wo 2013/165354 A1 I} A1 000 0 0

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/165354 A1l

7 November 2013 (07.11.2013) WIPO | PCT
(51) International Patent Classification: (74) Agents: CHANG, Marcia Ramos et al.; Hewlett-packard
GO6F 9/06 (2006.01) GO6F 15/16 (2006.01) Development Company, L.p., Intellectual Property Admin-
GO6F 9/44 (2006.01) istration, Mail Stop 35 3404 E. Harmony Road, Fort
11i ! 80528 .
(21) International Application Number: Collins, Colorado (Us)
PCT/US2012/035810 (81) Designated States (unless otherwise indicated, for every
i . ] kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: 30 Anril 2012 (30,04 2012 AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
pril 2012 (30.04.2012) CA. CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(25) Filing Language: English DZ, EC, EE, EG, ES, FL, GB, GD, GE, GH, GM, GT, HN,
L. . HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
(26) Publication Language: English KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(71) Applicant (for all designated States except US): HEW- MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
LETT-PACKARD DEVELOPMENT COMPANY, L.P. OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
[US/US]; 11445 Compaq Center Drive W., Houston, Texas SE, 5G, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
77070 (US). TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(72) Inventors; and (84) Designated States (unless otherwise indicated, for every
(75) Inventors/Applicants (for US only): MCGEER, Patrick kind of regional protection available): ARIPO (BW, GH,

Charles [US/US]; 1501 Page Mill Road, Palo Alto, Cali-
fornia 94304-1100 (US). MILOJICIC, Dejan S. [US/US];
1501 Page Mill Road, Palo Alto, California 94304-1100

(US).

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: DETERMINING VIRTUAL MACHINE PLACEMENT

(57) Abstract: A technique includes providing a candidate configuration for
virtual machines specifying where the virtual machines are stored in a plural-

120 . . . . . . .
# ity of hardware containers. The candidate configuration is selectively modi-
* fied to generate another candidate configuration specifying where the virtual
DISTRIBUTE VMs AMONG HARDWARE machines are sto.red.m the ph.l.r.ahty of hardware. containers based at least in
CONTAINERS TO GENERATE INITIAL k5 part on communication capacities that are associated with the hardware con-
CANDIDATE CONFIGURATION tainers. The placement of the virtual machines is determined based at least in
Y part on the selective modification.
MOVE AT LEAST ONE VM FROM
CURRENT CONTAINER TO ANOTHER
CONTAINER TO DERIVE ANOTHER
CANDIDATE CONFIGURATION BASED [\ 154
AT LEAST IN PART ON CONTAINER
SIZES AND INTER CONTAINER
COMMUNICATION CAPACITIES

!

| DETERMINE COST OF CURRENT

CANDIDATE CONFIGURATION
128

YES @

NO

DETERMINE CANDIDATE
CONFIGURATION
HAVING LOWEST COST

|¥126

[N—130

END

FIG. 3



WO 2013/165354 A1 |IIWAT 00N VAT 00 0 A A

Declarations under Rule 4.17: Published:
— as to the identity of the inventor (Rule 4.17(i)) —  with international search report (Art. 21(3))

— as to applicant’s entitlement to apply for and be granted
a patent (Rule 4.17(ii))



WO 2013/165354 PCT/US2012/035810

DETERMINING VIRTUAL MACHINE PLACEMENT

Background

[0001]  Virtual machines can be provided in a computer to enhance flexibility and
utilization. A virtual machine typically refers to some arrangement of components
(software and/or hardware) for virtualizing or emulating an actual computer, where
the virtual machine can include an operating system and software applications.
Virtual machines can allow different operating systems to be deployed on the same
computer, such that applications written for different operating systems can be
executed in different virtual machines (that contain corresponding operating
systems) in the same computer. Moreover, the operating system of a virtual
machine can be different from the host operating system that may be running on the
computer on which the virtual machine is deployed.

[0002] In addition, a greater level of isolation is provided between or among
applications running in different virtual machines. In some cases, virtual machines
also allow multiple applications to more efficiently share common resources
(processing resources, input/output or I/O resources, and storage resources) of the

computer.
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Brief Description Of The Drawings

[0003] Fig 1 is a block diagram of a system of physical machines that are

interconnected by a network according to an example implementation.

[0004] Fig. 2 is a block diagram of a network in which virtual machines are
distributed among bins according to an example implementation.

[0005] Figs. 3, 4 and 5 are flow diagrams depicting techniques to determine

virtual machine placement according to example implementations.

[0006] Fig. 6 is a flow diagram depicting a technique to update virtual machine
placement in response to a newly added job according to an example

implementation.

[0007] Fig. 7 is a flow diagram depicting a technique to update virtual machine

placement in response to an exiting job according to an example implementation.

[0008] Fig. 8 is a flow diagram depicting a technique to perform minimum bin
packing according to an example implementation.

[0009] Fig. 9 is a flow diagram depicting a technique to minimize a number of bins

into which virtual machines are placed according to an example implementation.

[0010] Fig. 10 is a flow diagram depicting a technique to place virtual machines in
the available bins of smallest size according to an example implementation.
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Detailed Description

[0011] Referring to Fig. 1, a system 10 in accordance with example
implementations includes N physical machines 20 (physical machines 20-1, 20-2. .
.20-N, being depicted in Fig. 1 as non-limiting examples), which are interconnected
by a network 70. As examples, the network 70 may be a local area network (LAN), a
wide area network (WAN), the Internet or any other type of communication link. The
network 70 may include system buses or other fast interconnects, which are not
depicted in Fig. 1. The physical machines 20 may be located within one cabinet (or
rack), or alternatively, the physical machines 20 may be located in multiple cabinets
(or racks).

[0012]  As non-limiting examples, the system 10 may be an application server
farm, a cloud server farm, a storage server farm (or storage area network), a web
server farm, a switch, a router farm, and so forth. Although three physical machines
20 are depicted in Fig. 1 for purposes of a non-limiting example, it is understood that
the system 10 may contain fewer or more than three physical machines 20,
depending on the particular implementation.

[0013]  As non-limiting examples, each of the physical machines 20 may be a
computer (an application server, a storage server, a web server, etc., for example), a
communications module (a switch, a router, etc.) and/or another type of machine. In
general, the language "physical machine" refers to the machine as being an actual
machine, which is made up of software (i.e., machine executable instructions) and
hardware. Moreover, although each of the physical machines 20 as depicted in Fig.
1 as being contained within a box, this is a schematic representation, as a particular
physical machine 20 may be a distributed machine, which has multiple nodes that
provide a distributed and parallel processing system.

[0014] Each physical machine 20 provides a platform for the installation of one or
multiple virtual machines. In this manner, a given physical machine 20 may host, or
contain, one or multiple virtual machines (such as, for example, virtual machines 40,
which are depicted in Fig. 1 as residing on the physical machine 20-1); and, in
general, the virtual machine(s) on each physical machine 20 may be different to
serve different purposes.
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[0015] A virtual machine refers to some partition or segment (made of software
and/or hardware) of the physical machine 20, which is provided to virtualize, or
emulate, a physical machine. From the perspective of a user, a virtual machine has
the same appearance as a physical machine. As an example, a particular virtual
machine may include one or more software applications, an operating system and

one or more device drivers.

[0016]  The operating systems that are part of the corresponding virtual machines
within a physical machine 20 may be different types of operating systems or different
versions of an operating system. This allows software applications designed for
different operating systems to execute on the same physical machine 20.

[0017]  The virtual machines within a physical machine 20 are designed to share
the physical resources of the physical machine 20. As a more specific example,
exemplary physical machine 20-1 includes hardware 30, which, in turn, includes one
or more central processing units (CPUs) 32, a memory 34 (a system memory, for
example) and possibly other hardware components, such as a network interface, a
display driver, and so forth. It is noted that these components are listed as mere
examples, as the hardware 30 may include other and/or different physical
components, such as a storage area network (SAN) interface, as a non-limiting
example. The other physical machines 20 (such as the physical machine 20-2 and
the physical machine 20-N, for example, which are also depicted in Fig. 1) may

contain similar hardware.

[0018] Using the physical machine 20-1 as an example, in addition to hardware,
the physical machine 20-1 contains other software components (i.e., components
formed in part by machine executable instructions), such as the virtual machines 40,
an operating system 50. The physical machine 20-1 further includes a set of
machine executable instructions that form a "scheduler 60" to determine a virtual
machine placement, as further described herein. It is noted that the physical
machine 20-1 may contain other software components that are not depicted in Fig. 2,
such as, for example, a virtual machine manager (VMM), or hypervisor, which
manages the sharing of the virtual machines by the physical resources of the
physical machine 20. In general, the VMM virtualizes the physical resources,
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including the hardware 30, of the physical machine 20-1. Also, the VMM intercepts
requests for resources from the operating systems in the respective virtual machines
40 so that proper allocation of the physical resources of the physical machine 20-1
may be performed. As non-limiting examples, the VMM may manage memory
accesses, input/output (I/0O) device accesses and CPU scheduling for the virtual
machines 40. The VMM allows multiple operating systems, called guest operating
systems, to run on the same host computer. Effectively, the VMM provides an
interface between the operating system of each virtual machine and the underlying
hardware 30 of the physical machine 20-1. The interface provided by the VMM to an
operating system of a virtual machine is designed to emulate the interface that is
provided by the actual hardware 30 of the physical machine 20-1.

[0019]  Similar to the physical machine 20-1, the other physical machines 20-2. .
.20-N of the system 10 may contain similar hardware 66 and machine executable

instructions 64, in accordance with example implementations.

[0020] Each virtual machine 40 is associated with a particular hardware

container, called a "bin" herein. In this regard, the bins represent partitions
(overlapping and/or non-overlapping partitions, depending on the particular
implementation) of the hardware that contains, or hosts, the virtual machines 40. For
the example of Fig. 1, the virtual machines 40 may be assigned or placed in various
hardware containers, or bins, of the system 10. As a non-limiting example, the
physical machines 20 may each be regarded as a "bin." However, in general, a bin
may be a computer, a switch, a combination of a computer and a switch, one or
multiple ports of a switch, and so forth. In accordance with example implementations
that are disclosed herein, a "bin" refers to a container of virtual machines with a fixed
capacity (maximum number of virtual machines) and fixed maximum network
bandwidth.

[0021]  As a more specific example, Fig. 2 depicts an example network 99 that
contains multiple bins 100 (bins 100-1, 100-2 .. 100-M-1, 100-M, being depicted as
non-limiting examples). For the example network 99, a bin 100 is a physical
machine, and the bins 100 are coupled together by a network switch 120. As shown
in Fig. 2, each bin 100 may contain one or multiple virtual machines 40. In general,
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a given bin 100 has a fixed size (i.e., it is capable of accommodating a fixed number
of virtual machines 40), and there is a finite traffic capacity between a given pair of
bins 100. The bin sizes may vary or may be the same, depending on the particular
implementation. As shown in Fig. 2, by way of example, the bin 100-1 contains three
virtual machines 40, the bin 100-2 contains two virtual machines 40, and so forth.

[0022] Multiple virtual machines 40 may be associated with performing a certain
job; and in the performance of a given job, different pairs of the virtual machines 40
communicate with each other. Each virtual machine pair may have an associated
desired communication bandwidth, or traffic, minimum to support their inter-
communication. Techniques and systems are disclosed herein for purposes of
determining the placement, or distribution, of the virtual machines 40 among the bins
100 such that the virtual machines 40 are placed in the bins 100 in a distribution that
allows all inter-virtual machine traffic to be accommodated, while constraining the
number of virtual machines 40 assigned to a particular bin 100 to be less than the
total size of the bin 100. Such a placement permits an efficient use of a minimum
number of bins (i.e., a minimum number of physical machines and swiiches, for
example) in a data center (for example) to accommodate a given load of virtual
machines with certain communication requirements, thereby allowing the remaining
bins (i.e., the remaining physical machines, switch ports, switches, and so forth) to
accommodate more jobs or be turned off for purposes of conserving power.

[0023] As a more specific example, using the techniques and systems that are
disclosed herein, a virtual network of virtual machines may be mapped onto a
physical network of physical machines in a manner that maintains a guaranteed
bandwidth between the physical machines, as specified by a service level agreement
(SLA). For this example, the physical network of physical machines may be a cloud
network. The bin in this case refers to a physical machine, and the size of the
physical machine refers to the maximum number of virtual machines, which may be
simultaneously hosted on the machine. This maximum number may be selected by
a system administrator and may be dependent on a number of factors, such as
available memory, the number of processing cores of the physical machine, and so
forth.
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[0024]  Another application involving the mapping, or placement, of a virtual
network of virtual machines onto a physical network of physical machines is network
testbed mapping. In the regard, in this application, a virtual network of virtual
machines is mapped onto a physical network of physical machines, while
maintaining guaranteed bandwidth on the links. The network testbed facility may be
used to run network experiments such as, for example, testing the performance
properties of new network protocols. Fidelity of the mapping of the virtual to the
physical network may be relatively important for such purposes of establishing
experimental validity and establishing reliability of the results.

[0025]  As further described herein, the systems and techniques that are disclosed
herein may be used to further map a virtual network of virtual machines onto a
physical network of physical machines, which implement a cloud service, while

conserving the amount of consumed power in the physical network.

[0026] In accordance with an example implementation, for purposes of
determining an optimum configuration for placing a group of the virtual machines 40
(i.e., determining a configuration for distributing the virtual machines 40 among the
bins 100), initially, the virtual machines 40 may be placed into the bins at random, or
by another technique (such as the Eigenvector method, for example). Using this
initial, candidate configuration as a starting point, one or multiple alternate candidate
configurations are evaluated for purposes of determining a particular final
configuration for placing the virtual machines 40, taking into account the
communication capacities among the bins 100, the bin size, power consumption

desires, and so forth.

[0027] More specifically, a given candidate configuration for placing virtual
machines among available bins is evaluated, pursuant to the techniques and
systems disclosed herein, by evaluating the gain, or benefit (called " benefit(i,a,b)"

below), of moving a given virtual machine i from its current bin a to another bin b:

benefit(i,a,b) = Xyeneignbors(y (CAP(D,bIN(K)) — cap(a,bin(k)))*com(ik) ,Eq. 1

where "k" represents an index to represent the virtual machines k that communicate

with the virtual machine i; "(cap(b,bin(k))" represents the communications capacity
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between bin b (i.e., the new bin) and bin k; " cap(a,bin(k))" represents the
communications capacity between bin a and bin k; and " com(j,k)" represents the
communication requirement for communications between virtual machine i and

virtual machine k.

[0028] In Eq. 1, com(i,k) captures the desired communication bandwidth between
virtual machines i and k. It is noted that cap(a, a) = « (in practice, a sufficiently large
number that cap(a,a) — cap(a,b) is large and positive for each b #+ a). Hence, in
mathematical terms, cap(b,bin(k)) - cap(a, bin(k)) is positive if there is greater
communications capacity between b and bin(k), i.e., if the available physical capacity
between i and k increases. The value of this gain depends on how much capacity is
desired between the virtual machines i and k, and this is captured in the function
com(i,k): multiplying by this term weights the value of this proposed move from the
perspective of this pair of virtual machines.

[0029] In accordance with an exemplary implementation, a technique 120 that is
set forth in Fig. 3 may be used (by the scheduler 60 of Fig. 1, for example) for
purposes of evaluating candidate configurations for placing virtual machines among
bins, or hardware containers, to determine a final virtual machine placement
configuration. Pursuant to the technique 120, virtual machines are distributed (block
122) among hardware containers to generate an initial candidate configuration.
Next, pursuant to the technique 120, at least one virtual machine is moved (block
124) from its current container to another container to derive another candidate
configuration based at least in part on container sizes and inter-container

communication capacities.

[0030] The cost of the current candidate configuration is then determined,
pursuant to block 126. More specifically, in accordance with an exemplary
implementation, a benefit of the move described in block 124, such as the benefit
determined from Eq. 1, is determined and subtracted from a total cost associated
with the previous candidate configuration to determine the cost of the current
candidate configuration. This cost, in turn, is compared to previously determined
costs associated with other candidate configurations to determine whether the
current cost is the best cost. If all of the candidate configurations have been
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evaluated, then the candidate configuration that has the lowest cost is determined or
identified, pursuant to block 130. Otherwise, if more candidate configurations may
be determined, the technique 120 includes repeating block 124 (see decision block
128) to derive at least one other candidate configuration.

[0031]  As a more specific and non-limiting example, a technique 200 of Fig. 4
may be employed (by the scheduler 60 of Fig. 1, for example) for purposes of
determining the placement of virtual machines among a group of bins. Pursuant to
the technique 200, the virtual machines are initially distributed (block 202) in the bins
in an initial candidate configuration. Next, the technique 200 uses an iterative
process to evaluate candidate configurations derived from this initial candidate
configuration. First, however, the technique 200 includes, for each virtual machine,
determining (block 204) the associated benefits of moving each virtual machine from
its current bin to other bins. In this regard, as a more specific example, in
accordance with some implementations, block 204 involves calculating the benefits
of Eq. 1 of moving each virtual machine. These benefits, in turn, may be stored in
one or multiple arrays, which are indexed by the virtual machine and the bin in which
the virtual machine is currently stored. It is noted that as the candidate
configurations are derived (and correspondingly, virtual machines are moved), the
array(s) are modified to reflect the updated benefits and updated bins into which the

virtual machines have been moved.

[0032] Using the derived benefits stored in the array(s), the technique 200
creates (block 206) a move array. In general, the move array sets forth the "best"
next virtual machine move, considering the virtual machines in a particular bin. In
this manner, if a virtual machine move is being contemplated for a given bin, the
move array sets forth the best virtual machine move from the bin that results in the
greatest benefit (as determined from Eq. 1, for example).

[0033] In accordance with an example implementation, the technique 200 creates
a particular new candidate configuration from a prior candidate configuration by
making a single virtual machine move from the bin in which the virtual machine
currently resides into a target bin. Thus, using an existing candidate configuration, a

single virtual machine is moved from one of the bins into another bin to create the
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next candidate configuration. Moreover, in accordance with an example
implementation, the technique 200 moves a given virtual machine into a target bin

once and selects a virtual machine for the next move from the target bin.

[0034]  Turning now to the more specific details, pursuant to the technique 200,
the technique 200 determines (decision block 208) whether another move is to be
performed. In general, another move may be performed if 1. the movement of a
previously-unmoved virtual machine is the best move; and 2. the move may be made
into a bin that has sufficient capacity.

[0035] If another move is to be made, the next best virtual machine move is
selected (block 212) from the current bin (i.e., the previous target bin) and a
determination is made (decision block 214) whether the target bin is at the maximum
capacity or the virtual machine is not moveable. If another move may be made, then
the selected virtual machine is moved, pursuant to block 216, and the cost of the
resulting current candidate configuration is determined, pursuant to block 218.
Referring to Fig. 5 in conjunction with Fig. 6, if the current move is the best move
(decision block 220), then the best cost and best configuration are updated, pursuant
to block 222.

[0036] Next, pursuant to the technique 200, the benefits are updated, pursuant to
block 224. In this manner, due to the move, the technique 200 includes re-
determining the benefits for the virtual machines that communicate with the moved
virtual machine. Consequently, the technique 200 includes updating (block 226) the

move array.

[0037] If another move is not to be made (block 208), then the technique 200
includes returning (block 210) the best cost and the best configuration.

[0038] In accordance with example implementations, the techniques 120 and/or
200 may be used in connection with an online processing center in which new jobs
are mapped into an existing assignment as the jobs enter into the system. As non-
limiting examples, the system may be a cloud system or a network testbed, which is,
in general, continuously available, as jobs stream in and exit the system. The
techniques 120 and/or 200 may be used for purposes of mapping jobs into the
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system upon entry, thereby reducing the capacity of communication links and
available bin sizes as directed by the returned configuration. On exit, these
capacities and sizes are restored.

[0039] As a more specific example, Fig. 6 depicts a technique 300, which may be
employed for purposes of adding one or multiple virtual machines (as identified by a
new job request) in such a system. Referring to Fig. 6 in conjunction with Fig. 1,
pursuant to the technique 300, the scheduler 60 (see Fig. 1) determines (block 302)
the best configuration for the new job. Thus, in accordance with example
implementations, the techniques 120 and/or 200 may be employed for this purpose.
Next, the scheduler 60 updates (block 304) the bin size and communication
capacities to reflect the new job and subsequently performs (block 306) one or
multiple migrations of the newly-added virtual machine(s) to achieve the best
configuration determined in block 302.

[0040]  As another non-limiting example, the scheduler 60 may perform a
technique 350 in connection with Fig. 7 when a particular job exits the system.
Referring to Fig. 1 in conjunction with Fig. 7, pursuant to the technique 350, the
scheduler 60 determines (block 352) the current configuration and updates (block
354) the bin size and communication capacities to reflect the exiting job. The one or
multiple virtual machines that correspond to the exiting job are then removed and the
current configuration is updated, pursuant to block 356.

[0041]  The techniques 120 and 200 minimize the consumed communication
bandwidth subject to a capacity (bin size) constraint. In accordance with further
implementations, the techniques 120 and/or 200 may be inverted for purposes of
either minimizing the maximum number of virtual machines that are packed into a bin
subject to a communications constraint or minimize the number of bins that are used
in packing subject to a communications constraint. This latter constraint may be of
particular interest when computation costs are dominant, such as in, for example, a
power minimization application. More specifically, for power minimization,
minimizing the number of bins, in turn, minimizes such factors as the number of
physical machines that are employed, the number of switches or switch ports that

are employed, and so forth. Minimizing the maximum number of items packed into a
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bin may be of particular interest when new jobs are expected to consume resources
uniformly across a cluster of physical machines and additional capacities are
expected to be consumed across the cluster as new jobs are added.

[0042] Referring to Fig. 8 in conjunction with Fig. 1, for purposes of minimizing
the maximum number of virtual machines that are packed into a given bin, the
scheduler 60 may use a technique 400 that is depicted in Fig. 8, in accordance with
an example implementation. Pursuant to the technique 400, the scheduler 60
initially distributes the virtual machines among the bins to maximize the number of
bins to derive an initial candidate configuration, pursuant to block 402. Using this
initial candidate distribution (which corresponds to block 122 of the technique 120 or
block 202 of the technique 200), the scheduler 60 applies the technique 120 and/or
200 for purposes of determining the best configuration. In this manner, based on the
initial candidate configuration, bin sizes and communication capacities, the scheduler

60 determines the best configuration, pursuant to block 404.

[0043] Minimizing the number of used bins that are subject to a communications
constraint involves two issues. The first issue concerns selecting the right subset of
bins. In other words, assuming that the virtual machines are to be packed into m
bins, a decision is made regarding which m of the n bins should be used. The
second issue involves selecting the best move, not simply the best move away from
the bin that just received a virtual machine.

[0044] For the first issue, the best m of n subset is problem independent if the
bins have unit weights and interconnections between the bins are uniform. For this
case, in which all subsets of m bins are identical, the scheduler 60 may apply a
technique 420 that is depicted in Fig. 9. Referring to Fig. 9 in conjunction with Fig. 1,
pursuant to the technique 420, the scheduler 60 initially distributes the virtual
machines into a minimum number of bins based on bin size, pursuant to block 422 to
generate an initial candidate configuration. Using this initial candidate configuration,
the scheduler 60 applies the technique 120 or 200. In this manner, the scheduler 60
determines the best configuration based on the current configuration, the bin size
and communication capacities, pursuant to block 424. The scheduler 60 next
determines (decision block 426) whether the cost associated with the best
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configuration determined in block 424 is acceptable; and if so, the scheduler 60
returns the best configuration, pursuant to block 428. Otherwise, if the cost is not
acceptable (as determined in decision block 426), the scheduler 60 adds (block 430)
another bin and control returns to block 424 for another duration. It is noted that the
order for the technique 420 is O(||bins||?||VMs]|).

[0045] When the bins do not have equal sizes and inter-communication
capacities, the scheduler 60 may perform a technique 450 that is depicted in Fig. 10.
Referring to Fig. 1 in conjunction with Fig. 10, pursuant to the technique 450, the
scheduler 60 initially ranks (block 452) the bins according to size and initially
distributes (block 454) the virtual machines into bins of the smallest size to generate
an initial candidate configuration. The scheduler 60 next performs an iterative
process for purposes of selecting the smallest number of bins based on cost. More
specifically, in accordance with exemplary implementations, the scheduler 60
determines the best configuration based on the current configuration, bin sizes and
communication capacities, pursuant to block 456. If the cost is acceptable (decision
block 458), then the scheduler 60 returns the best configuration, pursuant to block
460. Otherwise, the scheduler 60 adds (block 462) the next smallest available size
bin, and control returns to block 456. In general, the order of the technique 450 is
o(l[bins|[*[IVMs])).

[0046]  While a limited number of examples have been disclosed herein, those
skilled in the art, having the benefit of this disclosure, will appreciate numerous
modifications and variations therefrom. It is intended that the appended claims cover

all such modifications and variations.
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What Is claimed Is:

1. A method comprising:

providing a first candidate configuration for virtual machines specifying where
the virtual machines are stored in a plurality of hardware containers;

determining a benefit gained by modifying the first candidate configuration to
change a hardware container from the plurality of hardware containers where at
least one of the virtual machines is stored based at least in part on communication
capacities associated with the plurality of hardware containers;

selectively modifying the first candidate configuration to generate a second
candidate configuration specifying where the virtual machines are stored in the
plurality of hardware containers based at least in part on the determined benefit; and

determining placement of the virtual machines based at least in part on the

selective modification.

2. The method of claim 1, wherein selectively modifying the first candidate
configuration comprises generating the second candidate configuration, the method
further comprising:

determining a benefit gained by modifying the second candidate configuration
to change the hardware container where at least one of the virtual machines is
stored,

selectively modifying the second candidate configuration to generate a third
candidate configuration specifying where the virtual machines are stored in the
plurality of hardware containers based at least in part on the determined benefit
gained by modifying the second candidate configuration.

3. The method of claim 1, further comprising:

selecting one of the first and second configurations based on costs associated
with the first and second configurations; and

selectively migrating at least one of the virtual machines based at least in part
on the selected configuration.
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4. The method of claim 1, wherein the first configuration specifies storing
at least two of the plurality of virtual machines in one of the hardware containers, the
method further comprising:

determining a benefit gained by moving each of the at least two virtual
machines where the virtual machine is specified as being stored by the first
configuration to another one of the hardware containers, and

wherein the determining the benefit gained by modifying the first configuration
comprises selecting one of the determined benefits gained by moving each of the at
least two virtual machines.

5. The method of claim 1, further comprising further basing the benefit
gained on at least one of sizes of the hardware containers and communication

requirements of the virtual machines.

6. The method of claim 1, further comprising constraining the selective
modification to minimize a first number of the hardware containers in which the
virtual machines are stored based at least in part on a cost derived from the
determined benefit, the first number being less than a greater number of available
hardware containers.

7. The method of claim 1, further comprising constraining the selective
modification to maximize a distribution of the virtual machines across the hardware

containers based at least in part on a cost derived from the determined benefit.

8. The method of claim 1, wherein the selective modification comprises
selectively expanding a number of the plurality of hardware containers based at least
in part on a cost derived from the determined benefit.
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9. The method of claim 1, further comprising:

ranking a group of available hardware containers according to size, the group
of available hardware containers comprising the plurality of hardware containers,

wherein the selective modification comprises selectively expanding a number
of the plurality of hardware containers based at least in part on the cost derived from
the determined benefit and the ranking.

10.  An apparatus comprising:
an interface to receive a request indicative of a job; and
a processor-based scheduler to, in response to the request, determine a
configuration specifying where a plurality of virtual machines are stored in a plurality
of hardware containers, the scheduler being adapted to:
generate at least one candidate configuration specifying where the
plurality of virtual machines are stored in the plurality of hardware containers;
selectively modify the at least one candidate configuration to change a
hardware container from the plurality of hardware containers where at least one of
the virtual machines is specified as being stored based at least in part on
communication capacities associated with the plurality of hardware containers; and
determine the configuration specifying where the plurality of virtual
machines are stored in the plurality of hardware containers based at least in part on
the selective modification.

11.  The apparatus of claim 10, wherein the hardware containers are
associated with at least one of different ports of a network switch and different

computers.

12.  The apparatus of claim 10, wherein the scheduler is further adapted to
further base the selective modification on communication requirements specified by

a service level agreement.

13.  The apparatus of claim 10, wherein the scheduler is further adapted to

minimize a number of the hardware containers used in the determined configuration.
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14.  The apparatus of claim 10, further comprising a migration controller to
migrate at least at least one of the plurality of virtual machines based on the

determined configuration.

15.  An article comprising a non-transitory computer readable storage
medium to store instructions that when executed by at least one processor cause the
at least one processor to:

provide a first candidate configuration for virtual machines specifying where
the virtual machines are stored in a plurality of hardware containers;

determine a benefit gained by modifying the first candidate configuration to
change a hardware container from the plurality of hardware containers where at least
one of the virtual machines is stored based at least in part on communication
capacities associated with the plurality of hardware containers;

selectively modify the first candidate configuration to generate a second
candidate configuration specifying where the virtual machines are stored in the
plurality of hardware containers based at least in part on the determined benefit; and

determine placement of the virtual machine based at least in part on the

selective modification.
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