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Abstract

The exponential growth of the information technology, such as social media content or on-
demand video services, results in increasing energy consumption, which may be one of the
main causes of climate changes. Power and cooling are the key challenges to reducing the
emission of greenhouse gas, especially in large-scale data centers. With our full-system
model, we contribute towards improving the energy efficiency on specific server systems
and, consequently, optimize the efficiency of data center infrastructures. We develop a
generic, flexible, and scalable model to simulate and optimize a complete server system for
the multiple, potentially conflicting aspects: power, temperature, and performance. We
develop a hierarchical and abstract model of a rack-mounted server system, which builds the
base of our mathematical methods to calculate the multi-aspects of each component. We
demonstrate the feasibility and advantages of our concept through a prototypical
implementation, in which we empirically validate our model using a variety of artificial
workloads to ensure the reproducibility at any time. In principle, our simulation-based, full-
system server model supports customer-specific workload scenarios, specified as realistic
category-specific utilization levels, to simulate the suitable power of server systems. We
address the significant static as well as dynamic characteristics and configurations to cover a
variety of server systems and components compatible with the customer-specific server
system. We precisely calculate the power consumption that reduces the over-provisioning of
the server system, particularly in industrial practice. Moreover, we demonstrate that we can
forecast future generations of high-performance systems and components by assuming the
predecessor or a similar generation. To our knowledge, in academic research, there are no
generic approaches that cover the full server system simulation on a common base. This
thesis provides new research contributions that explicitly cover the heterogeneous
characteristics of the hardware and software variations, such as supporting diverse server
families or generations. Moreover, the simulation optimizes the energy efficiency of the
server system at various utilization levels, especially at low-intensity phases (under-
utilization).



Zusammenfassung

Der ansteigende Medienkonsum, bedingt durch sich weiterentwickelnde Kommunikations-
kanale, fihrt zum kontinuierlichen Anstieg des Energiebedarfs, welches den Klimawandel
weiter voranschreiten lasst. Das grofRte Potenzial zur Energieeinsparung im Rechenzentrum
wird derzeit dem IT-Equipment sowie dessen Kihlung zugesprochen. Wir haben ein
ganzheitliches Systemmodell zur Optimierung der Energieeffizienz von Rack-Servern
entwickelt. Wir entwickelten ein allgemein-giltiges, flexibles und skalierbares Model, um
verschiedene Server zu simulieren und optimieren. Das hierarchische und abstrahierte
Servermodell unterstiitzt die Berechnung der konkurrierenden Aspekte: Energieverbrauch,
Temperaturentwicklung und Performance. Die prototypische Implementierung zeigt die
Machbarkeit und Vorteile unseres Ansatzes. In der Evaluation unseres simulationsbasierten
Systemmodells verwenden wir synthetische Lastszenarien zur besseren Nachvollziehbarkeit,
wobei wir auch realistische benutzerspezifische Lastszenarien unterstitzen. Der Anwender
definiert die prozentuale Auslastung der Komponenten als Lastszenario, welches wir zur
Berechnung der maximalen Leistungsaufnahme und des Energieverbrauchs verwenden. Wir
prasentieren die relevanten statischen und dynamischen Merkmale, um unterschiedliche
Serversysteme und Komponenten aus verschiedenen Generationen abzubilden. Wir
berechnen den Energieverbrauch bzw. die Leistungsaufnahme und die daraus resultierenden
Temperaturen hinreichend genau, welches die oftmals erhebliche Uberschitzung des
tatsachlichen Energieverbrauchs von Servern reduziert. Unser Ansatz ermoglicht die
Prognose der maximalen Leistungsaufnahme von zukiinftigen Systemen und Komponenten.
Unser Ansatz unterstilitzt, im Gegensatz zu den bisherigen akademischen Ansatzen, eine
Vielzahl an Server und deren unterschiedliche Komponenten. Mithilfe unseres
simulationsbasierten Ansatzes kénnen wir die Energieeffizienz von Servern bei jeglichen
anwenderspezifischen Szenarien optimieren.
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Introduction

1 Introduction

1.1 Motivation

The consumption rate of information technologies, especially web-based resources, has
increased rapidly. Social media networks, such as Facebook and Twitter are well established.
Providers work with large amounts of data because the customers upload and download a
wide range of data, such as movies, photos, and documents. Every day consumers upload
more than 300 million photos on Facebook (data from the first quarter of 2012) and thus, data
centers daily handle more than 500 terabytes of new data [Fac 2012, Con 2012]. The
International Data Corporation® (IDC) forecasts the amounts of information will double every
two years, as shown in Figure 1 [JD 2012, Pet 2012]. The amount of data was nearly five
Zettabytes® in 2013 and will probably be around 40 Zettabytes in 2020, which shows
exponential growth.

Information 35
[zettabytes]

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
year

Figure 1: IDC's forecast for the digital information growth [JD 2012]

This growing data trend is occurring because of different factors of mobile devices, forecasted
by Gartner 2012 [Pet 2012]. The shift from mobile phones to smartphones provides the ability
to perform computer functions on the portable devices. Therefore, some general-purpose
services, such as television, are switching to on-demand video services. Wide ranges of
business-to-consumer (B2C) markets are growing because of the web-based streams.
Especially the marketplace for portable applications has grown within the last years. The
authors in [Pet 2012] forecasted nearly 70 billion mobile application downloads in 2014.

The demands of computation resources, not just storage resources, are also increasing. Data
centers or search engine providers such as Bing® or Google” handle a high level of data
guantity, inquiries, and services using the server systems. Google had approximately sixty

! International Data Corporation: http://www.idc.com
? Zetta byte: 10 Byte

? Bing: http://www.bing.com

* Google: https://www.google.com
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thousand searches per second in 2012 [Com 2013]. If we take previous years into account, the
amount of searches will dramatically increase in the following years. In 2010, Google’s server
consumed nearly two billion kilowatt-hours [Koo 2011]. As a consequence, the energy demand
on data centers is growing.

The energy efficiency report produced by the US Environmental Protection Agency’ (EPA)
depicts historical as well as current trends of energy use in U.S. data centers [USEPA 2013].
Within six years the energy consumption doubled between 2000 and 2006 from 30 to 60
terawatt-hours®, see Figure 2. Assuming the trend is continuing, the energy use will be
approximately 170 terawatt-hours in 2020. It has thus increased more than fourfold [Acc
2008].

20,00
18,00

180

,:_;/ World
German 16,00 - L 140 energy
energy -
demand 14,00 / L 120 d[eTr\n;hn]d
[TWh] 12,00 / L 100
— 10,00 / ~ - -
- |-
8,00 - 80
- - 60

6,00
4,00
2,00
0,00

- 40

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

year

Figure 2: Total energy demand of servers and data centers [Acc 2008, HFS 2010]

The energy demand of German data centers was 12 terawatt-hours in 2012 [Thy 2012]. The
servers and data centers require about 1.8 percent of the overall German energy demand.
Another agency [HFS 2010] forecasted that in 2015 the energy demand of servers and data
centers in Germany would be around 14.2 terawatt-hours in “business as usual cases” and
around six terawatt-hours in “best practice” green IT-based solutions, as shown in Figure 3.

20,00
18,00

German
energy
demand
[TWh]

16,00
14,00
12,00
10,00

8,00 — -

f —
6,00 ——— S
4,00
2,00
0,00

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
year
———business as usual = - best practice

Figure 3: Total energy demand of German data centers [HFS 2010, Thy 2012]

> US Environmental Protection Agency: http://www.epa.gov
® Terawatt: 10" Watt
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Furthermore, Koomey forecasts the same tendency for computer performance (operations per
period) and efficiency (operations per power demand), which double within one and a half-
year [KBS et al. 2010]. The costs per operation are decreasing because of the technologies that
are shrinking semiconductors and because of increasing transistor density. In 1965, Moore
predicted a doubled numbers of transistors on integrated circuits every two years [Moo 1965].
An adequate computer can be built much cheaper with the same performance, but using more
transistors. An increasing computing performance enables large-scale computations in
academia as well. For instance, transmutation, decoding, reconstructing, or recombining of
genomes generates large data sets and complex tasks. These data-intensive tasks utilize all
data center levels [IIZ et al. 2007], especially the server, in certain ways.

The authors in [BLR et al. 2005, BH 2007, RRT et al. 2008, LEU et al. 2010] state that the servers
consume the most power (between 27% and 65%) in comparison to the data centers’
operational expenditures, such as the overall electricity costs. The increasing energy
consumption may be one of the main causes of climate change. Power and cooling are the key
challenges to reducing especially the greenhouse gas emissions of data centers. Several
governmental agencies, initiatives, and industrial consortiums are investigating on improving
the energy efficiency. Replacing inefficient IT equipment, optimizing the climate control,
limiting, and balancing the server workloads are conventional considerations for reducing the
energy consumption. With our full-system model, we want to make our contribution to enable
certain energy efficiency optimizations on specific server systems. We model a complete
server system as a simulation-based approach to predict the power consumption,
temperature, and performance, which enables the analysis of the energy efficiency considering
realistic workloads and low-intensity phases (under-utilization). Moreover, we optimize the
energy efficiency of the server system concerning the variety of software and hardware
configurations.

1.2 Objectives and Contributions

The main objective of this thesis is to develop a novel multi-aspect full-system model that is
able to optimize an entire server system concerning the energy efficiency. We specify a flexible
simulation-based approach that enables the optimization of customer-specific workload
scenarios and various system configurations. In this thesis, we investigate the following
questions:

e How can we specify entire server systems and their components?
We specify a server-specific configuration tree as a hierarchical structure concerning
the various abstraction levels. We subdivide the hardware, first, into the static model
considering the architecture as well as connectors, and secondly into the dynamic
behavior model, including the relations between the components.
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Is it possible to forecast next-generation systems?

We specify various significant characteristics to forecast the power consumption of
next-generation processors and memory modules that are based on the component
technology development, for instance.

How can we deal with the external and internal requirements concerning the workload
scenario to support vendor and customer demands?

We flexibly specify the server system externals, such as the resource-based workload
scenarios to apply the intended scope of application. We integrate the internal and
external constraints such as the thermal limits that build the base of the thermal
control in the primary phase of our optimization strategy.

How can we calculate aspects of power, temperature, and performance in an accurate
manner?

For each aspect, we develop a method that consists of the technical specification
function and the configuration function. In our configuration tree, we weight the
characteristics with their corresponding coefficients and consider the related offsets.

How can we deal with multi-aspect-based calculation methods and their relationships,
especially the interdependencies between the components?

We implement each aspect in a particular calculation method. Herein, the power
consumption builds the significant input parameter of the thermal calculation. We
predict the performance on the basis of the power consumption and thermal
development. We realize the interdependencies between the components in Simulink
and in MATLAB partly specify the relations that influence the component behavior.

What are the significant characteristics of the components concerning the specific
aspects?

In contrast to common assumptions and as a result of our analysis, we found the
following significant characteristics of the memory modules: vendor, die, series,
fabrication size, synchronization mode, and ranks. We additionally observe the relevant
processor characteristics: semiconductor technology (thermal design power), product
life cycle stage, fabrication size, and series. The power consumption, thermal
development, and performance of the server system depend upon the enclosure, its
subset of equipment, and usage models.

How can we flexibly react to characterization changes and adjust our calculation
methods?

We define a centralized database that consists of the possible characteristics and
configurations. We provide access to individually configurable data within the
database to enable the use of our models across multiple server generations.

10
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e s it possible to simulate a full-server system in a time-continuous workload scenario?

Indeed, we simulate the entire server system concerning the trace of several real
application softwares. In our evaluation, we trace the utilization levels from artificial
benchmarks to ensure the reproducibility at any time.

e How can we deal with multi-objective optimization of the entire server system?

In our evaluation, we present the alternations of the server characteristics and
configurations at each time t, resulting from our multi-objective optimization in which
we select the global optimal solution.

e How much can we optimize the energy efficiency by adjusting a more suitable
configuration or characteristic?

We illustrate the possible optimization of the performance-to-power ratio by nearly
12.2% in our exemplary evaluation.

e How much amount of power consumption does an improved server system
(configuration or characteristic) accomplish regarding a specific workload scenario?

We exemplarily achieve the mean processor power reduction of approximately 53.3%
when analyzing the SPECpower benchmark.

Our multi-aspect full-system model should minimize the vendors’ measurement effort by
simulating accurate and precise aspects of the server system components. As a result, we will
reduce the over-provisioning of the server system. Moreover, we investigate the opportunity
to calculate next-generation systems while considering actual trends of server system
configuration.

11
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1.3 Organization of This Thesis
We organize the remaining content of this thesis as follows:

Chapter 2 — Background outlines the fundamental knowledge to understand our modeling and
simulation. Herein, we define necessary terms pertaining to energy efficiency and
give the backgrounds of the server system in a data center.

Chapter 3 — Basic Modeling Technologies, Algorithms, and Approaches in Academic Research
and Industrial Practice presents the various modeling technologies and respective
server system domains to create multi-aspect models. Moreover, we introduce
the corresponding related work, which we split into aspect-based sections. We
describe the gap between the academic approaches and the industrial field of
application, which results in our problems.

Chapter 4 — Problem Statement, Challenges, and Aims discusses the problems and challenges
between the industrial tools and academic approaches. For this, we specify seven
aims used as a basis for our thesis.

Chapter 5 — Multi-aspect Full-system Server Model and Optimization Concept as a
Simulation-based Approach (MFSMOS) presents the details of the five-step
concept, including the aspect-based component models and characterization of
the server system. We describe the external environment and specify further
details of the optimization strategy, such as the cascading primary and secondary
phases.

Chapter 6 — Design and Implementation of the Architecture applies the concept in a
simulation framework as a prototypical implementation. We realize a Model-
View-Controller (MVC) approach and describe the layers concerning its methods.

Chapter 7 — Evaluation of the Multi-aspect Full-system Server Model and Optimization
(MFSMOS) evaluates the multi-aspect-based methods and algorithms developed
in this thesis. First, we present the evaluation environment and analyze the
calculation methods regarding their accuracy. Second, we investigate the impact
on changes of the component characteristics. Third, we evaluate the
improvements that result through our server system optimization.

Chapter 8 — Conclusion summarizes the work done in this thesis and presents an outlook in
which further investigations might be useful.

12
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2 Background

The purpose of a model is to show and predict realistic behavior, which interacts with the
environment. Thus principles’ and theories are formal logic or mathematics, for instance. Real
behavior is defined in an abstract and generalized manner. Models represent certain aspects
of reality with a specific purpose. They support the understanding of relationships in the case
of similar behavior in comparison to the real world. Section 2.1 describes the modeling and
simulation differences. This thesis, which addresses an energy efficiency estimation approach,
contains terms such as power, energy, performance, and efficiency, which are outlined in
detail in Section 2.2. The purpose of this model is to predict the power and energy
consumption of server systems in data centers. Sections 2.3 and 2.4 present a generic
overview of the services and equipment of data centers.

2.1 Modeling and Simulation

Modeling is an approach to show and predict an actual system’s reality. A model depicts a
simplified representation abstracting from some real-life complexities. The model accuracy
depends on the level of the model’s detail. Too many details result in complex, complicated
and time-consuming models. On the other hand, providing too little information will have the
effect of missing relevant details for the simulation results. Therefore, a specification and
requirement analysis are mandatory steps for developing a proper model. A model is a virtual
or digital prototype of a real system dependent on use cases and model objectives. Modeling
systems need system details. If customers know the internal rules or workflows, they use a
white-box modeling approach for the respective system. This is the case in self-designed
systems. On the other hand, modeling a black-box does not include any internal details of the
system. Such an approach is required in case of external systems from other suppliers. In
contrast, a grey-box model is a mixture of both the white-box and black-box approach. Some
internal workflows are known but not at all of them.

A model is created by empirical as well as mathematical methods and techniques such as
deterministic, stochastic, static, and dynamic methods. Usually, equations, logical rules, and
constraints define the limits, and flowcharts represent the system behavior. Stimulators
generate input data for the model. In an accurate case, the system model is an exact replica of
the real system with the same behavior. The developer executes the model to check whether
the right system [BCC et al. 2014] is built.

Simulations of the model help to verify and confirm the represented reality® and dynamic
behavior. Furthermore, they support the processes of analyzing and designing a system. Under
known input conditions, a model is valid if the resulting outputs from the real world and

7 Principles: physical, analogue, or mathematical model
8 . . . . .
Reality: logical, behavioral flow, interfaces, or triggers
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simulation are the same. The decision depends on the accuracy and precision of the system.
Simulation-based approaches handle the complexity of industrial hardware and software
systems [SMA et al. 2003]. A simulation checks a model, which runs over a certain period. A
positive aspect is that inside a simulation all operating conditions such as temperatures, as
well as non-controllable factors, e.g. the weather, are changeable. It does not matter if it is
realistic or not. Sometimes arbitrary conditions are dangerous or expensive in the real world.
On the other side, a simulation requires a detailed model to predict valid behavior and results.

Either a suitable programming language or simulation package is required for implementing a
simulation model. Choosing the adequate simulation software or environment depends on the
software or customer properties. Software properties include the following aspects:

e Support

e Documentation

e Interfaces

e Costs

e Resource requirements
e  Statistical capabilities

e Reporting capabilities

On the other hand, customer properties are potential effects, problems, aid for structures
(hierarchical, flat, object-oriented, or nested) and their level of competence or expertise
because of training periods.

2.1.1 MATLAB and Simulink

MathWorks’ developed a software system called MATLAB. MATLAB is an advanced tool for
numerical computations, used in academia and industry. MATLAB is an environment and a
programming language. It focuses on vector-, and matrix-based calculations. The model used
in this thesis includes several differential equations, statistics, and forecasts. MATLAB solves
these problems and provides various interpolation methods as well as statistical analysis. For
this thesis, we analyze and integrate the high level of data within the model. MATLAB supports
several import functions and opportunities. A wizard-based graphical interface generates a
MATLAB function based on several data, such as input information or measurement results.
Furthermore, the data can be adapted, analyzed (reports), and visualized (plots) by built-in or
plug-in tools. Moreover, many domains are used: for instance, control, sequence, mechanical,
or electrical systems. MATLAB supports model, data, and controller optimization. Automatic
code generation is another benefit. In this thesis, a MATLAB extension called Simulink is used.

® MathWorks: http://www.mathworks.com
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Simulink is a block-based simulation environment with a graphical user interface and is
integrated into the MATLAB environment. Its interfaces support executing MATLAB code (M
scripts) and functions. Many hierarchical domains are distinguished in blocks, which are also
called subsystems. This thesis uses a model-based design (MBD) approach, which models the
control system and simulates the dynamic behavior of electrical and mechanical systems.
Moreover, Simulink supports the textual modeling of methods, data flow diagrams, state
machines, and various domains. A simulation model includes, for instance, the dynamic control
of non-deterministic behavior of disturbances, influences, and environmental factors. Simulink
supports viewing and debugging results for model optimization as well as parameterization
and additionally supports executable source code generation.

2.1.2 MATLAB Notation and Syntax

The following chapter introduces MATLAB notations. The model uses vectors, matrices, and
arrays to define the represented system. Developed algorithms and system descriptions use
MATLAB syntax as well.

MATLAB labels variables with an equal sign. The variable name is on the left side, whereas the
variable content is on the right side. Appendix A3c describes MATLAB label restrictions.
MATLAB variables contain only numbers (I) or a mix of numbers and strings (II). The mix is a
cell array or cell matrix. The following terms describe the syntax of MATLAB vectors or
matrices. A numerical vector (I) consists of a sequence of numbers within square brackets as
shown in (2.1). A number is followed by a number within a row vector. Each number defines a
column, whereby a blank separates the columns.

[label] = [ [numbers]*t [numbers]* ] (2.1)

A row vector transforms into a column vector using a semicolon as shown in (2.2). A semicolon
defines the end of a row.

[label] = [ [numbers]*; [numbers]™ ] (2.2)

Both variable types I, II are within square brackets. A cell array (II) requires additionally curly
brackets and single quotation marks as shown in (2.3, 2.4). Strings and numbers are in any
order.

[label] = [{ ['[string|numbers]']* ['[string|numbers]']*} ] (2.3,2.4)
[label] = [ { ['[string|numbers]']" ['[string|numbers]']*;
{ ['[string|numbers]']" ['[string|numbers]']* } ]

The following examples show both matrix types I, II. The matrix Ma includes many vectors.
The matrix dimension (m x n) specifies the amount of rows (m) and columns (n). A complete
numerical matrix Ma (I) is shown in (2.5). It can contain different dimensions, for instance
(2x2,2x3,3x2).
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Ma=[1l 2; 3 4] Ma=[1l 2 3; 4 5 6] Ma=[1l 2; 3 4; 5 6]

% 12 123 12
5 3 4 4 5 6 3 4

o°
(@]
(&)

(2.5)

An index identifies a specific value from a vector or matrix. The first mandatory parameter
determines the column of a vector and a row in the case of matrices. In matrices, the second
parameter additionally identifies the column. A comma separates both values, as shown in
(2.6).

Ma=[1 2 3; 4 5 6] Ma (1, 3) Ma (2, 3)
512 3 3 6
$ 45 6 (2.6)

The same matrix Ma uses mixed data types (II) in the following example (2.7). The values two
and four are numbers in both definitions. The other values are converted to strings in
Ma_cell_array. Therefore, we use single equation marks within the matrix.

Ma cell array = [{'one' '2' 'three'; '4' 'five' 'six'}]
% 'one'! 2! 'three'
% 4! 'five' 'six!' (2.7)

A data adaption or extension is manageable by changing or adding new values independently
of their data types. MATLAB provides a wide range of cell-specific functions, such as converting
strings to numbers str2num, and common functionalities. Further details about the MATLAB
notation and syntax are given by the MATLAB homepage'® and Appendix A3c. The simulation
model of this thesis uses MATLAB, its functions and variables. Therefore, definitions are
provided in MATLAB notation. The model of this thesis focuses on power dissipation and
energy efficiency. The following section defines power- and energy-related terms.

2.2 Definition of Terms

2.2.1 Power and Energy

Power P is an electrical level in watt [W] and exists at any certain point in time [St6 2014] of a
defined duration T, see Equation (2.8). Power is the average value of power oscillation. At
each point in time, the simulation system models a certain state with a specific power
consumption. This thesis focuses on peak power consumption, which is calculated from the
first derivative of the power function. Over all points in time, we look for the largest power

10 MATLAB homepage: MathWorks, http://www.mathworks.com/help/index.html
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demand. This process is time-invariant and uses those values. Power in DC circuits'' is found
through Joule’s Law and is defined in Equation (2.10) for instantaneous values. Additionally,
peak values are taken instead of rms-based’ values. As a result, power is calculated as a
product of voltage and current, see (2.11). Power consumption, dissipation, and demand have
the same significance.

Equation 1: Power calculation

P =2 v()«i(t) dt (2.8)
P(t) = V(t) * I(t) (2.9)
P=VxI=I*%R (2.10)
PIW] = V[V] * I[A] (2.11)

Concerning the power of IT equipment, this is distinguished between peak and nameplate
power. Peak power is the amplitude of power oscillation in DC circuits plus the largest power
in AC circuits®. Nameplate power is the nominal power of electric power production
equipment. A special system-rating label (nameplate) contains information about how much
power the equipment consumes. It is necessary for electrical installations to select the right
wiring method to meet these requirements.

Integrating electrical power consumption over a period of time T = t, — t; results in electrical
energy E. The commercial unit of energy is a watt-hour [Wh] or Joule [] = Nm/s], whereby
Joule is defined as newton meter per second. Equation (2.12) changes into a time-invariant
approach. Therefore, only time T[s] is multiplied with power values P[], see (2.14).

Equation 2: Energy calculation

E= fttlzp(t) dt = ft’fi(t) «v(t) dt (2.12)
E=Px(t,—ty)=Vx*xIx(t; —t;) (2.13)
E[Wh] = P[W] * T[R] = V[V] * I[A] * T[h] (2.14)

In the following example, the power at time 15 minutes is 80 watts, see dotted lines. Twenty
minutes later the (peak) power doubles to 160 watts, shown with dashed lines. The median
power demand is about 122 watts. The colored grid area below the curve is equal to the

11 . . . . .
DC circuits: direct current circuits
12
Rms-based values: root-mean-square
13 . . . . .
AC circuits: alternating current circuits
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overall energy consumption within a period. Adding up power values up to an hour, beginning
at the first minute, results in an energy demand of approximately 7.4 kilowatt hours (kWh).

power [W]

180
160
140 |
120 :
100 ]
80 :
60 - i |
40 - I
i {
I
l
5

20 - :
0 . ; T ‘
0 10 15 20 30 3

40 50 60

time [min]
Figure 4: Power [W] vs. energy [Wh]

2.2.2 Performance

Performance™ indicates the effectiveness of a system. It is the ratio between the (execution)
time and the resources consumed for a given task or a set of operations (computations). More
aspects, such as the delay of processing, access, transmission, resource usage, or response
time (latency) as well as throughput, are relevant for various measurements. Performance is
specific to an application and the used system. Cycles per instruction (CPl) and cycle times
differ between processor types because of architecture variations, such as the cache size and
level. Performance counters may include device cycles, cache misses/hits, or a number of
instructions. Furthermore, an executed application utilizes resources in different ways.
Therefore, performance criteria depend on the system specifics. Usually, benchmarks measure
the performance. The Standard Performance Evaluation Corporation (SPEC)" developed well-
known benchmarks. A benchmark is a suite containing different operation types. Floating-
point and integer operations are common parts of processor testing. In general, a higher
performance score determines better-used system resources. Processor performance usually
is measured in floating-point operations per second (FLOPS) or in response / transaction time,
which is defined as required time to finish a job.

2.2.3 Utilization and Workload

Utilization™ is the percentage of component usage in relation to its maximal available physical
working capacity. It is the ratio between working (active) and idle time. The peak utilization
(100%) uses the entire possible working capacity that a resource offers. In this case, the
system or a component is 100-percent busy processing during a given interval and the capacity

14
Performance: performance factor
> SPEC: http://www.spec.org/
' Utilization: sometimes called load level
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limit is reached. Utilization levels distinguish between static component states. Utilization U is
defined as a utilization level u,, at a specific point in time t; for each component m of a
system, whereby m is any natural number m,n € Ny, Ny = {0,1,2,3, ...}. A column vector U
specifies system utilization at a specific time, as shown in Equation (2.16). The time vector T
contains n values t,,. If nis infinite, the time will be continuous. The vector uy specifies the
utilization of m components at ¢t;. A tuple (t;,u;_ ) specifies a system utilization only for one
point in time and is herein defined as u7, which is furthermore done for all n values of T, see
(2.23).

U = {uy,uy, ..., Uy} at t;, Vi € Ny,m € N, (2.15)
U
— u ;
U= "2 |att;, Vi€ Nyme€N, (2.16)
um

T = {tl' tz, ey tn} (217)

Uy = {uyq, Uz, o, Ua } at tg, m € Ny (2.18)
U1

. u

ur = ()| 7 (2.19)
Umi

Uy = {Uy2, Upz, o, Uz} At t,, M E Ny (2.20)
Ug2

. u

u; = (), 37 (2.21)
Um2

U = {Uyn, Ugny o) U} @t ty, M E Ny (2.22)
Uin

N u

Up = ()| 1" (2.23)
umn

Workload is a specific application'” with many processes that are running or executed on the
system. A workload distinguishes between different utilization levels U of each component m
at a specific time t,,, varying with the executed applications. Workload W is an (m x n) matrix,
which unfolds when the point in time t,, is defined as the n-th column vector of the matrix.
The workload matrix W reflects a period of time T, see Equation (2.24). The columns n in the
matrix W represent the time index. Furthermore, the dimension m of the matrix corresponds
to the number of components m and is scalable just like the system.

v Application: operating system, program, or software
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U1g Uz .. Uin

W= (wy) = “fl “22 uz" Vi € Ny, Vj € Ny, m,n € N (2.24)
umlumzmumn

Ny =1{0,1,2,3,...}

A workload scenario is a specific workload or concatenated workload profiles running on the
system over a period of time.

2.2.4 Thermal Energy, Temperature, and Heat

The thermal energy is the total of all kinetic energies within a system, which is part of the
particle’s movement or motion, such as for heating up an object. The unit of thermal energy is
Joule [J], which has an internal temperature and produces heat. The temperature is an
absolute internal energy value of the resource’s state, which refers to the average kinetic
energy. We measure it in degrees Celsius [°C], Kelvin [K], or Fahrenheit [°F]. The heat
(internal energy) is the transfer of thermal energy from one system to another. It is the
transfer between two objects of different temperatures or the same system flowing from one
temperature to another. The heat is caused by the flow of thermal energy and is measured in
Joules [J] or watt-hours [Wh]. The well-known types of heat transfer are conduction,
convection, and radiation. The thermal energy is directly proportional to the temperature.

The analogy between the electric and thermal quantities offers an alternative description of
the system. The thermal balance follows the same rules compared to Ohm’s law of the
conservation of electrical energy, which is shown in Table 1. The classical thermal properties
are current and thermal resistance™.

Table 1: Electrical and thermal analogy

Electric quantity Thermal quantity
I114] q[W]
Current flowing through Rate of heat conduction, heat flow
AV [V] AT [K]
Voltage Temperature difference
R. [2] R, [K/W]
Electrical resistance Thermal resistance
C[F] C. U/K]
Electrical capacitance Thermal capacitance, thermal mass
Electrical constant Thermal constant
P AV _AT
"R, 1= R,

¥ Thermal resistance: theta () is a characteristic of a heat sink or the specific thermal resistance is a
material constant [Int 2015]
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2.2.5 Efficiency

Efficiency distinguishes between thermal, energy, working, computational, and economic
efficiency. In the context of this work, computational energy efficiency is always used.
Efficiency i is the ratio between outputs y;, and inputs Xx;, being a unit-less ratio, see Equation
(2.25).

yi = f(x;))with ie NN ={0,1,2,3, ...} (2.25)

_
Xi

Output and input are activities, jobs, tasks, utilization, data, or power consumption. Becoming
more efficient means doing the same work under the same conditions but reducing the period
of time or resources, for example. Energy efficiency is the rate between the consumed energy
over time and the useful performed work (performance), shown in Equation (2.26).
Measurement unit of the energy efficiency’®is FLOPS per watt. Lower energy means less
power for an activity using the same conditions. In the case of hardware equipment, power
efficiency is the ratio between performance and power, see Equation (2.27). It is also known as
performance-to-power ratio.

performance _ performance

energy ef ficiency = energy Time = power (2.26)
.. __ performance
power ef ficiency = ~ower (2.27)

2.2.6 Graph and Tree Definition

The previous sections described power, energy, performance, and efficiency as aspects for
modeling and simulation. In practice, we generalize the system and the diagrams represent an
abstraction of the system. Further design process steps are described in Section 2.4.2 and
Section 5. A graph or tree represents the system. A graph G consists of a non-empty finite set
of vertices VV and edges E. The finite set of vertices and edges™ are denoted by V = V(G) =
Vo, Vi, ... Vu} and E = E(G) = {E}, E;, ..., E,} with n,m € Ny as any natural number in
N, =1{0,1,2,3,...}. Adirected edge” connects two vertices®” and is denoted by a directed pair
(Vo, V1) of vertices with {V,,V; € V,V, # V;}, where (V,, V1) # (V1,Vy). Thus, a single directed
edge® is denoted by E; = (V,,V;). Finally, a graph is as pair of sets defined as G = (V,E). A
tree is a specialized connected graph without any cycles* [BR 2012]. The vertical hierarchical
levels of a tree are shown in Figure 5.

9 Energy efficiency: also called energy efficiency ratio
20 yertex: node, point, site; edge: line, link, bound
*! Directed edge: opposite is an unordered pair of vertices {Vo, V13
22 Vertices: store information and are labeled with a,b,cor 0,1,20rV,,V,,V,
* Directed edge: represented as an arrow
24 . . .
No cycles: circuit-free, called acyclic
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The index n of a tree level L,, defines the tree depth. In the graphs of Figure 5 and Figure 6, the
edge relation stands for the inclusion relation, where an upper level includes many lower
levels for all i € Ny. Equation (2.28) shows the level definitions, including the root level L.

Li+1 g Li g ce g Lo, Vl € NO (228)

The root vertex V, has the level zero and is the parent of V; and V, in this example. A parent is
a vertex that is closer to L, by one edge, or vertex. The vertex V; also presents a parent of ;4
and V;,. Each element V;; € V can be a root vertex for a new subtree withj € Ny. The children
V; and V, share the same parent Vy which is formulated as E; = (Vy, V) and E; = (Vy, V).
The tuples are neighbors because of a connected edge between them. The set of neighbors®
Nb of a vertex V; is denoted by Nb(V) = {V;,V;" € V |(V;,V;") € E}, whereby the numbers of
neighbors, equal to the number of edges, inV;is defined as degree. A vertex with an
outdegree of zero is called a leaf: for example, V;; in Figure 5 is a leaf. Further information
about graph theory and definitions are found in [HHM 2008, Wal 2007].

Level L Tree
LO

(root) Vo
L1 V1 V2
L2 V11 V12

Figure 5: Undirected tree and levels

A tree can be used to define structural aspects of server systems, devices, and states. Figure 6
uses the specialized diagram terminology including the tree elements type and subtype. The
vertices are rectangles, including a label with system information. Figure 6 and the following
figures have to be interpreted from top to bottom. The upper rectangle is a type at root level
and contains different subtypes, which are displayed at a lower level. This figure reflects a
parent-child®® relation between type and subtype whereby n,m € N, is any natural number in
N, =1{0,1,2,3,...}.

> Set of neighbors: neighborhood
*® parent-child: type (superclass / class) — subtype (subclass)
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type

subset|

n

subtype

Figure 6: Diagram terminology

Subtypes form a subset of type in a hierarchical view, because subtypes and all their elements
are part of type. There are defined as: subtype C type or type 2 subtype and represented
as VSU;{SU; € subtype — SU; € type}, VieN. The set of all members of subtype and type are
defined as follows:

e Subtype: SU ={SUy,SU,,...,SU,} = {subtype,,subtype,, ..., subtype,},
e Type: TY = {TY,,TY,,TY,, ..., TY,} = {typeo, typey, type,, ..., type,}, and
e n € N, as any natural numberin Ny ={0,1,2,3,...}.

Therefore, the diagram is defined as VSU;{SU; € SU — SU; € TY}, VieN. Figure 7 shows a
simplified representation of type where the root vertex type TY; includes n subtypes. The
formal definition of the graph G = (V,E) according to graph theory is V =
{TY,,SU,,SU,, ...,SUy} and E ={E{,E,,..,E,} with E; = (TY,y,SU,),E, = (TY,,SU,),
i, Eqp = (TY,y,SU,,). The internal rectangles present the subtypes as part of an external
higher-level rectangle. Additionally, due to the simplification, the arrows and numbers are not
displayed in the subsequent tree figures, because the amounts of subtypes are addressed in
the number of rectangles in a horizontal manner. The figure becomes more transparent and
defined for complex systems, because of a consolidated representation, while not missing any
information. A set of all subtypes SU represents a smaller scale of depiction.

type 0 TYO TYO
| subtype 1 ‘ | subtype 2 ‘ |:| ‘ subtypen‘ = ‘ Su1 ‘ ‘ suz2 ‘ |:| ‘ SUn ‘ =

Figure 7: Type and subtypes tree as a diagram

Different vertical hierarchical levels connect types and subtypes. Consequently, a server system
tree is defined as shown in the following equations.
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Equation 3: Tree definition

Vs: I(subtype) = (subtype, type) => subtype C type
[(subtype) = (subtype, 0) => subtype = root
I(type) = (type, @) => type = root

I(root): = (root, @)

If type or subtype has no parent, it is the root. The root type TY, is a subtype SU, parent;
meanwhile subtype SU, also presents a sub subtype SU,, parent. The children of SU, are
{SU51,8U;5, ...,SUym} with m € Ny as any natural number in Ny ={0,1,2,3,...}. Each
element SU; of {SUj, ...,SUy} and SU;; of {SUy4, ..., SUps} are the root vertex for a new
subtree and thus follow the same rules of Equation 3.

T TYO

0
|SU1HSU2||ZHSUn| ‘SU1||SU2‘E||SUn|
— ~ T

- - |
suz suU1 su2 SuUn
SU2i
|SU21‘ ‘SU22| IZI ‘SU2m| III ‘ SU21| |SU22‘ EI |SU2m| III EI

Figure 8: Tree diagram

Figure 9 represents a generic tree including:

e RoottypeTY, withTYy, €TY,

o Asetsubtype SU = {SU,, ...,SU,}, with SU; € SU,TY,,Vi € Ny, SU € TY,, n € N,

e Asetsub subtype SU; = {SU;1,SU;3, ..., SUyp}, with SU; € SU,TY,, SU;; € SU; €
Su, SU;; € SU,,Vi €Ny, SU;;1 € SU; € SU, m € N,

e Asetsub subtype SU, = {SU,1,SU,, ...,SU,,,}, and even subtype SU,, =
{SUL1,SUps .., SUpm},

whereas m,n € N, are any natural number in N, = {0, 1, 2, 3, ... }. All subtypes SU are given as
a set of {SUj, ..., SU,, }. Each member of SU can contain one up to m sub subtypes or be an end
vertex”’ with no more children. All sub subtypes are a set of {SU;1,SUim, SUz1, SUzm,
s SUp1, SUpm V2.

" End vertex: leaf
2 sub subtypes SU,,,,: followed by The Universal Address System for a rooted tree [Che 2015]
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TY0

‘SU1HSU2|EHSUn|

SuU1 suz Sun

‘ su11| ‘su12| EI ‘SU1m| ‘ su21| ‘su22| EI ‘su2m| ‘ sum| ‘SUn2| EI ‘SUnm|

Figure 9: Generic tree diagram

Previously mentioned diagrams and trees define various terms, such as data centers,
equipment, environments, servers, systems, and chip domains. This diagram terminology is
also valid in the case of state description. In the state diagram, the rectangles are circles or
rectangles with rounded corners, shown in Chapter 3.

2.3 Data Centers

Data centers (DC) are physical environments, plants, and facilities, which contain and provide
Information and Communication Technologies (ICT). Data processing® and distribution are the
focus within large-scale enterprises. Data centers support all types of applications. Therefore, a
pool of data-storage devices, network equipment, information technology infrastructure, and
compute nodes are the main hardware resources. Wire cages, power supply, and workload
management software (such as load balancer) support the data center functionality.

2.3.1 Services

Several data center providers® offer computing power or storage services for sale. Specialized
Application Service Providers (ASPs) focus on different equipment types. For instance, Amazon
Web Services (AWS)*" offers a service for computing power called Amazon Elastic Compute
Cloud (Amazon EC2)* . Another service is the Amazon Simple Storage Service (Amazon $3)*
which can store huge amounts of data. Data is expected to increase to 40000 Exabyte by 2020.
Day by day, customers generate and store various data types. The mentioned services are
usually cloud services. Cloud services combine different data centers over the Internet,
regardless of where they are. Remote access and Internet connectivity enable decentralized
environments, such as clouds. Most services are provided on demand and for a certain period
only. In general, cloud providers deploy “Anything or Everything as a Service” (XaaS), such as
Infrastructure as a Service (laaS), Platform as a Service (PaaS), and Software as a Service (SaaS).
The infrastructure involves the underlying hardware equipment, such as memory systems and
network devices. Amazon Web Services offer Infrastructure as a Service because they provide

% Processing: store and manage

% provider: Internet (ISP) -, Application (ASP)-, Full (FSP)-, Wireless Application (WASP) - Service Provider
*1 AWS: http://aws.amazon.com/

%2 EC2: http://aws.amazon.com/ec2/

3s3: http://aws.amazon.com/s3/
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virtual resources, such as storage. A higher abstraction level is Platform as a Service, which
provides an infrastructure and an advanced base runtime environment. Databases or web
hosting services are examples where the customer does not care about the operating system.
Google Apps> is a well-known Platform as a Service provider. The application provides a web-
based e-mail program, an integrated calendar, and document creating and processing.
Software as a Service provides end-user applications with standard interfaces. It offers access
to a holistic environment, such as an application (Gmail, Yahoo correspondence) or social
network (Facebook) containing infrastructure and platform parts. Data centers have different
requirements due to their use case scenario. Decentralized services support this significant
time progress through the virtual combination of various data center resources.

2.3.2 Design, Equipment, and Domains

Data centers are split into cabinet rows, including IT equipment, and other all-purpose areas
with a multitude of various scopes, such as administration, management, and networking.
General-purpose areas of responsibility, also known as key facility systems, are power
distribution®, network (switches, routers), offices (desktop computers), security systems,
management, administration, lighting, and Heating Ventilation Air Conditioning and
Refrigeration Technologies (HVAC, HVACR). Hot and cold aisles containment is established
between different rows in well-designed data centers, shown in Figure 10 and Figure 11. It
reduces the mixing of hot and cold air, which further reduces the energy demand for electricity
required for air conditioning. A row, containing large numbers of 19-inch rack enclosures, has a
high equipment density, and a high airflow demand to cool the devices. The equipment density
varies between the different facility area types. Consequently, power demands fluctuate in
those areas as well as between data centers [TSX et al. 2003].

data center

cabinet row cabinet row cabinet row cabinet row other

rack enclosure | rack enclosure | rack enclosure
19-inch 19-inch 19-inch

BN N |

Figure 10: Data center cabinet rows and others

** Google Apps: http://learn.googleapps.com/
% power distribution: uninterruptible power supply (UPS) systems
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hot aisle

Figure 11: Hot and cold aisle design in data center cabinet rows

A 19-inch rack enclosure is a standardized format for data center equipment. It provides space
for mounting many technical equipment modules and resources. Communication systems,
backup equipment, and power distributors are peripherals in data centers. A compute node is
hardware that is mounted upon the 1U rack unit®®. One unit is the smallest unit that defines
the height of a rack mount. The width is predefined, and comes either from the 19-inch or
from the 23-inch rack enclosures. The length varies between 17.7 and 27 inches. Hardware
resources and hence the used numbers of resources, their density and temperature
development differ because of the various space required by the compute nodes within a rack.
Compute nodes are server systems that give computing power for data processing or data
storage. We describe further details in Section 2.4.

cabinet row cabinet row

|
s blade server

rack enclosure
19-inch

rack enclosure

19-inch ‘-_

computenode  rack server

—

other

Figure 12: Cabinet row structure

Other enclosures are stand-alone systems, such as desktop, mobile, enterprise, or floor stand®’
computers. Floor stand computers support a higher computational and storage demand in
comparison to desktop computers. They are a part of administration, security, and office
areas. For illustrating purposes, Figure 13 shows the context between data center equipment.
For example, stand-alone enclosures are a subset of other equipment within data centers.
However, data centers include cabinet rows and rack-mounted enclosures as well. Memory
and storage devices in rack-mounted enclosures are many times larger than in personal
computers in order to handle and process the huge amount of data.

%® 1U: one rack unit, 1.75 inches (4.445 cm) high
*” Floor stand: also called tower or stand-alone
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Network devices for the Internet or intranet connectivity are set up on the Top of Racks (ToR)
to provide access to rack-mounted devices and to distribute data. A rack enclosure also
mounts storage, input/output (1/0) devices, and power distribution.

data center

‘ cabinet row ‘ ‘ other ‘

rack-mounted stand-alone
enclosure enclosure

R

rack ‘ ‘ blade ‘

compute node
server system

network device storage device input/output device power distribution

Figure 13: Compute node (server system) in data centers

Rack-mounted compute nodes are server systems that are part of any row within a data
center. Rack servers have a higher impact on the DC energy consumption because of their
huge number within cabinet rows and the high computing equipment density. The rack server
rate within a rack-mounted enclosure is about 40 to 45 percent in all server rooms in German
data centers, with 11 up to 100 servers between 2008 and 2010 [HFS 2010]. In contrast, the
rack server rate increased to 60 percent in data centers, with up to 5000 servers or larger.
Furthermore, rack servers have a market share of about 53 percent, whereas the blade
servers, revenue share of total market was 21 percent in the fourth quarter of 2013 [Neb
2014]. Servers with about 80% produce the main energy consumption in data centers.
Network or storage devices, both consume the same quantity of energy, was about 10 percent
at a data center in 2008 as well as in 2015 [HFS 2010]. Consequently, rack-mounted server
systems constitute the focus of this thesis.

The rack server location within a row or data center does not matter, because the thermal and
power aspects are abstracted. Incoming tasks, jobs, or services, be it in a virtualized or non-
virtualized system, are grouped together as environment conditions. Furthermore, the
environment summarizes all external influences and equipment around the rack-mounted
server system. Scheduling and placement algorithms are not covered. Additionally, data
centers, cabinet rows and rack enclosures are part of the environment domain.
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Table 2: Domains, system domain, and examples

Complexity Domain System
level domain
High Data center Environment Workloads, jobs, queue, tasks,
services, rows, hypervisor / virtual
machine monitor, lighting
equipment, infrastructure
equipment
Cabinet row, others, Environment Network equipment, storage
rack enclosure equipment, server
Compute node, System Components (processor, memory,
server System, bus), software (operating System,
component firmware, BIOS/UEFI, compiler),
architecture (cores, pipelines,
caches, switching activities,
process, interfaces, protocols),
electronic system level (ESL),
power supply, connectors
Low Chip Physical Circuit, transistor, gate, logic,
(Chip) design, FPGA, ASICs
register-transfer, geometry,
topology

Examples

The following section describes various server system types, starting at supercomputers and
getting progressively smaller to the point of being a server system. Supercomputers are
specialized for one application or a small amount of applications in comparison to data
centers.

2.4 Compute Node Types

2.4.1 Supercomputers, Mainframes, and Servers

Specialized IT systems are supercomputers, mainframes, and servers. The Chinese
supercomputer called Tianhe-2 is the most powerful supercomputer’® in the TOP500*° ranking
from June 2014. It has a power demand of approximately 18 megawatts providing a
performance of nearly 34 Peta FLOPS, measured by the Linpack benchmark. This type of
system is specialized for high computing power, usually for a certain application. Particular
tasks, such as simulation, modeling or complex computations, are the focus of such systems
and include typical application fields such as nanotechnology, human science, or disaster
prevention. OCuLUS™ is another high-performance computer at the University of Paderborn.

38 .
Supercomputer: high-end computer
* TOP500: http://www.top500.0rg/lists/2014/06/
“© 0cuLUS: http://pc2.uni-paderborn.de/hpc-systems-services/available-systems/hpc-cluster/
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The data center at the Paderborn Center for Parallel Computing (PC?) provides computing
power to its users. The system’s theoretical peak performance is about 200 Tera FLOPS. Power
information on this system is not available. Nonetheless, power and performance are
significant factors of supercomputers.

In comparison to supercomputers, mainframes are smaller systems. Usually, mainframe
performance is measured in millions of (machine) instructions per second (MIPS). Intel
architecture instructions are integer, floating-point, and system instructions. Integer
instructions handle arithmetic (ADD, SUB) and logic (AND, OR) operations. The processor’s
floating-point unit (FPU) executes instructions in either floating-point (real) or integer. System
instructions support operating systems via specific commands (MOV). Therefore, MIPS and
FLOPS are not comparable to each other. Mainframe servers run many applications and are
specialized in data movements, resource processing, and transactions. Mainframes handle
huge amounts of input and output data. Enterprise businesses, such as a data warehouses,
integrate an Enterprise Information System (EIS), which stores general company data and
controls access to them.

The smallest computational nodes within a data center are servers, which support any kinds of
applications and operating systems. Servers manage and give access to a network or
centralized environment. Depending on the requirements on the server, the server
performance is measured using various types of benchmarks. A typical processor benchmark is
SPEC CPU*, which compares compute-intensive operations. On the other hand, SPECpower*
evaluates the power versus performance. According to the US Environmental Protection
Agency a new server efficiency benchmark was developed, namely. The Server Efficiency
Rating Tool (SERT)*® combines power and performance demand over a specific period.

Servers are physical devices in large-scale enterprises, also known as data centers. They have
different computing and data processing capabilities because of their various types: the four
most well-known types being database, web, image, and application servers [lIZ et al. 2007].
Databases handle the huge amount of user and application data, process and store it. DB2* or
MySQL* are examples of common databases. With web servers, this data is available on the
Internet. The third type, the application server focuses on generic purpose software.
Application servers support running certain applications and offer a range of services, such as
e-learning, sales or search engines. Specialized infrastructure servers distribute the processing
load between the various standard server types. The server equipment depends on their use
cases and usage models, which are based upon their application types and communication
levels. The authors of [DEP et al. 2009] describe the various server types considering the sub-

*L SPEC CPU: Central Processing Unit, http://www.spec.org/benchmarks.html#cpu
*2 SPECpower: http://www.spec.org/benchmarks.html#power

* SERT: http://www.spec.org/sert/

** DB2: http://www-01.ibm.com/software/data/db2/

4 MySQL: http://www.oracle.com/us/products/mysgl/overview/index.html
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components that have the most impact on server performance. Therefore, different resources
and configurations are available. Other examples of server types are gateway, mail, game, and
print servers. All of these types can be virtualized and may become equipment in a cloud.

On the other side, chassis types classify servers. Tower servers are not mountable in rack
enclosures. They are usually part of small- and medium-scale enterprise facilities. Data centers
contain blade and rack servers. A blade chassis is a 19-inch rack-based enclosure, as shown in
Figure 14. It provides slots for mounting several devices, offers a high equipment density, and
has special features, such as a prewired chassis and shared components like as a power supply
unit (PSU), fans, and network devices. The system is ready for plug and play. Blade servers,
storage and interface devices are based upon a special slot format. A blade server is a
computational node containing a processor, memory, input/output devices, and sometimes
storage. In common usage, the term blade or blade server stands for a rack-mounted blade
enclosure.

blade server

ck server (system)

Figure 14: 19-inch rack enclosure

A rack server is comparable with a slot-based blade server. In either case, the regular
equipment, such as processors, memory or input/output devices, are part of the physical
device. In contrast to blades, a rack unit integrates storage, fans, and power supply units. A
compute node is an assortment of various components. Each compute node type contains
components that focus on a) high performance, b) safe and reliable operations, or c) low-cost.
Consequently, the power consumption of the server differs between these types. Rajamani et
al. sum up the server power breakdowns for various compute node types [RLG et al. 2008].
The most frequent reason for server power breakdowns of supercomputers (a) is the power
subsystem. Cooling and input/output components cause fewer problems of supercomputer
crashes. Mainframe servers (b) are more affected because of insufficient cooling. Standard
servers (c) have the most problems with power breakdowns due to their high memory and
processor power consumption, as shown in Table 3.
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Table 3: Normalized server power breakdown for various classes/types [RLG et al. 2008]

Compute node type Normalized server power breakdown [%]
Power Cooling Input/ Memory Processor/
Subsystem Output Cache
a) Supercomputer, 35 10 10 15 30
high-end computer
b) Mainframes 30 20 30 5 15
c) Server (HPC, rack) 23 7 5 20 45
c) Server (blade) 23 5 7 10 55

This short introduction featured various types of computing equipment, from supercomputers
to server systems. Because this thesis focuses on server systems with a rack format, the next
section will formalize a system and address all major components.

2.4.2 Rack Server Systems

This following section defines a rack server system. The specific characteristics are not
complete and show the possible parts of a system model. Explicitly used characteristics are
described in Section 3 and Section 5. Additionally, related definitions are described in MATLAB
notation.

A rack enclosure mounts a compute node, for instance, which is called a system, see (2.29). A
rack system is a computational node in a rack format. In general, this is known as a rack server
and performs computational work.

system [{'compute node'}] (2.29)

rack system = [{'rack server system'}] (2.30)

In the remainder of this thesis, a system is always a rack server, defined as an overall system. A
system S has one up to n parts S with n € Ny as any natural number N, = {0,1,2,3,...}. In
general, a system S is defined as a vector S = {S;, ..., S,,}. Equation (2.31) shows the same
definition in MATLAB notation. The vector length is equal to the used amount n of parts S.
Software and hardware are part of the system, as shown in (2.32). In this example, the system
has only two major elements.

system = [S1 S2 .. Sn]

[{'S1'} {'S2'} .. {'Sn'}] (2.31)

system = [{'hardware'} {'software'}] (2.32)

*® MATLAB notation: labels cannot include spaces, using hyphens instead of
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A system executes software. An operating system (OS) provides communication between the
software and hardware. The standardized application programming interface (API) supports a
considerable independence of software and hardware manufacturers. Cloud and virtualization
software suppliers benefit from this approach. Various application software types result in
complex combinations of computing, network, and storage demand. Processor benchmarks
generate different behavior and power consumption in comparison to virtualization
benchmarks. This thesis provides realistic application-specific scenarios. Therefore, input data
abstracts and defines different application software types. In this thesis, software is defined as
SW = {SW,, ..., SW,,}, as shown in (2.33).

software = [SW1l SW2 .. SWn]
= [{"SW1'"'} {'Sw2'} .. {'SWn'}] (2.33)
software = [{'operating-system'} {'BIOS-UEFI'}

{"firmware'} {'application software'}
{virtualization'}] (2.34)

Other software parts, shown in (2.34), are server-specific. Firmware is an embedded operating
system running on a server-specific baseboard management controller (BMC), which provides
management and monitoring capabilities to observe the health and system status. Another
motherboard chip or flash device provides the Basic Input Output System (BIOS) and its
successor, the Unified Extensible Firmware Interface (UEFI). Both are types of embedded
application software.

On the other hand, hardware is any physical device that is mountable in a system. Hardware
can have many devices and is defined as SH = {SH;, ..., SH,}. Hardware distinguishes
between three generic types, as shown in (2.36). The size of a rack server defines the
mountable and suitable hardware devices for this system.

hardware = [SH1 SH2 .. SHn]
= [{'SH1'} {'SH2'} .. {'SHn'}] (2.35)
hardware = [{'component'} {'connector'}
{ 'power-supply'}] (2.36)

A power supply provides electrical power for hardware and electrical circuits (chips). A power
supply unit converts incoming alternating current to direct current on different power levels,
such as 3.5 or 5 volt. A power supply is defined as HP = {HP;, ..., HB,}, see (2.37).

power-supply = [HP1 HP2 .. HPn]

[{"HP1'"} {'HP2'} .. {'HPn'}] (2.37)
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Connectors are system busses, internal connectors, and external connectors, which are part of
a system and connect several components. Busses and caches influence the system
performance because of their throughput and latency while processing the data. Busses are
not configurable by the consumer and have a constant power consumption of nanowatts or
microwatts. Caches are part of the architecture design of a device, such as processor caches or
cache lines. The higher the number of cache misses, the smaller the data performance, and the
power consumption ultimately grows because of increased repeated requests. All power
values lower than watts are considered as static power. Consequently, the single power values
of connectors are negligible.

The frontside bus®’ (FSB) connects the processor with the system chipsets, main memory and
other peripherals. Other typical data busses are the peripheral component interconnect (PCl),
the peripheral component interconnect express (PCle), the inter-integrated circuit (12C), the
system management bus (SMBus), the power management bus (PMBus), the intelligent
platform management bus (IPMB), and the intelligent chassis management bus (ICMB). These
internal busses also support internal connectors, such as the front panel and the main power
connector. Other external connectors in the case of the front and rear side are serial®, video®,
and network®® connectors. Connectors are defined as HO = {HO,, ..., HO,}, as shown in the
following equation:

connector [HO1 HOZ2 .. HOn]

[{'"HO1'"} {'HO2'} .. {'HOn'}] (2.38)

Connectors and busses are integrated on the motherboard and are not changeable. This setup
is fixed after the design phase. The motherboard is part of the component definition. External
devices, connected via PCl or PCle, are not in the focus of this thesis. Part of the system
hardware is SH = {HC, HO, HP}, see Figure 15.

* Frontside Bus: equal to processor/memory/system bus
“8 Serial connector: COM / RS232

* Video connector: VGA

*® Network connector: LAN, RJ45
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compute node
server system

hardware software
[
operating system BIOS/UEFI firmware application software virtualization
component connector power supply

Figure 15: System hardware SH (component HC, connector HO, power supply HP) and software SW

The system definition characterizes the used hardware resources and configuration. Software
executed on the system is summarized as an application; in contrast, embedded software is
abstracted as a configuration. The software vertex of the tree depicts the input parameters of
the system model. Further details are described in Section 5.

\
\\ EAVITONTIGnT / \ environment /

system

system

chips ’\:

\ components

power supply

connectors

Figure 16: System levels (components, power supply and connectors)

Components HC are real physical parts of the system hardware. The enclosure is part of the
hardware but already predefined within our system definitions. Component HC divides n
subtypes HC = {HC,, ..., HC,,}, see (2.39). In our example (2.40) components are add-in,
onboard, or system-board components.

component = [HC1l HC2 .. HCn]
= [{'HC1'} {'HC2'} .. {'HCn'}] (2.39)
component = [{'system-board'} {'onboard'} {'add-in'}] (2.40)
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Add-in components CA are divided into CA = {CA,,...,CA,}. They are specific to the
customer, with any amount as long as it is compatible with the server system and connectors.
System fans, drive bays (optical drives™'), local view panel, and expansion cards (network and
graphic cards) are examples of add-in components. This differs between server types and is
not the focus of this thesis.

add-in = [CAl CA2 .. CAn]
= [{'CA1l'} {'CA2'} .. {'CAn'}] (2.41)
add-in = [{'expansion-card'} {'drive-bays'}
{'system-fan'}] (2.42)

Onboard components CO are defined as CO = {CO;, ..., CO,}. These types are not changeable
and are provided directly via the hardware, such as the motherboard. Hardware predefines the
amount and type of capacitors, transistors, and inductors. Onboard components are all either
through-hole devices (THD) or surface-mounted devices (SMD). Temperature and voltage
sensors are fixed onboard. Examples of controllers are Ethernet, baseboard management
controllers (BMC), or standard north/south bridges. The consumer cannot adapt or change
these onboard components.

onboard = [CO1l CO2 .. COn]
= [{'CO1l'} {'CcO2'} .. {'COn"'}] (2.43)
onboard = [{'controller'} {'read-only-memory'}

{'capacitor'} {'transistor'} {'chipset'}
{'inductor'} {'integrated-circuit'}
{'regulator'} {'led'} {'sensor'}] (2.44)

In contrast, system-board components can be easily manipulated in a straightforward manner.
(Related approaches are described in Section 3.) System-board components CS are defined as
CS ={CS,, ...,CS,,} withm € N, as any natural number N, = {0,1,2,3, ...}, see (2.45). These
components are changeable because of their standardized interfaces, connectors, and busses.
Otherwise, they are partly predefined by the motherboard. The motherboard supports only
special sockets, controllers, or busses. Examples of mandatory system-board components are
the central processing unit (CPU), random-access-memory (RAM), input/output devices such
as hard disk drives (HDD), etc.

>t Optical: CD, DVD, or Blu-ray
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system-board [CS1 CS2 .. CSm]

= [{'CS1'} {'CS2'} .. {'CSm'}] (2.45)
system-board = [{'processor'} {'memory'} {'fan'}
{'input-output'} {'others'}] (2.46)

The described component types differ in their variability, power range, and dependencies. The
vendor predefines the onboard components, which are neither changeable nor configurable
on the system, and consumes the lowest power. On the other hand, add-in and system-board
components are individually selectable. They depend on the provided connectors, busses, or
slots, which rely on the system-board architecture and generation. System-board and add-in
components consume even more power in comparison to onboard components. At system
deployment, the processor and memory are mandatory elements during the configuration
phase. Consequently, system-board components are the main part of system configuration
and deployment. Add-in components are optional elements with a separate order process at
any time. Table 4 summarizes the differences between component types.

Table 4: Comparison component types (system-board, onboard, add-in)

Component Variability = Power [W] Dependency

Add-in Individually 10'...103 Connector, slot, port, bus
selectable

Onboard Predefined 107°..10' Bus
by vendor

System-board Individually 1073..103 Architecture (system-board), controller,
selectable chipset, socket, slot, port, bus

Some system-board components, such as input/output devices, are optional as well. We
divided the system-board components into five major categories, see Equation (2.46). The
processor category includes all processing unit devices. The term memory refers to all physical
memory device types. The input/output category contains all storage and communication
hardware. Internal hard disk drives (HDD), solid-state drives (SSD), or InfiniBand>* are part of it.
Fans are cooling devices that are controlled by temperature algorithms. Parts of other system-
board components are optional input devices (keyboard, mouse), expansion cards, and the
system motherboard itself. The motherboard provides several essent