
Abstract. Cloud services are emerging today as an innovative IT provisioning 

model, offering benefits over the traditional approach of provisioning infra-

structure. However, the occurrence of multi-tenancy, virtualization and resource 

sharing issues raise certain difficulties in providing performance estimation dur-

ing application design or deployment time. In order to assess the performance 

of cloud services and compare cloud offerings, cloud benchmarks are required. 

The aim of this paper is to present a mechanism and a benchmarking process 

for measuring the performance of various cloud service delivery models, while 

describing this information in a machine understandable format. The suggested 

framework is responsible for organizing the execution and may support multi-

ple cloud providers. In our work context, benchmarking measurement results 

are demonstrated from three large commercial cloud providers, Amazon EC2, 

Microsoft Azure and Flexiant in order to assist with provisioning decisions for 

cloud users. Furthermore, we present approaches for measuring service perfor-

mance with the usage of specialized metrics for ranking the services according 

to a weighted combination of cost, performance and workload. 

Experimenting with application-based benchmarks on 

different Cloud providers via a multi-cloud execution and 

modeling framework 
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1 INTRODUCTION 

Performance of cloud environments has started to gain significant attention in the 

recent years and is now related to more extensive concepts such as availability, com-

petency and reliability (Hauck, 2010). After promises for infinite resources and on-

demand scalability, the issues of cloud environments instability with regard to per-

formance issues of the allocated resources have begun to arise (Kousiouris et al., 

2012). Thus, for a successful cloud migration process, the issue of provider perfor-

mance is a key factor that should be taken into account, in order to save money but 

also guarantee a (as much as possible) stability in the migrated application with re-

spect to service-level agreements. In (Milenkoski et al., 2013), both the wide range of 

applications deployed in cloud environments and the variability of cloud services are 

detected; thus, measurement practices are required. Cloud benchmarks play a signifi-

cant role in the wide-spread adoption of cloud services, providing end-to-end perfor-

mance evaluation across different application areas and pricing of cloud offerings 

(Folkerts et al., 2013). As identified in our previous work (ARTIST Consortium D7.2, 

2013), a significant gap in existing research is the lack of such descriptions in current 

metamodels regarding Cloud infrastructures. However, different providers may have 

their own metrics and strategies for guaranteeing cloud QoS. Thus, there is the need 

of a modeling framework in order to incorporate the related information and provide a 

more abstracted and common way for identifying performance aspects of cloud envi-

ronments.  

    In our approach, the benchmarking process is based on the identification of a set 

of representative application types that correspond to various common applications 

that can be met in real life. For these types suitable benchmarks are identified that 

provide representative application scenarios and capture services abilities in the re-

spective field. The main aspect of interest for the selection of the benchmarks was the 

ability to have application level workloads characterization. The major aim of this 

process is to abstract performance of cloud services to a suitable degree that can be 

understood and used by the majority of cloud non performance-aware individuals. 

 

Given the extent of cloud computing environments, many factors can affect the 

performance of cloud services and their resources. The main performance aspects of 

cloud computing as analysed by the ARTIST approach can be summarized as: 

a) Heterogeneous and unknown hardware resources:  the computing resources of-

fered by the cloud providers are unknown to the external users. Available information 



 

may be limited to number of cores for example, memory sizes or disk quotes. Accord-

ing to a study on Amazon platform conducted by Aalto University (Zhonghong Ou et 

al., 2012), the variation between the fast instances and slow instances can reach 40%. 

In some applications, the variation can even approach up to 60%.  

b) Different configurations: even in the existence of the same hardware however, 

the way this resource is configured plays a significant role in its performance. The 

same applies for software configurations (e.g. a DB instance over a virtual cluster) or 

variations in the software development.  

    c)   Multi-tenancy and obscure, black box management by providers: cloud infra-

structures deal with multiple different users that may start their virtual resources on 

the same physical host at any given time. However, the effect of concurrently running 

VMs for example significantly degrades the actual application performance. 

d) VM interference effects. Studies (Koh et al., 2007) (Kousiouris et al., 2011) 

show that combined performance varies substantially with different combinations of 

applications. Applications that rarely interfere with each other achieve performance to 

the standalone performance. However, some combinations interfere with each other in 

an adverse way.  

e) Virtualization is a technology used in all cloud data centers to ensure high utili-

zation of hardware resources and better manageability of VMs. According to the 

aforementioned studies despite the advantages provided by virtualization, they do not 

provide effective performance isolation. While the hypervisor (a.k.a. the virtual ma-

chine monitor) slices resources and allocates shares to different VMs, the behaviour 

of one VM can still affect the performance of another adversely due to the shared use 

of resources in the system. Furthermore, the isolation provided by virtualization limits 

the visibility of an application in a VM into the cause of performance anomalies that 

occur in a virtualized environment.  

 

 All these aspects along with the fact that cloud providers are separate entities and 

no information is available on their internal structure and operation, make it necessary 

to macroscopically examine a provider’s behavior with regard to the offered resources 

and on a series of metrics. This process should be performed through benchmarking, 

by using the suitable tools and tests. One of the key aspects is that due to this dy-

namicity in resources management, the benchmarking process must be iterated over 

time, so that we can ensure as much as possible that different hardware, different 

management decisions (e.g., update/reconfiguration/improvement of the infrastruc-

ture) are demonstrated in the refreshed metric values, but also observe key character-

istics such as performance variation, standard deviation etc. Finally, the acquired 

information should be represented in a machine understandable way, in order to be 

used in decision making systems.  

In software engineering, metamodeling concepts are increasingly being used for 

representing a certain kind of information in a more abstracted level. During the last 

years, several proposals for cloud modeling concepts emerged supporting different 

scenarios, such as MODAClouds (Ardagna et al., 2012), which proposes a model-

based migration approach similar to ARTIST. Nevertheless, the first one focusses on 

the migration of cloud-based software between cloud providers and their interopera-



 

bility, while ARTIST on the migration of software artefact to cloud-based software as 

a means of software modernization. With regard to our work, following the metamod-

el definition, concrete instances for specific cloud providers and services can be creat-

ed in order to describe the target environments of the migrated applications. Thus, 

during the deployment phase, the provider that fits best to the application type being 

migrated will be selected. 

The aim of this paper is to provide such mechanisms to address the aforementioned 

issues. A benchmarking framework designed in the context of the FP7 ARTIST pro-

ject is presented in order to measure the ability of various cloud offerings to a wide 

range of applications, from graphics and databases to web serving and streaming. The 

framework consists of a software suite for benchmarking cloud platforms in order to 

extract performance-related data and to include it in the cloud models. What is more, 

we define a metric, namely Service Efficiency (SE), in order to rank different services 

based on a combination of performance, cost and workload factors. YCSB and DaCa-

po are the two benchmarks used in the performance testing. The first one is a frame-

work that facilitates comparisons of different NoSQL databases, while DaCapo 

benchmarking suite measures JVM related aspects. Measurement results are demon-

strated after the implementation of Service Efficiency on various known cloud envi-

ronments. 

The paper is structured as follows: In Chapter 2, an analysis of existing work is 

performed; in Chapter 3, the description of the ARTIST tools for mitigating these 

issues is presented; in Chapter 4, a case study on three cloud commercial providers 

Amazon EC2, Microsoft Azure and Flexiant is presented; conclusions and future 

work is contained in Chapter 5. 

2 RELATED WORK 

Related work around this paper ranges in the fields of performance frameworks, 

available benchmark services and description frameworks and is based in the accord-

ing analysis performed in the context of the ARTIST project (ARTIST Consortium 

D7.2, 2013). With regard to the former, the most relevant to our work is (Garg, 2012). 

In this paper, a very interesting and multi-level cloud service comparison framework 

is presented, including aspects such as agility, availability, accountability, perfor-

mance, security and cost. Also an analytical hierarchical process is described in order 

to achieve the optimal tradeoff between the parameters. While more advanced in the 

area of the combined metric investigation, this work does not seem to include also the 

mechanism to launch and perform the measurements. Skymark (Iosup, 2012) is a 

framework designed to analyze the performance of IaaS environments. The frame-

work consists of 2 components – Grenchmark and C-Meter. Grenchmark is responsi-

ble for workload generation and submission while C-Meter consists of a job scheduler 

and submits the job to a cloud manager that manages various IaaS Clouds in a plug-

gable architecture.  Skymark focuses on the low level performance parameters of 

cloud services like CPU, Memory etc. and not on elementary application types. 

CloudCmp (Li, 2010) provides a methodology and has a goal very similar to our 

approach to estimate the performance and costs of a Cloud deployed legacy applica-



 

tion. A potential cloud customer can use the results to compare different providers 

and decide whether it should migrate to the cloud and which cloud provider is best 

suited for their applications. CloudCmp identifies a set of performance metrics rele-

vant to application performance and cost, develop a benchmarking task for each met-

ric, run the tasks on different providers and compare. However CloudCmp does not 

seem to define a common framework for all the benchmark tasks. 

With regard to benchmarking services, the most prominent are CloudHarmo-

ny.com and CloudSleuth.com. The former utilizes a vast number of benchmarks 

against various cloud services, offering their results through an API. 

However, there are two aspects that can be improved with relation to this approach. 

Initially it is the fact that too many benchmarks are included in the list. We believe 

that a more limited scope should be pursued in order to increase the focus of the 

measurements. Furthermore, the measurement process is not repeated on a regular 

basis, in order to investigate aspects such as deviation. For CloudSleuth, the focus is 

solely on web-based applications and their response time/availability. Their approach 

is very worthwhile, by deploying an elementary web application across different pro-

viders and monitoring it constantly, however it is limited to that application type.   

With regard to description frameworks, a number of interesting approaches exist. 

According to the REMICS project (REMICS Consortium Deliverable D4.1 v2.0, 

2012) PIM4Cloud, which is focused in both private and public Clouds, has been de-

fined to provide support to model the applications and also to describe the system 

deployment on the cloud environment. PIM4Cloud is implemented as a profile for 

UML and a metamodel which is capable to describe most of the features of a system 

that will be deployed in a Cloud environment. It is organized in four packages (Cloud 

Provider domain, Cloud Application domain, Physical Infrastructure domain and 

Resource domain).  

FleRD (Schaffrath et al., 2012) is a flexible resource description language for inter-

provider communication in virtual networks architectures. It appears enhanced with 

regard to realism and generality (ability to describe real world topologies), extensibil-

ity, grouping and aggregation. FleRD is mainly focused around networking elements, 

however its concepts of modeling more information for QoS of networks has influ-

enced our approach. 

EDML (Charlton, 2009) defines a XML syntax for declaring internal and external 

general parsed entities. VXDL(Koslovski et al, 2008) is an XML-based language that 

describes Virtual Private eXecution Infrastructure (ViPXi) which is a time-limited 

organized aggregation of heterogeneous computing and communication resources. 

VXDL can describe resources, networks’ topology that are virtual but are also, to 

some extent, adapted to physical ones and finally to represent timeline.  

The implementation of DADL (Mirkovic et al., 2010) is based on the prediction 

that future businesses will use allocated resources from different Clouds such as pub-

lic or private to run a single application. DADL was developed as an extension of 

SmartFrog (framework for deploying and managing distributed software systems 

based on java) and it is used to specify application architecture and cloud resources 

that are necessary for an application to run. There are elements to describe QoS fea-

tures such as CPU speed, number of cores etc. 



 

The main issue with the aforementioned approaches, which most of them support 

description of QoS terms, is the fact that in many cases the standard ways (CPU cores, 

frequency etc.) of describing capabilities are not sufficient to demonstrate the actual 

performance of virtualized resources. Thus a new approach based on benchmark 

scores should be pursued that would indicate the direct capability of a resource ser-

vice to solve a particular computational problem. The descriptions defined in this 

paper are revolved around this test-based approach. 

3 BENCHMARKING  APPROACH IN ARTIST 

The benchmarking approach followed in the context of ARTIST has the following 

targets: 

 Identify a set of common application types and the respective benchmarks to 

measure the performance of cloud services 

 Create a framework that is able to automatically install, execute and retrieve the 

benchmark results, with the ability to support multiple providers 

 Investigate aspects of cloud service performance with regard to variation and abil-

ity across a wide range of potential applications 

 Define a machine understandable way of representing this information and im-

proved metrics that will characterize more efficiently the services. 

 

The use case diagram for the benchmarking suite appears in Figure 1. We envisage 

that the capabilities of the toolkit will be exploited by an entity (“Benchmarks Provid-

er”) that will be responsible for performing and obtaining the tests, similar to the role 

of CloudHarmony.com. This entity will utilize the various aspects of the toolkit in 

order to create provider models that have concrete results and metrics per service 

offering, that are stored on the ARTIST repository, so that an external entity (“Model 

User”) may be able to retrieve and consult them. More details on each part of the 

process are presented in the following paragraphs. 

 

Figure 1. Use case diagram for the ARTIST Benchmarking process and tools 

 



 

3.1 Application Benchmark types 

   The main target of the application benchmark types is to highlight a set of com-

mon and popular application tests that can be used in order to benchmark provider’s 

offerings. Thus each offering may have a performance vector indicating its ability to 

solve specific problems or cater for a specific type of computation. The set of applica-

tion benchmarks used in ARTIST appears in Table 1. 

 

Table 1.  Benchmark Tests used in the ARTIST platform 

 
Benchmark Test Application Type 

YCSB Databases 

Dwarfs Generic applications 

Cloudsuite Common web aps like 

streaming, web serving etc. 

Filebench File system and storage 

DaCapo JVM applications 

 

3.2 Models of necessary information 

 In order to exploit the information from the benchmark execution, a suitable ma-

chine understandable format should be in place in order to store results and utilize 

them in other processes like service selection. For achieving this, suitable model tem-

plates have been designed. These templates include all the relevant information need-

ed, such as measurement aspects (number of measurements, statistical information 

like standard deviation etc.), test configurations and workload profiles. 

 Initially these templates had been defined as an XML schema and in later stages 

they were incorporated into a suitable sub-metamodel developed in the context of the 

ARTIST project (CloudML@ARTIST metamodel). In this sub-metamodel, which is 

portrayed in (Figure 2), the workloads are static (and the default ones defined by each 

benchmark) in order to be able to compare the performance of different services on 

the same examined workload. For simplicity purposes we have defined one universal 

enumeration that includes the default workloads from all the aforementioned catego-

ries. Also for the Cloudsuite case, each category reports a large number of statistics, 

that are case specific. In order to simplify the descriptions, we have kept only the 

generic average score to be included in the model instances. However the remaining 

information will be kept during benchmark execution in a raw data DB, in order to be 

used in case an interested party needs the entire range of information.  



  

Figure 2. Performance metamodel for incorporation of application stereotypes information in 

CloudML@ARTIST 

3.3 Benchmarking Suite Architecture  

The Benchmarking Suite Architecture appears in Figure 3. The user through the GUI 

(Figure 4) may set the conditions of the test, selecting the relevant benchmark, work-

load conditions, target provider and service offering. Furthermore, through extended 

interfaces, the results of the benchmarking process may be viewed and categorized 

based on different types of workload, VM and test types. 

 

 
Figure 3. Overall System Architecture 



 

 
Figure 4. GUI for selecting and configuring tests on provider offerings 

 

  This process is performed in two stages. Initially the user enters the necessary in-

formation for data retrieval (Figure 5), including information on the test dates, SE 

metric configuration (for more info on the SE metric check 3.4), instance type, test 

type and workload. The results are displayed via a third interface (Figure 6) that con-

tains the average score for the selected test, along with the SE metric result. Further-

more, the raw data lines from which the scores are extracted are returned. 

 

 

 
 

Figure 5.  Filtering information for historical data 

 

 



 

 
 

 

Figure 6.  Result display and statistical information 

 

This information is passed to the Benchmarking Controller which is responsible for 

raising the virtual resources on the target provider and executing the tests. The former 

is based on the incorporation of Apache LibCloud project, in order to support multiple 

provider frameworks. The latter needs to install first the tests, through the utilization 

of an external Linux-like repository that contains the scripts related to the different 

phases of installation and execution of each test. Once the tests are installed (through 

a standard repo-based installation), the workload setup scripts are transferred to the 

target machines and the execution begins. 

 The configuration of initial tests was modified in order to achieve some extra de-

sirable figures like the number of iterations and extended run time. After the execu-

tion results are transferred back and processed in order to be included in the model 

descriptions, following the template definition highlighted in Section 3.2. In addition, 

a mysql raw database schema created and provided in case the results from the 

benchmark tests needed to be stored locally. The database structure is portrayed in 

Figure 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
Figure 7. Raw Database structure 

 

At the moment the two parts (GUI and Controller) are not integrated, however the 

benchmarking controller which is the main backend component can also be used 

standalone to perform measurements on the various application types. Installation 

instructions can be found in (ARTIST Consortium D7.2.1, 2013). 

 

3.4 Service Efficiency Metric Description 

  In order to better express the performance ability of a service offering, we consid-

ered the usage of a metric that would fulfill the following requirements: 

 Include workload aspects of a specific test 

 Include cost aspects of the selected offering 

 Include performance aspects for a given workload 

 Give the ability to have varying rankings based on user interests 

 Intuitively higher values would be better 



 

Following these points, we considered that positive factors (e.g. workload

aspects) should be used in the numerator and negative on the denominator (cost and 

Key Performance Indicators that follow a “higher is worse” approach). Furthermore, 

normalization should be used in order to have a more generic rating. Usage of sum 

would be preferable over product, since the former enables us to include weight fac-

tors.  Thus such a metric can answer a potential question of the sort: “what is the best 

service to run my web streaming application, when I am interested more on a cheap 

service?”. 

The resulting formula of Service Efficiency is the following (Equation 1): 

i i

i

j j j

j

s l

SE
s w f





 (1) 

Where s scaling factor 

 l: workload metric 

 f: KPI or cost metric 

      w: weight factor 

 

The resulting metric can be compared between different offerings, potentially of 

different providers but on the same workload basis. However the incorporation of 

workload is necessary since it affects the performance and thus ranking of the ser-

vices. Usage of different workloads may display a different optimal selection, based 

on the anticipated workload conditions for the application that needs to be deployed. 

4 METRIC CASE STUDY ON THREE SELECTED CLOUD 

PROVIDERS: AMAZON EC2, MICROSOFT AZURE AND 

FLEXIANT 

   In order to experiment initially with the defined metrics and investigate differ-

ences in VM performance, we utilized workloads from both DaCapo benchmarking 

suite and YCSB benchmark framework. However the Benchmarking Controller apart 

from DaCapo and YCSB supports the managing execution of three more benchmarks 

included in Table 1, such as Dwarfs, CloudSuite and Filebench. Nevertheless, in this 

work, only the aforementioned ones have been tested.  

DaCapo is designed to facilitate performance analysis of Java Virtual Machines, 

while YCSB measures databases performance. The selected workloads from each test 

were running on instances in three different cloud environments: Amazon EC2, Mi-

crosoft Azure and Flexiant. Regarding Amazon EC2, different types of VM instances 

were selected while for Microsoft Azure and Flexiant the tests were running on the 

same VM instances during the entire benchmarking process. Information regarding 

the selected benchmarking workloads and the VM instance characteristics are pre-

sented in  

Table 2 and Table 3 respectively. 



 

 

 

Table 2. DaCapo and YCSB application benchmark type

 

DaCapo  YCSB 

xalan: transforms XML documents into HTML ones A: Update heavy workload 

tomcat: runs a set of queries against a tomcat server 

retrieving and verifying the resulting webpages 
B:  Read mostly work-

load 

pmd: analyzes a set of Java classes for a range of 

source code problems 

C: Read only 

jython: interprets pybench Python benchmark D:  Read latest workload 

h2: executes a JDBC benchmark using a number of 

transactions against a banking model application 

E: Short ranges 

fop: parses/formats XSL-FO file and generates a 

PDF file 

F: Read-modify-write 

eclipse: executes jdt performance tests for the 

Eclipse IDE 

 

avrora: simulates a number of programs running on 

a grid of AVR micro-controllers 

 

 

 

Table 3.  VM instance characteristics

 

 

Cloud Provider VM instance Region 

  t1.micro N.Virginia 

Amazon EC2 m1.medium N.Virginia 

 m1.large N.Virginia 

Microsoft Azure small Standard Ireland 

Flexiant  4GB RAM- 3CPU Ireland 

 

The execution of the tests took place at specific hours (daily and at different time 

intervals) during a period of two weeks and the average values were extracted for 

each case. Moreover, the different time zones of the three respective regions were 

taken into consideration so that the peak hours were the same in each zone. Then the 

metric SE described in Section 3.4 was applied with the following form: 

 

SE = 
1

𝑤1∗𝑑𝑒𝑙𝑎𝑦+𝑤2∗𝐶𝑜𝑠𝑡
 

 

 

    Different weights were given to the performance and cost aspects (50-50, 90-10) 

and a normalization interval was considered (1-10). We avoided using a normaliza-

tion interval including 0 since it may lead to infinite values for some cases. One 



 

should compare between same color bars, indicating similar workloads. From the 

graphs it is evident how the ranking of a potential VM rating can change based on the 

aspect that we are most interested in.  

For example, both the weighted decision (50-50) and the performance-based selec-

tion (90-10) in the DaCapo case for ‘workload fop’ suggest Azure as the best choice 

(Figure 8). However the overall results may not be favorable for Flexiant due to the 

fact that we only measured large VM instances. Another interesting result derives 

from the fact that since the Service Efficiency metric includes the cost factor, we con-

clude that the smaller VMs give better results and the selection of small instances are 

more efficient. Moreover, it is worthy to mention that for the DaCapo case the Service 

Efficiency values for the large VM instances which were tested, are lower than the 

values for small or medium VM instances. Despite the fact that the performance of a 

large VM instance is approximately double than the performance of a small or medi-

um instance, the cost is significantly higher, approximately 3.5 times (Error! Refer-

ence source not found.). Thus, taking into consideration that the Service Efficiency 

is inversely proportional to cost, this is expected. 

 

 

Figure 8. Implementation of the metric on application-based benchmarks across different cloud 

providers and different type of VM instances and variable workload (higher score is better). 

Comparison should be made between columns with similar color (identical workload condi-

tions) 

 

 



 

Figure 9 Performance time in ms for DaCapo and YCSB workloads 

 

 

   Moreover, the performance for the given workloads is similar across the Amazon 

and Azure instances. This is probably due to the fact that the maximum computational 

threshold of the VM was not reached. For Flexiant the performance is significantly 

lower and this behaviour seems to be related to a configuration of the VM in the Flex-

iant environment which was outside of our control. 

   In addition, for all the tested VM instances the performance for the "Short Ranges" 

workload, ‘workload_e’, is approximately three times lower than the other workloads. 

Thus, independently from the VM size (small, medium or large) the ‘workload_e’ 

seems to be three times slower than other workloads which were tested. 

5 Conclusions 

The emergence of cloud computing has led to a plethora of various offerings by 

multiple providers, covering different needs of the consumer. However significant 

questions emerge for the efficiency of these pay-per-use resources, mainly with re-

gard to various application types, in this highly dynamic management environment. In 

this paper a multi-Cloud measurement framework has been presented, that has the aim 

of investigating these performance issues of the virtualized offerings. The framework 

utilizes a variety of application related benchmarks in order to cover a wide range of 

application types and it mainly focuses on investigating aspects such as service effi-

ciency with relation to cost.  

A combined metric (Service Efficiency) is also proposed in order to combine 

workload, performance and cost aspects in a single rating for comparing cloud offer-

ings across different providers. A case study on 3 cloud providers has indicated the 

application of such a metric to characterize the offerings based on this combination. 

For the future, we intend to complete the integration of the framework (currently 

missing the integration between GUI and Benchmark Suite Controller). However the 

Benchmarking Controller for the execution of the tests can be used also as standalone, 

following the instructions in (ARTIST Consortium D7.2.1, 2013).  Another interest-



 

ing aspect would also be the incorporation of other non-functional aspects such as 

availability in the main SE metric. 

Finally, the implementation of the measurements in more instance types and for all 

the benchmarks defined in Section 3.1 is one of our major goals for the future. 
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