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(57) ABSTRACT

An embodiment of a method of allocating computing
resources begins with a first step of identifying applications
which comprise candidates for execution on a shared com-
puting system. In a second step, the method identifies at least
one subset of the computing resources for each application.
Each subset for a particular application comprises sufficient
resources to support the particular application. The method
continues with a third step of assigning a value to each subset.
The method concludes with a fourth step of determining an
assignment of the computing resources to the applications
which provides a near maximal overall value.
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1
METHOD OF ALLOCATING COMPUTING
RESOURCES

FIELD OF THE INVENTION

The present invention relates to the field of computing.
More particularly, the present invention relates to the field of
computing where computing resources are allocated to appli-
cations.

BACKGROUND OF THE INVENTION

A typical shared computing system such as a utility data
center includes servers and disk arrays coupled together by a
network or a switch. Users run applications on the shared
computing system to produce results. The applications use
computing resources such as processors, memory capacity,
storage capacity, and bandwidth. If the computing resources
are allocated to particular applications, other applications are
unable to execute on the shared computing system.

A manual technique for allocating computing resources in
a shared computing system to applications employs a human
operator who statically allocates resources to the application
by assigning resource consumption quotas to the applica-
tions. While such a technique is adequate for small shared
computing systems which are over-provisioned and which
run only a few applications, such an allocation technique
becomes difficult to deploy in larger systems or even systems
where resources are limited.

A proposed automatic technique for allocating computing
resources in a shared computing system to applications
makes allocation decisions based upon probabilistic expres-
sions of expected future resource demands supplied by users.
This technique factors uncertainty into the allocation of the
computing resources to the applications.

Because computing resources are expensive, oftena shared
computing system does not have enough resources to run all
applications for users with each user receiving all of the
computing resources that they desire. Often, the applications
produce results with some value for a user or enterprise run-
ning the application. It would be desirable to be able to
allocate the computing resources in a way which provides a
maximal overall value.

What is needed is a method of allocating computing
resources to applications which provides a near maximal
overall value.

SUMMARY OF THE INVENTION

The present invention comprises a method of allocating
computing resources. According to an embodiment, the
method begins with a first step of identifying applications
which comprise candidates for execution on a shared com-
puting system. In a second step, the method identifies at least
one subset of the computing resources for each application.
Each subset for a particular application comprises sufficient
resources to support the particular application. The method
continues with a third step of assigning a value to each subset.
The method concludes with a fourth step of determining an
assignment of the computing resources to the applications
which provides a near maximal overall value.
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These and other aspects of the present invention are
described in more detail herein.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is described with respect to particu-
lar exemplary embodiments thereof and reference is accord-
ingly made to the drawings in which:

FIG. 1 illustrates an embodiment of a method of allocating
computing resources in a shared computing system of the
present invention as a flow chart; and

FIG. 2 illustrates an embodiment of a shared computing
system for which a method of the present invention allocates
computing resources to applications.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

An embodiment of a method of allocating computing
resources in a shared computing system is illustrated as a flow
chart in FIG. 1. According to an embodiment, the method 100
begins with a first step 102 of identifying applications which
comprise candidates for execution on the shared computing
system. According to an embodiment, the applications com-
prise direct revenue producing activities such as e-commerce
web sites. According to another embodiment, the applications
comprise computational activities which support business
revenue such as accounting, engineering, and manufacturing.

The method 100 continues with a second step 104 of iden-
tifying at least one subset of the computing resources for each
of the application. As used herein, the term “subset of the
computing resources” means a set of the computing resources
comprising some or all of the computing resources. Accord-
ing to an embodiment, the computing resources comprise
processors, memory, storage, and bandwidth. According to
this embodiment, a subset of the computing resources for a
particular application comprises a number of the processors,
a memory capacity, a storage capacity, and bandwidth, each
of' which comprises a computing resource type. For example,
a subset of the resources identified for a particular application
might comprise five processors, 250 MB of memory, 3 GB of
disk storage, and two database connections.

By choosing at least one subset of the computing resources
for each application, a person or group identifying the subset
is able to include complementary computing resources within
a particular subset. First and second computing resource
types comprise complementary resources for an applicationif
autility of a first quantity of the first computing resource type
assigned to the application depends upon a second quantity of
the second computing resource type assigned to the applica-
tion. Inparticular, some applications exhibit performance that
strongly depends upon assignment of complementary quan-
tities of particular computing resources. For example, allo-
cating an extra processor to a particular application improves
performance if and only if adequate memory capacity to
support the extra processor is also allocated to the particular
application.

An embodiment of the shared computing system is illus-
trated schematically in FIG. 2. The shared computing system
200 comprises servers 202 and disk arrays 204, switches 206,
and a LAN (local area network) 207. Storage network links
208 couple the servers 202 and disk arrays 204 to the switches
206. The LAN 207 couples the servers 202 together. The LAN
207 couples to an external network 210 (e.g., the Internet) via
external network links 212. The servers 202 comprise proces-
sors 214 and memory 216.
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The method continues in a third step 106 of assigning a
business value to each of the subsets. The business value
comprises an estimate made by a person or group seeking
allocation of the resources to the application. It is up to such
persons or groups seeking allocation of the resources to the
applications to determine the business values assigned to the
subsets. For example, a business value of $2,000/day might
be assigned to a subset of the computing resources for an
e-commerce application. According to this example, the per-
son or group requesting the subset of the computing resources
expects the e-commerce activity to generate $2,000/day in
revenue if the subset of the computing resources is allocated
to the e-commerce application. By assigning values to subsets
which are tied to applications, the present invention allows for
expression of heterogeneous preferences. For example, it
may be that a subset of the computing resources has a value of
$2,000/day for a first application but only $1,800/day for a
second application.

The method 100 concludes with a fourth step 108 of deter-
mining a near optimal assignment of the computing resources
which provides a near maximal overall business value.
According to an embodiment, the near optimal assignment of
the computing resources is able to allocate the computing
resources to all of the applications.

According to this embodiment, scarcity of the computing
resources may result in one or more of the applications being
allocated computing resources according to a subset of the
computing resources for the application which does not pro-
vide optimal performance for the application. For example, a
person responsible for identifying subsets of the computing
resources for an e-commerce application might identify first
and second subsets of the computing resources with the sec-
ond subset having fewer computing resources than the first
subset. The person may also assign first and second values to
the first and second subsets, respectively, where the second
value is less than the first value. If the fourth step 108 assigns
the computing resources to the second subset, the scarcity of
the computing resources resulted in the smaller subset (i.e.,
the second subset) being allocated to the e-commerce appli-
cation.

According to another embodiment, the near optimal
assignment of the computing resources is unable to allocate
the computing resources to all of the applications. According
to this embodiment, scarcity of the computing resources
results in some applications not being allocated computing
resources.

By allocating the computing resources to the applications
in a way that provides the near maximal overall business
value, the method 100 of the present invention considers the
business value of applications, the computing resources
needed for applications, and the scarcity of the computing
resources. Further, because the persons or groups identify the
applications and the subsets of the computing resources, mul-
tiple subsets can be identified for an application with each
subset being assigned its own business value. This allows
sub-optimal assignment of the computing resources to par-
ticular applications while providing the near maximal overall
business value for the sum of the applications in execution on
the shared computing system. Further, because each subset of
the computing resources is identified for an application, the
person or group choosing the subset or subsets for a particular
application can choose balanced subsets of the computing
resources which should perform well together.

According to an embodiment, the first step 102 includes
identifying a non-operation application. The non-operation
application comprises choosing to not operate the shared
computing system. According to this embodiment, the second

40

45

4

step 104 includes assigning all of the computing resources for
the shared computing system to the non-operation applica-
tion. According to this embodiment, the business value
assigned to the subset of all of the computing resources for the
non-operation application in the third step 106 comprises the
cost of operating the shared computing system. According to
this embodiment, the fourth step 108 of allocating the com-
puting resources will either allocate all of the computing
resources to the non-operation application or will allocate
some or all of the computing resources to one or more other
applications.

According to another embodiment, the first step 102
includes identifying a second non-operation application. The
second non-operation application comprises choosing to not
operate a portion of the shared computing system. For
example, the shared computing system could include a high
speed processor that requires significant power and cooling
making it expensive to operate. According to the example, the
second non-operation application comprises choosing to not
operate the high speed processor.

According to an embodiment, the fourth step 108 of deter-
mining the near optimal assignment of the computing
resources employs a mathematical program. According to an
embodiment, the mathematical program comprises an integer
program. According to an embodiment, the integer program
comprises constraints and an objective.

The integer program comprises decision variables and
input values. According to an embodiment, the decision vari-
ables comprises decision variables X,,, which are binary vari-
ables that indicate computing resources subset b is assigned
to application t, where be{1, 2, 3, . .. B,} and where te{1, 2,
3,...T}. According to an embodiment, the input values are
given in Table 1.

TABLE 1
Input value Value type Description
Q,(b) Integer Indicates quantity of resource r within
subset b for application t
N, Scalar Indicates available units of resource r
U, b) Rational or Indicates value of subset b for
integer application t

The constraints comprise computing resources constraints,
which limit assignment of computing resources to available
computing resources. According to an embodiment, the com-
puting resources constraints comprise:

D D XnQa®) <N, Y
t b

The constraints further comprise assignment constraints,
which ensure that either no computing resources are allocated
to an application or the computing resources identified in one
and only one ofthe subsets of the computing resources for the
application are allocated to the application. According to an
embodiment, the assignment constraints comprise:

ZXb,sl Vr
b

The objective comprises maximizing a sum of the business
values for the applications. According to an embodiment, the
objective comprises:
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maxz Z Xp: U, ()
t b

According to an embodiment, the integer program of the
present invention is solved using a commercial solver such as
CPLEX.

The integer program of the present invention is NP-hard
according to a number of computing resource types; i.e., a
worst case solution time of any solution method is thought to
be inevitably exponential in the number of computing
resource types. The term “NP-hard” means that an exact
solution can only be obtained within a feasible time period for
a small problem size. Providing more computing power only
slightly increases the problem size for which one can expect
to find the exact solution. If the number of computing
resource types is some small number, an exact optimal solu-
tion is feasible. Today, it is possible to compute an exact
solution if the number of computing resource types is fewer
than four or five, assuming that hundreds or thousands of
units of each resource are available. As computers become
faster, larger, and less expensive, the number of computing
resource types that an exact solver can handle will likely
increase. In contrast, if the number of computing resource
types goes beyond the small number, an exact solution may
not be feasible. Instead, a solver seeks a near optimal solution
rather than the optimal solution in such a situation. However,
nothing prevents the solver from actually selecting the opti-
mal solution. Accordingly, within the context of the present
invention the term “near optimal solution” also encompasses
the optimal solution.

According to an embodiment, the method 100 is employed
in a shared computing system in which users contract for
computing resources according to service level agreements.
According to an embodiment, the business values for the
subsets of the computing resource comprise amounts that a
user is willing to pay for allocation of the computing
resources to their application. According to an embodiment,
the business values can take negative values which are pen-
alties to be paid to the user if the computing resources avail-
able for the user’s application fall below some threshold.

According to an embodiment, the method 100 is employed
for long term resource planning such as weeks or months in
advance. According to another embodiment, the method 100
is employed for short term resource reallocation where users
determine that their estimates of long term needs were too low
ortoo high. By allowing for long term planning and short term
reallocation, the present invention allows allocation of com-
puting resources in a way that covers demand uncertainty. For
example, if an e-commerce application is experiencing much
higher demand than anticipated, the method 100 could be
performed with a larger subset of the computing resources for
the e-commerce application than had been previously identi-
fied.

According to an embodiment, a system operator employs
the method 100 to determine whether the shared computing
system would benefit from a change in capacity. According to
this embodiment, the system operator prospectively varies
the computing resources and performs the method using his-
torical records to determine whether the overall business
value can be improved by increasing or decreasing available
computing resources.

According to an embodiment, a computer readable media
comprising computer code for implementing a method of
allocating computing resources is provided. In some embodi-
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ments, the method of allocating computing resources imple-
mented by the computer code comprises the steps of identi-
fying applications which comprise candidates for execution
on a shared computing system, and for each application,
identifying at least one subset of the computing resources.
Each subset for a particular application comprises sufficient
resources to support the particular application. The method of
allocating computing resources implemented by the com-
puter code further comprises the steps of assigning a value to
each subset, and determining an assignment of the computing
resources to the applications which provides a near maximal
overall value. As used herein, the term “computer readable
media” is defined as tangible media and explicitly excludes
signals, carrier waves and the like that constitute transient or
non-tangible phenomena. As such, “computer readable
media” is strictly recognized as “non-transitory computer
readable media” by definition herein.

In other embodiments, a computer readable media com-
prises computer code that implements a method of allocating
computing resources that comprises the steps of identifying
applications which comprise candidates for execution on a
shared computing system, and for each application, identify-
ing at least one subset of the computing resources. Each
subset for a particular application comprises sufficient
resources to support the particular application. The method of
allocating computing resources implemented by the com-
puter code further comprises the steps of assigning a value to
each subset, limiting assignment of the computing resources
to available computing resources, and for each application,
assigning no computing resources or assigning the computing
resources identified in one and only one particular subset of
the computing resources identified for the application. The
method of allocating computing resources implemented by
the computer code further comprises the step of determining
an assignment of the computing resources to the application
which provides a near maximal sum of the values for the
applications. In some embodiments the computer readable
media may comprise code that implements the method 100 of
allocating computing resources described above.

The present invention provides a unified framework that
incorporates three classes of considerations. First, the present
invention considers business values (i.e., rewards) that accrue
when applications receive computing resources. Second,
according to an embodiment, the present invention considers
the penalties incurred when an application or applications
fails to receive resources to which it or they are entitled. Third,
according to an embodiment, the present invention accounts
for operational costs (e.g., power and cooling). Thus, accord-
ing to embodiments, the present invention accounts for
rewards, penalties, and costs when allocating computing
resources to applications.

The foregoing detailed description of the present invention
is provided for the purposes of illustration and is not intended
to be exhaustive or to limit the invention to the embodiments
disclosed. Accordingly, the scope of the present invention is
defined by the appended claims.

What is claimed is:
1. A computer-implemented method of allocating comput-
ing resources comprising:

identifying applications which comprise candidates for
execution on a shared computing system;

for each application identified, identifying at least one
subset of the computing resources, each subset for a
particular identified application comprising sufficient
resources to support the particular identified applica-
tion;
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assigning a business value to each subset of computing
resources, the business value being tied to the particular
identified application and representing the business
value of the subset of computing resources when that
subset is used to run the particular identified application;
and

determining an assignment of the computing resources to
the identified applications which provides a near maxi-
mal overall business value of the shared computing sys-
tem, determining the assignment being performed by a
computer, wherein determining the assignment of the
computing resources to the identified applications
which provides the near maximal overall business val-
ues of the shared computing system comprises maximiz-
ing a sum of the business values for the identified appli-
cations given by

maxz Z Xp: U, ()
t b

where t is an index of the identified applications, te{l, 2,
3,...T}, bis an index of the subsets of the computing
resources identified for a particular identified application t,
be{l, 2, 3, ... B}, X,, is a binary decision variable that
indicates computing resource subset b is assigned to the par-
ticular identified application t, and where U (b) is the assigned
business value of the computing resource subset b when the
computing resource subset b is used to run the particular
identified application t.

2. The method of claim 1 wherein the near maximal overall
business value comprises a maximal overall value.

3. The method of claim 1: wherein the applications com-
prise first and second applications; and

the method further comprises assigning particular comput-

ing resources to a third application.

4. The method of claim 3 wherein determining the assign-
ment of the computing resources to the first and second appli-
cations limits available computing resources for the first and
second applications to the computing resources less the par-
ticular computing resources.

5. The method of claim 1 wherein the shared computing
system comprises processors, memory, and storage.

6. The method of claim 5 wherein a particular subset of the
computing resources comprises one or more of a quantity of
the processors, a memory capacity and a storage capacity.

7. The method of claim 5 wherein the shared computing
system further comprises network links, and wherein a par-
ticular subset of the computing resources comprises a net-
work bandwidth.

8. The method of claim 1 wherein identifying the applica-
tions identifies a non-operation application.

9. The method of claim 8 wherein identifying at least one
subset of the computing resources assigns a particular subset
of the computing resources to the non-operation application.

10. The method of claim 8 wherein identifying at least one
subset of the computing resources assigns all of the comput-
ing resources to the non-operation application.

11. The method of claim 10 wherein assigning a business
value to each subset comprises assigning a cost of operating
the shared computing system as the business value for the
subset of the computing resources for the non-operation
application.

12. The method of claim 11 wherein:

the identified applications comprise the non-operation

application and remaining applications; and
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if determining an assignment of the computing resources to
the identified applications assigns the computing
resources to the non-operation application, the shared
computing system executes none of the remaining appli-
cations.

13. The method of claim 1 wherein determining an assign-
ment of the computing resources to the identified applications
employs constraints and an objective.

14. The method of claim 13 wherein the constraints com-
prise:

limiting assignment of the computing resources to avail-

able computing resources; and

for each identified application:

assigning no computing resources; or

assigning the computing resources identified in one and

only one particular subset of the computing resources
identified for the identified application.

15. The method of claim 13 wherein the objective com-
prises maximizing a sum of the business values for the iden-
tified applications.

16. The method of claim 1 further comprising modifying at
least one of the subsets of the computing resources.

17. The method of claim 16 further comprising determin-
ing a reassignment of the computing resources to the identi-
fied applications which provides a new near maximal overall
business value.

18. The method of claim 1 further comprising modifying at
least one of the business values assigned to the subsets of the
computing resources.

19. The method of claim 18 further comprising determin-
ing a reassignment of the computing resources to the identi-
fied applications which provides a new near maximal overall
business value.

20. The method of claim 1 further comprising:

identifying a new application which is added to the candi-

dates for execution on the shared computing system;
for the new application, identifying at least one additional
subset of the computing resources; and

assigning the business value to each identified additional

subset.

21. The method of claim 20 further comprising determin-
ing a reassignment of the computing resources to the identi-
fied applications and the new application which provides a
new near maximal overall business value.

22. The method of claim 1 further comprising reducing the
candidates by at least one of the identified applications.

23. The method of claim 22 further comprising determin-
ing a reassignment of the computing resources to the identi-
fied applications which provides a new near maximal overall
business value.

24. The method of allocating computing resources of claim
1, further comprising applying constraints that limit assign-
ment of the computing resources to available computing
resources, the constraints being given by

D XuQul®) <N, Vr
t b

and

ZXb,sl Vr
b
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where r is an index of the computing resources of the shared
computing system, Q,,(b) indicates a quantity of the comput-
ing resources within the subset of computing resources b for
the particular identified application t, and N, indicates an
available quantity of the computing resources.
25. A computer-implemented method of allocating com-
puting resources comprising:
identifying applications which comprise candidates for
execution on a shared computing system;
for each application identified, identifying at least one
subset of the computing resources, each subset for a
particular identified application comprising sufficient
resources to support the particular identified applica-
tion;
assigning a business value to each subset of the computing
resources, the business value being tied to the particular
identified application and representing the business
value of the subset of the computing resources when that
subset is used to run the particular identified application;
limiting assignment of the computing resources to avail-
able computing resources; and
further for each application identified:
assigning no computing resources; or
assigning the computing resources identified in one and
only one particular subset of the computing resources
identified for the identified application; and
determining an assignment of the computing resources to
the identified applications which provides a near maxi-
mal sum of the business values for the identified appli-
cations, determining an assignment being performed by
a computer, wherein determining the assignment of the
computing resources to the identified applications
which provides the near maximal sum of the business
values for the identified applications comprises maxi-
mizing a sum of the business values for the identified
applications given by

maxz Z X U (B)
t b

where t is an index of the identified applications, te{l, 2,
3,...T}, bis an index of the subsets of the computing
resources identified for a particular identified application t,
be{l, 2, 3, ... B}, X,, is a binary decision variable that
indicates computing resource subset b is assigned to the par-
ticular identified application t, and where U (b) is the assigned
business value of the computing resource subset b when the
computing resource subset b is used to run the particular
identified application t.

26. A computer readable media storing computer code for
implementing a method of allocating computing resources,
the method of allocating computing resources comprising:

identifying applications which comprise candidates for

execution on a shared computing system;

for each application identified, identifying at least one

subset of the computing resources, each subset for a
particular identified application comprising sufficient
resources to support the particular identified applica-
tion;

assigning a business value to each subset of the computing

resources, the business value being the business value of
the subset of the computing resources when that subset
is used to run the particular identified application; and
determining an assignment of the computing resources to
the identified applications which provides a near maxi-
mal sum of the business values for the identified appli-
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cations, wherein determining the assignment of the
computing resources to the identified applications
which provides the near maximal sum of the business
values for the identified applications comprises maxi-
mizing a sum of the business values for the identified
applications given by

maxz Z Xp: U (b)
t b

where t is an index of the identified applications, te{1, 2,
3,...T}, bis an index of the subsets of the computing
resources identified for a particular identified application t,
be{l, 2, 3, ... B}, X,, is a binary decision variable that
indicates computing resource subset b is assigned to the par-
ticular identified applicationt, and where U (b) is the assigned
business value of the computing resource subset b when the
computing resource subset b is used to run the particular
identified application t.

27. A computer readable media storing computer code for
implementing a method of allocating computing resources,
the method of allocating computing resources comprising:

identifying applications which comprise candidates for

execution on a shared computing system;
for each application identified, identifying at least one
subset of the computing resources, each subset for a
particular identified application comprising sufficient
resources to support the particular identified applica-
tion;
assigning a business value to each subset of the computing
resources, the business value being the business value of
the subset of the computing resources when that subset
is used to run the particular identified application;

limiting assignment of the computing resources to avail-
able computing resources; and

further for each application identified:

assigning no computing resources; or
assigning the computing resources identified in one and
only one particular subset of the computing resources
identified for the identified application; and
determining an assignment of the computing resources to
the identified applications which provides a near maxi-
mal sum of the business values for the identified appli-
cations, wherein determining the assignment of the
computing resources to the identified applications
which provides the near maximal sum of the business
values for the identified applications comprises maxi-
mizing a sum of the business values for the identified
applications given by

maxz Z Xpr Us(b)
t b

where t is an index of the identified applications, te{1, 2,
3,...T}, bis an index of the subsets of the computing
resources identified for a particular identified application t,
be{l, 2, 3, ... B}, X,, is a binary decision variable that
indicates computing resource subset b is assigned to the par-
ticular identified applicationt, and where U (b) is the assigned
business value of the computing resource subset b when the
computing resource subset b is used to run the particular
identified application t.

#* #* #* #* #*



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 7,844,967 B2 Page 1 of 1
APPLICATION NO. : 10/850318

DATED : November 30, 2010

INVENTOR(S) : Terence P. Kelly

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

In column 7, line 33, in Claim 3, delete “claim 1:” and insert -- claim 1 --, therefor.

Signed and Sealed this
Twenty-second Day of March, 2011

David J. Kappos
Director of the United States Patent and Trademark Office



	Front Page
	Drawings
	Specification
	Claims
	Corrections/Annotated Pages

