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Abstract

Efficient resource management is crucial for balancing performance and energy
consumption in large-scale data centres. In the case of additional requirements such
as guaranteed resources and low communication latency, it is of great importance
to implement not only an efficient initial placement algorithm, but also maximise
consolidation by migration techniques, making sure that network performance is not
sacrificed. In this paper, we introduce a hierarchical approach to migrations based
on a combination of efficient packing algorithms and network communities. Results
analysis shows the benefits of using a two-level approach where the combination
of localised consolidation and network awareness improves both performance and
energy efficiency, while maintaining low network hop distance.

Keywords Migration management - Energy efficiency - Consolidation - Network
awareness - Performance

1 Introduction

The usage of today’s high-performance computing (HPC) systems residing on large
computing platforms such as data centres has shifted dramatically with the addition
of a virtualised layer on top of the available hardware infrastructure. Providing addi-
tional elasticity and flexibility, the abstracted virtualised access to resources is based
on the anytime from anywhere access paradigm, while taking advantage of a large
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pool of physical servers with many cores and high amount of memory. The trend of
the computing demand resulted with the creation of very large data centres that can
provide the storage and processing power needed to run big data problems. Locating
these data centres closer to the customers enables an increased usage of computing
resources for the purposes of many highly demanding applications [2]. These HPC
systems, which use the virtualisation technology for provisioning of computational
resources in the form of virtual machines (VMs), are usually referred to as an HPC
cloud [1]. Built on top of virtualised data centres [2], HPC clouds have become a
very popular adoption [3].

However, this concentration of computing power in the form of an HPC cloud
creates some problems that need to be addressed successfully in order to guaran-
tee optimal usage of resources in accordance with the changes in user demands [4].
Powering these systems is very costly, since consumption rapidly increases with the
scale of the system. Thus, it is of high importance to employ efficient resource allo-
cation and scheduling techniques that can provide not only adequate quality of ser-
vice level for the customers, but will also take into account additional constraints
such as minimum energy consumption [5].

Traditional resource management approaches in the virtual environment have
always focused on the optimal resource scheduling that will guarantee high per-
formance [6]. Thus, the majority of resource allocation techniques available today
are trying to optimise the usage of available resources so as to provide the maxi-
mum performance using a minimum number of physical servers. There are differ-
ent approaches starting from the simple first-fit heuristics, to more sophisticated
solutions that take into account the dynamics of the system as a whole, the net-
work topology of the data centre, the location of the storage relative to the physical
machines (PMs), etc.

With the rapidly increasing number of large-scale data centres, the issue of
energy efficiency became an additional major concern having a direct impact not
only on the total cost of ownership, especially the costs for installing and maintain-
ing an adequate cooling system for the data centre, but also an increased negative
environmental influence due to the increasing carbon footprint of today’s large data
centres [7]. This interest in energy efficiency has given rise to efforts for developing
resource management techniques that aim to optimise the power consumption in the
data centre as a whole. However, in these cases, the decisions on VM placement are
done solely on the basis of energy optimisation, disregarding any other optimisation
as long as the placement conditions are such that they meet the basic requirements
for resources. Aiming to consolidate the used resources and, thus, to decrease the
power consumption, energy-aware techniques are mostly based on migrations [8],
that is, moving the running VMs from one physical host to another host in order to
minimise the number of used hosts. For HPC applications, only live migration tech-
niques can be considered so that there is no down time of VMs during the process of
migration. But even in the case of live migrations, there are penalties that need to be
paid such as increased demand for bandwidth.

When approaching the problem with a holistic perspective, in order to provide
HPC resources to users in an efficient manner, a reconciliation of approaches is
needed. Resource management allocation and migration techniques employed must
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be such that they aim to satisfy both high performance and low power consumption,
building on both efficient consolidation and smart allocation that will still provide
high performance for the set of tightly coupled tasks.

Towards this goal, in this paper we propose an hierarchical VM migration
approach that combines the three management concerns:

— efficient usage of the available physical resources,
— network-aware placement and
— energy-wise saving based on consolidation.

The presented results show how a two-phased approach can successfully provide
similar performance and energy efficiency compared to the typical migration tech-
niques, but additionally can maintain a low latency between communicating VMs.
This is achieved by enhancing migration algorithms with a network-aware approach
when deciding where to place the migrated VM, instead of the typical first-fit imple-
mentations. In our proposal, two possibilities are investigated:

— strict placement in the current network community and
— flexible placement that hierarchically expands the destination community when
necessary.

The rest of the paper is organised as follows. Section 2 provides an overview of the
requirements for efficient resource management solutions that can be deployed in
a HPC cloud, and the related work is detailed in Sect. 3. The popular single-objec-
tive and network-aware techniques are discussed. Section 4 proposes a hierarchi-
cal approach for VM migrations management in the HPC cloud that is based on
a two-level combination of network awareness, localisation and consolidation. The
implementation Sect. 5 describes how the proposed approach is implemented in the
popular CloudSim simulator, followed by a presentation of the developed simulation
scenarios. Section 6 provides a comparison of the effectiveness of employing hierar-
chical VM migration against typical approaches. The detailed analysis of the effects
includes different aspects of the system: CPU utilisation, energy consumption, num-
ber of migrations, but also energy consumption of network devices and ports in use.
The final section concludes the paper.

2 Traditional resource management in the HPC cloud

In the case of an HPC cloud, the HPC applications that are run by users can be
represented as cloud services (jobs), i.e. a set of tightly coupled VMs with some
desired characteristics. Each of these VMs runs one or multiple tasks that are part
of the cloud service problem. Thus, VMs need to synchronise and exchange data
with different frequency depending on the nature of the problem. Once defined by
the user, the HPC application that is described in the form of a cloud service has
to be placed on one or more PMs in order to provide it with the needed resources
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in correspondence with the VM characteristics. The main goal when choosing the
target PM is to minimise the number of used PMs.

From the theoretical point of view, this resource allocation problem can be repre-
sented as a multidimensional bin packing problem [9]. VMs and PMs (aka items and
bins) can be described using vector bin packing where each vector dimension rep-
resents a different characteristic of the resource (e.g. CPU, RAM, storage). Finding
the optimal solution to the packing problem is a well-known NP-hard problem, even
when only one dimension is used. Adding more dimensions only makes things more
difficult. Thus, there have been many heuristics that attempt to find solutions within
acceptable running times [10].

When implementing a variation of the multidimensional vector bin packing, only
one objective is solved: efficient usage of the physical resources available when plac-
ing new VMs. However, in the case of HPC applications, care must be taken when
choosing the resource allocation method because it has to be based on space sharing,
as opposed to time sharing whose allocation method allows under-provisioning of
resources by advertising more available virtual resources compared to the real physi-
cal resources of the machines. Therefore, employing time-sharing CPU and memory
is not desirable for HPC applications because this would imply that the resources
provided to the user are not always available resources and, hence, not high perform-
ing. In contrast, the space-sharing scenario ensures that once some resources are
allocated for a VM, these resources belong only to this VM and are thus available
for use at any time while providing always a high-performance scenario.

2.1 Network-aware techniques: performance and power consumption
implications

The interconnectivity between the chosen PMs that will host the VMs belonging to
one HPC application is of major importance for HPC applications due to the nature
of the problems that are being computed. Namely, the complete job represented as
a cloud service is divided into a number of tasks executed in parallel, thus needing
to regularly exchange information. Therefore, the solution of the resource alloca-
tion problem should choose some very well-interconnected PMs, meaning that the
resource allocation technique employed must be network aware. By incorporating
knowledge about the network architecture of the data centre, the choice of potential
PMs for a given cloud service is constrained not only by the VM characteristics, but
also by the network-wise closeness of the PMs. Effectively, employing a network-
aware space-sharing resource allocation method provides a solution that encom-
passes two of the discussed objectives: efficient resource usage combined with low
latency guaranteed by network-wise close placement.

There are a number of approaches that combine information about the network
when deciding on the VM placement, where the optimisation is done in order to
minimise the latency or maximise the bandwidth between the communicating VMs.
Most of the techniques are based on a pair-wise network optimisation focusing on
pairs of VMs [11]. Since many parallel processes constituting an HPC application
communicate frequently, time spent in communication forms a significant fraction
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of total execution time. The impact of cluster topology has been widely studied by
HPC researchers. In the context of HPC cloud, it is necessary to use VM placement
algorithms which map the multiple VMs of an HPC application in a topology-aware
manner to minimise inter-VM communication overhead. One of the most intuitive
approaches in this case (relating to the typical cluster approach in HPC) is the com-
munity-based VM placement [12] that adopts a hierarchical approach dividing the
data centre into a hierarchy of communities based on the network topology [13] and
uses this knowledge in order to place the complete HPC job (cloud service) inside
the smallest viable physical community so that the interconnection between VMs
benefits from the short hop distance, thus resulting in lower latency. This methodol-
ogy enables enforcement of packing VMs to nodes in the same rack compared to
a random placement policy, which can potentially distribute them all over the data
centre. While these benefits of employing communities have been analysed in depth
in [12], it has only been done for the initial placement of the VMs without consider-
ing the effects on power consumption.

Network-aware resource allocation techniques not only balance consolidation
and high network performance, but also provide other potential means for achiev-
ing decreased power consumption in the data centre. It has been shown that the
power consumption of the network elements in the data centre represents 10-20%
of the total power consumption [14] leaving possibilities for improvement by smart
placement. Additionally, when trying to model the power consumption of network
devices, the analysis in [15] has shown that the power consumption is not related
to the amount of traffic that passes through the network port, but it can be mod-
elled using an ‘off’/‘sleep’/‘on’ port behaviour, where in case of no traffic on the
port, its power consumption can drop down to 50% of the ‘on’ state. Similar conclu-
sions have been drawn when considering a network device as a whole (a switch or a
router), where again the switch in ‘on’ state consumes a fair amount of power inde-
pendently of the amount of traffic that actually passes through it. Taking this into
account, it is of the interest in this paper to observe how network-aware VM place-
ment can help to consolidate the use of ports and switches in the data centre network
so that energy saving can be achieved in the network elements as well.

2.2 Energy efficiency via migrations

When discussing energy efficiency of physical hosts, it is a well-known fact that the
most power-hungry element in data centres is the CPU (cooling facilities excluded)
[14] being responsible for at least 30% up to more than 80% of the total consumed
power of a physical server. It is interesting to note that due to this fact the power con-
sumption of a physical host rises dramatically when comparing the ‘on’/‘sleep’/‘off’
states. The difference between a 20% CPU usage and 100% CPU usage in terms of
power consumption is very small in the cases when there is no hardware technique
available for enforcing energy efficiency. Thus, the CPU power optimisation is the
first and the foremost option for implementing energy efficiency. Significant reduc-
tions in the power consumption of physical servers can be achieved by employing
hardware-based methods like dynamic frequency and voltage scaling (DVFES) [16].
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The idea of DVES is based on the fact that the energy dissipation of the CPU quad-
ratically depends on the voltage. By reducing the working frequency of the CPU,
the voltage reduction will lead to a decreased power consumption. However, the
technique itself is limited due to the decreasing power consumption gap between
the idle and the fully utilised state in today’s CPU architectures [17]. It must be
noted that DVFS as a power-aware technique has only local significance focusing on
reducing the power consumption on an individual CPU based on the nature of the
running tasks, and is thus not able to provide any global power consumption optimi-
sation [18]. Even so, DVFS is the first step towards an energy-efficient data centre
and today’s large-scale computing facilities are built using physical servers with an
incorporated DVFS behaviour.

On a global power-wise optimisation scale, the initial resource allocation
approach does not include the notion of continuous consolidation, which is needed
in a dynamic system wherein the availability of the physical resources changes over
time as new VMs are being created, while old VMs that host finished tasks are
destroyed and the resources they held are again available for new allocation. In order
to answer the problem of continuously changing environment, migration techniques
need to be additionally introduced so that consolidation of the used resources can be
regularly attempted [19]. In the case of HPC applications, the problem of migrations
must be approached with great care due to performance hindrance that might be
introduced when migrating VMs. Relying only on live migration so that zero down-
time of the VM is guaranteed, when deciding on migrating a VM in order to mini-
mise the number of used hosts, care must be taken to ensure that the new physical
host for the VM remains in the network vicinity of the rest of the VMs that belong to
the same cloud service. In this way, the HPC application will not suffer any increase
in network delay and will continue to run with the maximum available performance.

Coming back to the HPC-based efficient resource management in data centres,
this mainstream approach is somewhat problematic since, in this case, the workload
of the allocated VMs is not highly dynamic on the one hand, and, even more impor-
tantly, the notion of overutilised host in a time-sharing environment is unacceptable
due to the lack of high performance guarantees of the allocated resources. In other
words, in a space-sharing environment that fosters high-performance resource allo-
cation, the notion of overutilised hosts is not applicable. Since the virtualised physi-
cal resources cannot be allocated to more than one VM, the physical host cannot be
overutilised. On the contrary, it is desirable that the utilisation of the physical hosts
is as close to 100% as possible so that the consolidation is maximised and the avail-
able resources are used in the most energy-efficient way possible (in conjunction
with DVES). Thus, in the space-shared environment of HPC, for the purposes of
decreasing power consumption through server consolidation, only the underutilised
hosts should be considered and this is part of the approach described in this paper.
By employing threshold-based techniques, we can identify the underutilised hosts.
The attempt to enforce consolidation in this case is to try and migrate all VMs resid-
ing on an underutilised host, so that the host can be shut down or put to sleep state
in order to save on power consumption. All VMs from the underutilised host need
to be migrated to other hosts that are already in use, otherwise the whole process
may end up with increase in power consumption instead. If the algorithm employed
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cannot find suitable new hosts for all VMs that reside on the chosen underutilised
host, the process is cancelled.

3 Related work

Thorough survey of the energy efficiency of data centres as large-scale distributed
systems is presented by Orgerie et al. in [20]. The authors present the energy effi-
ciency of each of the building blocks of large distributed systems, starting from the
elements of individual nodes, networking equipment, up to the software optimisa-
tion models. Virtualisation and cloud computing energy efficiency considerations
are also elaborated in great depth.

There are several works describing the energy efficiency of the VM placement in
the cloud data centres. Sotiriadis et al. in [21] consider the problem of scheduling
general-purpose VMs in the cloud data centre, optimising the performance of the
VMs and the energy efficiency of the cloud data centre. They offer quite compre-
hensive review of different approaches towards the cloud VM scheduling and energy
efficiency.

The main body of research on the topic of VM migration techniques as a means
for physical server consolidation revolves around the groundbreaking work in
energy and performance efficiency of data centres as presented in [22]. The main
idea of these approaches is based on dynamic VM migration in order to improve
the power footprint of the data centre by consolidating the usage of both overuti-
lised and underutilised hosts. Several different techniques for the identification of
the hosts of interest to consolidation can be combined with different selection poli-
cies to select the most suitable VMs from those hosts and migrate them to a more
efficient alternative. The concepts of VM migration employed in this case [22] are
mainly based on the assumption of a highly dynamic workload on VMs in a time-
sharing environment for the physical resources. Thus, the methods for identifying
overutilised hosts are based on whether the upper limit of a host utilisation has been
reached. This limit is defined as a threshold which can be a static absolute value,
or dynamically derived and updated using local regression, interquartile range, or
median absolute deviation (MAD), for an example. Kansal and Chana in [23] pro-
pose the usage of the firefly algorithm for performance and energy efficiency of the
data centres through VM migration.

4 Hierarchical VM migrations approach

The main goal of this paper is to introduce a hierarchical VM migrations approach
that will combine all the beneficial aspects discussed in the previous section: effi-
cient packing, localisation, network awareness and power saving via consolida-
tion. The discussion of the various approaches has pointed out the strong and
weak points of each separate technique; however, the research on how different
techniques can be combined in order to achieve complex multiobjective goals
(such as high-performance computing with low network latency and considerable
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energy savings) is still underway. Aiming to fill in the gap and analyse the possi-
ble trade-offs between performance and energy efficiency for HPC cloud environ-
ments, in this paper we present the implementation of a combined network-aware
balancing approach for the initial placement and the consolidation attempts using
migration.

In other words, we are considering an HPC cloud environment where the place-
ment of jobs (cloud services) is done using a space-shared approach to ensure
high-performance use of the available resources. The initial placement methodol-
ogy is chosen to be community-based: the data centre is divided into hierarchical
sets of physical nodes based on the interconnecting networking topology. Consid-
ering this division, the first step is a matchmaking process where a logical com-
munity (job consisting of a group of VMs) needs to be mapped to the smallest
viable physical community (group of well-interconnected PMs). The second step
is actual VM placement within the chosen physical community, where a load bal-
ancing or server consolidation approach [24] can be used in order to achieve the
maximum performance, i.e. minimum number of servers used. Both the load bal-
ancing (LB) and the server consolidation (SC) methods are based on variable size
bin packing vectorisation techniques with an objective to minimise the physical
hosts used to place the VMs. The combination with the community matchmaking
process ensures that the chosen hosts belong to the same community and are thus
well interconnected providing high bandwidth and low latency.

To address the objective of energy efficiency, we propose a variation of the
community placement approach that provides dynamic consolidation over time
employing the technique of discovering underutilised hosts and attempting to
migrate their VMs. The hierarchical approach avoids sacrificing network perfor-
mance due to migration. To achieve this, every new destination host for every
migrating VM must belong to the same community as the original host. In order
to achieve higher energy efficiency, we consider that DVFES is used in conjunc-
tion with the resource management algorithms. The penalty for the live migration
processes is induced by increased CPU usage due to migration (CPU is active on
both the origin and destination of the migration) and by using up all of the avail-
able bandwidth on the origin and destination host for the transfer of the VM pro-
cesses which puts additional stress to the network [25].

Let us put together the main features of the hierarchical approach that is pro-
posed in this paper:

— space sharing of resources

— network-aware community-based hierarchical approach for dividing the data
centre into physical communities

— load balancing or server consolidation VM placement algorithm that works
locally on a given community of PMs

— detection of underutilised hosts using MAD around a specified threshold
according to the current workload

— migration of all VMs from underutilised hosts limited to other, already active,
hosts located in the same community
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It is of interest to note that the chosen approach benefits the resilience characteristics
of the data centre’s ability to host HPC applications. Namely, by enforcing network
awareness throughout the complete HPC job lifetime, all of its components running
in separate VMs are going to be hosted on PMs with the minimum hop distance
available. This means that a failure of the switches that connect other data centre
parts will have no effect on the running HPC-based cloud service. Only in the case
of a targeted failure in one of a very small number of switches, an HPC applica-
tion error can occur. On the other hand, by employing the communities hierarchy,
a relatively small number of cloud services will need interconnection through the
edge-level and aggregate-level switches when compared to a traditional random best
fit scenario. In this way, there are very few long-distance communications and, thus,
the data centre is able to function with very high efficiency even in the case of fail-
ure of the root-level switches.

5 Implementation

For the purposes of the implementation and effectiveness analysis of the proposed
hierarchical VM migrations approach, we have chosen a very popular tool for simu-
lation of cloud data centres that offers virtualised infrastructure as a service, which
is the basis for the HPC cloud. This tool, which has already been shown to be adapt-
able for HPC applications by being extensible and configurable in a parametrised
fashion [26], is the CloudSim simulator. One of the main reasons for the popularity
of CloudSim is the ability to model the power consumption of the PMs by using a
power network data centre extension of the regular data centre model in the simula-
tor. CloudSim also supports creating simulations that will analyse the usage of the
data centre network using a separate network data centre branch that also supports
entities like switches, ports and links.

Since in this case, the goal is to observe the performance and energy efficiency
obtained on the basis of network topology awareness, for the implementation of
the community-based placement and hierarchical VM migration techniques, a new
branch of a network power data centre has been created so that both features are
captured. In this way, the data centre model allows defining a power consumption
model for PMs and network devices, in addition to the definition of the network
topology and availability of link bandwidth.

Following the most typical network topology for today’s data centres, the net-
work power data centre model has been extended to support the creation of a fat tree
network topology [27] with two or three layers including edge, aggregate and root
switches with a given number of ports. The results presented in this paper are based
on two large-scale data centres consisting of 5400 or 10,800 physical hosts intercon-
nected in a three-layer fat tree topology with 36-port switches.

Upon defining the network topology and PM characteristics using the network
power data centre model, the VM placement and running is handled by data centre
brokers. In the case of HPC cloud, as it is already discussed, the job to be executed is
defined as a cloud service which consists of a number of VMs with specific desired
characteristics on which the processes that are executed in parallel are started. Some
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of the processes on different VMs may finish earlier than others depending on the
nature of the job. The job is considered finished when the whole cloud service is fin-
ished, i.e. all VMs that belong to the cloud service have finished and are destroyed.
This behaviour can be modelled in CloudSim by instantiating one data centre bro-
ker for each cloud service. Every data centre broker is tasked to make sure that the
VMs that belong to the given job are placed on a PM and that the processes are
started. It then monitors the execution of processes and cleans up VMs with finished
processes. Once all processes have finished, the broker will complete the job. The
processes that run on VMs are referred to as cloudlets in CloudSim, so in the HPC
cloud scenario, each VM has one cloudlet assigned to it and it consumes all of the
available resources of the provided VM. In Table 1, we detail some of CloudSim
already implemented classes and the new network-aware community-based classes
we have coded to illustrate previous description.

In order to analyse how different amounts of the overall workload in the data cen-
tre impact the placement and migration events, a number of simulation scenarios
have been created wherein the number of instantiated cloud services is varied from
1000 to 2000 with a different maximum number of VMs per cloud service: 10 or 20.
The actual number of VMs is chosen randomly following a uniform distribution that
aims to create a very diversified demanding workload on the data centre which is
more difficult to pack compared to a Gaussian-oriented workload generation.

PMs and VMs can have multiple characteristics that define the number of dimen-
sions needed for the vector representation of the variable bin packing problem.
CloudSim supports features such as number of CPU cores, amount of RAM, band-
width, operating system (OS) family and storage size. For the purposes of the analy-
sis presented here, the first three characteristics have been used while assuming that
the complete data centre supports one OS family (which is common for HPC appli-
cations) and that there is enough storage space for all running jobs (in this case, the
storage can be represented as a shared central storage which is also common in prac-
tical implementations). The shared storage space indicates that during the process of
live migration, only the running memory of VM needs to be migrated.

The realistic power model for physical hosts implemented in the simulator,
namely the IBM x3550 Xeon X5675-based host with 6 cores, 12 GB RAM with

Table 1 CloudSim original and new network-aware community-based classes

Original classes New classes

Cloudlet Network_PowerDatacenter

PowerDatacenter Network_PowerHost

DatacenterBroker Network_PowerVmMigrationPolicyCommunityBased
PowerHost OptimVMAllocationPolicy_CommunityBased*
PowerVm

PowerVmAllocationPolicyMigration* Network_PowerVmAllocationPolicyMigration*
PowerVmAllocationPolicy Network_PowerVmAllocationPolicy*
PowerVmSelectionPolicy Network_PowerVmSelectionPolicy
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inherent implementation of DVFS and 1 GB available bandwidth, has been used
to represent the data centre infrastructure. The sizes of the VMs that are gener-
ated as part of the cloud services vary from 1 or 2 cores and 2 or 4 GB RAM,
each consuming 100 MB bandwidth and all available MIPS of the host. The
cloudlet length has been defined to be randomly chosen from the 1 to 5 GB inter-
val with a step of 1 GB. The running time of each process in a VM is defined as
the cloudlet length divided by the allocated MIPS.

The space-sharing resource allocation technique is natively supported by the
simulator which, out of the box, provides only the basic first-fit packing heuristics
for the initial VM placement. Thus, the simulator has been extended to support
the full community-based VM placement framework as described in [12] with the
ability to support both the load balancing (LB) and the server consolidation (SC)
techniques for VM to PM placement and the choice of matching logical commu-
nities (cloud services) to physical communities (sets of PMs). In this way, four
different combinations are available depending on the choice for the higher- and
lower-level placement, namely LB-LB, LB-SC, SC-LB and SC-SC, in addition to
the native first-fit which is used for comparison. While logical communities are
defined for one cloud service, physical communities are described as a hierarchi-
cal dendrogram, where: the smallest community is each individual physical host,
the next level is represented with communities comprised of hosts connected to
the same edge switch, the upper next level are communities where hosts share
aggregate switch, and the root of the dendrogram is one community encompass-
ing all hosts in the data centre.

Once the simulation is started and the brokers have distributed their VMs
and cloudlets according to the decisions for the initial VM placement, a regular
check is done for possible consolidation via migration. There are several imple-
mentations of different migration policies available in CloudSim, all based on the
overutilised and underutilised hosts discussed in Sect. 2. When defining scenarios
based on these available implementations, the simulator automatically combines
them with the first-fit algorithm for initial placement. Therefore, the code has
been changed so that the VM placement policy is separated from the VM migra-
tion policy in order to allow the scenario creator to freely choose between any
available VM placement algorithm and VM migration algorithm. This enables
the already implemented migration policies to be combined with the community-
based placement approaches. The original migration implementations are such
that no matter the chosen VM migration and selection policies, once the deci-
sion has been made on which VM to migrate, the destination host is chosen using
exclusively the first-fit approach.

In order to implement our hierarchical VM migration approach, a new VM
migration policy has been defined that provides choices for the techniques used
to determine the potential VMs to be migrated and the way the destination of the
migration will be decided. This extension has allowed the creation of simulation
scenarios wherein upon deciding which VM is going to be migrated, the destina-
tion host can be chosen based on the rules defined according to the community-
based principles. Two approaches are defined in this case:
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— strict rules—the chosen destination host must not only have available resources
but also belong to the same community together with the rest of the PMs that
host VMs from the same cloud service;

— flexible rules—if no suitable host is found in the same community, the algorithm
widens the search to hosts that belong to the larger hierarchical community.

Having in mind the HPC application nature with a lack of highly dynamic cloud-
lets and overutilised hosts, all available migration policies actually fall back to the
median average deviation (MAD) around a static threshold of 30% total CPU utilisa-
tion. Thus, this policy has been used for comparison purposes.

Another enhancement that has been implemented in CloudSim is the migration
delay. In the original version, the migration delay is introduced as the time needed
to transfer the working memory of the VM using the full available bandwidth of
the host. In our implementation, the conditions are made more realistic taking into
account the fact that after an underutilised host has been identified, the available
bandwidth for migration of each of its VMs is calculated as the minimum of the
available bandwidth of the new destination host and the original source host divided
by the number of migrating VMs.

The network power consumption is modelled using the available information pro-
vided in [15], according to which there is a fixed amount of power consumed by
the switch chassis plus additional power consumed represented as 1% of the chassis
power by each port that is currently active (i.e. it has traffic flow). From a network
energy efficiency perspective, it is assumed that root switches are always on and
fully powered up. Also, there are two edge switch ports active per each active host
(down and up link) and an edge switch is off only if all ports are off. Similar reason-
ing is implemented for the aggregation layer with two ports per each edge switch.

6 Results and discussion

The aim of this section is to discuss the performance of the proposed hierarchi-
cal VM migrations approach by comparing it with other already implemented
approaches in CloudSim, combining it with different types of initial placement, and
analysing the relationship between the energy consumption savings in the data cen-
tre and its effect on the performance of running HPC applications. For these pur-
poses, the energy consumption in the data centre has been measured for a number
of scenarios where the different discussed techniques for initial VM placement and
VM migrations have been defined. The number of hosts and the mean host utilisa-
tion are analysed in order to visualise the packing performance. Also, the number
of migrations and their influence on the changes in the hop distances between VMs
that belong to the same cloud service are discussed. The last subsection is devoted to
the energy consumption by the network data centre and how it is related to the hosts
power consumption and the overall performance of the system.

For convenience and consistency, all figure legends are based on the following
coding:

{initial-placement . migration-technique}
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There are five options in total for initial placement: first-fit and four com-
binations for the community-based approach based on the algorithm used on the
community level and the one used on the host level (1b-1b, 1b-sc, sc-1lb,
sc-sc). Whenever the difference in results obtained for the four options is negli-
gible, in order to increase the readability of the figure only 1b-1b results are pre-
sented. Six options for migrations are compared:

— dvfs—no migration policy is in effect, only DVFES is used on the hosts.

— mad—the original CloudSim median average deviation (MAD) technique for
underutilised hosts discovery with first-fit for new destination hosts selection.

— 1lb-mad—hierarchical VM migration based on the original CloudSim median
average deviation technique for underutilised hosts discovery, strict rules for
community choosing and load balancing algorithm for new destination hosts
selection.

— sc-mad—hierarchical VM migration based on the original CloudSim MAD
technique for underutilised hosts discovery, strict rules for community choosing
and server consolidation algorithm for new destination hosts selection.

— flb-mad—hierarchical VM migration based on the original CloudSim MAD
technique for underutilised hosts discovery, flexible rules for community choos-
ing and load balancing algorithm for new destination hosts selection.

— fsc-mad—hierarchical VM migration based on the original CloudSim MAD
technique for underutilised hosts discovery, flexible rules for community choos-
ing and server consolidation algorithm for new destination hosts selection.

6.1 Energy efficiency

We represent in Fig. 1 the energy consumed by the hosts during the simulation
time for one example environment. When using techniques for initial placement
that are not combined with migration techniques (first two items in the legend)
and just DVES is used as means for continuous adaptive energy saving, it is evi-
dent that the overall energy consumption in the hosts of the data centre is much
higher as there are no consolidation attempts. In the case of combining network-
aware placement techniques with migration techniques, a noticeable drop in
energy consumption can be achieved. The reason is because when cloudlet pro-
cesses are started after the initial placement, as different cloudlets (according to
their length) finish earlier than others during the simulation time, the energy con-
sumption starts to drop as expected. Therefore, migrations are taking place and
consolidation of servers is reflected in a reduction in the energy consumed. This
is most evident in the time frame of 400-500 s when the shortest cloudlets have
already finished and the first set of underutilised hosts has been detected. These
triggered migrations manage to produce considerable energy savings. The more
subtle differences between the different migration possibilities are visible after
800 s with the non-network-aware migration (MAD) enabling the best energy sav-
ings, while the strict and flexible versions of hierarchical network-aware migra-
tions being only slightly worse. This small increase in power consumption is due
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Fig.1 Evolution in time of host energy consumed in the data centre for an example data centre with
10,800 hosts and a workload of 2000 cloud services each with max 20 VMs

to the more strict policies in choosing the physical hosts for migrating VMs. The
network awareness that keeps the cloud service VMs close together results in less
efficient packing per host as it is presented in the results in the next section.

The total energy consumed by data centre’s hosts is presented in Fig. 2 together
with the total number of migrations (right-hand y axis) averaged over differ-
ent simulations that have been run using different workloads in terms of num-
ber of cloud services and maximum number of VMs per service. Results show
that the energy-wise price to be paid in the case of using strict community-based
migrations opposed to the flexible version or the non-network-aware MAD-based
migration policy is around 10-13% increase in total energy consumption. The use
of load balancing or server consolidation approaches in the initial placement does
not seem to have any significant impact on the energy consumption or the number
of VM migrations. Yet, it must be noted that the number of VM migrations in
the case of strict network-aware migrations, that is, when the destination host for
migration must belong to the same community with the rest of the cloud service,
is more than 50% lower, which has a twofold benefit: (1) it manages to achieve
considerable consolidation with a small energy sacrifice, and (2) the lower num-
ber of migrations induces a more stable environment for guaranteed performance
while creating far less additional network traffic. In the cases when the sacrifice
in energy is not acceptable, flexible rules for hierarchical VM migrations can
be used and results show that this network-aware approach incurs just a slight
increase in energy consumption (less than 4%) compared to the random first-fit
algorithm.
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Fig.2 Energy consumed by hosts (points) and the number of migrations (lines) in the data centre for an
example data centre with 5400 hosts with varied workloads

6.2 Host utilisation

The host power consumption is the main component of the overall data centre
energy consumption, and thus, it is of great interest that initial VM packing algo-
rithms together with migration policies manage to produce as efficient packing as
possible in terms of obtaining the maximum utilisation of active hosts and the mini-
mum number of used hosts. These metrics and their change over the simulation time
are presented in Fig. 3. All considered initial placement algorithms show compara-
ble efficiency providing close to 90% utilisation of the active hosts (about 1500 in
total) at the beginning of the simulation. As part of the jobs are finished, the hosts
utilisation starts to drop since the initial placement is no longer very efficient. In the
case of the scenarios that do not use migration techniques, this leads to big drops
in host utilisation, with a much smaller decrease in the number of hosts used, so
that in the last time interval of the simulation around 900 hosts are used (Fig. 3b)
with a mean utilisation of only 40% (Fig. 3a). Employing hierarchical VM migra-
tion techniques, the situation can be very much improved, so that the consolidation
of the VMs induces larger drops in the number of used hosts, and a compensation
in the utilisation of the used hosts which is achieved over longer periods of time
(200-300 s).

The MAD-based migration policies are able to effectively consolidate the num-
ber of used hosts over time, whereas the network-aware migration policies based
on flexible rules are just slightly worse in their consolidation efforts. However, as
the simulation time progresses it is increasingly difficult for the strict rules ver-
sion of the community-aware migrations to follow the pattern of the previous two,
leading to about 45% mean host utilisation compared to the others’ 60%. Thus, the
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Fig. 3 Host utilisation in the data centre for an example data centre with 10,800 hosts and a workload of

1000 cloud services each with max 10 VMs
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performance energy trade-offs paid when employing the strict migration policies
is accompanied with a lower host utilisation over time. However, in a more realis-
tic scenario, there would be new cloud services placed over time so this should not
impose a big problem.

6.3 Migrations

Figure 4 depicts the number of started VM migrations over the simulation time for
an example scenario. The four peaks in the figure are occurring in the time frames
when a number of VMs are finished with processing and are being destroyed (as
defined with the cloudlet length), and consequently, they correspond to the drops in
hosts utilisation as shown in Fig. 3a. This change of the current status of the hosts
is a trigger detected via the identification of underutilised hosts, which results in
an increasing number of decisions for migrations. The MAD migration policy has
a very fast reactive approach triggering migrations as early as possible during the
simulation even if this will result with a severe negative impact on the network dis-
tance between the VMs that belong to the same cloud service. The hierarchical VM
migrations-based approaches (strict and flexible) are not able to find viable destina-
tions for all potential migrating VMs, and thus, they postpone some of the migra-
tions to occur later, leading to a larger number of migrations in 1000 and 1400 s
when a larger number of potential destination hosts are available.

More details on the effects of the migrations can be concluded when comparing
Fig. 5a, b, which present the mean hop distance between the source and destination
hosts during migrations and the number of migrations for each simulation scenario.
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Fig.4 Comparison of the evolution of a selected number of migrations during the simulation time for an
example data centre with 5400 hosts and a workload of 1000 cloud services each with max 10 VMs
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The scenarios that do not support migrations are presented with O in both figures,
while again there is no major discernible effect on the choice of either load balanc-
ing or server consolidation approach when using community-based techniques for
initial placement. The choice of following strict or flexible rules for hierarchical VM
migrations is a different topic though.

First of all, the trade-off of using MAD as non-network-aware migration policy,
which incurs the maximum number of VM migrations and thus results with maxi-
mum energy savings, is presented also with the maximum average hop distance (that
is 4.2 hops). In the case of a fat tree architecture, this hop distance means that jobs
allocated on hosts are communicating via all three layers of switches (edge, aggre-
gate and root). On the other hand, in the network-aware hierarchical VM migra-
tions case, the communication is localised up to the aggregate (3 hops) or up to the
edge (2 hops) level for flexible and strict rules, respectively. In particular, Fig. 5a is
the main highlight of the performance energy trade-offs, since the hop distance is
directly related to the communication delay between the parallel processes in the
HPC application.

6.4 Network energy consumption analysis

The results presented in this subsection are focusing on the energy consumption
in the data centre network and how it is affected by the choice of resource man-
agement. All chosen example results provided in figures are for high workloads in
order to clearly show the relatively small differences in effectiveness of the com-
pared combinations, which are diminished for smaller workloads in terms of the
total number of cloud services or the total number of VMs. As previously discussed,
the results presented are based on the assumption that all active switches consume
a given fixed amount of power for the chassis, while every active port adds to this
amount an additional 1% [15]. Thus, the total relative power consumed by the data
centre’s network is calculated as the sum of the active switches plus 1% of the total
number of active ports. To get the real energy consumed in Ws, one must multiply
the presented numbers by the power of the switch chassis (50 W for an example).
The main obvious conclusion that can be drawn from Fig. 6 is that, com-
pared to a basic first-fit initial placement, when using a network-aware placement
approach (any type of the community-based versions) the energy consumption in
the network is lower mainly due to the fact that a smaller number of switches need
to be activated because of good consolidation of the cloud services on the target
hosts. Figure 7a, b provides a detailed breakdown of the total energy consump-
tion. The communication between the VMs is mostly local and, as the processes
are finishing, the number of active ports decreases causing additional savings in
power, especially in the cases when the complete switch can also be turned off.
Another observation that can be made from this figure concerns the best per-
forming group of scenarios based on network-aware placement combined with
traditional MAD migrations. The energy consumption is the lowest in this case
due to the best packing provided which results in the minimal number of active
switches and active ports. However, the price to be paid in this case is the relative
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Fig.6 Relative total energy consumption in the data centre network for an example data centre with
10,800 hosts and a workload of 2000 cloud services each with max 20 VMs

increase in hop distance between the VMs of the same cloud service, which will
negatively impact the performance. It is clear that paying this price is not reason-
able since the energy-wise performance of the scenarios where the migrations
are done using the strict or flexible hierarchical VM migration approaches is very
much comparable.

While the total network energy consumption is mostly dependent on the employ-
ment of a network-aware VM placement algorithm, it is important to emphasise that
when using migrations to consolidate the usage of hosts, the number of ports is also
consolidated. However, the price to be paid is putting more strain on the aggregate-
and root-level switches. The main problem that arises is that additional switches
sometimes need to be turned on in order to complete the process of migrations. This
consequently reflects in the overall increase in network energy consumption tak-
ing into account that the main consumption in the network is made by the switch
chassis.

It must not be forgotten, however, that the amount of power consumption that
incurs in the network is by far smaller compared to the host power consumption
(only 10-20%), so the overall power consumption in the data centre will be lowered
due to consolidation via migrations. In other words, in order to improve the energy
efficiency of the overall data centre using migrations, the employed migration tech-
niques will somewhat increase the network energy consumption due to their attempt
to consolidate the number of hosts used. In addition to this, it must be noted that the
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performance from a network point of view will be also lowered because of the extra
traffic that will use up the bandwidth in the network during the migration processes.

7 Conclusions

In order to maximise the usage of available resources in large-scale data cen-
tres that support the HPC cloud, it is of utter importance to choose a very good
resource management suite of algorithms that will provide high performance with
good energy efficiency. Our proposal includes efficient packing for high resource
utilisation, network awareness for low latency communication, and good consolida-
tion via migrations, considering hierarchical VM migrations as an extension to a
community-based placement approach. We analysed the effects on these three goals
by comparing scenarios with and without network awareness or hierarchical migra-
tions in large-scale data centre simulation scenarios. Our results show that the initial
placement is extremely important for high performance of the system, but the con-
tinuous energy efficiency can only be achieved with regular consolidation via migra-
tions. However, migrations should be avoided if the tightly coupled communicating
VMs that compose a cloud service need to go through an increased number of hops
along the network architecture, having then a negative impact on the communication
delay. It has been shown that by following the proposed hierarchical VM migra-
tions approach, very good consolidation and energy efficiency can be achieved while
maintaining high communication performance. Network-aware consolidation efforts
are efficient solutions to improve the performance of the network while reducing the
carbon footprint of the HPC data centre.
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