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Abstract

Power consumption is becoming a more and more important issue when there are many computers
deployed in a server farm. Especially with up-to-date processors becoming faster and more com-
plex, a significant fraction of the operation costs in a data center, which is hosting many servers,
is actually spent on power consumption and cooling infrastructure. While there is already a lot of
research done on how to balance incoming requests in such a cluster for best performance, there is
nowadays a growing need to incorporate the aspects of power consumption.

There already exist some publications covering this research topic, presenting various methods
and strategies as possible solutions. However, often different parameters and setups are used for the
analysis forming the basis of those methods. Usage of different data as test-input, miscellaneous
system platforms and varying assumptions about energy consumptions at idle- and peak-load are
typical examples for such differences. Additionally, missing explanations about heuristics in the
underlying algorithms do not allow an easy comparison between the quality of the presented results.
So itis not possible to check whether or not those results are transferable to another system platform
or workload situation. For this purpose, it would be necessary to check whether the heuristics and
parameters used in the methods are tuned to fit the particular analyzed environment.

This work provides a synopsis about important aspects in cluster power management and points
out characteristics by means of which different power management policies can be classified and
analyzed. A survey of existing approaches is given, listing the particular underlying assumptions
as well as a classification of the respective policy proposed to reduce the power consumption.

In addition, a simulator is presented which is capable of representing both different policies
and scenarios by adjusting its parameters. This allows e.g. to simulate testing scenarios presented
in various existing approaches with the same system platform parameters, so that an overall com-
parison can be done. Additionally, the heuristics of an algorithm may be investigated further. The
simulator is using real traces from server logs which are identical to those applied in some existing
publications. An implementation of several representative strategies is presented as an example and
also used for analysis of their algorithms, parameters and heuristics.
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Chapter 1

Introduction

1.1 Motivation

Operating a server cluster with a medium to large number of servers is an expensive matter. Not
only with respect to purchase costs, but also with respect to the power and cooling infrastructure
required to run such a facility. In the area of handhelds and other battery-buffered devices, saving
energy has been an obviously interesting research topic from the very beginning. The motivation
for that interest lies in the positive effects arising of such savings: lower power consumption means
lower energy consumption, which means longer runtime for a battery-buffered device. In addition,
electrical components consuming less power produce less heat, which allows usage of smaller
cooling components, thus decreasing the overall size of the device.

Nowadays, this is evolving into a more and more critical issue in server clusters, too, as modern
processors are becoming much more complex than those a few years ago. Simple heatsinks do
not cover the needs any longer, more sophisticated cooling solutions are required. Especially in a
server farm, where many servers are installed on a small room, meeting the requirements on the
cooling and air-conditioning systems is quite a challenge. Such a system with many servers and
sophisticated infrastructure supporting their operation is also consuming a lot of power.

One way to handle that issue lies in the development of strategies which are able to decrease
the power and energy consumption of a cluster. This includes the positive effects known from the
results of energy saving measures for battery-buffered devices: lower power consumption meaning
less heat being produced meaning smaller cooling infrastructure being required.

1.2 Problems & Solutions

Such savings in power and energy consumption are possible, because most of the time a server
cluster doesn’t need all of its capacities. The unused capacities allow to switch the nodes of the
cluster or single components of it into an operating mode consuming less power during this time.
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The challenge lies in determining these spare capacities, as well as in maximizing this time span, so
that as many parts of the system as possible may operate in a low power mode as long as possible.
Maximizing this time implies a tradeoff between minimizing energy consumption and main-
taining the service quality of the cluster. When e.g. considering a sudden rise of the incoming
workload and the latency that emerges from switching between different power modes, it is possi-
ble that the cluster is not able to handle the incoming workload at the postulated rate. As a result,
the quality of service reflected in response time, execution time, throughput and so on decreases.

1.3 Power Management Policies

Existing approaches are following exactly this scheme, considering the resources of a server (cpu
time, load on network interface and harddisc) as the key capacities and trying to put them into a low
power mode in as many servers of the cluster as possible without degrading the overall performance.

Therefore, each strategy determines currently unneeded resources by using certain algorithms
and then decides on how many and which components are to be suspended into a low power mode
or on which components are to be reactivated. Those algorithms and decisions are based on various
methods, often in combination with some heuristics (e.g. in form of parameters) which turned out
to be good for at least the particular testing environment. As a consequence, it is often not clear
why exactly those algorithms work, why or how those heuristics were chosen and whether or not
the results could be reproduced when using different system setups or workloads with different
characteristics.

1.4 Contributions of this Work

There exist many different approaches to reduce the power consumption of a server cluster, but
there are only a few general methods as a basis which are used to attain this goal. These are
elaborated in this work, as are other important characteristics by means of which different strategies
can be classified and analyzed. A survey on existing research is given, describing their algorithms
and analyzing them with reference to these characteristics. Underlying assumptions as well as
restrictions are tabulated as an outline.

A simulator is presented which allows to implement strategies from those existing publications.
The testing environment defined by the system parameters such as energy consumption or startup-
delay of a node is freely parametrizable as well as heuristics used in the particular strategy. As
test input, real traces from server logs are available which were also used in other publications,
thus allowing comparison with their results. As an example, two representative algorithms are
implemented and analyzed in terms of their heuristics and functioning.
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Though not being topic of this work, the simulator has been made flexible enough to allow the
implementation and testing of new policies. Due to the object-oriented modular design, it is also
possible to simulate heterogeneous clusters with sets of nodes with different characteristics.

The remainder of this work is organized as follows. Chapter 2 gives a general view on the
topic, listing the basic methods used in every strategy and other factors which might be taken for
characterisation. In chapter 3, a survey of existing publications is given, describing their strategy
for power management in server clusters. Chapter 4 presents a simulator which is capable of im-
plementing the algorithms and models described in the previous chapter. Chapter 5 deals with a
detailed view on three important, representative publications. Their methods are analyzed in detail
and classified according to the factors introduced in chapter 2. The implementation of their algo-
rithms in the simulator are presented as an example. Experiments with these implementations are
done, using the original algorithms and some modifications. Conclusions as well as a final glance
on the results and possible future work are given in chapter 6 and 7.



Chapter 2

General Aspects

Before going into detail about basic methods of energy saving strategies, a general view on the
topic is presented, explaining the concepts and ideas behind.

2.1 Concepts

In a general view, a server cluster consista@h > 2) servers (nodes) which are linked together

in order to provide a service with a better quality then a single server could. This improvement in
quality might be e.g. a lower execution time, better responsiveness or a higher overall throughput.
To hide the exact structure of the cluster to the client, a frontend ocdigéhtchemworks as a layer
between the user and the cluster. Incoming requests for the provided service are received by the
dispatcher and then delegated to one (or more) nodes in the cluster (w.l.o.g. following explanations
will assume delegation to only one node, meaning that one request is worked off by only one node).
This node then works off the request and sends the result to the client either directly or indirectly
by passing it back to the dispatcher. Figure 2.1 gives a graphical view on that schematic design.

Vast research work has been done on the decision by the dispatcher about which node should
execute a request to maximize the quality of service. The overall performance is improved by
balancingthe load over the cluster, so that each node has as much reserves as possible. When
a decision is to be made by the dispatcher where an incoming workload should be executed, it
chooses e.g. the node with the lowest load to gain a maximum of performance.

The size of the cluster (i.e. the number of nodes) is typically determined by the expected max-
imum workload the cluster has to work off within certain performance parameters. If there is for
example a cluster of Apache web servers hosting a website which should be able to cover a peak
load of 3000 incoming requests/second and each node is capable of handling 300 requests/second
within acceptable performance parameters (like latenty) 10 such nodes could form the cluster
and provide the capacities to handle the postulated peak load. Depending on how definite and ex-
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Figure 2.1: A server cluster with a dispatcher which receives incoming requests

act that peak load of 3000 is, one might want to have some reserves or to compensate a potential
coordination overhead and use- 10+ x (x > 0) instead.

Anyway, in reality, that peak load of 3000 requests/second will be reached only for a limited
time each day, and maybe not even every day of a week. So there are unused capacities that are
unnecessarily consuming energy, and this is exploited by energy saving strategies. The potential
gains are visualized in figure 2.2, visible in the difference between the capacities of a web server
cluster consisting ofi = 10 nodes and a typical graph of requests over one day.

An important remark here is that this assumption of resources being unused is generally not
valid when it comes to computing cluster. Here, the computing time is very expensive due to the
high purchase costs of the hardware. Thus a high utilization is sought and also reached in general. In
contrast, a web server does have a load heavily depending on time of day. As existing publications
take into account only web servers, this works view is also limited to this type of servers.

So, what is done by every energy saving strategy is to put some components of the cluster
into an operation mode that is less effective but also consuming less power. Coming back to the
example from above, this could e.g. be done by shutting down a complete node, which would result
in a decrease of 300 Requests/second for the capacity of the cluster as long as the node is not
working. Spoken metaphorically, the goal is to lower the graph of the cluster’s capacity in figure
2.2 as far as possible without letting it drop below the graph of incoming requests. If that happens,
there would be more incoming workload then the cluster could handle at the moment and hence the
guality of service (e.qg. latency, execution time) would decrease.
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Figure 2.2: The capacities of a web server cluster and typical usage of one day, as taken from [16].
The hatched area marks the potential savings.

As an algorithm never knowexactlywhat workload the cluster will have to handle in the near
future (except in a testing environment), it has to rely on guesses about it. These guesses are the
basis for the decision about how many components might be put into a low power mode without
risking to endanger the quality of service, i.e. letting the capacity graph drop below the workload
graph. The better they are, the more efficient the algorithm can work and thus the more energy can
be saved by it.

2.2 Classification of Algorithms

The strategies can be classified by a couple of characteristics, each one considering different as-
pects of the strategy, its algorithm and the data it uses for decisions. In the following, all of those
characteristics will be listed and explained.

2.2.1 Quality of the Results

Obviously, the first characteristic crossing one’s mind when comparing different strategies is the
quality of the results it produces. The following characteristics of an algorithm determine its qual-

ity:
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« how much energy does it save compared to a standard cluster running without energy saving
strategies?

* how fast can it react and adapt to a sudden rise or decline in the rate of incoming workload?

* how universally valid is it, does it only work for very few environments or is it a generally
good algorithm?

» how flexible is it, how many restrictions does it have concerning system parameters and
behaviour, workload characteristics and such?

< on which assumptions does it rely, do they have to be fulfilled for the algorithm to work
correctly?

* how often and how much does the quality of service drop because of the algorithm not being
able to manage the cluster in a way that its capacity covers the needs all the time?

* how complex is it and how much overhead arises out of this complexity?

2.2.2 Principle Methods to Save Power

Another feature which allows to distinguish between strategies is the method it uses to put a single
server into an operation mode that consumes less power. Basically, this transition from the current
state to another consists in turning off some functionality or components in the system. That saves
the power needed to provide that functionality and to keep the components running. It might be

done for a single node only but also for more nodes, up to affecting the whole cluster.

On/Off Model

The most simple way to apply this principle is thl/off modelwhich means shutting down com-

plete nodes whenever the decision is made that the remaining nodes are able to provide the quality
of service. Incoming workload is not delegated to those eliminated nodes anymore and existing
workload from them is appropriately migrated to the rest of the cluster if needed. Elsewise, the
nodes finish their workload and then shut down.

In the same manner, whenever the decision is made to turn on one or more additional nodes,
the existing workload is distributed adequately if necessary. One could also think of prefering the
new nodes when distributing incoming requests as long as they have more spare capacities as the
rest of the nodes in the cluster.
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More fine-grained Models

Shutting down one or more complete nodes (turning them on) is a rather coarse-grained method
to decrease (increase) the capacity of the system. A more fine-grained power management would
consist in switching to additional operating states between "fully operational” and "off” which
should consume less power but still provide some functionality/capacities. These additional states
have to be supported explicitly by the system and might therefore not be available, whereas the
simple on/off model can be implemented without any requirements.

This explicit support is e.g. provided by a system compliant toAGe1 (Advanced Configura-
tion and Power Interface) standard [15] which allows OS-directed power management. The ACPI
standard defines how to integrate power management into a system, offering a set of global states
and transitions between them. The cpu as well as other devices are able to be set into a sleeping
state differing in power consumption, wake-up latency and context conservation. This allows a
more fine-grained power management which is able to adapt to a situation in a more flexible way.

Obviously, energy savings are possible due to the fact that a turned-off (or suspended) node
doesn’t consume any energy (resp. less energy then a fully activated one, per definition of "suspend”
and the sleeping states of ACPI).

Special Case: Frequency Scaling and Voltage Scaling

Another special case allowing a fine-grained power manageméagisency and voltage scaling
Frequency scaling considers at the current cpu load and adjusts its operating frequency accord-
ing to it, which means setting the lowest possible frequency that allows execution of the workload
with adequate (i.e. acceptable) performance. The voltagéa processor can be expressed as a
linear function in its operating frequendyasV = af. So the power consumption is reduced by
setting a lower frequency.
As the energy consumption of a processor is usually proportiondf tgower consumption
can also be reduced by decreasing the operating voltage.
The overall power consumption is influenced\b§f = cV2 (c being a constant factor), so the
best savings in power consumption are attained by scaling frequency together with the operating
voltage.

But in contrast to the on/off model, a certain base energy consumption will exist all the
time, as the other components in a server have an energy consumption not depending on the fre-
guencyl/voltage setting of the cpu. As a solution itis possible to combine voltage scaling with a more
coarse-grained method like the on/off model, like e.g. described by E.N. Elnozahy et al. in [21]
which will be further analyzed in chapter 5.



2.2. Classification of Algorithms 9

Processors supporting this technique are e.g. the Transmeta Crusoe [22], the Mobile Intel Pen-
tium 1l with SpeedStep technology [8, 17] and processors supporting the AMD PowerNow tech-
nology [1].

2.2.3 Management

Whereas the previous classification is abatgtis done, one can also take a lookhaiw this is
done and how much information is needed.

Apparently, simply adjusting the voltage of a processor in one node according to its load does
not need any information about the state of any other nodes in the cluster. So thistimarode
power management mechanism, where no management or communication between the nodes has
to be done.

Such annter-nodecommunication is necessary whenever an algorithm is based not only on the
state of one node but of many (or all) nodes of the cluster. This is the case e.g. when it is required
to collect the load of all nodes in order to decide whether shutting down a node is possible.

2.2.4 Decision Parameters

Another aspect revealing differences between the various strategies are the parameters by means of
which the algorithm decides to take an action, like e.g. shutting down a node. Choosing different
parameters for that decision directly affects the quality of its results, as already explained in section
2.1.

Examples for these parameters are:

* the rate of incoming requests/workload

 the excess demand, meaning the difference between the capacity of the cluster and the in-
coming workload

the load of various components in the cluster, e.g. of the whole cluster; of the cpu, harddisc
or network interface of the single nodes

« changes in the rate of requests or any other of the factors above

The last point implies another aspect under which the parameters can be used in different ways:
the time from which parameters are being derived for making the decision. It is possible to take
into account

« the current parameters,

« the history of the parameters, either a simple summary of past values or their first derivative,
which would be the rate of change of the variables in a certain period of time, or
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« the future values of the parameters, predicted by some arbitrary method or even known ex-
actly.

2.2.5 Workload Characteristics

The last feature that allows to work out differences between a set of strategies are the workload
characteristics for which the algorithm produces best results. Typically, an access log is taken
(from a real server log or an artificially created one) and the requests/second rate derived from that
log is sent to the cluster for the time interval the log stands for.

Different workloads may be distinguished by

» how generally valid they are, do they represent:

— anormal, representative day
— only a certain part of a day (only a very short time)

— multiple days or even months like e.g. at an event like a World Cup
» features of the workload:

— how big is the difference between maximum and minimum rate?

— does the rate fluctuate a lot, i.e. are there many changes or is it rather stable?
— how fast does the rate increase and decrease?

— statistical variables: what is the mean value and variance?

— how long/how fast does the time proceed that the log represents?

Depending on whether this workload is created artificially or taken from real access traces, the
algorithm is valid for different scenarios.

2.2.6 Assumptions and System Parameters

Before one can test and judge a strategy, the particular testing environment has to be set up. For
this purpose, a number of parameters have to be defined. The generated results of the strategy will
usually differ when changing the environment.

Thus, a topic of interest is e.g. to find out about the strengths of a strategy in different scenarios,
i.e. when does a strategy turn out to be a good choice, saving most energy. The main aim is to
understand the algorithm and thus to find out on which parameters the respective benefits depend
and how they influence the results for different settings.

The ultimate goal is to be able to choose the best strategy under given circumstances or to de-
velop a new algorithm, combining the advantages of the existing ones without their handicaps.



2.2. Classification of Algorithms 11

The following variables are the extrinsic parametatstermining the outcomes. They are de-
fined by K. Rajamani et al. in [19] as "system-workload context”:

System Characteristics

« The smallest unit of the systems resources that can be added/removedgicsiiedunitby
K. Rajamani et al.:

This means if turning on/shutting down a complete node is the most fine-grained way to
increase/decrease the clusters capacity and thus its energy consumption, the cluster unit is a
single server. If the nodes allow more power states than just "on” and "off” by e.g. being
compliant to the ACPI standard or allowing voltage scaling of the processor, the cluster
unit would be the transitions between the various operating states. In this case, turning a
cluster unit on would mean to switch from a sleeping state to one with a higher activity level
resp. increasing the processors frequency.

A basic assumption is that turning a cluster unit on provides a certain additional resource
capacity (compare next point) to the cluster for the cost of some power consumption.

« Thecapacityof a cluster unit:
The maximum load that can be handled within acceptable performance parameters, measured
e.g. in terms of the number of active client connections.

» TheEnergy consumptioaf the system, consisting of energy consumed by

— asingle cluster unit
— the system with minimal configuratiobdse energy consumptipn

— the system during peak workload

e Thestartup delay

The time needed from the moment a cluster unit is turned on to the moment the system can
use the cluster unit’'s capacities. If a cluster unit were be a single server, this would be the
time a server needs to boot and start the required services. The shorter the startup delay is,
the faster an energy saving strategy can react to sudden spikes in the incoming workload.
Again, voltage scaling is a rather fine-grained method, as adjusting a processors frequency
takes almost no time and thus has virtually no startup delay.

e Theshutdown delay

in contrast to thdntrinsic parameters which are the ones in the algorithm itself determining its behaviour, the
extrinsicparameters are defined by the used system platforms and input data
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The time between removing a cluster unit from the system and actually shutting it down.
This results in a time where the cluster unit is still consuming energy but does not add to the
system’s capacity anymore. Larger shutdown delays reduce the gains for small minima in the
workload graph.

» A correlationfactor:

It describes to which degree the cluster units are depending on each other. A high correla-
tion means that an energy saving strategy cannot be very flexible, as it has to consider the
dependencies between the cluster units. This might e.g. be given by data being partitioned
across the cluster which would require re-partitioning when a node has to be shut down. An

inter-node communication (compare section 2.2.3) is required to handle a highly correlated

system.

» Migration:

The ability of a cluster unit to migrate or terminate the workload it is currently executing.

If e.g. a node is not able to migrate its connections or terminate the corresponding requests,
it cannot be shut down until all requests are worked off. This is especially important when
executing a request takes a long time.

Of course it is assumed that cluster units can be turned on and off, elsewise an energy saving
strategy cannot work at all. In addition, it is generally assumed that the nodes are homogeneous
ones, as the increase in complexity when using heterogeneous nodes would be too large.

Workload characteristics

« workload unit

Defined analogously to the cluster unit, the minimal request that can be worked off by the
system. The workload unit may differ in its characteristics such as the time and resources it
takes to work it off, resulting in different impacts on the load of the system. It is important
to know these impacts, if not in detail then at least by means of average values. A workload
unit can e.g. be a single client connection.

* The variance of the workload defined as

average load

I io=
oad ratio peak load

(2.1)

A high load ratio near 1 stands for a quite constant workload graph without high spikes.
Such a workload situation does not leave much room for optimization by means of energy
consumption, as not many cluster units can be turned off over time. In contrast, a load ratio
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near 0 corresponds to a low average load in combination with a high peak load. For this
scenario a lot of energy can potentially be saved.

» The rate of change in load in relation to the current load.

If the rate of incoming workload is rising, the system has to work it off using the current
capacities as long as new cluster units are fully operational (cmp. startup delay). As the
current capacities depend on the current load, there is an upper bound of how much more
workload the current configuration can work off with acceptable performance. For example,

if the system is currently handling 3000 requests/second, an increase in incoming workload
by 300 requests/second to 3300 requests/second does not affect the system much, as those
300 additional requests/second mean only a 10% higher load. In contrast, if the system
is in a state capable of handling only 300 requests/second, such an increase by another 300
requests/second will have a great impact on the system’s performance, as it means an increase
of the load by 100%.

The effects of the interplay of these system-workload characteristics are further described in
chapter 5 when different policies are evaluated.



Chapter 3

Related Work

There are currently only a few papers dealing with energy efficiency in server clusters, each one
presenting a different approach. Chapter 2 has already given a general view on those strategies,
presenting basic methods and characteristics. Now, a general overview on existing work will be
given, describing their particular approach. Three important publications will be further analyzed
and explained in chapter 5.

P. Bohrer et al. - The Case for Power Management in Web Servers [5]

P. Bohrer et al. did a detailed analysis of existing traces and log files. They examined them by
means of different characteristics such as the average number of requests/second and peak re-
guests/second. Thereafter, sophisticated power consumption measurements were done to determine
the components of a system offering the most potential energy savings.

The cpu turned out to be the best candidate for this purpose. So, P. Bohrer et al. wrote an
accurate simulator in order to examine the effects of voltage scaling in terms of saved energy. The
energy consumption savings possible with voltage scaling were considered to be significant.

As a result, a new performance metric is introduced, no longer measuring the performance of a
web cluster by means of connections/second but of connections/second/watt.

M. Elnozahy et al. - Energy Conservation Policies for Web Servers [11]

Three different policies are presented by M. Elnozahy et al. in [11], being based on dynamic volt-

age scaling (described e.g. in [24]) and a newly developed method catladst batchingBoth

methods are chosen as the cpu is considered as the dominant energy consumer in a system, so the

assumption is that most energy savings can be gained by increasing the efficiency of the cpu usage.
The operation principle of request batching is to group incoming requests together and execute

them in batches. Between those batches the cpu is set into a low power mode, deeiptsleep

a technology available in Intel Pentium 4 processors [9].

14
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By analyzing these two methods and the combination of them, it turned out that request batching
is most effective under light workload, whereas dynamic voltage scaling is most effective for more
intense workload situations. The analyses were done with a simulator &fleS8Aand various
real traces, such as e.g. one of the Olympics 98 web server access logs as well as a trace from a
financial service.

R. Bianchini - Research Directions in Power and Energy Conservation for Clusters [4]

Bianchini gives a rather general view on the topic in [4], presenting a rather elaborated motivation
on the research topic based on costs for cooling infrastructure, backup cooling and backup power-
generation equipment as well as the effect on the environment. In this paper, the general problem
is described by a very general and simple formula:

nodes resources modes

Energy= % (PoxTo+ > (( Y PxTm)+M))+PsxTs (3.1)
n r m

wherePy x T is the fix energy consumed by each node’s power supply for theTnEp, x T,
is the energy used by resouncef each node operating in statefor the duration ofT,},. M, is
the energy needed when switching between different operation mode; anfi is the energy
consumed by the communication switch as long as it is working.

As a result, power and energy savings can be achieved by reducing the time the resources op-
erate in modes consuming much power and increasing the time they operate in low power modes.
Alternatively, savings are possible by reducing the power consumed by the power supplies, re-
sources and communication switch. As a consequence, the postulated goal is - besides things out
of reach for a cluster administrator like using more power-efficient hardware components (which
would just mean to buy new hardware) - to schedule the given load in a way that allows an idle
power mode for most resources.

The methods presented for reaching that goal are given in a very general and abstract way:
Bianchini suggests load-concentration, but gives only pseudo-code for an algorithm, without any
further specifications about parameters/thresholds and such. In principle, this algorithm aims at
putting as many resources as possible into a low-power mode for the longest time possible.

Bianchini also points out that it is important to activate nodes in time to avoid performance
degradations. In addition, he proposes to specialize the functionality of the nodes in a statical way.
This should result in an explicit segregation of functionality that is frequently used and that which
is rarely used, which would allow to set nodes with rarely used functionality into longer periods of
low-power operation states.

As the values for power consumption are the same as those used by Bianchini et al. in [18], it is
likely that the algorithm and its potential energy savings are the same or at least similar as the one
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being described in detail in [18]. So, a look at E. Pinheiro et al. - Dynamic Cluster Reconfiguration
[18] in 5.2 will give a deeper insight into the actual algorithms.

J. Chase et al. - Balance of Power: Energy Management for Server Cluster [7]

Another quite elaborated motivation for the subject of energy saving strategies in server clusters is
given by J. Chase et al. in [7]. They formulate the problem as a minimization of an energy-per-unit-
of-service metric, callegbules per operatiorfJOPs). Four different ways are presented how this
can be achieved:

* by decreasing the postulated quality of service;
» by making the hardware more efficient, i.e. by increasingytdes per joulevalue CPJ);

» by making the software more efficient, i.e. by reducingitsles per operatiomalue COP);
or

by reducing thecapacity costof unused components by putting them into an idle mode
consuming less power.

These four aspects can be put into one simple formula in the following way:

Powerdemang= (OPS« COP)/CPJ-+ % ps(i)
|

where componentspower consumption in operation statés ps(i) and OPSare the operations
spent on the service (reducable by using the service less).

The goal of an energy saving strategy should be to make energy consumption proportional to the
load by increasing the energy efficiency of the system during periods of low load without reducing
the service quality.

Chase et al. point out that saving energy implies a tradeoff between energy consumption and
latency, as saving energy by putting servers into a low-power state increases the overall latency of
the system.

The presented method to save energy is to hold the average utilization of the cluster near a
configurable threshol@. The number of active nodes is determined by comparing the average
utilization with TN/(N — 1) (N being the current size of the active set of nodes). If the average
utilization falls below this value, a node gets turned off. If it approadhesnode is reactivated.

K. Rajamani et al. - On Evaluating Request-Distribution Schemes for Saving Energy
in Server Clusters [19]

This publication identifies the key system and workload factors that heavily affect energy efficieny
of request distribution schemes. Interactions between those factors and how they affect energy con-
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sumption is analyzed and explained in a brief way. A sophisticated industry-standard benchmark is
used to study three different methods which are presented as energy saving strategies:

« Simple threshold
e Spare servers
 History based

A detailed explanation and analysis are to be found in chapter 5.

M. EInozahy et al. - Energy-Efficient Server Clusters [21]

Elnozahy et al. present and analyze the effects of combinations of dynamic voltage scaling with an
on/off model, calledvary on/vary off These two methods are now combined into a total of five
different policies:

Independent voltage scaling (IVS) adjusts the frequency of each node separately, throttling each
node down to the lowest frequency possible without performance degradations. Due to the load bal-
ancing, every node will operate roughly at the same frequency, although no inter-node management
(compare section 2.2.3) is done.

Coordinated voltage scaling (CVS), on the other hand, does this additional management, by
broadcasting the average operating frequency to each node periodically. Every node therefore re-
stricts its frequency setting around that average value, resulting in a lower variance of the frequency
distribution across the cluster. Lower variance should decrease the overall power consumption.

Vary-on vary-off (VOVO) implements the first method described in 2.2.2, concentrating the
workload on the minimum number of nodes needed and shutting down the rest. Elnozahy et al. give

no detailed explanation about how they decide on how many nodes are to be shut down.

IVS + VOVO is a combination of IVS and VOVO, which means shutting down as many nodes as
possible and adjusting the frequency of the active ones.

CVS + VOVO is the combination of CVS and VOVO.

An in detail explanation and analysis are to be found in chapter 5.
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J. Chase et al. - Managing Energy and Server Resources in Hosting Centers [6]

Another approach usingOVO (varyon/varyoff) as the method to reduce the power consumption

is presented by Chase et al. The mechanism uses a quite sophisticated approach with an economic
model as framework, where services "bid” for resources as function of the delivered performance.

A load monitor measures the performance and another module estimates the value of effects on
service performance from resource distributions. Resource "prices” are adjusted in a way balancing
supply and demand, so that the resources are used most efficiently. A central executive section
reallocates resources and adjusts the configuration of the system to handle varying load, resource
availability and service value.

E. Pinheiro et al. - Dynamic Cluster Reconfiguration for Power and Performance [18]

E. Pinheiro et al. introduce a method that uses VOVO as well. With the control theory as basis they
introduce and use a controller to adjust the valuexafess demanily turning nodes on resp. shut-
ting them down. Excess demand is defined as that part of the workload that could not be handled by
the cluster within the given perfomance parameters. The usage of control theory provides a well-
understood way to adjust the parameter "capacity of the cluster” as near as possible to the graph of
the incoming workload.

A detailed explanation and analysis are to be found in chapter 5.



Chapter 4

The Simulator

Reading related work soon reveals the problem of very different experimental setups being the
basis for any measurements in the papers. An overall comparison of the algorithms can only be
done when the same system platform (i.e. the same system parameters like e.g. cpu power, energy
consumption and so on) as well as the same input data for testing purposes are used. Often, it is
also not easy to understand the algorithms proposed for reducing power consumption because of
various heuristics being used in them.

4.1 Basicldea

The idea is to write a simulator where all those parameters can easily be changed independently
from each other. Itis then possible to implement different strategies but applying the same underly-
ing system platform, so a comparison can be done. By now varying this uniform system platform,
it can be evaluated if certain algorithms might be better in different environments. A second as-
pect of interest is taking one algorithm with a constant system platform and playing around with
the heuristics in the algorithm. This gives a deeper insight into the algorithm, which might be
especially useful when there are no detailed explanations given.

4.2 Design

The simulator basically consists of the following parts:

« a set of nodes representing the single servers in the cluster

« aload generator, that e.g. reads an access log file and passes that information to the cluster in
form of an incoming request rate

« adispatcher, which receives that load and distributes it to the nodes, controlling them accord-
ing to some policy (e.g. turning them off)

19
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A main goal is flexibility, i.e. it should e.g. be possible to replace the behaviour of the nodes
easily in order to test the influence of different system platforms on the investigated algorithm.

Therefore, an object-oriented approach was chosen for implementation, so as to simplify sepa-
ration of the different modules and therefore to increase the flexibility of the simulator. The different
classes representing the above parts of the simulator will be described in section 4.3.

Basically, the simulator works with discrete steps in time catlgcles The log files used for
generating workload (cmp. section 4.4.2) have a limit concerning temporal resolution, i.e. the most
fine-grained information about incoming workload can be given in steps of one second. Thus, one
cycle represents one second.

Figures 4.1 - 4.3 describe the principle functioning of the simulator: the simulator tells the
dispatcher to begin one cycle (1). At the beginning of each new cycle the dispatcher requests
new workload from the loadgen (2). It then gathers informations like e.g. average cpu utilization
or current cpu frequency from each node (3) and uses it for determining the new configuration
of the cluster according to the power management policy it implements. In order to achieve that
new configuration, the dispatcher sends commands to the single nodes, telling them e.g. to power
down or increase its cpu frequency (4). Thereafter, the workload gathered for this cycle has to be
distributed to the nodes where it gets stored in a queue (5). At the end of the cycle, all active nodes
are told to work for one cycle and execute their stored workload (6).

In order to evaluate the effiency of the power consumption reducing policy, the dispatcher is
able to request the power consumption of each node for the last cycle. Accumulating this value for
each node and printing the sum onto stdout allows to plot a power consumption graph with a script
using gnuplot for example.

4.3 The Classes

4.3.1 Node

This abstract class represents a single computer in the cluster. Every implementation has to provide
the following methods:
* void doCycle()
Tells the node to work off the requests it has in its queue. Note: In that abstract class, no
further details are specified about how those requestsgethe queue. This is done in the
particular specialization.

e float getPowerConsumption ()

Returns the power consumption of the node for the last cycle.
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Figure 4.3: At the end of a cycle, the workload is passed to the running nodes and worked off by
them

It is possible to use nodes with different characteristics such as capacity or the ability to scale the
frequency together in a scenario. Thispatcher(see below) then has to consider those differences
in its policy. Thus it is possible to simulate heterogeneous clusters like e.g. described in [13].

4.3.2 LoadGen

The LoadGen reads in a log file and generates incoming requests for the cluster. It basically offers
the following functionality:

* int getNewRequests()

Returns the request rate for the next second out of the log file

The structure of the log file is explained in section 4.4.2.

4.3.3 Dispatcher

The Dispatcher is another abstract class, representing the part between the outside of the cluster
from where requests are coming in and the single nodes in the cluster. Thus it handles a set of
nodes according to some policy and receives incoming requests from the LoadGen. Depending
on that incoming load, it manages the nodes (e.g. turning some of them on or off) and distributes
the load onto them. Every dispatcher derived from this abstract base class has to implement the
following method:
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e void doCycle()

Does one cycle, in which new requests are fetched from the LoadGen and passed to the nodes
after some policy dependent decisions about the cluster configuration. It then tells the single
nodes to do a cycle and work off the given load.

The main module is th®ispatcherwhich is fetching incomindRequestsrom the LoadGen
and managing a set dfodes The dispatcher may make an arbitrary decision about which nodes
should execute the workload and which nodes may be put into a low power state or turned off. For
this purpose, he can retrieve informations from any node about its status, like e.g. the amount of
unfinished work.

The algorithms presented by Pinheiro et al. [18] and EInozahy et al. [21] were chosen to be
inspected in detail (cmp. chapter 5) and were implemented for the simulator. This will also give a
more detailed insight on how that program works.

4.4 Preparations

Before the simulator was written, some preparations had to be done.

4.4.1 Measurements

First, some measurements were made to get some realistic energy values as basis for a Node im-
plementation. Therefore, an implementation of resource containers in the Linux kernel 2.5.58 by
Martin Waitz [23] was used. It consists of a hierarchy of containers and is among other things
able to account the energy consumption of the machine running it, in this case, an Intel Pentium
4 with 2GHz. Different test-runs were done with the program "hammerhead” [14] on an Apache
webserver [2] to determine the relation between incoming request rate (generated by hammerhead)
and energy-consumption (exact measurements with the root resource container, representing the
energy consumption of the whole system).

As result, a node representing an Intel Pentium 4 with 2Ghz can handle a maximum of 750
requests/secohd The complete relation between incoming request rate, served request rate and
energy consumption can be seen in figures 4.4 and 4.5. This behaviour was applied in the imple-
mentation of the class representing a node.

INote: as the peak load of the world cup 98 trace introduced in the next section is only 1800 requests/second, for all
the experiments nodes with a capacity of 500 requests/second were taken to allow some more variations of the active set
of nodes
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4.4.2 Input Data

The test input used by Pinheiro et al. [18] was the trace of accesses to the World Cup '98 site from
12pm on 07/12 to 12pm 07/14, so those logs were taken for this work as well (available at [3]).

For reasons of performance, these logs were converted from a detailed format including vari-
ous informations about every request into a new format only containing the request rate for every
second.

The original log file format contained structs consisting of:

struct request ({
uint32_t timestamp;
uint32_t clientID;
uint32_t objectID;
uint32_t size;
uint8_t method;
uint8_t status;
uint8_t type;

uint8_t server;

This structure contains a lot of additional information about each request like e.g. a client ID
or the http protocol version that are not needed to determine the request rate. In addition, to get the
request rate for one instant in time one has to count all requests with the respective timestamp. In
order to optimize this, a program calletidgconvert” was written that converts the large original
log files containing single requests into a smaller log file containing only the request rate for each
point in time.

struct requestrate {
uint32_t rate;
bi

Thus it is possible to use any other access log file with the simulator by converting it into the
simple format.

4.5 Implementation

The central part of course consists of specialized Dispatcher classes, which work according to
the algorithms described in [18] and [21]. Before describing the implementations any further, the
algorithms themselves will be explained shortly. A detailed description of the algorithms and the
mathematical models behind is to be found in chapter 5.
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4.5.1 Vary-on/Vary-off Dispatcher

The algorithm from [18] takes into account the demand for resources at each point in time as well as
the past history of demands and the speed of change in demands. It uses a control theory approach
with a PID controller to adjust the capacity of the cluster (i.e. the number of active nodes) to the
needs of the incoming workload.

A feedback controller for each resource is the basis therefor. As the workload on the network
interface was the bottleneck through all tests (according to [18] pg. 11), this work only takes the
network load into account as resource, and so has only one controller, which is used for every
cluster reconfiguration decision.

This functionality is packed into a new Controller class, which gets continuously updated about
the excess demand, that is, the number of requests the cluster couldn’t work off during the last
cycle. The controller thereof calculates the values needed for the proportional, integral and differ-
ential components. If the output exceeds a certain limit, one or more nodes get turned on resp. shut
down. These thresholds and calculations how many nodes are to be turned on or shut down are
based on heuristics according to the author.

Pseudo code for this VOV@T? dispatcher:

get new workload
calculate current capacity of the cluster and thereof current excess demand
update the controller with this new value
every 10 seconds do
if (|output of the controller| > threshold)
and (last reconfiguration was at least 60 seconds before)
trigger reconfiguration:
if (output of the controller < 0)
remove_nodes (heuristic value)
else

add_nodes (heuristic value)

As an output the dispatcher prints values like e.g. the number of nodes or the power consump-
tion of the cluster orstdout for each discrete point in time. These values can be analyzed by
e.g. plotting them withynuplot.

Measurements using this implementation with some different values for the parameters are to
be found in section 5.2.3.

2|n the following, the abbreviatioWOVO.CT will stand for the algorithm using VOVO with the control theoretic
approach given by Pinheiro et al.
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4.5.2 Vary-on/Vary-off Dispatcher with Additional Voltage-Scaling

The algorithms described in section 3 which are presented in [21] by M. Elnozahy et al. were
chosen as a second example. The implementation of all five combinations is not possible as the
authors only describe the exact algorithms fiodependent Voltage Scali(gy/S), Coordinated
Voltage ScalinglCVS) and the most complex versio@pordinated Voltage Scaling with Vary-
on/Vary-off (CVS+VOVO). Any threshold or such fovary-on/Vary-off(VOVO) and hence also

for Independent Voltage Scaling with Vary-on/Vary-@¥S+VOVO) are not given. In addition,

IVS and CVS produce the same results, as the single requests of the incoming workload do not
differ in execution time like they would do on a real cluster.

The values needed to implement IVS (and CVS) are the thresholds of the parameters used to
decide when to turn on a node or shut down a node. The algorithm presented by Elnozahy considers
the average cpu utilization for this purpose and increases the frequency setting of a node if it rises
beyond 95% resp. decreases the setting if it drops below 80%.

Pseudo code for the IVS dispatcher:

get new workload
every 10 seconds do
for each node do
if (average cpu utilization < 80%)
decrease frequency
else if (average cpu utilization > 95%)

increase frequency
Pseudo code for the CVS dispatcher:

get new workload
every 10 seconds do
calculate average cpu frequency of all nodes
broadcast average cpu freqyency to all nodes as limit
for each node do
if (average cpu utilization < 80%)
and (cpu frequency-frequency step > limit-threshold)
// i.e. target frequency is within frequency limit
decrease frequency
else if (average cpu utilization > 95%)

and (cpu frequencytfrequency step < limit+threshold)
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// i.e. target frequency is within frequency limit

increase frequency

For the case of CVS in combination with VOVO a more sophisticated decision is necessary, as
the capacity of the cluster can be increased by either turning on an additional node as well as by in-
creasing the cpu frequency of the nodes already in use. As solution a limit is calculated considering
the base power consumption of a node and the variable power component of the cpu (depending
on the utilization). This boundary represents the frequency setting where it is better to turn on an
additional node and decrease the frequency ohth& nodes which are already running rather then
increasing the frequency of tmerunning nodes. This is also done for the case when the capacity
of the cluster should be decreased and the dispatcher has to decide between shutting a node down
in combination with a frequency increase of the remaimngl nodes or a frequency decrease of
nnodes.

Pseudo code for the CVS+VOVO dispatcher:

get new workload
every 10 seconds do
calculate average cpu frequency of all nodes
broadcast average cpu freqgyency to all nodes as limit
for each node do
if (average cpu utilization < 80%)
and (cpu frequency-frequency step > limit-threshold)
// i.e. target frequency is within frequency limit
decrease frequency
else if (average cpu utilization > 95%)
and (cpu frequency+frequency step < limit+threshold)
// i.e. target frequency is within frequency limit
increase frequency
calculate new average cpu frequency, f_varyoff and f_varyon
if (average cpu frequency <= f_varyoff)
and (last reconfiguration was at least 60 seconds before)
remove one node
for each remaining node do
set_frequency (old_frequency * n/(n-1))
else if (average cpu frequency >= f_varyon)

and (last reconfiguration was at least 60 seconds before)



4.5. Implementation 29

add one node
for each node do

set_frequency (old_frequency * n/(n+l))

As an output the dispatcher prints values like e.g. the number of nodes or the power consump-
tion of the cluster orstdout for each discrete point in time. These values can be analyzed by
e.g. plotting them witlynuplot.

Measurements using this implementation with some different values for the parameters are to
be found in section 5.3.3.



Chapter 5

Analysis

Before describing three representative policies for power management individually in detail, a gen-
eral overview is given, categorizing them according to the characteristics presented in section 2.2.

Thereafter, each strategy will be presented, explained and analyzed, including the respective as-
sumptions, requirements and theoretical models behind.

5.1

Overview

All three power management policies have the following characteristics in common:

They all require a cluster with homogenous nodes and a correlation factor of O.

The workload unit is one incoming request, the exact capacity of a node by means of work-
load units is not provided.

Only scenarios with webservers are considered, meaning that no migration of currently exe-
cuted workload is required when shutting a node down, as each execution lasts only a very
short time.

The exact traces of accesses used to evaluate the policies are not available, so a detailed
characterization of the workload can not be done.

The other characteristics according to section 2.2 of the policies presented in [21,18,19] are
described in table 5.1.
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5.1. Overview

Feature

Energy-Efficient Server Clusters [21]

Dynamic Cluster Reconfiguration fg
Power and Performance [18]

ron Evaluating Request-Distributio
Schemes for Saving Energy in Sery
Clusters [19]

>

er

Quality of the results

Energy savings from 19.4% (IVS) to 49.7% upto45% from 7.1% to 45.6%
(CVS+VOVO)
Restrictions and requirements | Voltage scaling is required none knowledge about the workload is ré

quired for history based policy

14
1

C

Quiality of service

does not drop acc. to paper

is allowed to drop within the limit set does not drop acc. to paper

with thedegrad parameter

Principle method to save power

| Voltage Scaling and Vary-On/Vary-Off Vary-On/Vary-Off |

Vary-On/Vary-Off |

Management

4 intra-node and inter-node Bm:m@mﬂ:?sﬁm?:ogm management only 4

inter-node management only 4

Decision parameters

recent intervals

of recent intervals and rate of change

Parameter Average cpu utilization and averageexcess demand for a resource (e.g. ¢gaad on the system (cpu utilization)
cpu frequency utilization, network load)
Timeframe current value and average over a set aurrent value, accumulation over a seturrent value and rate of change

Outlined system(cmp. section 2.2.6)

Cluster unit

one discrete step in cpu frequency

grained unit

fine-grained unit, one node as coarse-

aene node

one node

Capacity of the cluster unit

capacity differences gained by chan
ing frequency and capacity of one no

e

geapacity of one node

capacity of one node

Energy consumption of ongl3.5W/36.2W 70W/94W 13.3W/14.8W
node (idle/peak load)

startup delay 30s 100s 30s
shutdown delay 30s 45s <1s

Table 5.1: Characteristics of three representative policies; IVS = Independent Voltage Scaling, CVS+VOVO = Vary-On/Vary-Off in combi-

nation with Coordinated Voltage

Scaling
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5.2 E. Pinheiro et al. - Dynamic Cluster Reconfiguration for Power
and Performance

In [18], Pinheiro et al. present an approach similar to the VOVO algorithm in [21], decreasing the
power consumption in a cluster by shutting down as many nodes as possible (with an acceptable
degradation in the throughput rate). But unlike EInozahy et al., he gives some detailed heuristics
about when to shut down/turn on one or more nodes and how to re-distribute the existing load (if
necessary).

5.2.1 Control Theory

A control-theoretic approach is applied to decide when to shut down/turn on nodes in the clus-
ter, considering the incoming workload as well as the power and performance of different cluster
configurations. For this the policy considers the demand for resources instead of the utilization of
resources. In order to decide how many nodes should be shut down or turnecbotrodler does

the following calculation every 10 seconds:

o(t) = kpe(t) +k i e(t) + kale(t)

The outputo(t) is depending on thexcess demandith respect to the current configuration,
considering the current excess demae()], accumulated excess demand over tirage(t)) and
the rate of change in excess demanixt)). A reconfiguration of the cluster is triggeredift) >
0.55C (C being the capacity of a single node). The number of nodes that will be shut down or
turned on is described by:

It is possible to adjust the policy by setting two parameters. The firstdewgadis determin-
ing how much performance degradation is allowed. For exant@grad= 120% would mean
calculating withC' = 1.2 x C, increasing the capacity of a node at the cost of performance.

The second parameter is callehpseand allows a cluster reconfiguration only if elapse sec-
onds have past since the last reconfiguration in order to avoid rapid changes.

5.2.2 Overview

The following assumptions are made:

» The cluster consists of homogenous nodes.
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e The correlation factor (compare section 2.2.6) of the system is low, meaning that shutting
down a node does not cripple the file system.

« A cpu running at reduced frequency takes longer to complete a given task (this increase in
execution time is proportional to the frequency reduction).

The following system factors are described:
« Power consumption of an idle node is 70W and 94W if all resources are fully used.
Results:

» Savings in power consumption by 71% and in energy consumption by 45%.

5.2.3 Evaluation

As described in section 4.5.1, this policy was implemented in the simulatdfv@QVO.CT). So it
is possible to vary the parameters and test the policy with different workloads.

The access log file that was applied as test input by Pinheiro et al. is from the world cup 1998
and represents the accesses on the world cup site from day 48 12pm to day 50 12pm. It is available
for download at [3]. Using it with the simulator presented in chapter 4 leads to the graph shown
in figure 5.2. Compared to the graph presented in [18] (see figure 5.1), the requests/second rate is
fluctuating very much. This is because Pinheiro et al. accelerated their trace by a factor of 20 and
smoothed out short bursts of activity by usitfgas request rate with = 0.8. 1

d’ = a x old_demandt (1 —a) x currentdemand

Using that acceleration and smoothing in the simulator results in the graph shown in figure 5.3.

In figures 5.4 and 5.5, one can see the effect of smoothing the workload, even though a gaussian
curve has no short bursts. Obviously, the smoothing produces better results both for the part where
the workload is rising and where it is decreasing. If the workload is not smoothed before processed
by the algorithm, the configuration of the cluster fluctuates a lot and the incoming workload often
exceeds the capacity of the cluster.

Experiments where the world cup 1998 trace is used as input for the simulator are presented in
section 5.5, when a comparison of all implemented algorithms is done.

Figures 5.6, 5.8 and 5.10 show how thegradparameter affects the configuration of the cluster
(capacity of a node is 500 requests/second). For the graph of the incoming requests/second rate,

1The reason for the difference in the general shape of the graph could not be worked out, one reason could be that
Pinheiro et al. measured the load on the network interface but the access log used for the simulator contains only the
number of requests per second, where 2 requests might differ in the load they inflict on a real system.
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Figure 5.1: World cup 98 day 48-50 access graph used by Pinheiro et al.
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Figure 5.3: World cup 98 day 48-50 access graph produced by the simulator, using the same
smoothing as Pinheiro et al.

a gaussian curve was taken so the effects can be seen more clearly. If a higher value is set for
degrad the graph of the cluster’s capacity will more often drop below the graph of the incoming
requests/second, resulting in performance degradations.

The energy consumption of the cluster for different valuedeafradis shown in figures 5.7,
5.9and5.11.

These graphs were made using self-written scripts which compiled the simulator with different
parameters and plotted the output of the resulting files with gnuplot [12]. The exact energy con-
sumption values for the whole time of the experiment are as follows:

Degradation [%] Energy Consumption [kJ] Savings [%0]

70 1566.94 40.53
85 1487.41 43.54
99 1393.82 47.10

It is clearly visible that the energy consumption drops when a higher degradation is allowed.
But as seen in figure 5.10, the capacity of the cluster by far cannot match the needs of the incoming
workload, e.g. at approx. second 750 when the algorithm decides to shut down node 2 again. Here,
the capacity of the cluster is not big enough until approx. second 950 when 2 more nodes have
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Figure 5.12: Behaviour of VOVQT with peak load after 2000s (startup delay=100s)

finished booting.

In three other experiments, the gaussian graphs for the incoming workload were accelerated
in time from case to case, i.e. the peak load was reached after 2000 seconds (case 1, fig. 5.12)
resp. after 1333 seconds (case 2, fig. 5.13) and after 666 seconds (case 3, fig. 5.14). So as the
workload increased faster in case 2 than in case 1 and even faster in case 3, the algorithm had to
adjust the cluster configuration in a different way for each case to achieve the required capacity of
the cluster.

As the incoming workload is rising faster in case 2 than in case 1, the dispatcher in case 2
decides to turn on two nodes at once in approx. second 800 and provides enough capacities for the
requests all the time.

But in case 3, the decision to turn on an extra node is made at a point where the workload
is already increasing at a not too slow rate. As the dispatcher has to wait 120 seconds between
2 reconfigurations, it cannot add another node in time to cope with the more and more quickly
increasing workload. In approx. second 310, it is possible to trigger the second reconfiguration and
the dispatcher begins to boot two nodes which are fully operational in approx. second 410 (because
the boot time of a node, i.e. the startup delay as defined in 2.2.6, is 100 seconds). As the load was
unfortunately still accelerating in its increase, the 4 nodes running from approx. second 410 on
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are not enough but the dispatcher again has to wait another 20 seconds until approx. second 430
(since the last reconfiguration was done at approx. second 310) before more nodes can be brought
online. So, when the dispatcher is again able to reconfigure the cluster to handle the incoming
workload in approx. second 430, the decision is made to turn on the four remaining inactive nodes
at once which finish booting in approx. second 530.

As aresultitis clear that the algorithm is able to adapt to scenarios with faster rising workloads,
but of course only within the limits of the system parameters. If the nodes did not need 100 seconds
to boot but 30 seconds (an assumption by Elnozahy et al. in [21]), the algorithm is able to cope with
a more rapid workload increase as it does not have to wait 120 but 50 seconds between each cluster
reconfiguration (cmp. figure 5.15).

5.3 E.N. Elnozahy et al. - Energy-Efficient Server Clusters

Elnozahy et al. give a detailed approach in [21], evaluating five policies using dynamic voltage
scaling, node vary-on/vary-off (VOVO) and combinations of these two methods. A brief description
has already been given in chapter 3.
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5.3.1 Mathematical Model

The mathematical model behind those policies using VOVO together with voltage scaling is given
by the following formulas.

The dynamic component of cpu power consumption - the only part affected by system load - is:
Dynamic cpu Power A C \? f

whereA is an activity factor an€ the total capacitance at the gate outputs.
Expressing voltag¥ as a linear function in frequendylike V = a f and combining constants
results in this reduced equation:

Dynamic cpu Powet= ¢;f3
As the rest of the system has constant power consumption, the total consumption is

System Powet P(f) = cy+c; 2

For a cluster using botbynamic voltage scalingnd Vary-on/Vary-off it is possible to shut
down a node to save its power consumption, and increase the frequency for the remaining ones to
maintain the performance level. This results in a slightly increased power consumption for each of
the remaining nodes. In the same manner, turning on a node at the costs for a new node might be
beneficial, as all nodes may decrease their operating frequency.

This breakeven point is calculated by first extending the power consumption equation to
systems running at a certain frequerfgywith n x P(f1) = nx (co + ¢1 f). Calculating the power
consumption oh andn—1 (respn- 1) nodes leads to a threshold fQkryo f (resp.fvaryon), Where
shutting down (resp. turning on) a node reduces overall power consumption:

s/ Co (N—1)2
c1 2n2—n

|Co (N+1)2
fvaryor(n) = ¢ c1 2n2+n

So, the optimal average fregency range for@odes cluster iyaryott(n) < cpu frequency<

fvaryof f(n) =

and

fvaryon( n.

Obviously, there are upper and lower bounds f@#yon and fyaryot ¢ that must be taken into
account:
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n
n_1 fvaryoff(n) > fmax

This means that a cluster withnodes operating &taryof £(N) cannot set the frequency of- 1
nodes any higher as each node is already running its maximum frequency possible.

n

nr1 fvaryon(N) < fmin

Analogously, a cluster witm nodes operating akaryon(n) cannot set the frequency of+ 1
nodes any lower as each node is already running its minimum frequency possible.
5.3.2 Overview

The following assumptions are made:

» The following load balancing is done: incoming workload is distributed to the nodes accord-

ing to a weighting, using their average response time of recent requests.

» Cpu power is the largest and most variable component of system power consumption, other

components have constant power consumption.

* a cpu running at reduced frequency takes longer to complete a given task (this increase in

execution time is proportional to the frequency reduction).

The following system factors are described:

» The frequency might be set to a value between 600MHz and 1.2GHZ, the corresponding

voltage between 1.15V and 1.4V.

» There is a constant basis power consumption of 8.5W, a complete idle power consumption of
13.5W (including 5W for constant processor power) and a fully loaded power consumption

of 36.2W~ ¢cg = 13.5W andc; = 22.7W.

» The frequency will be set to the next discrete value that is smaller than the current one if the
utilization of cpu is less then 80% and increased to the next higher discrete value when the

utilization is higher then 95%.

» No further details are given on how to decide when to shut down (turn on) a node.
Results:

» Savings by IVS and CVS are relatively the same (about 20% to 29%)
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« VOVO is workload dependent better or worse then IVS/CVS: a more stable workload results
in worse savings for VOVO

¢ |[VS+VOVO is 8%-12% better then VOVO

*« CVS+VOVO gets the best results (12%-18% more than VOVO, 3%-10% more than
IVS+VOVO, saves up to 50% of the energy expended with no power management).

5.3.3 Evaluation

IVS and CVS produce the same results on the simulator because the cluster does not receive single
requests that differ in execution time but only a request/second rate. As that rate is distributed
equally to the nodes by the dispatcher, the load on those nodes does not vary between them. Thus
only IVS is evaluated in the following.

The other restraint is that EInozahy et al. do not give clear information about the VOVO algo-
rithm and the decision when to turn on resp. shut down a node. So VOVO and IVS+VOVO will
not be presented here. But as CVS+VOVO is explained in detail this strategy will be presented and
analyzed in different scenarios.

IVS

A dispatcher using only IVS is very adaptable to any incoming workload because a reconfiguration
with voltage scaling has a nearly instant effect on the capacity of the cluster (cmp. figure 5.16),
i.e. the startup delay is nearly 0. Thus its only limit concerning the degree of flexibility is given by
the length of the time interval that is used to check the cluster configuration and possibly change it.
But the disadvantage of IVS is the constant basis power consumggitmat is present all
the time even when the cpu is operating at the lowest possible frequency. If that basis power
consumption of a system is high, IVS cannot save much power (cmp. figure 5.17: a gaussian graph
with runtime 4000 seconds and peak load 4000 requests/second was applied on a cluster with
nodes with higlcy and lowcy using the IVS dispatcher). On the other hand, if most of the power
is consumed by the cpu (i.e; > cp resp. a large value fog(i)), the performance of IVS increases
pretty well compared to other, much more complex strategies (cmp. the evaluation of CVS+VOVO
in section 5.3.3 where the energy savings of various strategies on that gaussian curved workload
are listed for nodes with higty and for nodes with lovey).
The exact numbers of the energy consumption of both experiments are as follows:

Co[W] c1[W] Energy Consumption [kJ] Energy savings [%]
74.0 20.0 2584.29 191
13.5 22.7 643.09 11.03
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Figure 5.18: Behaviour of CVS+VOVO with peak load after 2666s (startup delay=30s)

CVS+VOVO

Testing CVS+VOVO in scenarios where the workloads are rising with different rates produces the
graphs in figures 5.18, 5.19 and 5.20.

Obviously, the algorithm has no problems handling the increase of the workload in the case
of the peak being reached after 2666 seconds or 1333 seconds. But in the scenario where the
maximum of the workload is already applied after 666 seconds, the algorithm is not able to start
enough nodes in the time where the workload rises rapidly, because it only adds one node at a
time. In consequence of this restriction and the time that a node needs to boot, CYS+VOVO has
a limit of increase in workload per time that it can handle. In every scenario where the incoming
requests/second rise at a faster rate than that limit, the algorithm is not able to provide enough
capacity for the cluster and has to suffer penalties in the quality of service.

The exact limit that the rate of increase in workload must not exceed between two points in time
to andt; (t1 beingtp plus twice the boot time of a node) is the capacity of a node:

workloadt;) — workloadty) < capacity of a node t; = to+ startupdelayx 2

But in those cases where CVS+VOVO is fast enough (i.e. the increase in the workload is
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within the above limit) it can save more energy than IVS, VO@D with degrad= 0.70 and

even VOVQCT with degrad= 0.85. For example when applying a gaussian curve as incoming
workload over 4000 seconds (peak load reached after 2000 seconds) on a cluster (startup delay of
a node, i.e. the time it needs to boot = 30s), the following energy consumptions were measured:

Algorithm [nodes withcy = 70W, ¢, = 24W] Energy Consumption [kJ] Total savings [%0]

No energy saving strategy 2634.68 0.00
IVS 2584.29 1.91
VOVO_CT (degrad= 0.70) 1567.89 40.49
VOVO_CT (degrad= 0.85) 1481.93 43.75
CVS+VOVO 1424.15 45.95

Algorithm [nodes withcy = 13W, ¢; = 22W] Energy Consumption [kJ] Total savings [%0]

No energy saving strategy 722.84 0.00
IVS 643.09 11.03
VOVO_CT (degrad= 0.70) 528.50 26.89
VOVO_CT (degrad= 0.85) 512.84 29.05
CVS+VOVO 475.69 34.19

Those tables show that not only IVS performs better When%hEﬁtiO rises, but also that
CVS+VOVO can save more energy in comparison to VOZD when more energy in the system
is consumed by the cpu.

Finally, figure 5.21 - 5.24 visualize how CVS+VOVO triggers different configurations when the
energy consumption parameters of the nodesdji.andc;) differ.

When the% ratio rises (figure 5.23), CVS+VOVO does not wait that long until it turns on
additional nodes as the costs for that action are not that high compared to the case wlggere the
ratio is low. In the same manner, it keeps nodes for a longer time in the active set because shutting
down a node does not save that much energy compared to decreasing the frequency/voltage setting.

5.4 K. Rajamani et al. - On Evaluating Request-Distribution Schemes
for Saving Energy in Server Clusters
The work of Rajamni et al. in [19] mainly consists of two parts. The first one gives a detailed

composition of key system and workload factors which are heavily influencing energy efficiency.
These factors have already been described in section 2.2.6 as system-workload context. Interactions
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between these factors and how they affect energy consumption are presented, assuming the load and
its change is known for all instants of time:
L+SD<N«C (5.2)

Equation 5.1 describes how the startup delaynfluences the number of necessary active
serversN for any given load (withL the current load on the syster8,its rate of change) when
each server has a capacity®{measured in terms of the number of active connections). The shut-
down delayD, also affects energy consumption by consuming energy while shutting down servers
proportionally toD,.

In the second part of the work, three methods are presented to determine the minimum number
of servers needed to handle a given workload without performance degradation. The rest of the
servers in the cluster are turned off to save energy.

5.4.1 Simple Threshold
The first and easiest method is using a simple threshold paramedteacquire the number of
servers necessary at each point of tifaelt is determined by:

N =L¢/T L; being the load at any instant

As each server should not handle more connections then its ca@acitiower bound on the
number of servers needed to meet the quality of service constraints is given by

N. >Lit.p/C  Litip being the maximum load from time t to t+D

Assuming to know the parameters of the system and the workload, this formula results in an
exact value for the thresholt:

Et,t+D/C <L/T (5.2)
T = min(Lt/(Let10/C))

Using a higher value would result in performance degradation, a lower value in lower energy
savings.

5.4.2 Spare Servers

The simple threshold algorithm is not able to handle spikes in the workload well, as the only way
is to use such a low threshold that enough servers are running when a spike occurs. This allows



5.5. Results 53

improvement of the algorithm which is done by Rajamani et al. by introduspiage serversSpare
servers are always active and are dedicated to handle spikes. The resulting formula analogous to
5.2is

EHD/C < S+ Lt/Ts with Sbeing the number of spare servers dathe threshold.

The appropriate number of spare servers should be chosen depending on the workload. If the
average load is high and has high spikes, using spare servers saves more energy than the simple
threshold algorithm could.

5.4.3 History-based Schemes

Another improvement presented by Rajamani et al. is to incorporate the general characteristics
of the workload, especially the expected spikes. Three levels of knowledge are differentiated,
assuming knowledge of

1. the maximum spik&nax

2. the maximum spike that occurs for each system configuration available (corresponding to the
number of servers required for each load point) and

3. theincrease in load at each point of time

5.4.4 Overview

Rajamani et al. present energy savings up to 45.6% and describe these savings as about 2% short of
the maximum savings possible. The different algorithms which are specified in the paper were not
implemented and evaluated in the simulator, so no further informations are available at this point.

5.5 Results

Experimenting with VOVQCT, IVS and CVS+VOVO on various workloads which were formed
like a gaussian curve gave the following results:

« A higher value fordegradin the VOVO.CT algorithm increases the energy savings but also
the likelihood that the demanded quality of service cannot be fulfilled.

* VOVO_CT is a very flexible algorithm as it is able to turn on more than one node at once.
Thus it performs well even in scenarios where the workload is rising very fast provided that
the nodes can be booted fast enough.



54

Chapter 5. Analysis

» |VS is pretty flexible, too, due to the fact that changing the frequency setting of the cpu has
an almost instant effect on the capacity of the node concerned.

» On the other hand, IVS has the disadvantage that in scenarios where the nodes have a high
base power consumption (i.e. high) it cannot save much energy because all nodes are

running all the time. The energy savings rise with a hi@enatio.

» CVS+VOVO is a more fine-grained method than VOVO and thus is generally able to save

more energy.

» But CVS+VOVO has a limit on how fast the workload is allowed to rise in order to ensure a
postulated quality of service because the dispatcher may turn on only one node at a time.

In order to draw a comparison between the implemented algorithms under a real workload, the
results of experiments with the trace from the World Cup 1998 website [3] are now described. The

behaviour of the policies concerning the cluster configuration and the respective energy consump-
tions are shown in figures 5.25 - 5.33. The corresponding energy savings are listed in the tables

below.

The following system parameters were defined:

Parameter

Value

Number of nodes in the cluster
Capacity of a node

8
250 Requests/second

Capacity at minimum voltage/frequency setting 125 requests/second

Startup delay (boot time of a node)

Co
C1

30s
70W
24W

Using these parameters the energy savings in the table below were measured with the world cup

98 trace, as shown in figure 5.2.

Algorithm Energy Consumption [MJ] Total savings
No energy saving strategy 160.85 0.00
IVS 155.56 3.29
VOVO_CT (degrad= 0.70, no smoothing) 59.94 62.92
VOVO_CT (degrad= 0.85, no smoothing) . N/A
VOVO_CT (degrad= 0.70, with smoothing) 59.35 63.10
VOVO _CT (degrad= 0.85, with smoothing) 54.61 66.05
CVS+VOVO 47.59 70.41
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Figure 5.25: Behaviour of VOVQT with degrad= 0.70 (without smoothing)
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Figure 5.26: Energy usage of VOVOT corresponding to figure 5.25
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Figure 5.27: Behaviour of VOVQT with degrad= 0.70 (with smoothing)
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Figure 5.28: Energy usage of VOVOT corresponding to figure 5.27
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VOVO_CT with degrad= 0.85 and no smoothing performs very bad and is very often not able
to handle the incoming workload without decreasing the quality of service drastically. Thus it is
not listed in the table.

IVS is not able to save much energy, as the workload is almost all the time below the mini-
mum capacity of the cluster (all of the 8 nodes running at lowest possible frequency setting with
corresponding capacity of 125 requests/second)>ol85= 1000 requests/second.

CVS+VOVO performs slightly better than VOVQT as it applies not only the coarse grained
vary-on/vary-off to save power but also the fine grained frequency/voltage scaling.

When using other values for the energy consumption of the nodes, the following values were
measured:

Nodes withco = 13W, ¢, = 22W (as provided by Elnozahy et al. in [21]):

Algorithm Energy Consumption [MJ] Total savings
No energy saving strategy 36.39 0.00
IVS 30.54 16.08
VOVO_CT (degrad= 0.70, with smoothing) 17.93 50.73
VOVO_CT (degrad= 0.85, with smoothing) 17.06 53.12
CVS+VOVO 13.68 62.41

Due to the higher emphasis on the power consumption of themath IVS and CVS+VOVO
perform well in relation to other experiments where the base power consunspi®dominating.

Nodes withcg = 72W, ¢; = 32W (as measured on a Pentium 4, cmp. section 4.4.1):

Algorithm Energy Consumption [MJ] Total savings
No energy saving strategy 161.14 0.00
IVS 152.65 5.27
VOVO _CT (degrad= 0.70, with smoothing) 62.42 61.26
VOVO_CT (degrad= 0.85, with smoothing) 57.81 64.12
CVS+VOVO 49.67 69.18

Here the results are similar to those made before wgith 70W, c; = 24W.

Nodes withco = 13.5W, ¢; = 1.5W (as specified by K. Rajamani et al. in [20]):
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Algorithm Energy Consumption [MJ] Total savings
No energy saving strategy 28.55 0.00
IVS 28.16 1.37
VOVO_CT (degrad= 0.70, with smoothing) 10.03 64.87
VOVO_CT (degrad= 0.85, with smoothing) 9.16 67.92
CVS+VOVO 8.11 71.59

Again, CVS+VOVO is better than VOV@T but only a little bit due to the smad}.

Nodes withcy = 0.1W, ¢; = 20.0W (as theoretical model):

Algorithm Energy Consumption [kJ] Total savings
No energy saving strategy 7600.44 0.00
IVS 2282.30 69.97
VOVO_CT (degrad= 0.70, with smoothing) 7520.97 1.05
VOVO_CT (degrad= 0.85, with smoothing) 7518.17 1.08
CVS+VOVO 4358.23 42.66

In this theoretical model of a node where nearly all the energy is consumed by the cpu, the
algorithms which use frequency/voltage scaling can score because only frequency/voltage scaling
can save energy. Here itis the best to keep all nodes running (at nearly no costs) and have a very low
average frequency/voltage setting for the cpu, as that saves most of the energy. This is not possible
for CVS+VOVO, as VOVO shuts down some nodes (though less than in all other scenarios) and
therefor increases the frequency/setting of the remaining nodes, which leads to an increase in power
consumption.

But unfortunately, there does not exist a node whagries nearly 0. As incy the base power
consumption of the cpu is also included (per definition), this device would be perfect scalable.

Annotations

When setting the startup delay from 30 seconds to 100 seconds or using the accelerated workload
as input, the results remain the same: IVS does not save very much energy at all and CVS+VOVO
is always better than VOV@T because of its greater flexibility. The advantage of VORD that
it is able to react adequately on a rapid change in the incoming workload (by turning on or shutting
down multiple nodes) cannot be exploited in this scenario in order to make a significant difference.
VOVO_CT would also perform better if the capacity of a hode were smaller and a greater
number of nodes were available as compensation therefor, as this would turn VOVO in a more fine
grained method towards the level of frequency/voltage scaling.
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The values given by Elnozahy et al. for the energy savings of IVS could not be exactly recon-
structed in this scenario, but the reason therefor lies in the different system parameters for the nodes
(i.e., their capacity and quantity) and in the characteristic features of the workload as explained
above.

The savings for VOVOCT and CVS+VOVO are a bit higher than those stated in the original
publications, but this is due to the fact that the access trace of the world cup 1998 has its peak load
of about 1800 requests/second only for a very short time and a relatively low workload of about 400
requests/second for the rest of the time. Therefore, strategies with VOVO can save a lot of energy
by running the cluster with a few nodes only for most of the time compared to a static cluster with
many nodes (which are necessary to cope with the high peak load).

Therefore, experimenting with other workloads with different characteristics, e.g. a higher av-
erage workload but a relatively lower peak load, will give values nearer to those given by Pinheiro,
Elnozahy et al. in their publications.



Chapter 6

Future Work

This chapter gives a survey of possible extensions to the presented simulator and further experi-
ments.

6.1 More Experiments Using the Simulator

With the simulator introduced in this work, it is possible to continue analyzing the implemented
algorithms with other workloads which have different characteristics than those used in chapter 5,
like e.g. suggested in section 5.5.

In addition, other parameters could be changed and the policies could be tested thereupon,
e.g. experiments could be done using nodes with smaller capacities so that those strategies using
VOVO should perform better. A point of interest would be to find out when VOVO is as good as
IVS depending on the capacity of a node and the average workload.

One could also create another model for the behaviour of a node with respect to the energy
consumption in relation to the load, which is more precise or reflects other circumstances/devices.

And of course, other strategies which are described in other publications such as [19] could be
implemented, tested and evaluated.

6.2 Extending the Simulator

Another way to get new insights is to extend the functionality of the simulator. This could be done
by e.g. implementing heterogeneous nodes as described in [13].

A second alternative could be to simulate differences of the incoming requests and the load they
generate by adding a random factor in th&ork function in the classode, which is responsible
for working off incoming workload. Thereby it would be possible to test strategies that need such
a variance between the nodes in a cluster, like e.g. CVS.

63



64 Chapter 6. Future Work

An aspect mentioned qualitatively but not measured quantitatively yet is the quality of service
provided by the cluster. An extension in that direction could be to implement the possibility to
measure that quality of service in terms such as maintained response times when a node has excess
workload.

Not yet included either are other scenarios different from web servers like e.g. computing clus-
ters which have other characteristics and requirements.

6.3 New Strategies

And finally, existing strategies could be extended by adding advantages known from other policies.
For example, the factor of a time-of-day dependent, history based experience (like in [19]) could
be added to CVS+VOVO in the way that at a certain time of day, when there is a rapid increase in
the workload expected according to experiences from previous days, the policy does not only add
one node if it is necessary to increase the cluster’s capacity but two.

This would maybe add the advantage of VOMII, namely to be able to handle workloads that
are rising very fast, to CVS+VOVO and make CVS+VOVO more flexible. Of course, experiments
would be necessary to verify that assumption.

Another possible topic which has not yet been investigated is trying to exploit the knowledge
of exact energy consumption values, which are available by the work of Martin Waitz [23] and can
be distributed over a network with the help of the work of Thorsten Ehlers [10].



Chapter 7

Conclusion

This work has elaborated important aspects and characteristics by means of which energy saving
strategies can be evaluated and has presented a simulator which can be used to analyze such poli-
cies in various scenarios. The performance of an implemented policy can be tested with different
parameters in order to examine the impact of the parameters. It has been made possible to use both
artificially created workloads as well as workloads generated from real log files as input data.

The algorithms presented in three publications were analyzed by means of these general char-
acteristics and some of them were exemplarily implemented in the simulator in order to evaluate
them. These strategies using the concept of vary-on/vary-off, frequency/voltange scaling and com-
binations of them have been analyzed both in artificial environments in order to test certain aspects
like e.g. the ability to react on rapid changes in the workload as well as with the help of real traces of
access log files. Advantages and problems for each policy have been discovered and their reasons
have been mentioned.

It turned out that a combination of frequency/voltage scaling with vary-on/vary-off achieves
the best results for all workloads used in the experiments, especially when a significant fraction
of the energy consumed by a node has to be spent on its cpu. It has been pointed out that for
other workloads where there is no such big difference between the average load and the peak load,
policies relying only on vary-on/vary-off should perform better and should be able to demonstrate
their advantages, like e.g. the capability to turn on more than one node at a time.

With the simulator, it has been possible to reproduce and comprehend the results which were
presented by the authors of the strategies. By experimenting with the same system parameters,
comparisons of the policies have been made and differences in the results have been explained.

Finally, some possibilities for further work with the simulator have been suggested and make
way for more research work and analyses.
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Energiesparverfahren fir Server Cluster

In der heutigen Zeit ist der Energieverbrauch von Rechnersystemen ein immer wichtigerer Aspekt,
speziell wenn es sich um ganze Rechneruiade handelt. Da aktuelle Prozessoren im Vergleich zu
ihren einfacheren Voéngern immer schneller und komplexer werden, wird in modernen Rechen-
zentren in denen viele Server in Betrieb sind, ein nicht ui@lsetticher Anteil der Betriebskosten

fur die Energieversorgung undiKlung der Systeme aufgewendet. Die Forschung hat sich bisher
haupt&chlich darauf konzentriert, wie man eintreffende Anfragen in solch einem Rechnerverbund
fur einen ndglichst performanten Betrieb am effizientesten verteilt. Heutzutage gewinnt allerdings
die Frage nach dem Energieverbrauch zunehmend an Bedeutung.

Es existieren schon einige Publikationen, die sich mit dieser Aufgabenstellung auseinander-
setzen und verschiedene Methoden und Strategien @&lgiche Losung vorschlagen. Allerdings
werden oft unterschiedliche Parameter und Hardwaresysteme als Grurigadjese Methoden
vorgestellt. Typische Beispiele hié@rfsind Unterschiede in den verwendeten Eingabedaten, ver-
schiedenste Systemplattformen oder unterschiedliche Annalitmenden Energieverbrauch im
Ruhe- und Maximal-Last-Zustand. Auf3erdem erschweren fehlendéuat&nlingeriiber zugrunde
liegende Algorithmen den direkten Vergleich der Quliind Effizienz der verschiedenen Me-
thoden. Man kann also ebenfalls nichfifean, ob diese Ergebnisse auf andere Plattformen oder
Szenarienibertragbar sind, oder ob die Heuristiken und Paramétezifige wenige &lle speziell
optimiert wurden.

Diese Arbeit stellt wichtige Aspektéif Energiesparverfahren bei Server Clustern vor und zeigt
ferner Charakteristiken auf, anhand derer Energiesparverfahren klassifiziert und analysiert werden
kdnnen. EinUberblick iber bestehende Aatze wird gegeben, wobei die jeweiligen zugrunde lie-
genden Annahmen genannt und die verwendete Methodik klassifiziert werden.

AuBerdem wird ein parametrisierbarer Simulatdgrgamtiert, der sowohl unterschiedliche Stra-
tegien als auch verschiedene Szenarien verarbeiten und auswerten kann. @arait kum Bei-
spiel Strategien verschiedener Publikationen unter identischen Bedingungen getestet und evaluiert
werden, so dass ein Gesamtvergleichgtich wird. Zustzlich khinnen Heuristiken d@her unter-
sucht werden. Der Simulator verwendet echte Server log files die auch in einigen existierenden
Publikationen iir Untersuchungen eingesetzt wurden. Die Implementierung einigésespativer
Strategien wird als Beispiel vorgestellt und zur Analyse der jeweiligen Algorithmen, Parameter und
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Heuristiken verwendet.

Als Beispiel wurden die Verfahren, die in drei Publikationen vorgestellt wurden analysiert und
fur den Simulator implementiert. Dieses Strategien deaktivieren ungenutzte Server (vary-on/vary-
off), passen die Takfrequenz sowie die Spannung der Prozessoren an oder verwenden Kombina-
tionen dieser Verfahren. Sie wurden sowohl miinktlich erzeugten Zugriffsdaten getestet, um
bestimmte Eigenschaften wie z.B. ihréfitgkeit, auf schnelle Anstiege der eintreffenden Anfragen
Zu reagieren @her zu untersuchen, als auch mit der Hilfe von Zugriffsdaten echter log files. Die
einzelnen Vor- und Nachteile jeder Strategie wurden aufgezeigt und ilred& erhutert.

Es stellte sich heraus, dass die Kombination von Taktfrequenzanpassung in Verbindung mit
vary-on/vary-off die besten Ergebnisse in allen Experimenten erzielte, vor allem wenn ein Gross-
teil des Energieverbrauchs eines Servers auf den Prozes@okzufihren ist. Es wurde aufgezeigt,
dass vary-on/vary-offifr andere Eingabedaten, die keinen so grof3en Unterschied zwischen durch-
schnittlicher und maximaler Last aufweisen, bessere Ergebnisse erzielen sollten. draitenk
z.B. auch die Vorteile dieser Strategien, wie diénkgkeit mehrere Server auf einmal einschalten
zu kdnnen, besser zum Ausdruck gelangen.

Fur die implementierten Algorithmen konnten die Ergebnisse der Autoren nachvollzogen und
mit Hilfe von Testreihen mit konstanten Systemparametern verglichen werden. Unterschiede zu den
beschriebenen, tatshlich gemessenen Werten wurden aufgezeigt unérerkl

Abschliel3end wurden einige dglichkeiten fir weitere Experimente mit dem Simulator und
Ansatze fir Verbesserungen vorgeschlagen.
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