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Abstract—The Cloud represents an emerging paradigm that
provides on-demand computing resources, such as CPU. The
resources are customized in quantity through various virtual
machine (VM) flavours, which are deployed on top of time-
shared infrastructure, where a single server can host several
VMs. However, their Quality of Service (QoS) is limited and
boils down to the VM availability, which does not provide any
performance guarantees for the shared underlying resources.
Consequently, the providers usually over-provision their re-
sources trying to increase utilization, while the customers can
suffer from poor performance due to increased concurrency.

In this paper, we introduce CPU Performance Coefficient
(CPU-PC), a novel performance metric used for measuring
the real-time quality of CPU provisioning in virtualized en-
vironments. The metric isolates an impact of the provisioned
CPU on the performance of the customer’s application, hence
allowing the provider to measure the quality of provisioned
resources and manage them accordingly. Additionally, we
provide a measurement of the proposed metric for the customer
as well, thus enabling the latter to monitor the quality of
rented resources. As evaluation, we utilize three real world
applications used in existing Cloud services, and correlate the
CPU-PC metric with the response time of the applications. An
R-squared correlation of over (0.9557 indicates the applicability
of our approach in the real world.

Keywords-cpu; performance; resource provisioning; virtual-
ization; kvm; linux; cloud computing;

I. INTRODUCTION

By early adopting a virtualization technology, Cloud
Computing has gained rapid increase in utilization by
offering virtual machines as part of an Infrastructure-as-
a-Service (IaaS) model, such as the one offered by Amazon
EC2!. The use of virtualization enables on-demand resource
provisioning, including CPU cores, memory, storage and
network bandwidth, all being serviced to customers under
a pay-per-use policy. The policy is defined for each Cloud
service in a Service Level Agreement (SLA), a contract
between the provider and the customer, which includes the
type, quantity and the QoS of requested resources.

While the resource quantity is very well defined, typically
through different VM flavours, the QoS is usually limited and
is only restricted to the VM availability. Availability defines
a percentage of time when the VM was accessible (within

! http://aws.amazon.com/ec2/

Jasmina JaSarevic¢
Faculty of Electrical Engineering,
Mechanical Engineering and Naval Architecture
University of Split
R. Boskovié¢a 32, 21 000 Split, Croatia
Jjasarev@fesb.hr

a certain time period). However, it does not indicate the
availability of the underlying resources during that period,
such as CPU, nor its impact on the performance of the
customer’s applications [1].

Such an approach is feasible for dedicated environments
where a resource is utilized by a single user. However, this is
not applicable for time-shared Cloud environments, where a
single server can host dozens of VMs [2]. Consequently, the
performance of the underlying resource can get deteriorated
due to its unavailability in a given moment as it is being
used by another user [3]. An example is given in [4] for
Amazon EC2, where a VM, although having the full amount
of resources, exhibits different performance during weekdays
due to neighbouring VMs taking their slice of the resources.

The described performance loss occurs due to resource
over-provisioning done by the providers, trying to maximize
the utilization. However, due to a lack of resource performance
metrics, the provider is unable to monitor nor guarantee the
performance of the customer’s applications that depend on
his/her resources. The same is true for the customer as well.
On one hand, monitoring the response time of the application
cannot provide accurate information on the QoS of underlying
resources, as the response time can change due to other factors,
such as workload or application updates [5]. On the other hand,
benchmarking is considered as waste of resources and thus
cannot be done at runtime [7].

Therefore, a metric is required that is able to isolate
the impact the resources provisioned by the provider have
on the performance of the customer’s application [3]. The
metric should be measurable both by the provider and the
customer, the former for guaranteeing the QoS and the latter
for checking if the promised QoS has been delivered [8].
Finally, the metric should be accessible in real world systems.

In this paper, we introduce the CPU Performance Co-
efficient (CPU-PC), a metric used for measuring the CPU
performance based on its real-time provisioning in time-
shared Cloud environments. We demonstrate its impact on
the response time of customers’ applications and provide
the measurement of CPU-PC both for the provider and
the customer. For calculating the proposed metric, we use



raw metrics found in the proc filesystem, a standard Linux
interface for the runtime system information. The raw metrics
can be found in all major Linux distributions, which enables
a straightforward implementation in existing monitoring
systems such as New Relic? by simply adding a plugin.
We evaluate our approach by correlating the CPU-PC
metric with the response time of the customer’s application.
We utilize three real world applications running on top of
TaaS virtualized using the KVM hypervisor [9], a kernel-based
virtualization used by Cloud providers such as CloudSigma®
and Google*. Applications include the FFmpeg video tool [10],
MongoDB NoSQL database [11], and the Ruby on Rails web
framework [12], all offered as part of real world PaaS systems.

The results show a correlation of CPU-PC with the
response time of over 0.9557 measured using R?, a measure
expressing the correlation between data sets. Hence, CPU-PC
can be used by real world providers such as CloudSigma for
guaranteeing resource QoS, as well as by customers such as
Heroku® and MongoHQ® that host their services on top of
TaaS for monitoring the QoS of underlying resources.

The rest of the paper is organized as follows. Related work
is given in Section II, while the performance and resource
models are described in Section III. Experimental setup and
the CPU-PC metric for providers and customers are described
in Section V-C. Evaluation is presented in Section VI, and
finally Section VII gives the conclusion and the future work.

II. RELATED WORK

Tools such as Cloud Crawler [13], CloudBench [6] and
Expertus [14] provide automated approaches for evaluating
the performance of infrastructure Cloud services. A similar
approach is described in [15] for Grid systems. Their focus
is on benchmarking the resources before deploying an
application to a Cloud or Grid. However, their approaches
cannot be applied for monitoring the resource performance
at runtime as they provide a static analysis [7]. Other works
such as [16] and [17] focus on the performance overhead of
virtualization technologies, such as Xen and VMWare.

The CloudClimate project [18] provides the performance
monitoring data of several major Cloud providers. Their
data clearly shows the performance variability during a day
due to resource time-sharing. Dejun et al. [1] and Schad
et al. [4] perform a performance analysis of Amazon EC2
during weekdays. They show that EC2 instances suffer from
a large performance variance, namely over 24% for the CPU
calculated using the coefficient of variation. Although, all
papers above give emphasis on performance variance, they
use periodical benchmarks to obtain monitoring data, without
offering real-time performance metrics.

Wang et al. [19] examine the response time of Cloud
deployed applications. They show how different factors, such
as user workload burst, thread pool management or even Java
garbage collection, can significantly affect the response time
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of the application. Correlation between the CPU allocation,
consumption and the response time is analysed in [20]. The
authors provide valuable results showing the significance of
CPU contention due to resource time-sharing, and emphasize
the importance of measuring this phenomenon.

Work presented in [3] is the closest to ours as the authors try
to detect the contention of the customer’s VM. However, their
analysis is focused only on the customer’s perspective without
providing an unified quality metric that can be measured and
compared both by the provider and the customer. Similar work
is done in [21], also from the customer’s point of view, however
with a focus on SaaS multi-tenancy, where several users utilize
the same application instance instead of physical resources.
Georges et al. [22] take the provider’s perspective trying to
consolidate VMs on a single server. However, they again apply
a static benchmark approach, while we focus on real-time
monitoring of resource quality.

III. PERFORMANCE AND RESOURCE MODEL

Here we demonstrate that the performance and resource
utilization depend on several factors, rather than just on the
amount of available resources. For analysing the performance
of an application, we utilize a model shown in Figure 1,
similar to the one presented in [5]. The model consists of
three inputs and a single output, namely a performance metric
such as the response time. The inputs include:

o Resources - include the amount of resources such as
CPU, memory, storage and network, that are available
to the application at the given moment. This input is
controlled by the resource provider, i.e., [aaS provider.

o Implementation - represents algorithms, programming
language, architecture and internal parameters of the
application that are not accessible to the end-users. This
input is controlled by the IaaS customer, such as PaaS
or SaaS provider utilizing the underlying infrastructure
for running his/her own applications.

o Workload - considers the user interaction with the
application, including size of the input files, number
of end-users and configuration parameters accessible to
them. This input is controlled by end-users, who utilize
applications deployed on top of IaaS.

In order to demonstrate the effect of the described inputs on
the output, i.e., the response time, we utilize primes, a custom
made application designed specifically for this purpose. The
application uses the trial division algorithm [23] for counting
prime numbers |P| in a specified interval [3,n], where n
is defined by the user. The algorithm divides each number
p € [3,n] with a series of dividers D starting from 2 to
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Figure 1: Performance model of an application
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Figure 2: Response time and CPU usage for different cases

n—1.1IfVd € D :pmodd#0 then p is added to P as a
prime number, i.e., | P|++. Finally, the algorithm is iterated
100 times with 100 millisecond gaps between the iterations
in order to get averaged results with controllable utilizations.
The application is executed within a VM with four different
configurations listed in Table I, a baseline and one for each
input where a different setup parameter is marked in red:
o Baseline - assumes the basic setup to which the other
tests are compared.
o Resource - limits the CPU by sharing it between other
applications.
o Implementation - the division sequence is reversed,
going from n — 1 to 2, instead of from 2 to n — 1.
o Workload - input value n is set to 50000 instead of the
baseline value of 10000.

[ Test [ Cpu [ Imternalloop [ n |
BASELINE Max 2—-n—1 10000
Resource Limited 2—=-n—1 10000
Implementation Max n—1—2 10000
Workload Max 2—-n—1 50000

Table I: Metric traces used in the evaluation.

Results of the tests presented in Figure 2 show that the
application performs best with the Baseline setup, while
other tests exhibit higher response times due to the worse
implementation, bigger user workload and fewer CPU cycles.
Similarly, the resource consumption varies due to the same
inputs as shown in the figure. Moreover, it shows that
the CPU utilization cannot be correlated with the response
time, as the application can utilize more CPU and achieve
shorter response time, e.g., the Implementation versus the
Workload test, while the Baseline and Resource tests exhibit
the opposite behaviour.

IV. USE CASE EXPERIMENT

In this paper, we focus on laaS providers and their
customers, where the provider is only responsible for the
performance of the provisioned resources, while the imple-
mentation and the workload are the responsibility of the
customer. Consequently, our goal is to isolate and measure
the impact of CPU provisioning on the performance of the
customer’s applications. Moreover, this impact has to be
measurable both by the provider and the customer, the former
for guaranteeing the QoS and the latter for checking if the
guaranteed QoS has been delivered.

On one hand, the IaaS provider has to perform measure-
ments on the hypervisor, as he does not have access to the
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Figure 3: Experiment setup
upper layers, such as the operating system or applications.

An example is a Heroku service that hosts the Ruby on
Rails platform on top of Amazon IaaS, where the latter does
not have access to the platform itself. On the other hand,
the customer performs measurements from the operating
system within a VM, having no access to the bottom layers,
such as the hypervisor and the physical server. From the
same example above, Heroku does not have access to the
underlying infrastructure managed by Amazon.

For this purpose, we perform a single experiment for these
two scenarios as shown in Figure 3, one for the provider
and one for the customer. For the experiment we utilize the
configuration listed in Table III, where we fix other inputs
described in Section III and change only the CPU resource
by increasing and decreasing the background CPU load.

[ Component | Type | Resources |
Application primes VM: 1 core;
Operating system | Ubuntu 12.04 LTS | 1GB RAM
Hypervisor KVM 3.2.0-65 PM: 4 cores;
Server Dell R310 8GB RAM

Table III: Configuration used for the experiments.

For the measurements, we utilize the proc filesystem in
Linux that provides different system and application runtime
metrics, including CPU utilization and scheduling metrics.
There, we select a total of 7 CPU metrics, which are listed
in Table II. The first six measure resource consumption and
are expressed in user_hz unit, which is defined in [24] as
the number of CPU clock ticks per second. Usually, this
frequency is 100Hz for most systems the same as for the
one used in our experiments, while the right value can be
obtained through the sysconf (_SC_CLK_TCK) function.

We derive three composite metrics out of the ones listed
in the table, namely

100 )
cpu_cores - t;[ms]

cpu_sysi| %] =
representing the percentage of time the CPUs have been
utilized. The multiplication by 10 in the equation is due to the
conversion from user_hz to milliseconds, while cpu_cores is
the number of CPU cores. Idle CPU resources are calculated
using the equation:
(i) - 10

— 100 2
CPUcores * L[ms] @

cPpuigie| %) =



[ Metric | Symbol [ Unit [ Path | Description
user U; user_hz | /proc/stat Total time spent in user mode.
system Si user_hz | /proc/stat Total time spent in kernel mode.
iowait 10; user_hz | /proc/stat Time waiting for 1/O to complete.
idle 5 user_hz | /proc/stat Time spent in the idle task.
utime PU; user_hz | /proc/[pid]/stat Amount of time the process has been scheduled in user mode
stime DSi user_hz | /proc/[pid]/stat Amount of time the process has been scheduled in kernel mode
wailt_sum wi ms /proc/[pid]/sched | Amount of time the process was ready to run but had to wait for the CPU

Table II: Metrics collected by the provider. [pid] is replaced with the process ID

The CPU utilization of a single application, which includes
all its threads is calculated with:
P
(pu(p)i + ps(p):) - 10
CPUGpp[T0] = .
app[ ] ; CPUcores ~t[m5}

100  (3)

where P represents the number of threads. Finally, system
and application level metrics, including VM metrics from
the hypervisor, are collected using the M4Cloud monitoring
tool introduced in [25].

We run the experiment and collect metrics both from the
provider’s and the customer’s perspective. Figure 4 shows
the total CPU usage of the server, CPU usage of customer’s
VM, as well as the response time of customer’s primes
application. At marker 1 only the customer’s V M ystomer
is running with the primes application configured with the
baseline parameters defined in Section III, thus consuming
around 40% of the CPU and achieving the response time a
little above 50 ms. Another V M, starts at marker 2 with
a full load, thus consuming 100% of its single CPU core.
Same is repeated at markers 3, 4 and 5.

However, unlike marker 2 where additional V M7 does
not effect the performance of V M .y stomer, VMo and V M3
increase the response time of V M ystomer from 50ms to
over 60ms, although there is over 150% and 50% of the CPU
time available, respectively. This is due to context switching,
which is performed by the hypervisor itself, although each
VM has a CPU core for itself as there are 4 cores and 4
VMs. Consequently, this clearly shows that a certain amount
of free resources does not necessarily mean that every VM
is able to achieve its highest performance.

V M, starts at marker 5 and additionally increases the
response time of V' My stomer as it now shares a CPU core
with other VMs. Unlike in the previous situation, in the
current one it is clear that the performance is deteriorated
as the CPU is fully utilized. At marker 6 the load on V M,
is decreased to only 30% of its single CPU core, which
now leaves almost 50% CPU resources available on the
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Figure 4: Response time and the CPU utilization.

only slightly improves making it still almost double than the
initial value.

V' My is again fully loaded at marker 7, when an additional
V' M5 starts. Consequently, the response time of V My stomer
increases even beyond the value that is at marker 5, while the
CPU usage of the physical machine is the same, i.e., at 400%.
Finally, all VMs except V My stomer are turned off at marker
8, after which V' M, stomer continues running alone at marker
9, thus having the response time of 50ms as at the beginning.

The experiment shows that VM concurrency has a signifi-
cant impact on the performance of the customer’s application,
which cannot be directly detected by monitoring only the
CPU utilization.

V. CPU PERFORMANCE COEFFICIENT (CPU-PC)
In this section we use the measurements obtained in the
experiment in order to isolate a CPU related metric that has
direct impact on the performance of customer’s applications.

A. Provider - resource provisioning

Our previous analysis shows that resource utilization
cannot provide QoS information of the underlying resources.
However, in order to guarantee the QoS of the provisioned
resources, the provider has to be able to measure it. Therefore,
we analyse the results of the wait_sum metric, which
measures the amount of time a certain process had a task to
execute, but had to wait for the CPU to become available.
The results are shown in Figure 5 for the main process of
the V M ystomer and all its threads.

Besides the main process, only two threads exhibit some
activity, hence all others are merged into other threads in the
figure. For executing applications within a VM, a hypervisor
creates additional threads, such as threads 7'1 and 72, which
then perform tasks required by the applications. In our case,
thread 71 was created for executing the primes application.
However, the IaaS provider does not have this information,
and therefore must monitor the entire VM as a single entity,
hence it has to monitor the performance of all threads.

Summing up the obtained results for the wait_sum
metrics of all threads is not feasible as the threads can wait
at the same time, unlike metrics such as ut ime and stime
wl7loeore only a single thread or a process can use the CPU.

> 600 | |—Main process
£ 500 | |—Thread T1 |
Thread T2 I i
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Figure 5: wait_sum metric for KVM threads.



Therefore, we calculate a weighted average of the obtained
wait_sum values at every moment of the measurement,
where the value itself is taken as the weight. The reason for
this is that the bigger the wait_sum value the bigger is its
effect on applications running inside the VM. Finally, the
actual unavailability time of the CPU is calculated in the
following equation:
3y (wi)?
S (w3)
Figure 6 shows both the unavailable time and the response
time of the primes application. The vertical axes in the figure are
intentionally shifted so that the correlation between the metrics
is more visible. Figure 7 shows this correlation by plotting the
two metrics one against the other. The figure shows a slightly
exponential increase of the response time as the unavailable
time gets bigger. This is due to additional context switches and
the disk and memory usage for storing monitoring data, i.e., the
longer unavailability time assumes more concurrency on the
CPU, which usually includes other resources as well, such as
the disk and memory access in our case.

“

cpu_unavailable;[ms] =

B. Customer - resource consumption

In the previous section we were able to correlate the metric
measured on the hypervisor by the provider with the application
performance. However, if the customer himself cannot measure
the performance of the rented resources, then he/she cannot
know if the promised QoS is actually being delivered or not.
Therefore, we introduce the same metric as the one in the
previous section, however measurable by the customer.

We select the same metrics listed in Table II and composed
in equations 1, 2 and 3. However, we measure them on the
operating system running inside a VM, rather then on the
hypervisor, as the latter is not accessible to the customer. The
results are obtained from the same test that was executed in

Section IV in order to be able to compare the results.
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Figure 8 shows the CPU utilization of the primes appli-
cation, which follows the total system utilization calculated
by subtracting cpu;qie from 1. This shows that the primes
application is the only active process within a VM. However,
the cpusys metric calculated in Equation 1 shows lower
utilization than the previous two. From the system’s point
of view, the gap between cpugy,s and 1 — cpu;qe is neither
utilized nor idle, while the cpu,p, metric measures that
these CPU cycles are consumed by the primes application.
However, the lost cycles are actually cycles that are assigned
to other VMs by the hypervisor while the primes application
was executing on the CPU. Consequently, the cpu,y, metric
accounts for these cycles as they are consumed by the
application, while cpug,s does not.

We calculate the observed gap using the equation:

cpu_unavailable;ims] = (1 —u; — 85 —i0; — ;) - 10 (5)

which expresses the amount of time in milliseconds that the
CPU was unavailable. The results are plotted against the
response time in Figure 9. The figure provides the same
results as the ones shown in Figure 6, hence showing that
the lost cycles are actually the time that the VM waited for
the CPU. We repeat the procedure from the previous section
by correlating the two metrics in Figure 10. Finally, having
the same measurements from the provider and the customer,
we are able to derive a unified performance metric based on
the real-time CPU provisioning.
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C. Unified performance metric

In this section we utilize the results obtained in the previous
sections in order to derive the CPU Performance Coefficient
(CPU-PC). We do this by normalizing the values obtained
in milliseconds between 0 and 1 as shown in the following
equation:

Cpuuncwailable[ms]
CPUcores * ti [ms]
where cpuores represents the number of CPU cores assigned
to the monitored VM. Consequently, metric values closer to
1 represent better CPU performance, while values closer to

0 represent worse CPU performance.

It is important to notice that the proposed metric measures
the quality of only those CPU cycles that are actually utilized
by the customer. If the customer’s VM is 100% idle, the
provider is able to use those cycles for other VMs without
effecting the performance of the former one. This is due
to the raw metrics used for calculating CPU-PC, which
are increased only if the customer’s VM had something to
execute, but was not able due to the other VMs.

The usability of the proposed metric spans from research
to industry. As noted in [26] researchers often fail to include
the performance variance when Clouds are used in scientific
experiments, hence obtaining the results that are influenced
by deteriorated performance of the underlying resources.
Consequently, Cloud customers require metrics in order to
find out ”if any occurring performance issue or failure is
caused by the provider, network infrastructure, or by the
application itself [8]”. Finally, “monitoring may allow Cloud
providers to formulate more realistic and dynamic SLAs
and better pricing models by exploiting the knowledge of
user-perceived performance [8]”.

CPU-PC = (6)

VI. EVALUATION

We evaluate our approach by running several applications
and correlating their response times with CPU-PC, both for
the provider and the customer. The evaluation testbed follows
the same setup as the one described in Section IV and shown
in Figure 3, where the application is executed within a VM.
For our evaluation we utilize the following applications and
give examples of Cloud services where these applications
are deployed on top of IaaS to demonstrate real world usage
of our approach:

o FFmpeg [10] - an open-source application for recording,
converting and streaming audio and video. FFmpeg
is used as part of Monster Muck Mashup’, a video
conversion service, built as a VM image ready for
deployment on Amazon EC2. In order to measure the
response time of the video conversion, we modify the
source code by adding a timer, which measures the
response time for rendering a single frame.

e MongoDB [11] - an open-source NoSQL document
database, written in C++. An example of MongoDB be-
ing deployed on IaaS is MongoHQ that offers MongoDB

7 https://aws.amazon.com/articles/Python/691

instances as part of their PaaS, which is deployed on
top of Amazon EC2. For measuring the response time
we benchmark the database and measure the throughout,
based on which we calculate an average response time
within the measured interval.

o Ruby on Rails [12] - an open-source web framework.
Heroku offers the framework as part of their PaaS,
which is also hosted on Amazon EC2. We benchmark
the framework by sending http requests and measuring
their response time.

In order to minimize the impact of the workload and
implementation inputs on the response times, we use the same
application’s configuration and user workload, such as a video
file for FFmpeg, for all our tests. The performance impact of
resources other than the CPU are minimized by leaving them
unutilized by other applications. For this purpose we run
benchmarks for MongoDB and Ruby on Rails directly from
the hypervisor, hence avoiding any network traffic as the
virtual network between the hypervisor and VMs is used for
the communication. Additionally, we use the cpuset® pseudo-
filesystem interface in Linux for dedicating a single CPU core
for the benchmark application. Therefore, the background
CPU load does not have any impact on the benchmark itself,
rather it affects only the monitored application.

A. Evaluation results

Figures 11, 12 and 13 show evaluation results for FFmpeg,
MongoDB and Ruby on Rails, respectively. Since the metrics
from the figures are measured from different locations and at
different frequencies, their timestamps are unsynchronized.
Therefore, we resample the traces and use the moving average
to get synchronized values and then correlate them on the
graphs.

Figures (a) show the response times measured at the
application level as the baseline performance metric. Its
increase is caused by the background CPU load of additional
VMs executed on the same server. CPU-PC metrics measured
both by the provider and the customer are shown in Figures
(b) and (c), respectively. As it can be seen from the
figures, the proposed metric follows the performance of the
applications, or more precisely it affects their performance
by limiting the access to the CPU at a given moment due to
the neighbouring VMs.

CPU-PC measured by the customer in Figures (c¢) shows
slightly higher values at the beginning and at the end of
the traces, although the background CPU load is minimal
here. This is due to the CPU activity for handling software
and hardware interrupts, which is not included in the CPU
utilization. Additionally, due to the time gap between the
readings of all raw metrics, customer’s CPU-PC exhibits
more noise than the provider’s metric, as the provider’s CPU-
PC uses a single raw metric, which is already refined using
Equation 4.

Figures (d) show the correlation between the response
times and CPU-PC metrics, where the correlation is above

8 http://man7.org/linux/man-pages/man7/cpuset.7.html
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Figure 12: MongoDB evaluation results
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Figure 13: Ruby on Rails evaluation results

0.9897 and 0.9967 calculated using the R-squared measure
for MongoDB and Ruby on Rails, respectively. Slightly lower
correlation is achieved for FFmpeg, namely 0.9557. This is
due to rendering of different frames of the input movie,
which exhibit different response times regardless of available
underlying resources.

To summarize, the results demonstrate the feasibility of the
CPU-PC metric in real world systems, where both providers
and customers can monitor the quality of delivered resources,
specifically the CPU, without benchmarking and monitoring
the unreliable response time.

B. Metric availability

Here we analyse the availability of raw metrics used for
calculating CPU-PC on different operating systems. We focus
on the KVM hypervisor and Linux distributions. Table IV
shows the list of tested Linux distributions.

Distro Version Kernel CPU.PC CPUPC
provider | customer

Ubuntu 12.04.4 3.2.0-65 native calculate
Xubuntu 14.04 3.13.0-24 native calculate
Kubuntu 14.04 3.13.0-32 native calculate
Lubuntu 14.04 3.13.0-32 native calculate
Debian 7.6 3.2.0-4 module calculate
Mint 17 3.13.0-24 native calculate
Fedora 20 3.11.10-301 module native

CentOS 7.0.14 3.10.0-123 module calculate
Arch 2014.08 3.15.7-1 native native

OpenSUSE 13.1 3.11.6-4 native native

Knoppix 7.1 3.9.6 module native

Gentoo 2.2 3.6.8 module calculate

Table IV: Availability of CPU-PC raw metrics

All tested distributions support CPU-PC from a customer’s
point of view, as the customer’s CPU-PC uses standard

CPU utilization metrics, which is calculated in Equation 5.
Additionally, distributions such as Fedora, Arch, OpenSUSE
and Knoppix provide a separate raw metric referred to as
stolen_time, which represents the CPU unavailability
within a VM calculated in Equation 5. For the provider,
all tested distributions also support the wait_sum metric.
However, some provide native support by including the raw
metric within the proc filesystem, while others require a
Linux module [27] to obtain the metric from the Linux
kernel and include it in proc.

VII. CONCLUSION AND FUTURE WORK

In this paper we have shown that both the response
time and the resource utilization depend on several factors,
which may be under the management of different entities.
Consequently, they cannot be used in a straightforward
manner for monitoring only one of these factors, such as
resource provisioning. In order to overcome this shortage,
we introduced the CPU Performance Coefficient (CPU-
PC), a metric that measures the performance of the hosted
applications in a virtualized environments. The metric isolates
the impact of a single factor on the application performance,
namely the CPU resource, hence allowing providers and
customers to measure the quality of the CPU resource being
provisioned and consumed, respectively.

Correlation results with R? above 0.9557 obtained using
real world applications show the reliability of the proposed
metric in real world systems. Additionally, the wide ac-
cessibility of raw metrics required for calculating CPU-
PC provides a straightforward approach for implementing
the latter in existing Cloud monitoring services such as
New Relic, or monitoring tools such as M4Cloud [25], by
simply writing a plugin for a composite metric. This makes
the CPU-PC metric relatively easy to use for analysing
different isolation techniques, such as hypervisors and Linux



containers. Furthermore, the efficiency of consolidation
algorithms can also be evaluated using the proposed metric,
as they usually exhibit performance trade-offs along with
their goal for increasing the utilization.

In our future work, we plan to apply the CPU-PC metric
on higher layers of Cloud services, such as time-shared VMs
as part of PaaS and SaaS. Additionally, testing and expanding
the approach on different virtualization environments, such
as Xen and VMware, would provide a more comprehensive
metric. Furthermore, resources such as memory, storage
and network bandwidth can also play an important role
in the application’s performance. We plan on developing new
performance metrics for each resource, and finally deriving
an ultimate performance metric for resource provisioning.
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