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Abstract

The trend of cloud computing and moving services into data centres underwent an exponen-
tial growth in the last decade. More and more companies rely on the benefits a large data centre
can provide. Infrastructure as a Service (IaaS), Platform as a Service (PaaS), and Software as
a Service (SaaS) are popular products in the current technology area. Such an increase in com-
putational density in data centres around the world comes at a not to be underestimated prize
in terms of energy, cooling, and resource management. Reducing the total energy consumption
and increasing the efficiency of a data centre is a huge research area under the term Green IT,
which focuses on sustainable data centres and computing devices. Data Center Infrastructure
Management (DCIM) is a key component to increase efficiency and maximise the output of a
data centre. A key feature of DCIM is to provide accurate power values of individual devices
in real time. Monitoring every server with their own hardware power meter is financially not
feasible with the number of total servers in a data centre exceeding 100,000.

Therefore the Papillon system was created to monitor the energy and power consumption
without the need for physical meters. Papillon uses a mathematical model to estimate the ener-
gy and power consumption in real time. Each server reports specific usage metrics to a central
Papillon Server which then estimates the power consumption for the server and individual ap-
plications running on it. The model is specific to each server type and hardware configuration.
The power model only needs to be created once before the server goes into operation. This
work contributes to the existing Papillon technology stack by improving the model generation
and evaluating different approaches to increase the accuracy of power estimations. The power
model generation workflow is optimised and an artificial workload generator, which replicates a
live running server with real activity, is implemented. The new workflow and components are
numerically evaluated in terms of accuracy, various error metrics, and performance against va-
rious other modelling techniques. This thesis concludes with a comparison between the Papillon
system and simplified mathematical models proposed by other researchers working in the Green
IT field.



Kurzfassung

Der aktuelle Trend zu Cloud Computing und die Zentralisierung von Diensten in Rechenzen-
tren ist von exponentiellen Wachstum in den letzten zehn Jahren geprägt. Immer mehr Firmen
verlassen sich auf die Vorteile von großen Rechenzentren und den Angeboten in der Cloud. In-
frastructure as a Service (IaaS), Platform as a Service (PaaS) und Software as a Service (SaaS)
sind stark nachgefragte Produkte in der gegenwärtigen IT-Ära. Dieser enorme Anstieg in Re-
chenkapazität für weltweit agierende Rechenzentren hat starke Auswirkungen auf den globalen
Energieverbrauch, sowie die damit verbundene Abwärme und Kühlung. Die Verringerung des
Gesamtenergieverbrauchs und die gleichzeitige Effizienzsteigerung von Rechenzentren ist ein ak-
tuelles Forschungsgebiet welches unter dem Begriff Green IT behandelt wird. Green IT versucht
den Fokus auf nachhaltig operierende Rechenzentren und effiziente IT Ausstattung zu legen. Da-
ta Center Infrastructure Management (DCIM) ist eines der zentralen Komponenten um genau
diese Effizienzsteigerung zu erreichen. Eines der Hauptmerkmale von DCIM ist das Bereitstel-
len von genauen Stromverbrauchswerten für einzelne Geräte in Echtzeit. Die Überwachung von
jedem einzelnen Server mit dezidiertem Strommessgeräten ist aus finanzieller Sicht nicht durch-
führbar. Moderne Rechenzentren beinhalten über 100 000 Server.

Aus diesen Gründen wurde das Papillon System konzipiert, um die Energie- und Strom-
verbrauchswerte permanent ohne Messgeräte zu überwachen. Papillon verwendet ein mathe-
matisches Modell um die Verbrauchswerte in Echtzeit zu bestimmen. Jeder überwachte Server
meldet spezifische Nutzungsmetriken zu einem zentralen Papillon Server, welcher anschließend
diese Daten mit dem Modell kombiniert und den Stromverbrauch für den Server und einzelnen
Applikationen ermittelt. Das Modell ist spezifisch für jeden Servertyp und Hardwarekonfigurati-
on. Für jeden Servertyp muss daher nur einmal ein Strommodell erstellt werden bevor dieser im
Rechenzentrum eingesetzt werden kann. Der Beitrag dieser Master’s Thesis ist eine Erweiterung
und Analyse des vorhandenen Papillon Systems, im Besonderen Verbesserung der Strommo-
dellerstellung und die Analyse der Genauigkeit von Stromverbrauchswerten. Die Arbeitsabfolge
zur Erstellung von Strommodellen wird optimiert und ein synthetischer Belastungserzeuger für
diverse Nutzungsmetriken wird vorgestellt. Der neue Arbeitsablauf und neue Komponenten des
Papillon Systems werden anhand der Genauigkeit und Effizienz von Fehlermetriken analysiert
und verglichen. Zusätzlich zu den Verbesserungen zum Papillon System werden bereits exi-
stierende Energiemodelle und deren mathematische Algorithmen, aus dem Green IT Umfeld,
analysiert und mit dem neuen Papillon System verglichen.
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1

Introduction

This thesis describes improvements and evaluations to the Stratergia Ltd. Papillon system. The
Papillon technology stack is used in a data centre environment to monitor energy consumption
of individual servers and higher level topological groups of devices, such as racks and floors. The
key component is the power and energy estimation by using a mathematical model without the
need for hardware power meters on each device. The specific additions to the Papillon system
are described in this thesis and the power estimation accuracy is evaluated and compared to
different model types.

1.1 Motivation

Estimating the power consumption of a server is a non-trivial task. Usually data centres put in
hardware power meters to gather energy consumption values at higher levels, like a full rack or
floor in a data centre. Compared to measuring every single device independently, this reduces
the costs significantly, but at the same time the granularity is lost to distinguish individual
devices and servers. Since most of the hardware in data centres is produced in masses there is
only a limited number of different manufacturers and model configurations. Using a non-invasive
approach to estimate power consumption without the need for any additional hardware is a key
feature of the Papillon system created by Stratergia Ltd. This technology stack allows the data
centre operator to gain fine-grained energy and power consumption values for individual servers.
Incorporating this information into a larger system allows the data centre to reduce its overall
costs significantly.

Power estimation is the key part to increase the efficiency of Information Technology (IT)
equipment and reduce environmental impact. For each type of server a power model is created
before the server goes into use in the data centre. This mathematical model consists of various
correlating performance metrics from a running server and with power readings from a connected
power meter. The Papillon system then can use this model to estimate power values for running
servers in the data centre which report their performance metrics on a regular basis to the
Papillon system.

The motivation for this thesis is to improve the workflow of creating these power models
and increase the accuracy for different workloads and system utilisation levels. Various similar
techniques and approaches to power estimation are proposed and researched in academia, all
promising different levels of accuracy and usability. Currently no comparisons between the
Papillon power estimation process and other systems exists. Therefore it is necessary to prove the
validity and accuracy of the gathered power estimation values from a data centre environment.

1



1.2. Goals 1. Introduction

1.2 Goals

The goals for this thesis can be divided into four main parts, which are reflected in individual
components of the Papillon system:

Power Model Generation
The Papillon system is a collection of multiple tools and applications. The code base should
be unified and duplicated libraries and tools removed. The power model generation should
be as compact and portable as possible to allow for usage on different architectures and
operating systems.

Workload Generator
The current workflow for power model generation is a result of non-deterministic processes
which yield a non-structured power model. By using an algorithmic approach to create
an artificial workload on the server the repeatability and resulting accuracy of the power
model should be improved significantly.

Post-Processing and Optimisation
The newly introduced workload generator will most likely result in an upsurge of compu-
tational effort for each power estimation. Due to the centralised approach of the Papillon
system with a Server-Client architecture (see Section 4.1) an additional goal is to improve
the estimation performance for the central Papillon Server while simultaneously increasing
the accuracy.

Comparison and Accuracy Evaluation
Many researchers proposed simple linear power models. The Papillon system needs to be
compared and evaluated to support the accuracy claims and provide a solid empirical basis
for various error metrics. Various mathematical models as well as the usage of different
activity data gathered from the running system can be compared to each other and the
Papillon technology.

The work can therefore be split into a design, implementation, and evaluation section. The
implementation chunk of work includes the modifications to the existing Papillon system as well
as the extensions for new features like the workload generator and the post-processing pipeline.
The evaluation piece then uses the newly created tools to gather and evaluate power estimation
with different error metrics. The Papillon power estimation process will be compared against
other popular power modelling techniques found in related publications.

1.3 Outline

The first part of the thesis covers a brief introduction into the necessary fundamentals in Chap-
ter 2. Chapter 3 outlines previous research areas and related work, as well as other publications
in this field. Chapter 4 describes the Papillon technology stack, in particular the power esti-
mation and power model generation workflow as well as the state of the art in terms of model
generation and validation.

The second part of the thesis covers the contribution of this work in terms of design and
implementation in Chapter 5 and 6. The new power model generation workflow with a workload
generator and a post-processing and optimisation pipeline is explained and design decisions are
discussed. Finally, Chapter 7 presents the results of various experiments conducted to evaluate
the accuracy of the proposed changes to the Papillon system. This thesis concludes with some
ideas for future research and work in Chapter 8.

2



2

Fundamentals

In order to discuss this thesis a certain amount of vocabulary and terms are explained in this
chapter. The given definitions are specific to the energy and power modelling field, but may
be used in a broader scope with similar meaning. Since the field of energy efficiency in data
centres and power modelling only emerged in the last decade most of the research publications
uses slightly different definitions and meanings for new phrases. Therefore this thesis will use
exact definitions and refer to different meanings if needed.

2.1 Energy and Power Consumption

The term energy refers to the electric energy which is transferred and consumed by electric
consumers. For usages in electric application energy is measured in joules. Energy can only
be transferred and converted, but never be created or destroyed. This means that all energy
has to be accounted for after going through a device. For electric energy the most common
conversion is into thermal energy by heating up surrounding matter such as air, heat sinks, and
radiators. Usually only a small portion of the consumed electrical energy is actually used for
electric operations.

Power is the amount of energy consumed within a given time. Therefore power is measured
in joules per second, which is also abbreviated as watt. Using this definition leads to the derived
form of a joule, which can be expressed as a watt-second. Reversing this definition results in a
watt-hour, which is 3600 joule.

It is common to use kilo-watt-hours to measure electric consumption of devices, households,
or data centres. Using kilo-watt-hours yields handy figures for the electric company to be used
for billing purposes and such. From a pure physical and mathematical point of view this unit is
not very intuitive, since it is only a strange form of 3600 kilo-joule.

A list of common units and their corresponding alternative definition is given as follows:

1 J = 1Nm = 1 kgm2/s2

1W = 1 J s
1 kWh = 1000Wh = 3600 s kJ/s = 3.6MJ

Power describes an instantaneous rate at which energy is consumed, whereas energy refers
to a time-sensitive value. Stating or comparing energy values without mentioning the time
frame does not produce meaningful figures. Therefore the terms energy and power are used
interchangeably in this thesis with the definition of a 60 second measurement period, unless

3



2.2. Power Estimation 2. Fundamentals

stated otherwise. Additionally the Papillon system, described in Chapter 4, does not use a
strict definition in their power models and estimation workflow. The measurement in calorie and
electronvolt is not common for regular energy consumption in typical data centre or household
environments.

2.2 Power Estimation

Most IT devices in data centres consume a significant amount of energy depending on the current
load on the device. Therefore the data centre operator needs to keep track of the constantly
changing energy consumption throughout the various areas in a data centre, such as floors,
containers, racks, or even individual servers inside a rack or blade system.

Power estimation is only necessary for devices with load-depended power consumption. This
might be the case for servers, networking equipment, and storage devices. To a second degree
cooling is affected as well, but this is usually not part of the IT equipment, but instead is
accounted and managed by the infrastructure pool itself. Load-independent devices for example
are physical security measurements consisting of electronic gates, door access control systems,
and video surveillance equipment.

Therefore power estimation for the purpose of this thesis is always in respect to computational
activity on a device. An incoming request to a web server creates load on the network switch,
the server handling the request, a database server used for storage, a load balancer handling the
connection, etcetera. The basic approach is to use special metrics from the device and feed them
into a power model to get an approximated power value for the current sample. This means the
used metrics must be highly correlated to the real power consumption, otherwise the estimation
accuracy will be very low. With this definition a mathematical representation can be given as:

Pestimation = f(modelX , m1, m2, . . . , mn)

Pestimation is the estimated power consumption for the given sample.

f is the power estimation function, some form of algorithm or mathematical formula.

modelX is the static power model for a specific device X.

m1 . . . mn are the metrics of a given sample gathered from the device.

This defines the three requirements for accurate power estimation derived from the compo-
nents involved in the above mathematical representation:

• An algorithm to transform the given inputs into actual power values

• A power model representing the real power consumption of a specific device

• A set of activity metrics derived and gathered from the device

The resulting power estimation accuracy is solely based on the quality of these requirements.
The accuracy can be increased by providing better components or changing the composition of
one of the independent components.

4



2.3. Power Models 2. Fundamentals

2.3 Power Models

A power model correlates usage metrics with power values. Usually a static set of recorded
metrics is combined with power readings from a physical power meter connected to the System
Under Test (SUT). This data is commonly represented in a table-based structure and maps a
tuple of metric values to a power value.

All values are stored using the same units for each metric. This allows for simple comparisons
between different entries. Depending on the power correlation the entries can be sorted by the
strongest power-relevant metric.

Depending on individual metric definitions these values can either be gathered directly or
already contain combined values from multiple sources. This allows the power estimation to
work on a smaller set of metrics with a better power correlation.

Ideally the power model serves as look-up table during the power estimation. If the metric
values do not exactly match an entry in the power model the power estimation function has to
interpolate the correct power value solely based on existing entries.

5



3

Related Work

3.1 Existing Publications

Data centres are spread across the world and account between 1.5% and 2% of the global
electricity consumption according to Program [Pro07]. In recent years the growth rate was
approximately 12% and is predicted to increase steadily over the next decade according to Cook
and Horn [CH11]. Typical data centres take up an area of 30,000 sqft, consume 10 MW, house
1000 racks, each consuming 10 kW. This sums up to annual electricity costs of 8 million USD,
annual air conditioning costs between 2 and 5 million USD, as well as additional operation costs
for cooling between 4 and 8 million USD per year [Pat+03].

Modern data centres house over 100, 000 servers, consuming a total amount of up to 20MW
according to Katz [Kat09]. The number of servers increased by one or two orders of magnitude
since the late 1990’s and early 2000’s - and the number is still increasing at a fast rate. Due to
the usage pattern of servers the data centre rarely reaches a centre-wide energy peak, because
the servers tend to be underutilised the majority of the time, as shown by Ranganathan et al.
[Ran+06] and Barroso and Holzle [BH07]. According to Hamilton [Ham08] power infrastructure
costs account for about 80% of total data centre facility costs, but of which only 40% are used
for operational costs and IT equipment. Therefore power consumption is a first-order design
constraint in data centres [Dav+11].

By resizing the power supply units to a more likely nominal value Wang et al. [Wan+14]
were able to install up to 50% more server into their data centres. Using such approaches the
energy consumption has to be closely monitored to prevent the equipment from failing during
peak usage, which might lead to expensive repairs and downtime.

Monitoring and controlling the power consumption of servers in a data centre is an important
task to avoid peaks in power supplies and also to stay within the agreed power budget of
the electric company. To ensure that the power consumption stays below a certain threshold
each system can be limited with a power cap. Before reaching a certain power value a server
could be capped by reducing the Central Processing Unit (CPU) frequency and voltage with
Dynamic Voltage and Frequency Scaling (DVFS) or by limiting the memory access speed. Chen,
Wang, and Li [CWL11] proved that such techniques can successfully reduce the risk of power
consumption peaks in a data centre-like environment.

A data centre-grade server usually consumes between 40% and 60% of the maximum peak
power during system idle periods [Kat09]. Typical utilization values for servers are 15% or
less on average. This creates the possibility to consolidate workload onto a single server with
virtualisation by using multiple virtual machines. With different virtualisation approaches one
can increase the utilization up to a value of about 80% - which leaves a small window of operation
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to account for usage variations [Kan].
Comparable metrics to characterise data centre efficiency are introduced by Belady [Bel07].

The Power Usage Effectiveness (PUE) describes the ratio of energy used for IT equipment to the
total energy consumption of a data centre annually. It gives a simple comparable number which
can be used in a broad spectrum. The best value would be 1.0, meaning every bit of energy
consumed went straight into IT equipment (meaning servers and computation), current data
centres have a PUE between 2.0 (first generation data centres) down to 1.2 (state of the art).
The Data Center Productivity Index (DCPI) takes a slightly different approach by defining the
ratio between the amount of useful work over the total consumed energy by the facility. The
PUE has a disadvantage in the sense that if one upgrades only the IT equipment, but leaves the
rest of the infrastructure untouched, the PUE will in fact increase, which is counter intuitive
for a data centre energy efficiency metric. As Patterson et al. [Pat+13] stated “PUE is an
infrastructure measure, to trend changes in the infrastructure over time, not to trend changes
in the IT equipment. Changing the IT equipment is changing the baseline.”

In typical Platform as a Service (PaaS)-based environments the provider usually wants to bill
certain resources proportionally to each customer. Billing energy consumption for total servers
is comparable easy, as long as each server is attributable to exactly one customer. In virtualised
systems this becomes more and more difficult. Therefore tracking of individual applications
is necessary to collect usage statistics for billing purposes. Such techniques are proposed by
[Sno+09], [Zen+02], and [FS99].

Measuring power and energy consumption can be quite expensive if the number of devices
is very high. Installing a power meter on every server in a data centre is financially not feasible
and would lead to an increased number of maintenance costs to operate such devices. For these
reasons software-based modelling of power and energy consumption is considered as alternative
solution. Economou, Rivoire, and Kozyrakis [ERK06] introduced the concept of using a com-
putational model to estimate the power consumption of a running system. Similar approaches
with different use cases and refinements are proposed by [Riv08], [BJ07], and [FWB07].

According to Economou, Rivoire, and Kozyrakis [ERK06] power modelling can be divided
into two broad classes by either using power measurements with a hardware power meter, as
shown by [CM05], [CFR02] and [FS99], or by using simulated components and models the power
consumption of individual parts in a pure software-based solution, as shown by [Bel00], [CKE00],
[Gur+02], and [BTM00].

Measuring the energy consumption of physical components can be used to get an aggregated
energy estimation for a specific Device Under Test (DUT). Most researched components are
CPU, volatile memory (including bus communication), and hard disks (storage) - which make up
for most of the consumed energy as shown by Kansal et al. [Kan+10] and Rivoire, Ranganathan,
and Kozyrakis [RRK08].

Hardware manufacturers are aware of the trend to increase energy efficiency across compo-
nents and systems. Minas and Ellison [ME09] describe several sources of power consumption
in a data centre and servers by using techniques to “break down power consumption into its
constituent parts” and try to “systematically provide guidance for minimizing each draw on
electrical power” [ME09].

Castañé et al. [Cas+13] and Rivoire et al. [Riv+07] provide some insight into modelling
different components which can run in various power states during runtime. Modern CPUs can
operate on multiple frequencies and voltages, each state consuming different amounts of energy.
Hard disks and volatile memory can be operated in similar ways to either increase throughput
or energy efficiency [BJ07].

The CPU is one of the largest contributors to energy consumption and thus widely in-
vestigated in [Nat+09], [Bel00], [IM03], [SH01], [BTM00], and [SC01]. Increasing the energy
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efficiency of processors was one of the easiest solution to reduce the overall energy consumption
in the early days. Using techniques such as DVFS most modern servers are far more efficient
than their predecessors as shown by Orgerie, Lefevre, and Gelas [OLG10]. The CPU can be
used as a first-order proxy for energy estimation [RRK08].

Lent [Len13] considered the volatile memory, like Random-Access Memory (RAM), to be
part of the CPU in their model.

Lin et al. [Lin+08] claim that a large amount of RAM can consume similar amounts of energy
as the system main CPU, which would therefore be a non-negligible component.

Although there are various studies investigating and modelling energy consumption of volatile
memory ([Raw04], [Jan01]), and hard disks ([Zed+03], [KGS06]), Zhang et al. [Zha+13] came to
the conclusion that hard disks have almost constant power consumption. A similar conclusion
can be drawn for networking devices, such as a Network Interface Controller (NIC), which
consume power at an almost constant level, independent of the workload according to Heath et
al. [Hea+05] and Nedevschi et al. [Ned+08]. Never the less these components can still contribute
a large amount to the total idle system power.

Newer storage technology like Solid State Drive (SSD) consume up to 75% less energy than
their spinning counter-parts [EKR02].

Using power models to predict the power consumption without actually measuring it can be
done with various approaches. Most commonly hardware performance counters [Mai+14] and
Operating System (OS)-based utilisation metrics [RRK08] are used. The simplified approach is
to find a correlation between a (sub-) set of these metrics to the power consumption of the SUT.
The SUT is connected to a wall power meter and an application on the SUT records various
metrics and performance counters. This data set is then fed into a mathematical model to find
correlations and compute a power prediction model based on the recorded data. Linear regression
models are very common and widely adopted [Che+08], [Che+10], [Hea+05], [Ber+10], [LTG12],
[FWB07], [SF10], [LB06], [SBM09], [LPF10], [Len13], and [Dav+11].

Steinder et al. [Ste+08] and Fan, Weber, and Barroso [FWB07] claim that CPU fits a linear
relation to power consumption, but according to Orgerie, Lefevre, and Gelas [OLG10] this is
not the case for most systems. OS design can have a big impact on energy efficiency. Real-
time, embedded, or full-stack OSs will result in a major impact on system energy consumption
[Bay+01]. Furthermore Ruth [Rut09] proof that “the link between what we use (load and
performance) and what we pay (electric consumption) is not linear”.

Non-linear-based power models were recently published by Li et al. [Li+12] and Dhiman,
Mihic, and Rosing [DMR10], which prove to be more accurate over a larger range of server
utilisation, without too much computational overhead.

Due to the increased adoption of virtualisation in data centres measuring and modelling of
power consumption for physical machines is not sufficient any more, therefore predicting a virtual
power consumption of virtualised machines was proposed by Yang et al. [Yan+14], Bertran et al.
[Ber+12], and Chengjian et al. [Che+13].

This thesis builds on the previous work of Tranninger [Tra13], Kampl [Kam13], and Abraham
[Abr15]. All of the mentioned work was performed in cooperation with Stratergia Ltd. The
Papillon system is described in [Dal+12].
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3.2 No Hardware Required: Building and Validating Composable
Highly Accurate OS-based Power Models

Approximately 80% of data centre facility costs and 40% of operating costs account for power
infrastructure in state-of-the-art data centres [Ham08]. Davis et al. [Dav+11] created an auto-
matic framework for modelling power consumption in single nodes and clusters of node servers.
The model uses only OS-level performance counters and is therefore cross-platform compatible.
The validation of the created models “yields highly accurate predictions without the intru-
siveness and/or the correctness and portability problems of hardware performance counters or
board-level measurements”, according to their publication [Dav+11].

In addition to the new modelling framework, the authors defined a new error metric called
Dynamic Range Error (DRE), which gives a tighter bound for dynamic systems compared to
existing metrics. According to their research, this is the “most complete study of system power
modeling”. Well-known error metrics, such as mean-squared-error and median error, are “difficult
to compare across platforms” depending on large differences in operating power of each machine.
Results might get skewed if the overall power contains large static components, e.g. idle power
consumption. Therefore the only relevant part, in terms of objective accuracy, is the dynamic
variation in power of a machine. The Dynamic Range Error (DRE) is defined by [Dav+11] as
“the root-mean-squared error divided by the dynamic range”.

The measurement infrastructure used for their tests and model creations includes an indi-
vidual power meter for every machine in all clusters. The power measurements are recorded and
stored on each machine over a USB port. As software platform the authors chose Microsoft Win-
dows Server 2008 R2, which provides a standardised interface for OS-level performance counters
using the Windows perfmon utility.
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Figure 3.1: The piecewise linear model (full line) can predict the full-system power range,
while the trained model (dashed line) cannot. Adapted from Davis et al. [Dav+11].

The results shown by Davis et al. [Dav+11] clearly indicate that piecewise linear power
models outperform purely linear CPU-based power models, as visualised in Figure 3.1. The full
dynamic range of a machine cannot be modelled with a linear model using only CPU utilisation.
The authors state that the results “are typical across all platforms” and therefore only data
for a single cluster and workload type was presented in their publication. The achieved power
modelling accuracy ranges from 0.5 to 2.5% for median error and rMSE. The newly introduces
error metric DRE settles below 10%.
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3.3 Demystifying Energy Consumption in Grids and Clouds

Orgerie, Lefevre, and Gelas [OLG10] address some theoretical assumptions about energy effi-
ciency in large-scale distributed systems, such as large data centres. By conducting multiple
small- and large-scale experiments in regard to these assumptions and theories they can correct
a few of the most common misconceptions.

Energy consumption of a system depends on the OS in use. The monolithic Linux kernel has
full control over all hardware-related aspects and can regulate various parameters to manipulate
activity and energy consumption. Comparing multiple different Linux kernel versions clearly
shows variations in power consumption with identical workloads. Technologies such as Dynamic
Voltage and Frequency Scaling (DVFS) allow the OS to change and adapt energy levels on-
demand, but are “rarely exploited by default” according to Orgerie, Lefevre, and Gelas [OLG10].
Recent developments in kernel capabilities reduce the number of wake-ups significantly by using
a tickless kernel mode, also called Dynamic ticks. This keeps the processor idle for as long as
possible and only triggers a wake-up if required, but not periodically as without Dynamic ticks.

The authors state that “most facilities lack energy sensors and online power-monitoring
tools”, which is due to financial reasons in large data centres. This limits the capabilities in
terms of monitoring and saving energy. Experiments conducted by Orgerie, Lefevre, and Gelas
show that the general assumption of direct proportional CPU to energy consumption relation is
actually wrong for most systems.
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Figure 3.2: Comparison of the energy consumption of three applications that fully load the
CPU. Adapted from Orgerie, Lefevre, and Gelas [OLG10].

In addition to the non-linearity of CPU and energy, the actual workload or application
running on the CPU affects the total energy consumption significantly. Figure 3.2 shows 6
different systems, each running three types of applications that fully load the CPU to constant
utilisation level of 100%. The bar chart clearly shows that different applications yield multiple
different energy consumption values depending on the machine. The authors conclude, that
“the difference can reach 14% (compared to the idle consumption of the node), which is not
negligible”, and that CPU utilisation impact on power consumption is not linear as stated in
various other publications. Total CPU usage reported by the OS is not a valid indicator for
actual work performed on the chip, since 100% usage does not necessarily relate to maximal
power consumption. The authors try to explain this observed behaviour with a dependency of
power to “the [currently executed] instructions [...] or the quantity of RAM accessed by the
running applications”. Similar experiments yield the same result for networking devices and
disks.
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3.4 Full-System Power Analysis and Modeling for Server Environ-
ments

Economou, Rivoire, and Kozyrakis [ERK06] introduce a power modelling system called Mantis.
According to their own definition, Mantis is a “non-intrusive method for modeling full-system
power consumption [... and provides] real-time power predictions”. This systems uses a one-time
calibration phase, during which user-level system utilisation metrics are correlated with power
readings from a connected AC power meter.

Mantis uses a similar approach as Stratergia Ltd. Papillon, described in Section 4.1. Fig-
ure 3.3 shows the different stages used to create a Mantis power model and how to use it for
power predictions. The authors state that power predictions in Mantis work by “correlating
a few user-level utilization metrics or hardware performance counters with power consumption
during a calibration phase”. Depending on the update frequency the utilisation metrics are
recorded and evaluated, the power estimations can be nearly instantaneous.

1. Run Calibration Scheme

2. Fit Model Parameters

3. Power Prediction

Figure 3.3: The stages of Mantis model development and use. Adapted from Economou,
Rivoire, and Kozyrakis [ERK06].

The first stage consists of a calibration process by running “benchmarks that individually
stress each major component of the system under test in order to derive the basic correlation be-
tween its utilization and power consumption”, according to the Mantis definition of the authors.
The second stage uses a linear program to fit special model parameters to the data. This process
is only performed once for every new system type, “most likely by its vendor”, as reported by the
authors. Finally the third and last stage is the actual power prediction during which a server is
continuously monitored and the live utilisation metrics are used to derive “accurate predictions
of overall and component-level power consumption”.

In addition to the Mantis system, the authors studied the power consumption of a blade
system. In order to get power values for various components of a server, multiple power meters
were connected to the four power planes inside the server. The resulting power consumption
distribution can be seen in Figure 3.4.

In order to get a detailed list of power consuming components inside a blade system, the ex-
isting power planes with different voltages have been observed. The four power meters measured
the following components:
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Figure 3.4: The component breakdown of the blade’s measured power consumption.
Adapted from Economou, Rivoire, and Kozyrakis [ERK06].

Processor connected to a 12V power plane is expected to be the largest power consumer in the
system. Depending on the mode of operation in regard to DVFS the actual power reading
might change significantly over a given time period.

Memory connected to the same 12V power plane as the CPU was physically extended with an
extra sense resistor. According to the research conducted by the authors, memory is still
an uncertainty in terms of power consumption, compared to other components.

Disk connected to a 5V power plane include spinning hard disks, as well as SSDs which can
consume significant amount of power as well.

Network and other peripherals connected to a 3.3V power plane includes regulators, supplies,
and other parts of the remaining system.

The full blade system was utilised by running different benchmarks and applications. The
resulting power fragmentation across all power planes can be seen in Figure 3.4 for each applica-
tion. The authors conclude that networking and other peripherals consume an almost constant
level of power across all applications and workloads. The same assumption can be made for
the disks used in their blade server. As expected and assumed by previous publications, CPU
and memory contribute the most to the overall power consumption. These two components are
basically the only ones with varying power values on different applications. This indicates a
stronger correlation to power than other components.
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4

State of the Art

4.1 Stratergia Papillon

The work of this thesis is based on the existing Stratergia Papillon system. Stratergia Ltd., an
Irish-based company developed the Papillon system and tries to improve data centre workflows
and energy efficiency. According to their own definition1:

Stratergia is the global leader in non-intrusive, meter-less, data centre power mea-
surement and management systems.

The introduction and definition of the Papillon system and the mission statement can be
obtained from their website2:

Profiling and Auditing of Power Information in Large and Local Organisational Net-
works (PAPILLON) is a unique and innovative, comprehensive power management
system, measuring server and application - level power consumption in continuous
time without the requirement of any additional hardware. It is simple and intu-
itive to use, operates in any common operating system and can be downloaded and
installed ready from the Stratergia website.

This section was jointly written by Thomas Kriechbaumer and Matthias Vierthaler, who
both worked at the same time on individual parts and experiments in the context of Papillon.

4.1.1 Main Features

The needs of a data centre operator are spread over a broad band of Data Center Infrastructure
Management (DCIM) functionalities and components. Papillon provides a uniform access pat-
tern to the most important areas in relation to energy, efficiency, and infrastructure management
in general. The main features can be outlined as follows:

• overview of registered servers

• current and past estimated power usage per server

• current and past top three processes with respect to power and CPU usage
1http://stratergia.com/
2http://stratergia.com/papillon/introduction/
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• reports with different metrics

• give power related information without the need of an power measuring device

Since every component and feature build on top of a central database it is easily extendable
and configurable to the specific needs of the data centre operator. In addition to the software
solution provided by Stratergia, it is possible to create extensions utilising the available data to
provide custom solutions.

4.1.2 Architecture

In order to keep a flexible approach that scales well with many servers a server-client approach
was chosen. In this scenario a client is one of the machines whose power demands are in question.
The client periodically sends its necessary utilisation characteristics to the server. This is also
referred to as active client, since the client is the one sending data messages. The server is only
receiving and storing the information in a database for later use. For each new client utilisation
message the server computes the corresponding power value and stores them together with
additional information about individual application usage metrics.

Every Papillon-monitored environment has one designated Papillon Server which keeps track
of all clients and their power-related values. The communication between the server and client,
as well as other components, is handled via a single interface which builds on a Representational
State Transfer (REST) web Application Programming Interface (API) with Hypertext Transfer
Protocol (HTTP) as exchange protocol. This means that for the default HTTP calls RESTful
API endpoints are implemented which handle GET, POST, PUT and DELETE according to the REST
software architecture style.

Finally a user interface is provided in form of the Papillon Dashboard, which visualises
the gathered information and manipulates database entries via API calls on the server. This
component is optional and is normally installed on the same machine as the server software is
running on. Since the API is well documented and accessible to everybody each customer can
add functionality specific to their use case and data centre structure.

Dashboard

Server

API

Client 1

API

Client 2

API

Client 3

API

Database
SQL

Figure 4.1: The relationships between Server, Client and Dashboard in the Papillon system.

The relationship between these components is depicted in Figure 4.1. In the currently
deployed Papillon systems the clients only use a single API call to report data to the server.
The server stores and manages data entries in the database and serves as data source for the
dashboard or other user interfaces.
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4.1.3 Power Estimation and Application Power Consumption

Since it is cumbersome for a data centre operator to install physical power meters for all servers
and devices the Papillon system provides a virtual power meter to monitor the devices. The
power consumption for each server can be viewed in one minute intervals. Additionally to the
total power consumption per server each data entry contains the applications running on indi-
vidual servers. The total power consumption can be split up to indicate the shares contributed
by each application. With this feature it is possible to compute a specific power consumption
for individual applications and process groups, such as database, email, or web servers.

To allow Papillon to estimate the used power for a device, a power model is created specifically
for this hardware configuration and server type. The first stage is to generate such a power model
once before the server goes into live operation within the data centre. This power model is then
used by the Papillon system to estimate the needed power based on live data collected from each
monitored server. Since most data centres tend to have a very homogeneous hardware equipment
and a limited list of server manufacturers the number of different power models which have to
be created will be manageable.

4.1.4 Papillon Server

The Papillon Server is the central information hub in a Papillon environment. It provides an
interface to the database entries and services API requests for host clients and other Papillon
applications. Each Papillon Client sends data to the central Papillon Server which computes
power values and stores all the messages in a database.

The server application is a Java-based web application deployed to a single Apache Tomcat
[Pro15] instance. The back-end database store is accessed via an interchangeable Java Structured
Query Language (SQL) adapter and uses MySQL in the default installation. Since Apache
Tomcat is available on all modern platforms the Papillon Server can be deployed to almost all
OSs and web-capable platforms. The interface provided by Apache Tomcat is an open source
project which exactly fulfils the purpose of executing Java code an a web-based architecture.

The publicly documented API accepts either JavaScript Object Notation (JSON) or Ex-
tensible Markup Language (XML) data messages and is capable to distinguish between those
formats on a request-by-request basis.

The currently implemented Papillon Server API does not support authentication or autho-
risation. Therefore it is necessary for the data centre operator to provide a suitable security
model on top of deployed Papillon system. This is likely to change in the upcoming versions as
development advances.

4.1.5 Papillon Client

The Papillon Client is a small application installed on every monitored host. Its small footprint
does not affect normal operation and does not require special privileges. Running as background
service allows it to silently collect usage information and report it to the Papillon Server.

Usage data is gathered every minute for individual metrics and each sample is sent to the
server automatically. Therefore it must be supplied with necessary configuration about Papillon
environment:

• domain name or Internet Protocol (IP) address of the Papillon Server

• Transmission Control Protocol (TCP) port on which the server is listening
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• Host ID, individual to each server

Some usage metrics need higher granularity on their reading, therefore the Papillon Client
may perform a small amount of work more often then the regular one-minute interval. Since the
only communication between client and server is done via the public API, there is no limitation if
both are installed on the same machine. It is therefore possible for a Papillon Server to monitor
itself as well as other servers only running the Papillon Client application.

Similar to the Papillon Server, the client is designed as Java-based application. This allows
the data centre operator to monitor Microsoft Windows, Linux-based, and Mac OS X-based
systems in a unified infrastructure using the Java Virtual Machine.

Due to the regular monitoring interval the Papillon Client is expected to run during all times
a server is operating in the data centre. This will generate a steady stream of usage information
stored in the Papillon Server and can be accessed and analysed at any time by the data centre
operator.

In addition to the main usage metrics a set of application-specific information is recorded
and stored together with the regular entries. Currently the three CPU-heaviest processes on the
system are recorded and transmitted to the Papillon Server to indicate which application cause
power spikes or are responsible for high power consumption periods.

4.1.6 Papillon Database

The Papillon Server is the only component which requires direct access to the database. All
data manipulation operation pass through an Structured Query Language (SQL) interface to the
MySQL database management system running in the Papillon environment. Since the queries
are all defined as prepared statements the actual database system could be swapped out for
a different engine, such as PostgreSQL or MariaDB using a different Java database connector
library.

All data entries are stored in a relational database. Depending on the access pattern various
indices are added to improve performance and querying speeds. Since many hosts are monitored
at the same time it might be necessary to implement sharding to reduce performance bottlenecks.
The basic database schema contains the following data models and tables:

Data Centres, Floors, Racks provide a simple way to topologically group multiple hosts into
individual subgroups based on the actual physical placement inside a data centre.

Hosts are servers with an active Papillon Client running and reporting data back to the Papillon
Server. The Host ID from this database entry must be configured in each Papillon Client
to identify the data messages during transmission.

Power Model Groups and Power Models store the information necessary to estimate power based
on activity metrics. These power models are created and grouped by different server man-
ufacturers, server models, and hardware configurations.

Activity and Application Usage Entries contain all the activity information a Papillon Client
has transmitted to the Papillon Server on a regular 60 second interval. These values are
used to estimate the power value with the power model assigned to the host. Each entry
is timestamped and stored in the database after the power estimation finished.
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Figure 4.2: The dashboard shows the host administration page for the data centre operator
to manage, add, and modify host entries in the Papillon database.

4.1.7 Papillon Dashboard

Since every monitoring system needs an interface to visualise and present the collected data
the Papillon system provides the Papillon Dashboard as default user interface for data centre
operators. It provides easy access to all management functionalities and database access for
basic add, modify, and delete operations. Since the dashboard uses the public API of the
Papillon Server it is easily exchangeable for a customised dashboard or even completely different
application sitting on top of the API.

The dashboard can be used to add new hosts and view the power consumption and application-
specific power values over a selectable time period. Different evaluation methods and reports
can be created and downloaded via the browser. It is an optional component that is not required
for regular operation, but acts merely as a user interface. The dashboard is a single-page web
application and uses AngularJS and Bootstrap as web frameworks. The key features provided
to the user are:

• manage infrastructure in data centres, racks, floors, and hosts

• manage power model groups and power models for different hardware configurations

• assign hosts with power models

• show inactive hosts and hot-spots

• render a power consumption graph per host and applications

• give visual feedback regarding the power value of hosts

Figure 4.2 shows the host administration page. This page provides information about all
Papillon-monitored hosts and power model mappings. The Host ID can be acquired from this
list to configure individual Papillon Clients. Basic search and filtering functionality is accessible
via the top right corner menu. On the left an access menue to various other data models is
visible.
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4.2 Power Estimation

The current state of power estimation used by the Papillon system needs to be defined and
evaluated in terms of accuracy and efficiency. This is done in the following chapters of this thesis.
To provide a uniform power estimation across platforms and server types a strict specification
of all involved metrics, values, and their units is needed. Currently the Papillon system uses
different definitions on Microsoft Windows and Linux-based OSs.

A Papillon power model combines CPU, disk, and network metrics with a power reading from
a connected power meter during the power model generation. To achieve a uniform power esti-
mation these values and their usage must be strictly defined in terms of measurement technique,
units, sampling rate, and if required raw value processing of individual metrics.

The estimation algorithm used by Papillon is based on the k-Nearest Neighbours (k-NN)
with a neighbourhood size of 10. Due to different metric units all values are normalised to
the interval [0, 1] before being used. This can be achieved by dividing all values of a given
metric with the maximum value. To ensure consistency and prevent runtime errors a check for
0-values is in place. The resulting data points are then used to compute a weighted average
power value which is the final power estimation for a given input. The weighting is based on the
Euclidean distance of the ten neighbours to the input point. Since Papillon uses three metrics
for estimations this can be represented by a three-dimensional space. The Euclidean distance d
of two points p and q in three dimensions is defined as

d(p, q) =
√

(p1 − q1)2 + (p2 − q2)2 + (p3 − q3)2

1 // input with arbitrary values
2 input = ( cpu=42.314 , d i sk=123456 , net=987654)
3
4 // get power model for current server type
5 model = get_model_for_server
6
7 // find nearest neighbours , see Listing 4.2
8 neighbours = f ind_neighbours ( model , input )
9

10 // square distance difference between input and neighbours
11 input = normal i se ( input , model )
12 neighbours = normal i se ( neighbours , model )
13 weights = ( sqr t (3 ) − euc l idean_di s tances ( input , neighbours ) ) ∗∗ 2
14
15 // apply weights to power values
16 weighted_power = neighbours . power ∗ weights
17
18 // average power with weights
19 power = sum( weighted_power ) / sum( weights )

Listing 4.1: The Papillon Power Estimation Algorithm takes a tuple of activity metrics
as input and estimates a fitting power value based on the assigned power model.

Listing 4.1 shows the basic power estimation code using vector- and matrix-based computa-
tions. The function to find the nearest neighbours uses the power model and the input point.
Before actually searching for the neighbours the input point must be normalised into the value
range of the power model. This is accomplished by using the maximum value of each metric and
dividing the corresponding input value with it. Ideally the resulting values should be within 0
and 1. Below 0 would indicate an error, since negative values are not useful. A value above 1
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would indicate that the power model has poor coverage, meaning that it does not cover this re-
gion of usage. The neighbours are then used to compute the weights by computing the distances
of the input point to each neighbour and subtract it from the maximum distance of sqrt(3). In
order to deal with negative values the result is squared. This only happens if the power model
coverage is too small for the given input point. The ten weights are then multiplied with their
corresponding power values from the power model. The final step is to average the total sum of
power with the total sum of weights.

Using a reasonably suited programming language or library capable of vector computations,
this algorithm can be implemented in less than 15 lines of code. Therefore this is a very simple
and efficient power estimation algorithm and which is easily replicable.

In order to find the ten nearest neighbours a simple version of the k-NN algorithm can
be implemented using a sorted map data structure. The basic implementation can be seen in
Listing 4.2.

1 // input and model are given as above
2
3 map = <new empty map>
4
5 f o r each point in model
6 normalised_point = normal i se ( point , model )
7 normalised_input = normal i se ( input , model )
8 distance = euc l idean_di s tance ( normalised_point , normalised_input )
9

10 map [ distance ] = point
11 end
12
13 return map . s u b l i s t (1 , 10)

Listing 4.2: The k-NN algorithm used for finding the neighbours in a given Papillon
power model using normalised values in the interval [0, 1].

This simplified implementation lacks basic error handling and fault tolerance, but indicates
the algorithmic goal clearly. Using a data structure which is guaranteed to be sorted after each
manipulation the final retrieval of the ten nearest neighbours can be achieved by simply returning
the first ten entries in the map. Since the power value is relevant for the power estimation (see
Listing 4.1) the map contains the distance as key and the corresponding point, including the
power value, as value.

A caveat worth mentioning is that in case a point distance is an exact match to an already
existing entry in the map, the point will be overwritten with the current point. This might
falsify the result and would require a safe guard to prevent this error. A possible solution would
be to append the new point to a list and once finished average all points and power values for
a given distance entry if there is more than one point attached to it.

19



5

Design

In the following chapter the design of the performed work is described. The power model gen-
eration in general, as well as the new design for a workload generator and the model generation
with the Papillon Client is explained in detail. The post processing step for generated power
models is outlined, including a proposed workflow on how to integrate the new functionality into
the existing system.

The current workflow to acquire a power model for a specific System Under Test (SUT)
(physical server) described in Figure 5.1 can be divided into four steps:

Step 1
Running a special application on the SUT which records activity data and relates those
values to an energy value from a connected power meter. The power meter must be hooked
into the main power supply of the SUT to be able to read potential, current, power, and
energy.

Step 2
Running a set of workload generating applications on the SUT to artificially create load
and activity. Currently multiple different applications and predefined benchmarks are used
to perform this step.

Step 3
After the artificial activity program run is completed, the data acquisition program can
be stopped, which will then save the gathered values into a power model file.

Step 4
The newly generated power model is imported into the Papillon Server, to be used for
power estimations. The import workflow depends on the used Papillon interface, which
can either be a Graphical User Interface (GUI), Command Line Interface (CLI) or with
raw access to the HTTP API.

Section 5.1 proposes a simpler approach on a combination of Step 1 and Step 2. Additionally
Section 5.2 introduces a more robust way on how to create artificial activity while also increasing
the overall coverage of the power model. The recording of power values in combination with
activity data will be incorporated into the Papillon Client to allow power model generations on
live running systems without disrupting normal operation. During the simplification of Step 1 a
more suitable approach on generating artificial activity is introduced. The workload generator
will cover a larger operational range in all dimensions of recorded activities, therefore leading to
a higher accuracy during power estimation. This results in a significant amount of data points
which would render a live power estimation computationally infeasible.
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Papillon Client

collects activity data
connected to power meter

stores incremental power model

Workload Generator

stresses each system component
samples on predefined grid values

predefined sleep and cool-off phases

Post-Processing and Optimisation

Matlab-based refinement
removes outlier data points

reduces size of raw power model

Model Validation

validates power estimation
verifies accuracy is within boundaries

accepts or discards power model

Papillon Server

performance considerations
one power model per server type
estimates power based on activity

Figure 5.1: The basic workflow to create a power model which can be used later by Papillon
in order to estimate power values for a given SUT.

The work proposed in Section 5.3 will introduce a post-processing step to optimise the raw
data gathered for the power model. This post-processing will be inserted between Step 3 and Step
4. The number of data points in the power model generated with the modification of Section 5.1
is about a magnitude larger than current power models. Using such power models without any
optimisation would significantly decrease the performance of the Papillon Server during power
estimation. This work will reduce computational complexity during power estimations without
significant loss in accuracy.

5.1 Power Model Generation

The above mentioned Step 1 is a simplified version of the actual workflow currently used by
Stratergia Ltd. A significant part of the Papillon Client started out as stand-alone application
to record system activity data and power values from a connected power meter. During the
birth of the Papillon Client large portions of this code were reused, which created some sort
of code duplication across projects. During multiple iterations of development and releasing
new versions the code bases became more and more separate, without any actual change to the
underlying data acquisition.

As a first step, to simplify the workflow, the mentioned applications are merged into a single
code base with a proper interface to address the different modes of operations. During this
merging process multiple parts of the existing client are refactored to streamline the behaviour.

Independent from the actual tool, which records the data during power model generation,
more focus lays on the applications used to create artificial activity on the SUT. If the server
is not utilised in a wide range of operational states, the resulting power model will not produce
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accurate power estimations. Currently existing power models were created by using different
benchmark-like applications, like toibench1, phoronix2 or multiple instances of cpuburn and
iperf in various different configurations. The workload generation tool can be triggered from the
Papillon Client to start and stop the power model generation with a single command invocation.

5.1.1 Activity Metrics

The main idea behind the modelling methodology of the Papillon system is to use activity
metrics from a running server to estimate its power consumption in real time. This approach
only works if the monitored activity is strongly correlated with power consumption. If the metric
is not an accurate proxy for power consumption the total accuracy decreases. Therefore it is
important to identify and select a set of activity metrics to get highly accurate real time power
consumption estimations. The influence of each activity can vary significantly, therefore it is
important to choose metrics with care.

Modern server system have a variety of sources to gather activity metrics from a running or
halted system state:

Sensors
A very common sensor type measures temperature in specific areas of a device. Air temper-
ature inside a rack or device enclosure are common sensor placements. Main power supplies
usually detect overload conditions and might switch off if the temperature reaches a certain
threshold. CPUs can scale their frequency and voltage according to the core temperature
on the chip to prevent damage to the silicon die. These types of sensors are usually acces-
sible through the OS or similar interfaces to be read by user applications. Other sensor
types can be more limited or elementary. Device enclosures and openings in a rack frame
can be monitored if an air vent is opened or closed.

Performance Counters
CPUs and memory controllers contain multiple registers to count certain events, e.g. cache
misses, context switches, or interrupt rates. These types of counters are also called Perfor-
mance Monitoring Counters and depending on the hardware are user selectable. Usually a
restricted set of hardware registers is available to the user to be used as counter for a large
list of possible events. Due to the hardware implementation this monitoring technique
does not introduce any kind of overhead or additional computations to the main system.

Operating System Runtime Information
The OS needs to keep track of all processes and resources in normal operation. This
creates a centralised structure where all information and metrics can be gathered and
retrieved. In Unix-based systems this data pool is accessible via the /proc pseudo file
system3. Microsoft offers a similar feature for their virtualisation hypervisor technology
which allows for easy access to runtime information about resources and individual process-
based metrics. A common type of metric would be the current CPU time consumption
or memory usage per process. In addition to trivial metrics more complex queries can be
created by combining multiple metrics.

External Sources
If a certain metric is not directly observable via the SUT itself the data can be gathered by
an external device and sent to the SUT or Papillon Server directly. Some manufacturers

1http://linuxperf.sourceforge.net/tiobench/tiobench.php
2http://www.phoronix-test-suite.com
3http://www.tldp.org/LDP/Linux-Filesystem-Hierarchy/html/proc.html
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embed physical power meters in their enterprise-grade servers and rack devices. Depending
on the accuracy of these sensors the data can be used either instead or in addition to the
already discussed sources.

The Papillon system currently uses three metrics in their models to provide power estima-
tions. All metrics are measured and gathered by the SIGAR library4 which provides a uniform
interface across Linux and Microsoft Windows.

The active CPU time in percent is measured for each core and a total sum is used. Therefore
the possible range for CPU values is from 0% to e.g. 800% for a 8-core CPU. Due to the
way SIGAR operates and computes the internal CPU values, an average value is computed
asynchronously to the main execution. Once every second the value from SIGAR is read and
saved in a ring buffer for the last minute. Every time the execution path from the main Papillon
Client requests a CPU value the ring buffer is queried and an average value over the last 60
entries is computed.

The second metric Papillon uses is hard disk throughput measured in bytes. Read and
write operations are counted equally and therefore summed up. If the SUT is equipped with
more than one hard disk, the total sum of all storage volumes is used. This might be topic for
further research into Redundant Array of Independent Disks (RAID) systems (hardware- and
software-based), as well as the unknown power consumption profile of SSD storage devices.

As third metric the network throughput in bytes is used. The Papillon Client can be con-
figured to either sum up all networking interfaces currently active and connected or just use
a single interface for the power model. A power model is therefore only valid for the same
configuration of networking interfaces. Similar to hard disk throughput the network throughput
measures incoming and outgoing traffic and treats them equally.

The correlation between these metrics and power consumption will be evaluated in Chapter 7.
Additionally to this small set of metrics Mair et al. [Mai+14] compared various other metrics in
terms of power correlation and therefore power estimation accuracy. A very low-level approach
was taken by Yang et al. [Yan+14] by performing a Principal Component Analysis (PCA) to
find the best metrics for power estimation.

Using memory consumption or throughput to predict power consumption was proposed by
Chen, Wang, and Li [CWL11] and found to be a main contributor for servers with significant
memory capacities. Depending on the real workload the power consumed by the main memory
might be attributed to a combined CPU-memory metric.

Depending on the system the list of possible activity metrics can contain over hundreds
of performance counters and sensors. To just name a few probably interesting metrics: CPU
pipeline stalls, Arithmetic Logic Unit (ALU) operations, Memory Management Unit (MMU)
accesses, fan speeds (if variable), temperature in various locations, etcetera.

5.1.1.1 Data Gathering in Live Systems

Depending on the OS used on the SUT there are multiple ways to access activity metrics. Data
gathering is an important aspect for accurate power models because this task is also performed
during the normal operation in the data centre. Therefore reading activity metric values must
not interfere with regular workload on the server. The computational effort to collect these values
must not be significant in a way that it would change the power consumption significantly. This
means the Papillon Client must be as small as possible in terms of computational footprint
and consumed resources. Due to the fact that the power model generation is performed as
independent mode of operation of the Papillon Client these restrictions are fulfilled automatically.

4http://sigar.hyperic.com
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The only additional work to be done during power model generation is the creation of a file with
the collected activity and power values, which is considered to be a trivial task.

On Microsoft Windows systems the OS provides a common interface to access a wide range of
performance metrics and other related date of a running system. Windows Management Instru-
mentation (WMI) is an interface and extension5 to the Windows Driver Model which provides
low-level access to system components. Special drivers can extend and add new information to
be accessed via the WMI. Microsoft provides a variety of programming language bindings to
allow for easy access to external applications.

Unix-based systems usually follow the Unix philosophy and provide access to performance
counters and runtime information via special files located in the /proc pseudo file system. These
files contain information in a plain text format and are therefore easily accessed and parsed by
external applications. Depending on the security measurements access to these files might be
restricted for certain users. Using the guidelines for pseudo file systems this approach is available
on almost all modern Linux-based systems in a uniform and standardised way.

In order to provide a cross-platform solution the Papillon Client uses the above mentioned
SIGAR library. This tool provides an abstraction layer on top of platform-specific interfaces
and programming language bindings. A uniform interface is published and different value units
are automatically converted to ensure a homogeneous programming experience. SIGAR uses
the WMI on Microsoft Windows and the /proc pseudo file system on compatible Unix-based
systems. This allows for a very simple implementation of the Papillon Client, because cross-
platform capabilities are achieved by using a single interface and library instead of adapting the
code base to each platform.

Hardware performance counters are usually accessible as special CPU instruction to read
a custom set of registers holding information about pre-defined events. These events can be
selected by the user and evaluated at any time. Due to space limitations on the chip the number
of registers to record events is much smaller than the number of possible events. Therefore the
user has to know exactly which events are important. Chen et al. [Che+10] make heavy use
of these hardware performance events and counters by evaluating different sets of events to be
used as input for a performance and power model.

The existing Papillon Client implements the system and runtime information gathering in
different ways on Microsoft Windows and Linux-based OSs. For Linux-based systems the pseudo
file system /proc and a combination of various command line-based activity monitors are used
to read activity metrics, while using the SIGAR library on Microsoft Windows. Since the usage
of SIGAR is already established in the Papillon Client it is of no benefit to implement the
same functionality again using /proc on Linux-based systems. SIGAR uses /proc already,
therefore the current Papillon Client duplicates this functionality unnecessarily and introduces
unit mismatches between Microsoft Windows and Linux-based systems. A Papillon Client on a
Linux-based system reports CPU usage in a value range from 0% to 100%, independent of the
actual number of cores. This is a violation of the Papillon power model specification stating
that CPU activity metric values must for example be within 0% and 800% for an 8-core CPU.

This results in the fact that power models created for one OS are not valid on the other.
Simply removing the custom /proc reading and parsing in favour of SIGAR on all platforms
will solve these problems and allows for the generation of a cross-platform power model with
correct activity metric units.

5https://msdn.microsoft.com/en-us/library/aa394582
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5.1.2 Test Setup During Model Generation

The SUT is connected with a physical hardware power meter to the main power supply of
the data centre. Only the necessary components and devices for this specific SUT should be
connected to the power meter to reduce measurement error introduced by non-related power
consumers. Depending on the actual power meter various different cables must be connected to
measure voltage and current between the wall socket and the SUT power supply.

All fans related to this system must be connected and set to their default speed if possible.
Any fans with variable speed, which are controlled by the system, might influence the power
estimation accuracy by up to 20 Watts depending on the maximum power consumption of each
fan. Spinning hard disks must be monitored as well. Some consumer-grade hard disks are
equipped with special energy saving states which affect the accuracy as well. Screens and input
devices should be on a separate power supply because they are usually not active in regular
operation mode. If the SUT is determined for a highly environmentally controlled area of
application the test setup should resemble these temperature and humidity conditions as close
as possible.

The running OS should not be relevant to the power consumption of the device, but different
kernel versions and driver vendors might implement various energy saving states which can
affect the accuracy slightly. It is recommended to choose the same OS during the power model
generation as used for regular operation in the data centre. Automatic background processes
such as downloading and installing updates, executing of cron jobs, backup systems and any
other non-essential applications should be disabled and terminated prior to the power model
generation. Only the bare minimum OS and purely essential processes are allowed running
during the measurement period.

Creating a new power model for a given SUT consists of the above mentioned preparations
and running a single application on the server for an extended period of time, up to multiple
days for CPU-focused devices. The estimated time needed to generate a full Papillon power
model is described in Section 6.2. The measurements, consisting of the actual power value and
the recorded system metrics, are saved incrementally to a predefined location on the SUT or any
reachable server over the connected network. This allows for pausing and resuming the power
model generation if needed. The final power model is saved as XML file which can be used
in the Papillon Server for power estimations after running it through the post-processing and
optimisation pipeline described in Section 5.3.

5.2 Workload Generation

Step 2, of the current workflow to acquire a power model, is to create artificial activity on the
SUT. This means that all components relevant for the recorded activity metrics must be stressed
in various combinations and load factors.

In case of Papillon the recorded component metrics are CPU busy-time, disk throughput, and
network throughput. There are multiple approaches on how to address the issue of generating
activity. This work focuses on a dense and full coverage in the operational space.

The operational space can be seen as a three-dimensional space (related to CPU, disk, and
network) in which a number of data points are distributed. Each data point holds its own
coordinates and additionally the recorded power value. The coordinates for each point originate
in the SUT and are read via hardware and OS performance counters. The power value is
integrated with an external power meter connected to the SUTs power supply while also hooked
into the system itself to transfer data over a serial connection.
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5.2.1 Sampling

In order to generate a power model with high accuracy the workload used during generation
must cover a wide range of operational zone (3D space). This includes a vast amount of points,
spread over as much space as possible, which are distributed in a semi-ordered way. For purposes
of simplicity and effectiveness a grid-like approach is chosen to allow sampling of data points in
a structured and procedural fashion.

The operational zone is defined by the three recorded metrics, ranging from 0 (meaning no
utilisation at all) up to the maximal value for each metric. To illustrate this definition the
following example is given:

CPU from 0% to 800%
(in case of a 8-core processor)

Disk from 0 bytes to 48.318.382.080 bytes (46.08 GB)
(in case of a 6Gbit SAS attached disk over 60 seconds)

Network from 0 bytes to 8.053.063.680 bytes (7.68 GB)
(in case of a 1Gbit network interface over 60 seconds)

Some of these values a theoretical maximums, which are probably not reached with a real
workload due to protocol overhead, OS-specific implementations and so on. This mainly applies
to the network metric, but as well as the disk metric on some minor scale. The maximum value
for the CPU metric usually can be reached comparably easy.

One minor caveat regarding the CPU utilisation is the metric itself. For power-related
experiments the total CPU time is usually considered. In some cases one might only want to
measure the utilisation for user-space applications (e.g. a database or web server), or only time
for kernel-space applications (hardware drivers or OS-maintenance itself).

Due to increasing performance in respect to parallel computing on a single core of a modern
processing unit another consideration must be taken into account for technologies like Intel’s
HyperThreading implementation, which basically allows a single CPU core to handle two OS
threads to run at the same time (in theory). This means a single physical core can amount for
up to 200% of virtual computing power.

The design for a workload generator to be integrated into the Papillon workflow includes a
total CPU time metric (including kernel-space and user-space) as well as the number of bytes
per minute for the disk and network separately. Although as previously stated the disk and
network utilisation might not be fully covered, the results discussed in Chapter 7 will explain
the deviation from the theoretical maximal values.

Statistical anomalies during measurements and non-deterministic influences of the OS might
interfere with the power model data acquisition. Therefore it is necessary to sample multiple
data points for each grid point with a specific required utilisation level. The number of data
points for each grid point can be reduced later on to reduce computational efforts during power
estimation, as described in Section 5.3.

5.2.2 Resolution

Depending on the used tools and techniques to generate the individual workloads for each
component different granularities of each activity metrics can be applied to distribute the data
points across the operational space.
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CPU
The basic principle of cycling through different levels of utilisations, characterised by a
percentage value, is encapsulated in an outer layer of cycling through the number of virtual
cores. This allows a full utilisation of all cores, including virtual HyperThreading-cores,
with various levels of usage. Utilising a given core is straight forward and can be done by
simply running algorithms on random data, e.g. multiplications of large numbers.

Disk
Due to the different nature of Input/Output (IO) for disk devices the generation of work-
load is more delicate than compared to CPU. The conceptual notion of operation is the
same. To create artificial workload on a disk device, the disk has to perform operations,
which means simply to read and write a file from or to disk. The total number of read
or written bytes should then correspond to the overall measured throughput. File system,
OS-level, and hardware-level overhead will reduce the maximum value to a certain degree.
This does not affect the final power model, because the same restrictions and limitations
apply during normal operation of the SUT in a data centre.

Network
Disk and network are very similar in their nature of metric, both measure an amount of
bytes transferred between the component and the remaining system. For network one must
send and receive data via one or multiple NICs to generate workload. Again, the overall
achievable maximum value for this metric might be (significantly) below the theoretical
maximum, which does not affect the outcome in the power model and estimation accuracy.

The coverage and granularity of the resulting power model is solely based on the intervals
in which the individual metrics are exercised. Assuming a range of 0% to 100%, one reasonable
interval might be to use 10% steps, resulting in 11 separate steps of 0, 10, 20, ..., 90, and 100%.
Depending on the desired density and coverage of data points different intervals and steps can
be chosen on a per metric basis.

Due to the integrating nature of the power measurement over a period of one minute, the
workload itself should be applied equally over this time. Otherwise power spikes and other
non-deterministic effects might impair the power model. This means the utilisation should be
as uniform as possible on the SUT, without large chunks of time just idling. If the workload
requires a certain amount of idle time to achieve a specific level of utilisation, this idle time
should be split into smaller chunks and distributed evenly over the available measurement time
window.

5.2.3 Outline for Papillon

For the Papillon integration of a new workload generator the following values have been chosen
after conducting initial trials and evaluations:

Sampling
Each grid point must be sampled four times, resulting in 240 seconds spent on each utili-
sation level. To minimise the effects of interference between the utilisation of neighbouring
grid points each grid point must be prefaced with a cool-down period of 90 seconds. This
allows the SUT to settle down from previous workloads (temperature, fans, different power
states) and provides a common base line as starting point of each grid point sampling.

Resolution for CPU activity
For modern CPUs with highly parallelised computation pipelines a total number of two
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workload threads per physical processing core must be used. Due to the fact that the OS
will only see virtual cores, the workload generator must only start one utilisation thread
per available core. Each thread must then cycle through levels with 25% steps from 0 to
100%.

Resolution for Disk & Network activity
IO is domineered by multiple levels of caching and optimisations on the OS and hardware
level. It is therefore necessary to balance these effects over the measurement time frame.
The workload generator should use 25% steps from 0 to 100% as well as for CPU. On
account of the different utilisation techniques available it must do so by writing multiple
large files for a predefined amount of time, then idle and start over with writing a large
file again. This relates to a Pulse-Width Modulation (PWM) approach by cycling through
states of writing and sleeping in different time intervals.

Before and after the actual workload is run an idle period of 20 minutes is added in which
the system and power meter can warm up and settle into a steady-state without affecting the
measurements in any way. This idle period can later on be used to determine a system idle
power consumption.

5.3 Post-Processing And Optimisation

After a power model is produced through the previously described steps it is necessary to
perform multiple operations on the data to reduce the amount of data points, and therefore
increase the estimation performance. A Matlab-based pipeline is used as prototype to illustrate
all the procedures described in the following sections.

Depending on the hardware configuration of the SUT a single power model can consist of
multiple thousands of data points (up to low 5-digit numbers). This results in a high computa-
tional effort during power estimation. Computing point distances in three dimensions, as well
as finding and weighting the nearest neighbours to get a final estimation value is therefore a
non-trivial task, in respect to mathematical labour. In contrast, the algorithmic complexity is
well understood and easily manageable in different programming languages and frameworks.

The Papillon system is designed to monitor many thousands of physical and virtualised
servers with a single Papillon Server, which holds a power model for each server type and
performs the power estimation each minute for each server. Thus it must be a main goal to
make a single power estimation as fast and as easy on resources as possible, without decreasing
the accuracy of estimated power values in any way.

The overall workflow of post-processing is shown in Figure 5.2 and can be described as
pipeline with a single data input and a final optimised power model as output. This pipeline
can be implemented as part of either the Papillon Server itself or as a stand-alone tool for easier
access and usability. An automated integration into the Papillon Server makes sense from an
overall system workflow perspective. This would reduce the number of needed steps and manual
interventions for new server types.

5.3.1 Pre-Computing Values and Metrics

Due to the way the Papillon power estimation algorithm is designed, it makes sense to pre-
compute certain values and metrics of the power model, to reduce the amount of repeated work
done for each estimation. This includes the range normalisation in the three dimensions of the
data point cloud, as well as finding the minimum and maximum values in each axis. This work
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Raw Power Model

XML Parsing

Pre-Compute Data

Data Points Normalised Data Points Extremal Values

Post-Processing

XML Export

Final Power Model

Figure 5.2: The basic algorithm to run the post-processing and optimisation on a raw power
model. This outlines the data flow through various algorithms and steps before the final
power model is generated.

can be computed once, as part of a post-processing and optimisation step, and then the results
can be included in the power model, before sending it to the Papillon Server for estimation
purposes.

5.3.2 Outlier Removal

During the long-running workload generation described in Section 5.2 it may happen that a
low number of data points will not fit well into the surrounding environment. This can happen
for multiple reasons, many of them not deterministic or controllable. For instance the OS
might perform certain background jobs, such as defragmentating the hard drives or downloading
application updates. If possible such automated tasks should be disabled beforehand. In the
case of specialised hardware components it is not feasible to disable this functionality without
interrupting normal operation, e.g. random RAID integrity checks.

During various experiments performed as part of this thesis it happened to be nearly impos-
sible to control everything, therefore the most feasible approach was taken by simply identifying
and removing these outliers from the data set.

The value range in each axis is taken under consideration to be used as indicator if a data
point is part of the regular environment (within the expected operational space) or not (a non-
deterministic event occurred).

The metric for outlier detection is based on the point-to-point distances in the point cloud.
For n data points there are n × n euclidean distance values to be compared against each other.
The sum of distances of one point to all other points can be computed and compared against
each other easily. The higher this total distance sum per point is, the more unlikely this point
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is to be part of the regular environment. Therefore the 95th percentile can be used to divide
the points into valid data points and outliers.

Due to the fact that each axis can have different maximum values it is necessary to perform
a range normalisation beforehand to get comparable metrics, e.g. in the range of [0, 1].

With empirical data from early experiment runs an outlier removal strategy based on the
95th percentile seemed appropriate. This might be specific to the used measurement tools and
hardware, but can be easily adapted to achieve stable results.

5.3.3 Reduction of Redundant Data Points

The number of data points in a raw power model might be not suitable for large Papillon
environments and should therefore be reduced as much as possible, without decreasing the
accuracy in a significant way. The reasons for a high number of data points in power models are
in direct relation to the sampling design decisions described specifically in Section 5.2.1. The
effects of this high sampling rates can be controlled to some extent by thinning out the point
cloud in the power model at hand. This means identifying similar data points and pruning or
combining them from the final power model.

Similarity of data points is defined by plain position coordinates of each point in 3-dimensional
space. The power value has no direct impact on similarity, but might be used as a second-order
labelling approach.

An abstract point of view on identifying redundant data points can be seen as a well-known
clustering problem. A given point cloud must be divided or labelled in such a way that each
point is assigned to a single cluster. The number of clusters should be defined beforehand. After
the clustering is completed each cluster should contain one or more points which are considered
similar, according to the above definition. It is therefore safe to combine all points from within
a single cluster into a single data point, without loosing too much information or decreasing
final power estimation accuracy. In an ideal power model and measurement environment each
grid point (see Section 5.2.1) should be represented by a single cluster containing exactly all
data points sampled for this workload. This leads to the safe assumption that combining and
removing these points will not deteriorate the final power model.

In case of Papillon this means that each cluster should contain four data points which can
be replaced by a single point. The new data point can be computed by the same method used
for power estimation, using a weighted sum approach with the power value. This results in a
theoretical power model size reduction of 75%. The effects on accuracy using this ambitious sim-
plifications will be discussed in Chapter 7. For clustering techniques the following two algorithms
are considered:

(Multivariate) Gaussian Mixture Models [FJ02]
This kind of probability density function is parametric and represented by multiple single
Gaussian distributions superimposed onto each other to form a larger probabilistic model.
The model to fit a power model point cloud would be to represent each grid point as a
supposed Gaussian centre point and check with which parameters the nearby data points
would fit into each component. The mean values and variances of each component must be
evaluated and checked against a threshold range to determine if a finished fitted Gaussian
Mixture Model (GMM) performs well under the given parameters. The GMM is usually
considered in unsupervised machine learning problems with non-labelled input.
A requirement for plausible results is that all input data is represented by observations
with a normal distribution. This might not be the case for Papillon power model data
points, since initial trials indicate a tendency to underestimate power, i.e. a bias towards
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lower than average values. Therefore using a GMM might result in large deviations from
the actual raw data distribution. Although the clustering algorithms for GMM are part of
most mathematical software packages and distributions, they are commonly not included
in standard application frameworks, which makes an integration into a tool chain more
complex.

k-Nearest Neighbours [Alt92]
The k-NN algorithm is mainly used in pattern recognition tasks. In the application of
Papillon the k-NN is used in a regression-based fashion to use the output as power esti-
mation value. This non-parametric method is simple to implement and yields good results
for broad application purposes.
Due to the nature of k-NN the locality and grouping of data is of great importance to the
expected outcome. In the case at hand with a normalised 3-dimensional feature space the
Euclidean distance is a safe metric for comparison. The final value is a combination of the
inverse weighted distances of the chosen neighbouring points. The neighbourhood size is
the only parameter to chose, which affects the outcome drastically.

Since the Papillon power estimation is based on the k-NN it makes sense to reuse this algo-
rithm in the post-processing to eliminate redundant data points. The output of the regression
is used to replace all points by their respective k-NN centre point and the corresponding aver-
age power value. A possible future research topic for Gaussian Mixture Models is outlined in
Section 8.3.

31



6

Implementation

In order to create a working prototype of the proposed system, including the changes described
in the previous chapters, the detailed implementation of the adapted power model generation
workflow, the workload generator, as well as the composed post-processing steps are described
in this chapter. For each part a detailed structural analysis, as well as explanations for minor
changes to the outlined design are given. The implemented system is then evaluated and used
to get experimental results to compare the accuracy and overall performance in Chapter 7.

6.1 Power Model Generation

The Papillon Client and the power model generation tool are currently two separate applications
and projects, although their code base is rather similar and large portions of functionality is
implemented in both projects. The new design for the Papillon Client therefore merges the
existing two projects and removes redundant code by restructuring and simplifying the overall
component diagram.

The responsibilities of the new Papillon Client can be isolated into four main components,
each defined with a fixed and small interface for interaction between them:

Main
The main component holds the basic program functionality of the Papillon Client. This
includes parsing of command line parameters and configuration options. Depending on the
activated features the other components are initiated and started as independent threads.
For inter-thread communication a small set of shared data structures is created and ini-
tialised.

Data Collector
The collector component periodically queries the activity metrics using the SIGAR library
and adds the resulting state entry into a queue for further processing. A state entry
consists of the CPU, disk, and network activity metrics as well as a current time stamp.
Additionally application entries are collected to allow power estimations for individual user
application.

Data Sender
The sender component periodically reads a state entry from the queue and sends it over
the network to the Papillon Server. Each message is encoded in XML or JSON depending
on the configuration. If the queue is empty the sender thread waits for the next state
entry.
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Power Model Generator
The power model generation component combines the state entries created by the data
collector with a real power value read from an attached physical power meter and writes
the result into a power model file encoded in XML. Since the power meter is directly
connected to the SUT a software abstraction is in place to provide a well defined interface
to query the power meter for integration values over 60 second time intervals.

Due to the simple structure and interconnection of these components they can be imple-
mented directly as Java classes and threads. Figure 6.1 shows a basic Unified Modeling Lan-
guage (UML) diagram of the above discussed components with the shared resources and available
methods.

PapillonClient

- _stateEntryQueue : BlockingQueue<StateEntry>
- _dataCollector : DataCollectorThread
- _sender : SenderThread
- _powerModelGenerator : PowerModelGeneratorThread

+ main() : void
- parseArguments() : void

DataCollectorThread

- _systemInformation : SystemInformation
- _stateEntryQueue : BlockingQueue<StateEntry>
- _applicationMonitor : ApplicationMonitor

+ run() : void
+ shutdown() : void

SenderThread

- _stateEntryQueue : BlockingQueue<StateEntry>

+ run() : void
+ shutdown() : void

PowerModelGeneratorThread

- _systemInformation : SystemInformation
- _powerMeter : PowerMeter

+ run() : void
+ shutdown() : void

Figure 6.1: The main architecture in terms of classes for the Papillon Client is shown in a
simplified UML diagram.

Additionally to the above mentioned components various helper modules are in place to re-
duce the complexity in the individual modules. Each of them is encapsulated into Java packages
and tested separately with unit and integration tests.

6.1.1 Data Encoding and Formatting

Due to different customer requirements the Papillon Client is capable of communicating to
the Papillon Server in multiple formats. The Papillon Server currently provides a REST API
endpoint for either XML or JSON data. This means any client communicating with the server
needs to encode and format the data accordingly. In normal operation the Papillon Client
performs only a single REST call to send a new state entry with current activity values to the
server.

This fact is represented by a DataFormattter singleton in the code base, which uses a
strategy pattern to switch the different encoding and decoding formats. A Java interface is
provided to easily extend the required methods and abstract the components. The strategy to
be used is determined by the current configuration of the Papillon Client and can be switched
at any time.

6.1.2 System Information and Metrics

The SIGAR library is encapsulated in a SystemInformation class which combines and trans-
forms SIGAR values to a Papillon-usable format. Due to the long list of supported platforms
and OSs by SIGAR the custom Linux implementation using the /proc pseudo file system is
removed from the Papillon Client and only the SIGAR library is used on all supported systems.
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Therefore small portions of the Java code need to be rewritten for the Linux system to get a
uniform interface across all platforms. Kampl [Kam13] performed an extensive comparison and
analysis on the accuracy of SIGAR and the /proc pseudo file system. The mentioned publication
could not find a significant difference in the values and accuracy tested on Microsoft Windows
and Linux-based systems. Therefore this code duplication is removed in the Papillon Client and
only the SIGAR library is used for all available platforms.

The CPU activity metric is averaged over the last time period of 60 seconds. To accomplish
a smooth average value without any major spikes a special thread continuously records the CPU
metric every second and stores the value in a queue which only holds 60 entries at the most.
Every time the data collector or power model generation component request a CPU value from
SIGAR, the request is actually answered by the AverageCPUInfoThread which computes the
average of all items in the queue which always contains the last 60 entries - after being fully
initialised. This allows for a smoother CPU metric. Before this code refactoring the SIGAR
library only reported the CPU utilisation value within the very last second, which did not yield
accurate results over a 60 second measurement period.

6.1.3 Configuration

The configuration of a running Papillon Client is determined by three different possibilities in
the following decreasing priority order:

• CLI parameters

• plain-text-based configuration file: papillonclient.properties

• hard-coded default values

All configuration options are documented and accessible with well-known command switches.
The CLI as well as the configuration file provide the same set of options to configure a Papillon
Client instance on a single machine. There are only three mandatory parameters which need to
be present and valid:

Papillon Server IP defines the IP address or resolvable domain name under which the Papillon
Server is reachable.

Papillon Server Port defines the port on which the Papillon Server is accepting new connections.

Host ID defines the ID of the current host machine. This parameter must be different on each
system to distinguish and assign state entries correctly in the database.

The Papillon Client has two basic modes of operation, the regular mode for reporting activity
metrics to the Papillon Server, and a second mode which generates a power model. The two
modes can be run together or independently at the same time. While the regular mode is
available at any time, the power model generation mode only works if a compatible power meter
is connected and hooked up to the SUT properly.

6.1.4 Self-Registration of Clients

Currently every Papillon Client must be configured with the correct Host ID corresponding
to the database entry in the Papillon Server. This is necessary to assign each state entry to
the correct host and therefore power model for further processing. This information must be
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included in each request, due to the active client structure. An active client periodically sends
activity information to the server, whereas an active server would periodically pull information
from all clients. This design decision prevents a data centre operator from simply installing the
same pre-packaged Papillon Client on all devices in a data centre, because each one must be
configured with a different (e.g. the correct) Host ID.

For this reason the self-registration feature was added to the Papillon API. A Papillon Client
would register itself with a Papillon Server during start-up and initialisation. The Papillon
Server would then respond with the assigned Host ID which can then be used for all further
communication of state entries. This shifts the problem of client identification from the initial
installation to each time the Papillon Client is started. The initial implementation expects the
Papillon Client to send its own IP address for initial identification, due to the fact that each
host entry in the database contains the IP address and Host ID.

Contrary to the intended idea, this solution only pushes the problem one level deeper into
the service hierarchy. Using the IP address as pseudo unique identifier in the Papillon host list
produces multiple unsolved issues. Despite the implementation of a working self-registration
prototype, this feature is not yet ready to be deployed on a data centre-grade scale due to the
following issues:

IP addresses may not be unique
Depending on the network topology in a data centre, or even across data centre bound-
aries in a globally distributed cluster, different networking schemas can be applied. This
could create duplicate IP addresses within a single Papillon-controlled environment. This
therefore limits the size of a Papillon-controlled environment to a single uniquely defined
IP address space.

IP addresses can change dynamically
Using techniques such as Dynamic Host Configuration Protocol (DHCP) or IPv6 prefixes
a physical device might not be identifiable at every given moment in time. This leads to
partial mismatches and overlapping Host IDs on different Papillon Clients. Depending on
the DHCP system in use the Papillon database must be kept in sync with the currently
assigned IP addresses.

Servers with multiple IP addresses
Data Centres usually employ redundant network interfaces and routes to their connected
devices. Therefore a single server might be connected via two or more interfaces to the
same network using different IP addresses. This leads to confusion on the Papillon Server,
as well as the human operator side, who has to keep track of the registered address for
each server and network interface. Prioritising between networking interfaces must be kept
in sync with the Papillon database and in case of a fail-over solution the Host IDs will
mismatch.

IPv4 and IPv6 have different notions of valid addresses
The definition of a reachable IP address is not very strict in terms of IPv4 and IPv6. In
IPv4 one must consider private networks1 and public route-able addresses. On the other
hand IPv6 distinguishes between various types of interface-local, link-local, and site-local
scopes2. All these caveats complicate the self-registration feature further.

The above described issues with self-registration are a fundamental problem of using an IP
address as identification mechanism for hosts in a Papillon-controlled environment. Finding

1https://tools.ietf.org/html/rfc1918
2https://tools.ietf.org/html/rfc4007
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a stable and unique identifier is a non-trivial task depending on an arbitrary chosen level of
complexity.

6.1.4.1 Proposed Solution

To re-use as much as possible from the existing API endpoint and server-client communication
path the requirements for a simple solution are as follows:

• A single Unique Identifier (UID) for each Papillon database host entry.

• Papillon Client can derive the UID from hardware and/or software configuration during
runtime.

• Installation packages are universal and do not require the configuration of Host ID.

Since each host is connected to the network via one or multiple network interfaces a UID is
already present for each of these interfaces: the Media Access Control (MAC) address.

A MAC address is assigned to a network interface and qualifies3 as UID. Therefore most of
the problems and issues outlined above are solved by simple switching from using IP addresses
to MAC addresses. The one remaining issue is to deal with multiple network interfaces in a
single host. There are multiple solutions to this, for instance:

Using the first one
Every OS keeps track of the available network interfaces and provides a simple way to
enumerate them. Usually these interfaces are labelled like eth0, eth1, etcetera. By us-
ing simply the first interface in the list the UID should be stable unless the hardware
configuration changes.

Using the lowest/highest address
If the enumeration of network interfaces by the OS is not stably ordered or changes ran-
domly, the list of available interfaces can be sorted lexicographically by their MAC ad-
dresses. This always yields a stably ordered list, from which either the lowest or highest
MAC address can be chosen as UID.

Using a fixed interface
Depending on the management and structure of the data centre it is possible to guarantee
that each host is equipped with a network interface called e.g. eth0. With this prior
knowledge the data centre operator can pre-package the Papillon Client to specifically
target this network interface and use the MAC address of the eth0 interface as UID for
self-registration.

The necessary changes to the Papillon Server are minimal because only the field for storing
the UID must be renamed from IP to MAC address. The Papillon Client must be adapted
to choose the correct MAC address at any time. The last option (using a fixed interface) was
implemented to demonstrate the problem and possible solution to the self-registration feature.
Therefore the Papillon Client has an configuration option to select the network interface.

3https://tools.ietf.org/html/rfc5342
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6.2 Workload Generation

The foundation for the workload generator is straightforward and can be described with the
code snippet in Listing 6.1.

1 f o r cores = 1 upto total_cores with step 2
2 f o r cpu = 0 upto 100 with step 25
3 f o r disk = 0 upto 100 with step 25
4 f o r net = 0 upto 100 with step 25
5 // run actual workloads in parallel
6 end
7 end
8 end
9 end

Listing 6.1: The workload generation algorithm used to deterministically create workload
based on grid points.

Inside the nested for-loops the individual tools for workload generation are invoked and run in
parallel. Concurrent to this a countdown is started which goes off once a grid point is completely
sampled (e.g. after 4 minutes). The workload tools are terminated and the cool-down phase is
initiated. After cooling down the next grid point can be sampled.

Due to the vast amount of platforms and different OS-level support for different languages
the most portable environment was chosen to be POSIX shell, which should be present on all
Linux distributions in a standardised and portable implementation. All used tools are available
for this system and can be called and manipulated to the need at hand.

It particular for each component one specific workload generation tool is chosen to create
artificial utilisation during power model generation. For CPU and disk activity a tool called
stress-ng4 is used. Network activity is created with iperf, which needs a second host acting as
data source and sink. Both tools expose a vast amount of configuration options and command
line switches to tune their respective behaviour. This combination of both tools allows the new
workload generator to utilise all recorded metrics simultaneously. Listing 6.1 provides the basic
scaffold which then uses stress-ng and iperf to run the actual workloads inside the nested loops
in parallel. Since the workload generator is a POSIX shell script this parallelism is achieved by
running the workload-generating tools and functions in the background using the & operator to
detach it from the shell.

The online manual5 of stress-ng states the intended use case as follows:

stress-ng will stress test a computer system in various selectable ways. It was de-
signed to exercise various physical subsystems of a computer as well as the various
operating system kernel interfaces. stress-ng also has a wide range of CPU specific
stress tests that exercise floating point, integer, bit manipulation and control flow.

In case of CPU activity the tool stress-ng comes with a broad list of possible actions to execute
called stressors in their own terminology. Each stressor uses a different technique to create
artificial workload, ranging from different mathematical to various memory access operations.
Due to the nature of modern CPU architecture it might lead to substantial differences if certain
regions of a CPU are not active or only run for a short time period. See the evaluation in
Section 7.4 for a more detailed explanation on this behaviour. Since stress-ng already comes with

4http://kernel.ubuntu.com/~cking/stress-ng/
5http://kernel.ubuntu.com/~cking/stress-ng/stress-ng.pdf
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command line switches to specify the number of cores and their desired utilisation percentage
the implementation as workload generator is straight forward and without any caveats.

6.2.1 Duty Cylce for Non-Continuous Metrics

Generating a deterministic workload for disk and network is a more challenging task with the
given tools. Compared to CPU it is not possible to simply set a desired percentage value and
keep the system utilised at that level. For these throughput-based metrics, such as disk and
network, there is only a single setting, either active or non-active (on or off). The device will
work at full capacity once it is turned on, and will settle down into a sleep state once turned off.
It is therefore necessary to apply a technique mostly found in electric motor management called
Pulse-Width Modulation (PWM) or the related term duty cycle. A duty cycle describes the
percentage of an active continuous signal in one period. PWM used as mode of operation works
by turning the device on and off in short pulses which will result in short bursts of activity. These
bursts will then average itself out over a certain time period under observation, see Figure 6.2.
Applied to the problem at hand the disk or network device is not turned on for the full time
period, but on a per-second basis. The ratio of on-off phases can be easily calculated to achieve
a specific total percentage value.
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Figure 6.2: The workload goes through an active and idle phase in certain repeating intervals
to achieve a total duty cycle in percent. The on-off periods average out after a longer
exposure time. This graphs shows a duty cycle of approximately 75%.

Workload in terms of disk throughput can be accomplished by reading or writing a large file to
the disk. Due to the fact that various OS drivers and file systems might verify each written block
by re-reading it, it is not necessary to differentiate between read and write activity. Preliminary
experiments show that there is virtually no difference between different modes of operations
(read or write in various sized blocks). A workload therefore consists of writing a single large file
to the disk. The file size must be as large as needed for the operation to take up more time then
the sampling period. It is worth noting that the location of the written file system is actually on
the selected disk, and not in a specially mounted location like a memory-mapped device (tmpfs)
or special OS file system like /dev/null. If the disk is part of a RAID the overall outcome
should not be affected, but one has to keep in mind that the RAID itself should be used during
the power model generation, because this setup will likely be used in normal operation as well.

Similar demands hold for network throughput. PWM can be used again to create a deter-
ministic percentage value of utilisation. Depending on the used protocol, TCP or User Datagram
Protocol (UDP), slight variations in the test environment must be made to account for the dif-
ferent workloads and required external equipment. Packet loss and re-transmission might be an
issue during power model generation and should be calibrated before actual usage.

Preliminary empirical tests yielded that the following values perform well under a four minute
sampling period. The mapping for percentage values to PWM steps in seconds is as follows:
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25% =
{

5 sec active
15 sec idle

50% =
{

10 sec active
10 sec idle

75% =
{

15 sec active
5 sec idle

6.2.2 Cool-Down Phase Misalignment

Due to the cool-down phase after each sampling the measurement period gets misaligned with
the actual workloads which leads to the desired effect of better covered power models and more
evenly distributed data points. If the sampling would be perfectly aligned to the workload the
resulting data points would very likely end up in a very small space leading to virtually no
information gain. This technique was first proposed by Mair et al. [Mai+14] to reduce thermal
effects on the SUT. The manual for the hardware power meter states a similar requirement to
achieve accurate measurements. Depending on the environmental situation the server might
need a warm-up phase in the beginning and end of the power model generation as well as in
between individual sections of workloads.

This is independent of the global 20 minute cool-down phase in the beginning and end of
the power model generation used to determine the idle power consumption of the SUT.

6.3 Post-Processing and Optimisation

The post-processing of raw power models is implemented as Matlab-based script collection with
a single input (i.e. the raw power model), and a single output (i.e. the optimised power model).
A streamlined workflow is provided as part of the optimisation tool chain. A second collection of
scripts and functions is implemented to visualise power models to be viewed and inspected by a
human operator. An optimised model is marked so after successfully completing the tool chain.
Both file formats (input and output) are plain Papillon power models, represented in XML. In
the current state of implementation a single command is provided, which gives an optimised
power model file as output after processing the data. As part of future work the algorithms and
optimisation computation can be integrated in the Papillon Server to streamline the usability
of the tool chain.

Matlab provides a quick and easy-to-use Domain-Specific Language (DSL) for data manipu-
lation. Due to the fact that a Papillon power model can be represented as vectors and matrices of
floating point values this approach fits perfectly into a Matlab-based prototype. An implemen-
tation in a more structural or object-oriented language would not allow for the fast and simple
usage patterns Matlab provides. Therefore implementing the post-processing and optimisation
pipeline as prototype in Matlab is suitable and lays a good foundation for further improvements
and tinkering. Once a solid code base is established the Matlab-based pipeline can be ported
and integrated into the Java-based Papillon system.

6.3.1 Pipeline Stages

Figure 6.3 shows the flow of data through the various post-processing and optimisation steps.
The first stage is parsing the input file into easy accessible Matlab data structures for further
manipulation. During the XML parsing all additional values like extremas and normalised
activity values are computed and stored together with the raw input data. Most of the following
algorithms operate on the normalised activity value. Therefore every time the data changes the
data set is re-normalised to keep raw and normalised data in sync to each other.

Outlier removal is done by comparing the point-to-point distances in normalised space, com-
puting the total sum of distance per point and discarding all points with a sum above the 95th
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Figure 6.3: The basic algorithm to run the post-processing and optimisation on a raw power
model. This outlines the data flow through various algorithms and steps before the final
power model is generated.

percentile. To finish the outlier removal the power model must be re-normalised to account for
potential missing extremal values.

In order to remove redundant data points the point cloud is subject to a clustering stage. Due
to the four minute sampling period per grid point, as described in Section 5.2.3 the ideal number
of cluster centres is approximately 25% of the total number of recorded data points. The k-NN
is used in regression mode to fit clusters into the point cloud. Some points will not be fitted well
by using k-NN. These points can be identified by applying a threshold to the within-cluster sums
of point-to-centroid distances and filtering out bad fitting points. Due to the artificial creation
of new data points, these points do not contain a valid power value yet. In order to assign a
correct power value to these cluster centres the same algorithm is used as in the regular power
estimation in the Papillon Server (k-NN with weighted sum). The data points in a cluster are
used as source and the new cluster centroid point is subject for power estimation. Well fitted
points are now represented by their cluster centroid point and can therefore be discarded.

The final power model consists of the cluster centroid points as well as the bad fitted points
which are simply copied over. A final round of re-normalisation is applied to account for changed
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extremal points.

6.3.2 Proposed Improvements to the Papillon Server

Additionally to the removal of outliers and the reduction of redundant data points the optimised
power model contains pre-computed values for extrema and normalised activity values to speed
up the power estimation in the Papillon Server. This requires a small change in the Papillon
Server to use a different XML element as value source for the activity metrics. At the moment the
Papillon Server computes the extrema of all three activities every time a new power estimation
is requested. These extremal values are then used to normalise all data points in the power
model which then can finally be used to estimate the power of a given sample point. All this
computational effort is repeated for every new power estimation and can completely removed
from the regular operation mode. These values are pre-computed during the post-processing
and optimisation pipeline and saved into the XML of the optimised power model for later use.
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Experimental Results

[Model validation is defined as] substantiation that a computerized model within its
domain of applicability possesses a satisfactory range of accuracy consistent with the

intended application of the model.
– Schlesinger et al. 1979, SIMULATION 32

In order to evaluate the modifications to the existing Papillon system in terms of accuracy,
performance, and overall consistency, a statistical analysis was performed on different data sets.
Multiple data sets are rated with a set of metrics to compare and rank them to one another.
A brief comparison to existing systems, mentioned in Chapter 3, is given. In order to provide
accurate and replicable results the recommendations of Mair et al. [Mai+14] are followed as
close as possible.

7.1 Test Equipment

The specification for the SUT and the power meter can be seen in Table 7.1 and 7.2. An
additional data sheet for the server model is available on the HP website1.

Manufacturer HP
Model ProLiant DL380 G7
CPU 2x Intel Xeon E5620
RAM 8x 2GB 1066 MHz
Hard Disks 5x 146GB SAS 6G DP 10K
Network Interfaces 4x 1G RJ45, only one active
Power Supply 230V, 50 Hz, max. 460 W
Form Factor Rack 2U, Depth: 70 cm
Operating System Ubuntu 12.04.5, x86_64, Kernel 3.13

Table 7.1: The SUT hardware specification and software versions used.

The results and comparisons in the following chapter for various power models, power esti-
mation algorithms, and error metrics do only apply to the above defined SUT. A generalisation
for other types of hardware requires additional evaluations and experiments.

1http://www8.hp.com/h20195/v2/GetDocument.aspx?docname=c04199811
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Manufacturer Yokogawa Electric Corporation
Model WT210 digital power meter
Power Accuracy 0.1% of reading + 0.1% of range
Integration Accuracy Power Accuracy + 0.1% of reading

Table 7.2: The power meter used for recording power readings of a connected SUT during
power model generation and verification.

7.2 Validation Data Set

In order to evaluate the proposed system from Chapter 5 a validation data set is needed to have
an objective baseline to compare to. The SPECpower benchmark is an established utility in the
community and used throughout various research fields in [Riv+07], [Mai+14], and [Zha+13].

Due to the relative short runtime of the SPECpower benchmark of approximately 90 minutes
the need for a larger validation set can be simply accomplished by running the SPECpower
multiple times. With this approach a final validation data set with 15.000 data points can
be used to evaluate the proposed system in a meaningful and comparable way. According to
Zhang et al. [Zha+13] the SPECpower benchmark is mostly CPU-bound and does not contain
a high amount of disk or network activity. Depending on the actual use case in operation of the
SUT this validation data set should be adapted to represent the expected real workload more
precisely.

120 140 160 180 200 220
average Power [W]

C
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nt

Figure 7.1: The distribution of power values contained in the validation data created by
multiple runs of the SPECpower benchmark is shown in this histogram. Low and high values
(correlated to low and high activity) are more common than values in between. There are
no outliers or accumulation points visible.

Figure 7.1 shows the distribution of power values in the validation data set. The obvious
spikes in the beginning and end describe the idling system and a fully utilised system. Between
these two extrema the power values are evenly distributes.
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7.3 Post-Processing and Optimisation

In order to evaluate the effectiveness of the implemented post-processing and optimisation tech-
niques, various power models have been created and run through the optimisation pipeline. The
results are discussed and various features and peculiarities of the resulting graphs and figures
compared against the baseline and validation data set.

As discussed in Section 6.2 the workload for CPU-related activity can be comprised of various
actions. For a qualitative comparison two different modes of operation for the stress-ng utility
were chosen. The sqrt-rand stressor computes the square-roots of large random integer values
over and over again. This mainly creates load in a single unit of the processor. To evaluate this
stressor a baseline stressor is used to get an overall average utilisation. The all stressor cycles
through each available CPU-related stressor and repeats the loop once finished. There are 46
different stressors available2 ranging from integer, float, and mixed type computation, various
control flow operations, random number generation for different types, matrix multiplications,
and prime number tests.

To get a statistical sample for each of the two stressors a total number of four power models
were created with each stressor using the test equipment described in Section 7.1. Additionally
to these eight power models a single power model for the same SUT was used in the evaluation.
This last power model was not created with the techniques and tools described in this thesis,
but was a pre-existing power model considered to be state-of-the-art prior to this work. In the
following qualitative evaluations these power models will be addressed with the following terms:

raw
A power model is raw if it was saved right after the workload generation is completed. No
further manipulation on the data was performed.

optimised
A power model is optimised if its data went through the post-processing and optimisation
pipeline. The data points might not correlate to real observations but rather to cluster
centres.

old
A pre-existing power model created without the techniques and tools described in this
thesis is addressed as old.

cpu-sqrt-rand
A power model created with the sqrt-rand stressor is identified by this label.

cpu-all
A power model created with all stressors activated is identified by this label.

7.3.1 Data Point Distribution

The accuracy of a power model is in direct relation to the data point distribution due to the
nature of the used power estimation algorithm (k-NN). Measuring objective metrics of power
models is difficult because they typically represent data in higher dimensional space, which is
hard to fit into words or single metrics. Two important terms which are highly relevant to the
accuracy of power models are:

2as of stress-ng version v0.03.00
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Coverage

The term coverage describes the size of covered operational space of a given power model.
The larger the coverage the higher are the maximum values in each dimension. Since all
used metrics have zero as their minimum value the coverage can only be increased by
putting more load onto the SUT in each recorded data axis. Simply speaking a power
model with CPU values ranging up to 95% is better than a power model ranging only to
a CPU maximum of 80%. The same statement holds for more abstract metrics like disk
and network which are measured in throughput of bytes.
A power model with optimal coverage would contain data points at the extremal coordi-
nates of the operational space. Depicting the operational space as a 3D cube the optimal
coverage would be achieved by placing data points at each corner and on the six surfaces
of the cube. The size of the cube itself is determined by the actual hardware limitation of
the SUT. A 2-core CPU has a maximum load of 200%. Hard disks attached via SATA III
can only account for a theoretical maximum of 36 GB (4.8GBit/s for 60 s).
Given the dependency on the actual SUT hardware for this metrics it is not possible
to compare coverage values for different hardware specifications. Nevertheless coverage
provides a meaningful abstract metric in terms of first-order accuracy approximation.

Density
The term density is similar to the common definition. It describes how many data points
are within a given area or volumetric space. Due to time restrictions during power model
generation a balance between density (or resolution) and overall duration has to be found.
Increasing the density means sampling more grid points in closer proximity and intervals.
This increases the needed time for power model generation significantly. It is important
to note that a high density metric can only be achieved if the operational space is covered
in a regular fashion without any larger gaps or skipped regions.
Outliers and misplaced data points negatively affect the density significantly. As part of
a post-processing and optimisation it is therefore a good indicator for improved accuracy
if the density increased during post-processing.
If the density is used as an actual value it is only meaningful if computed from normalised
coordinates, otherwise the hardware specification would skew the metric.

Both terms are used to evaluate the results of this work. Although a strict value-based
comparison would be possible it is not in the best interest of publishing specific numbers without
a widely established system. Therefore the generated power models and their optimisation
results will only be discussed and compared in a comparative style.

7.3.1.1 Old Power Model

In Figure 7.2 an old power model is visualised in the three side views. The displayed area ranges
from zero to the maximum value in each axis. Each entry in the graph represents a single data
point in the power model. The shown power model consists of 324 data points and was created
with the SUT and power meter specified in Section 7.1. The total amount of generation time
for this model is approximately 5.5 hours. The generation process involved running various
applications and 3rd-party benchmarks to create artificial activity. There was no clear check
list or sequence on which applications to run for how long. Therefore this power model lacks
certain key requirements needed to allow for accurate power estimations.

It is clearly visible from the figures that large areas of the operational space are only poorly
or not covered at all. The histograms indicate large gaps in the disk utilisation distribution and
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Figure 7.2: This visualisation shows the data point distribution and histograms of an old
power model.

almost no data points spreading along the network axis. High CPU utilisation is only covered
with a couple of data points, without covering a large area.

Concluding, although this power model represents the basic structure and distribution indica-
tors, it will not be suitable for servers with a wide range of operation. Feasible power estimation
accuracy can only be achieved for CPU-bound tasks, in a low utilisation region of approximately
below 45%. Although this power model does include values for network utilisation, these values
are of almost no merit to the actual power estimation process.

7.3.1.2 Raw Power Model

A power model created with the proposed workload generator and techniques can be seen in
Figure 7.3. In order to facilitate visual comparison between the raw and optimised power model,
the visualisations 7.3a, 7.3b, and 7.3c are cropped to hide outliers in the data set. The outliers
are clearly visible in the histograms for disk and network, in which a large portion of the higher
value x axis is basically empty of data points, where as the histogram for CPU shows values for
the full spectrum.

This raw power model consists of approximately 6000 data points, which corresponds to
a generation time of circa 4.2 days. The overall time needed for a finished power model can
be easily deducted from the way the workload generator works. It requires five steps for each
resource metric, four minutes for each grid point and an additional cool-down phase of 90
seconds per grid point. Due to time limitations during the conduction of these experiments
the 16 CPU cores were iterated with a step range of two. This results in a total time of
ttotal = 5 · 5 · 5 · (16/2) · 4 · 1.5 = 6000 min.

It is clearly visible that the data set covers all three axis in an evenly distributed fashion. Due
to the nature of the workload generator the lower utilisation regions are covered more extensively.
This behaviour is represented in the histograms, and also represents common utilisation values
of servers, which typically operate most of the time in low utilisation.

Figure 7.3a shows the coordinates of data points for CPU and disk axis. One can observe a
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Figure 7.3: This visualisation shows the data point distribution and histograms of a raw
power model.

skewed axis for disk utilisation at 0% CPU. This empty triangular area is an effect of hardware
and computing restrictions. It is not (feasible) possible to create artificial disk activity while
keeping a 0% CPU level. For every byte written to disk a certain amount of CPU time is required
to perform this task. Therefore it is physically not possible for the SUT architecture to operate
with 0% CPU and 100% disk. This fact seems not to hold for networking, Figure 7.3b shows no
such effect.

Due to the way the workload generator operates a common pattern is visible in all point
distribution visualisations. Each metric (CPU, disk, and network) is utilised by the workload
generator in five steps: 0%, 25%, 50%, 75%, and 100%. These five levels of utilisation are clearly
visible in the graphs and represent the accuracy with which the artificial workload is created and
applied on the SUT. This effect represents itself in Figure 7.3a and 7.3b as five horizontal lines
(areas with increased point density). In Figure 7.3c the same five horizontal lines are visible with
the additional outcome that each of the lines is clustered into five groups. Due to the nature of
workload generation these lines and groups match the five levels of utilisation pretty well.

7.3.1.3 Optimised Power Model

Going through the post-processing and optimisation pipeline allows the raw power model to
be stripped from outliers and redundant data points, which can be seen in Figure 7.4. Outlier
removal, as described in Section 6.3, reduces the coverage because data points with maximum
values in a raw power model are most likely outliers. The histograms show that the resulting
range of values is covered with a considerate amount of data points, in contrast the histograms
for the raw power model in Figure 7.3 showed large uncovered areas for disk and network. Due
to the nature of the workload generator it is clearly visible that the five steps of 0%, 25%, 50%,
75%, and 100% are reflected in the histogram as well with small spikes at the corresponding
intervals.

The overall point distribution is not affected by the post-processing steps and compares quite
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Figure 7.4: This visualisation shows the data point distribution and histograms of an
optimised power model.

well to the raw power model. The triangular space and the approximated five steps are still
visible in the reduced data set. As a result of the point reduction, down to approximately 1350
points, the density decreases significantly. The effects of this will be discussed in Section 7.4.
The final power model after the post-processing and optimisation steps is about 22% the size
of the raw power model, considering the number of data points as primary indicator for storage
size. As part of the optimisation pipeline the normalised point coordinates are computed and
stored inside the power model. This means the Papillon Server can reuse these values and save
computing cycles on each power estimation. Along with the normalised data points additional
qualitative information about the power model is computed and stored, such as the overall
minimum and maximum values which reflect coverage.

7.3.2 Clusters and Point Distances
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Figure 7.5: This dendrogram shows the cluster distances of the tree power models used for
comparison.

In order to further evaluate the quality of a power model in terms of density a dendrogram
can be seen in Figure 7.5 which illustrates the distances between clusters of data points in a given
power model. The clusters are determined with hierarchical clustering using an agglomerative
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strategy.
Comparing the dendrograms of a raw and an optimised power model indicates that outliers

(present in a raw power model, but not in an optimised power model) cause larger distances
between clusters. The optimised power model shows more uniformly distributed cluster distances
with a clearly visible, almost linear, increase in distances. This reflects the fact that there are
much more low utilisation data points then in higher utilisation regions, yielding increased cluster
distances. Evaluating the old power model yields a non-reasonable result due to the large gaps
and poor coverage of this specific power model.

7.3.3 Power Correlation

Typical servers used in data centres usually are bound to operate on a specific resource-bound
activity load. CPU-bound servers are probably the most common use cases. Large file servers
depend to be disk-bound, which means most of the operational workload is reading or writing
to disk. Servers with 16 cores and 64GB of RAM show a different power profile then a file server
with 32 high-speed hard disks used for storage.

In order to generate an accurate power model for a specific server model it is important to
consider the expected use case and operation. For the SUT and an optimised power model the
power correlation for the three different metrics can be seen in Figure 7.6. Each graph shows a
single data point with the current metric on the abscissa and the power value on the ordinate.
Additionally to the data point plots a best fitting polygon with the order 1 (solid line, linear)
and order 2 (dashed line, quadratic) is approximated to fit the data.

From Figure 7.6a it is clearly visible that CPU strongly correlates to power with a small
variance. Either linear or quadratic polynomials fit reasonably well. It may be noticed that
with higher CPU values (85% and above) the best fitting line seems to level off. This means
the additional power required from 90% to 95% is typically less then the same step from 35% to
40%. With this knowledge the point of most efficient computing can be deducted quite easily
by looking at the gradient of the fitted line. This observation is reflected by the work done
in [BH07] and [RRK08].

On the contrary disk and network seem to be not correlated to power at all. The variance is
very high compared to CPU and fitting a polynomial line is not feasible. Due to the requirement
of certain CPU levels for disk and network activity (triangular area) the same observation is
possible for Figure 7.6b and 7.6c. Apart from the triangular correlation there can be no obvious
dependency deducted from this data set.

These findings correspond to the research published by Orgerie, Lefevre, and Gelas [OLG10]
and confirm the non-linearity for disk and network, as well as a possible non-linear CPU power
correlation, although this depends strongly on the SUT.
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Figure 7.6: Each of the graphs show the correlation between power and the specified activity
metric, including best-fitting polynomials.
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7.4 Power Prediction Evaluation

The most important task in terms of the overall goal of the Papillon system is to provide accurate
power estimations based on live activity data from connected servers. The accuracy then is a
key factor for higher level estimations like CO2 consumption, PUE [Bel07], and TUE [Pat+13]
values for data centres.

Using the validation data set described in Section 7.2 and a variety of different power models
and estimation algorithms the following section gives detailed information about power estima-
tion accuracy of the proposed changes to the Papillon system.

Each power model is used to estimate the power of all 15.000 data points in the validation
data set. The resulting power values are then compared to actual power readings from a power
meter, which recorded a calibrated power value for each validation data point. The resulting
statistical analysis is visualised in box plots and as raw values in the tables below.

The box plot shows the absolute error values in percent. The 25th and 75th percentile
(Q1 and Q3) of error values are outlined by a box, with a straight horizontal line in the box
indicating the median error value. The whiskers below and above the box indicate the extremal
error values, which are not considered outliers. Outliers are defined with a threshold of above
Q3 + 1.5 · (Q3 − Q1) or below Q1 − 1.5 · (Q3 − Q1). In a simplified description the box should
be as close as possible to the baseline (0% error). The size of the box and the length of the
whiskers are an indicator for the variance of the error values and should be as small as possible
to describe an accurate power model.

The results table shows three different error metrics with the following meanings:

Median Error indicates the actual error value dividing the lower half from the higher half of
error values.

Mean Error indicates the numerical average of all error values.

Dynamic Range Error (DRE) indicates a relative metric of the root-mean-squared error divided
by the dynamic range [Dav+11]. This metric allows for comparison across platforms
because the actual error is weighted against the idle and maximum power consumption
of the SUT. Due to the proposed comparability this metric will be mainly used for the
following model comparisons.

7.4.1 Papillon Power Models with Different CPU Stressors

Stressor Type Median Error [%] Mean Error [%] DRE [%]

sqrt-rand

6.26 6.00 2.05
5.88 5.93 2.07
7.33 7.21 2.01
6.10 5.77 2.55

all

1.07 1.43 0.73
1.36 1.57 0.72
1.44 1.67 0.74
1.66 2.01 0.95

Table 7.3: The power estimation error metrics for different types of CPU stressors.

In order to get an understanding about the accuracy of different Papillon power models a
total number of eight power models were created with the modifications and additions outlined
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Figure 7.7: This box plot shows multiple raw power models, each created with a different
CPU stressor.

in Chapter 5. According to the data sheet of the SUT it is expected to be a mainly CPU-bound
power consumption. Therefore it is important to compare different CPU-related workloads.
Section 7.3 introduced the concept of stressors, in particular the sqrt-rand and all stressors.
Figure 7.7 and Table 7.3 show the power estimation accuracy for those eight power models.
Each entry reflects a raw and untouched Papillon power model used for power estimation with
the Papillon 10-Nearest-Neighbour algorithm. Two groups consisting of four power models each
were created to compare different CPU stressors.

The results clearly show that using only the sqrt-rand stressor to create artificial CPU
workload leads to a significant worse accuracy compared to the all stressor, which invokes all
available stressor types involving the CPU in any way. The average absolute error indicates that
the overall power estimation accuracy is approximately 6% for the sqrt-rand group and below
2% for the all group. The same trend is visible in the median error as well as the dynamic range
error.

Therefore it can be concluded that for the given SUT the all stressor for the CPU workload
generator yields the most accurate power model with an average estimation error of below 1%
of DRE.

7.4.2 Papillon Power Models: Raw and Optimised

The post-processing and optimisation pipeline is a key component to reduce the computational
efforts needed for each power estimation done by a Papillon server. Estimating more power
values in the same time frame allows the Papillon Server to handle more clients with a given
infrastructure. Therefore its goal is to increase the performance of each single power estimation
and reduce redundant computations.
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Figure 7.8: This box plot shows multiple raw power models and optimised power models
side by side.

An evaluation on the effects in terms of accuracy can be seen in Figure 7.8 and Table 7.4.
The four raw power models from above (with all stressor) are used as baseline in this comparison
(labelled raw). The post-processing and optimisation pipeline was applied to these power models
and the resulting error values are labelled as optimised.

The error metrics indicate that the post-processing pipeline did effect the accuracy of the
power estimation on the validation data set negatively. The mean error of all four power models
per group increased from approximately 1.67% to 2.55%. Similar effects can be observed for the
DRE metric, which changed from 0.79% up to 1.25%. This is an expected result given the fact
that each raw power model consists of about 6000 data points, compared to an optimised power
model with only 1350 data points. With a size reduction down to about 22% of the raw power
model, the power estimation is still yielding similarly accurate results. The variance of error

Name Median Error [%] Mean Error [%] DRE [%]

raw

1.07 1.43 0.73
1.36 1.57 0.72
1.44 1.67 0.74
1.66 2.01 0.95

optimised

1.78 2.85 1.52
2.78 3.11 1.31
1.32 2.27 1.24
1.59 1.95 0.95

Table 7.4: The power estimation error metrics for a raw and an optimised Papillon power
model.
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values increased considerably for the optimised power models, while still keeping a relatively low
average error value.

The maximum error for an optimised power model increased from approximately 6% up to
11%. This is the largest deviation from the raw power models and is strongly influenced by the
non-deterministic post-processing and optimisation pipeline. It would be recommended to run a
validation after the post-processing to ensure a given power model still fulfils the requirements.
A simple cross-validation can be performed by comparing two individually created power models
against each other in terms of coverage, density and accuracy.

7.4.3 CPU-only Power Models
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Figure 7.9: This box plot shows a comparison between various CPU-only power models.

Name Median Error [%] Mean Error [%] DRE [%]
raw 10-Nearest-Neighbour 1.76 2.20 0.93

optimised 10-Nearest-Neighbour 2.35 2.62 0.85
best-fit quadratic 1.58 1.99 0.81

best-fit linear 4.78 4.59 0.94

Table 7.5: The power estimation error metrics for various CPU-only power models.

Various different power model techniques exist and are being adopted into the industry. The
most common type of model is a pure CPU-only linear power model, as proposed in [FWB07],
[LTG12], and [Li+12]. Although various other researchers have found that this simplification is
not accurate enough, [Zha+13] and [OLG10], it is still used widely. The Papillon system has not
yet been compared to these simple linear models and will therefore be subject to an evaluation
together with a simple linear and a quadratic power model.
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Due to the fact that for this comparison only CPU activity is used the names for the two
power models under evaluation are described as 10-Nearest-Neighbour, because the term Papillon
power model refers to a full power model consisting of CPU, disk and network data. The linear
and quadratic model are derived from the raw CPU-only Papillon model by computing the best
fitting polynomial with order 1 (linear) or order 2 (quadratic). The best fit is determined with
a plain least-squares approach.

Figure 7.9 and Table 7.5 show the numerical evaluation of the validation data set against
each of the four CPU-only power models. From the box plot and error metrics it is clearly
visible that a quadratic power model yields the most accurate results. This result is similar to
the research published by Zhang et al. [Zha+13].

The raw 10-Nearest-Neighbour with about 6000 data points is almost as accurate as the
quadratic power model, with a median absolute error of below 2%. The optimised 10-Nearest-
Neighbour power model yields similar results, although the absolute error is slightly higher, but
the variance of the error values is smaller with smaller extreme values. The least accurate power
model in this comparison is the linear model with an absolute error between 4% and 5%.

A slightly different conclusion can be drawn by looking at the DRE. All four power models
are below 1% of DRE, with the quadratic model still being the most accurate, followed by the
optimised 10-Nearest-Neighbour model. Again the least accurate model is the purely linear
power model.

7.4.4 Comparison
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Figure 7.10: This box plot shows a comparison between a raw Papillon, a simple CPU-only
quadratic model, and an old Papillon power model.

To draw a conclusion between the different power models and proposed generation techniques
a raw Papillon power model is compared against a purely CPU-only quadratic power model. To
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7.4. Power Prediction Evaluation 7. Experimental Results

Name Median Error [%] Mean Error [%] DRE [%]
raw Papillon 1.07 1.43 0.73

CPU-only best-fit quadratic 1.58 1.99 0.81
old 22.32 23.59 5.57

Table 7.6: The power estimation error metrics for a raw Papillon, a CPU-only best-fit
quadratic, and an old Papillon power model.

put these error values into perspective an existing power model currently used in the Papillon
system is added to the comparison. This old power model was created with simple workloads
and benchmarks, without the techniques and pipelines outlined in this thesis. The changes in
accuracy to the old power model can therefore be used as an overall improvement criterion.

It is clearly visible from Figure 7.10 and Table 7.6 that the raw Papillon model, as well as
the CPU-only quadratic power model outperform the old power model significantly. Prior to
the proposed changes of this thesis the Papillon system was using power models with an average
absolute accuracy of 24%, with extreme deviations up to 40% of error. The numbers for the raw
Papillon model and quadratic model are already described above.

The CPU-only quadratic power model yields similar accuracy as a raw Papillon power model,
both surpass the existing power model significantly. The numbers indicate a total improvement
of over 625%.
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8

Future Work

During the work on the described endeavours certain aspects surfaced which are out of the scope
of this thesis. A brief definition of upcoming topics and proposed enhancements are given to lay
the ground for prospective tasks to be done. The listed topics are only considered to be a digest
of additional research fields.

8.1 Workload Generation on Windows

The currently implement workload generation described in Section 5.2 and 6.2 is targeting solely
Linux-based OSs. Since the Papillon system is designed to be cross-platform compatible a future
task is to port and adapt the Linux workload generator for Microsoft Windows systems.

One might expect that a power model generated on Linux should be valid on Microsoft
Windows as well. At the current stage this claim has not been verified and power models
need proper evaluation to support such assertions. The experimental evaluation performed in
Chapter 7 was using done using a Linux-based OS and might not be valid on Microsoft Windows.
Various hardware drivers and power modes might not be implemented or available on one of the
platforms and therefore could yield different power estimations.

Due to the different ecosystem and available tools the architecture needs to be changed to
accommodate for possible incompatibilities. The currently used tools stress-ng and iperf are not
available on the Microsoft Windows platform and need to be replaced. Further research needs
to be done if there are cross-platform tools available to keep the Linux-based and Microsoft
Windows-based workload generator as similar as possible.

8.2 Evaluation of Different Neighbourhood Sizes

The Papillon power estimation uses a 10-Nearest Neighbour algorithm. Depending on the
amount of data points, coverage, and density of the used power model various neighbourhood
sizes could yield better estimations in terms of accuracy and computation performance.

A simple evaluation of existing power models and validation data sets with different neigh-
bourhood sizes can be performed to find the optimal size vs. accuracy trade-off. Common
numbers for the neighbourhood size are 5, 10 (currently used), 15, and 20. Smaller sizes would
increase the power estimation performance because less computations need to be performed.
Although this is only a small factor because in order to find the closest neighbours one has
to compute a full list of all data points in the power model, unless other complex partitioning
approaches are implemented.
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8.3. Evaluation of Different Clustering Algorithms 8. Future Work

The optimisation of existing power models would also benefit from research into different
neighbourhood sizes, since the k-NN is used in the power estimation as well as the post-processing
and optimisation pipeline. An additional reduction in data points of power models is possible
and anticipated by increasing the neighbourhood size during post-processing, while decreasing
the neighbourhood size during power estimation.

8.3 Evaluation of Different Clustering Algorithms

In Section 5.3.3 different techniques to reduce redundant data points were discussed. Both
described algorithms use a form of clustering and regression approach to detect superfluous
data points. Since the Papillon system already uses the k-NN algorithm for power estimation, it
was a clear first choice to reuse this workflow in the post-processing and optimisation pipeline.

The second proposed algorithmic approach involves Gaussian Mixture Models for cluster-
ing of the point cloud. This would have the benefit of getting a probability distribution for
clusters and data points. With this additional information the resulting power values (in either
estimation or optimisation) could be further optimised and possibly yield a more accurate result.

8.4 Additional System Metrics

The power estimation in the Papillon system currently works by including CPU utilisation, disk
and network throughput values and derive a power value with an existing power model. The
number and shape of metrics can differ widely due to the normalisation to a predefine value
range. Therefore including additional metrics can be easily accomplished.

The results in Section 7 clearly indicate a CPU-dominate power consumption of the available
SUT. Depending on the level of granularity and accessibility of metrics many runtime-related
values can be gathered and used for power estimation. Further research can be done to evaluate
possible accuracy gains by including one of the following metrics in a Papillon power model:

Memory Access
MMU and last-level cache misses could be used as indicator for memory access (read
and write). Modern system architecture includes multiple levels of caches on different
components. A clear distinction between the components must be found to account for
memory access patterns caused by the user or the system.

Fan Speeds
Some systems use a variable speed control on the system enclosure, RAM, CPU, and
power supply fans. This could affect overall power estimation accuracy by up to 20 Watts
(depending on the fan size and speed).

Temperature
Ambient temperature is usually controlled by an external climate control systems embed-
ded in the data centre. Depending on the air flow through the rack and device mounting
different temperatures could affect different components of a system.

Precise CPU workload
Currently the only CPU metrics recorded is the percentage of busy-time the CPU expe-
rienced. Since modern CPU architecture integrates more and more components onto a
single chip, e.g. System on a Chip (SoC), it is not clearly distinguishable which compo-
nents actually consume power. With strict separation of CPU activity into ALU, MMU,
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and Direct Memory Access (DMA) controller the power estimation could be more precise
if these metrics are recorded and evaluated independently.
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9

Concluding Remarks

In this thesis I have presented modifications to the Papillon power model generation workflow.
The Papillon Client was refactored to accommodate a live power model recording in collaboration
with the introduction of a workload generator to increase coverage and density of Papillon power
models. A number of experiments was conducted to evaluate the contributions of this work in
terms of accuracy and system performance. The overall results show a significant accuracy
improvement of over 625% for Papillon power models compared to existing models. The average
power estimation error of a running server was reduced from 24% to under 2%. The Dynamic
Range Error (DRE) was cut down from 5.6% to 0.7%.

A brief introduction to the Papillon system was given in Chapter 4. Chapter 5 and 6 covered
the topics of design and implementation of the necessary changes and additions.

The experimental results of the proposed improvements and changes are discussed in Chap-
ter 7. Chapter 8 discussed topics for future research and work currently in progress regarding
the Papillon system.
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Nomenclature

ALU Arithmetic Logic Unit. 23, 57

API Application Programming Interface. 14–17, 20, 33, 35, 36

CLI Command Line Interface. 20, 34

CPU Central Processing Unit. 6–10, 12, 13, 16, 18, 22–28, 32, 34, 37, 38, 43–47, 49–51, 53–55,
57

DCIM Data Center Infrastructure Management. V, VI, 13

DCPI Data Center Productivity Index. 7

DHCP Dynamic Host Configuration Protocol. 35

DMA Direct Memory Access. 58

DRE Dynamic Range Error. 9, 51, 52, 54, 59

DSL Domain-Specific Language. 39

DUT Device Under Test. 7

DVFS Dynamic Voltage and Frequency Scaling. 6, 8, 10, 12

GMM Gaussian Mixture Model. 30, 31

GUI Graphical User Interface. 20

HTTP Hypertext Transfer Protocol. 14, 20

IaaS Infrastructure as a Service. V, VI

IO Input/Output. 27, 28

IP Internet Protocol. 15, 35, 36

IT Information Technology. 1, 4

JSON JavaScript Object Notation. 15, 32, 33

k-NN k-Nearest Neighbours. 18, 19, 31, 40, 44, 57

MAC Media Access Control. 36
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Nomenclature Nomenclature

MMU Memory Management Unit. 23, 57

NIC Network Interface Controller. 8, 27

OS Operating System. 8–10, 15, 18, 22–29, 33, 36–38, 56

PaaS Platform as a Service. V, VI, 7

PAPILLON Profiling and Auditing of Power Information in Large and Local Organisational
Networks. 13

PCA Principal Component Analysis. 23

PUE Power Usage Effectiveness. 7

PWM Pulse-Width Modulation. 28, 38

RAID Redundant Array of Independent Disks. 23, 38

RAM Random-Access Memory. 8, 10, 49, 57

REST Representational State Transfer. 14, 33

SaaS Software as a Service. V, VI

SoC System on a Chip. 57

SQL Structured Query Language. 15, 16

SSD Solid State Drive. 8, 12, 23

SUT System Under Test. v, 5, 8, 20–23, 25, 27, 28, 33, 34, 39, 42–45, 47, 49–51, 57

TCP Transmission Control Protocol. 15, 38

UDP User Datagram Protocol. 38

UID Unique Identifier. 36

UML Unified Modeling Language. 33

WMI Windows Management Instrumentation. 24

XML Extensible Markup Language. 15, 25, 32, 33, 39, 41
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