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DYNAMICALLY RESIZING A VIRTUAL
MACHINE CONTAINER

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims priority from the provi-
sional application Ser. No.61/007,768, filed Dec. 13, 2007,
the contents of which are incorporated herein by reference in
their entirety.

TECHNICAL FIELD

Embodiments of the present invention relate to virtual
machine container resource entitlement. More specifically,
embodiments of the present invention relate to dynamically
resizing a virtual machine container.

BACKGROUND ART

In many of today’s data centers, servers are shared across
multiple applications or application components. However,
current tools for allocating servers or server partitions to
applications typically rely on offline capacity planning and
performing a static partitioning of system resources to sup-
port these co-hosted applications. For example, each applica-
tion is allocated a maximum entitlement of system resources
for execution over the application’s lifetime. Many times, the
amount of the maximum entitlement of system resources is
either based on anticipated peak load or demand profiles
computed from historic data and performance models. How-
ever, the entitlement of system resources is static. For
example, the entitlement of system resources is determined
and used for a long period of time before being re-evaluated.
This static entitlement typically results in poor utilization of
system resources, which in many instances is below 20%, and
does not take full advantage of demands that vary over time
due to changes in operating conditions and user demands.

One solution has been to control the number of requests for
services provided by a server that are admitted (also com-
monly known as “admission control”) in order to improve the
performance of requests that have already been admitted.
However, this results in requests either not being admitted or
in requests being dropped.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and form a part of this specification, illustrate embodiments
of the invention and, together with the description, serve to
explain the principles of the invention:

FIG. 1 depicts a block diagram of a multi-tiered application
executing in a virtualized server environment, according to
one embodiment.

FIG. 2 is a block diagram of a system for dynamically
resizing a virtual machine container, according to one
embodiment.

FIG. 3 is a block diagram of a system for dynamically
resizing one or more virtual machine containers, according to
another embodiment.

FIG. 4 is a block diagram of a flowchart that describes a
method of dynamically resizing a virtual machine container,
according to one embodiment.

FIG. 5 depicts equations that are used as a part of various
embodiments.
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The drawings referred to in this description should not be
understood as being drawn to scale except if specifically
noted.

BEST MODE FOR CARRYING OUT THE
INVENTION

Reference will now be made in detail to various embodi-
ments of the invention, examples of which are illustrated in
the accompanying drawings.

While the invention will be described in conjunction with
these embodiments, it will be understood that they are not
intended to limit the invention to these embodiments. On the
contrary, the invention is intended to cover alternatives, modi-
fications and equivalents, which may be included within the
spirit and scope of the invention as defined by the appended
claims. Furthermore, in the following description of various
embodiments of the present invention, numerous specific
details are set forth in order to provide a thorough understand-
ing of the present invention. In other instances, well-known
methods, procedures, components, and circuits have not been
described in detail as not to unnecessarily obscure aspects of
the present invention.

Overview

FIG.1 depicts a block diagram of a multi-tiered application
executing in a virtualized server environment, according to
one embodiment. As depicted in FIG. 1, the multi-tiered
application includes 3 application components 1-3, which
execute in 3 separate containers on 3 separate hosts or servers.
For example, application component 1 is hosted on container
1 on host 1.

Application component 2 is hosted on container 2 on host
2 and so on. A container is also referred to as a “virtual
machine container.” Each application component associated
with a multi-tiered application is considered to be on a “tier”
of the multi-tiered application. For example, application
component 1 is on one tier, application component 2 is on
another tier, and application component 3 is on yet another
tier.

One or more clients 110 interact with the multi-tiered
application which results in a mix of transactions. For
example, assume that one (application component 1) of the
application components is a web server that enables a user of
a client to browse items that are for sale and to order those
items and another one (application component 3) of the appli-
cation components is a database that stores information per-
taining to those items. The transaction mix for a particular
interval of time may reflect that 20 percent of the transactions
pertain to ordering items, 60 percent of the transactions per-
tain to viewing items, and 20 percent of the transactions
pertain to accessing information about the items in the data-
base.

The “size” of a container is determined by the amount of
physical resources, such as CPU, memory, storage, network
bandwidth, input/output (I/O) bandwidth, that a container is
entitled to, according to one embodiment. For example, a
container that is entitled to 0.1 of a CPU is smaller than a
container that is entitled to 0.2 of a CPU. The amount of a
resource that a container is entitled to determines an upper
bound on the amount of a resource that the application com-
ponent associated with the container may use.

As will become more evident, various embodiments pro-
vide for determining a new entitlement that is used to resize a
container for executing an application component in a multi-
tiered application. Various pieces of information can be used
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as apart of determining a new entitlement. For example, these
pieces of information may include, among other things, trans-
action mix information from client logs, a desired level of
performance from a service level agreement, the measured
performance from the perspective of a client, and the actual
resources consumed by a virtual machine container.

Virtualization

Resource partitioning is a type of virtualization technology
that enables multiple applications or application components
to share system resources while maintaining performance
isolation and differentiation among them. For example, CPUs
or portions of a CPU, such as in terms of CPU cycles, may be
allocated to different application components or different
groups of application components. Partition sizes may be set
to accommodate desired performance, such as those that are
specified in service level agreements, for example. According
to one embodiment, the partition sizes may vary depending
on the demand for resources, as will become more evident.

In one embodiment, the resources of a resource-on-de-
mand environment, such as a data center or a grid environ-
ment, are partitioned into containers. The containers as
depicted in FIG. 1 are examples of partitions of resources.
Each container includes resources that can be allocated to an
application component associated with that container.

A container can be represented as a process group that
includes one or more application components. There may be
a limit to the amount of a particular resource (also known as
“entitlement”) that can be assigned to each process group. As
depicted in FIG. 1, the resources ofhost 1 are associated with
one container 1, the resources of host 2 are associated with a
different container 2, and the resources of host 3 are associ-
ated with yet another container 3. However, various embodi-
ments of the present invention are well suited to other con-
figurations of hosts, containers and application components
that are associated with a multi-tiered application. In a first
example, assume that there is second multi-tiered application
that includes application components A, B and C associated
with containers A', B' and C'. Application component A and
container A' could reside on host 1, application component B
and container B' could reside on host 2 and application com-
ponent C and container C' could reside on host 3. The
resources associated with a host can be partitioned among the
containers associated with that host. Continuing the example,
the CPUs associated with host 1 can be partitioned between
container 1 and container A', the CPUs associated with host 2
can be partitioned between container 2 and container B', and
so on. In a second example, although the multi-tiered appli-
cation depicted in FIG. 2 includes 3 application components,
a multi-tiered application may include 2 or more application
components. In a third example, one or more of the applica-
tion components associated with a multi-tiered application
may reside on the same host.

Different types of process groups, such as PSET and fair
share scheduler (FSS), may be used. An integer number of
CPUs can be allocated for PSET type process groups. A
percentage of CPU cycles can be allocated to an FSS type
process group. In oneembodiment, a Hewlett-Packard™ HP-
UX Process Resource Manager (PRM) is used as an FSS.

In another embodiment, the hosts are partitioned into vir-
tual machines. For example, each container may include a
virtual machine where a set of resources are allocated to each
virtual machine. Virtual machines provide a technology to
implement resource virtualization that allows multiple het-
erogeneous operating system instances to share a single
physical workstation or server. Like a process group, each
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virtual machine receives an allocation of resources, such as a
percentage of CPU capacity, memory capacity, network
bandwidth, etc. In yet another embodiment, a container may
include a server group.

Clients and Hosts

Examples of a client include but are not limited to a Per-
sonal Computer (PC), a Personal Digital Assistant (PDA), a
wireless terminal, a cellular telephone, or any other type of
well known client device. The client may include servers
which may be in different data centers. A host can be any
computer, such as a personal computer, a server, etc. . . . that
is capable of providing one or more virtual machine contain-
ers.

Transaction Mix Information

The transaction mix affects the amount and type of physi-
cal resources that an application component associated with a
container would use. For example, a transaction mix that
leans more toward computing orders may be more CPU inten-
sive whereas a transaction mix that leans more toward access-
ing the database may require more 1/O resources. According
to one embodiment, the amount of physical resources allo-
cated to a virtual machine container is based at least in part on
transaction mix information that describes the mix of trans-
actions that result from executing a multi-tiered application.

Frequently, clients store information that describes a mix
of transactions (also referred to herein as “transaction mix
information™) in logs. Transaction mix information, accord-
ing to one embodiment, describes a mix of transactions in
terms of intensity and types of transactions. Intensity may
involve the number of users or transactions, for example,
during a period of time. Examples of transaction types
include but are not limited to accessing, storing, viewing,
buying and so on.

Transaction mix information for a particular interval of
time may reflect that there are 300 transactions executed in
that interval of time, where 20 percent of the transactions
pertain to ordering items, 60 percent of the transactions per-
tain to viewing items, and 20 percent of the transactions
pertaining to accessing information about the items in the
database.

Performance

Various performance metrics, such as mean response time,
can be used as a part of specifying a desired level of perfor-
mance (referred to herein as “desired performance™) and as a
part of measuring the actual performance (referred to herein
as “measured performance”). The desired performance may
be a service level objective that is specified in a service level
agreement for example between a customer and a service
provider. One example of a performance metric is response
time, for example, of a client that requests transactions from
the multi-tiered application. The measured response time
may be a mean response time. Other examples of perfor-
mance metrics include but are not limited to percentile of
response time samples, throughput, and loss rate. Many of the
examples of embodiments discussed herein assume that per-
formance is response time.

The service provider may own a data center or a grid
environment that provides for example hosts, various
resources, and application components using virtualization
techniques. The difference between the desired performance
and the measured performance provides an indication of how
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closely a service provider is meeting the desired performance.
According to one embodiment, the difference between the
desired performance and the measured performance is used
as a part of resizing a container, as will become more evident.
The difference, according to one embodiment, is expressed in
terms of response time (AP).

FIG. 5 depicts various equations that are used as a part of
various embodiments. The equations 1-3 depicted on FIG. 5§
refer to various sampling intervals m, i and k. According to
one embodiment, Equations 1-3 each use their own sampling
intervals m, i, and k. According to one embodiment,
k<<m<<i. For example, k, m, and i may be set respectively at
10, 30 and 90 seconds. In the equations, k, m, and i refer to a
current sampling interval and k-1, m-1, and i-1 refer to a
previous sampling interval.

Entitlement, Consumption and Utilization

Entitlement, according to one embodiment, is the amount
of resources that a container is entitled to use. Consumption,
according to one embodiment, is the amount of resources that
a container actually uses. A container may not be allowed to
consume more resources than it is entitled to, according to
one embodiment.

According to one embodiment, utilization is a ratio of
consumption over entitlement (U=C/E). For example, if a
container is entitled to 1 CPU and the container is using 0.1 of
that one CPU, the utilization is 10 percent (0.1/1.0). Assume
for the sake of illustration that the optimal utilization is 50
percent. In this case, the entitlement of the container may be
modified from 1 CPU to 0.2 CPU in order to cause the actual
utilization (0.1/0.2) to match the optimal utilization. Assume
for the sake of illustration that the consumption goes up to 0.2.
In this case, the actual utilization will be 100 percent (0.2/
0.2). The entitlement can be modified to 0.4 so that the actual
utilization (0.2/0.4) again matches the optimal utilization.
Assume that the consumption drops to 0.1 and the optimal
utilization drops to 10 percent. The entitlement can be modi-
fied to 1 CPU so that the actual utilization (0.1/1.0) matches
the optimal utilization. The discussion of various embodi-
ments shall use the letters E, C, and U respectively to refer to
entitlement, consumption and utilization.

According to one embodiment, a transaction-mix-based
quening model as represented by equation 2 is used for a
multi-tiered application. For the sake of simplicity in illus-
trating equation 2, assume that each tier of the multi-tiered
application hosts an application component in a single virtual
machine container and each container receives a capped
resource entitlement. The utilization of each container is
defined as a ratio of average consumption and entitlement.
Equation 2 can be solved for an uncorrected optimal utiliza-
tion UY°?’, Referring to FIG. 2, N,, is the number of transac-
tions of type j in interval i. U, ¥°"is the uncorrected optimal
utilization for a tier t. T is a sampling interval length, and o,
represents the sum of service times for transaction type j
across all tiers plus fixed delays such as network switching
and transmission delays. For example, given the total service
time cy; of each transaction type j, transaction mix N,; in the
interval i, and desired performance P%*, equation 2 can be
solved for the expected utilization target of each tier, U, 77",

In real-time control, the transaction mix in the current
interval may not be known before control is actuated. Accord-
ing to one embodiment, these values are estimated based on
historical data. Different approaches may be used. For
example, transaction mix information from the last interval
may be used to estimate for the current interval.
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In order to avoid multiple possible solutions for U,
according to one embodiment, equation 2 is solved for a
single UY??* for all application components associated witha
multi-tiered application. According to another embodiment,
equation 2 is solved for a different UY*** for each application
component associated with a multi-tiered application. For
example, the performance utilization of the multiple tiers can
be optimized such that the total cost of the resources is mini-
mized, for example, using the equation f(E1, E2, E3).

Since models may not be totally correct all of the time, the
results from equation 2 shall be referred to as an uncorrected
optimal utilization UY°#*, According to one embodiment, the
correction term AU (refer to equation 1), which was deter-
mined based on the difference between the desired perfor-
mance and the measured performance, is used to correct the
UY°#" resulting in a corrected optimal utilization U7, i.e.,
U =Jverie AU,

Equation 1 depicted on FIG. 5 is used, according to one
embodiment, to determine the correction term AU(m) based
on the difference between the desired performance and the
measured performance where m is a control interval. The
difference, according to one embodiment, is expressed in
terms of the normalized error, (P%*~P™(m-1 ))/P“*. The P***
refers to desired performance, P™ refers to measured perfor-
mance, and m is a control interval.

According to one embodiment G is 0.05. Other examples
of G¥% include but are not limited to 0.09 and 0.02. Typically,
the larger that G is the more quickly adjustments will be
made. According to one embodiment, if the utilization target
is expressed as a percentage and therefore is in the range of [0,
1], the error term is normalized by the response time targets
(assuming the performance is response time targets) so that a
larger stability margin exists for a certain gain value.

Equation 3 depicted on FIG. 5, according to one embodi-
ment, can be used to determine an entitlement for automati-
cally modifying an amount of physical resources that a virtual
machine container is entitled to. Equation 3 includes U, <77,
E,, C,, G, p and k. k represents a current interval and k-1
represents a previous interval. U, %"’ according to one
embodiment, is determined based on U,“°?* (from equation
2) and AU (from equation 1). The U, “°?* depicted in equation
3 was determined using equation 2 based on the U, ¥” and
the AU using equation 1. E, and C, represent entitlement and
consumption respectively. GG, can be solved using the equa-
tion that is on the second line for equation 3. § can vary from
010 2. According to one embodiment, f§ is 1.0. A smaller beta
may result in slower response to changes such as in a client’s
workload intensity and mix. For the sake of simplicity, equa-
tion 3 depicts an entitlement E, for container 1. Equations
similar to equation 3 can be used for determining entitlements
E,, E; for containers 2 and 3 using respective consumptions
C,, C; for the containers 2 and 3 and so on.

According to one embodiment, a new amount of the physi-
cal resource is determined based at least in part on a ratio of
the previous amount of a physical resource that the virtual
machine container was consuming over a previous amount of
the physical resource that the virtual machine container was
entitled to. For example, referring to equation 3, E, (k) is an
example of a new amount and E,(k-1) is an example of a
previous amount entitled to and C, (k-1) is an example of a
previous amount consumed. C,/E,; (k-1) is an example of a
measured utilization for a container in a previous interval.

Systems for Dynamically Resizing a Virtual Machine
Container

FIG. 2 is a block diagram of a system 200 for dynamically
resizing a virtual machine container, according to one
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embodiment. The system 200 includes a resizing-virtual-ma-
chine-containers-for-a-multi-tiered-application-optimal-uti-
lization-determiner 220 and a virtual-machine-containers-
for-a-multi-tiered-application-automatic-resource-
allocation-modification-enabler 230. The determiner 220 is
configured for determining an optimal utilization based on a
desired application-level performance for a multi-tiered
application and transaction mix information that describes a
mix of transactions that result from executing the multi-tiered
application. The enabler 230 is configured for enabling auto-
matic modification of an amount of a physical resource a
virtual machine container is entitled to for executing a par-
ticular application component associated with the multi-
tiered application, wherein the amount is automatically modi-
fied based on the optimal utilization.

According to one embodiment, the determiner 220 and
enabler 230 can be located on either a client or a server.
Transaction mix information inlogs associated with the client
can be accessed by the determiner 220, for example, if the
determiner resides on a client. Alternatively, information
from the transaction mix information in the logs can be
received by the determiner 220, for example, if the determiner
220 resides on a client or a server. The consumption of a
container can be accessed by an enabler 230 that resides on a
client or can be received by an enabler 230 that resides on a
client or a server. According to one embodiment, system 200
may also include a correction determiner for determining AU
(refer to equation 1 depicted on FIG. 5). The term “accessing”
shall be used herein to refer to accessing data that is located
locally or receiving data that is remotely located.

FIG. 3 is a block diagram of a system 300 for dynamically
resizing one or more virtual machine containers, according to
another embodiment. The system 300 includes a client 320,
application components 1-3 (FIG. 1) that reside in containers
1-3 (FIG. 1), and another system 310 (also referred to herein
as “Autoparam”). The system 310 includes a feed-forward
controller 312, a feedback controller 314, and utilization con-
trollers 316, 317, and 318.

The system 310 is depicted communicating with a client
320, for example, over a network. The network may be a
private network such as an intranet, or a public network, such
as the Internet, or a combination thereof. The system 300 may
be apart of a resource-on-demand environment, such as a data
center or a grid environment, which is partitioned into con-
tainers that the application components are associated with.

The determiner 220 (FIG. 2), according to one embodi-
ment, is a part of the feed-forward controller 312. The trans-
action-mix-based queuing model described by equation 2
(FIG. 5) can be used for the feed-forward controller 312. The
enabler 230 (FIG. 2), according to one embodiment, is a part
of the utilization controllers 316, 317, 318. A correction
determiner (for AU), according to one embodiment, can be a
part of the feedback controller 314.

Various pieces of information can be used as a part of
determining a new entitlement (E1, E2, E3). For example,
these pieces of information may include, among other things,
transaction mix information from client logs, a desired level
of performance (P%), for example, from a service level
agreement, the measured performance (P™), for example,
from the perspective of a client, and the actual resources
consumed (C1, C2, C3) by a virtual machine container. These
various pieces of information can be used as a part of deter-
mining, for example at the server side, optimal utilization
(U¥°* or U7’ or a combination thereof) and in turn entitle-
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8
ment (E1, E2, E3). FIG. 3 is described in more detail below in
the context of a flowchart 400 depicted on FIG. 4.

A Method of Dynamically Resizing A Virtual
Machine Container

FIG. 4 is a block diagram of a flowchart that describes a
method of dynamically resizing a virtual machine container,
according to one embodiment. Although specific steps are
disclosed in flowchart 400, such steps are exemplary. That is,
embodiments of the present invention are well suited to per-
forming various other steps or variations of the steps recited in
flowchart 400. It is appreciated that the steps in flowchart 400
may be performed in an order different than presented, and
that not all of the steps in flowchart 400 may be performed.

All of, or a portion of, the embodiments described by
flowchart 400 can be implemented using computer-readable
and computer-executable instructions which reside, for
example, in computer-usable media of a computer system or
like device. As described above, certain processes and steps of
the present invention are realized, in an embodiment, as a
series of instructions (e.g., software program) that reside
within computer readable memory of a computer system and
are executed by the of the computer system. When executed,
the instructions cause the computer system to implement the
functionality of the present invention as described below.

The description of the flowchart shall refer to FIGS. 1, 3
and 5.

At step 410, the process begins.

In step 420, an optimal utilization is determined based on a
desired performance for a multi-tiered application and trans-
action mix information that describes a mix of transactions
that result from executing the multi-tiered application. For
example, the feed-forward controller 312, according to one
embodiment, is a queuing model as represented by equation
2. The feed-forward controller 312 receives the desired per-
formance (P%*) from the client 320 and the transaction mix
information from transaction logs associated with the client
320. The feed-forward controller 312 uses equation 2 to deter-
mine the uncorrected optimal utilization level (U“°77),

The feedback controller 314 receives a measured perfor-
mance (P™), such as a Measured Mean Response Time, from
a client 320 and a desired performance (P“%), such as a
desired response time from, a service level agreement. The
feedback controller 314 determines the correction term (AU)
for the optimal utilization based on the difference between the
measured performance (P™) and the desired performance
(P?*%). The feedback controller 314 uses equation 1 to deter-
mine correction term (AU) in terms of utilization.

At the + sign, a corrected optimal utilization level (U<°7?)
is determined based on the uncorrected optimal utilization
level (UY??%) and the correction term (AU). As described
herein, the corrected optimal utilization level may be the same
for all of the utilization controllers 316, 317, 318 or may be
different for 2 or more of the utilization controllers 316, 317,
318.

At step 430, an amount of a physical resource a virtual
machine container is entitled to for executing a particular
application component associated with the multi-tiered appli-
cation is enabled. The amount of a physical resource is auto-
matically modified based on the optimal utilization. For
example, the utilization controllers 316-318 receive the cor-
rected optimal utilization level(s) (U“°%). The utilization
controllers 316-318 also receive resource consumption C1,
C2, C3 from respective containers 1, 2, 3 (FIG. 1) associated
with the application components 1-3 (FIGS. 1 and 3). The
utilization controllers 316-318 compute a new entitlement



US 8,566,835 B2

9

E1, E2, E3 based on equation 3. The utilization controllers
316-318 communicate the respective entitlements E1, E2, E3
to the containers 1-3. The amount of physical resources allo-
cated to the containers 1-3 is modified based on the entitle-
ments E1, E2, E3 that the containers 1-3 receive from the
utilization controllers 316-318.

The one or more new entitlements E1, E2, E3 are deter-
mined automatically and enable automatic modification of
the amount of physical resources that a virtual machine con-
tainer 1-3 is entitled to.

Therefore, various embodiments enable automatically and
dynamically resizing a virtual machine container so that vir-
tual machine containers are not required to be statically par-
titioned. Further, various embodiments enable automatically
and dynamically resizing a virtual machine container without
requiring admission control.

At 440, the process stops.

Experimental Evaluation

An experimental evaluation of various embodiments was
performed. A configuration as depicted in FIG. 1 was used. A
system 310 as depicted in FIG. 3 was used (also referred to
herein as “Autoparam”). 3 HP™ Proliant servers were used to
host the application components associated with the three-
tiered application. One of the application components was a
Web server, one was a DB server and another was an Appli-
cation server. Each tier of the multi-tiered application was
hosted in a virtual container on a separate server. Xen-enabled
2.6 Linux kernel in a stock Fedora 4 distribution was used. A
fourth host was used to generate client requests to the three-
tiered application.

A modified version of the Rice University Bidding system
(RUBIS) was used as the test application. It is an online
auction benchmark with 22 transaction types providing ser-
vices such as browsing for items, placing a bid, and viewing
user information. In the test bed, the multi-tiered application
runs on top of an Apache™ 2.0.55 Web server, a JBoss™
4.0.2 application server and a MySQL™ database server.

A workload generator was developed to simulate a real
world workload instead of using the default RUBIS generator.
The workload generator bundled with RUBiS would be
unsuitable because it produces only a stationary workload, in
the sense that the relative frequencies of the different trans-
action types remain constant over time, whereas real world
workloads are highly non-stationary in terms of transaction
mix. The developed workload generator had two features that
support much more realistic evaluations than are possible
with typical benchmark-like generators. First, the developed
generator allows for replaying renamed traces of transactions
collected on real production systems; this means that the test
workloads contain the same non-stationary behavior of trans-
action-mix found in production workloads. Second, the
developed generator allows mimicking periodicity in real
workloads (e.g., diumal cycles) by varying transaction arrival
rates between specified maximum and minimum levels.

The developed workload was derived from a trace of trans-
actions in the “VDR” application, a globally distributed busi-
ness-critical enterprise application. The VDR transactions
were renamed to RUBIS transactions in the following way:
First, VDR and RUBIS transactions were separately ranked
according to their popularity; for the later, the popularity of
transactions in the workload generated by the default RUBiS
generator was used. Then each transaction was replaced in the
VDR trace with the RUBIS transaction with the same popu-
larity rank to obtain a final renamed trace.
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A customized workload generator, driven by a VDR-based
trace was used. Client transactions were submitted to the
RUBIS application as a Poisson process. For the experimental
evaluation, the utilization controllers were located in Dom-0
for each of the three tiers, as it usually is in real products. The
feed-forward and feedback controllers were both located at
the client side, where the transaction mix and the response
times were sampled from the logs of the client. The utilization
targets were sent to the three containers through SSH calls.
The sampling intervals for the utilization, feed-forward con-
trollers, k, m, and i, were set respectively to 10, 30 and 90
seconds. The parameter P of the utilization controller was set
to 1.0. G* of the feedback controller was set to 0.5.

The results from the Autoparam system were compared
with results from four other ways of controlling container
size. Those four other ways are as follows:

(1) Fixed entitlement, or abbreviated as “Fixed Ent.” Each
virtual container was entitled to 0.9 CPU in this case.

(2) Fixed utilization control, or “Fixed Util.” The optimal
utilization was statically set to 75% in this case.

(3) Feed-forward plus utilization control, or “FF+Util.” No
feedback compensation was applied for the response time
control. The feed-forward control is expected to provide pro-
active and fast actions.

(4) Nested control, i.e., feedback performance control plus
utilization control, or “FB+Util.” Compared with Autoparam,
this design does not include the feed-forward part. For sim-
plicity, a standard integrator as described by equation 1 was
used for the feedback controller, except that the output of the
controller is the utilization target itself instead of delta U.

Table 1 below shows the performance, i.e., the average of
the per-interval mean response time across all the intervals in
each experiment running for 2 hours. The average CPU
entitlement across the three containers is also shown in num-
ber of CPUs.

TABLE 1

Experimental Results

Control Designs Mean of MRT Total entitlement
(targets) (ms) (# of CPUs)
Fixed Ent 204 2.7

Fixed Util (75%) 578 0.53

FF + Util (300 ms) 329 0.66

FB + Util (300 ms) 288 0.86
Autoparam (300 ms) 320 0.70

As can be seen Autoparam demonstrated a reasonable
capacity allocation and achieved a reasonable mean response
time.

Various embodiments have been described in various com-
binations. However, any two or more embodiments may be
combined. Further, any embodiment may be used separately
from other embodiments.

Embodiments of the present invention are thus described.
While the present invention has been described in particular
embodiments, it should be appreciated that the present inven-
tion should not be construed as limited by such embodiments,
but rather construed according to the following claims.

What is claimed is:
1. A method of dynamically resizing a virtual machine
container, the method comprising:
determining a possible size of the virtual machine con-
tainer within a resource-on-demand environment in
accordance with a service level agreement;
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determining a corrected optimal utilization based on a
desired performance for a multi-tiered application and
transaction mix information that describes a mix of
transactions that result from executing the multi-tiered
application, the determining of the corrected optimal
utilization further comprising:
determining a correction term based on a difference
between the desired performance and a measured per-
formance; and

determining the corrected optimal utilization based on
the correction term and an uncorrected optimal utili-
zation, wherein the uncorrected optimal utilization is
based at least on service time of transactions, the mix
of transactions, and fixed delays;

enabling automatic modification of an amount of a physi-
cal resource a virtual machine container is entitled to
execute a particular application component associated
with the multi-tiered application, wherein the amount of
the physical resource is determined based at least in part
ona ratio of physical resource consumption and physical
resource entitlement, wherein the amount is automati-
cally modified based on the corrected optimal utilization
and the possible size of the virtual machine container;
and

using the corrected optimal utilization for all of the appli-
cation components associated with the multi-tiered
application.

2. The method as recited by claim 1, further comprising:

determining different optimal utilizations for two or more
application components associated with the multi-tiered
application.

3. The method as recited by claim 2, wherein the determin-

ing of the different optimal utilizations further comprises:
minimizing a cost of resources to determine the different
optimal utilizations for the two or more application com-
ponents.

4. A system for dynamically resizing a virtual machine

container, the system comprising:

a circuit;

avirtual-machine-container-size-determiner configured to
determine a possible size of the virtual machine con-
tainer within a resource-on-demand environment in
accordance with a service level agreement;

a resizing-virtual-machine-containers-for-a-multi-tiered-
application-optimal-utilization-determiner configured
for determining a corrected optimal utilization based on
a desired performance for a multi-tiered application and
transaction mix information that describes a mix of
transactions that result from executing the multi-tiered
application, wherein the resizing-virtual-machine-con-
tainers-for-a-multi-tiered-application-optimal  utiliza-
tion-determiner is a part of a feed-forward controller;

a feedback controller configured for determining the cor-
rected optimal utilization based on the desired perfor-
mance, a measured performance, and an uncorrected
optimal utilization, wherein the uncorrected optimal uti-
lization is based at least on service time of transactions,
the mix of transactions, and fixed delays, ; and

a  virtual-machine-container-for-a-multi-tiered-applica-
tion-automatic-resouce-allocation-modification-en-
abler configured for enabling automatic modification of
an amount of a physical resource a virtual machine con-
tainer is entitled to for executing a particular application
component associated with the multi-tiered application,
wherein the amount is automatically modified based on
the optimal utilization and the possible size of tile virtual
machine container, and wherein the corrected optimal
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utilization is used for all of the application components
associated with the multi-tiered application.

5. The system of claim 4, further comprising:

a multiple-application-component-optimal-utilization-de-
terminer configured to determine different optimal uti-
lizations for two or more application components asso-
ciated with the multi-tiered application.

6. The system of claim 4, wherein the physical resource is
selected from a group consisting of central processing unit,
memory storage, and bandwidth.

7. The system of claim 4, wherein the desired performance
is a service level objective from a service level agreement.

8. The system of claim 4, wherein performance is response
time for a client that requests transactions with the multi-
tiered application.

9. A non-transitory computer readable storage medium
having computer-readable program code embedded therein
for causing a computer system to perform a method of
dynamically resizing a virtual machine container, the method
comprising:

using a queueing model to determine an uncorrected opti-
mal utilization based on a desired performance for a
multi-tiered application, transaction mix information
that describes a mix of transactions that result from
executing a plurality of application components associ-
ated with at least the multi-tiered application, service
time of transactions, and fixed delays;

determining a possible size of the virtual machine con-
tainer within a resource-on-demand environment in
accordance with a service level agreement;

determining a corrected optimal utilization based on a
desired application-level performance, a measured
application-level performance and the uncorrected opti-
mal utilization;

enabling automatic modification of an amount of a physi-
cal resource that a virtual machine container is entitled
to execute a particular application component associated
with the multi-tiered application, wherein the amount of
the physical resource is determined based at least in part
on a ratio of a previous amount of a physical resource
that the virtual machine container was consuming over a
previous amount of the physical resource that the virtual
machine container was entitled to, wherein the amount is
automatically modified based on the corrected optimal
utilization and the possible size of the virtual machine
container; and

using the corrected optimal utilization for all of the appli-
cation components associated with the multi-tiered
application.

10. The non-transitory computer readable storage medium
of claim 9, wherein the computer readable program code
embodied therein causes a computer system to perform the
method, and wherein the enabling of the automatic modifica-
tion further comprises:

determining different optimal utilizations for two or more
application components associated with the multi-tiered
application.

11. The non-transitory computer readable storage medium
of claim 9, wherein the determining of the uncorrected opti-
mal utilization is performed by a feed forward controller and
the determining of the corrected optimal utilization is per-
formed by a feedback controller.

12. The non-transitory computer readable storage medium
of claim 9 wherein the desired performance is a service level
objective from a service level agreement.

#* #* #* #* #*
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In column 11, line 59, in Claim 4, delete “container” and insert -- containers --, therefor.
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