disclosure, these advantages may include those

provided by the following features.
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[0076] Some embodiments enable a system and a method for real time and accurate
prediction of thermal insights for a heat dissipating device in a data center with a limited and

one-time offline computational effort.

[0077] An embodiment also enables exact. quantification of the amount of offline
~ computational effort for a given accuracy requirement of the prediction. It also provides an
explicit control for tuning and achieving the desired trade-off between the accuracy levels of
prediction for any test scenario within the given range and the offline computational effort

required.

[0078] Another embodiment enables prediction of thermal insights up to the desired
accuracy level for any given test scenario within the provided range of operational

parameters.

[0079] One embodiment comprises a concept of using influence mass fractions as a
variable in the Proper Orthogonal Decompositidn methodology, simplifying the calculations.
The present subject may further enables prediction of thermal and flow insights including
mass flow rates; temperature and influence map of air sources-by solving for only one

variable i.e influence mass fraction.
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WE CLAIM:

1. A method for real-time prediction of thermal-insights for a heat dissipating device in a
data center cooled by one or more cooling units, the method comprising:

(a) receiving data and a set of operational parameters, wherein the data is
associated to the data center, and wherein the set of operational parameters is associated to at
least one of the cooling unit or the one or.more heat dissipating devicés;

(b) generating, via the processor, a statistical mbdel, wherein the statistical model
is generated based on partitioning of search space into a plurality of cells, and wherein the
search space is defined by the set of operational parameters;

(c) genérating, via the processor, a {irst set of reference scenarios by selecting a set
of refinement indices for the statistical model, wherein the set of refinement indices is
associated with local sub-partitioning of the plurality of cells; .

(d) computing, via the processor, a first set of REFERENCE influence mass
fraction metrics (IMFM) for the first set of reference scenarios, wherein the first set of
- REFERENCE IMFM is computed by performing computational fluid dynamics (CFD)
simulation for the first set of reference scenarios;

(e) generating, via the processbr, a first set of test scenarios, wherein the first set
of test scenarios comprises at least one test scenario from each cell of the search space, and
wherein each test scenario of the first set of teét scenarios comprises of at least one
operational parameter bounded by the set of operational parameters;

® computing, via the processor, a first set of TEST IMFM for the first set of test
scenarios, wherein the first set of TEST IMFM is computed by performing computational
fluid dynamics (CFD) simulation on the first set of test scenarios; ‘

(2) selecting, via the processor, a second set of reference scenarios for each test
scenario of the first set of test scenarios based on the each test scenario and the cell bounding
the each test'scenario; _

(h) selecting, via the processor, a second set of REFERENCE IMFM from the first
set of REFERENCE IMFM, wherein the second set of REFERENCE IMFM is associated to

the second set of reference scenarios;
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(i) computing; via the processor, a first set of NEW IMFM for the first set of test
scenarios by performing Proper Orthogonal Decomposition (POD) computation using the
second set of REFERENCE IMFM and at least one test operaﬁonal parameter for the each test
scenario of the first set of test scenarios, wherein the at least one test operational parameter is
bounded by the set of operational parameters; |

)] computing, via the processor, a set of errors by comparing the first set of NEW
IMFM with the first set of TEST IMFM, wherein each error of the set of errors corresponds to
a test scenario of the first set of test scenarios;

(k) identifying, via the processor, a subset of the first set of test scenarios having
an error greater than a pre-defined threshold value; '

(D identifying, via the processor, at least one ‘cell of the plurality of cells
associated with the subset of the first set of reference scenarios; _ _

(m) iteratively performing, via the processor, the steps of (c), (d), (e), (f), (g), (h),
1), (), (k)., (1) and (m) based on the at least one cell in order to:

generate a modified first set ‘of reference scenarios by selecting a
modified set of refinement indices;

compute a modified first set of REFERENCE influence mass fraétion
metrics (IMFM), | |

generate a modified first set of test scenarios,

compute a modified first set of test‘IMFM,

select a modified second set of reference scenarios,

select a modified second set of REFERENCE IMFM,

compute a modified first set of NEW IMFM,

compute a modified set of errors,
wherein the steps of (c¢), (d), (e), (f), (g), (h), (i), (), k), (D | and (m) are

iteratively pérformed until the error is less than the predefined threshold value;

(n) receiving a second set of test scenarios; ' |

(0) computing, via the processor, a second set of NEW IMFM for the second set of
test scenarios by performing the POD computation using the at least one test operational
parameter for each of the test scenarios of the second set of test scenarios and one of the

second set of REFERENCE IMFM or the modified second set of REFERENCE IMFM; and
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(p) predicting, via the processor, the thermal-insights for the heat dissipating

device based upon the second set of NEW IMFM and the data.

2. The method of claim 1, wherein the thermal-insights is selected from a group
comprising of a mass flow rate, a temperature, an insights into thermal influence of air

sources on the heat dissipating device and a combination thereof.

3. The method of claim 1, wherein the heat dissipating device is selected from group

comprising of a server, a computer, a rack housing the server, and a combination thereof.

4. The method of claim 1, wherein the cooling unit is a computer room air conditioner

(CRAQ).
» 5. The method of claim 1, wherein the data comprises geometrical information of the

data center, configuration data associated to the heat dissipating device, data associated to the
cooling unit and data required for creating a computational fluid dynamics simulation of the
data center.

.4

6. The method of claim 1, wherein the set of operational parameters comprises a
minimum operational mass flow rate of the cooling unit or the heat dissipating device and a

maximum operational mass flow of the cooling unit or the heat dissipating device.

7. The method of claim 1; wherein the cell represents the search space partition bounded
by a scenario, wherein the scenario comprises at least one operational parameter bounded by -

the set of operational parameters.

8. The method of-claim 1, wherein the first set of REFERENCE influence mass fraction
metrics (IMFM), the first set of TEST IMFM, the second set of REFERENCE IMFM, the first

set of NEW IMFM, the modified first set of REFERENCE (IMFM), the modified second set
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of REFERENCE IMFM, the modified first set of NEW IMFM and the second set of NEW
IMFM is indicative of influence of the one or more cooling units and the heat dissipating

device on the heat dissipating device.

9. The method of claim 8, wherein the first set of -REFERENCE influence mass fraction
| metrics (IMFM), the first set of TEST IMFM, the second set of REFERENCE IMFM, the
modified first set of REFERENCE IMFM, and the modified second set of REFERENCE
IMFM is derived from influence index metrics, and wherein the influence index metrics are

obtained through CFD analysis of the data center.

10. The method of claim 1, wherein the second set of reference scenarios is a subset of the
first set of reference scenarios, and wherein the second set of REFERENCE IMFM is a subset
of the first set of REFERENCE IMFM.

11. A system for real-time prediction of thermal-insights for a heat dissipating device in a

data center cooled by one or more cooling units, the system comprising:
a processor; and

a memory coupled to the processor, wherein the processor is capable of
executing a plurality of modules stored in the memory, and wherein the plurality of
module comprising: |

a statistical model generation module configured to:

receive data and a set of operational parameters, wherein the
data is associated to the data center, and wherein the set of operational
parameters is associated to at least one of the cooling units or the one or
more heat dissipating devices; and

generate a statistical model, wherein the statistical model is
generated based on partitioning of search space into a plurality of cells,
and wherein the search space is defined by the set of operaﬁonal

parameters,
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a first reference scenario generation module configured to:

generate a first set of reference scenarios by selecting a set of
refinement indices for the -statistical model, wherein the set of
refinement indices is associated with Jocal sub-i)értitioning of the
plurality of cells; and

compute a first set of REFERENCE influence mass fraction
metrics (IMFM) for the first set of reference scenarios, wherein the first
set of REFERENCE IMFM s computed by performing computational
fluid dynamics (CFD) simulation for the first set of reference scenarios;
a test scenario generation module configured to:

generate a first set of test séenarios, wherein the first set of test
scenarios comprises at least one test scenario from each cell of the
search space, and wherein each test scenario of the first set of test
scenarios comprises of at least one operational parameter bounded by
the set of operational parameters; and

compute a first set of TEST IMFM for the first set of test
scenarios, wherein the first set of TEST IMFM is computed by
performing computational fluid dynamics (CFD) simulation on the first

set of test scenarios;

‘a second reference scenario generation module configured to:

select a second set of reference scenarios for each test scenario
of the first set of test scenarios based on the each test scenario and the
cell bounding the each test scenario; and

select a second set of REFERENCE IMFM from the first set of
REFERENCE IMFM, wherein the second set of REFERENCE IMFM
is associated to the second set of reference scenarios;
a Proper Orthogonal Decomposition (POD) module configured to:

compute a first set of NEW IMFM for the first set of test
scenarios by performing Proper Orthogonal Decomposition (POD)
computation using the second set of REFERENCE IMFM and at least

one test operational parameter for the each test scenario of the first set
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of test scenarios, wherein the at least one test operational parameter is
bounded by the set of operational parameters;
an error computation module configured to:
compute a set of errors by comparing the first set of NEW
IMFM with the first set of TEST IMFM, wherein each error of the'set
of errors corresponds to a test scenario of the first set of test scenarios;
identify a subset of the first set of test scenarios having an error
greater than a pre-defined threshold value; |
identify at least one cell of the plurality of cells associated with
the subset of the first set of reference scenarios; and
iteratively perform the steps performed by the first reference
scenario generation modulé, the test scenario generation module, the
second reference scenario generation module, the POD module and the
error computation module based on the at least one cell in order to:
generate a modiﬁed first set of referenée scenarios by
selecting a modified set of refinement indices; _
compute a modified first set of REFERENCE influence
mass fraction metrics (IMFM),
generate a modified first set of test scenarios,
compute a modified first set of test IMFM,
select a modified second set of reference scenarios,
select a modified second set of REFERENCE IMFM,
compute a modified first set of NEW IMFM,
compute a modified set of errors,
wherein the Steps performed by the first reference
scenario generation module, the test scenario generation
module, the second reference scenario generation module, the
POD module and the error computation module are iteratively
performed until the error is less than the predefined threshold
value; and

a thermal prediction module configured to:
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receive a second set of test scenarios;
cémpute a second set of NEW IMFM for the second set of test
scenarios by performing the POD computation using the at least one
test operational parameter for each of the test écenarios of the second .
set of test scenarios and one of the second set of REFERENCE IMFM
or the modified second set of REFERENCE IMFM; and
| predict the thermal-insights for the heat dissipating device based

upon the second set of NEW IMFM and the data.

12. The system of claim 1! further comprising a system database for storing the pre-

defined threshold value.

-13. A non transitory computer program product having embodied thereon a computer
program for real-time prediction of thermal-insights for a heat dissipating device in a data
center cooled by one or more cooling units, the computer program product storing
instructions, the instructions comprising instructions for:

(a) receiving data and a set of operational parameters, wherein the data is
associated to the data center, and wherein the set of operational parameters is associated to at
least one of the cooling units or the one or more heat dissipating devices; |

(b) generating a statistical model, wherein fhe statistical model is. gencrated based
on partitioning of search space into a plurality of cells, and wherein the search space is |
defined by the set of operational parameters; |

(c) generating a first set of reference scenarios by selecting a set of refinement
indices for the statistical model, Wherein the set of refinement indices is associated with local
sub-partitioning of the plurality of cells; _ |

(d) computing a first set of REFERENCE influence mass fraction metrics (IMFM)
for the first set of reference scenarios, wherein the first set of REFERENCE IMFM is '
computed by performing computational fluid dynamics (CFD) simulation for the first set of

reference scenarios; '

(e) generating a ﬁfst set of test scenafios, wherein the first set of test scenarios.

comprises at least one test scenario from each cell of the search space, and wherein each test
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scenario of the first set of test scenarios comprises of at least one operational parameter
bounded by the set of operational parameters;

63) computing a first set of TEST IMFM for the first set of test scenarios, wherein
the first set of TEST IMFM is computed by performing computational fluid dynamics (CFD)
simulation on the first set of test scenarios;

(2) selecting a second set of reference scenarios for each test scenario of the first
set of test scenarios based on the each test scenario and the cell bounding the each test
scenario;

(h) selecting a second set of REFERENCE IMFM from the first set of
REFERENCE IMFM, wherein the second set of REFERENCE IMFM is associated to the
second set of reference scenarios;

Q) computing a first set of NEW IMFM for the first set of test scenarios by

performing Proper Orthogonal Decomposition (POD) computation using the second set of-
| REFERENCE IMFM and at least one test operational parameter for the each test scenario of
the first set of test scenafios, wherein the at least one test operational parameter is bounded by
the set of operational parameters;

G computing a set of errors by comparing the first set of NEW IMFM with the‘
first set of TEST IMFM, wherein each error of the set of errors corresponds to a test scenario
of the first set of test scenarios;

(k) identifying a subset of the first set of test scenarios having an error greater than
a pre-defined threshold value;

¢)] identifying at least one cell of the plurality of cells associated with the subset
of the first set of reference sceriarios;

(m) iteratively performing the steps of (c), (d), (e), (f), (g), (h), (i), (§), (k), (I) and
(m) based on the at least one cell in order to: '

generate a modified first set of reference scenarios by selecting a
modified set of refinement indices,

compute a modified first set of REFERENCE influence mass fraction -
metrics (IMFM), |

generate a modified first set of test scenarios,

compute a modified first set of test IMFM,
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select a modified second set of reference scenarios,
select a modified second set of REFERENCE IMFM,
compute a modified first set of NEW IMFM,
compute a modified set of errors,
wherein the steps of (c); (d), (e), (), (g), (h), (), (), »(k), () and (m) are
iteratively performed until the error is less than the predefined threshold value;
(n) receiving a second set of test scenarios;
(0) computing a second set of NEW IMFM for the second set of test scenarios by
performing the POD computation using the at least one test operational parameter for each of
-the test scenarios of the second set of test scenarios and one of the second set of
REFERENCE IMFM or the modified second set of REFERENCE IMFM; and
| (p) predicting the thermal-insights for the heat dissipating device based upon the
second set of NEW IMFM and the data.
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